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Abstract

To investigate the possible role of EDTA in mitigating cadmium (Cd) toxicity, we
treated mustard (Brassica juncea L.) seedlings with CdCl, (0.5 mM and 1.0 mM, 3
days) alone and in combination with 0.5 mM EDTA in a semihydroponic medium.
In the absence of EDTA, mustard seedlings accumulated Cd in their roots and shoots
in a concentration dependent manner. Overaccumulation of Cd boosted generation
of hydrogen peroxide (H,0,) and superoxide anions (O,"), increased lipoxygenase
(LOX) activity, lipid peroxidation, and cytotoxic methylglyoxal (MG) content. It also
disturbed components of the antioxidant defense and glyoxalase systems. Furthermore,
Cd stress decreased growth, leaf relative water content (RWC) and chlorophyll (chl)
content but augmented the proline (Pro) content. On the other hand, EDTA supple-
mented Cd-stressed seedlings improved the constituents of the AsA-GSH cycle with
the upregulated activities of ascorbate peroxidase (APX), monodehydroascorbate
reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase
(GR), glutathione peroxidase (GPX), superoxide dismutase (SOD), and catalase
(CAT). Moreover, addition of EDTA to the Cd-stressed seedlings notably enhanced
Gly I activity in contrast to the stress treatment. Ethylenediaminetetraacetic acid
decreased Cd accumulation in the both shoots and roots, as well as increased other
nonprotein thiols (NPTs) in leaves, including the phytochelatin (PC) content. It also
decreased H,0, and O, generation, lipid peroxidation and MG content but enhanced
RWC, chl and Pro contents in the leaves, which confirmed the improved growth of
seedlings. The findings of the study suggest that exogenous application of EDTA to
the Cd-treated seedlings reduces Cd-induced oxidative injuries by restricting Cd
uptake, increasing NPTs concentration and upregulating most of the components
of their antioxidant defense and glyoxalase systems.

Keywords

abiotic stress; heavy metals; metal chelation; methylglyoxal; phytoremediation;
reactive oxygen species

Introduction

As a result of anthropogenic activities, heavy metal pollution is gradually becoming an
increasing problem for world agriculture. Among the heavy metals, cadmium (Cd) is
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a serious environmental contaminant. The main sources of Cd are industrial effluents
and phosphate fertilizers, from which it enters the environment [1]. Because of its
widespread mobility and hydrophilic nature, Cd can easily enter to plant root and be
transported to the upper parts and to become a serious threat for living organisms,
including humans, by food-chain transfer [2,3].

Numerous studies have confirmed that excess amounts of Cd negatively affect the
phenotype and physiology of plants. The general phenotypic signs of Cd-induced stress
in plants are chlorosis, necrosis, epinasty of leaves, disturbance of pollen germination
and tube growth, as well as overall stunted plant growth. Cadmium hampers plant
metabolism because it decreases uptake of nutrients, hinders the photosynthetic pro-
cess by disturbing the metabolism of chlorophyll (chl) and destroying ultrastructural
components of the chloroplast, and alters nitrogen and sulfur metabolism [4-6]. As
a redox-inactive metal, Cd indirectly produces more reactive oxygen species (ROS)
which include singlet oxygen ('O,) and superoxide anion (O,), hydrogen peroxide
(H,0,), and the hydroxyl radical (OH"). Cellular macromolecules such as lipids, pro-
teins, and nucleic acids are oxidized by the elevated level of ROS [6,7]. Plants are able
to develop numerous methods to combat Cd toxicity to diminish injurious effects by
avoiding toxicity through metal-binding on to cell walls, preventing movement across
cell membranes, active efflux and excretion processes, compartmentalization, and by
internal chelation of the metal [8,9]. Moreover, to diminish ROS-induced oxidative
stress, plant cells have well organized antioxidant defense systems which comprise
nonenzymatic components including ascorbic acid (AsA), glutathione (GSH), phenolic
compounds, alkaloids, a-tocopherol, nonprotein amino acids, etc., and enzymatic com-
ponents including superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), glutathione reductase (GR), monodehydroascorbate reductase (MDHAR),
dehydroascorbate reductase (DHAR), glutathione peroxidase (GPX), and glutathione
S-transferase (GST) [6,10].

Methylglyoxal (MG), a byproduct of glycolysis, is a cytotoxic component which
forms under various environmental stresses including heavy metal toxicity. It can dam-
age cellular ultrastructure, cause mutation and even cell death. However, plants have
a MG detoxification system (glyoxalase system) which consists of two vital enzymes,
glyoxalase I (Gly I) and glyoxalase II (Gly II) [11,12]. However, the effectiveness of this
system varies significantly due to plant type and environmental stimuli.

The exogenous use of protectants, such as plant hormones, organic acids, signalling
molecules and trace elements, have become topical in current research because of their
demonstrable function in enhancing abiotic stress tolerance of plants. Ethylenediamine-
tetraacetic acid is a polyamino carboxylic acid, broadly applied as a chemical extractant/
chelator for removing heavy/toxic metals from the soil via chelation, particularly where
there is little metal bioavailability [13]. Furthermore, EDTA is capable of decreasing metal
phytotoxicity [14]. The function of EDTA in Cd uptake and/or decreasing its toxicity
has already been studied in several plants [15-18]. In addition, EDTA enhances the
solubility of different metals in the soil medium and increases their availability, uptake,
and translocation from roots to shoots in most vascular plants [15,16]. Conversely,
Evangelou et al. [17] reported that EDTA inhibited Cd accumulation in Nicotiana
tabacum L. plants. Similarly, this chelating agent was observed to suppress Cd toxic-
ity by altering Cd uptake in several plant species such as Vigna unguiculata (L.) [18],
Oryza sativa L. [19], Beta vulgaris L. [20], and Phaseolus vulgaris L. [21]. In addition, it
has been shown to improve the antioxidant defense as well as overall growth of plants
under Cd stress conditions [16,22].

Ethylenediaminetetraacetic acid has been used in several experiments with different
species of the Brassicaceae family as a metal chelator for observing a range of physi-
ological and biochemical parameters [16]. But the function of EDTA as to whether
it increases or decreases Cd uptake by plants grown in an aqueous medium is still
debatable. Moreover, EDTA-dependent harmonized action of the antioxidant defense
and glyoxalase systems is still unknown under Cd stress. We therefore investigated the
effects of EDTA on metal accumulation, biochemical and physiological parameters,
focusing on the antioxidant defense and glyoxalase systems of Brassica juncea (L.)
Czern. under Cd stress at the early seedling stage.
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Material and methods
Plant material and stress treatments

Indian mustard seeds (Brassica juncea L. ‘BARI Sharisha-11") were sorted and sterilized
with 70% ethanol, and washed several times with sterilized water. Seeds were then planted
on six layers of filter paper inside 9-cm Petri plates with 10 mL of distilled water and
incubated for 2 days. Following this, the Petri plates containing the mustard seedlings
were transferred to a cultivation chamber, keeping 60 healthy seedlings and maintaining
standard growing conditions (temperature: 25 +2°C, relative humidity: 65-70%, and
irradiance: 350 umol photons ms™'). The seedlings were grown for 10 days, nourishing
with a 5,000-fold diluted Hyponex nutrient solution (Hyponex, Japan), which contained
8% N, 6.43% P, 20.94% K, 11.8% Ca, 3.08% Mg, 0.07% B, 0.24% Fe, 0.03% Mn, 0.0014%
Mo, 0.008% Zn, and 0.003% Cu. After 10 days, EDTA (0.5 mM) and Cd (0.5 mM and
1.0 mM CdCl,) were applied individually and in combination, considering CdCl, 0.5
mM and 1 mM as mild and severe stressors, respectively. The treatment period was for
3 consecutive days. Although 0.5 mM and 1.0 mM CdCl, doses are not environmentally
and ecologically realistic, they were selected to produce quick physiological responses
within a short time (3 days). After 3 days, samples were collected randomly from each
of the Petri plates for data collection on various morphophysiological characteristics.
The experiment was performed in a completely randomized design (CRD) with six
treatments and three replications.

Measurement of lipid peroxidation

Fresh leaves (0.5 g) of B. juncea seedlings were taken to measure lipid peroxidation
and expressed as the thiobarbituric acid reactive substances (TBARS) content and
quantified from thiobarbituric acid (TBA) according to the method of Heath and
Packer [23] with a minor amendment by Hasanuzzaman et al. [24]. The content of
TBARS was estimated by monitoring the absorbance at 532 nm (for correction 600
nm) spectrophotometrically.

Determination of hydrogen peroxide

The concentrations of H,O, was determined from 0.5 g leaves of B. juncea seedlings
according to Yu et al. [25]. This determination was based on the reaction of H,0, with
H,SO, and TiCl, forming an H,O,-titanium complex which was monitored optically
at 410 nm.

Histochemical detection of hydrogen peroxide and superoxide

Following the method Nahar et al. [26], H,0, and O, formation inside B. juncea leaves
was confirmed by histochemical staining, observing the brown and dark blue spots/
patches from the reaction of 3-diaminobenzidine (DAB) and nitroblue tetrazolium
chloride (NBT), respectively.

Measurement of photosynthetic pigments content

Leaf photosynthetic pigments were extracted with acetone (80%, v/v) and the amounts

of chl a and chl b in the extract were determined spectrophotometrically according to
the method of Arnon [27].
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Measurement of growth parameters

A metric scale was used to determine shoot length in cm. Ten fresh seedlings were
weighed and the mean was expressed as the fresh weight (FW) (g plant™). After that,
the seedlings were oven-dried for 48 h and again weighed to establish the dry weight
(DW) (g plant™).

Measurement of leaf relative water content

Relative water content (RWC) was determined gravimetrically [26]. For measuring
RWC, 0.5 g of leaves were weighed as FW and dipped in Petri plates employing 20
mL distilled water inside a dark chamber. Leaves attained a constant turgid weight
(TW) after 12 h, and the leaves were then oven-dried for taking DW. Finally, RWC was
calculated as: % RWC = (FW — DW)/(TW — DW)x100.

Measurement of proline content

The amount of free proline (Pro) present in leaf tissue was quantified with the method
previously adopted by Bates et al. [28]. Fresh leaf samples were extracted with sul-
fosalicylic acid and mixed with acetic acid and acid ninhydrin in a ratio of (1:1:1),
incubated at 100°C for 60 min, chilled in ice, and next toluene was added to separate
the chromophore which was read optically at 520 nm.

Measurement of methylglyoxal level

Methylglyoxal content measurement was performed according to Wild et al. [29].
Leaf samples were extracted using perchloric acid, decolorized with charcoal and then
neutralized with saturated Na,CO;. N-acetyl-L-cysteine was next added to develop an
intermediate [N-a-acetyl-S-(1-hydroxy-2-oxoprop-1-yl) cysteine], which was read at
288 nm optically and calculated using a standard curve.

Extraction and measurement of ascorbate and glutathione

Harvested fresh leaf samples were extracted with meta-phosphoric acid, and the collected
supernatants were employed to determine the AsA and GSH contents. The extract was
neutralized (pH 7.0) with potassium-phosphate (K-P) buffer.

Total AsA and reduced AsA were determined enzymatically according to Huang et al.
[30] and Hasanuzzaman et al. [24] by reading the absorbance at 265 nm and calculated
using a known AsA standard curve. Before determining total AsA, 0.1 M dithiothreitol
was used to reduce the oxidized AsA fraction. Dehydroascorbate (DHA) was obtained
by deducting the AsA from total AsA.

The enzymatic recycling principle was employed to determine total GSH and
GSSG following Yu et al. [25] and Nahar et al. [26] by reading the absorbance at 412
nm and calculated using known GSH and GSSG standard curves. Before measuring
GSSG; 2-vinylpyridine masking was done to GSH. Afterwards, GSH was calculated by
deducting GSSG from total GSH.

Extraction and measurement of protein content and assay of enzyme activity

Freshly harvested leaves were extracted with a commonly used enzyme extraction bufter
[50 mM pH 7.0 K-P buffer, 100 mM KCI, 1 mM AsA, 5 mM B-mercaptoethanol, and
(10%, v/v) glycerol] maintaining 0-4°C temperature. The collected supernatants were
then used to determine free protein content and enzyme activity.

We determined free protein content following Bradford [31], where bovine serum
albumin (BSA) was considered as the protein standard.
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Lipoxygenase (LOX; EC: 1.13.11.12) activity was determined following the method
of Doderer et al. [32] by monitoring the increase in absorbance at 234 nm using linoleic
acid, and the activity was calculated using the extinction coefficient 25 mM™" cm™.

Superoxide dismutase (EC: 1.15.1.1) activity was read at 560 nm by the xanthine-
xanthine oxidase principle [33]. The reaction mixture contained 50 mM K-P buffer (pH
7.0), 2.24 mM NBT, catalase (0.1 U), xanthine oxidase (0.1 U), xanthine (2.36 mM),
and enzyme extract. The activity of SOD was expressed as units (amount of enzyme
required to inhibit NBT reduction by 50%) min™' mg™' protein.

Catalase (EC: 1.11.1.6) activity was assayed by monitoring absorbance at 240 nm [24].
The reaction mixture contained 50 mM K-P buffer (pH 7.0), 15 mM H,0,, and enzyme
solution. The activity was calculated using extinction coeflicient 39.4 M~' cm™.

Ascorbate peroxidase (EC: 1.11.1.11) was measured with a solution mixture of K-P
buffer (pH 7.0), AsA, H,0,, EDTA, and enzyme extract. The activity was measured by
monitoring the decrease in absorbance at 290 nm for 1 min and calculated using the
extinction coefficient 2.8 mM™! cm™ [34].

Monodehydroascorbate reductase (EC: 1.6.5.4) activity was determined following
the method Hossain et al. [35] with a solution mixture of K-P buffer (pH 7.0), AsA,
H,0,, EDTA, and enzyme extract. The activity was measured by monitoring the decrease
in absorbance at 290 nm for 1 min and calculated using the extinction coefficient 2.8
mM™ cm™.

Dehydroascorbate reductase (EC: 1.8.5.1) activity was assayed following the procedure
of Nakano and Asada [34]. The reaction buffer contained 50 mM K-P bufter (pH 7.0),
2.5 mM glutathione (GSH), 0.1 mM EDTA, and 0.1 mM dehydroascorbate (DHA).
The activity was measured after observing the change in absorbance at 265 nm for 1
min using the extinction coefficient 14 mM™ cm™.

Glutathione reductase (EC: 1.6.4.2) was assayed from the optical absorbance change
at 340 nm [24]. The reaction mixture contained K-P buffer (pH 7.0), EDTA, GSSG,
NADPH, and enzyme extract. The activity was calculated using the extinction coef-
ficient 6.2 mM™ cm™.

Glutathione peroxidase (EC: 1.11.1.9) activity was assayed from the absorbance
change due to oxidation of NADPH at 340 nM using the extinction coefficient 6.62
mM™ cm™ [24,36]. The assay mixture consisted of 100 mM K-P buffer (pH 7.0), 1 mM
EDTA, 1 mM sodium azide (NaNj3;), 0.12 mM NADPH, 2 mM GSH, 1 U GR, 0.6 mM
H,O0, (as a substrate), and 20 mL of sample solution.

Glyoxalase I (EC: 4.4.1.5) activity was determined following the method of Hasa-
nuzzaman et al. [24]. The reaction mixture contained 100 mM K-P buffer (pH 7.0), 15
mM MgSO,, 1.7 mM GSH, and 3.5 mM MG. The change in absorbance was read at
240 nm activity was calculated using the extinction coefficient 6.62 mM™" cm™.

Glyoxalase IT (EC: 3.1.2.6) activity was estimated using the extinction coefficient
6.62 mM™ cm™ and observing the absorbance change at 412 nm [37]. The assay
mixture contained 100 mM Tris-HClI buffer (pH 7.2), 0.2 mM DTNB, and 1 mM S-p-
lactoylglutathione (SLG).

Measurement of Cd content, biological concentration factor,
biological accumulation coefficient, and translocation factor

To measure the root and shoot Cd concentrations, 0.1 g of dry sample was digested in
5 mL of HNO;:HCIO, (4:1, v/v) mixture. The Cd concentration in the digestate was
measured by atomic absorption spectrophotometry from a standard curve of known
Cd concentrations. Following Nahar et al. [26], the biological concentration factor
(BCF), translocation factor (TF) and biological accumulation coefficient (BAC) were
computed using the following equations:

BCF = Metal (roots)/Metal (growing media)

TF = Metal (shoots)/Metal (roots)

BAC = Metal (shoots)/ Metal (growing media).
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Measurement of other nonprotein thiols content (total NPTs-GSH content)

The content of nonprotein thiol was quantified according to Ellman [38] by homog-
enizing fresh leaves of B. juncea in sulfosalicylic acid (3%, w/v) using Ellman’s reagent.
Afterwards, other NPT contents, which includes phytochelatin (PC), were estimated
by subtracting the amount of GSH from the amount of total NPTs.

Statistical analysis

There were three replications for all parameters studied. The results obtained are presented
as mean +SE. For each parameter, significant differences between the means were tested
by one-way ANOVA and the mean differences were compared using Fisher’s LSD test
with the assistance of XLSTAT ver. 2017 software at p < 0.05 [39].

Results
Lipid peroxidation level, H,0, content, and LOX activity

In comparison to the control plants, the TBARS level enhanced by 46% and 78% under
mild and severe stress, respectively (Tab. 1). The rise in H,O, content and activity of
LOX was accountable for the enhancement of TBARS content or lipid peroxidation
under Cd stress. Nevertheless, application of EDTA reduced the H,0, level and activity
of LOX, which diminished peroxidation of lipids in the B. juncea seedlings under Cd
stress, compared to the stress treatment alone (Tab. 1).

Tab.1 TBARS and H,O, content, LOX activity, and chl content of B. juncea L. seedlings induced by exogenous

EDTA under Cd stress.
LOX activity

TBARS content H,O, content (umol min™! Chl a content Chl b content

Treatment (umol g' DW) (nmol g™ FW) mg! protein) (mg g FW) (mg g FW)

Control 36.5+1.3¢ 8.68 £0.6 209 +1.8¢ 0.73 £0.04 * 0.30 £0.03 *
CEDTA  357108° 858409 2104174 0734006°  031+004°
Cdl - .'.53.2 *+1.6° 13.22 +0.4° - .'.53.0 +2.8" 0.36 £0.02 a 0161002c
Cd1+EDTA S ”212.4 +2.34 934 +1.1°¢ - ”55.0 +1.8¢ 0.66 £0.01 b 026 1002b
Cd2 - ”.63.1 +3.2* 16.13 +1.3* - ””3‘)9.4 +2.2° 0.24 £0.01 e 010i001d
Cd2+EDTA o .';‘16.9 +19¢ 11.92 +0.6° - mé8.5 +19°¢ 0.55 +£0.01 e 0161001C

EDTA, Cdl, and Cd2 denote 0.5 mM EDTA, 0.5 mM CdCl,, and 1.0 mM CdCl,, respectively. Mean (+SD) was
calculated from three replicates for each treatment. Bars with different letters are significantly different at p < 0.05

applying Fisher’s LSD test.

Histochemical detection of H,0, and O,

Production of ROS, for example, H,O, and O,", were detected using DAB and NBT
staining of leaves. In contrast to control treatments, Cd stress augmented H,0O, and
O, production, which could be seen in the leaves of the Cd-stressed B. juncea seed-
lings. Applying EDTA to Cd-stressed plants reduced the spots on the B. juncea leaves
generated by H,0, and O, (Fig. 1).

© The Author(s) 2019 Published by Polish Botanical Society Acta Agrobot 72(2):1772 6 of 17



@ &
- i
2 i -‘»

B 2 T : P

Control EDTA Cd1+EDTA Cd2+EDTA

Fig.1 Histochemical detection of H,O, (A) and O, (B) in the leaves of B. juncea L. seedlings. EDTA, Cdl, and Cd2 denote
0.5 mM EDTA, 0.5 mM CdCl,, and 1.0 mM CdCl,, respectively.

Photosynthetic pigments

Mild and severe stress decreased the chl a content by 51% and 67%, and chl b content
by 47% and 66%, respectively, in contrast to the control (Tab. 1). In comparison with
Cd stress alone, application of EDTA with Cd was efficient in reinstating and raising the
level of chl a and chl b contents in the Cd-affected B. juncea seedlings (Tab. 1).

Growth parameters

In the present study, compared to the control the B. juncea seedlings exhibited reduced
growth including shoot length, FW, and DW under Cd-induced stress (Tab. 2). Adding
EDTA to the Cd-treated plants suppressed the growth inhibitory events and enhanced
shoot length by 5% under both levels of stress; fresh weight by 16% and 12% for mild
and severe stress, respectively; and dry weight by 12% and 9% for mild and severe stress,
respectively (compared to stress treatment alone) (Tab. 2).

Proline and leaf RWC

The Cd-affected plants also suffered from water deficit stress as indicated by decreased
RWC of the leaves. Enhanced proline content in the Cd-stressed seedlings further
established the water deficit stress. Addition of EDTA with mild and severe stress en-
hanced the proline levels by 9% and 29%, respectively, which corroborates the increase
in leaf RWC (Tab. 2).

Tab.2 Growth and water status of B. juncea L. seedlings induced by exogenous EDTA under Cd stress.

Shoot length Fresh weight Dry weight Pro content
Treatment (cm) (mg seedling™)  (mg seedling™) Leaf RWC (%) (umol g' FW)
Control 4.17 £0.05* 63 £1.2° 6.3£0.2° 90.7 £0.8 * 14 +£0.1¢

EDTA 4.18 +0.10* 62+1.1° 6.3+0.1* 90.9 £0.6 *

Cd1 3.86 £0.04 <4 52+1.44 5.5+0.1< 84.3+0.6°

Cd1+EDTA 4.02 £0.06° 60 +1.4° 6.1 +0.2® 873 +1.1°

3.78 £0.04 ¢ 50 +0.8 ¢

Cd2+EDTA 3.95 £0.04 b 56 £0.9 5.8 £0.1% 86.1 £0.6°

5.3 +0.2¢ 80.2£1.0¢

EDTA, Cdl, and Cd2 denote 0.5 mM EDTA, 0.5 mM CdCl,, and 1.0 mM CdCl,, respectively. Mean (+SD) was
calculated from three replicates for each treatment. Bars with different letters are significantly different at p < 0.05

applying Fisher’s LSD test.
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Ascorbate—glutathione pool

The ascorbate content was reduced by 20% and 37% under mild and severe stress,
respectively, whereas the DHA content was enhanced by 241% and 630% under mild
and severe stress, respectively (Fig. 2A,B). Accordingly, the ratio of AsA/DHA de-
clined under both mild and severe stress, in contrast to that of the control plants. The
ascorbate content was restored and increased, whereas the DHA level decreased with
the application of EDTA under Cd stress, causing an increase in the AsA/DHA ratio,
in contrast to Cd stress alone (Fig. 2A-C). Cadmium stress at both levels resulted in
an increase in the GSH level and a large increase in the GSSG level, compared with
the control. Adding EDTA with Cd caused an 11% increase in the GSH level at either
concentration of Cd compared with Cd stress without EDTA (Fig. 2D). In contrast,
due to the addition of EDTA, GSSG levels reduced by 21% and 18% under mild and
severe stress conditions, respectively, in comparison with Cd stress alone (Fig. 2E).
The change in the GSH and GSSG levels resulted in a declined GSH/GSSG ratio under
Cd stress, compared to the control plants. However, the GSH/GSSG ratio increased
when EDTA was added to the growing medium with Cd (compared to the Cd stress
treatment without EDTA) (Fig. 2F).
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Fig.2 AsA content (B), DHA content (B), AsA/DHA ratio (C), GSH content (D), GSSG content (E), and GSH/GSSG ratio
(F) in B. juncea L. seedlings induced by exogenous EDTA under Cd stress. EDTA, Cd1, and Cd2 denote 0.5 mM EDTA, 0.5
mM CdCl,, and 1.0 mM CdCL, respectively. Mean (+SD) was calculated from three replicates for each treatment. Bars with
different letters are significantly different at p < 0.05 applying Fisher’s LSD test.

Antioxidant enzymes

The activity of APX was enhanced in a concentration-dependent manner. Its activity
increased under mild stress by 16% and severe stress by 35%, in contrast to the control
plants. After exogenous application of EDTA, APX activity increased again by 11% and
13% under mild and severe stress, respectively, compared to Cd stress alone (Fig. 3A).
Activity of MDHAR decreased after Cd application (in contrast to the control treatment)
but enhanced after adding EDTA with Cd (compared with Cd stress alone) (Fig. 3B).
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Both mild and severe stress decreased activity of DHAR by 15% and 32%, respectively
(in contrast to the control). In contrast, the DHAR activity increased when EDTA was
added to the Cd-treated seedlings, compared with the Cd stress alone (Fig. 3C). Activity
of GR enhanced significantly under severe stress only. Applying EDTA to the Cd-treated
B. juncea seedlings the enhanced activity of GR by 25% and 41% under mild and severe
stress, respectively, compared with Cd stress alone (Fig. 3D). Mild stress was unable to
enhance SOD activity significantly, but the activity sharply increased upon exposure
to severe stress. Exogenous EDTA supplementation to the Cd-affected plants raised
activity of SOD further, in comparison with Cd stress alone (Fig. 4A). Cadmium stress
increased GPX activity compared to the control plants. An enhancement in activity of
11% was observed when the Cd-affected seedlings were supplemented with EDTA (at
both levels of Cd), compared to the Cd-treated plants without EDTA (Fig. 4B). Cata-
lase activity declined with the rise in the levels of Cd in comparison with the control
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seedlings. Compared to Cd stress alone, exogenous EDTA application to the Cd-aftected
seedlings reversed and reinstated the CAT activity (Fig. 4C).

Methylglyoxal content and glyoxalase system

Compared to control treatments, the MG level enhanced by 94% under mild stress
and 155% under severe stress resulting from exposure of B. juncea seedlings to Cd.
Glyoxalase I activity was enhanced, but Gly II activity was reduced in the Cd-affected
plants in a concentration-dependent fashion, in contrast to the control seedlings. Ap-
plying EDTA to the Cd-affected plants enhanced Gly I and Gly II activity with GSH
content, which was involved in decreasing the MG content (compared to the stress
alone) (Fig. 5A-C).
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Cadmium content, BCF, BAC, TF, and other NPTs (NPTs-GSH) content

The Cd concentration of the B. juncea seedlings was determined in the roots and shoots.
Exogenous Cd application resulted in Cd accumulation inside the plants where a higher
Cd content was observed in the roots, compared to the shoots (Tab. 3). Adding EDTA
with Cd to the plant growth medium reduced the root and shoot Cd content. In contrast
to Cd stress alone, after adding EDTA, the Cd content in the shoot was reduced by 77%
and 74% under mild and severe stress, respectively. On the other hand, the root Cd
content was reduced by 95% and 51% under mild and severe stress, respectively (Tab. 3).
The concentration of Cd in the plant growth medium, transport and accumulation of
Cd from the substrate to the plant parts were revealed from the measured biochemical
parameters including BCF, BAC, and TF (Tab. 3). Both levels of Cd in the substrate of
seedlings showed higher BCF, BAC, and TF values (except TF under mild stress) and
EDTA supplementation decreased these values (except TF under mild stress) (Tab. 3).
Compared to the control, other NPT (NPTs-GSH) contents were augmented by 47%
and 110% in the plants exposed to mild and severe stress, respectively. Nevertheless,
supplementation of EDTA to the Cd-affected seedlings further enhanced other NPTs
(total NPTs-GSH) contents by 23% and 11% under mild and severe stress, respectively,
compared with the stress treatment alone (Tab. 3).
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Tab.3 Cadmium content in the shoots and roots, BCE, BAC, TF, and other nonprotein thiols content (total NPTs-GSH content) of
B. juncea L. seedlings induced by exogenous EDTA under Cd stress.

Biological
Cd content in Cd content in Biological accumulation Total NPTs-
shoots (mg g™! roots (mg g™* concentration coefficient Translocation GSH content
Treatment DW) DW) factor (BCF) (BAC) factor (TF) (nmol g FW)
Control ND ND - - - 117 £10°¢
EDTA ND ND - - - 126 £7 ¢
Cd1 7.410.2° 56.8 £1.1° 0.106 £0.002 ® 0.04 £0.001 ® 0.13 +£0.001 © 172 £12¢
d1+EDTA 1.7 +£0.1¢ 3.0 0.3 ¢ 0.006 +0.001 ¢ 0.01 +£0.000 ¢ 0.56 £0.031°*
Cd2 20.2+0.5* 79.1£1.0* 0.143 +0.001 * 0.10 +£0.003 * 0.26 £0.003 ® +
Cd2+EDTA 53+0.2°¢ 38.6 £0.7 ¢ 0.076 +£0.001 © 0.03 £0.001 ¢ 0.14 +£0.003 © 272 9%

EDTA, Cdl, and Cd2 denote 0.5 mM EDTA, 0.5 mM CdCl,, and 1.0 mM CdClL,, respectively. Mean (+SD) was calculated from three
replicates for each treatment. Bars with different letters are significantly different at p < 0.05 applying Fisher’s LSD test.

© The Author(s) 2019

Discussion

Overproduction of H,0,, O, and TBARS contents in the B. juncea seedlings confirmed
the oxidative stress in the current experiment. It is also evident from the photographs
of the histochemical detection of H,O, and O, in the leaves. Being a nonessential
heavy metal, Cd is not involved in generating oxidative stress through the Fenton or
Haber-Weiss reactions. Nevertheless, Cd can block the photosynthetic electron transport
chain, which is the key reason for increased ROS generation. Cadmium hinders the
activation of photosystem II by inhibiting electron transfer and leads to the generation
of ROS [7]. Modulation of antioxidants (GSH or the GSH/GSSG ratio) by Cd is another
reason for overproduction of ROS [4]. The oxidative stress markers were O,"~, H,0,
and TBARS, which were enhanced in a dose-dependent fashion in the present study.
Lipoxygenase activity also increased under Cd stress, which enhanced lipid peroxida-
tion. Similar results were observed in previous experiments on Cd stress [26,40,41].
Conversely, EDTA supplementation notably decreased ROS generation and the activity
of LOX as well as the TBARS level in the present study. Farid et al. [16] demonstrated
that adding EDTA to Cd-stressed Brassica napus L. seedlings significantly prevented
lipid peroxidation and H,O, production compared to a Cd treatment alone. It was
also reported that EDTA is involved in reducing metal-induced membrane damage in
Vetiveria zizanioides (L.) [22], O. sativa [19], and V. unguiculata [18]. Our findings also
suggest that EDTA may lessen Cd bioavailability in the nutrient solution and uptake
of Cd, which reduces the Cd-induced oxidative stress.

High concentrations of metal ions in the plant growth medium may reduce water
uptake through adjusting osmotic potential which is also a strategy for preventing
water uptake and reducing entrance of toxic metal ions within the plant. Damage in the
roots by heavy metals/Cd is another reason for inhibiting water uptake and lowering
tissue the water content of plants [42]. In our present study, seedlings under Cd stress
showed a reduction of tissue water content as specified by the decreased leaf RWC with
a concomitant enhancement of proline content, which is well supported by a previous
experiment [43]. Free Pro functions as an osmoprotectant and antioxidant, and aids in
chelation of metal ions [10]. After adding EDTA, the Pro content significantly increases
in Cd-stressed plants to reduce oxidative stress and cellular toxicity of Cd in rice plants
[19]. Here, the data we report are similar to earlier results, in which exogenous EDTA
addition with mild and severe stress enhanced the Pro levels, corroborated by the
increase in leaf RWC compared to Cd stress alone.

Cadmium stress is often associated with oxidative stress and changes in metabolism
such as alteration of enzyme activity, chlorophyll biosynthesis, and pigment content
[40,44]. Cadmium-induced oxidative stress also damages chl. Therefore, chlorosis of
leaves is a common deleterious effect of Cd stress [40]. Correspondingly, the reduction of
chl content in our study resulted in chlorosis in the leaves of the seedlings. The intensity
of injurious effects was dose-dependant. However, EDTA application improved the chl
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content of the Cd-treated plants. Our results are in agreement with those of Niakan and
Kaghazloo [45] and Farid et al. [16], who reported that EDTA increases the content of
chl in Helianthus annuus L. and B. napus L. plants.

Cadmium stress is also associated with other changes in metabolism including water
and nutrient uptake, inhibition of enzyme activity, reduction of photosystem efficiency
and photosynthetic rate, which all result in growth inhibition [36,42,44]. In our study,
the growth of the Cd-affected seedlings (shoot length, fresh and dry weight) decreased
significantly, in comparison to control seedlings, which is similar to earlier reports
[41,44]. Ethylenediaminetetraacetic acid significantly restores the growth and biomass
of B. napus by reducing Cd-induced inhibition and increasing plant resistance towards
Cd stress [16]. Similarly, Agbadah et al. [18] exposed Zea mays L. and V. unguiculata
plants to Cd in combination with EDTA and found that EDTA considerably increased
the stem length and fresh weight of Cd-stressed plants. In the present study, EDTA
suppressed the inhibitory events of growth and enhanced shoot length, FW, and DW
of the B. juncea plants. This result indicates that EDTA is responsible for reducing
oxidative stress because of a reduced Cd uptake by the plants.

Ascorbate scavenges a range of ROS. The cadmium-affected seedlings showed a
reduced AsA level because of a higher generation of H,0O, under stress conditions.
Decreased AsA content is also related in upregulation of APX and downregulation of
DHAR and MDHAR (enzymes which recycle DHA to AsA) activity under Cd stress,
for which Cd-stressed seedlings also show elevated DHA content, increased ROS
generation and oxidative stress [10]. The GSH level increases due to Cd stress, which
is a general characteristic in plants under heavy metal stress [24]. The content of GSSG
also increases considerably under Cd stress. Seedlings show decreased ratios of GSH/
GSSG and AsA/DHA under Cd stress, which are steady with high ROS generation
and oxidative stress [26,40]. The lower GSH/GSSG ratio occurs because of higher
production of GSSG (indicative of oxidative stress) and lower regeneration of GSH
(from GSSG), which is accomplished by GR activity [10]. Thus, higher activity of GR
is advantageous to recycle GSH and enhance its content. Adding EDTA alone to the B.
juncea seedlings slightly affected the components of antioxidant defense system. On the
other hand, adding exogenous EDTA to the Cd-stressed seedlings increased the AsA/
DHA ratio by increasing the AsA content and decreasing the DHA content. Similarly,
the GSH/GSSG ratio also increased after applying EDTA to the Cd-stressed seedlings,
which is responsible for the elevated GSH and less GSSG content. Supplementation of
EDTA to the Cd-stressed plants also enhanced the enzyme activity of the AsA-GSH
cycle (APX, MDHAR, DHAR, and GR). These results are almost the same as those of
previous studies [16,19,22]. Farid et al. [16] recorded that treating Cd-stressed plants
with EDTA notably increased protein content and antioxidant enzyme activity, whilst
it reduced TBARS and H,0, contents by scavenging ROS. In addition, GSH content
reduction under Cd toxicity was observed in V. zizanioides, but applying EDTA to Cd-
stressed plants showed a drastic improvement in the GSH level [22]. Therefore, EDTA
may contribute a positive function to the enzymes of the AsA-GSH pool in providing
resistance to Cd stress. Superoxide dismutase works as a vital enzyme which converts
toxic O, to H,0, [10]. Under mild Cd stress, SOD activity did not increase significantly,
but under severe Cd stress it increased considerably in the B. juncea seedlings. However,
O, and H,0, generation increased under Cd stress. Catalase eradicates H,O, from cell
by converting it to O, and H,O [46]. Reduced CAT activity caused a greater generation
of H,O, in the seedlings, in contrast to control plants. Moreover, GPX plays a key role
in protecting components of the cell from oxidative injury by scavenging peroxides
and different electrophiles [10]. Its activity upregulated in the B. juncea seedlings under
Cd stress. Cadmium stress-induced changes in SOD, CAT, and GPX activities in our
experiment similar to the results of earlier experiments on Cd [26,41]. However, add-
ing EDTA generally increases the activity of SOD in Cd-affected plants in contrast to
Cd treatment only [16,18,19]. In our experiment, EDTA decreased the O, content
by increasing the SOD activity of Cd-stressed B. juncea seedlings and provided the
foremost protection in opposition to ROS. Adding EDTA also augmented the activity
of CAT and reduced the formation of H,0,. Similar findings were demonstrated in B.
napus [16] and Z. mays L. [18] under Cd stress by the action of EDTA. Conversely,
GPX activity further increased in the Cd-stressed B. juncea seedlings by the action of
EDTA, compared to Cd stress without EDTA. These findings may suggest that EDTA
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not only decreases metal uptake but also upregulates the antioxidant enzymes to protect
B. juncea seedlings from Cd stress.

A positive improvement of the glyoxalase system is vital for plants to develop stress
resistance against MG-induced oxidative damage [11,12]. Toxic MG can be detoxified
efficiently by the Gly I and Gly II enzymes of the glyoxalase system in a two-step reac-
tion. Firstly, MG is converted to SLG by Gly I, where GSH works as a cofactor, and
in the second step, Gly II transforms SLG to p-lactate where GSH is recycled [11,12].
The concentration of MG in the Cd-treated B. juncea plants increased markedly in a
concentration-dependent fashion, which was associated with upregulation of Gly I
and downregulation of Gly II activity. Cadmium-induced differential responses of the
glyoxalase system enzymes with high MG content were reported in an earlier study in
V. radiata L. [26]. In our study, EDTA application in the Cd-stressed plants enhanced
Gly I and Gly II activities which accelerated MG detoxification. Therefore, EDTA might
have an efficient function in detoxifying MG by upregulation of the GSH level, and the
activity of Gly I and Gly IL

When Cd was supplemented in the growth medium, its uptake by roots and transport
into shoots of B. juncea plants increased in parallel with stress intensity. Cadmium ac-
cumulation was far higher in the root tissues of the B. juncea seedlings, in comparison
with the shoot tissues. Increased Cd concentrations led to a reduction in seedling
elongation as well as growth and biomass of the seedlings. Zheng et al. [41] stated that
adding Cd to the growth medium resulted in higher Cd accumulation in root tissues,
compared to those of the shoot, which was been substantiated by a higher reduction
in root growth, compared to shoot growth. Applying EDTA to soil decreases free Cd**
ions around the root surface and thereby decreases the metal uptake by plants [47].
Additionally, Jiang et al. [48] demonstrated that EDTA probably reduces solubility and
bioavailability of Cd in the soil and thus decreases uptake by plants. However, a role
of EDTA in increasing metal uptake including Cd has been reported in many studies
[15,16]. In the present study, EDTA addition reduced metal uptake by the roots of the
B. juncea seedlings, which was confirmed by the lower root and shoot Cd content in
plants. Similar findings were observed in rice and V. zizanioides [19,22].

Cadmium-affected B. juncea seedlings show an increased rate of BCF, BAC, and TF
in a concentration-dependent fashion [26]. Najmanova et al. [43] also demonstrated
similar findings under Cd stress. In our study, BCF and BAC increased in a dose-
dependent manner and EDTA supplementation decreased these values. However, TF
increased markedly in the B. juncea plants after adding EDTA under mild stress and
the reverse result was observed in the case of severe stress. Phytochelatin, oligomers
of the y-Glu-Cys unit, is created from GSH with the assistance of the phytochelatin
synthase enzyme and attaches to the metal and transfers metal into the cell vacuole as
an inert form which confirms the reduction of metal toxicity [49,50]. In our present
study, Cd stress notably increased other NPTs (total NPTs-GSH) contents, probably
due to higher PC content, which agrees with the findings of Nahar et al. [26]. Under
elevated levels of metal toxicity, cellular PC content increases, which assists the plant
to grow well [49]. Applying EDTA to the Cd-treated seedlings further enhanced the
other NPTs (NPTs-GSH) containing PC content.

Our study suggested that Cd stress significantly decreased the growth, photosynthetic
pigments and water status of the test plant. It also altered the antioxidative machinery
due to overgeneration of ROS, MG production, and lipid peroxidation. Furthermore,
applying EDTA to the Cd-treated seedlings reduced Cd accumulation and upregulated
the different nonenzymatic metabolites (AsA and GSH), antioxidant enzymes activity
(SOD, CAT, GPX, APX, DHAR, GR), and glyoxalase enzymes (Gly I and Gly II) which
scavenged the toxic ROS (H,0, and O,) and MG from the plant. Thus, EDTA can be
a potent candidate for conferring Cd stress but the underlying molecular mechanism
to Cd stress should be further elucidated.

© The Author(s) 2019 Published by Polish Botanical Society Acta Agrobot 72(2):1772 13 0of 17



Acknowledgments

Authors are grateful to Mr. Dennis Murphy, the United Graduate School of Agricultural Sciences,
Ehime University, Japan, for a critical review and editing the language of this manuscript. We
thank M. H. M. Borhannuddin Bhuyan, Laboratory of Plant Stress Responses, Department of
Applied Biological Science, Faculty of Agriculture, Kagawa University, for his critical reading
and formatting of the manuscript.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

© The Author(s) 2019

Campbell PGC. Cadmium - a priority pollutant. Environ Chem. 2006;3:387-388.
https://doi.org/10.1071/EN06075

. Popova LP, Maslenkova LT, Yordanova RY, Ivanova AP, Krantev AP, Szalai G, et al.

Exogenous treatment with salicylic acid attenuates cadmium toxicity in pea seedlings.
Plant Physiol Biochem. 2009;47:224-231. https://doi.org/10.1016/j.plaphy.2008.11.007

. Hasanuzzaman M, Fujita M. Heavy metals in the environment: current status,

toxic effects on plants and possible phytoremediation. In: Anjum NA, Pereira MA,
Ahmad I, Duarte AC, Umar S, Khan NA, editors. Phytotechnologies: remediation
of environmental contaminants. Boca Raton, FL: CRC Press; 2012. p. 7-73.
https://doi.org/10.1201/b12954-4

. Benavides MP, Gallego SM, Tomaro ML. Cadmium toxicity in plants. Braz J Plant

Physiol. 2005;17:21-34. https://doi.org/10.1590/S1677-04202005000100003

. Gill SS, Tuteja N. Cadmium stress tolerance in crop plants: probing the role of sulfur.

Plant Signal Behav. 2011;6:215-222. https://doi.org/10.4161/psb.6.2.14880

. Hasanuzzaman M, Hossain MA, Teixeira da Silva JA, Fujita M. Plant responses

and tolerance to abiotic oxidative stress: antioxidant defense is a key factor. In:
Bandi V, Shanker, AK, Shanker C, Mandapaka M, editors. Crop stress and its
management: perspectives and strategies. Berlin: Springer; 2012. p. 261-316.
https://doi.org/10.1007/978-94-007-2220-0_8

. Sigfridsson KGV, Bernit G, Mamedov F, Styring S. Molecular interference

of Cd** with photosystem II. Biochim Biophys Acta. 2004;1659:19-31.
https://doi.org/10.1016/j.bbabio.2004.07.003

. Hall JL. Cellular mechanisms for heavy metal detoxification and tolerance. ] Exp Bot.

2002;53:1-11. https://doi.org/10.1093/jexbot/53.366.1

. Gratdo PL, Polle A, Lea PJ, Azevedo RA. Making the life of heavy metal stressed plants

a little easier. Funct Plant Biol. 2005;32:481-494. https://doi.org/10.1071/FP05016

Gill SS, Tuteja N. Reactive oxygen species and antioxidant machinery in abiotic
stress tolerance in crop plants. Plant Physiol Biochem. 2010;48:909-930.
https://doi.org/10.1016/j.plaphy.2010.08.016

Yadav SK, Singla-Pareek SL, Sopory SK. An overview on the role of methylglyoxal
and glyoxalases in plants. Drug Metabol Drug Interact. 2008;23:51-68.
https://doi.org/10.1515/DMDI.2008.23.1-2.51

Hasanuzzaman M, Nahar K, Hossain MS, Mahmud JA, Rahman A, Inafuku
M, et al. Coordinated actions of glyoxalase and antioxidant defense systems
in conferring abiotic stress tolerance in plants. Int ] Mol Sci. 2017;18:200.
https://doi.org/10.3390/ijms18010200

Salt DE, Smith RD, Raskin I. Phytoremediation. Annu Rev Plant Physiol Plant Mol Biol.
1998;49:643-668. https://doi.org/10.1146/annurev.arplant.49.1.643

Herndndez-Allica J, Garbisu C, Barrutia O, Becerril JM. EDTA-induced heavy metal
accumulation and phytotoxicity in cardoon plants. Environ Exp Bot. 2007;60:26-32.
https://doi.org/10.1016/j.envexpbot.2006.06.006

Chigbo C, Batty L. Effect of EDTA and citric acid on phytoremediation of Cr-
B[a]P-co-contaminated soil. Environ Sci Pollut Res Int. 2013;20:8955-8963.
https://doi.org/10.1007/s11356-013-1883-7

Farid M, Ali S, Ishaque W, Shakoor MB, Niazi NK, Bibi I, et al. Exogenous application of
ethylenediamminetetraacetic acid enhanced phytoremediation of cadmium by Brassica
napus L. International Journal of Environmental Science and Technology. 2015;12:3981-
3992. https://doi.org/10.1007/s13762-015-0831-0

Evangelou MWH, Bauer U, Ebel M, Schaeffer A. The influence of EDDS and EDTA on
the uptake of heavy metals of Cd and Cu from soil with tobacco (Nicotiana tabacum).
Chemosphere. 2007;68:345-353. https://doi.org/10.1016/j.chemosphere.2006.12.058

Published by Polish Botanical Society Acta Agrobot 72(2):1772 14 of 17


https://doi.org/10.1071/EN06075
https://doi.org/10.1016/j.plaphy.2008.11.007
https://doi.org/10.1201/b12954-4
https://doi.org/10.1590/S1677-04202005000100003
https://doi.org/10.4161/psb.6.2.14880
https://doi.org/10.1007/978-94-007-2220-0_8
https://doi.org/10.1016/j.bbabio.2004.07.003
https://doi.org/10.1093/jexbot/53.366.1
https://doi.org/10.1071/FP05016
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1515/DMDI.2008.23.1-2.51
https://doi.org/10.3390/ijms18010200
https://doi.org/10.1146/annurev.arplant.49.1.643
https://doi.org/10.1016/j.envexpbot.2006.06.006
https://doi.org/10.1007/s11356-013-1883-7
https://doi.org/10.1007/s13762-015-0831-0
https://doi.org/10.1016/j.chemosphere.2006.12.058

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

© The Author(s) 2019

Agbadah EE, Nwachukwu KC, Okoh MP. Biochemical effects of ethylene
diamine tetra-acetic acid (EDTA) on cadmium treated maize (Zea mays
L.) and cowpea (Vigna unguiculata L.). Afr ] Biotechnol. 2016;15:593-600.
https://doi.org/10.5897/AJB2015.14841

Xu W, LiY, He ], Ma O, Zhang X, Chen G, et al. Cd uptake in rice cultivars treated
with organic acids and EDTA. Journal of Environmental Sciences. 2010;22:441-447.
https://doi.org/10.1016/S1001-0742(09)60127-3

Greger M, Lindberg S. Effects of Cd** and EDTA on young sugar beets (Beta
vulgaris). I. Cd** uptake and sugar accumulation. Physiol Plant. 1986;66:69-74.
https://doi.org/10.1111/j.1399-3054.1986.tb01235.x

Hardiman RT, Jacoby B. Absorption and translocation of Cd in
bush beans (Phaseolus vulgaris). Physiol Plant. 1984;61:670-674.
https://doi.org/10.1111/j.1399-3054.1984.tb05189.x

Xu W, Li W, He ], Singh B, Xiong Z. Effects of insoluble Zn, Cd, and EDTA
on the growth, activities of antioxidant enzymes and uptake of Zn and Cd in
Vetiveria zizanioides. Journal of Environmental Sciences. 2009;21:186-192.
https://doi.org/10.1016/S1001-0742(08)62249-4

Heath RL, Packer L. Photoperoxidation in isolated chloroplast: I. Kinetics and
stoichiometry of fatty acid per oxidation. Arch Biochem Biophys. 1968;125:189-198.
https://doi.org/10.1016/0003-9861(68)90654-1

Hasanuzzaman M, Hossain MA, Fujita M. Exogenous selenium pretreatment protects
rapeseed from cadmium-induced oxidative stress by upregulating antioxidant defense
and methylglyoxal detoxification systems. Biol Trace Elem Res. 2012;149:248-261.
https://doi.org/10.1007/s12011-012-9419-4

Yu CW, Murphy TM, Lin CH. Hydrogen peroxide-induces chilling tolerance in mung
beans mediated through ABA-independent glutathione accumulation. Funct Plant Biol.
2003;30:955-963. https://doi.org/10.1071/fp03091

Nahar K, Hasanuzzaman M, Alam MM, Rahman A, Suzuki T, Fujita M. Polyamine
and nitric oxide crosstalk: antagonistic effects on cadmium toxicity in mung bean
plants through upregulating the metal detoxification, antioxidant defense, and
methylglyoxal detoxification systems. Ecotoxicol Environ Saf. 2016;126:245-255.
https://doi.org/10.1016/j.ecoenv.2015.12.026

Arnon DT. Copper enzymes in isolated chloroplasts. Polyphenol oxidase in Beta vulgaris.
Plant Physiol. 1949;24:1-15. https://doi.org/10.1104/pp.24.1.1

Bates LS, Waldren RP, Teari D. Rapid determination of free proline for water stress
studies. Plant Soil. 1973;39:205-207. https://doi.org/10.1007/BF00018060

Wild R, Ooi L, Srikanth V, Miinch G. A quick, convenient and economical method
for the reliable determination of methylglyoxal in millimolar concentrations:

the N-acetyl-L-cysteine assay. Anal Bioanal Chem. 2012;403:2577-2581.
https://doi.org/10.1007/s00216-012-6086-4

Huang C, He W, Guo J, Chang X, Su P, Zhang L. Increased sensitivity to salt
stress in ascorbate deficient Arabidopsis mutant. ] Exp Bot. 2005;56:3041-3049.
https://doi.org/10.1093/jxb/eri301

Bradford M. A rapid and sensitive method for the quantitation of microgram quantities
of protein utilizing the principle of protein-dye binding. Anal Biochem. 1976;72:248-
254. https://doi.org/10.1016/0003-2697(76)90527-3

Doderer A, Kokkelink I, van der Veen S, Valk B, Schram A, Douma A. Purification and
characterization of two lipoxygenase isoenzymes from germinating barley. Biochim
Biophys Acta. 1992;112:97-104. https://doi.org/10.1016/0167-4838(92)90429-H

El-Shabrawi H, Kumar B, Kaul T, Reddy MK, Singla-Pareek SL, Sopory SK.
Redox homeostasis, antioxidant defense, and methylglyoxal detoxification

as markers for salt tolerance in Pokkali rice. Protoplasma. 2010;245:85-96.

https://doi.org/10.1007/s00709-010-0144-6

Nakano Y, Asada K. Hydrogen peroxide is scavenged by ascorbate-specific
peroxidase in spinach chloroplasts. Plant Cell Physiol. 1981;22:867-880.
https://doi.org/10.1093/oxfordjournals.pcp.a076232

Hossain MA, Nakano Y, Asada K. Monodehydroascorbate reductase in
spinach chloroplasts and its participation in the regeneration of ascorbate
for scavenging hydrogen peroxide. Plant Cell Physiol. 1984;25:385-395.
https://doi.org/10.1093/oxfordjournals.pcp.a076726

Published by Polish Botanical Society Acta Agrobot 72(2):1772 15 of 17


https://doi.org/10.5897/AJB2015.14841
https://doi.org/10.1016/S1001-0742(09)60127-3
https://doi.org/10.1111/j.1399-3054.1986.tb01235.x
https://doi.org/10.1111/j.1399-3054.1984.tb05189.x
https://doi.org/10.1016/S1001-0742(08)62249-4
https://doi.org/10.1016/0003-9861(68)90654-1
https://doi.org/10.1007/s12011-012-9419-4
https://doi.org/10.1071/fp03091
https://doi.org/10.1016/j.ecoenv.2015.12.026
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1007/BF00018060
https://doi.org/10.1007/s00216-012-6086-4
https://doi.org/10.1093/jxb/eri301
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0167-4838(92)90429-H
https://doi.org/10.1007/s00709-010-0144-6
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1093/oxfordjournals.pcp.a076726

36. Elia AC, Galarini R, Taticchi MI, Dorr AJM, Mantilacci L. Antioxidant responses and
bioaccumulation in Ictalurus melas under mercury exposure. Ecotoxicol Environ Saf.
2003;55:162-167. https://doi.org/10.1016/S0147-6513(02)00123-9

37. Principato GB, Rosi G, Talesa V, Govannini E, Uolila L. Purification and characterization
of two forms of glyoxalase II from rat liver and brain of Wistar rats. Biochim Biophys
Acta. 1987;911:349-355. https://doi.org/10.1016/0167-4838(87)90076-8

38. Ellman G. Tissue sulthydryl groups. Arch Biochem Biophys. 1959;32:70-77.
https://doi.org/10.1016/0003-9861(59)90090-6

39. Addinsoft. XLSTAT v. 2017: data analysis and statistics software for Microsoft Excel
[Software]. Paris: Addinsoft; 2017.

40. Szollosi R, Varga IS, Erdei L, Mihalik E. Cadmium-induced oxidative stress and
antioxidative mechanisms in germinating Indian mustard (Brassica juncea L.) seeds.
Ecotoxicol Environ Saf. 2009;72:1337-1342. https://doi.org/10.1016/j.ecoenv.2009.04.005

41. Zheng G, Lv HP, Gao S, Wang SR. Effects of cadmium on growth and antioxidant
responses in Glycyrrhiza uralensis seedlings. Plant Soil Environ. 2010;56:508-515.
https://doi.org/10.17221/30/2010-PSE

42. Urug¢ K, Yilmaz DD. Effect of cadmium, lead and nickel on imbibition, water uptake
and germination for the seeds of different plants. Dumlupinar Universitesi Fen Bilimleri
Enstitiisti. 2008;17:1-10.

43. Najmanova J, Neumannova E, Leonhardt T, Zitka O, Kizek R, Macek T, et al.
Cadmium-induced production of phytochelatins and speciation of intracellular
cadmium in organs of Linum usitatissimum seedlings. Ind Crop Prod. 2012;36:536-542.
https://doi.org/10.1016/j.indcrop.2011.11.008

44. Clemens S. Toxic metal accumulation, responses to exposure and
mechanisms of tolerance in plants. Biochimie. 2006;88:1707-1719.
https://doi.org/10.1016/j.biochi.2006.07.003

45. Niakan M, Kaghazloo E Effect of ethylene diamine tetra acetic acid chelator in the
presence of chromium on growth and some physiological characteristics of sunflower.
Iranian Journal of Plant Physiology. 2016;6:1659-1665.

46. Miller G, Shulaev V, Mitter R. Reactive oxygen signaling and abiotic stress. Physiol Plant.
2008;133:481-489. https://doi.org/10.1111/j.1399-3054.2008.01090.x

47. Custos J, Moyne C, Treillon T, Sterckeman T. Contribution of Cd-EDTA complexes
to cadmium uptake by maize: a modelling approach. Plant Soil. 2014;374:497-512.
https://doi.org/10.1007/s11104-013-1906-7

48. Jiang XJ, Luo YM, Zhao QG, Baker AJM, Christie P, Wong MH. Soil Cd availability to
Indian mustard and environmental risk following EDTA addition to Cd contaminated
soil. Chemosphere. 2003;50:813-818. https://doi.org/10.1016/50045-6535(02)00224-2

49. Vatamaniuk OK, Mari S, Lu Y, Rea PA. Mechanism of heavy metal ion
activation of phytochelatin (PC) synthase. ] Biol Chem. 2000;275:31451-31459.
https://doi.org/10.1074/jbc.M002997200

50. Zagorchev L, Seal CE, Kranner I, Odjakova M. A central role for thiols in plant tolerance
to abiotic stress. Int ] Mol Sci. 2013;14:7405-7432. https://doi.org/10.3390/ijms14047405

EDTA obniza toksycznos$¢ kadmu w gorczycy sarepskiej (Brassica juncea L.) poprzez
zwiekszenie chelatowania metalu oraz poprawe dziatania systemu antyoksydacyjnego
i glioksalazowego

Streszczenie

W celu okreslenia roli EDTA (kwas edetynowy, acidum edeticum) w obniZaniu toksycznoéci kadmu
(Cd), siewki gorczycy (Brassica juncea L.) traktowano CdCl, (w st¢zeniach 0,51 1 mM przez 3 dni)
w kombinacjach z lub bez dodatku 0,5 mM EDTA do semi-hydroponicznego podloza. Roliny
uprawiane w obecnoséci Cd bez EDTA akumulowaly metal w korzeniach i cz¢éciach nadziemnych
proporcjonalnie do zastosowanego stezenia Cd. Akumulacja Cd indukowata produkcje nadtlenku
wodoru (H,O;) i anionu ponadtlenkowego (O,"), zwiekszata aktywnos¢ lipoksygenazy (LOX),
peroksydacje lipidéw i poziom cytotoksycznego metyloglioksalu (MG). Kadm zaktdcal rowniez
funkcjonowanie sktadnikéw systemu antyoksydacyjnego i glioksalazowego. Ponadto, Cd negatywnie
wplywal na wzrost ro$lin, wzgledng zawarto$¢ wody w lisciach (RWC) i stezenie chlorofilu, ale
stymulowat akumulacj¢ proliny (Pro). Dodatek EDTA do pozywki zawierajacej Cd pozytywnie
wplywat na funkcjonowanie cyklu glutationowo-askorbinianowego, zwigkszajac aktywnosc¢
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peroksydazy askorbinianowej (APX), reduktazy monodehydroaskorbinianowej (MDHAR),
reduktazy dehydroaskorbinianowej (DHAR), reduktazy glutationowej (GR), peroksydazy gluta-
tionowej (GPX), a takze dysmutazy ponadtlenkowej (SOD) i katalazy (CAT). Ponadto, dodanie
EDTA do $rodowiska wzrostu roslin traktowanych Cd zwigkszylo aktywno$¢ glioksalazy I (Gly
I) w roslinach, czego nie stwierdzono w roslinach traktowanych wylacznie Cd. EDTA ograniczyt
akumulacje Cd zaréwno w korzeniach, jak i w cz¢$ciach nadziemnych, zwigkszajac jednoczeénie
poziom niebiatkowych tioli (NPT), w tym fitochelatyn (PC). Dodatkowo, w rodlinach traktowanych
Cd w obecnosci EDTA stwierdzono nizszy poziom H,0,, O, i MG oraz obnizenie peroksydacji
lipidéw, ale wzrost RWC, a takze stezenia chlorofilu i Pro, co wplynelo na lepszy wzrost roélin.
Uzyskane wyniki sugeruja, ze zastosowanie egzogennego EDTA razem z Cd obniza toksycznos¢
metalu zwigzang z generowaniem stresu oksydacyjnego, poprzez ograniczenie pobierania Cd,
zwigkszenie stezenia NPT i pozytywny wplyw na aktywno$¢ wiekszo$ci skladnikéw systemu
antyoksydacyjnego i glioksalazowego.

© The Author(s) 2019 Published by Polish Botanical Society Acta Agrobot 72(2):1772 17 of 17



	Abstract
	Introduction
	Material and methods
	Plant material and stress treatments
	Measurement of lipid peroxidation
	Determination of hydrogen peroxide
	Histochemical detection of hydrogen peroxide and superoxide
	Measurement of photosynthetic pigments content
	Measurement of growth parameters
	Measurement of leaf relative water content
	Measurement of proline content
	Measurement of methylglyoxal level
	Extraction and measurement of ascorbate and glutathione
	Extraction and measurement of protein content and assay of enzyme activity
	Measurement of Cd content, biological concentration factor, biological accumulation coefficient, and
	Measurement of other nonprotein thiols content (total NPTs-GSH content)
	Statistical analysis

	Results
	Lipid peroxidation level, H2O2 content, and LOX activity
	Histochemical detection of H2O2 and O2−
	Photosynthetic pigments
	Growth parameters
	Proline and leaf RWC
	Ascorbate-glutathione pool
	Antioxidant enzymes
	Methylglyoxal content and glyoxalase system
	Cadmium content, BCF, BAC, TF, and other NPTs (NPTs-GSH) content

	Discussion
	Acknowledgments
	References
	Streszczenie

