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Preface to ”Plant Responses and Tolerance to

Metal/Metalloid Toxicity”

In the industrial era, toxic metal stress is one of the major concerns for the environment.

Fast industrialization and the growing population coincide, resulting in the generation and

dissemination of huge amounts of toxic metals in the environment. Toxic metals and metalloids

result in growth reduction, altered physiology, and metabolisms, and diminishing cellular integrity.

Toxic metals also alter redox homeostasis by influencing reactive oxygen species generation. They

also interfere with nutrient and water uptake. As a result, both crop yield and quality are hampered.

Considering these effects, plant biologists, breeders, and agronomists are working hard to find

approaches to enhancing plants’ tolerance to metal/metalloid toxicity. Remarkable progress has been

made in understanding metal chelation, antioxidant defense, and phytoremediation. A number of

biotechnological tools and molecular approaches also contribute to such developments.

We are very pleased to present this Special Issue, which aims to exhibit research on plant

responses and tolerance to various metals/metalloids. In this Special Issue, 15 research articles and

4 reviews have been published by expert researchers in the field of plant physiology, environmental

sciences, soil science, agricultural sciences, plant biotechnology, plant molecular biology and other

related areas. The editors have made a special effort to bring together research on both the

morphological and molecular responses of plants to metal/metalloid stress, as well as different

mechanisms to make plants more tolerant to these adversities. These articles are different but

complementary perspectives on plant–metal/metalloid interaction.

I would like to give special thanks to the authors for their outstanding and timely work and

for producing such high-quality articles. We are highly thankful to the reviewers for their rigorous

evaluation of manuscripts and their effort in improving the articles. Thanks to Shuang Zhao and

other Assistant Editors of Plants for their prompt handling of the manuscript.

Mirza Hasanuzzaman, Masayuki Fujita

Special Issue Editors
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Modulation of Cadmium Tolerance in Rice: Insight
into Vanillic Acid-Induced Upregulation of
Antioxidant Defense and Glyoxalase Systems

M.H.M. Borhannuddin Bhuyan 1,2, Khursheda Parvin 1,3, Sayed Mohammad Mohsin 1,4,

Jubayer Al Mahmud 5, Mirza Hasanuzzaman 6,* and Masayuki Fujita 1,*

1 Laboratory of Plant Stress Response, Department of Applied Biological Sciences, Faculty of Agriculture,
Kagawa University, Miki-Cho, Kita-gun, Kagawa 761-0795, Japan; razon_sau@yahoo.com (M.H.M.B.B.);
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2 Citrus Research Station, Bangladesh Agricultural Research Institute, Jaintapur, Sylhet 3156, Bangladesh
3 Department of Horticulture, Sher-e-Bangla Agricultural University, Dhaka 1207, Bangladesh
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6 Department of Agronomy, Sher-e-Bangla Agricultural University, Dhaka 1207, Bangladesh
* Correspondence: mhzsauag@yahoo.com (M.H.); fujita@ag.kagawa-u.ac.jp (M.F.)

Received: 26 December 2019; Accepted: 1 February 2020; Published: 4 February 2020

Abstract: Cadmium (Cd) is a toxic heavy metal that enters the human food chain from the soil
via plants. Increased Cd uptake and translocation in plants alters metabolism andreduces crop
production. Maintaining crop yield therefore requires both soil remediation andenhanced plant
tolerance to Cd. In this study, we investigated the effects of vanillic acid (VA) on Cd accumulation
and Cd stress tolerance in rice (Oryza sativa L. cv. BRRI dhan54). Thirteen-day-old rice seedlings
treated with CdCl2 (1.0 and 2.0 mM) for 72 h showed reduced growth, biomass accumulation,
and water and photosynthetic pigment contents, as well as increased signs of oxidative stress
(elevated levels of malondialdehyde, hydrogen peroxide, methylglyoxal, and lipoxygenase) and
downregulated antioxidant and glyoxalase systems. Cadmium-induced changes in leaf relative
turgidity, photosynthetic pigment content, ascorbate pool size, and glutathione content were
suppressed by VA under both mild and severe Cd toxicity stress. The supplementation of VA
under Cd stress conditions also increased antioxidant and glyoxylase enzyme activity. Vanillic acid
also increased phytochelatin content and the biological accumulation factor, biological accumulation
co-efficient, and Cd translocation factor. Vanillic acid, therefore appears to enhance Cd stress tolerance
by increasing metal chelation and sequestration, by upregulating antioxidant defense and glyoxalase
systems, and by facilitating nutrient homeostasis.

Keywords: abiotic stress; antioxidant defense; metal toxicity; methylglyoxal; oxidative stress;
organic acid

1. Introduction

The global human population is increasing rapidly, and feeding growing numbers of people has
become a challenging task for farmers. Likewise, plant biologists face related challenges in their search
for plant varieties that can produce sufficient food on farmlands that are increasingly prone to abiotic
stresses that cause huge crop production losses. Among these abiotic stresses, metal/metalloid toxicity
is one of the most common and most deleterious.

Metal/metalloid toxicities are largely a consequence of environmental pollution due to rapid
industrialization. One of the most harmful industrial metal pollutants is cadmium (Cd), as it is highly

Plants 2020, 9, 188; doi:10.3390/plants9020188 www.mdpi.com/journal/plants1
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toxic to virtually all life forms, including humans, animals, and plants, and it readily enters the trophic
chain primarily via plants [1]. Cadmium is rapidly taken up by plants and accumulates in various
tissues due to its very high mobility and hydrophilic nature [2]. Plants that accumulate Cd show stunted
growth due to cadmium-induced toxicity, which can also induce chlorosis, epinasty, and disruptions in
pollen germination and pollen tube growth. Cadmium stress can also cause alterations in chloroplast
ultrastructure, thereby inhibiting photosynthesis and CO2 fixation, as well as disturbing N and S
metabolism [3].

Cadmium is a redox-inactive metal in nature, and thus it does not generate reactive oxygen species
(ROS) directly by the Haber–Weiss reaction [4]. Instead, it alters the function of electron transport chains
and disrupts antioxidant activities, thereby creating oxidative stress conditions in plants [5]. Cadmium
also has a strong affinity for protein side chains and nitrogenous bases, and thus it can damage
proteins and nucleic acids to further alter oxidative phosphorylation processes [5]. The generation of
ROS in living organisms is an unavoidable consequence of aerobic metabolism. These Cd-induced
oxidative stress reactions indirectly lead to overproduction of ROS (singlet oxygen, 1O2; superoxide,
O2
•−; hydrogen peroxide, H2O2; hydroxyl radical, OH) and initiate chain reactions that damage

important plant biomolecules [6]. However, plants are sessile organisms and cannot move away from
environmental sources of toxic pollutants such as Cd. Instead, they must rely on specially developed
biological mechanisms that allow them to tolerate the presence of toxic metals. These mechanisms
involve processes for avoidance, exclusion, excretion, binding, chelation, and compartmentalization
of Cd [7].

Plants have limited strategies for avoidance of Cd toxicity, but their inherent capacity for
dealing with oxidative stress is also not sufficient to cope with metal-induced oxidative damage.
The plant’s antioxidant defense system consists of antioxidants that are enzymatic (superoxide
dismutase [SOD], catalase [CAT], ascorbate peroxidase [APX], monodehydroascorbate reductase
[MDHAR], dehydroascorbate reductase [DHAR], glutathione reductase [GR], glutathione-S-transferase
[GST], and glutathione peroxidase [GPX]) and nonenzymatic (ascorbic acid [AsA], glutathione
[GSH], tocopherol, and phenolic compounds). These enzymatic and nonenzymatic antioxidants
function to counteract ROS production and serve as cellular redox buffers [6]. Metal/metalloid
toxicity, and especially Cd stress, also induces the production of a highly cytotoxic compound,
methylglyoxal (MG), which causes structural damage to cellular components, destroys DNA, and creates
mutations [8,9]. The damage from MG is diminished in plants through the action of the glyoxylase
system, which consists of the glyoxalase I (Gly I) and glyoxalase II (Gly II) enzymes that detoxify MG [9].

Both enzymatic and nonenzymatic antioxidants work simultaneously to combat the deleterious
effects of oxidative stress caused by exposure to abiotic factors such as Cd. However, another notable
response to several abiotic stresses is a marked accumulation of phenolic compounds [10–14]. Some
phenolics have the capability to scavenge ROS directly as a way to reduce oxidative stress [11]. In recent
decades, plant biologists have uncovered numerous different phytoprotectants in the form of secondary
metabolites, hormones, nutrients, and allelopathic compounds, which all offer advantages to plants
under stress conditions [15]. Metabolic manipulation of these compounds in modern agriculture
therefore has great potential to improve crop plant tolerance to abiotic stresses such as Cd pollution.

One crop plant that is particularly hampered by Cd toxicity is rice—the most important cereal
crop that is consumed by the half of the world community as a staple food [4]. Rice has also been
reported to show dramatic stress-related increases in phenolics, vanillic acid (VA) in particular, which
increases sevenfold in rice seedlings subjected to flooding [11]. The aim of the present study was
therefore to examine the effects of application of exogenous VA on rice seedlings under Cd stress, with
a particular focus on the antioxidant defense and glyoxalase systems, as well as nutrient homeostasis
during the early seedling stage. To the best of our knowledge, this study is the first to investigate
improvements in Cd stress tolerance in rice by VA-induced modulation of ion homeostasis, antioxidant
defenses, and the glyoxalase system.
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2. Results

2.1. Vanillic Acid Prevented the Suppression of Growth and Biomass Accumulation under Cd Toxicity

Cadmium exposure resulted in a decrease in plant growth, visible as a reduction in plant height
and root length as well as a limited relative elongation of the shoot (RSE) and root (RRE). Cadmium
toxicity also reduced the overall seedling biomass (Figure 1).

 
Figure 1. Visual images of the morphological differences in rice (Oryza sativa L. cv. BRRI dhan54)
seedlings grown under different treatments: VA (50 μM vanillic acid), Cd1 (1.0 mM CdCl2), andCd2
(2.0 mM CdCl2).

Compared to the control condition, Cdstress (1.0 and 2.0 mM) reduced plant height by 14% and
23% and root length by 28 and 33%, respectively. The RSE was reduced by 53% and 79% and the RRE
by 87% and 93%, respectively, by 1.0 and 2.0 mM CdCl2 (Table 1). A similar result was also observed
for biomass accumulation. However, supplementation of the growth media with exogenous VA in the
presence of Cd increased the shoot and root length, their relative elongation percentages, and biomass
accumulation under both doses of Cd (Table 1; Figure 1).

Table 1. Effects of exogenous VA on plant height, root length, relative elongation of shoot and root,
shoot and root fresh weight, and shoot and root dry weight of rice (Oryza sativa L. cv. BRRI dhan54)
seedlings under Cd toxicity stress. C, VA, Cd1, and Cd2 indicate control, vanillic acid (50 μM), CdCl2
1.0 mM, and CdCl2 2.0 mM, respectively. RSE and RRE indicate relative elongation of shoot and relative
elongation of root, respectively. Means (± SD) were calculated from three replications (n = 3) for each
treatment. Values with different letters are significantly different at p ≤ 0.05 applying Fisher’s least
significant difference (LSD) test.

Treatments
Plant Height

(cm)
RSE
(%)

Root Length
(cm)

RRE
(%)

Shoot FW
(mg plant−1)

Root FW
(mg plant−1)

Shoot DW
(mg plant−1)

Root DW
(mg plant−1)

C 15.5 ± 1.1 a 100.0 ± 0.0 b 7.1 ± 0.5 a 100.0 ± 0.0 b 66.4 ± 5.6 ab 36.7 ± 3.1 ab 10.8 ± 0.9 ab 6.6 ± 0.5 ab
VA 16.2 ± 1.3 a 113.5 ± 0.8 a 7.4 ± 0.4 a 106.8 ± 0.9 a 70.5 ± 5.3 a 38.2 ± 2.9 a 11.4 ± 0.8 a 6.8 ± 0.6 a
Cd1 13.4 ± 0.8 bc 46.1 ± 8.9 d 5.1 ± 0.3 bc 20.6 ± 6.2 e 54.5 ± 3.2 c 33.3 ± 1.9 b 8.8 ± 0.5 c 6.0 ± 0.4 b

Cd1 + VA 15.1 ± 0.2 ab 86.6 ± 6.7 c 5.6 ± 0.5 b 41.1 ± 0.4 d 61.3 ± 4.6 bc 36.1 ± 2.5 ab 9.9 ± 0.7 bc 6.5 ± 0.5 ab
Cd2 11.9 ± 1.1 c 12.1 ± 3.1 e 4.7 ± 0.4 c 6.1 ± 1.9 f 58.6 ± 4.5 bc 32.4 ± 2.7 b 9.5 ± 0.8 bc 5.8 ± 0.5 b

Cd2 + VA 15.1 ± 1.0 ab 88.0 ± 2.7 c 5.8 ± 0.5 b 45.9 ± 3.5 c 62.0 ± 3.5 bc 38.2 ± 2.1 a 10.1 ± 0.6 bc 6.8 ± 0.4 a

2.2. Vanillic Acid–induced Accumulation, Translocation, and Detoxification of Cd

Cadmium exposure induced a dose-dependent increase in the Cd content of the rice seedlings.
Significant differences were noted in the Cd content of the shoots and roots, and Cd content was much
higher in the root than in the shoot. Addition of VA to the growth medium further increased the Cd
content in the shoot (Figure 2A) and the root (Figure 2B).

3
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Figure 2. Effects of exogenous VA on Cd content of shoot (A), root (B), biological accumulation factor
(BCF) (C), biological accumulation co-efficient (BAC) (D), translocation factor (TF) (E), and phytochelatin
(PC) (F) contents of rice (Oryza sativa L. cv. BRRI dhan54) seedlings under Cd toxicity stress. Mean (±SD)
was computed from three replications of each treatment. Bars with dissimilar letters are significantly
different at p ≤ 0.05 from Fisher’s least significant difference (LSD) test.

The biological accumulation factor (BCF), biological accumulation co-efficient (BAC), and Cd
translocation factor (TF) also showed dose-dependent increases in response to Cd, and these values
were further increased by VA supplementation (Figure 2C–E).

Phytochelatin (PC) content also showed a dose-dependent increase in response to Cd stress.
Compared to the control, the PC content increased by 23% and 47% in response to exposure to 1.0 mM
and 2.0 mM CdCl2, respectively. Vanillic acid supplementation further increased the PC content at
both Cd doses (Figure 2F).

2.3. Vanillic Acid Prevented theLoss ofLeaf Relative Turgidity, Proline Accumulation, and Loss of
Photosynthetic Pigment under CdToxicity

Cadmium stress altered the leaf turgidity (RT) of the rice seedlings. Compared to control leaves,
leaf RT was reduced by 13% and 18% at mild and severe Cd stress, respectively. Treatment with VA
in the presence of Cd suppressed the losses in RT, and thus RT values were higher by 9% and 14%,
respectively, compared to the respective stress treatments (Figure 3A). Cadmium toxicity promoted
osmolyte accumulation in the rice seedlings leaves, as indicated by a huge increase in proline (pro)
content, but treatment with VA suppressed the Cd-induced accumulation of pro (Figure 3B).

4
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a b

a+
b)

Figure 3. Effects of exogenous VA on leaf turgidity (RT) (%) (A), pro content (B), chlorophyll (chl) a (C),
chl b (D), chl (a + b) (E), and carotenoid (car) (F) contents of rice (Oryza sativa L. cv. BRRI dhan54)
seedlings under Cd toxicity stress. Mean (± SD) was computed from three replications of each treatment.
Bars with dissimilar letters are significantly different at p ≤ 0.05 from Fisher’s least significant difference
(LSD) test.

Cadmium toxicity stress also caused a loss of photosynthetic pigments and induced chlorotic
symptoms (Figure 1). Compared to the control seedlings, both mild and severe Cd stress caused a
sharp decrease in chlorophyll (chl) a, chl b, and carotenoids (car), whereas VA treatment in the presence
of Cd suppressed these losses of pigments (Figure 3C–F).

2.4. Vanillic Acid Suppressed the Induction of Oxidative Stress Markers under Cd Toxicity

Malondialdehyde (MDA), which is produced as a byproduct of lipid peroxidation, was increased
in the leaf tissue at both doses of Cd. Compared to the control seedlings, MDA content increased by
80% and 124% in response to mild (1.0 mM CdCl2) and severe (2.0 mM CdCl2) Cd stress, respectively.
However, VA supplementation in the presence of Cd suppressed this increase in MDA content
compared with the respective stressed seedlings (Figure 4A).
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Figure 4. Effects of exogenous VA on malondialdehyde (MDA)(A) and H2O2 (B) content, lipoxygenase
(LOX) activity (C), methylglyoxal (MG) content (D), and electrolyte leakage (EL) of shoot (E) and root
(F) of rice (Oryza sativa L. cv. BRRI dhan54) seedlings under Cd stress. Mean (±SD) was computed from
three replications of each treatment. Bars with dissimilar letters are significantly different at p ≤ 0.05
from Fisher’s least significant difference (LSD) test.

Similar to MDA, H2O2 content increased noticeably in rice leaf tissue upon Cd exposure (Figure4B).
Compared with the control seedlings, H2O2 content increased by 143% and 193% in mild (1.0 mM CdCl2)
and severe (2.0 mM CdCl2) Cd stress-exposed seedlings, respectively. However, VA supplementation
in the presence of Cd suppressed this H2O2production by 21% and 27%, respectively, compared with
the respective Cd-stressed seedlings (Figure 4B).

In line with MDA and H2O2 content and lipoxygenase LOX activity increased noticeably in rice
leaf tissue upon Cd exposure (Figure 4C). In comparison with the control seedlings, LOX activity
increased by 72% and 114% following mild (1.0 mM CdCl2) and severe (2.0 mM CdCl2) Cd stress,
respectively. Vanillic acid supplementation in the presence of Cd suppressed this increase in LOX
activity by 19% and 13%, respectively, compared with their respective stressed seedlings (Figure 4C).
In a similar way, the toxic MG content was increased due to Cd toxicity in a dose-dependent way,
which was further suppressed by VA supplementation in the presence of Cd under both doses of Cd
toxicity stress (Figure 4D).

Lipid peroxidation caused electrolyte leakage (EL) from the leaf and root tissue. In comparison
with control shoots, EL increased by 346% and 391% in the 1.0 mM CdCl2 and 2.0 mM CdCl2 treatments,
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respectively. Conversely, VA supplementation in the presence of Cd suppressed the EL by 43% and
44%, respectively, compared with their respective stressed seedlings (Figure 4E).

Similarly, the root EL increased by 38% and 57% in 1.0 mM CdCl2 and 2.0 mM CdCl2-exposed
seedlings, respectively, whereas VA supplementation in the presence of Cd suppressed EL by 38% and
30%, respectively, compared with their respective cadmium-stressed seedlings (Figure 4F).

2.5. Vanillic Acid Suppressed Changes in Nonenzymatic Antioxidant Content due toCd Toxicity

Among the nonenzymatic antioxidants, AsA content decreased by 75% and 84% due to mild
and severe Cd toxicity, respectively, in comparison with control seedlings (Figure 5A). By contrast,
the dehydroascorbate (DHA)content increased by 106% and 131% under mild and severe Cd stress,
respectively (Figure 5B). Therefore, the redox pair ratio of AsA/DHA was reduced by 87% and 93% due
to mild and severe Cd stress, respectively (Figure 5C). Vanillic acid supplementation in the presence of
Cd suppressed the AsA decrease and the DHA content increase, leading to higher AsA/DHA ratios
under both mild and severe Cd toxicity compared to their respective stress treatments (Figure 5A–C).

 

Figure 5. Effects of exogenous VA on ascorbic acid (AsA) (A) and dehydroascorbate (DHA)(B) contents,
AsA/DHA ratio (C), reduced glutathione (GSH) (D) and oxidized glutathione (GSSG) (E) contents,
and GSH/GSSG ratio (F) of rice (Oryza sativa L. cv. BRRI dhan54) seedlings under Cd stress. Mean (±SD)
was computed from three replications of each treatment. Bars with dissimilar letters are significantly
different at p ≤ 0.05 from Fisher’s least significant difference (LSD) test.
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Although a sharp decrease in AsA content was observed due to Cd toxicity, both GSH (41% and
21%) and oxidized glutathione (GSSG) (136% and 206%) content increased under mild and severe
Cd toxicity, respectively, in comparison with the control seedlings (Figure 5D,E). However, the redox
couple ratio GSH/GSSG was reduced to 39% and 61%, respectively, under mild and severe Cd toxicity
when compared to the control (Figure 5F). Addition of VA in the presence of Cd further increased the
GSH content, but strongly suppressed the GSSG increase induced by Cd stress, resulting in an increase
in the redox ratio for GSH/GSSG compared with their respective stress treatments (Figure 5D–F).

2.6. Vanillic Acid Induced Antioxidant Enzyme Activity under Cd Toxicity

Among the antioxidant enzymes, the activity of the potent H2O2scavenger APX was increased
by 12% and 39% by mild and severe Cd toxicity, respectively, compared to the control. Vanillic acid
application in the presence of Cd promoted a further increase in the APX activity, by 24% and 12%,
compared to the respective stress treatments (Figure 6A). Similar to the effect on APX activity, MDHAR
activity was increased due to Cd toxicity, but the effect was greater for mild Cd stress (38%) than
for severe Cd stress (15%). Vanillic acid supplementation in the presence of Cd further increased
MDHAR activity by 15% and 46% under mild and severe Cd stress, respectively, compared to their
respective control seedlings (Figure 6B). In contrast to the effects on APX and MDHAR activity, DHAR
activity was decreased under both mild (18%) and severe (33%) Cd stress, respectively, compared to
control, whereas VA supplementation in the presence of Cd increased the DHAR activity by 35% and
90% under mild and severe Cd stress, respectively, compared to their respective Cd stress treatments
(Figure 6C). The GR activity was also increased (7% and 23%) under mild and severe Cd toxicity,
respectively. However, a substantial increase (26% and 8%) in GR activity was observed under mild
and severe Cd toxicity, respectively, by VA in the presence of Cd compared to their respective stressed
seedlings (Figure 6D).

 

Figure 6. Effects of exogenous VA on activities of ascorbate peroxidase (APX) (A), monodehydroascorbate
reductase (MDHAR) (B), dehydroascorbate reductase (DHAR) (C), and glutathione reductase (GR) (D)
activity of rice (Oryza sativa L. cv. BRRI dhan54) seedlings under Cd toxicity stress. Mean (±SD)
was computed from three replications of each treatment. Bars with dissimilar letters are significantly
different at p ≤ 0.05 from Fisher’s least significant difference (LSD) test.
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Mild and severe Cd toxicity increased the activities of the antioxidant enzymes SOD (9% and
13%, respectively) and GPX (35% and 38%, respectively) compared to control seedlings. Vanillic
acid supplementation in the presence of Cd further increased SOD (9% and 14%) and GPX (12% and
22%) activity compared to their respective stress treatments (Figure 7A,C). By contrast, CAT activity
decreased by 30% and 35%, due to mild and severe Cd stress, respectively, but VA supplementation
in the presence of Cd suppressed the losses in CAT activity under both mild (33%) and severe (39%)
Cd toxicity, respectively, compared to the respective stress treatments (Figure 7B). The activity of GST
showed no changes under control and VA supplementation conditions, but GST activity was reduced
by Cd stress, where 46% and 70% increases of GST activity was observed under both mild and severe
Cd stresses, respectively, in the presence of VA (Figure 7D).

 

Figure 7. Effects of exogenous VA on activities of superoxide dismutase (SOD) (A), catalase (CAT) (B),
glutathione peroxidase (GPX) (C),glutathione-S-transferase (GST) (D),glyoxalase I (Gly I) (E) and
glyoxalase II (Gly II) (F) activity of rice (Oryza sativa L. cv. BRRI dhan54) seedlings under Cd toxicity
stress. Mean (± SD) was computed from three replications of each treatment. Bars with dissimilar
letters are significantly different at p ≤ 0.05 from Fisher’s least significant difference (LSD) test.

2.7. Vanillic Acid induced Glyoxalase Enzyme Activity under Cd Toxicity

Glyoxalase I activity was reduced by 19% and 34% under mild and severe Cd toxicity (Figure 7E),
respectively, whereas Gly II activity increased by 6% and 18% (Figure 7F). Therefore, MG content
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increased under both mild and severe Cd toxicity, respectively (Figure 4D). Vanillic acid supplementation
in the presence of Cd greatly increased Gly I activity by 154% and 213% following mild and severe Cd
stress, respectively, and Gly II activity was also increased by 43% and 31% under both mild and severe
Cd toxicity, respectively, compared to the respective stress treatments (Figure 7E,F).

2.8. Vanillic Acid Induced Mineral Homeostasis under Cd Toxicity

Shoot and root K content was decreased upon Cd toxicity stress, but the losses were suppressed
by VA supplementation in the presence of Cd (Figure 8A,B). Similarly, shoot and root Ca content
decreased under Cd stress, but VA supplementation in the presence of Cd suppressed both shoot and
root Ca losses under both mild and severe Cd toxicity, with strong suppression observed in the shoot
(Figure 8C,D). Shoot and root Mg content was reduced by Cd, but this effect was suppressed by VA
supplementation, particularly in response to severe Cd stress (Figure 8E,F).

 
Figure 8. Effects of exogenous VA on the contents of shoot and root K, Ca, and Mg((A) shoot K; (B) root
K; (C) shoot Ca; (D) root Ca; (E) shoot Mg; (F) root Mg) of rice seedlings under Cd toxicity stress.
Mean (± SD) was computed from three replications of each treatment. Bars with dissimilar letters are
significantly different at p ≤ 0.05 from Fisher’s least significant difference (LSD) test.
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2.9. CorrelationAnalysis of the Different Vanillic Acid Responses

The correlation analyses showed that plant growth and physiological parameters were negatively
correlated with oxidative stress markers (e.g., MDA and H2O2), whereas oxidative stress markers were
negatively correlated with the components of the antioxidant defense system (Table S1a–c). Similarly,
the glyoxalase system activity was negatively correlated with the MG content (Table S1c).

3. Discussion

Metal/metalloid contamination in the soil and environment has a negative effect on plants [16],
as these compounds at high soil concentrations inhibit growth and disturb many biochemical processes,
thereby leading to several negative consequences, particularly during the early stages of plant growth
and development [17,18]. Cadmium is ubiquitous in many environments and highly toxic to all forms
of life, and thus it causes significant yield losses due to its phytotoxicity [19]. By contrast, phenolic
compounds, and especially low molecular weight organic acid (LMWOA) forms, are reported to
alleviate the toxic effects of Cd stress [20]. As an LMWOA, VA has been shown to ameliorate the abiotic
stress caused by drought and flooding [11,14]. Vanillic acid is also reported to increase plant growth
and productivity, as well as upgrade the soil microbial community, in several test plant species [21–23].
However, a role for VA in ameliorating metal/metalloid toxicity, including Cd, has not been established.
Therefore, the aim of the present study was to document the effects of exogenous VA on Cd toxicity
responses in rice (O. sativa L. cv. BRRI dhan54) at the early seedling stage.

Cadmium causes several deleterious morphological effects at different stages of plant growth
and development, including growth and biomass accumulation [3]. We observed a reduction in
biomass under Cd stress in the present study. Inhibition of the supply of essential ions required for
seedlingbiomass accumulation could be one of the reasons for the reduction in growth and biomass.
Similar studies on growth parameters have also reported reduced growth and biomass accumulation
in various plant species in response to Cd stress [24,25]. In the present study, the inclusion ofVA in the
growth medium under Cd stress conditions prevented the suppression of biomass accumulation by
Cd in rice seedlings. Previous reports have suggested that LMWOAs are capable of increasing growth
and biomass under abiotic stresses, including Cd toxicity [24,25], indicating that they can alleviate
the abiotic stress responses induced by metal/metalloids and allow greater tolerance to pollutants
such as Cd.

Any agricultural strategy for increasing plant tolerance to Cd first requires an understanding
of Cd accumulation as well as the Cd transport behavior inside plant organs. The recognition that
LMWOAs are potent alleviators of metal/metalloid stress and that they can accumulate inside plant
cells suggests that they have a dual role in regulating metal/metalloid stress in plants [24–26]. Similar
to other previous findings, we also observed an increased accumulation of Cd in both shoots and
roots of our rice seedlings, which showed a three- to fourfold greater increase in Cd content in the
root compared with the shoot [24–26]. Interestingly, the VA treatment in the presence of Cd further
increased the shoot and root Cd content. Previous studies have shown that application of LMWOAs
in many plant species increased shoot and root metal/metalloid content, which might indicate metal
scavenging as well as metal chelation and sequestration. Therefore, our findings are supported by
previous findings of other researchers [24].

The visible symptoms of Cd stress in rice seedlings, including loss of biomass, were suppressed
by the addition of VA despite the increased Cd accumulation in both roots and shoots. This suggested
that even with high Cd accumulation, inclusion of VA in the presence of Cd in the growth medium
alleviated Cd toxicity. Our findings also validated the results of other researchers [24]. Organic acids
are renowned worldwide for their association with metal/metalloid stress tolerance in plants [24–26].
We also observed increases in the BCF and BAC values in response to VA in the cadmium-stressed
rice seedlings. The reason for this might have been an increase in Cd solubility due to a decrease in
pH by VA in the growth medium. Moreover, a VA-assisted release of strong ligands in the growth
medium might assist in increased Cd uptake by the rice roots and subsequent translocation to the
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shoots [27]. Conversely, LMWOAs can chelate Cd to reduce the toxicity of free Cd in the growth
medium [28]. Furthermore, the chelated intermediate might be translocated more efficiently through
xylem [29]. Therefore, in our study, the observed effects of VA could indicate chelation of the free Cd
in the growth medium, translocation to the growing shoots, and sequestration of the toxic Cd in cell
vacuoles. In support of this statement, we also observed an increase in PC content under both doses of
Cd, which further increased sharply by inclusion of VA in the growth medium, in agreement with
previous findings [28]. Previous reports have suggested that PC, an oligomer synthesized in the plant
cell in response to metal toxicity, acts as a binder for metals and transfers them for sequestration away
from cell metabolic activities [30]. The activity of PC synthase in plant cells, as well as the formation of
PCs, have been positively correlated with free Cd levels that can cause phytotoxicity symptoms [31].
The observed increase in PC content due to VA could further aid in ensuring plant tolerance and
survivability, while also reducing oxidative stress, under Cd toxicity.

Plants exposed to metal/metalloid stress show a range of secondary stress symptoms, especially
osmotic changes [32]. Therefore, plants also respond in various ways to mitigate water balance to
cope with abiotic stresses. For example, osmotic adjustment and regulation of water content or water
potential are some of the adaptation mechanisms used by plants to tolerate Cd exposure [33]. In our
study, in response to Cd exposure, rice seedlings also showed lower water content under both mild and
severe stress, in agreement with previous reports [24,33]. However, application of exogenous VA in
the presence of Cd suppressed the changes in water balance seen in Cd-stressed seedlings in our study,
hence suggested the role of LMWOAs in increasing water content in leaf tissues of cadmium-stressed
plants. Besides maintaining water status, the biosynthesis of osmolytes is one of the vital strategies
used by plants to mitigate the water balance changes under stress conditions. For example, biosynthesis
and accumulation of proline, glycine betaine (GB), and trehalose (Tre) allows osmotic adjustment
of Na+ stress inside cells to maintain water balance [34]. We found an increased pro content in rice
seedling leaf tissues under both mild and severe Cd stress, but this accumulation was suppressed by
VA under both mild and severe Cd stress. The exogenous application of VA prevented the changes
in water balance in cadmium-stressed rice seedlings so the plants could reduce the requirement for
biosynthesis of pro.

Metal/metalloids hamper the growth and development of the plant but they also affect physiological
processes. One of the most deleterious effects of metal/metalloid toxicity is the destruction of
photosynthetic pigments. The biosynthesis of chl and its content decreases in many plant species in
response to toxic metal/metalloid stress, including Cd stress [28,33]. Our results indicated a marked
decrease in photosynthetic pigment content in terms of the chl (a + b) contentin rice seedling leaves
under Cd stress, as well as a decrease in car content. These decreases in pigment content due to Cd
stress might be linked with the inhibition of several enzymes, leading to a disruption of pigment
biosynthesis. Some researchers have also hypothesized that peroxidative breakdown of photosynthetic
pigments, as well as the lipids of the chloroplast membrane, occurs in response to abiotic stress due to
increased generation of ROS [35]. However, this effect was suppressed when VA was included in the
growth medium, in agreement with previous published findings [33]. Improved chl and car content
might be associated with an increased sequestration of Cd or an increased biosynthesis and/or decrease
in the destruction of pigment complexes [24,25,33].

Similar to other environmental stresses, Cd stress mediates an enhanced generation of ROS,
including O2

•−, OH, and H2O2 [3]. These ROS are potentially capable of triggering membrane lipid
peroxidation, as well as damaging amino acids, proteins, nucleotides, and nucleic acids. Membrane
damage resulting from lipid peroxidation produces MDA, a major indicator of oxidative stress [9].
In our experiment, H2O2 and MDA content, as well as LOX activity, were markedly increased by Cd
stress in a dose-dependent fashion. Simultaneously, the EL also increased. These responses might
be attributed to a significant increase in ROS due to Cd, and they may also be responsible for the
observed increases in the activity of the enzymes responsible for the degradation of lipid peroxides,
which represent the attempt to control membrane damage and EL. Thus, our results are in line with
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those of previous researchers who observed similar responses to Cd-induced toxicities [24]. Higher
H2O2, MDA, and EL levels also indicate that the antioxidant system defenses may be inadequate.
However, the inclusion of VA in the growth medium suppressed the production of MDA and H2O2,
while increasing LOX activity and ameliorating the EL observed in the Cd-stressed seedlings. These
responses most likely reflect an enhanced activity of the ROS scavenging antioxidant defense system in
the VA-treated seedlings. These observations are also in line with previous work [24,28] that reported
are version of Cd-induced damage by LMWOAs.

Plants have evolved various mechanisms for protection against abiotic stress. A prime example is
the antioxidant system, which consists of various enzymes and other non-enzyme components that are
distributed throughout cell components (chloroplast, cytoplasm, apoplast, mitochondria, peroxisomes,
and membranes) and allow dissipation of overproduced ROS. The end result is the ability to acclimate
to unfavorable environments and to maintain growth and physiological functions. The content of
these non-enzymatic components (AsA and GSH) and the potent activities of antioxidant enzymes
(SOD, CAT, APX, MDHAR, DHAR, GR, GPX, and GST) have been documented to modulate growth
under different stress conditions, including Cd stress [24,33,36].

The AsA–GSH cycle, or the ‘Foyer–Halliwell–Asada’ pathway, operates to scavenge H2O2 in
plant cells [37]. AsA functions as the major antioxidant for reducing H2O2, OH, O2

•−, and 1O2 levels.
We found significant decreases in AsA content in the cadmium-stressed plants when compared with
the control plants, which was mainly due to an increase in APX activity and decreased DHAR activity.
The MDHAR activity increased under mild Cd stress, but it was not sufficient to repress the AsA content.
A similar decrease in AsA content was also reported in other crops [24,25,27]. The upregulation of APX
activity was also previously reported [25]. However, inclusion of VA in the presence of Cd increased
the AsA content, as well as APX and DHAR activity, in cadmium-stressed rice seedling leaf tissue.
This finding suggests that exogenous VA might play vital roles in AsA regeneration, in agreement with
the findings of other researchers working on various other phytoprotectant chemicals [25,27,28,33].

Glutathione is another major component in the AsA–GSH cycle and is critical for AsA regeneration,
xenobiotic detoxification, and metal/metalloid sequestration, as well as other mechanisms involved
in stress tolerance [15]. Glutathione is linked with the AsA–GSH cycle for detoxification of H2O2,
and it can also detoxify H2O2 via GPX/GST and xenobiotics through GST. Glutathione is also vital for
MG detoxification via the Gly I and Gly II enzymes and has signaling properties [9]. In the present
study, we found increased GSH content under both mild and severe Cd stress, together with increased
GR and GPX activity. These changes might reflect aCd stress response involving the conversion of
GSH to GSSGfor AsA recycling, whereas GPX activity is simultaneously increased to scavenge the
overproduced H2O2, in agreement withother published findings [28]. The addition ofVA to the growth
medium in the presence of Cd allowed further increases in the GSH content under both mild and
severe Cd stress while also increasing the GR activity to enhance the recycling of GSSG to GSH. By
contrast, the GST activity decreased in VA-treated cadmium-stressed seedlings, perhaps because the
accumulation of H2O2was prevented by the enhanced antioxidant activity in the cells.

Superoxide dismutase activity was also increased by Cd stress, but the increase was suppressed
byVA application in the presence of Cd. Reports have suggested that SOD is the plant’s first-line
defense for scavenging toxic O2

•− radicals and converting them to H2O2. Therefore, the increased
SOD activity in our study might be attributed toan increased O2

•− content, which was suppressed by
VA. Our findings are in line with those of other researchers [24], as many studies on plant responses to
various stresses have shown significant alterations in CAT activity and have identified CAT as the
most efficient H2O2 scavenging enzyme [38]. In the present study, the CAT activity decreased under
Cd stress, in agreement with the findings of Praveen et al. [39]. However, adding VA in the presence of
Cd suppressed the decrease in CAT activity, in accordance with the previous findings [25].

A VA-induced MG-mediated inhibition of glycation has been reported in animal cells [40], but no
similar reports have been published for plant cells. In our study, Cd toxicity decreased the activity
of Gly I but increased Gly II enzyme activity, thereby increasing the MG content in rice seedling
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leaf tissues. The inclusion of VA in the growth medium increased both the Gly I and Gly II enzyme
activity, thus reducing the MG content and providing the seedlings with tolerance against MG-induced
glycation as well as oxidative stress. The results of the present study are corroborated by those of
other researchers who reported phytoprotectant-induced increases in the Gly enzyme activity and
concomitant reduction in MG content [41,42].

One of the major consequences of metal/metalloid stress is nutrient deficiency, as metal/metalloids
compete with essential mineral elements for uptake into the plant [43]. Nutrient homeostasis
could therefore reduce metal/metalloid accumulation, and thereby their toxicity, to enhance many
physiological mechanisms under Cd stress conditions. In our study, Cd toxicity stress altered the
mineral homeostasis of rice seedlings. We observed Cd toxicity-related reductions in shoot and root
K, Ca, and Mg content, which is corroborated by many previous studies [44,45] that have reported
a hermetic effect of Cd on mineral homeostasis in different plant species. Cd-induced oxidative
stress also damages the cell membrane, which might also lower the nutrient content in roots. Vanillic
acid supplementation in the presence of Cd restored the nutrient balance, in line with the results of
other researchers [24]. Therefore, VA-induced nutrient availability reduced the toxic effects of Cd
accumulation and restored the plant’s ability to run its physiological mechanisms smoothly.

4. Materials and Methods

4.1. Plant Materials and Stress Treatments

Manually sorted surface sterilized (10 minutes with 1% sodium hypochlorite) rice (Oryza sativa
L. cv. BRRI dhan54) seeds were soaked in deionized water (DH2O) for 48 h and kept moist for the
following24 h for sprouting. Then, the sprouted seeds were sown in plastic pots (8 cm diameter,
a volume of 250 mL) hydroponically and incubated(40h). Afterward, the pots with 25 germinated
seeds were facilitated growing under controlled conditions (temperature 25 ± 2 ◦C; relative humidity
65%–70%; light 350 μmol photon m−1 s−2; 16/8 h day/night duration) for 12 days in a cultivation
chamber. During the growing period, the seedlings were nourished with2500-fold diluted Hyponex
nutrient solution (Hyponex, Japan) controlling pH 6.5–7.0. The nutrient solution was renewed after
every 72 h. At 12 days, the seedlings were treated with Cd (1.0 and 2.0 mM) and VA (50 μM) for 72 h
solely and in combination. Hence, the experiment consisted of six treatments fitted in a completely
randomized design (CRD) with three repetitions and repeated thrice, maintaining the same conditions.
Data were collected after the treatment period with standard methods described later.

4.2. Observation of Plant Growth and Biomass Accumulation

Growth and biomass accumulation under different treatments were observed by measuring the
shoot and root length from bases of the seedling to the shoot and root tip, respectively, from 10randomly
selected seedlings. After excision at the root and shoot junctions, the fresh weight (FW) of shoot and
root were weighed and mean FW value was expressed as mg seedling−1. Afterwards, the shoots and
roots were dried separately for 48 h at 60◦C and weighed again; mean dry weight (DW) value was
expressed as mg seedling−1.

We measured the relative elongation of shoot and root elongation of different treatment
combinations according to the procedure stated by Song et al. [46]. Briefly, before exposure to
different treatments, a set of 10 randomly selected seedlings was measured for shoot and root length,
expressed as Di. After harvesting, the same seedlings were again measured for final shoot and root
length, expressed as Df. The initial shoot or root and final shoot or root length of the control seedlings
were measured as DCi and DCf, respectively. The following equation was employed for calculating
the relative elongation of shoot or root and expressed as a percentage:

Relative elongation =
D f −Di

DCi−DC f
× 100
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4.3. Determination of Cd and Other Nutrient Contents, and Measuring BAC, BCF, and TF of Cd

After acid digestion (HNO3:HClO4 at 5:1, v/v) of dried root and shoot, an atomic absorption
spectrophotometer (AAS) was employed for measuring the content of Cd, K, Ca, and Mg present in
the shoot and root according to Zasoski et al. [47].

Biological accumulation coefficient indicates the ratio of Cd content of the shoots to the growing
media, and BCF indicates the ratio of Cd content of the roots to the growing media, whereas TF
indicates the ratio of shoot Cd and root Cd content of rice seedlings. Therefore, BAC, BCF, and TF of
Cd were calculated following the equations below [48]:

BAC =
Cd content in shoot

Cd content in the growing media

BCF =
Cd content in root

Cd content in the growing media

TF =
Cd content in shoot
Cd content in root

4.4. Determination of Stress Markers, Photosynthetic Pigment, Relative Turgidity, and Proline Content

We estimated the MDA content, following Heath and Packer [49], as the thiobarbituric acid (TBA)
reactive substances. First, fresh harvested rice leaves (0.5 g) were extracted by 5% trichloroacetic
acid (TCA) using a chilled mortar and pestle, and subsequent centrifugation was then conducted at
11,500× g for 15 min. The supernatants were mixed with TBA for reaction to obtained the MDA, which
was further determined from the optical absorbance difference between 532 and 600 nm and calculated
using an extinction coefficient of 155 mM−1 cm−1 expressed as nmol g−1 FW.

The method described by Alexieva et al. [50] with little modification was employed for the
determination of H2O2 content. Briefly, fresh leaf samples were homogenized in 3 ml 5% TCA and
centrifuged (11,500× g for 15 min). The supernatant was collected. An aliquot of 0.5 ml supernatant
was mixed with 0.5 ml of potassium phosphate (K–P) buffer (0.5 M, pH 7.0) and 1 ml of 1M potassium
iodide (KI), and the mixture was allowed for reaction to occur for 1 h in darkness. Absorbance was
measured at 390 nm using standard curve and expressed as nmol g−1 FW.

For determining the amount of photosynthetic pigments,0.25g of fresh leaf samples were taken
and emerged in 10 mL 80% ethanol and heated for 1h in a hot water bath at 60 ◦C. The absorbance of
the colored solution was read in a spectrophotometer under 663, 645, and 470 nm. Chlorophyll a, b,
(a + b), and car contents were then calculated according to the equations described by Arnon [51] and
Wellburn [52], respectively.

Further, we estimated RT (%) as depicted from Barrs and Weatherly [53] using the following equation:

RT (%) =
leaf fresh weight− Leaf dry weight

Leaf turgid weight− leaf dry weight
× 100

Subsequently pro content was estimated according to Bates et al. [54]. Fresh leaves (100 mg)
were extracted in 3% sulfosalicylic acid. To 1 mL of supernatant, 1 mL of acid ninhydrin and 1 mL
of glacial acetic acid was added, followed by incubation at 100 ◦C for 1hour. Then, the mixture was
cooled to terminate reaction and toluene was added and vortaxed to separate the toluene chromophore
containing pro. Proline was assessed spectrophotometrically at 520 nm using L-proline (Wako, Japan)
as standard.

Methylglyoxal estimation by N-acetyl-L-cysteine assay was performed following Wild et al. [55].
Fresh leaves (0.25 g) were mashed with 5% perchloric acid on an ice cold mortar and centrifuged at
11,000× g to remove the residue. The supernatant was mixed with charcoal for decolorization and
subsequently neutralized by sodium carbonate. The neutralized supernatant was further used for
N-acetyl-L-cysteine assay of MG estimation at a wavelength of 288 nm.
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4.5. Nonenzymatic Antioxidant Assay

For the determination of the nonenzymatic antioxidants AsA and GSH, we extracted the tissue
according to Kampfenkel et al. [56].The contents of total AsA, reduced AsA, total GSH, and GSSG were
assayed spectrophotometrically. For the determination of AsA pool, aliquots of 200 μL of supernatants
were neutralized with K–P buffer (0.5 M, pH 7.0). Further, in the aliquots of total AsA and reduced
AsA, 0.1 M dithiothretitol (DTT) and DH2O was added, respectively. Then, total and reduced AsA was
determined optically at 265 nm employing a previously formed standard curve, and dehydroascorbate
(DHA) was calculated by subtraction of reduced AsA from total AsA. In a similar manner GSH pool
was determined after neutralizing aliquots of 200 μL supernatants with 0.5 M K–P buffer (pH 7.0) [57].
We determined GSSG after masking reduced GSH by 2-vinylpyridine. After that, total GSH and
GSSG were assayed on the basis of the enzymatic recycling, where reduced GSH wasoxidized by
5,5-dithio-bis (2-nitrobenzoic acid, DTNB) in the presence of GR and reduced nicotinamide adenine
dinucleotide phosphate (NADPH). The rate of absorption change was read at 412 nm optically,
and previously prepared standard curves of GSH and GSSG were employed to determine the content.
Finally, the reduced portion of GSH was calculated after subtracting GSSG from total GSH [58].

4.6. Protein, Antioxidant, and other Enzyme Activity Assay

Crude enzyme extract was prepared for assaying enzymatic activity where freshly harvested 0.5 g
of wheat leaf samples were grinded in 1 ml ice cold extraction buffer that contained AsA (1 mM),
K–P buffer (50 mM, pH 7.0), KCl (100 mM), β-mercaptoethanol (5 mM), and glycerol (10%, w/v).
The homogenates were centrifuged at 11,500× g for 10 min, and the supernatants were collected
and preserved (−60 ◦C). The experimental condition was maintained at 0–4◦C temperature under
controlled condition.

Protein quantity present in each sample was determination according to Bradford [59]. Proteins
formed complexes with Coomassie Brilliant Blue dye, which was read optically at 595 nm. The amount
of protein was then calculated using standard curve constructed with protein standard—bovine serum
albumin (BSA).

Lipoxygenase (EC: 1.13.11.12) activity was assayed according to Doderer et al. [60] using linoleic
acid as a substrate by observing the increase of absorbance at 234 nm and calculated using 25 mM−1

cm−1 as extinction coefficient.
Ascorbate peroxidase (EC: 1.11.1.11) activity was determined as stated by Nakano and Asada [61],

where the assay mixture included K–P buffer (50 mM, pH 7.0), ethylenediaminetetraacetic acid (EDTA)
(0.1 mM), AsA (0.5 mM), and H2O2 (0.1 mM). After adding H2O2, the reaction was started, and finally
the activity of APX was computed using 2.8 mM−1 cm−1 as extinction coefficient.

Monodehydroascorbate reductase (EC: 1.6.5.4) activity was assayed following Hossain et al. [62]
optically at 340 nm, using 703.4 μL of reaction mixture consistingof Tris-HCl buffer (50 mM, pH 7.5),
AsA (2.5 mM), NADPH (0.2 mM), and ascorbate oxidase (AO) (0.5 unit), and was computed using
6.2 mM−1 cm−1 as extinction coefficient.

Dehydroascorbate reductase (EC: 1.8.5.1) activity wasrecorded with the method of Nakano and
Asada [61], where the assay mixture contained K–P buffer (50 mM, pH 7.0), GSH (2.5 mM), EDTA
(0.1 mM), and DHA (0.1 mM). Activity of DHAR was assayed from the increase in absorbance at
265 nm with the reduction of DHA for 1min. Finally, the activity of DHAR was calculated using
14 mM−1 cm−1 as extinction coefficient.

Glutathion reductase (GR; EC: 1.6.4.2) activity was measured according to Foyer and Halliwell [63]
by observing the decline in absorbance at 340 nm, where reaction mixture consisted of K–P buffer
(0.1 M, pH 7.0) and EDTA (1 mM). The reaction was NADPH-dependent and initiated with GSSG.
Glutathione reductase activity was finally calculated using 6.2 mM−1 cm−1 as extinction coefficient.

Superoxide dismutase (SOD; EC 1.15.1.1) activity was determined on the basis of the reduction of
nitro blue tetrazolium (NBT) using xanthine–xanthine oxidase system [64].
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Catalase (CAT; EC: 1.11.1.6) activity was assayed following the method of Patra et al. [65] by
observing the decrease in absorbance for 1 min (by conversion of H2O2 to water and O2) at 240 nm,
where the enzyme extract was used to initiate the reaction. The activity of enzyme was computed
using 39.4 M−1 cm−1 as extinction coefficient.

Glutathione S-transferase (GST; EC: 2.5.1.18) activity was spectrophotometrically measured
according to Booth et al. [66], where the reaction mixture contained 1.5 mM GSH, 1 mM 1-chloro-2,4-
dinitrobenzene (CDNB), and enzyme. The increase of absorbance was read at 340 nm for 1min and the
enzyme activity was computed using the CDNB extinction coefficient of 9.6 mM−1 cm−1.

Glutathione peroxidase (GPX; EC: 1.11.1.9) activity was enumerated according to the procedure
of Elia et al. [67], where the reaction buffer contained 100 mM K–P buffer (pH 7.0), 1 mM EDTA, 1mM
sodium azide (NaN3), 0.12 mM NADPH, 2 mM GSH, and 1unit of GR. The reaction used 0.6 mM H2O2

as substrate, and the activity was calculated using extinction coefficient 6.6 mM−1 cm−1.
Glyoxalase I (Gly I; EC: 4.4.1.5) activity assay was recorded according to the method stated by

Hossain et al. [68], where 700 μL of assay mixture consist of K–P buffer (100 mM, pH 7.0), magnesium
sulfate (15 mM), GSH (1.7 mM), and MG (3.5 mM). After adding MG, the reaction began, and increase
in absorbance was obtained at 240 nm for 1 min. The activity of Gly I was computed using 3.37 mM−1

cm−1 as extinction coefficient.
Glyoxalase II (Gly II; EC: 3.1.2.6) activity assay was performed as described by Principato et al. [69],

where 500 μL of the reaction mixture contained Tris-HCl buffer (100 mM, pH 7.2), DTNB (0.2 mM),
and S-D-lactoylglutathione (SLG, 1 mM). The reaction was initiated by adding SLG, and the increase in
absorbance was recorded spectrophotometrically at 412 nm. Finally, the activity was computed using
13.6 mM−1 cm−1 as extinction coefficient.

4.7. Statistical Analysis

The data presented are the mean values of three replicates. The significant differences between
treatments were statistically evaluated using Statistix10 software by one-way analysis of variance
(ANOVA). Fisher’s least significant difference (LSD) test was used for comparison of means at the
p < 0.05 level between treatments. Results, which were significantly different at p < 0.05, were marked
by different letters in figures. Moreover, a correlation study was performed to infer the relationship
between Cd toxicity and the VA supplementation under Cd toxicity stress. Furthermore, we showed
the significant difference between sole Cd and VA supplementation with Cd using asterisks.

5. Conclusions

Cadmium toxicity stress strongly reduced growth and biomass accumulation in rice seedlings.
The photosynthetic pigments were damaged by Cd exposure, and the osmotic status inside the cell
was altered due to the toxic effects of Cd. Cadmium exposure promoted ROS generation and impaired
the antioxidant defense and glyoxalase systems in rice seedlings. Vanillic acid supplementation in the
presence of Cd in the growth medium noticeably suppressed the losses in the antioxidant defense and
glyoxalase system and the ROS generation and lipid peroxidation observed in cadmium-stressed plants,
while improving the osmotic status and preventing the loss of photosynthetic pigments. These results
indicate that VA could serve as a phytoprotectant to reduce Cd toxicity stress in rice at the early seedling
stage. Further study will be conducted to elucidate the molecular mechanism of VA-induced Cd stress
tolerance, as well as to evaluate the practical application of VA in greenhouse and field conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/2/188/s1,
Table S1a: Correlation matrix of plant growth, osmotic status, photosynthetic pigments contents, Oxidative
stress indicator, antioxidants and minerals contents, Table S1b. Correlation matrix of oxidative stress indicators,
the AsA:GSH cycle and enzymatic antioxidants, Table S1c. Correlation matrix of the components of glyoxalase
systems, Cd accumulation and translocation, other essential mineral components.
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Abstract: Nickel (Ni) is among the essential micronutrient heavy metals utilized by plants. However,
an elevated level of Ni causes serious concerns for plants’ physiology and their survival. This study
evaluated the mechanisms influencing the growth, physiology, and nutrient dynamics in two
commercial maize hybrids (Syngenta and Pioneer) exposed to Ni treatments in hydroponics nutrient
solution (NS). Seedlings were raised in plastic trays with quartz sand, and subsequently transferred
to Hoagland’s NS at the two leaves stage. After three days of transplantation, Ni levels of 0, 20,
and 40 mg L−1 were maintained in the nutrient solution. After 30 days of Ni treatments, seedlings
were harvested and different growth, physiological, and nutrient concentrations were determined.
The results showed that with increasing Ni concentration, the growth of maize hybrids was significantly
reduced, and the maize hybrid, Pioneer, showed significantly higher growth than that of Syngenta at
all levels of Ni. Higher growth in Pioneer is ascribed to elevated levels of antioxidant enzymes (SOD,
CAT, GR, APX, and POX), lower damage to cellular membranes (i.e., higher MSI and lower MDA),
and higher tissue nutrient concentrations (N, P, K, Ca, Mg, Fe, Mn, Zn, and Cu). Furthermore, the
maize hybrids showed a difference in nutrient translocation from root to shoot which could be one of
the factors responsible for differential response of these hybrids against Ni treatments.

Keywords: maize hybrids; nickel; nutrients; translocation; oxidative stress

1. Introduction

Heavy metal toxicity is among the major environmental issues reducing the yield of agricultural
crops and posing serious health concerns for humans. Unlike other heavy metals, such as Cd, Pb, Hg,
and Ag, Ni is an essential micronutrient that helps the urease enzyme convert urea into ammonia and
carbon dioxide [1]. Ni deficiency can trigger inactivation of urease leading to urea accumulation to
toxic levels which appear in the form of necrosis of leaf tips [2]. Nickel plays a very important role in
plant physiology starting from germination to yield [3]. Nickel enhances yield and quality of most
crops [4,5]. Some crops, such as barley (Hordeum vulgare L.), cannot complete their life cycle without
Ni [6].

Excessive Ni, added to soil through irrigation with sewage sludge applied as a fertilizer or
soil amendment, mining, and industrial processes, leads to its toxicity [7]. The worldwide average
concentration of Ni in natural soils is 22 mg kg−1 [8,9] and has been reported up to 26.4 g kg−1 in soil
and 0.3 mg L−1 in water [10,11]. Its toxicity symptoms appear between 0.19 and 0.85 mM kg−1 plant dry
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biomass [12]. Nickel toxicity inhibits the enzymatic activity, such as the Calvin cycle and chlorophyll
biosynthesis which decreases photosynthetic efficiency in plants [13]. Moreover, Ni toxicity affects
plants water status and the efficiency of antioxidative machinery [14,15].

Nickel toxicity shares toxic effects with other abiotic stresses such as the production of a large
number of reactive oxygen species (ROS) [16]. The accumulation of reactive oxygen species in plants
damages almost all the cellular components, for example, cell membrane, lipids, pigments, enzymes,
chloroplasts, and nucleic acids [17,18]. The antioxidative enzymes such as superoxide dismutase (SOD),
catalase (CAT), glutathione reductase (GR), and peroxidase (POX) etc., play their role in superoxide
radical (O2

−) and hydrogen peroxide (H2O2) and inhibit the formation of hydroxyl radicals (OH) [16,19].
Nickel, at an extremely low concentration (0.05 mM), enhances the activity of POD, SOD, and guaiacol
peroxidase (GOPX) [20]. However, at elevated Ni concentrations (500 mg kg−1), antioxidative enzyme
activity decreases and leads to oxidative damage in plants [21].

Nickel is reported to induce the deficiency of Fe and Zn and hinders the uptake of other heavy
metals such as Cd, Co, Cr, and Pb [22]. Nickel toxicity lowers the concentration of N in the roots
and leaves of mungbean and chickpea [23]. Hence, a severe toxicity has been observed whenever Ni
was supplemented with other heavy metals such as Cd, Cu, Pb, and Zn [24]. The protein contents
and carbohydrates decreased with Ni treatment (0, 200, 400, and 800 mg kg−1) in Myplis snavelus and
sunflower [25], soyabean [26], and maize [27].

Nickel toxicity not only disrupts the uptake of important macro and micronutrients but also
hinders the translocation of these nutrients from root to shoot, grain, and fruit [28]. The studies
have reported that Ni toxicity tends to reduce the translocation of N from root to shoot [11,29].
Similarly, Ni interferes with translocation of micronutrients especially Fe being similar in chemical
properties [30]. It has been reported that one of the causes of Fe deficiency under Ni toxicity is decrease
in its translocation from root to shoot [22]. Moreover, Ni toxicity also negatively affects the assimilation
of other nutrients [11].

Maize (Zea mays L.) is an important cereal crop which is cultivated all over the world. Maize
hybrids have higher yield as compared with other varieties and genotypes. However, these hybrids
need to be tested under different abiotic stresses such as salinity, drought, and metal toxicity etc.
to evaluate their potential yield and survival for sustainability of the agriculture sector. Therefore,
the current experiment was conducted to evaluate the physiological response, nutrient uptake, and
translocation in two commercial maize hybrids (Syngenta and Pioneer) under Ni toxicity.

2. Materials and Methods

2.1. Selection of Plants and Growth Conditions

The experimental site (latitude, 30◦-1.9998′ N, longitude 72◦-21′ E, and altitude 184.4 m) had
average a minimum and maximum temperature of 15 to 26.4 ◦C and a relative humidity of 57.5% to
62.7%. Two hybrids of maize, “Pioneer-32F10” and “Syngenta-8441”, were selected for the experiment
and seeds were purchased from the local market. These hybrids are commonly cultivated in Punjab by
the farmers.

Maize seedlings were raised in a 2 inch layer of acid washed quartz sand and irrigated with
distilled water. The maize seedlings were transplanted to a Styrofoam sheet floating over Hoagland’s
nutrient solution at the two leaves stage. The concentrations of different salts were: 5 mM KNO3, 5 mM
Ca(NO3)2, 2 mM KH2PO4 and 1.5 mM MgSO4, 9.11 μM MnSO4, 1.53 μM ZnSO4, 0.235 μM CuSO4,
24.05 μM H3BO3, 0.1 μM Na2MoO4, and 268.6 μM Fe-EDTA. Aeration was maintained throughout the
experimental period and pH was maintained daily between 6.0 and 6.5 by 1N NaOH/HCl solution.
After three days of transplantation, Ni levels of 0, 20, and 40 mg L−1 were maintained in the NS using
NiCl2.6H2O. The nutrient solution was changed after every week throughout the experimental period.
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2.2. Plant Biomass Measurements

The plants were sampled after 30 days of Ni treatments and plant growth parameters were
measured. Shoot fresh weight of maize hybrids was measured with analytical balance, whereas root
fresh weight was measured after paper blotting the roots to remove moisture. The shoot and root
length was measured immediately, while their dry weight was measured after oven drying the samples
at 65 ◦C for 48 h.

2.3. Determination of Antioxidant Enzymes Activity

Leaf sample (0.5 g) was homogenized with potassium phosphate buffer (pH 7.0) in a precooled
mortar and pestle. The homogenate was centrifuged in a temperature-controlled centrifuge machine
(4 ◦C) for 20 min at 10,000× g. The supernatant obtained was used for the determination of
antioxidative enzymes.

The activity of superoxide dismutase activity (SOD) was determined by measuring its ability to
inhibit the photochemical reduction of nitroblue tetrazolium (NBT). The reaction mixture was prepared
along with a control (without enzyme extract) as described by Gupta et al. [31]. The reaction was
started by adding riboflavin and placing the mixture under light (15W) for 15 min. The absorbance
was measured at 560 nm after stopping the reaction by switching off the light. The SOD activity was
calculated in mg−1 protein min−1 (1 unit = 50% reduction in absorbance).

The catalase activity (CAT) was determined spectrophotometrically by recording the decrease in
absorbance at 240 nm resulting from the decomposition of H2O2. The reaction mixture consisted of
potassium phosphate buffer, H2O, and enzyme extract as explained by Aebi [32]. The enzyme activity
was presented in mmol H2O2 mg−1 protein min−1.

The activity of ascorbate peroxidase (APX) was measured by the oxidation of ascorbate and
decrease in absorbance at 290 nm, according to the method described by Amako et al. [33]. The enzyme
activity was expressed in mmol H2O2 mg−1 protein min−1.

Glutathione reductase activity (GR) was measured by the reduction of glutathione disulfide (GSSG)
to two molecules of glutathione equivalent to NADPH coenzyme expressed as μmol of NADPH mg−1

protein min−1 by recording the increase in absorbance (412 nm for 5 min) according to Sairam et al. [34].
Peroxidase (POX) activity was determined by measuring its ability to cause reduction of guaiacol

(recorded at 436 nm for 90 s) in the reaction mixture prepared according to the method described by
Pandey and Pathak [14]. The enzyme’s activity was expressed as mmol H2O2 mg−1 protein min−1.

The Bradford method was used to measure the leaf protein contents [35].

2.4. Determination of Lipid Peroxidation

Malondialdehyde contents (MDA) were measured to assess the extent of lipid peroxidation in
maize leaves. Leaf sample (0.5 g) was homogenized in 5 mL of 0.1% trichloro acetic acid (TCA) and 4
mL of 0.5% thiobarbituric acid (TBA). The mixture was heated for 30 min at 95 ◦C and then, centrifuged
at 20,000× g for 10 min. The supernatant was collected and the absorbance of reaction mixture was
recorded at 532 and 600 nm [36]. The difference in absorbance was used to calculate the MDA content
(nmol/g fresh weight).

2.5. Determination of Membrane Stability Index

The stability of leaf membrane was determined by measuring the electrical conductivities (EC)
of two sets of double distilled water having 0.1 g of leaf sample at 40 ◦C after 30 min (EC1) and at
100 ◦C after 10 min (EC2) according to Amjad et al. [37]. The leaf membrane stability index (MSI) was
calculated by the formula:

MSI =
(
1− EC1

EC2

)
× 100 (1)
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2.6. Tissues Nitrogen and Phosphorus Determination

Total nitrogen concentration in shoot and root was analyzed with Kjeldahl digestion [38], whereas
tissues total phosphorus concentration was measured using the colorimetric method [39].

2.7. Atomic Absorption Spectrometric Measurements

The concentrations of Ca, Mg, K, Fe, Zn, Cu, Mn, and Ni in shoot and root were determined
on an atomic absorption spectrophotometer (Thermo AA, Solaar series, Thermo Scientific) [40]. The
concentrations were determined from one-gram oven-dried samples after wet digestion with a di-acid
mixture of HNO3 and HClO4 (1:3).

Nickel uptake was calculated as:

Ni uptake (mg) = tissues Ni concentration × tissues dry mass (2)

While root to shoot (R-S) Ni translocation was calculated as:

R-S translocation = concentration of nutrient in shoot/concentration of nutrient in root (3)

2.8. Statistical Analysis

The experiment was performed according to factorial design replicated thrice. The significance of
treatment means was determined by two-way analysis of variance (ANOVA). The least significant test
was applied to check significant differences (LSD) among the treatment means using the computer
program Statistix 8.1.

3. Results

3.1. Growth of Maize Hybrids

The results revealed that growth parameters (shoot/root fresh and dry weight and length) decreased
significantly after thirty days of exposure to 20 and 40 mg Ni L−1 as compared with 0 mg L−1 Ni
treatment in both maize hybrids (Table 1). Syngenta showed significantly higher values of measured
growth parameters as compared with Pioneer under 20 and 40 mg L−1. However, the difference was
not significant between the maize hybrids for shoot and root length at all levels of Ni and for shoot and
root fresh weight at 0 mg L−1.
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3.2. Antioxidant Enzymes Activity

The maize hybrids showed a significant (p < 0.05) differential increase in antioxidant enzymes
activity, i.e., SOD, CAT, GR, APX, and POX at 20 and 40 mg L-1 Ni as compared with the control
(0 mg L−1 Ni) (Figure 1). At 20 mg L−1, the increase in activity of SOD, CAT, GR, APX, and POX was
2.4, 1.7, 1.3, 1.6, and 2 times, respectively, as compared with the control treatment in Pioneer, whereas
in Syngenta the increase was 2.0, 1.3, 1.1, 1.6, and 2.0 times, respectively. Similarly, at 40 mg L−1, the
increase in activity of SOD, CAT, GR, APX, and POX was 2.7, 2.4, 1.6, 3.3, and 3.6 times, respectively, as
compared with the control treatment in Pioneer, whereas in Syngenta the increase was 2.5, 2.1, 1.5, 2.8,
and 2.7 times, respectively.

Figure 1. Effect of Ni treatments (0, 20, and 40 mg L−1) on activity of antioxidant enzymes: SOD
(A), CAT (B), GR (C), APX (D), and POX (E) in two maize hybrids, Syngenta-8441 (Syngenta) and
Pioneer-32F10 (Pioneer). Different letters on bars represent the result of LSD test, bars sharing the same
letter(s) show the non-significance of the means at p < 0.05.
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3.3. Membrane Stability Index and Malondialdehyde Contents

Membrane stability in both maize hybrids against Ni treatments (20 and 40 mg L−1) induced
oxidative stress was measured by membrane stability index (%) and malondialdehyde concentration
(Figure 2A,B, respectively). The damage caused by ROS to cellular membranes was assessed by
measuring MDA contents produced as a result of lipid peroxidation. The results showed that MDA
contents increased significantly with increasing Ni levels and correspondingly decreased the membrane
stability index in both maize hybrids. The maize hybrids showed significant differences in terms of
MDA concentration, relatively higher MDA content, and lower membrane stability index in Syngenta
as compared with Pioneer.

Figure 2. Membrane stability index (A) and lipid peroxidation (malondialdehyde) (B) in two maize
hybrids, Syngenta (Syngenta-8441) and Pioneer (Pioneer-32F10), after 30 days of Ni treatment (0, 20,
and 40 mg L−1). Different letters on bars represent the result of the LSD test, bars sharing the same
letter(s) show the non-significance of the means at p < 0.05.

3.4. Nutrient Concentration in Tissues and Root to Shoot Translocation

The results showed a significant (p < 0.05) decline in shoot N concentration at 20 mg L−1 Ni
concentration as compared with 0 mg L−1 Ni treatment. However, there was no significant difference in
shoot N concentration between the 20 and 40 mg L−1 Ni level (Figure 3A), whereas root N concentration
increased at the 20 mg L−1 and decreased at the 40 mg L−1 Ni level. Root to shoot N translocation
decreased at the 20 mg L−1 Ni level and remained almost constant at the 40 mg L−1 Ni level. Maize
hybrids (Syngenta and Pioneer) showed no significant difference for both shoot and root N concentration
at all levels of Ni.
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Figure 3. Concentrations of shoot and root N (A), P (B), K (C) and root to shoot translocation in two
maize hybrids, Syngenta (Syngenta-8441) and Pioneer (Pioneer-32F10), after 30 days of Ni treatments
(0, 20, and 40 mg L−1). Different letters on bars represent the result of the LSD test, bars sharing the
same letter(s) show the non-significance of the means at p < 0.05.
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The results showed no significant (p < 0.05) increase in P concentration at 20 mg L−1 Ni, whereas
a significant decline in P concentration was observed at 40 mg L−1 Ni as compared with the control
(Figure 3B). Root P concentration was not significantly affected by the Ni levels. The maize hybrids
showed no significant differences at all Ni levels for both shoot and root P concentration. Root to shoot
translocation of P increased at the 20 mg L−1 Ni level and decreased at the 40 mg L−1 level of Ni.

Shoot and root K concentrations decreased significantly with increasing Ni toxicity (Figure 3C).
The maize hybrids showed no significant differences for both shoot and root K concentrations at all
levels of Ni. Root to shoot translocation of K was higher in maize hybrid Pioneer than that of Syngenta
at 20 mg L−1 and 40 mg L−1 Ni.

Both root and shoot tissues showed significantly low Ca concentration at elevated levels of Ni,
i.e., 20 and 40 mg L−1 as compared with the control for both maize hybrids (Figure 4A). Root to shoot
translocation of Ca was higher in Syngenta than that of Pioneer at all the Ni levels. Both of the maize
hybrids showed a significant decreasing trend regarding shoot Mg concentration with increasing Ni
level, whereas there was no significant difference between them at all the levels of Ni. In addition,
root Mg concentration was significantly lower at the 20 and 40 mg L−1 Ni levels as compared with the
control with no significant differences in the maize hybrids (Figure 4B), and Mg translocation (root to
shoot) was higher in Pioneer than Syngenta at the 20 mg L−1 Ni level and decreased at the 40 mg L−1

Ni level.

 

Figure 4. Concentration of shoot and root Ca (A), Mg (B), and root to shoot translocation in two maize
hybrids, Syngenta (Syngenta-8441) and Pioneer (Pioneer-32F10), after 30 days of Ni treatments (0, 20,
and 40 mg L−1). Different letters on bars represent the result of the LSD test, bars sharing the same
letter(s) show the non-significance of the means at p < 0.05.
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Shoot Fe concentration decreased significantly, and there was no significant change in root Fe
concentration in both maize hybrids with increasing Ni levels (Figure 5A). The maize hybrids showed
no significant (p < 0.05) differences for both shoot and root Fe concentration at all the Ni levels. Root to
shoot Fe translocation decreased at the 20 mg L−1 level of Ni as compared with the control.

 

 

Figure 5. Concentration of shoot and root Fe (A), Mn (B), Zn (C), Cu (D), and their translocation (root
to shoot) in two maize hybrids, Syngenta (Syngenta-8441) and Pioneer (Pioneer-32F10), after 30 days of
Ni treatments (0, 20, and 40 mg L−1). Different letters on bars represent the result of the LSD test, bars
sharing the same letter(s) show the non-significance of the means at p < 0.05.

The results showed that Mn concentration in tissues (shoot and root) decreased significantly with
increasing Ni levels in both maize hybrids (Figure 5B). Translocation (root to shoot) of Mn decreased
in both maize hybrids at the 20 mg L−1 Ni level with higher values in Pioneer than Syngenta. There
was no significant difference in Zn concentration in tissues between maize hybrids at all the Ni levels
(Figure 5C). Both shoot and root Zn concentration decreased significantly at 20 and 40 mg L−1 as
compared with 0 mg L−1 Ni level, whereas its root to-shoot translocation increased. Both shoot and
root Cu concentration decreased significantly (p < 0.05) by increasing Ni (20 and 40 mg L−1) levels in
both maize hybrids (Figure 5D). The maize hybrids did not differ significantly in shoot and root Cu
concentration at all Ni levels. Whereas, root to shoot translocation increased with increasing Ni levels.

3.5. Plant Tissues Nickel Concentration, Uptake, and Root to Shoot Translocation

The results showed that total Ni concentration in the plants increased significantly with increasing
Ni levels in both maize hybrids (Figure 6A). The maize hybrids differed significantly in terms of shoot
and root Ni concentration especially at elevated Ni levels, i.e., 20 and 40 mg L−1. Shoot Ni concentration
was significantly higher than root Ni in both maize hybrids except in Pioneer at 20 mg L−1. Shoot and
root Ni uptake significantly increased at increasing Ni levels with significant differences between the
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maize hybrids (Figure 6B). Root to shoot Ni translocation remained almost constant at 0 and 20 mg L−1

in both maize hybrids although higher in Syngenta than Pioneer (Figure 6C) but decreased significantly
in Syngenta and increased in Pioneer at the 40 mg L−1 Ni level.

  

Figure 6. Concentration of shoot and root Ni concentration (A), uptake (B), and Ni root to shoot
translocation (C) in two maize hybrids, Syngenta (Syngenta-8441) and Pioneer (Pioneer-32F10), after
30 days of Ni treatments (0, 20, and 40 mg L−1). Different letters on bars represent the result of the LSD
test, bars sharing the same letters show the non-significance of the means at p < 0.05.
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4. Discussion

This study focuses on the nutrient dynamics and antioxidant defense system of two maize hybrids,
i.e., Syngenta and Pioneer against Ni toxicity in nutrient solution. The decrease in growth caused
by Ni toxicity could be attributed to perturbed nutrient uptake and translocation because excess Ni
decreases the uptake of macro and micronutrients [15,23]. Secondarily, the decrease in growth could
also be attributed to oxidative damage caused by the excess of ROS measured by lipid peroxidation
(malondialdehyde) and the membrane stability index. The results showed that the maize hybrid,
Syngenta, had a higher concentration of malondialdehyde and a lower membrane stability index as
compared with Pioneer, and thereby showed significantly higher growth in Pioneer than Syngenta
at the 20 and 40 mg L−1 Ni levels (Table 1). Nickel toxicity has been reported to interfere with
the plant water relations, wheat growth, and plant nutrient status [41]. Different plant species and
genotypes show variation in survival ability against abiotic stress induced oxidative damage, i.e.,
malondialdehyde concentration is responsible for their tolerance against these stresses [42]. Similarly,
in this experiment, maize hybrid Pioneer showed lower malondialdehyde concentration and higher
membrane stability, thus, having higher growth than Syngenta (Figure 2).

Nickel toxicity has been reported to cause damage to cellular membranes with the excessive
production of ROS beyond the neutralizing capacity of the antioxidative system. Its toxicity is capable
of oxidizing vital cellular membrane components including lipids, DNA, and proteins [43,44]. Nickel
causes higher degrees of lipid peroxidation due to its higher mobility in plants as compared with other
heavy metals’ toxicity (Co, Cd, Cu, and Zn). Similarly, this study showed that Ni (20 and 40 mg L−1

levels) caused the lipid peroxidation (MDA concentration), thereby decreasing MSI more in Syngenta
as compared with Pioneer (Figure 2A,B). Lower lipid peroxidation in Pioneer could be attributed to the
higher activity of SOD, CAT, GR, APX, and POX than in Syngenta. Nickel toxicity has been reported to
enhance the activity of SOD which detoxifies superoxide ions to hydrogen peroxide and molecular
oxygen [45,46]. Hydrogen peroxide is subsequently detoxified by other enzymes such as CAT, APX,
and POX to H2O [47,48], whereas GR reduces oxidized glutathione (GSSG) to sustain the glutathione
equilibrium in the cells [43]. The significantly higher activity of all the enzymes in the “Pioneer” maize
hybrid as compared with the “Syngenta” indicated its higher Ni tolerance capability, responsible for
better growth and lower lipid peroxidation (Table 1 and Figure 1).

Owing to similar characteristics with both macronutrients (Ca, Mg) and micronutrients (Fe, Cu,
and Zn), Ni competes with both of them in sorption and transpiration in plants [15,49]. Because of
this similarity, a high concentration of Ni causes deficiency of these nutrients in plants by hindering
their sorption, uptake, and translocation [30,41]. Our results validate previous findings, that Ni
toxicity significantly decreased the nutrient concentrations in both shoot and root of maize hybrids.
However, the Fe concentration in tissues remained almost constant with the excessive Ni in the growth
medium (Figure 5A). Previous studies have reported a synergistic effect of Ni on N and P uptake
and translocation from root to shoot in different plant species within the toxic range of Ni in the
growth medium [2,50,51]. Contrarily, this study showed a decrease in root to shoot translocation
of N, suggesting the toxicity of the applied Ni levels. The translocation of P showed an increase at
the 20 mg L−1 level of Ni and a decrease at the 40 mg L−1 level of Ni, indicating strong competition
between Ni and P ions at the 40 mg L−1 level of Ni. A significant difference in nutrient concentration
between maize hybrids suggests that genotypes and hybrids vary in their ability to counter Ni toxicity.
Moreover, a higher value of Ni translocation from root to shoot in “Pioneer” was one of the factors
responsible for higher growth under Ni toxicity. Higher concentration and translocation of the
measured micronutrients in the maize hybrid “Pioneer” could have enhanced the activity of SOD
and CAT, since these metals are present in their prosthetic groups [28,44]. Lower values of these
micronutrients (Fe, Mn, Cu, and Zn) in the maize hybrid Syngenta could have reduced the biosynthesis
of the measured antioxidative enzymes, and therefore caused higher oxidative damage as compared
with Pioneer.
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Previous reports have suggested that Ni is a highly mobile element and approximately 50% of the
plant-absorbed Ni is accumulated in roots, with over 80% in the vacuoles and 20% in cortex [11,23].
However, results from this study revealed that the Ni concentration was higher in the shoot than the
root tissues and the total Ni concentration (shoot and root) did not remained at significantly high Ni
levels in both maize hybrids (Figure 6A–C). These results suggest that total tissues Ni concentration
does not remains significant beyond a certain level owing to the limited ability of maize hybrids
to accumulate and uptake Ni from the growth medium. However, increased levels of Ni toxicity
cause an opposite trend of root to shoot Ni translocation as suggested by the increase in root to-shoot
translocation at the 40 mg L−1 level of Ni in tolerant maize hybrid Pioneer and sensitive (Syngenta).
The increased Ni translocation at the 40 mg L−1 level of Ni in Pioneer is attributed to enhanced activity
of the antioxidant enzymes resulting in lower lipid peroxidation and higher growth than that in
Syngenta, as shown in Figures 1 and 2.

5. Conclusions

Results from this study suggest that Ni toxicity severely affects maize plant physiology with
oxidative damage and disturbs the nutrient uptake and translocation in Pioneer and Syngenta maize
hybrids. There are differences in maize hybrids regarding growth, antioxidant enzymes activity,
nutrient uptake, and translocation. The higher growth in the maize hybrid “Pioneer” is attributed to
elevated levels of antioxidative enzymes and nutrient translocation from root to shoot which affected
the normal functioning of plants.
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Abstract: An efficient method of improving the micronutrient status of Ni-treated white mustard
(Sinapis alba L.) using intensive S-SO4 nutrition was developed. Twelve variants of Hoagland’s
nutrient solution differing in the concentration of S-SO4 (standard: 2 mM S, and elevated level: 6
or 9 mM S) and Ni (0, 0.0004, 0.04, or 0.08 mM Ni) were tested. The beneficial effect of intensive S
nutrition on Ni-stressed plants was manifested by a significant rise in the content of Fe, Mn, and
Zn, especially in the shoots. An increase was also found in the shoot B, Cu, and Mo content, whilst
there were no changes in their root concentrations. Simultaneously, the shoot Cl concentrations
dropped. The elevated level of S in the nutrient solution in general enhanced the translocation of Fe,
Cu, Mo, and B in Ni-exposed plants. The beneficial effect of intensive S nutrition on the growth and
micronutrient balance of Ni-exposed plants can be at least partially related to the positive changes
in root surface properties, especially in cation exchange capacity (CEC). Meanwhile both reduced
glutathione (GSH) and phytochelatins (PCs) probably do not significantly contribute to Ni resistance
of white mustard under intensive S nutrition.

Keywords: metal toxicity; sulphur nutrition; stress mitigation; cation exchange capacity; glutathione

1. Introduction

Nickel, like other metallic micronutrients in plants, is a functional constituent of the enzyme
systems and its role is primarily associated with the valence change. This element, at relatively low
concentrations (0.001–0.01 mg kg−1 dry weight; DW) is needed for the proper N and C metabolism [1–3]
as well as for producing high-vigor viable seeds and their germination [4,5]. The most common
visual symptoms of Ni deficiency are growth reduction, senescence acceleration, and leaf deformation
accompanied by chlorotic and necrotic lesions as a result of Fe deficiency induced in Ni-deficient
plants [6,7]. However, not Ni deficiency, but its excess and strong phytotoxic effects are the serious
global problem. Nickel may easily move in the environment. Of particular concern is the increasing
area of Ni-contaminated agricultural soils together with rapidly rising Ni concentrations deposited
in agricultural soils by airborne Ni particles. Moreover, the low soil pH as a result of reduced soil
liming as well as acid rains may cause mobilization and enhance the solubility of Ni compounds [8,9].
It has been established that the Ni content in farm soils varies in a wide range from 3 to 1000 mg
kg−1 DW. Most agricultural soils contain 25 mg kg−1; however, Ni content is very often raised, up to
26,000 mg kg−1 or even substantially higher, due to anthropogenic activities such as mining, smelting,
burning of fossil fuels (coal and oil), use of industrial and municipal wastes (sewage sludge), as well
as applications of pesticides and Ni-containing fertilizers, especially phosphates [8–12]. A strongly
phytotoxic effect of high Ni concentrations manifests itself as growth and development inhibition
including retarded germination, yield and quality reduction, as well as disturbances in photosynthesis,
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respiration, water relations, and sugar transport, which cause various ultrastructural modifications.
Visual symptoms induced by the Ni excess include various types of leaf chlorosis, necrosis, and
wilting [6,13–15]. These chlorotic and necrotic lesions are a result of altered essential nutrient uptake
and translocation. Interference with nutrient homeostasis and thus improper nutrient, especially
micronutrient, status within plants is mentioned as an important mechanism of Ni phytotoxicity [16,17].
The modifications of the mineral status of Ni-stressed plants within species and even cultivars are
unpredictable and contradictory. Besides, it is very difficult to study the biological role and mechanisms
of Ni toxicity due to the dual character and complicated electronic chemistry of this element. Therefore,
much more information concerning phytotoxicity and tolerance can be found for other widespread
toxic trace metals (Cd, Pb, Cr, Cu) than for Ni [18,19]. White mustard, chosen as an object of this study,
may tolerate excessive concentrations of trace metals, including Ni. This species is recognized as more
sensitive to excessive amounts of Ni than to Cu or Zn [20,21].

White or yellow mustard (Sinapis alba L.) is believed to be native to the Mediterranean region,
but nowadays is extensively cultivated throughout the world, with Canada and Nepal as the global
leaders (around 52% of the world production in the 2015) as well as Ukraine, Russia, the Czech
Republic, Italy, the UK, and the Netherlands as the European leaders [22]. White mustard seeds in
food industry serve to produce table mustard, oil, and many kinds of spices. They are also used
in the pharmaceutical and cosmetics industry. Furthermore, young fresh mustard raw leaves are
used to made salad or juice [22,23]. In agriculture and horticulture, mustards are commonly used as
green manure, fodder crop as well as winter or rotational cover crops in production of many species.
Mustards may control weeds and a range of soil-borne pests, pathogens, and diseases. This is due to
providing allelopathic compounds in the “biofumigation” process related to release of volatile toxic
isothiocyanate compounds (ITCs) through the degradation of glucosinolates (GLS) [24,25].

Due to GLS synthesis in mustard, similar to the other members of the Brassicaceae family, the
species is characterized by high S requirement, which are at least twice as high as that of cereal crops,
especially at the flowering stage, since S is a constituent of sulfuric amino acids needed for the synthesis
of seed proteins. This macronutrient is also an important constituent of lipids, polysaccharides,
vitamins, and cofactors [26–33]. Besides building proteins and involvement in metabolism of secondary
products, S is required for chlorophyll synthesis as well as proper cell metabolic pathways such as
electron transport in Fe-S clusters, redox cycle, protein disulfide bonds. Sulphur deficiency in the
environment and hence reduced yield and quality is a global problem related to progressive reduction
of emissions of S compounds, common application of S-free NPK fertilizers, immobilization in soil and
limited availability of S to plants, and much more intensive crop production [34,35]. An adequate S
level is crucial not only for a proper plant growth and development, but also for enhanced resistance
to various environmental stresses [36,37]. Plants have developed various strategies to cope with
excess of trace metals. One of the strategies is induction of ligands synthesis, which are able to bind
most trace metals in order to protect metal-target i.e., sensitive cellular organelles. Nickel is classified
as a transition metal capable of binding to various types of naturally occurring phytocompounds.
For instance, SH-containing ligands like reduced glutathione (GSH) or phytochelatins (PCs) form
high-strength, durable complexes with trace metals. Nickel resistance is related mainly to GSH
synthesis, since Ni is a very weak inductor of PCs synthesis. On the one hand, Ni is recognized as an
important element for protecting plants against stressful conditions, among others, by participating in
the regulation of the GSH pool involved in the defense against oxidative stress; on the other hand, Ni
may induce oxidative stress [3,38–40].

Excessive Ni concentration disturbs the nutrient status in plants due to various unfavorable
changes in their uptake and translocation [2,11–13,15], and there is evidence that S has a crucial role in
enhancing tolerance to various types of stress [35]. Therefore, it may be possible to improve the nutrient
status in Ni-stressed plants using S supplementation. This concerns especially species characterized
by high S requirements, such as white mustard. In this study we investigated the impact of different
S-SO4 concentrations on the micronutrient status in white mustard under short-term Ni exposition. We
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hypothesized that intensive S nutrition may improve the growth and micronutrient status of Ni-exposed
white mustard by the modulation of selected physiological parameters of roots. It is obvious that only
plant species that are able to survive in an environment containing excess of trace metals at their early
(juvenile) growth stages may produce resistant and healthy adult individuals. These experiments are
the part of a larger project concerning the possibility of enhancing plant resistance to stress induced by
trace metals with the use of intensive S nutrition.

2. Results

2.1. Micronutrient Concentrations

The concentrations of micronutrient in the roots are presented in Table 1, while micronutrients in
the shoots are presented in Table 2. The root and shoot B concentrations as well as the root Zn and
shoot Cu level in the intensively S-supplied (6 or 9 mM) Ni-untreated plants were higher than those at
the standard S level. In turn, the changes in the shoot Zn and root Cu concentrations, similar to the
changes in the content of Fe, Cl, and Mo, were generally insignificant. The Mn concentration in plants
supplied with the high S increased in the roots and decreased in the shoots, and these changes were
more pronounced in the roots.

Increasing Ni concentrations in the nutrient solution, irrespective of the S level, generally resulted
in a significant decline in Fe and B concentrations, which was much more pronounced in the shoots
than in roots, and simultaneously did not change the Mo concentrations. Moreover, the statistical
analysis of the main effects showed that the root Cu and Cl concentrations of Ni-exposed white mustard
remained quite stable, whilst the shoot content of both these elements was substantially reduced.
An exception was the decrease in the root Cu content recorded in plants treated with 0.04 mM Ni.
Simultaneously, the root and shoot Zn concentration decreased and increased, respectively, whilst the
concentration of Mn increased in both roots and shoots.

Intensive S nutrition, irrespective of the Ni concentration in the nutrient solution, generally caused
increases in the shoot and root Fe, B, and Zn concentrations. However, the root and shoot Fe level in
plants grown at 6 mM S and the root B concentration at 9 mM S did not change significantly. At the
same time, root Cu and Mo concentrations remained quite stable, whilst their shoot concentrations
were markedly elevated. In turn, the Mn concentration increased in roots and Cl level decreased
in shoots.

The tendencies toward changes in the micronutrient concentrations for the interactions between
the S and Ni (S ×Ni) were generally similar to those above described for the main effects. However,
a few differences were found. For instance, noteworthy is the decrease in the shoot Mn and Mo
concentrations as well as the lack of significant changes in the root B and shoot Cl and Zn concentrations
in the Ni-exposed plants grown at the standard S level. In turn, the following differences between the
main effects and S ×Ni interactions in the Ni-exposed plants supplied with extra S, in relation to plants
treated with a comparable Ni concentration grown at standard S level, were found (see Tables 1 and 2):

- no changes in the root Fe concentration under intensive S nutrition in plants under the lowest
and the highest Ni exposure and the Fe increase under medium Ni concentration,

- no changes in the root B concentration under both elevated S levels,
- an increase in the shoot Mn at both the high S levels and a decrease in root Mn at the

9 mM S/0.0004 mM Ni treatment,
- an increase or no changes in the root Zn concentration at 6 and 9 mM S, respectively.
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2.2. Micronutrient Translocation Factor (TF)

Intensive S nutrition of plants non-exposed to Ni caused an increase of TF value for Cu (Figure 1d)
and its reduction for Mn and Zn (Figure 1e,g). The Mo translocation from roots to shoots increased at
6 mM S and decreased at 9 mM S (Figure 1f). Simultaneously, the B translocation decreased at 6 mM S
(Figure 1b). The presence of Ni in the nutrient solution at the standard S level severely reduced the TF
value of Fe, B, Cu, Mn, and Mo without notable effect on Cl translocation (Figure 1a–f). The exception
was no significant changes for the TF of Fe at the 2 mM S/0.0004 mM Ni treatment. Simultaneously, the
TF value of Zn increased at the highest Ni concentration used, compared to the Ni-untreated plants
(Figure 1g).

Supplementation with S of the Ni-exposed plants, in relation to the standard 2 mM S level,
significantly elevated the TF of B, Cu, and Mo (Figure 1b,d,f) and did not notably affect the TF value
for the Cl, Mn, and Zn (Figure 1c,e,g). Only the TF values of Mn and Zn at the 9 mM S/0.0004 mM Ni
and 9 mM S/0.08 mM Ni treatments, respectively, were significantly higher than TF values found for
the comparable Ni concentrations in the medium under the standard S level (Figure 1e,g). The lack of
significant changes in TF value of B at the 6 mM S/0.04 mM Ni treatment was an exception (Figure 1b).
In turn, the TF of Fe under the lowest Ni concentration used decreased at 6 mM S and did not change
at 9 mM S, but increased under intensive S nutrition at the higher Ni concentrations (0.04 and 0.08 mM;
Figure 1a).

2.3. Total Surface Charge (Qtot) and Cation Exchange Capacity (CEC)

The changes in Qtot and CEC are presented in Figure 2a,b. The CEC values at 2 mM S were
markedly lower (by 29–40%) in roots of plants treated with Ni than in those non-exposed to this metal.
Under these conditions the Qtot decreased significantly (by 27%) only at the highest Ni concentration.
When the Ni-exposed plants were supplied with extra S at the concentration of 6 mM the CEC increased
by 80–89% in comparison to plants grown at standard S level. Meanwhile, the Qtot value increased
significantly for plants treated with 0.04 mM Ni supplied with 6 mM S and plants treated with 0.08 mM
Ni and supplied with 6 or 9 mM S. In general, the impact of the highest concentration of S on CEC
and Qtot was negative at the lowest and moderate Ni concentrations used and their values were
significantly reduced. On the other hand, under the highest Ni concentration the intensive S nutrition
at 9 mM caused an increase in both CEC and Qtot values. It is worth noting that the CEC in plants
exposed to 0.08 mM Ni increased almost twice under intensive S nutrition in comparison to standard
S level.

2.4. GSH and PCs Accumulation in Roots

The changes in root GSH concentrations were ambiguous (Figure 3a). In general, in Ni-exposed
plants an elevated GSH accumulation was found, when we compare the level of this compound in
the control plants and in these grown under presence of Ni at the appropriate S levels. The intensive
S nutrition of Ni-untreated plants resulted in the decrease in GSH accumulation. At 6 mM S, no
significant changes in GSH content were found at any of the tested Ni concentrations, in comparison to
2 mM S. In turn, the extra S supply at the concentration of 9 mM increased the GSH concentration in
the plants treated with 0.0004 or 0.08 mM Ni, but decreased in those exposed to 0.04 mM Ni.

In roots of white mustard only small amounts of PCs 2 were found. Phytochelatins were not
detectable or only trace concentrations of PCs 2 appeared in the roots of plants grown at 2 mM S
without Ni or at the lowest Ni concentration. The enhanced concentrations of PCs 2 in the root tissues
were detected with the increasing concentration of Ni. However, the intensified S nutrition significantly
enhanced PCs 2 accumulation only at the lowest and the medium Ni concentration. Under the highest
Ni exposition, the PCs 2 concentration decreased in comparison to the standard S level (Figure 3b).
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Figure 1. Translocation factor (TF) of micronutrients: (a) iron, (b) boron, (c) chloride, (d) copper,
(e) manganese, (f) molybdenum, (g) zinc in white mustard “Rota” grown under different sulphur
and/or nickel concentrations in the nutrient solution. Mean values (n = 9) followed by the same letter
are not significant at 0.05 probability level based on Tukey’s honestly significance tests. Asterisks
indicate significant effects for main factors and interactions between them.
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Figure 2. The (a) total surface charge (Qtot) and (b) cation exchange capacity (CEC) in white mustard
“Rota” grown under different sulphur and/or nickel concentrations in the nutrient solution. Mean values
(n= 9) followed by the same letter are not significant at 0.05 probability level based on the Tukey’s honestly
significance tests. Asterisks indicate significant effects for main factors and interactions between them.

Figure 3. Concentrations of (a) reduced glutathione (GSH) and (b) phytochelatins (PCs) in white
mustard “Rota” grown under different sulphur and/or nickel concentrations in the nutrient solution.
Mean values (n = 9) followed by the same letter are not significant at 0.05 probability level based on
Tukey’s honestly significance tests. Asterisks indicate significant effects for main factors and interactions
between them.
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2.5. Root and Shoot Biomass

The results of the influence of differentiated Ni and S concentrations in the nutrient solution on
shoot and root DW are presented in Figure 4. Both the shoot and root biomass of plants treated with
0.04 or 0.08 mM Ni was reduced. Meanwhile, the lowest concentration of this element has no effect on
plant growth. In mustard exposed to 0.04 mM Ni, the intensive S nutrition at 6 mM, in comparison to
the standard S level, caused an increase in the shoot DW, which was not statistically different from
Ni-untreated plants. However, this phenomenon did not occur at 9 mM S and under the highest Ni
concentration used (Figure 4a). In turn, in mustard not subjected to Ni, the extra S supply induced a
45–50% increase in root DW compared to the standard S level. Such a trend was also observed in the
presence of Ni, but it was not statistically confirmed. The exception was a significant increase in root
DW of plants treated with 0.04 mM Ni under the influence of 9 mM S (Figure 4b).

Figure 4. The dry weight (DW) of (a) shoots and (b) roots of white mustard “Rota” grown under
different sulphur and/or nickel concentrations in the nutrient solution. Mean values (n = 36) followed
by the same letter are not significant at 0.05 probability level based on Tukey’s honestly significance
tests. Asterisks indicate significant effects for main factors and interactions between them.

3. Discussion

The lowest Ni concentration used (0.0004 mM) is claimed to be the highest value acceptable for
the ground water and soil solution [6,41–43]. That means that the presence of higher concentrations of
this metal, including those examined in our study (0.04 and 0.08 mM), requires implementation of
conservation measures. The impact of Ni on the white mustard micronutrient status under the standard
S dose (2 mM) are in agreement with the widely known statement that interference with other essential
metal ions are an indirect pathway of Ni phytotoxicity. It was also confirmed that Ni-induced changes
in the nutrient bioconcentrations are not only species-specific, but also unpredictable and contradictory.
Additionally, these changes may be different in the roots and aboveground parts of plants [13,15,44].
The phenomenon of Ni-induced alterations in essential nutrient absorption, uptake, and transport and
hence the disturbance in ionic homeostasis is a consequence of competition between Ni2+ and other
cations (Cu2+, Fe2+, Mn2+, and Zn2+) for common binding sites as a result of similar characteristics,
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including comparable ionic radii [44–46]. Passive diffusion and active transport are recognized as
two main mechanisms of Ni ions uptake by plants. Absorption of soluble Ni compounds occurs
passively via a cation transport system. Chelated Ni compounds are taken up through secondary
active-transport-mediated means, i.e., permeases. In turn, endocytosis is recognized as a mechanism
through which insoluble Ni compounds primarily enter plant root cells. After absorption by roots, Ni
transport to the shoot occurs very easily via the xylem. The processes of Ni transport and retranslocation
are strongly regulated by metal-ligand complexes (nicotianamine, histidine, and organic acids) and
by some specific Ni-binding proteins [6,13,19]. Moreover, Ni uptake and translocation occur with
involvement of a Zn/Fe ZRT1/IRT1–ZIP transporter and a Mn ion transporter NRAMP [19,43,44].
The antagonism between Ni2+ ions and Cu2+ and Zn2+ ions suggests that these three elements are
absorbed at the same site on the transporter [44]. Hence, the decreased Fe, Zn, and Cu concentrations in
the mustard biomass, manifested as various types of chloroses, were also recorded by other researchers
in many other plant species [41,45]. The results of the present study indicate antagonism between
Ni and Cl and between Ni and Mo. It should be remembered that Ni may not only compete with
essential nutrients, mainly Fe, Zn, and Cu, but also inhibit their functions. Nickel may replace the
essential metal of metalloproteins and bind the residues of non-metalloenzymes. The binding of Ni
ions outside the catalytic site of an enzyme induces allosteric modulation and, hence, the inhibition of
the enzyme. Besides the above-mentioned indirect effect of Ni on enzyme activity, i.e., competitive
inhibition of nutrient absorption and transport, a direct mechanism associated with strong affinity of
Ni for the functional –SH groups of proteins is also known [6,13,19]. Moreover, the Ni-induced changes
in the micronutrient status recorded in the present study may be explained by the disturbances in the
cell membrane permeability caused by changes in the composition of sterols and phospholipids and
changes in the structure and/or activity of cell membrane enzymes, mainly the H+-ATPase, which
plays a key role in the active uptake and transport of essential nutrients [8,15,19].

The standard S concentration (2 mM) used in our experiments is recognized as a moderate level for
this macronutrient. The S-SO4

2− concentration in the natural environment, i.e., unpolluted with trace
metals, in arid regions and in soil solutions with residues of sulfide ore mine is in the range of 0.16–7,
3–16, and 13–110 mM, respectively [46]. Our study concerning the micronutrient bioconcentration
under high S-SO4 levels (6 or 9 mM S) in mustard grown without Ni showed a synergistic effect between
S and B, S and Cu, and S and Zn. Simultaneously, an antagonistic relationship between S and Cl was
found. In turn, the S and Mn relationships were antagonistic at 6 mM S and synergistic at 9 mM S. It is
claimed that an optimal S level increases the uptake of Mn and Zn [47]. The tendencies of changes
in the root and shoot concentration of Mn, Cu, and Zn under intensive S nutrition in Ni-untreated
white mustard were similar to those noted for this species in a field experiment of Jankowski et al. [48].
In their research the content of these three micronutrients in roots and shoots of Indian mustard was
not affected by S fertilization, except for the Cu decrease in the shoots. However, in this study, the
content of the other micronutrients in examined mustard species was not estimated. Moreover, in our
previous study, an increase in the all macronutrient concentrations in roots and the S, K, and Ca level
in shoots in Ni-exposed mustard supplied with extra S was found [49].

Taking into account the TF value, it may be concluded that white mustard has a strong ability to
translocate B, Cl, Mo, and Zn from roots to shoots (TF > 1) and a weak ability to translocate Fe and
Mn (TF < 1). This tendency was generally revealed irrespective of both the experimental factors, i.e.,
the S and Ni concentrations in the nutrient solution. Only the intensive S nutrition of Ni-untreated
plants, compared to the standard S dose, strongly limited the translocation of Zn, reducing the Zn
TF below 1. The Cu transfer within organs depended on the S and Ni concentrations in the nutrient
solution. The Ni-exposed plants growing at 2 mM S showed a Cu TF value lower than 1 (about 0.9),
in comparison with values exceeding 1 in plants grown without Ni. This implies that the Ni presence
in the nutrient solution containing standard S levels reduced the Cu translocation. Simultaneously, the
intensive S nutrition of Ni-treated mustard enhanced the ability to transfer Cu to shoots (Cu TF higher
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than 1). The micronutrient TF value obtained in our studies oscillated within the range of 0.070–0.086
(Fe), 1.91–2.611 (B), 1.42–1.46 (Cl), 0.82–1.41 (Cu), 0.42–0.57 (Mn), 1.16–1.80 (Mo), and 0.89–1.58 (Zn).

The electric charge is most frequently studied root surface property to describe the root CEC, its
changes with soil pH, balance of plant cations of different valence and toxicity of trace metals. Electric
charge of the root compartments is dominated by negatively charged groups, thus positively charged
cations, including essential nutrients, accumulate near the roots surface [50]. In our study we have
noticed a positive effect of intensive S nutrition of Ni-exposed plants on the studied properties of roots
(Qtot and CEC), especially at 6 mM S. The beneficial effect of extra S supply of Ni-treated mustard on
the changes in the studied root properties may contribute to a better uptake of micronutrients and
thus positively affect the mineral status of plants, which consequently stimulates their growth. On the
other hand, in plants grown at 9 mM S, the values of Qtot and CEC decreased at 0.004 and 0.04 mM
Ni, but increased at 0.08 mM Ni in comparison to those non-treated with Ni. We suppose that under
high Ni bioconcentration, the higher S levels can be required to abolish toxic effect of Ni to the studied
root parameters.

The antioxidant defense is believed to play a key role in the Ni tolerance, as the oxidative stress
induction and the disturbances in the nutrient status are the major mechanism of the phytotoxicity of
this element [13]. Also, there is no doubt that Ni-tolerance is linked to S metabolism, primarily with
high levels of O-acetyl-L-serine (OAS), Cys, and GSH associated with the high activity of Ser acetyl
transferase (SAT). Nickel is recognized as an element with strong ability to bind to various types of
chelating agents, especially S-donor ligands rich in highly reactive S functional groups. However, Ni is
recognized as a weak PCs inductor [4,6,51–53], which has been also confirmed in our study. Although
the amount of PCs in plants exposed to Ni was not high, but in the presence of this metal the level
PCs 2 significantly increased and the intensive S nutrition enhanced PCs 2 accumulation under the
lowest and moderate Ni exposure. On the other hand, there are strong evidence that Ni may play a
role in plant response to stressful conditions by decreasing the level of methylglyoxal (MG; a toxic,
mutagenic alpha-ketoaldehyde) as well as participating in the regulation of the GSH homeostasis.
In the degradation pathway of MG are involved glyoxalases I and II (GLY-I and II) and recently it was
found that Ni ions may activate GLY-I in plants. The GLY-I dependence on Ni may play an additional
role in the regeneration of GSH [3,54]. In our study the concentrations of GSH at the standard S level
increased under moderate Ni exposure but not under both the lowest and the highest concentrations of
this metal. We suppose that the concentration of 0.0004 mM Ni could be too low to effectively induce
GSH accumulation but the concentration 0.08 mM Ni could have an adverse effect on GLY-I activity
and therefore no increase in GSH concentration was found. The intensive S nutrition at 9 mM S caused
enhanced accumulation of GSH only under the lowest and the highest Ni exposure. This effect was
not observed at 6 mM S. Therefore, the beneficial effect of intensive S fertilization of Ni-stressed white
mustard, which manifested itself as a rise in the Fe, Mn, and Zn bioconcentration, especially in the
shoot biomass, is probably related to positive changes in root surface property as CEC, but not with an
increase in GSH or PC synthesis in root tissues.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

The biological object of the study was white mustard (Sinapis alba L.) “Rota” (Brassicaceae).
Seven-day-old homogenous, healthy seedlings obtained from seeds germinated on quartz sand
moistened with distilled water were transferred to 1 L glass jars (two plants per each jar) filled with
full-strength Hoagland’s solution No. 2 with different levels of S and Ni. A combination of three S
levels (standard: 2 mM S, and intensive: 6 or 9 mM S; sulfate VI (S-SO4)) and four Ni concentrations
(0, 0.0004, 0.04, and 0.08 mM Ni; NiCl2) was used to arrange the experimental treatments. In all
experimental treatments, the standard S dose (2 mM) was supplied as MgSO4 and supplemented with
corresponding amounts of Na2SO4. The dose of S applied as Na2SO4 for the level of 2, 6, and 9 mM
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were 0, 4, and 7 mM, respectively. In each treatment, the levels of Na and Cl were equalized and the
pH of the nutrient solution was set at 5.8–6.0 by adding appropriate amounts of diluted solutions of
NaCl or HCl. The plants were cultured in a controlled-climate vegetation room at 14-h day length, PPF
of 250–270 μmol ×m−2 × s−1 at the level of the tops of the plants, temperature 25/20 ◦C (day/night),
and relative air humidity of 50–60%. The nutrient solution was aerated for 15 min. every three days
and replenished with a fresh nutrient solution when the medium level was depleted to ca. 70% of the
initial level. After 14 days of vegetation under the differentiated S and Ni concentrations, the plants
were harvested and subjected to the analysis.

4.2. Determination of Biomass and Micronutrient Concentrations

The roots and shoots of twelve randomly selected plants were dried in a forced air oven at 105 ◦C
for 48 h, their dry weight (DW) were determined, and the samples were subjected to the analysis
of the micronutrient concentration. The dry plant samples were ground to form a powder using a
laboratory grinding mill. The total content of Fe, Mn, Zn, Mo, and Cu in roots and shoots were analyzed
by atomic-absorption spectrophotometry (AAS) after wet mineralization with sulfuric acid (VI) and
perhydrol [55,56]. To measure the B concentration, the Azomethine-H method was employed and the
absorbance was read by spectrophotometry at 410 nm [57]. The Cl concentration was determined by the
nephelometric method using nitric acid and silver nitrate [58]. The data obtained were used to calculate
the value of the translocation factor (TF) of micronutrients (defined as a quotient of concentration of a
given element in shoots and its concentration in the roots).

4.3. Determination of CEC and Qtot by Potentiometric Titration

The values of CEC under differentiated experimental conditions were determined using
potentiometric titration described in detail by Szatanik-Kloc et al. [50]. In brief, the fresh roots
were placed in a ventilated room at 30 ◦C for 48 h. Then, a suspension of plant roots equilibrated
overnight with 1 M L−1 NaCl was adjusted to pH = 3.0 until the pH was stable over the next 5 min
and titrated automatically (Titrino 702 MS, Metrohm AG, Switzerland) by 60 s increments of 1 μL
0.100 M L−1 sodium hydroxide solution to pH = 10. The surface charge at pH = 7 was taken as the root
CEC and the charge at pH = 10 was considered as the total surface charge (Qtot).

4.4. Determination of γ-Glu-Cys Peptides by HPLC Method

The determine the GSH and PCs concentrations the root samples were weighted and ground
in an ice-cooled mortar with a double volume of 0.1 M HCl. The crude assay solution was obtained
by homogenate centrifugation at 14 000 rpm at 4 ◦C (3 times by 5 min). Beckman chromatograph
(model 126/166) with Supelco precolumn (4.6 × 10 mm) and column (4.6 × 250 mm) (both filled with
Ultrasphere C18) were used. The peptide solution (100 μL) was separated in a linear gradient (0–20%)
of acetonitrile (ACN) in 0.05% trifluoroacetic acid (TFA) and was subjected to a post-column reaction
with 200 μM 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) in the 0.05 M potassium-phosphate buffer (pH
= 7.6). The absorbance of the resulted reaction products was measured at 405 nm using a Beckman
detector (model 166). The chromatograms were analysed using Karat 7.0 software (Beckman).

4.5. Statistical Analysis

The results were processed statistically using analysis of variance (ANOVA) for a two-factor
experiment (3 levels of S and 4 concentrations of Ni in the nutrient solution) established in a completely
randomized design, using Statistica 9.0 software. Each of the twelve experimental treatments included
twenty replications (20 jars with 2 plants in each) and the whole experiment was repeated independently
three times under the same conditions. This means that each of the twelve experimental treatments
included in total 60 jars and 120 plants. The main effects of the S level and Ni concentration were
compared using Tukey’s multiple comparison test at the significance level p ≤ 0.05. The comparison
of the values within the same treatment as well as the mean values in each of the twelve treatments
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collected from each of the three independent replicates of the experiment over the time did not show
statistically proven differences.

5. Conclusions

The results from the present study show that it is possible to prevent to some extent unfavorable
changes in the micronutrient status of the white mustard “Rota” exposed to Ni (0.0004–0.08 mM)
with the use of intensive S-SO4 nutrition (6 or 9 mM S). Generally, an increase in the Fe, Mn, and
Zn bioconcentrations, especially in the shoots, were found in Ni-treated plants supplied with extra
S. The elevated concentrations of shoot B, Cu, and Mn were also revealed, without changes in their
root concentrations. Simultaneously, the shoot Cl concentrations decreased. Furthermore, intensive
S nutrition of Ni-exposed mustard, in relation to the standard 2 mM S dose, in general, enhanced
the translocation of Fe, Cu, Mo, and B from roots to shoots. The improved micronutrient status of
Ni-treated mustard supplied with extra S can be related to positive changes in total surface charge and
cation exchange capacity of roots. However, an increase in the shoot biomass was noted only at 6 mM S
in plants exposed to 0.04 mM Ni. These results contribute to the knowledge concerning mechanisms
employed by plants intensively supplied with S to cope with Ni stress. The present studies offer an
opportunity to increase the resistance of white mustard to Ni excess using an intensified S nutrition.
These methods are quite promising and effective, easy to apply, as well as sustainable and safe for
the environment. It may find practical application, which is especially important for farmers and
horticulturalists, but needs further confirmation under field conditions.
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Ni concentration of the most abundant essential cations in several Brassica species. J. Nat. Sci. 2014, 126,
15–23. [CrossRef]

22. Manohar, P.; Ram; Pushpan, R.; Rohini, S. Mustard and its uses in Ayurveda. Indian J. Tradit. Knowl. 2009, 8,
400–404.

23. Damian, C. Physical properties of mustard seeds (Sinapis alba L.). Lucr. Ştiinţifice Ser. Zooteh. 2014, 61, 39–44.
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Abstract: Heavy metals (including Cadmium) are being entered into the environment through various
sources and cause toxicity to plants. Response of Brassica juncea L. var. RLC-1 was evaluated after
exposing them to different concentration of cadmium (Cd) for seven days. Seeds of B. juncea were
treated with different concentrations of Cd like 0.2–0.6 mM for 7 days, allowing them to grow in
Petri-dishes, and seedlings were examined for different physiological responses. Following exposure
to Cd, in the seedlings of B. juncea, growth parameters (root and shoot length), stress markers
(lipid peroxidation and H2O2 content), secondary metabolites, photosynthetic pigments, and ion
analysis, were estimated along with enzymatic and non-enzymatic antioxidants. We observed a
significant reduction in root and shoot length after Cd treatment as compared to control seedlings.
Malondialdehyde and H2O2 contents were increased accompanied by enhanced Cd uptake. Activities
of antioxidative enzymes were also significantly altered following Cd exposure to the seedlings of
B. juncea. Conclusively, we suggest that Cd exposure to the seedlings triggered an induction of several
defense responses in B. juncea including major metabolites.
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1. Introduction

Plants require optimum level of light, temperature, nutrients, and moisture for their growth and
development. Any major deviation from these required optimum conditions affects the plants adversely
and may lead to death of the plants. The damage to plants results in retardation of growth, fresh weight,
and food production [1–10]. Heavy metals are one of the major environmental toxicants. Enhancing
toxicity of these metals is dangerous for nutritional, biological, and environmental aspects. Chemical
nature of metal, its doses, composition, pH of soil, and types of plants are certain factors on which
metal toxicity depends [11]. Heavy metal pollution occurs through both natural and anthropogenic
sources. Reports suggested that major areas of world have been contaminated by heavy metals
through the activities like mining, smelting operations, and agriculture [12,13]. The natural sources
like volcanic eruptions, rock outcropping or geologic parent material also contribute their release in
the environment. The toxicity of these metals to plants depends upon the oxidation states [14]. The
metal toxicity at cellular and molecular level changes various vital activities of plants, which includes
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deactivation and degradation of enzymes, proteins, displacement/substitution of important metal ions,
blocking of functional groups of metabolically important molecules, structural changes, and membrane
destabilization [5,14–18]. As a consequence, change in plant metabolism, decrease in respiration,
photosynthesis, and change in enzyme activities is observed. In addition, they also stimulate the
generation of free oxidants such as hydroxyl radicals (OH), singlet oxygen (1O2), hydrogen peroxide
(H2O2), and superoxide radicals (O2

−), and thus disturb the redox homeostasis [19,20].
Cadmium (Cd) is present in the soil as free hydrated ions in the form of soil solution or can also be

composited with organic or inorganic ligands [21]. Visible effects of high Cd doses in the plants showed
reduced growth, leaf chlorosis, closure of stomata, disturbance in water balance, and photosynthetic
apparatus of plants [22,23]. According to Al-Yemens [24], reductions in the weights of roots and shoots
of Vigna ambacensis occur under low Cd concentration. In Brassica juncea, application of Cd caused
reduction in root and shoot biomass, total chlorophyll content, and total protein content [25]. Increasing
concentrations of Cd in soil inhibited germination and seedling ratio of maize seeds [26]. Plants under
cadmium stress have decreased net photosynthesis due to inhibition of Rubisco to fix the carbon
dioxide [27]. Cd also changes the activities of different metabolic enzymes [28–30]. Furthermore, it
also binds with sulphydryl groups (SH) of proteins and causes displacement of essential elements,
deficiency effects, disruption of structure, and inhibition of enzyme activities [31]. Cd stress stimulates
lipid peroxidation, stimulates the synthesis of oxidants like hydrogen peroxide, superoxide, and
singlet oxygen and hydrogen radicals, and also alters the activities of antioxidative enzymes [32].
Brassica juncea, an important oilseed crop, when cultivated in heavy metals polluted sites, is affected
severely towards growth, development, and also the yield. B. juncea is mainly grown as a food crop,
also used for its medicinal purposes. Mustard green possesses antiseptic, aperitif, diuretic, emetic,
and rubefacient properties. It is rich source of antioxidants like flavonoids, indoles, carotenes, lutein,
and zea-xanthin [33]. Cadmium toxicity occurs at different concentration and keeping this in mind,
we designed an experiment to with different Cd concentrations (0.2, 0.4, and 0.6 mM) to investigate
whether it has toxic effect on B. juncea plants or it may tolerate lower doses. To assess this, we studied
physiological and biochemical parameters using B. juncea as plant model system.

2. Material and Methods

2.1. Plant Material

Certified seeds of Brassica juncea L. cv. ‘RLC-1’ used for the current investigation were purchased
from Punjab Agriculture University (PAU), Ludhiana, Punjab, India. Seeds of B. juncea were surface
sterilized, followed by treatment with 0, 0.2, 0.4, and 0.6 mM Cd in form of CdCl2 solution, and grown
on Whatman No. 1 filter paper placed in the autoclaved Petri plates. For each treatment, 3 Petri
plates were used with 20 seeds each. Controlled conditions like 25 ± 2 ◦C, 16 h photoperiod and
175 μmol m−2 s−1 light intensity were provided in a seed germinator. Three mL of CdCl2 solution
was given after every 3 days. Full seedlings were collected on the 7th day for the measurements of
morphological parameters and stored at −20 ◦C for further analysis. Sample collection and further
analysis were done using three biological replicates.

2.2. Morphological Parameters

Seven-day-old Cd treated or control (untreated) seedlings were harvested and their root length
and shoot length were measured.

2.3. Oxidative Stress Markers

2.3.1. Malondialdehyde Content

Membrane damage due to exposure to Cd was judged in terms of total malondialdehyde (MDA)
content by following the method given by Heath and Packer [34]. Extraction of 1 g seedlings was
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performed in 0.1% (w/v) trichloroacetic acid (TCA) and then centrifuged at 5000 rpm. To the supernatant,
20% (w/v) TCA containing 0.5% (w/v) TBA was added. Optical density of the supernatant was measured
at 532 nm. Extinction coefficient of 155 mM cm−1 was taken to measure MDA content.

2.3.2. H2O2 Content

Hydrogen peroxide (H2O2) content was estimated by method mentioned by Velikova et al. [35].
Briefly, 500 mg of plant material was taken in which 2 mL of TCA was added and then centrifuged at
12,000 rpm for 15 min. 0.5 mL of 10 mM PBS (phosphate buffered saline) and 1 mL of 1 M potassium
iodide was added to 0.5 mL of supernatant. Optical density was taken at 390 nm.

2.4. Pigment Analysis

2.4.1. Chlorophyll Content

Level of chlorophyll was measured by using method given by Arnon [36] method. One gram
plant tissue was extracted in 80% acetone. The material was then centrifuged at 4 ◦C for the duration of
20 min at 13,000 rpm. The supernatant was taken to measure chlorophyll content. The optical density
was measured at 645 and 663 nm.

2.4.2. Anthocyanin Content

Anthocyanin content was estimated by method described by Mancinelli [37]. Plant tissue (one
gram) was crushed in 3 mL of acidified methanol and centrifuged at 4 ◦C for the time period of 20 min
at 13,000 rpm. Then the optical density of supernatant was measured at 530 and 657 nm.

2.5. Determination of Sodium and Potassium Ions

Flame emission photometer (Systronics 128) was used to estimate sodium and potassium ion
content as mentioned in Chapman [38]. Plant material (0.5 g) was digested in nitric acid (HNO3) and
perchloric acid (HClO4) and total volume was made up to 50 mL by diluting with distilled water. Then
the extract was filtered and ion contents were estimated.

2.6. Determination of Cd Content and Bioconcentration Factor (BCF)

Atomic Absorption Spectrophotometer (AAS) technique was used to estimate Cd content. Half
a gram (0.5 g) dried plant samples were digested in nitric acid and perchloric acid as mentioned in
Chapman [38]. Digested samples were filtered and diluted up to 50 mL with distilled water. CdCl2
were used as standard solution for the standardization in AAS. Calculation of BCF was done as
mentioned by Retamal-Salgado [39].

2.7. Estimation of Antioxidant Enzyme Activities

Activities of antioxidative enzymes were determined by the standard methods of Aebi [40] for
catalase (CAT) (EC 1.11.1.6), Kono [41] for superoxide dismutase (SOD) (EC 1.15.1.1), Carlberg and
Mannervik [42] for glutathione reductase (GR) (EC 1.6.4.2), Dalton et al. [43] for dehydroascorbate
reductase (DHAR) (EC 1.8.5.1), and Hossain et al. [44] for monodehydroascorbate reductase (MDHAR)
(EC 1.15.1.1).

2.7.1. CAT

The decomposition rate of hydrogen peroxide was followed by reduction in optical density at
240 nm in reaction mixture including 1.5 mL phosphate buffer, 0.7 mL of hydrogen peroxide, and
300 μL of enzyme extract.
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2.7.2. SOD

Reaction mixture including 1.73 mL sodium carbonate buffer, 500 μL NBT, and 100 μL Triton
X-100 was collected in the test cuvettes. Adding of 100 μL hydroxylamine hydrochloride started the
reaction. A total of 70 μL of the plant extract was added after 2 min. Percentage reduction with the rate
of NBT decrease was observed as rise in absorbance at 540 nm.

2.7.3. GR

The reaction mixture comprised 50 mM K-phosphate buffer (pH 7.6) (1.45 mL), 3 mM EDTA
(0.3 mL), 0.1 mM NADPH (0.3 mL), 1 mM oxidized glutathione (0.3 mL), and 150 μL enzyme extract.
The absorbance was read at 340 nm.

2.7.4. DHAR

For execution of this assay, reaction mixture was prepared containing 50 mM phosphate buffer
(1.2 mL), 0.1 mM EDTA (0.3 mL), 1.5 mM glutathione (0.3 mL), 0.2 mM dehydroascorbate (0.3 mL), and
400 μL plant extract. A rise in the optical density was estimated at 265 nm.

2.7.5. MDHAR

The assay mixture was consisted of 50 mM of phosphate buffer (1.4 mL), 0.1 mM EDTA (0.3 mL),
0.3 mM NADH (0.3 mL), 0.25 units of ascorbate oxidase, and plant extract (0.5 mL). Decrease in
absorbance was measured at 340 nm.

2.8. Non-Enzymatic Antioxidants

2.8.1. Ascorbic Acid Content

Level of ascorbic acid was measured by Roe and Kuether [45]. The assay mixture consisted of
100 mg charcoal, 4 mL of double distilled water, 0.5 mL extract of plant, and 0.5 mL of 50% TCA. Then,
0.4 mL of DNPH was taken and the mixture was incubated at 37 ◦C for 3 h by chilling on ice bath.
Sulphuric acid (65% purity, 1.6 mL) was taken and added into it and placed at room temperature for
30 min. Absorbance was taken at 520 nm and 1 mg 100 mL−1 ascorbic acid was taken as standard.

2.8.2. Total Phenolic Content

Phenolic content was estimated by Singleton and Rossi [46]. In 0.4 g of dry plant material, 40 mL
of 60% ethanol was mixed. Then it was shaken in water at 60 ◦C for 10 min. Filtered extract was taken
and diluted to 100 mL with 60% ethanol. From diluted plant sample, 2.5 mL was taken and re-diluted
with 25 mL of distilled water. A two milliliter sample was added with 10 mL of FC reagent and after
5 min, 7.5% of sodium carbonate was added into the reaction mixture. To the mixture, 2 h incubation
was given. The optical density was measured at 765 nm. As a reference standard, Gallic acid was taken.

2.9. Statistical Analysis

All the experiments were carried out in triplicate and performed three times independently. Data
is expressed in mean ± SE. To test the statistical significant difference between the treatments, one
way-analysis of variance (ANOVA) was carried out followed by post hoc Tukey’s test using SPSS
software. For all the analyses, a p value less than 0.05 were considered statistically significant.

3. Results

3.1. Morphological Parameters

A steep decline in root length was observed with increasing cadmium concentration as compared
to control. Approximately three-fold decrease in root length was evident in the seedlings exposed
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to the highest concentration of cadmium. Slight inhibition in shoot length was found in Cd stressed
seedlings. Maximum fall in shoot length was noticed in 0.6 mM Cd stressed seedlings (Table 1).

Table 1. Effect of Cadmium (Cd) metal on growth parameters of 7 days old seedlings of B. juncea.

Cd Conc. (mM) Root Length (cm) Shoot Length (cm)

0.0 11.7 ± 1.57 a 4.37 ± 0.22 a

0.2 7.63 ± 0.41 b 4.17 ± 0.2 ab

0.4 5.97 ± 0.12 b 3.43 ± 0.2 ab

0.6 3.93 ± 0.5 b 3.33 ± 0.26 b

Data represents mean ± SE, and the experiment was repeated three times independently. Means with same letters
are not significantly different from each other at p < 0.05.

3.2. MDA and H2O2 Content

Malondiaeldehyde (MDA) and H2O2 contents were found lowest in control seedlings. However,
with increasing doses of Cd, levels of MDA and H2O2 were found to increase. Maximum increase in
these oxidative stress markers was observed in the seedlings exposed to 0.6 mM Cd (Figure 1).
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Figure 1. Effects of different Cd treatments on Malondiaeldehyde (MDA) content (A) and H2O2 content
(B) in 7 days old seedlings of B. juncea. Data presented as mean ± SE and means with same letters are
not significantly different from each other at p < 0.05.

3.3. Pigments

3.3.1. Chlorophyll Content

Cadmium toxicity decreased the total chlorophyll, chl a, and chl b content as compared to control
plants. Highest Cd toxicity decreased the level of total chlorophyll 1.99 folds in seven-days old
seedlings of B. juncea as compared to control. Moreover, a small but significant variation in 0.2 mM
and 0.4 mM Cd stressed seedlings was observed for chl a and total chlorophyll. A continuous decline
was noticed with increased Cd concentration, where control seedlings possessed highest levels of chl a
and chl b (Table 2).

Table 2. Effect of Cd metal on pigment contents of 7 days old B. juncea seedling.

Cd Conc. (mM)
Total Chl

(mg g−1 FW)
Chl a (mg g−1 FW) Chl b (mg g−1 FW)

Anthocyanin
(mg g−1 FW)

0.0 26.75 ± 0.77 a 16.78 ± 0.56 a 7.54 ± 0.47 a 2.41 ± 0.28 b

0.2 21.69 ± 0.9 b 15.04 ± 0.93 a 5.33 ± 1.29 ab 3.6 ± 0.32 b

0.4 18.56 ± 0.39 c 11.59 ± 0.44 b 6.12 ± 0.41 a 5.09 ± 0.41 a

0.6 13.38 ± 0.39 d 7.1 ± 0.23 c 2.24 ± 0.19 b 6.02 ± 0.11 a

Data represents mean ± SE, n = 3 and experiment was repeated three times independently. Means with same letters
are not significantly different from each other at p < 0.05.
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3.3.2. Anthocyanin Content

Application of Cd metal raised the anthocyanin level 2.5 folds from control to 0.6 mM Cd.
Moreover, a continuous increase in anthocyanin content was noticed with Cd treatment from 0.2 to
0.6 mM (Table 2).

3.4. Cd Uptake and Bioconcentration Factor (BCF) Studies

Results revealed significant accumulation of Cd in B. juncea plants (Table 3). It was noticed that Cd
accumulation in seedlings was increased with the increasing concentration of Cd. Maximum uptake
of Cd was noticed in 0.6 mM treated plants. Control plants were also examined for Cd uptake, but
Cd was not detected. Moreover, BCF analysis revealed that Cd uptake efficiency was reduced with
increasing Cd treatments (Table 3).

Table 3. Data showing Cd accumulation and bioconcentration factor in 7 days old seedlings of B. juncea
grown under different Cd treatments.

Cd Conc. (mM) Cd Accumulation in Seedlings (μg g−1 DW) BCF

0.2 69.13 ± 5.14 b 1.85
0.4 83.39 ± 2.35 ab 1.13
0.6 89.68 ± 2.87 a 0.82

Data represents mean ± SE, n = 3, and the experiment was repeated three times independently. Means with same
letters are not significantly different from each other at p < 0.05.

3.5. Sodium and Potassium Ion Analysis

Sodium and potassium ions were found to decrease with increasing Cd concentrations (Table 4).
Concentration of sodium ion was recorded maximum in control seedlings. Maximum reduction in
sodium ions was noticed in the seedlings exposed to highest Cd concentration. Similarly, highest
concentration of potassium ions was noticed in the control seedlings. However, significant reduction in
potassium content was only noticed in those seedlings which were treated with highest Cd concentration.

Table 4. Effect of Cd on contents of sodium and potassium ions in 7 days old seedlings of B. juncea.

Cd Conc. (mM) Sodium Ion (ppm) Potassium Ion (ppm)

0.0 6.38 ± 0.57 a 5.82 ± 0.59 a

0.2 5.89 ± 0.59 a 5.25 ± 0.29 ab

0.4 4.99 ± 0.49 b 5.5 ± 0.62 ab

0.6 4.42 ± 0.36 b 4.24 ± 0.79 b

Data represents mean ± SE, n = 3, and the experiment was repeated three times independently. Means with same
letters are not significantly different from each other at p < 0.05.

3.6. Antioxidant Enzyme Activities

Antioxidative defense system got activated after Cd stress and activities of enzymatic antioxidants
were noticed to increase. Catalase activity was found minimum in control seedlings, whereas maximum
under highest Cd treatment. However, change in CAT activity was not statistically significant among
different Cd concentrations. A continuous increase in activity of SOD was noticed due to Cd treatment
as compared to control seedlings and 1.54-folds increased SOD activity was observed in 0.6 mM Cd
stressed seedlings in comparison to control. Activity of GR enzyme was recorded maximum in 0.4 mM
Cd treated seedlings. However, among different Cd treatments, GR activity was not significantly
different. Maximum DHAR and MDHAR activities were observed in seedlings grown under maximum
Cd concentration. For MDHAR, almost 1.63 folds rise in enzyme activity was noted under highest Cd
treatment as compared to control (Table 5).
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Table 5. Effect of Cd metal on activities of enzymatic antioxidants in 7 days old seedlings of B. juncea.

Cd Conc.
(mM)

CAT (UA mg−1

Protein)
SOD (UA

mg−1 Protein)
GR (UA mg−1

Protein)
DHAR (UA

mg−1 Protein)
MDHAR (UA
mg−1 Protein)

0.0 6.43 ± 0.19 b 5.43 ± 0.35 b 7.63 ± 0.27 b 8.33 ± 0.49 c 11.29 ± 0.33 c

0.2 8.27 ± 0.35 a 6.38 ± 0.21 b 9.66 ± 0.40 a 10.25 ± 0.33 b 14.65 ± 0.44 b

0.4 8.51 ± 0.53 a 7.75 ± 0.25 a 10.87 ± 0.54 a 11.25 ± 0.26 ab 16.94 ± 0.62 a

0.6 8.94 ± 0.32 a 8.39 ± 0.24 a 9.93 ± 0.47 a 12.21 ± 0.29 a 18.46 ± 0.55 a

Data represents Mean ± SE, n = 3, and the experiment was repeated three times independently. Means with same
letters are not significantly different from each other at p <0.05.

3.7. Level of Non-Enzymatic Antioxidants

A maximum ascorbic acid content was estimated by 1.76 folds in 0.6 mM Cd treated seedlings as
compared to control. Moreover, ascorbic acid content was found to be significantly different among all
Cd treatments. Similarly, total phenolic content was also increased with Cd treatment and maximum
content was found in seedlings grown under highest Cd treatment. However, no significant difference
in the phenolic contents of control and 0.2 mM treated seedlings was observed (Table 6).

Table 6. Effect of Cd metal on non-enzymatic antioxidants in 7 days old seedlings of B. juncea.

Cd Conc. (mM) Ascorbic Acid (mg g−1 FW) Total Phenolic Content (mg g−1 FW)

0.0 8.63 ± 0.25 d 6.86 ± 0.20 c

0.2 10.34 ± 0.49 c 7.89 ± 0.49b c

0.4 12.97 ± 0.31 b 8.89 ± 0.35 ab

0.6 15.23 ± 0.41 a 9.96 ± 0.15 a

Data represents mean ± SE, n = 3, and the experiment was repeated three times independently. Means with same
letters are not significantly different from each other at p < 0.05.

3.8. Correlation Analysis

Correlation analysis between accumulated Cd and other physiological parameters revealed that
deposition of Cd in seedlings had a negative impact on growth and stimulated the antioxidative
defense system to counterattack oxidative damage and ultimately helps in enhancing the tolerance
against Cd (Table 7).

Table 7. Data showing correlation between Cd accumulation and different parameters.

Parameter Correlation Coefficient p Value

Root length −0.8738 0.0002
Shoot length −0.6936 0.0123
MDA content 0.9189 2.39 × 10−5

H2O2 content 0.9347 8.38 × 10−6

Total chlorophyll content −0.8791 0.0001
Anthocyanin content 0.8566 0.0003
Sodium ion content −0.6271 0.0291

Potassium ion content −0.3413 0.2775
CAT activity 0.8703 0.0002
SOD activity 0.8365 0.0006
GR activity 0.8729 0.0002

DHAR activity 0.8856 0.0001
MDHAR activity 0.9227 1.89 × 10−5

Ascorbic acid content 0.8186 0.0011
Total phenolic content 0.8241 0.0009
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4. Discussion

Cadmium limits the crop productivity worldwide as this metal deposits within plant organs and
adversely affects the essential physiological processes. Retardation in growth, accumulation of lipid
peroxides, alteration in the level of pigments, antioxidants and activities of antioxidative enzymes and
generation of ROS were observed due to Cd toxicity in various plant species [47–52]. The current study
revealed a statistically significant decrease in the root length and shoot length under Cd stress. Due to
adverse effects on the roots, nutrition and water supply is also negatively altered, which further affects
the growth and physiology of aerial parts of plants. These observations are in agreement with the
results of Pandey and Tripathi [53], where Cd treatment to Albizia procera seedlings showed retardation
of growth in morphological parameters. Cadmium stress adversely affected root length, shoot length,
leaf area, and biomass of A. procera. Similarly, in another study supplement of 10 ppm dose of Cd2+ and
Cr6+ to Medicago sativa plants drastically inhibited growth as compared to the control plants. Further,
when their doses were raised to 20 ppm, growth was diminished by 62.0% and 65.0%, respectively [54].
Inhibitory effect of Cd was more evident in the growth of roots as compared to others as roots are
the first position of exposure to the ions of Cd through apoplastic transport that leads to maximum
accumulation [55,56] The accumulation of Cd suppresses elongation of root and also responsible for
deformation of root due to direct inhibition of root and shoot metabolism [57]. Correlation analysis of
accumulated Cd in seedlings with other physiological parameters also confirmed the negative impact
of Cd upon those parameters (Table 7).

Chlorophyll rapidly declined with increasing the doses of Cd in the present study. Reduction of Fe
due to Cd metal causes chlorosis in leaves and also negatively affects chlorophyll metabolism. Heavy
metals cause degradation of the micronutrients required for the plants and thus lead to inhibition
of the level of pigments like chlorophyll [58]; this has been found as one of major reasons for the
impairment of photosynthesis and inhibition of growth in plants under the effect by this metal. In
the current study, higher Cd concentration showed negative impact on the sodium and potassium
contents. Photosynthesis is the basic phenomena of the plant which regulates the development and
growth of plants [59], and previous reports have documented that Cd can significantly degrade
the chlorophylls and inhibit the photosynthesis [60]. Similarly, our results also showed statistically
significant down-regulated chlorophyll levels thereby depicting degradation, or inhibition of their
biosynthesis following Cd exposure even at the lowest the concentration used (0.2 mM).

Other important components that are present in the plants are anthocyanins, these are bioactive
secondary metabolites of the plants wherein biological functions act as powerful antioxidant machinery
and can also lead to the chelation of metal ions [61]. Stimuli due to unsuitable environment like
exposure to Cd are well documented to stimulate anthocyanins accumulation in the plants [62].
Interestingly, in this study, Cd exposure had statistically significant higher anthocyanins in B. Juncea
even at 0.2 mM Cd treated groups.

The treatment of Cd metal to B. juncea plants in the present study revealed that metal stress
enhanced the level of antioxidants and activities of antioxidative enzymes. There was a significant
increase in the ascorbic acid, total phenolic content, and activities of CAT, SOD, GR, DHAR, and
MDHAR in Cd stressed B. juncea plants. SOD has a significant contribution in the protection against
reactive oxygen species, produced as by-products of biological oxidations. These observations have
also been documented by Zhang et al. [63] and Nehnevajova et al. [64]. A previous report by
Najeeb et al. [65] evidenced a Cd modulated antioxidant defense system of the seedlings of B. juncea.
The exposure of Cd inhibited the activities of antioxidant markers like SOD, POD, GST, and PPO
and also significantly stimulated the activities of CAT, APOX, GPOX, DHAR, and GR. The stress
caused by Cd inhibits enzymatic markers may be due to impairment of enzyme synthesis or due to
inhibition of growth along with accumulation of H2O2 [65]. In this context, superoxide dismutase
(Cu-Zn SOD) acts as a tier of cellular defense machinery that converts superoxide anion to H2O2.
Then, these H2O2 is converted to water molecule majorly through antioxidant enzymes like catalases
and peroxidases. Interestingly, ascorbate peroxidase reduces hydrogen peroxide through ascorbic
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acid-glutathione pathway that uses antioxidant enzymatic markers [66]. The glutathione peroxidases
and peroxiredoxins also eliminate H2O2 and other organic hydroperoxides using non-enzymatic
antioxidant markers like gluathione, thioredoxin, and glutaredoxin as nucleophiles [67]. The synthesis
of phenolic compounds acts efficiently on metal decontamination as antioxidants [68]. The exposure to
Cd reduces intracellular GSH contents and Cd exposure has also been reported to reduce GSH content
in a number of plant species [69,70]. Nazar and his colleagues [71] explained that the reduction of GSH
levels may be due to stress imposed by Cd, as it is known to prompt the formation of phytochelatins
(oligomers of reduced glutathione) through increasing phytochelatin synthase activity, and these
phytochelatins can conjugate with free ions of Cd and get sequestered into the vacuoles.

The present investigation revealed the increased level of MDA, H2O2 and also enhanced production
of free radicals and oxidative damage due to membrane destabilization in plants being exposed to
metal. MDA is a cytotoxic by product of lipid peroxidation and also acts as a marker of generation of
free radical [63]. High doses of heavy metals lead to the production of ROS like H2O2, and it is the
primary response of plants under stress. ROS generation occurs in the presence of oxidative stress or
directly through Haber–Weiss reactions [72] and this supports the present study as we have found
similar results in this context.

5. Conclusions

From the present study it is concluded that Cd toxicity adversely affects the seedlings even at
low concentration as reported earlier (0.2 mM) in terms of increased production of ROS, higher lipid
peroxidation, and by negatively affecting the photosynthetic pigment system. While in response to
the detrimental effects of metal, defense responses of B. juncea seedlings got activated by the action of
metabolites like phenols and compatible solutes. Besides, antioxidative defense system of seedlings
helped in scavenging of free radicals generated during metal stress. It was also noticed that the ROS
content was initially increased with Cd treatment, but no significant change was noticed between
middle and highest Cd treatment. This might be due to the enhanced ROS scavenging as a result of
activated antioxidative system. Furthermore, growth of seedlings was reduced with Cd treatment but
there was also no statistical difference in growth parameters among different Cd treatments. These
facts revealed that activated antioxidant system resulted in providing better Cd tolerance to seedlings.
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Abstract: Lead (Pb)-polluted soils pose a serious threat to human health, particularly by transmitting
this heavy metal to the food chain via the crops grown on them. The application of novel amendments
in Pb-polluted soils can significantly reduce this problem. In this research, we report the effects of
various organic and inorganic amendments i.e., bentonite (BN), biochar (BR), lignin (LN), magnesium
potassium phosphate cement (CM) and iron hydroxyl phosphate (FeHP), on the Pb bioavailability in
Pb-polluted soil, upon Pb distribution in shoots, roots, grain, the translocation factor (TF) and the
bioconcentration factor (BCF) of Pb in pea (Pisum sativum L.) grain. Furthermore, effects of the said
amendments on the plant parameters, as well as grain biochemistry and nutritional quality, were
also assessed. Lead pollution significantly elevated Pb concentrations in roots, shoots and grain, as
well as the grain TF and BCF of Pb, while reducing the nutritional quality and biochemistry of grain,
plant height, relative water content (RWC), chlorophyll contents (chl a and chl b) and the dry weight
(DW) of shoot, root and grain. The lowest Pb distribution in shoots, roots and grain were found
with BN, FeHP and CM, compared to our control. Likewise, the BN, FeHP and CM significantly
lowered the TF and BCF values of Pb in the order FeHP > CM > BN. Similarly, the highest increase
in plant height, shoot, root and grain DW, RWC, chl a and chl b contents, grain biochemistry and
the micronutrient concentrations, were recorded with BR amendment. Biochar also reduced grain
polyphenols as well as plant oxidative stress. Given that the BR and BN amendments gave the best
results, we propose to explore their potential synergistic effect to reduce Pb toxicity by using them
together in future research.

Keywords: lead pollution; antioxidants; bentonite; translocation factor; grain biochemistry; biochar;
oxidative stress
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1. Introduction

Urbanization and industrialization has led to the contamination of world soils with heavy
metals [1]. Lead (Pb) is an important pollutant in soil among other heavy metals. It can enter into soils
through the disposal of effluents from industries like batteries and paints, mining and smelting, and
the burning of fossil fuels, i.e., coal and leaded gasoline [2,3]. Similarly, several natural sources causing
soil pollution with Pb are the weathering of rocks, volcanic eruption, forest fires and sea sprays [4].

Lead pollution has an adverse effect on humans, especially the health of teenagers. Consumption
of food grown within Pb-contaminated soil may cause neurological effects and cognitive disorders [5,6].
Soil pollution with Pb is not only threatening human health, it is also damaging the environment by
polluting the ground and surface water resources [6].

Given the disadvantages of traditional mitigation practices deployed for heavy metals-polluted
soils [7,8], gentle remediation practices like phytoremediation and in-situ immobilization are being
promoted. Phytoremediation is a process in which plants are used in combination with suitable
agronomic practices to remove heavy metals from the environment, or at least mitigate their toxicity [9].
It involves the use of many approaches individually or in combination. For instance, phytoextraction
involves the uptake of toxic metals by plants in their shoots, whereas in phytostabilization, the
mobility of pollutants in soils is restricted by using suitable plant cover on contaminated sites [10].
The phytoextraction of heavy metals can be stimulated by using different organic chelants like
ethylenediaminetetraacetic acid (EDTA), ethylenediamine-N,N′-disuccinic acid (EDDS) etc., which
solubilize heavy metals in the rhizosphere, thereby enhancing their uptake by the plants. However,
these chelating agents are slowly biodegradable in nature, and cause ground water contamination [11].
Similar to phytoextraction, phytostabilization can also be enhanced by amending soils with suitable
materials that can immobilize metals in the presence of selected plant species. Organic amendments
can immobilize certain heavy metals through enhanced organo-metal complexes, chemisorption, ion
exchange, complexation and adsorption. Moreover, increase in pH as the result of amendments may
also immobilize heavy metals [9].

The recent trend to use magnesium potassium phosphate cement (CM) for Pb immobilization in
Pb-polluted soil is more advantageous than ordinary Portland cement (OPC) [6]. The CM converts Pb
into highly insoluble pyromorphite (Pb5(PO4)3X, X = Cl−, OH−, F−) and Pb-phosphate (Pb3(PO4)2)
while OPC makes Pb(OH)2 in a Pb-rich environment. Compared to the Pb(OH)2 that has a comparatively
high solubility [solubility product constant (Ksp) � 10−4], the pyromorphite and Pb-phosphate have
much lower solubility (Ksp� 10−60–10−85 and 10−6, respectively). Furthermore, CM has vital properties
like fast-setting, high early strength and resistance to soil alkaline or acidic conditions, which all make
it an excellent Pb immobilizing agent compared to OPC in Pb-polluted soils [6,12]. Biochar (BR) is
prepared by the pyrolyzing organic waste under oxygen-limited conditions [13]. It, when derived from
alkaline feedstocks, raises the soil pH similar to liming materials. Moreover, it has a large surface area
and high sorption capacity that enable it to effectively lessen the Pb bioavailability in this Pb-polluted
soil [3,13,14]. Lignin (LN), a waste product of the paper industry, has abundant oxygen-containing
groups, carboxyl, lactonic and phenolic hydroxyl groups [15,16]. Due to these functional groups, LN
has been widely used as an effective amendment for the immobilization of Pb in Pb-polluted water
and soil [15,16]. Bentonite (BN), an expandable clay mainly comprised of montmorillonite, has high
durable negative charges and large definite surface area [7]. Numerous studies have reported that
amending metal-polluted soils with BN has significantly reduced the bioavailability of a variety of
metals, especially Pb [1,5,7]. Likewise, iron hydroxyl phosphate (FeHP) forms stable metal-phosphate
precipitates e.g., Pb5(PO4)3 (OH, F, Cl) in Pb-polluted soils [17].

A lot of research in the past few decades has been carried out on the assessment of various
organic and inorganic amendments to reduce the Pb bioavailability in Pb-polluted soils and Pb uptake
by different crops. However, there exists no research on the efficacy of different cost-effective and
innovative amendments on reducing Pb distribution in pea grain, plant oxidative stress and any
improvement in the grain biochemistry and nutritional value and plant agronomic and biophysical
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traits grown on Pb-polluted soil. Therefore, the key objectives of this research were to (i) evaluate the
efficacy of BN, BR, LN, CM and FeHP to reduce Pb bioavailability in Pb-polluted soil, (ii) evaluating
the positive effects of Pb immobilization on pea grain quality, productivity and Pb translocation in
grain and (iii) to determine the level of Pb uptake and changes in plant oxidative stress and antioxidant
defense machinery in response to the said amendments.

2. Results

2.1. Pb Allocation in Plant Parts and Soil

The data regarding the concentrations of Pb in grain, shoots and roots were in the range of 56.0
to 129.8, 220.9 to 365.1 and 658.6 to 843.8 mg kg−1 DW, respectively. The Pb concentration was 3.31
to 6.09 mg kg−1 soil in the DTPA extract (Figure 1). Amending the Pb-polluted soil with BN 5%, BR
2%, LN 2%, CM 0.5% and FeHP 2% significantly reduced the Pb concentrations in grain, shoots, roots
and DTPA extract, compared to the control. In the BN 5%, CM 0.5% and FeHP 2% treatments, the Pb
concentrations in grain were reduced by 57%, 53% and 50%; in roots by 22%, 19% and 18% and in DTPA
extract by 46%, 42% and 40%, respectively. Likewise, the BN 5% and CM 0.5% treatments showed the
highest reduction in the concentrations of Pb in shoots by 39% and 33%, respectively (Figure 1).

The TF values for Pb were in the range 0.34–0.43 in all treatments (Table 1). All treatments
significantly reduced the TF values for Pb when compared to control. The BN 5%, CM 0.5%, and FeHP
2% showed the highest significant decrease in TF values for Pb, compared to control. Overall, the TF
values for Pb among various treatments was in the following order: Control > LN 2% > BR 2% > FeHP
2% > CM 0.5% > BN 5%. Similarly, the BCF values for Pb for all treatments were in the range 0.22–0.37
(Table 1). Results revealed that all treatments were able to significantly reduce the BCF values for Pb,
compared to control.

In this context, the BN 5%, FeHP 2% and CM 0.5% treatments exhibited the highest significant
reduction in BCF values for Pb, compared to control. The order of reduction in the BCF values for Pb
was Control > LN 2% > BR 2% > FeHP 2% > CM 0.5% > BN 5%.

Soil pH after plant harvest ranged from 8.01 to 8.92, with the highest pH values found in BR 2%,
CM 0.5% and BN 5%, compared to control. Likewise, the lowest value of pH was found in the LN 2%
treatment, compared to control (Figure 1).
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Figure 1. Effects of amendments in Pb-polluted soil on the concentrations of Pb in pea grain (A), in the
shoot (B), the root (C) and diethylenetriaminepentaacetic acid (DTPA)-extractable fraction (D), as well
as soil pH after plant harvest (E). Values are the means of three replicates, the error bars represent the
standard error of means and the lower case alphabets indicate significant differences (p ≤ 0.05) among
treatments based on one way Analysis of Variance (ANOVA) (using LSD test, p = 0.05 at df = 5 and
n = 3). DW: dry weight; BN: bentonite, BR: biochar; LN: lignin; CM: magnesium potassium phosphate
cement; FeHP: iron hydroxyl phosphate.
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2.2. Agronomic, Photosynthetic and Biophysical Parameters of Pea Plant as Influenced by Amendments

The obtained data for plant height, shoot, root and grain DW were in the range from 47.5 to
70.9 cm, 3.31 to 5.45 g pot−1, 1.28 to 2.03 g pot−1 and 1.26 to 1.83 g pot−1, respectively (Table 1). Relative
to the control, all treatments significantly improved the shoot and grain DW. However, except for CM
0.5%, the rest of the treatments significantly improved plant height and root DW, in comparison to the
control treatment. The highest improvement in root and shoot DW by 58% and 64%, respectively, was
observed in the BR 2% treatment. The BR 2% and BN 5% treatments showed the highest improvement
in grain DW by 36% and 45% and plant height by 49% and 35%, respectively, relative to the control.

Likewise, the values of Chl a, Chl b, and RWC were in the range from 32.5 to 56 mg g−1 fresh
weight (FW) and 26.9 to 48.5 mg g−1 FW and 60.7% to 78.8%, respectively (Table 1). All treatments
significantly improved the Chl a and Chl b contents, with the exception of CM 0.5% only in case of Chl
b, compared to the control. Likewise, with the exception of CM 0.5% and FeHP 2%, the rest of the
treatments significantly improved the values of RWC compared to the control (Table 1). The BR 2%
and BN 5% treatments showed the highest improvement in RWC values by 30% and 21%, and Chl b
contents by 80% and 52%, respectively, relative to the control. Likewise, the highest improvement in
Chl a contents was observed in BR 2%, and that was 72%, in comparison to the control.

2.3. Status of Micronutrients, Antinutrient and Biochemical Compounds in Pea Grain as Influenced
by Amendments

The data concerning protein, fat, fiber and carbohydrate contents in pea grain across treatments
were in the ranges from 15.9% to 19.7%, 1.78% to 2.19%, 6.94% to 9.93% and 48% to 64.5%, respectively
(Figure 2). With different exceptions, amending Pb-polluted soil with the selected amendments
significantly improved the contents of grain biochemical compounds, compared to control. The highest
improvement in protein contents by 16%, 24% and 19%, and fat contents by 13%, 23% and 17%,
respectively, were observed in the BN 5%, BR 2% and LN 2% treatments. Similarly, BR 2% and LN
2% exhibited the highest significant improvement in grain carbohydrate contents by 34% and 24%,
respectively, whereas fiber contents by 43% in BR 2%, relative to the control (Figure 2).

The Fe, Zn and Mn concentrations in grain were in the ranges from 18.4 to 27.6 mg kg−1 DW, 14.7
to 18.0 mg kg−1 DW and 11.3 to 15.1 mg kg−1 DW respectively. The polyphenols were in the range 6.88
to 10.5 mg g−1 DW across all treatments (Figure 2). All amendments significantly decreased the grain
polyphenol contents, while improvement in the grain Fe and Zn concentrations were found significant
only in the BR 2%, LN 2% and FeHP 2% treatments. Likewise, only these BN 5%, BR 2% and LN 2%
treatments significantly improved grain Mn concentrations (Figure 2). In this context, the BR 2%, LN
2% and FeHP 2% treatments reduced polyphenol contents up to 34%, 31%, and 29%, respectively, while
the highest improvement in the grain Zn concentrations by 22% and 16% and Mn by 26% and 33%
were observed in the BR 2% and LN 2% treatments, respectively. Likewise, the highest improvement
in the grain Fe concentration by 50% was found in the FeHP 2% treatment.
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Figure 2. Effects of amendments in Pb-polluted soil on the contents of protein (A), fat (B), fiber
(C) carbohydrate (D), and the concentrations of Fe (E), Zn (F), Mn (G) and polyphenols (H) in pea
grain. Values are means of three replicates, error bars represent the standard error of the means, and
the lower case alphabets indicate significant differences (p ≤ 0.05) among treatments based on one-way
ANOVA (using LSD test, p = 0.05 at df = 5 and n = 3).
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2.4. Effect of Amendments on Antioxidant Defense Machinery and Oxidative Stress in Pea Plants

In all treatments, the activities of ascorbate peroxidase (APX), superoxide dismutase (SOD),
catalase (CAT) and dehydroascorbate reductase (DHAR) were in the range from 0.38 to 0.80, 51.5 to
108.5, 38.7 to 53.0 and 31.8 to 72.9 μmol min−1 mg−1 protein, respectively (Figure 3). All treatments
significantly improved the APX, SOD, CAT and DHAR activities, compared to the control. The topmost
improvement in the APX, SOD, CAT and DHAR activities was found in BR 2% by 111%, 111%, 106%
and 129%, respectively when compared to control.

The contents of malondialdehyde (MDA) and hydrogen peroxide (H2O2) were in the ranges from
35.1 to 58.1 and 29.0 to 74.4 nmol g−1 FW, while O2

− generation rate from 15.2 to 37.8 nmol min−1 g−1

FW, respectively (Figure 3). Interestingly, all treatments were capable of significantly reducing the
contents of MDA and H2O2 as well as the O2

− generation rate, compared to the control. The obtained
data for the BR 2% and LN 2% treatments showed the highest reduction in MDA contents up to 39%
and 36%; H2O2 contents up to 61% and 56%, and O2

− generation rates up to 60% and 55%, respectively,
compared to the control.

2.5. Principal Component Analysis and Pearson Coefficient Correlation (r2) Among Studied Attributes

The values of Pearson correlation with their significance at probability levels (p) < 0.05, 0.01, 0.001
are presented in Table 2. It clearly shows that the plant biomass has positive significant correlation
(p < 0.001) with studied physiological attributes like Chl a and Chl b, as well as antioxidant activities
such as SOD, CAT, APX and DHAR. In addition, shoot dry weight is also positively significantly
correlated (p < 0.001) with carbohydrates contents, total soluble proteins, Zn, fiber and fat contents of
pea grain, as well as grain Mn (p < 0.01). However, shoot biomass was negatively correlated (p < 0.001)
with the MDA and H2O2 contents, O2 generation and grain polyphenols. Moreover, the shoot dry
weight has also negative significant correlation with BCF shoot, TF shoot, DTPA Pb, grain Pb and
shoot Pb. Correlation studies presented in Figure 4 generated through PCA show that the studied
attributes are categorized in two major groups. The first component of the PCA explained 76.6%,
while the second component explained 13.93%, of the variance. The details of component loadings
and communalities for each parameter is described in Tables S1 and S2, while the scree plot of PCA is
represented in Figure S1
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Figure 3. Effects of amendments inclusion in Pb-polluted soil on the activities of ascorbate peroxidase
(APX) (A), superoxide dismutase (SOD) (B), catalase (CAT) (C) and dehydroascorbate reductase
(DHAR) (D), as well as the contents of the malondialdehyde (MDA) (E), hydrogen peroxide (H2O2)
(F) and O2

− generation rate (G) in pea leaves. Values are means of three replicates, error bars represent
standard error of means, and the lower case alphabets indicate significant differences (p ≤ 0.05) among
treatments based on one-way ANOVA (using LSD test, p = 0.05 at df = 5 and n = 3).
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Figure 4. Principal component analysis (PCA) of studied attributes of pea grown under Pb stress with
various soil amendments.

3. Discussion

3.1. Speciation of Pb in Pea Shoots, Roots, and Grain, Related BCF and TF Values and Pb Bioavailability in
Post-Harvest Soil as Influenced by Amendments

All amendments noticeably reduced Pb concentration in pea roots, shoots, grain and bioavailable
Pb (DTPA-extractable fraction), compared to control. The lowest Pb concentrations in roots, shoots,
grain and DTPA-extract were found in BN 5% and CM, compared to control (Figure 1). Our results
are in agreement with the results of previous studies, where the application of BN in Pb-polluted
soil significantly reduced the concentrations of Pb in the shoots of pak choi and maize, as well as
DTPA-extractable fraction [7]. The application of BN in Pb-polluted soil has also been reported to
significantly reduce the Pb concentrations in rapeseed [5], rice grain and straw [1]. It has been reported
that Pb concentrations were significantly reduced in the leachates after amending a Pb-polluted soil with
CM [6]. The reduction in Pb concentrations in roots, shoots, grain and DTPA-extractable Pb fraction
can be attributed to versatile characteristics of BN and CM. Application of CM in Pb-polluted soil
reduces the bioavailability of Pb via three ways i.e., (1) sequestration of Pb by physical encapsulation by
hydration products (struvite-K), (2) conversion of Pb into highly insoluble pyromorphite (Pb5(PO4)3X,
X = Cl−, OH−, F−) and Pb-phosphate (Pb3(PO4)2) compounds and (3) raising soil pH after their
application in the soil. It has been reported that pyromorphite and Pb-phosphate have extremely low

75



Plants 2019, 8, 571

solubility (Ksp � 10−60−10−85 and 10−6, respectively) and thrive in extreme soil alkaline and acidic
conditions [6,9].

Moreover, BN has vital characteristics that can alter the physicochemical characteristics of the
soil. Application of BN increases soil pH which enhances sorption and precipitation of Pb in the soil.
Furthermore, the larger surface of BN increases the CEC of the soil, which in turn reduces the Pb
bioavailability to the plants [1,5,7].

The TF and BCF values for Pb were significantly reduced with all amendments, compared to the
control. However, the least values of TF and BCF were observed after amending Pb-polluted soil with
BN 5%, FeHP 2% and CM 0.5% (Table 1). The lower TF values of Pb are attributed to its accumulation
in the cell membrane and vacuoles of the root, which is associated with the stable attribute of Pb in the
soil-plant system [18]. The results of a previous study have explained that Pb is early recognized as a
toxic compound by the roots of plants and is vacuolated either in the cell wall or vacuole, which in turn
leads to its low translocation to the aerial parts [19]. The BCF stands for the transport potential of Pb
from the soil to the plant body, and is dependent on the characteristics of soils and Pb speciation [20].
The BN 5%, FeHP 2% and CM 0.5% treatments showed the least BCF values of Pb, compared to the
control. These lower BCF values of Pb indicate a very low transfer of Pb in pea showing its least
bioavailability in the BN 5%, FeHP 2% and CM 0.5% amended soil, compared to control treatment [21].

3.2. Agronomic, Photosynthetic and Biophysical Parameters of Pea Plant as Influenced by Amendments

With few exceptions, all treatments significantly improved shoot, root and grain DW, as well as
plant height, RWC and chlorophyll contents in pea, compared to control. However, BR treatment
showed the highest shoot and root DW, and Chl-a contents, while BN and BR treatments showed highest
grain DW, plant height, Chl-b and RWC contents, compared to control (Table 1). An improvement in
shoot, root and grain DW, as well as plant height of brinjal [13], the contents of Chl-a and Chl-b in
menthol [3] and RWC in chicory were observed after BR application in Pb-polluted soil [22]. Likewise,
the application of BN in Pb-polluted soil significantly improved shoot DW and Chl contents in Chinese
cabbage [7]. Improvement in the plant DW, RWC and Chl contents could be attributed to the various
characteristics of BR like provision of essential nutrients, improvement in WHC and alteration in redox
condition of the soil [23–25]. Likewise, improvement in the agronomic and biophysical parameters of
plants is also due to the alleviation of Pb toxicity to them after the Pb has been immobilized onto the
BR surface [3,12,13]. Moreover, improvement in soil CEC after the application of BN is responsible
for the reduced phytoavailability of Pb. It has been reported that improvement in plant biomass and
associated parameters are mainly due to the alleviation of Pb toxicity to the plants [7,26].

3.3. Status of Micronutrients, Antinutrient and Biochemical Compounds in Pea Grain as Influenced
by Amendments

With few exceptions, the application of all amendments significantly improved the contents of
protein, fat, fiber and carbohydrates, while it decreased the contents of polyphenols, compared to
control. However, the best results regarding these parameters were observed in BR and LN treatments
(Figure 2). It has been reported that Pb toxicity reduced the contents of biochemical compounds while
there was an increase in the polyphenol contents in brinjal [13], sesame [27] and Conocarpus erectus [10].
The results of our study are in line with the findings of previous investigations where improvement in
the contents of biochemical compounds and reduction in polyphenol contents of different plants grown
in BR amended metal-polluted soils was reported [13,27]. Likewise, BR application in Pb-polluted soil
improved the biochemical compounds of spinach [14]. Improvement in the contents of biochemical
compounds in pea grain is due to the vital characteristics of BR and LN. Biochar and LN have very
high WHC, and are rich in organic matter. Application of BR and LN in soil improves the activities of
rhizosphere microbes due to the decomposition of these organic materials and the enhanced release of
dissolved organic carbon, which in turn are responsible for enhancing the plant protein contents [15,27].
Amending soil with BR and LN increases the WHC of soil and improves the availability of water to the
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plants through xylem, and augments the metabolic activity in the plant. Improvement in the plant
metabolic activity enhances the plant biochemical compounds and reduces polyphenol contents [15,16].

Enhancement in the contents of biochemical compounds could also be associated with the
alleviation of Pb toxicity to the plants [10,14]. Application of LN in soil improves the soil organic
matter content. The hydroxyl and carboxyl groups present on organic matter react with OH− in soil
and make them electronegative. This special feature of LN increases the variable negative charges in
the soil which promote the adsorption of Pb ions on the soil colloids, thereby reducing Pb toxicity to
the plants [15,16]. Likewise, BR also alleviates Pb toxicity to the plants via adsorbing Pb ions onto the
larger surface area [13,14].

In our experiment, the highest grain Mn and Zn concentrations were found with BR 2% and LN 2%
treatments, compared to control. Likewise, the highest significant Fe concentration was observed with
FeHP treatment, compared to control (Figure 2). It has been reported that amending metal-polluted
soil with BR significantly improved the concentrations of Mn and Zn in brinjal [13] and sunflower [28].
Likewise, an improvement in the Fe concentrations of rice grain was reported after the application of
iron compounds [29]. The higher concentrations of Fe in pea grain could be attributed to the presence
of Fe in the FeHP amendment. Furthermore, BR application in the soil also provides essential nutrients
to the plants and increases the concentrations of Zn and Mn [16]. Similarly, LN contains several
functional groups that help to strongly adsorb Pb ions which reduce the Pb bioavailability in the
soil [15,16]. Therefore, the reduced bioavailability of Pb in the soil improved the phyto-availability of
micronutrients, especially Mn and Zn and their uptake by the plant roots due to their antagonistic
behavior with Pb ions [30]. It has been reported that the sum of released cations like K, Na, Ca and
Mg from amendments is almost equal to the quantity of adsorbed metal ions, explaining the primary
function of cation exchange in Pb sorption by BH [31].

3.4. Status of Antioxidant Defense Machinery and Oxidative Stress in Pea Plant as Influenced by Amendments

In our experiment, all of the amendments noticeably reduced the MDA, H2O2 contents and the
O2
− generation rate, as well as improved the activities of APX, SOD, CAT and DHAR in pea plant

relative to the control treatment. However, the most pronounced results regarding these parameters
were found in BR treatment followed by LN treatment (Figure 3). Our results are in line with the
findings of previous studies where the activities of SOD, CAT, peroxidase (PER), ascorbic acid (AsA)
and APX in brinjal [15], SOD, CAT and PER in Mentha arvensis and CAT, PER and polyphenol oxidase
(PPO) in chicory [22], were enhanced with the incorporation of BR in Pb-polluted soil. Whereas, the
contents of the H2O2 and O2

− generation rate were significantly reduced in chicory with BR application
in a Pb-polluted soil [22]. Plants produce antioxidant enzymes like APX, SOD, CAT and DHAR upon
the exposure to heavy metals stress which acts as a defense system against oxidative stress; the latter is
the higher production of ROS as a result of oxidizing chain reactions [16]. The mechanism responsible
for this improvement in antioxidant activities and the reduction of ROS contents in the plants is due to
the fundamental characteristics of BR; i.e., promotion of plant health, provision of essential nutrients,
resistance against metal stress after they get immobilized on BR, having the larger surface area and
high cation exchange capacity [16]. Similarly, LN adsorbs metal ions [15] and decreases the metal stress
to the plant, which in turn increases the mobility of essential nutrients to the plant. Higher mobility
of essential nutrients to plants is known to improve their vigor and thereby reduce the contents of
reactive oxygen species in them [16].

4. Materials and Methods

4.1. Collection of Experiment Soil and its Characterization

Experimental soil was purchased from a plant shop named “Evergreen nursery, Faisalabad,
Pakistan”. The soil was air-dried and sieved through a 2 mm sieve to remove stones and debris.
The physicochemical properties of the soil were determined by employing standard methods. Soil
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pH was determined by the method of McLean, [32] by preparing a suspension (soil:deionized water,
1:1) followed by shaking for approximately 1 h and measurement on a calibrated pH meter (model
WTW7110, Weilheim, Germany). Similarly, soil texture was determined using the hydrometer
method, soil organic matter using the Walkley-Black method and Cation exchange capacity (CEC) was
determined by the approaches of Gee and Bauder, [33], Jackson [34], and Rhoades [35], respectively.
Determination of total phosphorus, exchangeable potassium and calcium carbonate, were carried out
according to the methods of Watanabe and Olsen [36], Richards [37] and Allison and Moodie [38],
respectively. Likewise, the bioavailable fraction of Pb in the Pb-polluted soil was measured on the
atomic absorption spectrophotometer (AAS, PerkinElmer AAnalyst™ 800, Shelton, CT, USA) after
extracting the soil with 5 mM diethylenetriaminepentaacetic acid (DTPA extractant (soil to DTPA
extractant, 1:2) [39]. The properties of experimental soil are presented in Table 3.

Table 3. Physiochemical characteristics of experimental soil.

Characteristics Units Amount

Clay % 29.7 ± 1.07
Silt % 27 ± 0.97
Sand % 40.3 ± 0.80
Organic matter content (OMC) % 0.84 ± 0.03
Bicarbonate (HCO3) % 0.17 ± 0.01
pH - 8.4 ± 0.30
Cation exchange capacity (CEC) cmolc kg−1 29.2 ± 1.06
Electrical conductivity (EC) DSm−1 3.8 ± 0.14
Content of calcium carbonate (CaCO3) % 2.9 ± 0.11
Phosphorus (P) mg kg−1 8.3 ± 0.30
Potassium (K) mg kg−1 81 ± 2.94
Nitrogen (N) mg kg−1 174 ± 6.31
Total Pb mg kg−1 1000 ± 36.2
diethylenetriaminepentaacetic acid
(DTPA)-extractable Pb mg kg−1 6.1 ± 0.22

4.2. Soil Spiking with Pb

Soil was amended with Pb(NO3)2 to obtain a 1000 mg kg−1 Pb concentration in the soil. For this
purpose, a known amount of Pb(NO3)2 was dissolved in distilled water. Later, this Pb(NO3)2 solution
was poured in the soil and properly mixed. The soil was homogenized and packed in plastic sacks that
were later kept at 25 ◦C for 60 days in a dark room. The soil in plastic sacks was manually mixed with
a spatula twice a week for a homogeneous distribution of moisture. During this incubation period,
distilled water was used to maintain the moisture at 65% water holding capacity (WHC) of the soil.
The soil was air-dried after the end of the incubation.

4.3. Addition of Immobilizing Agents

Five reducing agents, including BN, BR, LN, CM 0.5% and FeHP were used for the immobilization
of Pb in Pb-spiked soil. The BN was acquired from Jinan Yuansheng Chemical Technology Co., Ltd.,
Licheng District, Jinan, Shandong, China. The preparation and characterization of BR used in this
experiment have been described in Shahbaz et al. [23]. Lignin was procured from the Jinan Yuansheng
Chemical Technology Co., Ltd., Licheng District, Jinan, Shandong, China and CM from a local store.
Likewise, a mixture of [Sodium phosphate (1000 mL, 0.5 mol L−1) after a reaction with ferric chloride
(1000 mL, 0.3 mol L−1)] was prepared and placed in a hermetic container at 35 ◦C for 24 h. The pH of
the aforementioned reaction mixture was fixed at 4, using 1 M NaOH solution. After the completion of
the reaction, the pH of the reaction mixture rose to 4.3. Ultimately, the resultant product i.e., (FeHP),
was wiped out with distilled water and desiccated at 65 ◦C for 15 h.
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4.4. Pot Experiment

Overall, the pot experiment consisted of six treatments i.e., BN, BR, LN, CM and FeHP and control
Pb-spiked soil without any amendment (Table 4). The percentage of each immobilizing amendment
used in this study was selected after carefully reviewing the previous studies i.e., BR 2% [40], BN
5% [1], LN 2% [15], CM 0.5% [6] and FeHP 2% [17], respectively. The resulting uniform mixture was
incorporated with leftover soil via mechanical shaker, while maintaining the moisture at 65% WHC
followed by incubation at 25 ◦C for six weeks in darkness. After the incubation, the treated soil was
transferred to the plastic pots (height 33 cm, diameter 25.4 cm). The relocation of the experiment was
accomplished in the field area of Government College University Faisalabad, Faisalabad, Pakistan with
intense care, considering the appropriate environmental conditions, for instance, suitable temperature
25 ◦C, proper light 8–10 h and moisture 50%.

Table 4. Overview of treatment plan considered in this pot experiment using BN = Bentonite,
BR = Biochar, LN = Lignin CM = Cement and FeHP = Iron hydroxyl phosphate.

Treatments Abbreviations
Input Amounts of Both
Amendments (g pot−1)

Control Control -
Bentonite (5%) BN 150
Biochar (2%) BR 60
Lignin (2%) LN 60
Cement (0.5%) CM 15
Iron Hydroxyl phosphate (2%) FeHP 60

Pots were moistened to achieve suitable sowing conditions. Pea seeds were procured from Ayub
Agriculture Research Institute, Faisalabad, Pakistan and soaked in water for 8 h preceding sowing in
the pots. Eight seeds were sown per pot, which germinated in about 10 days within sowing. The pea
plants were fertilized using balanced plant fertilizer [Grow Fertilizer (18-18-18), White Flower Farm,
Litchfield, CT, USA] at the age of three weeks. Some parameters like plant height, length of plant and
biomass (root and shoot), were assessed by using a portable measuring stick after 60 days of pea plant
growth. After 60 d of growth, plants were harvested at the base and divided into root and shoot parts.

4.5. Plant and Soil Analysis

4.5.1. Estimating the Pb Concentrations in Plant Parts and DTPA Extract

The harvested soil was extracted from the pot with intense care, air-dried and sieved through a
2 mm sieve. An aliquot of harvested soil was used to measure its pH, as described earlier.

DTPA-extractable Pb was extracted by using the standard methodology of Lindsay and
Norvell, [39], and the extracts were analyzed on AAS. Subsequently, plants (root and shoot) were rinsed
to remove the adhered dust and dirt. The pea plant biomass was desiccated in an oven (Memmert,
Beschickung-loading, model 100–800, Schwabach, Germany) at 70 ◦C for 24 h to get constant dry
weight. The dried plant material was pulverized in a grinder (IKAWerke, MF 10 Basic, Staufen,
Germany) followed by di-acid digestion (HNO3:HClO4 = 2:1) after sieving at 0.5mm as devised by
Jones and Case [41]. Eventually, the Pb concentration in plant digest was analyzed on AAS.

4.5.2. Chlorophyll Contents, Antioxidant Enzymes Activities and Reactive Oxygen Species (ROS)
Contents in Barley Leaf

The chlorophyll a (Chl-a) and chlorophyll b (Chl-b) contents in the leaves were assessed following
the methods of Hiscox and Israelstam [42]. To this end, 1 g of fresh leaf sample was homogenized in
20 mL of methanol, chloroform and water (12:5:3 ratio). The contents of Chl-a and Chl-b were assessed
by measuring the absorbance on a spectrophotometer at 664.5 and 647.4 nm, respectively.
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The antioxidant enzymes [SOD, CAT, APX and DHAR] in pea plant were determined by the
methodology of El-Shabrawi et al. [43], Aebi [44], Nakano and Asada [45], respectively. The reaction
mixture for SOD was prepared by mixing supernatant (1 mL) with potassium phosphate (K-P) buffer
(50 mM), CAT (0.1 u), nitro blue tetrazolium (NBT, 2.24 mM), xanthine (2.36 mM, pH 7) and xanthine
oxidase (0.1 u), as it follows the xanthine–xanthine oxidase system. The mixture for APX was prepared
by mixing the supernatant (0.5 mL) with [AsA (0.5 mM), H2O2 (0.1 mM), sodium phosphate buffer
(pH 7) and ethylenediaminetetraacetic acid (EDTA) (0.25 mL)]. The [dehydroascorbate (DHA, 0.1 mM),
glutathione (GSH, 2.5 mM) and K-P buffer (50 mM, pH 7)] were mixed with supernatant [0.5 mL] for
the mixture of DHAR. Similarly, the CAT reaction was commenced with H2O2 and its degradation
was analyzed. Finally, the variations in absorbance were recorded via spectrophotometer at 560 nm,
240 nm, 290 nm and 265 nm for SOD, CAT, APX and DHAR, respectively. The specific activity was
observed for the extraction coefficient at 40 mM cm to obtain CAT and extinction coefficient at 2.8 mM
cm and 14 mM cm to obtain APX and DHAR.

The contents of MDA, H2O2 and O2
− generation rate were measured by the methods of

Jambunathan, [46], Velikova et al. [47] and Yang et al. [48], respectively. The reaction mixtures
were prepared with fresh leaf tissue (500 mg) and assimilated with trichloroacetic acid (TCA, 5 mL,
0.1%) for MDA, K-P buffer [(5 mL) for H2O2 and (12 mL, 65 mM, pH 7.8)] for O2. Afterward, the
mixtures were centrifuged at 10,000× g for 15 min and supernatants (2.5 mL, 0.5 mL & 5 mL) for MDA,
H2O2 and O2, respectively, were used. Subsequently, supernatants were assorted with thiobarbituric
acid (TBA, 1 mL, 0.5% w/v) in TCA (20%), heated at 95 ◦C for 30 min and later chilled in an ice bath
for MDA. Similarly, the mixture (TCA, 5 mL, 0.1% w/v) was prepared in K-P buffer (10 mM, pH 7)
using potassium iodide (1 M, 1 mL) for H2O2 determination. For the estimation of O2

− generation,
K-P buffer (0.9 mL, 65 mM, pH 7.8) was mixed with hydroxylamine hydrochloride (1 mL, 10 mM),
sulfanilamide (1 mL, 17 mM) and naphthylamine (1 mL, 7 mM) before incubation at 25 ◦C for 20 min.
The variation in absorbance was deliberated via Beer and Lambert’s equation to calculate MDA at
532 nm–600 nm. While the absorbance for the H2O2 and O2

− generation rate were scrutinized via
spectrophotometer at 390 nm and 530 nm, respectively [49].

4.5.3. Estimation of grain Biochemical Compounds and Micronutrients

Various standard protocols were used to analyze the protein, fat, fiber, carbohydrate and
polyphenols in the ground pea grain samples. A standard approach was developed for the estimation
of plant protein by using the protein dye-binding method involving an equal volume of sample buffer
(impeded by Bradford assay) added into the protein reagent to compensate for the interference. Bovine
serum albumin was used to accomplish the reaction [50]. The association of official analytical chemists
(AOAC) [51] methods were used for the estimation of fat, fiber and carbohydrates in pea grain.

Polyphenols in pea grain were determined by using the Folin-Ciocalteu method proposed by
Singleton et al. [52]. Following this method, the calibration curve of the standard for gallic acid was
plotted for the estimation of phenolic compounds in pea grain, and represented as mg g−1 equivalent
to gallic acid (GAE) after recording the absorbance at 760 nm on a spectrophotometer.

Some of the pea grain were crushed in a grinder (IKAWerke, MF 10 Basic, Staufen, Germany)
followed by sieving at 0.5 mm. The grounded grains were subjected to di-acid (HNO3:HClO4,
2:1) digestion. Afterwards, further characterizations of pea grain micronutrients (Ca, Zn, Fe, Mg,
Mn, Ni) were performed spectrophotometrically (PerkinElmer, AAnalyst 100, Waltham, MA, USA).
The aforementioned process was developed by Jones and Case [41].

4.5.4. Computation of Translocation Factor (TF) and Bioconcentration Factor (BCF) of Pb

The values of BCF and TF of Pb were calculated by Equations (1) and (2) respectively as
recommended by Salazar and Pignata [53].

BCF = Cshoot/Csoil (1)
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TF = Cshoot/Croot (2)

where, the Cshoot, Croot and Csoil are the concentrations of Pb in the shoots (mg kg−1 DW), roots
(mg kg−1 DW) and soil (mg kg−1 DW soil), respectively.

4.6. Statistical Analysis

A completely randomized design was used to execute this pot experiment, and the results
were interpreted by using one-way Analysis of Variance (ANOVA) with the help of the Statistix 8.1
software package (Copyright 2005, Analytical software, Tallahassee, FL, USA). The described means
are the average of three replicates, and are stated with their standard error (SE). A least significant
difference (LSD) test was carried out to detect the significant difference (p < 0.05) between treatment
means. The principle component analysis (PCA) and Pearson coefficient correlation (r2) among studied
attributes was computed by using the xlstat software version 4.15 (Addinsoft, Paris, France). The table
of communalities for each parameter was generated with the IBM SPSS Statistics software windows
version 25 (IBM Corp, Armonk, NY, USA).

5. Conclusions

In this pot experiment, Pb-polluted soil was amended with different amendments i.e., BC 2%, BN
5%, LN 2%, CM 0.5% and FeHP 2%, and their effects on different parameters of pea were observed.
Results showed that BN 5%, FeHP 2% and CM 0.5% significantly reduced the concentrations of Pb in
shoots, roots and grain, as well as the TF and BCF values of Pb in the order FeHP 2% > CM 0.5% > BN
5%. The agronomic (plant height, shoot, root and grain DW), biochemical (chl a and chl b contents
and grain biochemistry), biophysical (RWC) parameters and grain micronutrient concentrations were
improved with BR 2%. However, the 2% BR rate that we used in our pot experiment may not be
economically viable for field scale application.
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Abstract: The current study was conducted to explore the potential for phytoremediation in
different varieties of jute grown under toxic concentrations of copper (Cu). For this purpose,
a Petri dish experiment was conducted under controlled conditions using four varieties of jute,
i.e., HongTieGuXuan, C-3, GuBaChangaJia, and ShangHuoMa, grown in double filter paper under
50 μmol L−1 of artificially spiked copper (Cu) using CuSO4.H2O. The results of the present study
revealed that jute varieties C-3 and HongTieGuXuan were able to survive under high concentrations
of Cu without a significant decrease in plant height, plant fresh and dry weights, total chlorophyll
content, or seed germination, while varieties GuBaChangaJia and ShangHuoMa exhibited a significant
reduction in their growth and biomass. Furthermore, high concentrations of Cu in the medium
resulted in lipid peroxidation. This could be due to the oxidative damage induced in the roots and
leaves of the jute varieties, which might be a result of by hydrogen peroxide (H2O2) and electrolyte
leakage. Reactive oxygen species (ROS) generated due to Cu toxicity can be overcome by the
increasing activity of antioxidants, and it was also noted that GuBaChangaJia and ShangHuoMa
exhibited high Cu stress, while C-3 and HongTieGuXuan showed some resistance to Cu toxicity.
Contrastingly, Cu accumulation and uptake was higher in C-3 and HongTieGuXuan, while a little
Cu was accumulated in the roots and leaves of GuBaChangaJia and ShangHuoMa. On the basis of
these findings, it can be suggested that C-3 and HongTieGuXuan have the potential to cope with
Cu stress and can be considered Cu-resistant varieties, while GuBaChangaJia and ShangHuoMa are
considered Cu-sensitive varieties. Moreover, C-3 and HongTieGuXuan have the potential to revoke
large amounts of Cu, and can be cultivated as phytoremediation tools in Cu-contaminated soil.

Keywords: jute varieties; copper stress; phytoremediation; bioaccumulation factor; translocation
factor; oxidative stress; growth
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1. Introduction

“Heavy metals” is a general term which applies to metals and metalloids with atomic densities
greater than 4000 kg m−3. Almost all the heavy metals are toxic to human beings even at low metal ion
concentrations [1–3]. Heavy metals such as copper (Cu), mercury (Hg), lead (Pb), cadmium (Cd), and
zinc (Zn) are harmful to the living organisms, including plants, when their concentrations increase
beyond the permissible limits. Copper (Cu) is an important micronutrient present in many minerals
and rocks, and also required for many metabolic processes in all living organisms, i.e., prokaryotes
and eukaryotes [3–6]. Furthermore, Cu functions in many different enzymes including hemocynins,
oxidases, and reductases, and also takes part in many biological and physiological processes in
plants [5,7–10]. Contrastingly, excess Cu in the soil causes adverse effects on plants such as alteration
in DNA structure, affected photosynthesis and respiration, stunted growth, chlorosis, and poor root
development in higher plants [11–16]. Furthermore, phytotoxicity of Cu causes injury at the cellular
level to many cellular organelles, which causes the generation of reactive oxygen species (ROS) [4,6].
Moreover, high concentrations of Cu in the soil enhance the production of ROS by producing superoxide
radicals (O−1) and singlet oxygen (1O2) in the Mehler reaction [5,8], which leads to lipid peroxidation
and the production of high contents of malondialdehyde (MDA) in plant tissues/cells, which induces
oxidative damage in plants due to the phytotoxicity of Cu [7,13,17,18]. ROS production in plants is
removed by a variety of antioxidant enzymes such as SOD, POD, CAT, and APX. Plant responses
to oxidative stress also depend upon plant species and cultivars [7,9,19,20]. Previously, increasing
antioxidant activity has been observed in Raphanus sativus [20], Vitis vinifera [18], and Brassica napus [14]
under toxic concentrations of Cu in the soil.

Phytoremediation is the use of green plants) to remove, contain, and render harmful or toxic
pollutants from the soil or medium. Furthermore, it is cost-effective, eco-friendly or with few
environmental side effects, and is a publicly accepted technique which can also apply on specific sites or
over large areas [8,13,21,22]. At present, 25 different plant species have been used as Cu accumulators
(able to accumulate large amounts of metal in their above-ground parts rather than in below-ground
parts) and Cu excluders (able to accumulate large amounts of metal in their below-ground parts rather
than in above-gound parts) have been identified [7,8]. Previously, many different fibrous species, e.g.,
Boehmeria nivea, Linum usitatissimum, and Hibiscus cannabinus, been used for the phytoextraction of
different heavy metals (Cu, Cd, and Pb) [11,23,24]. Among different fibrous species, jute (Corchorus
capsularis L.) has been found to be relatively tolerant to heavy metal stress, possibly due to its huge
biomass and specific physiological and biochemical activities [25–27]. Jute is a C-3 plant belonging to
the family Malvaceae, and is cultivated as a natural fiber and also known as the golden fiber throughout
the world. It is the cheapest and strongest fiber among all the natural fibrous crops, and main exporters
of its fibers are India, Bangladesh, China, Thailand, and many other countries of southwest Asia [28].
Raw jute has various uses in making twine, matting, bales of cotton, sacks, coarse clothes, ropes, chair
coverings, carpets, area rugs, curtains, and backing for linoleum [25,28].

Keeping in view the importance of jute, the present experiment was planned to explore the
effect of Cu toxicity on the germination, seedling growth, biomass, antioxidant capacity, and Cu
uptake of different varieties of jute. Sufficient literature is available on the phytotoxicity of Cu in
Raphanus sativus, Brassica juncea, and Phyllostachys pubescens [8,15,20], but very few studies have been
conducted on jute to study its different morphological and physiological traits. Findings from the
present study will add to our understanding as to which varieties of jute can tolerate the toxic effects of
Cu when grown in Cu-contaminated soil. The results from this study will add to our knowledge about
(i) phytoremediation potential and (ii) the morpho-physiological traits and biochemical response of
different varieties of jute grown in Cu-contaminated soil.
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2. Materials and Methods

2.1. Growth Conditions and Experimental Treatment

The seeds of different jute varieties were collected from Bast and Fiber Research Center of Huazhong
Agricultural University, Hubei Province, China. The seeds of C-3, HongTieGuXuan, GuBaChangaJia,
and ShangHuoMa (which are types of white jute) were used for the Petri dish experiment, and 40 seeds
were planted in each Petri dish. Two filter papers (90 mm in diameter) were used in each Petri dish and
5 mL of 50 μmol L−1 Cu solution was added. Cu solutions were prepared with pure distilled water
using copper sulfate (CuSO4.5H2O) (99% purity). After quantification of Cu, as percent availability
in CuSO4.5H2O, 50 μmol L−1 doses of this compound were taken. Cu solution was applied every
alternate day for the prevention of fungal infection and other contamination [29]. After washing
carefully with distilled water, seeds were tested on filter paper (What-man No. 1). Seeds were surface
sterilized with 0.1% HgCl2 for the prevention of surface fungal/bacterial contamination [30]. The
experiment was conducted in March 2018 at Huazhong Agricultural University, Wuhan China, in a
growth chamber under white lights (100 W, Guangdong PHILIPS Co., Guangdong, China) with a
day/night temperature of 25 ± 2 ◦C and day/night humidity of 80%. The nutrient solution was provided
once in a week, replacing the Cu treatment for 24 h. The experiment was conducted in a complete
randomized design with nine replications for each treatment. The seed germination was recorded
at 4 days after sowing (DAS). The seeds were considered to have germinated when the shoots were
more than 2 mm [10], and plant height, plant fresh and dry weight, chlorophyll content, and different
antioxidants were analyzed at 14 DAS. Furthermore, the Cu concentration of roots and shoots were
also measured in this study. All chemicals used were of analytical grade, procured from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China).

2.2. Growth and Morphological Traits

Different morphological attributes were noted after the harvest of all plants. Plants in each
treatment were harvested and separated into roots and shoots for growth and morphology traits. Total
length was defined as the length of the plant from the surface growth medium line of the Petri dish to
the tip of the uppermost shoot. Total fresh weight was measured by measuring the weight of roots and
shoots with the help of a digital weighing balance. After that, plant samples were oven dried for 1 h at
105 ◦C, then 65 ◦C for 72 h until the weight become uniform and dry biomass was recorded. Roots
were washed with distilled water and dipped in 20 mM Na2EDTA for 15–20 min, washed thrice with
distilled water and finally with de-ionized water, and then oven dried for further analysis. Chlorophyll
contents were determined following the method of Arnon [31] and are expressed as mg g−1 FW.

2.3. Determination of Oxidative Stress

The method used to describe the concentration of lipid peroxidation was presented by Heath and
Packer [32] and expressed as μmoles g−1 FW.

For the estimation of H2O2 content, an H2O2 Assay Kit (Suzhou Comin Biotechnology Co., Ltd.)
was used.

The electrolyte leakage (EL) was measured according to the standard procedure of Dionisio-Sese
and Tobita [33].

2.4. Analysis of Antioxidant Enzyme Activities

The activity of SOD was measured by the method of Chen and Pan [34] and expressed in Ug−1 FW.
The activity of POD was measured by the method of Sakharov and Aridilla [35] and expressed in

Ug−1 FW.
The enzymatic activity of CAT was measured by the method of Aebi [36] and expressed in

Ug−1 FW.
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Ascorbate peroxidase activity was measured according to Nakano and Asada [37] and expressed
in Ug−1 FW.

2.5. Determination of Cu Concentration

The dried samples were ground into powdered form using stainless steel and 0.1 g of root and
shoot samples was taken for digestion in HNO3/HClO4 (4:1) solution. Final readings were taken from
an atomic absorption spectrophotometer (AAS) model Agilent 240 FS-AA [7].

Bioaccumulation factor (BAF) was measured as the proportion of Cu concentration in plant tissues
and Cu concentration in medium using the following formula:

BAF =
Cu concentration in plant tissues
Cu concentration in the medium

(1)

Translocation factor (TF) was evaluated as the proportion of Cu concentration in shoots with
respect to the roots:

TF =
Cu concentration in shoots

Cu concentration in the roots
(2)

2.6. Statistical Analysis

The data recorded were statistically analyzed using Statistix 8.1 (Analytical Software, Tallahassee,
FL, USA). Testing showed that all the data were approximately normally distributed. Thus, the
differences between treatments were determined using analysis of variance, and the least significant
difference test (p ≤ 0.05) was used for multiple comparisons between treatment means. Graphical
representation was carried out using SigmaPlot 12 and R studio.

3. Results

3.1. Effects of Cu Toxicity on Seed Germination, Growth, and Chlorophyll Content

Jute varieties showed various germination behaviors in response to Cu exposure (Table 1).
Germination rate ranging from 75–100% in different varieties of jute under Cu toxicity. Based
on the observations of seed germination, HongTieGuXuan and C-3 showed a better germination
rate than GuBaChangaJia and ShangHuoMa. Maximum germination percentage was observed in
HongTieGuXuan (100%) and C-3 (100%), followed by GuBaChangaJia (77.5%) and ShangHuoMa (75%)
under toxic concentrations of Cu in the medium.

Table 1. Effect of Cu stress on plant height (cm), plant fresh weight (g), plant dry weight (g), total
chlorophyll content (mg g−1 FW), and seed germination (%) in different varieties of jute.

Varieties Plant Height
Plant Fresh

Weight
Plant Dry

Weight
Total

Chlorophyll
Seed

Germination

HongTieGuXuan 3.72 ± 0.05 a 0.255 ± 0.05 b 0.103 ± 0.005 a 2.64 ± 0.09 a 100
C-3 3.73 ± 0.85 a 0.3 ± 0.01 a 0.100 ± 0.01 a 2.82 ± 0.03 a 100

GuBaChangaJia 0.87 ± 0.81 b 0.103 ± 0.003 c 0.045 ± 0.015 b 1.51 ± 0.03 b 77.5
ShangHuoMa 0.61 ± 0.13 b 0.105 ± 0.003 c 0.040 ± 0.02 b 1.47 ± 0.08 b 75

Values in the table are from one harvest ± SD (n = 5). Different letters within a column indicate significant difference
between the treatments (p < 0.05).

In the present study, growth in terms of plant height, plant fresh weight, and plant dry weight
was also measured in different varieties of jute when cultivated under high concentrations of Cu in the
medium. Results regarding growth and biomass of different varieties of jute are presented in Table 1.
Maximum plant height and fresh and dry biomass were observed in HongTieGuXuan and C-3 under
toxic levels of Cu in the medium. Moreover, the minimum plant height (0.61 ± 0.13), plant fresh weight
(0.101 ± 0.003), and plant dry weight (0.040 ± 0.02) was observed in ShangHuoMa, while maximum
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plant height (3.73 ± 0.85), plant fresh weight (0.30 ± 0.01), and plant dry weight (0.100 ± 0.01) were
observed in C-3 under toxic concentrations of Cu in the medium.

In the present study, total chlorophyll contents of the leaves of different varieties of jute are
presented in Table 1. Different chlorophyll contents were observed in different varieties to jute after
exposure of high concentrations of Cu in the medium. Maximum contents of chlorophyll were
observed in HongTieGuXuan and C-3. The maximum contents of chlorophyll were observed in C-3
(2.82 ± 0.03 mg g−1 FW) followed by HongTieGuXuan (2.64± 0.09 mg g−1 FW), while minimum contents
of chlorophyll were observed in ShangHuoMa (1.47 ± 0.08 mg g−1 FW) followed by GuBaChangaJia
(1.51 ± 0.03 mg g−1 FW).

3.2. Effect of Cu Toxicity on Oxidative Stress

In this study, the effects of Cu toxicity on different varieties of jute on malondialdehyde (MDA),
hydrogen peroxide (H2O2), and electrolyte leakage (EL) from the roots and shoots were also investigated
(Figure 1). Exposure of Cu concentration to different varieties of jute significantly increased the MDA,
H2O2, and EL in the roots and leaves of different varieties of jute (Figure 1). The contents of MDA, H2O2,
and EL were higher in the roots when compared to the above-ground parts of the plant. According to
the results, maximum contents of MDA (17.7 ± 0.8 μmoles g−1), H2O2 (539 ± 6 μmoles g−1), and EL
(70 ± 2%) were observed in the roots of ShangHuoMa. Similarly, in the shoots, the maximum contents
of MDA (11.9 ± 0.2 μmoles g−1), H2O2 (445 ± 5 μmoles g−1), and EL (56 ± 2%) were also observed in of
ShangHuoMa compared to other varieties of jute.

Figure 1. Effect of Cu stress on malondialdehyde (MDA) (a), H2O2 (b) and electrolyte leakage (EL) (c)
in different varieties of jute. Values in the figures represent just one harvest. Different letters within a
column indicate significant differences between the treatments (p < 0.05). Bars indicate the mean ± SD
(n = 3).

3.3. Effect of Cu Toxicity on Antioxidant Activities

In the present study, the antioxidants superoxidase dismutase (SOD), peroxidase (POD), catalase
(CAT), and ascorbate peroxidase (APX) were also investigated in different varieties of jute under toxic
concentrations of Cu in the medium (Figure 2). Activities of antioxidant were higher in GuBaChangaJia
and ShangHuoMa than in C-3 and HongTieGuXuan. The maximum activity of SOD (90 ± 1.4 U g−1

FW), POD (3400 ± 138 U g−1 FW), CAT (222 ± 5 U g−1 FW), and APX (441 ± 4 U g−1 FW) was observed
in the roots of ShangHuoMa. Similarly, in the shoots, the maximum activity of SOD (86 ± 1.4 U g−1

FW), POD (2920 ± 23 U g−1 FW), CAT (191 ± 3 U g−1 FW), and APX (375 ± 4 U g−1 FW) were also
observed in ShangHuoMa.
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Figure 2. Effect of Cu stress on superoxidase dismutase (SOD) (a), peroxidase (POD) (b), catalase (CAT)
(c), and ascorbate peroxidase (APX) (d) in different varieties of jute. Values in the figures represent just
one harvest. Different letters within a column indicate significant differences between the treatments
(p < 0.05). Bars indicate the mean ± SD (n = 3).

3.4. Cu Uptake and Bioaccumulation in the Roots and Shoots

In this study, the concentrations of Cu from different parts (roots and shoots) of jute varieties were
also determined under toxic concentrations of Cu in the medium. The concentrations of Cu in the
roots and shoots of different varieties of jute are presented in Table 2. These results suggested that Cu
concentration was higher in the varieties that exhibited significantly better growth than the varieties
that were more affected by Cu stress. The concentration of Cu in the roots ranged from 37 to 60 mg kg−1,
while in the shoots, Cu concentration ranged from 38 to 61 mg kg−1 (Table 2). The maximum Cu
was accumulated in the roots of C-3 (60 ± 0.8 mg kg−1), followed by HongTieGuXuan (56 ± 1.4 mg
kg−1) and GuBaChangaJia (40 ± 0.8 mg kg−1). Similarly, in the shoots, maximum Cu concentration
was accumulated in C-3 (61 ± 0.9 mg kg−1), followed by HongTieGuXuan (57 ± 1.1 mg kg−1) and
GuBaChangaJia (41 ± 0.6 mg kg−1).

Table 2. Accumulation of Cu in roots (mg kg−1) and shoots (mg kg−1) of different varieties of jute.

Varieties Cu Concentration in Roots Cu Concentration in Shoots

HongTieGuXuan 56 ± 1.4 b 57 ± 1.1 b
C-3 60 ± 0.8 a 61 ± 0.9 a

GuBaChangaJia 40 ± 0.8 c 41 ± 0.6 c
ShangHuoMa 37 ± 1 d 38 ± 0.9 d

Values in the table represent just one harvest (mean ± SD) (n =3). Different letters within a column indicate
significant differences between the treatments (p < 0.05). Relative radiance of plastic filter used: HongTieGuXuan,
C-3, GuBaChangaJia, and ShangHuoMa.
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In this study, bioaccumulation factor (BAF) and translocation factor (TF) were also calculated
(Figure 3). It was noticed that the values of BAF and TF of HongTieGuXuan and C-3 were greater than
1 while the values of BAF and TF of GuBaChangaJia and HongTieGuXuan were less than 1 (Figure 3).
The maximum BAF value was shown by C-3 in the roots (1.19) and shoots (1.20), compared to other
varieties of jute. Contrastingly, the minimum BAF value was shown by HongTieGuXuan in the roots
(0.74) and shoots (0.74), compared to other varieties of jute. Similarly, the maximum value of TF was
also shown by C-3 (1.01), followed by HongTieGuXuan (1.01) and GuBaChangaJia (0.99).

Figure 3. Effect of Cu stress on bioaccumulation factor (BAF) and translocation factor (TF) in different
varieties of jute.

3.5. Correlation between Growth, Biomass, Total Chlorophyll Content, and Cu Uptake

A Pearson’s correlation analysis was carried out to quantify the relationship between growth,
biomass, total chlorophyll content, and Cu uptake in the roots and shoots of different varieties of jute
(Figure 4). Cu concentration in the roots was positively correlated with Cu concentration in the shoots,
and also positively correlated with growth parameters and chlorophyll content. In the same way, Cu
concentration in the shoots was also strongly positively correlated with plant height, fresh and dry
biomass, and chlorophyll content. This correlation reflected the close connection between Cu uptake
and growth in different varieties of jute.

Figure 4. Correlation of Cu uptake, with growth parameters and total chlorophyll content. Cu R: Cu
concentration in the roots; Cu S: Cu concentration in the shoots; SL: shoot length; RL: root length;
TL: total length; PD: plant diameter; PFW: plant fresh weight; PDW: plant dry weight; and TC: total
chlorophyll content.

4. Discussions

In the last few decades, soil concentrations of Cu have surpassed toxic levels (>30 mg kg−1)
due to overpopulation and industrialization [5,6,15,38]. It has been observed that a reduction in
plant growth and biomass in a common response of plants to Cu stress [4,8,39]. For the successful
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production of jute when cultivated in the Cu-contaminated soil of China, development and selection of
tolerant varieties through screening is crucial. For better growth and development of jute for fiber
extraction and natural resources, it is necessary to cultivate the most suitable variety of jute [25,26].
However, the resistance or tolerance mechanism of a plant depend upon its specific physiological
and biochemical activities [14,40,41]. Therefore, a preliminary experiment was conducted to expose
Cu-sensitive varieties and Cu-resistant varieties to toxic concentrations of Cu in the medium.

The germination assay is a basic method to observe the effects of heavy metal stress on plant
seedlings. Moreover, seed germination is one of the most important biological parameters in the
life cycle of a plant [10,16,42,43]. Seed germination of different varieties of jute exhibited different
responses to exposure to Cu stress via the medium (Table 1). It was also noticed that HongTieGuXuan
and C-3 showed the maximum germination percentage, while GuBaChangaJia and ShangHuoMa
showed the minimum germination percentage, which might be due to high toxicity caused by the Cu in
the medium. Previously, it has also been suggested that germination percentage at seedling stage can
be affected by the phytotoxicity of Cu, which might be due to the accumulation of carbon partitioning
in the tissues of the plant [10,16]. Furthermore, the minimum germination rate in GuBaChangaJia
and ShangHuoMa might be due to water deficiency due to excess Cu in the medium inhibiting cell
expansion and reducing carbon assimilation [10,44]. These results coincided with Nizam et al. [42],
who found that high concentrations of As reduced the germination percentage of some varieties, while
others showed a better germination rate compared to the control.

High concentrations of Cu are extremely toxic for growth and biomass of plants. It was noticed
that dominant plants collected from Cu mining sites showed more resistance than normal plants [8,39].
In the present study, HongTieGuXuan and C-3 showed better growth in terms of plant height and
plant fresh and dry biomass compared to GuBaChangaJia and ShangHuoMa (Table 1). The poor
growth and composition in GuBaChangaJia and ShangHuoMa under high concentrations of Cu in the
medium can be attributed to insufficient uptake of nutrients, low availability of water, perturbed root
architecture, and poor stomata regulation of plant metabolic processes [45]. Furthermore, nutrient
acquisition, stimulation of the defense system (antioxidants), structural integrity of metabolites, and
considerable water use efficiency are positively associated with heavy metal stress tolerance in different
plant species [10,46,47]. Similar findings were shown by Uddin et al. [48] when they studied different
varieties of jute and noticed that different varieties exhibited different responses to exposure to high
concentrations of Pb in their soil.

Copper is a micronutrient that provides support to the shaping and function of chloroplasts in
plant cells [4], but excess Cu affects chloroplast structure and ultimately reduces the photosynthetic
pigment of the plants [49,50]. In the present study, excess Cu in the medium caused a drastic reduction
in chlorophyll content in Cu-sensitive varieties (Table 1). The reduction of chlorophyll content in
GuBaChangaJia and ShangHuoMa under toxic concentration of Cu in the medium might be due to the
inhibited activities of various enzymes associated with chlorophyll biosynthesis [11,50]. Furthermore,
the accumulation of Cu concentrations in the tissues of GuBaChangaJia and ShangHuoMa also caused
low chlorophyll content in the leaves of these jute varieties.

Heavy metal stress can alter the equilibrium of reactive oxygen species (ROS) production, which
promotes membrane lipid peroxidation and ROS accumulation, and disturbs the function and structure
of the cell membrane [20,23,39]. ROS have also been shown to play a role in ABA mediated root growth
in Arabidopsis [50,51]. Moreover, the generation of ROS under high concentrations of Cu in the soil is
enhanced by cuprous and cupric Cu ions, which induce oxidative damage in plant cells/tissues [9,18,52].
MDA is an oxidized product of membrane lipids and is supported by leakage of plasma membrane
and cell turgor loss [39,53]. The production of ROS in plant cells/tissues is very dangerous, and plants
have evolved special defense systems such as SOD, POD, CAT, and APX to scavenge ROS [7,8,14].
Plant responses to oxidative stress depend on the plant species and variety [47,54]. It was noticed that
Cu-sensitive (GuBaChangaJia and ShangHuoMa) varieties underwent high oxidative stress, as shown
by high contents of MDA, H2O2, and EL (Figure 1). Similar results were suggested by Khan et al. [47]:
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that tolerant varieties undergo less oxidative stress when compared to sensitive varieties. Furthermore,
it was also observed that to overcome oxidative stress, plants have a special defense system to scavenge
ROS generation (Figure 2). GuBaChangaJia and ShangHuoMa showed more antioxidant activity
than HongTieGuXuan and C-3, which might be due to more oxidative stress in these species. The
difference in antioxidant activities might be due to species-specific biochemical responses, as shown by
Akram et al. [45].

Metal accumulation in different parts of a plant depends upon plant species, growth stage,
fertilizer application, and growth conditions [4,7]. Based on tolerance mechanisms, plant species
can been divided into two types: (1) Metal excluders accumulate heavy metals from the substrate in
their roots, but restrict their transport and entry into their aerial parts; (2). Hyperaccumulators are
able to accumulate large amounts of metals in their above-ground parts rather than in belowground
parts [55]. Furthermore, bioaccumulation factor (BAF) and translocation factor (TF) are important in
screening hyperaccumulators for phytoremediation of heavy metals. Screening of hyperaccumulators
depends upon BAF and TF (both should be greater than 1) for evaluation and selection of plants
for phytoremediation [8,25,56–58]. In many previous studies, jute has been considered as a
hyperaccumulator species for different heavy metals; for example, Ahmed and Salima [25] studied
jute under different heavy metal exposures and noticed that is a hyperaccumulator for different heavy
metals including Cd, Cu, Cr, and Pb. Our results suggested that HongTieGuXuan and C-3 are able to
accumulate large amounts of Cu in their above-ground parts and can be considered hyperaccumulator
varieties, while GuBaChangaJia and ShangHuoMa are able to accumulate low Cu concentrations in
their above-ground parts and can be considered Cu-excluder species. Furthermore, the values of
BAF and TF of HongTieGuXuan and C-3 were greater than 1, while the values of BAF and TF for
GuBaChangaJia and ShangHuoMa were less than 1. Phytoremediation potential of different varieties
of jute has already been studied by Uddin et al. [48] under lead-contaminated soil, and it was found
the similar results that Pb-tolerant varieties were good hyperaccumulator species (showed values of
BAF and TF greater than 1) and were able to accumulate large amount of Pb in their above-ground
parts rather than in the below-ground parts of the plant.

5. Conclusions

Overall, Cu stress significantly decreased growth and development (seed germination, plant
height, fresh and dry biomass, chlorophyll content) in all varieties of jute, but Cu tolerance index was
higher in HongTieGuXuan and C-3 than in GuBaChangaJia and ShangHuoMa. However, jute has an
active antioxidative defense system to scavenge the ROS produced due to high concentrations of Cu
in the medium. The results suggested that HongTieGuXuan and C-3 are Cu-tolerant varieties, while
GuBaChangaJia and ShangHuoMa are Cu-sensitive varieties. Furthermore, the accumulation of Cu in
different parts (roots and shoots) of the plants also indicated that HongTieGuXuan and C-3 can be
considered Cu hyperaccumulator species, while GuBaChangaJia and ShangHuoMa can be considered
Cu excluder species. However, future research is needed to study the effects of Cu stress on different
varieties of jute for fiber extract in field areas.
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Abstract: Heavy metal tolerant plants have phytoremediation potential for the recovery of
contaminated soils, and the characterization of their metabolic adaptation processes is an important
starting point to elucidate their tolerance mechanisms at molecular, biochemical and physiological
levels. In this research, the effects of Cd and Pb on growth and protein carbonylation in tissues
of Paspalum fasciculatum exposed to 30 and 50 mg·Kg−1 Cd and Pb respectively were determined.
P. fasciculatum seedlings exposed to metals grew more than controls until 60 days of cultivation
and limited their oxidative effects to a reduced protein group. Carbonyl indexes in leaf and
root proteins reached a significant increase concerning their controls in plants exposed 30 days
to Cd and 60 days to Pb. From the combined approach of Western Blot with Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and protein analysis by Matrix Asisted
Laser Desorption/Ionisation-Time Of Flight (MALDI-TOF/TOF) mass spectrometry, chloroplastic
proteins were identified into the main oxidative stress-inducible proteins to Cd and Pb, such as
subunits α, γ of ATP synthetase, Chlorophyll CP26 binding protein, fructose-bisphosphate aldolase
and long-chain ribulose bisphosphate carboxylase (RuBisCO LSU). Cd generated damage in the
photosynthetic machinery of the leaves of P. fasciculatum into the first 30 days of treatment; five of
the oxidized proteins are involved in photosynthesis processes. Moreover, there was a proteolytic
fragmentation of the RuBisCO LSU. Results showed that intrinsic tolerance of P. fasciculatum to these
metals reached 60 days in our conditions, along with the bioaccumulating appreciable quantities of
metals in their roots.

Keywords: P. fasciculatum; heavy metals; tolerant plant; protein carbonylation; photosynthesis
proteins; mining soils

1. Introduction

Cadmium (Cd) and lead (Pb) are toxic elements, which at high concentrations have various effects
on the biochemistry, morphology and physiology of the plants. Lead toxicity in plants includes a
wide range of metabolic alterations, damage to biomolecules, changes in membrane permeability,
inhibition in activities of many enzymes, reduction in photosynthesis and transpiration and enhanced
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generation of reactive oxygen species (ROS) [1]. While oxidative stress induced by Cd can hinder
physiological processes such as photosynthesis and respiration by inhibition of defense antioxidants
systems [2,3], chlorophyll content reduction and decreases the activity of enzymes involved in CO2

fixation [4]. In leaves, its toxic effects include chlorosis, photosynthesis inhibition, structural and
functional damages of photosystem II, disturb of mineral nutrition, intracellular redox equilibrium
and water balance [2,5].

Oxidative stress promoted by Cd and Pb induces structural and functional alterations on target
proteins [6]; thus, for example, induction of modification in amino-acid side chains and the main
residues such as histidine, arginine and lysine, which are converted to aldehyde or keto groups [7].
The increase in the amount of these carbonyl groups per protein molecule is called protein carbonylation;
this damage is irreversible because the cells are incapable to repair changes in these proteins through
enzymatic reactions [7]. Carbonylation is frequently used as an oxidative stress biomarker, which is a
non-enzymatic post-translational modification. Heavy metals are indirect causes of oxidative stress in
plants, which is a direct cause of increased carbonylation of proteins; this has been observed in leaves
exposed at Cd of species like Arabidopsis thaliana [8].

Plants have a series of strategies for heavy metal detoxification, thus reducing the adverse effects
of exposure and their accumulation; this implies a complex response at molecular, biochemical,
physiological and cellular levels [9]. Recent advances in the comprehension of tolerance mechanisms
have been reached with proteomics, metabolomics and transcriptomics studies [10].

In particular, some species of genus Paspalum have been assayed by its potential in metals
remediation such as Cd and Pb, where they have shown moderate uptake capabilities [11]. Paspalum
species are distributed in tropical and subtropical regions of America, with few species in Africa
and Asia. The genus presents a greater species diversity in South American countries such as Brazil,
Paraguay, Uruguay, Colombia, and Argentina. In Colombia, 91 species of the genus Paspalum have
been recorded [12], of which more than 20 of these species are disseminated in the Colombian Caribbean
region [13], including those as Paspalum fasciculatum that grows in mining soils or flooded soils with a
high metal load.

P. fasciculatum Willd. ex Flüggé is a plant with phytoremediation potential, Cd-phytostabilizer
and Pb-phytoextractor that can bioaccumulate large amounts of Cd and Pb in the roots [14]; however,
toxic effects of these metals on its proteome are unknown. In order to gain insights into the effects and
strategies of tolerance in this plant, we used proteomics redox approaches to measure the oxidative
effects of Cd and Pb exposure during the growth of P. fasciculatum under controlled greenhouse
conditions. Thus, the carbonyl index was used as a biomarker to quantify the global oxidative damage
suffered by leaves and roots proteomes of P. fasciculatum grown in mining soils doped with Cd and Pb
along with its effects on biomass and accumulation patterns. Moreover, the carbonylated proteins in
the leaves were identified as oxidative stress targets by the action of Cd and Pb in mining soils, using
Western Blot analysis and tandem mass spectrometry.

2. Results

2.1. Plant Growth

P. fasciculatum seedlings were cultured in mining soils doped with Cd and Pb metals and growth
was monitored for 90 days and expressed in terms of biomass production (Figure 1), as was previously
reported [14]. It was observed that the plants in the first 60 days of growth, showed a more significant
growth than the plants in control soil (p ≤ 0.05). By contrast, at 90 days a significant reduction in
biomass in all organs (leaves, stem and roots) was recorded for plants exposed at TP50, and leaves of
TC30, compared with control plants (p ≤ 0.05). It was found that the growth behavior of the plants
examined in this study differs from that of the plants used in most studies of this type [15].

Plants of exposed groups suffered adverse effects on their biomass with evident symptoms of
necrosis, chlorosis in leaves and a decrease in thickness in the stem between 60 to 90 days of growth;
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indicating that these plants have a good tolerance to exposure to Cd and Pb, at least into the first
60 days of exposure. Toxic effects observed in leaves were higher in plants exposed to Pb than in those
exposed to Cd, which may be related to the high accumulation of Cd in the roots and the greatest
translocation of Pb (Table S1).

Figure 1. Amount of dry biomass in different tissues of Paspalum fasciculatum exposed to Cd and Pb in
mining soils. Treatments Pb50 = 50 mg kg−1 Pb, Cd30 = 30 mg kg−1 Cd, (n = 3). The letters are the
statistical significance (p < 0.05) between the control and treatments-Cd30 and Pb50.

2.2. Cd and Pb Concentrations in Plants

As was expected, bioaccumulation of Cd and Pb in the organs of P. fasciculatum increased with the
concentrations of these metals in the soil, following the order stems < leaves < roots (p ≤ 0.05) (Table 1).
During the first 30 days of both exposed groups, plant organs accumulated more metal than during the
subsequent 60 days of phytoremediation, with the exception of the roots in Pb50, which accumulated
more Pb at 90 days. This could be interpreted as a dilution of the metals in the plant, due to significant
growth concerning the control observed in some organs at 60 days.

In terms of uptake, P. fasciculatum showed a larger capacity to bioaccumulate Cd than Pb; its
capacity to accumulate Cd in the roots is remarkable. However, this uptake is not continuous during
the 90 days of exposure (except in roots of Pb50), which indicates that this species can be used to
phytoremediation during short periods of time (no more than 2 or 3 months)
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Table 1. The concentration of Cd and Pb (mg kg−1) in the organs of P. fasciculatum grown in doped
mining soils.

Treatments
Plant

Tissue

Cd30 (mg kg−1) Pb50 (mg kg−1)

30 Days 60 Days 90 Days 30 Days 60 Days 90 Days

Roots 190.5 ± 8 a 107.1 ± 22.7 a 130.8 ± 22.7 a 36.7 ± 6.9 a 20.8 ± 2.2 a 45.7 ± 1.9 a

Stems 23.2 ± 3.8 a 12.7 ± 3.67 a 7.6 ± 0.7 a 5.4 ± 0.6 a 1.1 ± 0.02 a 3.5 ± 0.1 a

Leaves 27.6 ± 5.6 a 16.4 ± 7.7 a 16.1 ± 0.74 a 4.8 ± 2.6 a 1.3 ± 0.71 a 2.9 ± 0.3 a

Control
Roots 2.7 ± 0.5 b 3.0 ± 0.4 b 2.1 ± 0.1 b 0.6 ± 0.4 b 1.2 ± 0.05 b 0.9 ± 0.7 b

Stems 0.6 ± 0.5 b 0.5 ± 0.02 b 0.9 ± 0.2 b ND b ND a ND b

Leaves 1.4 ± 1.1 b 1.2 ± 0.2 b 1.3 ± 0.2 b ND b ND a ND b

The letters are the statistical significance (p < 0.05) between the control and treatments-Cd30 and Pb50 in three
periods of time. ND = not detectable, (n = 3).

2.3. Leaves and Roots Proteins Extract Obtained

Trichlorocaetic acid(TCA)-acetone precipitation protocol [16] was used to obtain proteins from the
leaves and roots of P. fasciculatum. Based on previous studies in P. fasciculatum, samples from the
Cd30 and Pb50 treatments with 30, 60 and 90 days of exposure, were chosen because of the significant
differences observed in biomass yielding in regard to corresponding controls. Protein extracts were
used in each treatment to determine the carbonyl indexes and protein carbonylation patterns. Yielding
extracts of leaves and root proteins were in the range of 0.3 to 1.0 and 0.05 to 0.6 μg/μL in TC30,
respectively. For Pb50 were 0.3–1.1 μg/μL, while in controls values were between 0.60 to 1.55 and 0.08
to 0.8 μg/μL. Yielding is condensed in the supplementary material (Table S2).

2.4. Oxidative Damage Induced by Cd and Pb in the Protein of P. fasciculatum

The determination of carbonyl indexes was carried out by building calibration curves with a
standard protein of BSA and its linearity was evaluated. Figure 2 shows the dot blot membrane obtained.

Figure 2. Curve of BSA for determination of carbonyl indexes employed Dot Blot assay. 200 ng of
derivatized Bovine Serum Albumin (BSA) marked with 2,4-Dinitrophenylhydrazine (DNPH) were
spotted by triplicate using Polyvinylidene fluoride (PVDF) membranes. Two curves were analyzed on
two different days. The curves show linearity in the interval of the carbonyl index between 1.5 and
22.5 nmol of carbonyl/mg protein (R2 > 0.99).

Carbonyl indexes were determined for proteins of roots and leaves of P. fasciculatum using the dot
blots shown in Figure S1 and its values are listed in Table 2. In general, it was observed an increase
of protein carbonylation on roots and leaves proteomes in all samples analyzed from plants exposed
to Cd and Pb (Figure 3). In particular, roots and leaves of the Cd30 treatment showed the greatest
differences in oxidative damage at proteins, due to the carbonyl indexes values that increased 4.7 and
9.9 folds compared to the control, respectively. These results are congruent with the highest values of
Cd absorption reached during growing experiments. For Pb50 treatment, oxidative damage in leaves
was larger as the exposure time elapsed, which was coincident with the progressive biomass reduction
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observed. The relative increase in the carbonyl indexes for organs at the different treatments are listed
in Table S3.

Table 2. Protein carbonyl indexes of Paspalum fasciculatum Willd (Ex Flugue) (Poaceae) organs.

Days
Carbonyl Index of Protein Exposed to Cd30 Carbonyl Index of Protein Exposed to Pb50

Roots Leaves Leaves

Control Cd30 Control Cd30 Control Pb50

30 0.6 ± 0.2 2.9 ± 0.3 0.3 ± 0.2 3.2 ± 0.6 ND 1.4 ± 0.5

60 0.7 ± 0.5 2.08 ± 0.1 1.2 ± 0.4 2.8 ± 0.6 0.5 ± 0.01 1.5 ± 0.8

90 1.6 ± 0.9 3.1 ± 0.8 ND 0.5 ± 0.04 1.4 ± 0.8 2.9 ± 0.5

C.I. calculated are expressed as means ± SD (n = 3). Treatments Pb50 = 50 mg kg−1 Pb, Cd30 = 30 mg kg−1 Cd; ND:
non-determinate. Cd: cadmium. Pb: lead.

Figure 3. Carbonyl indexes in roots and leaves proteins of P. fasciculatum exposed to Cd and Pb at
dissimilar days. (a) Evidence variation of C.I [means ± Standard Desviation (SD)] for each control, roots
and leaves in exposition assays to 30 mg kg−1 Cd and leaves exposed to 50 mg kg−1 Pb. (b) Relation
increase of C.I values for samples exposed to Cd and Pb/Control.

2.5. Carbonylation Patterns of Roots and Leaves Proteins of P. fasciculatum Exposed to Cd and Pb

The qualitative pattern of carbonylated proteins was obtained for roots and leaves of P. fasciculatum
exposed to metals, in all conditions assayed. In fact, protein carbonylated bands were not detected by
the anti-DNPH antibody for the controls in experimental conditions. By contrast, carbonylated bands
were detected as an effect of its exposition to Cd and Pb, which were notorious in roots and leaves
exposed to Cd and leaves in contact with Pb (Figure 4), confirming the obtained by Dot blot assay.
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Figure 4. Carbonylation patterns in samples of P. fasciculatum exposed to Cd and Pb. (a) Protein profiles
obtained for roots of P. fasciculatum exposed to 30 mg kg−1 Cd for 30 days: electrophoregram of Blotting
of Coomassie Blue (CBB) stained proteins on SDS-PAGE (1), oxyblots for 30 days’ control (2) and
exposed samples (3). (b) Protein profiles obtained for leaves P. fasciculatum exposed to 50 mg kg−1 Pb
during 60 days: electrophoregram of CBB stained proteins on SDS-PAGE (4), Oxyblots for 60 days’
control (5) and exposed samples (6). (c) Densitograms with the intensity of the chemiluminescent signal
for each carbonylated protein band obtained in oxyblots.

2.6. Identification of Proteins in Carbonylated Bands

To identify potentially carbonylated proteins as a consequence of Cd and Pb exposition, profiles of
oxidized proteins obtained by Western blot were matched with SDS-PAGE electrophoregrams. For this,
leaves protein extracts of Cd30 and Pb50 treatments exposed for 30 days and 60 days were chosen,
respectively, because they showed the largest carbonyl indexes (Figure 4).

Qualitative analysis of the oxyblots obtained exhibited intense and wide protein carbonylated
bands in the proteome of P. fasciculatum exposed to Cd and Pb. These results are consistent with the
observations made in the dot blot assay. Preparative duplicates of SDS-PAGE were matched against
oxyblots to identify carbonylated protein bands (Figure 5). Thus, seven protein bands were removed,
which were digested with trypsin and subsequently analyzed with a MALDI-TOF-TOF spectrometer.
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Figure 5. Carbonylated proteins profiles in leaves of P. fasciculatum. (A) and (C). Protein leaves of
P. fasciculatum exposed Cd and Pb, electrophoresed at gel polyacrylamide staining with Coomassie
brilliant blue. (B) and (D). Oxyblots of protein roots and leaves of P. fasciculatum exposed Cd and Pb.

Band 5, sited around 25 KDa, was common for Cd30 and Pb50, while bands 1 to 4 and 6 were only
observed in TC30. A total of five proteins were identified and classified according to their function,
thus: 2 ATP synthase subunit, Chlorophyll a-b binding protein, Fructose-bisphosphate aldolase, the
Ribulose bisphosphate carboxylase large chain (RuBisCO LSU) and four fragments or subunits of this
same protein were identified. Proteins identified are listed in Table 3 along with their accession number,
mass (kDa), isoelectric point, score, submitted name, encoded on and biological process (annotated in
Uniprot-Swissprot database). The proteins identified as targets of oxidative damage due to exposure
to Cd and Pb are found in proteins mostly accumulated in this species due to the stress by these metals;
it has been observed that these proteins are also major targets of adverse effects according to other
similar research [3,17–19].

Furthermore, Fructose-bisphosphate aldolase and ATP synthase subunit gamma were identified
in carbonylated protein bands by Cd30 and Pb50 (bands 5). Fructose-bisphosphate aldolase allosteric
enzyme which plays a key role in glycolysis and gluconeogenesis. While ATP synthase subunit gamma
has an essential role both in regulating the activity of ATPase and in the currents of protons across
of the CF0 complex in the chloroplast thylakoid membrane. In the case protein bands that exhibited
oxidative damage, only in treatment-Cd30 were all subunits of RuBisCO identified, which catalyzes the
carboxylation of D-ribulose 1, 5-bisphosphate. This step is important for CO2 fixation and oxidative
fragmentation of the pentose substrate in the photorespiration process. ATP synthase subunit alpha
and beta, produces ATP from ADP in the presence of a proton gradient across the membrane, the
alpha chain is a regulatory subunit and the beta subunits are hosted primarily in the catalytic sites.
Chlorophyll a-b binding protein 1, 2, 8 and CP26, light-harvesting complex (LHC), playan important
role in the reception of light, apprehension and delivery of excitation energy to photosystems, with
which it has a direct relationship.
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3. Discussion

Paspalum genus count with evidence of tolerance to heavy metals for some species such as
P. dischum and P. vaginatum. For the first one, an exclusion strategy that restricts the translocation of
the metals to the aerial parts has been proposed, favoring their accumulation in roots, but decreasing
the availability in the soil [20]. This phytostabilizing mechanism allows it to grow well in tailings
sites contaminated with Cu, Pb and Zn; hence, it has been proposed as a promising species for the
repopulation of wastelands contaminated with these metals [21]. For the second one, Cd-tolerance genes
have been described which could be related to the regulation of pathways involved in the synthesis of
phytochelatins, heat shock factor transcription (HSFA4), protection against stress, cytochrome P450
complex (CYP450) and sugar metabolism [22].

For P. fasciculatum, we previously measured its capabilities to change the bioavailability of Cd and
Pb in doped mining soils with these metals, its growth and development in these soils contaminated
and the metals bioaccumulation in their tissues [14]. As a result, P. fasciclulatum is a heavy metal tolerant
plant that grows in mining, flooded and dry soils, which can bioaccumulate significant amounts of Cd
and Pb and increases the content of organic matter and the pH in the rhizosphere. Therefore, it can
improve the quality of the soil, aiding the revegetation and colonization of other plants in such a way
that it can have a significant ecological effect on the soil [14].

To deepen the physiological and biochemical aspects of the metal tolerance for this species;, in this
study, we evaluated the effects of exposure to high concentrations of Cd and Pb on the development
and oxidative damage on the proteome of different organs of P. fasciculatum. Aspects such as the
growth behavior, absorption of metals in tissues and the values for carbonyl index ratios by exposure
to Cd and Pb in P. fasciculatum (Table 2) showed differential characteristics into the time period of
tolerance of the plant (30 and 60 days). The results obtained showed that the plant limited the oxidative
effects to a small group of major proteins, which could be associated with the translocations of metals
to the shoots where Cd and Pb induced the carbonylation of important proteins of photosynthesis,
energy production, glycolysis and gluconeogenesis (Table 3).

This implies the presence of adverse effects in the energy processes, the balance of sugars,
a decrease of chlorophyll and photosynthesis. Nonetheless, plants grew even more than controls up
to 60 days, due maybe to the intrinsic tolerance of this plant. These plants demonstrated a marked
tendency to store larger amounts of heavy metals in their roots, especially Cd. Pb presented a little
more translocation to shoots, thus avoiding more severe damage to photosynthetic organs. Therefore,
the mechanism of tolerance of P. fasciculatum would imply a decrease in the concentration of Cd and
Pb in the cytoplasm.

In similar stress conditions, the synthesis of glutathione and/or phytochelatins [22–24], followed
by compartmentalization and sequestration of metals in vacuoles, have been described along with the
activation of the protective antioxidant systems [25,26].

In leaves of P. fasciculatum, proteins of photosynthesis were identified as the main target of the
oxidative damage induced by Cd and Pb. This has been observed by other authors, who employed a
diversity of abiotic stressors, including heavy metals [17,27]. Thereby, oxidative damage induced that
heavy metals could force the cell to strengthen its tolerance mechanisms at the cost of growth [17],
as observed in our experiment in the last 90 days. Once the tolerance period is exceeded, eventually
the cells could slip into early irreversible senescence, as it was observed in the heavy metal-treated
Medicago sativa [23], Brassica rapa [28] and Nicotiana tabacum [29]. It has been described that heavy
metal effects can be reflected in the carboxylation phase of photosynthesis, mainly on enzymes of
CO2 fixation, as RuBisCO [30]. In fact, ribulose bisphosphate of P. fasciculatum was identified in
different protein carbonylated bands, showing similar behavior to RuBisCO of rice leaves exposed
to metal stress, which increased the number of proteolytic fragments in protein electrophoresis as a
consequence of the oxidative damage induced by the metals [31]. Furthermore, proteomics studies have
observed that the Cd drastically reduced the amounts of RuBisCO LSU in SDS-PAGE by displacing
the magnesium cofactor from its structure [19,31]. Mg+2 ion is the most important co-factor in
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carboxylation reactions catalyzed by photosynthetic enzymes as ribulose 1,5 bisphosphate carboxylase
and phosphoenolpyruvate carboxylase and its removal inhibit their activity [3].

Likewise, in this study, other proteins affected by oxidative stress were chlorophyll (Chl) a/b binding
proteins, which showed oxidative damage with Cd30 at 30 days of exposure. The light-harvesting
chlorophyll a/b-binding (LHCB) proteins, are proteins with an important structural and functional
role in the process of photosynthesis, it is part of the light-harvesting complex of photosystem II
(PSII), which is always attached with chlorophyll A and B, and xanthophyll, thus forming the antenna
complex [32]. These proteins are an important structural piece of the major light-harvesting complex,
it is the membrane protein with greater distribution by a large number of plants on the planet [33].
Experimental studies show that Pb-stress is a potential inhibitor in the activity of PS II and I; being the
sensitivity to Pb-stress greater in PSII than that of PSI [27]. In addition, this produces suppression of
Chl biosynthesis, causing a decrease in pigment content and adverse effects on the fluorescence of
Chl [27].

As a consequence, Cd showed greater alterations on light-harvesting chlorophyll a/b protein
complex II, which causes adverse effects in the process of photosynthesis by decreasing PSII activity.
This in turn causes an inhibition of quantum yield and electron transport, thus, negatively affecting the
photo-assimilatory pathways, such as CO2 fixation, for alterations in enzymes such as RuBisCO [34].
Some studies conducted in spinach have shown differential accumulation of light-harvesting complex I
and II (LHCI and LHCII) proteins in processes of adaptation to stress-by heavy metals [35]. Therefore,
Cd and Pb are indirect causes of ROS, which have the capacity to produce structural and organizational
damage to the lipids of the thylakoid membrane, creating an alteration in the organization of the
structure of granum stacks and chloroplast ultrastructure [34,36]. Some studies indicate that PSI
photoinhibition is produced by both oxygen radical (O2−) and singlet oxygen (1O*2) generated inside
the thylakoid membranes; Cd and Pb causes decrease in a size and number of grana stacks, which
increases the generation of ROS within the cells, directly influencing the alteration of the activity of
antioxidant enzymes, and therefore altering multiproteic complexes such as PSI, PSII and ATPase in
the thylakoid membrane [18,37]. Again, these toxic effects are resisted by the P. fasciculatum during the
tolerance period.

On the other hand, it has been demonstrated that the CF1 CF0-ATP synthase (F1F0) is an important
enzyme in the synthesis of ATP, starting from ADP; this protein has a crucial role in the production
of energy in the cell. Structurally, it is composed of an integral membrane protein (CF0) and another
component exposed to the stroma (CF1); the latter is made up of several subunits, α3β3γ1δ1ε1 [38,39].
In this research, several subunits of the ATP synthase showed oxidative damage, in Cd30 α and γ.
In Pb50 only the γ subunit showed oxidative damage, which shows an effect of Cd and Pb in the
alteration of energy production processes at the level of the chloroplast. Studies have shown that some
ROS alter the structural components of ATP synthase, the peroxide hydrogen (H2O2) produces adverse
effects on α and β-subunits; 1O*2 in the γ-subunit, also decreases critically the hydrolysis of ATP and
the flow of protons [40,41].

Obtaining energy is an important physiological factor in all forms of life; therefore, glycolysis
and gluconeogenesis are important biochemical processes in the development of organisms,
including plants. Oxidative stress generated for both Cd30 and Pb50, oxidative damage in
fructose-1,6-bisphosphate aldolase, which has a crucial role in energy metabolism, because it catalyzes
rupture ofβ-fructose-1,6-phosphate to glyceraldehyde-3-phosphate and dihydroxyacetone in glycolysis,
the process is reversed in gluconeogenesis [40]. There are reports of the adverse effects of Cd on
fructose-1,6-bisphosphate aldolase enzyme activity [42]. This adverse effect of heavy metals on
the important proteins of photosynthesis and energy metabolism has been observed as intolerant,
hyperaccumulating and phytoremediating in plants [25,29].

Finally, our results show that P. fasciculatum has an intrinsic tolerance to the presence of Cd and
Pb. In this, the intense oxidation induced by metals is limited to a group of major proteins in the
first 30 days of exposure. This event perhaps activates cellular responses of the tolerance mechanism
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that attenuates oxidative damage and allows the plant to grow up to 60 days under the conditions of
adverse cultures used.

Whereas the carbonylated proteins identified by oxidative damage in this study were those with
the highest accumulation, as observed by gel electrophoresis; its carbonylation could be part of the
cellular responses involved in the mechanisms of tolerance to stress by Cd and Pb in the leaves of
P. fasciculatum.

4. Materials and Methods

4.1. Sampling and Preparation of Soils and Growing Conditions of the Plants

The soil samples (50 Kg) were taken 30 cm from the surface at the tailings of the gold mine
“El Alacrán”, located in the northwest of Colombia, between coordinates 7◦44′29.01′′ North and
75◦44′10.8′′ West, in the municipality of Puerto Libertador (Córdoba). Soils were stored in labeled
polyethylene bags, transported to the laboratory, dried at 40 ◦C and sieved. Cd and Pb content was
determined by atomic absorption spectroscopy (see below) and listed in Table 4, three samples were
taken for each treatment. Next, three experimental groups were established. Two exposed groups,
Cd30 and Pb50, corresponding to plants grown in mine soil samples doped with enough CdCl2 and
PbSO4 solutions in order to prepare individual samples with 30 and 50 mg of Cd and Pb per kg of
soil, respectively. Whereas a third group corresponding to plants in mine soils without doping was
used as control. Cd and Pb concentrations were chosen considering the designation of unpolluted
Colombian soil, which is 0.012 and 0.008 mg kg−1 of Cd and Pb, respectively [43]. Worldwide, these
concentrations are 27 mg kg−1 Cd and 0.41 mg kg−1 Pb [44], and in countries such as the USA and
Sweden, the permitted limit of heavy metal concentration in soil is 15 and 40 mg kg−1 Pb; 1.4 and
0.4 mg kg−1 Cd, respectively [45].

Table 4. Physical and chemical characteristics of the soil from “El Alacrán” gold mine.

Soil Properties

Properties of Bioavailability Texture Metals

pH 3.67 ± 0.03 Sand (%) 27.5 ± 0.03 Cd (mg kg−1) 7.27 ± 0.1

OM (%) 1.54 ± 0.09 Clay (%) 4.4 ± 0.09 Pb (mg kg−1) 2.72 ± 0.4

CEC 13.1 ± 0.01 Silt (%) 68.1 ± 0.06
1 OM (%) = Organic matter percentage; CEC = cation exchange capacity.

P. fasciculatum plants from soils free of Cd and Pb were cut, its taxonomic determination was
carried out in the herbarium of the University of Cordoba (code HUC-8132). For the processing in
the laboratory, establishment, growth conditions and monitoring of plants in doped soils and control
in greenhouse conditions, we rely on what is supported by Salas-Moreno and Marrugo-Negrete [14].
To determine the amount of biomass generated (g), metal concentrations in the soil and plant organs
(leaf, stem and root) were measured at three growth periods (30, 60 and 90 days).

4.2. Analysis of Plants and Soil Samples

Soil and plant samples were taken once a month to measure the concentrations of Cd and Pb.
Organs of the plants were subjected to washing with sterile water, then they were stored in paper bags
in an oven for several days at 40 ◦C. After that, the produced biomass was determined by weighing the
exposed and control samples using an OHAUS Adventurer digital balance. For the evaluation of the
symptoms of toxicity in plants such as necrosis and chlorosis, we rely on periodic observations every
day, we also calculate the length and thickness of the stem every week, as well as the number of fallen
leaves or with symptoms of toxicity.

For measurements of Cd and Pb concentrations in plant tissues (three samples were taken per
organ of each biological replica, in each repetition), 0.5 g of plant material (dry weight) was taken, then
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digested with a mixture of 5 mL/2 mL of HNO3/H2O2 in a microwave [46]. In the same way, 0.5 g of
soil (dry weight) was subjected to microwave digestion using 10 mL of 65% HNO3 solution according
to EPA method 3051A [47]. In this process, a Milestone ETHOS TOUCH 127697 series microwave oven
was carried out. The total measurements of Cd and Pb were determined by graphical oven atomic
absorption spectroscopy (GF-AAS) using a Thermo Scientific iCE 3000 series analyzer. For the analytical
control, certified materials were used for plants and soils (lichen: IAEA-336, 0.117 mg Cd kg−1 and
4.9 mg Pb kg−1 and soil/sediment: CRM008-050, 0.82 mg Cd kg−1 and 95.3 mg Pb kg−1).

The pipette method was used to establish the soil texture, and the texture triangle was used to
establish the soil type. Cation exchange capacity (CEC) was determined by establishing the total
number of removable cations (Ca2+ Mg2+ K+ Na+ Fe3+ Al3+ Mn4+), which were extracted with 1.0
ammonium acetate. Organic matter content (% OM) was established as the resulting sample quantity
(measured from the weight of a sample), after a calcination loss of 2.0 g of soil at 450 ◦C for 4 h [48],
while pH was determined with a WTW 330i pH meter (Table 4). All measurements were performed on
three soil samples per treatment group.

4.3. Protein Extraction of Roots and Leaves from P. fasciculatum

Protein extraction from roots and leaves samples were obtained for control and exposed plants
Cd30 and Pb50 at 30, 60 and 90 days of growth (Figure 6), in total 27 samples were analyzed by each
repetition, three samples for exposure time in each organ. Organ samples were rinsed with distilled
water, dried with blotting paper and cut into small pieces using a clean scissor. Samples were weighed
and ground to a fine powder in liquid nitrogen using pestle and mortar [16]. 500 mg of tissue powder
was macerated at 4 ◦C for 1 h with 2 mL of solution 10% w/v TCA in acetone supplemented with 0.07%
of 2-mercaptoethanol/protease inhibitor cocktail mini-complete (Roche, BSL, Switzerland). Pellets were
recovered by centrifuging (9000× g for 10 min at 4 ◦C) and washed twice with one ml of ice-cold (−20 ◦C)
acetone containing 0.07%, 2-mercaptoethanol/protease inhibitor cocktail mini-complete. Pellets were
dried at 40 ◦C for 10 min. Finally, proteins were extracted in 200 μL buffer lysis (5M urea/2M thiourea/1%
triton-x100/50 mM Tris-HCl, pH 8.8 and 1% DTT/protease inhibitor cocktail mini-complete), vortexing
for five minutes and incubated during 4 ◦C for 1 h. Supernatants were recovered by centrifuging
at 10,000× g for 10 min at 4 ◦C. To quantify the extracted proteins, the Quick Start Bradford assay
microplate (Bio-Rad, Hercules, CA, USA) was used, by generating a standard curve from BSA [49].

Figure 6. Seedlings of P. fasciculatum in a greenhouse under to Cd and Pb-stress for 90 days. Treatments:
Cd30 = 30 mg kg−1; Pb50 = 50 mg kg−1.
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4.4. Measurement of Carbonyl Index

Irreversible oxidative damage on roots and leaves proteins of P. fasciculatum was quantified by
Dot blot immunoassays proposed by Wehr and Levine [50], 27 samples were analyzed by repetition.
To determine this, a calibration curve was built using BSA with a variety of carbonyl index values
following strictly the procedure of Contreras-Puentes [51]. We prepared a solution of 2 mg/mL BSA,
which was subjected to oxidation with 10 mM FeSO4 for 2h at 37 ◦C. A part of the initial BSA solution
was stored to establish the basal carbonyl index value. Subsequently, the basal and oxidized solutions
were derivatized with 10 mM DNPH in 0.5 M phosphoric acid, and then they were incubated for 10 min.
Then, these solutions were made alkaline with 6M NaOH, incubated for 10 min and read at 450 nm [52].
The molar absorption coefficient of 22308 M-1 cm−1 of DNPH was determined to calculate the nmol
of carbonyl/mg of protein. Stoichiometric mixing of BSA basal with BSA oxidized was performed to
obtain several points on the calibration curve. Protein freshly solutions (1 mg/mL) of P. fasciculatum
roots and leaves from treatments and control samples, were derivatized with the DNPH probe (10 mM
DNPH and 2 M HCl) [53]. Derivatized BSA and samples were spotted by triplicate on PVDF membrane
(Immun-Blot® PVDF Membrane for Protein Blotting. Cat. #162-0177) and the membrane was immersed
in a solution of Phosphate Buffered Saline (PBS) (5% skimmed milk powder dissolved in phosphate
buffered saline) for 2 h at room temperature. Afterwards, they were incubated with rabbit polyclonal
anti-DNPH antibody 1:10.000 (Sigma, St Louis, USA) in PBS–Tween-20 0.05% and milk 5%, for 2 h at
room temperature with constant mixing movement. Then, the membranes were subjected to washing
and incubation with peroxidase linked anti-rabbit IgG antibody at 1:10,000 (Amersham Bio sciences;
1h at room temperature). Chemiluminescence signals were developed using the Western maxTM
rabbit IgG detection kit from Amresco and captured in a ChemiDoc System (Bio-Rad, Hercules, CA,
USA). The intensity of each analyzed point was calculated through optical densitometry with Image
Lab software (Bio-Rad, Hercules, CA, USA). To preserve similar measurements in the quantitative
analysis, an area of 11.0 mm2 was determined for each protein point and the intensity measurement
was organized in a matrix table in Microsoft Excel version 2013.

4.5. Identification of Proteins in Carbonylated Bands

Protein identification in carbonylated bands was only performed on leaves of exposed samples
(Cd30 and Pb50) and control at 30 and 60-days of growth (three samples of protein bands for each
treatment) because of the greatest differences in carbonyls indexes values between groups were found
at these times. The use of proteomics techniques such as SDS-PAGE, Western blot and Tandem Mass
Spectrometry were necessary for this investigation. In this way, DNPH-derivatized leaves proteins were
electrophoresed by duplicate in 10% acrylamide/bisacrylamide gels. One of the gels was transferred to
a PVDF membrane semi-dry for 30 min with a Trans-Blot turbo instrument (Bio-Rad, Hercules, CA,
USA). Once the membrane was transferred, it was blocked and subjected to an incubation process
with polyclonal anti-DNPH antibody, and immediately revealed by chemiluminescence, as described
above [51,54]. On the other hand, the second gel was subjected to fixation in methanol 50%: 2%
phosphoric acid solution and visualization of the separated proteins, which was performed by staining
with Coomassie Blue Brilliant G-250. Finally, using a ChemiDoc system, immunoblot images and
stained gel were visualized; in this way, the oxidized protein bands were compared and selected.

Protein bands that were chosen for the analysis were in-gel reduced, alkylated and digested
with trypsin, as described in [55]. In summary, the stains were washed twice with water, reduced for
15 min with 100% acetonitrile (ACN) and dried in a Savant Speed Vac for 30 min. Afterwards, the
samples were reduced with 10 mM DTT in 25 mM NH4 HCO3 (ammonium bicarbonate) for 30 min at
56 ◦C and then alkylated with 55 mM iodoacetamide in 25 mM NH4 HCO3 during 15 min in the dark.
Samples were subjected to digestion with 12.5 ng/μL trypsin (sequencing grade, Roche Molecular
Biochemicals) in 25 mM NH4HCO3 (pH 8.5) overnight to 37 ◦C. Finished digestion, 1 μL was spotted
onto a MALDI target plate and allowed to air dry at room temperature. Then, 0.4 μL of a 3 mg/mL of
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the α-cyano-4-hydroxy-cinnamic acid matrix (Sigma, St Louis, USA) in 50% ACN was supplemented
to the dried peptide digest spots and allowed again to air-dry at room temperature.

For MALDI-TOF/TOF, samples were analysed using an Analyzer MALDI-TOF/TOF/MS (4800 Plus
Proteomics) (Applied Biosystems, MDS Sciex, Toronto, Canada), The spectrometer was operated in
positive mode, the voltage acceleration used in this spectrometry was of 20 kV. All mass spectra were
internally calibrated using peptides from the autodigestion of trypsin (m/z = 842.509 and 2211.104)
and the peptides observed with a signal-to-noise greater than 10 were collated and represented as a list
of monoisotopic molecular weights.

Through MS/MS sequencing analysis, the proteins identified by peptide mass fingerprints were
processed. Taking into account the MS expectros, the most abundant precursors were chosen to
undergo MS/MS analysis with collision-induced dissociation (CID) on (atmospheric gas was used)
operated in 1 kV positive ion reflector mode and precursor mass windows ± 4 Da. The analysis
and processing of the spectra were carried out based on the optimization of the plate model and
default calibration.

The protein identification process was carried out with the help of databases, a search of each
spectrum was performed in MASCOT engine v. 2.6. of the NCBI nr-database (Viridiplantae) (date
23_2018), carried out by Global Protein Server software v.3.6 from ABSciex. The parameters taken into
account for the identification of proteins were the following: the modifications fixe, carbamidomethyl
cysteine; the modifications variable, oxidized methionine.; peptide mass tolerance: 50 ppm for PMF, or
80−100 ppm for MS/MS or combined searches; 1 missed trypsin cleavage site; peptide charge state:
+1; and MS/MS fragments tolerance: 0.3 Da. During the identification process, all proteins presented
probability scores greater than the score set by MASCOT as significant (p-value < 0.05).

4.6. Statistical Analysis

The statistical analysis applied was completely random factorial, the results are presented in the
experimental unit as the mean ± the standard deviation of the triplicate determinations of accumulated
biomass, metals concentrations and Dot Blot assays. For data on heavy metals concentrations in the
plant, organs were assessing normality using the Shapiro-Wilk test and homogeneity of variance using
the Bartlett test. Later, the data were subjected to the ANOVA test, and the means comparisons were
made when it was necessary using the Bonferroni tests. Statistical software GraphPad PRISM version
6.0c was used for all analyzes. A level of significance of 0.05 was selected. The significant differences
between experimental groups were performed by analysis of variance in GraphPad PRISM 6.01, or
between two groups by Tukey Test. Dot blot assay was triplicated.

5. Conclusions

P. fasciculatum demonstrated a tolerance capacity to stress by Cd and Pb during the process of
phytoremediation in doped mining soils; this plant developed a defense mechanism reducing the
concentration of metals in the cytoplasm and photosynthetic tissues and bioaccumulating almost
exclusively on their roots. Good tolerance was limited in time at 60 days. The oxidative stress induced
by Cd and Pb caused an increase in the carbonylation of proteins in leaves and roots of P. fasciculatum
in treatments TC30 and TP50, at 30 and 60 days, respectively. Due to the translocation a shoots, Cd
caused oxidative damage in proteins of leaves such as RuBisCO LSU, alpha and gamma units of ATP
synthetase and chlorophyll binding protein CP26, exclusively affecting the photosynthetic machinery
of the leaves in P. fasciculatum in 30 days of exposure; in addition, a proteolytic fragmentation in the
subunits of the RuBisCO LSU associated with oxidative stress.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/11/513/s1,
Figure S1: Oxidative dot-blots of roots and leaves proteins from Paspalum fasciculatum Willd (ex Flüggé) (Poaceae),
Table S1: Bioaccumulation (BAF) and Translocation (TF) Factor in P. fasciculatum, Table S2: Yielding of protein
from Paspalum fasciculatum leaves and root exposed at Cd and Pb in mining soil, Table S3: Relation values C.I of
exposition to Paspalum fasciculatum by Cd and Pb with control.
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Abstract: Copper (Cu) toxicity in plants may lead to iron (Fe), zinc (Zn) and manganese (Mn)
deficiencies. Here, we investigated the effect of Si and Fe supply on the concentrations of micronutrients
and metal-chelating amino acids nicotianamine (NA) and histidine (His) in leaves of cucumber plants
exposed to Cu in excess. Cucumber (Cucumis sativus L.) was treated with 10 μM Cu, and additional
100 μM Fe or/and 1.5 mM Si for five days. High Cu and decreased Zn, Fe and Mn concentrations
were found in Cu treatment. Additional Fe supply had a more pronounced effect in decreasing
Cu accumulation and improving the molar ratio between micronutrients as compared to the Si
supply. However, the simultaneous supply of Fe and Si was the most effective treatment in alleviation
of Cu-induced deficiency of Fe, Zn and Mn. Additional Fe supply increased the His but not NA
concentration, while Si supply significantly increased both NA and His whereby the NA:Cu and
His:Cu molar ratios exceeded the control values indicating that Si recruits Cu-chelation to achieve Cu
tolerance. In conclusion, Si-mediated alleviation of Cu toxicity was directed toward Cu tolerance
while Fe-alleviative effect was due to a dramatic decrease in Cu accumulation.

Keywords: copper toxicity; micronutrient deficiency; silicon; iron; nicotianamine; histidine;
Cu-chelation

1. Introduction

Micronutrients such as copper (Cu), iron (Fe), zinc (Zn) and manganese (Mn), are essential to all
plants, since they participate in numerous metabolic processes. The interaction between the elements
becomes apparent when the excessive level of one of the micronutrients in the growth medium is
present so that it may interfere with the uptake, transport and accumulation of the other nutrients,
consequently disturbing the overall plant nutrient balance [1]. Copper present at high concentration
has phytotoxic effects such as inhibition of plant growth and development, and generation of oxidative
stress [2]. Plants exposed to overload of Cu are highly prone to the induced deficiency of other essential
ions thus suffering a disturbance of essential metabolic processes [1]. Being a transition metal, Cu in
excess competes for specific binding sites of other metal ions and consequently displace them from
their binding sites [2]. Most of the plant metal transporters have limited ion specificity, therefore
there are no efficient mechanisms for plants to differentially regulate the uptake of specific metal ion
and avoid competition [3]. Divalent cation uptake transporters such as: Iron-regulated transporter 1
(IRT1), Zrt/IRT-like protein (ZIP) transporter family, natural resistance-associated macrophage proteins
(NRAMPs) are able to unselectively mediate the transport of a broad range of metals (Fe, Zn, Cu, Mn
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and Cd) depending on their availability [3–5]. The copper and Fe competition is of particular concern
since they are redox active counterparts and their metabolic crossroads are in tight relationships [6]. It
has been proposed that high Cu induces alterations in Fe nutrition by decreasing the root Fe availability
and Fe acquisition processes along with inhibition of Fe-deficiency responses [7–10]. Excess Cu
competes with Fe for the reduction sites, i.e., Fe (III) reductase (FRO) activity, which precedes the
uptake of both metals [11]. Accordingly, inhibition of root FRO activity with increased Cu supply
has been found in cucumber [7,12]. However, it has also been noticed that additional Fe supply can
be used for mitigation of the deleterious effects caused by high Cu and for correcting Fe deficiency
induced by excess of Cu [13–15].

Silicon (Si) is not essential for most of the plant species; however, its presence in plants may
influence plant response to both mineral toxicity and deficiency stress [16,17]. For example, addition
of Si to Cu-stressed cucumber plants enhances accumulation of Cu-binding molecules (proteins and
organic acids) that could buffer excess Cu, thus diminishing the level of oxidative stress [18]. However,
there are only a few studies addressing nutrient imbalances in plant leaves under Cu toxicity and Si
nutrition. Lower leaf Cu and increased calcium (Ca) concentration was found to be one of the main
beneficial effects of Si nutrition for both Zinnia elegans and Erica andevalensis exposed to toxic Cu [19,20].
This was attributed to the well-known antagonistic effect of Cu and Ca, which was alleviated by Si
supplementation. In addition, Si may alleviate the excess of Cu by increasing the uptake of other
essential metals such as Mn and Zn [21].

Apart from the metal uptake, the tissue metal partition and distribution may also be affected
by metal imbalances. Nicotianamine (NA) is a non-proteinogenic amino acid and a major metal
chelator involved in the homeostasis of metals such as Cu, Fe, Zn and Mn. NA is essential for metal
distribution in leaves via phloem and seed loading of Cu, Fe, Zn and Mn [22–24]. However, NA has
an exclusive role in Cu metabolism, since it is also responsible for xylem transport of Cu but not of
other metals [25,26], and contrary to Fe, Mn- and Zn-, the Cu-NA complex is very stable at mild acidic
pH [27,28]. NA was suggested to participate in heavy metal stress [28]. Moreover, binding of metals
by strong ligands such as NA is considered as the main detoxification strategy in non-hypertolerant
plants [29].

Besides NA, the amino acid histidine (His) is another important metal-chelator. This amino
acid is critical for metal coordination to metalloproteins and metal binding to the active site of
metalloenzymes [30]. Free His was found to be implicated in metal hypertolerance [31,32] in addition
to its decisive role in metal hyperaccumulation as shown for Ni [33]. Both NA and His form complexes
with Cu with stability constants much higher than for other elements [34,35].

This study investigates for the first time how Si and/or Fe nutrition modulates the leaf micronutrient
status under Cu toxicity stress, with special emphasis on the distinctive responses of metal-chelating
amino acids (NA and His).

2. Results

2.1. Plant Growth and Symptoms of Copper Toxicity Stress

Total dry biomass of hydroponically grown cucumber plants was the lowest in Cu treatment
(Table 1, Figure S1). Cu + Si treatment increased plant biomass by 32% as compared to Cu treatment.
There was no difference in the total plant biomass between Cu + Fe and Cu + Fe + Si treatments and
the control cucumber plants (Table 1). In comparison with the control, a significant decrease in the leaf
DW was only recorded in Cu treatment (Table 1).
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Table 1. Total plant dry weight and leaf dry weight of cucumber plants at the end of experiment. Plants
were treated with excess Cu (Cu), excess Cu and Si supply (Cu + Si), excess Cu and additional Fe
supply (Cu + Fe), or combined excess Cu and additional Fe and Si supply (Cu + Fe + Si); control plants
(C) remained untreated.

Treatment
Dry Biomass (g Plant−1)

Total Leaf

C 0.330 ± 0.050 c 0.223 ± 0.035 b
Cu 0.209 ± 0.047 a 0.160 ± 0.005 a

Cu + Si 0.265 ± 0.021 b 0.199 ± 0.014 b
Cu + Fe 0.291 ± 0.005 bc 0.200 ± 0.006 b

Cu + Fe + Si 0.305 ± 0.008 bc 0.217 ± 0.008 b 1

1 The values are means of four replicates ± SD. Different letters indicate significant differences among the treatments
at p < 0.05.

2.2. Concentration and Content of Microelements (Cu, Fe, Zn and Mn) in Cucumber Leaves

Copper treatment resulted in a 2.3-fold increase in the Cu concentration in the leaves (Figure 1A).
Si supply to the Cu treatment slightly but significantly (p < 0.05) decreased the Cu concentration
(Figure 1A). However, there was no difference in leaf Cu content between Cu and Cu + Si treatments
due to the changes in leaf dry weight (Table 2). Both Cu + Fe and Cu + Fe + Si treatments decreased
remarkably the Cu concentration and content almost two-fold in comparison to only Cu-treated
plants (Figure 1A, Table 2). The leaf concentrations of Zn, Fe and Mn were decreased about 2-fold
in Cu treatment, compared to the control and it gradually increased in Cu + Si, Cu + Fe and Cu +
Fe + Si treatment, respectively (Figure 1B–D). The most effective improvement in the microelement
concentration was observed for Fe in Cu + Fe + Si treatment, reaching the control values (Figure 1B).
The leaf content of Fe, Zn and Mn was also calculated and presented in Table 2. A remarkable decrease
in the content of all examined elements, particularly for Mn (three-fold) was found in Cu treatment.
Treatments: Cu + Si, Cu + Fe and Cu + Fe + Si gradually increased the content of Fe, Mn and Zn,
reaching up to 87%, 71% and 63%, of the control level in Cu + Fe + Si treatment, respectively (Table 2).

Table 2. Total content of Cu, Fe, Zn and Mn in cucumber leaves (μmol per shoot). Plants were harvested
after 5 days of treatment with excess Cu (Cu), excess Cu and Si supply (Cu + Si), excess Cu and
additional Fe supply (Cu + Fe) or combined excess Cu and additional Fe and Si supply (Cu + Fe + Si);
control plants (C) remained untreated.

Treatment
Microelement Content (μmol Per Shoot)

Cu Fe Zn Mn

C 0.042 ± 0.001 a 0.460 ± 0.010 c 0.308 ± 0.027 d 0.199 ± 0.002 e
Cu 0.081 ± 0.003 c 0.168 ± 0.034 a 0.113 ± 0.008 a 0.068 ± 0.001 a

Cu + Si 0.079 ± 0.003 c 0.235 ± 0.021 ab 0.156 ± 0.020 b 0.090 ± 0.007 b
Cu + Fe 0.047 ± 0.004 ab 0.269 ± 0.008 b 0.159 ± 0.009 b 0.114 ± 0.009 c

Cu + Fe + Si 0.050 ± 0.001 b 0.401 ± 0.057 c 0.193 ± 0.017 c 0.142 ± 0.012 d 1

1 The values are means of four replicates ± SD. Different letters indicate significant differences among the treatments
at p < 0.05.
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Figure 1. Concentration of Cu (A), Fe (B), Zn (C) and Mn (D) in cucumber leaves. Plants were harvested
after 5 days of treatment with excess Cu (Cu), excess Cu and Si supply (Cu + Si), excess Cu and
additional Fe supply (Cu + Fe) or combined excess Cu and additional Fe and Si supply (Cu + Fe + Si);
control plants (C) remained untreated. Bars are means of four replicates ± SD. Different letters indicate
significant differences among the treatments at p < 0.05.

2.3. Molar Ratio between Micronutrients

The molar ratio between elements was calculated and presented in Table 3. The lowest Fe:Cu,
Zn:Cu and Mn:Cu molar ratios were noticed in Cu treatment; the Fe:Cu ratio was five-fold lower in
comparison to control, whereas the Zn:Cu ratio was seven-fold decreased, from 7:1 to 1:1. The Mn:Cu
molar ratio in Cu treatment was decreased to 1:1, as well. However, Cu + Si treatment increased the
Fe:Cu (3:1) and Zn:Cu (2:1) ratios, while Mn:Cu ratio was the same as in Cu treatment. The Fe:Cu
molar ratio was significantly improved in both Cu + Fe and Cu + Fe + Si treatments, 7:1 and 8:1,
respectively (Table 3). The Zn:Cu ratio was the same in those two treatments, 4:1, while higher than
in other treatments. Unlike Cu and Cu + Si, the Cu + Fe and Cu + Fe + Si treatments improved the
Mn:Cu ratio, to 2:1 and 3:1, respectively (Table 3).

Table 3. Molar ratios of Fe:Cu, Zn:Cu and Mn:Cu in cucumber leaves. Plants were harvested after 5
days of treatment with excess Cu (Cu), excess Cu and Si supply (Cu + Si), excess Cu and additional Fe
supply (Cu + Fe) or combined excess Cu and additional Fe and Si supply (Cu + Fe + Si); control plants
(C) remained untreated.

Treatment Fe:Cu Zn:Cu Mn:Cu

C 10:1 7:1 4:1
Cu 2:1 1:1 1:1

Cu + Si 3:1 2:1 1:1
Cu + Fe 7:1 4:1 2:1

Cu + Fe + Si 8:1 4:1 3:1 1

1 The values are means of four replicates.

2.4. Concentration of NA and the Molar Ratio of NA to Cu, Fe, Zn and Mn

NA accumulation in leaves was induced in Cu treatment by 30% compared to control (Figure 2).
Cu + Si treatment had the highest increase in NA concentration, about 300% of the control values. In
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Cu + Fe plants NA concentration was decreased to 70% of the control plants values. NA concentration
in Cu + Fe + Si treatment was slightly higher compared to that in the control plants though not
statistically significant (Figure 2).

Figure 2. Concentration of nicotianamine (NA) in cucumber leaves. Plants were harvested after 5
days of treatment with excess Cu (Cu), excess Cu and Si supply (Cu + Si), excess Cu and additional Fe
supply (Cu + Fe) or combined excess Cu and additional Fe and Si supply (Cu + Fe + Si); control plants
(C) remained untreated. Bars are means of four replicates ± SD. Different letters indicate significant
differences among the treatments at p < 0.05.

The molar ratio of NA to microelements in leaves of control cucumber plants was found to be
as following: 3.8:1, 0.4:1, 0.6:1 and 0.9:1 for Cu, Fe, Zn and Mn, respectively. The molar ratio NA:Cu
was decreased in Cu treatment while the molar ratios of NA to other elements (Fe, Zn and Mn) were
significantly increased compared to control (Table 4). In Cu + Si treatment, the NA:Cu ratio was the
highest among all treatments, exceeding the control value, and this treatment resulted in additionally
increased the ratio between NA and the other elements compared to Cu treatment. On the contrary,
the NA:Cu ratio was decreased in Cu + Fe treatment while combined Cu + Fe + Si treatment restored
the NA:Cu ratio almost to the control level (Table 4). The NA:Fe, NA:Zn and NA:Mn molar ratios in
Cu + Fe and Cu + Fe + Si treatments were similar to the control values (Table 4).

Table 4. The molar ratios of NA:Cu, NA:Fe, NA:Zn and NA:Mn in cucumber leaves. Plants were
harvested after 5 days of treatment with excess Cu (Cu), excess Cu and Si supply (Cu + Si), excess Cu
and additional Fe supply (Cu + Fe) or combined excess Cu and additional Fe and Si supply (Cu + Fe +
Si); control plants (C) remained untreated.

Treatment NA:Cu NA:Fe NA:Zn NA:Mn

C 3.8:1 0.4:1 0.6:1 0.9:1
Cu 2.2:1 1.1:1 1.5:1 2.6:1

Cu + Si 5.4:1 1.8:1 2.6:1 4.7:1
Cu + Fe 2.2:1 0.3:1 0.6:1 0.9:1

Cu + Fe + Si 3.4:1 0.4:1 0.8:1 1.2:1 1

1 The values are means of four replicates.

2.5. Concentration of His and the Molar Ratio of His to Cu, Fe, Zn and Mn

A continuous increase in His concentration was found in all treatments starting from Cu (1.8-fold)
to Cu + Fe + Si treatment (5.4-fold) compared to control values (Figure 3).
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Figure 3. Concentration of histidine (His) in cucumber leaves. Plants were harvested after 5 days
of treatment with excess Cu (Cu), excess Cu and Si supply (Cu + Si), excess Cu and additional Fe
supply (Cu + Fe) or combined excess Cu and additional Fe and Si supply (Cu + Fe + Si); control plants
(C) remained untreated. Bars are means of four replicates ± SD. Different letters indicate significant
differences among the treatments at p < 0.05.

The changes in His and metal concentrations consequently altered the His:metal molar ratios
(Table 5). In Cu treatment the His:Cu molar ratio was decreased compared to control, while Cu + Si
treatment increased it above the control level. Both Cu + Fe and Cu + Fe + Si treatments had many-fold
higher the His:Cu molar ratio then the control. In accordance with total His concentration, the molar
ratios: His:Fe, His:Zn and His:Mn were several times greater in all examined treatments: Cu, Cu + Si,
Cu + Fe and Cu + Fe + Si (Table 5).

Table 5. The molar ratios of His:Cu, His:Fe, His:Zn and His:Mn in cucumber leaves. Plants were
harvested after 5 days of treatment with excess Cu (Cu), excess Cu and Si supply (Cu + Si), excess Cu
and additional Fe supply (Cu + Fe) or combined excess Cu and additional Fe and Si supply (Cu + Fe +
Si); control plants (C) remained untreated.

Treatment His:Cu His:Fe His:Zn NA:Mn

C 1.3:1 0.1:1 0.2:1 0.3:1
Cu 1.1:1 0.5:1 0.7:1 1.2:1

Cu + Si 2.2:1 0.7:1 1.1:1 1.9:1
Cu + Fe 4.6:1 0.7:1 1.2:1 1.8:1

Cu + Fe + Si 4.9:1 0.6:1 1.2:1 1.7:1 1

1 The values are means of four replicates.

3. Discussion

The primary site of Cu toxicity is the root system; therefore many studies have been devoted
to investigation of the detrimental effects of excess Cu in roots [36–38]. In our previous study, we
have shown the toxic effects of 10 μM Cu treatment to cucumber plants where copper was highly
accumulated in the root, reaching more than 10-fold higher values than in the leaf [18]. Apart from
high Cu accumulation, excess of Cu also causes unbalanced uptake of other mineral nutrients [1,10].
Deficiency of both macro- and micronutrients was found in the leaves of different plant species exposed
to Cu stress [39,40]. Herein we focused on the fine changes in molar ratios between Cu and other
micronutrients and on the role of chelating amino acids in leaf under ameliorative effect of Si and/or
additional Fe.
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Decreased concentration and content of Fe, Zn and Mn were recorded in the leaves of Cu-treated
cucumber along with higher Cu accumulation (Figure 1, Table 2). It is well documented that addition of
Si may improve the nutritional status of plants despite nutrient imbalances in the growth medium [16].
Cucumber is one of the few Si-accumulating dicots with a relatively high capacity for Si accumulation,
which has been shown in numerous studies [16]. In our previous study we have found that Si supply
decreased Cu uptake in cucumber plants by enhancing the Cu deposition in the root cell wall of the
Cu-treated cucumber [18]. However, in studies dealing with Fe, Zn or Mn deficiency the beneficial
effect of Si was attributed to the metal remobilization and enhanced metal distribution rather than to a
direct effect on the metal uptake [41–45]. In the present work, Si supply decreased Cu accumulation;
however, there was no difference in Cu content between Cu and Cu + Si treatments due to the
biomass increase of Cu + Si plants (Figure 1, Tables 1 and 2). Additionally, Si supply increased Fe,
Zn and Mn concentrations and contents (Figure 1, Table 1). Similarly, in Erica andevalensis leaf Si
supply significantly increased Zn concentration, which was lowered due to the competitive Cu–Zn
interaction [19]. Si addition also restored the leaf Mn concentration in Spartina densiflora subjected to
Cu stress [46]. Moreover, it was observed in the current study that the molar ratios of Fe:Cu and Zn:Cu
were improved in the Si-supplied cucumber plants (Table 3). The optimal micronutrient ratios in
plants are considered just as important as their absolute concentration particularly in terms of induced
deficiency of specific nutrient [47]. Taken together, our results indicate that Si supply can alleviate
to some extent the antagonistic effect of excess Cu on Fe, Zn and as well as the Mn accumulation in
the leaves.

Interestingly, additional Fe supply was more effective in preventing Cu accumulation in cucumber
leaves than Si supply (Figure 1A, Table 2). It has been reported that addition of Fe could ameliorate Cu
toxicity symptoms due to the antagonistic interaction between Cu and Fe [7,40]. Studies in bean and
maize have shown that additional Fe mitigates Cu accumulation by outcompeting Cu uptake, thus
improving plant growth and decreasing oxidative stress [13,14]. We have also found that application
of Fe to Cu-stressed plants resulted in a greater increase of Fe, Zn and Mn concentrations and contents
than addition of Si, thus significantly improving the Fe:Cu and also Zn:Cu and Mn:Cu molar ratios,
which were disturbed by the Cu treatment (Figure 1B–D, Table 3). The molar ratio between elements
is in some cases the decisive indicator of stress; for example the molar ratio of Fe to other elements,
rather than the total Fe concentration, has been found to be crucial for the initiation of Fe-deficiency
response [48].

Simultaneous supply of Si and Fe had no additional effect regarding the Cu concentration in the
leaves (Figure 1). On the other hand, this was the most effective treatment in respect to the increasing
contents of Zn and Mn (Table 2). Moreover, this treatment restored the Fe content to the control level
(Table 2). Consequently, the Fe:Cu, Zn:Cu and Mn:Cu molar ratios in the Cu + Fe + Si treatment were
closest to the control values among all the treatments studied (Table 3). Therefore, we suggest that
only when simultaneously applied with Si, the additional Fe supply could reach its full ameliorative
potential regarding alleviation of the microelement deficiency induced by excess of Cu.

The accumulation of free amino acids is considered as an active response of plants to heavy
metal stress [49]. Indeed, it has been shown that plants respond to excess of Cu by accumulating
free amino acids [50]. However, the amount of certain amino acids rises rather than others, it refers
primarily to NA and His, which have the highest binding constants for Cu compared to those for
other metal ions [34,35]. Cu-NA and Cu-His complexes have been detected in plant tissues in different
plant species [51–53]. In the present study, we recorded increased NA and His accumulation in the
cucumber leaves under Cu toxicity stress (Figures 2 and 3); however, the NA:Cu and His:Cu molar
ratios decreased compared to those in the control plants (Tables 4 and 5). Similar to our results, in the
xylem sap from chicory and tomato plants both the NA and His concentrations were found elevated
by Cu treatment [50]. Pich and Scholz [25] suggested that the two-fold higher NA concentration found
in the leaves of Cu-treated tomato was required for the protection against phytotoxicity caused by
excess Cu.
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Interestingly, Si supply to Cu-stressed cucumber plants led to an additional increase in
concentration of both amino acids (Figures 2 and 3). The study with Cu-treated bamboo revealed a high
proportion of amino groups involved in Cu complexation, along with an increased His accumulation
in Si-supplied plants [52]. This could be specific for stress conditions; however, there are no reports
about Si influence on amino acids in non-stressed plants so far.

In the present study, the NA:Cu and His:Cu molar ratios were significantly improved in Cu +
Si treatment so that they even exceeded the control values (Tables 4 and 5). The molar ratio of NA
to metals was found constant during the plant development and as such is important for ensuring
efficient loading and transport of essential micronutrients [23]. However, the significant surplus of
metal chelators indicated by the molar ratio, could be decisive for achieving the tolerance to metal
toxicity. The higher NA:Cu and His:Cu molar ratios, exceeding the control values, in the Si-supplied
plants suggest that Si recruits the Cu-chelators to attain higher Cu tolerance. Chelation is considered
as a potential mechanism that governs metal tolerance in plants by controlling the concentration of the
free metal ions [54]. We have already reported that the decreased oxidative stress in the Cu + Si-treated
plants as well as their improved tolerance to Cu are attributable to Cu-buffering by the increased
levels of Cu-binding proteins and organic acids [18]. Taken together, the Cu-binding and Cu-chelating
compounds are important mechanism of Si-alleviative effect in Cu toxicity stress.

Apart from Cu, NA is indispensable in homeostasis of Fe, but its role is ambiguous in Fe deficiency.
It has been reported that the Fe deficiency did not cause biosynthesis and accumulation of NA in
dicots [26,55,56]. Surprisingly, both overproduction and low NA resulted in decreased availability of
Fe and affected Fe deficiency response [57,58]. Therefore, it is indicative that an optimal NA:Fe ratio is
necessary for the Fe homeostasis so that an imbalance of this ratio, resulting from high or low NA,
would lead to the Fe deficiency response. However, it has been found that addition of Si stimulated the
NA production in Fe-deficient cucumber, leading to enhanced remobilization of Fe from the older to
younger cucumber leaves [59]. Therefore, NA may have an important role in the Si-stimulated metal
remobilization during metal deficiency and metal buffering in metal toxicity.

Additional Fe supply did not increase NA concentration, which is in accordance with the strong
decrease of Cu accumulation observed in Cu + Fe treatment (Figure 2). However, simultaneous
application of Fe and Si to Cu-stressed plants increased NA concentration, which resulted in an
improved NA:Cu molar ratio, reaching the control level (Table 3). Interesting results have been
obtained for His in the Cu + Fe and Cu + Fe + Si treatments. Although we recorded a lower Cu
concentration in leaf compared to the concentration in Cu treatment, increased His levels were found in
both Cu + Fe and Cu + Fe + Si treatments (Figure 3). Contrary to our results, concentration of His in the
xylem sap of Brassica carinata followed the increasing trend proportional to the rising Cu concentration
and had the greatest relative increase among all the amino acids analyzed [60]. Surprisingly, in
the same study NA was not induced under Cu excess but rather under Cu deficiency although NA
had the highest absolute concentration compared to all amino acids analyzed [60]. As suggested by
Irtelli et al. [60], response to Cu stress is not only species-specific but it is also stress-specific.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Seeds of cucumber (Cucumis sativus L. cv. Chinese long) were surface sterilized with sodium
hypochlorite, soaked in a saturated calcium sulfate solution overnight and then transferred for
germination on moist filter papers for 4 days in the dark at 25 ◦C. The seedlings were grown for 12 days
in preculture nutrient solution containing (in mM): 0.7 K2SO4, 0.1 KCl, 2.0 Ca (NO3)2, 0.5 MgSO4 and
0.1 KH2PO4, and (in μM): 0.5 MnSO4, 0.5 ZnSO4, 0.2 CuSO4, 0.01 (NH4)6Mo7O24, 10 H3BO3 and 20
FeIIIEDTA. Nutrient solution was constantly aerated and renewed completely every two days. pH was
adjusted to 6 and daily checked. Plants were grown at 24/20 ◦C (light/dark) with a day/night regime of
16/8 h and 250 μmol photons m−2 s−1 light intensity at plant height (provided by led panels; Apollo 8,
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Cidly Co., Ltd., Shenzhen, China). The experimental set up included five different groups of plants:
control plants grown in standard solution containing 0.2 μM Cu and 20 μM Fe (C); plants treated with
10 μM Cu supplied as CuSO4 into solution, which contained 20 μM Fe (Cu treatment); plants grown
in standard solution with 20 μM Fe and treated with 10 μM Cu and 1.5 mM Si (Cu + Si treatment);
plants treated with 10 μM Cu and 100 μM Fe (Cu + Fe treatment) and the last treatment contained
combined 10 μM Cu, 100 μM Fe and 1.5 mM Si (Cu + Fe + Si treatment). Fe was supplied as FeIIIEDTA
and Si was supplied as Si (OH)4 freshly prepared by passing Na2SiO3 through a cation-exchange resin
(Amberlite IR-120, H+ form; Acros Organics, Geel, Belgium); The experiments were performed in four
replicates (pots) with four plants in each pot.

4.2. Visual Observation, Plant Harvesting and Biomass Recording

The visual symptoms were recorded and the plants were harvested five days after the onset of
treatments. One subsample was oven-dried at 70 ◦C for 72 h, weighed and subsequently ground for
microelement determination. The samples for amino acids analysis were instantly frozen in liquid
nitrogen after harvesting.

4.3. Determination of Microelements Cu, Fe, Zn and Mn

Dry leaf material was ground and digested in a mixture of 3 mL concentrated HNO3 and 2 mL
H2O2 in a microwave oven (Speedwave MWS-3+; Berghof Products + Instruments GmbH, Eningen,
Germany). Cu, Fe, Zn and Mn concentrations were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Spectro-Genesis EOP II; Spectro Analytical Instruments GmbH, Kleve,
Germany). The analytical accuracy of total concentrations was evaluated using certified reference
material (GBW 10015 Spinach, Institute of Geophysical and Geochemical Exploration, Langfang,
China).

4.4. Extraction and Analysis of Amino Acids Nicotianamine and Histidine

For extraction of nicotianamine, leaf tissue was homogenized in liquid nitrogen and extracted in
ddH2O, incubated at 80 ◦C for 30 min and after centrifugation for 10 min at 16,000× g the supernatant
was filtered and used for HPLC analysis, similarly as in Mendoza-Cózatl et al. [61]. For histidine
determination, leaf tissue was homogenized in liquid nitrogen and extracted in 50% methanol,
centrifuged at 4 ◦C and the filtered supernatant was used for analysis. Analysis of NA and His was
performed according to Vasanits et al. [62] using o-phthaldialdehyde and 3-mercaptopropionic acid
(OPA/MPA). Ten times diluted samples were derivatized with OPA/MPA for 5 min and immediately
loaded on a reversed phase column (5.0 μm, 250 mm × 4.6 mm Luna C18 (2); Phenomenex Ltd.,
Torrance, CA, USA) using a Shimadzu LC-20AB Prominence liquid chromatograph (Shimadzu, Kyoto,
Japan). The elution gradient was as described in Vasanits et al. [62] and the flow rate was 1.2 mL
min−1 at 40 ◦C. The fluorescence intensity of OPA/MPA/AA derivative was measured at excitation
and emission wavelengths of 337 and 454 nm using RF-10-AXL, fluorescence detector (Prominence,
Shimadzu, Kyoto, Japan). The NA and His standards were obtained from Toronto Research Chemicals
(North York, ON, Canada) and Sigma-Aldrich (St. Louis, MO, USA), respectively.

4.5. Statistical Analysis

The data were analyzed by analysis of variance (ANOVA) and tested for significance by post hoc
Tukey test at a significance level of 0.05 using SPSS 21.0 software (IBM, Armonk, NY, USA).

5. Conclusions

Our results indicate that both NA and His were increased under conditions of high Cu concentration
in the leaves (Cu treatment), whereas only the level of His was increased when the leaf Cu accumulation
declined to a moderate level (Cu + Fe treatment). However, Si addition to either Cu or Cu + Fe
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treatments led to an increase in concentration of both NA and His in cucumber leaves. Therefore,
the results suggest that the strategy of Si-mediated alleviation of Cu toxicity was directed primarily
towards the increased Cu tolerance by Cu-chelation rather than by a marked decrease of the Cu
accumulation. On the other hand, the alleviation of Cu toxicity by addition of Fe was achieved through
a dramatic decrease of Cu accumulation, most probably due to an antagonism between Fe and Cu. The
simultaneous addition of Si and Fe showed the best ameliorative potential regarding the Cu-induced
microelement deficiency, which may be of practical importance in alleviating Cu toxicity stress in
plants grown on Cu contaminated soils (e.g., post-mining and post-vineyard sites).

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/12/554/s1,
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43. Bityutskii, N.; Pavlovic, J.; Yakkonen, K.; Maksimović, V.; Nikolic, M. Contrasting effect of silicon on iron,
zinc and manganese status and accumulation of metal-mobilizing compounds in micronutrient-deficient
cucumber. Plant Physiol. Biochem. 2014, 74, 205–211. [CrossRef] [PubMed]
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Abstract: Heavy metals are rapidly polluting the environment as a result of growing industrialization
and urbanization. The presence of high concentrations of chromium (Cr), along with other pollutants,
is widespread in tannery wastewater. In Pakistan, as a result of a severe shortage of irrigation water,
farmers use tannery wastewater to grow various crops with a consequent decline in plants’ yield.
This experiment was performed to assess growth revival in sunflower plants irrigated with 0%,
25%, 50%, 75%, and 100% tannery wastewater, by foliar application of 0, 2.5, and 5.0 mM citric acid
(CA). The wastewater treatment curtailed biomass accumulation, the growth rate, and chlorophyll
contents by exacerbating the oxidative stress in sunflowers. Foliar application of CA considerably
alleviated the outcomes of Cr toxicity by curbing the Cr absorption and oxidative damage, leading to
improvements in plant growth, biological yield, and chlorophyll contents. It is concluded that
foliar application of CA can successfully mitigate the Cr toxicity in sunflower plants irrigated with
tannery wastewater.

Keywords: chromium; wastewater; sunflower; biomass; chlorophyll contents

1. Introduction

Kasur, a city in Punjab Pakistan, is famous for tanneries. According to estimates, around 144,502 to
215,036 gallons of wastewater day−1 is discharged into the environment by 650 registered tanneries [1].
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Tannery wastewater contains several organic and inorganic pollutants [2]. Farmers mostly use tannery
wastewater in periurban areas due to a scarcity of irrigation water [3,4]. There are different heavy
metals in tannery wastewater, such as Cr, Cd, Mn, Pb, Fe, Ni, and Cu. Release of industrial effluent
from tanneries is injurious for living organisms, including plants and animals [5]. The concentration of
Cr in such water is considerably higher than other heavy metals [2]. Among heavy metals, chromium is
ranked the 14th most noxious heavy metal globally; among different Cr oxidation states, Cr+6 is the most
toxic because of the higher mobility/solubility and Cr+3 is the least toxic [6]. Plant growth and biomass
is negatively affected through the application of industrial effluents. Outcomes of previous studies
show that plant growth is negatively affected by 5 mg L-1 Cr in the nutrient solution [7]. Application of
chromium (Cr+6) contaminated wastewater significantly reduced plant growth and photosynthesis in
different crops, like maize, wheat, and sunflower, by causing oxidative stress [8–10]. The physiochemical
processes of plants are badly affected by chromium stress [11]. Plant growth is reduced as a result of
disruption in the photosynthetic process, damage to the ultrastructure of plant cells, oxidative stress
such as electrolyte leakage (EL), hydrogen peroxide (H2O2), malondialdehyde (MDA) and changes in
miRNAs and proteins [8,12–15]. Sunflower is an oil seed crop in Pakistan and a key source of edible oil
worldwide. As a hyperaccumulator plant, it can be grown under stressful conditions such as under
heavy metal stress. Sunflower plants were cultivated on 82,000 hectares of land, producing 40,000 tons of
oil during 2017–2018 (Pakistan Economic Survey 2017–2018). Though the sunflower plant is considered
metal resistant, toxic concentrations of Cr may negatively influence its growth and development.
The outcomes of the previous investigations have revealed that Cr stress induced oxidative damage
to plants with a consequent decline in growth and yield [16]. As a result of limited resources
and exorbitantly increasing population pressure, contamination of land and water bodies with heavy
metals, especially Cr, is a potential threat to food security and safety. The current situation demands
an urgent remedy to ensure the provision of quality food to the population of Pakistan.

The beneficial effects of citric acid (CA) upon the uptake of Cr as well as in growth regulation
in several plant species are well documented. The CA foliar application improved the germination
rate and root weight of sunflower plant by improving the activities of several antioxidants enzymes
including superoxide dismutase (SOD), catalase (CAT), peroxidase (POD) and ascorbate peroxidase
(APX) [17]. Foliar application of CA, combined with 5-aminolevulinic acid (ALA), considerably
increased the yield of sunflower plants. Citric acid spray on radish leaves reduced the uptake of
Cr and its mobility [17]. Citric acid also increased the antioxidant enzyme activities, chlorophyll
fluorescence, and reduced lipid peroxidation in Brassica napus [18]. Citric acid alleviated the Cr (Cr+6)
toxicity by stimulating the antioxidant defense system in sunflower plants [19].

In the current study, it was hypothesized that CA may alleviate Cr toxicity in sunflower crop
irrigated with tannery wastewater. Thus, the current study was designed to explore CA effects
on morophogical, physiological, and chemical attributes of sunflower plants irrigated with tannery
wastewater containing total Cr concentrations of 329 mg L−1.

2. Results

2.1. Plants Growth and Biomass

Growth features of sunflower plants under various treatments of tannery wastewater, along with
application of CA, are presented in Figures 1 and 2. Findings revealed that increasing concentration
of wastewater treatment progressively reduced the plant height, root length, number of leaves per
plant, and the leaf area (Figure 1), along with the fresh and dry weight of root, shoot, and leaves of
sunflower (Figure 2). The highest decrease in the abovementioned parameters was noticed upon 100%
wastewater treatments. However, CA application remarkably improved all the studied agronomic
traits, both under stressed and normal growth environments. The maximum ameliorative effect of CA
was observed at 5.0 mM foliar application treatment.
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Figure 1. Impact of wastewater and citric acid (CA) on sunflower height (A), root lengths (B), number of
leaves per plant (C), and leaf area (D) of sunflower plants. Data are means of 3 independent replicates,
and different lettering indicates a significant difference among the values at p < 0.05.
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Figure 2. Impact of wastewater and citric acid (CA) treatments on leaf fresh weight (A), leaf dry weight
(B), shoot fresh weight (C), shoot dry weight (D), root fresh weight (E) root dry weight (F) of sunflower
plants. Data are means of 3 independent replicates, and different lettering indicates a significant
difference among the values at p < 0.05.

2.2. Photosynthetic Pigments

The application of wastewater severely decreased Chlorophyll a, b, and the total chlorophyll
(Figure 3). Citric acid treatment significantly improved the pigment contents under Cr stress, as well
as normal growth conditions. However, 5.0 mM proved to be the most effective concentration of CA in
mitigating the detrimental effects of wastewater on photosynthetic pigments.

2.3. Oxidative Stress Parameters

The presence of Cr in tannery effluent resulted in oxidative damage to sunflower plant (Figure 4).
By increasing wastewater concentration, it sharply elevated the MDA concentration in the leaves
and roots of sunflowers. The maximum value for MDA contents was recorded under 50% and 100%
wastewater treatment in leaves and roots, respectively. Foliar treatment of CA significantly decreased
the lipid peroxidation as revealed by reduced MDA content in plants. The most conspicuous decline in
MDA content was detected in plants as compared to respective control plants under a 75% and 100%
wastewater treatment along with a 5.0 mM CA application in leaves and roots, respectively.

130



Plants 2020, 9, 380

Figure 3. Impact of wastewater and citric acid (CA) treatment on chlorophyll a (A), chlorophyll b (B),
and total chlorophyll (C) of sunflower plants. Data are means of 3 independent replicates and different
lettering indicates a significant difference among values at p < 0.05.

Figure 4. Impact of wastewater and citric acid (CA) treatment on leaf malondialdehyde (MDA) (A),
roots MDA (B), leaves H2O2 (C), root H2O2 (D), leaf electrolyte leakage (EL) (E), and root EL (F)
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of sunflower plants. Data are means of 3 independent replicates, and different lettering indicates
a significant difference among the values at p < 0.05.

Similarly, wastewater treatment also caused oxidative damage by enhancing production of H2O2

in roots and leaves of plants, with the most pronounced effect at 50% wastewater application. Citric
acid noticeably alleviated the oxidative damage to plants by decreasing H2O2 content both in the roots
and leaves. The highest ameliorative effect was found in the plants irrigated with a 50% wastewater
treatment in combination with a foliar application of 5.0 mM CA. Electrolyte leakage also exhibited
a proportional rise with an increasing concentration of wastewater treatment, both in the leaves
and roots of plants. Nonetheless, 5.0 mM CA considerably mitigated the consequences of stress
as depicted by the reduction in EL in both parts of the plants.

2.4. Antioxidant Enzymes

Activities of SOD were increased with the 25% wastewater treatment and decreased thereafter
with a further increase in stress level, both in the leaves and root of plants. The CA treatment
enhanced SOD activities in sunflower leaves irrigated with normal tap water. Application of 2.5 mM
CA enhanced the SOD activities, while 5.0 mM CA declined the SOD activities in sunflower plants
irrigated with 25%–50% wastewater (Figure 5). Foliar applied CA notably improved leaf SOD activity
under a 75%–100% wastewater application. In comparison with control plants, the SOD activities in
roots increased considerably with a 25%–50% wastewater treatment, showing a consequent decline
with a further increase in stress level. Citric acid application enhanced SOD activities in sunflower
roots, with the highest improvement being observed in the control and 100% wastewater application
supplemented with 2.5 mM and 5.0 mM CA treatment, respectively.

Mild to moderate levels (25%–50%) of wastewater treatment significantly decreased, while higher
concentrations (75%–100%) increased the activities of POD in sunflower leaves. Application of CA
significantly increased POD activities in sunflower leaves with a substantial surge at 100% wastewater
irrigation, as compared with stress treatment alone. In roots, the activities POD increased with
a 25% wastewater treatment and decreased with the increasing wastewater concentration. Citric acid
application prominently improved the activities of POD in roots of sunflowers with the applied stress
of tannery wastewater, in comparison with the stressed plants without CA treatment.

Wastewater treatment increased CAT activities at mild stress levels (25%) with a subsequent
decreasing trend, both in the leaves and roots. However, CA supplementation further enhanced CAT
activities in normal, as well as stressed plants in both plant parts. The effect of 5.0 mM CA concentration
was the most prominent in improving CAT activities. Activities of APX were increased with a 25%–50%
wastewater treatment, with a subsequent decrease under higher stress levels in both plant parts,
i.e., leaves and roots. However, a 5.0 mM CA application significantly improved the APX activities of
plants at all levels of wastewater treatment, as compared with those receiving no CA treatments.

2.5. Chromium Concentration

Concentration of Cr proportionally increased in sunflower root, stem, and leaves with the increasing
wastewater concentration. Comparing with the control, the concentration of Cr in sunflower leaves
increased by 97, 171, and 234 times, under 25%, 50%, 75%, and 100% wastewater treatments, respectively.
Application of 5.0 mM CA significantly increased Cr concentration in sunflower leaves under all stress
levels, with a conspicuous rise (35%) with the 100% wastewater treatment (Figure 6). The chromium
concentration in the sunflower stem was increased by 92, 132, 179, and 208 times, under 25%, 50%, 75%,
and 100% wastewater treatments, respectively. Exogenous CA application further increased the buildup
of Cr in the sunflower stem under various concentrations of tannery wastewater. The maximum
increase (36%) in stem Cr concentration was detected under a 100% tannery wastewater treatment
along with a 5.0 mM CA application.
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Figure 5. Impact of wastewater on and citric acid on leaf SOD (A), root SOD (B), leaf POD (C),
root POD (D), leaf CAT (E), root CAT (F), leaf APX (G), and root APX (H) of sunflower plants. Data are
means of 3 independent replicates, and different lettering indicates a significant difference among
values at p < 0.05.

Heavy metals primarily affected roots of the plants under stressful conditions. In this study,
the roots of stressed plants revealed comparatively higher Cr concentrations than stems and leaves.
In comparison with the control, root Cr concentration was increased by 113, 211, 308, and 377 times,
under 25%, 50%, 75%, and 100% wastewater treatments, respectively. Exogenously applied CA
further increased the root Cr contents at all levels of wastewater application. The maximum value
for Cr concentration in sunflower root was recorded with application of 5.0 mM CA with a 100%
wastewater treatment.
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Figure 6. Impact of wastewater and citric acid on Cr concentration in leaves (A), stems (B), and roots
(C) of sunflower plants. Data are means of 3 independent replicates and different lettering indicates
a significant difference among the values at p < 0.05.

3. Discussion

The present study elucidated the role of CA in mitigating the Cr toxicity caused by tannery
wastewater in sunflower seedlings. Besides traces of several other heavy metals, tannery wastewater
holds very high concentrations of Cr [2,20]. Various morphological parameters of sunflowers,
such as biomass, leaf area, number of leaves per plant, root length, and plant height considerably
decreased with an increasing wastewater concentration (Figures 1 and 2), which may be attributed to
the noxious amount of Cr in wastewater [20]. Previous reports have also revealed significant reductions
in morphological features of various plant species under Cr toxicity [11,20]. Chromium induces
morphological changes due to competition with other necessary nutrient elements, distortion of root
and leaf ultrastructure, disruption in photosynthesis, and oxidative damage [12,14,21]. The findings
of the current study are supported by the previous reports that Cr stress significantly decreased
plant biomass, root length, and plant height in different plant species such as wheat, maize, tobacco,
and spinach [11,14,19,20]. Citric acid treatment considerably improved the biomass and growth
of stressed plants, in contrast to those irrigated with various wastewater concentrations without
exogenous CA application (Figures 1 and 2). Improvement in the morphological characteristics of
the plants might be attributed to the enhanced absorption of vital nutrients by sunflower plants [22].

It is a well-established fact that photosynthetic pigments perform a very crucial role in a plants’ life
due to their light harvesting function. Maqbool et al. [20] reported that Cr stress significantly affected
the physiochemical attributes of the plants. In the current study, wastewater treatment prominently
decreased the photosynthetic pigments in sunflower plants (Figure 3). Chlorophylls a, b, and total
chlorophyll abruptly reduced with increasing tannery wastewater concentration. Reduction in plant
growth may be attributed to the occurrence of high Cr concentrations in wastewater, which may
have caused the structural impairment to chloroplast [11] and surplus generation of ROS under Cr
induced stress [23]. Moreover, up-regulation of chlorophyllase under heavy metal stress constantly
leads to an enormous reduction in chlorophyll pigments [24]. Citric acid application increased
the chlorophyll contents in plants under tannery wastewater treatment. Similarly CA improved
chlorophyll contents of wheat leaves under severe Cr toxicity [19]. Further, CA application also
enhanced chlorophyll concentration in maize plants under drought condition [25]. Foliar application
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of CA caused an immense reduction in ROS generation and damage to the chloroplast, which resulted
in an improvement in the pigment contents in plants [26].

Increased MDA content is an indication of membrane damage [27]. In the current study,
H2O2, MDA contents, and EL, were considerably enhanced in plant root and leaves of sunflower
plants irrigated with tannery wastewater (Figure 3). However, CA treatment markedly ameliorated
the lipid peroxidation and membrane damage by scavenging the free radicals and reducing ROS
production [19,25].

Antioxidant enzymes perform a very significant role in protecting the plants from oxidative stress.
The present study showed enhancement in SOD, POD, CAT, and APX activities at slight to moderate
stress levels. Increasing doses of wastewater drastically reduced POD and SOD activities, except POD
activity in the leaves (Figure 4). Similar findings were also reported previously [28]. Mild levels of
Cr stress increased antioxidant enzyme activities, whereas serious stress reduced maize antioxidant
enzyme activities due to relentless oxidative injury [11]. This could be because Cr toxicity alarms
the antioxidant machinery of plants into starting to scavenge the ROS. Nevertheless, higher Cr levels
suppress the antioxidant system due to a continuous and increased production of ROS.

Increasing concentrations of tannery wastewater drastically increased Cr concentration in
sunflower root, stems, and the leaves of sunflower plants (Figure 6). Roots exhibited a much
higher amount of Cr as compared to stem and leaves of the sunflower. Similar results were observed in
rice and oil-seed rapes [11,29]. This might be due to Cr immobilization by sugars as macromolecules [19],
followed by compartmentalization in root cell vacuoles [30]. Exogenous application of CA promoted
uptake and accumulation of Cr towards different plant parts under various levels of tannery wastewater
(Figure 6). However, Ali et al. [19] observed that CA application significantly decreased the uptake of
different metals and their translocations to upper parts of various plants. The CA-mediated restricted
absorption of Cr, due to the protection of the membrane system of plants, and resultant increase
in the uptake of essential nutrients, might be the possible reason for enhanced plant growth [31].
Organic substances like fulvic acid and humic acid are well known for their constructive effects on heavy
metals’ mobility and bioavailability, because they formulate composite organo-metal complexes [32–34].
Citric acid might have made complexes with Cr ions, which could be among many different possible
reasons for the increase in Cr uptake by sunflower [22].

Crops may also have the ability to reduce Cr6+ to Cr3+, which would likely to happen in roots
with the help of Cr reductase enzymes, same as those present in bacteria for detoxification of heavy
metals; however, such enzymes have not been identified in plants [35]. The effects of Cr on plants vary
with growth medium as well as different Cr oxidation forms [36]. It is well reported that Cr (VI) has
more toxic effects towards plants compared to Cr (III) [37]. Riaz et al. [36] reported that wheat growth
was mainly regulated by a different oxidation form of Cr than that of the total Cr.

4. Materials and Methods

4.1. Experimental and Growth Conditions

Experiments were run at Botanical Garden of the Government College University, Faisalabad.
The seeds of sunflower plants (variety Hysun-33) were carefully surface sterilized with 3% H2O2

for 20 min, followed by washing cautiously with distilled water. Soil was air dried and sieved
through a 2 mm strainer. After that, five seeds were sown in each pot filled with 8 kg of soil.
After two weeks of germination, thinning was done and only two plants were kept in each pot.
Prestudy soil analyses were performed according to the established protocols, as described in Table 1.
Soil texture, sodium adsorption ratio (SAR), electrical conductivity (EC), soluble ions, and different
trace elements were determined by Bouyoucos [38], Page et al. [39], US Salinity Lab. Staff [40],
and Soltanpour [41], respectively.
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Table 1. The physicochemical characteristics of the soil used in the pot study.

Texture Sandy Loam

Silt 15.0%

Sand 67.9%

Clay 17.10%

EC 1.96 dS m−1

pH 7.61

SAR 1.89 (mmol L−1)1/2

Available P 2.11 mg kg−1

Organic matter 0.59 %

HCO3
−1 2.51 mmol L−1

SO4
−2 11.44 mmol L−1

Cl- 5.45 mmol L−1

Ca2+ +Mg2+ 13.98 mmol L−1

K+ 0.04 mmol L−1

Na+ 5.23 mmol L−1

Available Zn 2+ 0.77 mg kg−1

Available Cu 2+ 0.31 mg kg−1

Available Cr 0.16 mg kg−1

Here in Table 1, the EC stands for electrical conductivity and SAR stands for sodium adsorption ratio.

4.2. Analysis of Tannery Wastewater and Application of Treatments

Tannery wastewater was analyzed for various physicochemical characteristics through standard
protocol [42] (Table 2). Two weeks old sunflower plants were irrigated every third day with five
different levels (0%, 25%, 50%, 75%, and 100%) of tannery wastewater until harvesting. The number of
pots were considered as one replicate per percentage of wastewater. After 1 week of the wastewater
irrigation, the citric acid was sprayed at different concentrations (0, 2.5 and 5.0 mM), with a 2-day
interval, throughout the experiment. The plants in the control group were cautiously sprayed with
the same quantity of distilled water. Chemical fertilizers were applied as described previously [19].

4.3. Measurement of Morphological Attributes

After 8 weeks of the 1st CA treatment, the plants were harvested. After harvesting, the plants
were washed with distilled water and were carefully separated into stem, leaves, and roots. Data on
various agronomic traits, such as plant height, root length, fresh and dry weight of roots and shoots,
number of leaves per plant, and leaf area, were measured according to the standard procedures.

4.4. Assessment of Oxidative Stress

Oxidative stress was assessed by determining EL, MDA content, and H2O2 concentration,
according to previously described methods [43–45].

4.5. Photosynthetic Pigments and Antioxidant Enzyme Analysis

The contents of chlorophyll a, b, and total chlorophyll were assessed by following established
protocol [46]. Superoxide dismutase and POD activities were examined according to Zhang et al. [47].
Activities of CAT and APX were quantified by using the already developed protocol [48].
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Table 2. Characteristics of tannery wastewater used for irrigation.

Parameters Values

COD 2897 mg L−1

BOD 876 mg L−1

TOC 969 mg L−1

Oil & grease 11 mg L−1

pH 4.13

EC 91.8 dS/m

TDS 64,968

Total Cr 329 mg L−1

K+ 41 mg L−1

Carbonate ND

Ca2++Mg2+ 3.1 mmolc L−1

Here in Table 2, COD stands for chemical oxygen demand, BOD stands for biological oxygen demand, TOC stands
for total organic compounds, EC stands for electrical conductivity, TDS stands for total dissolved solids, and ND
stands for not detected.

4.6. Determination of Cr Contents

Plant samples were analyzed for Cr content in leaves, stems, and roots following the protocol
described by Ehsan et al. [49]. Samples (0.5 g) were ground into fine powder and burnt to ashes in
a muffle furnace at 1000 ◦C for 12 h, followed by acid digestion overnight. Afterwards, digested
samples were filtered several times to get a clear extract. Finally, samples were analyzed by atomic
absorption spectrophotometer (Halo DB-20/DB-20S, Dynamica Company, London, UK) and total Cr
concentration was calculated by drawing standard curve.

4.7. Statistical Analysis

Complete randomized design was applied along with 3 replicates. Analysis of variance (ANOVA)
was applied using statistical software (SPSS, version 23.0 for windows; IBM Corporation, Armonk,
New York, U.S). A post hoc test followed by a Duncan test was applied to see significant difference
among different treatments.

5. Conclusions

This study demonstrated that wastewater application reduced the morphological
and photosynthetic attributes of plants. Substantial amount of total Cr accumulated in sunflower when
provided with tannery wastewater. The CA application enhanced growth and photosynthetic pigments
of sunflowers by decreasing the oxidative damage. Moreover, CA increased activities of antioxidant
enzymes in sunflower plants. The total Cr uptake was enhanced with enhancing the concentration
of CA. Current findings suggest that citric acid application could be an easy and effective strategy
to alleviate chromium toxicity. However, further investigations should be done in the future on
a molecular level with detailed mechanistic approaches in this regard.
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Abstract: Lead (Pb) toxicity has a great impact in terms of toxicity towards living organisms as it
severely affects crop growth, yield, and food security; thus, warranting appropriate measures for
the remediation of Pb polluted soils. Phytoextraction of heavy metals (HMs) using tolerant plants
along with organic chelators has gained global attention. Thus, this study examines the possible
influence of citric acid (CA) on unveiling the potential phytoextraction of Pb by using castor beans.
For this purpose, different levels of Pb (0, 300, 600 mg kg−1 of soil) and CA (0, 2.5, and 5 mM)
were supplied alone and in all possible combinations. The results indicate that elevated levels
of Pb (especially 600 mg kg−1 soil) induce oxidative stress, including hydrogen peroxide (H2O2)
and malanodialdehyde (MDA) production in plants. The Pb stress reduces the photosynthetic
traits (chlorophyll and gas exchange parameters) in the tissues of plants (leaves and roots),
which ultimately lead to a reduction in growth as well as biomass. Enzyme activities such as
guaiacol peroxidase, superoxide dismutase, ascorbate peroxidase, and catalase are also linearly
increased in a dose-dependent manner under Pb stress. The exogenous application of CA reduced
the Pb toxicity in plants by improving photosynthesis and, ultimately, plant growth. The upsurge
in antioxidants against oxidative stress shows the potential of CA-treated castor beans plants to
counteract stress injuries by lowering H2O2 and MDA levels. From the results of this study, it can
be concluded that CA treatments play a promising role in increasing the uptake of Pb and reducing
its phytotoxicity. These outcomes recommend that CA application could be an effective approach for
the phytoextraction of Pb from polluted soils by growing castor beans.

Keywords: lead; castor beans; citric acid; phytoextraction; antioxidant enzyme
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1. Introduction

Heavy metals have been of much interest to researchers and scientists regarding environmental
safety, and among this, lead (Pb) has gained substantial consideration as a persuasive
environmental hazard. Both natural and anthropogenic activities such as the disposal of municipal
sewage sludge, fertilizer application, practices of mines, forest fires, industrial fumes, storage batteries
such as lithium ion batteries, volcanic eruptions, igneous rocks, ores smelting, paints, gasoline,
and explosives are the major contributors to the release of Pb in the external environment [1]. Lead has
been known as an inorganic toxin (cannot be degraded) even at lower concentrations and is readily
absorbed in cultivated soils, which is easily taken up by various organs of plants. The major levels of
Pb exhibit in the food chain through accumulation/absorption impose severe threat towards human
health [2]. In the plant environment, Pb phytotoxicity results in a stop to plant growth, depression
of seed germination, disruption of cellular structures, impairment of photosynthesis, imbalance of
hormones, ion homeostasis, and the over-generation of reactive oxygen species (ROS) as well as
inhibition of enzyme activities [3]. As a result, crops cultivated in these Pb-polluted soils directly
affect agricultural production. Therefore, it is essential to remediate Pb contamination in the soil–plant
environment. The use of green-plants to remediate contaminated soils is a long term, cost-effective,
and eco-friendly tool [4,5]. However, the plants’ ability to uptake and translocate HMs into upper
harvestable parts are dependent on soil type, plant species, and environmental conditions [6–8].
In recent research, numerous plant species have been studied which can be used to remediate the
HM polluted soils, including Brassica napus for Pb [9], cadmium (Cd) [10], and copper (Cu) [11],
while cauliflower and sunflower were used to remediate chromium (Cr) [12,13], accordingly.

Usually, many of the HMs are adsorbed in soil particles to make soil aggregates that are hard
to be integrated by plants. Thus, the use of acids, which are low molecular weight organic acids
like citric acid (CA), is crucial to alter the chemical activity/bioavailability of HMs and improve
phytoextraction [14]. Although phytoextraction is manageable, cost-effective, and eco-friendly, it is
not recommended commercially. The capacity of Pb-phytoextraction can be effectively improved by
the selection of effective chelating agents like CA. Recent studies have documented the role of CA as
a growth promoting agent with a chelating potential against different HMs such as Cr [15], copper
(Cu) [11], Pb [16] as well as Cd [10].

Castor beans (Ricinus communis L.) is a tropical African plant that is well-known for its ability to
grow in contaminated sites, which makes this plant a promising candidate to clean up the environment
and re-cultivate polluted lands [17]. Previous scientific research has suggested that castor beans grown
in specific areas of the world can accumulate Pb [18]. Castor beans is an industrial crop, is used other
than in food items, and has tremendous potential in a rotation system. Therefore, it is a novel crop to
cultivate for the phytoremediation of HMs because this crop has an additional economic benefit if
grown in polluted sites [19].

Most of the plants used for the phytoextraction of Pb contaminated soils belong to the temperate
climate, and less is known about the ability of tropical plants for the phytoextraction of HMs.
By keeping in view the significance of phytoextraction to remediate polluted lands, the quest for
tropical plants becomes obligatory. Therefore, this study analyzes the Pb-induced harmful effects
on morph-physiological and biochemical attributes of castor beans. In addition, Pb uptake and
its detoxification by the application of CA are also explored, which can be used to remediate Pb
contaminated sites.

2. Results

2.1. Plant Growth and Biomass

Figure 1A–F demonstrates the negative changes in growth and biomass produced due to
Pb-induced toxicity as well as the positive effect of CA application on growth and biomass characteristics
of the plant. Lead application at both levels (300 and 600 mg kg−1) substantially reduced plant
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(root and shoot) length, leaf area, the number of leaves per plant, and dry weight, and the response was
dose-dependent for all parameters (Figure 1A,B). In contrast to the control treatment, the decrease in
the shoot and root length was 7.21% (300 mg kg−1) and 18.43% (600 mg kg−1), respectively, under low
and high levels of Pb stress while both doses of CA potentially improved the root and shoot lengths
of Pb-exposed castor beans plants. Similarly, shoot and root dry weight, the number of leaves per
plant of castor beans decreased significantly when exposed to Pb stress. Application of CA (2.5 and
5 mM) considerably improved plant growth and biomass parameters under Pb stress compared to
Pb-stress-alone, as demonstrated in Figure 1A–F.

Figure 1. Effect of different Pb concentrations (0, 300, and 600 mg kg−1) and CA levels (0, 2.5, and 5 mM)
on shoot lengths (A), root lengths (B), shoot dry weight (C), roots dry weight (D), leaf area (E), numbers
of leaves per plant (F) of castor beans plants. Values reported in figures are the mean of 3 replicates along
with standard deviation. Letters show the significant difference between the treatments of p ≤ 0.05.

2.2. Photosynthetic Pigments and Gas Exchange Parameters

Exposure to Pb stress at both levels (300 and 600 mg kg−1) slightly decreased (p < 0.05) the
photosynthetic pigments including chlorophylls (a and b), carotenoids, and total chlorophyll compared
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to the relevant control treatments (Figure 2A–D). When CA was applied to Pb-stressed plants,
a significant improvement in all the photosynthetic parameters was observed compared to control and
Pb-alone treatments (Figure 2A–D). Moreover, CA also improved these parameters where no Pb stress
was applied. Citric acid (5 mM) increased the chlorophylls a and b, total chlorophyll, and carotenoids
by 35, 42, 37, and 42%, respectively. Similarly, photosynthetic characteristics, including photosynthetic
rate, water use efficiency, stomatal conductance, and transpiration rate, decreased significantly in
Pb-exposed plants without CA (Figure 3A–D). The citric acid application significantly improved all the
gas exchange characteristics, including photosynthetic rate, transpiration rate, water use efficiency,
and stomatal conductance up to 33%, 37%, 43%, 47%, respectively, in Pb-exposed castor beans plants
with respect to the Pb-alone treated plants (control).

Figure 2. Effect of different Pb concentrations (0, 300, and 600 mg kg−1) and CA levels (0, 2.5, and 5 mM)
upon chlorophyll a content (A), chlorophyll b content (B), chlorophyll total (C), and the carotenoids
content (D) of castor beans plants. Values reported in figures are the mean of 3 replicates along with
standard-deviation. Letters show the significant difference between the treatments of p ≤ 0.05.

2.3. Antioxidant Enzymes Activities

The effects of Pb stress (300 and 600 mg kg−1) and CA (2.5 and 5 mM) application (alone or combined)
on important antioxidant enzyme activities, i.e., POD, CAT, APX, and SOD, in roots and leaves of castor
beans plants are shown in Figure 4A–H. A significant reduction in the activities of antioxidant enzymes
was observed in Pb-alone treatments over the control. Although higher Pb stress (600 mg kg−1) showed
more reduction in enzyme activities than lower Pb stress (300 mg kg−1), this decrease was significant
(p < 0.05) in all the plants expose to Pb toxicity as compared to control plants. Under both Pb-stress
levels, CA treatments significantly (p < 0.05) enhanced the efficiency of these enzymes compared to
their respective Pb-alone treated roots and leaves of the plants.
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Figure 3. Effect of different Pb concentrations (0, 300, and 600 mg kg−1) and CA levels (0, 2.5, and 5 mM)
on transpiration rate (A), photosynthetic rate (B), stomata conductance (C), water use efficiency (D)
of castor beans plants. Values reported in figures are the mean of 3 replicates along with standard
deviation. Letters shows the significant difference between the treatments of p ≤ 0.05.

2.4. Effect of CA Application on EL, H2O2, and MDA

With exposure to Pb stress, electrolyte leakage (EL), H2O2, and MDA concentrations were
significantly enhanced in castor beans plants (leaves and roots) (Figure 5A–F). Application of CA at
both levels (2.5 and 5 mM) to castor beans plants significantly (p < 0.05) recovered the oxidative damage
caused by Pb, and the positive effects of CA were more prominent in the 5 mM CA treatment than the
lower CA level. With the 5 mM CA + 600 mg kg−1 Pb application, the EL, H2O2, and MDA contents
in leaves significantly (p < 0.05) reduced by 32%, 18%, and 21%, respectively, as compared with the
respective control without CA, while in roots this reduction was 18%, 20%, and 33%, respectively.

2.5. Lead Concentration and Uptake in Castor Beans

The concentrations of Pb in root and shoots of castor beans were significantly enhanced with
the increase in doses of Pb (Figure 6A,B). The castor beans plants stored higher Pb concentration in
roots compared to shoot tissues, regardless of the applied Pb levels. The application of CA at a higher
dose (5 mM) significantly increased the Pb concentration in the shoots and roots of castor beans plants.
This increase in Pb concentrations was about 26% and 18% in shoots, and 25% and 28% in roots at 300
and 600 mg kg−1 Pb concentrations, respectively, compared to Pb-alone treated castor beans plants.
Similarly, CA application at the higher dose (5 mM) significantly increased the total Pb uptake in castor
beans plants; for example, the increase in total shoot Pb uptake was 46% and 39%, while in roots this
increase was 48% and 49% at lower and higher levels of the Pb application, respectively (Figure 6C,D).
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Figure 4. Effect of different Pb concentrations (0, 300, and 600 mg kg−1) and CA levels (0, 2.5, and 5 mM)
on leaf SOD content (A), roots SOD content (B), leaf POD content (C), roots POD content (D), leaf CAT
content (E), roots CAT content (F), leaf APX content (G), roots APX content (H) of castor beans plants.
Values reported in figures are the mean of 3 replicates along with standard deviation. Letters show the
significant difference between the treatments of p ≤ 0.05.
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Figure 5. Effect of different Pb concentrations (0, 300, and 600 mg kg−1) and CA levels (0, 2.5, and 5 mM)
on EL in leaf (A), EL in roots (B), leaf H2O2 content (C), roots H2O2 content (D), leaf MDA content (E),
roots MDA content (F) of castor beans plants. Values reported in figures are the mean of 3 replicates along
with standard deviation. Letters show the significant difference between the treatments on p ≤ 0.05.
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Figure 6. Effect of different Pb concentrations (0, 300, and 600 mg kg−1) and CA levels (0, 2.5, and 5 mM)
on Pb concentration to the plant shoot (A), Pb concentration to the plant root (B), Pb accumulation
in shoot (C), Pb accumulation in root (D) of castor beans plants. Values reported in figures are the
mean of 3 replicates along with standard deviation. Letters show the significant difference between the
treatments of p ≤ 0.05.

3. Discussion

3.1. Plant Growth and Biomass

This study was conducted for the determination of potential effects of Pb stress on castor beans
plants, the potential of castor beans plants toward the phytoremediation of Pb, and CA’s role towards
the phyto-extraction of Pb by this plant. The effect of Pb on morphological attributes is prominent
in our results (Figure 1), which clearly showed the retarded growth of plants under Pb stress alone.
The high concentration of Pb decreased the roots and shoot lengths, plant height, and fresh and dry
biomass. The greater uptake of the Pb in the plant can restrict the biomass production of plants [20,21].
The higher Pb toxicity in plants caused growth inhibition, reduced the number of leaves, and produced
smaller, more brittle leaves in maize plants [22]. These detrimental effects of Pb on plant growth
might be the result of a disturbance in the nutrient metabolic process in plants [23]. Lead, even at low
concentrations, hampers the growth of the aerial parts and roots of plants [24], which also support
the results of our study. Pb exposure considerably decreased root expansion in Prosopis sp. [25].
Similarly, Pb exposure in A. Sativum badly damaged the mitochondria, vacuolization of endoplasmic
reticulum, and plasma membrane in the roots [26]. Malar et al. [27] also reported similar results,
as observed in our study, and reported reduced plant growth and biomass in H. incana under Pb stress.
Similarly, Fahr et al. [28] described the reduction in root length, plant height, fresh and dry biomass in
Pb-stressed Brassica plants. This reduction in morphological attributes of plants might be due to the
fact that Pb toxicity disturbs the intracellular biochemical reaction, cell division, and DNA synthesis in
the same way as described in other various studies under HM stress [29–31].

The promotive role of CA in plants exposed to HM stress is well recognized [11,32]. The application
of CA improved the growth and biomass of castor beans plants under Pb stress (Figure 1). Results of
the present study were in line with the outcome described by Ehsan et al. [10], Farid et al. [13],
and Afshan et al. [15] for various plants species. These studies have demonstrated that the CA
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application improved plant growth under various metal stresses. The application of CA plays a vital
role under metal stress and promotes plant growth and biomass, which may be because of an increase
in nutrient uptake by plants [33]. Improvement in biomass and plant growth might be accredited
to the ability of CA to enhance the uptake of essential nutrients by the formation of complexes
with nutrients [34]. The other possible reason might be that the application of CA may enhance the
photosynthesis and synthesis of phytochelatins (PCs) in plants [33].

3.2. Photosynthetic Pigments

The photosynthetic pigments played a vital role in plant life as they harvest light for biochemical
reactions in leaf cells. For an HM tolerance ability of a plant, chlorophyll contents may be considered
one of the important indicators of HM stress [35]. Our results indicated that Pb stress significantly
reduced the photosynthetic pigment in plants, which ultimately lead to the diminution in plant growth
and biomass (Figure 2). A recent study had been conducted where Pb significantly affected the
photosynthetic pigments in different plants [16,36]. This reduction in photosynthetic pigments might
be due to the result of Pb stress, which may affect the structure of chloroplast, chloroplast membranes,
plastoglobuli, promote the ion exchange in the chloroplast and inhibit the essential enzymes in
the Calvin cycle [30]. All of these phenomena lead to the reduction of photosynthetic pigments,
which ultimately reduce the growth of plants. The application of CA enhanced the photosynthetic
pigment in stressed plants (Figure 2). A useful role of the CA towards the photosynthetic system in
plants, when exposed to HMs stress, has been described in many recent research works [13,15,16].
This might be the effect of CA application, which enhanced the uptake of essential nutrients as
well as the formation of photosynthetic pigments [13]. Enhancement in photosynthetic pigments in
photochemical reactions may transform the light energy more effectually under the application of
CA, resulting in enhancement of biomass and plant growth [30]. Citric acid significantly enhanced
the contents of photosynthetic pigments of B. napus under Cu stress [11] and of I. lacteal under Pb
stress [37], as consistent with our results. Similarly, the application of CA mitigated the adverse effect
of Pb in S. durmmondii and enhanced photosynthetic activity as well as plant growth [38].

3.3. Antioxidant Enzymes

Plants develop their defensive system in the template of the antioxidant enzyme system which
has a vital part in the alleviation of oxidative stress. In the current study, the activities of CAT, SOD,
and POD were considerably reduced under Pb stress (Figure 3). In numerous studies, it has been
reported that Pb stress reduced the activities of antioxidant enzymes in various plants [10,13,39].
Sometimes antioxidant enzymes exhibit dual behavior: mild HM stress increases the antioxidant
enzyme activities while higher HM stress reduces the enzymatic activities of antioxidant enzymes.
Antioxidant enzymes (SOD, POD, and CAT) activities increased in sunflower with an increase in the
concentration of Cr in the soil [13]. In another study, the same response of antioxidant enzymes was
observed in wheat, B. napus, and mung bean at a lower concentration of Cr toxicity [40]. Increased levels
of CA (2.5 and 5 mM) enhanced enzymatic activities at all concentrations of Pb regarding the toxicity
of Pb (Figure 3). This might be due to the growth promotive character of CA in assisting the plant to
recover fast from oxidative damage [32]. In addition, the ameliorating effect of CA also helps the plant
to alleviate Pb stress and to increase the activities of antioxidant enzymes, as investigated in sunflower
plants [41]. Increased levels of EL and ROS also frequently increase the anti-oxidative enzyme activities
as the plant tries to alleviate the metal-induced stress by activating the enzymatic defense system [42].
Citric acid application in cotton improved the antioxidant enzyme activities by mitigating Ni stress [11].
Similar kinds of improvements in antioxidant enzymes through the exogenous application of CA
(2.5 and 5 mM) have been observed in B. napus under different metal stress [10,15,16].
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3.4. H2O2, EL, and MDA Contents

The H2O2, EL, and MDA contents in plant cells indicate the degree of oxidative stress and
peroxidation of membranes. Plants exposed to Pb stress confronted oxidative stress by the EL and
production of ROS [12]. In this study, H2O2 and MDA contents and EL increased markedly with
an increasing concentration of Pb in soil (Figure 5). Similar outcomes have been described in recent
studies performed on wheat, barley, and B. napus in which the toxicity of Cr resulted in oxidative
stress and a higher level of EL [40]. Similarly, sunflower showed a high production of MDA and H2O2

under HM stress [43]. It has already been reported that Pb stress enhanced the production of ROS,
which induced severe oxidative stress in plant cells [13,39]. The ability of HMs to damage the electron
transport chain and K+ efflux may enhance the production of O- and OH- radicals and, ultimately,
EL in plants [44]. The biotic and abiotic stress fortified by metals also increase the EL in plants [45,46].
The oxidative damage is directly correlated with a reduction of growth in plants as well as biomass [47].
In the current study, the application of CA predominantly reduced the generation of EL and ROS
in castor beans plants by facilitating the activities of antioxidant enzymes. Antioxidant defensive
activities play a novel role regarding the reduction of EL and ROS production [13,48]. A similar impact
of CA was also detected in B. napus and sunflower under the stress of Cr toxicity [13,15]. In this
study, the increase in castor beans growth and biomass by application of CA may be attributed to the
inhibiting effect of CA on EL and ROS production.

3.5. The Accumulation of Pb in Roots and Leaves

Concentrations of Pb in roots and shoots of castor beans plants exposed to different levels of Pb
along with applications of CA are shown in Figure 6. Our results clearly explained that Pb uptake
increased with increasing concentrations of applied Pb in the system of soil. It is well observed
that the accumulation of Pb in different parts of the plant correlates with the concentration of Pb in
growth media [47]. Our results clearly showed that the concentration of Pb were significantly higher
in roots as compared with the aerial parts of the plant. Similar results have been reported by many
researchers [10,13,47]. That might be due to the ability of Pb to make complexes with polysaccharides
such as sugar and other macromolecules.

The application of CA enhanced the uptake of Pb in roots and shoots of the castor bean. It was
reported that CA application enhanced both uptake and translocation of various HMs in plants [32,49].
The chelating role of CA in soil enhances the movement and availability of HMs (Cd, Pb, Cu,
and Zn) in the soil. The chelating effect of CA also made the complex with metals and enhanced the
accumulation of metals by plants [50]. For example, the application of CA enhanced the uptake of Cr
in sunflower [13,41]. Our results related to Pb concentrations in tissues are comparable with Kiran and
Prasad [51] in which rice husk ash and biochar assisted the phytoremediation potential of castor beans
plants for Pb-spiked soil. However, in our study, the Pb uptake was slighter higher as compared with
Kiran and Prasad [51]. The higher Pb uptake by castor beans plants in our study might be due to the
difference in plant variety, soil texture, experimental duration, and varying experimental conditions.
Moreover, we applied Pb in soluble form which can be easily taken up by plants. The other potential
cause of higher Pb concentrations in plants might be that the CA may decline the pH of the soil,
which upgrades the mobility of metals and finally improves the uptake of HMs by plants [52,53].
Citric acid application also increased plant growth and biomass and, consequently, the accumulation
and uptake of metals in plants [13,54]. Pb accumulation was found both in roots and shoots whereas
maximum accumulation was found in the roots of castor beans plants. It is reported that plants have
more capacity to accumulate metals in roots than in shoots. The accumulation of Pb in roots has
limited the transfer of HMs to above-ground tissue as reported earlier [55]. The finding of our study
showed that the application of CA improved the phytoextraction of Pb via castor beans plants and
increased the biomass and growth of the plants, which might be employed for the cultivation of metal
contaminated soils.
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4. Materials and Methods

4.1. Soil Sampling and Analysis

Soil sampling was made from an agricultural field of the University of Agriculture
Faisalabad, Pakistan. Roots and other large debris were removed from the soil and sieved by 2 mm sieve.
Before conducting the experiment, basic soil analysis was performed to check the soil properties.
Standard protocols were followed for various soil analysis, i.e., pH and EC by Soltanpour [56], sodium
adsorption ratio and soluble ions by US Salinity Laboratory Staff [57], and Page et al. [58]. Soil particle
size was determined through a protocol described by Bouyoucos [59]. The Walkley–Black method was
followed for soil organic matter determination described by Jackson [60] and the calcimeter method
was followed for calcium carbonate [61]. Detailed soil properties are described in Table 1.

Table 1. Soil physico-chemical properties used for the experiment.

Texture Sandy Loam

Silt 15.0%
Sand 67.9%
Clay 17.1%
EC 1.96 dS m−1

pH 7.61
Sodium adsorption ratio (SAR) 1.89 (mmol L−1)1/2

Available P 2.11 mg kg−1

Organic matter 0.59%
HCO3 2.51 mmol L−1

SO4
−2 11.44 mmol L−1

Cl- 5.45 mmol L−1

Ca2+ +Mg2+ 13.98 mmol L−1

K+ 0.04 mmol L−1

Na2 5.23 mmol L−1

Available Zn2 0.77 mg kg−1

Available Cu2+ 0.31 mg kg−1

Available Cr +6 0.16 mg kg−1

4.2. Pot Experiment

A pot experiment was conducted, and for this purpose, the plastic pots, with 5 kg capacity, were
filled with sieved soil. Five castor beans seeds were sown in each pot. Right after germination, plant
thinning was made, and 2 plants were maintained in each pot. A complete randomized design was
applied along with 3 replicates against each treatment. Plants were fertilized using NPK with a ratio
of 120:50:25 kg ha−1. For NPK, the salts of urea, diammonium phosphate, and potassium sulfate
were used, respectively. Various concentrations of Pb (0, 300, and 600 mg kg−1) were applied using
PbNO3 salt. First time, Pb treatments were applied after 30 days of sowing. Then, the remaining Pb
solution was applied after a 7-day interval with four times of application. The total calculated amount
of Pb for each treatment and replicates was added in 2 L of water, and 500 mL of water was applied
each time. The final Pb concentrations in the soil were either 300 or 600 mg kg−1 after the four-times
of soil application. This practice of Pb soil application was performed to make sure of Pb in soluble
form in the soils. The higher level of Pb was selected for the identification of mechanisms of CA on the
reduction of Pb toxicity in plants. Nitrogen added through the Pb salt was calculated and adjusted
through N fertilizers. This was performed to avoid the effect of N in the study. The experimental
plants were provided with a foliar spray of different concentrations of CA (0, 2.5, and 5 mM) at the time
of Pb application in the soil, and it was provided in different intervals, similar to the Pb application.
The total volume of CA used was 1 L for each treatment for all replicates.
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4.3. Plants Harvesting

After 70 days of sowing, the harvesting of castor beans plants was made and their different parts
were differentiated. After washing with distilled water, plants were dried in oven (70 ◦C) for 72 h and
dry weights were recorded. Diluted HCl acid (1.0%) was used for root washing; after that roots were
washed with distilled water several times until the acidic content had been fully removed. After drying
at room temperature, roots were also oven-dried at 70 ◦C, and dry weight was noted.

4.4. Chlorophyll Contents and Gas Exchange Parameters

For estimation of chlorophyll contents, the fresh leaf samples were collected and centrifuged
after the extraction in 85% acetone (v/v), and readings were taken at recommended wavelengths with
a spectrophotometer [62]. On the same day in full sunshine (10:00–12:00 a.m.), IRGA was used for
readings of photosynthetic rate, transpiration rate, stomata conductance, and water use efficiency.

4.5. Estimation of MDA, EL, H2O2 and Antioxidants Enzymes

The Zhang and Kirkham [63] method was followed to measure MDA contents by using
thiobarbituric acid (0.1%), further described by Abbas et al. [64]. The Dionisio-Sese and Tobita [65]
method was used for EL estimation. For this, the initial and final EC of the solution was noted
through the extraction of samples for 2 h at 32 ◦C and then doing the extraction of the same samples
at 121 ◦C for 20 min, respectively. To measure the contents of H2O2, the Jana and Choudhuri [66]
procedure was followed. In brief, samples were homogenized with phosphate buffer (50 mM) at 6.5 pH
and centrifuged for 20 min. Then H2SO4 (20%, v/v) was added and centrifuged again for 15 min,
and absorbance was noted at 410 nm.

Samples were crushed in liquid nitrogen and standardized in 0.5 M phosphate buffer at a pH of 7.8
for the investigation of SOD and POD activities [67]. APX and CAT activities were estimated by the
following procedures of Nakano and Asada [68] and Aebi [69], respectively. The detailed procedures
are described by Abbas et al. [63].

4.6. Estimation of Pb Contents

The 1.0 g of each sample was digested at a hot plate with 4:1 of HNO3:HClO4 (v/v), and the
concentration of Pb was estimated in digested samples by an atomic absorption spectrophotometer [70].

4.7. Statistical Analysis

At 5% probability level, ANOVA was applied for data analysis by using SPSS software
(Statistics Software, Version 21.0). Tukey’s HSD post hoc test was applied for multiple comparisons of
the means.

5. Conclusions

The current study has shown that the promising application of CA remarkably alleviates Pb
toxicity in castor beans plants at various morpho-physiological and biochemical levels. Application of
CA significantly improved the content of Pb in castor beans plants and increased the growth of
the plants as well as the antioxidant defense system, which further supported the plants’ normal
functioning and metabolism under Pb stress.
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Abstract: Heavy metal (HM) contamination of agricultural soil is primarily related to anthropogenic
perturbations. Exposure to high concentration of HMs causes toxicity and undesirable effects in
plants. In this study, the significance of ethylene was studied in response of mustard (Brassica juncea)
to a high level (200 mg kg−1 soil) of zinc (Zn) exposure. Plants with high Zn showed inhibited
photosynthesis and growth with the increase in oxidative stress. Application of ethylene (as ethephon)
to Zn-grown plants restored photosynthesis and growth by inhibiting oxidative stress through
increased antioxidant activity, the proline metabolism glyoxalase system, and nutrient homoeostasis.
The results suggested that ethylene played a role in modulating defense mechanisms for tolerance of
plants to Zn stress.

Keywords: antioxidant system; ethylene; glyoxalase system; photosynthesis; proline metabolism; zinc

1. Introduction

The addition of heavy metals (HMs) to agricultural soil has become a leading problem worldwide
due to a wide range of unrestricted and continuous anthropogenic activities, especially in developing
countries. In recent times, the increasing concentration of HMs has invited attention in global research
due to their non-biodegradability and their high accumulation in living things through the food web [1].
Heavy metals that serve as micronutrients, such as copper (Cu), iron (Fe), manganese (Mn), cobalt
(Co), nickel (Ni), and zinc (Zn) play an essential function in plant growth and development under
optimal concentrations [2,3]. Zinc, included in this category, has essential roles in binding of protein,
regulation of enzyme activity, transcriptional and translational regulation, and signal transduction in
being a component and co-factor of several enzymes [4,5]. The deficiency of Zn results in necrotic spots,
leaf chlorosis, nutrient imbalance, altered cell division, and reduced photosynthesis and growth [6,7].
The presence of 8.0–100 μg g−1 DW Zn has been suggested to assist normal growth and development
of plants, but at elevated concentrations of 300 μg g−1 it becomes a toxic pollutant [8,9] and causes
overproduction of reactive oxygen species (ROS) [10,11]. Under these conditions, it significantly
induces cellular damages, redox imbalance, replacement of essential functional groups, and inhibition
of photosynthetic and growth processes [12].

Plants have inherent capabilities to strive under such stressful environments by way of
modifying diverse defense mechanisms to scavenge/regulate the excess ROS in plants. The antioxidant

Plants 2019, 8, 540; doi:10.3390/plants8120540 www.mdpi.com/journal/plants157



Plants 2019, 8, 540

enzymes, such as superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione peroxidase
(GPX), glutathione S-transferase (GST), glutathione reductase (GR), monodehydroascorbate
reductase (MDHAR), and dehydroascorbate reductase (DHAR), are activated for survival [13,14].
The co-substrates of ascorbate-glutathione (AsA-GSH) cycle, GSH and AsA, serve as non-enzymatic
antioxidants for direct scavenging of ROS [15]. Under stress condition, increased production of
a highly reactive substance, α-ketoaldehydes called methylglyoxals (MG), can damage cellular
ultrastructure, causing inactivation of proteins and even cell death [16]. Consequently, efficient
MG detoxification has become a necessary biochemical indicator for stress tolerance, where reduced
glutathione (GSH)-dependent glyoxalase pathway efficiently performs MG detoxification via glyoxalase
I (Gly I) and glyoxalase II (Gly II) enzymes [16]. Another potential mechanism for tolerance of plants to
HM stress is proline accumulation [17]. Proline potentiality detoxifies excess ROS, maintains cellular
osmotic environment, protects biological membranes, and stabilizes enzymes/proteins under stress
conditions [18]. Thus, proline metabolism may also be considered as a strategy to increase tolerance of
plants to HMs and to protect photosynthesis.

Ethylene is a simple gaseous plant hormone that interacts with nutrient uptake and potentially
influences many developmental processes of plants, including photosynthesis, under optimal and
stressful conditions [19,20]. Iqbal et al. [21] showed that supplementation of ethephon resulted in
increased activity of nitrate reductase and ATP-sulfurylase, which accounted for enhanced assimilation
of nitrogen (N) and sulfur (S) resulting in increased antioxidant activity and photosynthetic responses
in mustard plants. In wheat plants under heat stress [22] and cadmium (Cd) stress [23], ethylene
regulates proline production. In spite of the fact that ethylene has now been recognized as an important
modulator of photosynthetic process under optimal and stressful environments, its involvement in
regulation of plant tolerance to elevated Zn levels through coordination of antioxidant and glyoxalase
enzyme systems and proline metabolism has not been clearly demonstrated. It is postulated that the
measures that could increase N-use efficiency in plants may result in greater investment of N in cellular
metabolites and induce mechanisms that could protect photosynthesis and plant dry mass, and confer
tolerance to Zn stress, through involvement of enhanced activity of antioxidant and glyoxalase systems
and proline biosynthesis. The exogenously applied ethylene could help in achieving these processes
and in alleviation of the adverse effects of Zn-induced stress.

2. Material and Methods

2.1. Plant Material, Growth Conditions, and Treatments

Healthy seeds of mustard (Brassica juncea L. Czern & Coss. cv. Varuna) were sterilized using
0.01 g L−1 mercuric chloride solution and repeated washings with double distilled water. The seeds
were sown in earthen pots filled with soil having peat and compost, 4:1 (v/v), and mixed with sand, 3:1
(v/v). In each pot, five healthy plants were maintained after seedling establishment. The experiments
were conducted at the Department of Botany, Aligarh Muslim University, Aligarh, India in the naturally
illuminated green house. The plants grown with 200 mg Zn kg−1 soil (considered on the basis of
our earlier research) [24] were treated with 200 μL L−1 ethephon at 20 days after sowing (DAS). The
source for Zn was ZnSO4. In addition, a control group of plants and plants treated with 200 μL L−1

ethephon alone were also maintained. The application of 200 μL L−1 ethephon was done with a
hand sprayer along with 0.5% teepol as surfactant. To maintain the effects of ethephon releasing
ethylene, a high soil phosphorus (P) status was maintained as described earlier as Khan and Khan [24].
The treatments were arranged in a completely randomized block design and five replicates for each
treatment were maintained (n = 3). All measurements were done at 30 DAS to record different
physiological, biochemical, and growth attributes.

158



Plants 2019, 8, 540

2.2. Measurements of Photosynthetic Traits and Plant Dry Mass Accumulation

Gas exchange parameters (stomatal conductance (gs), intercellular CO2 concentration (Ci), and
net photosynthesis (Pn) were measured in the fully expanded uppermost leaves of plants in each
treatment using infrared gas analyzer (CID-340, Photosynthesis System, Bio-Science, Washington,
USA). The measurements were done between 11:00 and 12:00 at light saturating intensity and at
370 ± 5 μmol mol−1 atmospheric CO2 concentration.

Chlorophyll content was measured with the help of a SPAD chlorophyll meter (SPAD 502 DL
PLUS, Spectrum Technologies, Aurora, IL, USA).

Activity of ribulose-1,5-bisphosphate carboxylase (Rubisco) (EC 4.1.1.39) was determined
spectrophotometrically by the adopting the method of Usuda [25] by monitoring nicotinamide adenine
dinucleotide (NADH) oxidation at 30 ◦C at 340 nm during the conversion of 3-phosphoglycerate to
glycerol 3-phosphate after the addition of enzyme extract to the assay medium. Further detail is given
by Khan and Khan [24].

By using a Junior-PAM chlorophyll fluorometer (Heinz Walz, Effeltrich, Germany) all the
chlorophyll fluorescence parameters were studied as described earlier by Khan and Khan [24].
Calculations were done according to Khan and Khan [24] and Krall and Edwards [26].

Dry mass of plants was recorded after drying the sample in a hot air oven at 80 ◦C till constant
weight. Leaf area was measured using a leaf area meter (LA211, Systronics, New Delhi, India).

2.3. Determination of Oxidative Stress Markers

2.3.1. Lipid Peroxidation

Lipid peroxidation in leaves was determined by estimating the content of thiobarbituric acid
reactive substances (TBARS) as described by Dhindsa et al. [27]. The content of TBARS was calculated
using the extinction coefficient (155 mM−1 cm−1). The details have been given in our earlier report as
Khan et al. [22].

2.3.2. Electrolyte leakage

For measuring electrolyte leakage, samples were thoroughly washed with sterile water, weighed,
and then kept in closed vials with 10 mL of deionized water where they were incubated at 25 ◦C for 6 h
using a shaker. Then, electrical conductivity (EC) was determined (C1). Samples were then again kept
at 90 ◦C for 2 h and EC was recorded after attaining equilibrium at 25 ◦C (C2).

2.3.3. Methylglyoxal Content

Adopting the method of Wild et al. [28], methylglyoxal content was measured. Leaf samples were
homogenized by using 5% perchloric acid followed by centrifugation at 11,000× g. A saturated solution of
Na2CO3 was used to neutralize the supernatant and further mixed with Na-P and N-acetyl-L-cysteine. The
product N-α-acetyl-S-(1-hydroxy-2-oxoprop-1-yl) cysteine formation was measured by spectrophotometer
at 288 nm. A standard curve of MG was prepared and expressed in μmol g−1 FW.

2.3.4. Lipoxygenase Activity

Lipoxygenase (LOX) (EC 1.13.11.12) activity was estimated following the method of
Doderer et al. [29] by monitoring the increase in absorbance at 234 nm using linoleic acid as a
substrate. The LOX activity was calculated using 25 mM−1 cm−1 as an extinction coefficient.

2.4. Measurement of Ascorbate and Glutathione Content

2.4.1. Ascorbate Content

Ascorbate (AsA) content was determined following the method of Law et al. [30] with some
modifications. The details have been given in our earlier report as Anjum et al. [31]. A standard
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curve in the range of 10–100 nmol of ascorbic acid was used for calibration. Values in both cases were
corrected for the absorbance eliminating the supernatant in the blank prepared separately for AsA.

2.4.2. Reduced Glutathione Content

GSH was assayed by an enzymic recycling procedure, as detailed by Griffith [32], in which it was
sequentially oxidized by 5,5-dithiobis-2-nitrobenzoic acid (DTNB) and reduced by NADPH in the
presence of GR, as described earlier [24,33].

2.5. Extraction and Determination of Antioxidant Enzymes

Fresh leaf tissue (200 mg) was homogenized with an extraction buffer containing 0.05% (v/v) Triton
X-100 and 1% (w/v) PVP in potassium-phosphate buffer (100 mM, pH 7.0) using chilled mortar and
pestle. At 4 ◦C, the homogenate was centrifuged at 15,000× g for 20 min. The supernatant obtained
after centrifugation was used to assay superoxide dismutase (SOD) (EC 1.15.1.1), GSH reductase
(GR) (EC 1.6.4.2), and GSH peroxidase (GPX) (EC 1.11.1.9) enzymes, and for the assay of ascorbate
peroxidase (APX) (EC 1.11.1.11). Here, 2.0 mM ascorbate was supplemented with extraction buffer.
Protein was estimated according to Bradford [34] using bovine serum albumin as standard.

2.5.1. SOD

Activity of SOD was determined by monitoring the inhibition of photochemical reduction of nitro
blue tetrazolium (NBT), according to the methods of Beyer and Fridovich [35] and Giannopolitis and
Ries [36]. The details have been given in our earlier report as Khan and Khan [24].

2.5.2. APX

Activity of APX was determined by the method of Nakano and Asada [37] by recording the
decrease 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 H2O2, and the enzyme extract. APX activity was
calculated by using the extinction coefficient 2.8 mM−1 cm−1. One unit of the enzyme is the amount
necessary to decompose 1 μmol of substrate per min at 25 ◦C.

2.5.3. GR

Activity of GR was determined adopting the method of Foyer and Halliwell [38] by monitoring
the GSH-dependent oxidation of NADPH. The details have been given in our earlier report as Khan
and Khan [24].

2.5.4. GPX

Activity of GPX was determined by adopting the method of Hasanuzzaman et al. [39]. The details
have been given in our earlier report as Khan et al. [24].

2.5.5. GST

Glutathione S-transferase (GST) (EC 2.5.1.18) was determined spectrophotometrically by the
method Booth et al. [40] with some modifications [41]. The reaction mixture contained 100 mM Tris–HCl
buffer (pH 6.5), 1.5 mM GSH, 1 mM 1-chloro-2,4-dinitrobenzene (CDNB), and enzyme solution in a
final volume of 0.7 mL. The enzyme reaction was initiated by the addition of CDNB and the increase
in absorbance was measured at 340 nm for 1 min. The activity was calculated using the extinction
coefficient of 9.6 mM−1 cm−1.

2.5.6. MDHAR

Monodehydroascorbate reductase (MDHAR) (EC 1.6.5.4) activity was assayed by the method of
Hossain et al. [42]. The reaction mixture contained 50 mM Tris–HCl buffer (pH 7.5), 0.2 mM NADPH,
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2.5 mMAsA, and 0.5 units of AO and enzyme solution in a final volume of 0.7 mL. The reaction was
started by the addition of AO. The activity was calculated from the change in ascorbate at 340 nm for
1 min using an extinction coefficient of 6.2 mM−1 cm−1.

2.5.7. DHAR

Dehydroascorbate reductase (DHAR) (EC 1.8.5.1) activity was assayed by the method of Nakano
and Asada [37]. The reaction buffer contained 50 mM K-phosphate buffer (pH 7.0), 2.5 mM GSH, and
0.1 mM DHA. The reaction was started by adding the sample solution to the reaction buffer solution.
The activity was calculated from the change in absorbance at 265 nm for 1 min using an extinction
coefficient of 14 mM−1 cm−1.

2.6. Extraction and Assay of Glyoxalase Systems’ Enzymes

2.6.1. Gly I Activity

Glyoxalase I (Gly I) (EC 4.4.1.5) assay was determined by the method of Hasanuzzaman et al. [43].
The assay mixture contained 100 mM K-phosphate buffer (pH 7.0), 15 mM MgSO4, 1.7 mM GSH,
and 3.5 mM MG in a final volume of 700 μL. The reaction was started by the addition of MG and
the increase in absorbance was recorded at 240 nm for 1 min. The activity was calculated using the
extinction coefficient of 3.37 mM−1 cm−1.

2.6.2. Gly II Activity

Glyoxalase II (Gly II) (EC 3.1.2.6) activity was measured using the method of Principato et al. [44]
by monitoring the formation of GSH at 412 nm for 1 min. The reaction mixture contained 100 Mm
Tris–HCl buffers (pH 7.2), 0.2 mM DTNB and 1 mM S-D-lactoylglutathione (SLG) in a final volume
of 1 mL. The reaction was started by the addition of SLG and the activity was calculated using the
extinction coefficient of 13.6 mM−1 cm−1.

2.7. Determination of Nutrient Content

The determination of mineral nutrients (nitrogen, N; phosphorous, P; potassium, K; and calcium,
Ca) was done in acid-peroxide digested oven-dried leaf sample. K, and Ca were measured using flame
photometer (Khera-391: Khera Instruments, New Delhi, India), whereas N and P were determined by
using the methods of Lindner [45] and Fiske and Subba Row [46], respectively.

2.8. Determination of Proline Content and Activity of Proline Metabolizing Enzymes

2.8.1. Proline Content

Proline content was determined by adopting the ninhydrin method of Bates et al. [47]. Here,
300 mg fresh leaf samples were homogenized in 3% sulphosalicylic acid (3 mL). After this, samples
were homogenate filtrated and reacted with acid ninhydrin and glacial acetic acid (1 mL each) for 1 h
followed by water bath at 100 ◦C. The reaction mixture was extracted with toluene and the absorbance
was measured at 520 nm. A standard was also prepared using L-proline.

To determine the activity of γ-glutamyl kinase (GK) (EC 2.7.2.11) and proline oxidase (PROX) (EC
1.5.99.8), enzyme extract was prepared by homogenizing 500 mg leaf sample in 0.1 M Tris–HCl buffer
(pH 7.5) at 4 ◦C. The homogenate was centrifuged at 30,000× g for 30 min and the supernatant was
used as the crude extract enzyme preparation for P5CS activity while the pellet was collected and used
as extract for the assay of GK and proline oxidase.

2.8.2. GK Activity

Activity of GK was assayed by the method of Hayzer and Leisinger [48] with slight modification.
The frozen sample was suspended in 10 mL of 0.1 M Tris–HCl buffer containing 1 mM 1,4-dithiothreitol
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(DTT) to rupture the cell and centrifuged at 30,000× g for 30 min. The other detail has been given in
our earlier report as Khan et al. [22]. Activity of GK was expressed in U mg−1 protein. One unit of the
enzyme activity is defined as μg of glutamyl hydroxamate min−1 mg−1 protein. Glutamyl hydroxamate
was used as standard.

2.8.3. POX Activity

Activity of POX was determined adopting the method of Huang and Cavalieri [49] with slight
modification. The pellet was mixed with 1 mL Tricine and KOH buffer (pH 7.5) containing 6 M sucrose.
This extract was used for the enzyme assay. The other detail has been given in our earlier report as
Khan et al. [22]. Proline oxidase activity was expressed in U mg−1 protein. One unit of the enzyme
activity is defined as mM DCPIP reduced min−1 mg−1 protein.

2.9. Water Potential and Osmotic Potential

Leaf water potential was measured on the second leaf from the top (fully expanded young leaf) of
the plant by using the water potential system (Psypro, WESCOR, UT, USA). The leaf used for water
potential measurement was frozen in liquid N2 in sealed polythene bags which were thawed, and
cell sap was extracted with the help of a disposable syringe. The extracted sap was used for the
determination of osmotic potential using a vapor pressure osmometer (5520, WESCOR, UT, USA).

2.10. Statistical Analysis

Data were analyzed statistically, and standard error was calculated. Analysis of variance was
performed on the data using SPSS (ver. 17.0 Inc.) to determine the significance at p < 0.05. Least
significant difference (LSD) was calculated for the significant data to identify difference in the mean of
the treatment; data are presented as mean ± SE (n = 3).

3. Results

3.1. Ethephon Reverses Effects of Zn Stress on Photosynthetic and Growth Attributes

Photosynthetic attributes were reduced in plants treated with Zn compared to the control plants.
The adverse effect of Zn stress on photosynthetic parameters was reversed with ethephon application.
Ethephon application to plants without Zn treatment enhanced net photosynthesis by 27.2%, stomatal
conductance by 20.5%, intracellular CO2 concentration by 17.2%, Rubisco content by 28.8%, and
chlorophyll content by 25.7%, as compared to the control plants. In plants treated with Zn, ethephon
supplementation restricted the adverse effects of Zn and the decrease in net photosynthesis was
reduced to 18.1%, stomatal conductance to 13.1%, intracellular CO2 concentration to 15.4%, Rubisco
content to 16.4%, and chlorophyll content to 16%, in comparison to control (Table 1).

Plants grown with Zn stress exhibited a decrease in maximum PSII efficiency, intrinsic PSII
efficiency, actual PSII efficiency, photochemical quenching, and electron transport rate by 26%, 23%,
29%, 24%, and 25% in comparison with the control plants. However, non-photochemical quenching
increased with Zn by 59.2% as compared to the control. Ethephon application to plants without Zn
stress improved all the above traits compared with control (Table 1).

Growth of plants was reduced with Zn when compared to the control plants. Ethephon application
to plants without Zn treatment enhanced plant dry mass and leaf area compared to the control plants.
In plants treated with Zn, ethephon supplementation restricted the adverse effects of Zn and the
decrease in plant dry mass was limited to 15% as compared to control plants. Zn reduced leaf area by
30.3% compared to control (Table 1). Ethephon application to plants without Zn treatment enhanced
plant dry mass and leaf area compared to the control plants. The increases in plant dry mass and leaf
area were 23% and 27%, respectively, compared to the control (Table 1).
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Table 1. Chlorophyll content, net photosynthesis rate, intracellular CO2 concentration, stomatal
conductance, Rubisco activity, Φ PS II, Fv/Fm, Fv′/Fm′, qP, NPQ, ETR, plant dry mass, and leaf area in
the leaf of mustard (Brassica juncea L.) cv. Varuna at 30 days after sowing (DAS). Plants were grown
with/without zinc stress and treated with 200 μL L−1 ethephon at 20 DAS. Data are presented as
treatment mean ± SE (n = 3). Data followed by same letter are not significantly different by least
significant difference (LSD) test at p < 0.05.

Control Ethephon Zinc Ethephon + Zinc

Chlorophyll content (SPAD value) 31.4 ± 1.3 b 39.5 ± 1.6 a 21.3 ± 0.8 d 26.4 ± 0.9 c

Net photosynthesis (μmol CO2 m−2s−1) 19.8 ± 0.8 b 25.2 ± 0.9 a 11.2 ± 0.7 d 16.2 ± 0.6 c

Intracellular CO2 concentration (μmol CO2 mol−1) 272 ± 10.9 b 319 ± 12.7 a 187 ± 6.7 d 230 ± 8.2 c

Stomatal conductance (mmol CO2 m−2 s−1) 380 ± 10.7 b 458 ± 12.3 a 280 ± 10.1 d 330 ± 11.8 c

Rubisco activity (μmol CO2 m−2 s−1) 48.6 ± 1.9 b 62.6 ± 2.2 a 32.5 ± 1.17 d 40.6 ± 1.5 c

Actual PSII efficiency (Φ PS II) 0.62 ± 0.03 ab 0.68 ± 0.04 a 0.44 ± 0.02 c 0.57 ± 0.02 b

Maximum PSII efficiency (Fv/Fm) 0.77 ± 0.03 a 0.84 ± 0.03 a 0.57 ± 0.02 c 0.67 ± 0.03 b

Intrinsic PSII efficiency (Fv’/Fm’) 0.71 ± 0.03 b 0.75 ± 0.03 a 0.55 ± 0.02 c 0.65 ± 0.02 b

Photochemical quenching (qP) 0.83 ± 0.04 a 0.87 ± 0.03 a 0.63 ± 0.02 c 0.73 ± 0.03 b

Non-photochemical quenching (NPQ) 0.54 ± 0.02 bc 0.49 ± 0.03 c 0.86 ± 0.03 a 0.62 ± 0.03 b

Electron transport rate (ETR) 154 ± 6.2 a 167 ± 5.1 a 116 ± 4.2 c 135 ± 5.3 b

Plant dry mass (g plant−1) 6.11 ± 0.6 ab 7.54 ± 0.4 a 3.58 ± 0.4 c 5.2 ± 0.5 b

Leaf area (cm2 plant−1) 140 ± 5.7 b 178 ± 6.1 a 97.5 ± 3.8 d 121 ± 4.6 c

3.2. Influence of Ethephon on Water Relations under Zn Stress

Application of ethephon to Zn-stressed plants increased water potential by 35% and osmotic
potential by 47% as compared to the control plants. On the other hand, application of Zn alone resulted
in the increase of water potential by 141% and osmotic potential by 71.4% as compared to the control
plants (Figure 1).

Figure 1. (A) Leaf water potential and (B) osmotic potential in the leaf of mustard (Brassica juncea L.)
of Varuna cultivar at 30 DAS. Plants were grown with/without Zn stress and treated with 200 μL L−1

ethephon at 20 DAS. Data are presented as treatment mean ± SE (n = 3). Data followed by same letter
are not significantly different by LSD test at p < 0.05.
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3.3. Ethephon Reduces Zn-Induced Oxidative Stress

Plants grown with Zn showed higher oxidative stress and exhibited increased oxidative stress
markers, i.e., content of TBARS and electrolyte leakage, MG content, and LOX activity (Table 2).
Treatment of plants with Zn enhanced TBARS content, MG content, and LOX activity by about
95%, 61% and 51%, respectively, whereas electrolyte leakage increased by about 2.2 times in plants
compared to the control. For the appraisal of the influence of ethylene in reducing Zn-induced
oxidative stress, we analyzed TBARS content and electrolyte leakage after application of ethylene to
these plants. Application of ethylene proved effective in lowering oxidative stress under the metal
stress. Application of ethylene reduced TBARS content, MG content, and LOX activity by 28%, 13%
and 12%, respectively whereas electrolyte leakage was reduced by 47% in Zn-treated plants compared
to Zn-treated plants (Table 2).

Table 2. Electrolyte leakage, thiobarbituric acid reactive substances (TBARS) content, methylglyoxal
(MG) content, lipoxygenase (LOX) activity in the leaf of mustard (Brassica juncea L.) cv. Varuna at 30
DAS. Plants were grown with/without zinc stress and treated with 200 μL L−1 ethephon at 20 DAS.
Data are presented as treatment mean ± SE (n = 3). Data followed by same letter are not significantly
different by LSD test at p < 0.05.

Control Ethephon Zinc Ethephon + Zinc

Electrolyte leakage (%) 1.24 ± 0.07 c 0.81 ± 0.09 d 3.93 ± 0.34 a 2.08 ± 0.15 b

TBARS content (nmol g−1 FW) 13.24 ± 0.6 c 8.23 ± 0.4 d 25.84 ± 0.8 a 18.56 ± 0.7 b

Methylglyoxal content (mol g−1 FW) 45.7 ± 1.7 d 55.9 ± 2.1 c 73.7 ± 3.0 a 64.8 ± 2.1 b

Lipoxygenase activity (μmol min−1 mg−1 protein) 10.2 ± 0.6 c 7.9 ± 0.6 d 15.4 ± 0.6 a 13.5 ± 0.6 b

3.4. Application of Ethephon Enhanced Antioxidant Systems under Zn Stress

The activities of enzymatic and non-enzymatic antioxidant systems showed modulation with
ethylene treatment in both stress and non-stress conditions. Zn stress decreased AsA content as
compared to the control plants. On the other hand, ethephon supplementation of Zn-exposed plants
had significantly higher AsA content as compared to Zn-treated plants. Under Zn stress, GSH content
was increased by 22% as compared to control plants. Application of ethephon to Zn-exposed plants
had significantly higher GSH content by 65% as compared to the control plants (Figure 2).

Zinc treatment resulted in increased activity of SOD, APX, GR, and GPX by 25%, 38%, 45%,
and 35%, respectively compared to the control plants. In non-stressed control plants, application of
ethephon increased activity of SOD APX, GR, and GPX by 50%, 128%, 105%, and 124%, respectively,
over the control. However, application of ethephon to Zn-treated plants resulted in increased activity
of SOD, APX, GR, and GPX by 71%, 176%, 145%, and 165%, respectively, compared to the control
(Figure 3).
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Figure 2. (A) Ascorbate content and (B) reduced glutathione content in the leaf of mustard (Brassica
juncea L.) of Varuna cultivar at 30 DAS. Plants were grown with/without Zn stress and treated with
200 μL L−1 ethephon at 20 DAS. Data are presented as treatment mean ± SE (n = 3). Data followed by
same letter are not significantly different by LSD test at p < 0.05.

Figure 3. (A) Superoxide dismutase activity; (B) glutathione reductase activity; (C) ascorbate peroxidase
activity; (D) and glutathione peroxidase activity in the leaf of mustard (Brassica juncea L.) of Varuna
cultivar at 30 DAS. Plants were grown with/without Zn stress and treated with 200 μL L−1 ethephon
at 20 DAS. Data are presented as treatment mean ± SE (n = 3). Data followed by same letter are not
significantly different by LSD test at p < 0.05.
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Zinc treatments also increased the activity of MDHAR, DHAR, and GST by 45%, 26%, and 67%,
respectively, as compared to the control plants. Ethephon application to plants grown without Zn
resulted in increased activity of MDHAR by 97%, DHAR by 53%, and GST by 219%, in comparison to
control plants; in presence of Zn, ethephon application resulted in 170%, 76%, and 261% higher activity
of MDHAR, DHAR, and GST, respectively, in comparison to the control plants (Figure 4).

Figure 4. (A) Monodehydroascorbate activity; (B) dehydroascorbate activity; and (C) GSH-S-transferase
activity in the leaf of mustard (Brassica juncea L.) of Varuna cultivar at 30 DAS. Plants were grown
with/without Zn stress and treated with 200 μL L−1 ethephon at 20 DAS. Data are presented as treatment
mean ± SE (n = 3). Data followed by same letter are not significantly different by LSD test at p < 0.05.

3.5. Ethephon Application Enhances Glyoxalase System

Gly I was increased with Zn stress by 73% over the control plants. Application of ethephon to
Zn-treated plant significantly enhanced the activity of Gly I by 94% compared to the control plants
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(Figure 5). The increase in Gly II with Zn stress was 110% in comparison to the control plants. However,
application of ethephon to Zn-treated plants enhanced the activity of Gly II by 160% as compared to
the control plants (Figure 5).

Figure 5. (A) Glyoxalase I activity and (B) glyoxalase II activity in the leaf of mustard (Brassica juncea
L.) of Varuna cultivar at 30 DAS. Plants were grown with/without Zn stress and treated with 200 μL L−1

ethephon at 20 DAS. Data are presented as treatment mean ± SE (n = 3). Data followed by same letter
are not significantly different by LSD test at p < 0.05.

3.6. Ethephon Increases Proline Metabolism under Zn Stress

In order to assess the role of proline metabolism in Zn stress tolerance, assessment of proline
accumulation and activity of proline metabolizing enzymes (GK and PROX) was done. Activity of
GK increased in Zn-stressed plants and also with ethephon plus Zn stress treatments. Application of
ethephon increased GK activity by 170% in Zn-stressed plants compared to the control. On the other
hand, activity of PROX was reduced under no-stress and Zn-stressed plants with ethephon treatment
(Figure 6).

Proline accumulation increased upon ethephon application, as well as with the Zn treatments.
Zinc stress induced proline biosynthesis and increased proline content by 44% in comparison to the
control plants. Proline accumulation under Zn stress was further increased with ethephon application.
Maximum proline accumulation resulted from ethephon application under Zn stress compared with
the control (Figure 6).
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Figure 6. (A) Activity of glutamyl kinase; (B) proline oxidase; and (C) proline content in the leaf of
mustard (Brassica juncea L.) of Varuna cultivar at 30 DAS. Plants were grown with/without Zn stress
and treated with 200 μL L−1 ethephon at 20 DAS. Data are presented as treatment mean ± SE (n = 3).
Data followed by same letter are not significantly different by LSD test at p < 0.05.

3.7. Ethephon Supplementation Maintained Nutrient Contents under Zn Stress

Treatment of ethephon alone significantly increased the content of nutrients but Zn stress decreased
N, P, K, and S content in comparison to the control plants. Zn treatment decreased N by 29%, P by 23%,
K by 31%, and S by 34%, as compared to control. However, application of ethephon on Zn-grown plants
completely alleviated the Zn effects and increased the nutrient contents significantly in comparison to
stressed plants (Figure 7).
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Figure 7. (A) Nitrogen content; (B) phosphorous content; (C) potassium content; and (D) sulfur content
in the leaf of mustard (Brassica juncea L.) of Varuna cultivar at 30 DAS. Plants were grown with/without
Zn stress and treated with 200 μL L−1 ethephon at 20 DAS. Data are presented as treatment mean ± SE
(n = 3). Data followed by same letter are not significantly different by LSD test at p < 0.05.

4. Discussion

Zinc stress inhibited photosynthesis and plant growth in mustard plants. However, ethephon
supplementation not only stimulated photosynthesis and growth under non-stress conditions but also
under Zn stress. Plants show concentration-dependent requirement of Zn for optimal plant metabolism;
however, excess Zn availability inhibits plant growth and development [24]. It has been reported
that HMs induce lipid peroxidation in photosynthetic membranes, distort chloroplast ultrastructure,
degrade photosynthetic pigments, inhibit PSII activity and the electron transport chain, and decrease
both carboxylation efficiency of Rubisco and net photosynthesis [50,51]. Additionally, plants’ fitness
to the environment is estimated through chlorophyll fluorescence observations [52]. In the present
study, the reduction in photochemical efficiency under Zn stress (Table 1) indicated the interruption in
photochemical reactions that blocked electron transport system and the performance of PSII resultantly
increased NPQ under Zn stress (Table 1). The results of previous study of Sirhindi et al. [53] have
also reported that NPQ increases under Ni stress that was due to repressed photochemistry; this was
considered as the mechanism to balance the excess absorbed light energy preventing photo inhibition.

It has been reported that ethylene potentially plays a crucial role in the adaptation of plants to
HM stress [54]. Ethephon is used commercially to produce ethylene in crop plants and the ethylene
released from ethephon affects several cellular, developmental, photosynthetic, and stress response
processes [55]. The present study showed that exogenous ethephon supply decreased the toxic effects
of Zn on photosynthetic machinery (Table 1) and enhanced the activity of PSII and gas exchange
parameters. Our results are consistent with the finding of Asgher et al. [56], who reported that ethephon
supplementation induced photosynthesis under Cr stress.

In the present study, Zn-stressed plants were at substantially increased oxidative stress and MG
levels exhibiting increased LOX activity. These observations in mustard plants are in agreement
with the finding of Molassiotis et al. [57], who found increased LOX activity which was the result of
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increased production of ROS due to higher oxidative stress in Malus domestica shoot tips under boron
stress. Our results showed a possible regulatory role of exogenously applied ethylene as ethephon on
ROS and MG metabolism in Zn stress tolerance in mustard plants. Indeed, ethylene acts as a vital
signaling molecule for reduction of ROS [19,58]. Earlier, it has been shown that coordination and
regulation of the antioxidant systems and glyoxalase systems are indispensable to attain significant
tolerance against oxidative stress [59,60]. We have found that the activity of antioxidant enzymes and
glyoxalase system simultaneously work to reduce excess ROS load and MG detoxification.

Antioxidant enzyme systems are part of an imperative defense system of plants against ROS
caused by HMs [61]. Application of ethephon substantially induced the activity of SOD, APX, GR,
GST, GPX, MDHAR, and DHAR in plants under Zn stress. Further, ethylene application enhanced the
activities of Gly I and Gly II, particularly in response to Zn stress. Recently, Hassanuzzaman et al. [62]
showed that the activities of Gly I and Gly II in Oryza sativa increased under Ni stress and Si application.
Studies have shown that ethephon treatment influenced the activity of antioxidant enzymes and
photosynthetic attributes, but the information on the response of plants to ethephon under Zn stress
is scanty. In the present study, the effort was made to understand the role of ethylene in regulation
of three major defense mechanisms (antioxidant system, glyoxalase system, and proline metabolism)
along with nutrient homeostasis under high level of Zn in mustard plants. Ethylene significantly
induced the defense mechanisms by up-regulating the key enzymes in the antioxidant system (SOD,
APX, GR, GPX, GST), glyoxalase system (Gly I and Gly II) and proline metabolism (GK and PROX),
which resulted in protection of growth and development of plants through maintaining water relations
and increasing PS II activity and dry mass production.

In addition to the antioxidant and glyoxalase defense system, we also examined proline as
a defense mechanism under Zn stress and to know how it was modulated with ethylene. Plants
under Zn stress accumulated proline. These results are supported with the previous findings of
Sirhindi et al. [53], who have shown that proline content increases in Glycine max under Ni toxicity.
Alia et al. [63] showed that proline was involved in reducing the photodamage in the thylakoid
membranes by scavenging ROS (singlet oxygen and superoxide radical anion). In the present study,
ethylene-induced accumulation of proline helped in increasing osmotic potential, and thereby water
potential, and protected PSII activity and photosynthesis by reducing ROS effects under Zn stress.
The activity of chlorophyll fluorescence was reduced in Zn-stressed plants receiving ethylene that
showed improved photosynthesis. Earlier, it has been shown that ethephon application increased the
gas exchange parameters and PSII activity in mustard under HM stress [56,58]. Proline biosynthesis
has been attributed in the alleviation of cytoplasmic acidosis and may maintain NADP+/NADPH
ratio at values compatible with plant metabolism. Rapid production of proline under stress also
provides recovery from stress-induced damages to mitochondrial oxidative phosphorylation and the
generation of ATP [64]. However, there has been much disagreement regarding the mechanisms
by which proline reduces HM-induced oxidative stress, regulates cellular functions such as osmotic
adjustment, and enhances the plant’s water status [14]. In the present research, efforts were made to
study the role of proline and its metabolizing enzymes in facilitating Zn detoxification and ameliorating
stress in mustard plants. The increased proline accumulation after ethephon application resulted
from induced GK activity and inhibited PROX activity. It has been reported that activities of GK and
PROX play important roles in controlling the level of proline and environmental stress in plants [65,66].
The regulatory role of ethylene in proline metabolism and its enzymes to improve photosynthetic traits
under Cd and heat stress has been shown [21,22].

HMs impact negatively on the environment and crop nutrition [67]. They disturb the uptake of
essential nutrients such as N, P, K, and S which are required for normal growth of plants [68,69]. In the
present study, we also focused on modulation of essential nutrients (N, P, K, and S) in mustard plants
through application of ethephon under Zn stress. Ethylene has been associated with the regulation of
physiological responses to nutrient homeostasis and stress tolerance responses. Efficient working of
nutrient transporters and enzymes involved in nutrient assimilation enhanced nutrient uptake and this
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has a direct influence on the tolerance mechanisms including antioxidant system, glyoxalase system,
and proline metabolism of plants under stress condition [70].

5. Conclusions and Future Prospects

Conclusively, it may be said that Zn stress adversely impacted photosynthesis and growth of
plants by inhibiting metabolic pathways. Ethylene supplementation inhibited ROS production through
induced defense mechanisms of antioxidant activity, proline metabolism, glyoxalase system and
nutrient homoeostasis. It protected photosynthetic machinery and promoted photosynthesis and
growth under Zn stress. Thus, the use of ethylene (as ethephon) may bear a prominent role in alleviation
of Zn stress in mustard plants by modulating the defense mechanisms.
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Abstract: Two chili cultivars, i.e., cv. Bullet and cv. Tejaswini, were evaluated on postharvest related
ripening characteristics with varying durations under hydrogen peroxide, putrescine and silver
treatments. The reducing sugar was inversely related to the maximum values at 7 days of ripening.
Silver and putrescine were the most regulatory in terms of changing of the total carbohydrate content
as compared to hydrolysis of the total reducing sugar. Regarding pectin methylesterase activity, both
chilies were consistent, regardless of the number of days of incubation. Still, putrescine and silver
were significant contributors to variations in cv. Bullet and cv. Tejaswani. For the pigment content,
lycopene and chlorophyll increased in a linear manner, although these treatments significantly varied
over time. Hydrogen peroxide and putrescine were responsible for the maximum accumulation of
lycopene for both the cultivars, whereas, only cv. Tejaswani displayed maximum carotenoid for
putrescine. Silver for both chili varieties was the most inhibitory for lycopene and carotenoid content.
Superoxide had a good impact on the accumulation of lipid peroxides, irrespective of the chili variety.
The maximum accumulation of lipid peroxide was recorded at seven days of treatment. Phenolics
and flavonoids were in decreasing order for both the chili varieties, progressing through the days of
the study period in a similar manner. Silver was the main contributor to variations in the phenolics
and flavonoid contents in cv. Tejaswani. The solubilization of total carbohydrate into reducing sugar
was in an inverse relationship, with the maximum values being reached at 7 days of ripening.

Keywords: oxidative stress; ripening physiology; silver; chemical elicitors; chili

1. Introduction

Fruit ripening is established as a collective physiological process, with turnover as well the
synthesis of bio-molecules being major events during fruit maturation. Changes of color, texture, and
the solubilization of stored carbohydrates and other complex bio-molecules are facilitated by some
gene expressions. This is more attributed to the elevation of CO2 concentration through increased
respiratory rates [1]; however, this is the case mostly for climacteric fruits. For non-climacteric ones, it is
not essentially accompanied with any changes in CO2 efflux. From a biochemical point of view, the
total soluble solids and their conversion into sugars, the conversion of organic acids to keto-sugars, the
turnover of flavon compounds are the most important. Leto-sugars, dextrans, and other disaccharides
are responsible for the major variations in the characteristics of fruit types [2]. Fruit ripening and
abscission are facilitated by programmed cell death, and are regulated by some signaling mechanisms [3].
Both endogenous compounds, like growth substances and secondary metabolites, are also involved
in the ripening processes. Likewise, abiotic factors including the accumulation of minerals in soil,
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temperature fluctuations, UV intensity, and hypoxic or anoxic exposure, can cause variations in the
contents of flavonoids and phenolic compounds. Incidentally, all these physical and chemical elicitations
are targeted on a cellular level, with a characteristic change in the redox of ripening tissues. Consequently,
ripening fruit are highly exposed to a burst of ROS depending upon the fruit type [4]. The exogenous
application of chemical residues as elicitors has been observed to modulate fruit ripening with a precise
ratio of ROS generation, as well its degradation. Moreover, a precise ratio of the concentration and
function on different biochemical reactions is also proportionate to ROS metabolism [5]. In postharvest
physiology, the signaling through some elicitors, which may be either endogenous or even exogenously
applied synthetic moieties, is quite relevant. Besides silver, other chemical moieties have been observed
to modulate the ripening characteristics, including fruit texture, color, softness etc. On a cellular level,
changing the bonding pattern of cell wall residues is related to an extension of the shelf life of fruits.
A certain level of ROS accumulation with wall bound NOX activity may represent a characteristic
biomarker for fruit ripening phenomena. The maturation of fruit varieties through changes in specific
characteristics is also regarded as being related to biomarkers under conditions of chemical elicitation,
with silver being the main contributor. This biomarker would be more aligned to the ROS metabolism of
ripening fruit tissues, as well as ROS related gene expression [6]. Therefore, the analysis and correlation
of those cellular responses as biomarkers would comprise unraveling the key factors in the ripening
processes. This may be worthy of closer examination with a suitable fruit sample. Capsicum has been
under investigation for both its qualitative and quantitative nutritional traits due to the acquisition of
secondary metabolites [7]. Capsicum, a non-climacteric fruit, has also been important as a nutritional
supplement with antioxidation properties. This could be important in horticultural practices, with
induced or enhanced changes in ripening patterns during the postharvest period. This study sets out to
monitor oxidative exposure and its impact on the ripening process in two distinctly different Capsicum
varieties. Additionally, it seeks to determine the efficacy of a few chemical elicitors, including silver,
during postharvest storage.

2. Results

In our observations, distinguished phenotypic changes were recorded as plants responded to
different treatments. Besides this, the cellular and physiological responses of two chili varieties (Bullet
and Tejaswani) as a function of three elicitors and their interactions during ongoing postharvest storage
were validated statistically by Analysis of Variance (ANOVA) following determination of the Least
Significant Difference (LSD) (Tables S1–S10).

2.1. Effect of Chemical Treatments on Lycopene and Carotenoid Content

On the basis of chemical treatments, the two varieties of Capsicum fruit varied in their responses
in a distinct manner. Monitoring of the delayed changes related to ripening was undertaken with
consideration of varietal differences. In the initial observation, a detachment or loosening of the fruit
stalk was observed, which is an indication of senescence. However, this varied significantly with
duration during the treatments, compared to the control. As compared to the control, regardless of the
chemical treatments, changes in fruit color were not prominent, even up to 3 days, but became distinct
after 5 and 7 days (Figure 1). At 7 days, the contents of pigments such as lycopene and carotenoids in
the fruit were significantly varied compared to the control throughout the treatments. As the fruit
progressed through the days of incubation, the lycopene content was maximally affected at 7 days,
regardless of the variety (Figure 2a). However, significant variation was observed with treatment
with putrescine, but not to the same extent for cv. Bullet and cv. Tejaswani, with a 60.74% decrease
and a 0.14-fold increase, respectively compared to the control. Still, in both chili varieties, AgNO3

also showed significant effects by the down regulation of lycopene content throughout the days of
treatment compared to the control. The maximum levels of regulation were 90.48% and 96.42% fall for
cv. Tejaswani and cv. Bullet compared to the control at 7 days. For carotenoids, the activities for both
chili varieties were also significantly varied (p < 0.01, 0.05) under each treatment (Figure 2b). Thus, the
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AgNO3 appeared to be down regulatory for carotenoid, by 88.02% and 93.75% compared to the control.
In contrast, putrescine treatment was discriminatory for carotenoid content for the two chili variety.
At 7 days, putrescine significantly (p ≤ 0.001) reduced the pigment content by 69.01% for cv. Bullet,
whereas for cv. Tejaswani, it was only 10.45%.

Figure 1. Morphological changes of chili fruits: cv. Bullet (a) and cv. Tejaswani (b) under various
treatments, i.e., H2O2, putrescine, and AgNO3 after 3, 5, and 7 days.

2.2. Changes of Reducing Sugar and Total Sugar Content

The most significant turnover of metabolites in the fruit ripening process is from sugar profiles.
Significant changes in the total sugar and reducing sugar contents of the two chili varieties are presented
in Figure 3a,b respectively. In both varieties, over the course of the treatment period, reducing sugar and
total sugar contents with all treatments were quite discriminatory with respect to control. Compared
to the control at 7 days, the reducing sugar contents in all the treatments were maximally changed for
both chili varieties. Treatment with H2O2 was shown to change the sugar content, yielding a 0.35-fold
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increase for cv. Tejaswani, but a 30.34% decrease in the case of cv. Bullet chilies at 7 days. Similar
trends were also observed on days 3 and 5 under H2O2 treatment. For cv. Tejaswani, the changes of
total soluble sugar content were almost the opposite, showing a 21.74% decrease and 0.09-fold increase
under putrescine and AgNO3 at 7 days, compared to the bullet chili variety. This change in total sugar
content was brought forward from days 3 and 5, but was not necessarily always significant (p ≤ 0.01,
0.001). Two varieties were significantly distinct in their trend of total soluble sugar accumulation at 5
and 7 days. This was attributed to the H2O2, putrescine, and AgNO3 treatments for both varieties.
At 5 days, with the exception of the putrescine treatment, an increase of total carbohydrate was
recorded in cv. Tejaswani: 0.09-fold and 0.09-fold increases respectively for H2O2 and AgNO3. cv.
Bullet chilies, in contrast, showed a reduced carbohydrate content, i.e., 22.15%, 55.69%, and 77.85% for
the H2O2, putrescine and AgNO3 treatments, compared to the control. On the 7th day, the Bullet chili
variety accumulated sugar maximally under H2O2, putrescine, and AgNO3. For the tejaswani variety,
a significant promotional effect, i.e., a 0.21-fold increase was recorded only with H2O2 treatment at
7 days. However, in the Tejaswani variety, the putrescine and AgNO3 treatments were quite inhibitory,
i.e., 42.86% and 75% reductions of total sugar contents at 7 days.

Figure 2. Changes of total lycopene (a) and total carotenoid content (b) of two chili types, i.e., cv. Bullet
and cv. Tejaswani, under different treatments (Control, H2O2, putrescine and AgNO3) and durations
(3, 5, and 7 days). The vertical bars represent the data with the mean of the three replicates with ±
SE (n = 3) from an individual set of experiments, and significant differences between treatments, as
calculated by a student’s t-test marked as * (p ≤ 0.05) ** (p ≤ 0.01) *** (p ≤ 0.001).

Figure 3. Changes of total soluble sugar (a) and total reducing sugars (b) of two chili types, i.e., cv.
Bullet and cv. Tejaswani, under different treatments (Control, H2O2, putrescine, and AgNO3) and
durations (3, 5, and 7 days). The vertical bars represent the data with means of three replicates with ±
SE (n = 3) from an individual set of experiments, and significant differences between treatments, as
calculated by a student’s t-test marked as *(p ≤ 0.05) **(p ≤ 0.01) ***(p ≤ 0.001).

178



Plants 2020, 9, 238

2.3. Influence of Treatments on H2O2 and Lipid Peroxide Production

The ripening event through physiological intervention was also facilitated by the induction of
reactive oxygen species (ROS). This idea also materialized in the present experiment through the
accumulation of O2

– in both chili varieties during incubation under all treatments for 3, 5, and 7 days.
Both the varieties were maximally affected at 7 days with significant (p ≤ 0.01, 0.001) decreases in
O2

– contents compared to days 3 and 5 with respect to the control (Figure 4a). Therefore, the most
striking effects were the gradual loss of O2

– by 60.86%, 60.86%, and 30.43% for cv. Bullet under H2O2,
putrescine, and AgNO3 respectively. In contrast, the Tejaswani chili variety could not modulate its
O2

– content under H2O2 and putrescine, but reduced it significantly under AgNO3, i.e., by 42.86%
at 7 days compared to the control. In contrast, at 5 days, it was more promising and consistent in
terms of the up regulation of O2

– for all treatments on the Tejaswani chili variety. As a consequence of
O2

– generation, the changes of membrane permeability were also quite expected, with the generation
of lipid peroxide content in both varieties. The trend in MDA concentration throughout treatments
showed an inconsistency with a rise and fall which was observed in both chili varieties (Figure 4b).
As in the example, at 3 days, the Bullet variety became more prone to oxidative damage by increased
MDA content compared to the Tejaswani variety. In contrast, on day 5, the cv. Tejaswani was shown to
produce a higher MDA content then cv. Bullet, irrespective of treatments. However, the maximum
variability was observed at 7 days, where the H2O2 treatment yielded a 6.78% and 32.31% decrease in
the MDA content compared to the control for the Bullet and Tejaswani varieties, respectively. In the
Tejasani variety, putrescine was less effective under the same conditions, whereas silver yielded a
reduced MDA content, with a significant (p ≤ 0.001) variation. Thus, cv. Bullet and cv. Tejaswani
showed reduced levels of MDA by 22.03% and 83.08% as compared to the control.

Figure 4. Changes of total O2
–content (a)and total lipid peroxide content (b) of two chili types, i.e.,

cv. Bullet and cv. Tejaswani, under different treatments (control, H2O2, putrescine, and AgNO3) and
durations (3, 5, and 7 days). The vertical bars represent the data with means of three replicates with ±
SE (n = 3) from the individual set of experiments, and significant differences between treatments as
calculated by student’s t-test marked as *(p ≤ 0.05) ** (p ≤ 0.01) *** (p ≤ 0.001).

2.4. Changes of Phenolic Content and total Flavonoid Content

Important constituents for fruit ripening are the phenolic residues and their corresponding
derivatives. A turnover of phenolic content was observed in cv. Bullet and cv. Tejaswani throughout
the experiment period (Figure 5a); the observed maximum at 7 days indicated the involvement of
phenolic residues up to the final stages of ripening. The maximum changes at 7 days were recorded
in all the treatments for both varieties with up and down regulation. Thus, the cv. Tejaswani variety
had a linear increase of phenol content compared to the control, i.e., increases by 0.1 fold, 0.4 fold,
and 0.48 fold under H2O2, putrescine, and AgNO3 treatments, respectively. In contrast, the Bullet
chili variety was also sensitive those treatments, showing 37.48%, 25.65%, and 46.85% increases under
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H2O2, putrescine, and AgNO3 treatments, respectively. Flavonoids and other important residues for
total phenolic content were more involved in the initial days of the treatments. A gradual decline
in flavonoid content undoubtedly indicated depletion through the fruit ripening process (Figure 5b).
In the present experiment, the Tejaswani variety was inconsistent in the up and down regulation of
flavonoid content. At 3 days, however, H2O2 was shown to have up regulated the content by 0.76
fold compared to the control. cv. Bullet did not show any significant variation with the treatments;
however, the peak in the flavonoid content recorded with putrescine increased by 0.138 fold at 3 days.

Figure 5. Changes of total phenolic content(a)and total flavonoid content (b) of two chili types, i.e.,
cv. Bullet and cv. Tejaswani, under different treatments (Control, H2O2, putrescine, and AgNO3) and
durations (3, 5, and 7 days). The vertical bars represent the data with the means of three replicates with
± SE (n = 3) from an individual set of experiments, and significant differences between treatments as
calculated by a student’s t-test marked as *(p ≤ 0.05) **(p ≤ 0.01) ***(p ≤ 0.001).

2.5. Activity of Pectin Methylesterase (PME) under Different Treatments

PME is a cell wall lysing enzyme that was shown to be the most discriminatory (Figure 6).
However, chemical treatments were varied, with differential patterns of enzyme activities at 3,5, and
7 days for both varieties. An up regulation of PME activity compared to the control was maximized for
the Bullet variety, then the Tejaswani variety at 3 days under all the treatments. This trend reversed for
the cv. Bullet, with maximum activity through H2O2, putrescine, and AgNO3 at 5 days. At 7 days, an
admixture of heterogeneity in terms of the activity between cv. Bullet and cv. Tejaswani was recorded.
Thus, H2O2 did not yield any significant changes for the two chili varieties, but for putrescine and
AgNO3, the activities were distinct between two varieties. With putrescine, the activities were 50%
subdued for cv. Tejaswani, which increased by 0.25 fold for cv. Bullet compared to the control. On the
other hand, AgNO3 remained non-significant for both chili varieties against the control at 7 days.

2.6. Bioaccumulation of Silver in the Tissue

As expected from the silver nitrate treatment, the chili varieties were compatible in metal
accumulation. Figure 7 illustrates the accumulation of silver in the pulp, albeit one that varied in
concentration in the two varieties at 7 days. As compared to the control, a significant (p ≤0.05)
accumulation was recorded, i.e., 10.71 and 9.67 fold respectively, in cv. Bullet and cv. Tejaswani.
Therefore, the tissue flexibility is up taken with metals. The responses of silver as an inducer are likely
to be variable for the two chili varieties.
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Figure 6. Assay of PME activity of two chili types, cv. Bullet and cv. Tejaswani, under different treatments
(Control, H2O2, putrescine, and AgNO3) and durations (3, 5, and 7 days). The vertical bars represent
the data with the mean of three replicates with ± SE (n = 3) from an individual set of experiments, and
significant differences between the treatments as calculated by a student’s t-test marked as *(p ≤ 0.05)
**(p ≤ 0.01) ***(p ≤ 0.001).

Figure 7. Changes in accumulation of silver of two chilitypes, cv. Bullet and cv. Tejaswani, under
treatments (control and AgNO3) after 7 days. The vertical bars represent the data with the mean of three
replicates with ± SE (n = 3) from an individual set of experiments, and significant differences between
the treatments as calculated by a student’s t-test marked as *(p ≤ 0.05) **(p ≤ 0.01) ***(p ≤ 0.001).

3. Discussion

The ripening of fruit is a developmental process where physiological cellular events occur in
plants. This research examined the delayed ripening of fruits in postharvest storage. It also proposes a
physical/chemical system for the prolonged storage of fruits. In the present experiment, a chemical
system employing H2O2, putrescine, and silver was used to extend the maximum shelf life of chili fruits
under ambient laboratory conditions. From the aforementioned results, the efficacy of these chemicals
is discussed in relation to the modulation of the most significantly contributing elements over the course
of the treatments. The pigment system, including lycopene and carotenoids, the conversion of reserve
carbohydrates into simpler forms, the acquisition of ROS and its impacts, the accumulation of secondary
metabolites, the fruit skin’s softening enzymes, and finally, the absorption of metals like silver into fruit
tissue, were important. These contributed to the overall ripening phenomenon, either directly and
indirectly [8]. Silver, a toxic metal, remains effective in threshold concentrations in terms of influencing
ripening [9]. Of the chemical elicitors used in earlier studies, silver has been shown to be able to induce
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some degenerative effects following concomitant disorders on human health, albeit beyond threshold
concentrations in tissues [10]. In contrast, this metal has a unique ability, i.e., controlling ethylene
functionales by blocking one of their receptors. Silver has been in demand, regardless of fruit type
(climacteric or non-climacteric) in postharvest storage [11]. Therefore, the question of whether and how
such a metal in minimal concentrations might be a modulator along with H2O2 and putrescine is worthy
of exploration. The present study is a description in which two chili varieties were evaluated in terms
of their cellular and physiological responses when interacting with silver ion-mediated ROS. This was
elucidated with two chemical elicitors i.e., H2O2 and putrescine, which had modulated responses in their
own way [12,13]. The discriminatory responses of fruits of those cultivars under the influence of the
aforementioned chemical elicitors made it more complex to decipher the ripening process throughout
the postharvest period. Likewise, the readily observable characteristic of fruit color, as measured herein,
regarding lycopene and carotenoid contents, were interesting to study. The regulation of pigment
content in the fruit throughout the ripening process indicates the metabolic status of tissues due to other
interfering reactions. Thus, throughout the various stages of ripening (at 3, 5, and 7 days), an almost
consistent trend of pigment content (lycopene and carotenoid) was recorded. The retaining of lycopene,
a carotenoid, is important for two basic processes: quenching of indigenously produced ROS, and as a
ripening index on the fruit’s skin [14]. Plant responses to oxidative stress vary according to genotypic
specificity. Thus, increases in the total soluble sugar content at 5 days for the Tejaswani chili variety
might be due to some changes in carbohydrate metabolism after oxidative stress. ROS often induces
some sort of anomaly in tissue hydration/turgidity vis-à-vis water deficit [15]. It would be logical to
examine the increase in sugar content linked to osmotic adjustment under such an ROS-induced water
deficit. Both chili varieties might overcome the effect of H2O2 and thereby sustain the fruit skin integrity,
leading to delayed ripening. This is also true for both chili varieties but may not be the case with
AgNO3. Silver has an intrinsic ability to modulate the ripening process, either by the down regulation
of ethylene biosynthesis or by other, related phenomenon [16]. Thus, for both varieties, silver had
down regulated the lycopene and carotenoid contents. In the context to polyamine, (putrescine used
herein) the situation is more or less the same as that with H2O2. Polyamine, with its auto oxidation,
may generate a ROS like H2O2, which might interfere with ripening related activities [17]. Therefore, in
comparison, silver would not be a better choice to delay ripening as far as the lycopene and carotenoid
contents are concerned. As discussed, ROS is an important moiety in the developmental processes
of plants, including fruit ripening [18]. In the present experiment, regardless of the chili variety, a
fair accumulation of O2

– supported the sensitivity in different chemical treatments to the ripening
process. The maximum activity of O2

– was recorded at the ripening period, along with other factors
like H2O2, putrescine, and AgNO3. For cv. Tejaswani chilies, the role of putrescine in the metabolism of
O2

– may be due to the auto-oxidation of poly amine in the generation of H2O2. The latter may also be
converted into other free radicals like OH–. Polyamines, though relevant to stress tolerance, would
are ROS producers, on account of their auto-oxidation abilities [19]. The activity of ROS in other gene
induction related to cell wall bound peroxidase has been a feature for climacteric fruit ripening [20].
As a consequence of ROS accumulation, oxidized bio-metabolites are hazardous for tissues, as they
initiate more free radical generation. In the present experiment, regardless of the duration, the fruit
experienced a significant accumulation of lipid peroxides, variably with H2O2, putrescine, and AgNO3

treatments. Upon observation of the nonlinearity between O2
– and lipid peroxides, OH– assumed the

other pathways for free radical generation. ROS generation and its products are common consequences
of plant developmental phases, including fruits maturation [21]. In the latter periods of ripening, cv.
Bullet and cv. Tejaswani experienced a significant accumulation of lipid peroxide, even without any
chemical treatments. These indicate that the ripening process is ROS dependent, irrespective of any
chemical elicitors related to oxidative exposure. Among the few indigenous moieties which inhibit or
alter the ripening process, phenolics and their derivatives are the most important. If ROS accelerates or
induces processed, then it must be reversed by some other things which quench the intrinsic energy
of ROS [22]. Flanonoids, with their various glycosidic assemblages, have anti-oxidation abilities in
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macromolecules [23]. For total phenolics, putrescine was able to maintain the phenolic content for both
cultivars; silver was the next most effective elicitor for the Tejaswani chili variety. This is a genotypic
variation which depends upon an elicitor for the same metabolic bio-accumulation. Nevertheless,
polyamine is universal for its compatibility with phenolic metabolism through any of its biosynthetic
pathways. Therefore, apart from H2O2 and silver, polyamine could be used for the delayed ripening of
fruit. This has been illustrated in fruits where polyamines moderated ripening-specific degenerative
processes [24]. One of the most important determinants of fruit ripening is the activity of cell wall
hydrolyzing enzymes [25,26]. Thus, we see the expression of cell wall softening enzymes like PME
recording the most variability in the early ripening period, but this later becomes inconsistent. Therefore,
fruits are expected to receive impulses from H2O2, putrescine and AgNO3 as elicitors. It is interesting
to note that H2O2 suppressed the activity of PME, and that AgNO3 sustained the activity, regardless
of the fruit type (cv. Bullet and cv. Tejaswani). This assumes the ability of H2O2 as a ROS to down
regulate PME expression, whereas AgNO3 remains insignificant. Briefly, the pigment content of the
fruit skin, secondary metabolites (as phenolics) and cell wall softening-related enzyme activity were
significantly affected by chemical elicitation. This statement is most aligned with the findings on day 7
under all the treatments. This is because any fruit which sustains its metabolites after 7 days of storage
by suppressing any loss or turn over causing decay is preferred. The behavior of ripening is under
genotypic control for any chemical elicitors or abiotic factors. So, the selection of such elicitation may
not be precise, but subjected to chili variety, in which flexibility in response to elicitors and maximum
utilization in modulation would be the selection criteria.

4. Materials and Methods

4.1. Plant Materials and Treatments

The present experiment was conducted in the Laboratory of Plant Physiology and Biochemistry,
Department of Botany, University of Kalyani. Two varieties of chili, i.e., short-round (cv. Bullet)
and long-slender (cv. Tejaswani), were collected (plant age: 90 days) from horticultural farms at the
Agricultural University after maturation into uniform sizes. The collected fruits were checked for
any disease or defects, disinfected with a sodium hypochlorite solution, and thoroughly washed
with deionized water. The sanitized fruits were divided into four sets according to the chemical
treatments used: control (distilled water), H2O2 (40 mM), putrescine (1 mM), and AgNO3 (40 μM).
Those concentrations caused the minimum decay and loss of freshness of the fruits throughout the
maximum duration of the experiment for both the chili varieties. All the treatment sets were transferred
to growth chambers which were kept at 35–37 ◦C, 90–98% relative humidity, and under a light intensity
of 5000 Lux. Under these conditions, the fruits were kept for 3, 5, and 7 days; the solutions were
changed every other day. Samplings were made after treatment on days 3, 5, and 7 day of incubation.
Three replicates (30 fruits each) per treatment were used. All samples were frozen in liquid nitrogen
and stored in –80 ◦C until use in further biochemical assays.

4.2. Estimation of Carbohydrate Content

Fruits from different treatments were crushed into fine powders under cold conditions. The reducing
sugar was extracted in 70% hot ethanol following repeated boiling, concentrated in a water bath and
to reduce the sugar, and 2,4-dinitrosalicylic acid (DNS) reagent was added with crystalline phenol in
the ratio of 5:1 dissolved in a 1% NaOH solution. The color was reduced by adding 40% Rochelle salt
(Potassium sodium tartrate), and the absorbance was read at 520 nm [27].

For total carbohydrate detection, 500 mg of fruit tissue was taken in different test tubes containing
5.0 mL of 2.5 N HCl, and hydrolyzed for 3 h in a boiling water bath. After cooling, the solution was
made neutral by the addition of sodium carbonate powder. The extract was centrifuged at 10,000× g
for 10 min and the supernatant was collected. The reaction mixture was made by mixing the aliquot
with 0.2% anthrone reagent in an acidic state under cold conditions. The reaction mixture was kept in
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a boiling water bath for 30 min and the color was read at 630 nm [28]. The concentration of sugars was
calculated using the standards with dextrose, and expressed on a fresh weight basis.

4.3. Estimation of Total Lycopene and Carotenoid Content

First, 0.5 g of material from each sample was crushed into a fine powder and saponified by the
addition of 2.5 mL 1.2% alcoholic potassium hydroxide. The saponified extract was mixed with 10.0 mL
petroleum ether (AR grade) in a separating funnel and mixed. Upon separation, the aqueous layer was
discarded and the upper pigment containing layer was saved. The process continued until the lower
layer became transparent, at which time the final volumes for each sample were pulled. The absorbance
was read at 450 nm and 503 nm against petroleum ether as the blank. The amount of lycopene and
carotenoids were measured using the technique outlined in [29].

Amount of total lyopene = (3.12×A503×volume of the samplesolution×100)/weight of the sample (1)

Amount of total carotenoid = (3.12×A450×volume of the samplesolution×100×4)/weight of the sample (2)

4.4. Estimation of Total Phenolic and Flavonoid Content

The extraction made in an alcoholic solution and an aliquot of 0.1 mL were mixed thoroughly
with Folin-Ciocalteu reagent, followed by the addition of 20% (w/v) Na2CO3. After incubation of
the mixture at 37 ◦C, the absorbance was recorded at 750 nm. Gallic acid was used and the total
content of phenolics was expressed as equivalence of gallic acid. Flavonoid content was estimated;
1.0 g fresh sample was thoroughly crushed and extracted in 50% aqueous methanol. The mixture was
concentrated in a water bath, and centrifuged at 8000× g at 4 ◦C for 10 min. To the solution, 10% AlCl3
was added. The reaction was checked by adding 1.0 mL 1 M NaOH and further diluted with ethanol.
The absorbance was read at 510 nm. The flavonoid content was estimated from the calibration curve
with gallic acid.

4.5. Detection of H2O2, O2
–, and Lipid Peroxide

To determine the H2O2 content,1 g of sample from each treatment was crushed in a 0.01 M
phosphate buffer (pH 7.0), and the homogenate was centrifuged at 12,000× g for 15 min. Then, the
supernatant was mixed with a chromate reagent (5% chromate: glacial acetic acid = 3:1) and kept in a
boiling water bath for 10 min. After the development of a green color, the absorbance of the solution was
measured at 570 nm. The result was expressed in μM H2O2 g−1 fresh weight. For the detection of O2

–,
fresh samples were thoroughly crushed in a 65 mM phosphate buffer with a pH of 6.5. The homogenate
was centrifuged at 12,000× g for 15 min at 4 ◦C. The supernatant was rediluted with 65 mM phosphate
buffer with a pH of 7.8, to which 10 mM hydroxylamine hydrochloride was added. The mixture was
then incubated at 25 ◦C for 30 min. To the mixture, 10 mM sulfanilamide and 7 Mm alfa-napthylamine
were added; this was kept at 37 ◦C for 20 min. The change of absorbance was recorded taking a reagent
blank at 530 nm. The content of O2

– was estimated from the NaNO2 calibration curve, and the extraction
coefficient of O2

– as 12.8 mM−1 cm−1. Then, 1.0 g tissue was thoroughly crushed in 65 mM phosphate
buffer (pH 6.5) followed by deprotenization with 0.1% cold TCA. The supernatant was collected by
centrifugation at 12,000× g for 10 min at 4 ◦C. A reaction mixture of 0.5% thiobarbituric acid (TBA)
in 20% (w/v) TCA was added. After incubation at 95 ◦C for 30 min followed by cooling for 1 h, the
precipitation was discarded by centrifugation at 10,000× g for 5 min. The supernatant was saved, read
at 532 nm and 600 nm, and expressed malondialdehyde (MDA) content/g-fresh weight [30].

4.6. Assay of Pectin Methylesterase (PME)

First, 1.0 g of fresh sample was thoroughly crushed into a fine powder, added to liquid N2, and
homogenized with a buffer of 2.25 gm NaCl-EDTA salt. It was centrifuged 10,000× g for 15 min at 4 ◦C.
The supernatant was collected and the residues were re-extracted with the same buffer for 15 min. The
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supernatant was collected and dissolved in 100 mL cold ethanol with 1.5 mL NaCl. For the reaction, a
1% pectin solution in 5.0 mL 1 M NaCl was used to adjust the pH to 7.5. Then, 0.5 mL enzyme extract
was added, followed by the continuous addition of 0.1 N NaOH for 1 h. From a blank of heat-killed
enzyme, the alkali consumption was recorded over the time. The activity of the enzymes, expressed as
units/mL, was recorded following the method described in [31].

4.7. Quantification of Silver Content

One gram of sample was digested in 5 ml triacid mixture (i.e., 98% Sulfuric acid: 69% Nitric acid:
70% Perchloric acid = 3:3:1) at 200 ◦C for 1 min until the solution becomes clear. Digested samples were
diluted 10 times, and the quantification of silver was then done by atomic absorption spectroscopy
(PerkinElmer Optima 3300XL, Midland, Canada) [32]. The silver content was expressed as mg/g of
plant dry weight.

4.8. Statistical Analysis

A student’s t- test was computed using Microsoft Excel to determine significant differences among
treatments at p ≤ 0.001, p ≤ 0.01 and p ≤ 0.05 levels of significance. To detect the variations between
the two chili varieties under the three treatments (i.e., H2O2, putrescine, AgNO3) as compared to the
control, Analysis of Variance (ANOVA), followed by LSD, was calculated using the IBM-SPSS software
(Armonk, New York, USA). The Tables for ANOVA may be found in the Supplementary section.

5. Conclusions

Fruit ripening is a collective degenerative process. Significant physiological responses in fruit
were examined under the application of H2O2, putrescine, and silver. During postharvest storage,
fruits received a significant amount of ROS with a differential bioaccumulation of silver. The variability
of silver accumulation would be a selection pressure for cultivar sensitivity to metals. On the other
hand, a high accumulation of ROS in pulp tissues might have assisted in the regulation of ripening
under the various treatments. For oxidative damages, fruits were more relieved with silver, although
this was not the case for all the cultivars. Therefore, the choice of treatment in terms of the antioxidation
of metabolites might determine possible storage ability. The retention of metabolites like complex
carbohydrates and pigments appeared to be sensitive to all the treatments. The secondary metabolites
may be other criteria which could increase the shelf life of fruit when treated with polyamines as
well as H2O2.Interestingly, cell wall loosening activity and the maintenance of redox would meet
the regulations of postharvest storage, more so than with silver. Silver apparently showed some
advantages over other treatments for its retention of the visual characteristics of chili fruits undergoing
delayed ripening. Additionally, putrescine would be next in line in extending shelf life in postharvest
storage. Apart from laboratory-based experiments, the use of silver and other chemicals needs to be
examined on plants in natural/field conditions.
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Abstract: Silver is one of the most toxic heavy metals for plants, inducing various toxic symptoms and
metabolic changes. Here, the impact of Ag(I) on Carlina acaulis physiology and selected metabolites
was studied using two Ag concentrations (1 or 10 μM) after 14 days of exposure. The higher
concentration of Ag(I) evoked reduction of growth, while 1 μM Ag had a growth-promoting effect
on root biomass. The translocation factor (<0.04) showed that Ag was mainly retained in the roots.
The 1 μM Ag concentration increased the level of low-molecular-weight organic acids (LMWOAs),
while 10 μM Ag depleted these compounds in the roots. The increased concentration of Ag(I)
elevated the accumulation of phytochelatins (PCs) in the roots and reduced glutathione (GSH) in
the shoots (but not in the roots). At 1 μM, Ag(I) elevated the level of phenolic and triterpene acids,
while the 10 μM Ag treatment increased the carlina oxide content in the roots. The obtained results
indicate an alteration of metabolic pathways of C. acaulis to cope with different levels of Ag(I) stress.
Our data imply that the intracellular binding of Ag(I) and nonenzymatic antioxidants contribute to
the protection against low concentrations of Ag ions.

Keywords: heavy metals; thiols; phenolic metabolites; organic acids

1. Introduction

The exposure of plants to toxic levels of heavy metals (HMs) induces many changes in their
metabolism [1–3]. In response to metal stress, plants activate several HM tolerance mechanisms,
including enzymatic and nonenzymatic antioxidant systems or HM-binding compounds such as
phytochelatins or organic acids [4]. Moreover, HM excess has a typically significant impact on the
synthesis and accumulation of secondary metabolites (SMs) [5,6]. The role of SMs in HM detoxification
may be related to the presence of hydroxyl groups in phenolic compounds, while thiols or ascorbate
are generally protective compounds in plants [7–9].

Among HMs, Ag ions are considered as one of the most toxic agents for plants [9]. Their presence in
the environment leads to several negative and toxic symptoms, including growth reduction, disruption
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of macro- and micronutrient uptake and homeostasis, or depletion of photosynthetic pigments [9,10].
As the environmental pollution with this metal has increased over the past few decades owing to
human activities [11], the influence of Ag on living organisms has received increasing attention [12,13].

Carlina acaulis L. from the Asteraceae family is a monocarpic perennial herb. Xerothermic and
calcareous grasslands are natural habitats of these plants [14]. However, Carlina genus plants are also
found in HM-contaminated areas, for example, waste deposits from metal mining and smelting [15].
As a pseudometallophyte, C. acaulis can be an attractive object to study the HM tolerance and
detoxification mechanisms. Various biochemical pathways leading to the production of a spectrum
of metabolites such as triterpenes (oleanolic acid and ursolic acid), essential oil compounds (carlina
oxide), or phenolic acids (chlorogenic acid and 3,5-dicaffeoylquinic acid) make this species ideal for the
research of SM–HM interactions.

The aim of this study was to investigate the metabolic response of C. acaulis exposed to two
concentrations of Ag(I) (1 or 10 μM). The objectives of the study included (i) estimation of C. acaulis
tolerance to Ag(I) stress, (ii) assessment of Ag accumulation and translocation as well as the content of
mineral nutrients, (iii) evaluation of nonenzymatic antioxidants and ligands, and (iv) assessment of the
impact of Ag(I) on the production of secondary metabolites.

2. Results

2.1. Impact of Ag(I) on Plant Growth and H2O2 Accumulation

Both the shoot and root biomass of C. acaulis was variously affected by the two concentrations of
Ag(I) applied to the cultivation solution (Figure 1). It was found that, contrary to 1 μM Ag, 10 μM
Ag caused a reduction of shoot fresh weight (FW) by more than 52% in comparison with the control.
Moreover, the higher Ag(I) concentration resulted in visible necrotic symptoms on the leaves, while the
presence of 1 μM Ag did not negatively affect the phenotype (Figure 2). Similar to shoots, the higher
concentration of Ag(I) reduced root biomass (50% of the control). Interestingly, plants exposed to 1 μM
Ag showed significantly higher root biomass (126% of the control). Although there was no negative
effect of 1 μM Ag on the shoot FW, this treatment slightly increased the H2O2 accumulation in the leaves
(Figure 3). Contrary to the control leaves, both Ag(I) concentrations induced appearance of brown
spots after 3′,3-diaminobenzidine (DAB) staining, which indicated induction of H2O2 accumulation.

Figure 1. Effect of Ag(I) ions on the fresh weight of Carlina acaulis shoots and roots after 14 days of
exposure. Data are mean ± SE (n = 25); values followed by the same letter are not significantly different
(p < 0.05, Tukey’s test).
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Figure 2. Phenotype of C. acaulis plants cultivated for 14 days at various Ag(I) concentrations.

Figure 3. Histochemical detection of H2O2 in the leaves of C. acaulis growing for 14 days in the control
conditions and at 1 or 10 μM Ag.

2.2. Bioconcentrations of Ag and Selected Mineral Nutrients

The accumulation of Ag in C. acaulis was significantly affected by its concentration in the nutrient
medium (Figure 4). In the 10 μM treatment, the concentration of Ag in the shoots and roots significantly
increased, reaching 6.1- and 13.6-fold higher levels in comparison with 1 μM Ag. It was also found that
Ag was poorly transferred to the aboveground parts of the plants. The values of the Ag translocation
factor (TF) calculated as the ratio of the Ag content in the shoots and roots (TF = 0.04 for 1 μM Ag;
TF = 0.02 for 10 μM Ag) indicate that most Ag(I) ions taken up by roots are retained in these organs.

Figure 4. Ag concentrations in the roots and shoots of C. acaulis grown under two Ag(I) treatments for
14 days. Data are mean ± SE (n = 4); values followed by a different letter are significantly different
within a particular organ (p < 0.05, Tukey’s test); * nd—not detected.
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The concentrations of both K and P in the roots and Ca in the shoots decreased at 10 μM Ag
(Table 1). In turn, the higher concentration of Ag caused an increase in the level of Ca in the roots,
while plants exposed to 1 μM Ag contained more Ca in their shoots. Moreover, it was observed that
the lower concentration of Ag ions significantly decreased the Cu level in the shoots. However, the
accumulation of K and P in the shoots, Mg and Zn in both the shoots and roots, and Cu in the roots did
not differ significantly between the treatments.

Table 1. Concentration of selected mineral nutrients in the shoot and roots of C. acaulis grown under
two Ag(I) treatments for 14 days. Data are mean ± SE (n = 4); values in the columns followed by the
same letter are not significantly different between the treatments (p < 0.05, Tukey’s test).

Treatment K (mg g−1 DW) P (mg g−1 DW)

Shoot Root Shoot Root
Control 55.45 ± 3.83 a 41.93 ± 2.35 a 3.48 ± 0.35 a 5.69 ± 0.37 a

1 μM Ag 55.01 ± 4.52 a 40.17 ± 5.22 a 3.46 ± 0.65 a 5.79 ± 0.48 a
10 μM Ag 52.02 ± 1.53 a 25.19 ± 2.19 b 2.75 ± 0.23 a 3.84 ± 0.19 b

Ca (mg g−1 DW) Mg (mg g−1 DW)

Shoot Root Shoot Root
Control 12.22 ± 0.73 b 5.09 ± 0.42 b 4.26 ± 0.31 a 2.32 ± 0.09 a

1 μM Ag 14.37 ± 0.47 a 5.49 ± 0.47 b 4.20 ± 0.56 a 2.74 ± 0.03 a
10 μM Ag 9.26 ± 0.21 c 7.67 ± 036 a 3.75 ± 0.21 a 2.52 ± 0.04 a

Zn (μg g−1 DW) Cu (μg g−1 DW)

Shoot Root Shoot Root
Control 21.57 ± 4.02 a 58.76 ± 7.82 a 5.32 ± 0.17 a 14.06 ± 1.40 a

1 μM Ag 24.89 ± 2.90 a 61.48 ± 12.02 a 3.73 ± 0.41 b 11.54 ± 1.14 a
10 μM Ag 20.64 ± 2.86 a 56.08 ± 9.68 a 4.54 ± 0.11 ab 14.92 ± 2.17 a

2.3. Changes in Low-Molecular-Weight Organic Acids (LMWOAs), Thiols, and Ascorbic Acid (AsA)
Accumulation under Ag(I) Exposure

In the 1 μM Ag treatment, the contents of LMWOAs (malic and citric acids) in the shoots and
roots were elevated (Figure 5): malate and citrate represented 304% and 227% of the control value
in the shoots and 230% and 320% of the control value in the roots, respectively. Similarly, the higher
concentration of Ag(I) also elevated the malic acid amount in the shoots. On the contrary, plants
grown at 10 μM Ag showed a decrease in the malate and citrate content by 70% and 77%, respectively,
compared with the control.

Figure 5. Effect of Ag(I) on (a) malic acid and (b) citric acid concentrations in the shoots and roots of
C. acaulis after 14 days of exposure. Data are mean ± SE (n = 5); values for individual organs followed
by the same letter are not significantly different (p < 0.05, Tukey’s test).
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The exposure to Ag increased the level of reduced glutathione (GSH) in the shoots (Figure 6).
The highest concentration of this thiol-peptide (approx. 3-fold higher than in the control) was found
at 10 μM Ag. In turn, the higher Ag(I) concentration significantly depleted the level of GSH in the
roots. The accumulation of phytochelatins (PCs) in the shoots was below the detection limit, while
their accumulation in the roots was dependent on the Ag(I) dose. It was found that Ag ions stimulated
the PC accumulation from 0.05 to 7.70 and 21.42 nmol -SH g−1 FW in the control, 1 μM Ag, and 10 μM
Ag treatments, respectively.

Figure 6. Effect of Ag(I) on reduced glutathione (GSH) concentrations in the shoots and roots and
the total content of phytochelatins (PCs) in the roots of C. acaulis after 14 days of exposure. Data
are mean ± SE (n = 5); values for individual organs followed by the same letter are not significantly
different (p < 0.05, Tukey’s test).

The level of AsA in the shoots did not differ between the Ag(I) treatments; however, significant
depletion of the AsA content in the roots was found at 10 μM Ag (Figure 7).

Figure 7. Effect of Ag(I) on ascorbic acid (AsA) concentrations in the shoots and roots of C. acalulis after
14 days of exposure. Data are mean ± SE (n = 5); values for individual organs followed by the same
letter are not significantly different (p < 0.05, Tukey’s test).

2.4. Changes in the Level of Selected Secondary Metabolites under Ag(I) Exposure

Two major phenolic acids, namely, chlorogenic acid (Figure 8a) and 3,5-dicaffeoylquinic acid
(Figure 8b), were quantified in the shoots and roots of C. acaulis. Contrary to the roots, where no
changes were found, the level of chlorogenic acid was significantly elevated in the shoots in response
to the Ag(I) exposure and its concentrations increased by 2.9- and 1.5-fold at 1 and 10 μM Ag compared
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with the control. Only the lower Ag(I) dose had a significant positive effect on the concentration of
3,5-dicaffeoylquinic acid both in the shoots and roots.

Figure 8. Effect of Ag(I) on the concentrations of (a) chlorogenic acid and (b) 3,5-dicaffeoylquinic acid
in the shoots and roots of C. acalulis after 14 days of exposure. Data are mean ± SE (n = 5); values for
individual organs followed by the same letter(s) are not significantly different (p < 0.05, Tukey’s test).

The triterpene (oleanolic and ursolic) acids were detected in the shoots only, while carlina oxide
was present in the root tissues only (Figure 9). The content of oleanolic and ursolic acids significantly
increased under 1 μM Ag only. On the contrary, only the higher concentration of Ag(I) elevated the
accumulation of carlina oxide in the roots.

Figure 9. Effect of Ag(I) on the concentration of triterpene acids in the shoots and carlina oxide level
in the roots of C. acalulis after 14 days of exposure. Data are mean ± SE (n = 5); values for individual
organs followed by the same letter are not significantly different (p < 0.05, Tukey’s test).

3. Discussion

Reduction of growth is one of the most visible toxicity symptoms of HM excess in plants, and the
negative impact of toxic concentrations of Cd, Pb, Cu, Zn, Ni, or Mn on plant biomass has been reported
repeatedly [1,5]. Since Ag ions are highly toxic, exposure of plants to Ag evokes many negative effects,
including reduction of biomass or decreased chlorophyll accumulation [16]. In agreement with these
findings, 10 μM Ag(I) depleted the shoot and root biomass and produced visible necrotic symptoms
on the leaves. On the contrary, the lower Ag(I) concentration slightly but significantly stimulated
root biomass, indicating the hormetic effect of this dose. Similarly, the stimulatory effect of low Ag
doses on plant growth has been previously reported [10,17–20]. Yang et al. [17] indicated that the
exposure of rice plants to 50 μg L−1 Ag increased the root biomass by 52% and the root length by 72%.
A beneficial effect of sublethal concentrations of Ag (<0.02 mg L−1) was also observed in Arabidopsis
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thaliana [18]. Also, our preliminary study showed that long-time exposure of C. acaulis to 0.1 μM Cd
positively influenced the shoot and root biomass (unpublished data). The phytostimulative impact
of a low concentration of HMs, the so-called hormetic effect, is probably an adaptive process [17,21].
The impact of Ag on ethylene biosynthesis (antagonist of its biosynthesis) may also play a role in the
observed growth changes [22]. Moreover, it cannot be excluded that the hormetic effect was the result
of the positive impact of the low Ag(I) concentration on the uptake and contents of some nutrients, for
example, Ca in the leaves.

In this study, Ag was accumulated mostly in the roots. This finding is in agreement with previous
reports, which showed that the translocation of this element to the aboveground parts of plants is very
low in various species [9,18,23]. As reported by Wang et al. [18], Ag ions are quickly taken up by roots
from the nutrient solution. They found distribution of Ag in hydroponically cultured A. thaliana mainly
in roots (68%), followed by 30% in media, and only 2% of Ag accumulated in aboveground parts.

It is well known that exposure of plants to HM stress affects the uptake and accumulation
of essential nutrients [1,3,24,25]. This phenomenon is a result of several mechanisms, including
competition for transporters or a direct impact of Ag ions on plasma membrane calcium channels [26].
Interestingly, 1 μM Ag evoked an increase in the Ca concentration in the shoots, while 10 μM Ag
stimulated accumulation of Ca in the roots. The obtained results indicate a significant impact of Ag(I)
ions on the Ca bioconcentration and translocation. Given the role of Ca in HM detoxification [26], the
increasing content of Ca under Ag(I) exposure may indicate some role of this element in plant Ag
resistance. The higher Ag(I) dose decreased the root K and P accumulation, and similar depletion of P
has also been observed in Spirodela polyrhiza [16]. In contrast to our data, the exposure of A. thaliana to
2.0 mg L−1 of Ag(I) (ca. 18.5 μM) did not change the content of some mineral nutrients in the leaves;
however, 2.0 mg L−1 of Ag nanoparticles significantly reduced the accumulation of K, Fe, and Zn in
the leaves by 71%, 50%, and 49%, respectively [19].

Quantitative changes in LMWOAs are frequently observed in various species under HM stress
due to their chelating ability. This can lead to reduction of HM phytoavailability (chelation of HMs
with exudates) or their intercellular detoxification (chelation of HMs in the cytosol) [2,27,28]. Moreover,
it has been pointed out that LMWOAs participate in long-distance translocation of HMs to parts of
plants with low metabolic activity such as the cell wall or trichomes [27]. Here, we observed that the
low concentration of Ag ions significantly increased the concentrations of malic and citric acids in
both the shoots and roots. The phenomenon of elevated accumulation of LMWOAs under HM stress
has been observed in higher plants [2]. In the present study, a dose-dependent impact of the Ag(I)
treatments on the content of LMWOAs was observed. A similar effect was found in previous research,
where a low Cd concentration increased the level of malic and citric acids in the shoots and roots of C.
acaulis, but increased accumulation of these acids was detected only in the shoots at a high Cd dose
(acute stress, data not published). The reduced content of LMWOAs in the roots of plants treated
with 10 μM Ag may be a result of increased exudation limiting the metal availability in the medium.
On the contrary, the low Ag dose stimulated the accumulation of LMWOAs in the organs, indicating
intercellular metal chelation as a detoxification mechanism.

Phytochelatins are essential intercellular ligands of HMs, and their content significantly increased
in response to both Ag(I) doses. Ag belongs to a group of metals that induce PC synthesis in plants
and yeasts [29]. It was also shown that Ag is well bound by PCs [30]. However, we found low ability
of Ag(I) to stimulate PC biosynthesis in the roots and no induction of PC synthesis in the shoots. The
accumulation of these thiols in the roots of C. acaulis treated with Ag(I) was lower in comparison
to their accumulation after Cd exposure (unpublished) or in other plant species stressed by Cd or
Pb ([4] and references therein). This fact can be explained by the higher strength of Cd, Pb, or Zn
ions in PC induction compared with Ag [31]. Moreover, it was noted that the PC content in Ricinus
communis collected from an area of silver mines, contrary to Cd or Pb, was not correlated with the Ag(I)
content in the plants [32]. Lack of PC induction by Ag ions was also observed earlier in Scenedesmus
vacuolatus [33]. The level GSH (i.e., a precursor of PCs) increased in the shoots with the increasing
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Ag(I) concentration in the nutrient medium. At the same time, accumulation of GSH in the roots
was suppressed by the higher Ag dose. In agreement with our data, an Ag dose of 20–60 mg L−1

(as AgNO3) strongly elevated the GSH content in wheat callus cultures after 24 h of exposure [34].
GSH together with AsA are part of the nonenzymatic scavenging system [35]. It has been shown that
these compounds protect plant cells against HM-induced oxidative damage [36,37]. The elevated
level of GSH (but not AsA) in the leaves under the Ag(I) excess may indicate a protective role of this
compound in the leaf cells under Ag(I) exposure. In turn, the higher Ag(I) concentration significantly
decreased both GSH and AsA accumulation in the roots, which was in agreement with earlier data [38].
This depletion of antioxidant systems may have been evoked by the higher Ag amounts in the root
tissue with consequent reduction of growth and vitality.

Since they typically contain one or more free hydroxyl groups, phenolic compounds play a
significant role in reactive oxygen species (ROS) scavenging [39]. We found that the Ag(I) stress
stimulated the accumulation of both major phenolic acids (chlorogenic and 3,5-dicaffeoylquinic).
This fact indicates that an increase in the level of phenolic compounds may participate in Ag resistance
mechanisms. The chlorogenic acid level in chamomile tissues (Asteraceae family) has been observed
to increase under various doses of different metals, which indicates a more general contribution to the
antioxidative potential of plants [5]. Although there is evidence that HM ions can change the synthesis
and accumulation of phenolic compounds in plants, the influence of HMs on this process is highly
dependent on the level of the stress factor [2,15]. Khan et al. [40] showed that Pennisetum glaucum
exposed to increasing concentrations of Ag (2, 4, and 6 mM) for 24 h exhibited approximately 2-fold
higher total phenolic and flavonoid contents compared with control plants. Similarly, an increasing
effect of Ag ions on the accumulation of phenolic compounds was observed in Bacopa monnieri [41] and
Hordeum vulgare [42]. In turn, Carlina vulgaris collected from a highly HM-polluted area accumulated
lower amounts of phenolic compounds and flavonoids than plants inhabiting nonpolluted areas [15].

The lower dose of Ag(I) enhanced accumulation of both triterpene acids (oleanolic and ursolic),
while an elevated level of carlina oxide in the roots was found at the higher dose of Ag(I). The role
of triterpenes in protection against HM ions has been considered previously, as these compounds
have antioxidant properties and can protect plant cells against ROS damage [43]. Previous studies
showed that HM stress elevated the ursolic acid level in Prunella vulgaris [44], while Cd stress increased
accumulation of oleanolic acid in Achrynthes bidentate cell cultures [45].

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

C. acaulis L. achenes collected from the Botanical Garden of Maria Curie-Skłodowska University
in Lublin (voucher specimen no. 2005A) were germinated on the surface of garden soil. The young
seedlings (10-days old) were transferred into polyethylene pots filled with garden soil. The plants (one
per pot) were cultivated over 28 days to achieve an approximately 12 cm diameter of the leaf rosette.
Afterwards, the plants were carefully washed with distilled water and transferred into pots filled with
0.5 L of half-strength Hoagland’s solution. The plants were acclimated to hydroponic conditions for
5 days and thereafter divided into three groups (25 plants per treatment): (i) control plants cultivated
without addition of Ag, (ii) plants cultivated with 1 μM of Ag, and (iii) plants cultivated with 10 μM of
Ag. Silver was added in the form of nitrate (AgNO3, Sigma-Aldrich, St. Louis, MO, USA). The plants
were grown in controlled conditions in a growth chamber at 18/25 ◦C (night/day) under light-emitting
diodes at a photosynthetic photon flux density of 150 μmol m−2 s−1 and relative humidity of 60%–65%.
The plants were harvested 14 days after the addition of silver, separated into shoots and roots (the roots
were washed with deionized water), and weighed to determine fresh biomass. For the determination
of LMWOAs, PCs, GSH, and AsA, the samples (biological repeats n = 5) were frozen in liquid nitrogen
and stored at −80 ◦C. Similar aliquots were dried at room temperature for determination of secondary
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metabolites and at 70 ◦C to constant weight for measurement of Ag and mineral nutrients (biological
repeats n = 4).

4.2. Determination of Silver and Mineral Nutrients

Aliquots of powdered samples were digested in a 5 mL mixture of HNO3:H2O (2:8 v/v) in a
microwave digestion apparatus (TOPwave, Analytick Jena AG, Jena, Germany). The content of
elements was measured using an ICP-OES PlasmaQuant PQ 9000 Elite (Analityk Jena AG, Jena,
Germany). The effective plasma power was 1300 W, and the argon flow rate of the plasma, auxiliary,
and nebulizer were 12, 0.5, and 0.6 L/min, respectively.

4.3. Analysis of LMWOAs, Ascorbic Acid, and Thiols

An Agilent 7100 Capillary Electrophoresis (Agilent Technologies, Santa Clara, CA, USA)
was applied for analysis of LMWOAs, AsA, GSH, and PCs according to protocols published
previously [37,46,47].

4.4. Quantification of Secondary Metabolites

Triterpenes (ursolic and oleanolic acid), chlorogenic acid, 3,5-dicaffeoylquinic acid, and carlina
oxide were analyzed in 100% methanolic extracts using high-performance liquid chromatography
(VWR Hitachi Chromaster 600 chromatograph, Merck, Darmstadt, Germany). The triterpenes were
analyzed using the RP18e LiChrosper 100 column (Merck, Darmstadt, Germany) (25 cm × 4.9 mm
i.d., 5 μm particle size) according to the method reported previously [48]. The C18 reversed-phase
column Kinetex (Phenomenex, Torrance, CA, USA) was used to separate phenolic acids as described in
the previous work [49]. The carlina oxide content was measured according to the method reported
previously [50].

4.5. Visualization of H2O2

Hydrogen peroxide (H2O2) in the C. acaulis leaves was visualized using the 3′,3-diaminobenzidine
method [51].

4.6. Statistical Analysis and Experimental Design

The completely randomized design of the experiment involved three treatments (control, 1 μM
Ag, and 10 μM Ag) with 25 plants per treatment. The whole experiment was performed two times in
the same growth conditions. The data were statistically analyzed using one-way analysis of variance
(ANOVA). The differences between the treatments were determined with Tukey’s test at the 0.05
probability level. Statistic ver. 13.3 software (TIBCO Software Inc. 2017, Palo Alto, CA, USA) was used
to carry out all statistical analysis.

5. Conclusions

Our data confirm that the responses of C. acaulis to Ag(I) are dose dependent. Although Ag(I)
slightly increased the H2O2 concentrations in the leaves, its accumulation in the shoots was low. On the
contrary, Ag was mainly retained in the roots, but the low Ag(I) dose even stimulated root growth.
Only the higher Ag(I) concentration disturbed the K, P, and Ca balance, while the low Ag(I) stress
affected Ca and Cu accumulation. The stimulation of the content of LMWOAs in plants exposed to
1 μM Ag together with the significantly higher content of phenolic and triterpene acids observed in
this treatment may indicate both chelation of Ag(I) and induction of antioxidative mechanisms against
Ag excess. In contrast, the higher Ag dose generally reduced the content of organic (malic and citric)
acids, AsA, or GSH in the roots and, in combination with the relatively high accumulation of Ag in the
roots, may be the cause of growth depression.
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34. Barbasz, A.; Kreczmer, B.; Oćwieja, M. Effects of exposure of callus cells of two wheat varieties to silver
nanoparticles and silver salt (AgNO3). Acta Physiol. Plant. 2016, 38, 1–11. [CrossRef]

35. Jozefczak, M.; Remans, T.; Vangronsveld, J.; Cuypers, A. Glutathione is a key player in metal-induced
oxidative stress defenses. Int. J. Mol. Sci. 2012, 13, 3145–3175. [CrossRef] [PubMed]
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Abstract: This study aimed to evaluate the gene expression of HSP70 and HMA3 in the switchgrass
inoculated with plant-growth-promoting-bacteria (PGPB) under cadmium (Cd) stress and to observe
the benefit of PGPB in plant growth and development. Plants were grown in hydroponic culture
and treated with PGPB inoculants: Pseudomonas grimontii, Pantoea vagans, Pseudomonas veronii, and
Pseudomonas fluorescens with the strains Bc09, So23, E02, and Oj24, respectively. The experimental
results revealed that HSP70 and HMA3 genes expressed highly in the PGPB-inoculated plants under
Cd stress. In addition, the expression of HSP70 and HMA3 genes was considerably higher in the first
two days after successive four-day exposure of Cd in plants compared to the last two days of exposure.
Increased biomass and indole-3-acetic-acid production with reduced Cd accumulation were observed
in the PGPB-inoculated plants under Cd stress compared to the Cd-control plants. These PGPB,
with their beneficial mechanisms, protect plants by modifying the gene expression profile that arises
during Cd-toxic conditions and increased the healthy biomass of switchgrass. This demonstrates
there is a correlation among the growth parameters under Cd stress. The PGPB in this study may
help to intensify agriculture by triggering mechanisms to encourage plant growth and development
under heavy metal stress.

Keywords: agriculture; Cd stress; environmental; gene expression; PGPB; switchgrass

1. Introduction

Currently, biotic and abiotic stresses frequently limit plant production. Heavy metal pollution
is a topic of great interest among all abiotic stresses [1,2]. Heavy metal pollution endangers plants,
animals, and humans and it is now an alarming global problem. Heavy metal exposure has been
shown to cause changes in plant protein expression [1]. In particular, cadmium (Cd) is a threat to
living organisms because it accumulates in plants in contaminated environment and can enter the food
chain [3]. Cd disturbs normal plant metabolism and results in poor growth and development in host
plants [4]. Plants have developed diverse mechanisms for the alleviation of stress and re-establishment
of cellular homeostasis, to include expression of metal transporters for metal uptake and vacuolar
transport, chelators for tolerance and detoxification of heavy metals, and chaperones that deliver
and traffic metal ions [5,6]. Heat-shock proteins (HSPs) are well established chaperones involved in
“housekeeping” the cell processes [7]. HSPs with molecular weight from 10 to 200 kDa participate in cell
signaling under stress conditions [8]. The principal HSPs are split into five conserved classes according
to their approximate molecular weight: HSP100, HSP90, HSP70, HSP60, and small heat shock proteins
(sHSPs of 15 to 42 kDa in molecular weight) [9]. Exposure to Cd resulted in an increased accumulation
of stress-related proteins such as HSPs, chaperones, foldases, proteases and pathogenesis-related (PR)
proteins in the leaf and root tissues of poplar plants, but root tissues exhibited decreased proteins from
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the primary metabolism pathways [10]. The root tissues of different grass plants of the Yellowstone
National Park exhibited higher sHSPs compared to shoot tissues under extreme heat exposure [11].
Under metal toxic conditions, toxic metal ions interfere with the cellular protein homeostasis through
the folding process and enhance the production of improperly folded proteins followed by endoplasmic
reticulum (ER) stress, resulting in decreased cell viability. Under these circumstances, cells initiate
a different quality control system to fine-tune the protein homeostasis [8,12]. The HSP70 family
members have been studied extensively in a wide range of plant species, as they accumulate during the
environmental stresses [13], primarily localizing to the cytosol, ER, and mitochondria [8]. Numerous
studies have shown a correlation between HSP70 overexpression and heavy metal tolerance, but the
cellular function of HSP70 under stress has not been completely revealed [14]. Together, the HSP70
chaperones and co-chaperones prevent the accumulation of nascent proteins as aggregates and confirm
the appropriate folding of proteins while transferring the proteins to their destination [15]. One of
our research groups has highlighted the inevitable role of the HSP network to normalize the protein
function under Cd stress in the switchgrass using deep sequencing [16].

HMA3 is a member of the heavy metal ATPase (HMA) family [3]. OsHMA3 is a tonoplast-localized
transporter for Cd in the roots of rice (Oryza sativa) and when it overexpressed, Cd accumulation in
grain is reduced [17]. The overexpression of OsHMA3 causes higher Cd concentration in roots by
enhancing the vacuolar sequestration of Cd in the roots. As a consequence, OsHMA3 can reduce Cd
accumulation in grain efficiently and enhance plant tolerance to Cd [3,18]. Notably, overexpression of
OsHMA3 reduced Cd accumulation in grain without affecting Fe and Zn [19].

Plant-growth-promoting-bacteria (PGPB) can enhance plant growth by different direct and/or
indirect mechanisms [20]. PGPB of agronomic importance can diminish the detrimental environmental
impacts on plants and help to enhance agriculture [21,22]. Switchgrass (Panicum virgatum L.) is
a model perennial bioenergy crop. It has a high growth rate, good biomass yield, and minimal
nutrient requirements, is highly adapted to grow on marginal lands, and has a wide range of
habitats [20,23]. This bioenergy crop is largely dependent on natural arbuscular mycorrhizal fungi
(AMF), but little is known about the interaction between switchgrass and AMF [24]. In addition,
some exotic endophytic PGPB can also colonize switchgrass, for example, Paraburkholderia phytofirmans
PsJN, Bacillus, Pseudomonas, Pantoea, and Enterobacter, etc. [25–27]. Recently, the term induced systemic
tolerance (IST) has been proposed to describe PGPB-induced physical and chemical changes that
occur in host plants due to the tolerance triggered by PGPB-plants interactions during various
abiotic stresses [28]. In our previous report, we explained the details of the four PGPB strains,
that is, Pseudomonas grimontii strain Bc09, Pantoea vagans strain So23, Pseudomonas veronii strain
E02, and Pseudomonas fluorescens strain Oj24. These four strains are highly Cd tolerant, produce
indole-3-acetic acid (IAA), have 1-aminocyclopropane-1-carboxylic-acid deaminase (ACCD) activities,
can solubilize insoluble phosphate, and can colonize inside switchgrass [27]. These PGPB mechanisms
are recognized as the IST that mainly evolved during abiotic stresses as described earlier. In the present
study, we were eager to evaluate IAA production by these four PGPB in inoculated-switchgrass under
Cd stress. IAA production by many PGPB plays a key role in the growth and development of the
plants. IAA can induce tissue differentiation, cell division, and elongation, lateral-root formation,
etc. [29]. It is reported that a number of bacteria can produce IAA, for example, Azospirillum brasilense,
Enterobacter cloacae UW5, Pantoea agglomerans, and Pseudomonas putida [30–34].

Currently, we are unaware of any reports regarding IAA production and HSP70 and HMA3 gene
expression in switchgrass-microbe interactions under Cd stress. Therefore, this experiment focused
on HSP70 and HMA3 gene expression as well as IAA production and growth promotion due to the
switchgrass-PGPB interaction under Cd stress. Additionally, we observed the correlation between
these parameters by performing principal component analysis (PCA).
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2. Results

2.1. Biomass of the PGPB-Inoculated Plants with and without Cd Stress

The plant biomass (fresh and dry weight) of the PGPB-inoculated (single strain and
Mixed-combination of the four strain) group under both Cd-amended and Cd-nonamended conditions
was measured and is presented in Figure 1A–F. Among the treatments both under Cd stress and
without stress, E02-inoculated plants showed significantly higher (p < 0.05) root fresh weight (0.9 g)
and the next highest root fresh weight (0.6 g) was observed in the Oj24-inoculated plants (Figure 1A).
Although the PGPB-inoculated plants with Cd-exposure achieved higher root fresh weight ranging
from 3% (3 g in So23 + Cd) to 140% (31 g in Mixed + Cd) compared to the noninoculated Cd-control
plants but possessed no significant difference among them (Figure 1A). In the case of root dry weight,
among all the treatments E02-inoculated plant (0.1 g) achieved a significantly higher (p < 0.05) weight,
gradually second and third higher group was found as in Mixed + Cd-inoculated plants (0.08 g) and
Bc09 + Cd-inoculated plants (0.07 g) (Figure 1D). The noninoculated Cd-control plants showed lower
dry weight (0.02 g) among all the treatments. Under Cd stress, the PGPB-inoculated plants obtained a
higher root dry weight than the Cd-control plants that ranged from 46% (0.04 g in So23 + Cd) to 217%
(0.08 g in Mixed + Cd) (Figure 1D).

Among all the treatments, Oj24-inoculated plants (1.9 g) exhibited significantly higher (p < 0.05)
shoot fresh weight and noninoculated Cd-control plants (0.5 g) possessed significantly lower (p < 0.05)
shoot fresh weight (Figure 1B). Under Cd stress, the PGPB-inoculated plants and noninoculated
Cd-control plants exhibited reduced shoot fresh weight compared to the plants that grew normally.
However, in the Cd-groups, PGPB-inoculated plants exhibited greater shoot fresh weight, which ranged
from 22% (0.6 g in So23 + Cd) to 112% (1 g in Oj24 + Cd) compared to the noninoculated Cd-control
plants (Figure 1B), but there was no significant difference among those results. In consideration of
shoot dry weight, without Cd stress E02-inoculated (0.3 g) and Oj24-inoculated plants (0.27 g) gained
significantly higher (p < 0.05) shoot dry weight. Under Cd stress, Mixed + Cd-inoculated plants (0.29 g)
exhibited significantly higher (p < 0.05) shoot dry weight (Figure 1E). However, all the PGPB-inoculated
plants under Cd stress gained from 0.1% (0.1 g in So23 + Cd) to 196% (0.3 g in Mixed + Cd) more shoot
dry weight compared to the noninoculated Cd-control plants (Figure 1E). Furthermore, in the Cd-group,
Bc09-, E02-, Oj24-, and Mixed-inoculated plants were significantly (p < 0.05) different (Figure 1E).

The E02-inoculated plants (2.6 g) and Oj24-inoculated plants (2.4 g) were observed to have
significantly higher (p < 0.05) total fresh weight, but these two treatments were not significantly
different from each other (Figure 1C). A significantly lower (p < 0.05) total fresh weight was observed
in the noninoculated Cd-control plants (0.7 g) (Figure 1C). Under Cd stress, the plants experienced
a reduced total fresh weight compared to under normal conditions. The PGPB-inoculated plants
under Cd stress exhibited from 17% (0.8 g in So23 + Cd) to 115% (1 g in Mixed + Cd) more total fresh
weight compared to the noninoculated Cd-control plants, although there was no significant difference
among them (Figure 1C). The E02-inoculated plants (0.4 g) possessed significantly higher (p < 0.05)
total dry weight among all the treatments. The next significant higher total dry biomass was observed
in the Mixed + Cd-inoculated plants (0.37 g) and Oj24-inoculated plants (0.34 g) (Figure 1F). If we
consider only the Cd-group, then PGPB-inoculated plants gained from 9% (0.1 g in So23 + Cd) to 200%
(0.4 g in Mixed + Cd) more total dry weight ranged compared to the noninoculated Cd-control plants
(Figure 1F). Moreover, plants grown in normal conditions differed significantly with each other, except
the control and So23-inoculated plants, while in the Cd-group all the treatments differed significantly
with each other except the Cd-control and So23 + Cd treatment.

In this study, all the PGPB-inoculated (single and mixed) and noninoculated plants with and
without Cd-exposure were grown under the same environmental conditions at the same time.
We observed that Cd-exposure imparts a negative pressure on plants, as the PGPB-inoculated plants
under Cd stress showed less biomass in some cases compared to the PGPB-inoculated plants without
Cd amendment, but the biomass was greater in the PGPB-inoculated plants under Cd stress compared
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to the noninoculated Cd-control plant (Figure 1C,F). Among all the treatments, E02-inoculated plants
grown without Cd-amended conditions gained significantly (p < 0.05) more root and total fresh
biomass and root, shoot, and total dry biomass (Figure 1A,C–F). In addition, Oj24-inoculated plants
grown without Cd-exposure also achieved significantly more shoot fresh and total biomass (p < 0.05)
(Figure 1B,C). Furthermore, mixed-inoculated plants grown under Cd stress exhibited significantly
(p < 0.05) more root, shoot, and total dry biomass (Figure 1D–F). On the other hand, noninoculated
Cd-controls possessed significantly (p < 0.05) less shoot fresh weight and total fresh weight among all
the treatments (Figure 1B,C).

Figure 1. Biomass of switchgrass cv Alamo. (A) Root fresh weight, (B) shoot fresh weight, (C) total fresh
weight, (D) root dry weight, (E) shoot dry weight, and (F) total dry weight. Control = noninoculated
control plant without Cd stress; Cd = noninoculated Cd-control plant with 20 μ mol L−1 CdCl2 stress;
Bc09, So23, E02, Oj24, and Mixed (combination of the four strain) = plant inoculated with endophytic
PGPB without Cd stress; and Bc09 + Cd, So23 + Cd, E02 + Cd, Oj24 + Cd, and Mixed + Cd (combination
of the four strain) = plant inoculated with endophytic PGPB with 20 μ mol L−1 CdCl2 stress. The bar
represents ±SE (n = 5). Columns not sharing a significance letter are significantly different according to
Duncan’s Multiple Range Test at p < 0.05. The dash pattern indicates the biomass of that treatment is
significantly different among the treatments.

2.2. Determination of Cd Concentrations inside Plant Tissues

Cd concentrations in the plant (root, shoot, and whole plant) and the translocation factor (TF)
were determined and are presented in Figure 2A–D. The concentrations of Cd in the roots and shoots
of the PGPB-inoculated plants were lower compared to those in the noninoculated Cd-control plants,
except for the So23-inoculated plants. The So23-inoculated plants exhibited significantly (p < 0.05)
more Cd content in the roots and shoots (42% and 58%, respectively) compared to the control plants.
We observed in the biomass study that the fresh and dry biomass of the So23-inoculated plant was
lower than the noninoculated control plant. The increased Cd concentration in the plants might be
a cause behind the lower biomass of So23-inoculated plants under Cd stress. Without Cd stress,
the biomass shows no difference with control plants. However, Bc09-, E02-, Oj24- and mixed-inoculated
plants had 53%, 21%, 54%, and 43% lower Cd contents, respectively, compared to the noninoculated
Cd-control plants. The roots contained more Cd than the shoots (Figure 2A–C).
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The TF of plants is the measurement of the ability to transfer metals from the roots to shoots [35].
This translocation depends largely on the types of metals and substrates [36]. The Bc09-inoculated plants
had significantly (p < 0.05) higher TF (13%), whereas the mixed-inoculated plants had significantly
(p < 0.05) (54%) lower TFs compared to the noninoculated Cd-control plants (Figure 2D). It is known
that if the Cd concentration of at least 100 mg Kg−1 is accumulated [37] and the TF is greater than 1,
then a plant is considered as hyper-accumulator [38]. In our study, the TF was less than 1 in both
PGPB-inoculated and noninoculated Cd-control plants. Furthermore, the shoots had a Cd concentration
of less than 100 mg Kg−1, while the roots contained more than 100 mg Kg−1 Cd. Therefore, this plant
could be introduced as a Cd-accumulator rather than a Cd-hyperaccumulator.

Figure 2. Uptake of Cd in switchgrass cv Alamo under 20 μ mol L−1 CdCl2 stress. (A) Cd concentration
in root, (B) Cd concentration in shoot, and (C) Cd concentration in whole plant, and (D) translocation
factor (TF). TF represents metal concentration in shoot/root and denotes metal translocation. Cd =
noninoculated Cd-control plant with 20 μ mol L−1 CdCl2 stress and Bc09 + Cd, So23 + Cd, E02 + Cd,
Oj24 + Cd, and Mixed + Cd (combination of the four strain) = plant inoculated with endophytic PGPB
with 20 μ mol L−1 CdCl2 stress. The bar represents ± SE (n = 5). Columns not sharing a significance
letter are significantly different according to Duncan’s Multiple Range Test at p < 0.05.

2.3. Concentrations of IAA in Plants Determined through HPLC

The concentration of IAA was determined through high-performance liquid chromatography
(HPLC), where the concentration of IAA was detected in the roots but not in the shoots in our triplicate
experiments. The IAA concentration was higher in the PGPB-inoculated plants without Cd-amendment,
with a difference ranging from 3.6% to 82.2%, except for the Bc09-inoculated plants. Under Cd-amended
conditions, the noninoculated Cd-control and E02-inoculated plants contained lower IAA concentrations
compared to the noninoculated control plants. The Bc09-, So23-, Oj24-, and mixed-inoculated plants
contained 69.4%, 57.8%, 22%, and 29.8% higher IAA concentrations compared to those of the control
plants, respectively (Figure 3). Among all the treatments, the E02-inoculated plants grown without
Cd-exposure and Bc09-inoculated plants grown with Cd-exposure contained significantly (p < 0.05)
higher IAA concentrations than the noninoculated control plants. Other treatments showed no
significant differences among them.
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Figure 3. The IAA concentration in the root of switchgrass cv Alamo. Control = noninoculated control
plant without Cd stress; Cd = noninoculated Cd-control plant with 20 μ mol L−1 CdCl2 stress; Bc09,
So23, E02, Oj24, and Mixed (combination of the four strain) = plant inoculated with endophytic PGPB
without Cd stress; and Bc09 + Cd, So23 + Cd, E02 + Cd, Oj24 + Cd, and Mixed + Cd (combination of
the four strain) = plant inoculated with endophytic PGPB with 20 μ mol L−1 CdCl2 stress. The bar
represents ±SE (n = 5). Columns not sharing a significance letter are significantly different according to
Duncan’s Multiple Range Test at p < 0.05. The dash pattern indicates the biomass of that treatment is
significantly different among the treatments.

2.4. Expression of the HSP70 Gene in PGPB-Inoculated and Noninoculated Switchgrass

The relative gene expression level of three genes of the HSP70 gene family, that is, Pavir.5KG619900.1
(HSP70A), Pavir.9KG488300.1 (HSP70B), and Pavir.5KG300400.1 (HSP70C), were analyzed by the
qRT-PCR method and found to express in all of the plants after four consecutive days with and
without Cd stress (Figure 4A–C). It should be noted that both with and without Cd stress, HSP70
gene expression in the PGPB-inoculated plants was upregulated compared with that in the control
plant. On the first day of Cd exposure, the HSP70A gene expression level was 10.9–14.5 fold higher in
the noninoculated Cd-control and PGPB-inoculated plants compared to the noninoculated control
plants. This gradually decreased after the second, third, and fourth day of exposure. In the second day,
the gene expression level was 7.4–13 fold higher compared to the noninoculated control plants, which
became 6.8–12.3 fold higher on the third day for the same treatment groups. Finally, on the fourth
day the gene expression level was 2.7–5.2 fold higher compared to the noninoculated control plants
(Figure 4A). Plants inoculated with So23 (on the first to third day), Bc09 (on the second day), E02 (on
the first day), Oj24 (on the fourth day), and mixed (on the first day) had significantly (p < 0.05) higher
levels of gene expression compared to the Cd-control.

In the case of HSP70B gene, on the first day of Cd exposure, the expression level was 9.3–15.7
fold higher in noninoculated Cd-control, PGPB-inoculated plants compared to the noninoculated
control plants. The gene expression level was also observed to gradually decreased after second,
third and fourth day of exposure to Cd. The expression was 8.4–13.8 fold higher; 6.6–12.6 fold higher;
and 3.4–10.5 fold higher in noninoculated Cd-control and PGPB-inoculated plants compared to the
noninoculated control plants (Figure 4B). The HSP70B gene expressed significantly more (p < 0.05) in
the So23-inoculated plants on all four days. In addition, the gene also expressed significantly more
(p < 0.05) in the E02-inoculated plant on the first three consecutive days, compared to the Cd-control.

In the case of the HSP70C gene, the expression level was 10–16.2 fold higher, 9.8–13.2 fold higher,
8–12.5 fold higher, and 5.2–11.7 fold higher in the noninoculated Cd-control and PGPB-inoculated
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plants after one day, two days, three days, and four days of Cd-exposure, respectively (Figure 4C),
where a gradual decrease in gene expression was also observed in the last two days of Cd exposure
compared to the first two days of exposure. The HSP70C gene expressed significantly more (p < 0.05)
in the So23-inoculated plant on all the four consecutive days, in the Bc09-inoculated plant on the
second and third day, in E02-inoculated plant on the first day, and in the mixed-inoculated plants on
the fourth day.

Figure 4. Expression of HSP70 gene in the switchgrass cv Alamo. Relative gene expression level of (A)
HSP70A = Pavir.5KG619900.1; (B) HSP70B = Pavir.9KG488300.1; (C) HSP70C = Pavir.5KG300400.1.
Control = noninoculated control plant without Cd stress; Cd = noninoculated Cd-control plant with
20 μ mol L−1 CdCl2 stress; Bc09, So23, E02, Oj24, and Mixed (combination of the four strain) = plant
inoculated with endophytic PGPB without Cd stress; and Bc09 + Cd, So23 + Cd, E02 + Cd, Oj24 +
Cd, and Mixed + Cd (combination of the four strain) = plant inoculated with endophytic PGPB with
20 μ mol L−1 CdCl2 stress. The dash pattern indicates the biomass of that treatment is significantly
different among the treatments. The expression of HSP70 genes was determined by quantitative
real-time PCR. FTSH protease 4 (FTSH4) was used as internal control. Each column represents the
relative gene expression levels (mean value ± SD, with three biological repeats each with 3 technical
repeats) calculated using 2-ΔΔCT method.

2.5. Expression of HMA3 Gene in PGPB-Inoculated and Noninoculated Switchgrass

The relative gene expression level of three genes of the HMA3, that is, AP13CTG05330TIGR01512
(HMA3A), AP13CTG10982TIGR01512 (HMA3B), and Pavir.Ba03387.1 (HMA3C), was analyzed by
the qRT-PCR method. Gene expressions were evaluated during four consecutive days after Cd
exposure and were found to express in the PGPB-inoculated plants under both Cd-amended and
Cd-nonamended conditions (Figure 5A–C).

In the case of the HMA3A gene, on the first, second, third and fourth day of exposure to Cd
stress, the expression level was 9.6–14.6 fold higher, 9.3–14.3 fold higher, 8.8–12.8 fold higher, and
8–11.9 fold higher in the noninoculated Cd-control and PGPB-inoculated plants compared to the
noninoculated-control plants (Figure 5A). The gene expressed significantly more in the So23-inoculated
plant on all four consecutive days. Moreover, plants inoculated with Bc09 and E02 strain showed
significant (p< 0.05) higher HMA3A gene expression on the first two days compared to the noninoculated
Cd-control plant.
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In case of HMA3B gene, the expression level was 11.5–17.8 fold higher, 10.6–17.1 fold higher,
8–14.3 fold higher, and 7–13.8 fold higher in noninoculated Cd-control and PGPB-inoculated plants
compared to the noninoculated control plants on the first day, second day, third day, and fourth day of
exposure to Cd stress (Figure 5B). After Cd exposure on all four consecutive days, the So23-inoculated
plant showed significantly (p < 0.05) higher gene expression among all the treatments. Furthermore,
E02-inoculated plant showed significantly (p < 0.05) higher gene expression on the first two days,
whereas the Bc09-inoculated plants showed significantly (p < 0.05) higher gene expression on the first
days among the four days of Cd-exposure.

In the case of the HMA3C gene, the expression level was 10.4–17.5 fold, 8.8–16.1 fold, 7.6–13.7 fold,
and 5.2–13.2 fold higher in the noninoculated Cd-control and PGPB-inoculated plants after one day,
two days, three days, and four days of Cd exposure (Figure 5C). The So23-inoculated plant showed
significantly (p < 0.05) higher gene expression among all the treatments on all four consecutive days.
Furthermore, Bc09-inoculated plant showed significantly (p < 0.05) higher gene expression on the first
two days and the E02-inoculated plants showed significantly (p < 0.05) higher gene expression on the
third day.

It should be noted that the gene expression level in the PGPB-inoculated plant was higher on the
first day of Cd exposure and gradually decreased on the second, third and fourth day of exposure in
case of all three HMA3 genes.

Figure 5. Expression of HMA3 genes in the roots and shoots of the switchgrass cv Alamo. Relative gene
expression level of (A) HMA3A =AP13CTG05330TIGR01512; (B) HMA3B =AP13CTG10982TIGR01512;
(C) HMA3C = Pavir.Ba03387.1. Control = noninoculated control plant without Cd stress; Cd =
noninoculated Cd-control plant with 20 μ mol L−1 CdCl2 stress; Bc09, So23, E02, Oj24, and Mixed
(combination of the four strain) = plant inoculated with endophytic PGPB without Cd stress; and
Bc09 + Cd, So23 + Cd, E02 + Cd, Oj24 + Cd, and Mixed + Cd (combination of the four strain) = plant
inoculated with endophytic PGPB with 20 μ mol L−1 CdCl2 stress. The dash pattern indicates the
biomass of that treatment is significantly different among the treatments. The expression of HMA3
genes was determined by quantitative real-time PCR. FTSH protease 4 (FTSH4) was used as internal
control. Each column represents the relative gene expression levels (mean value ± SD, with three
biological repeats each with 3 technical repeats) calculated using 2-ΔΔCT method.
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2.6. PCA to Evaluate the Correlation between Plant Growth Parameters, Cd Concentrations, TF,
IAA Concentrations, and HSP70 and HMA3 Gene Expression Level

There is more than one response variable in most research studies and variables need to be
systematically analyzed to take advantage of the information about the relationships between them.
PCA is used to simplify a number of related variables simultaneously. In the combined data set,
PCA provided two principal factors, F1 (X-axis) and F2 (Y-axis), where the eigenvalue was > 1 and
able to explain approximately 87.72% of the variability of the total data (PC 1 variance of 61.18%
and PC 2 variance of 26.54%) (Figure 6). Figure 6 represents a biplot analysis of data into PCs
where the concentration of Cd in the roots (RCd), the concentration of Cd in the shoots (SCd), TF,
expression level of HSP70 gene and HMA3 in the plants corresponded to PC 1 and root dry weight
(RDW), shoot dry weight (SDW), and concentration of IAA in the roots (IAA-R) corresponded to PC
2. The correlation matrix among these parameters is shown in Table 1. From Figure 6 and Table 1,
it was observed that RDW and SDW were significantly positively correlated. IAA-R and RDW were
also significantly positively correlated. SDW showed a significant negative correlation with RCd
and SCd. However, RCd and SCd were significantly positively correlated. In addition, TF was also
significantly positively correlated with RCd and SCd. Again, TF was significantly positively correlated
with HSP70 and HMA3. However, HSP70 and HMA3 exhibited highly significant positive correlations
between them. Furthermore, HSP70 and HMA3 possessed a significant positive correlation with RCd
and SCd. Guo et al. [39] also reported a significant positive correlation between FIHMA3 (a gene
homologous to OsHMA3 in rice) gene expression and Cd accumulation in the roots of Festulolium
loliaceum (Huds.), which might be responsible for reducing Cd toxicity through vacuolar sequestration
of Cd into roots. From the PCA biplot (Figure 6), it was confirmed that the PGPB-inoculated plants
and the noninoculated Cd-control plants under Cd stress were far from the same group of plants
without Cd stress. These findings provide evidence that both HSP70 and HMA3 gene expression in the
PGPB-inoculated plants, together with the beneficial activities of PGPB, such as the production of IAA,
ACCD activities, and phosphate solubilization, etc. [27], under Cd stress played an important role in
limiting the entry of or detoxifying the Cd in the cytoplasm to reduce the Cd toxicity.

Figure 6. Principal Component Analysis (PCA) biplot based on correlation matrix. CK = noninoculated
control with no Cd stress; Bc09, So23, E02, Oj24 and Mixed = PGPB (Bc09, So23, E02, Oj24 and
combination of four)-inoculated Alamo with no Cd stress. Cd = noninoculated Cd-control under 20 μ

mol L−1 CdCl2 stress; Bc09 + Cd, So23 + Cd, E02 + Cd, Oj24 + Cd and Mixed + Cd = PGPB (Bc09, So23,
E02, Oj24 and combination of four)-inoculated Alamo under 20 μ mol L−1 CdCl2 stress. RDW = root
dry weight, SDW = shoot dry weight, RCd = Cd concentration in root, SCd = Cd concentration in shoot,
TF = translocation factor, IAA-R = Concentration of IAA in root, HSP70 = HSP70 gene expression level,
HMA3 = HMA3 gene expression level.
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Table 1. Correlation matrix among growth parameters, concentrations of Cd, TF, concentrations of
IAA, HSP70, and HMA3 gene expression in switchgrass. RDW = root dry weight, SDW = shoot dry
weight, RCd = Cd concentration in root, SCd = Cd concentration in shoot, TF = translocation factor,
IAA-R = Concentration of IAA in root, HSP70 = HSP70 gene expression level, HMA3 = HMA3 gene
expression level. The correlation matrix was constructed using Pearson bivariate correlation analysis.

Parameter RDW SDW RCd SCd TF IAA-R HSP70 HMA3
RDW 1
SDW 0.830 ** 1
RCd –0.293 −0.627 * 1
SCd –0.304 −0.655 * 0.970 ** 1
TF –0.109 –0.495 0.797 ** 0.821 ** 1

IAA-R 0.685 * 0.417 –0.039 0.083 0.083 1
HSP70 –0.013 –0.379 0.857 ** 0.788 ** 0.888 ** 0.02 1
HMA3 –0.017 –0.404 0.858 ** 0.796 ** 0.883 ** 0.043 0.993 ** 1

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).

3. Discussion

Heavy metals, for example, Cd, impose an imbalance in the cellular homeostasis by silencing
necessary enzymes and hindering the functions of proteins [8]. In order to balance the homeostasis,
plants respond to abiotic stressors by activating the stress response genes. The HSPs gene is one of
the well-studied genes that is activated during intracellular stress conditions and maintained cellular
homeostasis [16,40–42]. This finding has a good agreement with our current study, where the HSP70
gene was expressed both under Cd stress and without Cd stress in our experimental results. The reason
behind this interesting phenomenon might be in response to the HSPs gene in various biological
systems, such as stabilization, appropriate folding, and assembly of the proteins under both favorable
and unfavorable environmental conditions [6,43]. Notably, the HSP70 gene was highly expressed under
Cd stress, especially in the PGPB-inoculated plants, compared to the noninoculated plants. In addition,
on the first day and second day, HSP70 gene expression increased considerably after Cd stress in
PGPB-inoculated and noninoculated Cd-control plants, and then its expression gradually reduced
on the third and fourth days relative to the first two days. The reason may be the plant responded
rapidly after exposure to Cd and, thus, may have increased its gene expression. Wang et al. [44]
investigated HSP70 gene expression in creeping bentgrass under prolonged heat stress and observed
the presence of HSP70 in all treatments before and after heat stress, although the expression was higher
after stress. Recently, one of our research groups discovered that 22 HSP genes were highly expressed
under Cd stress, and in Arabidopsis, one HSP-encoding gene was overexpressed and provided plants
with Cd tolerance. These findings support the evidence that the HSP network re-establishes normal
protein function and cellular homeostasis in switchgrass under Cd stress [16]. Several articles have
described the adverse effects of high or low levels of Cd toxicity on plants by changing the protein
profiles [45–47]. Under Cd stress, HSP70 was differentially expressed in tomato roots [48] and young
poplar leaves [49], with significantly increased expression in germinating rice seedlings [50] and
Arabidopsis thaliana [51]. Interestingly, in our study, the gene expression level was significantly higher in
the PGPB-inoculated plants under Cd stress. Therefore, our finding demonstrated evidence that PGPB
might have a protective capability to combat against Cd stress. However, few reports exist in the case of
HSP70 gene expression in plant–microbe interactions, especially endophytic PGPB interactions, under
Cd toxic conditions, whereas several reports have described that the overexpression of HSP70 has a
positive correlation with the acquisition of tolerance under heavy metal stress [8]. To our knowledge,
this report is the first attempt to discover HSP70 gene expression in the endophytic PGPB-inoculated
switchgrass under Cd stress.
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PGPB can enhance plant tolerance under abiotic stresses through a mechanism known as induced
systemic tolerance (IST) [41,52], in which PGPB have several notable activities, including the synthesis
of phytohormones, such as IAA [53], ACCD activities that allow the degradation of ethylene precursor
to relieve plant stress, solubilization of insoluble phosphate and HSP gene expression [54]. In our
study, we also observed similar results, as the production of IAA and HSP70 gene expression increased
in the plants under Cd stress compared to the control with no stress and, notably, the PGPB-inoculated
plants under Cd stress had better results than the noninoculated Cd-control plants.

There is a substantial difference between switchgrass cv Alamo and rice. Alamo has genome
sizes of 1600 Mb, is tetraploid, is an inbreeder and is a perennial. The genome size of rice is 373
Mb, and rice is a diploid, has an outcrossing breeding system and is an annual. Although genetic
organization and habit are dissimilar, they possess significant synteny and collinearity [55,56]. In this
study, we evaluated the expression level of the three rice homologous gene HMA3 in switchgrass cv
Alamo. To the best of our knowledge, this is the first time the expression of HMA3 gene expression in
switchgrass has been examined. We observed an upregulated gene expression level under Cd stress,
which was similar to the HMA3 gene expression results in rice [18]. It is important to mention that
this gene was expressed both under Cd-amended and Cd-nonamended conditions in the switchgrass,
while under Cd stress the expression was enhanced, especially in the PGPB-inoculated switchgrass.
In addition, in the Cd-control and PGPB-inoculated plants, an enhanced level of HMA3 gene expression
was also noted on the first two days of Cd-exposure compared to the last two days of Cd-exposure,
similar to HSP70 genes. The mineral analysis of the Cd group showed that the Cd concentration
were significantly lower in PGPB-inoculated Alamo compared to the noninoculated Cd-control plants.
However, the exception was that the So23-inoculated plant showed significantly higher HSP70 and
HMA3 gene expression but displayed higher Cd concentrations both in roots and shoots compared to
the noninoculated Cd-control plants with less biomass achievement. In our previous study, we reported
that So23 required a longer time than the other three bacterial strains to increase its growth rate under
highly Cd-toxic conditions. Furthermore, uptake of Cd from high Cd containing sources was higher in
the So23 strain [27]. Thus, we conclude that this characteristic of this bacterium might be a reason for
the higher Cd content in plants. The OsHMA2 promoter could control OsHMA3 gene expression and,
thus, reduce Cd accumulation in rice grains by sequestering more Cd into the vacuoles of different
tissues after uptake by the root cells [3,17]. As a result of the enhanced sequestration of Cd in the
vacuoles in the root cells, the Cd concentration decreased in the shoots. If the tonoplast localized
transporter for Cd OsHMA3 became functionless, then it would cause a reduced accumulation of Cd in
the roots but a higher accumulation in the shoots [19]. However, functional OsHMA3 induced vacuolar
sequestration of Cd in the roots and accumulated more Cd, resulting in enhanced tolerances to Cd.
In natural conditions, without stress this gene is usually expressed at a lower level [18]. In the present
study, the PGPB-inoculated switchgrass gained more biomass and had reduced Cd concentrations
compared to the noninoculated-Cd control. One of the underlying mechanisms behind this might be
the expression of the HMA3 gene. Extensive research is needed on this topic. Similar results were
observed in the case of AtHMA3 in Arabidopsism, a homolog of OsHMA3, which showed transport
activity for Pb and Cd when expressed in a yeast mutant [57]. The underlying mechanism behind this
transport-substrate affinity in switchgrass species needs to be investigated in the future. Previously, we
reported bacterial plant growth-promoting activities, such as phytohormone IAA production, ACCD
activities, phosphate solubilization, Cd tolerances and toxicity tests [27]. Currently, we were interested
in observing the IAA production by PGPB-inoculated and noninoculated plants with and without
Cd-amended conditions. Interestingly, we detected IAA in roots but not in the shoots. The IAA
production was higher in the PGPB-inoculated plants than in the Cd-control plants under Cd stress.

In the PCA biplot and correlation matrix, we observed that the growth, Cd concentration in
plant tissues, TF, IAA production, HSP70, and HMA3 gene expression were correlated with each
other. In addition, we observed differences in gene expression patterns between plants that were
grown normally and under Cd stress; interestingly, the expression was higher in the PGPB-inoculated
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plants under Cd stress. From previous reports, it is known that a higher TF indicates increased Cd
transportation in the shoots and roots. However, a lower TF is associated with reduced Cd accumulation
in the shoots and roots [38]. This was reflected in the correlation analysis, where a significant positive
correlation between TF, RCd, and SCd was observed. The gene expression of HSP70 and HMA3 in
the plants were also positively correlated with TF. Finally, the results of this study demonstrated
enhanced plant growth and biomass under Cd stress conditions, especially in the PGPB-inoculated
plants compared to the noninoculated plants in this experiment. The PCA biplot also revealed that
the PGPB-inoculated plants and noninoculated-control plants under Cd stress were far from the
same group of plants without Cd stress. Based on their gene expression levels, HSP70 and HMA3
were more highly expressed in the single PGPB-inoculated plants than in the co-inoculated (mixed)
plants under Cd stress (Figures 4 and 5). The same and/or different PGPB in independently and/or in
groups can trigger beneficial mechanisms differently under the same environmental situation and gene
expression level, and proteomic profiles could also be modified in different manners [21]. However,
the plant-PGPB interaction is dependent on plant genotype and bacterial strain [58]. Regardless of the
mechanisms used, PGPB helps plants to enhance growth and yields; therefore, we obtained higher
biomass in all the PGPB-inoculated plants compared to the Cd control plants under Cd stress.

This study concludes that PGPB has a profound influence on the expression of HSP70 and HMA3
gene in switchgrass under Cd stress. They are environmentally friendly agents to help plants during
Cd toxic conditions and could assist in increase biomass production of switchgrass. Moreover, this will
increase the success of unfavorable land use and intensify agricultural production.

4. Materials and Methods

4.1. Plant Cultivation, Harvest, Measurement of Biomass and Determination Cd Concentrations

Plant cultivation and harvest and the determination of Cd concentrations in plant tissues and TFs
were carried out according to Begum et al. [27]. The PGPB strains were Bc09, So23, E02, Oj24, and a
mixed culture of these four strains. The Cd stress that with the application of 20 μ mol L−1 CdCl2 for
4 days. The plants were grown in hydroponic culture in a greenhouse for 30 days from germination to
harvest. There were two groups of plants: one group was under Cd stress conditions, and another
group was grown without Cd stress. Each plant treatment had 6 replicate pots with 7 plants in each
pot. A sampling of plants for the assessment of gene expression analysis was performed on the first
day (instantly after exposure to Cd), the second day, the third day, and fourth day of exposure to Cd.

The concentrations of Cd and TFs inside plant tissues were calculated as follows [27]:

Cd concentration in plant tissues =
Cd root or shoot ×Volume
Dry weight root or shoot

(1)

where “Cd root or shoot” is the inductively coupled plasma optical emission spectrometer (ICP-OES,
Optima 2100 DV, Perkin Elmer, Gaithersburg, MD, USA) machine reading of the Cd concentration in
the shoots or roots in mg L−1 and “Dry weight root or shoot” is the dry weight of roots or shoots in kg;

TF =
Cd shoot
Cd root

(2)

where “Cd shoot” is the concentration of Cd in the shoots (mg kg −1) and “Cd root” is the concentration
of Cd in the roots (mg kg−1).

4.2. Determination of IAA through HPLC

IAA was determined in the plant samples through HPLC (Agilent Technologies, Waldbronn,
Karlsruhe, Germany) performed following the method described by Cui et al. [59]. One gram of
root and shoot samples were measured and immediately frozen in liquid nitrogen for rapid cooling
to stop the metabolic activities and then stored at –80 ◦C. Then, the samples were ground in 5 mL
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of 50% precooled methanol. The ground samples were then incubated at 4 ◦C for 12 hr followed
by centrifugation (Dynamic Dynamica Scientific Ltd., Suzhou, China) at 10,000 g for 10 min at 4 ◦C.
The supernatant was transferred to a fresh tube and stored at 4 ◦C. To the sample, 3 mL of 50% precooled
methanol was added and incubated at 4 ◦C for 12 hr. After centrifugation at 10,000 g for 10 min at 4 ◦C,
the supernatant was collected and stored with the previously collected supernatant. To absorb the
phenolic substances and pigments 0.2 g polyvinyl-poly pyrrolidone (PVPP) was added to the extract
and the extract was incubated in a shaker incubator (Crystal IS-RDV1, Dallas, USA) at 4 ◦C for 60 min.
Again the samples were centrifuged at 10,000 g for 10 min at 4 ◦C. The supernatant was collected
and then passed through a C18 column (Sep-Pak Cartridges, Waters Corporation, Milford, MA, USA).
The samples were then freeze-dried with a continuous supply of N2 gas. Then, the lyophilized samples
were dissolved by adding 2.5 mL 50% precooled methanol. The dissolved samples were then filtered
through a 0.22 μm ultrafiltration membrane. An aliquot was then injected into the high-performance
liquid chromatography (HPLC) instrument. The chromatographic conditions for the Agilent 1290
Infinity system (Agilent Technologies, Waldbronn, Karlsruhe, Germany) were as follows: The mobile
phase was 0.6% acetic acid (volume fraction) and chromatographic grade methanol gradient elution;
the column temperature was 35 ◦C; the injection volume was 2 μL; the flow rate was 0.3 mL min−1; the
detection wavelength was 254 nm.

4.3. Gene Expression of HSP70 and HMA3 in PGPB-Inoculated and Noninoculated Switchgrass

4.3.1. Total RNA Extraction

Plant tissue (1 g fresh seedlings) was ground into a fine powder using liquid nitrogen. Total RNA
was isolated and purified separately according to the manufacturer’s protocol using the Spin Column
Plant Total RNA Purification Kit (Sangon Biotech, Co. Ltd. Shanghai, China). Extracted RNA was
quantified using a Nanodrop ND-2000 spectrophotometer (Nanodrop Technologies, Inc., Wilmington,
DE, USA). The 260/280 nm ratio of samples ranged from 1.9 to 2.1, and the average RNA integrity
number (RIN) was over 8. These results indicated that the extracted RNA was of high quality without
any apparent degradation and was suitable for further cDNA synthesis.

4.3.2. Reverse Transcriptional Polymerase Reaction (RT-PCR)

A HiScriptTM Q RT SuperMix for qPCR (Vazyme, Nanjing, China) was used to synthesize the
cDNAs. The synthesized cDNA was diluted 20 times with distilled water for use in qRT-PCR.

4.3.3. Quantitative Real-time PCR (qRT-PCR)

The qRT-PCR was applied to analyze the relative expression level of a candidate gene in diluted
cDNA samples. The primer sequences for the HSP70, HMA3, and the internal control FTSH protease
4 (FTSH4) genes are given in Table 2. All reactions were conducted in three biological replicates,
and the reactions without template were used as negative controls. A Roche-480 system (Roche,
Rotkreuz, Switzerland) was used to perform qRT-PCR using a final volume of 20 μL reaction mixture.
The qRT-PCR program began with a denaturation step first (95 ◦C, 1 min), and then continued with 40
amplification cycles, which were programmed as 95 ◦C for 5 sec, 57 ◦C for 30 sec, and 72 ◦C for 30 sec.
The CT values for the target and standard control genes were retrieved from the qRT-PCR system, and
the comparative threshold 2-ΔΔCT method was applied to quantify the relative expression of the given
gene [60,61].
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Table 2. The primer sequences.

Gene Name Gene ID Primer Sequences (5′ to 3′)

HSP70
Pavir.5KG619900.1 (HSP70A) GAGCTGTGCAAGAGCATCAA

TTCTTGGTTGGGATGGTGGT

Pavir.9KG488300.1 (HSP70B) ATCGACTTCTACGCGACCAT
CTGCGACTTGTCCATCTTGG

Pavir.5KG300400.1 (HSP70C) AAGATCACCATCACCAGCGA
CGTACGTCTCCAGCTTGTTG

HMA3
AP13CTG05330TIGR01512 (HMA3A) GTGACCAAGTCATGGGAGGA

GTGCAACAGCCAAAGAAAGC

AP13CTG10982TIGR01512 (HMA3B) GGAAGACTGCACGAACCATC
CACAGCCCTTGTTGCTAGTC

Pavir.Ba03387.1 (HMA3C) GTTCTGGGAGCACAGGACAT
AGTTCCCGTCTTGTCGAATG

FTSH4
(Internal control)

TGGATGGCTTTAAGCAGAATGA
CAAAACGCCCAGGTCTGACT

4.4. PCA to Evaluate the Correlation between Plant Growth Parameters, Cd Concentrations, TFs,
IAA Concentration, and HSP70 and HMA3 Gene Expression Levels

A PCA was performed to determine the correlation between plant growth parameters,
Cd concentrations, TFs, IAA concentration, and HSP70 and HMA3 gene expression levels. The original
variables in a linear combination are called the principal component to illustrate the variation in a
particular orthogonal dimension. To determine the correlation of each principal component with each
of the original variables, the Pearson bivariate correlation was performed [62].

4.5. Statistical Analyses

All data were statistically analyzed using IBM SPSS software version 23 (SPSS Inc.). The data are
presented as the mean values with standard errors. The analysis was performed using the Duncan
Multiple Range Test (DMRT). Significant differences were analyzed by one-way ANOVA at p < 0.05.
The correlation matrix was constructed using Pearson bivariate correlation analysis using IBM SPSS
software version 23 (SPSS Inc.). Graph preparation and principal component analysis (PCA) were
performed using OriginPro 9.0 software (Origin Lab, Corporation, Northampton, USA).

5. Conclusions

Application of beneficial endophytic PGPB in agriculture seems to be a good approach in the
future to ensure the high yield potential of plants and food safety. To the best of our knowledge, this is
the first report on HSP70 and HMA3 gene expression in the PGPB-inoculated switchgrass under Cd
stress. These results will provide information for future research on heavy metal resistance in plants
with the assistance of PGPB.
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Abstract: In the current investigation, we studied role of Rhododendron leaf extract in Vigna radiata
grown under chromium metal stress. We observed that seed treatment with Rhododendron leaf
extract resulted in the recuperation of seedling growth under chromium toxicity. Seed treatment
with Rhododendron leaf extract significantly improved the contents of anthocyanin and xanthophyll
pigments under stress. The antioxidative defense system triggered after Rhododendron extract treatment,
resulting in the increased actions of antioxidant enzymes. Oxidative stress induced by the assembly of
reactive oxygen species was reduced after Rhododendron extract treatment under chromium toxicity as
indicated by the enhanced contents of non-enzymatic antioxidants, namely ascorbic acid, tocopherol,
and glutathione. Furthermore, Rhododendron leaf extract treatment under chromium metal stress also
encouraged the biosynthesis of organic acids, polyphenols, as well as amino acids in Vigna radiata.
Statistical analysis of the data with multiple linear regression also supported that Rhododendron leaf
extract can effectively ease chromium metal-induced phytotoxicity in Vigna radiata.

Keywords: Rhododendron arboreum; Vigna radiata; enzymes activity; chromium (Cr); polyphenols

1. Introduction

Heavy metals, put forth by the modern urbanized and industrialized environment, are major
chemical agents causing hindrances in normal growth, functioning, productivity, and survival of plants
as well as animals [1]. In recent times, heavy metal toxicity in farming systems along with edible
crops has become a major concernnot only from an environmental but also from a health point of view.
Chromium (Cr) is the prevalent element, whichexists in different oxidation states in nature, amongst
which, the hexavalent chromium [Cr(VI)] is the most pernicious [2]. Volcanic dust and igneous
rocks are the natural sources of chromium; however, agricultural land is severely contaminated
with chromium metal by inappropriate waste dumping or seepage from tanneries and burning of
coal or oil [3,4]. Usually, chromium is not persistent in the atmosphere as it is deftly deposited
in soil or dissolved in water. Therefore, it is readily available to the roots of plants budding in
the infected region. Even in low concentrations, Cr is reported to enhance the production of reactive
oxygen species (ROS), including hydrogen peroxide (H2O2) and superoxide anion,which lead to
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oxidative stress [5]. Oxidative stress hinders seed germination, growth, and metabolism in plants
along with cell injury. Living organisms are equipped with an antioxidant defense system against
ROS, which consists of enzymatic and non-enzymatic antioxidants [6]. Antioxidant enzymes include
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APOX), glutathione peroxidase
(GPOX), guaiacol peroxidase (POD), polyphenol oxidase (PPO), dehydroascorbate reductase (DHAR),
glutathione-S-transferase (GST), and glutathione reductase (GR) [7]. Non-enzymatic antioxidants
comprise of ascorbic acid, tocopherol, glutathione (GSH), and polyphenols. Tocopherol repairs
peroxyl radicals and terminates the chain of lipid peroxidation [8,9]. Thus, the antioxidative defense
system helps to overcome oxidative stress. However, this system does not work efficiently when
living organisms encounter severe metal stress, resulting in a need for external supplements to beat
the oxidative stress.

A literature survey reveals the oxidative stress protective and plant growth regulatory effects
of several plant extracts. For example, tea seed extract has been reported to regulate the growth of
Brassica sp., Avena sativa, and Hordeum vulgare [10]. Rhododendron arboreum of the Ericaceae family is
native to Bhutan, China, India, and Nepal. The trees grow in North and North-East India. The name
‘rhododendron’ is derived from the Greek word ‘rhodo’ meaning rose and ‘dendron’ meaning tree.
Rhododendron is the national flower of Nepal and the state tree of Uttarakhand (India). This evergreen
tree is important from an economical as well as a horticultural perspective. Also, it is widely
used by the tribal people of North India for gastronomic as well as traditional restorative purposes.
In our previous study [11], its antioxidant and antimutagenic properties were evaluated along with
the active principals responsible for those activities. It has also been reported to be a resource of
a number of phytoconstituents of therapeutic value by numerous authors [12–14]. So, keeping in view
the eco-friendly and remunerative nature of plant extracts, the present study was designed to evaluate
the Cr metal stress-ameliorating activity of Rhododendron arboreum leaves using Vigna radiata.

Due to its high protein content and low price, Vigna radiata has become the most widespread food
item in every household all over the globe. In India, it is frequently used as food, especially for babies,
old, and sick people, because of its easy digestibleness and great nutritional value. Its fiber is also
an outstanding feed for farm animals. In addition, the capability of Vigna radiata to fix atmospheric
nitrogen and add organic matter to the soil are major characteristics to maintain soil fertility. It has
been previously reported that Cr exposure has harmful effects on the physiological and biochemical
processes of Vigna radiata L [15]. Furthermore, metal stresses decrease the productivity of crops and go
through the food chain, resulting in terrible health problems to the consumers, including human
beings and other herbivores [16]. The Vigna radiata crop was selected for the present research since it
fits well as a model because of its short life cycle and low maintenance nature.

The current analysis was carried out to investigate the effect of methanol extract of Rhododendron
arboreum leaves (MEL) on Cr-treated Vigna radiata plants. The analyzed biochemical parameters included
anthocyanin and xanthophyll pigment contents, antioxidant enzymes estimation, non-enzymatic
antioxidants (ascorbic acid, tocopherol, and glutathione) analysis, and organic acids, polyphenols,
and amino acids analysis.

2. Materials and Methods

The stress protective effect of methanol extract of Rhododendron arboreum leaves (MEL)
on Cr(VI)-treated Vigna radiata plants was observed by analyzing the pigment contents, protein content,
enzymatic antioxidants, non-enzymatic antioxidants, polyphenols, amino acids, and organic acids.

2.1. Raising of Plant Material

The certified seeds of Vigna radiata var. SML-668 were procured from Punjab Agricultural
University, Ludhiana (India). The healthy seeds of Vigna radiata were surface sterilized for one minute
with 0.01% mercuric chloride (HgCl2) and rinsed with distilled water several times. The seeds were given
a pre-sowing treatment with different concentrations (125, 250, and 500 ppm) of Rhododendron leaf extract
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for six hours. Petriplates lined with whatman filter paper 1 were supplemented with 250 μM chromium
(IV). These solutions were prepared in distilled water. The plants were grown in petriplates kept in
a seed germinator for 7 days under controlled conditions of 25±0.5 ◦C temperature, 16-h photoperiod,
8-h dark period, 175 μmol/m2/s light intensity, and 60% relative humidity. After 7 days of growth,
the plants were supplemented with half-strength Hoagland medium and the petriplates were monitored
for 7 days, after which the plants were harvested and independent experiments were performed.
Each petriplate contained 20 seeds and all the treatments were given in triplicates in order to ensure
valid statistical analysis.

2.2. Rhododendron arboreum Methanol Leaf Extract(MEL)

The fresh leaves of Rhododendron arboreum leaves were washed with double-distilled water, dried
in the shade, and ground to a fine powder in a mixergrinder. Them, 1 kg of powder was extracted
with 80% methanol and dried in a vacuum rotary evaporator to get 68.38 g (6.83%) of methanol leaf
extract. The nontoxic and maximum yield producing (in terms of the root length, shoot length, fresh
weight, and dry weight) concentrations of the MEL (methanol extract of Rhododendron arboreum leaves)
were identified by carrying out different test experiments on Vigna radiata seeds. Three concentrations,
i.e., 125, 250, and 500 ppm, were selected for the present study. A 1000 ppm mother stock of MEL was
prepared and working concentrations of 125, 250, and 500 ppm were prepared from the mother stock
by serial dilutions. The mother stock and working concentrations were stored in a refrigerator at 4 ◦C.

2.3. Cr(VI)Metal

Heavy metal Cr(VI) was given in the form of potassium chromate (K2CrO4) (Qualigens Fine
Chemicals Pvt. Ltd., Mumbai, India). The IC50 value (250 μM) of the metal was determined and used for
the treatments. The working 250 μM concentration of Cr(VI) was prepared from 10 mM mother stock.

2.4. Treatments

All the treatments given in the present study are shown in Table 1.

Table 1. Different treatments given to Vigna radiata in the present investigation.

Sr. No. Name of the Treatment MEL (ppm) Cr(VI) (μM)

1. Control 0 0
2. MEL-1 125 0
3. MEL-2 250 0
4. MEL-3 500 0
5. Cr(VI) 0 250
6. Cr(VI) +MEL-1 125 250
7. Cr(VI) +MEL-2 250 250
8. Cr(VI) +MEL-3 500 250

2.5. Phenolic Pigments:

2.5.1. Xanthophyll Content

The plant tissue was tested for xanthophyll content using the method of Lawrence [17]. Hexane,
acetone, absolute alcohol, and toluene were mixed in the ratio of 10:7:6:7 to prepare the extractant. Then,
50 mg of dried plant sample was converted into a fine powder using a pestle and mortar. The powdered
plant sample was mixed with 30 mL of extractant solution in a volumetric flask and shaken for
10–15 min. The hot saponification process was started by adding 2 mL of methanolic KOH (40%).
The contents were shaken for 1–2 min, then the flask was kept at 56 ◦C in a water bath followed by
incubation for one hour in cool dark conditions. Then, 30 mL of hexane was added to the reaction
mixture with continued vigorous shaking and the final volume of 100 mL was made with the addition
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of 10% Na2SO3. The flask was again incubated for one hour in dark conditions. The absorbance (A)
of the upper phase was noted at 474 nm.

2.5.2. Anthocyanin Content

The anthocyanin content of the fresh plant sample was estimated by the method given by
Mancinelli [18]. Under chilled conditions, 1g of fresh plant sample was crushed using a pestle and mortar,
in an extraction mixture, which consisted of methanol, distilled water, and hydrochloric acid in a ratio of
79:20:1. The crushed tissue was centrifuged for 20 min at 13,000 rpm and 4 ◦C. The A of the supernatant
was recorded at 530 and 657 nm.

2.6. Protein Content

The protein content of the samples was determined by following the method given by
Lowry et al. [19]. Onegram of fresh plant samples was weighed and crushed in 3 mL of 50 mM
potassium phosphate buffer with pH 7.0 using a pestle and mortar under ice cold conditions.
The homogenates were centrifuged for 20 min at 13,000 rpm and 4 ◦C. In total, 100 μL of supernatant
was mixed with 900 μL of distilled water followed by the addition of 5 mL of reagent C. The test tube
with 1 mL of distilled water served as a blank. This mixture was mixed well and allowed to stand
for 10 min followed by the addition of 500 μL of Folin–Ciocalteau reagent. The reaction mixture was
mixed thoroughly and incubated at room temperature for 30 min in dark conditions. The optical
density of the blue color was measured at 660 nm. A standard curve of the protein solution representing
concentration vs. absorbance was plotted and a linear regression equation was obtained, which was
used to calculate the protein content of the samples, which was expressed as mg g−1fresh weight.

2.7. Enzymatic Antioxidants

2.7.1. Preparation of Plant Extracts

Onegram of fresh plant sample was weighed and crushed in 3 mL of extractant buffer
using a pestle and mortar under ice cold conditions. The homogenates were centrifuged for
20 min at 13,000 rpm and 4◦C. The supernatant was collected for analysis of the biochemical parameters.
The extractant buffer for the estimation of the activities of (POD, CAT, GR, APOX, DHAR, and GPOX)
enzymes was 50 mM potassium phosphate buffer with pH 7.0. For estimation of the SOD activity,
samples were homogenized in 50 mM sodium carbonate buffer at pH 10.2. The homogenates for GST
were prepared in 0.2 M potassium phosphate buffer with pH 7.4 whereas for PPO, 0.1 M potassium
phosphate buffer at pH 7.0 was used.

2.7.2. Guaiacol Peroxidase (POD, EC. 1.11.1.7)

The guaiacol peroxidase activity was estimated by method given by Pütter [20]. To prepare 3 mL
of the reaction mixture 50 mM phospahte buffer, 20.1 mM of guaiacol solution, 12.3 mM of H2O2,
and 60μL of enzyme extract were added to a cuvette. The rate of the oxidation of guaiacol and formation
of guaiacol dehydrogenation product (GDHP) was recorded at 436 nm for 1 min at 3-s intervals at 25 ◦C.
One unit of enzyme activity is defined as the amount of enzyme necessary to catalyze the oxidation
of guaiacol and the development of 1 μM of GDHP min−1g−1fresh weight. The enzyme activity was
expressed as UA mg g−1 protein.

2.7.3. Catalase (CAT, EC 1.11.1.6)

The estimation of the catalase activity was performed according to the method of Aebi [21].
First, 3 mL of the reaction mixture consisted of 50 mM phosphate buffer, 15 mM H2O2, and 60 μL
of enzyme extract. The breakdown of hydrogen peroxide caused a decline in the optical density,
which was recorded for one minute at 240 nm and 25 ◦C. The quantity of enzyme necessary to release

221



Plants 2020, 9, 164

half peroxide oxygen from hydrogen peroxide is referred to as one unit of the enzyme activity and was
expressed as UA mg g−1 protein

2.7.4. Superoxide Dismutase (SOD, EC 1.15.1.1)

The superoxide dismutase activity of the fresh plant samples was estimated by the method
proposed by Kono [22]. To estimate the SOD activity, a reaction mixture containing 50 mM sodium
carbonate buffer, 24 μM Nitro Blue Tetrazolium (NBT), 0.1 mM ethylenediaminetetraacetic acid
(EDTA), and 0.03% Triton X-100 was put in a cuvette and the reaction was started by the addition
of 1 mM hydroxylamine hydrochloride. Then, 70 μL of enzyme extract were added to the reaction
mixture and the increase in the absorbance was observed at 560 nm for 2 min at 6-s intervals at
25 ◦C. The amount of enzyme required to inhibit NBT reduction up to 50% is defined as one unit of
enzyme and was expressed as UA mg g−1 protein.

2.7.5. Ascorbate Peroxidase (APOX, EC. 1.11.1.11)

The APOX activity of plant samples was estimated by following the method given by
Nakano and Asada [23]. First, 50 mM phosphate buffer, 0.5 mM ascorbate, 1 mM H2O2, and 70 μLof
enzyme extract comprised the 3 mL reaction mixture. The decrease in absorbance was recorded at 290
nm. One unit of ascorbate peroxidase was estimated by measuring the amount of enzyme required
to oxidize 1 μM of ascorbate min−1 g−1fresh weight. The APOX activity was expressed as UA mg
g−1 protein

2.7.6. Glutathione Reductase (GR, EC 1.6.4.2)

The glutathione reductase activity of fresh plant samples was assayed by using the method
proposed by Carlberg and Mannervik [24]. The 3-mL reaction mixture in the cuvette consisted of 50 mM
phosphate buffer, 1 mM EDTA, 0.1 mM reduced nicotinamide adenine dinucleotide phosphate
(NADPH), 1 mM glutathione disulphide, and 75 μL of enzyme extract. The decrease in absorbance per
minute was observed at 340 nm at intervals of 3 s at 25 ◦C. One unit of enzyme activity is defined as
the amount of enzyme required to oxidize 1.0 μM of NADPH min−1 g−1 fresh weight. The activity was
expressed as UA mg g−1 protein.

2.7.7. Dehydroascorbate Reductase (DHAR, EC. 1.8.5.1)

The dehydroascorbate reductase activity of plant samples was estimated using the method
given by Dalton et al. [25]. The 3-mL reaction mixture contained 50 mM phosphate buffer, 0.1 mM
EDTA, 1.5 mM reduced glutathione and 0.2 mM dehydroascorbate, and 75 μL of enzyme extract.
An increase in the absorbance per minute was noted at 265 nm at 3-s intervals and 25 ◦C. One unit of
dehydroascorbate reductase is defined as the quantity of enzyme needed to catalyze the development
of 1 μM of ascorbate min−1 g−1 fresh weight of plant tissue. The DHAR activity was indicated by UA
mg g−1 protein.

2.7.8. Polyphenol Oxidase (PPO, EC 1.10.3.1)

The polyphenol oxidase activity was estimated according to the method proposed by
Kumar and Khan [26]. For the estimation of the enzyme, 1 mL of phosphate buffer, 0.5 mL of
catechol, and 0.25 mL of enzyme extract were added to the cuvette and it was incubated for 2 min.
The reaction was initiated by the addition of 0.5 mL of H2SO4 and any change in absorbance was noted
at 495 nm for 1 min. One unit of enzyme activity is defined as the quantity of enzyme necessary to
oxidize 1 μM of catechol. The activities of the enzyme were expressed as UA mg g−1 protein.
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2.7.9. Glutathione-S-Transferase (GST, EC 2.5.1.13)

The glutathione-S-transferase enzyme activity was estimated according to the method given by
Habig and Jakoby [27]. The 3-mL reaction mixture in the cuvette contained 0.2 M phosphate buffer, 1 mM
each of GSH and 1-Chloro-2,4-dinitrobenzene (CDNB), and the reaction was set off by adding 70 μL of
enzyme extract. The increase in absorbance at 340 nm was recorded for 1 min at 3-s intervals. One unit of
enzyme activity is defined as the quantity of enzyme catalyzing the development of 1 μM of conjugated
GSH-CDNB min−1 g−1 plant tissue at 25 ◦C. The activity was revealed as UA mg g−1 protein.

2.7.10. Glutathione Peroxidase (GPOX, EC 1.11.1.7)

The glutathione peroxidase activity of fresh plant samples was analyzed according to the method
given by Flohé and Günzler [28]. The composition of the 3-mL reaction mixture in the cuvette
consisted of 50 mM phosphate buffer, 0.5 mM EDTA, 1 mM of GSH, 1 mM of sodium azide, 0.15 mM
NADPH and 0.15 mM H2O2, and 75 μL of enzyme extract. A decrease in the absorbance due to
oxidation of NADPH was measured for 1 min at 340 nm at 3-s intervals. One unit of enzyme activity
is defined as the amount of enzyme required to oxidize 1.0 μM of NADPH min−1g−1 fresh tissue at
37 ◦C and the activities were revealed as UA mg g−1 protein.

2.8. Non-Enzymatic Antioxidants

2.8.1. Ascorbic Acid Content

The ascorbic acid content was estimated by the method of Roe and Kuether [29]. First, 1 g of
fresh plant sample was crushed in 3 mL of 50 mM Tris buffer (pH 10) using a pestle and mortar under
chilled conditions. The homogenate was centrifuged at 13,000 rpm and 4 ◦C for 20 min. Then, 500 μL
of supernatant were mixed with 4 mLof distilled water, 0.5 mL 50% TCA, and 100 mg of activated
charcoal in test tubes. The mixture was thoroughly mixed and filtered through Whatman filter paper
No. 1. To the filtrate, 0.4 mL of 2,4-Dinitrophenylhydrazine (DNPH) reagent was added and incubation
was given at 37 ◦C for 3 h. Cooling was done using an ice bath followed by the addition of 1.6 mL of
cold H2SO4 (65%). Again, incubation was given for 30 min at room temperature and the absorbance
was taken at 520 nm. Ascorbic acid in the concentration of 1 mg/100 mL was used as a standard and its
content in the sample was expressed as mg ascorbic acid g−1 fresh weight.

2.8.2. Tocopherol Content

Tocopherol (vitamin E) was estimated by the method given by Martinek [30]. First, 1 g of fresh
plant sample was crushed in 3 mL of 50 mM Tris buffer (pH 10) using a pestle and mortar under
chilled conditions. The homogenate was centrifuged at 13,000 rpm and 4 ◦C for 20 min. Then, 500 μL
of supernatant were mixed with 500 μL distilled water and 500 μL FeCl3 (0.12% in absolute ethanol)
in test tubes followed by vigorous shaking until precipitates formed. The reaction mixture was
mixed with 500 μL xylene and vortexed for 30 s. The solution was centrifuged for 10 min at 3000 rpm.
The upper xylene layer was mixed with an equal volume of 2,4,6-Tripyridyl-S-triazine (TPTZ) (12% in
n-propanol) and the absorbance was read at 600 nm. A 1 mg 100 mL−1 concentration of tocopherol was
used as the standard tocopherol content in sample and was expressed as mg tocopherol g−1 fresh weight.

2.8.3. Glutathione Content

The GSH content was estimated by the method given by Sedlak and Lindsay [31]. First, 1 g of
fresh plant sample was crushed in 3 mL of 0.2 M Tris buffer (pH 8.2) using a pestle and mortar under
chilled conditions. The homogenate was centrifuged at 13,000 rpm and 4 ◦C for 20 min. Then, 100 μL
of supernatant was mixed with 1 mL of 0.2 M Tris buffer (pH 8.2), 50 μL DTNB (5,5’-dithiobis-
2-nitrobenzoic acid), and 4 mL of absolute methanol in test tubes followed by an incubation of 15 min at
room temperature. The reaction mixture was centrifuged for 15 min at 3000 rpm and the absorbance of
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the supernatant was noted at 412 nm. GSH at a concentration of 1mg 100−1 mL was used as a standard
for determining the GSH content in the sample. The value was expressed as mg GSH g−1 fresh weight.

2.8.4. Glutathione Imaging

Tagging of glutathione in the roots of Vigna radiata was done with MCB (monochlorobimane)
dye according to the method of Hartmann et al. [32]. MCB produces a fluorescent adduct with GSH.
In the meanwhile, sodium azide depletes adenosine triphosphate (ATP) from the cells in order to avoid
vacuolar seizure of the MCB-GSH adduct caused by ATP. The root samples were dipped in the 25 μM
MCB dye containing 5 mM sodium azide for about 15 to 20 min. Samples were then mounted in
distilled water on a glass slide and covered with a cover slip. The slides were then observed under
a confocal microscope at an excitation wavelength of 351–364 nm and emission wavelength of 477 nm.
The intensity of the blue color indicates the measure of glutathione in the roots.

2.9. Polyphenol Estimation

Qualitative as well as quantitative analysis of the plant samples for polyphenolic compounds
was carried out using ultra-high-performance liquid chromatography (UHPLC). First, 500 mg of
fresh plant material were crushed in 2 mL of high-performance liquid chromatography (HPLC)-grade
methanol using a pestle and mortar. The solution was centrifuged at 13,000 rpm for 20 min and filtered
using 0.2-micron filter paper. The portrayal of phenolic compounds was executed using a 130 MPa
Shimadzu UHPLC (Nexera) system, equipped with a DGU-20As prominence degasser, LC-30AD
liquid chromatograph, SIL-30AC autosampler, CTO-10AS VP column oven, CBM-20A communications
bus module, and SPD-M20A photodiode array detector (PDA). The chromatography was carried out
at room temperature with a flow rate of 1 mL/min at λ 280 nm. A 150 × 4.6 mm C-18 column with
a pore size of 5 μm was used. The injection volume was 5 μL. The solvent system comprised of solvent
A (0.01% acetic acid in water) and solvent B (methanol). The gradient runs were 70% A and 30% B,
reaching 45% B at 12 min, 75% B at 13.5 min, 75% B at 15 min, 50% B at 16.6 min, 25% B at 18 min,
25% B at 20 min, 30% B at 21 min, and stopped at 22 min, with an elution of 4 min. The mixture
of 11 polyphenolic standards, namely gallic acid (C7H6O5), catechin (C15H14O6), chlorogenic acid
(C16H18O9), epicatechin (C15H14O6), caffeic acid (C9H8O4), umbelliferone (C9H6O3), coumaric acid
(C9H8O3), rutin (C27H30O16), ellagic acid (C14H6O8), quercetin (C15H10O7), and kaempferol (C15H10O6),
was diluted with methanol at different concentrations by serial dilution for quantitative analysis.
The calibration curves were generated by plotting the concentrations versus peak areas. The detection
of every compound was based on a combination of the retention time and spectral similarity.
The detection and quantification limit for all the detected compounds were calculated on the basis of
signal-to-noise ratio (S/N) of 3 and 10 with the corresponding standard solution, respectively.

2.10. Amino Acid Profiling

The amino acid analysis was done using an amino acid analyzer by making slight modifications to
the method given by Iriti et al. [33]. First, 0.25 mg of fresh plant sample were crushed in 1.25 mL of 80%
methanol using a pestle and mortar in chilled conditions. The homogenized sample was centrifuged
for 20 min at 13,000 rpm. The supernatant was mixed with 6% sulfosalicylic acid in a ratio of
1:1 and the solution was further diluted with 0.1 N HCl in a ratio of 1:4. The solution was
filtered using 0.2-micron filter paper. Using an auto sampler, 1 μL of sample was injected into
the C-18 silica-bonded, 150-mm-long amino acid column with a pore size of 120 Å and particle
size of 5 μm. The amino acid analysis was carried out using a Shimadzu, Nexera X2 amino acid
analyzer. A 150-mm-long C-18 silica-bonded column with a 120 Å pore size and 5 micrometer particle
size was used for the analysis of amino acids. The injection volume was 1 μL, run time was 32 min,
oven temperature was 40 ◦C, and pump flow rate was 1 mL min−1. Mobile phase “A” consisted of 5.6 pH
phosphate buffer; mobile phase “B” comprised of ultra-pure water, methanol, and acetonitrile in
the ratio of 15:40:45. The detection of every amino acid was based on a combination of the retention
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time and spectral similarity. The detection and quantification limits for all the detected amino acids
were calculated on the basis of the signal-to-noise ratio (S/N) of 3 and 10 with the corresponding
standard solution, respectively.

2.11. Organic Acid Profiling

Organic acids in the test samples of 7-day-old Vigna radiata plants were estimated using GC-MS
according to the method given by Chen et al. [34]. The 7-day-old Vigna radiata plants were washed
with distilled water, dried at room temperature, and crushed to make powder with the help of
a pestle and mortar. Then, 50 mg of powder of the dried plant sample was mixed with 500 μL
of 0.5 N HCl and 500 μL of methanol. The mixture was shaken for 3 h followed by centrifugation
for 10 min at 10,000× g. To the supernatant, 300 μL of methanol and 100 μL of 50% H2SO4 were
added and overnight incubation was given at 60 ◦C using a water bath. The solution was cooled to
25 ◦C followed by the addition of 800 μL of chloroform and 400 μL of distilled water. The solution was
subjected to vortexing for one minute and the lower chloroform layer was used for the assessment of
organic acids. To estimate the content of organic acids, 2 μL of the chloroform layer were injected into
the GC-MS system (Shimadzu GC-MS-QP2010 Plus) in split mode. A DB-5 ms analytical column was
used and the initial column temperature for one minute was 50 ◦C, which was raised to 125 ◦C at a rate
of 25 ◦C min−1 followed by a further increase to 300 ◦C at a rate of 10 ◦C/min and held for 15 min.
The injection temperature was 250 ◦C, the carrier gas used was helium, and the gas flow in the column
was 1.7 mL min−1. The ion source temperature and interface temperature was set at 200 ◦C and 280 ◦C,
respectively. The quantification of organic acids was done using a standard curve.

2.12. Statistical Analysis

All experimental measurements were carried out in triplicate. The mean values and standard
error were calculated. The data were analyzed statistically by two-way analysis of variance (ANOVA),
as described by Bailey [35]. Tukey’s multiple comparison test was used to compare the difference among
means by using the honest significant difference HSD values. Comparisons with P-values ≤ 0.05 were
considered as significantly different. Multiple regression analysis with interaction (MLR) was carried out
to identify the nature of the effect brought about by independent variables Cr, MEL, and their interaction
(Cr(VI) ×MEL). β-regression values provided the relative effects of the independent variables:

X1 = Cr(VI), X2 =MEL and X1X2 = Cr(VI) ×MEL.

3. Results

3.1. Phenolic Pigments

The data obtained on alterations in the contents of anthocyanin and xanthophylls pigments due
to the effect of different treatments of Cr(VI), MEL, and their interaction in Vigna radiata plants are
presented in Table 2. It was noted that in relation to 1.2 μg anthocyanin g−1 FW in control plants,
the anthocyanin content in 7-day-old plants of Vigna radiata increased to 13.75 μg g−1 FW with the Cr(VI)
metal treatment. MEL application to Cr(VI)-treated plants further enhanced the content and the plants
grown in combination with Cr(VI) and 500 ppm MEL showed a maximum increase of 36.61 μg g−1

FW in the anthocyanin content. Various treatments had a significant role in modulating the increase
of the xanthophylls pigment. The xanthophyll content in 7-day-old Cr(VI) metal-stressed plants
was elevated to 28.81 μg g−1 FW in contrast to 16.1 μg g−1 FW in control plants. The exogenous
supplementation of MEL at the 125, 250, and 500 ppm concentrations to Cr(VI)-stressed plants further
enhanced the xanthophyll content to 34.95, 42.37, and 48.94 μg g−1 FW, respectively. Anthocyanin
(HSD 5.92) and xanthophylls (HSD 5.67) showed a statistically significant difference in the two-way
ANOVA analysis. Positive β values in the MLR analysis indicated the positive effect of Cr(VI),
and the interaction of Cr(VI) ×MEL on the anthocyanin and xanthophyll contents.
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Table 2. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum leaves
(MEL), and their combinations on anthocyanin and xanthophyll content in 7-day-old Vigna radiata
seedlings. The values are the means of three replicates ± S.D. (standard deviation). Tukeys test
performed and significance checked at *p ≤ 0.05. the F ratio is the term in which ANOVA is represented;
Cr(VI) = Dose, MEL treatments = Treatment and combination of Cr(VI) and MEL = Dose × treatment.

Concentrations
Anthocyanin (μg g−1 FW) Xanthophyll (μg g−1 FW)

Cr(VI) (μM) MEL (ppm)

0 0 1.20 ± 0.58 16.10 ± 0.97
0 125 2.78 ± 1.11 18.85 ± 1.32
0 250 5.39 ± 1.12 22.24 ± 0.63
0 500 11.89 ± 1.37 25.21 ± 1.94

250 0 13.75 ± 0.42 28.81 ± 0.97
250 125 17.47 ± 3.23 34.95 ± 2.54
250 250 24.34 ± 3.20 42.37 ± 3.19
250 500 36.61 ± 3.07 48.94 ± 2.77

F-ratio Treatment (1,16) 429.96* 492.25*
F-ratio Dose (3,16) 74.46* 60.38*

F-ratio Treatment × Dose (3,16) 9.86* 8.55*
HSD 5.92 5.67

Parameter MLR Equation
β-Regression Coefficient Multiple

Correlation
Cr(VI) (MEL) (Cr(VI) ×MEL)

Anthocyanin Y = 0.53 + 0.04 Cr(VI) + 0.02
(MEL) + 0.0001 (Cr(VI) ×MEL) 0.54 0.36 0.38 0.99*

Xanthophyll Y = 16.61 + 0.05 Cr(VI) + 0.01
(MEL) + 9 × 10–5 Cr(VI) ×MEL) 0.61 0.31 0.34 0.99*

3.2. Protein Content

Table 3 represents the variations in the protein content of 7-day-old Vigna radiata plants due to
Cr(VI) treatment and MEL supplementation. The protein content in untreated plants was observed to be
18.70 mg g−1 FW, which lowered to 9.60 mg g−1 FW in the Cr(VI)-treated plants. The supplementation
of 125, 250, and 500 ppm MEL concentrations to the Cr(VI)-treated plants resulted in the elevation of
the protein content to 12.60, 15.73, and 16.83 mg g−1 FW, respectively. The ANOVA analysis depicted
a statistically significant difference in the protein content, with an HSD value of 1.57 (Table 4). The MLR
analysis revealed the negative impact of Cr(VI) treatment (negative β value) and positive impact of
the Cr(VI) ×MEL application (positive β value) on the protein content.

Table 3. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum
leaves (MEL), and their combinations on the protein content and activities of superoxide dismutase
(SOD) and guaiacol peroxidase (POD) enzymes in 7-day-old Vigna radiata seedlings. The values are
the means of three replicates ± S.D. (standard deviation). Tukeys test performed and significance
checked at *p ≤ 0.05. The F ratio is the term in which ANOVA is represented; Cr(VI) = Dose,
MEL treatments = Treatment and combination of Cr(VI) and MEL = Dose × treatment.

Concentrations Protein Content
(μg/g FW)

SOD (UA mg
g −1 Protein)

POD (UA mg g−1 Protein)
Cr(VI) (μM) MEL (ppm)

0 0 18.70 ± 0.45 1.37 ± 0.11 132.08 ± 2.59
0 125 14.23 ± 0.45 1.70 ± 0.47 132.35 ± 2.09
0 250 15.90 ± 0.30 1.98 ± 1.24 133.38 ± 4.68
0 500 16.50 ± 0.90 2.09 ± 0.05 146.67 ± 1.27

250 0 9.60 ± 0.30 6.08 ± 0.66 160.58 ± 8.76
250 125 12.60 ± 0.90 7.71 ± 0.08 184.77 ± 9.37
250 250 15.73 ± 0.45 8.51 ± 0.17 196.39 ± 1.86
250 500 16.83 ± 0.25 9.22 ± 0.09 241.91 ± 36.27

F-ratio Treatment (1,16) 135.06* 779.27* 113.04*
F-ratio Dose (3,16) 43.05* 14.63* 13.10*

F-ratio Treatment × Dose (3,16) 93.06* 5.56* 6.05*
HSD 1.57 1.51 38.97

Parameter MLR Equation
β-Regression Coefficient Multiple

CorrelationCr(VI) (MEL) (Cr(VI) ×MEL)

Protein Content Y= 16.79 + −0.02 Cr(VI) + −0.002
(MEL) + 7 × 10−6 (Cr(VI) ×MEL) −1.17 −0.14 1.05 0.86*

SOD Y= 1.48 + 0.02 Cr(VI) + 0.001
(MEL) +2 × 10−6 (Cr(VI) ×MEL) 0.80 0.08 0.24 0.99*

POD Y= 129.53 + 0.12 Cr(VI) + 0.03
(MEL) + 0.0005 (Cr(VI) ×MEL) 0.43 0.15 0.59 0.99*
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Table 4. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum
leaves (MEL), and their combinations on the activities of catalase (CAT), ascorbate peroxidase
(APOX), and glutathione reductase (GR) enzymes in 7-day-old Vigna radiata seedlings. The values
are the means of three replicates ± SD. (standard deviation). Tukeys test performed and significance
checked at *p ≤ 0.05. The F ratio is the term in which ANOVA is represented; Cr(VI) = Dose,
MEL treatments = Treatment and combination of Cr(VI) and MEL = Dose × treatment.

Concentrations CAT (UA mg
g−1 Protein)

APOX (UA mg g−1 Protein)
GR (UA mg
g−1 Protein)Cr(VI) (μM) MEL (ppm)

0 0 7.27 ± 1.19 14.28 ± 1.78 27.01 ± 3.62
0 125 7.56 ± 0.65 14.76 ± 4.32 25.96 ± 3.10
0 250 7.82 ± 1.86 15.02 ± 3.47 28.20 ± 2.26
0 500 8.40 ± 1.50 16.61 ± 2.82 28.44 ± 1.78

250 0 16.40 ±1.92 41.66 ± 6.27 47.16 ± 3.71
250 125 17.54 ± 2.19 53.04 ± 2.61 57.16 ± 1.24
250 250 18.58 ± 2.65 61.30 ± 5.74 61.44 ± 3.56
250 500 23.22 ± 2.06 80.94 ± 2.72 74.78 ± 3.92

F-ratio Treatment (1,16) 217.87* 725.75* 689.60*
F-ratio Dose (3,16) 5.24* 28.78* 24.07*

F-ratio Treatment × Dose (3,16) 2.76 22.64* 18.55*
HSD 5.24 11.33 8.63

Parameter MLR Equation
β-Regression Coefficient Multiple

CorrelationCr(VI) (MEL) (Cr(VI) ×MEL)

CAT Y= 7.27 + 0.03 Cr(VI) + 0.002
(MEL) + 5 × 10−6 (Cr(VI) ×MEL) 0.73 0.07 0.33 0.99*

APOX Y= 14.15 + 0.11 Cr(VI) + 0.004
(MEL) + 0.0003 (Cr(VI) ×MEL) 0.57 0.03 0.51 0.99*

GR Y= 26.54 + 0.08 Cr(VI) + 0.003
(MEL) + 0.0002 (Cr(VI) ×MEL) 0.61 0.04 0.47 0.99*

3.3. Enzymatic Antioxidants

The antioxidant enzymes were significantly altered by Cr(VI) exposure and supplementation with
various concentrations of MEL. The superoxide dismutase (SOD) activity of 7-day-old Vigna radiata
plants was enhanced from 1.37 (control) to 6.08 UA mg g−1 protein under Cr(VI) treatment (Table 3).
The combination of Cr(VI) and MEL further increased the SOD activity, and maximum enhancement to
9.22 UA mg g−1 protein was noted in the case of Cr(VI) × 500 ppm MEL. Similar trends were observed
in POD (Table 3), CAT, APOX, GR (Table 4), DHAR, PPO, GST, and GPOX (Table 5) as Cr(VI) increased
the enzyme activity, and co-application of MEL further enhanced the enzyme activity.

Two-way ANOVA analysis revealed that all the enzymes, SOD, POD, CAT, APOX, GR, DHAR,
PPO, GST, and GPOX, had a statistically significant difference except in the case of the F ratio of
the Cr(VI) ×MEL interaction in CAT activity. The HSD values for SOD, POD, CAT, APOX, GR, DHAR,
PPO, GST, and GPOX were noted to be 1.51, 38.97, 5.24, 11.33, 8.63, 7.59, 1.29, 6.79, and 1.63, respectively.
The β values in the MLR analysis for all the enzymes were positive for all the treatments, indicating
the positive correlation.

3.4. Non-Enzymatic Antioxidants

The effect of individual and binary treatments of Cr(VI) and MEL on the contents of non-enzymatic
antioxidants in 7-day-old Vigna radiata plants is presented in Table 6. The ascorbic acid content was
observed to be enhanced to 22.6 μg g−1 FW in Cr(VI)-treated plants in response to 11.97 μg g−1

FW in the control. Supplementation with 500 ppm MEL to metal-stressed plants further elevated
the ascorbic acid content to 49.05 μg g−1 FW. The tocopherol content in the plants was increased
with Cr(VI) (47.88 μg g−1 FW) as compared to the control (21.88 μg g−1 FW). The content was further
enhanced by the application of a combination of Cr(VI) and 125, 250 and 500 ppm MEL (62.52,
82.07, and 98.99 μg g−1 FW). The glutathione content was also observed to increase with Cr(VI)
exposure to the plants (481.71 μg g−1 FW) as compared to the control (299.79 μg g−1 FW). Priming of
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metal-stressed plants with MEL elevated the glutathione content even higher (635.45 μg g−1 FW at
Cr(VI) × 500 ppm MEL). Ascorbic acid, tocopherol, and glutathione contents in 7-day-old Vigna radiata
plants showed a statistically significant difference at p≤ 0.05 in the two-way ANOVA analysis, with HSD
values of 3.42, 10.001, and 50.8, respectively. MLR analysis revealed that ascorbic acid, tocopherol,
and glutathione increased (positive β values) with Cr(VI) treatment and Cr(VI) ×MEL interactions.

Table 5. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum
leaves (MEL), and their combinations on the activities of dehydroascorbate reductase (DHAR),
polyphenol oxydase (PPO), glutathione S-transferase (GST), and glutathione peroxidase (GPOX)
enzymes in 7-day-old Vigna radiata seedlings. The values are the means of three replicates ± SD.
(standard deviation). Tukeys test performed and significance checked at *p ≤ 0.05. The F ratio is
the term in which ANOVA is represented; Cr(VI) =Dose, MEL treatments = Treatment and combination
of Cr(VI) and MEL = Dose × treatment.

Concentrations DHAR (UA mg
g−1 Protein)

PPO (UA mg
g−1 Protein)

GST (UA mg g−1 Protein)
GPOX (UA mg

g−1 Protein)Cr(VI) (μM) MEL (ppm)

0 0 26.95 ± 2.57 2.54 ± 0.42 16.80 ± 1.47 16.41 ± 0.34
0 125 25.71 ± 2.85 2.75 ± 0.27 16.91 ± 0.18 17.75 ± 0.39
0 250 27.80 ± 2.65 3.13 ± 0.13 17.90 ± 0.82 17.82 ± 0.13
0 500 30.57 ± 0.75 3.74 ± 0.37 18.56 ± 0.29 17.98 ± 0.34

250 0 54.28 ± 2.85 8.96 ± 0.86 34.64 ± 4.46 26.09 ± 0.67
250 125 69.62 ± 1.08 10.83 ± 0.43 45.82 ± 2.23 27.65 ± 0.79
250 250 78.92 ± 4.32 12.47 ± 0.43 56.23 ± 3.94 26.49 ± 0.21
250 500 92.65 ± 2.67 13.58 ± 0.37 64.51 ± 1.65 28.67 ± 1.05
F-ratio Treatment (1,16) 1770.58* 2035.90* 1115.51* 1708.56*

F-ratio Dose (3,16) 65.78* 45.55* 49.10* 13.93*
F-ratio Treatment × Dose (3,16) 44.24* 16.64* 38.32* 3.09*

HSD 7.59 1.29 6.79 1.63

Parameter MLR Equation
β-Regression Coefficient Multiple

CorrelationCr(VI) (MEL) (Cr(VI) x MEL)

DHAR Y= 25.9 + 0.12 Cr(VI) + 0.008 (MEL)
+ 0.0003 (Cr(VI) ×MEL) 0.63 0.06 0.44 0.99*

PPO Y= 2.5 + 0.02Cr(VI) + 0.002 (MEL)
+3 × 10−6 Cr(VI) ×MEL) 0.79 0.10 0.25 0.99*

GST Y= 16.71 + 0.08 Cr(VI) + 0.003 (MEL)
+ 0.0002 (Cr(VI) ×MEL) 0.56 0.03 0.51 0.99*

GPOX Y= 16.92 + 0.03 Cr(VI) + 0.002 (MEL)
+ 7 × 10−7 (Cr(VI) ×MEL) 0.94 0.09 0.05 0.99*

Table 6. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum leaves
(MEL), and their combinations on ascorbic acid, tocopherol, and glutathione content in 7-day-old Vigna
radiata seedlings. The values are the means of three replicates ± SD. (standard deviation). Tukeys test
performed and significance checked at *p ≤ 0.05. The F ratio is the term in which ANOVA is represented;
Cr(VI) = Dose, MEL treatments = Treatment and combination of Cr(VI) and MEL = Dose × treatment.

Concentrations
Ascorbic Acid (μg g−1 FW) Tocopherol (μg g−1 FW) Glutathione (μg g−1 FW)

Cr(VI) (μM) MEL (ppm)

0 0 11.97 ± 0.36 21.88 ± 1.90 299.79 ± 7.68
0 125 15.80 ± 0.72 30.42 ± 1.02 333.10 ± 8.87
0 250 19.70 ± 1.88 32.22 ± 0.62 384.35 ± 20.33
0 500 26.45 ± 0.49 40.76 ± 4.12 443.28 ± 16.01

250 0 22.60 ± 0.41 47.88 ± 0.69 481.71 ± 11.74
250 125 28.45 ± 1.27 62.52 ± 0.04 407.41 ± 20.33
250 250 39.30 ± 0.65 82.07 ± 4.85 520.15 ± 29.10
250 500 49.05 ± 2.23 98.99 ± 7.33 635.45 ± 19.34
F-ratio Treatment (1,16) 1097.11* 828.52* 396.82*

F-ratio Dose (3,16) 326.84* 107.15* 107.27*
F-ratio Treatment × Dose (3,16) 32.78* 27.12* 13.43*

HSD 3.42 10.001 50.8

Parameter MLR Equation
β-Regression Coefficient Multiple

CorrelationCr(VI) (MEL) (Cr(VI) ×MEL)

Ascorbic Acid Y= 12.15 + 0.04 Cr(VI) + 0.02
(MEL) + 0.0001 (Cr(VI) ×MEL) 0.47 0.46 0.37 0.99*

Tocopherol Y= 23.59 + 0.1 Cr(VI) + 0.03
(MEL) + 0.0003 (Cr(VI) ×MEL) 0.52 0.25 0.45 0.99*

Glutathione Y= 301.33 + 0.51 Cr(VI) + 0.29
(MEL) + 0.0003 (Cr(VI) ×MEL) 0.63 0.53 0.14 0.94*
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3.5. Glutathione Imaging

Tagging of glutathione in the roots of Vigna radiata was done by incubating the root sections
in monochlorobimane dye (MCB) according to the method of Hartmann et al. [32] and the imaging
was visualized using confocal microscopy. MCB produces a fluorescent adduct with glutathione.
The intensity of the blue color indicates the measure of glutathione in roots. The intensity of the blue
color indicates that the glutathione content increased with Cr(VI) stress as compared to the control
plants. The amplification in the amount of blue color proves that co-application of MEL (500 ppm)
along with Cr(VI) stress further increased the production of glutathione (Figure 1).

 

Figure 1. Effect of seed soaking treatment of methanol extract of Rhododendron arboreum leaves (MEL)
on glutathione accumulation in Vigna radiata seedlings under Cr(VI) (250 μM) stress.

3.6. Polyphenol Content

Qualitative as well as quantitative analysis of the plant samples for polyphenolic compounds
was carried out using ultra high-performance liquid chromatography (UHPLC). Five polyphenols,
namely gallic acid, chlorogenic acid, caffeic acid, catechin, and coumaric acid, were found to be present
in the plants. A comparative change in the polyphenolic contents of Vigna radiata plants grown under
Cr(VI) exposure and the combination of Cr(VI)×MEL treatments is represented in Table 7. The contents
of all the polyphenols increased with Cr(VI) stress. The supplementation of MEL to Cr(VI)-exposed
plants further enhanced the polyphenol content and the maximum increase was observed in the case
of the combination of Cr(VI) × 500 ppm MEL. Two-way ANOVA analysis of the polyphenols revealed
a statistically significant difference. However, in case of catechin, the interaction of Cr(VI) × MEL
treatment was noted to be non-significant. The β values from MLR analysis depict that gallic acid
was positively affected by Cr(VI) treatment and negatively affected by co-application of Cr(VI) ×MEL,
whereas chlorogenic acid, caffeic acid, catechin, and coumaric acid were positively affected by
the Cr(VI) and Cr(VI) ×MEL treatments.

3.7. Amino Acid Content

The total amino acids content decreased to 591.47 μg g−1 FW with Cr(VI) stress
from 2504.69 μg G−1 FW in control plants. MEL recovered the amino acid content in the Cr(VI)-stressed
plants, and the maximum recovery was observed to be 2208.89μg g−1 FW in plants given the combination
of 500 ppm MEL with Cr(VI). In total, 17 amino acids, namely aspartic acid, glutamine, β-alanine,
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lysine, glutamic acid, asparagines, serine, isoleucine, glycine, threonine, citrulline, arginine, GABA
(gamma-aminobutyric acid ), cystine, ornithine, proline, and methionine, were found to be present
in the plant samples. The variations in the contents of these amino acids due to treatment with
Cr(VI) and MEL alone or in combination with each other are presented in Tables 8–11.

Table 7. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum leaves
(MEL), and their combinations on polyphenol contents in 7-day-old Vigna radiata seedlings. The values
are the means of three replicates ± S.D. (standard deviation). Tukeys test performed and significance
checked at *p ≤ 0.05. The F ratio is the term in which ANOVA is represented; Cr(VI) = Dose,
MEL treatments = Treatment and combination of Cr(VI) and MEL = Dose × treatment.

Concentrations
Gallic Acid (μg g−1 FW)

ChlorogenicAcid
(μg g−1 FW)

Caffeic Acid
(μg g−1 FW)

Catechin (μg g−1 FW)
Coumaric Acid

(μg g−1 FW)Cr(VI) (μM) MEL (ppm)

0 0 9.60 ± 1.40 1.74 ± 0.05 0.10 ± 0.002 263.80 ± 16.15 0.18 ± 0.004
0 125 9.87 ± 0.60 1.64 ± 0.01 0.15 ± 0.008 268.03 ± 49.93 0.16 ± 0.006
0 250 10.46 ± 1.06 1.74 ± 0.03 0.16±0.003 282.89 ± 55.04 0.18 ± 0.006
0 500 13.57 ± 0.91 1.81 ± 0.03 0.18 ± 0.004 287.84 ± 9.55 0.21 ± 0.006

250 0 16.05 ± 0.43 4.60 ± 0.11 0.94 ± 0.009 331.08 ± 53.67 0.44 ± 0.020
250 125 13.22 ± 0.71 3.21 ± 0.64 0.84 ± 0.01 422.96 ± 10.10 0.35 ± 0.010
250 250 15.18 ± 0.61 4.22 ± 0.25 0.96 ± 0.04 430.51 ± 20.83 0.59 ± 0.020
250 500 17.51 ± 0.50 5.26 ± 0.12 1.24 ± 0.16 447.50 ± 35.40 0.74 ± 0.050

F-ratio Treatment (1,16) 185.09* 618.21* 124.54* 79.75* 1207.79*
F-ratio Dose (3,16) 24.66* 19.73* 16.50* 4.35* 87.41*

F-ratio Treatment × Dose (3,16) 3.93* 14.41* 10.08* 2.17 59.07*
HSD 2.35 0.72 0.16 102.71 0.06

Parameter MLR Equation
β-Regression Coefficient Multiple

CorrelationCr(VI) (MEL) (Cr(VI) ×MEL)

Gallic Acid Y= 9.08 + 0.02 Cr(VI) + 0.008 (MEL) + 1 × 10−6

(Cr(VI) ×MEL)
0.96 0.54 −0.2 0.93*

Chlorogenic Acid Y= 1.69 + 0.008 Cr(VI) + 0.0002 (MEL) + 8
× 10−7 (Cr(VI) ×MEL) 0.76 0.02 0.24 0.94*

Caffeic Acid Y= 0.12 + 0.002 Cr(VI) + 0.0001 (MEL) +
2× 10−7 (Cr(VI) ×MEL) 0.83 0.06 0.21 0.99*

Catechin Y= 264.5 + 0.39 Cr(VI) + 0.05 (MEL) + 0.0006
(Cr(VI) ×MEL) 0.67 0.12 0.34 0.96*

Coumaric Acid Y= 0.17 + 0.0008 Cr(VI) + 7 × 10−6 (MEL) + 3
× 10−7 (Cr(VI) ×MEL)

0.51 0.05 0.53 0.96*

Table 8. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum leaves
(MEL), and their combinations on aspartic acid, glutamine, β-alanine, and lysine contents in 7-day-old
Vigna radiata seedlings. The values are the means of three replicates ± SD. (standard deviation). Tukeys test
performed and significance checked at *p ≤ 0.05. The F ratio is the term in which ANOVA is represented;
Cr(VI) =Dose, MEL treatments = Treatment and combination of Cr(VI) and MEL =Dose × treatment.

Concentrations
Aspartic Acid (μg g−1 FW)

Glutamine
(μg g−1 FW)

β-Alanine (μg g−1 FW)
Lysine

(μg g−1 FW)Cr(VI) (μM) MEL (ppm)

0 0 79.00 ± 0.85 40.61 ± 0.35 168.83 ± 0.86 35.11 ± 0.48
0 125 45.71 ± 2.43 37.30 ± 0.46 90.79 ± 0.34 17.81 ± 0.62
0 250 63.18 ± 0.39 38.45 ± 0.50 101.34 ± 0.51 18.85 ± 0.85
0 500 74.18 ± 0.68 39.72 ± 0.98 114.37 ± 0.48 20.73 ± 0.81

250 0 32.16 ± 0.60 8.82 ± 1.12 35.96 ± 0.98 18.54 ± 1.44
250 125 73.39 ± 0.57 30.08 ± 0.71 115.62 ± 0.22 23.70 ± 1.03
250 250 75.90 ± 0.13 36.40 ± 0.51 124.54 ± 1.40 29.54 ± 0.78
250 500 78.04 ± 0.51 39.60 ± 0.57 164.09 ± 0.67 30.84 ± 1.14
F-ratio Treatment (1,16) 2.43 1295.79* 769.44* 43.96*

F-ratio Dose (3,16) 509.11* 529.81* 2956.89* 48.24*
F-ratio Treatment × Dose (3,16) 1520.74* 655.19* 17456.18* 285.57*

HSD 2.87 1.98 2.19 2.64

Parameter MLR equation
β-Regression Coefficient Multiple

correlationCr(VI) (MEL) (Cr(VI) ×MEL)

Aspartic Acid Y= 63.48 + −0.06 Cr(VI) + 0.009
(MEL) + 0.0003 (Cr(VI) ×MEL) −0.17 0.1 0.7 0.62

Glutamine Y= 39.03 + −0.08 Cr(VI) + 5 × 10−6

(MEL) +0.0002 (Cr(VI) ×MEL)
−1.12 −0.0009 0.94 0.88*

β-Alanine Y= 135.01 + −0.3 Cr(VI) + −0.074
(MEL) + 0.0012 (Cr(VI) ×MEL) −0.95 −0.34 1.31 0.8*

Lysine Y= 27.81 + −0.03 Cr(VI) + −0.02
(MEL) + 0.0002 (Cr(VI) ×MEL) −0.6 −0.64 1.26 0.71*
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Table 9. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum leaves
(MEL), and their combinations on glutamic acid, asparagine, serine, and isoleucine contents in 7-day-old
Vigna radiata seedlings. The values are the means of three replicates± S.D. (standard deviation). Tukeys test
performed and significance checked at *p ≤ 0.05. The F ratio is the term in which ANOVA is represented;
Cr(VI) =Dose, MEL treatments = Treatment and combination of Cr(VI) and MEL =Dose × treatment.

Concentrations
Glutamic Acid (μg g−1 FW)

Asparagine
(μg g−1 FW)

Serine (μg g−1 FW)
Isoleucine

(μg g−1 FW)Cr(VI) (μM) MEL (ppm)

0 0 29.83 ± 0.76 1134.65 ± 48.39 10.01 ± 0.38 174.95 ± 1.75
0 125 15.84 ± 0.79 443.42 ± 9.80 1.23 ± 0.09 65.96 ± 0.77
0 250 18.80 ± 0.87 652.13 ± 14.26 1.94 ± 0.13 68.31 ± 0.60
0 500 22.84 ± 0.70 686.02 ± 12.23 3.68 ± 0.56 86.11 ± 1.10

250 0 8.65 ± 1.31 355.18 ± 34.14 0.58 ± 0.15 13.75 ± 3.03
250 125 25.35 ± 0.71 824.64 ± 26.16 6.15 ± 0.06 87.03 ± 1.25
250 250 27.43 ± 0.52 875.57 ± 16.85 6.98 ± 0.12 104.83 ± 0.99
250 500 28.47 ± 0.50 974.98 ± 22.29 7.84 ± 0.89 146.25 ± 16.09
F-ratio Treatment (1,16) 3.83 7.20* 49.47* 20.52*

F-ratio Dose (3,16) 73.33* 58.91* 30.23* 49.36*
F-ratio Treatment × Dose (3,16) 489.49* 651.33* 451.69* 447.64*

HSD 2.29 73.65 1.153 16.62

Parameter MLR equation
β-Regression Coefficient Multiple

correlationCr(VI) (MEL) (Cr(VI) ×MEL)

Glutamic Acid Y= 23.43 + −0.03 Cr(VI) + −0.007
(MEL) + 0.0002 (Cr(VI) ×MEL) −0.61 −0.19 1.02 0.66

Asparagine Y= 851.39 + −1.31 Cr(VI) + −0.55
(MEL) + 0.0065 (Cr(VI) ×MEL) −0.66 −0.42 1.13 0.64

Serine Y= 6.15 + −0.01 Cr(VI) + −0.009
(MEL) + 9 × 10−6 (Cr(VI) ×MEL) −0.54 −0.5 1.13 0.64

Isoleucine Y= 127.8 + −0.37 Cr(VI) + −0.13
(MEL) + 0.001 (Cr(VI) ×MEL) −0.99 −0.52 1.37 0.78*

Table 10. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum leaves
(MEL), and their combinations on glycine, threonine, citrulline, arginine, and gamma-aminobutyric acid
(GABA) contents in 7-day-old Vigna radiata seedlings. The values are the means of three replicates ± SD.
(standard deviation). Tukeys test performed and significance checked at *p ≤ 0.05. The F ratio is
the term in which ANOVA is represented; Cr(VI) =Dose, MEL treatments = Treatment and combination
of Cr(VI) and MEL = Dose × treatment.

Concentrations
Glycine (μg g−1 FW)

Threonine
(μg g−1 FW)

Citrulline
(μg g−1 FW)

Arginine (μg g−1 FW)
GABA

(μg g−1 FW)Cr(VI)(μM) MEL (ppm)

0 0 9.47 ± 0.56 6.39 ± 0.68 22.55 ± 1.18 647.02 ± 12.48 5.009 ± 0.26
0 125 4.64 ± 0.40 2.72 ± 0.22 10.97 ± 0.81 97.11 ± 5.87 1.89 ± 0.04
0 250 5.48 ± 0.46 3.38 ± 0.72 12.60 ± 0.50 164.57 ± 6.72 2.47 ± 0.40
0 500 6.07 ± 0.76 3.81 ± 0.06 15.61 ± 1.07 181.85 ± 6.55 3.06 ± 0.67

250 0 3.58 ± 0.32 1.37 ± 0.42 4.91 ± 0.75 78.43 ± 7.27 1.18 ± 0.37
250 125 6.77 ± 0.37 3.72 ± 0.09 15.93 ± 0.82 311.96 ± 49.42 2.89 ± 0.12
250 250 7.25 ± 0.29 4.22 ± 0.27 19.47 ± 0.62 466.28 ± 18.01 3.49 ± 0.43
250 500 8.14 ± 0.96 4.86 ± 0.76 20.94 ± 0.52 575.68 ± 11.60 4.16 ± 0.83

F-ratio Treatment (1,16) 0.006 7.06* 0.12 108.4* 0.84
F-ratio Dose (3,16) 6.24* 5.26* 45.23* 91.77* 6.97*

F-ratio Treatment × Dose (3,16) 73.37* 56.22* 305.2* 725.5* 41.19*
HSD 1.59 1.38 2.32 56.87 1.31

Parameter MLR Equation
β-Regression Coefficient Multiple

CorrelationCr(VI) (MEL) (Cr(VI) ×MEL)

Glycine Y= 7.42 + −0.01 Cr(VI) + −0.005 (MEL) + 5
× 10−6 (Cr(VI) ×MEL) −0.77 −0.47 1.2 0.67

Threonine Y= 4.84 + −0.01 Cr(VI) + −0.003 (MEL) + 4
× 10−6 (Cr(VI) ×MEL) −0.96 −0.46 1.19 0.7

Citrulline Y= 17.32 + −0.03 Cr(VI) + −0.009 (MEL)
+ 0.0001 (Cr(VI) ×MEL) −0.76 −0.29 1.17 0.72*

Arginine Y= 423.61 + −1.09 Cr(VI) + −0.69 (MEL) + 0.006
(Cr(VI) ×MEL) −0.65 −0.61 1.34 0.76*

GABA Y= 3.64 + −0.008 Cr(VI) + −0.002 (MEL) + 3
× 10−6 (Cr(VI) ×MEL) −0.83 −0.39 1.18 0.69
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Table 11. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum
leaves (MEL), and their combinations on cystine, ornithine, proline, methionine, and total amino
acid contents in 7-day-old Vigna radiata seedlings. The values are the means of three replicates ± SD.
(standard deviation). Tukeys test performed and significance checked at *p ≤ 0.05. The F ratio is
the term in which ANOVA is represented; Cr(VI) =Dose, MEL treatments = Treatment and combination
of Cr(VI) and MEL = Dose × treatment.

Concentrations
Cystine (μg g−1 FW)

Ornithine
(μg g−1 FW)

Proline
(μg g −1 FW)

Methionine (μg g−1 FW)
Total Amino Acids

(μg g−1 FW)Cr(VI) (μM) MEL (ppm)

0 0 28.42 ± 2.48 9.91 ± 1.03 44.49 ± 9.005 51.98 ± 0.79 2504.69 ± 54.9
0 125 8.56 ± 2.02 5.82 ± 0.92 14.39 ± 2.14 26.21 ± 0.55 893.15 ± 24.40
0 250 11.94 ± 1.48 6.58 ± 0.44 16.94 ± 0.90 33.15 ± 1.47 1223.58 ± 13.29
0 500 14.78 ± 0.85 7.38 ± 0.51 19.38 ± 0.59 43.61 ± 0.67 1347.07 ± 14.95

250 0 4.54 ± 0.54 3.30 ± 0.47 9.99 ± 0.92 9.10 ± 0.68 591.47 ± 47.18
250 125 19.49 ± 0.64 7.47 ± 0.40 22.49 ± 1.65 45.85 ± 1.04 1626.33 ± 73.72
250 250 23.03 ± 0.43 8.42 ± 0.19 26.66 ± 2.99 47.92 ± 1.009 1892.25 ± 29.66
250 500 27.77 ± 1.03 9.59 ± 1.17 32.17 ± 3.34 50.54 ± 0.52 2208.89 ± 49.85

F-ratio Treatment (1,16) 24.46* 0.59 0.41 1.08 24.5*
F-ratio Dose (3,16) 28.71* 9.01* 6.87* 366.005* 144.16*

F-ratio Treatment × Dose (3,16) 250.58* 52.11* 54.57* 1549.31* 1424.96*
HSD 3.89 2.04 10.52 2.53 122.65

Parameter MLR Equation
β-Regression Coefficient

Multiple correlation
Cr(VI) (MEL) (Cr(VI) ×MEL)

Cystine Y= 19.91 + −0.04 Cr(VI) + −0.01 (MEL) + 0.0002
(Cr(VI) ×MEL) −0.62 −0.4 1.23 0.74*

Ornithine Y= 8.11 + −0.01 Cr(VI) + −0.003 (MEL) + 6
× 10−6 (Cr(VI) ×MEL) −0.84 −0.29 1.22 0.76*

Proline Y= 31.96 + −0.07 Cr(VI) + −0.03 (MEL) + 0.0003
(Cr(VI) ×MEL) −0.87 −0.66 1.29 0.7*

Methionine Y= 39.58 + −0.06 Cr(VI) + −0.004 (MEL)
+ 0.0003 (Cr(VI) ×MEL) −0.58 −0.05 0.89 0.65

Total Amino Acids Y= 1835.4 + −3.57 Cr(VI) + −1.56 (MEL) + 0.01
(Cr(VI) ×MEL) −0.73 −0.47 1.25 0.71*

Two-way analysis of the variance of the amino acids revealed that glutamine, β-alanine and lysine,
asparagine, serine, isoleucine, threonine, arginine, cystine, and the total amino acids were statistically
significant for the Cr(VI), MEL, and Cr(VI) × MEL treatments, whereas the F ratios of aspartic
acid, glutamic acid, glycine, citrulline, GABA, ornithine, proline, and methionine were statistically
significant for MEL and Cr(VI) ×MEL but not for theCr(VI) treatment. MLR analysis of aspartic acid
resulted in positive values of the β-regression coefficient for Cr(VI) treatment and positive values
of the β-regression coefficients for the combined Cr(VI) ×MEL treatment, which reveals that Cr(VI)
stress decreased, whereas, Cr(VI) ×MEL increased the aspartic acid content in the Vigna radiata plants.
The glutamine, β-alanine, lysine (Table 8), glutamic acid, asparagine, serine, isoleucine (Table 9), glycine,
threonine, citrulline, arginine, GABA (Table 10), cystine, ornithine, proline, methionine, and total
amino acids (Table 11) revealed negative values of the β-regression coefficients for Cr(VI) treatment,
indicating its negative effect, and positive values of the β-regression coefficients for the interaction of
Cr(VI) ×MEL, indicating the increasing effect in the amino acids.

3.8. Organic Acids

Data obtained on the effect of Cr(VI) exposure and the combination of MEL with Cr(VI) treatment
on the organic acids of the Krebs cycle (citrate, succinate, fumarate, and malate) in Vigna radiata plants
are presented in Table 12. The fumaric acid content was elevated to 0.415 mg g−1 DW (dry weight)
in Cr(VI)-treated plants in comparison to control plants (0.38 mg g−1 DW). The 500 ppm MEL application
to the Cr(VI)-treated plants enhanced the fumaric acid content to 0.416 mg g−1 DW. The citric acid
content also increased to 2.94 mg g−1 DW in Cr(VI)-exposed plants as compared to 2.32 mg g−1 DW
in unexposed plants. Treatment with 500 ppm MEL further enhanced its content to 3.68 mg g−1

DW in Cr(VI)-treated plants as compared to non-treated plants. An enhancement was observed in
the malic acid content of Cr(VI)-treated plants to 2.15 mg g−1 DW in comparison with control plants,
which contained 1.47 mg malic acid content g−1 DW. Co-application of different MEL concentrations
(125, 250, and 500 ppm) to Cr(VI)-stressed plants resulted in an increase of the malic acid content to 2.19,
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2.48, and 2.50 mg g−1 DW, respectively. The succinic acid content followed the same trend. The succinic
acid content in control plants was observed to be 0.870 mg g−1 DW, which increased to 0.876 mg g−1

DW with Cr(VI) application. Supplementation with 125, 250, and 500 ppm MEL to Cr(VI)-exposed
plants increased the succinic acid content to 0.867, 0.884, and 0.899 mg g−1 DW, respectively.

Two-way ANOVA revealed that the F ratios of all the four organic acids were statistically significant
under Cr(VI) treatment, whereas the F ratio of the MEL dose was only significant in case of the citric acid
content. F ratios for the interaction of Cr(VI) ×MEL were statistically significant for the fumaric acid,
citric acid, and succinic acid but not significant for the malic acid content. HSD values for fumaric acid,
malic acid, citric acid, and succinic acid contents were noted to be 0.02, 0.61, 0.4, and 0.09, respectively.
MLR analysis revealed the positive impact of Cr(VI) treatment (positive β values) and the negative
impact of the interaction of Cr(VI) ×MEL (positive β values) on thefumaric acid and succinate contents,
whereas Cr(VI) and Cr(VI) ×MEL had a positive effect (positive β values) on the malic acid and citric
acid contents.

Table 12. Effect of Cr(VI), different concentrations of methanol extract of Rhododendron arboreum
leaves (MEL), and their combinations on fumaric acid, malic acid, citric acid, and succinic acid
content in 7-day-old Vigna radiata seedlings. The values are the means of three replicates ± SD.
(standard deviation). Tukeys test performed and significance checked at *p ≤ 0.05. The F ratio is
the term in which ANOVA is represented; Cr(VI) =Dose, MEL treatments = Treatment and combination
of Cr(VI) and MEL = Dose × treatment.

Concentrations
FumaricAcid Content (μg g−1 DW)

Malic Acid Content
(μg g−1 DW)

Citric Acid Content
(μg g−1 DW)

Succinic Acid Content
(μg g−1 DW)Cr(VI)(μM) MEL (ppm)

0 0 0.38 ± 0.009 1.47 ± 0.15 2.32 ± 0.02 0.870 ± 0.05
0 125 0.393 ± 0.005 1.45 ± 0.41 2.32 ± 0.15 0.783 ± 0.01
0 250 0.395 ± 0.005 1.46 ± 0.19 2.40 ± 0.01 0.824 ± 0.01

0 500 0.410 ± 0.008 1.47 ± 0.11 2.40 ± 0.01 0.866 ± 0.08
250 0 0.415 ± 0.010 2.15 ± 0.21 2.94 ± 0.34 0.876 ± 0.03
250 125 0.394 ± 0.008 2.19 ± 0.23 3.64 ± 0.10 0.867 ± 0.04
250 250 0.409 ± 0.007 2.48 ± 0.02 3.67 ± 0.05 0.884 ± 0.04
250 500 0.416 ± 0.008 2.50 ± 0.15 3.68 ± 0.08 0.899 ± 0.01
F-ratio Treatment (1,16) 10.75* 95.55* 370.78* 11.30*

F-ratio Dose (3,16) 1.97 1.11 11.18* 1.07
F-ratio Treatment × Dose (3,16) 10.73* 1.05 8.20* 3.71*

HSD 0.02 0.61 0.4 0.09

Parameter MLR Equation
β-Regression Coefficient

Multiple Correlation
Cr(VI) (MEL) (Cr(VI) ×MEL)

Fumaric acid Y= 0.38 + 0.0001 Cr(VI) + 5 × 10−6 (MEL)
+ 3 × 10−8 (Cr(VI) ×MEL)

1.21 0.78 −1.16 0.8*

Malic acid Y= 1.46 + 0.002 Cr(VI) + 1 × 10−6 0.000001
(MEL) + 3 × 10−7 (Cr(VI) ×MEL)

0.78 0.006 0.28 0.99*

Citric acid Y= 2.23 + 0.003 Cr(VI) + 0.0002 (MEL) + 4
× 10−7 (Cr(VI) ×MEL) 0.74 0.05 0.28 0.96*

Succinic acid Y= 0.82 + 0.0002 Cr(VI) + 4 × 10−6

0.000004 (MEL) + 3 × 10−8 (Cr(VI) ×MEL)
0.88 0.21 −0.34 0.68

4. Discussion

Heavy metal contamination in soil is one of the foremost problems accountable for a reduction
in agricultural yield. The most crucial segments of plant life are seed germination and growth
of seedlings and these are adversely affected by metal stress [36]. Plants exposed to metal stress
endure plentiful physiological and biochemical alterations because metal exposure involves oxidative
stress [36]. The embarkment of stress endurance takes place when a stress causative agent approaches
the cell surface or penetrates into the cytoplasm and injures the cell. The successive events intended to
reinstate cell function are regarded as the stress response. The stress response is activated by a signal
from a suitable receptor instantaneously after the commencement of the prevalence of the stress factor.
At this stage, cell organization and utility is hindered. Oxidative damage generated by stress in the plant
tissue is controlled by a combined operation of both antioxidant enzymes as well as non-enzymatic
antioxidant systems. Apart from those, pigments, polyphenols, organic acids, and amino acids also
play a key role in the plant defense against abiotic stress.
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In the present study, the effect of Cr stress and MEL application on anthocyanin and xanthophyll
pigments was observed. The results revealed that Cr treatment significantly enhanced
the anthocyanin and xanthophyll content in comparison to untreated plants. Our results coincide with
the findings of Kohli et al. [37], who observed an enhancement of anthocyanins and xanthophylls
along with Pb metal stress in mustard, as well as Posmyk et al. [38], who reported an improvement
in the anthocyanin content in red cabbage seedlings under Cu stress. The supplementation of MEL
at 125, 250, and 500 ppm concentrations along with Cr(VI) metal stress further enhanced the pigment
contents. Anthocyanins are involved in plants responses to various abiotic stresses and are reported
to enhance stress tolerance by scavenging ROS or playing a role in stress signals. Kovinich et al. [39]
reported that in response to various abiotic stresses in Arabidopsis, anthocyanins had diverse localizations
at the tissue and organ levels. Anthocyanins amend the ROS level and the sensitivity to ROS-generating
stresses in sustaining photosynthetic capacity [40]. Xanthophylls are considered as key antioxidants
that defend plants subjected to heavy metal stress [41]. Xanthophyll is also vital for photo-protection;
hence, its accumulation may downregulate Photosystem II actions to diminish oxidative damage [42].
Though reports explaining the approach to recover the pigment contents under stress are exclusively
meager, the existing studies demonstrate that exogenous application of growth regulators improve
the drought tolerance with increased activities of SOD, CAT, APX, ABA, and total improved pigment
contents in maize [43]. The protein content in 7-day-old Vigna radiata Cr(VI)-stressed plants was
observed to decrease as compared to the untreated control plants, whereas all the enzymes (SOD, POD,
CAT, APOX, GR, DHAR, PPO, GST, and GPOX) in 7-day-old Vigna radiata plants showed enhanced
activities under Cr(VI) stress. These results are in accordance with Rai et al. [44], who reported
a decrease in protein and increase in enzymes with Cr stress. MEL supplementation showed
an improvement in the protein content in Cr(VI)-treated plants. The combination of Cr(VI) and MEL
further increased enzymatic activity at all concentrations when compared to Cr(VI) alone. SOD catalyzes
the dismutation of the superoxide anion to di-oxygen and H2O2. Non-specific peroxidases are
responsible for scavenging H2O2. Several reductases, like DHAR and GR, are responsible for
keeping ascorbate and glutathione in the reduced form. SOD and catalase hold metal ions on
their active sites as a fundamental fraction to combat the toxic effects of metal-stimulated ROS.
The increase in both the protein content as well as enzymatic antioxidants supports the protective
role of MEL towards the Vigna radiata plants to overcome the oxidative stress caused by Cr(VI).
The non-enzymatic antioxidants, ascorbic acid, tocopherol, and glutathione, increased with Cr(VI) in
comparison to untreated plants. The combination of Cr(VI) and MEL further enhanced the ascorbic
acid, tocopherol, and glutathione contents and the maximum respective increase was observed in
the case of Cr(VI) × 500 ppm MEL. Ascorbic acid is a well-known antioxidant involved in various
processes, for example, cell wall expansion and cell division [45]. It scavenges free radicals directly
in the aqueous phases of cells and guards the membrane and other hydrophobic sections from
oxidative injury by redeveloping the antioxidant form of vitamin E [46]. It is also renowned for
promoting photosynthetic pigments and improving the tolerance of plants in opposition to diverse
stresses by scavenging ROS [47,48]. Therefore, the enhancement of anthocyanin and xanthophyll
pigments in the present study might be attributed to the increased ascorbic acid content due to MEL
application. Tocopherol is a water-soluble antioxidant found in chloroplasts that enhances pigment
synthesis and modifies the biosynthesis pathways of pigments under stress conditions. Under salinity
stress, it has been reported to play a role in several physiological functions, including growth
regulation and the differentiation of plants [49,50]. Further, tocopherol has also been reported to protect
cells from hydrogen peroxide and other free radicals generated in salinity stress by direct scavenging
of ROS as well as collaborative action with antioxidant enzymes and other antioxidants [51–53].
An increase in the tocopherol content in Arabidopsis thaliana in response to Cd and Cu stress was
observed [54]. The reason for this enhancement was the increase in transcripts encoding enzymes of
the tocopherol biosynthetic pathway in response to metal exposure. The vitamin E-deficient (vte1)
mutant was observed to be more prone to metal-induced stress compared to the wild-type (WT) control.
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It was concluded that tocopherol plays a vital function in the tolerance of Arabidopsis to oxidative stress
induced by heavy metals, such as Cu and Cd [54]. Glutathione plays a central role in the scavenging of
ROS as well as in the chelation of heavy metals. GSH protects the plants from heavy metal-induced
oxidative damage by chelation, detoxification, and compartmentalization of heavy metals. Additionally,
it acts through its metabolizing enzymes, particularly glutathione peroxidase, glutathione-S-transferase,
glutathione reductase, and dehydroascorbate reductase, for efficient protection against ROS [55].

Polyphenols are proven stress busters for their ROS scavenging potential. Five polyphenols,
namely gallic acid, chlorogenic acid, caffeic acid, catechin, and coumaric acid, were found to be
present in the plants and a considerable increase in the levels of all polyphenolic compounds with
Cr was observed in the present study. Kohli et al. [37] also established the increase in polyphenol
contents under metal stress. This could be due to the increased activity of a variety of enzymes, such as
chalcone synthase and cinnamate 4-hydroxylase, which are responsible for polyphenol synthesis [56,57].
In the present study, the combination of Cr(VI) and MEL further enhanced the polyphenol contents.
It has been previously reported that antioxidants produced within plants reduce the effects of stresses
in plants [58,59]. Those polyphenols possess the affinity to bind with metal ions and thereby inhibit
the production of several ROS and some of them sequester the heavy metals entering the cell [60].

Amino acids are the building blocks of proteins. Different amino acids, namely aspartic acid,
glutamine, β-alanine, lysine, glutamic acid, asparagine, serine, isoleucine, glycine, threonine, citrulline,
arginine, GABA, cystine, ornithine, proline, and methionine, decreased with Cr(VI) stress when
compared to control plants. This trend correlates with the decreased amount of protein in the present
study. MEL recovered the amino acid content in the Cr(VI)-stressed plants. As compared to control
plants, the contents of four organic acids (fumarate, citrate, malate, and succinate) were increased
with Cr(VI) stress. The present study is in agreement with the work of Kohli et al. [61] and Ma [62],
who reported that organic acids increase in abiotic stress conditions. Co-application of MEL along
with Cr(VI) further increased the organic acid contents as compared to only Cr(VI)-treated plants,
indicating the stress protective role of organic acids. Amino acids and organic acids are metabolites
that have been reported to impart tolerance against heavy metal stress [63–65]. The utility of some
of them is still unknown due to the convolution in plant responses to these stresses. In case of
heavy metal stress, two mechanisms of detoxification and tolerance take place. Detoxification is
external whereas tolerance is an internal process. In detoxification, plant roots secrete organic
acids, which bind with metal ions to alter their movement as well as bioavailability, leading to
the prevention of heavy metal uptake by plants. Meanwhile, in internal heavy metal tolerance,
organic acids might chelate the metal ions inside the cytosol, converting them to less toxic or totally
nontoxic byproducts [66,67]. Different plants have been reported to create a variety of ligands for
aluminum, cadmium, copper, nickel, cobalt, and zinc. Amino acids and organic acids, such as
citrate and malate, are reported to be probable ligands for heavy metals and are established to be
engaged in their tolerance and detoxification [66–69]. Oven et al. [70] observed that cobalt metal
treatment to a Co-hyperaccumulator, namely Crotalaria cobalticola, and non-accumulators, Raufolia
serpentina and Silene cucubalus, resulted in an enhancement of citrate, indicating its participation in
the heavy metal ion complex formation. Malate is reported to chelate zinc in the cytosols of Zn
hyperaccumulators [71]. Zhang et al. [72] observed that taking away the aluminum from the roots
leads to a quick decrease in malate release to the non-aluminum point, which demonstrated a receptive
aluminum and malate-secreting mechanism. Over 24 h of exposure to 50 μM aluminum, 10-fold
elevated malate and three- to five-fold elevated succinate secretion was observed in aluminum-tolerant
genotypes as compared to aluminum-sensitive seedlings [73].

Ellagic acid has been reported by Ascacio-Valdés et al. [74] to have the ability to protect plants
against stresses because of its antioxidant activity. Moreover, Khan et al. [75] reported that ellagic acid
is one of the best antioxidants to shield Brassica napus L. plants against salinity stress, and due to its
antioxidant properties, ellagic acid can enhance the growth and yield of the crop. Rhododendron leaf
extract (MEL) is enriched with ellagic acid and several other antioxidant polyphenolic compounds.
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As a natural source of ellagic acid, it is as beneficial as pure ellagic acid for improving stress tolerance
by regulating different physiological processes under Cr metal stress. Consequently, Rhododendron leaf
extract can be used as an economical source of polyphenols, especially ellagic acid, for safeguarding
plants from toxic effects of Cr stress.

5. Conclusions

In the present study, Cr stress brought about physiological as well as metabolic alterations in
Vigna radiata plants even at small concentrations. The Rhododendron leaf extract supplementation
to Cr-stressed Vigna radiata plants helps in tolerating Cr toxicity by modulating the contents of
pigments and activation of the enzymatic as well as non-enzymatic antioxidativedefense system. It also
restored polyphenols, organic acids, and amino acids, which also provides extra protection to the plants
from Cr stress. We thus conclude that exogenous application of Rhododendron leaf extract (rich in ellagic
acid) reduced the effect of chromium metal stress in Vigna radiata plants. Further prospects of the work
will be intended towards fortification of the idea of the stress ameliorative activity of Rhododendron
extract by investigating the mechanism attributed to the increased defense of plants against heavy
metal stress.
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Abstract: Chromium (Cr) is an element naturally occurring in rocky soils and volcanic dust. It has
been classified as a carcinogen agent according to the International Agency for Research on Cancer.
Therefore, this metal needs an accurate understanding and thorough investigation in soil–plant
systems. Due to its high solubility, Cr (VI) is regarded as a hazardous ion, which contaminates
groundwater and can be transferred through the food chain. Cr also negatively impacts the growth
of plants by impairing their essential metabolic processes. The toxic effects of Cr are correlated with
the generation of reactive oxygen species (ROS), which cause oxidative stress in plants. The current
review summarizes the understanding of Cr toxicity in plants via discussing the possible mechanisms
involved in its uptake, translocation and sub-cellular distribution, along with its interference with
the other plant metabolic processes such as chlorophyll biosynthesis, photosynthesis and plant
defensive system.

Keywords: heavy metal; reactive oxygen species; oxidative burst; antioxidants

1. Introduction

Chromium (Cr) is a silver-colored hard metal naturally occurring in rocky soils, and volcanic
dust. Chromium is the 24th element having a molecular weight of 51.1 a.m.u. and a density of
7.19 g/cm3 [1]. The Agency for Toxic Substances and Disease Registry [2] has ranked Cr the 17th
among the most hazardous substances. It has been classified as the number one carcinogen according
to the International Agency for Research on Cancer [3]. Therefore, this metal needs an accurate
understanding of its uptake, transport and bioaccumulation within plants and a thorough investigation
in soil–plant systems.

Chromium can easily convert from one oxidation state to another due to its high redox potential
and intricate electronic and valence shell chemistry [4,5]. It exists in a wide range of oxidation states,
but the most common and stable states are Cr (VI) “hexavalent” and Cr (III) “trivalent” [6]. Both
forms of Cr vary significantly with respect to their bioavailability in soil, translocation and toxicity
within plants [4]. The Cr (III) occurs in the form of chromite (FeOCr2O3), whereas Cr (VI) occurs in
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association with oxygen to form chromate (CrO4
2−) or dichromate (Cr2O7

2−), that are highly toxic to
living organisms [7]. Based on its activity, former is the most stable form of Cr, whereas the highest
noxious one for plants is the Cr (VI). Under physiological conditions, Cr (VI) enters the cells and may
get reduced to Cr (V), Cr (IV), thiylradicals, hydroxyl radicals and finally Cr (III). All these oxidation
states disrupt the cellular integrity of cells by attacking proteins, DNA and membrane lipids [8,9].

Hexavalent Cr (VI) is used in several industrial applications such as electroplating, dyeing
of textiles, leather processing, steel production and tanning industry, resulting in discharge of
chromium-containing effluents. This ultimately causes significant elevation in Cr contents in the
environment [10]. Due to its high solubility in water and soil, Cr (VI) is regarded as a hazardous
ion that contaminates groundwater and can be transferred through the food chain [10–12]. It also
occurs in air, water and soil at different concentrations. Its contents in freshwater and seawater vary
from 0.1 to 117 μg L−1 and 0.5 to 50 μg L−1 respectively. The weathering of Cr containing rocks and
leaching of soils discharge significant Cr contents into the aquatic environment [7]. Cr contents in soil
ranges between 10 and 50 mg kg−1 under natural conditions, however, its concentration in agricultural
soils can reach up to 350 mg kg−1 of the soil [7]. The United States Environmental Protection Agency
(USEPA) [13] has listed Cr among the 14 most dangerous substances that can cause serious health
issues in living organisms. Cr can have both beneficial and harmful effects on human health depending
on its uptake, exposure time and oxidation state. The trivalent form of Cr (III) is an important nutrient
for humans and according to the World Health Organization [14], its daily ideal intake is between 50
and 200 μg day−1 for the metabolism of carbohydrates, proteins and fatty acids. However, its excess in
the body poses serious health concerns. Moreover, hexavalent Cr (VI) is 10–100 folds more harmful
than Cr (III), which can cause allergies and skin problems.

To date, Cr does not have any known biological role in plant physiology [15]. It is generally
perceived that excessive Cr levels in plant tissues may provoke several morpho-physiological
and biochemical processes in plants [16,17]. Any metal toxicity is attributed to a complex series
of metal interactions with the genetic processes, signal transduction and pathways and cellular
macromolecules [18–20]. Hence, Cr toxicity is reported to affect plant growth and impedes their
essential metabolic processes [21]. Typically, Cr toxicity reduces plant growth by inducing ultrastructural
modifications of the cell membrane and chloroplast, persuading chlorosis in the leaves, damaging root
cells, reducing pigment content, disturbing water relations and mineral nutrition, affecting transpiration
and nitrogen assimilation and by altering different enzymatic activities [15,22–25]. All these toxic effects
of Cr might be due to the over production of reactive oxygen species (ROS), which ultimately disrupt
the redox balance in plants [25]. Taking all into consideration, we review the literature that addresses
Cr uptake, translocation and sub-cellular distribution in plants. We also discuss different effects of Cr
on plant pigments, photosynthetic parameters, enzymatic and non-enzymatic antioxidative system
and various endogenous levels of plant hormones (Table 1).

Table 1. Effects of chromium metal on different physiological processes in plants.

Plant Species Physiological Response Reference

Camellia sinensis Increased SOD and CAT activities Tang et al. [26]

Capsicum annuum Increased carotenoid content Oliveira [27]

Chamomilla recutita Increased MDA level Kováčik et al. [28]

Echinochloa colona Increased CAT and POD activities Samantaray et al. [29]

Kandelia candel Increased MDA content, and
activities of CAT and SOD Rahman et al. [30]

Ocimum tenuiflorum Increased proline level Rai et al. [31]

Oryza sativa Increased POD activity Ma et al. [32]
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Table 1. Cont.

Plant Species Physiological Response Reference

Oryza sativa Increased ethylene synthesis Trinh et al. [33]

Oryza sativa Increased CAT and SOD activities Zhang et al. [34]

Oryza sativa Increased POD activity Xu et al. [35]

Phaseolus vulgaris Decreased carotenoids Aldoobie and Beltagi [36]

Pisum sativum Decreased APX activity Duhan [37]

Pterogyne nitens Increased spermidine level Paiva et al. [38]

Raphanus sativus Increased glycine-betaine content Choudhary et al. [39]

Triticum aestivum Increased MDA contents Ali et al. [22]

Triticum aestivum Increased lipid peroxidation Zhang et al. [34]

Vigna radiata Decreased glutathione level Shanker et al. [40]

Zea mays Increased SOD and GPX activities Maiti et al. [41]

Zea mays Increased lipid peroxidation and
H2O2 content Maiti et al. [41]

Abbreviations: Malondialdehyde—MDA; Superoxide dismutase—SOD; Catalase—CAT; Ascorbate peroxidase—
APX; Peroxidase—POD; Guaiacol peroxidase—GPX; Hydrogen peroxide—H2O2.

2. Chromium Uptake, Translocation and Sub-Cellular Distribution

Plant roots secrete various organic acids such as citrate and malate that modify the solubility of
metals present in insoluble form in the soil by acting as ligands [42–45]. Srivastava et al. [46] had
shown an increased accumulation of Cr in tomato plants due to the presence of citrate, aspartate and
oxalate, which converted inorganic Cr into organic complexes, which are readily available for the
plant to uptake. Chromium appears to have no essential role in plant metabolism, hence, there is no
specific mechanism for its uptake in plants [27]. Skeffington et al. [47] had proposed a mechanism for
uptake of both Cr (III) and Cr (VI) in barley (Hordeum vulgare) plants. Nonetheless, specific carriers
responsible for the absorption of essential ions also aid in the uptake of Cr [4]. The uptake of Cr (III) in
plants undergoes through passive mechanism [48], however, Cr (VI) is uptaken through the plasma
membrane, which is an active process involving carriers of essential anions such as sulfate [49,50].
Further, due to the structural similarity of Cr (VI) with phosphate and sulfate, its uptake by root cells
involves phosphate or sulfate transporters [51,52].

The distribution and translocation of Cr within plants depend upon the plant species, the oxidation
state of the Cr ions, and also its concentration in the growth medium [4]. Compared to other heavy
metals, the mobility of Cr in the plant roots is low. Therefore, the concentration of Cr in the roots is
sometimes 100 times higher than in the shoots [48,53]. For instance, Cr concentration was observed to
be highest in the cytoplasm and intercellular spaces of rhizome and root cell wall of Iris pseudacorus [54].
The higher accumulation of Cr in roots might be attributed to the sequestration of Cr in the vacuoles of
root cells as a protective mechanism [55]. Thus, this mechanism provides some natural tolerance to
plants towards Cr toxicity [40]. Furthermore, the translocation of Cr from the roots to the aerial shoots
is very limited and it depends on the chemical form of Cr inside the tissue [4]. In plant tissues, the Cr
(VI) is converted to Cr (III) that has the tendency to bind to the cell walls, which hinders the further
transport of Cr within plant tissues [56].

Numerous metal transporter gene families including CDF (cation diffusion facilitator), HMA
(heavy metal ATPase), ATP binding cassette (ABC) superfamily and ZIP (ZRT, IRT-like protein) have
been identified for different metals like Pb, Cd, Zn and As [4,57–61]. However, the role of transporter
families in the translocation of Cr in plants is still unclear. The translocation of Cr (VI) to shoots is
an active process that involves phosphate and sulfate transporters [4]. Hence, the translocation of
Cr might be mediated by iron (Fe) and sulfur (S) channels in the roots that lead to the competition
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between metals e.g., Fe and Cr [4,62]. Cary et al. [63] had reported Cr uptake and translocation to
the aerial shoots in Fe hyperaccumulators Brassica rapa and Spinacia oleracea signifying that Cr may
be transported through Fe channels. However, the presence of Fe in the growth media reduced Cr
translocation to the shoots [64], which could be due to the competition of carrier channels or due to the
precipitation of Fe with Cr.

3. Effect of Cr on Nutrient Uptake

Heavy metal stress affects nutrient uptake in plants by interacting with other essential minerals.
Chromium restricts the uptake of nutrients in soil by forming insoluble compounds [65]. Nutrient
uptake is thereby inhibited by the metal toxicity especially when the concentration of the metal exceeds
its permissible limits [66]. For instance, excessive Cr had been observed to reduce the uptake of
essential minerals like iron (Fe), magnesium (Mg), phosphorus (P) and calcium (Ca) by masking the
sorption sites and forming insoluble complexes [56,66]. However, Cr transport to different parts of
Citrullus plants had increased leading to enhancement in the concentrations of manganese (Mn) and P,
and reduction in sulphur (S), copper (Cu), zinc (Zn) and iron (Fe) contents in the leaves, suggesting that
Cr disturbs the nutrient balance [67]. Turner and Rust [68] also suggested the similar effects of Cr on
the uptake of various nutrients under Cr toxicity. A gradual decrease in the uptake of micronutrients
like Zn, Cu, Fe, Mn and macronutrients like potassium (K), P and nitrogen (N) had been noticed in the
paddy plants (Oryza sativa L.) under excessive Cr exposure [69]. This reduced nutrient uptake may
occur due to decline in the root growth and impairment of the root penetration under Cr toxicity, or
may be due to the decrease in essential element translocation because of the displacement of nutrients
from the physiologically important binding sites [70,71].

4. Effect of Cr on Chlorophyll Molecules and Photosynthetic Performance

Foliar content of chlorophyll pigments including total chlorophyll, chlorophyll a (Chl a) and
chlorophyll b (Chl b) were assayed under Cr treatment, which showed significant decrease in pigment
accumulation of Catharanthus roseus plants [72]. This could be due to the inhibition of chlorophyll
biosynthesis under Cr stress [73,74]. Increased concentration of Cr may lead to the deterioration of
the chlorophyll content in many plants [75]. Plants exposed to Cr stress showed depleted chlorophyll
contents that might be due to the disrupted chlorophyll biosynthesis [76]. Interestingly, an enzyme
involved in chlorophyll biosynthesis, i.e., δ-aminolevulinic acid dehydratase (ALAD) is being inhibited
by Cr due to the impairment in utilizing the δ-aminolevulinic acid [77].

Effect of Cr was also depicted on pigment contents viz. chlorophyll of vetiver [78] where alterations
in the photosynthetic pigments were observed. Cr induced toxicity had been reported to decrease
the chlorophyll contents in different plants species such as Pistia stratiotes [79], Citrus limonia and
Citrus reshni [80], Zea mays [81,82], Hibiscus esculantus [83], Camellia sinensis [84], Glycine max [85] and
Ocimum tenuiflorum [31]. Decrease in chlorophyll contents under Cr toxicity could be due to the
impairment of chlorophyll biosynthesis enzymes, which are compromised under Cr toxicity [86,87].
Degradation of ALAD could occur under Cr toxicity leading to a decrease in chlorophyll level [88].
Hence, photosynthetic capacity of plants is compromised under Cr stress due to interaction with
biosynthesis of chlorophyll molecules by inhibiting vital enzymes contributing in photosynthesis.
Excessive Cr affects photosynthetic system by targeting the Calvin cycle enzymes, photosynthetic
electron transport and thylakoid membrane [89]. Therefore, gradual decrease in the net photosynthetic
rate can be observed in the plants treated with higher concentration of Cr [90].

Changes in the level of photosynthetic pigments give an important information regarding the toxic
effects of heavy metals, e.g., Cr, Ni, Pb and Cd [70,74,91–94]. However, reduced chlorophyll contents
may be observed due to the increased activity of enzymes like chlorophyllase and deficiency of nutrients,
i.e., because of the translocation of the metals to shoots in higher concentration [91,95]. Moreover, a
significant decrease in transpiration rate, net photosynthetic rate, intercellular CO2 concentration and
stomatal conductance in the leaves were observed where Cr toxicity reduced these parameters by 71%,
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36%, 25% and 57% respectively [96]. Cr also poses hazardous effects on gas exchange as shown by
the multiple linear regression (MLR) analysis that expressed negative β-regression coefficients for all
the parameters of gas exchange [97]. Davies Jr et al. [96] had noticed that Cr inhibited photosynthetic
process by targeting photosystem II (PSII). Hence, chlorophyll fluorescence seems quite useful tool to
study photosynthetic apparatus and action of PSII under heavy metal stress.

5. Reactive Oxygen Species (ROS) and Oxidative Stress

A rather common and frequent effect of heavy metal stress is the overproduction of ROS including
hydroxyl radicals (OH−), hydroperoxyl radicals (HOO), superoxide (O2

−), the peroxinitrite (OONO−)
ion, the paramagnetic singlet oxygen (1O2), nitrogen oxide radical (NO), hydrogen peroxide (H2O2),
ozone (O3) and hypochlorous acid (HOCl) molecules [98–101]. This process is considered as one
of the primary cause for the alterations in plant biology at biochemical level under heavy metal
toxicity [70,73,74,102–106]. Plants may suffer through various drastic physiological changes, which
are mainly due to the imbalance in the generation and scavenging of ROS, termed as an oxidative
burst [70,74,94,102,104,107–112]. Heavy metals like copper (Cu), nickel (Ni), cadmium (Cd), Cr and
arsenic (As) have the tendency to generate ROS if they exceed permissible limits [70,113–115].

On the basis of physical and biochemical characteristics of bioactive-metals, these metals can be
classified into two groups; redox metals like Cr, Cu, Fe and non-redox metals like Cd, Hg, Ni, Zn,
etc. Redox active metals have the capacity to produce oxidative injuries in plants via Haber–Weiss
and Fenton reactions, that consequently generate ROS and leading to disturb the balance between
prooxidant and antioxidant level [116]. However, redox-inactive metals form covalent bonds with the
protein sulfhydryl groups as these metals have the tendency of sharing the electrons.

When Cr metal interacts with the proteins at its catalytic site or any other site, it deactivates the
active sites of enzymes by binding specific functional groups of proteins, thus leading to the alteration
of enzymatic activities [117,118]. Furthermore, dislocation of critical cations from the specific enzyme
binding sites disturbs the equilibrium of ROS in cells, and as a consequence ROS are generated in
drastic amount [119]. Chromium metal has also tendency to bind and utilize the reduced form of
glutathione (GSH) and its derivatives, which plays a significant role in ameliorating these ROS [120].
Besides, NADPH oxidase (present on plasma membrane) also leads to oxidative stress as they are
linked with the Cr [121–123]. In the presence of Cr metal, the NADPH oxidases may consume cytosolic
NADPH and produce free radical O2

−, which is rapidly converted to H2O2 by superoxide dismutase
enzyme (SOD) [124]. Free radicals generated by Cr in association with NADPH oxidase remains
outside the plasma membrane, where pH remains usually low in comparison to inner side of the
cell [125]. Reports suggest that the enhanced generation of ROS in plants under Cr toxicity leads to
oxidative burst by causing damage to DNA, lipids, pigments, proteins and stimulates the process of
lipid peroxidation (Figure 1) [126,127]. Carrier membrane stimulates the absorption of Cr and over
productions of ROS further influences the plasma membrane [41].

There are several reports documented where drastic increase in ROS was observed [22,74,104,128]
with increased malondialdehyde (MDA) contents under Cr toxicity [129]. Alterations in different
physiological and biochemical activities have been observed in Triticum aestivum, Vallisneria spiralis and
Ocimum tenuiflorum [22,31,88] where Cr metal stimulated the deterioration of membrane permeability
by generating MDA. Similarly, increased levels of MDA were found in both roots and leaves of
Kandelia candel (L.) plants in a dose dependent manner suggesting its gradual uptake under a timely
manner [30].
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Figure 1. Consequences of oxidative stress generated under chromium toxicity.

6. Effect of Cr on Enzymatic Antioxidative System

Activities of various antioxidative enzymes drastically change in plants when subject to Cr toxicity.
ROS leads to oxidative stress, which may affect different subcellular compartments sensitive to ROS.
Superoxide dismutase (SOD) is considered as a first line of defense against various stresses in almost
all the aerobic organisms [70,130]. Dismutation of superoxide ion is catalyzed by the SOD enzyme,
which is localized in almost all the cellular compartments, leading to the production of hydrogen
peroxide and release of oxygen [130]. SOD is involved in the Asada–Halliwell cycle in chloroplasts
and also present in cytosol, apoplasts, mitochondria and peroxisomes [131]. For the removal of ROS,
catalase (CAT) enzyme also plays crucial role, hence considered as important antioxidant enzyme [132].
Dismutation of H2O2 into O2 and H2O is undergone by this enzyme [133].

When exposed to Cr (III) stress for seven days, chamomile plants showed increased accumulation
of Cr mainly in the roots of the plants, which contained high concentrations of ROS, nitric oxide and
thiols. At higher concentration of Cr (III), SOD activity specifically was increased in the roots, while
level of H2O2 showed irregular trend under different concentrations of Cr due to the altered activities
of various peroxidases [28]. Different concentrations of Cr (VI) (50, 100, 200 and 300 μM L−1) escalated
the production of H2O2 leading to the lipid peroxidation and triggered the activities of antioxidative
enzymes like SOD and guaiacol peroxidase (GPX) in comparison to control plants [41]. In contrast,
activities of peroxidase (POD), SOD and CAT were decreased when subjected to Cr (III) in a dose
dependent manner [26].

Maintaining metabolic functions under stress conditions is crucial for plants to survive. Therefore,
a balance between generation and scavenging of ROS is required, which is achieved by regulating
the production of enzymatic and non-enzymatic antioxidants [134]. Hence, the ability of plants to
cope with oxidative stress is characterized by the degree of antioxidant activities [102,104]. However,
activities of these antioxidants may vary with the duration, crop species and tissues under any stress
condition [135]. For instance, Echinochloa colona plants showed increased activities of POD and CAT in
tolerant calluses in comparison to non-tolerant ones [29]. At 0.5 mg L−1 concentration of Cr (VI), CAT
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activity was increased, however decreased at higher concentrations (1.0–2.0 mg L−1). Activity of CAT
was measured highest at 2.0 mg L−1 concentration of Cr in the roots of K. candel but decreased at higher
concentration [30]. As CAT is an iron-porphyrine biomolecule, reduction in CAT activity indicates
that Cr has the potential to interact with iron in metabolic pool or it may influence the presence of
active form of iron [136]. Cr toxicity has detrimental effects on antioxidant enzymes such as POD,
GPX, glutathione reductase (GR) and ascorbate peroxidase (APX), hence resulting in the inhibition of
enzyme activities [129,137]. Plants equipped with an efficient antioxidant system are more capable to
withstand and tolerate higher Cr concentrations. Failure to do so results in the breakdown of the plant
defense system hence activities of antioxidants are jeopardized leading to reduced plant growth or
even leading to plant death.

7. Effect of Cr on Non-Enzymatic Antioxidative System

Apart from the enzymatic antioxidants, plants are also comprised of a complex non-enzymatic
antioxidant defense system to avoid the toxic effects of ROS. These non-enzymatic antioxidants consist
of low molecular weight molecules such as ascorbic acid, glutathione (GSH), phenolic acids, carotenoids,
flavonoids, etc. [94,138] and some high molecular weight secondary metabolites such as tannins [139].
Biosynthesis and accumulation of these non-enzymatic antioxidants by plants could be due to two main
reasons. First, plants have an innate ability to synthesize a variety of phytochemicals to carry out their
normal physiological functioning or to protect them from any pathogenic or herbivores. Second, plants
also synthesize phytochemicals to respond to the environmental factors which could be due to their
natural tendency of defense against any biotic and abiotic stress [140]. Therefore, these lower molecular
weight antioxidants are synthesized and act as a redox buffer to interact with cellular components and
directly influence plant growth and development by modulating different processes from mitosis to
cell elongation and to senescence. Hence, it is crucial for plants to synthesize these antioxidants under
stressed conditions. Glutathione is a redoxactive molecule that can be present in a reduced form GSH
or an oxidized form GSSG. It plays important roles in the plant defensive system including biosynthetic
pathways, detoxification, antioxidant biochemistry and redox homeostasis [141,142]. GSH acts as an
antioxidant by quenching ROS and is involved in the ascorbate-glutathione cycle, which eliminates
damaging peroxides [143]. In poplar trees, glutathione (GSH) biosynthesis was stimulated under Cr
toxicity [144]. In the leaf extracts of tomato (Lycopersicon esculentum), maize (Zea mays) and cauliflower
(Brassica oleracea) plants, GSH level increased subjected to Cr toxicity [145]. Alterations were observed
in the glutathione pool dynamics where individual level of GSSG and GSH and GSH/GSSG ratio was
affected, however sorghum (Sorghum biclor) plants showed potential to scavenge the free radicals
generated under Cr toxicity [146].

Under sub-optimal conditions, level of antioxidants may decrease or increase depending on the
severity of stress. For instance, a sharp decline in the GSH pool was observed under Cr stress, which
severely affected the roots of the plants. Many reports suggested the oxidation of various cellular
thiols like GSH and cysteine in plants subjected to Cr (VI) stress in in vitro conditions [147]. Therefore,
to maintain the redox homeostasis of the cell and for scavenging of free radicals, the interconversion of
reduced and oxidized forms of glutathione (GSH and GSSG respectively) is required.

A non-enzymatic antioxidant “carotenoid” contributes in providing protection to the chlorophylls
against stress conditions by replacing peroxides and scavenging of photodynamic reactions [148].
For instance, carotenoid level increased in Capsicum annuum plants subjected to industrial effluents
specifically containing Cr [27], acting as a defensive mechanism for capsicum plants to scavenge the
free radicals. Other non-enzymatic antioxidants such as cysteine, proline, nonprotein thiol, etc. may
also contribute in modulating resistance against Cr toxicity and protect the macromolecules from the
free radicals generated during the oxidative burst [77]. In one of the reports, carotenoids, non-protein
thiol (NP-SH) and cysteine level increased in the plants subjected to Cr [72].

For providing protection against different types of stresses, accumulation of compatible osmolytes
like proline (Pro) occurs in most of the plants for providing membrane stability and osmotic
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adjustment [94,149]. Proline contents can increase against different types of biotic and abiotic stresses
such as salinity, drought, temperature, heavy metal and pathogen attack [77]. For instance, contents of
Pro increased in Ocimum tenuiflorum L. under Cr stress, which acted as an antioxidant by providing
protection against the hazardous effects of metal [31]. Reports suggested that proline is the only amino
acid that accumulates in the leaves of plants under stress conditions [150]. It starts accumulating even
at low doses of stress and increases in a dose dependent manner. Hence, accumulation of proline
contributes to osmotic adjustment when it gets accumulated in tissues and acts as a dependent marker
for genotypes for the stress tolerance [150]. Polyamines are other non-enzymatic osmoprotectants,
which increase under different abiotic stress conditions [151], and also associated with the boosting up
of plant defensive mechanisms [92,152]. Polyamines including putrescine, spermine and spermidine
have been investigated to increase Cr tolerance in plants under Cr toxicity [38].

8. Effect of Cr on the Endogenous Levels of Plant Hormones

Plant hormones control and regulate plant growth and development through different biochemical
and physiological process. These hormones may act either close to or remote from their synthesis site to
regulate responses to environmental stimuli or genetically programmed developmental changes [153].
Hormones thus have a vital role in plant adaptation to abiotic stress, from which the plant may attempt
to escape or survive under stressful conditions [154]. Thus, abiotic stresses often alter the production,
distribution or signal transduction of growth as well as stress hormones, which may promote specific
protective mechanisms. The phytohormone abscisic acid (ABA) plays a vital role against abiotic
stresses, thus it is considered as a stress hormone. Under different types of abiotic stress conditions,
endogenous level of ABA are increased drastically in plants, which boosts up the signaling pathways
and activates expression of ABA-responsive genes [155]. For instance, strong expression of ABA
biosynthesis genes (OsNCED2 and OsNCED3) and four ABA signaling genes were upregulated in
response to heavy metal stress [156]. Salicylic acid (SA) also provides protection under Cr stress. SA
plays a significant positive role in growth and development of plants as well as ripening and abiotic
stress tolerance [157]. Interaction of ABA and SA also contributes in boosting the defensive strategies
of plants against Cr toxicity [158]. Apart from this, SA also plays essential role in combination with
jasmonic acid (JA) and ethylene, where the interaction of these hormones provides tolerance against Cr
stress [159,160]. The biosynthesis, transportation and accumulation of these plant hormones boost the
signaling pathways, activating certain antioxidant gene expressions and stimulating the production of
osmoprotectants such as proline, soluble sugars, amino acids, etc. [161].

Indole acetic acid (IAA), a plant hormone of auxins contributes to the growth and development of
plants under ideal as well as stressed conditions [162]. IAA plays a key role in plant adaptation to heavy
metal stress by either increasing the membrane permeability or by increasing the concentration of
osmotically active solutes [16,163]. The level of IAA usually increases in the plants under metal toxicity
by affecting different metabolic activities of plants including growth and hormonal balance [164].
Gibberellins (GAs) are considered as comprehensive class of tetracyclic diterpenoid carboxylic acid
compounds. Different forms of GAs have potential to play the role of growth hormone in higher plants
such as GA1 and GA3 [165]. Generally, at low concentration of metal like Cr leads to the elevated
level of GA3, although its high concentration reduces the GA3 content [166]. Apart from these, plant
hormone like cytokinins (CKs), contributes in the regulation of plant development by stimulating
cell division and elongation. Cr stress alters endogenous level of CKs suggesting that CKs are also
involved in tolerating the stress [155]. A few reports also indicated the reduction in the synthesis of
CKs and their transport from roots to other aerial parts of plants during Cr toxicity and they are also
found to interact with other plant hormones [167].

9. Conclusions and Prospects

This review illustrates an overview of Cr metal effects on plant growth and development. Plants
uptake Cr via roots, which causes nutrient imbalance, root injury as well as leaf chlorosis. Cr toxicity
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also targets chlorophyll biosynthesis by inhibiting the activity of vital enzymes. Additionally, it also
results in oxidative stress by targeting cellular membranes and biomolecules resulting in retarded
plant growth, induction of chlorosis and wilting of leaves. Although a handful of data is available
that provides useful information to understand chromium interaction with other essential metal
ions. The mechanisms generating Cr-induced toxicity at the protein and molecular level still need
to be explored in detail. Furthermore, exploration of Cr tolerance mechanism and homeostasis are
essential for sustainable crop production, which is poorly understood in many ecosystems. Therefore,
it is essential to understand the possible means to reduce Cr uptake and its negative impacts on
environment especially in plants.
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Abstract: Over the past few decades, heavy metal contamination in soil and water has increased
due to anthropogenic activities. The higher exposure of crop plants to heavy metal stress reduces
growth and yield, and affect the sustainability of agricultural production. In this regard, the use of
silicon (Si) supplementation offers a promising prospect since numerous studies have reported the
beneficial role of Si in mitigating stresses imposed by biotic as well as abiotic factors including heavy
metal stress. The fundamental mechanisms involved in the Si-mediated heavy metal stress tolerance
include reduction of metal ions in soil substrate, co-precipitation of toxic metals, metal-transport
related gene regulation, chelation, stimulation of antioxidants, compartmentation of metal ions, and
structural alterations in plants. Exogenous application of Si has been well documented to increase
heavy metal tolerance in numerous plant species. The beneficial effects of Si are particularly evident
in plants able to accumulate high levels of Si. Consequently, to enhance metal tolerance in plants, the
inherent genetic potential for Si uptake should be improved. In the present review, we have discussed
the potential role and mechanisms involved in the Si-mediated alleviation of metal toxicity as well as
different approaches for enhancing Si-derived benefits in crop plants.

Keywords: metal stress; toxicity; silicon; Si-fertilization; genomics; transporter genes

1. Introduction

Plants, being sessile, are continuously exposed to many biotic and abiotic stresses affecting their
growth and development. Among the abiotic factors affecting plants, heavy metal stresses have
received increasing attention over the last several decades. The term heavy metal refers to any metallic
element with relatively high density that is toxic even at low concentration. In general, heavy metals
relate to a group of metals and metalloids with greater than 4 g·cm−3 atomic density [1]. Among the
naturally occurring elements, 53 are categorized as heavy metals. The heavy metals include cadmium
(Cd), nickel (Ni), lead (Pb), iron (Fe), zinc (Zn), cobalt (Co), arsenic (As), chromium (Cr), silver
(Ag) and platinum (Pt), and the majority of them do not play an essential role in plants. Although
naturally present in the soil, concentration of these heavy metals increases as a result of geologic

Plants 2019, 8, 71; doi:10.3390/plants8030071 www.mdpi.com/journal/plants257
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and anthropogenic activities causing a harmful/toxic effect on both plants and animals [2]. Heavy
metals retard plant growth by marginalizing the cellular functions of proteins, lipids, and elemental
components of thylakoid membranes [3]. Moreover, heavy metals can be transported through the food
chain into animals and humans, so their presence will cause a significant threat to human health [4].
Among means to reduce heavy metal toxicity in agricultural production, silicon (Si) is often reported
for its potential to mitigate their adverse effects [3,5].

Silicon, a second most abundant element after oxygen in the earth crust, is considered as a
quasi-essential element because of the numerous benefits it confers to plants, specifically under biotic
and abiotic stress [6,7]. For instance, it is reported to alleviate a number of abiotic factors in plants
including drought, salinity stress, lodging and heavy metal toxicity [8,9]. A possible role of Si in metal
detoxification is attributed to alteration of plant cellular mechanisms and biochemical interactions
with the external growth medium [10]. The positive effects of Si vary with the crop species and are
usually more pronounced in plants that accumulate high concentrations of Si in their tissues [11,12].
The beneficial effects of Si are predominantly if not exclusively manifest when plants are subjected to
stress [13]. Despite the abundant availability of Si in soils, the plant-available form is often limited
in most soil types. Plant roots uptake Si in the form of silicic acid (H4SiO4) where the concentration
ranges from 0.1 to 0.6 mmol·L−1 in the soil solution [14]. The Si concentrations in plants will vary
according to the plant species, ranging from 1 to 100 g·kg−1, which represents the largest range of
mineral elements [6]. This phenomenon is related to the different ability of plant species to uptake and
transport Si, through a dedicated system of Si transporters [14,15]. In the present review, we discuss
the role of Si in enhancing heavy metal tolerance in crop plants and the possible mechanisms by which
Si achieves this feat.

2. Heavy Metal: From Essentiality to Toxicity

Heavy metals are classified into non-essential elements (Cd, Pd, Hg, Cr, As and Ag) being
potentially toxic to plants and essential micronutrients (Cu, Zn, Fe, Mn, Mo, Ni, and Co) which are
important for healthy growth and development of plants [16]. The essential heavy metals are involved
in many important biochemical and physiological processes of plants. The principal functions of
essential heavy metals include participation in the redox reaction of cellular processes and other
molecular activities by being an integral part of several enzymes. In general, a plant grows normally
as long as the supply of a given nutrient matches the plant’s requirement. Deficiency of nutrients will
result in symptoms leading as far as mortality under extreme conditions. Typical deficiency symptoms
arising from different metals in plants are presented in Supplementary Text 1. The presence of both
essential and non-essential heavy metals in excess can lead to the reduction and inhibition of growth
in plants, caused by biochemical, structural and physiological changes [17]. Higher concentrations
of heavy metals also alter the uptake, accumulation, and translocation of the essential elements in
plants [18]. Common toxic effects of heavy metals include inhibition of growth and photosynthesis,
chlorosis, low biomass accumulation, altered nutrient assimilation, and water balance, and senescence,
which ultimately can cause plant death [17].

3. Heavy Metal Toxicity and Crop Plants

Heavy metal contamination of agricultural soils has emerged as a critical and significant concern
because of unfavorable ecological effects. The land used for crop production has been reported to
be polluted with the excess of heavy metals, especially by Cd, Pb, and Zn in many parts of the
world [19]. The agricultural land that has been polluted by the elevated concentration of heavy
metals was shown to have highly adverse effects on plant metabolism and growth, soil biological
activity, fertility, biodiversity, and health of humans and animals [18,19]. Several studies carried out
to understand the toxic impact of heavy metals on plants highlighted many direct and indirect toxic
effects of heavy metals in different crop species (Figure 1; Table 1; Supplementary Text 1). Several
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different approaches including the application of phyto-extracts, mobilizers and, more sustainably, the
use of Si have contributed to the mitigation of heavy metal stress in plants [20,21].

 

Figure 1. Heavy metal uptake by plant roots as well as their possible direct and indirect negative effects
on crop productivity. The sign ↓ indicates decrease and the sign ↑ indicates increase.
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4. Silicon: A Multifaceted Element for Alleviating Heavy Metal Toxicity in Crops

Silicon derived enhancement in plant tolerance to heavy metal toxicity is well documented, and
the beneficial role of Si in detoxification can be ascribed to both external (growth media) and internal
plant mechanisms [21,22]. The external mechanism of elevating heavy metal tolerance is mainly due to
the increased pH by silicate application resulting in metal silicate precipitates that decrease the metal
phyto-availability [22]. In plants, Si affects the translocation and distribution of metals in various plant
parts and allows them to survive under higher metal stress [23]. Given that plants vary in their ability to
accumulate Si, higher accumulators such as monocots will usually obtain greater benefits, even though
metal toxicity in both monocots and dicots can be alleviated by Si [24,25]. In rice, Si-rich amendments
showed a reduction of heavy metal accumulation, as well as increased growth in multi-metal (Cd,
Zn, Cu, and Pb), contaminated acidic soil [26]. Silicon is also reported to increase seedling biomass
and decrease Zn concentration in both roots and shoots of rice seedlings, and the xylem sap flow. In
addition, Zn accumulation was significantly suppressed by Si supply in different plant parts such as
roots and leaves of cotton and maize [27,28]. Shi et al. [29] reported that Si minimizes Cd metal toxicity
by reducing ion absorption and translocation from root to shoot in rice seedlings. Silicon application
was also found to reduce lipid peroxidation and fatty acid desaturation in plant tissues and improve
the growth and biomass of plants under heavy metal stress [4].

Silicon can also be effective in alleviating Al toxicity in barley plants [30]. Similarly, decreased
Al content with Si application was observed in the stem, roots, and leaves of peanut and rice
seedlings [31,32]. Silicon amendments as an alternative detoxification method for Al toxicity have
been reported in sorghum, tomato, soybean and maize [21]. Considerable reduction of Si pools in
agricultural soils results from regular removal of Si-rich litter during the crop harvest [33]. Hence,
external application of Si in agriculture will become a trend in the near future to compensate its
depletion in soils, simultaneously reaping its benefits of improving plant growth and alleviating heavy
metal toxicity.

5. Silicon-Mediated Mechanisms of Metal Detoxification

Several mechanisms explaining Si-derived benefits towards metal detoxification have been
proposed. The widely accepted mechanisms include toxic metal immobilization in the soil (at soil
level), and stimulation of enzymatic and non-enzymatic antioxidants, co-precipitation of metals, metal
ions chelation, compartmentation, and structural alterations of plant tissues and alteration in molecular
responses (at plant level) (Figure 2; Table 2).
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5.1. Silicon Mediated Immobilization of Toxic Metal in the Soil

Immobilization of toxic metals is the much simpler mechanism to explain Si-derived benefits. The
toxic metal immobilization in the soil through Si application has been reported in several studies [21].
The immobilization took place either due to the increased soil pH or changing metal speciation in soil
solution through the formation of silicate complexes. In rice, application of Si-rich amendments (fly ash
and steel slag) was found to increase soil pH from 4.0 to 5.0–6.4, and decreased the phyto-availability
of heavy metals by at least 60%, which further suppressed metal uptake [26]. Similarly, in banana,
reduced uptake of Pb has been reported with Si application in Pb contaminated soil [34]. The decreased
bio-availability of Pb in banana was found to be associated with significantly increased soil pH and
decreased proportion of exchangeable Pb in soil [34].

In addition, Si helps by changing the speciation of metals from toxic to nontoxic form by the
formation of silicate complexes in the soil solution. In Si-amended soil, mostly Cd was found in the
form of oxides or adsorbed by Fe-Mn oxides [35]. It has been proposed that the bio-availability of Al
to plants in the presence of Si can be limited by forming Al-Si complexes like hydroxyaluminosilicate
(HAS) [36]. In aqueous solution, soluble silicate hydrolyzes and produces gelatinous metasilicic acid
(H2SiO3) which can absorb heavy metals, or lead to deposition of heavy metals into their silicates in
Si-rich soil [26], both of which reduce the metal concentration available for uptake. Zhang et al. [37]
have shown that the Si application in Cr-contaminated soil can markedly decrease the amount of
exchangeable Cr by accelerating the precipitation of organic matter bound Cr fraction. Similarly, Shim
et al. [38] have observed the reduced metal mobility in Pb contaminated soil by the Si application.
Subsequent investigation with X-ray diffraction analysis revealed the formation of insoluble Pb-silicate
in the soil. Similarly, effects have been observed in the case of Cd and Zn contaminated soil where Si
application accelerated the formation of more stable fractions of Cd and Zn [28].

5.2. Stimulation of Antioxidant Defense System

Heavy metal stress induces an excess formation of reactive oxygen species (ROS), which results
in several metabolic disorders in crop plants [39,40]. In this context, the enzymatic and non-enzymatic
antioxidant system stimulated by Si helps to lower oxidative stress by reducing the production
of ROS. Alleviation of Mn toxicity by Si in cucumber was attributed to a significant reduction in
lipid peroxidation (LPO) intensity caused by excess Mn, and to a significant increase in enzymatic
(Superoxide dismutase, ascorbate peroxidase, and glutathione reductase), and non-enzymatic (ascorbate
and glutathione) antioxidants [41]. Similarly, under Cd stress, Si application reduced the H2O2

and electrolytic leakage (EL) in Solanum nigrum [42]. Decreased contents of an oxidative stress
related compound like malondialdehyde (MDA), H2O2 and EL were observed with Si application
in plants under Cd [43], Zn [27], and Pb stress [44]. Thiobarbituric acid reactive substances (TBARS),
a widely used marker for reactive oxygen contents, were found to be reduced significantly with Si
supplementation in rice and maize plants grown under Cd stress condition [39]. Similarly, under
Cd stress, the effect of Si supplementation on antioxidants has also been observed in many crop
plants including maize [45], wheat [43], rice [23,46] and peanut [47]. Enhanced antioxidant enzyme
activities as well as activities of non-enzymatic antioxidants like glutathione, non-protein thiols, and
ascorbic acid have been reported in several plant species under heavy metal stress [48,49]. Si-mediated
detoxification through stimulating enzymatic and non-enzymatic antioxidants has also been observed
under Pb, Mn, Zn and Cu stress [20]. In light of the previous studies, application of Si appears to
induce the antioxidant system in plants, thereby improving stress resistance, but it is still unclear if
this results from a direct or indirect action of Si [50].

5.3. Compartmentation within Plants

Enhanced compartmentation of metal elements in plant tissues has been observed with Si
supplementation in several studies. Williams and Vlamis [51] observed for the first time that the effect
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of Si in alleviating Mn toxicity in barley was not the result of a reduction in Mn concentration, but
rather of improved compartmentation within the leaf tissues. Another level of compartmentation,
mostly regulated through the translocation activity leading to the increased metal concentration in
plant roots compared to shoots, has been widely reported with Si supplementation [52,53]. The Si
treatment was observed to reduce transport of Zn from roots to shoots and increase the binding of
Zn to the cell wall, thus decreasing Zn concentration in the rice shoots [53]. In wheat, Si application
found to reduce Cd translocation from root to shoots and grains [54]. In rice, Shi et al. [29] observed a
Si-decreased root to shoot translocation of Cd by 33%. Microscopic analysis performed by Shi et al. [29]
clearly showed deposition of Cd near the endodermis and epidermis; however, a high amount of Si
was found to be deposited near the endodermis than in the epidermis. The Si deposition at endodermis
seems to play a crucial role in decreasing Cd translocation from the epidermis to the endodermis. In
addition, with Si application in rice, decreased Cd accumulation in shoots was found to be associated
with the increased compartmentalization of Cd in the root cell walls [23]. Considerable reduction in
the symplasmic concentration of Cd and increase in the apoplastic concentration in maize grown with
Si supplementation have been reported by Vaculik et al. [55]. Silicon was also observed to increase the
Mn localization in the cell wall in cucumber [56] and cowpea [57] under Mn stress and in rice, under Zn
stress [26]. Furthermore, in Si-treated plants, less Mn was located in the symplast (<10%) and more Mn
was bound to the cell wall (>90%) compared to control plants (about 50% in each compartment) [58].
Hence, Si-mediated detoxification of heavy metals through their compartmentation into different plant
tissues might be a key mechanism supporting the beneficial role of Si.

5.4. Chelation Mediated Metal Toxicity Reduction with Silicon Application

The Si-mediated heavy metal detoxification predominantly includes the chelation of metal by
flavonoid-phenolics or organic acids. Increased phenol exudation up to 15 times has been observed
in maize upon Si supplementation. The phenolic compounds like catechin and quercetin have high
Al-chelating activity, which can alleviate Al toxicity in the root tip apoplast [10,59]. Barceló et al. [60]
revealed a considerable increase of malic acid concentration upon Si application in maize under Al
stress. The reduced Al toxicity was found to be correlated with the chelating of Al with malic acid.
In bamboo, Si has also been observed to increase the concentration of Cu(I) S-ligands that chelate
Cu as well as increase the Cu sequestration in a less toxic form [61]. Keller et al. [52] have observed
reduction in translocation of Cu from root to shoot in wheat grown with Si supplementation. The
altered translocation of Cu may be because of the increased proportion of citrate, malate, and aconitate
in roots of wheat seedlings. Taken together, these studies suggest that Si may indirectly promote the
chelation of heavy metals in plants, thereby reducing their phytotoxicity.

Schaller et al. [62] recently reported that Si availability was significantly correlated to phosphorus
(P) mobilization in Arctic soils. The results confirmed that the addition of Si significantly increases P
mobilization by mobilizing Fe(II)-P phases from mineral surfaces as well as increases soil respiration
in P deficient soils. The study highlights the Si as an important component regulating P mobilization
in Arctic soils. Besides an important nutrient element, P supplementation also plays an important
role in biochemical activities in the soil. In this regard, significant efforts have been performed to
understand the effects of P mobilization on bioavailability of heavy metals [63]. A considerably high
number of studies have shown the importance of P compounds to reduce bioavailability of heavy
metals by immobilizing the metal ions in the soil [64]. Therefore, Si mediated P mobilization seems a
valuable option for the sustainable management of P availability as well as for the minimizing losses
that occurred due to heavy metals in agro-ecosystems.

5.5. Regulation of Gene Expression

Phytochelatin synthesis represents one of the major heavy metal detoxification mechanisms in
plants [65]. The Si-mediated mitigation of metal toxicity is also attributed to its role in altering gene
expression. In Arabidopsis grown under Cu stress, Si supplementation was observed to stimulate
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the genes governing the production of metallothioneins (MTs), a well-known chelating agent [66].
Similarly, significantly downregulated expression of the genes encoding heavy metal transporters
(OsHMA2 and OsHMA3), and upregulation of the genes responsible for Si transport (OsLSi1 and
OsLSi2) has been observed with Si supplementation in rice [3]. Similarly, the enhanced expression
of phytochelatin synthase 1 (PCS1) and decreased expression of the metallothionein gene (MT1a) was
associated with Si supplementation in Arabidopsis under Cu stress [67]. Recently, Ma et al. [68] have
shown that Si supply under Cd stress in rice upregulated the expression of OsLsi1 (encoding for Si
transport NIP-III (Nodulin 26-like intrinsic proteins-III) Aquaporin) and downregulated the expression
of Nramp5, a gene involved in the Cd transport. However, many plant species particularly belonging
to family brassicaceae [69], solanaceae [70], and Linaceae [71] does not carry any Si-transporter (NIP-III
Aquaporin) and are known as poor Si accumulators. However, several reports suggesting Si derived
benefits in such species make it more difficult to understand the molecular consequences [72,73]. So
far, the Si-mediated mechanisms for the reduction of metal toxicity are less understood at the genetic
and molecular levels. A better understanding of the gene expression dynamics involved in Si-driven
alleviation of metal toxicity is necessary to properly decipher the molecular mechanism underlying this
phenomenon. Still, limited efforts have been directed toward explaining Si-mediated transcriptomic
changes in plants, and none of those were related to metal toxicity.

5.6. Structural Alterations Related to Metal Stress Tolerance in Plants

Morphological and anatomical features of crop plants get improved with Si supplementation that
helps to overcome the adverse effects of heavy metal stress. Notable examples where increased plant
height, root length, number of leaves and leaf size have been observed with Si application to plants
under Cd, Zn and Pb stress [74,75]. Ali et al. [76] observed that Si + Cr treatments increased plant
height, the number of tillers, root length, and leaf size of barley plants compared to plants treated
with Cr only. Similarly, root length and shoot size were significantly increased with Si compared
to without Si treatment [74]. Doncheva et al. [77] reported that the Si application increased the
leaf-epidermal-layer thickness in maize plant under Mn stress. Silicon was also reported to increase
xylem diameter, epidermis, mesophyll and the transverse area of collenchymas and mid-vein under
Cd and Zn stress [28,78]. The accelerated development of the Casparian bands, suberin lamellae,
and root vascular tissues was observed in maize with Cd + Si treatments [45,55]. Similarly, higher
growth of suberin lamellae in the endodermis particularly near the root tips has been observed with Si
application in rapeseed and Indian mustard grown under Cd stress [79]. In wheat, Greger et al. [80]
reported the formation of apoplastic barriers in the endodermis closer to the root apex in the presence
of Si in Cd-treated plants. Thus, structural alterations induced by Si under metal stress may explain
the alleviation of heavy metal toxicity.

5.7. Co-Precipitation of Metals by Silicon Application in Soil

Many studies suggest that the co-precipitation of metals by Si leads to the alleviation of heavy
metal stress in plants. For example, Si treatment in plants under Al stress was suggested to form
aluminosilicates or hydroxyaluminosilicates (or both) in the apoplast of the plant root apex leading to
Al detoxification [22,60]. In Minuartia verna (Si-accumulating dicot), Si was reported to co-precipitate
Zn as their silicates in the leaf epidermis cell wall [81]. Gu et al. [26] observed the co-precipitation
of Si with Cd in the stem of rice that lowered heavy metal concentration in leaves. Similarly, Si was
proposed to form a complex with Zn at the leaf surface of Cardaminopsis halleri [82]. Zhang et al. [23]
observed synchronous accumulation of Si and Cd in the middle and border of phytoliths in rice shoots.
However, there are some contrasting reports, such as ones by Rizwan et al. [83] and Keller et al. [52],
where Cu and Cd were not found in the leaf phytoliths of wheat. These reports suggest the possibility
of a mechanism other than the co-precipitation involved in Cu detoxification in wheat plants. Similarly,
Dresler et al. [84] report also support the notion since Si–Cd complexes were not observed in maize
plants treated with Si under Cd stress.
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6. Approaches for Improving Silicon Accumulation in Crop Plants

The beneficial effect of Si for mitigating the toxic effects of heavy metals is usually apparent in
plants that accumulate high levels of Si in their shoots [53,85]. Silicon accumulation in plants depends
upon the availability of silicic acid (H4SiO4) in the soil as well as the inherent capacity of the plant for
Si uptake. Silicon availability in a soil can be improved by applying Si-rich fertilizers or by modifying
soil properties, whereas genetic modification or selection can improve the inherent capacity a species
to accumulate Si. The different approaches used for increasing Si accumulation in crop plants are
presented in Figure 3 and are discussed in the following sections.

Figure 3. The different approaches that can be utilized for improving silicon accumulation to enhance
metal stress tolerance in crop plants.

6.1. Silicon Fertilization

The estimated amount of Si removed annually by different crops on a global scale is between
210 and 224 million tons [86]. Continuous and intensive cropping of Si-accumulator crops results
in a significant reduction of plant-available Si in the soil [87]. Desplanques et al. [88] noted that five
years of continuous cultivation of rice could exhaust most of the available Si from the soil. In addition,
certain soils contain low levels of Si, particularly the plant-available form, and these soils include
Oxisols, Ultisols, and Histosols as well as soils that are composed of a large fraction of quartz [89].
Silicon is absorbed by plants in the form of monosilicic acid (H4SiO4) and its concentration in the
soil solution will determine the amount a plant accumulates [90]. Fertilization can rapidly increase
the concentration of H4SiO4 in the soil and has become a standard practice in areas with intensive
cropping systems, particularly for those soils that are inherently low in soluble silicon [91,92]. Several
studies have shown a beneficial effect of an adequate supply of Si in growth medium not only for high
Si-accumulating plants such as rice [46] and sugarcane but also for poor accumulators like tomato,
cucumber, strawberry and orange [93,94] (Table 2). On the other hand, some studies have also shown
that the fertilization regime can influence the amount of Si that will be available to the plant [94].
With respect to the alleviation of heavy metal tolerance, Ning et al. [95] and Jarosz et al. [93] observed
less concentration of Zn and Cu in fruits of plants grown with Si-based fertilizer. However, most of
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the studies to date have been carried out in greenhouses, and there is a lack of data supporting the
performance of Si-based fertilizers in large-scale field experiments.

6.2. Modification of Soil Properties

The abundance of Si in soils does not necessarily relate to the concentration of plant-available
Si [91]. The concentration of H4SiO4 in the soil solution is influenced by many soil factors such as pH,
temperature, weathering of soil, moisture, redox potential, amounts of clay, mineral, organic matter
and Fe/Al oxides/hydroxides [86]. The solubility of both the crystalline and the amorphous silica is
approximately constant between pH values 2 and 8.5 and increases rapidly at pH ~9. The soil pH
also affects the formation of Si-complexes with other elements, for instance, the amount of monosilicic
acids that is absorbed by Fe/Al oxides increases from pH 4 to pH 10. Kaczorek and Sommer [96] have
revealed that, under the conditions of soil acidification, the number of free silica increases. Similarly,
Höhn et al. [97] reported an increase of Si available in the soil with a decrease in pH. In this regard,
the application of acid-producing fertilizer increases the concentration of H4SiO4 in the soil solution,
whereas liming and high organic matter content results in a reduction in the concentration and mobility
of the H4SiO4.

6.3. Approaches for Genetic Gain

Identification of two Si-transporters genes using low silicon (Lsi) rice mutants by Ma et al. [98,99]
are the milestone discoveries that accelerated Si research many folds. One of the genes is a passive
influx transporter (OsLsi1) belonging to an NIP group of the aquaporin family, which is responsible
for the uptake of Si from soil into the root cells [15,100]. Several homologs of the Lsi1 have been
identified and functionally validated in different plant species (Table 3, Supplementary Text 1: Table
S1). Another gene, Lsi2, encodes an active efflux transporter and belongs to the cation transporter
family (Table 3; Figure S1). The information about the Lsi1 and Lsi2 was helpful to understand the
uptake of Si from the root and subsequent trans-location from roots to aerial parts of the plant [101].
It also provided an opportunity to explore transgenic approaches for the enhancement of Si-uptake,
particularly in poor accumulator plant species. In Arabidopsis, a well-known poor accumulator,
heterologous expression of wheat Si-transporter (TaLsi1) showed increased Si absorption by several
folds [102]. Similarly, functionally characterized Si-transporter (mostly with Xenopus oocyte assays) from
different species could be utilized efficiently for the development of transgenic crop plants (Table S1).
Recently, Deshmukh et al. [103] showed categorization of plant species as poor or high Si-accumulator
based on the presence of Lsi1 homolog. The interspecies variation can be sufficiently explained by
the characterization of Lsi1 homolog. Considerable interspecies variation for Si concentration has
been reported, ranging from 0.1 to 10%, although these variations appear to be more limited at the
intraspecies level [14]. For example, in sugarcane (Saccharum officinarum), the Si concentration in the
shoots of different genotypes has been observed to range from 6.4 to 10.2 mg−1 [104]. Similarly, in a
survey of about 400 cultivars of barley (Hordeum vulgare), the Si concentration in barley grain revealed
a variation, ranging from 1.24 to 3.80 mg·g−1 in barley grains [105]. In rice, japonica rice cultivars
usually accumulate more Si than indica rice cultivars [106]. Quantitative trait loci (QTLs) governing
the intra-species variation have been identified in rice. However, these QTLs do not collocate with the
major genes Lsi1 and Lsi2, and the discovery of Lsi1 and Lsi2 enhanced molecular understanding of
Si-uptake has limited use for crop improvement. The gene(s) responsible for the genotypic differences
have yet to be identified. Efforts towards the identification of such genes will help to develop cultivars
with better Si uptake through breeding approaches.
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Table 3. Influx/efflux Si transporters as well as their ortholog’s identified in different crop species.

Crop Species Transporter Type Expression Site References #

Maize
ZmLsi1 Influx Root S79

ZmLsi6 Influx Leaf Sheaths and
blades S80

ZmLsi2 Efflux Roots S80

Rice

OsLsi1 Influx Roots S81
OsLsi2 Efflux Roots S82
OsLsi6 Influx Leaf S83
OsLsi3 Influx Panicles S84

Barley
HvLsi2 Efflux Root S80
HvLsi1 Influx Root S85

HvLsi6 Influx Leaf Sheaths and
blades S86

Soybean GmNIP2-1 Influx Root and shoot S87
GmNIP2-2 Influx Root and shoot S87

Wheat TaLsi1 Influx Root S88

Pumpkin CmLsi1 Influx Root and shoot S89
CmLsi2 Efflux Root and shoot S89

Horsetail

EaNIP3;1 Influx Root and shoot S90
EaNIP3;3, Influx Root and shoot S90
EaLsi2-1 Efflux Root and shoot S91
EaLsi2-2 Efflux Root and shoot S91

Potato StLsi1 Influx Root and leaves S92

Tomato SlNIP2-1 (V140del) * Influx Root and leaves S93

* mutated version where removal of Valine at potion 140 in non-functional wildtype turn it into a functional
Si-transporter; # Detailed list of references are provided in the Supplementary Text 2.

7. Conclusions

Natural and anthropogenic activities have resulted in a higher concentration of toxic metals in
the agricultural farmlands leading to the severe adverse effects on crop production and productivity
as well as human health. In this regard, Si has emerged as a practical option to reduce phytotoxicity
and accumulation of toxic metal in plants. Beneficial effects derived from Si have been reported
in several studies and have been explained through different possible mechanisms, although more
experiments are needed to validate them. Many studies argue that the use of Si-based fertilizers
constitutes a promising approach to alleviate heavy metal toxicity and large-scale field studies should
be undertaken to define with precision the extent of Si-derived benefits. At the same time, the
enhancement of the genetic potential of plants to uptake Si would represent an interesting avenue to
optimize their responses to Si. The recent advances in the field of genomics, computational biology,
and high-throughput phenotyping will facilitate the deciphering of the genetic basis of Si accumulation
in crop plants, which in turn should accelerate the development of varieties accumulating higher levels
of Si. This strategy would fit very well in a program of sustainable agriculture to improve heavy metal
tolerance in plants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/3/71/s1,
Figure S1: Diagram showing the absorption of Si in rice plants. Silicon enters the exodermis in the form of silicic
acid through specific influx transporter (Lsi1) and leaves into the cortex through active transporters (Lsi2). In
the cortex, silicic acid moves apoplastically until it reaches the endodermis, where the silicic acid is loaded into
the stele by Lsi1 and Lsi2 transporters. The solid green line shows the path of Si transport. Table S1: Details of
silicon transporter genes from different plant species were validated using oocyte assay or transgenic approaches.
Supplementary Text 1: Detailed discussion about the deficiency symptoms caused by different metals in plants,
toxic effects of heavy metals on growth, development, and metabolism of different crop species. Supplementary
Text 2: Details of references provided in Tables 1–3.
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56. Dragišić Maksimović, J.; Mojović, M.; Maksimović, V.; Römheld, V.; Nikolic, M. Silicon ameliorates
manganese toxicity in cucumber by decreasing hydroxyl radical accumulation in the leaf apoplast. J. Exp.
Bot. 2012, 63, 2411–2420. [CrossRef] [PubMed]

57. Iwasaki, K.; Maier, P.; Fecht, M.; Horst, W.J. Leaf apoplastic silicon enhances manganese tolerance of cowpea
(Vigna unguiculata). J. Plant Physiol. 2002, 159, 167–173. [CrossRef]

58. Rogalla, H.; Römheld, V. Role of leaf apoplast in silicon-mediated manganese tolerance of Cucumis sativus
L. Plant Cell Environ. 2002, 25, 549–555. [CrossRef]

59. Kidd, P.; Llugany, M.; Poschenrieder, C.; Gunse, B.; Barcelo, J. The role of root exudates in aluminium
resistance and silicon-induced amelioration of aluminium toxicity in three varieties of maize (Zea mays L.).
J. Exp. Bot. 2001, 52, 1339–1352. [PubMed]

60. Barcelo, J.; Guevara, P.; Poschenrieder, C. Silicon amelioration of aluminium toxicity in teosinte (Zea mays L.
ssp. mexicana). Plant Soil 1993, 154, 249–255. [CrossRef]

61. Collin, B.; Doelsch, E.; Keller, C.; Cazevieille, P.; Tella, M.; Chaurand, P.; Panfili, F.; Hazemann, J.-L.;
Meunier, J.-D. Evidence of sulfur-bound reduced copper in bamboo exposed to high silicon and copper
concentrations. Environ. Pollut. 2014, 187, 22–30. [CrossRef] [PubMed]

62. Schaller, J.; Faucherre, S.; Joss, H.; Obst, M.; Goeckede, M.; Planer-Friedrich, B.; Peiffer, S.; Gilfedder, B.;
Elberling, B. Silicon increases the phosphorus availability of Arctic soils. Sci. Rep. 2019, 9, 449. [CrossRef]

274



Plants 2019, 8, 71

63. Bolan, N.S.; Adriano, D.C.; Naidu, R. Role of phosphorus in (im) mobilization and bioavailability of heavy
metals in the soil-plant system. In Reviews of Environmental Contamination and Toxicology; Springer: Berlin,
Germany, 2003; pp. 1–44.

64. Gupta, D.; Chatterjee, S.; Datta, S.; Veer, V.; Walther, C. Role of phosphate fertilizers in heavy metal uptake
and detoxification of toxic metals. Chemosphere 2014, 108, 134–144. [CrossRef]

65. Rea, P.A. Phytochelatin synthase: Of a protease a peptide polymerase made. Physiol. Plant. 2012, 145,
154–164. [CrossRef]

66. Li, J.; Leisner, S.M.; Frantz, J. Alleviation of copper toxicity in Arabidopsis thaliana by silicon addition to
hydroponic solutions. J. Am. Soc. Hortic. Sci. 2008, 133, 670–677. [CrossRef]

67. Khandekar, S.; Leisner, S. Soluble silicon modulates expression of Arabidopsis thaliana genes involved in
copper stress. J. Plant Physiol. 2011, 168, 699–705. [CrossRef]

68. Ma, J.; Cai, H.; He, C.; Zhang, W.; Wang, L. A hemicellulose-bound form of silicon inhibits cadmium ion
uptake in rice (Oryza sativa) cells. New Phytol. 2015, 206, 1063–1074. [CrossRef] [PubMed]

69. Sonah, H.; Deshmukh, R.K.; Labbé, C.; Bélanger, R.R. Analysis of aquaporins in Brassicaceae species reveals
high-level of conservation and dynamic role against biotic and abiotic stress in canola. Sci. Rep. 2017, 7, 2771.
[CrossRef] [PubMed]

70. Shivaraj, S.; Deshmukh, R.; Bhat, J.A.; Sonah, H.; Bélanger, R.R. Understanding Aquaporin Transport System
in Eelgrass (Zostera marina L.), an Aquatic Plant Species. Front. Plant Sci. 2017, 8, 1334. [CrossRef] [PubMed]

71. Shivaraj, S.; Deshmukh, R.K.; Rai, R.; Bélanger, R.; Agrawal, P.K.; Dash, P.K. Genome-wide identification,
characterization, and expression profile of aquaporin gene family in flax (Linum usitatissimum). Sci. Rep.
2017, 7, 46137. [CrossRef] [PubMed]

72. Zargar, S.M.; Mahajan, R.; Bhat, J.A.; Nazir, M.; Deshmukh, R. Role of silicon in plant stress tolerance:
Opportunities to achieve a sustainable cropping system. 3 Biotech 2019, 9, 73. [CrossRef]

73. Jiang, N.; Fan, X.; Lin, W.; Wang, G.; Cai, K. Transcriptome Analysis Reveals New Insights into the Bacterial
Wilt Resistance Mechanism Mediated by Silicon in Tomato. Int. J. Mol. Sci. 2019, 20, 761. [CrossRef]

74. Farooq, M.A.; Ali, S.; Hameed, A.; Ishaque, W.; Mahmood, K.; Iqbal, Z. Alleviation of cadmium toxicity
by silicon is related to elevated photosynthesis, antioxidant enzymes; suppressed cadmium uptake and
oxidative stress in cotton. Ecotoxicol. Environ. Saf. 2013, 96, 242–249. [CrossRef]

75. Bharwana, S.; Ali, S.; Farooq, M.; Iqbal, N.; Abbas, F.; Ahmad, M. Alleviation of lead toxicity by silicon is
related to elevated photosynthesis, antioxidant enzymes suppressed lead uptake and oxidative stress in
cotton. J. Bioremed. Biodeg 2013, 4, 10.4172.

76. Ali, S.; Farooq, M.A.; Yasmeen, T.; Hussain, S.; Arif, M.S.; Abbas, F.; Bharwana, S.A.; Zhang, G. The influence
of silicon on barley growth, photosynthesis and ultra-structure under chromium stress. Ecotoxicol. Environ.
Saf. 2013, 89, 66–72. [CrossRef]

77. Doncheva, S.; Poschenrieder, C.; Stoyanova, Z.; Georgieva, K.; Velichkova, M.; Barceló, J. Silicon amelioration
of manganese toxicity in Mn-sensitive and Mn-tolerant maize varieties. Environ. Exp. Bot. 2009, 65, 189–197.
[CrossRef]

78. da Cunha, K.P.V.; do Nascimento, C.W.A. Silicon effects on metal tolerance and structural changes in maize
(Zea mays L.) grown on a cadmium and zinc enriched soil. Water Air Soil Pollut. 2009, 197, 323. [CrossRef]

79. Vatehová, Z.; Kollárová, K.; Zelko, I.; Richterová-Kučerová, D.; Bujdoš, M.; Lišková, D. Interaction of silicon
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Abstract: Phytoremediation is one of the safer, economical, and environment-friendly techniques in
which plants are used to recover polluted soils, particularly those containing toxic organic substances
and heavy metals. However, it is considered as a slow form of remediation, as plants take time to
grow and flourish. Various amendments, including the augmentation of certain chemical substances
i.e., ethylenediamine tetraacetic acid (EDTA), ethylene glycol tetra acetic acid (EGTA), and sodium
dodecyl sulfate (SDS) have been used to induce and enhance the phytoextraction capacity in plants.
Several reports show that chemical amendments can improve the metal accumulation in different
plant parts without actually affecting the growth of the plant. This raises a question about the amount
and mechanisms of chemical amendments that may be needed for potentially good plant growth and
metal phytoremediation. This review provides a detailed discussion on the mechanisms undertaken
by three important chemical amendments that are widely used in enhancing phytoremediation (i.e.,
EDTA, EGTA, and SDS) to support plant growth as well as soil phytoremediation. A core part of this
review focuses on the recent advances that have been made using chemical amendments in assisting
metal phytoremediation.

Keywords: environmental pollution; phytoextraction; cadmium; biostimulation; oxidative damage

1. Introduction

Heavy metal pollution is regarded as a serious problem for crop production [1]. In soil ecosystems,
the gradual increase in heavy metal levels is a major concern throughout the world [2]. Heavy metal
pollution is a vital issue for environmental management due to the rapid increase in anthropogenic
activities, including industrialization, transportation, and urbanization. Several sources of heavy metals
include medical waste, the combustion of coal, petrol, mining, fertilizers, smelting, and pesticides,
which are adding heavy metals to the environment [3,4]. Among these heavy metals, cadmium (Cd),
lead (Pb), aluminum (Al), zinc (Zn), manganese (Mn), chromium (Cr), and copper (Cu) are considered
as common toxic heavy metals [1].

Toxic heavy metals considered as phytotoxic agents to plants that affect the plant morphological
and physiological processes such as lower growth rate, stomatal movement and nutrient imbalance,
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and photosynthetic processes result in the oxidative damage [5]. Due to increased contamination of
soil by toxic metal components, it is important to use necessary techniques for cleaning up heavy
metals from contaminated soil, which requires an effective and reasonable solution. Some modern
techniques that have been used for the remediation of heavy metals are based on the biological,
chemical, and physical approaches [6]. Phytoremediation is one of the biological approaches used
for the remediation of soils. Phytoremediation is preferable due to its safety and lower cost as
compared to physical and chemical remediation [6]. The technologies of metal phytoremediation
include phytoextraction, phytostabilization, and phytovolatilization [7]. Among these, phytoextraction
is one of the promising techniques being used for reclaiming the metal polluted soils [1].

However, the heavy metal extraction by plants is usually limited by the availability of heavy
metals in soils. The application of chemical enhanced technology is one of the prevalent approaches,
which helps the uptake of heavy metals and their translocation in the aboveground parts of plants [4,8].

Several chemical amendments have been used for the enhancement of phytoextraction processes.
In recent years, chemical amendments including ethylenediamine tetraacetic acid (EDTA), ethylene
glycol tetraacetic acid (EGTA), and sodium dodecyl sulfate (SDS) are widely used for soil remediation
applications, which can bring potential metal leaching risk. EDTA is considered as having the most
potential and most studied chemical amendment, and is used to increase the phytoextraction of metals
from contaminated soils [9].

Therefore, it is important to increase phytoremediation efficiency through the phytoextraction
processes of heavy metals. The phytoremediation of heavy metals in plants may be enhanced through
an emerging chemical amendments technology. Our present review attempts to describe the potential
benefits of chemical amendments in phytoremediation research.

2. Source of Heavy Metal Pollution, Ecotoxicity, and Approaches for Remediation

In general, heavy metals originate from anthropogenic and natural sources. Different sources
of heavy metals were identified such as (a) industrial sources, (b) domestic effluent, (c) agricultural
sources, and (d) natural sources such as the atmosphere (Figure 1). It has been reported that most of
the areas in the world such as China, Japan, and Indonesia have been contaminated by Cd, Cu, and Zn
due to mining and agricultural operations [6].

In terrestrial ecosystems, the heavy metal contaminations are increasing due to anthropogenic
activities, which are known to be liable for ecotoxicity. The largest availability of heavy metals toxicity
occurs in soil and aquatic ecosystems, whereas the smaller portion of metals available in the atmosphere
form of vapors or particulate. In soil, the major heavy metal ranges vary from 0.01 to 0.7 ppm dw of
Cd, 2 to 200 ppm dw of Pb, 10 to 300 ppm dw of Zn, 5 to 3000 ppm dw of Cr, and 7000 to 55,000 ppm
dw of Fe etc. [10]. Heavy metal pollution in soils is becoming increasingly common in the agricultural
sector, and affects food safety and crop growth. The metal toxicity in plants is not the same; it varies
with plant species, metal concentration, soil pH, soil composition, specific metal and chemical form,
etc. According to Misra and Mani [11], the range of vital heavy metal in plants is 0.1 to 2.4 μg−1 dw for
Cd, 1 to 13 μg−1 dw for Pb, 0.02 to 7 μg−1 dw for As, 8 to 100 μg−1 dw for Zn, 0.2 to 1 μg−1 dw for Cr,
140 μg−1 dw for Fe, etc.

Toxic heavy metal is hazardous to the environment. Therefore, heavy metal remediation in the
soil is very important [12]. Over the past few decades, various techniques were employed for the
remediation of toxic heavy metals. The preferred strategies were selected for the remediation of heavy
metal from the environment based on their technical complexity and cost [13]. The techniques include
physical, chemical, and biological methods [14].
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Figure 1. Sources of heavy metals, and foliar, root uptake of heavy metals in plants.

Traditionally, the contaminated soils are cleaned up by excavation or removing the soils from
the land sites. The toxic metals problems in the soil may also arise due to the transportation of
contaminants that are closely adjacent to the soils [15]. Soil washing is another strategy to eliminate soil
metal contaminants, but it has been reported that this is unsuitable for plant growth and development
due to the hindrance of biological and chemical activities [16]. Chemical methods are not preferable
due to alterations in the soil texture and structure, expense, and the generation of high quantities of
sludge [16,17].

2.1. Physiochemical Techniques

The physiochemical technique includes excavation, leaching, landfill, and thermal treatment
(bioreactor) approaches. Nevertheless, these processes are fast but costly, and have detrimental effects
on the soil properties [13,18]. These techniques are not completely suitable for heavy metal remediation,
and only change the form of the problem without remediating the pollutants thoroughly [19].

2.2. Biological Approaches

Heavy metals are removed from the environment through natural remediation coordinated
by microorganisms and plants [14]. Biological remediation is a preferable method as it is natural,
cost-effective, environmentally friendly, and has wider public support [20]. There are several approaches,
such as bioaugmentation, biostimulation, bioleaching, composting, bioreactors, bioremediation,
and phytoremediation [21]. Biological approaches are considered superior to physiological approaches,
because these processes use solar energy and ensure that the soil properties are conserved [20].
Bioremediation is a technique by which heavy metals are removed from the environment [19,22].
Bacterial strains such as P. aeruginosa and Bacillus spp. can remediate metals such as zinc and
copper in this context [23]. Bioremediation can be done using biostimulation, biofilters, treated and
pumped methods, bioventing, bioreactors, composting, land forming, bioaugmentation, and intrinsic
bioremediation [24]. The efficiency of phytoremediation can be increased if microbes are used [25].

2.2.1. Phytoremediation of Heavy Metals

Phytoremediation is a part of the emerging green technology being used for the uptake of various
heavy metals in different amounts from the soil and storage of them in parts of the plant that can be
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harvested [26]. With changes in soil properties, plants can tolerate pollutants [27]. Soils containing
heavy metals can be easily treated through phytoremediation, and the biomass that is formed during the
process can be further applied in biodiesel production. Thus, bioenergy crops such as Brassica species,
which are known to accumulate toxic metals, are increasingly suitable for this purpose. Some plants
can accumulate pollutants in tissues [28]. The Jerusalem artichoke (Helianthus tuberosus L.) is known to
be an energy crop that is used for the phytoremediation of soils contaminated by heavy metals. It is
more suitable for the phytoextraction of heavy metals among the energy crops. The highest heavy
metal uptake was observed at a dose of 60 Mg DMha−1 in the Jerusalem artichoke [29].

Hyperaccumulating plants are fit to grow on soils contaminated with heavy metals and can be
used to remove pollutants [19]. Plants that contain greater than 10,000 mg/kg dry weight of Zn or
Mn or more than 1000 mg/kg dry weight of Ni, Cu, or Pb or greater than 100 mg/kg dry weight of
Cd in contaminated areas are considered as hyperaccumulating plants. There are several families of
plants that are known to hyperaccumulate toxic heavy metals. Some such important plant families
are Lamiaceae, Fabaceae, Scrophulariaceae, Asteraceae, Euphorbiaceae, and Brassicaceae, which are
usually used in the phytoremediation processes. Other than that, there have been reports of heavy
metal hyperaccumulation in about 500 plant species [30]. Plants with greater hyperaccumulating
abilities include Alyssum bertolonii, Thlaspi caerulescens, Calendula officinalis, and Tagetes erecta [31].
Higher concentrations of Ni, Zn, and Cd are best gathered by Thlaspi caerulescens [32]. This plant
can accumulate 500–52,000 mg kg−1 of Zn and 0.3–1020 mg kg−1 of Cd. Trees are more suitable for
phytoremediation because of their greater root systems and biomass [19], although trees take more time
in accumulating metals, even in low quantities. This issue could be solved by using fast-growing plants
instead of trees [33]. For an example, the Poplus alba is a deciduous tree, which can accumulate zinc (Zn)
in different plant parts such as leaves, stems, and roots. An increasing trend of Zn accumulation was
observed in the leaves of Poplus alba with the application of SDS [34]. Phytoremediation depends on
the ability of the plants to gather increased levels of toxic metals within their tissues [35]. Some plants
contain enzymes that can break down a number of organic compounds. However, pollutants that
are inorganic cannot be degraded with these enzymes. Thus, there is a need to ensure that inorganic
pollutants be less available in soils or extracted and accumulated in different parts of the plants and also
reduce volatile versions of inorganic pollutants [36]. Energy recovery strategies can be used to produce
bioenergy from plant biomass, such as to form biodiesel. Fuel gas, char, and bio-oil can be produced via
pyrolysis, during which the biomass undergoes thermal degradation without oxygen [37]. Soils greatly
polluted with toxic heavy metals can be remediated easily by growing plants that are tolerant to more
than one heavy metal, can produce a good amount of harvestable biomass with enhanced growth rates,
and are highly competitive [30].

2.2.2. Problems with Heavy Metals of Remediation with Phytoremediation

Phytoremediation performance could be affected by several processes such as the rate of
contaminant uptake by plant roots, the availability of toxic metal ions in the soil, and the root-to-shoot
movement of the metal ions [38]. Plants store the heavy metals in the different parts of the plant such
as in the leaf, stem, and root [26]. Although phytoremediation is considered as a green technology,
it has some problems or limitations in the case of remediation of soils. According to Koptsik [39],
there are some problems or limitations of phytoremediation as follows:

• It depends on the local climate, weather, and seasonal conditions.
• It requires more time to remediate pollutants from the soil.
• It is suitable only for low-polluted territories.
• It depends on the depth of the root system and solubility of the pollutants.
• Pollutants may enter the trophic chains and adjacent media.
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3. Assistance of Chemical Amendments to Increase the Efficiency of Phytoremediation

High heavy metal concentrations in plant tissues and biomass are considered as a key factor for
the successful phytoremediation of heavy metal polluted soils [40]. The natural levels of heavy metals
are relatively high in the Earth’s crust, and most of these are phytoavailable and low soluble [41].
Chemical amendments have a key role to compensate for relatively low heavy metal availability in soil,
and it helps the plants uptake and translocate metals toward the shoot [42]. Different kinds of chemical
amendments or chelating agents have been used and tested to increase the bioavailability of metals in
plants and facilitate the transport of metals between the roots and shoots. The most important of the
three chemical amendments are EDTA, EGTA, and SDS, which have been widely used in recent years
(Figure 2).

 

 
Figure 2. Chemical structure of (A) ethylene diamine tetraacetic acid (EDTA), (B) ethylene glycol tetraacetic
acid (EGTA), (C) sodium dodecyl sulfate (SDS), and binding with metals, M2+(Cd2+, Pb2+ etc.).

3.1. Assisting of Phytoremediation by EDTA

Ethylenediamine tetraacetic acid, also known as EDTA, is used frequently in the agricultural
sector due to its ability to mobilize heavy metals. EDTA enhances metal uptake through the roots and
also supports metal xylem loading (Figure 3).

This has also been reported in previous studies [44]. The increased uptake occurs due to the
production of soluble metal–EDTA complexes [45]. Most plants are able to take up metal–EDTA
complexes [46], especially hyperaccumulator species [47]. The effect of EDTA depends on the plant
species, heavy metal, and type of soil, ranging from 0 to 200-fold higher accumulations [42]. Cu, Zn,
Pb, Ni, and Cd uptake was enhanced by EDTA in Zea mays and Lolium perenne [48]. Lead accumulation
increased fourfold in the Sedum alfredii roots [49] and twofold in Vicia faba seedlings in a 24-h
experiment [50].
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Figure 3. Chemical amendments assisting the heavy metal uptake in the plants, adapted from Souza
et al. [43]. Figure (A) depicts that a hyperaccumulator plant accumulates the heavy metal gradually
and constantly during the entire life cycle of the plant, whereas Figure (B) shows that the heavy metal
behavior of a non-hyperaccumulator plant is relatively slow, but the metal uptake increases quickly
after the application of chemical amendments along with metals.

The metal uptake rate or concentration in plants depends on the chemical amendments dose
during the application of chemical amendments. The uptake of toxic metals rate may reach a maximum
in plants at a certain amendments dose level. Before treatment, the lead (Pb) concentration was
0.025 mg/g in Typha sp. The concentration was increased to 0.846 mg/g, while 1 mL of EDTA was
added along with 1 ppm of lead. Similarly, the copper (Cu) was increased 0.030 mg/g to 0.522 mg/g,
when 1 mL of EDTA was added in combination with 1 ppm of Cu. Cd concentration was increased by
51.98% in the shoot during the application of EDTA with Cd [45].

In another study, EDTA caused a 15-fold increased uptake of lead in the roots of Vetiveria
zizanioides. The concentrations of EDTA solution (0–10 mmol·kg−1 soil) were added under the exposure
of 1000 mg·kg−1 of Pb in the form of Pb(NO3)2 for 14 days. They concluded that 10 mmol·kg−1 of
EDTA treatment was best regarding the lead (Pb) uptake in Vetiveria zizanioides [51]. The maximum Pb
concentrations in the shoot were found in Canavalia ensiformis L. when 0.5 g·kg−1 of EDTA was used
for 40 days with the application of 1800 mg·kg−1 of Pb as Pb(NO3)2 [52]. A study showed a higher
uptake of lead, but no other heavy metals from contaminated soils [53]. Under the exposure of Cd as
CdCl2 (50 mg·kg−1), the shoot concentrations of Cd significantly increased at a rate of 0.5 g·kg−1 EDTA
in Helianthus annuus [54] (Table 1).

Phytoextraction using EDTA can be made more efficient with the proper mix of organic chelators,
metals, and appropriate plant species [70].

The mechanism of EDTA increasing metal uptake is not fully understood yet. There are various
steps involved in the entrance of metals from the soil to the roots, which determines the rate of uptake
and also the capability of a plant to take in heavy metals. The uptake of metals into the roots involves:
(i) the movement of soluble metals to plant roots through mass flow or diffusion [71], (ii) adsorption on
roots, and (iii) attachment to functional groups within the rhizoderm cell surface [72]. The adsorption
of metals into the plant root surface has been observed in various studies [73]. The metal–EDTA
complexes form affects almost all of the steps previously mentioned of metals uptaking through
plant roots. Initially, EDTA allows the diffusion of metals through the roots by (i) increasing their
concentration in soil by desorbing metals and (ii) lowering the apparent diffusion coefficient of metals
in metal–EDTA complex forms [71]. Since metal–EDTA complexes carry a neutral charge, they are
not attached or blocked by polysaccharides or carboxyl groups in the rhizoderm cell surface. In this
way, EDTA allows the movement of metals directly into the roots. However, there have been various
hypotheses about whether metal–EDTA complexes dissociate just before entering the plant roots or
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enter as they are [74]. In some studies, it was shown that EDTA form complexes in solution, then enter
plants [61]. A study involving 14C-labeling showed that indeed, the full metal–EDTA complex is
absorbed, with particular selectivity toward lower charged complexes in Swiss chard. Sarret et al. [75]
mentioned that these metal–EDTA complexes are nontoxic and break down after entering the roots,
forming free heavy metal ions that could induce phytotoxicity. Inductively coupled plasma mass
spectrometry (ICP-MS) analysis of xylem sap showed the presence of metal–EDTA complexes and the
absence of EDTA individually in Hordeum vulgare grown in contaminated soil amended with EDTA.
Schaider et al. [76] showed the presence of complexes in xylem sap such as Cd–EDTA, Pb–EDTA,
and Fe–EDTA.

Table 1. Effects of heavy metals on the plants with different growing conditions along with
chemical amendments.

Heavy Growing Chemical References

Scientific Name Metals Conditions Amendments

Calendula Cd Pot EDTA, EGTA, [55]
officinalis SDS

Tagetes erecta Pb Pot EDTA [56]
Impatiens Cd Pot EDTA [57]
walleriana

Medicago sativa Cr Pot EDTA [58]
Tribulus terrestris Cd, Pb Pot EDTA [59]
Helianthus annuus Cd, Ni Pot EDTA [54]
Dianthus chinensis Cd, Zn, Pb Pot EDTA [60]
Vetiver zizanioides Cd, Zn, Pb Pot EDTA [60]

Canavalia ensiformis L. Pb Pot EDTA [52]
Brassica carinata Cd, Cr, Pb Pot EDTA [44]
Brassica juncea Cd, Cr, Pb Pot EDTA [44]
Brassica juncea Pb Pot EDTA [61]

Phaseolus vulgaris L. Pb, Zn, Cu Pot EDTA [62]
Zea mays L. cv. Pb, Zn, Cu Pot EDTA [62]
Nongda 108

Brassica juncea L. Pb, Zn Pot EDTA [63]
Czern.

Triticum aestivum Pb, Zn Pot EDTA [63]
Mirabilis jalapa L. Cd Pot EDTA, EGTA [64]

Althaea rosea Cd Pot EDTA, EGTA, SDS [65]
Mirabilis jalapa Cd Pot EDTA, EGTA [64]
Cicer arietinum Cd Pot EGTA [66]

Sesbania exaltata Pb Pot EDTA, EGTA [67]
Calendula officinalis Cd Pot EGTA, SDS [68]

Althaea rosea Cd Pot EGTA, SDS [68]
Halimione portulacoides Cu Field SDS [69]

Populus alba Zn Pot SDS [34]

3.2. Assisting of Phytoremediation by EGTA

EGTA, or ethylene glycol tetraacetic acid, is a widely used chelating agent. Similar to EDTA,
the four carboxyl groups dissociate and produce four protons (Figure 2). The two N atoms of the two
amino groups have unshared pairs of electrons each. EGTA has been shown to have more affinity
for Ca ions, but less affinity toward Mg ions. Such synthetic chelators have been successfully used
for phytoextraction [77]. The factor to consider for using EGTA is that it increases the uptake of
heavy metals by plants more efficiently. Sakouhi et al. [66] reported that applying EGTA increased Pb
accumulation by more than 80% in parts of Cicer arietinum plants above ground. After the application
of 1 mmol kg−1 of EGTA in A. rosea, the maximum total Cd content was observed, which was increased
by 72% [68]. In Mirabilis Jalapa, Cd concentration was increased by 43.27% in the shoot under EGTA
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treatment along with Cd (25 mg·kg−1) [64]. The Cd concentration was at a maximum in the shoots
when 1.0 mmol·kg−1 was used. In Calendula officinalis, 30–100 mg·kg−1 of Cd as CdCl2 was added
to the soil, and it was observed that the total Cd increases up to 217% with the application of EGTA
alone. They concluded that the use of 1.0 mmol kg−1 EGTA showed the greatest effect among the
treatments [55] (Table 1).

3.3. Assisting of Phytoremediation by SDS

SDS is a surfactant that is most commonly used in detergents, but it can also be used for heavy
metal and organic contaminant remediation from soil [34]. SDS can ameliorate solubilities of various
hydrocarbons and heavy metals such as zinc, cadmium, lead, and copper, making their removal easier,
both in phytoremediation trails involving herbaceous species [78] and soil flushing [79]. Surfactants
contain a hydrophobic portion that has less affinity for aqueous solutions, and the hydrophilic
polar portion, which has a higher affinity for aqueous solutions. Thus, surfactants are amphiphilic.
Anionic surfactants such as SDS are amphipathic, as they can interact with both non-polar and polar
macromolecules, causing membrane damage and even oxidative stress [80]. However, the direct
involvement of SDS in plant remediation trials has not yet been widely investigated, because some
strains of Pseudomonas can degrade SDS by using it as a carbon source [81,82] and photoelectrochemical
reactions [83]. It has been observed that SDS can increase the dry biomass of plants such as Althaea
rosea, and also promote Cd accumulation in roots and shoots [65]. Calendula and Althaea rosea provide
some evidence that Zn accumulation changes with the presence of SDS [34]. When 1 mM of Zn was
added in combination with 0.5 mM of SDS, the Zn translocation was increased toward basal leaves in
Poplus alba [34]. The maximum Cd concentration was observed in the shoots and roots in Althaea rosea,
when 1.0 mmol kg−1 was added among the single SDS treatments (0.5 mmol·kg−1 to 2 mmol·kg−1) [68].
In Calendula officinalis, when the applied soil Cd contamination was 30 mgkg−1, the Cd concentrations in
the shoot increased significantly under 0.5–2.0 mmolkg−1 SDS treatments. For the higher concentration
of 100 mg·kg−1 Cd as CdCl2, the application of SDS (0.5–2.0 mmol·kg−1) was observed to increase
the Cd concentrations in the shoot. They concluded that the maximal shoot Cd concentrations were
observed when 2.0 mmol·kg−1 SDS were used [55] (Table 1).

4. Challenges with Chemical Amendments

Chemical amendments are useful in phytoremediation methods used to phytoextract heavy metals
from contaminated soil; however, adding EDTA, EGTA, and SDS also have a few limitations [84],
such as toxic effects toward soil microbes [85], soil enzyme activities, and on cultivated plant species [86].
Due to metal mobilization during extended periods, the chemical-assisted phytoextraction increases
the risk of adverse environmental effects. Chemical amendments can disrupt chemical properties and
the physical structures of soil by dissolving minerals.

EDTA and its metal complexes are not just highly toxic, but also non-biodegradable and could
persist for many weeks [87]. EDTA is an exogenous substance that has adverse environmental effects
on soils. EDTA is said to persist within the soil for six months or more [86]. EDTA-facilitated metal
movement through soil could occur post-growing season. A monitoring study conducted by [88]
mentioned a similar movement of metals such as Zn, Cu, Pb, and Cd using EDTA post-treatment while
observing the behavior of heavy metals. Grcman et al. [89] observed that EDTA could leave phytotoxic
effects on plants such as red clover. Luo et al. [90] reported similar phytotoxic effects by EDTA even
after six months since addition to the soil.

A recent study by Krujatz [91] found that EDTA reduced the toxicity of Ni2+ and Cd2+ within
the stoichiometric ratio, but still inhibited the growth of Pseudomonas brassicacearum above the ratio.
EDTA also has potentially toxic effects on fungi and bacteria living in soil [88] and plants [84].
Ruley et al. [92] observed lower photosynthetic activity in seedlings of Sesbania drummondii that
were exposed to EDTA solutions. The toxicity of metals induced by EDTA is due to increased metal
uptake [93]. Other phytotoxic effects caused by EDTA may occur due to enhanced metal uptake
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by plants [94]. Other authors reported results of lower plant biomass when EDTA is present [95].
The toxicity symptom seen in Brassica juncea and Lolium perenne showed a significant decrease in
their biomass [87]. In Typha angustifolia, there was a significant decrease in biomass and plant height,
resulting in stunted growth [96].

Metal leaching enhanced by chemical amendments depends on various factors, such as:

• Plant-related: root type, species, type and amount of root exudates, age [52,97];
• Soil related: soil texture, pH, organic contents, competing ions, carbonates, biological and microbial

conditions, soil water holding capacity, cation exchange capacity (CEC), soil redox potential,
soil-buffering capacity [98];

• Metal related: concentration and type of metal, EDTA, EGTA, and SDS-binding capacity to a
specific metal, whether single or more than one metal contamination [61,99].

5. Conclusions and Future Direction

Heavy metals can cause serious environmental pollution, as they can accumulate in soils and persist
for a long time, and even possibly enter the food chain. The chemical amendment-induced remediation
of heavy metals by plant species is an effective technique, because it has high binding capacities toward
the majority of the heavy metals. Among the three chemical amendments, EDTA is known to be
the most efficient organic ligand that can increase metal uptake, solubilization, and translocation,
as it can form highly stable and soluble metal–EDTA complexes. Most probably, iron (Fe) is the best
metal to bind with EDTA due to its high affinity to ferric ions. Metal phytoremediation enhanced
by EDTA, EGTA, and SDS can be affected depending on various biogeochemical processes found in
plants, metal, and the soil. Chemical amendment capacity is an important aspect, in order to reduce
the time and cost needed for heavy metal contaminated soil. This can be done by increasing the heavy
metal bioaccumulation index in plants.
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Abstract: Jute (Corchorus capsularis) is a widely cultivated fibrous species with important
physiological characteristics including biomass, a deep rooting system, and tolerance to metal
stress. Furthermore, Corchorus species are indigenous leafy vegetables and show phytoremediation
potential for different heavy metals. This species has been used for the phytoremediation of
different toxic pollutants such as copper (Cu), cadmium (Cd), zinc (Zn), mercury (Hg) and lead (Pb).
The current literature highlights the physiological and morphological characteristics of jute that are
useful to achieve successful phytoremediation of different pollutants. The accumulation of these
toxic heavy metals in agricultural regions initiates concerns regarding food safety and reductions
in plant productivity and crop yield. We discuss some innovative approaches to increase jute
phytoremediation using different chelating agents. There is a need to remediate soils contaminated
with toxic substances, and phytoremediation is a cheap, effective, and in situ alternative, and jute can
be used for this purpose.

Keywords: fibrous crop; phytoextraction; environmental pollutants; morphological traits;
soil remediation; chelating agents
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1. Introduction

Heavy metals are elements with a high density, high relative atomic mass (their atomic mass
number is greater than 20), and metallic properties such as conductivity and cation stability [1–5].
Examples of heavy metals are Cu, Ni, Zn, Cd, Pb, and many others which can cause toxicity in plants.
Furthermore, some heavy metals such as Cu, Fe, Mo, and Zn are also micronutrients, i.e., required by
plants in minute quantities, but they can also cause toxicity when their levels go beyond the permissible
limits. In contrast, some other heavy metals such as Cd, Pb, and Hg are not essential for plants and
cause toxicity even in low quantities [6–13]. Cultivating plant species in highly contaminated soil can
cause morphological and physiological alterations in the plants which ultimately decrease crop yield
and productivity. Furthermore, these elements also play an integral role in many physiological and
biochemical processes such as the oxidation of many compounds, DNA synthesis, formation of many
important carbohydrates and proteins, and cell wall metabolism [3,6,14–16]. In contrast, high contents
of these elements in the soil are toxic for plants. Previously, in many studies, it was noticed that high
concentrations of metals in the soil affected crop yield and plant productivity [2,4,14,17–20]. Studies on
the phytotoxicity of heavy metals show that plant physiological process such as photosynthesis and
respiration are also affected in higher plants. [2,21–24]. In many studies, heavy metals such as Cd
and Pb are not essential for plant growth and are considered the “main threats” to the plants [25–27].
A report by Chen et al. [23] revealed that heavy metal pollution in the soil has become a critical
issue worldwide, and about 16% of the soil in China is contaminated by different heavy metals.
Moreover, heavy metals originate within the Earth’s crust; hence the occurrence of heavy metals in
soil is simply a product of weathering process [2,3,18]. Accumulation of these toxic pollutants in the
soil is dangerous to plant tissues and can alter many important biological and physiological processes
in plants. In addition, these toxic pollutants are non-biodegradable in the soil, which also makes
them very difficult to remove [6,17,28]. Heavy metal toxicity in plant tissues depends upon the plant
species. For instance, metal-tolerant species, also known as hyperaccumulators (able to accumulate
a large amount of heavy metals in their aboveground tissues) [29], have barrier mechanisms against
the toxicity caused by the heavy metal-initiated pressure, but the duration and magnitude of exposure
and other natural conditions add to the effect of heavy metals [3,4]. Some of the heavy metals such as
Cd, Ni, Zn, As, Se, and Cu are abundantly available in agricultural land, while Co, Mn, and Fe are
moderately bio-available, and Pb, Cr, and Ur are not readily available in the soil [30–32]. Hence, it is
necessary to measure, understand, and control toxic heavy metal contamination in the soil.

For this purpose, there are several techniques for removing heavy metals from metal-contaminated
soil such as soil washing, thermal desorption, incineration, stabilization, and soil flushing [33,34].
However, these techniques have many disadvantages such as cost, they require 24 h monitoring,
and they are not an efficient method to remove toxic heavy metals and other contaminants
from agricultural land [31,35]. Phytoremediation is the direct use of living green plants and
is an effective, cheap, non-invasive, and environmentally friendly technique used to transfer or
stabilize all the toxic metals and environmental pollutants in polluted soil or ground water [33,36].
Phytoremediation (phyto = plant, remediation = correct evil) means re-vegetation of land which
is spoiled by toxic substances and phytoremediation might be successful when plant using for
phytoremediation material can accumulate high concentration of heavy metals in their shoots
parts [2,37–39]. Furthermore, phytoremediation is concerned with the potential of a plant species to
accumulate high concentrations of toxic pollutants in their tissues. A number of plant metabolic
processes come into play to degrade various organic compounds. By contrast, inorganic pollutants
cannot be degraded in these processes easily. Hence, these inorganic pollutants should be less
bio-available for the plants and less easily transported in different parts of the plant tissues; there is
also a need to reduce the volatile forms of inorganic pollutants [2,40–46]. Hence, phytoremediation is
the best technique to deal with low amounts of organic or inorganic contaminants in the soil and can
be applied with other traditional soil remediation methods for efficient removal of toxic pollutants
from the soil [33,34,47]. There are many types of phytoremediation for agricultural land and water
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bodies, e.g., phytotransformation, rhizosphere bioremediation, phytostabilization, phytoextraction
(phyto-accumulation), rhizofiltration, phytovolatization, phytodegradtion, and hydraulic control.
The most common type of phytoremediation is phytoextraction in which green plants are cultivated
in metal-contaminated soil and accumulate large amounts of metals in their above ground parts;
these are hyperaccumulator species [31,48,49]. Previously, many plant species have been used
as hyperaccumulators for a range of heavy metals in the soil [23,50–55]. A report presented by
Muszynska and Hanus-Fajerska [31] mentioned that around 500 different plant species are known as
hyperaccumulators and can accumulate a large amount of toxic pollutants in their aboveground parts
without any toxic effects.

Recently, jute has been used in phytoextraction in different studies related to heavy metal
toxicity [47,56–59]. Jute is more tolerant to heavy metal stress among different fibrous crop probably
due to its distinct biological and physiological activities [27,56,60]. Jute is a vegetative fibrous crop (also
called allyott and golden fibre) and is a herbaceous annual plant belonging to the family Malvaceae;
there are two different types: Corchorus capsularis known as white jute (a variety that originates from
poor villagers in India) and Corchorus olitorius, known as Tosaa jute (a variety that originates from
native South Asia) [60–63]. Furthermore, it is a low-cost bast fibre crop, and its fibre is commonly used
for bags, sacks, packs, and wrappings. Jute is a rain-fed crop similar to rice and needs a very small
amount of fertilizer and due to its versatility; jute’s fibre is the second most important fibre source
after cotton [61,63,64]. Jute originates from the Mediterranean, but many countries in Asia such as
India, China, and Bangladesh and even many countries of South America are exporting premium jute.
These countries export 2300 × 103 to 2850 × 103 tons of jute fibre. In contrast to the fibre, jute is widely
consumed as a vegetable in almost all countries of Africa, and its leaves are used as a soup and are also
cultivated for fibre production [44,61,63]. China imports a large amount of jute fibre and its products
from Bangladesh, India, and other countries [65]. Jute is the cheapest fibre for mass consumption,
mainly glass fibre, while in terms of volume, it is the most important bast fibre after cotton. In the
modern era, jute fibres have replaced synthetic fibre in the composition of different households such as
carpets, ropes, sacks, etc. To ensure a sensible return to the farmers, a lot of new plant species have
been explored, and one of such avenue is the area of fibre -reinforced composites [60–63,65].

Although several excellent investigations have been done on jute [47,55–57,60,66,67] cultivated in
metal-contaminated soil, there is no comprehensive review on the phytoremediation potential of jute
plants grown in metal-contaminated soil. In this review article, the role of different heavy metals in the
morpho-physiological and phytoremediation potential of jute plant is discussed, and some practical
options are presented on how jute plays crucial role in the phytoextraction of different heavy metals.

2. Habitat, Growth, and Morphology of Jute

Jute is cultivated in hot and moist tropical regions of almost all continents, especially Asia and
Africa. Commercial jute cultivation is mainly restricted between 80◦18′ E–92◦ E and 21◦24′ N–26◦30′
N on the Indo-Bangladesh sub-continent. Other major jute- and kenaf-growing countries are China,
Thailand, Myanmar, Indonesia, Brazil, and Nepal. Africa and the Indo-Myanmar region are the primary
and secondary centers of origin, respectively, for jute, while the Indo-Myanmar region including South
China is considered the center of origin of jute [68–70]. Some major exporters of jute fibres along
their annual yields per tons are presented in Figure 1. African jute is also cultivated as a green leafy
vegetable for edible purposes [71]. Delta Ganga (India) is considered the best region for jute growth
because this region has alluvial soil types and a sufficient amount of rainfall. India was the greatest
exporter of jute worldwide but in 1947 India suffered a great setback because most of the area of
jute went to Bangladesh (East Pakistan), but fortunately, most of jute industries remained in India.
India has been the greatest producer of jute in the last 37 years; production increased from 4.1 million
bales to 233 10 million bales by 1998. After 1998, there was an irregular increase in jute production.
India is the leading producer of jute, with 1,968,000 tons /year followed by Bangladesh (1,349,000),
and China (29,628 tons /year) [62,72].
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Figure 1. Some major exporters of jute fibres and their annual yields per ton.

Jute is a C3 plant and is a long, soft, shiny vegetable fibre. Jute is a Kharif crop, and the optimum
seed rate for a fibre crop is 4–6 and 6–8 kg/ha, while for seed jute, the rate is 3–4 and 4–5 kg/ha
when sown in mid-May to mid-June. Consistent water logging is very dangerous to jute, and the
optimum temperature required for the growth of jute is from 24–30 ◦C with 70–80% humidity and
rainfall of 160-200 cm annually. Moreover, a small amount of pre-monsoon rainfall (25–55 cm) is
also very useful for jute as it helps in the proper growth of the plant before the arrival of the proper
monsoon. However, in the month of sowing, rainfall between 2.5–7.5 cm is sufficient for germinating
jute seedlings. Light sandy or clayey loams or new grey alluvial soil is considered best for jute
growth. Jute is mostly sown in clay or sandy loams and in river basins. Jute can also be cultivated
in red soil which requires a high amount of animal manure. Acidic soil pH is required for the best
growth, ranging from 4.8–5.8, and plains or low land is ideal for jute cultivation. The seeds of jute
are purgative [62,68]. Jute is a rainy seasonal crop and needs water amounts similar to rice, sown
mostly in rainy seasons from March to April depending upon the water availability, with harvesting
in August to September depending upon the sowing period. Nitrogen, phosphorus, and potassium
are required as the fertilizers for jute growth. The most common sowing methods for jute are line
sowing and broadcasting [60,69,73]. Jute should be harvested within 120–150 days immediately after
the shedding of the flowers. Early harvest provides good and healthy fibres. Plants with a height of
8–12 ft. are harvested with sickles close to the ground level. In flooded areas, the plants are harvested
without roots above the ground level. After harvesting, plants should be left in the ground until all
flowers are shed [62,72].

3. Plant Selection Considerations

The adaptation of a plant to metal-contaminated soil for the purpose of phytoremediation
has been widely accepted for the cleaning of metal-contaminated soil [3,23,74].
Furthermore, the phytoremediation potential of a plant depends upon fertilizer application
and growth conditions [14,24,75,76]. For phytoremediation of heavy metals, a plant species should
have fast growing vegetation, be easy to maintain, use a large amount of water through evaporation,
and convert toxic pollutants into less toxic products [59,77]. Plants selected for heavy metal
remediation should have high biomass (length and weight) with some economic importance and
should have active defense systems which help to tolerate the metal stress environment [19,34,78].
Furthermore, phytoremediation plants are selected on the basis of root depth, the nature of pollutants,
soil type, and regional climate [79,80]. In the hotter regions of the world, phreatophytes (such as
willow and cottonwood) are mostly selected because of their unique properties such as fast growth,
a deep root system, and a large number of stomata on their leaves (i.e., high transpiration rate);
the plants should be native to the country. Hybrid poplar is selected as a terrestrial species while
pondweed and coontail are selected as aquatic species [81,82]. The cleaning capacity of different
types of producers, i.e., grass, shrubs, and trees is 3%, 10%, and 20%, respectively. The nature of
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pollutants is also a key factor in the selection of a plant for phytoremediation [34,80]. Grasses are
mostly planted in metal-contaminated soil or soil with organic pollutants in tandem with trees as the
primary remediation method. Moreover, grasses provide a tremendous amount of fine roots in the
surface soil which is effective at binding and transforming hydrophobic contaminants such as total
petroleum hydrocarbons and polynuclear aromatic hydrocarbons [34].

The selection of a plant for phytoremediation is based on plant species, soil type, and climatic
conditions. Among different plant species, indigenous plant species are more favorable with
greater tolerance to the stress environment, require less maintenance, and are less toxic for human
health than non-native or genetically altered species [2,33,34]. Furthermore, there are some plant
species with the ability to take up a large amount of metals in plant tissues without noxious effects
(hyperaccumulators) [55,56,60]. Hyperaccumulators are plants with the ability to accumulate a large
amount of heavy metals in their aboveground parts compared with their belowground parts without
any toxic damage caused to their tissues [23,49]. Jute (a widely used fibrous specie) has the ability to
accumulate a large amount of heavy metals in its harvestable parts when grown in metal-contaminated
soil [57–60]. Among different fibrous crops, jute has higher potential to tolerate metal-contaminated
soil possibly due to its specific physiological and biochemical activities [47,55].

4. Studies Related to Phytoremediation Using Jute

Despite the limited scientific knowledge on heavy metal behavior in jute based on the early
nineties of the last century, on-site studies were initiated in different countries of Asia, Europe and
North America—the reason was the long-lasting tradition in the breeding and growing of jute in these
countries and also the search for new roles of this crop both in agriculture and industry at the end of
the century. In addition, phytoremediation technology emerged at this time as a new approach to clean
the environment. Later, jute plants were used in phytoremediation of different heavy metals [83–85].

Nizam et al. [57] and Uddin et al. [59] used natural contaminated soil from the Mymensingh
district in Bangladesh (As-contaminated soil) and Bhalukaupazila, Bangladesh (Pb-contaminated
soil), respectively, cultivated with different varieties of jute. Their results depicted that all fibrous
crops accumulated considerable amounts of heavy metals, and high concentrations of these toxic
pollutants were transported to the above ground parts of the plants compared with the below ground
parts. Jute plants can germinate in metal-contaminated soil and are hence considered As and Pb
accumulators, exhibiting remediation capability in contaminated soil. The author concluded that jute
plant can be considered for phytoremediation technology in metal-contaminated soil.

In our previous study, [47], we also tried to investigate the potential and tolerance mechanism
of jute under the controlled condition with different levels of Cu (0, 100, 200, 300, and 400 mg kg−1)
which was artificially contaminated CuSO4.5H2O. The objective of this experiment was to determine
the tolerance mechanism of jute and the effect of Cu toxicity on the morphological and physiological
behavior of the plant. The results illustrated that C. capsularis can tolerate Cu concentrations of
up to 300 mg kg−1 without significant decreases in growth or biomass, but further increases in Cu
concentration (i.e., 400 mg kg−1) led to significant reductions in plant growth and biomass. Furthermore,
increasing levels of Cu in the soil caused oxidative damage in the leaves of jute plants which was
overcome by the action of antioxidative enzymes. They noticed that, the concentrations of Cu in
different parts of the plant (the roots, leaves, stem core, and fibres) were also investigated at four
different stages of the life cycle of jute, i.e., 30, 60, 90, and 120 days after sowing (DAS). Cu was highly
accumulated in the roots in earlier stages of the growth while transported to the above ground parts
in the lateral stage of the growth. To support our results, we also conducted a Petri dish experiment,
providing short-term exposure of Cu to investigate Cu-sensitive and Cu-resistant varieties of jute
under the same level of Cu (50 μmol L−1) in the medium [55]. A similar pattern was observed:
a high concentration of Cu in the medium caused a significant decrease in plant height, plant fresh
and dry weights, total chlorophyll content, and seed germination. Similarly, Cu toxicity caused
lipid peroxidation which might be a result of hydrogen peroxide and electrolyte leakage. However,
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reactive oxygen species are toxic for plants, and a plant has a strong antioxidative defense system
to overcome the effect of ROS production. It was also noticed that jute has considerable potential to
absorb a large amount of Cu from the soil. Hence, in both of our studies, we noticed that jute can
tolerate Cu-stress due to a strong antioxidative defense system and can be used as a phytoremediation
tool in Cu-contaminated soil.

Vegetative jute has also been examined under untreated industrial wastewater irrigation to assess
the effect on the growth measurements as well as analyses of soils, irrigation waters, and plants for
heavy metal and nutrient concentrations [60]. The authors noticed that in the harvestable parts of the
plants the concentration of different heavy metals such as Pb, Cd, Cr, Cu, Fe, and Zn were higher than
the roots of wastewater-irrigated plant. A remarkable reduction in the growth parameters of the plant
were observed when irrigated with untreated industrial wastewater. Hence, jute is a hyperaccumulator
species for different heavy metals such as Pb, Cr, Cu, Fe, and Zn.

Previously conducted studies also showed that phytoextraction of different heavy metals can
be enhanced by using different organic chelators or organic acids. Usually, many of the heavy
metals are adsorbed on soil particles, forming soil aggregates that are difficult to be integrated
by plants. Thus, organic acids or chelators with a low molecular weight are crucial to alter the
chemical activity/bioavailability of heavy metals and improve phytoextraction [19,52]. This method
was successfully used in different plant species such as rapeseed [19], maize [86], and sunflower [87].
Limited literature is available on the enhancement of the phytoextraction of different heavy metals
using jute plants. Mazen [88] conducted a hydroponic experiment with the exogenous application of
salicylic acid (SA) with the same levels (5 μg cm−3) of Cd, Pb, Al, and Cu and harvested all the plants
after 6 days. The authors noticed that application of SA is the safer option which significantly increased
the uptake of Cd and Pb and cysteine (cyst) and also increased plant growth and biomass of jute
seedlings. In another study, jute was cultivated in Pb-contaminated soil with exogenous application of
citric acid (CA), and it was illustrated that application of CA enhanced (Pb) uptake and minimized Pb
stress in plants [27]. Furthermore, CA is the most common chelating agent exogenously applied in the
nutrient solution of Cd-contaminated mixtures [89]. The authors also noticed the similar trend that
exogenous application of CA significantly improved plant growth and biomass in jute seedlings and
also increased phytoextraction of Cd when grown in Cd contaminated nutrient solution. Based on
this information, exogenous application of organic acids or chelators is a useful strategy to reduce
environmental risks associated with metal mobilization and an innovative approach for increasing
metal accumulation by jute plants and biomass production.

The accumulation of different heavy metals in the roots and shoots of jute along with the dry
weight of plants and removal of metals from the soil is shown in Table 1.

Table 1. Accumulation of different heavy metal in roots (mg/kg) and shoots (mg/kg) of jute along with
the dry weight (g/plant) and metal removal from the contaminated soil.

Heavy Metal
(Type)

Concentration
in Roots

Concentration
in Shoots

Dry Biomass
Experiment

Type
Reference

As 2.1 4.6 28 Pot [57]
Pb 1.97 16.3 42.5 Pot [59]
Cu 60 61 0.1 Petri dish [55]
As 1.2 2.4 - Pot [66]
Pb 722 624 8.9 Hydroponic [27]
Cd - 167 4.9 Hydroponic [88]
Pb - 143 4.1 Hydroponic [88]
Cu - 495 7 Hydroponic [88]
Cd 261 41 1.28 Pot [60]
Pb 367 370 1.28 Pot [60]
Cr 563 631 1.28 Pot [60]
Cu 169 179 1.28 Pot [60]
Fe 679 682 1.28 Pot [60]

296



Plants 2020, 9, 258

Table 1. Cont.

Heavy Metal
(Type)

Concentration
in Roots

Concentration
in Shoots

Dry Biomass
Experiment

Type
Reference

Ni 83 64 1.28 Pot [60]
Mn 120 102 1.28 Pot [60]
Zn 148 152 1.28 Pot [60]
Zn - 22 - Pot [58]
Cu - 16.3 - Pot [58]
Cd - 1 - Pot [58]
Pb - 5.2 - Pot [58]
Pb 17 22 - Pot [67]
Cu 20 23 - Pot [67]
Fe 292 305 - Pot [67]
Cr 42 53 - Pot [67]
Cu 260 534 43 Pot [47]
Cd 163 48 - Hydroponic [89]
Mn 0.017 - - Field [90]
Fe 0.218 - - Field [90]
Cu 0.009 - - Field [90]
Zn 0.025 - - Field [90]
Ni - 0.17 - Pot [91]
Zn - 6.40 - Pot [91]
Pb - 2.35 - Pot [91]
Cu - 5.78 - Pot [91]
Cd - 0.09 - Pot [91]
As - 0.04 - Pot [91]

5. Advantages of Jute as a Phytoremediation Candidate

Jute is mostly cultivated for its fibre production in most parts of the world. In addition, in the
rural areas of Africa and Asia, leaves of jute plants are also consumed as a green leafy vegetable [71].
These leafy vegetables are rich with nutritious proteins, carbohydrates, lipids, fats, minerals, and some
hormone precursors. Moreover, it is an indigenous leafy vegetable which has many important nutrients
in the human diet and has the ability to tolerate stress conditions [60,62]. Jute leaves are important
sources of some essential nutrients such as K, Mg, Fe, Cu, and Mn as well as some important pigments
that are essential for human and animal nutrition. Among these essential elements, jute is also a good
source of vitamins (A, C, and E) [92]. Furthermore, indigenous leafy vegetables can produce a high
yield even under stress conditions and are easy to cultivate and can be used to monitor pest and disease
control [62].

Woven jute fibres (a type of natural fibre) are used as comparison of carbon and glass fibres in
polymer matrix composites. Jute is also used as iron natural fibres in Mercedes-Benz E-class cars.
Furthermore, this unique natural plant has been used in many different components of vehicles
such as insulation parts, Cpillar trim, and seat cushion parts. At a commercial scale, jute has been
used as a material in packaging, for roping, and many other purposes. Among these applications,
upcoming applications of natural jute fibres include building/construction, home/garden furniture,
and the toy industry [62,68,72]. Hence, these are some industrial applications of jute which may
applicable when jute is grown in metal-contaminated soil. The flow chart diagram of jute and its uses
is shown in Figure 2.
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Figure 2. The flow chart diagram of jute and its uses.

6. Role of Chelating Agents in Assisting Phytoremediation of Heavy Metals

In some previous studies, chelating agents such as ethylenediaminetetraacetic acid (EDTA),
Ethylenediamine-N,N’-disuccinic acid (EDDS), and citric acid (CA) have been used as soil extractants,
and some chelates have also proved to be a source of micronutrient fertilizers that uphold the solubility
of micronutrients in hydroponic solutions or contaminated soil [19,93–95]. In contrast, some plant
species have the potential to generate organic acids in their rhizosphere, which may also act as a chelate,
creating a complex known as an organic acid complex with metal interactions, and can take up a large
amount of metal from the soil [52,53,96,97]. Moreover, chelates aid efficient metal phytoextraction
but not their elimination, e.g. an increase in low molecular weight organic acids concentration in
the rhizosphere provides carbon sources for soil microorganisms that facilitate metal mobilization
from the soil to the plant by (a) replacing adsorbed metals at the surface of soil particles through
ligand-exchange reactions, and (b) developing metal-organic complexes [97].

Hence using the chelators, we can increase the phytoextraction of metals in jute and also improved
plant growth and biomass in jute plants. Although, a few literatures are available of phytoremediation
potential of jute using the chelating agents but a lot of experiments has been conducted on different
plant species under metal contaminated soil [26,51,86,98–101]. Niazy and Wahdan [27] studied
jute in Pb-contaminated soil with the application of CA in the nutrient solution and found that
application of CA is helpful jute by increasing plant growth and biomass and the phytoextraction
of Pb when jute is grown in a Pb-contaminated nutrient mixture. Hence, application of different
chelating agents may be helpful to jute plants to increase the phytoremediation potential when grown
in metal-contaminated soil.

7. Conclusions and Future Prospects

Jute has considerable potential to tolerate metal-contaminated soil and accumulate a large amount
of metals in its body parts. Moreover, it has the ability to survive under different environmental
conditions with different growth types and can accumulate a large amount of metals in its harvestable
parts. When using jute plants in metal-contaminated soil, full-scale investigations of the long-term
phytoremediation of contaminated sediments is needed to evaluate the influence and the bioavailability
of contaminates. Hence, the presented investigations on jute when grown in metal-contaminated
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soil can help researchers to select this plant as a phytoremediation tool. Besides phytoremediation,
jute is a fibrous crop; when cultivated in metal-contaminated soil, jute can provide fibres which have
many industrial and medical advantages. The soft, uniform, cheap, and lengthy fibres are the unique
properties of jute to attract scientists to grow this species at a commercial level for the best economic
status of a country. It seems that phytoremediation of heavy metals using jute is an efficient approach
in modern agriculture all over the world. The utilization and importance of jute for its bast fibre have
widely been documented, but several other aspects still require further study to decrease the fibre
demand. For example, jute used as animal feed also needs to be studied because it might be a good
prospective to decrease the demand for animal feed in urban areas. The utilization of jute as a culinary
and medicinal herb also needs to be studied. Sonali bags (invented by Dr. Mubarak Ahmad Khan from
Bangladesh) should be more common than regular polythene bags as these are biodegradable and
eco-friendly. The extension of jute cultivation throughout the world also decreased when cultivated
only for fibre purposes. The application of chelating agents is an innovative approach to increase the
phytoremediation potential of a plant species. However, future research is needed to study the effects
of chelating agents on the quality of the fibre from jute to assess the viability of the potential of jute
application in the phytoremediation of metal contaminated soil. A lot of research is going on in the
field on jute as a phytoremediation candidate, but a lot of effort is needed to explore the commercial
utility of the natural fibre composites.

The following conclusions of the literature review are summarized:

• A few studies on the phytoremediation potential of jute have been published. These studies
concluded that jute is a hyperaccumulator species of different heavy metals.

• The published articles also revealed that jute can absorb different heavy metals from every source,
i.e., soil, water, and a field environment.

• Jute has a strong antioxidant defense system which can overcomes the effect of oxidative stress
caused by metal toxicity.

• After phytoremediation, the biomass of jute can be used for the production of value-added
by-products such as sheet, roof tiles, chairs, and tables.

• Application of chelating agents is effective. However, it not only increases phytoextraction of
heavy metals but also improves plant growth and biomass, even under stress conditions.
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