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Abstract: As an essential micronutrient, copper is vital for normal growth and development of plants,
however, its accumulation in soil exerts a severe negative impact on the agronomic characteristics
and yield of the crop plants. Phytoextraction is a low-cost method for restoring soil fertility and
avoiding losses due to heavy metal contamination. We found that using EDTA and IAA together
improved sunflower hyperaccumulation capacity. Sunflowers were cultivated under various levels
of Cu (0 (control), 25, 50, and 75 mg/kg of soil) and treated with EDTA alone or combined with
IAA. The results revealed that the amended treatment significantly enhanced the absorption and
accumulation of Cu in the sunflowers. Furthermore, the various doses of Cu significantly reduced
the root and shoot growth of sunflowers in a concentration-dependent manner by impairing the
chlorophyll content, hormones (indole 3-acetic acid, salicylic acid, and gibberellic acid), flavonoids,
phenolics, and antioxidant response. The injurious effect of Cu was reduced by the addition of EDTA
alone, and the supplementation of IAA led to a significant restoration of shoot growth (~70%) and
root growth (~13%) as compared to the plant treated with Cu alone. Moreover, significantly higher
levels of chlorophyll content, GA3, endogenous IAA, and flavonoids were recorded, indicating the
effectiveness of the treatment in ameliorating plant health. The results also showed considerable
restoration of the catalase and ascorbate peroxidase activities in plants treated with EDTA and IAA.
These results are suggestive that application of EDTA and IAA enhances the Cu absorption potential
of sunflower and increases its tolerance to copper, which may not only serve as a better technique for
phytoextraction of Cu, but also to bring Cu contaminated soil under cultivation.

Keywords: Copper hyperaccumulation; stress mitigation; EDTA and IAA; sunflower

1. Introduction

Heavy metals are part of the natural soil system; however, their high concentration
accumulated by plants and animals due to agricultural malpractices and other anthro-
pogenic activities poses a serious concern [1]. In plants and algae, copper (Cu) is a crucial
micronutrient. Plants utilize copper, particularly in ATP synthesis, photosynthesis, CO,
assimilation, and as a vital component of several proteins. However, the overuse of Cu
in industry and mining has increased its concentrations to toxic levels in ecosystems [2].
Cu above the threshold level can cause kidney and liver dysfunction, anemia, intestine
and stomach irritation, hypertension, and nervous system problems. Cu-induced phy-
totoxicity leads to physiological stress and causes stunted growth and leaf chlorosis [3].
Due to the presence of malondialdehyde (MDA), which promotes bilayer lipid and protein
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peroxidation, Cu seriously harms plants through oxidation. Reactive oxygen species, such
as hydroxyl radicals (OH), superoxide radicals (O,) and singlet oxygen (10,), exhibit in-
creases due to toxic Cu levels; however, OH, SOD, and POD are crucial antioxidants for the
scavenging of ROS [4,5].

The copper content in the soil should be reduced in order to avoid Cu-induced phyto-
toxicity. In general, heavy metal removal from polluted soil involves physical, chemical,
and biological methods [6]. Most chemical and physical methods, such as stabilization, so-
lidification, vitrification, electrokinetics, soil washing, and vapour extraction, are, however,
costly and ineffective [7-10]. Due to its extensive use and economic viability, phytoextrac-
tion, a green technique that allows the removal of soil contaminants, has emerged as a
viable alternative. Fast-growing plants are used in an efficient and eco-friendly manner
to remove heavy metals and other dangerous substances from contaminated soils and
accumulate in harvestable portions. Exposure duration also impacts the reclamation of
metal under certain conditions, i.e., metal accumulates actively as plants grow; however,
after a certain growth period, the reclamation remains the same and the plant is unable to
accumulate more metal [11]. More than 400 plant species from 45 distinct plant families,
ranging from tropical to temperate regions, have been documented and claimed to be able
to withstand and absorb heavy metals from soil. Heavy metals are absorbed from soil to
shoots through roots, which depends on the species of plant, availability of heavy metals,
growth stage and use of fertilizers [12].

Chelates, such as EDTA, lower the pH of soil solutions by forming complexes with
heavy metals, thus increasing metal bioavailability and facilitating metal translocation
from soil to root and then shoot. Limited amounts of chelators are required to boost metal
absorption by plants [13].

Plant hormones have a crucial role in several important physiological processes [14].
Indole-3-acetic acid (IAA), a naturally occurring auxin, has the power to control a variety of
aspects of plant growth, including vascular tissue differentiation, growth, and elongation,
the production of lateral roots, apical dominance, and fruit formation and ripening. There
have been numerous publications on the phytoextraction of various heavy metals from a
variety of plant species using EDTA and IAA; however, there is limited literature on the
synergistic effects of EDTA and IAA assisted phytoremediation [13,15].

As a novel study, this work was aimed at finding out the phytoextraction capacity
of sunflowers in Cu-contaminated soils in the presence of EDTA and IAA. Moreover, the
biochemical signatures of the sunflowers exposed to Cu and all other treatments were
also investigated.

2. Materials and Methods
2.1. Preparation of Soil

The soil used throughout the experiment to grow the sunflowers was a sandy loam soil
with composition of sand and clay was used with particle size of approximately 0.5 mm and
0.002 mm, respectively. The sand and clay were mixed with manure with the approximate
ratio of 2:1:1 to make the plant growth medium, which was then used to prepare a sandy
loam for improved sunflower development. Pots containing 5 kg of soil were maintained
in the green house at the department of Botany, Abdul Wali Khan University in Mardan.

2.2. Experimental Design

Viable and healthy sunflower seeds were purchased and the surface of the seeds was
disinfected by 70% ethanol, and the ethanol was then washed off with sterile distilled
water. The experiment was in three factorial combinations, i.e., Cu concentrations (25, 50,
and 75 mg/kg of soil in the form of CuCl; as a bioavailable form of Cu), EDTA (5 mM
(1.45 g/kg)), and foliar application of IAA (2.5 uM sprayed at intervals of 5 days until
harvest), EDTA and IAA (in the same concentrations as used in the separate treatments)
were used in combination with different levels of the selected metal. Each treatment consists
of three replicates, and every replicate had three plants. The pots received a thorough



Life 2023, 13, 759

30f15

watering of tap water every morning and evening. Several biochemical tests were run to
determine the effect of copper concentration, IAA, and EDTA treatment on the agronomic
and physiological characteristics of the host plant, as well as metal accumulation.

2.3. Morphological Parameters

The sunflowers roots and shoots were measured in centimeters (cm). The fresh and dry
weights of the root and shoot were calculated and represented in grams using an analytical
weight balance. To obtain their dry weight, the samples were oven dried at 80 °C.

2.4. Estimation of Chlorophyll Contents

A UV-visible spectrophotometer was used to quantify chlorophyll (Biochrom Libra
522) [16]. For the purpose of extracting chlorophyll, 0.5 g of fresh leaves were crushed
with 80% acetone, and Whatman filter paper No. 42 was used for the filtration of mixture.
Additional acetone was used to dilute the solution by about 1 mL (approximately 2 mL
of acetone). Two wavelengths, 663 and 645 nm, were used to measure the optical density
(OD) in comparison to a blank surface.

2.5. Estimation of Phytohormones

For estimation of IAA, the Salkowski reagent technique [17], and salicylic acid was
measured using 1% iron chloride [18]. The gibberellic acid content was determined using a
wheat endosperm assay [19].

2.6. Metabolite Determination

Total flavonoids were determined by the AICl; method [20]. Leaf samples of 0.5 g
were homogenized using 80% ethanol (5mL) and kept for incubation for 24 h to achieve
full flavonoid extraction in the shaker. After that, the mixtures were centrifuged for 15 min
at 10,000 rpm at 25 °C.

For the determination of total phenolics, 16 mL of ethanol was added to 1 g of crushed
plant leaves. Centrifugation of the homogenates were performed at 10,000 rpm after being
incubated at an increased temperature (between 20 °C and 80 °C) for 3 h. The supernatants
were concentrated to 1 mL at 40 °C by using a rotary evaporator after being filtered through
filter paper (Whatman No. 42). Resolving the concentrations in 10 mL distilled water
allowed for the measurement of phenolics [20].

In order to extract proline content, the solutions were centrifuged at 10,000 rpm after
being incubated for 24 h at 4 °C for 5 min following the protocol of Bates et al. [21].

2.7. Determination of Antioxidant Response

Catalase activity (CAT) and ascorbate peroxidase (APX) were used for the determi-
nation of antioxidant responses. The cleavage of H,O, was determined for CAT activity
using the procedure of Radhakrishnan and Lee [22]. Approximately 0.1 mL of supernatant,
0.4 mL of 3% HO,, and 0.1 mM EDTA were added to 2.6 mL of 0.05 M phosphate buffer
(pH 7). The drop in H,O, was accompanied by a reduction in absorbance at 240 nm, which
was quantified as M H,O, min~! cleavage.

To estimate APX in the leaves, the Asada [23] procedure was used. The reaction
mixture consists of 0.1 mL ascorbic acid (0.5 mM), 0.6 mL PBS (50 mM, pH 7.0), 0.1 mL
H,0; (0.1 mM), and 0.2 mL leaf extract. A decrease in optical density was measured at
290 nm. Protein content was calculated for each extract using the technique of Bradford [24].

2.8. Estimation of the Copper in Plant Biomass

Oven dried 0.5 g samples were mixed with perchloric acid (HCLO,) and nitric acid
(HNO3) in the ratio of 1:4 in order to prepare samples for metal analysis using an atomic
absorption spectrophotometer. After cooling, the mixture was filtered, and the final volume
of the mixture was raised to 25 mL by adding distilled water. Control plant samples were
treated using the same method as the positive control solution. With the exception of the
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inclusion of sample, the blank solution was created in the same manner as the sample
solution. For quantification of the copper contents in the biomass, Amin et al.’s [5] method
was followed using atomic absorption spectrophotometer (Perkin Elmer 700) to determine
selected heavy metals.

2.9. Data Analysis

The trials were carried out three times, with the treatment conditions for copper, cop-
per/EDTA, copper/IAA, and copper/EDTA /IAA being separated from the data acquired
from the factorial testing. The significance level of p < 0.05 was determined using one
way ANOVA followed by DMRT using SPSS Statistical Package version 21 (IBM, Armonk,
NY, USA).

3. Results
3.1. Effect of Copper on the Growth of Sunflower

Various copper concentrations led to a considerably decreased root and shoot length
of the sunflowers as compared to the untreated control group (Figure 1a). At the highest
copper concentration (75 mg Cu/kg soil), the greatest reduction in root and shoot length
and of the fresh or dry weight of root, stem, and leaf was observed. A reduction of about
15%, 22%, and 25% in shoot length and 48%, 51%, and 53% in root length was recorded
for 25, 50, and 75 mg Cu/kg of soil, respectively. In a concentration-based manner, fresh
weight decreased by 57%, 68%, and 71%, and dry weight decreased by 34%, 43%, and 50%,
respectively. Fresh and dry weight of different plant parts showed improvement with the
application of EDTA along with different Cu concentrations (Figure 1b—d).
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Figure 1. Effect of copper concentrations, EDTA and IAA application on (a) Root/shoot length,
(b) leaves fresh/dry weight, (c) stem fresh/dry weight (d) root fresh/dry weight, and (e) total
chlorophyll contents of the sunflower. Bars represent the means of the triplicates with standard
error (£), and the letters indicate significant difference among treatments at the levels of p < 0.05.
Cu.1, Cu.2, and Cu.3: 25, 50 and 75 mg Cu/kg of soil, respectively; Cu.4, Cu.5 and Cu.6: 25, 50 and
75 mg Cu/kg of soil, respectively, with EDTA; Cu.7, Cu.8 and Cu.9: 25, 50 and 75 mg Cu/kg of soil,
respectively, with EDTA and TAA.

A simultaneous addition of IAA and EDTA to different copper concentrations, exhib-
ited an approximate increase of 8%, 10%, and 7% in shoot length and above 18%, 14%, and
13% in root length. Besides, an increase in root and shoot length was detected upon the
foliar application of IAA. However, the positive results obtained after treating biomass with
EDTA and IAA (23%, 19%, and 16%) show a declining pattern as the Cu level increases.

3.2. Effect of Copper on Total Chlorophyll Contents

According to the results, the total chlorophyll contents in the leaves of sunflowers de-
creased by 19%, 41%, and 48% up to 75 mg Cu/kg soil (Figure 1le). However, improvement
was noticed with the application of EDTA alone and in combination with IAA by 16%, 15%,
and 18%, respectively.

3.3. Metal Accumulation and Translocation to Aerial Parts of the Host

The total copper content of various sunflower plant parts was determined using
different concentrations of copper with EDTA alone and in combination with IAA. Copper
accumulation in sunflowers increased as the levels of copper in the growth medium
increased from 0 to 75 mg Cu/kg soil (Figure 2a—d). A similar pattern was observed when
EDTA was applied to the soil, reflecting a rise with the elevation of Cu in the soil, which
remained lower than that of plants untreated with EDTA. In the case of IAA application,
high accumulation was noted with a rise in soil Cu.

Similarly, the accumulation was directly proportional to exposure duration i.e., longer
exposure times resulted in higher accumulation levels, and vice versa (Figure 2a). Cu
accumulation was lower in the 15-day-old plant. An increase was recorded after 30 days of
exposure. After 60 days of copper supplementation, significant accumulation was observed.
Nonetheless, EDTA application in the soil improved copper accumulation, demonstrating
a concentration-based increase with increased copper supplementation.

The same patterns were observed after the transfer of metals to aerial parts of the plant
(Figure 2b). The findings suggested that enhanced copper concentrations in the soil medium
resulted in increases of copper hyperaccumulation in the aerial parts of the sunflowers.
The distribution of copper in the aerial parts of the sunflower shows a pattern of stem >
leaf > seed. EDTA application to the soil enhances the translocation capability of the stem,
except for 50 mg Cu/kg soil, which recorded a higher accumulation than 75 mg Cu/kg
of soil. Foliar IAA application also increases copper translocation; however, a declining
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trend was observed with a dose-dependent increase of the metal supplement in the soil.
Contrarily, a concentration-based decline was noted in the translocation of the metal in
the leaves (lowest in the case of 75 mg/kg). EDTA application in the soil and IAA foliar
spray enhanced the translocation of copper to the leaves. In the case of translocation to the
seeds, an increasing trend was recorded in copper accumulation, peaking at 75 mg Cu/kg
soil supplementation. EDTA application resulted in a similar increasing pattern up to
50 mg Cu/kg soil; however, a dip was observed at 75 mg Cu/kg soil of metal spiked soil.
With the foliar application of IAA, maximum accumulation was observed between 25 and
50 mg Cu/kg soil; however, a decline was recorded at 75 mg Cu/kg soil.

(a) (b)

1 15days
I 30 days 40 E Etem
- eaves
20— g- 60 days Bl Seeds
2 e ! 2 h
® B 30 i
£ 30 £ ]
S §
B 20- H 20+ !
i : 7
2 P
- c —
g 10 g 0 ¢
3 = ﬁ I
0- 01
>N P D kH O A DO > N
S0 07 Y e e e D D S e F NI DML HADO
& (A SVl Sl Sl Sl e v & o(g\ ol it R i o
<
Treatments Treatments
1 15 days
== 30 days
mm 60 days
_ 150 1 Roots
g E 40 == Shoot
g 100 = i
= 100+ 8 307
8 ~ g 1
3 2 o
£ B 20- . o
2 50+ E 2 B n
e 2
) _ = 10- g . e H !
ok =3 H c f
= i L
a
0- 3 o Al 1 H H
NN — gL L R D
O A . 5 3 K . B * < N N
oo&\ O Y e o O&‘o & cP"vo&bcPPo"' ch':o‘;'\ c;""bo"?
<
Treatments Treatments

Figure 2. Effect of Cu as supplement, IAA and EDTA application on (a) Cu bioaccumulation,
(b) Cu translocation, (c) phytoremediation %, and (d) root/shoot Cu absorption by sunflowers. Bars
represent the means of the triplicates with standard error (£) and various letters indicates significant
difference among treatments at the levels of p < 0.05. Cu.1, Cu.2, and Cu.3: 25, 50 and 75 mg Cu/kg
of soil, respectively; Cu.4, Cu.5 and Cu.6: 25, 50 and 75 mg Cu/kg of soil, respectively, with EDTA;
Cu.7, Cu.8 and Cu.9: 25, 50 and 75 mg Cu/kg of soil, respectively, with EDTA and IAA.

A decrease in the phytoremediation potential of copper was recorded with the concentration-
based increase in metal supplementation (Figure 2c). The phytoremediation of the host
increased and, in some cases, became twice as high after treating the soil with EDTA in
the soil as compared to the control plants. A similar response was recorded with the foliar
application of IAA, showing a similar increase with increasing metal concentration. A
similar incline was recorded with the exposure duration. A higher percentage of phytore-
mediation of Cu was recorded in the plants exposed to 60 days of 25 mg Cu/kg soil of
supplementation with EDTA amendment in the soil. A similar decline pattern was recorded
with the inclination of soil metal supplement. EDTA application in the soil improved the
metal uptake and its bioaccumulation, whereas the higher percentage of phytoremediation
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was noticed in most cases of Cu supplementation in comparison to the stressed treated
control plants. Phytoremediation was improved, showing a similar declining trend, with
the foliar spray of IAA.

Similarly, increasing the metal in a dose-dependent manner caused an increase in the
root to shoot copper ratio (Figure 2d). The supplementation of IAA and EDTA resulted in
an increase in metal accumulation in the roots as well as a similar increase in translocation.
When compared to the roots of the sunflowers, maximum copper was accumulated in
the shoots for all doses of copper with the application of EDTA alone and in combination
with TAA.

3.4. Production of Phytohormones

Supplementing sunflowers with the aforementioned levels of copper resulted in a
dose-dependent, significant production of endogenous IAA in the host plant, as docu-
mented after raising the Cu level in soil (Figure 3a). The use of EDTA and IAA also
increased endogenous IAA production. The production of GA3 was severely reduced at all
copper supplemented concentrations, indicating a concentration base decline (Figure 3b).
GAj production increased by applying EDTA and IAA as compared to untreated control
plants. SA production displayed a contrary tendency to IAA production. No significant
increase/decrease was reported at lower concentrations of the metal; however, an abrupt
increase, an approximately 2200 ug/g of salicylic acid production, was recorded at 75 mg
Cu/kg soil (Figure 3b). A similar effect was shown using either EDTA or IAA. Nonetheless,
the improvement was much lower in comparison to stress control plants, i.e., only Cu sup-
plemented plants. GA production was also reduced as the Cu levels increased (Figure 3c).
The use of IAA and EDTA increased GA production, but the amount was lower when
compared to untreated control plants with no Cu, EDTA, or IAA.
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Figure 3. Effect of Cu supplementation, EDTA and IAA application on endogenous IAA (a), salicylic
acid (b), GAj3 (c), catalases (d), and ascorbate peroxidase (e) activity of sunflowers. Bars represent the
means of the triplicates means with standard error (£), and the various letters indicates significant
difference among treatments at the levels of p < 0.05. Cu.1, Cu.2, and Cu.3: 25, 50 and 75 mg Cu/kg
of soil, respectively; Cu.4, Cu.5 and Cu.6: 25, 50 and 75 mg Cu/kg of soil, respectively, with EDTA;
Cu.7, Cu.8 and Cu.9: 25, 50 and 75 mg Cu/kg of soil, respectively, with EDTA and IAA.

3.5. Response of Antioxidants

The plant antioxidant system increases in both primary and secondary stressful con-
ditions. In the present study, plants treated with Cu supplements showed a decline in
catalase production of 33%, 38%, and 74%, displaying the lowest value at 75 mg Cu/kg soil
treatments (Figure 3c), whereas an improving rate of 10% was recorded at 25 mg Cu/kg soil
with the supplementation of EDTA in the soil. However, the number of enzymatic units
were less than that of the control plants. A different result was observed in the condition of
ascorbic peroxidase, which increased multifold with the increase of metal in the soil, with
higher enzyme units recorded at 75 mg Cu/kg soil (Figure 3d). Interestingly, an abrupt
dip was recorded in the production of ascorbate peroxidase with EDTA application in soil,
except for 75 mg/kg, which showed a significant increase. IAA foliar application with the
previously mentioned Cu supplementation in the soil yielded the lowest value.

3.6. Production of Metabolites

Cu treatment has a negative impact on endogenous flavonoid production in plants
(Figure 4a). Decreases in the concentrations of the endogenous flavonoid contents were
recorded (63%, 71%, and 76%) in a concentration-dependent manner, and the lowest was
noted at 75 mg Cu/kg soil. EDTA applications in the soil boost flavonoid production by
over 9%, 12%, and 4%, respectively, and foliar IAA applications boost flavonoid production
in the host plant; however, the amount is lower when compared to untreated control plants.
Furthermore, after supplementation with Cu, endogenous phenolics concentrations in-
creased in the plants, indicating a positive relationship with Cu levels (Figure 4b). Similarly,
EDTA application significantly increased phenolic production when compared to untreated
control plants. For example, foliar application of IAA resulted in a decrease in total pheno-
lics; however, endogenous phenolics were higher than in control plants. The higher the
Cu levels, the greater the proline accumulation, and thus they show a direct relationship
with Cu supplementation, similar to phenolic contents (Figure 4c). Supplementation of
EDTA in the soil significantly decreased endogenous proline accumulation, but it was still
greater than in the untreated plants. Foliar IAA resulted in a further dip, with the lowest
level recorded at 75 mg Cu/kg soil.
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Figure 4. Effect of Cu supplementation, EDTA, and IAA application on flavonoids (a), phenolics (b),
proline (c), protein (d), lipids (e) and sugar contents (f) of sunflowers. Bars represent the means
of the triplicates with standard error (+) and various letters indicates significant difference among
treatments at the levels of p < 0.05. Cu.1, Cu.2, and Cu.3: 25, 50 and 75 mg Cu/kg of soil, respectively;
Cu.4, Cu.5 and Cu.6: 25, 50 and 75 mg Cu/kg of soil, respectively, with EDTA; Cu.7, Cu.8 and Cu.9:
25, 50 and 75 mg Cu/kg of soil, respectively, with EDTA and TAA.

Total protein decreased significantly by 66%, 76%, and 77% and the lipids by 61%, 73%,
and 86% in host plants under Cu stress (Figure 4d,e). The application of EDTA enhanced
the protein content by 41%, 21%, and 11%, and the lipid content by 11%, 12%, and 12%;
nevertheless, the quantity was much lower in relation to Cu treated plants, but an increase
was noted with the IAA application. The same patterns were observed in the flowers
endogenous total sugar contents, with decreases of 40%, 47%, and 60% with increasing Cu
supplementation (Figure 4f). Increases of about 2%, 1%, and 2% were observed with EDTA
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in the soil and IAA foliar application, respectively; nevertheless, the quantities were lower
when compared to the plants with no copper supplementation.

4. Discussion

Pollution of the agroecosystem occurs because of anthropogenic activities, including
the industrial use of certain chemicals and industrial effluents. The use of industrial
water for irrigation of agricultural land leads to the buildup of certain hazardous chemicals,
including cadmium (0.05 mg kg 1), chromium (98.94 mg kg '), lead (1.35 mg kg 1), copper
(8.44 mg kg~ 1), and others [25,26]. Among the metals, copper is an essential heavy metal
that is extensively used in pesticides and insecticides, leading to the buildup of copper in
agroecosystems. In the current study, different copper concentrations were used to assess
the phytoextraction potential of sunflower in a controlled environment [27]. Excessive
copper supplementation significantly reduced the sunflowers growth attributes in terms
of root and shoot length, and fresh and dry biomass (p < 0.05). Copper toxicity induces
nutritional imbalances in plants and constrains their growth. This may have a paramount
importance in the case of an essential plant macronutrient—phosphorus (P) [28]. Foliar
application of IAA improved the agronomy of the plants in the presence of the mentioned
copper concentrations. IAA has a 2-fold function: firstly, it acts as plant growth-promoting
hormones and enhances host agronomic features and biomass production, while secondly,
it was recently discovered that the IAA (and GA) have a role in stress mitigation. IJAA
and GAj have long been known for their plant growth promotion and stress mitigation
potential, and as a result of plant growth promotion, the size of the plant increases and
the metal is distributed over a larger area, leading to stress mitigation [29]. Hence, in
the current situation, IAA not only improves host growth and biomass production but
also efficiently mitigate the copper stress in the host plant [30,31]. Similarly, results were
also recorded in the case EDTA, showing improvements in the fresh and dry mass of the
plants grown in the soil amended with copper supplementation. In a study with Brassica
napus, the application of EDTA improved biomass of B. napus in a Cu-amended hydroponic
system [32]. Our findings are in positive correlation with the previous studies, as the
synergistic combination of IAA and EDTA significantly reduced Cu-induced toxicity in
sunflower seedlings, possibly through reducing Cu-induced oxidative damage, and thus
enhanced the morphological features of the tested plants [33-36]. In the case of chlorophyll
contents, a decline was recorded up to 75 mg/kg of copper stress. The application of EDTA
and IAA supplementation greatly increases the chlorophyll contents, which are, however,
lower than those of untreated control plants [37,38].

By increasing the Cu concentration in the soil, the endogenous IAA content increased,
which had a positive impact on plant growth promotion and stress mitigation. On the other
hand, interesting results were recorded in the case of endogenous salicylic acid production.
No significant increase or decrease was recorded at lower concentrations of the metal
whereas a significant increase (approximately 2200 pg/g of salicylic acid production) was
displayed at 75 mg Cu/kg soil. Similarly, either EDTA or IAA has no effect, except in the
case of the 75 mg Cu/kg soil treatment, showing an abrupt increase in both cases. Plants
release significant quantities of salicylic acid in order to mitigate the stress by activating
several stress response genes, including heat shock protein, chaperon proteins, lower
molecular weight osmolyte production, and several other mechanisms, in order to cope
with the stressful environment [39]. Higher SA production helps the host grow normally in
stressful conditions by maintaining its normal vigor. Because of the lower GA production,
the host growth attribute was negatively regulated, resulting in lower biomass production
and yield. The addition of EDTA and IAA regulated GA production positively, improving
the host’s agronomic attributes [40,41]. Aside from growth and stress phytohormones,
the release of flavonoids and phenolics, such as proline, lower the molecular weight, and
sugar and protein maintain cellular viability and homeostasis [27,30,31,42]. With regards
to metabolites, flavonoids are of prime importance, and in the presence of competitive
inhibitors, all flavonoids are able to chelate copper; however, some compounds, particularly
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those containing the 3-hydroxyl group in association with the 4-keto group and the 2,3-
double bond or possessing the 5,6,7-trihydroxyl substitution (baicalein), were very potent
even in a highly competitive environment [41,43]. In this study, different concentrations of
Cu negatively compressed the endogenous production of flavonoids in the host plant. Dose-
dependent declines in the endogenous flavonoid contents were recorded, and the lowest
was recorded at 75 mg Cu/kg soil. EDTA and IAA applications significantly enhanced
flavonoid production.

Contrarily, the endogenous phenolics were increased in soil that was supplemented
with Cu, showing a positive relationship to Cu levels. Previously, Cu stress stimulated the
production of phenolics in Colobanthus quitensis [44], Zea mays [45] and Phaeodactylum tricor-
nutum [46]. Similarly, Dunaliella tertiolecta was found to excrete almost double polyphenol
concentration in the 790 nM L~! copper enrichment experiment [47]. These studies show
that in response to Cu stress, plants may stimulate the production of antioxidant secondary
metabolites, mainly phenylpropanoids, which have a quenching effect against heavy met-
als. These phenolic compounds act as nonenzymatic antioxidants and directly quench
the reactive oxygen species, thereby reducing their attack on biological membranes, and
hence cells remain viable, ensuring their normal growth and development [48,49]. When
compared to untreated control plants, EDTA application increases phenolic production
even more. For example, foliar application of IAA resulted in a decrease in total pheno-
lics; however, endogenous phenolics were higher when compared to control plants, i.e.,
plants without Cu treatments. Endogenous proline production was significantly reduced
with EDTA application, but it remained higher than in control plants. In the case of IAA
application, a further decrease was observed, with the level reaching its lowest point at
75 mg Cu/kg soil. The amounts of proline content at 75 mg Cu/kg soil were comparable to
those of untreated control plants. Our results are in positive correlation with the findings
of Saleem et al. [50] who reported improved Corchorus capsularis L. biomass and pheno-
lics, and enhanced uptake of copper in response to EDTA treatments in Cu-augmented
hydroponic solutions.

When the soil was enriched with Cu, the total lipids and proteins in the plants de-
creased significantly. The copper binds to certain enzymes and acts as a competitive
inhibitor of the enzymes, inducing conformational changes that result in the decrease in
protein content. The configurational changes make the enzyme either lower its optimal
activity or, in some cases, cease its normal functions [51]. The abnormalities of these en-
zymes lead to severe physiological changes, including altered metabolite production, and
abnormal glucose and lipid metabolism [52]. This altered glucose and lipid metabolism
leads to lower glucose and lipid production [53]. Moreover, the plant absorbs these metals
with an active expenditure of energy, and probably the majority of these energy compounds
are wasted in the uptake of the metal, leading to their reduction and lower conversion to
storage molecules, i.e., lipids [54,55]. EDTA application and foliar spray of IAA enhanced
the protein and lipid contents; however, the amount was much lower in comparison to
untreated control plants. The same patterns were observed in the host’s endogenous entire
sugar content, which decreased as Cu supplementation increased. An increase in sugar
was observed with EDTA and IAA foliar applications, nevertheless, the quantity was lower
in comparison to plant with no supplementation of copper in the soil.

Plants produce a gamut of enzymatic antioxidants to cope with secondary oxidative
stress due to environmental constraints [33,56]. Treating plants with Cu supplements
reduces catalase production as metal supplementation increases in the soil; the lowest
level was recorded at 75 mg Cu/kg soil treatments. This is probably due to the fact
that catalases are more sensitive to copper stress, leading to conformational changes and
degradation [57]. Enhancements were noted with EDTA and IAA-assisted applications;
however, the number of enzyme units was lower as compared to control plants. An
interesting contrast was observed with APX, showing a direct proportional and several-
fold increase with copper supplementations in the growth medium, and higher enzyme
units were observed at 75 mg Cu/kg soil, implying that Cu stimulates the oxidative capacity,
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which is responsible for the conversion of H,O, to water and O,. APX is a component
of the ascorbate-glutathione pathway, which plays a role in scavenging H,O, [34,57].
Interestingly, an abrupt dip was recorded in the production of ascorbate peroxidase with
the supplementation of EDTA in growth medium, except for 75 mg Cu/kg soil, which
showed a significant increase. The lowest value was obtained with the foliar application of
IAA in conjunction with the mentioned Cu supplementation in the soil [23].

As an essential micronutrient, plants tend to accumulate higher quantities of copper
in their tissue [58]. Higher quantities of copper are taken up by plant roots with increases
in metal levels and exposure times. The total copper content in plant biomass boosts
with the inclination of metal concentration in the growth medium, showing a multifold
accumulation from 0 to 75 mg Cu/kg soil. Similar results were previously recorded in the
case of sunflower, brassica, and soybean treated with cadmium, chromium, and arsenic,
showing a direct relation between metal levels and exposure duration [52,55,59,60]. A
similar pattern was observed when EDTA was applied to soil. In the case of the IAA
application, higher accumulation was also noted as soil metal supplementation increased.
The plant spiked with 50 mg Cu/kg soil and treated with IAA foliarly had the highest
accumulation. For instance, the copper accumulation was lower in the case of application
of EDTA and IAA as compared to untreated plants with EDTA and IAA supplemented
with the mentioned levels of copper [38].

Similarly, the accumulation increases with an increase in exposure time [61]. Plants ex-
posed for 15 days to Cu stress showed lower accumulation, with the exception of 75 mg/kg
of copper, which showed a decline with the passage of time. Except for the plants exposed
to 50 mg Cu/kg soil with foliar application of IAA [59], for which an increase was observed
after 30 days of copper exposure. A comparable rise was also documented in the case of
60 days of exposure to copper supplementation, showing an increase up to 50 mg Cu/kg
soil; however, a decline was noted in the case of 75 mg Cu/kg soil [62]. Nonetheless, EDTA
application in the soil further improved the copper accumulation, showing a concentration-
based increase with the increase of copper supplementing [63]. Foliar application of IAA,
for example, increases copper accumulation, although a declining pattern was observed
with the incline of metal in the soil [64]. The decline recorded with the duration was due to
more copper accumulation and the subsequent harm due to metal stress and successive
oxidative stress; it negatively affects the physiological attributes of the host by altering
the physiology of the host, lowering the biomass, and, therefore, lowering the phytore-
mediation potential of the host plant [35,36,59,60]. Similar arrays were observed in the
transfer of metals to the aerial parts of plants and were also documented in the case of the
translocation of metals to the aboveground parts of the plants. Higher copper translocation
was noted to the shoots of the plants, showing an increase up to 50 mg Cu/kg soil of the
metal; however, a decline was recorded at 75 mg Cu/kg soil. EDTA and IAA applications
promote the translocation capability of the host, resulting in higher accumulation with
increasing copper in the soil, with the maximum accumulation recorded at 75 mg Cu/kg
soil. The higher translocation to leaves and subsequent accumulation were probably due to
the fact that plants shed their leaves early to get rid of the metal and its phytotoxicity. This
is a strategy that plants mostly use to avoid the toxicity of the metal by translocating it to
the leaves [6,65,66].

5. Conclusions

From the current study, it was evident that the Helianthus annuus L. is a hyperaccu-
mulator that accumulates higher quantities of copper from polluted soil and effectively
translocates it to the above ground plant parts, particularly leaves. Early shedding of the
leaves was a strategy to get rid of the metal and subsequent toxicity. Moreover, the amount
of copper supplementation and duration of exposure also increased the accumulation of
metal which was positively improved with the application of EDTA and IAA.
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