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Synergistic modulation of
antioxidant enzymes by citric
acid and EDTA to enhance lead
tolerance and phytoextraction
efficiency in harmel

Kobra Mahdavian

Lead (Pb) induces physiological, morphological, and metabolic effects in plants. The exogenous
application of ethylenediaminetetraacetic acid (EDTA) and citric acid (CA) is a common method

to enhance the phytoextraction of Pb from plants. However, the impact of these treatments on
harmel’s ability to tolerate and accumulate Pb remains unclear. This study aimed to investigate the
effects of CA (0, 2.5, and 5 mM) and EDTA (0, 2.5, and 5 mM) on physiological growth responses,
antioxidant enzymes, as well as lead translocation factor (TF) and uptake of harmel under Pb

stress (0, 5, and 25 mg L™?). The results indicated that Pb treatment significantly reduced growth
parameters in harmel plants. The application of 5 mM EDTA adversely affected plant growth, while
the 2.5 and 5 mM CA treatments enhanced it. The application of 2.5 mM CA and EDTA significantly
decreased lipid peroxidation and improved biomass production in Pb-stressed plants. The diversity of
enzymatic activity in the 2.5 mM EDTA treatments and both CA concentrations was greater than in
the control and the 5 mM EDTA treatment. CA and EDTA primarily increased the levels of ascorbate,
dehydroascorbate, glutathione, and protein in the leaves, thereby enhancing the Pb tolerance

of harmel plants. Furthermore, CA and EDTA significantly elevated TF values, with the highest
amount observed in Pb 5+EDTA 5, compared to plants treated with Pb alone. Correlation analysis,
visualized through a heat map, revealed strong positive relationships among all growth indicators
and a consistently strong negative correlation between root Pb concentration and plant growth,
underscoring root Pb accumulation as the primary constraint on development. Conversely, shoot Pb
concentration showed weaker associations, and TF exhibited no consistent correlation with growth
suppression. Principal Component Analysis (PCA) effectively distinguished Pb-stressed from treated
plants and confirmed the ameliorative effects of CA and EDTA. The PCA further highlighted distinct
physiological response patterns induced by the two chelating agents, suggesting different underlying
mechanisms of action. Overall, CA and EDTA improved Pb tolerance in harmel by modulating
antioxidant defense systems and influencing Pb distribution, offering promising tools for enhancing
phytoremediation potential under Pb-contaminated conditions.
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Soil contamination with heavy metals, particularly Pb, poses a significant global environmental challenge due
to its persistence, toxicity, and adverse effects on soil fertility and human health'~*. Originating from mining,
smelting, and agrochemical overuse, Pb accumulates in plants, disrupting photosynthesis, nutrient uptake, and
antioxidant defenses, which leads to reduced growth and productivity>-S.

Phytoremediation, a plant-based approach to detoxify polluted environments, offers a sustainable alternative
to conventional methods®!°. However, its efficiency is often constrained by low metal bioavailability in soils and
the limited accumulation capacity of most plant species. To overcome these challenges, chelating agents such as
EDTA and CA have been applied to improve Pb solubility and uptake !!-1°.

In addition, chelating agents such as EDTA and CA address these limitations by increasing Pb solubility and
uptake. EDTA forms stable complexes that enhance Pb translocation to shoots'?, while CA, a biodegradable acid,
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acidifies the rhizosphere and boosts antioxidant responses!?~!>. Despite their efficacy, the mechanisms by which

these agents mediate Pb tolerance in specific plants remain poorly understood®!2.

Furthermore, P. harmala is a perennial herb native to arid and semi-arid regions. Although not classified
as a hyperaccumulator, its tolerance to harsh conditions and moderate metal accumulation capacity make it a
promising candidate for phytoremediation in marginal soils>”!%!7. Yet, its response to Pb stress and the role of
chelators like EDTA and CA are underexplored!®-2L.

Consequently, this study addresses these gaps by investigating harmel’s physiological responses under Pb
stress using a hydroponic system, which provides a controlled environment to assess chelator effects without
the complexities of soil matrices. While this approach minimizes variability, its findings require validation for
extrapolation to soil conditions. Therefore, the objectives are to (1) assess the physiological effects of Pb on
harmel seedlings after a 14-day exposure period, (2) compare the effects of different concentrations of CA and
EDTA on seedling growth, Pb accumulation, and physiological attributes under Pb stress, and (3) evaluate the
relationship between antioxidant enzyme activities and Pb tolerance in harmel seedlings.

Materials and methods

Plant materials and Pb treatments

P. harmala is a wild and widely distributed plant species that is not currently considered at risk of extinction.
However, to ensure the sustainability of its populations and in accordance with scientific and ethical standards,
seed collection was conducted carefully and in compliance with local regulations. The identification of P harmala
was confirmed by S. M. Mir Tajadiny. Voucher specimens of both the plant and its seeds have been deposited in
the Herbarium of Payame Noor University of Kerman. We confirm that the necessary permits were obtained for
collecting seeds from the metallicolous population located in the Koshk area. Bulk seed collections (> 25 plants)
of P harmala L. were made from the 60-year-old Koshk Pb/Zn mining site (metallicolous population). The
collected seeds were surface-sterilized in 2% sodium hypochlorite solution for 10 min and subsequently washed
three times with double-distilled water to remove any residual sterilizing agent. Following sterilization, the seeds
were evenly planted in plastic pots filled with sterile perlite as the growing medium. Six seeds were placed in
each pot to ensure adequate germination rates and uniform growth. The seedlings were grown in a controlled
greenhouse environment maintained at day/night temperatures of 25/20 °C with a light intensity of 200 uE m™
s7L. Plants were watered with Hoagland nutrient solution throughout the initial 40-day growth period to ensure
optimal conditions.

Experimental design and lead treatments

The concentrations of Pb (0, 5 and 25 mg L™!), CA (0, 2.5 and 5 mM), and EDTA (0, 2.5 and 5 mM) were
selected based on previous studies on heavy metal stress and chelator-assisted phytoextraction, as well as
preliminary optimization experiments conducted specifically for P harmala under hydroponic conditions.
These concentrations were found to be physiologically relevant for inducing measurable responses in growth,
antioxidant activity, and Pb uptake, without causing acute toxicity. The experiment was conducted following a
Completely Randomized Design (CRD). After an initial 40-day growth period, uniform P. harmala seedlings
were subjected to treatments with Pb, CA and EDTA treatments for a duration of 14 days. The study comprised
15 treatment combinations: T, 0 mg L™ Pb (control); T, 5mg L™ Pb; T, 25 mg L™! Pb; T, 0 mgL™' Pb+2.5 mM
CA; T, 0mgL~ 1Pb+5mMCA T, 5mgL ' Pb+2. SmMCA T, 5mgL 1Pb+5mMCA Ty, 25mg L~ 1Pb+25
mM CA T, 25mg L™ Pb+5 mM’ CA; T}0 0mgL™'Pb+2.5 mM EDTA; T it 0mgL™! Pb+5mM EDTA; T,

mg L™! Pb+2.5mM EDTA; T, 5mg L~ Pb+5mM EDTA; T, 25 mg L' Pb+2.5 mM EDTA; T, 25 mgL 1
Pb+5mM EDTA, '[rea'[men‘[s71 Each treatment was replicated three times (n=3), with each rephcate consisting
of one pot containing six uniform seedlings. Treatments were administered hydroponically by simultaneously
adding Pb (as Pb(NO,),), CA, and EDTA at the designated concentrations to the Hoagland nutrient solution.
Plants were harvested seven days after the 14-day treatment period, at 61 days of age.

Growth criteria

Root and shoot lengths were measured immediately after harvesting using a standard ruler. Following thorough
rinsing and drying, the dry biomass of root and shoot tissues was determined by weighing the oven-dried
samples with an analytical balance.

Lead determination and translocation factor estimation
After completion of the treatments, root and shoot samples were thoroughly rinsed three times with
demineralized water to remove surface contaminants. The samples were then oven-dried at 70 °C for 48 h, and
their dry biomass was recorded. Dried tissues were ground into a fine powder and digested using a mixture
of concentrated nitric acid and hydrogen peroxide (HNO,:H,0,, 3:1 v/v) in a microwave digestion system.
The concentration of lead in the digested samples was determined using flame atomic absorption spectrometry
(FAAS), following the methodology described by Mahdavian et al.”.

Lead uptake and its internal movement within P. harmala were assessed by calculating the TF, which indicates
the plant’s efficiency in transporting heavy metals from roots to shoots. TF was determined as the ratio of Pb
concentration in the shoot to that in the root, using the following formula:

Translocation factor (TF) = Metal concentration in shoots/Metal concentration in roots
Lipid peroxidation

Lipid peroxidation was assessed by quantifying malondialdehyde (MDA) content, a widely used indicator of
oxidative damage. Briefly, plant tissue homogenates were mixed with thiobarbituric acid (TBA) in trichloroacetic
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acid (TCA), heated at 95 °C for 30 min, cooled on ice, and subsequently centrifuged. The absorbance of the
resulting supernatant was measured at 532 nm, with non-specific absorbance at 600 nm subtracted to correct
for turbidity and other interferences. MDA concentration was calculated using an extinction coeflicient of
155 mM~! cm™! and expressed as nmol g~! fresh weight?’. Additionally, other aldehydes were quantified by
measuring absorbance at 455 nm?3.

Measurement of glutathione (GSH), dehydroascorbate (DHA) and ascorbate (ASC)

The levels of ascorbate (ASC) and dehydroascorbate (DHA) were determined following the method of De Pinto
et al?%. Total ascorbate was quantified by reducing DHA to ASC using dithiothreitol (DTT). The ASC content
was measured spectrophotometrically based on its reaction with 2,2’-dipyridyl in the presence of Fe**, with
absorbance recorded at 525 nm. DHA concentration was calculated as the difference between total ascorbate
and reduced ascorbate.

Glutathione (GSH) content was measured using 5,5 -dithiobis-(2-nitrobenzoic acid) (DTNB) according to
Ellman’s method?®. The reaction mixture contained plant extract, phosphate buffer (pH 8.0), and DTNB. The
formation a yellow-colored complex was monitored at 412 nm, and GSH concentration was determined using a
standard curve and expressed as pmol g~! fresh weight.

Enzyme extraction and assays
Protein concentration in enzyme extracts was determined using the Bradford method?, with bovine serum
albumin (BSA) as the standard.

Fresh leaf samples (1.0 g) were homogenized in 6 mL of cold 50 mM potassium phosphate buffer (pH 7.8)
containing 0.2 mM EDTA and 2% (w/v) polyvinylpyrrolidone (PVP) using a mortar and pestle on ice. The
homogenate was centrifuged at 12,000 rpm for 20 min at 4 °C, and the resulting supernatant was used for the
determination of enzyme activities, including catalase (CAT), ascorbate peroxidase (APX), guaiacol peroxidase
(GPX), superoxide dismutase (SOD) and lipoxygenase (LOX).

« Catalase (CAT) activity was measured spectrophotometrically according to Aebi?’. The reaction mixture
contained 5 mM H,0, in 50 mM potassium phosphate buffer (pH 7.0). The reaction was initiated by adding
100 pL of enzyme extract to 900 L of the reaction solution. The decrease in absorbance at 240 nm was mon-
itored, and CAT activity was calculated using an extinction coefficient of 0.039 mM~! cm™!. One unit of CAT
was defined as the amount of enzyme that decomposes 1 umol of H,O, per minute at 25 °C.

« Ascorbate peroxidase (APX) activity was determined using the method described by Boominathan and
Doran?® and Nakano and Asada®. The reaction mixture contained of 725 pL of 50 mM potassium phosphate
buffer (pH 7.0) with 0.2 mM EDTA, 175 pL of 0.5 mM ascorbic acid, and 50 pL of enzyme extract. The re-
action was initiated by the addition of 50 uL of 200 mM H,0,. The decrease in absorbance at 290 nm was
monitored, and APX activity was calculated using an extinction coefficient of 2.6 mM~! cm~!. One unit of
APX was defined as the oxidation of 1 pmol of ascorbate per minute at 25 °C.

« Guaiacol peroxidase (GPX) activity was assayed following the method of Plewa et al.*® by measuring the
increase in absorbance at 470 nm due to tetraguaiacol formation. The reaction mixture included 50 mM
potassium phosphate buffer (pH 7.0), 0.3% H,O,, 1% guaiacol, and 20 uL of enzyme extract. The extinction
coefficient of 25.5 mM™! cm™ was used to calculate GPX activity. One unit of GPX was defined as the amount
of enzyme producing 1 pmol of tetraguaiacol per minute.

« Superoxide dismutase (SOD) activity was determined based on the method of Giannopolitis and Ries!. The
3 mL reaction mixture included 50 uL enzyme extract, 2 mM riboflavin, 75 mM nitroblue tetrazolium (NBT),
13 mM methionine, 0.1 mM EDTA, and 50 mM phosphate buffer (pH 7.8). One unit of SOD was defined as
the amount of enzyme required to inhibit 50% of NBT reduction under light. Absorbance was measured at
560 nm. Although no extinction coefficient is strictly required, an approximate ¢ value of 12.8 mM™' cm™! at
560 nm may be used for quantification if necessary.

« Lipoxygenase (LOX) activity was measured according to Doderer et al.>2. The reaction mixture contained
100 mM linoleic acid and 100 mM acetic acid buffer (pH 5.5). The reaction was initiated by adding 50 uL of
enzyme extract, and the increase in absorbance at 234 nm was recorded. LOX activity was expressed as units
per mg protein using an extinction coefficient of 25,000 M~ cm™.

Statistical analysis

All results are presented as mean values + standard error (SE) based on three biological replicates. The experiment
was conducted using a completely randomized design (CRD) with a factorial arrangement. Data were analyzed
using two-way analysis of variance (ANOVA) to assess the main effects of treatments and their interactions.
Statistical analyses were performed using IBM SPSS Statistics version 26. Post hoc comparisons were conducted
using Tukey’s Honestly Significant Difference (HSD) test at a 5% significance level (p<0.05). Graphs were
generated using Microsoft Excel 2016. The PCA was carried out using Python version 3.x, with the ‘scikit-learn’
library employed for dimensionality reduction and the ‘seaborn’ and ‘matplotlib’ libraries for visualization.
Pearson correlation coefficients were calculated to assess the relationships between growth parameters and Pb
accumulation. Correlation matrices were visualized as heatmaps using the Seaborn library in Python.

Results

Plant growth

Exposure to Pb at concentrations of 5 and 25 mg L~! resulted in a significant reduction in the growth of harmel
plants compared to the control. Specifically, shoot lengths decreased by 16% and 38% at 5 mg L™! and 25 mg L~}
Pb, respectively, relative to untreated plants (Fig. 1). Similar declines were observed in root length. Additionally,
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Fig. 1. Effect of CA (0, 2.5 and 5 mM) and EDTA (0, 2.5 and 5 mM) on shoot (A) and root (B) length of
harmel under three levels of Pb (0, 5 and 25 mg L™!). Values with similar letters are not significantly different at
p<0.05.

dry weights of both shoots and roots showed significant reductions in the presence of Pb, as illustrated in Fig. 2.
Interestingly, the co-application of Pb (5 and 25 mg L™!) with CA (2.5 and 5 mM) notably improved growth
metrics. The highest increases in shoot and root lengths—69% and 35%, respectively—were recorded under a
combined treatment of 2.5 mM CA and 5 mg L™! Pb, compared to their control. Similarly, dry weights of shoots
and roots improved by 72% and 6%, respectively, under CA (2.5 mM) and Pb (5 mg L™!) compared to Pb-treated
plants (5 mg L™!) alone (Fig. 1, 2). EDTA (2.5 mM) alone, and with Pb (5 mg L™!) significantly increased all
growth parameters. The lowest effect was observed in all growth parameters measured at Pb 25 mg L™+ EDTA
5 mM concentration, and the highest was obtained with 2.5 mM CA treatment (Figs. 1, 2).

Malondialdehyde (MDA) and other aldehydes

Lead exposure significantly elevated malondialdehyde (MDA) and other aldehydes in harmel plants. At a
concentration of 25 mg L™! Pb, MDA and aldehyde levels increased by 36% and 76%, respectively, compared to
the control (Fig. 3). However, the addition of CA and EDTA mitigated these effects, reducing MDA levels by 33%
and aldehydes by 15% in plants treated with 25 mg L™! Pb and 2.5 mM CA, respectively, compared to Pb alone.
Also, Pb (25 mg L™!) and EDTA (2.5 mM) significantly decreased MDA and other aldehyde by 38% and 12%,
respectively, in comparison with treated plants under Pb alone (Fig. 3A, B).

Scientific Reports |

(2025) 15:37890 | https://doi.org/10.1038/s41598-025-21662-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A 70
60
= = 50
s §
5.8
z §40
_%‘ Q. m0
- on
g £ 30 mPb5
<
220 uPb25
10
0
CA25 CAS EDTA 2.5 EDTAS
Treatments
B 3.5
3
-~ 2-5
sh § i
2e 2
z & m0
T s
SE mPbs
~ 1 mPb25
0.5
0
CA 25 CAS EDTA 2.5 EDTAS
Treatments

Fig. 2. Effect of CA (0, 2.5 and 5 mM) and EDTA (0, 2.5 and 5 mM) on shoot (A) and root (B) dry weight of
harmel under three levels of (0, 5 and 25 mg L™!). Values with similar letters are not significantly different at
p<0.05.

Ascorbate, dehydroascorbate and glutathione concentrations

In this study, harmel plants showed a significant increase in ascorbate and dehydroascorbate content in Pb
conditions compared to the control. The ascorbate and dehydroascorbate in the leaves at a concentration of 5
mg L! Pb increased by 83% and 50%, respectively, compared to the control. However, CA and EDTA increased
the content of ascorbate and dehydroascorbate. The highest amount of dehydroascorbate and ascorbate was
obtained in plants that used Pb (5 mg L) and EDTA (2.5 and 5 mM), respectively, compared with Pb alone,
and the lowest contents were achieved with a 25 mg L™! Pb treatment. Pb (5 mg L™!) and EDTA (2.5 and 5
mM) significantly increased ascorbate by 76% and 99%, while dehydroascorbate by 160% and 34%, respectively,
compared with Pb alone. Also, Pb (5 mg L™!) and CA (2.5 and 5 mM) significantly increased ascorbate by
34% and 27%, while dehydroascorbate by 26% and 147%, respectively, in comparison with Pb alone (Fig. 4).
In this study, the concentration of glutathione in harmel plants was significantly elevated when exposed to Pb.
Specifically, treatment with 5 mM and 25 mM Pb resulted in a 36% and 63% increase in glutathione levels,
respectively, compared to the control group (Fig. 5). Additionally, the application of CA and EDTA at 2.5 mM
concentrations further enhanced the glutathione content by 94% and 83%, respectively, 25 mM Pb compared to
plants treated with Pb alone. The most pronounced increase in glutathione, 272%, was observed in plants treated
with 2.5 mM CA, in comparison to the control group (Fig. 5).
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Fig. 3. Effect of CA (0, 2.5 and 5 mM) and EDTA (0, 2.5 and 5 mM) on MDA (A) and other aldehydes (B)
contents of harmel under three levels of Pb (0, 5 and 25 mg L™!). Values with similar letters are not significantly
different at p <0.05.

Protein content

The application of 5 and 25 mg L™! Pb resulted in a decrease in leaf protein concentration by 19% and 46%,
respectively, compared to the control group. Adding of CA and EDTA significantly reduced the harmful effect
of Pb on protein content. The highest amount of protein content (31%) was obtained in plants that used Pb (5
mg L™!) and CA (5 mM), In contrast to the plants under Pb (5 mg L™') alone. Also, Pb (5 mg L™!) and EDTA
(2.5 mM) significantly enhanced the protein content by 28% in comparison with treated plants under Pb alone

(Fig. 6).

Antioxidant enzyme activity

In the 5 and 25 mg L™! Pb treatments, the antioxidant enzyme activities in the leaves were higher than in the
control. At 25 mg L™! Pb, CAT, SOD, and GPX activities increased by 35.3%, 156.5%, and 17.8%, respectively,
compared to the control. However, APX and LOX showed minimal change. Application of CA and EDTA in
combination with Pb further altered enzyme activities. The highest CAT and SOD activities were observed in
Pb 25+EDTA 5, with increases of 355.7% and 174.9%, respectively, over the control. APX activity peaked in
Pb5+CA 5, representing a 272.4% increase over the control. Similarly, LOX activity was highest in Pb 5+ CA 5,
a399.0% increase compared to the control. Conversely, GPX activity generally decreased under CA and EDTA
treatments. For instance, in Pb 0+EDTA 5, GPX activity dropped, a 81.9% reduction relative to Pb 25 alone,
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Fig. 4. Effect of CA (0, 2.5 and 5 mM) and EDTA (0, 2.5 and 5 mM) on ASC (A) and DHA (B) contents of
harmel under three levels of Pb (0, 5 and 25 mg L™!). Values with similar letters are not significantly different at
p<0.05.

suggesting an inhibitory effect of EDTA on this enzyme. These results suggest that Pb stress induces oxidative
responses in harmel, and both CA and EDTA modulate antioxidant activity differently, with CA being more
effective in enhancing APX and LOX, while EDTA significantly boosts CAT and SOD activities. (Fig. 7).

Lead uptake and translocation factor

As illustrated in Fig. 8, the concentration of Pb varied across different treatments, with the highest levels observed
in the roots, followed by the shoots. This suggests that the roots serve as the primary site for Pb storage. (Fig. 8).
Lead concentrations increased in plants treated with 25 mg L~! lead by 39% and 226% in shoots and roots,
respectively, compared with plants treated with 5 mg L™! Pb soil. The addition of CA and EDTA affected Pb
uptake and harmel transport. Plants exposed to 2.5 mM CA exhibited a reduced accumulation of Pb in various
plant tissues when compared to those grown in Pb -contaminated soil (Fig. 8). The application of CA further
reduced Pb concentrations by 79% in shoots, while 14% in roots, when applying a combination of 2.5 mM CA
and 5 mg L™! Pb compared with the control. The concentration in both the shoot and root increased by 317%
and 108%, respectively, when exposed to 2.5 mM EDTA and 5 mg L™! Pb, in comparison to their corresponding
control treatments. The most notable increase was observed in the case of Pb. 5+ EDTA 2.5 treatment in shoots
and Pb 25+ EDTA 5 treatment in roots (Fig. 8).
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Fig. 5. Effect of CA (0, 2.5 and 5 mM) and EDTA (0, 2.5 and 5 mM) on GSH contents of harmel under three
levels of Pb (0, 5 and 25 mg L™!). Values with similar letters are not significantly different at p < 0.05.
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Fig. 6. Effect of CA (0, 2.5 and 5 mM) and EDTA (0, 2.5 and 5 mM) on protein content of harmel under three
levels of Pb (0, 5 and 25 mg L™!). Values with similar letters are not significantly different at p <0.05.

The analysis of variance revealed a significant influence of Pb concentration on the transfer factor (TF) in
harmel plants. As Pb concentration in the soil increased, the displacement coefficient of harmel plants decreased.
Furthermore, the application of CA and EDTA notably enhanced the TF values, with the highest values recorded
in the treatment combining Pb at 5 mg L~! and EDTA at 5. In comparison to plants exposed solely to Pb, the
transfer factor exceeded one in this treatment. (Fig. 8).

Correlation analysis between growth indicators and Pb uptake

To comprehensively evaluate the interrelationships between various plant growth indicators and Pb uptake and
accumulation, a Pearson correlation analysis was performed. The results are presented as a heatmap in Fig. 9.
Correlation coeflicients (r) range from —1 to + 1, where values close to + 1 indicate a strong positive correlation,
values near -1 represent a strong negative correlation, and values close to zero suggest the absence of a linear
relationship.
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Fig. 7. Effect of CA (0, 2.5 and 5 mM) and EDTA (0, 2.5 and 5 mM) on the enzyme activities of CAT (A),
APX (B), GPX (C), LOX (D) and SOD (E) in the leaves of harmel under three levels of Pb (0, 5 and 25 mg L™1).
Values with similar letters are not significantly different at p <0.05.

Strong positive correlations among growth indicators

All measured growth parameters—shoot length (cm), root length (cm), shoot dry weight (DW, g), and root
dry weight (DW, g)—exhibited strong positive correlations with one another (ranging from 0.73 to 1.00). This
finding implies that any factor enhancing one growth parameter tends to positively influence the others. For
instance, shoot and root dry weights showed a particularly strong correlation (r=0.93), indicating coordinated
biomass accumulation.

Strong negative correlation between growth indicators and root Pb accumulation

A strong negative correlation was observed between all growth indicators and the concentration of Pb in the root
(Pb Root). These correlation coefficients ranged from r=-0.53 (between Shoot Length and Pb Root) to r=-0.77
(between Root DW and Pb Root). This robust negative relationship signifies that an increase in Pb accumulation
within the roots is significantly associated with a decrease in overall plant growth across all dimensions (shoot
and root length, and dry weight). In essence, high Pb accumulation in roots acts as a limiting factor for the plant’s
overall development.
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Fig. 7. (continued)

Weaker negative correlation between growth indicators and shoot Pb accumulation

The concentration of Pb in the shoot (Pb Shoot) exhibited weaker negative correlations with growth indicators
(correlation coefficients ranging from r=-0.22 to r=-0.46). This observation might suggest that the primary
damage inflicted by Pb on the plant predominantly originates from its accumulation in the roots, or that the
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Fig. 8. Effect of CA (0, 2.5 and 5 mM) and EDTA (0, 2.5 and 5 mM) on the shoot (A) and root (B) lead
concentration and TF (C) of harmel under three levels of Pb (0, 5 and 25 mg L™!). Values with similar letters
are not significantly different at p <0.05.
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Correlation between Growth Indicators and Pb Uptake
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Fig. 9. Heatmap of Pearson correlation coefficients between plant growth indicators and Pb uptake
parameters. The heatmap was generated using Python (version 3.x) in a Google Colab environment with the
libraries pandas (v2.2.2), Seaborn (v0.13.2, https://seaborn.pydata.org/), and matplotlib (v3.10.0).

plant possesses mechanisms to either reduce Pb translocation from roots to shoots or tolerate Pb better within
shoot tissues.

Correlations among Pb uptake indicators

Shoot and root Pb concentrations showed a moderate positive correlation with each other (r=0.41). This
indicates that increased Pb in the roots can Pb to greater translocation to the shoots, although this relationship is
not as strong as the one between root Pb and growth parameters. The Translocation Factor, which represents the
ratio of Pb transferred from roots to shoots, had a strong positive correlation (r=0.58) with the Pb concentration
in the shoot, which is logically expected as higher shoot Pb contributes to a higher TE However, TF exhibited
weak and mostly negative correlations with both growth indicators and root Pb levels (ranging from —0.14 to
—0.28). This implies that the proportion of Pb translocated to shoots does not directly influence growth and that
other factors may play a more dominant role in determining plant performance under Pb stress.

In conclusion, the results of the correlation analysis confirm that Pb accumulation—particularly in the
roots—has a strong inhibitory effect on plant growth. These findings highlight the central role of root-level
Pb toxicity and reveal the intricate balance between heavy metal uptake, translocation, and plant physiological
responses. Understanding these relationships is crucial for developing effective phytoremediation strategies and
improving plant resilience under metal stress.

The PCA of treatments effects

To comprehensively evaluate the complex interactions and overall plant responses to Pb toxicity, CA, and EDTA,
PCA was performed on the treatment data, with 95% confidence ellipses added to assess the statistical reliability
of the observed clusters (Fig. 10). The PCA score plot (Fig. 10) illustrates the distribution and relationships
among the different treatments, with PC1 and PC2 accounting for 36.41% and 19.23% of the total variance,
respectively. The PCA revealed distinct clusters, reflecting the varying effectiveness of CA and EDTA in
mitigating Pb-induced stress.

Lead-only treatments (T1, T2, T3)

The control (T1: 0 mg L™! Pb) is positioned distinctly on the plot, with its 95% confidence ellipse showing
minimal overlap with T2 (5 mg L™! Pb) and T3 (25 mg L-! Pb), which shift progressively along PC1. The distinct
separation of T3’s ellipse signifies severe Pb-induced stress.
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Fig. 10. Principal Component Analysis (PCA) of data with 95% confidence ellipses for different treatments
applied to harmel under Pb stress with or without CA and EDTA.

Impact of CA on Pb-toxicity (T6, T7, T8, T9)

Treatments combining Pb and CA (T6: 5 mg L™! Pb+2.5 mM CA; T7: 5 mg L™! Pb+5 mM CA; T8: 25 mg L™!
Pb+2.5mM CA; T9: 25 mg L™! Pb+5mM CA) exhibit overlapping 95% confidence ellipses, suggesting similarity
in response, though T9 shows a distinct ellipse in the upper-left quadrant, indicating effective mitigation of high
Pb stress. T7 is positioned toward the upper region, reflecting a beneficial impact of 5 mM CA under moderate
Pb exposure, while T6, closer to T2, indicates a less pronounced effect with 2.5 mM CA.

Effect of EDTA on Pb-toxicity (T12, T13, T14, T15)

Treatments combining EDTA with Pb (T12: 5 mg L™! Pb+2.5 mM EDTA; T13: 5 mg L™! Pb+5 mM EDTA;
T14: 25 mg L~! Pb+2.5 mM EDTA; T15: 25 mg L! Pb+5 mM EDTA) display distinct patterns. T15 is located
in the bottom-right quadrant with a non-overlapping 95% confidence ellipse, suggesting a unique physiological
response compared to T3 and T9. T13 and T12 are closely grouped with overlapping ellipses, indicating that
even low EDTA concentrations significantly affect plant responses under moderate Pb stress.

Comparison of CA and EDTA responses

The PCA plot illustrates a notable divergence between CA- (T6-T9) and EDTA-treated groups (T12-T15),
with non-overlapping 95% confidence ellipses highlighting distinct physiological responses. CA-treated plants
occupy the upper regions, while EDTA-treated plants disperse toward the lower quadrants, reflecting differences
in chelation efficiency. The control treatments involving only CA (T4, T5) or EDTA (T10, T11) cluster near
T1 with overlapping ellipses, indicating minimal impact in the absence of Pb. Overall, the PCA effectively
distinguishes between the various treatment groups and provides visual confirmation of the ameliorative roles
of CA and EDTA in mitigating Pb toxicity.

Discussion

This study aimed to evaluate the effects of CA and EDTA on growth, physiological responses, antioxidant
defense mechanisms, and Pb accumulation in P. harmala under Pb stress. The findings elucidate the mechanistic
pathways by which these chelators regulate Pb uptake, detoxification, and stress tolerance in this species.

Pb exposure significantly inhibited plant growth and biomass accumulation, consistent with previous evidence
that Pb binds to sulthydryl groups in enzymes, disrupting cellular metabolism, impairing photosynthesis, and
inducing oxidative stress via reactive oxygen species (ROS)*~%. However, CA and EDTA mitigated these
effects through distinct mechanisms. Both chelators enhanced Pb bioavailability by forming soluble Pb-chelate
complexes, facilitating root uptake via transporters like ZIP family proteins"*’. EDTA forms stable, high-affinity
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Pb-EDTA complexes, promoting apoplastic transport and xylem loading through upregulation of HMA4
transporters, thus enhancing long-distance translocation'?. In contrast, CA mobilizes Pb via weaker Pb-CA
complexes and rhizosphere acidification, potentially activating ALMT-family organic acid efflux pumps, which
increases root uptake while favoring Pb retention to protect photosynthetic tissues!*1°.

The concentration-dependent growth response was notable: 2.5 mM EDTA improved plant height and
biomass by stabilizing Pb and reducing free ion toxicity, whereas 5 mM EDTA caused inhibition, likely due to
excessive chelation overwhelming membrane transporters (e.g., IRT1) and disrupting nutrient uptake®-*°. CA-
treated plants exhibited greater biomass and reduced toxicity symptoms, attributable to CA’s lower phytotoxicity
and biodegradability, which minimizes cellular stress compared to EDTA’s synthetic complexes*~*4. These
trends align with findings in Brassica napus®!, Typha latifolia®?, centipedegrass*® and Iris halophila **.

Supporting evidence from Zhang et al.** showed that low EDTA concentrations preserved Festuca arundinacea
biomass, while high doses impaired growth, consistent with our results. Similarly, low EDTA levels in Sedum
hybridum had minimal impact, likely due to reduced free ionic metal stress via chelation®, highlighting the
threshold effect of chelator concentration.

Both CA and EDTA activated specific antioxidant pathways to counter Pb-induced ROS. Elevated MDA
levels indicated lipid peroxidation?’, but chelator treatments enhanced the AsA-GSH cycle. Increased ASC,
DHA, and GSH levels in CA-treated plants (Figs. 4, 5) suggest robust H,O, detoxification via APX and GR,
potentially driven by CA-induced upregulation of GST and APX genes4§’492. EDTA also boosted antioxidant
activity, but its higher translocation of Pb—~EDTA complexes may exceed redox capacity at 5 mM, contributing to
toxicity*®. Enzymatic antioxidants—SOD, CAT, POX, and APX—showed increased activity in Pb-stressed plants
(Fig. 7), with CA preferentially enhancing APX/CAT pathways via SOD1 and CAT1 gene expression, while
EDTA supported cofactor availability (e.g., Fe for CAT)>°-52. These findings align with studies on B. napus*!,
centipedegrass*®, and rice*.

Pb stress reduced protein content (Fig. 6), likely due to oxidative degradation, but CA and EDTA restored
levels by mitigating ROS and improving nutrient uptake, possibly via enhanced NRT1 gene expression for
nitrogen assimilation®’. Regarding Pb distribution, greater root accumulation than shoots (Fig. 8) reflects a
defense strategy. EDTA significantly increased shoot Pb and TF at 5 mM, confirming its role in xylem loading,
while CA promoted moderate uptake with minimal toxicity, supporting its safer profile 1*3-57.

Correlation analysis (Fig. 9) showed strong negative correlations between root Pb and growth traits (e.g.,
r=—0.77 with root DW), indicating root-level toxicity as a key constraint®”**>°. PCA (Fig. 10) substantiated
these patterns, with distinct clusters for CA (T6-T9) and EDTA (T12-T15) treatments, reflecting differential
mechanistic pathways, consistent with wheat and maize studies®.

Overall, EDTA enhances Pb translocation via stable complexes but poses phytotoxicity risks at high doses,
while CA improves uptake and tolerance through acidification and antioxidant activation. These mechanistic
insights, derived from hydroponic conditions, provide a foundation for soil-based applications, requiring
further optimization of chelator doses.

Conclusion

This study confirms Peganum harmala’s tolerance to Pb stress and its phytoremediation potential. Pb accumulates
predominantly in roots, limiting shoot translocation and protecting photosynthetic tissues. At 2.5 mM, CA
and EDTA enhanced growth, reduced oxidative stress (MDA), and boosted antioxidants (AsA, GSH, proteins),
with CA showing greater efficacy. However, 5 mM EDTA increased Pb translocation but impaired growth
due to toxicity. PCA highlighted distinct mitigation mechanisms for CA and EDTA, supporting CA-assisted
phytoextraction as a safer, sustainable option. These hydroponic findings warrant further soil-based validation.
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