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Abstract

Lead (Pb) is one of the most toxic elements on earth. The harmful effects of Pb at higher concentrations were seen on plant
vegetation because plants are directly exposed towards it. Indian mustard, a well-known hyperaccumulator plant is the most
promising crop for the environment, engaged in a variety of scenarios for ecological cleanup. In the present study, we used
ethylene diamine tetraacetic acid (EDTA), a chelating agent that is of remarkable efficiency. The pot experiments were con-
ducted in soil pretreated with 1000 mgkg™! Pb with different concentrations of EDTA (2-10 mmol). All the growth parameters
were reduced significantly in the plants treated with Pb and EDTA, however, a non-significant effect was observed in 5 mmol
EDTA compared to Pb alone treatment. Photosynthetic pigments yield, nitrate reductase activity and NPK content were
affected negatively; in contrast, superoxide dismutase and catalase activity was increased in Pb and Pb+EDTA treated in
both the varieties. The Pb accumulation was elevated significantly by the augmentation of 5 mmol EDTA in both varieties.
Accumulation of Pb in the shoot was higher in PM 25 than in P. Vijay, whereas root Pb accumulation showed the opposite,
i.e., more Pb in roots of P. Vijay than PM 25. Moreover, The Pb accumulation per plant was observed more in P. Vijay as
compared to PM 25. Hence, the present study implies that the augmentation of Pb-polluted soil with EDTA works well
while dealing with B. juncea assisted phytoremediation and P. Vijay to be a stronger variety than PM 25. Further, 5 mmol
of EDTA was optimum for phytoremediation of the soil polluted with up to 1000 mg Pb kg™ soil.

Keywords Phytoremediation - Indian mustard - Nitrate reductase activity - Nitrogen - Phosphorus - Potassium

Introduction

Lead (Pb) is universally dispersed as a highly hazard-
ous pollutant in the soil environment. The toxicity of
Pb adversely affects both flora and fauna. Since plants
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are immobile, they are easily affected by Pb concentra-
tions (Shukla et al. 2023). Hazardous effects of Pb may
affect the morphology, impair the photosynthesis lead-
ing to change in plant’s physiology and genetic structure
(Cenkci et al. 2010; Ashraf et al. 2017). Furthermore,
increased Pb accumulation affects chlorophyll content,
protein, nitrate reductase activity (NRA) and leaf area
of plants (Kumar et al. 2012; Ashraf et al. 2015; Chen
et al. 2017). Pb phytotoxicity involves decreased water
potential, alteration in membrane structure and inter-
rupted hormonal electron transport activities of plants
(Ashraf et al. 2017; Zulfiqar et al. 2019). These distur-
bances cause alteration of the internal structure of vari-
ous cell organelles of leaf tissue, including thylakoids in
the chloroplast, integrity of the mitochondrial membrane
and stomata at the ultra-structural level (Cay 2023). Phy-
toremediation is an effective and eco-friendly technique
for removing heavy metals (HMs) from soil (Madhav
et al. 2023). It involves exploiting the ability of plants,
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such as grasses, shrubs and trees, to absorb and accu-
mulate metals from soil (Song et al. 2022; Saldarriaga
et al. 2023). Natural hyperaccumulator plants not only
escape from the elevated amount of Pb but also extract Pb
from the contaminated soil. However, limited availabil-
ity of Pb in soil restricts wild hyper-accumulator plants
which removes high amounts of soil-bound Pb, restricts
the effectiveness of the phytoremediation process. Indian
mustard is one of the most promising environmental
crops used in diverse situations for environmental clean-
up (Amabogha et al. 2023). Despite significant effort put
into creating Pb extraction methods utilising B. juncea,
the majority of Pb stays in the soil or roots without sup-
plement modification. B. juncea is unable to uptake Pb
alone from contaminated soil (Chaney et al. 2007). The
solubility of Pb in the soil is low for many reasons, such
as precipitation as carbonates, phosphates, hydroxides,
sorption on clays and oxides, complexation with organic
matter etc. (McBride 1994). The solubility of Pb can be
enhanced by adding chelating agents to the soil. Chelates
are high molecular weight compounds used to wrench
out various metals, for example, copper, cadmium, zinc,
lead, nickel, gold, silver, etc. Chelates form organic metal
complexes through desorption of bound metal form water-
soluble complexes. Desorption and dissolution of precipi-
tated compounds continues until equilibrium is reached
between the metal-organic complex, insoluble metal and
free metal fraction. In the last decade, the use of EDTA,
a persistent amino-polycarboxylic acid was recommended
as a chelating agent to support the phytoextraction pro-
cesses (Evangelou et al. 2007; Saman et al. 2022). The
EDTA has high complexation properties, making it the
most widely used chelating agent (Shahid et al. 2014). It
can enhance HMs uptake and translocation up to many
folds (200 times in some cases). However, its effect on
metal dissolution and translocation is mainly acknowl-
edged for immovable and stable metals like Pb (Singh
et al. 2010; Shahid et al. 2014; Rathika et al. 2021).

In light of the aforementioned information, the current
study sought to increase Pb uptake in both P. Vijay (tol-
erant) and PM 25 (sensitive) varieties of Indian mustard
by treating Pb-contaminated soil with the chelating agent
EDTA. Therefore, the precise mechanisms underlying the
effects of Pb and EDTA in combination are still unknown
and require additional research, particularly into the Pb
detoxification pathways in B. juncea plants. We investi-
gated the role of EDTA in augmentation on Pb uptake,
morphological, physiological and biochemical changes
during both Pb and EDTA interaction in mustard plants.
It is hypothesized that increasing the EDTA concentration
up to 5 mmol might result in enhanced Pb uptake with-
out imposing any remarkable effect on growth, yield and
antioxidant enzymes compared to the plants treated with

Pb alone. It would be intriguing to explore this enhanced
phytoremediation approach for detoxification of the soil
system, for the benefit of the environment.

Materials and methods

Seeds were obtained from Genetics division of the Indian
Agriculture Research Institute (IARI), New Delhi, India.
Healthy seeds of both varieties were washed four times
with sterile distilled water and soaked for 12 hours.
Afterwards, soaked seeds were sown in three earthen
pots for each treatment. All the pots were kept and main-
tained in the green-house condition in complete rand-
omized block design. Based on screening of 10 varieties
of Indian mustard, P. Vijay was found to be high Pb toler-
ant whereas, PM 25 was found to be a sensitive variety.
Further, 1000 mg Pb kg™! soil was selected as a maxi-
mum dose in the form of lead nitrate (Naaz and Chauhan
2019). In the present study, the combined effect of an
optimized dose of Pb with different concentrations (2, 5
and 10 mmol) of EDTA was evaluated on growth, bio-
chemical, accumulation and yield parameters on selected
B. juncea. Three kg of garden soil and farmyard manure
(6:1) was filled in each earthen pot (23Dx28Wx23H cm).
Before sowing, liquid lead nitrate [Pb (NO3)2] was added
at a concentration of 1000 mg kg™ soil. After 30 days of
sowing (DAS), pots were irrigated with EDTA solutions
(500 ml pot'l). After successful seedling establishment,
thinning was done and three plants per pot were main-
tained. Afterwards, sowing of the seedlings under natural
condition was done during the Rabi season and watering
along-with weeding was done when required. Sampling
was performed at 60 DAS. Before metal amendment,
soil samples were taken and measured physicochemical
properties. Soil characteristics (before treatment) were

Table 1 Physicochemical properties of soil used in experiments

Soil properties (Units) Values
Organic Carbon (%) 0.45
Available Nitrogen (kg/hectare) 422.75
Available Phosphorus (kg/hectare) 42.10
Available Potassium (kg/hectare) 41543
Sulfur (ppm) 5.90
Zinc (ppm) 7.11
Fe (ppm) 3.79
Mn (ppm) 3.08
Cu (ppm) 0.71
Pb (ppm) 0.51
EC (mmhos/cm) 0.81
pH 7.40
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analyzed at Quarsi Agriculture Farm, Koil, Aligarh, Kri-
shi Vibhag U.P. Department of Agriculture and Coopera-
tion, Ministry of Agriculture and Farmers' Welfare, Govt.
of India except for Pb content (Table 1).

Growth measurements

Whole plants were uprooted carefully from the experimental
pots and washed gently in running tap water and blotted.
The root and shoot of plants were separated from the point
of root emergence. Root and shoot length were measured
on a meter scale. The fresh weight of the root and shoot was
calculated with the help of an electronic balance. Plant dry
weight was recorded after drying the samples under oven at
75 °C till no more weight reduction was detected. The leaf
area was calculated with graph paper. Length, fresh & dry
weight and leaf area of the plant were expressed in cm, g
and cm? respectively.

Estimation of photosynthetic pigments

The chlorophyll and carotenoid content in fresh leaves was
extracted following the method of Mackinney (1941). One
gram of finely cut fresh leaves was grind to a fine pulp using
a mortar and pestle in 20 ml of 80% acetone. The superna-
tant was collected after centrifugation at 5000 rpm for 5
min of the mixture. The residue was washed thrice and final
volume was maintained up to 100 ml in 80% acetone. The
absorbance was recorded at 645 and 663 nm compared to the
blank (80% acetone) under spectrophotometer (Shimadzu,
Japan, UV-spec 1700). The chlorophyll and carotenoid con-
tent in the extract (mg kg™ tissue) was calculated according
to Arnon (1949) with following equation.

Chlorophyll a (mgkg ™' tissue) = 12.7(Aqq3) — 2.69(Agy5) X
Chlorophyll b (mgkg™tissue) = 22.9(Ag5) — 4.68 (Age3) X 10
Total chlorophyll (mgkg ™ tissue) = 20.2(Ag,s) + 8.02(Agg3) X

_v_
1000xw

v
1000xw
A = Absorbance; V = final volume; w = fresh mass

7.6(0D480) - 1.49(0D510)

Carotenoid = d x 1000 x w

d =lcm (length of light path); V = 100 ml (acetone);
w = weight of sample

In vitro nitrate reductase activity assay

The activity of NR enzyme was estimated by following
the method of Jaworski (1971) in fresh leaf samples.
The fresh leaves were chopped into pieces (about 1 cm?)
and 0.2 gm of leaf samples were transferred to the test
tube. In each sample containing tube, 0.1M phosphate
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buffer (pH 7.5, 2.5 ml), 0.2M potassium nitrate solution
(0.5 ml) and 5% isopropanol (2.5 ml) were added. The
samples were then incubated at 30 + 2 °C in the dark.
After two hour of incubation, 0.4 ml mixture was pooled
out in a fresh tube. In this mixture 1% sulphanilamide
solution (0.3 ml) and 0.02% NED-HCI (0.3 ml) were
added. After that, the tubes were allowed to incubate for
20 minutes for the maximum color development. The
volume of the mixture was maintained to final volume
of 5 ml with double distilled water (DDW). Absorb-
ance was recorded at 540 nm under spectrophotometer
(Shimadzu, Japan, UV-spec 1700) with reference to the
blank. The NR enzyme activity was calculated by com-
paring the absorbance of samples with absorbance of
NaNO, (sodium nitrite) solution with known concen-
trations. A standard curve was plotted by using graded
concentrations of NaNO, solution. Sulphanilamide
solution and NED-HCI solution were also added to the
NaNO, graded tubes for the development of maximum
color and the final volume was makeup to 5 ml as test
solution. NR activity (nmole NO, g FW h'!) was esti-
mated on a fresh mass basis.

Antioxidative enzyme activities

The antioxidative enzyme activities were evaluated in fresh
leaves (0.5 g). The sample was homogenized with the help of
mortar and pestle and augmented with potassium phosphate
buffer (5 ml; 100 mM, pH 7.0) under ice-cold conditions.
Then, the mixture was centrifuged at 15,000 rpm for 20 min
and obtained supernatant was stored at -20 °C to analyze
SOD and catalase activity.

In vitro superoxide dismutase assay

In vitro superoxide dismutase (SOD) activity was estimated
according to Kono (1978). A 1.3 ml sodium carbonate
buffer, NBT (Nitroblue tetrazolium) (500 pl) and Triton
X-100 (100 pl) were added in a tube. To this mixture,
hydroxylamine hydrochloride (100 pl) was added to start
the reduction of NBT to formazon. Further, 70 pl of the
enzyme extract was added after 2 min to reduce the NBT
reduction by SOD enzyme. The percent inhibition of NBT
reduction was recorded as an increase in absorbance at 540
nm under spectrophotometer (Shimadzu, Japan, UV-spec
1700). Hydroxylamine hydrochloride is auto oxidized to
nitrite and generates superoxide radicals. This superoxide
radical reduces NBT into blue formazon. Accumulation
of blue formazon induces an increase absorbance at 540
nm. Superoxide radicals get trapped with the addition of
enzyme extract (SOD) and the reduction process of NBT
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to blue formazon decreases. The present inhibition of NBT
reduction was calculated as:

change in abs./ min(blank) — change in abs./ min(test)

1 =
change in abs./ min(blank) x 100 =y
y% of inhibition is produced by 70 pl of the sample.
Hence, 50% inhibition is produced by

3070 = zul of sample

The amount of enzyme required to inhibit chromogenic
production's absorbance at 540 nm by 50% over the course
of one minute in experimental settings is referred to as one
unit of SOD activity. SOD activity is expressed as units per
milligram of protein.

In vitro catalase assay

The catalase activity was determined as per the method
proposed by Aebi (1983). A 1.5 ml phosphate buffer,
1.2 ml of hydrogen peroxide and 300 pl of enzyme
extract were mixed in a tube. The decomposition rate
of H,0, was followed by a decrease in absorbance at
240 nm under spectrophotometer (Shimadzu, Japan, UV-
spec 1700) in reaction mixture. The amount of enzyme
required to release half of the peroxide oxygen from
H,0, was used to measure one unit of enzyme activity,
and the following equation can be used to calculate one
unit of enzyme activity:

change in abs./min X Total volume(ml)

Unit activity(Units /mi FW) =
it activity(Units /min/g ) Ext.coefficient X volume of sample taken(ml)

Where, extinction coefficient = 0.036 mM'cm™

Unit Activity(Units /min/g FW)
Protein content(mg/g FW)

Specific activity(UA /mg protein) =

Estimation of leaf N, P and K contents

After 60 DAS, leaf samples were collected and oven-
dried for the estimation of N, P and K content. The
dried leaves were powdered with mortar and pestle and
sieved through 72 mm mesh. A 100 mg of the powder
from each replicates were taken in the borosilicate boil-
ing tube containing 2 ml H,SO,. The content in tubes
was heated on a controlled temperature assembly for 2
hours at 80 °C. Nitrate present in the plant material was
completely reduced and the content of the tubes turned
black. Tubes were allowed to stand for 15 min to reduce
the temperature. After cooling, 0.5 ml of 30% H,0, was
added to tubes and heated again until the color of the

solution turned light yellow. The tubes were allowed to
cool down and after cooling, a few drops of 30% H,0,
were added and heated further. This process was con-
tinued to the solution became transparent. The solution
was then collected to a 100 ml volumetric flask and
the tubes were washed gently with DDW and the wash
over was also collected in the flask. The volume was
makeup with DDW and the aliquot was used to estimate
N, P and K content in the leaves.

Estimation of nitrogen content

Nitrogen content was estimated following the method of
Lindner (1944). In 50 ml conical flask, aliquot of 10 ml
peroxide digested, 2.5N NaOH and 1 ml of 10% sodium
silicate solution was added. Volume was make up to 50 ml
with DDW. From this, a 5 ml aliquot was collected in a fresh
tube, 0.5 ml of Nessler's reagent and 4.5 ml DDW was added
to makeup the final volume up to 10 ml. The tubes were
incubated 5 min for the maximum color development. The
absorbance was recorded at 525 nm using spectrophotometer
(Shimadzu, Japan, UV-spec 1700).

Calculation with standard curve

The ammonium sulphate (50 mg) was dissolved in one
liter DDW and from this solution, a gradient of 0.1 to
1.0 mL were taken in ten fresh tubes. The Nessler's
reagent (0.5 ml) was added to each tube and the final
volume was maintained to 5 ml with DDW. The absorb-
ance was recorded at 525 nm under spectrophotom-
eter. A standard curve was plotted using the absorb-
ance recorded from the graded solutions at 525 nm in
reference with different concentration of ammonium
sulphate. Concurrently, a blank was also run simulta-
neously. The nitrogen content of the sample was calcu-
lated with reference to standard.

Estimation of phosphorus content

Phosphorus content was determined according to Fiske
and Subbarow (1925). A 5 ml of peroxide-digested ali-
quot was taken in test tube and 1 ml of 2.5% molybdic
acid reagent along-with 0.4 ml 1-amino-2-naphthol-
4-sulphonic acid was added carefully. After addition of
above reagents, the solution turned blue in color. Conse-
quently, the solution was diluted up to 10 ml with DDW
and shaken for 5 min. After maximum color develop-
ment, the absorbance of the solution was recorded at 620
nm using spectrophotometer (Shimadzu, Japan, UV-spec
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1700). Simultaneously a blank was also run for compari-
son of data.

Calculation with standard curve

Quantity of 350 mg KH,PO, was taken in a conical flask
(1000 ml) and dissolved in sufficient amounts of DDW.
10 ml of 10N H,SO, was added to it and the volume was
made up to the mark with DDW. In separate test tubes,
0.1, 0.2,0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 ml were
collected from this solution. One ml of molybdic acid
reagent and 0.4 ml 1-amino-2 naphthol-4- sulphonic acid
was added to each tube and the final volume was main-
tained up to 10 ml with DDW. Followed this, tubes were
allowed to stand for color development and the absorb-
ance was recorded at 620 nm under spectrophotometer
with reference to the blank. A standard curve was plotted
using the absorbance of graded KH,PO, solutions at 620
nm against their respective concentrations. Phosphorus
content was estimated by putting the absorbance of the
test solution into a standard curve.

Estimation of potassium content

Potassium content was determined by the method proposed
by Hald (1946). A digested sample aliquot of 10 ml was
taken in a test tube and the readings were observed under
flame photometer (C150, AIMIL, India) using a potassium
filter in reference to the blank.

Calculation with standard curve for potassium

In 100 ml DDW, potassium chloride (1.91 g) was dis-
solved and 1 ml was pooled out in a conical flask (1000
ml) and the final volume was maintained up to the mark.
The solution prepared was 10 ppm in concentration,
and the solution was aliquoted at 1.0, 2.0, 3.0, 4.0, 5.0,
6.0, 7.0, 8.0, 9.0 and 10 ml in separate test tubes. The
final volume of each was maintained up to 10 ml with
DDW. Samples were examined under flame photometer
against the blank and readings were recorded using gal-
vanometer scale. A standard curve was plotted using
galvanometer readings of the graded potassium chloride
solutions against their respective concentrations. Potas-
sium content was estimated by putting the galvanometer
readings of test solutions in standard curve.

Estimation of Pb concentration and accumulation
Soil Pb concentration was measured by digesting dried

soil samples in aqua regia (HNO;: HCI; 3:1; v/v). Tissue-
dried root and shoot samples were powdered, weighed
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and digested in HNO5;:HCIO, (3:1; v/v) mixture until
colorless (Piper 1966) using a digestion assembly. After
maintaining the final volume with deionized water, Pb
content was measured using AAS (Atomic Absorption
Spectrophotometer:Perkin-Elmer A, Analyst, 300; Nor-
walk, CT) using an appropriate cathode lamp and stand-
ard. Pb concentration (pgg™') and accumulation (pgplant™)
were calculated using the following formula with a slight
modification: (Monni et al. 2000).

AAS reading x volume of sample (ml)

Pb trati =
concentration (g/) weight of dried sample (g)

Pb accumulation (pg/plant) = (Pb conc.in shoot x DW of shoot)

+(Pb conc.in root x DW of root)

Yield attributes

Seeds per siliqua and siliqua per plant were counted after
harvesting. After being cleaned and allowed to dry for a few
hours, whole seeds were winnowed from the dried samples
of each treatment. The weight of the seeds was recorded for
1000 seeds and the total seed yield measurement in terms of
g and g plant™, respectively.

Statistical analysis

Statistical data analysis was achieved using SPSS Software
ver.16. Test of significance was carried out by ANOVA
(Analysis of Variance) followed by DMRT (Duncan's Multi-
ple Range Test) at 0.05 o level. An error was also calculated
with three replicates.

Results

As described in the material and methods, the experiment
was conducted to study the effects of EDTA on growth,
biochemical, Pb accumulation and yield parameters in
both varieties. Plants were treated with three different
concentrations of EDTA in combination with 1000 mg
Pb Kg™! soil.

Growth attributes

Shoot length

As evident in Tables 2 and 3, it is clear that EDTA applica-
tion leads to retarded growth of plants. A linear drop in the

values of shoot length in proportion to the EDTA was pro-
duced by the plants grown in soil supplemented with varied
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Table 2 Effect of different

Root length (cm)
Mean + SE (PV)

Leaf area (cm?)
Mean + SE (PV)

Treatments Shoot length (cm)
treatment of lead and EDTA on
shoot length, root length and Mean + SE (PV)
l.eaf area of 60—.(.1ay—old Brassica cl 100.73 = 3.206 (00.00)*
juncea cv. P. Vijay
C2 086.77 + 3.291 (13.86)"
C2 +El 084.40 + 3.923 (16.21)°
C2+E2 083.43 +2.973 (17.17)°
C2+E3 072.43 + 2.448 (28.09)¢

21.87 + 0.939 (00.00)
17.67 + 0.633 (19.21)°
17.40 + 0.569 (20.43)°
17.10 + 0.529 (21.80)°
14.93 + 0.555 (31.71)°

432.39 + 14.283 (00.00)*
362.94 + 17.947 (16.06)°
357.30 + 16.377 (17.37)°
350.94 + 16.840 (18.84)
294.59 + 14.252 (31.87)°

Values represent means of three replicates. SE= Standard error, (n=3). Mean values followed by the same
letters within column are not significantly different (p<0.05) using DMRT. Values in parenthesis denote
percent variation in comparisons to control. C1 = Control, C2 = Pb (1000 mgkg™), E1= EDTA (2 mmol
kg™! soil), E2 = EDTA (5 mmol kg! soil), E3 = EDTA (10 mmol kg™! soil)

Table 3 Effect of different

Treatments Shoot length (cm) Root length (cm) Leaf area (cm?)

treatment of lead and EDTA on

shoot length, root length and Mean + SE (PV) Mean + SE (PV) Mean + SE (PV)

]I.Zj:;:zesvf’;?\gge;y*’ld Brassica 76.17 + 3.469 (00.00)* 16.27 + 0.260 (00.00)* 376.52 + 17.820 (00.00)"
2 48.60 + 1.882 (36.19) 9.57 + 0.318 (41.19) 218.33 + 10.540 942.01)"
C2 +El 47.27 + 1.934 (37.94) 9.40 + 0.252 (42.21) 212.50 + 10.197 (43.56)
C2+E2 44.57 + 2.028 (41.49)b 9.03 + 0.233 (44.47) 203.05 + 9.758 (46.07)°
C2 +E3 33.30 + 1.206 (56.28)¢ 6.73 + 0.203 (58.61)° 159.76 + 4.918 (57.57)°

Values represent means of three replicates. SE= Standard error, (n=3). Mean values followed by the same
letters within column are not significantly different (p<0.05) using DMRT. Values in parenthesis denote
percent variation in comparisons to control. C1 = Control, C2 = Pb (1000 mg kg'"), E1= EDTA (2 mmol
kg™! soil), E2 = EDTA (5 mmol kg™! soil), E3 = EDTA (10 mmol kg™! soil)

EDTA levels (2, 5, and 10 mmol EDTA Kg'1 soil) at 30
DAS, more pronouncedly in PM 25 than P. Vijay. The shoot
length was decrease significant at all applied doses of Pb
supplemented with EDTA as compared to control. However,
maximum decline in shoot length was observed at 10 mmol
EDTA Kg! soil with Pb. The reduction in shoot length of
PM 25 was recorded in the range of 37.94-56.28% at 2-10
mmol EDTA Kg! soil, and the reduction in shoot length of
P. Vijay in the range of 16.21-28.09% at 2-10 mmol EDTA
Kg! soil (Tables 2 and 3).

Root length

As depicted in Tables 2 and 3, the root length was
decreased in plants grown in soil with a concentration of
1000 mg Pb Kg™! in both varieties (PM 25 and P. Vijay).
The values further decreased when subjected to different
EDTA levels (2, 5 and 10 mmol EDTA Kg'1 soil). The
lowest concentration (2 mmol EDTA Kg™! soil) proved
to be the least toxic of the three EDTA concentrations.
Moreover, the highest concentration (10 mmol EDTA
Kg'! soil) caused maximum damage to the plants. The
intensity of reduction to root length of PM 25 and P.
Vijay caused by EDTA (2-10 mmol EDTA Kg™! soil)

was 42.21-58.61% and 20.43-31.71%, respectively, at
60 DAS. The damage was more prominent in variety PM
25 than in P. Vijay. However, the reduction was found to
be significant in reference to control (C1) to the plants
treated with EDTA at all levels but significant with con-
trol (C2) to the plants treated with 10 mmol EDTA Kg'!
soil only (Tables 2 and 3).

Leaf area

The EDTA administered to the soil induced a signifi-
cant reduction in the leaf area in both the varieties (PM
25 and P. Vijay) at 60 DAS. The highest concentration
of EDTA (10 mmol Kg™! soil) proved the most toxic.
The above tested concentration significantly decreased
the leaf area values by 31.87% and 57.57% in P. Vijay
and PM 25, respectively, when compared with their
respective control plants treated with PbNOj;. In con-
trast, the remaining concentrations of EDTA (2 and
5 mmol Kg! soil) also reduced the leaf area of both
varieties significantly, with the control without any
treatment. The severity of damage was more prominent
in PM 25 than in P. Vijay. Data regarding the leaf area
of PM 25 and P. Vijay were shown in Tables 2 and 3,
respectively.
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Table 4 Effect of different treatment of lead and EDTA on root fresh
weight and shoot fresh weight of 60-day-old Brassica juncea cv. P.

Table 6 Effect of different treatment of lead and EDTA on root dry
weight and shoot dry weight of 60-day-old Brassica juncea cv. P.

Vijay

Vijay

Treatments Shoot length (cm) Root length (cm)
Mean + SE (PV) Mean + SE (PV)

Cl1 8.23 + 0.371 (00.00)* 42.33 + 1.975 (00.00)*

c2 5.37 + 0.233 (34.82)° 25.93 + 1.161 (38.74)°

C2+El 5.23 + 0.203 (36.44)° 24.93 + 1.146 (41.10)°

C2+E2 5.13 +£0.203 (37.65)¢ 23.93 + 1.084 (43.46)°

C2 +E3 4.03 +£0.176 (51.01)° 18.70 + 0.866 (55.83)¢

Treatments Shoot length (cm) Root length (cm)
Mean + SE (PV) Mean + SE (PV)

Cl1 1.25 + 0.038 (00.00)* 7.23 +0.171 (00.00)*

c2 0.87 + 0.038 (30.21)° 5.34 + 0.237 (26.22)°

C2 +El 0.85 + 0.038 (32.09)" 5.25 +0.217 (27.37)°

C2+E2 0.82 + 0.035 (34.49)" 5.11 £ 0.221 (29.31)°

C2+E3 0.65 + 0.031 (47.86)° 422 +0.210 (41.61)°

Values represent means of three replicates. SE= Standard error,
(n=3). Mean values followed by the same letters within column are
not significantly different (p<0.05) using DMRT. Values in parenthe-
sis denote percent variation in comparisons to control. C1 = Control,
C2 = Pb (1000 mg kg'), E1= EDTA (2 mmol kg' soil), E2 = EDTA
(5 mmol kg™! soil), E3 = EDTA (10 mmol kg™! soil)

Table 5 Effect of different treatment of lead and EDTA on root fresh
weight and shoot fresh weight of 60-day-old Brassica juncea cv. PM 25

Treatments Shoot length (cm) Root length (cm)
Mean + SE (PV) Mean + SE (PV)

Cl1 10.53 + 0.376 (00.00)? 51.87 + 2.136(00.00)

C2 8.97 +0.318 (14.87)° 46.13 + 2.167(11.05)

C2 +El 8.73 + 0.376 (17.09)° 44.90 + 2.136(13.43)°

C2 +E2 8.63 + 0.348 (18.04)° 4413 + 1.713(14.91)*

C2+E3 7.47 +0.328 (29.11)° 38.07 + 1.791(26.61)°

Values represent means of three replicates. SE= Standard error,
(n=3). Mean values followed by the same letters within column are
not significantly different (p<0.05) using DMRT. Values in parenthe-
sis denote percent variation in comparisons to control. C1 = Control,
C2 = Pb (1000 mg kg'!), E1= EDTA (2 mmol kg! soil), E2 = EDTA
(5 mmol kg™! soil), E3 = EDTA (10 mmol kg™! soil)

Root fresh weight

Fresh weight of root was decreased in both the varieties
grown in soil in the presence of Pb (Tables 4 and 5). Soil
supplemented with EDTA increased the reduction in root
fresh weight in both the varieties and therefore the reduc-
tion being more prominent in PM 25 than in P. Vijay. The
highest EDTA level (10 mmol Kg™! soil) caused a maximum
decrease in fresh root weight both varieties. In terms of per-
cent reduction, it was 36.44-51.01% in PM 25 at 2-10 mmol
EDTA Kg'! soil compared to control and 17.09-29.11% in
P. Vijay at 2-10 mmol EDTA Kg! soil compared to control
at 60 DAS. This reduction due to EDTA doses was signifi-
cant to control (C1), in PM 25 as well as P. Vijay. However,
taking control (C2) into consideration, the reduction was
significant in PM 25 and P. Vijay at 5 mmol EDTA Kg! soil
and 10 mmol EDTA Kg! soil respectively (Tables 4 and 5).
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Values represent means of three replicates. SE= Standard error,
(n=3). Mean values followed by the same letters within column are
not significantly different (p<0.05) using DMRT. Values in parenthe-
sis denote percent variation in comparisons to control. C1 = Control,
C2 = Pb (1000 mg kg!), E1= EDTA (2 mmol kg' soil), E2 = EDTA
(5 mmol kg! soil), E3 = EDTA (10 mmol kg™! soil)

Table 7 Effect of different treatment of lead and EDTA on root dry
weight and shoot dry weight of 60-day-old Brassica juncea cv. PM 25

Treatments  Root dry weight(g/plant)  Shoot dry weight(g/plant)
Mean + SE (PV) Mean + SE (PV)

C1 1.64 + 0.032 (00.00)* 8.26 + 0.341 (00.00)*

Cc2 1.46 + 0.049 (11.00)° 7.56 +0.360 (08.55)*

C2 +El 1.44 +0.047 (11.81)° 7.46 + 0.336 (09.68)*

C2+E2 1.42 + 0.047 (13.03)° 7.38 +0.357 (10.69)*

C2+E3 1.24 + 0.044 (24.24)° 6.28 + 0.257 (23.96)°

Values represent means of three replicates. SE= Standard error,
(n=3). Mean values followed by the same letters within column are
not significantly different (p<0.05) using DMRT. Values in parenthe-
sis denote percent variation in comparisons to control. C1 = Control,
C2 = Pb (1000 mg kg), E1= EDTA (2 mmol kg™! soil), E2 = EDTA
(5 mmol kg’1 soil), E3 = EDTA (10 mmol kg’1 soil)

Shoot fresh weight

The fresh mass of shoots of PM 25 and P. Vijay
decreased in the presence of 1000 mg Pb Kg™! soil
(Tables 4 and 5). Further reduction in fresh shoot weight
was observed when EDTA was added to the soil along
with Pb. The EDTA administered to the soil combined
with Pb caused a significant reduction in the fresh mass
of shoot in both the varieties (PM 25 and P. Vijay) at 10
mmol EDTA Kg™! soil compared to the plants growing
in Pb-containing soil alone. Whereas, the reduction in
fresh shoots weight of treated plants was significantly
different from control (C1). The reduction was recorded
in the range of 41.1-55.83% in PM 25 and 13.43-26.61%
in P. Vijay at 2-10 mmol EDTA Kg! soil over their
respective controls. The fresh shoot weight of PM 25
was reduced by EDTA and Pb treatment than that of P.
Vijay (Tables 4 and 5).
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Root dry weight

Both the varieties showed a significant reduction in root dry
mass under EDTA and Pb's influence compared to the con-
trol (Tables 6 and 7). The EDTA (2-10 mmol Kg'1 soil) sup-
plemented with Pb resulted in root dry mass reduction in the
range of 32.09-47.86% and 11.81-24.24% less in PM25 and
P. Vijay respectively, at 60 DAS compared to their respective
control plants. The root dry weight of both the varieties was
significantly affected by 10 mmol EDTA Kg™! soil and Pb as
compared to control (C2). The variety PM 25 proved more
sensitive to EDTA than P. Vijay (Tables 6 and 7).

Shoot dry weight

Shoot dry weight decreased in both varieties while more in PM
25 under 1000 mg Pb Kg™! soil. The addition of EDTA (2-10
mmol Kg'! soil) further decreased the dry weight of PM 25
(27.37-41.61%) and P. Vijay (9.68-23.96%). Out of the three
tested concentrations, only 10 mmol EDTA Kg™! soil signifi-
cantly reduced the dry weight of both varieties compared to Pb
alone. The maximum reduction in dry weight was observed in
PM 25 with 10 mmol EDTA Kg™! soil (Tables 6 and 7).

Physio-chemical attributes
Photosynthetic pigments

The plants grown in the soil amended with Pb (1000 mgKg™!
soil) possessed significantly lower values of chlorophyll a,
b and total chlorophyll than the stress free control plants
of PM 25 and P. Vijay (Tables 8 and 9). Out of the tested
EDTA concentrations (2, 5, and 10 mmol Kg'l soil), 10
mmol EDTA Kg™! soil was found to be most toxic. EDTA
treatment (2-10 mmol Kg™! soil) decreased the chlorophyll-a
(8.6-21.89%), chlorophyll b (20.52-22.05%) and total chlo-
rophyll (12.99-27.40%) in P. Vijay compared with control.
Further, EDTA decreased chlorophyll-a value in the range of
21.36-43.78%, chlorophyll-b (57.20-70.45%) and total chlo-
rophyll in the range of 31.59-51.39% in PM 25 compared
with the control plants. Photosynthetic pigment decreased
significantly at 10 mmol EDTA Kg™! soil in PM 25 and P.
Vijay compared to their respective controls. This declined
in chlorophyll contents was more prominent in PM 25 than
P. Vijay at 60 DAS. Among chl a, b and total content, chl-b
seems most sensitive to EDTA and Pb treatment. Among
the tested concentrations, 10 mmol EDTA Kg'1 soil with Pb

Table 8 Effect of different treatments of lead and EDTA on content of chlorophyll a, b, total and carotenoid with ratio of chlorophyll (a/b) in the
leaves of 60-day-old Brassica juncea cv. P. Vijay

Total chl (mg g”! FM)
Mean + SE (PV)

Chl a/b
Mean + SE (PV)

Carotenoid (mg g' FM)
Mean + SE (PV)

Treatments  Chla (mg g”! FM) Chl b (mg g'! FM)
Mean + SE (PV) Mean + SE (PV)

Cl1 1.01 + 0.020 (00.00)*  0.59 + 0.005 (00.00)*

c2 0.93 + 0.017 (07.61)®  0.49 + 0.007 (17.44)°

C2 +El 0.92 + 0.017 (98.60)°  0.47 + 0.007 (20.52)"

C2+E2 0.91 £ 0.020 (10.09)°  0.46 + 0.013 (22.05)°

C2+E3 0.79 + 0.023 (21.89)°  0.37 + 0.007 (36.85)¢

1.60 = 0.026 (00.00)*
1.42 4+ 0.023 (11.23)°
1.39 + 0.023 (12.99)°
1.37 £+ 0.031 (14.50)°
1.16 + 0.020 (27.40)°

1.71 = 0.020 (00.00)°

1.92 + 0.012 (-11.92)"
1.97 £ 0.012 (-15.01)"
1.98 + 0.034 (-15.43)"
2.12 + 0.091 (-23.89)

0.39 + 0.004 (00.00)*
0.34 + 0.008 (12.53)
0.34 + 0.010 (13.31)°
0.33 + 0.008 (15.65)
0.28 + 0.011 (27.48)°

Values represent means of three replicates. SE= Standard error, (n=3). Mean values followed by the same letters within column are not signifi-
cantly different (p<0.05) using DMRT. Values in parenthesis denote percent variation in comparisons to control. C1 = Control, C2 = Pb (1000
mg kg'), E1= EDTA (2 mmol kg™! soil), E2 = EDTA (5 mmol kg™! soil), E3 = EDTA (10 mmol kg™ soil)

Table 9 Effect of different treatments of lead and EDTA on content of chlorophyll a, b, total and carotenoid with ratio of chlorophyll (a/b) in the
leaves of 60-day-old Brassica juncea cv. PM 25

Total chl (mg g'! FM)
Mean + SE (PV)

Chl a/b
Mean + SE (PV)

Carotenoid (mg g FM)
Mean + SE (PV)

Treatments  Chl a (mg g'! FM) Chl b (mg g'' FM)
Mean + SE (PV) Mean + SE (PV)

Cl 0.81 + 0.014 (00.00)*  0.32 + 0.003 (00.00)*

c2 0.64 +0.012 (20.95)°  0.14 + 0.007 (55.32)°

C2 +El 0.64 +0.010 (21.36)°  0.14 + 0.009 (57.20)°

C2+E2 0.63 + 0.026 (22.30)°  0.13 + 0.003 (58.60)°

C2+E3 0.45 + 0.004 (43.78)°  0.10 + 0.002 (70.45)°

1.13 + 0.016 (00.00)
0.78 + 0.013 (30.75)
0.77 + 0.019 (31.59)°
0.76 + 0.023 (32.65)°
0.55 + 0.003 (51.39)°

2.50 + 0.034 (00.00)
4.45 + 0.248 (-77.80)*
4.63 + 0.238 (-85.03),
4.71 +0.291 (-88.22)
4.77 + 0.124 (-90.39)*

0.23 + 0.009 (00.00)a
0.16 + 0.002 (33.30)°
0.15 + 0.004 (35.47)
0.15 + 0.002 (37.00)°
0.13 + 0.002 (46.14)°

Values represent means of three replicates. SE= Standard error, (n=3). Mean values followed by the same letters within column are not signifi-
cantly different (p<0.05) using DMRT. Values in parenthesis denote percent variation in comparisons to control. C1 = Control, C2 = Pb (1000
mg kg"), E1= EDTA (2 mmol kg™! soil), E2 = EDTA (5 mmol kg™! soil), E3 = EDTA (10 mmol kg™! soil)
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were most deleterious to the chlorophyll pigments in PM 25
and P. Vijay (Tables 8 and 9).

Unlike the other parameters, the chl ratio (a:b) increased
when the plants were treated with Pb in both varieties, PM
25 and P. Vijay (Tables 8 and 9). The chl ratio enhancement
was further boosted due to the presence of EDTA in the soil.
The increase in ratio was relative to the increase in EDTA
level in the soil. The EDTA (2-10 mmol Kg™! soil) increased
the ratio (a:b) by 15.01-23.89% and 85.03-90.39% in P. Vijay
and PM 25 respectively, as compared to their respective con-
trols. A significant increase was observed in both the varie-
ties when compared to their control (C1). However, when
compared with control (C2), the increase was significant in
P. Vijay at 10 mmol EDTA Kg! soil, while a non-significant
increase was observed in PM 25. The maximum enhance-
ment for the chl ratio (a:b) was observed in PM 25 grown in
10 mmol EDTA Kg'1 soil (Tables 8 and 9).

The data presented in Tables 8 and 9 shows that EDTA
with Pb in the soil caused a significant decrease in carotenoid
content, both in P. Vijay and PM 25. The reduction becomes
more pronounced increased with the increasing concentra-
tion of EDTA. Regarding percentage of 2-10 mmol, EDTA
Kg! soil lowered the carotenoid content by 13.31-27.48%
and 35.47-46.14% in P. Vijay and PM 25, respectively. The
reduction was found to be significant in terms of control
(C1), while significant only at 10 mmol EDTA Kg! soil in
terms of control (C2) in both the varieties (Tables 8 and 9).

Nitrate reductase activity

Figure 1 shows a decline in NR activity (NRA) in the plants
treated with Pb and EDTA. The reduction of NR activity

was observed in P. Vijay (10.10%) and PM 25 (30.50%)
under Pb concentration. The addition of EDTA at the rate
of 2-10 mmol Kg! soil further decreased the NR activity in
the range of 12.41-21.65% and 33.83-42.83% in P. Vijay and
PM 25, respectively. The NR activity was more significantly
reduced in 10 mmol EDTA Kg™! with Pb soil as compare to
control in both the varieties. Reduction in NR activity was
more prominent in PM 25 than P. Vijay.

Superoxide dismutase activity

The Pb stress led to a considerable rise in SOD activity,
which was then further raised by the addition of EDTA as
depicted in Fig. 2. The variety P. Vijay showed 47.48% and
PM 25 showed 68.18% higher SOD activity as compare
to both control (C1 and C2). Addition of EDTA to the Pb-
contaminated soil significantly enhances the SOD activity
compared to treated and untreated control. It reaches up
to 107.63% higher in P. Vijay and up to 129.96% higher
in PM 25 at 10 mmol EDTA Kg! soil, showing that SOD
activity was increased more in PM 25 as compared to P.
Vijay.

Catalase activity

The presence of Pb in the soil significantly increased
catalase activity, as shown in Fig. 3. In comparison to
the untreated and treated controls for both varieties, the
soil amendment containing EDTA considerably increased
catalase activity. Under Pb stress, the catalase activity
of P. Vijay enhanced by 27.63%. In contrast, addition of
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Fig. 1 Effect of different treatments of Pb and EDTA on nitrate
reductase activity (NRA) in the leaf of 60-day-old B. juncea cv. P.
Vijay and PM 25. Values represented by bars are means of three rep-
licates. SE was represented as capped bars. Significant difference at
p<0.05 was determined by one way ANOVA to compare the effect of
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varying Pb concentrations on a particular cultivar. Bars bearing same
alphabets do not differ significantly (DMRT was applied separately
to each cultivar). C1 = Control, C2 = Pb (1000 mg kg'l), El= EDTA
(2 mmol kg’] soil), E2 = EDTA (5 mmol kg’1 soil), E3 = EDTA (10
mmol kg™! soil)
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Fig.2 Effect of different treatments of Pb and EDTA on superoxide
dismutase (SOD) activity in the leaf of 60-day-old B. juncea cv. P.
Vijay and PM 25. Values represented by bars are means of three rep-
licates. SE was represented as capped bars. Significant difference at
p<0.05 was determined by one way ANOVA to compare the effect of

varying Pb concentrations on a particular cultivar. Bars bearing same
alphabets do not differ significantly (DMRT was applied separately
to each cultivar). C1 = Control, C2 = Pb (1000 mg kg''), E1= EDTA
(2 mmol kg™! soil), E2 = EDTA (5 mmol kg™ soil), E3 = EDTA (10
mmol kg™! soil)
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Fig.3 Effect of different treatments of Pb and EDTA on catalase
(CAT) activity in the leaf of 60-day-old B. juncea cv. P. Vijay and
PM 25. Values represented by bars are means of three replicates. SE
was represented as capped bars. Significant difference at p<0.05 was
determined by one way ANOVA to compare the effect of varying Pb

EDTA to the Pb-contaminated soil leads to the maximum
enhancement in catalase activity by 73.69% at 10 mmol
EDTA Kg'! soil. Similarly, Pb-treated PM 25 showed
13.48% enhancement in catalase activity. The addition of

concentrations on a particular cultivar. Bars bearing same alphabets
do not differ significantly (DMRT was applied separately to each culti-
var). C1 = Control, C2 = Pb (1000 mg kg!), E1= EDTA (2 mmol kg'!
soil), E2 = EDTA (5 mmol kg'! soil), E3 = EDTA (10 mmol kg™! soil)

2-10 mmol EDTA Kg! soil led to a maximum elevation
(30.47%) of catalase activity in comparison to untreated
control. The activity was more significantly enhanced in
P. Vijay compared to PM 25.
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Table 10 Effect of different Treatments N (%)

treatments of lead and EDTA

on the contents of N, P and Mean + SE (PV)

Kiin the leaves of 60-day-old Cl 4.05 + 0.082 (00.00)*

Brassica juncea cv. P. Vijay
Cc2 3.17 £ 0.063 (21.75)°
C2+El 3.12 £ 0.071 (22.93)°
C2+E2 3.07 £ 0.048 (24.10)°
C2+E3 2.62 +0.041 (35.27)¢

Table 11 Effect of different

0.99 + 0.022 (00.00)*
0.81 + 0.021 (17.75)°
0.80 + 0.018 (19.58)°
0.78 + 0.011 (21.42)
0.68 + 0.012 (31.82)°

3.51 + 0.063 (00.00)?
3.04 £ 0.062 (13.55)°
2.95 + 0.072 (15.92)°
2.93 + 0.071 (16.60)°
2.53 +0.052 (28.12)°

Values represent means of three replicates. SE= Standard error, (n=3). Mean values followed by the same
letters within column are not significantly different (p<0.05) using DMRT. Values in parenthesis denote
percent variation in comparisons to control. C1 = Control, C2 = Pb (1000 mg kg™'), E1= EDTA (2 mmol
kg™! soil), E2 = EDTA (5 mmol kg! soil), E3 = EDTA (10 mmol kg™! soil)

P (%)
Mean + SE (PV)

K (%)
Mean + SE (PV)

Treatments N (%)

treatments of lead and EDTA

on the contents of N, P and Mean + SE (PV)

K in the leaves of 60-day-old a

Brassica juncea cv. PM 25 Cl 2.98 £ 0.041 (00.00)
Cc2 1.93 £ 0.024 (35.17)°
C2+El 1.86 + 0.048 (37.57)°
C2+E2 1.84 + 0.041 (38.37)°
C2+E3 1.50 + 0.024 (49.56)°

0.79 + 0.016 (00.00)*
0.57 + 0.006 (27.61)°
0.56 + 0.011 (29.14)°
0.54 + 0.011 (31.44)°
0.42 + 0.006 (46.78)°

3.48 + 0.078 (00.00)?
2.92 + 0.066 (16.09)°
2.87 + 0.063 (17.46)°
2.80 + 0.060 (19.51)°
2.28 + 0.052 (34.57)°

Values represent means of three replicates. SE= Standard error, (n=3). Mean values followed by the same
letters within column are not significantly different (p<0.05) using DMRT. Values in parenthesis denote
percent variation in comparisons to control. C1 = Control, C2 = Pb (1000 mg/kg), E1= EDTA (2 mmol
kg! soil), E2 = EDTA (5 mmol kg™! soil), E3 = EDTA (10 mmol kg™! soil)

Leaf nitrogen content

The nitrogen content in the leaves of both P. Vijay and PM
25 exhibited a significant reduction when plants treated
with Pb (Tables 10 and 11). The nitrogen content found to
be reduced in the leaves of both the varieties that received
EDTA (2, 5 and 10 mmol Kg™! soil). A significant reduc-
tion was observed in comparison to control (C1) at all the
EDTA concentrations, however, the reduction was more in
10 mmol EDTA Kg™! soil with Pb in both varieties. The
EDTA reduced the leaf nitrogen content in the range of
22.93-35.27% in P. Vijay and 37.57-49.56% in PM 25 at
2-10 mmol Kg'! soil. The result indicates that P. Vijay resists
the loss in leaf nitrogen content more efficiently than PM 25.

Leaf phosphorus content

The leaf phosphorus content followed a pattern similar
to leaf nitrogen in both varieties (Tables 10 and 11). Soil
application of EDTA at the rate of 2, 5 and 10 mmol Kg’!
soil with Pb reduced the leaf phosphorus content in P.
Vijay and PM 25. Maximum reduction was observed with
10 mmol EDTA Kg™! soil and found significant in both
the varieties with reference to Pb alone. Leaf phosphorus
content was found to be 29.14-46.78% lowered in PM 25
and 19.58-31.82% lowered in P. Vijay when subjected to
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2-10 mmol EDTA Kg! soil over their respective controls
1 (Tables 10 and 11).

Leaf potassium content

The leaf potassium content in the plants of both varieties
(P. Vijay and PM 25) expressed a response similar to leaf
nitrogen and phosphorus (Tables 10 and 11). A significant
decrease in the leaf potassium content was recorded in the
plants supplemented with EDTA (2, 5 and 10 mmol Kg™!
soil) along with Pb. EDTA-treated plants showed a maxi-
mum reduction at 10 mmol Kg™! soils. Plants exhibited a
similar trend in the significance of data as leaf nitrogen
and phosphorus content. A reduction in potassium content
was recorded in the range of 15.92-28.12% in P. Vijay and
17.46-34.57% in PM 25 concerning the untreated control
(Tables 10 and 11).

Yield attributes
Seeds per siliqua

Application of Pb reduced the quantity of seeds per sili-
qua in both cultivars, however P. Vijay revealed a less
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Table 12 Effect of different Treatments No. of seeds siliqua’! No. of siliqua plant™! 1000 Seed weight (g)

treatments of lead and EDTA on

yield components of Brassica Mean + SE (PV) Mean + SE (PV) Mean + SE (PV)

Junceacy. P. Vijay at harvest Cl 13.07 + 0.186 (00.00)* 1.16.33 + 2.603 (00.00)* 6.03 + 0.219 (00.00)*
C2 12.67 + 0.176 (3.060)* 1.11.00 + 2.309 (4.580)* 5.87 + 0.240 (02.76)*
C2 +El 11.43 +0.120 (12.50)° 1.01.00 + 2.082 (13.18)° 5.83 +0.233 (03.31)®
C2+E2 11.33 £ 0.219 (13.27)° 9.90.00 + 2.082 (14.90)* 5.80 + 0.265 (03.87)
C2+E3 10.70 £ 0.100 (18.11)¢ 9.30.00 + 2.309 (20.06)° 5.17 + 0.120 (14.36)°

Values represent means of three replicates. SE= Standard error, (n=3). Mean values followed by the same
letters within column are not significantly different (p<0.05) using DMRT. Values in parenthesis denote
percent variation in comparisons to control. C1 = Control, C2 = Pb (1000 mg kg'), E1= EDTA (2 mmol
kg™! soil), E2 = EDTA (5 mmol kg! soil), E3 = EDTA (10 mmol kg™! soil)

No. of siliqua plant!
Mean + SE (PV)

1000 Seed weight (g)
Mean + SE (PV)

Treatments No. of seeds siliqua™
treatments of lead and EDTA on
yield components of Brassica Mean + SE (PV)
Jjuncea cv. PM. 25 at harvest C1 12.47 + 0.203 (00.00)?
C2 10.77 + 0.240 (13.64)°
C2 +El 10.57 + 0.233 (15.24)°
C2+E2 10.50 + 0.321 (15.78)"
C2+E3 9.67 + 0.328 (22.46)°

87.00 + 3.464 (00.00)*
71.00 + 3.215 (18.39)°

69.67 + 3.180 (19.92)"
68.33 + 2.963 (21.46)*

59.33 +2.848 (31.80)°

5.13 + 0.186 (00.00)?
4.87 +0.167 (5.19)°

4.83 +0.186 (5.84)*
4.80 + 0.200 (6.49)*°
4.23 +0.186 (17.53)°

Values represent means of three replicates. SE= Standard error, (n=3). Mean values followed by the same
letters within column are not significantly different (p<0.05) using DMRT. Values in parenthesis denote
percent variation in comparisons to control. C1 = Control, C2 = Pb (1000 mg kg'!), E1= EDTA (2 mmol
kg™! soil), E2 = EDTA (5 mmol kg! soil), E3 = EDTA (10 mmol kg™! soil)

pronounced decline. The seeds per siliqua continue to
decrease when soil was treated with EDTA and Pb. The
application of EDTA significantly reduced seeds per
siliqua at all the applied doses of EDTA on P. Vijay in
comparison to both control. However, in the case of
PM 25, doses of EDTA (2, 5 and 10 mmol Kg™! soil)
reduced the number of seeds per siliqua significantly
with control (C1) only; concerning with control (C2),
number of seeds per siliqua was reduced significantly at
10 mmol EDTA Kg! soil. Application of EDTA (2-10
mmol Kg™! soil) reduced the number of seeds per siliqua
by 12.5-18.11% and 15.24-22.46% in P. Vijay and PM
25 respectively, over their respective untreated control
(Tables 12 and 13).

Siliqua per plant

The number of siliqua per plant was reduced in both of the
1000 mg Pb Kg-1 treated varieties, however the reduction
was only found to be significant in PM 25 when compared
to the control. Moreover, the loss in the number of sili-
qua per plant was significantly declined in the presence
of EDTA and Pb in soil. In P. Vijay, siliqua per plant was
significantly reduced by applying 2, 5 and 10 mmol EDTA/
Kg soil concerning control 1 and 2. The variety PM 25
showed the same response concerning control 1, whereas,
with control 2, the reduction was found to be significant

only with applying 10 mmol EDTA Kg! soil. In terms of
percentage, the reduction in siliqua number per plant was
declined in the range of 13.18-20.06% and 19.92-31.8%
in P. Vijay and PM 25, respectively, over their untreated
control, on the application of EDTA (2-10 mmol Kg™! soil)
(Tables 12 and 13).

1000 seeds weight

The reduction in weight of 1000 seeds was observed in Pb-
treated plants of both varieties compared to their untreated
control and the significant reduction was observed in PM
25 only (Tables 12 and 13). Further, additions of EDTA in
Pb treated plants worsen the loss in weight of 1000 seeds.
A significant reduction was observed in P. Vijay supple-
mented with 10 mmol EDTA Kg! soil reference to the
untreated control, whereas, concerning the treated control,
no significant effect was noticed. On the application of 2,
5, and 10 mmol EDTA Kg-1 soil in addition to Pb in PM
25, relative to the untreated control, and on the application
of 10 mmol EDTA Kg-1 soil in addition to Pb, relative to
the treated control, considerable weight loss in 1000 seeds
was detected. When subjected to 2—10 mmol EDTA Kg!
soil together with Pb, values for 1000 seeds weight were
recorded in P. Vijay that were 3.31-14.36% less and in PM
25 that were 5.84—17.53% less than the untreated control
(Tables 12 and 13).
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Table 14 Effect of different treatments of lead and EDTA on lead
accumulation in the root and shoot of Brassica juncea cv. P. Vijay at

harvest

Treatments Shoot (pg g

Root (ug g! DW) Whole plant (ug)

DW)

Mean + SE Mean + SE Mean + SE
Cl1 0.00 + 0.000¢ 0.04 + 0.002¢ 0.07 = 0.004°
C2 30.03 + 0.858° 59.80 + 1.354¢ 313.42 + 6.774¢
C2 +El 60.55 + 1.386" 67.93 + 1.802°  548.88 + 10.989°
C2 +E2 89.27 + 2.254% 73.32 +1.735*  761.48 +18.737*
C2 +E3 90.98 + 1.574* 75.28 + 1.766* 664.07 + 14.657°

Values represent means of three replicates. SE= Standard error,
(n=3). Mean values followed by the same letters within column are
not significantly different (p<0.05) using DMRT. Values in parenthe-
sis denote percent variation in comparisons to control. C1 = Control,
C2 = Pb (1000 mg kg), E1= EDTA (2 mmol kg'! soil), E2 = EDTA
(5 mmol kg’1 soil), E3 = EDTA (10 mmol kg’1 soil)

Table 15 Effect of different treatments of lead and EDTA on lead
accumulation in the root and shoot of Brassica juncea cv. PM 25 at
harvest

Treatments Shoot (pg g™’ Root (pg g' DW) Whole plant (pg)

DW)
Mean + SE Mean + SE Mean + SE

Cl 0.00 = 0.000¢ 0.06 = 0.002¢ 0.08 + 0.004°

c2 2047 +£0.641° 5090 + 1.179°  201.17 + 4.968¢

C2+El 5565+ 1.118"  59.87 +1.259"  343.77 + 8.429°

C2+E2 9477 +3881°  64.50 + 1.545*  537.25 + 10.432%

C2+E3 9547 +3.892*  66.57 + 1.556*  446.54 + 15.335°

Values represent means of three replicates. SE= Standard error,
(n=3). Mean values followed by the same letters within column are
not significantly different (p<0.05) using DMRT. Values in parenthe-
sis denote percent variation in comparisons to control. C1 = Control,
C2 = Pb (1000 mg kg!), E1= EDTA (2 mmol kg! soil), E2 = EDTA
(5 mmol kg! soil), E3 = EDTA (10 mmol kg™! soil)

Lead accumulation
In shoot

In the present experiment, Pb was not detected in untreated
control plants of both P. Vijay and PM 25 (Tables 14 and
15). Whereas, 30.03 pg of Pb g”! in dry weight (DW) of the
shoot in P. Vijay and 2529.47 pg of Pb ¢! DW in PM were
recorded respectively, when exposed to 1000 mg Pb Kg™!
soil. When EDTA was added together with Pb, the accumu-
lation of Pb in both types increased. In P. Vijay, the high-
est uptake was noted in plants treated with 10 mmol EDTA
Kg! soil (90.98 g of Pb g”! DW of the shoot), while it was
comparable to 5 mmol EDTA Kg™! soil (89.27 g of Pb g’!
DW of the shoot), and the remaining values were statistically
significant. Maximum uptake of PM 25 was also observed
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in plants treated with 10 mmol EDTA Kg™! soil (95.47 g of
Pb ¢! DW of the shoot), while it was comparable to plants
treated with 5 mmol EDTA Kg! soil (94.77 g of Pb g™} DW
of the shoot). Significant accumulation was observed with
the remaining treatments (Tables 14 and 15).

Inroot

Traces of Pb were detected in roots of untreated control
plants in both P. Vijay (0.04 pg of Pb g! DW of the root)
as well as in PM 25 (0.06 pg of Pb ¢! DW of the root)
(Tables 14 and 15). A 59.8 pg of Pb g”! DW of root in P.
Vijay and 50.9 pg of Pb g'! DW in PM 25 were recorded
when exposed to 1000 mg Pb Kg! soil. The addition of
EDTA along with Pb, enhances the accumulation of Pb in
both varieties. In P. Vijay, maximum uptake was found in
plants treated with 10 mmol EDTA Kg™! soil (75.28 pg of Pb
2! DW of the root) while it was at par with 5 mmol EDTA
Kg! soil (73.32 pg of Pb g'! DW of the root), rest of the
values were significant with each other. In PM 25, maximum
uptake was also noted in plants treated with 10 mmol EDTA
Kg! soil (66.57 pg of Pb g”! DW of the root) while it was at
par with 5 mmol EDTA Kg™! soil (64.5 pg of Pb g'! DW of
the root), significant accumulation was achieved with rest of
treatments (Tables 14 and 15).

Per plant

It was calculated with the help of the above parameters. The
Pb accumulation in the fresh and dry weight of root, shoot
was found to be a minimal amount of Pb (0.07 pg plant! in
P. Vijay and 0.08 pg plant™ in PM 25) was uptake by the
untreated control. Supplementing the soil with Pb increases
both varieties' Pb uptake per plant, and amendment of the
soil with EDTA and Pb resulted in improved Pb accumula-
tion per plant, significant to the treated and untreated control
at each level of EDTA. Maximum Pb uptake per plant was
recorded with 5 mmol EDTA Kg! soil in P. Vijay (761 pg
plant™!) and PM 25 (537.25 pg plant™!). According to above
findings, P. Vijay accumulates more lead per plant than PM
25 (Tables 14 and 15).

Discussion

The present study supported our hypothesis under the
regime of phytoremediation that the application of EDTA
affects the morphological, physiological, biochemical and
yield parameters in two varieties of B. juncea under Pb
stress. The experiment revealed that EDTA and 1000 mg
kg! soil Pb further decreased the growth of both varie-
ties. This result was found in agreement with the find-
ings of Greman et al. (2001). Among the tested EDTA
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concentrations, 5 mmol EDTA kg™! soil was the highest
dose on which reduction in growth was not significant.
Further increase in EDTA concentration started reduc-
ing the plant's growth significantly when compared to the
plant treated with Pb alone. A similar phytotoxic effect of
EDTA concentrations was reported by Bareen and Tahira
(2010). Ali et al. (2019) found that an excessive amount
of trace metals solubilized by EDTA can cause a reduction
in the biomass of the plant. Vassil et al. (1998) suggested
that in the plasma membrane, stabilizing divalent cations
such as zinc ion (Zn*?), calcium ion (Ca*?), ferrous ion
(Fe*?), copper ion (Cu*?) were removed by the uptake
and accumulation of chelators like EDTA, and the physi-
ological barrier that controls the uptake of minerals was
disrupted; also the biochemistry of cells get affected lead-
ing to cell death. Dose-dependent free protonated EDTA
(H-EDTA) phytotoxicity was reported in Cynara cardun-
culusin (Hernandez-Allica et al. 2007). Moreover, the
action of EDTA severely affects the plant water content,
due to which disruption in osmoregulation arises, thus
leaving the plant under stress. Therefore, the effect of high
EDTA concentration on the plant's growth was reflected
in reduced biomass (Zulfiqar et al. 2019). The results rep-
resent that a lower level of EDTA does not diminish the
effects of Pb from the soil. These findings are in agree-
ment with Saygideger and Dogan (2004). The photosyn-
thetic pigments were reduced significantly when the plants
were treated with EDTA and Pb. This decrease may be
attributed to the free protonated EDTA or Pb ions, which
cause toxicity. The uncoordinated protonated EDTA tends
to bind with essential divalent cations like Fe**, Zn%*,
Cu?* and Magnesium ion (Mg?*) (Vassil et al. 1998). The
above report explains the cause behind the chl degradation
in high-concentration EDTA-exposed plants. Addition of
EDTA to the Pb-contaminated soil does not significantly
affect the plant. However, due the higher concentration of
EDTA, carotenoid content decreases significantly com-
pared to Pb stress. This result was found concomitant to
Mohammadi et al. (2018) on sunflower against chromium
(Cr) and suggested that EDTA significantly enhances
the metal mobility to the plants resulting in higher metal
uptake, which could cause oxidative damage and decrease
in the photosynthetic pigments.

The NR activity did not alter during the addition of
EDTA (5 mmol EDTA Kg!) in soil compared to Pb alone,
however, NR activity declined in both varieties under 10
mmol EDTA Kg™! soil. The NR activity shows that PM
25 is more negatively affected than P. Vijay. NR catalyzes
electron transfer by reducing nitrate to nitrite and nitrite
to nitric oxide (NO) using NAD(P)H, which also results in
superoxide anions as a byproduct. Thus, NR regulation is
necessary at transcriptional and post-translational levels.
For the inactivation of NR, phosphorylation of NR on a

serine residue takes place, which creates a binding site for
14-3-3 proteins. The binding of 14-3-3 to phosphorylated
NR in the presence of divalent cations (Mg, +EDTA)
inactivates NR completely (Kaiser et al. 2002). This
may be the possible reason behind lower NR activity in
the presence of Pb and EDTA. Studies on the kinetics
of primary antioxidative enzymes showed a significant
increase under the stress of all the tested Pb and EDTA
concentrations in single metal applications and binary
combinations. HMs cause oxidative stress due to the
production of free radicals and reactive oxygen species
(Kumar et al. 2014; Hasanuzzaman et al. 2020). Metallic
ions interfere with the electron flow system in PSII, well
known for chlorophyll excitation, which leads to reactive
oxygen species (ROS) production (Kato and Simizi 1985;
Dolui et al. 2022). Plants scavenge ROS with many
proficient enzymatic and non-enzymatic antioxidative
defense systems, including SOD, CAT, ascorbate
peroxidase (APX) and glutathione reductase (GR). SOD
is a well-known antioxidative enzyme that has a vital role
in the cellular defense mechanism against free radicals. It
facilitates the dismutation of superoxide radicals to H,0,
and O,. The data obtained on the SOD enzyme activity of
P. Vijay and PM 25 showed an increase in SOD activity
under the regime of Pb, followed by EDTA applications.
This signifies that these varieties can detoxify the toxicants
produced by the accumulated HM ions (Jiang et al. 2019;
Huang et al. 2020) in response to exceeding levels of
HMs; however, the enhancement in SOD activity was
slightly low. On the other hand, producing free superoxide
radicals above a threshold limit could hamper the proper
functioning of the SOD enzyme (Alam et al. 2020; Shukla
et al. 2023). Several other studies on antioxidative enzyme
responses to environmental stresses have documented
similar observations (Kumar et al. 2014; Saman et al.
2022; Alam et al. 2023a, b). The results of the present
study propose that Indian mustard cv. P. Vijay and PM
25 counter balance the increased ROS concentration
developed due to Pb stress by regulating antioxidant
enzymes' activity in a synchronized manner. In both P.
Vijay and PM 25 varieties, CAT enzyme activity amplifies
with an increase in Pb and EDTA concentration, which
indicates the efficient H,0,  scavenging system in the
plants. The coordination in the enhancement of CAT and
SOD parallel to the concentration of treatment plays a
critical part in the scavenging procedure of O, and H,0,
(Khan et al. 2019; Huang et al. 2020; Huihui et al. 2020;
Rahbari et al. 2020; Rathika et al. 2021). However, the
coordination between CAT and SOD amplification was
more effective in P. Vijay than in PM 25. Thus, Pb toxicity
can be known to elevate ROS production, which can
stimulate the antioxidant protection system of the plants.
Increased enzymatic actions under Pb stress in the current
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study for detoxification are all-embracing by many other
earlier studies (Zulfigar et al. 2019; Song et al. 2022): It has
been shown that metal-induced oxidative stress leads to ROS
manifestation of ROS-activated enzymes (Rahbari et al. 2020).
The application of EDTA and 1000 mg Pb kg™! soil further
increases the Pb accumulation of both varieties: P. Vijay
and PM 25. Chelators can enhance the availability of trace
elements in soil, which helps facilitate the hyperaccumulation
process (Hai et al. 2022). Chelator causes the dissolution of
adsorbed trace elements and enhances its mobilization so
plants can easily absorb and accumulate it (Ebrahimi 2016).
The use of EDTA is well known to enhance metals' availability
for plant uptake (Wu et al. 2004; Jiang et al. 2019; Li et al.
2020). Augmentation of soil with EDTA can elevate higher
total metal uptake. However, a large amount of free protonated
EDTA could decrease plant biomass and renders the plant in
an even more stressful condition (Turgut et al. 2005). The
reductions in yield characteristics due to 1000 mg Pb kg™! soil
were not significantly affected by treatment of 5 mmol EDTA
Kg! soil. In contrast, the application of 10 mmol EDTA Kg'!
soil significantly lowered yields in both varieties, possibly due
to the availability of free protonated EDTA, which is toxic
to the plant, as discussed earlier. Hence decreased seed yield
could be attributed to suppressing dry matter production in
Pb-exposed plants (Wani et al. 2007; Saman et al. 2022).

Conclusion

In the previous study, we performed a screening of B. jun-
cea cv. which helps to select P. Vijay and PM 25 as hyper
and hypo accumulators, respectively (Naaz and Chauhan
2019). The present study established that selected vari-
eties were co-cultivated in Pb-contaminated soil with
EDTA. In comparison to the control, the morphologi-
cal, physiological, biochemical changes and yield were
adversely affected under Pb stress. The Pb accumulation
increased in Pb stress in plant, while more in Pb + EDTA
(5 mmol Kg'1 soil). The biochemical characteristics, such
as photosynthetic pigments and the enzyme NR activ-
ity, were not significantly affected in both the varieties
after co-cultivation (Pb) with up to 5 mmol EDTA Kg!
soil. The antioxidant enzymes were more efficient in the
hyper-accumulator than the hypo-accumulator cultivar.
Yield components of both the varieties were somewhat
affected by co-cultivation compared to untreated control.
The results of the current study showed that both varieties
considerably increased Pb accumulation when exposed to
EDTA (5 mmol Kg™!). Therefore, using EDTA (a chelating
agent) may increase the amount of Pb that B. juncea plants
accumulate per plant during field studies.
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