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Abstract Plant redox homeostasis governs the
uptake, toxicity and tolerance mechanism of toxic
trace elements and thereby elucidates the remediation
potential of a plant. Moreover, plant toxicity/tolerance
mechanisms control the trace element compartmenta-
tion in edible and non-edible plant organs as well as
the associated health hazards. Therefore, it is imper-
ative to unravel the cellular mechanism involved in
trace element toxicity and tolerance. The present study
investigated the toxicity and tolerance/detoxification
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mechanisms of four levels of arsenic (As(IIl): 0, 5, 25
and 125 uM) in Brassica oleracea under hydroponic
cultivation. Increasing As levels significantly
decreased the pigment contents (up to 68%) of B.
oleracea. Plants under As stress showed an increase in
H,0, contents (up to 32%) in roots while a decrease
(up to 72%) in leaves because As is mostly retained in
plant roots, while less is translocated toward the shoot,
as evident from the literature. Arsenic treatments
caused lipid peroxidation both in the root and leaf
cells. Against As-induced oxidative stress, B. oleracea
plants mediated an increase in the activities of
peroxidase and catalase. Contradictory, the ascorbate
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peroxidase and superoxide dismutase activities
slightly decreased in the As-stressed plants. In
conclusion and as evident from the literature data
analysis, As exposure (especially high level, 125 pM)
caused pigment toxicity and oxidative burst in B.
oleracea. The ability of B. oleracea to tolerate As-
induced toxicity greatly varied with applied treatment
levels (As-125 being more toxic than lower levels),
plant organ type (more toxicity in leaves than roots)
and physiological response parameter (pigment con-
tents more sensitive than other response variables).
Moreover, the multivariate statistical analysis
appeared to be a useful method to estimate plant
response under stress and trace significant trends in the
data set.

Keywords Arsenic - Brassica oleracea - Oxidative
damage - Redox homeostasis - Antioxidant enzymes -
Phytoremediation

Introduction

Arsenic is a toxic metalloid of global concerns
(Ahmed et al., 2020; Wu et al., 2020). Environmental
As contamination is a worldwide health and agricul-
tural problem because of its persistent and hazardous
nature (Shabbir et al., 2020b; Shahid et al., 2018).
Besides its natural occurrence in different environ-
mental components, As contamination of the environ-
ment is increasing owing to its high use in different
industries, e.g., chemical industry, infrared detectors,
light-emitting diodes, and microelectronic/semicon-
ductors, paints, dyes, veterinary drugs and soaps
manufacturing. Furthermore, the use of sewage sludge
in agricultural land could also provoke soil contam-
ination. The natural/geogenic sources due to the
dissolution of As-minerals also contribute to its
environmental contamination (Bech, 2020; Hussain
etal., 2020; Natasha et al., 2020b; Natasha et al., 2021)

Arsenic is well-known to disrupt the metabolic
functioning of the plants by enhancing the level of
reactive oxygen species (ROS) (Rafiq et al., 2018;
Shahid, 2020). These As-induced ROS are very
unstable and reactive molecules (Ghassemi-Golezani
et al., 2020). Arsenic-induced higher ROS production
in plants may result in stunted growth, reduction in
pigment content, mutagenicity and oxidation of lipid
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macromolecules (Yu et al., 2020). The increased ROS
production is very toxic for several biochemical,
physiological and metabolic processes occurring in
plants (Shahid et al., 2014). Moreover, As stress
conditions may activate the plant protective system by
increasing the accumulation of compatible solutes,
thereby causing an inhibition or activation of antiox-
idative enzymes (Rafiq et al., 2018; Yu et al., 2020).
However, the induction and/or inhibition of antiox-
idative enzymes under As stress may vary with its
applied form, dose, the duration of exposure and the
type of plant species/organ (Table S1, S2). Neverthe-
less, these aspects are not fully specified for different
trace elements and plant species. Phytohormones
including auxin, abscisic acid, ethylene, gibberellins,
cytokinin, salicylic acid, strigolactones, brassinos-
teroids and nitrous oxide are upregulated during stress
and affect plant functioning. The hormones help to
tolerate various environmental cues as most of them
are involved in the phytochelatin biosynthesis
(Biicker-Neto et al., 2017). Plant hormones can also
interact with redox signaling to control responses to
abiotic stress (He et al., 2021).

One of the prerequisites of phytoremediation (more
precisely phytoextraction) is the production of high
plant biomass by tolerating trace element stress.
Moreover, the trace element toxicity and tolerance
mechanisms also govern the compartmentation of
trace elements in edible/non-edible plant organs and
associated health hazards (Paithankar et al., 2020).
The recent development in plant physiology at cellular
levels has revealed that the variations in the biophys-
iochemical attributes (ROS, antioxidative enzymes,
pigment contents, lipid peroxidation, genotoxicity) of
plant species determine the plant potential to tolerate
trace element stress (Natasha et al., 2020a). Hence, the
extent of trace element-induced variations in biophys-
iochemical attributes determines the capability of a
plant species to tolerate trace element stress. Despite
considerable progress in phytoextraction potential of
various plant species, there is still limited data about
the role of various biophysiochemical attributes in
phytoremediation, compartmentation of trace ele-
ments in edible/non-edible tissues and allied health
hazards. The compartmentation of trace elements in
plant tissues is equipotent for phytoremediation as the
risk assessment. The cultivation of edible leafy plants
and accumulation of trace elements in root tissues is of
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dual importance for phytoremediation and food pro-
duction (Natasha et al., 2020c¢).

Some plant species, mostly termed as hyperaccu-
mulators, are capable of tolerating high levels of trace
elements by maintaining their biophysiochemical
attributes via activation of specific detoxification
mechanisms (Souri et al., 2020; Zhang et al., 2020).
Contrarily, other plant species, characterized as sen-
sitive, do not have well-developed tolerance mecha-
nisms and undergo severe trace element toxicity due to
high variations in biophysiochemical attributes con-
sequently affecting food chain (Rafiq et al., 2018).
Therefore, understanding the mechanism of redox
homeostasis in plants under trace element stress is
important with respect to its tolerance, remediation
and compartmentation in different plant organs. This
research aimed to demonstrate the variations in
biophysiochemical attributes of B. oleracea against
various As(III) concentrations by discussing the
underlying mechanism at the cellular level. In this
study, As(Il) was used to evaluate As toxicity in
plants as As(IIl) is 60 times more toxic than As(V).
The study especially compares the As-induced toxi-
city and tolerance for different physiological param-
eters and applied levels of As and plant organ type
(leaf vs roots).

Materials and methods
Brassica oleracea growth and arsenic treatments

Dry and certified seeds of B. oleracea, purchased from
Ayub Agriculture Research Institute Faisalabad, Pak-
istan, were grown for one week in sand culture. The
germinated plants were transferred to a nutrient
solution (NS). The NS was prepared as previously
stated (Natasha et al., 2020c). All the pots were
properly aerated during the experiment. The volume of
the NS in the pots was properly maintained throughout
the experiment. The solution was changed twice
during the entire experiment (18 days).

Two weeks after vegetative growth in hydroponics,
B. oleracea plants were treated for four days with four
levels of As(II): Control treatment containing NS
only with no As, As-5 treatment containing NS + 5
puM As(II), As-25 treatment containing NS + 25 pM
As(IlT) and As-125 treatment containing NS + 125
UM As(II). Arsenite treatments were prepared using

sodium arsenite salt (NaAsO,) (sigma). After treat-
ment exposure, the physiological status of plant
samples was conserved by immediately freezing the
samples in liquid nitrogen. Six replications were used
for each treatment.

Physiological analysis of Brassica oleracea

Leaves and roots (~ 1 g) of As(Ill) treated and
untreated B. oleracea plants were ground under liquid
nitrogen, and the extract was prepared using 1:4
hydro-acetone buffer (v/v). The sample centrifugation
was performed at 3000 g, for 10 min (Anwar et al.,
2021). The supernatant was stored for further analysis.

Reactive oxygen species (H,O5)

For the quantification of ROS, the absorbance mixture
was prepared using B. oleracea extract (1 mL),
10 mM potassium phosphate buffer (1 mL) and 1 M
potassium iodide (2 mL) (Islam et al., 2008). The
absorbance of the assay mixture was recorded on a
spectrophotometer (AA, Solar -Series) at 390 nm.

Lipid peroxidation

Leaf and root extract of the B. oleracea plants was
incubated at 95 °C in the water bath with butyl
hydroxytoluene (0.01%) and trichloroacetic acid
(20%). The incubation was carried out in the absence
and presence of thiobarbituric acid (0.65%) (Hodges
et al.,, 1999). The mixture was then centrifuged at
3000 g for 10 min, and the absorbance of the mixture
was recorded at 440, 532 and 600 nm using
spectrophotometer.

Analysis of chlorophyll contents

The chlorophyll contents of B. oleracea leaves were
determined by recording the absorbance of the mixture
at 663.2 and 646.8 nm against a buffer control (1:4
hydro-acetone buffer (v/v)(Lichtenthaler, 1987)).
Analysis of Antioxidant enzymes

About 100 mg of leaf samples of B. oleracea plants

was ground under liquid nitrogen in 0.1 M phosphate
buffer of pH-7.0. The extract was centrifuged twice for

@ Springer



1830

Environ Geochem Health (2022) 44:1827-1839

30 min at 3000 g, and the supernatant was stored for
enzymic determinations.

The activity of superoxide dismutase (SOD) was
calculated using 0.25 mL of B. oleracea extract,
0.1 mM EDTA, 50 mM phosphate buffer (pH-7.8),
13 mM methionine, 60 pM riboflavin and 75 uM
NBT. The mixture was kept below a light source
(30 W fluorescent lamps) for 10 min to start the
reaction. The assay mixture was run on the spec-
trophotometer to record absorbance at 560 nm.

For determining catalase (CAT) activity, 0.25 mL
of B. oleracea extract was mixed with 15 mM H,0,
and 50 mM phosphate buffer (pH-7.0). The assay
mixture was run on the spectrophotometer to record
absorbance at 240 nm for 45 s. The degradation of
H,0, pM min ' mg~' protein represents CAT
activity.

For determining guaiacol peroxidase (POD) activ-
ity, 0.25 mL of B. oleracea extract was mixed with
15 mM H,0,, 12 mM guaiacol and 50 mM phosphate
buffer (pH-6). The assay mixture was run on the
spectrophotometer to record absorbance at 470 nm for
90 s. The oxidation of guaiacol uM min~' mg™'
protein represents POD activity.

Ascorbate peroxidase (APX) was determined using
0.25 mL B. oleracea leaf extract, 0.25 mM H,0, and
0.25 mM ascorbic acid in 50 mM phosphate buffer
(pH 7.0). The absorbance of the mixture was recorded
at 290 nm. The H,O, degradation per min~' mg™'
protein represents APX activity.

Statistical analysis

The experiment was completely randomized with four
treatments and six replications. XLSTAT (ver. 19.4)
was run to perform analysis of variance following
Duncan’s multiple range test (DMRT) at 5% level of
significance, Pearson correlation and principal com-
ponent analysis (PCA). All the graphs were plotted
using Microsoft Excel 2019.

Results

Arsenic-induced production of ROS in Brassica
oleracea

Exposure of B. oleracea to different As(III) treatments
showed a significant decrease in H,O, contents over
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the control in the leaves of B. oleracea (Fig. 1). This
decrease in H,O, contents was 49%, 72% and 15%,
respectively, for As-5, As-25 and As-125 over the
control (Table 1). However, the roots of B. oleracea
showed an increase in H,O, content except for As-25.
The variation in H,O, content over the control in roots
was 23%, —6% and 32%, respectively, for As-5, As-
25 and As-125. This showed that As toxicity differed
in different plant organs (leaves vs roots) of B.
oleracea. Among the three As treatments, the highest
H,O, contents were observed in the As-125 treated
plants. However, the H,O, contents remained higher
in the control group compared to As treated plants
probably due to the activation of the detoxification
mechanism of As-treated plants.

Arsenic-induced lipid peroxidation

High As dose (As-125) caused lipid peroxidation
(TBARS) both in leaves and roots of B. oleracea
(Fig. 2). While the lower applied levels of As (5 and
25 uM) either decreased or did not significantly affect
TBARS contents in leaves. In roots, the As treatments
significantly affect the TBARS contents, and the
significantly high TBARS was observed in As-125
treated plants. The variation in TBARS contents was -
19%, —46% and 88% for leaves and —9%, 18% and
124% for roots, respectively, for As-5, As-25 and As-
125 over the control (Table 1). This shows that
different applied levels of As have significantly
different effects on TBARS contents of B. oleracea.
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Fig. 1 Arsenic-induced H,O, (nmol g~' FW) productions in
root and leaves of B. oleracea. Values delineate an average of
six replications. Different lettering specifies the significant
difference
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Table 1 Percent variation (decrease or increase) response variables of B. oleracea under As stress

Arsenic Chl-a Chl-b Chl- Shoot Root Shoot Root T. POD CAT SOD APX
levels a+b H,0, H,0, TBARS TBARS Protein

Control - - - - - - - - - - -
As-5 uM 28 55 39 —49 23 —-19 -9 1 175 100 =5 101
As-25uM 53 69 58 -72 -6 18 8 125 0 =27 -10
As-125 uM 68 78 72 —15 32 124 23 575 100 —-29 =23
Overall —149 =203 -—-169 —135 49 132 32 875 200 —61 68
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Fig. 2 Arsenic-induced TBARS (nmol g~' FW) productions in
root and leaves of B. oleracea. Values delineate an average of
six replications. Different lettering specifies the significant
difference

Arsenic-induced toxicity to chlorophyll contents
of Brassica oleracea

Exposure to As treatments significantly decreased the
chlorophyll contents compared to control (Fig. 3). A
linear decrease in pigment contents was observed in
As-treated plants over the control, and As-125 treat-
ment caused a maximum reduction in pigment
contents. The decrease in Chl-a contents was 28%,
53% and 68%, respectively, for As-5, As-25 and As-
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Fig. 3 Arsenic-induced toxicity to pigment content (ug g~

FW) in B. oleracea leaves

125 than the control (Table 1). The trend was same for
Chl-b and Chl-a + b. This shows that As exposure can
induce significant variations in pigment contents of B.
oleracea.

Arsenic-induced changes in antioxidant enzyme
activities

Exposure of B. oleracea to different As treatments
differently affected the activities of antioxidative
enzymes, and the effect varied with the type of
antioxidative enzyme (Table 2). Overall, As treat-
ments significantly increased the activities of CAT and
POD enzymes, while lessened the activities of SOD
and APX enzymes. The total protein contents also
increased significantly in a dose-dependent manner
under As treatments. Moreover, the decrease/increase
in the activities of antioxidative enzymes was not
dose-dependent with respect to the applied levels of
As. This showed that As-induced activation/suppres-
sion of antioxidant enzymes varied with its applied
levels and the type of antioxidative enzyme.

Arsenic-induced activation of CAT was 100%,
0.1% and 100%, while that of POD was 175%, 125%
and 575%, respectively, for As-5, As-25 and As-125
over the control (Table 1). Significant high levels of
SOD and POD were found in As-125-treated plant
leaves. The significant decrease in SOD activity was
5%, 27% and 29% for increasing levels of As. In case
of APX, As-5 increased its activity by 101%, while
As-25 and As-125 decreased its activity, respectively,
by 10% and 23%. It revealed that As-applied levels
contrarily affect the activation of different antioxida-
tive enzymes. Furthermore, the intensity of activation
or suppression also varied with the type of these
antioxidative enzymes.
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Table 2 Arsenic-mediated modification in antioxidants in the leaves of B. oleracea. Values delineate an average of six replica-

tions + SD. Different lettering specifies the significant difference

Treatments T. Protein SOD CAT POD APX

Control 9.36 03 b 492 + 1.6 a 0.01 + 0.002 b 0.04 £ 001 b 13.18 £ 10.1 a
As-5 uM 95+08Db 46.6 + 3.8 a 0.02 + 0.003 b 0.11 £ 0.02 b 265+ 34 a
As-25 uM 10.1 &£ 0.4 ab 358+ 49b 0.01 £ 0.001 b 0.09 £ 0.01b 119 £ 23a
As-125 uM 115+ 08 a 350£39b 0.02 £ 0.004 a 0.27 £ 0.05 a 10.1 £53a

Multivariate analysis

A multivariate analysis was performed to develop a set
of observations of possibly correlated variables and to
establish a correlation between the biophysiochemical
responses of B. oleracea under different levels of
As(III) (Figs. 4, 5, 6, Figure S1, S2, Table S5, S6). The
PCA of data separated all the attributes into eleven
component factors (F1 to F11) (Table S5). The
contributions of F1, F2, F3, F4 and F5 were 31%,
25%, 14%, 8% and 4%, respectively, in total variance.
For F1, Chl-a, Chl-b, Chl-a + b and ROS-Root were
the main parameters. The POD and CAT were the key
contributors to F2. Similarly, F3 had a main contri-
bution of LPO-Shoot, SOD and ROS-Root contents.
However, APX and LPO-Root were the major
contributors to F4 and F7, respectively (Table S5).
The PCA graph showed three major groups
(Fig. 4). The PCA grouped APX and SOD together,
which was due to a decrease in their activities against
As stress. Similarly, POD and CAT were grouped
together along with the stress biomarkers (ROS-R,

Factor loadings (axes F1 and F2: 53.16 %)

06 Chi-b )
04 SOD | 'hl g+b
APX
Chl-a,
0.2 T
e 0 t + + } : t } t
NS N
°: LPO-S ROS-S
e« 0.2 E
a2
& 04 .
xPO-IN
-0.6 <
ROS-R .
CAT T. Protein
-0.8 T
POD

-1 -08 -06 -04 -02 0 02 04 06 08 1
F1(29.95 %)

Fig. 4 PCA graph for different response parameters of B.
oleracea
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LPO-R and T. protein) showing their similar variation
trend (increase) under As stress (Fig. 4).

The Pearson correlation is indicated by developing
a hot—cold heat map (red-blue) (Fig. 6). Different
colors exhibited the intensity of the correlating
variables. Most of the biophysiochemical variables
of the B. oleracea showed a moderate-strong correla-
tion (Fig. 6, Table S6, and Figure S2). This was
probably due to the varied effects of different applied
levels of As to different plant attributes.

The different treatments of As were also compared
using PCA. The PCA graph showed generally a
separate grouping of control and three applied levels
of As(Il) (Fig. 5). It means the overall effects of these
treatments on various plant biophysiochemical
responses were different from each other. Largely,
the four treatments were grouped in an anti-clockwise
manner starting from control to As-5 to As-25 and As-
125. However, some replications did not exactly
follow this trend.

Discussion

Arsenic-induced oxidative stress and tolerance
mechanisms

The As-induced imbalance between ROS production
and scavenging in plants and the ultimate happening of
oxidative stress is well-known (Abbas et al., 2018;
Irem et al., 2019; Rodriguez-Ruiz et al., 2019).
Similarly, ROS-induced toxic effects on different
plant biomolecules and biochemical processes (pig-
ments and photosynthesis) have been extensively
demonstrated in the literature (Abbas et al., 2018;
Rafiq et al., 2018). Moreover, the activation of the
plant defense system (upregulation of antioxidant
enzymes) has also been reported in the literature (Yu
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Observations (axes F1 and F2: 53.16 %)
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Fig. 5 PCA graph comparing different treatments of As. An anti-clockwise trend was observed starting from control, As-5, As-25 and

As-125
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Fig. 6 Red-blue (hot—cold) scale correlation map among
various biophysiochemical variables of B. oleracea

et al., 2020). The current study also confirmed the As-
induced enhanced production of ROS, lipid

peroxidation, toxicity to pigments and activation of
antioxidants in B. oleracea.

However, this study revealed that As-induced
oxidative stress and tolerance mechanisms greatly
varied as follows:

e For different As-applied levels (As-125 vs As-5
and As-25)

e Induction or suppression of antioxidant enzymes

e For different plant organs: root vs leaves

Low vs high applied doses of As

In this study, the higher and lower applied levels of As
mediated opposite trends of H,O, generation. The As-
125 treated plant leaves showed enhanced H,O,
generation, while As-5 and As-25 treatments showed
decreased H,O, generation compared to control.
Similarly, Coelho et al. (2020) reported that increasing
the levels of As(IIl) in growth medium (2-7 mg LY
decreased the production of H,O, in plants, while the
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highest level of As(IIT) (8 mg L™") increased H,O,
content in Lemna valdiviana plants. They also showed
a linear reduction in O, content when the As
concentration in the growth medium was increased
up to 8 mg L' Likewise, Rodriguez-Ruiz et al.
(2019) reported a slight reduction in ROS production
at 50 uM As in Pisum sativum as compared to 0 M
As.

The possible reason for the decreased ROS pro-
duction under low As levels and enhanced ROS
production under high As level could be due to the
hormetic effect. Generally, the hormetic interactions
demonstrate an increase in positive effects at lower
doses, while a decrease in positive effects at higher
doses of toxic substances (Shahid et al., 2020). The
tendency reverts for toxic effects; increase in negative
effects at lower doses, while a decrease in negative
effects at higher doses.

In fact, recently, it has been revealed that low-
applied doses of toxic substances (such as trace
elements) may spur an increase in beneficial effects
or a decrease in toxic effects. For example, Shahid
et al. (2020) reviewed and revealed the trace element-
induced phytohormesis for various plant responses of
different plant species. It was anticipated that low
levels of a toxic substance can promote the activation
of defense system and also increase the levels of plant
hormones (e.g., auxin, cytokinin, brassinosteroids,
salicylic acid, gibberellic acid, abscisic acid, ethylene
and jasmonic acid) (Shabbir et al., 2020a; Shahid et al.,
2020). Together these phytohormones and tolerance
mechanisms either enhances beneficial responses or
alleviate the toxic effects.

Hence, in this study, it is quite possible that low
levels of As (As-5 and As-25) may had improved the
plant tolerance mechanism which scavenged
enhanced ROS and alleviated possible oxidative stress
(lipid peroxidation). While higher As level may have
more seriously affected the tolerance mechanism, and
thereby enhanced ROS generation and induced lipid
peroxidation. Indeed, plant defense/detoxification
mechanism can tolerate trace element stresses up to
a certain threshold level. However, this threshold level
of stress may vary with plant type, plant tissues (root/
leaves) and the applied dose of trace element
(Table S1).

@ Springer

Induction or suppression of antioxidant enzymes

The current study delineated an increase in the
activities of POD and CAT, while a decline in the
activities of SOD and APX. This revealed that
different tolerance mechanisms/variables may
respond differently under stress conditions. This can
be due to their varied roles under stress conditions.
Overall, the stimulation of POD and CAT confirmed
the possible tolerance response of B. oleracea to As
toxicity. The H,O, is a very strong oxidizing agent,
which can provoke numerous toxic effects such as
lipid peroxidation in plants. Similar to the current
findings, Saha et al. (2017) reported the induction in
CAT and GPX activity while a linear suppression in
APX enzyme in rice seedlings with increasing soil As
concentration from 25 to 100 pM. Generally, CAT,
POD and APX are considered as strong scavengers of
H,O, in the plants (Fig. 7) (Shahid, 2020). Elevated

> Low ROS contents
+ » Decreased lipid peroxidation
= » Low toxicity to pigments

As-5 & As-25

Brassica oleracea

Toxicity mechanism
As-125

¢ > High ROS contents
i+ > Increased lipid peroxidation
%, » Toxicity to pigments

.

Fig.7 Comparison of the possible mechanism of As toxicity or
tolerance in sensitive and tolerant/hyperaccumulator plants.
Generally, As can provoke O, production which is converted
to HO, by SOD enzyme. This H,O, can be scavenged by
various antioxidant enzymes (CAT, APX and POD) to produce
water and oxygen. This mechanism, highlighted green in the
figure, is most common in tolerant/hyperaccumulator plant
species. Alternatively, O, and H,O, can be transformed to
OH', which is the most toxic form of ROS. This OH' can induce
oxidative stress resulting in lipid peroxidation, activation/
inactivation of enzymes and toxicity to pigments. This
mechanism, highlighted red in the figure, is most common in
sensitive plant species. Overall, these mechanisms define the
potential of a plant species to tolerate metal stress and the ability
to remediate a metal-contaminated site
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POD activities in this study can be for scavenging As-
induced overproduction of H,O,.

In the case of APX, activity increased at low As
level (As-5) but slightly reduced at higher As-applied
levels. It is possible that APX activation in B. oleracea
may occur only at lower applied levels of As or at low
cellular level of H,O,. On the other hands, SOD is
efficient to detoxify O, (Fig. 7). Therefore, it is
possible that O, may have already been converted to
H,0, in this study; therefore, the activity of SOD did
not show any upregulation.

This reduction in the activities of antioxidant
enzymes can also be due to trace element toxicity to
the precursors of enzymes (Paithankar et al., 2020;
Peralta et al., 2020). Moreover, several antioxidant
enzymes act simultaneously to scavenge ROS and
convert them to other forms of ROS or into a neutral
product such as oxygen and water (Shabbir et al.,
2020a). Under such simultaneous phenomenon of
ROS scavenging, certain enzymes may get more
activated than others, as evidenced in this study. This
variation in the activation of different antioxidant
enzymes can be due to the reason that these antiox-
idant enzymes scavenge different types of ROS
(Fig. 7). Therefore, during interconversion of ROS
from one form to another form, the activities of
respective scavenging antioxidant enzymes may also
get affected.

Several previous studies also reported the alteration
(up- and down-regulation) in the activities of antiox-
idant enzymes under As stress (Table S2). Hence, the
difference among enzyme activation could be due to
the changes in ROS production patterns, different
species of ROS and plants species (Shahid et al.,
2014). However, genetic level studies representing the
expression of associated genes can better verify the
associated mechanisms.

Roots vs leaves

In contrast to shoot, the roots of all the As-treated
plants showed low variations in stress parameters
(ROS and lipid peroxidation). This showed that the
intensity of metal(loid)-induced toxicity may differ
greatly in different plant organs. Despite, high As
accumulation in roots, Singh et al. (2019) reported
high membrane degradation in leaves compared to
roots. However, in contrast, high ROS production and
induction of lipid peroxidation were reported in roots

compared to leaves of Vigna radiata in response to
increasing As levels (1-2 uM) (Shabnam et al., 2019).
This can be due to the varied activation of tolerance
mechanisms in different plant organs.

Overall, plant leaves are the site greatly equipped
with physiological mechanisms/apparatuses such as
photosynthesis/chloroplast (El Yamani et al., 2020).
These mechanisms/apparatuses are highly sensitive to
stress conditions. Moreover, ROS are mainly gener-
ated in the electron transport chain of light reactions
taking place in chloroplast/leaves (Rafiq et al., 2018).
These variations may cause enhanced production of
ROS and causing lipid peroxidation in leaves than
roots. Many previous studies also reported variations
in physiological attributes between roots and leaves
(Table S1, S2).

Meta-analysis of recent data (2017-2020)

In order to compare the results of current study with
the literature data, we performed out a meta-analysis
of recently published data (2017-2020) about As-
induced overproduction of ROS, lipid peroxidation
and activation of antioxidant enzymes (Table S1-S2).
The observations of studies were grouped into (i) root
vs shoot and (ii) low vs high As-applied levels. The
data analysis was carried to trace percent variation in
ROS, lipid peroxidation and antioxidant enzyme
activities under As stress compared to control. More-
over, the number of positive and negative observations
was also calculated to show increase or decrease in
ROS, lipid peroxidation and antioxidant enzyme
activities.

Low vs high applied levels

In case of different applied levels of As, meta-data
were divided into four categories as fol-
lows: < 10 pM, 10-50 pM, 50-100 uM and > 100
pM. Generally, the As-induced % change in ROS
production and lipid peroxidation increase linearly in a
dose-dependent manner. The % increase in ROS
contents was 67%, 58%, 84% and 134%, respectively,
for < 10 uM, 10-50 uM, 50-100 puM and > 100 uM
As levels (Table 3). The corresponding % increase for
TBARS contents was 27%, 88%, 125% and 123%
(Table 3). In case of antioxidants, the trend in %
increase was not linear for these applied levels of As.
However, the % increase in the activities of all the
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Table 3 Data analysis of

- ' Parameter Leaves Roots Roots + Leaves

arsenic-mediated percent ROS LPO ROS LPO ROS LPO

variations of ROS contents

and lipid peroxidation Mean 97 109 70 48 86 87

(LPO) in plant leaves and Minimum 4 2 - —93 -1 -9

roots. Full data available in

Table S1 Maximum 825 600 238 225 825 600
Total # of observations 38 29 25 17 63 46
Negative observations 0 0 1 2 1
% negative observations 0 0 4 12 2
Positive observations 38 29 23 15 61 44
% positive observations 100 100 92 88 97 96
Effect < 10% 1 4 5 4 9
Effect < 25% 7 7 5 14 12
Effect < 50% 15 13 12 10 27 23
No effect 0 0 1 0 1 0

antioxidant enzymes was higher for > 100 uM As
level compared to < 10 uM As level (Table S4 a-d).

Leaves vs roots

Data analysis revealed that the mean values of percent
changes in ROS contents under As stress were higher
in leaves (97%) than roots (70%) (Table 4). The trend
was same for TBARS contents (109% in leaves vs
48% in roots) (Table 4). The overall (root + leaves)
increase in ROS and TBARS content was 86 and 87%,
respectively. Similarly, As-induced % change in the

activities of SOD, CAT, POD, GPX, APX and GR was
higher in leaves than roots (Table 5). This variation
was 74% and 32% for SOD, 66% and 65% for CAT,
84% and 25% for POD, 29% and 27% for GPX, 91%
and 25% for APX and 58% and 36% for GR,
respectively, for leaves and roots (Table 5). These
observations confirmed the results of current study
where As mediated higher toxicity was observed in
leaves than roots. The overall (root + leaves) increase
in the activities of antioxidant enzymes in plants under
different As levels was 65% for SOD, 66% for CAT,

Table 4 Data analysis of arsenic-mediated percent variations of ROS contents and lipid peroxidation (LPO) in plant under different

applied levels. Full data available in Table S1

Parameter < 10 yM 10-50 pM 50-100 uM > 100 pM

ROS LPO ROS LPO ROS LPO ROS LPO
Mean 67 27 58 88 84 125 134 123
Minimum 4 -93 0 8 -1 4 17 15
Maximum 155 158 288 414 238 450 825 600
Total # of observations 15 15 14 7 19 11 15 13
Negative observations 0 2 0 0 1 0 0 0
% negative observations 0 13 0 0 5 0 0 0
Positive observations 15 13 13 7 18 11 15 13
% positive observations 100 87 93 100 95 100 100 100
Effect < 10% 1 2 1 1 1 0 0
Effect < 25% 4 4 2 5 1 1 1
Effect < 50% 7 10 9 5 6 3 5 5
No effect 0 0 1 0 0 0 0 0
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Table 5 Data analysis of Parameter SOD CAT POD GPX APX GR
arsenic-mediated percent
variations in the activities of Mean 74 66 84 29 91 38
antioxidant enzymes in Minimum 4 _36 _36 _45 _s5 _16
plant leaves (5a) and roots
(5b). Full data available in Maximum 438 400 400 150 775 263
Table S2 Total # of observations 23 33 15 16 24 16
Negative observations 5 2 5 8 1
% negative observations 4 15 13 31 33 6
Positive observations 22 28 13 11 16 15
% positive observations 96 85 87 69 67 94
Effect < 10% 3 9 2 8 8 1
Effect < 25% 14 3 8 6
Effect < 50% 13 18 6 11 16 9
No effect 0 0 0 0 0 0
b
Parameter SOD CAT POD GPX APX GR
Mean 32 65 25 27 25 36
Minimum 9 =5 —58 —65 —18 —58
Maximum 67 270 153 194 144 162
Total # of observations 19 7 6 11 15
Negative observations 2 3 3 6 3
% negative observations 11 43 50 55 20
Positive observations 7 17 4 3 5 12
% positive observations 100 89 57 50 45 80
Effect < 10% 1 2 3 3 6
Effect < 25% 3 2 3 3 7 7
Effect < 50% 6 10 5 4 8 10
No effect 0 0 0 0 0 0

66% for POD, 28% for GPX, 70% for APX and 46%
for GR (Table S3).

Induction vs suppression of antioxidant enzymes

Meta-analysis also showed both increase and decrease
in the activities of antioxidant enzymes under As
stress. Overall, 97%, 87%, 77%, 65%, 61% and 88%
observations showed an increase in the activities of
SOD, CAT, POD, GPX, APX and GR, respectively
(Table S3). This shows that enzymes may get
activated or suppressed under As stress.

Multivariate analyses

A number of recent studies used the multivariate
analysis technique to find out general trends in a data

set based on overall correlation and covariance among
different treatments and variables. In the current study,
PCA graph showed that different plant variables and
As treatments were grouped in different sections
(Figs. 4 and 5). This confirmed that different As
treatments (control, As-5, As-25 and As-125) caused
overall different effects, i.e., toxicity and detoxifica-
tion. Similarly, biophysiochemical responses (POD
and CAT vs SOD and APX) also varied in terms of
their activation or suppression against various As
treatments and were therefore grouped separately in
PCA graph. The heat map indicated Pearson correla-
tion among response variable of B. oleracea. The
biophysiochemical variables of the B. oleracea
showed a moderate-strong correlation (Fig. 6,
Table S6, and Figure S2) probably due to the varied
effects of different applied levels of As. The
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multivariate analysis is highly useful in distinguishing
plant’s biophysiochemical attributes with respect to
their importance toward the phytoremediation process
(Anwar et al., 2020).

Conclusions

This study indicated that overall, more toxicity in
terms of TBARS and ROS contents was observed in
plant leaves than roots. Similarly, higher As-applied
level (As-125) was more toxic compared to lower
levels (As-5 and As-25). Likewise, pigment contents
were more sensitive to As-induced oxidative stress
than other plant responses. It is concluded that As-
induced toxicity and tolerance in terms of variation in
biophysiochemical attributes of B. oleracea greatly
varied with As-applied levels, plant physiological
response and plant organ type (leaf/root). The data
analysis of the literature also revealed similar trends
with low toxicity and high tolerance at lower As levels
and vice versa. Therefore, the generalization of results
must be made keeping in view the applied levels of a
trace element, the type of studied organ (leaf or roots)
and the response variables. Moreover, the plant
species (serving root/shoot as edible part) should be
well identified in terms of trace element accumulation
and partitioning in the tissues that can be used for the
remediation of contaminated sites.

Perspectives

e More studies are required at the cellular and
genetic level to elucidate the underlying mecha-
nisms of antioxidant activation or suppression
under specific stress conditions.

e The physiological plant response to stress condi-
tions may greatly vary with applied stress level,
plant type, plant parameter type, plant organ type,
etc. These aspects warrant further investigations.

e The role of plant tolerance mechanisms toward
trace element compartmentation inside plants and
associated health hazards is not still fully
developed.

Funding Not applicable.

@ Springer

Declarations

Conflict of interest Authors declare no conflict of interest.

References

Abbas, G., Murtaza, B., Bibi, 1., Shahid, M., Niazi, N. K., Khan,
M. 1., Amjad, M., & Hussain, M. (2018). Arsenic uptake,
toxicity, detoxification, and speciation in plants: physio-
logical, biochemical, and molecular aspects. International
Journal of Environmental Research and Public Health, 15,
1-45.

Ahmed, M. F., Mokhtar, M. B., & Alam, L. (2020). Carcino-
genic and non-carcinogenic health risk of arsenic ingestion
via drinking water in Langat River Basin. Environmental
geochemistry and health.

Anwar, H., Shahid, M., Natasha, N., Niazi, N.K., Khalid, S.,
Tariq, T.Z., Ahmad, S., Nadeem, M., Abbas, G., (2020).
Risk assessment of potentially toxic metal(loid)s in Vigna
radiata L. under wastewater and freshwater irrigation.
Chemosphere, 129124.

Anwar, H., Shahid, M., Natasha, Niazi, N.K., Khalid, S., Tariq,
T.Z., Ahmad, S., Nadeem, M., Abbas, G., (2021). Risk
assessment of potentially toxic metal (loid) s in Vigna
radiata L. under wastewater and freshwater irrigation.
Chemosphere, 129124.

Bech, J. (2020). Soil contamination and human health: Part 3.
Environmental Geochemistry and Health, 42, 4065-4071.

Biicker-Neto, L., Paiva, A. L. S., Machado, R. D., Arenhart, R.
A., & Margis-Pinheiro, M. (2017). Interactions between
plant hormones and heavy metals responses. Genetics and
Molecular Biology, 40, 373-386.

Coelho, D.G., Marinato, C.S., De Matos, L.P., de Andrade,
H.M,, da Silva, V.M., Santos-Neves, P.H., Aratjo, S.C.,
Oliveira, J.A., (2020). Is arsenite more toxic than arsenate
in plants? Ecotoxicology, 1-7.

El Yamani, M., Boussakouran, A., Rharrabti, Y., 2020. Leaf
water status, physiological behavior and biochemical
mechanism involved in young olive plants under water
deficit. Scientia Horticulturae 261, 108906.

Ghassemi-Golezani, K., Farhangi-Abriz, S., Abdoli, S., (2020).
How can biochar-based metal oxide nanocomposites
counter salt toxicity in plants? Environmental Geochem-
istry and Health.

He, Y., Zhang, T., Sun, Y., Wang, X., Cao, Q., Fang, Z., Chang,
M., Cai, Q., Lou, L., (2021). Exogenous IAA alleviates
arsenic toxicity to rice and reduces arsenic accumulation in
rice grains. Journal of Plant Growth Regulation.

Hodges, D. M., DeLong, J. M., Forney, C. F., & Prange, R. K.
(1999). Improving the thiobarbituric acid-reactive-sub-
stances assay for estimating lipid peroxidation in plant
tissues containing anthocyanin and other interfering com-
pounds. Planta, 207, 604—611.

Hussain, M.M., Wang, J., Bibi, 1., Shahid, M., Niazi, N.K.,
Igbal, J., Mian, I.A., Shaheen, S.M., Bashir, S., Shah, N.S.,
(2020). Arsenic speciation and biotransformation pathways



Environ Geochem Health (2022) 44:1827-1839

1839

in the aquatic ecosystem: The significance of algae. Journal
of Hazardous Materials 403, 124027.

Irem, S., Islam, E., Maathuis, F. J. M., Niazi, N. K., & Li, T.
(2019). Assessment of potential dietary toxicity and arsenic
accumulation in two contrasting rice genotypes: effect of
soil amendments. Chemosphere, 225, 104-114.

Islam, E., Liu, D., Li, T., Yang, X., Jin, X., Mahmood, Q., Tian,
S., & Li, J. (2008). Effect of Pb toxicity on leaf growth,
physiology and ultrastructure in the two ecotypes of
Elsholtzia argyi. Journal of Hazardous Materials, 154,
914-926.

Lichtenthaler, H.K., (1987). Chlorophylls and carotenoids:
Pigments of photosynthetic biomembranes. Methods
Enzymol. Academic Press, pp. 350-382.

Natasha, Shahid, M., Khalid, S., Murtaza, B., Anwar, H., Shah,
A.H., Sardar, A., Shabbir, Z., Niazi, N.K., (2020b). A
critical analysis of wastewater use in agriculture and
associated health risks in Pakistan. Environmental Geo-
chemistry and Health.

Natasha, Shahid, M., Saleem, M., Anwar, H., Khalid, S., Tariq,
T.Z., Murtaza, B., Amjad, M., Naeem, M.A., (2020c) A
multivariate analysis of comparative effects of heavy
metals on cellular biomarkers of phytoremediation using
Brassica oleracea. International Journal of Phytoremedia-
tion 22: 617-627.

Natasha, Shahid, M., Farooq, A.B.U., Rabbani, F., Khalid, S.,
Dumat, C., (2020a). Risk assessment and biophysiochem-
ical responses of spinach to foliar application of lead oxide
nanoparticles: A multivariate analysis. Chemosphere 245,
125605.

Natasha, Bibi, I., Shahid, M., Niazi, N.K., Younas, F., Naqvi,
S.R., Shaheen, S.M., Imran, M., Wang, H., Hussaini, K.M.,
Zhang, H., (2021). Hydrogeochemical and health risk
evaluation of arsenic in shallow and deep aquifers along the
different floodplains of Punjab, Pakistan. Journal of
Hazardous Materials 402, 124074.

Paithankar, J.G., Saini, S., Dwivedi, S., Sharma, A., Chowdhuri,
D.K., (2020). Heavy metal associated health hazards: An
interplay of oxidative stress and signal transduction. Che-
mosphere 262, 128350.

Peralta, J.M., Travaglia, C.N., Romero-Puertas, M.C., Furlan,
A., Castro, S., Bianucci, E., (2020). Unraveling the impact
of arsenic on the redox response of peanut plants inoculated
with two different Bradyrhizobium sp. strains. Chemo-
sphere 259, 127410.

Rafiq, M., Shahid, M., Shamshad, S., Khalid, S., Niazi, N. K.,
Abbas, G., Saeed, M. F., Ali, M., & Murtaza, B. (2018). A
comparative study to evaluate efficiency of EDTA and
calcium in alleviating arsenic toxicity to germinating and
young Vicia faba L. seedlings. Journal of Soils and Sedi-
ments, 18, 2271-2281.

Rodriguez-Ruiz, M., Aparicio-Chacén, M. V., Palma, J. M., &
Corpas, F. J. (2019). Arsenate disrupts ion balance, sulfur
and nitric oxide metabolisms in roots and leaves of pea
(Pisum sativum L.) plants. Environmental and Experi-
mental Botany, 161, 143-156.

Saha, J., Majumder, B., Mumtaz, B., & Biswas, A. K. (2017).
Arsenic-induced oxidative stress and thiol metabolism in
two cultivars of rice and its possible reversal by phosphate.
Acta Physiologiae Plantarum, 39, 263.

Shabbir, Z., Sardar, A., Shabbir, A., Abbas, G., Shamshad, S.,
Khalid, S., Natasha, Murtaza, G., Dumat, C., Shahid, M.,
(2020a). Copper uptake, essentiality, toxicity, detoxifica-
tion and risk assessment in soil-plant environment. Che-
mosphere 259, 127436.

Shabbir, Z., Shahid, M., Natasha, Khalid, S., Khalid, S., Imran,
M., Qureshi, M.I., Niazi, N.K., (2020b). Use of agricultural
bio-wastes to remove arsenic from contaminated water.
Environmental Geochemistry and Health.

Shabnam, N., Kim, M., Kim, H., (2019). Iron (III) oxide
nanoparticles alleviate arsenic induced stunting in Vigna
radiata. Ecotoxicology and environmental safety 183,
109496.

Shahid, M., Pourrut, B., Dumat, C., Nadeem, M., Aslam, M.,
Pinelli, E., (2014). Heavy-metal-induced reactive oxygen
species: Phytotoxicity and physicochemical changes in
plants. Reviews of Environmental Contamination and
Toxicology Volume 232. Springer, pp. 1-44.

Shahid, M., (2020). Effect of soil amendments on trace element-
mediated oxidative stress in plants: Meta-analysis and
mechanistic interpretations. Journal of Hazardous Materi-
als, 124881.

Shahid, M., Niazi, N. K., Dumat, C., Naidu, R., Khalid, S.,
Rahman, M. M., & Bibi, I. (2018). A meta-analysis of the
distribution, sources and health risks of arsenic-contami-
nated groundwater in Pakistan. Environmental Pollution,
242, 307-319.

Shahid, M., Niazi, N. K., Rinklebe, J., Bundschuh, J., Dumat, C.,
& Pinelli, E. (2020). Trace elements-induced phyto-
hormesis: A critical review and mechanistic interpretation.
Critical Reviews in Environmental Science and Technol-
0gy, 50, 1984-2015.

Singh, R., Jha, A. B., Misra, A. N., & Sharma, P. (2019). Dif-
ferential responses of growth, photosynthesis, oxidative
stress, metals accumulation and NRAMP genes in con-
trasting Ricinus communis genotypes under arsenic stress.
Environmental Science and Pollution Research, 26,
31166-31177.

Souri, Z., Karimi, N., Farooq, M.A., Sandalio, L.M., (2020).
Nitric oxide improves tolerance to arsenic stress in Isatis
cappadocica desv. Shoots by enhancing antioxidant
defenses. Chemosphere 239, 124523.

Wu, R., Podgorski, J., Berg, M., Polya, D.A., (2020). Geosta-
tistical model of the spatial distribution of arsenic in
groundwaters in Gujarat State, India. Environmental
Geochemistry and Health, 1-16.

Yu, H.,, Yan, X., Zheng, X., Xu, K., Zhong, Q., Yang, T., Liu, F.,
Wang, C., Shu, L., He, Z., Xiao, F., & Yan, Q. (2020).
Differential distribution of and similar biochemical
responses to different species of arsenic and antimony in
Vetiveria zizanioides. Environmental Geochemistry and
Health, 42, 3995-4010.

Zhang, L., Ding, H., Jiang, H., Wang, H., Chen, K., Duan, J.,
Feng, S., Wu, G., (2020). Regulation of cadmium tolerance
and accumulation by miR156 in Arabidopsis. Chemo-
sphere 242, 125168.

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



	Arsenic-induced oxidative stress in Brassica oleracea: Multivariate and literature data analyses of physiological parameters, applied levels and plant organ type
	Abstract
	Introduction
	Materials and methods
	Brassica oleracea growth and arsenic treatments
	Physiological analysis of Brassica oleracea
	Reactive oxygen species (H2O2)
	Lipid peroxidation
	Analysis of chlorophyll contents
	Analysis of Antioxidant enzymes

	Statistical analysis

	Results
	Arsenic-induced production of ROS in Brassica oleracea
	Arsenic-induced lipid peroxidation
	Arsenic-induced toxicity to chlorophyll contents of Brassica oleracea
	Arsenic-induced changes in antioxidant enzyme activities
	Multivariate analysis

	Discussion
	Arsenic-induced oxidative stress and tolerance mechanisms
	Low vs high applied doses of As
	Induction or suppression of antioxidant enzymes
	Roots vs leaves

	Meta-analysis of recent data (2017--2020)
	Low vs high applied levels
	Leaves vs roots
	Induction vs suppression of antioxidant enzymes

	Multivariate analyses

	Conclusions
	Perspectives
	Funding
	References




