stresses

Article

Antioxidant Enzyme Activities as Biomarkers of Cu and Pb
Stress in Centella asiatica

Chee Kong Yap 1*{), Wen Siang Tan 237, Koe Wei Wong ¥, Ghim Hock Ong #, Wan Hee Cheng >,

Rosimah Nulit 17, Mohd. Hafiz Ibrahim !, Weiyun Chew ¢
Khalid Awadh Al-Mutairi ?

, Franklin Berandah Edward 7, Hideo Okamura 8,
, Salman Abdo Al-Shami 1°00, Moslem Sharifinia 11©2, Muskhazli Mustafa 1,

Wah June Leong 2 and Chen Feng You 3

check for

updates
Citation: Yap, C.K; Tan, W.S,;
Wong, KW.; Ong, G.H.; Cheng, WH.;
Nulit, R.; Ibrahim, M.H.; Chew, W.;
Berandah Edward, F.; Okamura, H.;
et al. Antioxidant Enzyme Activities
as Biomarkers of Cu and Pb Stress in
Centella asiatica. Stresses 2021, 1,
253-265. https:/ /doi.org/10.3390/
stresses1040018

Academic Editors: Luigi Sanita’ di
Toppi, Soisungwan Satarug and Rocio

Vicentefranqueira Rodriguez

Received: 28 September 2021
Accepted: 30 October 2021
Published: 5 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Biology, Faculty of Science, Universiti Putra Malaysia, UPM,

Serdang 43400, Selangor, Malaysia; wongkoewei@gmail.com (K.W.W.); rosimahn@upm.edu.my (R.N.);
mhafiz_ibrahim@upm.edu.my (M.H.I.); muskhazli@upm.edu.my (M.M.)

Laboratory of Vaccines and Biomolecules, Institute of Bioscience, Universiti Putra Malaysia, UPM,

Serdang 43400, Selangor, Malaysia; wstan@upm.edu.my

Department of Microbiology, Faculty of Biotechnology and Biomolecular Sciences, Universiti Putra Malaysia,
UPM, Serdang 43400, Selangor, Malaysia

Faculty of Science, Technology, Engineering and Mathematics, INTI International University,

Nilai 71800, Negeri Sembilan, Malaysia; ghimhock.ong@newinti.edu.my

Faculty of Health and Life Sciences, INTI International University, Persiaran Perdana BBN,

Nilai 71800, Negeri Sembilan, Malaysia; wanhee.cheng@newinti.edu.my

Centre for Pre-University Study, Level, 6, Unity Building, MAHSA University, Bandar Saujana Putra,
Jenjarom 42610, Selangor, Malaysia; chewweiyun@gmail.com

Natural Resources and Environment Board, Petra Jaya, Kuching 93050, Sarawak, Malaysia;
franklin_dwrd@yahoo.com

8 Graduate School of Maritime Sciences, Faculty of Maritime Sciences, Kobe University, Kobe 658-0022, Japan;
okamurah@maritime.kobe-u.acjp

Department of Biology, Faculty of Science, University of Tabuk, Tabuk P.O. Box 741, Saudi Arabia;
kmutairiQut.edu.sa

10 Indian River Research and Education Center, IFAS, University of Florida, Fort Pierce, FL 34945, USA;
alshami200@gmail.com

Shrimp Research Center, Iranian Fisheries Science Research Institute, Agricultural Research, Education and
Extension Organization (AREEO), Bushehr 7516989177, Iran; moslem.sharifinia@yahoo.com

Department of Mathematics and Statistics, Faculty of Science, Universiti Putra Malaysia, UPM,

Serdang 43400, Selangor, Malaysia; leongwj@upm.edu.my

Department of Earth Sciences, National Cheng-Kung University, No 1, University Road,

Tainan City 701, Taiwan; cfy20@mail ncku.edu.tw

Correspondence: yapckong@hotmail.com or yapchee@upm.edu.my

11
12

13

Abstract: The present study investigated the antioxidant enzyme activities (AEA) of ascorbate
peroxidase (APX), catalase (CAT), guaiacol peroxidase (GPX), and superoxide dismutase (SOD) as
biomarkers of Cu and Pb stress by using Centella asiatica grown in an experimental hydroponic
condition. The results showed (i) higher accumulations of Cu and Pb in the roots of C. asiatica
than those in the leaves, (ii) synergistic effects of Cu and Pb stress at higher metal-level exposures,
and (iii) Cu and Pb stress triggered the increment of APX, CAT, GPX, and SOD levels in both the
leaves and roots of C. asiatica. The increment of four AEA indicated that C. asiatica underwent
oxidative stress caused by the production of reactive oxygen species when the plant was exposed to
Cu and Pb. In order to prevent damages caused by Cu and Pb stress, the AEA system was heightened
in C. asiatica, in which APX, CAT, GPX, and SOD can be used as biomarkers of Pb and Cu stress in
the plant.
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1. Introduction

High levels metal accumulation in plants can cause metal stress in their cells. Metal
stress can act as a catalyst in the production of reactive oxygen species (ROS) molecules,
which induce oxidative stress in plants [1]. Plant cells can produce harmful ROS molecules,
such as superoxide anion (O?~), hydrogen peroxide (H,O,), hydroxyl radical (-OH),
and singlet oxygen (10,), as their by-products [2]. These ROS molecules may oxidize
and damage cellular components, particularly biomolecules, including proteins, enzymes,
lipids and nucleic acids [3,4].

Cu and Pb can cause oxidative stress by disrupting cellular redox homeostasis in
plant cells [5]. This disruption involves the rise of cellular levels of ROS in plant cells
that can disturb metabolic pathways [6] through changes in biochemical properties and
physiological alterations. Hence, the efficiency of a plant’s antioxidant defence system is
extremely critical for its tolerance mechanisms to metal stress. Plants usually activate their
antioxidant defence mechanisms to diminish oxidative injury caused by metal stress [7].

Plants are capable of eliminating ROS molecules by producing differential antioxidant
enzyme activities (AEA) [8]. The activity of ROS in plants is generally moderated by two
defensive antioxidant systems. The primary antioxidant system includes enzyme-like
ascorbate peroxidase (APX, EC 1.11.1.11), catalase (CAT, EC 1.11.1.6), guaiacol peroxidase
(GPX, EC 1.11.1.7), and superoxide dismutase (SOD, EC 1.15.1.1), alongside scavenger
enzymes like glutathione S-transferase (GST). The second system includes non-enzymatic,
low-molecular-mass antioxidants such as ascorbate, glutathione, carotenoids, tocopherols,
and proline [2,9]. Both systems are functionally interconnected, and they can protect plant
cells by detoxification of ROS in order to reduce oxidative damage under metal stress [10].

Metalloenzyme SOD is vital in plant stress tolerance, and it can remove O, by
catalysing its dismutation. It catalyses the dismutation of superoxide molecules to H,O,
and oxygen (O;) (Oy~ + O™ + 2H* — 2H,0; + Oy) [7]. The displacement of O, decreases
the formation of OH™ through the metal-catalysed Haber Weiss-type reaction [4]. APXis
assumed to play the foremost essential role in scavenging ROS in plant cells. It is involved
in scavenging H,O, in water-water and ASH-GSH cycles. It reduces H,O, to water by
using ascorbate as an electron donor (H,O, + AA — 2H,0O + DHA) [7].

CAT can be a tetrameric haem-containing enzyme with the potential to dismutate
H,O; to HyO and Os. It catalyses the removal of HyO, to water and O, (H,O, — HyO +
1/20;) [7]. GPX decomposes indole-3-acetic acid (IAA) and plays a role in the biosynthesis
of lignin. It defends plant cells against metal stresses by consuming H,O, (H,O, + GSH —
H,0 + GSSG) [2].

Centella asiatica (family: Umbelliferae) is grown in abundance in many countries
around the world, including Malaysia [11]. It is a perennial herb with many useful medici-
nal properties and uses [12,13]. It can be used as a biomonitor due to its sedentary lifeform,
abundant quantity, ease of identification, and large size, which provides sufficient tissue
for metal analysis [14,15].

Previously, Yap et al. [11] reported on the effect of metal-contaminated soils on metal
accumulations in C. asiatica without studying its antioxidants. There are limited studies on
antioxidants in relation to metal stress in C. asiatica except for a few studies reported by
Ong et al. [15-17] and Yap et al. [18]. However, none of the studies investigated AEA as
biomarkers of Cu and Pb stress. Therefore, the objective of this study was to investigate the
AEA of APX, CAT, GPX, and SOD as biomarkers of Cu and Pb stress by using C. asiatica
grown in an experimental hydroponic condition.
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2. Materials and Methods
2.1. Experimental Hydroponic Design

Young C. asiatica plants were grown in a greenhouse at University Agricultural Park,
Universiti Putra Malaysia for one month before being transferred into an experimental
hydroponic solution. The experiment was conducted in the greenhouse under a light-
weight density of 2500 Lux [15,17]. The cleaned roots of the plants were soaked in modified
Hoagland nutrient solution before being acclimatized for one week [19].

After one week, the acclimatized C. asiatica plants were exposed to three exposure
levels of Pb and Cu treatments (Table 1). The metals were prepared from Pb(NO3), and
Cu(II)SO4 (Analytical grade, Merck). For this metal exposure study, higher concentrations
(mg/L) of Pb (Pb-1, 0.20; Pb-2, 0.40 and Pb-3, 0.60) than Cu (Cu-1, 0.10; Cu-2, 0.20 and
Cu-3, 0.30) were used because Pb is less toxic compared to Cu [20]. The combination of Cu
and Pb was also conducted with increasing levels of both metal exposures, as indicated
in Table 1. The plants with only Hoagland solution were used as controls for comparison
between the treatment groups. The toxicity tests lasted for 20 days in the greenhouse,
where solutions (pH 5.8) were changed every 10 days in every treatment with five plants in
duplicate. The hydroponic experiment was repeated twice.

Table 1. Experimental hydroponic treatments of Cu and Pb concentrations (mg/L) investigated in

the present study.

No Treatments Metal Concentrations
1 Control No metals added
2 Cu-1 Cu (0.10)

3 Cu-2 Cu (0.20)
4 Cu-3 Cu (0.30)
5 Pb-1 Pb (0.20)
6 Pb-2 Pb (0.40)
7 Pb-3 Pb (0.60)
8 CuPb-1 Cu (0.10) + Pb (0.20)
9 CuPb-2 Cu (0.20) + Pb (0.40)
10 CuPb-3 Cu (0.30) + Pb (0.60)

2.2. Metal Analysis

After 20 days of the exposure experiment, the whole plants were harvested. The roots
and leaves were carefully separated from the plants for the analysis of Cu and Pb. The roots
and leaves were pooled from five plants from each treatment. They were dried separately
at 105 °C in an oven for 72 h. Triplicates of the dried samples were digested in 10 mL of
concentrated nitric acid (HNOj3, AnalaR grade, BDH 69%). After dilution, the digested
solutions were filtered into acid-washed pill boxes. They were later determined for Cu and
Pb by using an air-acetylene flame atomic absorption spectrophotometer (FAAS, Perkin
Elmer Model A Analyst 800; Perkin Elmer LLC, Norwalk, CT, USA).

To avoid possible contamination during metal analysis, all equipment and glassware
was acid-washed in 10% nitric acid solution. They were soaked in acid solution for 48 h
and later rinsed with double-distilled water before use. The recovery rate of Cu and Pb was
79.5 and 74.5%, respectively, compared to Lagarosiphon major (NR.60) certified reference
materials (CRM) value.
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2.3. Analysis of Antioxidant Enzyme Activities

After 20 days of the exposure experiment, C. asiatica plants were harvested and
immersed in 20 m/moll Nay-EDTA for 15 min [21]. The roots and leaves were separated and
washed three times with double-deionized water [15,17]. For AEA activity determination,
the plant samples were stored in an ice box (5 °C) after being harvested to ensure optimal
enzyme activities. All the solutions for antioxidant enzymes were freshly prepared to
ensure optimal antioxidant enzyme reactions.

The leaves and roots were selected to investigate the changes in antioxidant levels
caused by the metals. The enzyme extraction was performed as described by Mishra
et al. [22]. Duplicates of about 0.2 g of each fresh tissue (leaves and roots) were homoge-
nized in an ice-cooled mortar with 5 mL of 100 mM potassium phosphate buffer (pH 7.0)
containing 0.1 mM EDTA and 1% (w/v) polyvinylpyrrolidone. The homogenate was trans-
ferred to a 1.5 mL Eppendorf tube and centrifuged at 15,000x g for 15 min at 4 °C [22].
The supernatant was used for AEA determination.

The GPX activity was determined by using a modified method as described by
Hemeda and Klein [23]. As for APX activity, the method described by Nakano and
Asada [24] was used. The SOD activity was determined from the inhibition of the photo-
chemical reduction in nitroblue tetrazolium [25]. Lastly, CAT activity was assayed based
on the method described by Aebi [26]. The activities of CAT, GPX, SOD, and APX were de-
termined by using an UV-spectrophotometer with absorbances at 240 nm, 470 nm, 560 nm,
and 290 nm, respectively.

2.4. Statistical Analysis

All graphical bar charts were plotted using KaleidaGraph (Version 3.08, Sygnergy
Software, Eden Prairie, MN, USA). Statistical analysis was performed using the Student-
Newman-Keuls (SNK) post hoc test and the Statistical Package for the Social Sciences (SPSS
Statistics for Windows, version 17.0; SPSS Inc., Chicago, IL, USA).

3. Results

The effects of Cu and Pb stress on the accumulation of both metals in the roots and
leaves of C. asiatica are presented in Figure 1.

For Cu in the leaves, the levels increased from 11.8 (control) to 31.1 mg/kg dry weight
in Cu-3 treatment, with a significant increase (p < 0.05) at Cu-1, Cu-2, and Cu-3 when
compared to the control. However, when the Cu stress was added with Pb exposure,
the Cu levels in the leaves increased significantly (p < 0.05) to 50.9 mg/kg dry weight
(41.9%) for Cu-2 and to 46.2 mg/kg dry weight (32.8%) for Cu-3. However, there was no
significant (p > 0.05) change in Cu-1.

With respect to Cu in the roots, the levels increased from 13.7 (control) to 43.7 mg/kg
dry weight in Cu-1 treatment, with a significant increase (p < 0.05) at Cu-1, Cu-2, and Cu-3
when compared to the control. However, when the Cu stress was added with Pb exposure,
the Cu levels in the leaves increased significantly (p < 0.05) to 43.1 mg/kg dry weight
(10.6%) for Cu-2 and to 58.5 mg/kg dry weight (26.9%) for Cu-3. However, there was no
significant (p > 0.05) change in Cu-1. This shows that Cu and Pb acted synergistically to Cu
accumulation in the leaves and roots at Cu-2, and Cu-3.
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Figure 1. Effects of Cu and Pb stress on the accumulation of Cu and Pb concentrations (mean + SD, mg/kg dry weight)
in the roots and leaves of Centella asiatica grown in an experimental hydroponic condition. Note: C = Control. Different
uppercase and lowercase letters indicate the significant difference (SNK test, p < 0.05) in mean values.

With regard to Pb in the leaves, the levels increased from 8.88 (control) to 25.1 mg/kg
dry weight in Pb-3 treatment, with a significant increase (p < 0.05) at Pb-1, Pb-2, and Pb-3
when compared to the control. However, when the Pb stress was added with Cu exposure,
the Pb levels in the leaves increased significantly (p < 0.05) to 36.3 mg/kg dry weight
(34.3%) for Pb-2 and to 33.4 mg/kg dry weight (25.9%) for Pb-3. However, there was no
significant (p > 0.05) change in Pb-1. This shows that Cu and Pb acted synergistically to Pb
accumulation in the leaves at Pb-2 and Pb-3.

For Pb in the roots, the levels increased from 12.8 (control) to 45.8 mg/kg dry weight in
Pb-3 treatment, with a significant increase (p < 0.05) at Pb-1, Pb-2, and Pb-3 when compared
to the control. However, when the Pb stress was added with Cu exposure, there was no
significant (p > 0.05) change in Pb concentration in the roots for Pb-1, Pb-2, and Pb-3.

The effects of Cu exposures on the AEA in the roots and leaves of C. asiatica are
presented in Figure 2. Overall, the roots accumulated higher levels of Cu than those in the
leaves that served as the control and three exposures of Cu. Higher percentages of APX,
CAT, and GPX were recorded in the roots than those in the leaves for Cu-1, Cu-2, and Cu-3.
By contrast, the SOD percentage was higher in the leaves than that in the roots. Overall,
the increased levels of Cu exposure triggered the increment of APX, CAT, GPX, and SOD
levels in the leaves and roots.
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Figure 2. Effects of Cu exposures on the antioxidant enzyme activities (mean + SD, nmol/(mg/g)) in the roots and leaves
of Centella asiatica grown in an experimental hydroponic condition. Note: C = Control. The control values (C) of CAT, GPX,
and APX were blanked by subtracting from those of the particular enzymes. For the concentrations of SOD, CAT, and APX,
their actual values were multiplied by 1000. Different uppercase and lowercase letters indicate the significant difference

(SNK test, p < 0.05) in mean values.

In the roots, when compared to the control, the SOD levels increased from 6.59 to
16.5% for Cu-1 and Cu-2, respectively, but decreased to 12.1% for Cu-3. The CAT levels
increased from 8.33 to 183% for the three levels of Cu exposure. The GPX levels increased
from 475 to 676% for the three levels of Cu exposure. The APX levels increased from 49.1
to 140% for the three levels of Cu exposure. In general, the most activity was found in GPX,
followed by CAT, APX, and SOD.

In the leaves, when compared to the control, the SOD levels increased from 94.4 to
117% for Cu-1 and Cu-2, respectively, but decreased to 110% for Cu-3. The CAT levels
increased from 4.17 to 20.8% for the three levels of Cu exposure. The GPX levels increased
from 90.7 to 456% for the three levels of Cu exposure. The APX levels increased from 5.97
to 17.9% for the three levels of Cu exposure. In general, the most activity was found in
GPX, followed by SOD, CAT, and APX.

The effects of Pb exposures on the AEA in the roots and leaves of C. asiatica are shown
in Figure 3. Overall, the roots accumulated significantly (p < 0.05) higher levels of Pb than
those in the leaves of the control in the three exposure levels of Pb. Similar to Cu exposure,
higher percentages of CAT, GPX, and APX were recorded in the roots than those in the
leaves for Pb-1, Pb-2, and Pb-3. This is in contrast to SOD, in which the SOD percentage
was higher in the leaves than that in the roots. Similar to Cu exposure, the increased levels
of Pb exposure also triggered the increment of APX, CAT, GPX, and SOD levels in both the
leaves and roots.
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Figure 3. Effects of Pb exposure on the antioxidant enzyme activities (mean + SD, nmol/(mg/g)) in the roots and leaves of
Centella asiatica grown in an experimental hydroponic condition. Note: C = Control. The control values (C) of CAT, GPX,
and APX were blanked by subtracting from those of the particular enzymes. For the concentrations of SOD, CAT, and APX,
their actual values were multiplied by 1000. Different uppercase and lowercase letters indicate the significant difference

(SNK test, p < 0.05) in mean values.

In the roots, when compared to the control, the SOD levels increased from 16.5 to 28.6%
for Pb-1 and Pb-2, respectively, but decreased to 27.5% for Pb-3. The CAT levels increased
from 75 to 158% for the three levels of Pb exposure. The GPX levels increased from 1067
to 1338% for Pb-1 and Pb-2, respectively, but decreased to 929% for Pb-3. The APX levels
increased from 17.6 to 73.0% for the three levels of Pb exposure. In general, the most activity
was found in GPX, followed by CAT, APX, and lastly, SOD.

In the leaves, when compared to the control, the SOD levels increased from 50.0 to
69.4% for the three levels of Pb exposure. The CAT levels decreased from 12.5 to 10.4%
for Pb-1 and Pb-2, respectively, but increased to 14.6% for Pb-3. The GPX levels increased
from 76.7 to 251% for the three levels of Pb exposure. The APX levels increased from 11.9
to 14.9% for the three levels of Pb exposure. In general, the most activity was found in GPX,
followed by SOD, APX, and CAT.

The effects of combinations of Cu and Pb exposure on the AEA in the roots and leaves
of C. asiatica are presented in Figure 4.
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Figure 4. Effects of combinations of Cu and Pb exposure on the antioxidant enzyme activities (mean + SD, nmol/(mg/g))
in the roots and leaves of Centella asiatica grown in an experimental hydroponic condition. Note: C = Control. The control
values (C) of CAT, GPX, and APX were blanked by subtracting from those of the particular enzymes. For the concentrations
of SOD, CAT, and APX, their actual values were multiplied by 1000. Different uppercase and lowercase letters indicate the
significant difference (SNK test, p < 0.05) in mean values.

Higher percentages of GPX, APX, CAT, and SOD were recorded in the roots than in
the leaves for CuPb-1, CuPb-2 and CuPb-3. In the roots, when compared to the control,
the SOD levels increased from 30.8 to 55.0% for the three levels of CuPb exposure. The CAT
levels increased from 75 to 125% for the three levels of CuPb exposure. The GPX levels
decreased from 622 to 568% for CuPb-1 and CuPb-2, respectively, but increased to 628% for
CuPb-3. The APX levels increased from 45.3 to 109% for CuPb-1 and CuPb-2, respectively,
but decreased to 101% for CuPb-3. In general, the most activity was found in GPX, followed
by CAT, APX, and SOD.

In the leaves, when compared to the control, the SOD levels increased from 8.45 to
30.6% for the three levels of CuPb exposure. The CAT levels decreased from 16.7 to 14.6%
for CuPb-1 and CuPb-2, respectively, but increased to 29.2% for CuPb-3. The GPX levels
increased from 110 to 351% for the three levels of CuPb exposure. The APX levels increased
from 2.99 to 18.9% for the three levels of CuPb exposure. In general, the most activity was
found in GPX, followed by SOD, APX, and CAT.

Overall, the roots accumulated higher levels of Cu than those in the leaves for the
control, CuPb-1, and CuPb-3, except for CuPb-2 exposure. The increased levels of Cu
exposure triggered the increment of APX, CAT, GPX, and SOD levels in both the leaves
and roots. Overall, the roots accumulated higher levels of Pb than those in the leaves of
the control and in the three exposures of CuPb. The increased levels of CuPb exposure
triggered the increment of APX, CAT, GPX, and SOD levels in both the leaves and roots.

4. Discussion
4.1. Higher Accumulations of Cu and Pb in the Roots Than in the Leaves

The present experimental exposure results confirmed the accumulation of Cu and Pb
in C. asiatica collected from the field was always higher in the roots than that in the leaves.
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This indicates that the roots were a storage site for Cu and Pb, regardless of their different
functions. This could be due to a higher surface area of root hairs than that of the leaves for
the absorption of metals [14]. Roots are the initial part of a plant that would absorb metals
from habitat hydroponic waterbody before distributing them to the other parts of the plant.

The main reason why there were higher levels of Cu and Pb in the roots of C. asiatica
could be due to a series of processes involved in the metal accumulation of Centella plants,
including root uptake and root-to-shoot transport. The bioavailable levels of Cu and
Pb in the Hoagland solution were absorbed at the root surface and transported to the
cellular membrane of the root cells. The uptake of Cu and Pb into roots happened mainly
through the apoplastic pathway and symplastic pathway [27]. The apoplastic pathway
involves passive diffusion, while the symplastic pathway involves active transport against
electrochemical potential gradients and concentration across the plasma membrane [28].

After passing into root cells, Cu and Pb ions formed complexes with various chelators,
such as organic acids. These complexes were then trapped in the intracellular symplastic
compartments, such as vacuoles, or the extracellular space, such as apoplastic cellular
walls [29]. The metal ions sequestered inside the vacuoles may have been transferred into
the stele and were translocated to the shoots through xylem vessels from the root [30].
By means of the apoplast or symplast, the metal ions were transported and later distributed
in leaves, where the metal ions were sequestered in the extracellular compartments, such
as cell walls or plant vacuoles. This would prevent accumulation of free ions of Cu and Pb
in cytosols [28,31]. The other explanation could be attributed to the significantly (p < 0.05)
higher levels of CAT, GPX, and APX in the roots than those in the leaves for the Cu, Pb and
combined Cu and Pb stress, which will be further discussed in Section 4.3.

4.2. Synergistic Effects of Cu and Pb Stress at Higher Metal-Level Exposures

The present study showed that Cu and Pb acted synergistically to Cu accumulation
in the leaves and roots at Cu-2, and Cu-3. Besides, Cu and Pb acted synergistically to Pb
accumulation in the leaves only at Pb-2, and Pb-3. The combination of Pb and Cu stress
resulted in non-significant (p > 0.05) change in Pb concentration in the roots for Pb-1, Pb-2,
and Pb-3.

The more sensitive and toxic nature of Cu investigated in the present study could
have been reduced with the addition of Pb by looking at the fact that synergistical effect to
Cu accumulation (higher accumulation of Cu) was found in the leaves and roots for Cu-2,
and Cu-3. The fact that Cu is presumably more toxic than Pb was based on the accumulation
of Cu concentrations in the Cu treatments, in which the Cu concentrations were almost
similar to those in Pb treatments. The ratio of Pb:Cu exposures in the experiment was
always as 2:1. However, the present experimental results indicate that the accumulation
of Pb and Cu in the leaves and roots was not in the ratio of 2:1. Instead, the ratios
always showed almost 1:1 in both the accumulations of Pb and Cu, whether in leaves
or roots, regardless of the Pb:Cu exposure ratios as 2:1. An [32] compared the acute
toxicities of Cu and Pb to Sorghum bicolor, Cucumis sativus, Triticum aestivum, and Zea mays.
Based on the ECsj values, the author found that Cu was more toxic to the plants than
Pb. Bioaccumulations of Pb and Cu were observed in all test species, and they were
concentration-dependent. Therefore, the differences in the toxicities of Pb and Cu in
C. asiatica should be taken into account in biomonitoring and ecological risk assessments.
Although Cu is an essential micronutrient for plant growth, it can be more toxic than
nonessential Pb to biota when an elevated level of Cu is present in the plant’s habitat [32].

Ong et al. (2013) reported that Pb and Zn acted synergistically to Zn accumulation in
leaves but antagonistically in roots of C. asiatica under experimental hydroponic conditions.
By using high levels (2000 ppm) of Cu and Pb exposure, Nicholls and Mal [33] revealed
that the treatment of weed Lythrum salicaria with Cu or Pb significantly reduced the growth
and survival of the plants, and there was no synergistic relationship between the metals
because of the extreme toxicity of the concentrations of Cu and Pb used in their study.
Since this synergistic relationship was found in single Pb or Cu and combined Pb and Cu



Stresses 2021, 1

262

exposures, the levels of Cu and Pb exposure investigated in the present study were not
considered toxic but stressful. There were also no observable symptoms of toxicity in the
plant leaves.

It is postulated that the translocation of the essential Cu to the leaves occurs when
there is a metabolism requirement. However, the translocation of nonessential Pb could
face a toxicity consequence [34]. Generally, the toxic concentrations of Pb for plants are
defined in the range of 30-300 mg/kg dw, whereas the toxicity limits for Cu are in the range
of 20-100 mg/kg dw [35]. Therefore, in the present study, the ranges of concentrations of
Pb (<50 mg/kg dw in leaves and roots) and Cu (<60 mg/kg dw in leaves and roots) in
C. asiatica were below the toxic thresholds for both metals. Therefore, the present study;,
which employed three exposure levels of Cu and Pb, was considered stress- rather than
toxicity-inducing.

4.3. Cu and Pb Stress Triggered the Increment of APX, CAT, GPX, and SOD Levels in Both Leaves
and Roots

The increased levels of AEA in roots and leaves indicate that both Cu and Pb become
a stress (rather than a toxin) in low or high Cu and Pb exposures. This could have increased
the ROS levels in the subcellular compartments of the roots and leaves of C. asiatica [4].
Manan et al. [36] reported that CAT and APX were significantly higher in the wild fern
Nephrolepis biserrata from soils contaminated by Zn, Pb, and Cu, when compared to the
control. However, the higher SOD activity in the contaminated fern was not significantly
different from the uncontaminated fern.

After exposure to Cu and Pb stress, the most activity in the roots of C. asiatica was
GPX, followed by CAT, APX, and SOD. In the leaves of C. asiatica, the most activity was
GPX, followed by SOD, APX, and CAT. All of the above results indicate that GPX has a
higher affinity for H,O, than SOD, CAT, and APX. This shows that GPX may have a more
important role in removing ROS molecules during Cu and Pb stress [7]. In a pot experiment,
Nadgorska-Socha et al. [37] reported that GPX in V. faba is a good defensive tool against Cu
and Pb exposure. GPX activity in both roots and leaves in response metal stress due to Cu
and Pb exposure was induced to a greater degree than CAT, SOD, and APX when compared
to the control. This implies that a GPX-mediated reaction was favourably adopted by
C. asiatica to scavenge H,O,, rather than tAPX-, CAT-, or SOD-mediated reactions.

The SOD activity in C. asiatica resulting from metal exposure was found to be the
lowest in the roots. Lamhamdi et al. [9] reported a rise of SOD activity in wheat seedlings
under Pb exposure. The lowest SOD increment in response to metal stress in the present
study was supported by the study of Manan et al. [36]. They reported that SOD, APX,
and CAT levels were 34%, 93%, and 223%, respectively, higher than those in the control
(uncontaminated site). This shows that SOD activity could not be induced to a very high
degree (>100%) because it may not be necessary for the survival of C. asiatica under Cu and
Pb stress conditions [38].

In the present study, the CAT activity increased when the plants were exposed to Cu
and Pb. This can be explained by the fact that CAT activity can remove high concentrations
of HyO; as an adaptive mechanism [39]. Enzymes of the ascorbate—glutathione cycle are
localized mainly in chloroplasts, cytoplasm, and other cellular organelles. They play an im-
portant role in combating oxidative stress [40]. Kafel et al. [41] reported a rise of CAT activity
in the above-ground parts of Philadelphus coronarius grown in a polluted environment.

In the present study, APX activity increased to high levels at three different exposure
levels to Cu and Pb. The increased activity of APX can effectively scavenge HyO, to guard
against oxidative damage. By using aquatic duckweed, Spirodela polyrhiza, Upadhyay and
Panda [42] demonstrated that the GPX activity was significantly increased in the mixture
of Zn and Cu Zn treatment when compared to a single Zn treatment.

Israr et al. [1] reported a significant increase in three enzymes, including SOD and
APX, in Sesbania drummondii seedlings when they were exposed to different metal-level
treatments. Upon analysis of the consequences of soil metal contamination on Vicia faba,
Nadgorska-Socha et al. [37] recommended the use of GPX activity and proline levels as
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biomarkers. Generally, GPX activity was higher in metal-stressed plants as compared with
the control. Guo et al. [43] reported elevated GPX and SOD activities in the leaves and
roots of barley with higher accumulations of three metals, including Cu.

The enhancement of four antioxidative activities investigated in the present study
indicates that the leaves and roots of C. asiatica treated with Cu, Pb, and a combination of
both metals appeared to be promising biomarkers of Cu and Pb stress.

5. Conclusions

Higher accumulations of Cu and Pb were observed in the roots of C. asiatica than
in the leaves. Synergistic effects of Cu and Pb stress were found at higher metal-level
exposures, and Cu and Pb stress triggered the increment of APX, CAT, GPX, and SOD
levels in the leaves and roots of C. asiatica. The higher levels of Cu and Pb, especially in
the roots of C. asiatica, reflect contamination of the hydroponic media by these two metals.
The increments of the four AEA indicate that C. asiatica responded to Cu and Pb stress by
producing ROS. The AEA are a significant antioxidant defensive system against Cu and Pb
stress in C. asiatica, rendering higher tolerance to the toxicity caused by Pb and Cu stress.
Collectively, APX, CAT, GPX, and SOD are good biomarkers of Pb and Cu stress in the
roots and leaves of C. asiatica.
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