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Abstract: Heavy metal pollution represents a global health issue. Different methods and technologies
are adopted to mitigate the problem of heavy metal pollution. Phytoremediation has been gaining
attention as an environmentally friendly method to remediate this problem. The purpose of this
research is to explore the effectiveness of phytoremediation in agricultural settings to assess the effect
of five soil management practices (chicken manure, sewage sludge, leaf compost, cow manure, and
vermicompost) on Cd, Cu, Mo, Ni, Pb, and Zn accumulation in the mustard (leaves and pods) of
three mustard Brassica juncea varieties (black mustard, yellow mustard, and mighty mustard). The
accumulation in mustard was quantified using the Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES). The results showed that the bioaccumulation factor (BAF) of the three
mustard varieties exceeded one (BAF > 1) for Cd and Mo. It indicates that mustard is a good
accumulator of Cd and Mo, whereas BAF values for Cu, Pb, Ni, and Zn were less than one (BAF < 1).
The accumulated Cu, Mo, Ni, and Zn levels were below the allowable limit, whereas the Cd and
Pb levels were beyond the limit. This result indicates that the investigated mustard varieties can be
grown on heavy metal polluted sites for Cd and Mo phytoremediation purposes, but care is needed
with regard to Cd and Mo toxicity.
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1. Introduction

Metal ions in trace amounts are essential for growing plants. However, higher con-
centrations can represent a serious health issue. Heavy metals such as Cd, Mo, Cu, Ni, Pb,
and Zn are hazardous to the environment and can negatively impact human and animal
health due to their persistence in the environment for long periods. Accumulation of toxic
elements in low concentrations generally does not harm plant yield. However, the excessive
levels can be detrimental to plant yield and health. High heavy metal accumulation in
plant tissues can disrupt growth and development and can lead to reduced yields or plant
death. They can also deform plants and weaken their resistance to diseases and pests. It
also diminishes the efficiency of photosynthesis by reducing the assimilative surface area
through necrotic spots. If the heavy metal content in fodder and crops exceeds the tolerance
limit, it can lead to poisoning symptoms in animals and humans [1].

The gap is small between the essentiality and toxicity of elements in the human
body. Elements such as Cu and Zn are essential in small amounts but can be toxic if their
concentration is higher than required. Heavy metals such as Cd and Pb can affect human
health severely if they are present in low concentrations in the human body. The concept in
toxicology is that prolonged exposure to any chemicals can be detrimental [2]. Cd exposure
is related to various types of cancer, including lung, breast, prostate, nasopharynx, pancreas,
liver, and kidney cancers [3]. Likewise, higher levels of Pb in the bloodstream influence the
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behavior, cognitive performance, postnatal growth, and pubertal development of infants
and children. In adults, exposure to Pb can lead to cardiovascular and central nervous
system problems, along with complications related to the kidneys and fertility [4]. Copper
toxicity commonly triggers gastrointestinal (GI) complications such as stomach discomfort,
vomiting, anorexia, hematemesis, melena, jaundice, and erosive gastropathy [5]. Zinc
is non-toxic, particularly when ingested orally. However, increased intake of zinc can
lead to symptoms of overt toxicity, epigastric pain, nausea, vomiting, and fatigue [6].
Nickel shows health effects such as lung fibrosis, lung cancer, heart diseases, nasal effects,
and epigenetic effects [7]. Moreover, the accumulation of these heavy metals results in
damage to various body systems including the nervous, skeletal, endocrine, immune, and
circulatory systems [8,9].

There are different techniques for the mitigation of heavy metal pollution in soil.
Among them, phytoremediation is the emerging technique that uses plants to clean the soil
environment by extracting, accumulating, and removing contaminants from the substrates
(soil, air, and water) through biological processes. These remove heavy metals, radionu-
clides, and organic contaminants, among other pollutants (such as polynuclear aromatic
hydrocarbons, polychlorinated biphenyls, and pesticides) from soil. Bioaccumulation refers
to the active transfer of chemicals or compounds (such as metals) from the environment to
the tissues of living organisms via metabolic processes. The ratio of metal content in plants
to total metal content in the soil is known as the Bioaccumulation Factor (BAF). The chem-
icals or compounds can be heavy metals, pesticides, mycotoxins, and persistent organic
pollutants [10]. This method has gained attention as an affordable and environmentally
friendly alternative to traditional remediation methods [11].

Numerous plant species are researched for their potential in phytoremediation [12].
Among these, Brassica juncea shows good promise as a rapid and short-duration vegetable
crop for heavy metal accumulation from contaminated soils. It is a commonly cultivated
cool-season crop utilized in the manufacture of oil which has therapeutic qualities and can
be used as a condiment. It is a heavy-metal-resistant plant that grows fast and generates
large above-ground biomass. While black and yellow mustard can produce significant
biomass, mighty mustard has relatively low biomass, but all three varieties are efficient
metal translocators and are heavy-metal tolerant. Mustard can eliminate heavy metals such
as Cu, Cd, Ni, Pb, and Zn from the soil solution and transport them toward the stem [13,14].
After accumulation, it can metabolize or complex its hyperaccumulated element into less
toxic forms [15]. These attributes have led to extensive research aimed at evaluating its
phytoremediation capacity. The study from Rahman et al. [16] found a higher accumulation
of Pb and Cu in shoots of mustard, indicating its ability to uptake and translocate these
metals. They found that mustard removed 31.62-35.6% of Pb and 27.92-32.2% of Cu from
the industrially polluted soil and that it could be grown multiple times on a piece of land
to remove both Pb and Cu from contaminated soil, making them suitable for repeated
accumulation.

Soil amendment is another method to remediate soil polluted with heavy metals [17,18].
Natural organic materials such as biochar, plant extracts, compost, and sewage sludge are a
few examples of soil amendments. These amendments have their unique qualities and typ-
ical remedial methods. They can immobilize heavy metals by precipitation, complexation,
ion exchange, and adsorption [18,19]. Sharma and Nagpal [20] indicated that soil amend-
ments remediate contaminated agricultural fields and minimize potential human health
risks of metals in food. Liu et al. [21] found that compost application in Cd-contaminated
soils can effectively immobilize Cd in soils. It reduces the phytotoxicity of Cd and improves
the growth of crops. Farmyard manure in soil has been found to significantly decrease Cd
and Pb content in Amaranth (Amaranthus oleracea L.), with higher levels of FYM leading to
a reduction in Cd and Pb accumulation [22].

Heavy metals such as Cu, Cd, Ni, Pb, Mo, and Zn are commonly found in contami-
nated soil and cause significant environmental degradation and pose health hazards due
to their toxic properties. These metals are often highly bioavailable, meaning they can
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be readily taken up by plants and other organisms, leading to bioaccumulation and bio-
magnification in the food chain [23-25]. Further, heavy metals such as Cd, Pb, and Ni
are of particular concern due to their toxicity to humans and other organisms when they
accumulate in food crops. These concerns have led to these heavy metals becoming the
subject of study in the agricultural field.

This study delves more into the concept of phytoremediation and examines the effect
of commonly used soil amendments on the buildup of Cu, Cd, Pb, Ni, Mo, and Zn in the
leaves and pods of three varieties (black mustard, mighty mustard, and yellow mustard)
of mustard. The research on the heavy metals (Cd, Cu, Ni, Pb, Mo, and Zn) is not entirely
new; however, the specific combination of three varieties of mustard and five different soil
amendments adds a new perspective to the study of bioremediation. Further, previous
research has focused on one or two types of heavy metals, while this study examines a
comprehensive range of heavy metals. Also, the interaction between different mustard
varieties and soil amendments with respect to heavy metal accumulation provides an
understanding of how agricultural practices can influence environmental outcomes.

2. Materials and Methods
2.1. Field Experimental Design

A split block design was used for the experiment. The field consisted of 18 plots
(3 replicates x 6 treatments).

The measurement of each plot was 0.93 m x 0.93 m. Five distinct soil amendments
were utilized: sewage sludge procured from the Metropolitan Sewer District, Louisville,
KY, USA, vermicompost sourced from Wiggle Worm Soil Builder, Avenue Union Grove, W1,
USA, cow manure obtained from Lowe’s, Frankfort, KY, USA, chicken manure acquired
from Alltech Chicken Facility, Lexington, KY, USA and leaf compost supplied by C & R
Mulch, Lexington, KY, USA. The native soil was used as a control treatment which was
Bluegrass—-Maury Silty Loam, comprising 56% silt, 38% clay, and 6% sand. The investigation
area had no agricultural history or significant human activities that could have affected
the soil properties. The soil referred to in the research study comes from the investigation
area itself. Table 1 shows the characteristics of native soil and soil amendments used in
the research.

Table 1. Properties of the native soil (control) and the soil amendments used in the research (Harold
Bension Research and Demonstration Farm of Kentucky State University, Frankfort, KY).

Soil Parameters Cow Manure Sewage Sludge Leaf Compost Vermicompost  Chicken Manure  Native Soil (Control)
N (%) 1.86 b 0.58 ¢ 0.32c 1.50b 423a 0.15¢
P (%) 0.74 ab 0.32b 0.25b 127 a 0.8 0.17 c
K (%) 1.25a 0.24b 0.28 b 0.56 ab 0.5 ab 0.26 b
C (%) 262a 37c¢ 3.8¢ 122D 17.8b l6c¢
OM (%) 5.7 a 32b 75a 7.6a 6.3a 2.6b
C/N ratio 14.08 a 6.4c 119b 8.13 bc 421c 10.6 b
pH 7.95a 84a 74a 571a 6.15a 6.8 a
Cd (mg kg’l) 0.22a 0.23a 0.19a 0.23a 024a 0.23a
Cu (mg kg_l) 9.23a 9.63a 10.2a 9.8a 99a 10.17 a
Mo (mg kg™1) 0.66 a 0.78 a 074 a 0.74a 0.84a 0.64a
Ni (mg kg™1) 158 a 16.4a 17.1a 16.2a 184 a 175a
Pb (mgkg™1) 279a 28.12 a 28.1a 28.7 a 30.7 a 312a
Zn (mg kg™ 525b 578 a 59.3a 609 a 634a 595a

Each value represents an average of three replicates. Values with different letters are significantly different at the
0.05 probability (OM = organic matter, C/N = carbon to nitrogen ratio).
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2.2. Cultivation Practices

The application of soil amendments was at 5% N to avoid differences in mustard yield
attributable to variability in N content in soil amendments (Table 2). Each amendment
was applied to the native soil up to a depth of 15 cm in the topsoil, except for the control.
For control treatments, three plots were tilled and used as a comparative reference. Three
varieties of mustard Brassica juncea, i.e., mighty mustard, black mustard, and yellow
mustard, obtained from Johnny’s selected seeds (Albion, ME, USA) were directly sown
in the prepared field on 3 July 2023, at a depth of 0.5 inches, maintaining a 2 ft. spacing
between rows and individual plants. Uniform irrigation was provided through a drip
irrigation system, and weed management was conducted as per the guidelines outlined
in Vegetable Production Guide for Commercial Growers [26]. Throughout the cultivating
season, the mustard underwent three applications of the insecticide esfenvalerate (Asana
XL sourced from Valent Biosciences, Libertyville, IL, USA) at a rate of 0.42 L ha—1at weekly
intervals to control insect populations.

Table 2. Soil amendments and their application rate in the experimental plots.

Soil Amendments Rate (g m—2)
Vermicompost (Vermi.) 1120.52
Sewage sludge (SS) 224.54
Chicken manure (CM) 1022.57
Cow manure (Cow) 1937.5
Leaf compost (Leaf) 322.92

2.3. Soil Sampling and Data Collection

For the plant samples, three random mustard plants were collected from each of the
18 experimental plots at harvest time (3 October 2022). Soil residues were removed from
the collected plant parts and washed with deionized water to eliminate any attached soil
particles. The collected pods and leaves were subsequently dried and weighed. For the
soil samples, soil from each of the 18 experimental plots was collected from the topsoil of a
15 cm column using a soil core sampler equipped with a plastic liner (Clements Associates,
Newton, IA, USA) at harvest time. Soil and plant tissue samples underwent air-drying
in an oven set at 65 °C for 48 h. Post drying, plant and soil samples were ground using a
mortar and pestle and sieved through a non-metal sieve to achieve a particle size of 2 mm.
The plant samples were then re-dried in an oven to achieve a constant weight and were
finally stored in plastic bags for further analysis [27].

2.4. Metal Analysis

For plant sample digestion, concentrated nitric acid (HNO3) of trace metal grade was
used. A total of 5 mL of conc. HNO3 was added to 0.5 g of each dry sample powder.
The mixture then underwent digestion on a Digi block digestion system at 95 °C for 1.5 h.
Then, digestion was done again with 4 mL of 30% hydrogen peroxide (H,O;) for 30 min.
The resultant was diluted with deionized water to a volume of 50 mL [28,29]. Metal
concentrations were quantified using an Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) in standard mode following the SW-846 EPA 6010 B method [30].
Calibration of the equipment was attained by multi-element standard (TruQ 500 mL,
PerkinElmer). Concentrations of 0 ppm, 1 ppm, 20 ppm, 50 ppm, and 100 ppm of the
analytical standard were used for working dilutions. The calibration curves were created
using these working dilutions. The acceptable outcome was kept under the margin of
10%. Three replicates were used for each sample. The arithmetic mean was calculated
for the result with a mean difference under 5%. The Instrument Detection Limits (IDL)
were determined as 0.0027 mg kg ! for Cd, 0.0054 mg kg ! for Cu, 0.014 mg kg~! for Mo,
0.048 mg kg ! for Ni, 0.042 mg kg ! for Pb, and 0.0018 mg kg ! for Zn.
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2.5. Bioaccumulation Factor (BAF)
The following equation by Ekere et al. [31] was used to determine the bioaccumulation
factor of heavy metals:

BAF — Total heavy metal concentration in plants

Total heavy metals concentration in soil

where BAF < 0.1 indicates low accumulation, 0.1 < BAF < 1 indicates moderate accumula-
tion, and BAF > 1 indicates high accumulation.

2.6. Statistical Analysis

The collected data underwent statistical analysis in the form of analysis of variance
(ANOVA). The basic assumption was that the soil treatments would impact the accu-
mulation of heavy metals in the mustard. The Shapiro-Wilk test was used to check the
normality of the data in R [32]. The MultcompView package was used to compare the
means among the treatments. R programming language was used for statistical computing
and analysis [33].

3. Results and Discussions
3.1. Total Heavy Metal Concentrations in Soil and Mustard

The results showed variation in the total metal concentration available in each soil
amendment (Table 3). The concentration of total heavy metals in mustard (average of
three varieties) was in the increasing order of Ni < Cd < Pb < Mo < Cu < Zn. Mustard
absorbed the highest concentration of Cd and Zn from the sewage sludge-amended soil.
The absorption of Cu and Mo was highest from the vermicompost-amended soil. The
absorption of Ni was the highest from the chicken manure-amended soil. Likewise, the
absorption of Pb was highest from the cow manure-amended soil. The concentration of
total heavy metals in the soil was in the increasing order of Cd < Mo < Cu < Ni < Pb < Zn.
For soil, leaf compost had the highest concentration of available Cd. Chicken manure had
the highest available Cu, Mo, Pb, and Zn concentrations.

Table 3. Total heavy metal concentration in soil and mustard extracted by HNO3 in mg kg~ !.

Soil Total Metal Content in Mustard (Mean of Three Varieties) Total Metal Content in Soil (Mean of Three Replicates)
Amendments Ni cd Pb Mo Cu Zn cd Mo Cu Ni Pb Zn
Leaf " 0.204 + 0.48 + 0.493 + 2.06 449+ 302+ 0263+ 0747+ 1046+ 18 + 29 + 60.3 £

cat compos 0.13b 02a 0.16 b +0.6a 077a 1076a 0.03a 031a 0.58a 238a  355a  334ab
Cow manure 0301+ 0434+ 0689+ 176+ 431+ 303+ 0253+ 0.66 + 958+ 1684+ 289+ 535+
0.14b 0.12a 0.54 a 0.51a 073a  12.02a 0.03 a 0.1a 0.58a 092a  265a 3.34b

Chick 0565+ 0417+ 0632+ 176+ 4.72 329 + 0.25 + 084+ 1098+ 187+ 37+ 664+
Ickenmanure 0515 0.28 a 0.33a 0.6a +1.17a  974a 0.04a 0.19a 0.58a 157a  124a 334a
Vermicompost 0373 % 0332+ 0484+ 206+ 52+ 342 + 0.24 + 0.74 + 9.8 + 172+ 297+ 619+
ermicompos 0.32b 0.17a 0.16 b 049 a 2.00 a 93a 0.03a 0.06 a 0.58a 087a  112a  334ab
s lud 0.47 + 0518+ 0119+ 152+ 439+ 345+ 0.23 + 0787+ 997+ 173+ 291+ 578+
ewage sludge 0.41 ab 021a 0.11c 041a 045a  10.99a 0.04a 0.127 a 0.58 a 04a 053a  3.34ab
Control 047 + 0338+ 0363+ 186+ 458+ 309+ 0.26 + 0673+ 1006+ 175+ 30+ 57.7 +
0.13 ab 0.23a 0.36b 0.28a 0.7 a 9.15a 0.03 a 020a 0.58 a 091a  132a  334ab

Each value represents an average of three replicates. Values with different letters are significantly different at the
0.05 probability.

Further, it was observed that the absorption of total heavy metals in mustard tissues
was considerably lower than the total concentrations present in the soil, except for Cd
and Mo (Table 4). The table also shows that the bioaccumulation of total heavy metals in
mustard was higher for elements that are also micronutrients for crops, such as Cu and Zn.
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Table 4. Comparison with permissible standard of heavy metals by FAO and WHO [34].
Heavy Allowable Limit in Allowable Limit in Total Metal Content in Soil  Total Metal Content in Mustard
Metals Soil (mg kg—1) Vegetables (mg kg—1) from the Study (mg kg—1) from the Study (mg kg—1)
Cd 3 0.1 0.250 0.420
Zn 300 100 56 32.184
Cu 100 73 9.5 4.610
Mo NA NA 0.650 0.015
Pb 100 0.3 30 0.463
Ni 50 67 16.5 0.397

NA = Not Available.

The results indicate that the concentrations of total heavy metals in mustard tissues
were within the permissible limits set by FAO & WHO [34] for all heavy metals except for
Cd and Pb (Table 3). The average total concentration of Cd in mustard was 0.42 mg kg~ !,
surpassing the permissible limit of 0.10 mg kg~ !. Similarly, the mean total concentration
of Pb in mustard was 0.46 mg kg~ !, exceeding the allowable limit of 0.30 mg kg~ !. This
result suggests that mustard with a metal concentration above the permissible limit may
pose Cd and Pb toxicity risks for humans.

A study from Tatu et al. [35] revealed that mustard plants grown in heavy-metal-
contaminated soil accumulated very high levels of Cu, Pb, and Zn in their roots, stems,
and leaves. The levels of these metals in the plant tissues surpassed the concentrations
found in the soil. Johnson et al. [36] reported that B. juncea was notably efficient in the
phytoextraction of copper and exhibited the capacity for the accumulation of other metals,
such as Cd, Ni, Pb, and Zn, from the soil, thus concurring with the results from the
present study.

This study shows no consistent pattern in the absorption of heavy metals. Different
factors have contributed to this inconsistent pattern. The biochemical properties of elements
such as Cd and Zn affect their accumulation. Some metals are absorbed more than others
under similar soil conditions. The total concentration of bioavailable elements in the soil
impacts plant uptake. However, physiological barriers against heavy metals are limited
and can weaken under high heavy metal concentrations. Plants play a crucial role in metal
transfer from plants to animal and human organisms, especially for metals harmful to
higher organisms, e.g., Cd, Zn, and Pb. Soil properties such as pH and composition affect
metal bioavailability and mobility. Light acidic soils have contamination risks compared to
neutral pH heavy soils [37].

Further, soil amendments used in this research are rich in organic matter. Organic
matters make complex ion formation in the soil that impacts the uptake of heavy metals
such as Cd, Pb, and Zn. Studies show different levels of heavy metal accumulation in
plants where Cd accumulation is generally low. Soil organic matter content affects Cd
uptake, while Pb tends to form complex ions that limit mobility in the soil. Zn accumulates
the most in plants owing to its high solubility and mobility in the soil. This is due to the
complex ion formation and organic matter interactions, especially in areas with municipal
waste additions [38].

3.2. Quantification of the BAF Values

The result also showed that BAF values for Cd and Mo were greater than 1 (BAF > 1),
while values for Cu, Pb, Ni, and Zn were lower than 1 (BAF < 1). According to Satpathy
et al. [39], when BCF < 1 or BAF =1, the plant absorbs heavy metals for the metabolism
process but does not accumulate them in its parts. However, when BCF > 1, the plant
absorbs and accumulates the heavy metals in its parts. Accordingly, this study shows that
mustard absorbs Cu, Pb, Ni, and Zn without accumulating these heavy metals, whereas it
not only absorbs Cd and Mo but also accumulates them in its tissues.



Environments 2024, 11, 77

7 of 12

Bioaccumulation Factor (BAF)
w

-1

B Chicken manure
Control
Cow manure
Vermicompost
M Leaf compost

B Sewage sludge

i:::::ii abaaaa

The soil amended with cow manure had the highest BAF for Pb in both mighty and
yellow mustard. Soil amended with vermicompost had the highest BAF value for Pb in the
black mustard. The soil amended with leaf compost had the highest BAF for Mo in both
mighty and black mustard. The soil amended with chicken manure had the highest BAF
for Ni in the mighty mustard. Soil amended with sewage sludge had the highest BAF value
for Ni in the yellow mustard. The soil amended with sewage sludge had the highest BAF
for Zn in both mighty and yellow mustard. Soil amended with cow manure had the highest
BAF value for Zn in the black mustard. This variability is due to the diverse responses
of plant communities to heavy metals present in soil amendments which depend on their
capacity to accumulate and detoxify from various heavy metals [40].

The results also reveal that all three varieties of mustard had the highest BAF values
for Cu absorbed from the soil amended with vermicompost and Cd absorbed from the
soil amended with sewage sludge. In addition to these two soil amendments and heavy
metals, there were variations in the levels of BAF values among the different mustard
varieties examined, as well as among the soil amendments and specific types of heavy
metals (Figures 1-4).

Comparing the results of this study with the existing literature shows contradictory
results. Amin et al. [41] found that mustard can be a good phytoextractor of Cd (BCF > 1)
and a poor accumulator of Pb (BCF < 1). The findings from Vasile et al. [42] suggest that
mustard can accumulate bioavailable metals such as Cd and Ni and block Pb in the soil.
However, Clemente et al. [14] found that the metal phytoextraction capacity of B. juncea
was ineffective for accumulation when grown in contaminated soil.

Plants show different absorption patterns for heavy metals in the soil. The absorption
process is not only determined by elemental concentration. Roots play a vital role in the
absorption process in the soil. The roots absorb water and dissolved minerals to provide
essential nutrients and minerals to the plants. Roots can also absorb heavy metals that
help protect the plant shoots. The absorption and movement of heavy metals within plants
such as mustard depend on factors including type of metal, its functions with respect to
mustard, and its ability to form complexes with sap components [43,44].

a_
adadaa I aaaaaa

abaaaa i::::::ii

Cu Pb Cd Mo Ni Zn
0.42 0.01833 1.64 2.4 0.03233 0.42
0.475 0.000333 1.04 3.33 0.001 0.468
0.428 0.023 1.53 2.88 0.008 0.448
0.502 0.013333 1.71 3.02 0.013 0.483
0.459 0.016 1.56 3.93 0.00933 0.435
0.452 0.003 2.1 2.45 0.011 0.505

Figure 1. BAF values of total heavy metals in the mighty mustard grown under different soil
amendments. Bars accompanied by different letter(s) within each graph are significantly different
(p < 0.05). The analysis was conducted by using MultcompView package in R version 4.3.3 [33].
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Figure 2. BAF values of total heavy metals in the black mustard grown under different soil amend-
ments. Bars accompanied by different letter(s) within each graph are significantly different (p < 0.05).
The analysis was conducted using Multcomp View package in R version 4.3.3 [33].

Cu
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0.0117 0.723
0.045 0.816

Figure 3. BAF values of total heavy metals in the yellow mustard grown under different soil
amendments. Bars accompanied by different letter(s) within each graph are significantly different
(p < 0.05). The analysis was conducted using MultcompView package in R version 4.3.3 [33].
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Zn

Cu Pb Cd Mo Ni
0.429 0.01911 1.67 2.2 0.0307 0.502
0.458 0.012 1.31 3.05 0.0269 0.538
0.458 0.02456 1.73 2.77 0.0174 0.568
0.529 0.01622 1.44 2.83 0.0218 0.554
0.438 0.01744 1.83 3.42 0.011 0.509
0.441 0.00433 2.22 1.97 0.027 0.598

Figure 4. BAF values of the average from three mustard varieties grown under different soil amend-
ments. Bars accompanied by different letter(s) within each graph are significantly different (p < 0.05).
The analysis was conducted using MultcompView package in R version 4.3.3 [33].

The application of soil amendments to contaminated soils influences the availability,
uptake, and translocation of Cd, Cu, Mo, Ni, Pb, and Zn by mustard plants. This influence
could be due to alterations in the soil physicochemical properties. Soil amendments such
as sewage sludge, manure, or compost can alter the soil characteristics by impacting metal
speciation. These properties include pH levels, ionic strength, the presence of ligands,
and the presence of micro- and nanometer colloidal particles [45]. These parameters are
interdependent and can impact the uptake of heavy metals by plants. The increased
pH in the soil due to amendments can increase the soil’s sorption capacity for cationic
metals, aiding in their immobilization. Amendments can raise the pH of the soil, which
can increase the sorption capacity of the soil for cationic ions and help immobilize them.
Humic substances in soil amendments can form metal chelates that influence the cycles of
most metals and reduce their bioavailability in the soil. These amendments can transform
labile fractions of highly mobile metals into more stable and less mobile compounds.
This transformation reduces their uptake and decreases their accumulation in cultivated
plants [46].

The bioaccumulation of heavy metals in plants is a complex process influenced by
various factors. Some of them are soil properties, amendment quality, application levels,
plant species, rhizosphere biochemistry, and the chelating actions of competing metals. The
application of soil amendments also has the potential to impact the structure and diversity
of the microbial community. The bioavailability of heavy metals in the soil undergoes reduc-
tion by insoluble or soluble complexes formation with organic compounds. Consequently,
soil amendments reduce the availability of potentially toxic heavy metals in the soil, thereby
mitigating their plant uptake [43,47]. This study used three varieties of mustard whose
absorption pattern might have affected the results. The five soil amendments also interact
differently with the soil, affecting both bioavailability and uptake of heavy metals.

4. Conclusions

This study concludes that phytoremediation can mitigate heavy metal pollution.
Several factors influence phytoremediation: plant species, genotype, and type of soil
amendments. If the Bioaccumulation Factor for heavy metals exceeds one (BAF > 1), the
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plants absorb and accumulate heavy metals in their tissues. If BAF is lower than one (BAF
< 1), then plants only absorb heavy metals but do not accumulate them.

The Bioaccumulation Factor (BAF) for heavy metals in all three varieties of mustard
was found to exceed one (BAF > 1) for Cd and Mo, indicating that mustard is a good
accumulator of Cd and Mo. Mustard absorbed Cu (4.610 mg kg 1), Mo (0.015 mg kg 1),
Ni (0.397 mg kg 1), and Zn (32.184 mg kg~ !) in concentrations below the allowable limits,
while Cd (0.42 mg kg~') and Pb (0.463 mg kg~ !) concentrations following absorption
exceeded the permissible limit. This results in the possibility of Cd and Pb toxicity when
mustard is cultivated under similar field conditions and then consumed. One should be
careful to avoid Cd and Pb toxicity resulting from the consumption of food crops grown in
soil with Cd and Pb concentrations above the permissible limit.

Further, this study concludes that bioaccumulation of heavy metals depends on the
varieties of the plants as well as on the response of the plants to the application of different
soil amendments. The soil amended with sewage sludge was found to be good for accu-
mulating Cd and Zn, the soil amended with vermicompost was found to be good for Cu
accumulation, leaf compost was found to be a good soil amendment for Mo accumulation,
and cow manure was found to be a good soil amendment for Pb accumulation. Similarly,
the yellow mustard was good for the accumulation of Cd, Cu, Pb, and Zn, the mighty
mustard was good for the accumulation of Mo, and the black mustard was good for the
accumulation of Ni. Therefore, the study suggests that growers need to test the soil before
soil amendment application and choose the soil amendments and mustard varieties suited
for the heavy metal accumulation that requires remediation.

This study provides insights into the role of crops in both phytoremediation and food
production. The study shows that mustard can accumulate metals below the permissible
limit, thus allowing its use for consumption. This approach can lead to sustainable food
production and the detoxification of the environment. Mustard can accumulate high levels
of Cd and Pb while maintaining low levels of Cu, Mo, Ni, and Zn from the soil. This
low level is why mustard can be used for phytoremediation. However, further research is
needed to fully explore the phytoremediation capabilities of mustard for other toxic heavy
metals. It is also necessary to investigate soil-related aspects such as the correlation between
soil pH and the metal uptake process by plants. This integrated approach addresses
environmental concerns and ensures the safety of food products, presenting a distinctive
dimension to research in this field.
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