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Abstract Phytoextraction is a cost-effective technique to remediate contaminated soil. The efficiency of the phytoex-

traction process is limited by the slow growth, small biomass production of hyper-accumulator plants, and lower phy-

toavailability of contaminants in soil. The study is focused on comparing the efficiency of the three reported accumulator

plants for phytoextraction of zinc (Zn) and copper (Cu) from contaminated soil and their effect on the bioavailabil-

ity/toxicity of the elements after harvest. In a pot experiment, sunflower, marigold, and spinach were grown in Zn and Cu-

contaminated soil. After harvest, the effect of phytoextraction on the distribution of Zn and Cu in various soil-solid phases

was studied through a fractionation study as an indicator of bioavailability. The efficiency of phytoextraction was com-

pared in terms of the metal uptake ability of the plants. The highest biomass yield of accumulator plants was obtained with

marigold (30.1 g pot-1), followed by sunflower (16.3 g pot-1) and spinach (7.75 g pot-1). The concentrations of Zn and

Cu in the three plants ranged from 58.0 to 222 mg kg-1 and 6.33 to 13.3 mg kg-1, respectively. In both the cases of Zn

and Cu, sunflower was found superior to the other two plants in terms of phytoextraction of the metals from the

contaminated soil. A fractionation study showed that in sunflower and marigold-grown soil, the carbonate bound fraction of

Zn enriched water-soluble and exchangeable fraction of Zn, while in spinach-grown soil, the dissolved carbonate bound

fraction of Zn enriched the organically bound fraction. Thus, it can be inferred that sunflowers and marigolds increased the

bioavailability and toxicity of Zn and Cu more than that of spinach.
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Introduction

Trace element contamination is a matter of concern across

the globe including India. This type of contamination not

only degrades the quality of soil, water, and food crops but

also impairs human health by getting into the food chain.

Trace metals like zinc (Zn), Copper (Cu), and manganese

(Mn) are micronutrients i.e. they have essential functions

for usual plant growth at low concentrations [35] but they

act as toxic elements for the growth of plants and food

chain when become bioavailable at an elevated concen-

tration [24–26, 34]. For example, Zn at its higher con-

centration impedes reproduction and impairs the growth of

the embryo causing various types of anaemia [46]. Long-

term exposure to Cu at high levels can irritate the nose,

eyes, and mouth as well as headaches, dizziness, stomach

aches, and acute gastrointestinal effects including vomiting

and diarrhoea [45]. The average total concentration of Zn

in soil ranges from 50 to 80 mg kg-1 [26], whereas, the

maximum permissible limit of Zn in the soil is

300 mg kg-1 [14, 18]. The concentration of Cu in soil

generally varies from 5 to 30 mg kg-1 [6], but, when the

concentration of this trace element exceeds

60–125 mg kg-1, it becomes toxic even for tolerant plants.

Phytoextraction has been gaining the worldwide atten-

tion of researchers as an environmentally friendly and

potentially cost-effective technique to remove toxic metals

from soil [47]. The technique makes use of hyper-accu-

mulator plant species, which remove the toxic metals from

soil or water through their roots and translocate to their

above-ground portion i.e. shoot [16, 17, 28]. Hyper-accu-

mulator plants have an exceptionally high capacity to

accumulate trace elements in their aerial parts. However,

the efficiency of the phytoextraction process is limited by

their slow growth and small biomass production of hyper-

accumulator plants, restricted root contact with heavy

metals in soil, and lower phytoavailability of heavy metals

in soil [2, 13, 33]. The successful outcome of phytoex-

traction is often associated with the recurring weather and

climatic conditions greatly [3]. Therefore, exploration of

hyperaccumulator plants that can be cultivated in agricul-

ture fields, and well adapted to the local condition, and

have high biomass production capacity is a more practical

and feasible solution in remediating metal-contaminated

soil. The ability of sunflower (Helianthus annuus L.),

French marigold (Tagetes patula L.) and spinach (Spinacea

oleracea L.) to accumulate heavy metals has been reported

in several literatures [9, 50, 51]. These plants are well

suited to local climatic conditions, cultivated in agricultural

fields, and have high biomass. Sunflowers and marigolds

are comparatively high biomass-producing plants. Possi-

bility of phytoremediation of metal contaminated (namely

Cr, Mn, Fe, Cu, Zn, and Pb) soil by using sunflower

(Helianthus annuus L.), marigold (Tagetes patula L.) and

cock’s comb (Celocia cristata L.) was evaluated [9].

Average Cu accumulation in sunflower was the highest

(32 mg kg-1 DW) followed by marigold (22 mg kg-1

DW), and cock’s comb (16 mg kg-1 DW). Zinc accumu-

lation in the root of sunflower was the highest

(469 ± 24.4 mg kg-1 DW), followed by cock’s comb

(437 ± 48.2 mg kg-1 DW). A significant amount of

accumulation of Zn in the leaf of the plants was also found

with the highest concentration in cock’s comb

(365 ± 38.9 mg kg-1 DW), followed by sunflower

(355 ± 45.3 mg kg-1 DW). Phytoremediation by use of

these two plants (sunflower and marigold) has advantages

as these plants are especially used for floriculture, which

are economically important, non-edible, ornamental spe-

cies and are aesthetically pleasing [9, 29]. A significant

reduction in Zn and Cu to the tune of 17.4 and 8.76%,

respectively, was observed in the contaminated soil by

growing spinach as an accumulator plant [44]. The ability

to take multiple cuttings from spinach allows for the

periodic removal of metals, thereby facilitating the sub-

stantial extraction of metals over time.

Total concentration of metals in soil is a poor indicator

of their bioavailability and toxicity, as a metal associated

with different solid phases of soil vary in their bioavail-

ability to a great extent [54]. Therefore, the determination

of metals in their various chemical forms present in the soil

is of utmost importance to judge their degree of contami-

nation/toxicity [54]. Several sequential extraction proce-

dures were developed aiming to reveal the different forms

of association of metals in soil and their level of

bioavailability [8, 10, 37, 39, 53]. Moreover, DTPA

extractable metal content is a more appropriate chemical

extraction procedure to determine the trace element avail-

ability to the plant than the determination of total metal

content in the plant [30, 31, 56]. In past studies, the

chemical fraction of Zn and other metals was impacted by

land application of sewage sludge [12, 41], wastewater

[15, 23], compost [1, 58], nanoparticles [22], and chemical

fertilizers [21, 32] have been studied. However, there is a

very scarcity of studies that demonstrated the effect of

growing accumulator plants on the distribution of Zn and

Cu in various soil phases. In addition to assessing the

effectiveness of accumulator plants, this study hypothe-

sizes that cultivating these plants will enhance the

bioavailability of Zn and Cu in the soil. The objectives of

the present investigation are (1) to evaluate the efficiency

of sunflower, marigold, and spinach plants for their phy-

toextraction ability of Zn and Cu in contaminated soil and,

(2) to study the changes in the distribution of Zn and Cu in

soil as affected by phytoextraction by accumulator plants.
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Materials and Methods

Collection and Processing of Soil Sample

A bulk surface (0–15 cm) soil sample was collected from a

metal-contaminated site (30� 580 20.5300 N, 75� 390 01.6400
E), located adjacent to Budhanala of Ludhiana district,

Punjab, India which flows across the town and receives

industrial effluents of the city [42]. The major industries in

Ludhiana city include electroplating and dying industries

[42]. During the rainy season, due to heavy water flow the

bank of the Budhanala remains inundated for 2–3 months

which makes the adjacent site of the Budhanala contami-

nated with heavy metals. The collected soil sample was air-

dried, ground, and passed through a 2 mm sieve. The

processed soil sample was mixed thoroughly and used for

the pot experiment. Initial physicochemical characteristics

of the bulk soil sample were determined. The initial

physicochemical properties of the soil and methods fol-

lowed for analysis are presented in Table 1.

Initial Properties of the Experimental Soil

The collected soil is neutral in pH having a loam texture.

The soil is very high in organic carbon (OC) i.e. 1.95%.

The maximum permissible limit of Zn and Cu in soil is 300

and 140 mg kg-1, respectively [14, 18]. However, if the

Cu concentration of the soil when exceeds

60–125 mg kg-1, it becomes toxic even for tolerant plants.

Thus, it can be inferred that the soil is contaminated with

both Zn and Cu, as their contents in the soil were 715 and

82.2 mg kg-1, respectively (Table 1).

Pot Experiment

A greenhouse pot experiment was conducted for evaluating

the efficiency of sunflower (Helianthus annus, vart. Surya),

French marigold (Tagetes patula, vart. Pusa arpita), and

spinach plant (Spinacia oleracea, vart. Pusa all green) for

their phytoextraction ability in a Zn and Cu contaminated

soil and distribution of Zn and Cu in various soil solid

phases after harvest of the plants. Treatments comprised of

the above three accumulator plants along with one control

treatment i.e. soil without a plant. Each treatment was

replicated thrice. The pots were arranged following a

completely randomized design (CRD). The used plants are

well adapted to the local soil and climatic conditions. Four

kg of soil in each pot was taken and homogenously fer-

tilized with recommended doses of N–P2O5–K2O for sun-

flower, marigold, and spinach, separately. Doses of

fertilizer used for growing sunflowers, marigolds and spi-

nach were 26.78–35.71–26.78, 44.64–33.48–33.48, and

16.7–16.7–33.3 mg kg-1 soil N–P2O5–K2O, respectively

by use of laboratory grade urea, KH2PO4 and KCl. The

pots were properly labeled and irrigated to bring optimum

moisture conditions for seed sowing. Then 10, 15, and 30

seeds of sunflower, marigold, and spinach, respectively

were sown. The uniform population of 2, 5, and 20 plants

of sunflower, marigold, and spinach, respectively was

maintained after thinning. Pots were regularly irrigated

with deionized water as needed. Sunflower and Marigold

plants were harvested before flowering i.e. 45 and 75 days

after sowing, respectively. Spinach plants were harvested

after two cuts at 60 days after sowing. After harvesting all

three crops, soil from each pot was removed, and thor-

oughly mixed, and approximately 100 g of soil was

Table 1 Characterization of the experimental soil

Soil parameters Values References

pH (1:2::soil:solution) 7.32 Datta et al. [11]

Organic carbon (%) 1.95 Walkley and Black [55]

Electrical conductivity (dS m-1) 0.57 Jackson [20]

Cation exchange capacity [cmol (p ?) kg-1] 23.2 Bower et al. [5]

Mechanical composition (%) Bouyoucos [4]

Sand 44.4

Silt 41.6

Clay 14

Texture Loam

Total (Hydroflouric acid digested) Zn (mg kg-1) 715

Total (Hydroflouric acid digested) Cu (mg kg-1) 82.2

DTPA-extractable Zn (mg kg-1) 86.0 Lindsay and Norvell [31]

DTPA-extractable Cu (mg kg-1) 18.0
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collected from each pot to determine DTPA extractable Zn

and Cu concentration in soil. The distribution of metals in

different soil fractions was also assessed in post-harvest

soil.

Soil Analysis

The total metal content in the soil was determined by

digesting the soil with an HF–H2SO4–HClO4 mixture [47].

For that 0.1 g soil was taken in a Teflon beaker and 4–5

drops of 18 N H2SO4, 1 mL concentrated HClO4, and

5 mL 48% HF were added. Then the beaker was heated at

225 �C on a hot plate covering the 9/10th portion of the

beaker with the lid till the volume was reduced to 2–3 mL.

The entire cycle of acid addition and heating was repeated

until the soil completely dissolved. Then the content was

transferred to a 100 mL volumetric flask after repeated

washing by double distilled water and finally, the volume

was made up to the 100 mL mark. The content was filtered

through a Whatman no. 42 filter paper and the concentra-

tion of Zn and Cu in the extracts was determined by an

inductively coupled plasma mass spectrometer (ICP-MS)

(Perkin Elmer NexIon 300). DTPA extractable Zn and Cu

were determined by the method outlined by Lindsay and

Norvell [31]. The Zn and Cu concentration in the extract

was determined by ICP-MS (Perkin Elmer NexIon 300).

Fractionation of soil Zn and Cu was done following a

short sequential extraction technique proposed by Golui

and co-workers [19], by which four conceptual fractions of

Zn and Cu were removed from the soil (Fig. 1). These four

fractions were water-soluble and exchangeable (W ? E),

carbonate bound (Carb), iron and manganese oxide bound

(Fe ? Mn), and organically bound fraction (Org). The

details of the methodology are as follows:

Step 1: Water-soluble ? Exchangeable: One gram of

processed soil was extracted with 20 mL of 0.5 M

Ca(NO3)2 (50 mL centrifuge tube) by continuous shak-

ing for 16 h at room temperature.

Step 2: Carbonate bound: Residue from the previous step

was extracted with 8 mL of 1 M NaOAc (pH 5) by

continuous shaking for 6 h at room temperature.

Step 3: Fe/Mn oxides bound: Residue from the previous

step was extracted with 20 mL of 0.04 M NH2OH-HCl

in 25% acetic acid (v/v) for 6 h at 96 �C with occasional

shaking.

Step 4: Organically bound: Residue from previous step

was extracted with 3 mL of 0.02 M HNO3 ? 5 mL of

pH 2, 30% H2O2 (v/v) for 2 h at 85 �C, with occasional

shaking; an additional 3 mL of pH 2, 30% H2O2 for 3 h

at 85 �C with occasional shaking; and a further addition

of 5 mL of 3.2 M NH4OAc in 20% HNO3 (v/v) with

continuous shaking for 0.5 h at room temperature

following dilution to 20 mL with deionized water.

Between each step, the supernatant was separated from

the solid phase by centrifuging at 5000–10,000 rpm for

Fig. 1 Short sequential

fractionation scheme
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20 min. The supernatant was then filtered through the

Whatman No. 42 filter paper and the content was analyzed

for Zn and Cu from each step of extraction using ICP-MS

(Perkin Elmer NexIon 300). Additionally, the residual

fraction (Res.) of Zn and Cu were computed by subtracting

the sum of the four fractions determined by the method

proposed by Golui et al. [19] from total soil Zn and Cu

concentration.

Estimation of Shoot Biomass Yield

Sunflower, marigold, and spinach plants after harvest were

washed by tap water follower by dilute HCl (0.01 N) and

double-distilled water. The plant samples were then dried

in a hot air oven at 65 �C to a constant weight following

drying in the open air for a few days. The weight of the

oven-dried shoot sample was taken and shoot biomass yield

was recorded.

Estimation of Zn and Cu in Plant

The washed and oven-dried plant samples were ground,

and 0.5 g of the ground sample was digested with HNO3

(Supra pure) in a microwave digester (Multiwave ECO,

Anton Paar). The digested plant sample was then filtered

through a Whatman no. 42 filter paper in a 50 mL volu-

metric flask and finally, volume was made up to 50 mL

mark by double distilled water. Zinc (Zn) and Cu con-

centration in the digested plant samples was determined in

ICP-MS (Perkin Elmer NexIon 300). A standard reference

material (tomato leaves, SRM 1573a) from the National

Institute of Standards and Technology, USA was used in

triplicate for the validation of analysis by ICP-MS. The

recoveries of metals in the SRM were: 91.2 ± 0.44% for

Zn and 92.0 ± 4.02% for Cu.

Quantification of Phytoextraction Efficiency

The phytoextraction efficiency of the accumulator plants

was quantified by estimating the metal uptake by the

accumulator plant from the individual pots. The metal

uptake by the accumulator plants was estimated by multi-

plying the concentrations of Zn and Cu in the shoot of the

accumulator plants with their respective oven-dried shoot

weight following the following formula [47].

Uptake of metal by shoot ¼ Concentration of the metal

1000
� Shoot biomass yield

where uptake of metal by shoot was expressed as mg pot-1,

the concentration of metal as mg kg-1, and shoot biomass

yield as g pot-1.

Statistical Analysis

Significant effects of the treatments on shoot biomass yield

of the accumulator plants, Zn and Cu concentration in the

shoot of the accumulator plants, DTPA extractable Zn and

Cu, and distribution of metals (Zn and Cu) in different soil

fractions were determined by one-way ANOVA. The pair-

wise mean comparison was done by the ‘‘post-hoc’’ Dun-

can’s Multiple Range Test (DMRT) at a 5% level of sig-

nificance. All the statistical analyses were performed with

SPSS 25.0 software (SPSS Inc., Chicago, IL).

Results and Discussion

Shoot Biomass Yield, Concentration, and Uptake

of Zn and Cu in the Accumulator Plants

All the accumulator plants differ significantly concerning

their shoot biomass yields (Fig. 2). The highest biomass

yield of accumulator plants was obtained with marigold

(30.1 g pot-1), followed by sunflower (16.3 g pot-1) and

spinach (7.75 g pot-1). Regarding shoot Zn concentration,

the spinach presented the highest shoot Zn concentration,

whereas, the marigold had the lowest (Table 2). In the case

of Cu, marigold again recorded the lowest shoot Cu con-

centration, the sunflower, and spinach being similar in their

shoot Cu concentration (Table 2). Zinc uptake by accu-

mulator plants varied significantly, where Zn uptake by

spinach and marigold was statistically at par, whereas

significantly higher uptake of Zn was observed in the shoot

of sunflower (Table 2). All accumulator plants differed

significantly for their shoot Cu uptake. The sunflower

recorded the highest value in comparison to the other two

accumulator plants. The order of Cu uptake followed as

sunflower[marigold[ spinach.
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Fig. 2 Shoot biomass yield of accumulator plants (g pot-1). Different

lowercase letters denote a significant difference among the value

across the treatments (accumulator plant). Error bar denotes standard

deviation
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The shoot metal concentrations depend upon the plant

species grown. Plants differ in their ability to uptake a

particular metal in their above-ground portion of the plants.

Metals are generally taken up by plants via membrane

transporter proteins [43]. Hence, the concentration of metal

varies with the type of accumulator plants. The uptake of

metals depends on a discrete number of proteins. In fact,

for most metals, multiple transporters exist in plants. The

transporter proteins vary with respect to their transport rate,

substrate affinity, and substrate specificity. Furthermore,

the abundance of each transporter varies with tissue type

and environmental condition. Thus, the transporter proteins

are species and condition-dependent, which might explain

the reason for differential Zn and Cu concentrations in

sunflower, marigold, and spinach plants in the present

investigation. For assessing the efficacy of accumulator

plants for phytoextraction of trace elements, biomass yield

is important along with the concentration of trace elements

in accumulator plants. Hence, uptake of these pollutant

elements by accumulator was worked out. In the present

study, the highest concentration of Zn is associated with

spinach (Table 2). But, if the data of the shoot biomass

were observed the order of the shoot biomass yield was

marigold[ sunflower[ spinach. Uptake of Zn, which is

the product of Zn concentration in shoot and shoot biomass

was found to be highest for Sunflower (Table 2). The order

of accumulator plants based on phytoextraction of Zn fol-

lows sunflower[marigold = spinach. Although the bio-

mass yield of spinach was lower than that of marigold, the

comparable uptake of Zn by spinach was solely due to the

very high Zn content in the spinach plant. The highest

uptake of Zn by sunflowers was due to its higher shoot Zn

concentration and shoot biomass yield.

Copper concentrations in the shoots of sunflower and

spinach were found to be statistically similar and higher

than that of marigolds (Table 2). However, the highest

uptake of copper was recorded by sunflowers. The order of

phytoextraction/uptake of Cu by the accumulator plants

follows Sunflower[marigold[ spinach (Table 2).

Although the concentration of Cu was greater in spinach

than in the marigold, the phytoextraction ability of the

marigold was found to be higher than in spinach. This is

due to the higher shoot biomass production of marigolds. In

the case of both Zn and Cu, the highest efficiency of

phytoextraction was found in the case of sunflower and in

both cases, spinach proved to be lower in efficiency of

phytoextraction than the other two accumulator plants due

to its lower biomass production.

Distribution and Availability of Zn and Cu

in the Soil as Affected by Accumulator Plants

Distribution of Zn in different soil fractions followed the

order as Fe ? Mn[Res[Carb[[W ? E (Table 3;

Fig. 3a). The share (%) of W ? E, Carb, Fe ? Mn, and

Org fractions in soil under sunflower crop was 1.04, 18.7,

41.9, and 9.70%, respectively; the corresponding values for

marigold and spinach were 1.02, 19.2, 42.1, 9.60% and

0.99, 18.9, 41.9, 11.3%, respectively (Fig. 3a). The effect

of accumulator plants on W ? E-Zn was significant. Only

the sunflower and marigold treatments increased the

W ? E fraction by 9.85 and 6.91%, respectively in com-

parison to the control treatment. Consequent to the growth

of accumulator plants, Carb-Zn (4.17–6.29%) decreased in

the soil in comparison to the control treatment. The highest

decrease in the Carb fraction was associated with sun-

flowers. The Fe ? Mn bound fraction did not differ sig-

nificantly after the growing of accumulator plants. Only

spinach led to a significant 14.1% increase in Org fraction

over the control treatment. The residual fraction of Zn did

not vary as a result of the growing of accumulator plants.

Only the sunflower treatment resulted in a significant

4.11% decrease in DTPA-Zn, whereas, the rest two treat-

ments recorded statistically at par value with the control

treatment.

Distribution of Cu in different soil fractions followed the

order of Org[Res[Carb[Carb[W ? E (Table 4).

The share (%) of W ? E, Carb, Fe ? Mn, and Org

Table 2 Concentration and uptake of Zn and Cu in accumulator plants

Treatment Concentration of metal in accumulator plant (mg kg-1) Uptake of metal by accumulator plant (mg pot-1)

Zn Cu Zn Cu

No plant (Control) – – – –

Sunflower 178 ± 0.00b 13.3 ± 1.15a 2.90 ± 0.41a 0.21 ± 0.02a

Marigold 58.0 ± 2.65c 6.33 ± 1.53b 1.74 ± 0.33b 0.18 ± 0.01b

Spinach 222 ± 6.00a 13.3 ± 1.53a 1.72 ± 0.34b 0.10 ± 0.02c

*Values followed by same alphabets (superscript) are statistically similar within a column, according to Duncan’s Multiple Range Test. The

values followed by mean with ± represent standard deviation
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fractions in soil under sunflower crops was 0.24, 8.11, 12.2,

and 40.6%, respectively; the corresponding values for

marigold and spinach were 0.24, 7.79, 13.0, 39.7% and

0.24, 8.11, 13, 45.4%, respectively (Fig. 3b). The W ? E,

Carb, and Fe ? Mn fraction of Cu did not differ signifi-

cantly as a result of the growth of accumulator plants. A

significant 1.63% increase in Org-Cu was observed in

spinach treatment over that of control treatment. In contrast

to this, a reduction in Org was observed in sunflower and

marigold treatment. Opposite to the result of Org, in Res

significant 21.2 and 22.3% increase was observed in

comparison to the control treatment. Only spinach

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Control

Sunflower

Marigold

Spinach

(a)

(b)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Control

Sunflower

Marigold

Spinach

W + E Car Fe + Mn Org Res

W + E Car Fe + Mn Org Res

Fig. 3 Effect of accumulator

plants on share (%) of different

fractions of a Zn and b Cu in

soil. Error bar denotes standard

deviation

Table 3 The effect of accumulator plants on Zn fractions (mg kg-1) and DTPA-Zn in soil

Treatment W ? E Carb Fe ? Mn Org Res DTPA Zn

No plant (Control) 6.80 ± 0.20c 143 ± 0.92a 301 ± 10.1a 70.7 ± 3.06b 193 ± 13.2a 90.0 ± 1.67a

Sunflower 7.47 ± 0.12a 134 ± 2.64b 300 ± 3.06a 69.3 ± 2.31b 204 ± 4.70a 86.3 ± 1.53b

Marigold 7.27 ± 0.31ab 137 ± 4.03b 301 ± 2.00a 68.7 ± 3.06b 201 ± 3.99a 87.7 ± 2.89ab

Spinach 7.07 ± 0.12c 135 ± 1.85b 300 ± 6.11a 80.7 ± 5.03a 193 ± 5.49a 88.7 ± 0.58ab

*Values followed by same alphabets (superscript) are statistically similar within each fraction (column), according to Duncan’s Multiple Range

Test. The values followed by mean with ± represent standard deviation
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treatment led to a significant 8% increase in the DTPA-Cu,

in comparison to the control treatment.

The evaluation of metal distribution in various soil solid

fractions is useful in the prediction of metal solubility,

mobility, bioavailability, and thus toxicity [26]. The

exchangeable fraction of Zn is the most labile form in the

soil and has the most adjacent correlation with Zn uptake

by plants [7, 30]. Due to cation exchange capacity and

available exchange site for Zn in organic matter, organi-

cally bound Zn is also available to plants [27]. However,

the bioavailability of Zn is reduced in its carbonate and Fe–

Mn oxides binding form in the soil [49]. In the present

investigation, the fractionation of Zn in soil shows that a

major portion is associated with the Fe ? Mn oxide bound

fraction, followed by the residual fraction, carbonate bound

fraction, organically bound fraction, and water-sol-

uble ? exchangeable fraction (Table 3). The effect of

different accumulator plants on the redistribution of zinc in

different soil fractions was different. In sunflower and

marigold-grown soil, there was an increase in the W ? E

fraction of Zn, while a decrease in carbonate bound frac-

tion of Zn was observed in comparison to the control

treatment (Table 3). There was an increase in the organi-

cally bound fraction of Zn in soil under spinach, while a

significant decrease in the carbonate bound fraction of Zn

was noted. The dynamics of metals in different soil frac-

tions depend upon plant type. For instance, root exudates of

oats can solubilize the heavy metals bound to carbonate

and oxides and able to bring them to the exchangeable

form, enhancing the bioavailability of heavy metals [38].

The soil pH of the rhizosphere gets reduced by the amino

acids secreted by the roots of ryegrass increasing the

organic Zn of rhizosphere soil than that of non-rhizosphere

soil [57]. Reduction of carbonate bound Zn in sunflower,

marigold, and spinach-grown soil was accompanied by

enrichment of water-soluble ? exchangeable fraction and

the organically bound fraction of Zn, which indicates the

transformation of the sparingly soluble form (carbonate

bound fraction) of Zn. This might be made feasible by the

organic ligands released by the roots of the accumulator

plants, which might form stable complexes with Zn and

increase the solubility of this metal in soil [52]. However,

enrichment of dissolved Carb-Zn in W ? E fraction in the

case of sunflower and marigold treatment, and Org fraction

in case of spinach treatment may be related to variation in

root exudates of these plants as in the case of Oat and

ryegrass mentioned earlier in this section. Overall, the

variation in the redistribution of Zn in different soil frac-

tions in soils grown with different accumulator plants

might partly be due to the differences in their biomass yield

and the rate and composition of their root exudates. The

data of the distribution of Zn in different soil fractions in

different treatments revealed that all the accumulator plants

increase the bioavailability and toxicity of Zn. However,

the increase in bioavailability and toxicity is more in the

case of sunflower and marigold as compared to the spinach

treatment as the dissolved Carb fraction enriched the more

labile fraction i.e. W ? E fraction in sunflower and mar-

igold treatment. In other words, sunflower and marigold

plants widen the scope for phytoextraction for subsequently

grown crops than that of spinach plants does.

The distribution of Cu in various soil fractions followed

the order: organically bound[ residual[ Fe ? Mn oxide

bound[ carbonate bound[water soluble ? exchange-

able. The dominance of Cu in the organically bound frac-

tion is ascribed to its extraordinary affinity for organic

matter due to its unique electronic configuration [36, 59].

Significant redistribution of Cu in different soil fractions

was not observed in the case of all the treatments, except in

the case of the Org-Cu form. Spinach led to an increase in

Org-Cu, while, a decrease in Org-Cu was observed in the

case of sunflower and marigold treatment. It shows that

relatively spinach is more efficient in increasing the

bioavailability and toxicity of Cu than that of Sunflower

and marigold. Generally, plants are excluders of Cu and

Cu-accumulators are uncommon [40]. In the present

investigation, however, a much higher concentration of Cu

was found in the accumulators than the average concen-

tration of Cu found in non-accumulator plants (1 mg kg-1)

[48]. Uptake of comparatively less amount of Cu by the

accumulator plants might be the major reason for not get-

ting many variations of the metal distribution in different

soil solid phases.

Table 4 The effect of accumulator plants on Cu fractions (mg kg-1) and DTPA-Cu in soil

Treatment W ? E Carb Fe ? Mn Org Res DTPA Cu

No plant (Control) 0.27 ± 0.12a 6.87 ± 0.58a 12.0 ± 2.00a 36.7 ± 1.15b 26.4 ± 3.42b 17.5 ± 0.31b

Sunflower 0.20 ± 0.00a 6.67 ± 0.46a 10.0 ± 0.00a 33.3 ± 1.15c 32.0 ± 1.44a 17.5 ± 0.70b

Marigold 0.20 ± 0.00a 6.40 ± 0.00a 10.7 ± 1.15a 32.7 ± 1.15c 32.3 ± 1.15a 18.1 ± 0.23ab

Spinach 0.20 ± 0.00a 6.67 ± 0.46a 10.7 ± 1.15a 37.3 ± 3.06a 27.3 ± 3.00b 18.9 ± 0.31a

*Values followed by same alphabets (superscript) are statistically similar within each fraction (column), according to Duncan’s Multiple Range

Test. The values followed by mean with ± represent standard deviation

Agric Res (September 2024) 13(3):542–552 549

123



Conclusions

The study was conducted to evaluate the efficiency of

sunflower, marigold, and spinach plants for their phy-

toextraction ability in Zn and Cu-contaminated soil, and to

record the effect of phytoextraction on bioavailability and

toxicity of the metals in the soil. Sunflower demonstrated

the highest uptake of both Zn and Cu, followed by mar-

igold and spinach. Despite lower biomass yield, spinach

showed comparable Zn uptake due to its exceptionally high

Zn content. Marigold demonstrated higher phytoextraction

efficiency than spinach, despite lower shoot metal con-

centrations, due to its higher shoot biomass production.

Accumulator plants influenced the distribution of Zn and

Cu in different soil fractions. The results of the fractiona-

tion study revealed that sunflower and marigold plants are

more potent than spinach in increasing the bioavailability

and toxicity of Zn and Cu for succeeding crops. More or

less the distribution of Cu in different soil solid fractions

remained unaffected as a result of the growing of accu-

mulator plants. It is revealed that all accumulator plants in

the present study increased the bioavailability and toxicity

of Zn, with sunflower and marigold having a more pro-

nounced effect than spinach. The study emphasizes the

importance of considering both biomass yield and metal

concentrations when evaluating accumulator plants for

phytoextraction. The findings contribute to understanding

the complex interplay between plant species, metal uptake,

and soil metal distribution, providing valuable insights for

future phytoextraction studies and environmental manage-

ment practices.
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