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Abstract: The accumulation of heavy metals in the environment is one of the most significant
environmental problems due to the potential risk to human and animal health. The aim of this study
was to analyze the influence of the distance from the industrial zone on the heavy metal content in
the soil and vegetative parts of wheat. A field experiment with four wheat genotypes was conducted
in the area of the city of Pancevo, Serbia, at three locations at different distances from the industrial
zone. By atomic absorption spectrophotometry (AAS), concentrations of five heavy metals (Zn, Pb,
Cr, Cu, and Cd) were determined in the soil and wheat. The highest total content of Zn, Cr, Cu, and
Cd in the soil (72.5, 27.3, 26.2, and 0.3 mg kgfl, respectively) was found at the location closest to
the industrial zone, while the highest content of Pb (28.9 mg kg ~!) was recorded at a location that
is in the immediate vicinity of a road. Heatmap correlations and PCA analysis show a significant
relationship between the content of heavy metals in the soil and the plant. Genotype Pobeda had
the lowest content of Cr, Cu, and Cd in the root and the lowest content of all the analyzed heavy
metals in the stem. The highest translocation factor of heavy metals was found in the genotype
Apache, which had the highest content of Pb, Cr, and Cu in the stem. The highest heavy metal
bioaccumulation and translocation were established for Cd content (0.86 and 1.93). The obtained
results indicate a potential ecological risk in the immediate vicinity of the industrial zone, while the
difference in the accumulation of heavy metals between the studied genotypes opens new aspects for
breeding programs.
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1. Introduction

The rapid growth of the human population, urbanization, and industrialization signif-
icantly reduce agricultural areas, but various harmful agents also adversely affect the lands
and areas on which agricultural production is organized [1,2]. As these areas are closer
to the main polluters in the ecosystem, the effects on cultivated plants become more pro-
nounced [3,4]. In summary, all living organisms are significantly harmed by environmental
pollution [2,5]. Environmental toxins include both organic and inorganic pollutants and
represent a significant threat to the ecosystem as a whole, seriously impairing its structure
and function [6].

According to many studies performed all over the world, anthropogenic industrial
activity is a major cause of heavy metal pollution in the soil and environment [7-12].
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Additionally, modern agriculture is a substantial anthropogenic source of heavy metals due
to the use of pesticides, inorganic mineral fertilizers, and fuel burning [1,13-16]. Heavy
metals and metalloids, including Cr, Mn, Co, Ni, Zn, Cu, Cd, Sn, Hg, and Pb, can result in
significant toxic impacts [16,17]. The ability of heavy metals to enter water and food supply
systems and their inability to break down could have long-term effects on food safety
and human health [18,19]. The harmful effects of heavy metals on humans, animals, and
plants are contributed by their persistent nature, high toxicity, bioavailability, and potential
risk for greater bioaccumulation [20]. Although some heavy metals, including Cu and Zn,
are necessary for a plant’s growth and development, excessive amounts of these metals
can be toxic to the plant [21,22]. On the other hand, Pb and Cd are only toxic to plants
and are not known to have any positive impacts on them [23,24]. Such contaminants can
cause acute and chronic diseases, such as lung cancer, renal dysfunction, osteoporosis, and
cardiovascular diseases [25,26], as well as the occurrence of various neurological diseases
in adults and children [17,27,28]. This is especially important because plants grown on
polluted soil can accumulate high concentrations of heavy metals and may serve as the
main pathway for transferring metals into the food chain [6,29,30].

Due to the aforementioned considerations, it is important to monitor and control the
amount of heavy metals in the soil and their absorption by plants. The accumulation of
heavy metals in plants occurs both in the roots and in the aerial parts of the plant [31-34],
and the study of the bioavailability, accumulation, and translocation of heavy metals has
attracted a lot of attention from researchers. Wheat (Triticum aestivum L.) is a staple food
that is consumed by around half of the world’s population and provides almost 20% of
the total calories and protein in the daily diet [35-39]. Wheat consumption is increasing
globally as a result of the continuing growth in the human population in both suitable and
unfavorable regions for agriculture [37-40]. Regarding the contamination of the human
food chain by heavy metals, pollution of cereals, notably wheat, is a major issue [41,42].
Therefore, more consideration should be given to the safety of wheat grain in terms of food
security and human health.

Previous research has shown that the content of heavy metals in wheat is mainly
conditioned by their content in the soil [43], as well as the influence of other factors, such
as the content of organic matter, pH of the soil, capacity of exchangeable cations, the
mechanical composition of the soil [44—49], the cultivation system [50], temperature, soil
moisture, and plant physiology [45]. Atmospheric deposition and prevailing wind direction
can also have a significant influence on the distribution and accumulation of heavy metals
in soil and plants [11,51-54].

In earlier studies, the analysis of the impact of the industrial zone on the heavy metal
content in soil and wheat was mostly carried out in areas close to industrial plants [55,56],
while the majority of studies examined the influence of the distance from the industrial zone
on the content of heavy metals in soil [57-61]. In this study, experiments were established
at various distances from industrial plants to examine the impacts of the vicinity of the
industrial zone on the soil-to-wheat transfer of heavy metals. In addition to the effects
of the locality, the genotype and phenophase factors, as well as their interactions, were
also studied.

The objectives of this research were: (i) to examine the influence of localities with
different distances from the industrial zone on the content of heavy metals in the soil
and vegetative parts of wheat through different phenological phases; (ii) to evaluate the
relationship between the content of heavy metals in the soil and those in the vegetative
parts of plants; (iv) to identify wheat genotypes that exhibit a lower tendency to accumulate
heavy metals, with the aim of mitigating potential risks to human health.

2. Materials and Methods
2.1. Experimental Design and Plant Material

The study of the influence of the distance from the industrial zone on the content
of heavy metals in the soil and vegetative parts of wheat in different phenophases was
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carried out in the area of the city of Pancevo, Serbia, which represents the industrial center
of the South Banat District. A 3-factor field trial was conducted according to a randomized
block design with four replications, with the area of the elementary plot amounting to
15 m? and a total plot area of 250 m? at each locality. The examined factors were genotype,
locality, and phenophase. The experiment was set up at three locations, each at a different
distance from the southern industrial zone in Pan¢evo City (NIS Oil Refinery, Pancevo,
Serbia, 44.831° N 20.690° E): Locality 1-L1 (Vojlovica, 44.837° N 20.694° E, 262.0 m from
the industrial zone); Locality 2—L2 (Stari Tamis, 44.857° N 20.746° E, 5002.0 m from the
industrial zone); and Locality 3—L3 (the experimental field of the Tami$ Research and
Development Institute, 44.938° N 20.720° E, 11.635.0 m from the industrial zone) (Figure 1).
The microclimatic conditions of the study areas were at the level of multi-year estimates
throughout the two-year research period, with an average annual air temperature of 11.9 °C
and a total precipitation of 684.3 mm. According to the Food and Agricultural Organization
(FAO) World Reference Base (WRB) [62], the soil on which the micro-examinations were
conducted is of the calcic chernozem (CH-cc-ce.ph) type, and the mechanical composition
is crumbly-grained loam.
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Figure 1. Map of the studied localities (https://earth.google.com/web/ (accessed on15 November
2022) [63].

The experiment was conducted according to a randomized block design with four
replications. The elementary plot was 15 m?. In all three locations, standard agrotechnical
measures for wheat production were applied, and the pre-crop was corn. The plowing is
carried out using a mouldboard plow at 30 cm, pre-sowing soil preparation using a disc
harrow and a harrow, basic fertilization in the autumn with 200 kg ha—! MAP (12:52:0),
and top dressing in the spring with 250 kg ha~! AN (27% N). Four common winter wheat
(Triticum aestivum ssp. vulgare) cultivars, Pobeda, Ljiljana, Renesansa, and Apache, were
sown in four replications on all three localities in the experiment. Pobeda, Ljiljana, and
Renesansa varieties were created at the Institute of Field and Vegetable Crops (Novi Sad,
Serbia), while Apache is a modern wheat variety, created in France, which was approved in
Serbia in 2007. Sowing was conducted with a pneumatic seeder on the optimal agrotechnical

terms for winter wheat, with a seeding rate of 550 seeds per m?.
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Pobeda is a mid-to-late wheat variety. It shows very good tolerance to winter frosts
and tolerance to lodging. It is genetically tolerant to powdery mildew (Blumeria graminis
DCQ). Ljiljana is a medium-early variety; the average plant height is about 90 cm; and it is
tolerant of lodging and winter frosts. It is genetically tolerant to the pathogens that cause
leaf rust (Puccinia triticina) and powdery mildew (Blumeria graminis DC). Renesansa is a
medium-early variety. It shows good tolerance for lodging and winter frosts. Apache is an
early variety of exceptional quality. It is genetically tolerant to lodging and the pathogenic
agent Fusarium sp.

The measurement of the concentration of heavy metals in the root and stem of wheat
was carried out in the heading stage (55-59 on the BBCH scale) and in the stage of full
maturity (89 on the BBCH scale).

2.2. Soil Sampling and Chemical Analysis

In order to perform agrochemical analysis, soil sampling was carried out before the
implementation of agrotechnical measures on the experimental plots. Soil samples were
taken from four randomly selected positions of each plot at a depth of 0-60 cm, using a soil
auger. The representative sample was made using the random-square method as described
by Korunovi¢ and Stojanovié [64].

The following soil parameters were analyzed:

e  Soil pH was measured potentiometrically in a distilled water suspension at the soil-to-
water ratio of 1:5 (v/v) [65], according to the SRPS ISO 10390:2007 [66];

e  Calcium carbonate content was determined volumetrically in accordance with the
methods of Scheibler [67], SRPS ISO 10693-2005 [68];
Soil organic matter content was determined using the method of Tyurin [69];
Total nitrogen content was measured using the Kjeldahl method [70], SRPS ISO
11261:2005 [71];

e  Available phosphorus and potassium were measured using a solution of ammonium
lactate (0.1 M) and acetic acid (0.4 M) (AL-method) according to Egner-Riehm [72],
described by Manojlovi¢ [73,74].

Total N in soil was measured by Kjeldahl method (Bremner, 1996);

In addition to the chemical properties of the soil, the content of heavy metals: zinc (Zn),
lead (Pb), chromium (Cr), copper (Cu), and cadmium (Cd) in the soil and plant samples
were determined after wet digestion by concentrated nitric acid (HNOj3) and hydrogen
peroxide (H,O») [75,76]. HNO3; and H,O, were of analytical grade, free of heavy metals
and other impurities that could interfere with the analysis, and were purchased from Merck
(Darmstadt, Germany). Proficiency testing schemes were used as a quality control measure
for analytical determination, which achieves control using certified reference materials
(CRMs) with known concentrations of heavy metals. The limit of detection (LOD) was
estimated as the mean value of the blank signals plus three times the standard deviation [77].
A series of blank samples (samples that do not contain the analyte of interest) was measured.
The LOD values were 0.35, 0.09, 0.04, 0.39, and 0.001 mg 1<g_1 for Zn, Pb, Cr, Cu, and
Cd, respectively.

Soil samples were air-dried and crushed into fine-grained particles with a median
diameter of less than 2 mm. Then 2 g of the sample was weighed and poured into
20 mL of 60% HNO;. Moderate boiling was carried out for 2 h. After cooling, 3 mL
of 30% H,O, was added, followed by boiling for 15 min. The procedure with H,O, was
repeated until no further reaction was observed. After cooling, the samples were quan-
titatively transferred into borosilicate glass normal vessels of 100 mL and topped up to
the final volume with distilled water. The solution was filtered through quantitative filter
paper, and the reading was performed on an atomic absorption spectrophotometer, Varian
SpectrAA 202 FS (Varian Inc., Palo Alto, CA, USA), in an acetylene/air flame.
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2.3. Sampling of Plant Material and Chemical Analysis

In the phenophases of heading and full maturity, plant material samples of four wheat
genotypes were collected at all three localities. An individual sample from each elementary
plot consisted of 15 wheat plants. The whole plant with the root was sampled, after which
the root was physically separated from the wheat stem in laboratory conditions.

Samples of plant material (root and stem, separately) were macerated and dried in an
oven at 80 °C. Then 1 g of the prepared sample was weighed and poured into 20 mL of 60%
HNOj3. Moderate boiling was carried out for 2 h. After cooling, 3 mL of H,O, was added,
followed by boiling for 15 min. The procedure with H,O, was repeated until no further
reaction was observed. After cooling, 2 mL of HCIO4 was added, and gentle evaporation
was performed until dense white vapors of perchloric acid appeared [76]. Then 5 mL of
5 M HCl was added, and then the samples were quantitatively transferred into 50 mL
borosilicate glass normal vessels and made up to the final volume with distilled water.
The solution was filtered through quantitative filter paper. The reading was performed by
atomic absorption spectrophotometry.

Heavy metal content was measured in triplicate in each plant sample.

2.4. Bioaccumulation and Translocation factor

The bioaccumulation potential of the wheat plants was calculated using the
following formulas:
Bioaccumulation factor (BAF) [56]:

BAF = heavy metals in the plant (mg kg ~!)/heavy metals in the soil (mg kg 1) (1)
Translocation factor (TF) [19]:
TF = heavy metals in the stem (mg kg~ !)/heavy metals in the root (mg kg™1)  (2)

2.5. Statistical Analysis

Analysis of the heavy metals’ variability was performed using analysis of variance
(ANOVA). Multiple comparisons of the mean values of factor variants were performed
using the LSD test at two levels of statistical significance (1% and 5%). This analysis was
performed using the program IBM SPSS Statistics, Trial Version 22.0 [78]. Statistical data
for heavy metal content measured in roots and steam are given in Tables S1 and 52 in the
Supplementary Material.

A heatmap analysis of Pearson moment correlation coefficients and correlation matrix
analysis by the principal components method (PCA) was performed in order to express
the association between heavy metal content in the soil and in different vegetative parts of
wheat using the R Project for Statistical Computing, Version 4.2.0, 22 April 2022 ucrt [79].

3. Results
3.1. Heavy Metals Content in Soil

The soil under investigation was highly (L1) to strongly (L2 and L3) carbonated,
slightly alkaline, well provided with organic matter, and readily accessible potassium
(K20), but poor with readily accessible phosphorus (P,Os). The lowest CaCO3 content
(5.74%) and soil pH (7.38) were observed on L1, with significant differences in relation to L2
and L3. The higher content of CaCOj3 at L2 (15.41%) and L3 (15.48%) influenced the increase
in pH, with a significant decrease in the content of readily accessible P,O5 (2.20 mg 100 g’l)
and K,O (22.50 mg 100 g~!). Although the present differences in the organic matter content
between the analyzed localities were insignificant (p > 0.05), the total nitrogen content (total
N) on L3 (0.20%) was significantly lower compared to the total N content on L1 (2.54%)
and L2 (2.69%), which may be a consequence of the different intensity of microbiological
processes at the analyzed localities (Table 1).
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Table 1. Chemical properties and heavy metal content in the surface layer of soil at the

studied localities.

LSD Test
Properties Locality 1 (L1)  Locality 2 (L2)  Locality 3 (L3)
LSDggs LSDgg1

CaCOj3 (%) 574+ 03D 1541 £0.02a 1548 £0.07 a 0.504 0.764
Ph 7.38 £0.02 ¢ 8.38+0.01b 8.60 = 0.06 a 0.104 0.458
Organic Matter (%)  3.79+0.25a 4.01+032a 4.03+0.12a 1.046 0.690
Total N (%) 254+0.10a 2.69+0.17a 0.20 £ 0.03b 0.326 0.494
P,05 (mg 100 g~ 1) 9.80+09a 220+0.35b 220+0.23b 1.620 2.454
K>O (mg 100 g~ 1) 50.00 £ 1.13a 2250+ 1.75Db 2250 +0.64Db 3.547 5.386
Zn (mg kg~ 1) 725+ 154a 67.8 £1.02b 56.0 £0.92 ¢ 2.844 4.310
Pb (mg kg™ 1) 153 £043 ¢ 20.8+0.56b 298+ 0.71a 1.640 2.486
Cr (mgkg™1) 273+ 045a 185+ 0.15¢ 20.7£0.23b 0.860 1.302
Cu (mgkg™1) 262+ 0.57 a 21.7+093b 17.8 £ 0.65¢ 2.072 3.138
Cd (mg kg™1) 0.27 £ 0.001 a 0.13 £ 0.001 b 0.08 £ 0.001 b 0.036 0.054

Note: Total content in the soil mean =+ SD. Different letters (a, b, and c) indicate significant differences (p < 0.05) in
the soil’s chemical properties between localities.

The results show the statistically significant variability of heavy metal content in the
soil among the studied localities. The highest concentrations of Zn (72.5 mg kg~!), Cr
(27.3 mg kg~ 1), Cu (26.2 mg kg~ 1), and Cd (0.27 mg kg~ !) were found in the locality
closest to the industrial zone (L1). On the other hand, the content of Pb in the soil at L2
(20.8 mg kg 1) and L3 (29.8 mg kg ') was significantly higher compared to the Pb content
at L1 (15.3 mg kg~ !) (Table 1).

The association between the studied soil chemical properties is presented in Figure 2a,b.
The total variance is perfectly represented by two principal components (Dim.1 and Dim.2),
with eigenvalues > 1, where the first PCA component explains 85.9% and the second
one explains 14.1% of the total variance. Analyzed localities are positioned in different
quadrants of the PCA biplot, indicating a mutual difference in the soil’s chemical properties.
The content of the total N had the largest contribution to the total variation. This parameter
is in a significant and positive correlation with the content of Zn (0.94) and Cu (0.81) in
the soil. Copper (Cu) and zinc (Zn) are both essential micronutrients for plants, and their
concentrations in soil are often correlated due to similar sources. The content of P,Os and
K;O is positively associated with the content of Cd and Cr in the soil. These parameters are
positioned near the point of the locality closest to the industrial zone (L1). The content of
organic matter, CaCOs, and pH value are positioned in the same quadrant of the biplot,
with vectors overlapping each other at a sharp angle (<90°). The heatmap correlations
also show the interrelationship of these three parameters, which are highly and positively
correlated with Pb content and highly significant and negatively correlated with other
studied parameters, which may indicate a different source of Pb reaching the soil.

3.2. Heavy Metal Content in Wheat Roots

The analyzed factors (locality, genotype, and phenophase) and their interactions
significantly influenced the variability of the heavy metal content in wheat roots (Figure 3
and Table 2). The results indicate that the highest concentrations of Zn (8.69 mg kg~!) and
Cu (4.54 mg kg 1) in the plant’s roots were found at location L1, which is the closest to the
industrial zone, while the highest concentration of Pb (2.32 mg kg~!) and Cr (2.67 mg kg 1)
was found in the samples collected at location L3, which is the farthest from the industrial
zone (Figure 3a).
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Figure 2. Principal components analysis (PCA) (a) and heatmap of Pearson moment correlation
coefficients (b) for the soil’s chemical properties (CaCO3—Ca, pH, organic matter—OM, total N—N,
P,O5—P, K,O0—K, Zn, Pb, Cr, Cu, and Cd) at analyzed localities.
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Figure 3. Heavy metal content (mean values, mg kg~!) in wheat roots: (a) averaged per localities
(average values of four genotypes in two phenophases); (b) averaged per phenophases (average
values of four genotypes at three localities); (c) averaged per genotypes (average values of each

genotype at three localities and two phenophases).
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Table 2. Heavy metal content (mean values =+ standard deviation of sample means) in roots of four
wheat genotypes per locality (average values for both phenophases) and per phenophase (average
values for three localities).

Locality Genotype Zn Pb Cr Cu Cd
(L) (G) Mean Value + Sd (mg kg 1)

Pobeda 13.38 + 0.37 1.75 £ 0.04 1.43 4+ 0.05 4.42 + 0.08 0.049 £ 0.007
Locality 1 Ljiljana 12.55 + 0.17 2.14 + 0.05 1.39 £+ 0.05 4.82 + 0.09 0.088 £ 0.007
y Renesansa 4.08 + 0.09 1.06 = 0.04 2.64 +0.07 4.52 + 0.09 0.117 +0.013
Apache 474 +£0.12 0.85 +0.04 2.85 + 0.08 4.38 £+ 0.07 0.119 £+ 0.011
Pobeda 425+ 0.12 2.11 + 0.07 1.72 £ 0.06 1.65 £+ 0.05 0.047 £+ 0.007
Locality 2 Ljiljana 439 +£0.11 242 + 0.07 1.94 4+ 0.04 2.68 + 0.05 0.039 £ 0.006
y Renesansa 445+ 0.10 3.24 £+ 0.08 2.38 + 0.07 5.10 £ 0.07 0.116 £ 0.018
Apache 3.65 + 0.09 0.97 £+ 0.04 1.53 £ 0.06 4.36 + 0.09 0.118 £ 0.020
Pobeda 6.06 = 0.10 3.65 + 0.06 2.15 + 0.07 3.02 £+ 0.07 0.049 4+ 0.008
Localitv 3 Ljiljana 3.45 + 0.07 2.96 + 0.06 3.20 + 0.05 2.08 £+ 0.05 0.097 4 0.008
y Renesansa 4.06 4+ 0.08 1.38 £+ 0.05 2.51 4+ 0.04 4.72 + 0.07 0.118 £+ 0.013
Apache 3.35 + 0.07 1.29 4+ 0.04 2.78 + 0.06 3.62 + 0.07 0.119 4+ 0.012

LSDyg5 (L x G) 0.273 0.088 0.083 0.117 0.020

Phenophase Genotype Zn Pb Cr Cu Cd
®) G) Mean Value + Sd (mg kg™!)

Pobeda 4,76 +£ 0.11 3.19 + 0.06 2.12 +0.07 2.75 + 0.06 0.059 £+ 0.006
Headin Ljiljana 4.80 £ 0.10 3.82 + 0.07 3.31 + 0.05 2.73 £ 0.05 0.129 4+ 0.009
& Renesansa 4.02 £+ 0.09 1.45 £+ 0.06 2.64 +0.07 4.67 £ 0.07 0.195 4+ 0.023
Apache 3.89 4+ 0.09 1.06 £+ 0.04 2.33 + 0.07 4.32 + 0.07 0.198 £ 0.019
Pobeda 11.04 £+ 0.29 1.82 +0.05 1.42 4+ 0.05 3.31 £ 0.06 0.036 4= 0.007
Full maturit Ljiljana 8.80 + 0.12 1.19 £ 0.05 1.05 4+ 0.03 3.66 £+ 0.07 0.027 4 0.005
y Renesansa 4.37 + 0.08 2.34 + 0.05 2.39 4+ 0.05 4.89 4+ 0.08 0.037 £ 0.006
Apache 3.95 + 0.09 1.02 +0.04 2.45 + 0.06 3.93 + 0.08 0.039 4 0.009

LSDy 5 (P x G) 0.223 0.073 0.068 0.096 0.018

The amount of variance explained by the genotype impact was significant for each
element (Table S1) since the studied genotypes varied from one another in the amounts of
heavy metals (Figure 3c). The greatest effect of genotype was found in the total variation of
Cu (29.23%), followed by Pb (22.58%), while the smallest share of this factor was found in
the variation of Cr (8.41%) (Table S1). The highest concentrations of Cr (2.51 mg kg’l), Cu
(4.78 mg kg~1), and Cd (together with the genotype Apache) were found in the roots of the
genotype Renesansa (0.12 mg kg~!). On the other hand, the genotype Pobeda exhibited
the greatest amounts of Zn (7.90 mg kg~!) and Pb, along with the genotype Ljiljana
(2.51 mg kg 1) in the plant’s roots (Figure 3c).

The variability of the concentration of heavy metals in the roots is influenced by
the factor of phenophase, whereby 57.66% of the total variation of Cd is explained by
the influence of this factor. The share of the phenophase in the total variability of other
examined elements is smaller and ranges from 8.04% for Zn to 15.84% for Cr, while this
factor did not have a significant impact (p > 0.05) on the variability of Cu (Table S1).

A higher concentration of Pb (2.38 mg kg 1), Cr (2.60 mg kg~ !), and Cd (0.15 mg kg 1)
was detected in the plant’s roots during the phenophase of heading in comparison to the
concentration of these heavy metals in the phenophase of full maturity (1.60, 1.83, and
3.62 mg kg~ !, respectively). The concentration of Zn (7.04 mg kg 1) and Cu (3.95 mg kg )
was higher in the phenophase of full maturity compared to the phenophase of heading
(4.37 and 0.04 mg kg 1) (Figure 3b).

The interaction of the factors had a significant impact on the variability of the content
of the examined heavy metals in wheat roots (Table 2). The results of the analysis of variance
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indicate that the locality and genotype interaction (L x G) had the greatest influence on the
variability of the Cu content (24.62%) (Table S1), with the highest concentration of Cu found
in the roots of the genotype Renesansa at Locality 2 (5.10 mg kg~!). The content of Zn
measured in the genotypes Pobeda (13.38 mg kg ~!) and Ljiljana (12.55 mg kg 1) at Locality 1
was significantly higher compared to the content of Zn in the roots of the other genotypes at
the investigated locations. On the other hand, the highest Pb concentration was measured
in the roots of the genotype Pobeda (3.65 mg kg~!) at Locality 3. Additionally, the highest
concentration of Cr was detected at Locality 3, in the genotype Ljiljana (3.20 mg kg 1).

The interaction of localities and phenophases (L x P) had a small share in the variation
of analyzed heavy metals. On the other hand, the interaction of phenophase and genotype
(P x G) has covered a significant part of the variations of all tested heavy metals. The
P x G interaction had the greatest impact on the concentrations of Pb (27.58%) and Cr
(21.71%), while it had a small impact on the contents of Cu (3.42%) (Table S1).

In all wheat genotypes, a higher content of Zn was found in the phenophase of full
maturity compared to the measured concentration in the phenophase of heading. Contrary
to this, in all cultivars, higher Cd concentrations were measured in the heading phenophase
compared to the full maturity phenophase. With the exception of the genotype Apache,
all cultivars adopted a higher Cr content in the phenophase of heading compared to the
phenophase of full maturity. In contrast, the content of Cu was lower in the phenophase
of heading than in the full maturity phenophase in all genotypes, except for the genotype
Apache (Table 2).

3.3. Heavy Metal Content in Wheat Stem

According to the analysis of variance, the factor of genotype had a greater influence
on the concentration of heavy metals in the wheat stem, with the exception of cadmium,
than the factors of locality and phenophase (Table S2, Figure 4).

The factor of the locality had almost equal participation in the total variability of the
Zn (13.66%) and Cd (12.87%), and the least affected the variability of the Cr (4.43%). On the
other hand, the factor of genotype contributed the most to the variation of the Cr content
in the wheat stem (47.71%), while twice the share was found in the variation of the Zn
(26.99%) and Cu (26.20%), a very small share in the Pb variation (7.16%), and a statistically
negligible share in the variation of the Cd (1.66%). The variation in the content of Cd in
the wheat stem has been most strongly influenced by the factor phenophase, which had a
share in the variation of 44.43%, whereas the variation in the content of other heavy metals
was significantly less influenced by this factor (Table S2).

The highest concentration of Zn (9.86 mg kg ~!) and Cu (4.24 mg kg~ !) was established
in the wheat stem on Locality 1, which is closest to the industrial zone. The highest average
Pb (2.24 mg kg~ !) and Cr (2.44 mg kg~ 1) in the wheat stem were found at Locality 3,
while the highest Cd content (0.18 mg kg~ !) was established at Locality 2 (Figure 4a).
A significantly higher concentration of all heavy metals, except for Cd, was found in
the phenophase of full maturity in relation to the concentration in the phenophase of
heading (Figure 4b). For the majority of the examined heavy metals, the differences found
across genotypes were mostly significant (p < 0.01). The stem of the genotype Apache
had the highest average concentrations of Pb (2.26 mg kg~ 1), Cr (3.86 mg kg~ !), and Cu
(5.55 mg kg~ '), whereas the genotype Ljiljana’s stem had the highest average concentration
of Zn (12.03 mg kg~ ') (Figure 4c).



Agronomy 2023, 13,1016 10 of 23
ulLocality 1 ®Locality 2 wmLocality 3 mHeading = Full maturity
. a .
1 0.86 10
10 9
9 - 8
8 - b 7
'.;, : 1 c6.21 ";_-n 6 - .
7 1 .9 a X
o 5 424 ° 2 ° 4.23
£ 3.81 £ 4 -
4 b a
3 b 224 2.05c2-44 2 3 15
2 1.20 c 3 a 2 b a
1 .5! b 0.18 b 1 0.86 019 b
0.08 0.09 - 0.04
0 T T T | 0 |
Zn Pb Cr Cu Cd Zn Cd
LSDy ¢5 (Locality): LSDo,os (Phenophase)
Zn—0.098; Pb—0.055; Cr—0.057; Cu—0.061; Cd—0.015 Zn—0.080; Pb—0.045; Cr—0.046; Cu—0.050; Cd—0.013
Note: Different letters (a, b, c) indicate significant differences (p < 0.05) Note: Different letters (a, b) indicate significant differences (p < 0.05)

(a) (b)

uPobeda wmlLjiljana wRenesansa mApache
14 4
a
12.03
12
10 -
© C 584
€ 6 d 23 5 55
4.9
4 b 3. 86 c3, 2
2.82 d2.78
2 26 2.2
2 - d 144
0.78 d08 a0135012
0 26 0 10 0 12
0 4
Zn
LSDg o5 (Genotype).
Zn—0.113; Pb—0.064; Cr—0.065; Cu—0.071; Cd—0.031
Note: Different letters (a, b, c, d) indicate signi i (p <0.05)
(c)

Figure 4. Heavy metal content (mean values, mg kg_l) in wheat stems: (a) averaged per localities
(average values of four genotypes in two phenophases); (b) averaged per phenophases (average
values of four genotypes at three localities); (c) averaged per genotypes (average values of each
genotype at three localities and two phenophases).

The contribution of the locality and genotype interaction (L x G) as well as the locality
and phenophase interaction (L x P) was the largest in the total variation of Pb content (30.10
and 17.28%, respectively) (Table S2). The genotype Apache (5.37 mg kg~ !) at Locality 3
had the highest concentration of Pb in the wheat stem, followed by the genotypes Ljiljana
(2.82mg kg_l) at Locality 1 and Renesansa (2.28 mg kg_l) at Locality 3. The other geno-
types on the analyzed localities had significantly lower Pb concentrations. The highest
concentration of Zn was found in the stem of the genotypes Ljiljana (14.94 mg kg~!) and
Pobeda (11.74 mg kg~ !) at Location 1, while the concentration of Cr and Cu was the high-
est in the stem of the genotype Apache at Location 3 (5.76 mg kg~! and 7.83 mg kg !,
respectively). The highest concentration of Cd was measured in the genotype Pobeda when
grown on Locality 2 (0.24 mg kg~ !) (Table 3).
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Table 3. Heavy metal content (mean values + standard deviation of sample means) in the stems
of four wheat genotypes per locality (average values for both phenophases) and per phenophase

(average values for three localities).

Locality Genotype Zn Pb Cr Cu Cd
(L) (G) Mean Value + Sd (mg kg 1)

Pobeda 11.74 £ 0.23 0.25 + 0.05 0.28 + 0.05 4.26 + 0.07 0.037 4 0.060
Locality 1 Ljiljana 1494 + 0.16 2.82 + 0.07 1.52 £ 0.05 457 + 0.07 0.046 £+ 0.034
y Renesansa 6.33 +0.13 0.85 £+ 0.07 3.06 + 0.08 2.70 + 0.08 0.117 +0.019
Apache 6.56 + 0.12 0.89 + 0.07 3.35 + 0.09 5.44 + 0.08 0.119 4+ 0.017
Pobeda 1.48 + 0.07 1.01 £ 0.08 0.29 4+ 0.05 1.36 £+ 0.06 0.237 £+ 0.020
Locality 2 Ljiljana 11.61 £0.12 0.26 = 0.05 0.51 + 0.06 0.90 £ 0.06 0.216 +0.018
y Renesansa 3.97 + 0.08 0.54 4+ 0.06 2.17 +0.08 3.31 £ 0.09 0.117 4+ 0.020
Apache 2.76 + 0.07 0.52 £+ 0.04 2.49 4+ 0.07 3.55 + 0.09 0.116 £+ 0.017
Pobeda 1.72 +0.05 1.07 4+ 0.08 0.21 + 0.05 1.06 £ 0.06 0.018 4 0.005
Localitv 3 Ljiljana 9.55 + 0.16 0.23 +0.04 0.53 + 0.04 2.88 £+ 0.08 0.099 £ 0.020
y Renesansa 5.37 £ 0.12 2.28 + 0.08 3.24 + 0.07 3.64 + 0.07 0.117 £+ 0.018
Apache 8.21 £0.11 5.37 £ 0.09 5.76 +0.10 7.83 +0.38 0.119 4+ 0.018

LSDg g5 (L x G) 0.196 0.110 0.112 0.122 0.032

Phenophase Genotype Zn Pb Cr Cu Cd
®) G) Mean value + Sd (mg kg™1)

Pobeda 1.55 + 0.05 0.25 £+ 0.05 0.28 4+ 0.05 1.72 £ 0.05 0.156 £+ 0.02
Headin Ljiljana 7.37 £ 0.11 1.95 4+ 0.06 1.43 4+ 0.05 3.16 + 0.06 0.208 £ 0.02
& Renesansa 6.19 +0.13 0.44 4+ 0.05 1.55 £+ 0.06 2.35 £+ 0.07 0.195 £+ 0.03
Apache 6.51 +0.11 0.82 £+ 0.06 2.20 + 0.07 3.39 + 0.07 0.209 £+ 0.07
Pobeda 8.30 + 0.12 1.31 +0.08 0.24 + 0.05 2.73 £ 0.07 0.037 £ 0.05
Full maturit Ljiljana 16.70 £ 0.18 0.26 + 0.05 0.28 + 0.05 241 + 0.07 0.035 £ 0.07
y Renesansa 4.26 + 0.09 2.01 + 0.09 4,10 £ 0.10 4.09 + 0.08 0.036 £+ 0.06
Apache 5.18 + 0.08 3.71 £ 0.07 5.53 + 0.09 7.71 £ 0.10 0.039 £ 0.06

LSDy 5 (P x G) 0.159 0.099 0.092 0.100 0.026

The interaction between phenophase and genotype (P x G) had the largest share in
the variation of Zn (19.16%) and Cr (18.90%) in the wheat stem (Table S2).

The highest content of Zn in the wheat stem was found in genotypes Ljiljana
(16.70 mg kg~ ') and Pobeda (8.30 mg kg~!) in the phenophase of full maturity, while
the other genotypes had a higher content of Zn in the phenophase of heading. The highest
content of Pb, Cr, and Cu in the stem was recorded in the phenophase of full maturity
in the genotype Apache (3.71, 5.53, and 7.71 mg kg~ !, respectively). With the exception
of the genotype Ljiljana, the Pb and Cu content was higher in all genotypes during the
phenophase of full maturity. Additionally, the content of Cr was higher in phenophase of
the heading in genotypes Ljiljana and Pobeda. In the heading phenophase of all wheat
genotypes, the Cd concentration in the stem was 4-5 times higher than it was in the full
maturity phenophase (Table 3).

3.4. Association between Heavy Metals Content in Soil and Different Vegetative Parts of Wheat

The association between heavy metal content in soil and different vegetative parts of
wheat (root and stem) in the phenophase of heading was estimated through correlation
matrix analysis by the principal components method and Pearson moment correlation
coefficients (Figure 5a,b). By applying the method of principal components (Figure 5a), the
dimensions of the dataset are reduced while maintaining the maximum possible variability
that is present in those data. A total of 2 main PCA components with eigenvalues > 1 are
extracted from the input data, where the first PCA component explains 56.9% and the
second one is 43.1% of the total variance. The vectors of the investigated localities are
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positioned in different quadrants of the PCA biplot, indicating a mutual difference in heavy
metal content in the soil and vegetative parts of wheat. It is established that there is a
positive association between the Pb content of the soil and the Pb content of the wheat roots
in the phenophase of heading. Furthermore, the vector of Cr content in the soil intersects at
a sharp angle (<90°) with the vector of Cr content in the wheat stem, while the significance
of the association with Cr content in the root is missing. The Cu content in the soil achieves
a positive association with the Cu content in the root and stem of wheat in the phenophase
of heading. The vector of Zn content in soil and wheat roots is located in the same quadrant
of the biplot, forming a sharp angle. There is no positive association between the Cd content
in the soil and the Cd content in the stem and roots. The heatmap analysis of Pearson’s
correlations shows similar data, where the highest values of correlation coefficients are
represented between Cu content in the soil and Cu content in the roots (0.91), then between
Cu in the soil and Cu in the stem (0.84). Additionally, the Zn content in the soil has a highly
significant and positive correlation with the Zn content in the roots (0.87), as well as the Pb
content in the soil with the Pb content in the roots (0.86).
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Figure 5. Principal components analysis (PCA) (a) and a heatmap of Pearson moment correlation
coefficients (b) for heavy metal (Zn, Pb, Cr, Cu, and Cd) content in the root (r) and stem (s) of wheat
in phenophase of heading in different localities (L1—Locality 1; L2—Locality 2; and L3—Locality 3).

Figure 6a,b shows the results of the interrelationships between heavy metal content in
soil and heavy metal content in plants examined during the phenophase of full maturity.

The vectors of localities are positioned in different quadrants of the PCA biplot, which
indicates the existence of significant differences between localities in the content of heavy
metals in soil and plants. The vectors of Pb content in the soil and Pb content in the stem
are located in the same quadrant of the biplot, showing a significant mutual connection.
Additionally, the soil Pb content vector forms a sharp angle (<90°) with the root Pb content.
It was noticed that the vectors of Zn content in the soil, Zn content in roots, and Zn content
in stems formed an acute angle with each other (Figure 6a). The content of Cr in the root and
stem of wheat is positively correlated, while there is no positive correlation with the total
content of Cr in the soil (Figure 6b). The content of Cu in the soil is positively associated
with the content of Cu in the roots, while no significant association was achieved with the
content of Cu in the stem (Figure 6a). Similar results are shown by heatmap correlations.
Specifically, the highest values of correlation coefficients in the phenophase of full maturity
are represented between the content of Pb in the root and the content of Pb in the stem
(0.95), then between the content of Cu in the soil and the content of Cu in the root (0.87),
and between Zn in the soil and Zn in the stem (0.70) (Figure 6b).
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Figure 6. Principal components analysis (PCA) (a) and a heatmap of Pearson moment correlation
coefficients (b) for heavy metal (Zn, Pb, Cr, Cu, and Cd) content in the root (r) and stem (s) of wheat in
phenophase of full maturity in different localities (L1—Locality 1; L2—Locality 2; and L3—Locality 3).
3.5. Bioaccumulation Factor
The calculated values of the bioaccumulation factor (BAF) in the various vegetative
organs of the analyzed wheat genotypes at the examined locations are shown in Table 4.
Table 4. The bioaccumulation factor of roots and stems of analyzed wheat genotypes grown at
different localities.
Bioaccumulation Factor of Roots Bioaccumulation Factor of Stems
Locality = Heavy Metal Genotype Genotype
Average Average
G1 G2 G3 G4 G1 G2 G3 G4
Zn 0.19a 0.18Db 0.06 ¢ 0.07 ¢ 0.12 0.16 b 0.21a 0.08 ¢ 0.09 ¢ 0.13
Pb 0.12b 0.14a 0.07 c 0.06 c 0.09 0.02 ¢ 0.19a 0.06 b 0.06 b 0.08
Locality 1 Cr 0.05b 0.05b 0.10a 0.11a 0.08 0.01c 0.06 b 0.12a 0.13a 0.08
Cu 0.17 a 0.18 a 0.18a 0.17 a 0.17 0.16 ¢ 0.18b 0.11d 0.21a 0.16
Cd 0.17 c 0.32b 040 a 040a 0.32 0.14 ¢ 0.17b 041a 0.40 a 0.28
Zn 0.06ab 0.07a 0.07 a 0.05b 0.06 0.02d 0.17 a 0.06 b 0.04 c 0.07
Pb 0.10 ¢ 0.12b 0.16a 0.05d 0.10 0.05a 0.01c¢ 0.03b  0.03b 0.03
Locality 2 Cr 0.09 c 0.11b 0.13 a 0.09 c 0.10 0.02d 0.03 ¢ 0.12b 0.14 a 0.08
Cu 0.08d 0.13¢c 024 a 0.20b 0.16 0.06b 0.04c 0.16 a 0.17 a 0.11
Cd 0.56 ¢ 046 d 1.22a 1.02b 0.86 242 a 222b 122¢ 122 ¢ 1.77
Zn 0.11a 0.07 b 0.07 b 0.06 b 0.08 0.03d 0.17 a 0.10c 0.15b 0.11
Pb 0.13a 0.10b 0.05¢ 0.04c 0.08 0.04 c 0.01d 0.08b 0.18a 0.08
Locality 3 Cr 0.11c¢ 0.16 a 0.12c¢ 0.14b 0.13 0.01d 0.03 ¢ 0.16 b 0.28 a 0.12
Cu 0.17 c 0.12d 0.27 a 0.20b 0.19 0.06 d 0.14c 0.21b 043 a 0.21
Cd 051d 1.07b 1.22a 1.02 ¢ 1.00 0.24 ¢ 1.07b 1.22a 121a 0.93
Zn 0.12a 0.10b 0.07 ¢ 0.06 ¢ 0.09 0.07b 0.18a 0.08 b 0.09 b 0.11
Pb 0.11a 0.12a 0.09 b 0.05c¢ 0.09 0.04 c 0.07 b 0.05c¢ 0.09 a 0.06
Average Cr 0.08c 010b 0.12a 0.11ab 0.10 0.01d 004c 013b 0.18a 0.09
Cu 0.14c 0.14c 0.23 a 0.19b 0.17 0.09 d 0.13 ¢ 0.16 b 0.27 a 0.16
Cd 041c 0.61b 0.95a 094 a 0.73 093 b 1.15a 0.95b 094 b 0.99

Note: G1—Pobeda; G2—Ljiljana; G3—Renesansa; and G4—Apache. Different letters (a, b, ¢, and d) indicate
significant differences (p < 0.05) in the values of the bioaccumulation factor between genotypes.
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The BAF values of the examined heavy metals were in the following order: Cd
(0.86) > Cu (0.17) > Cr (0.10) > Zn (0.10) > Pb (0.08); therefore, it can be concluded that the
bioaccumulation of the studied metals was at the level of weak (Pb) to medium intensity
(Cd). When it comes to the average values of root and stem BAF at the analyzed localities,
the results showed that the highest BAF value of Zn (0.125) and Pb (0.085) was found at L1,
Cd (1.31) at L2, and Cr (0.125) and Cu (0.2) at L3.

The obtained results have shown that the BAF of heavy metals varied among the
analyzed wheat genotypes, with some genotypes showing higher levels of heavy metal
accumulation than others. On average, for root and stem BAF values, genotype Ljiljana
(G2) had the highest BAF values of Zn (0.140) and Pb (0.095); genotype Apache (G4) had
the highest BAF values of Cr (0.145) and Cu (0.230); and genotype Renesansa (G3) had
the highest BAF value of Cd (0.950). Identifying wheat genotypes with lower levels of
BAF for heavy metals can be an effective strategy for reducing the risk of heavy metal
contamination in the food chain. The lowest BAF values of the analyzed heavy metals were
found in the genotype Pobeda (G1) (Table 4).

There were no significant differences between the average BAF values of roots and
stems for Zn, Pb, Cr, and Cu. Wheat stems tend to have a higher BAF value of Cd (0.99)
than roots (0.73) (Table 4).

The locality and phenophase interaction (L x P) significantly influenced the variation
in the values of the bioaccumulation factor of roots and stems (Figure 7).

uHeading w=Full maturity uHeading = Full maturity

' 03
!iﬂ!ihuﬁl HHE! 0,0!.:5!‘._...:: Hul!

Zn |Pb Cr | Cu|Cd Zn | Pb|Cr | Cu Cd Zn Pb | Cr Cu Cd Zn |[Pb Cr Cu|Cd Zn Pb |Cr | Cu Cd | Zn Pb | Cr | Cu Cd

Locality 1

Locality 2 Locality 3 Locality 1 Locality 2 Locality 3

u Full maturity i0.18 0.04/0.06/0.19/0.13/0.05/0.10 0.08/0.16/0.43/0.08 0.06|0.11/0.19|0.38| | u Full maturity 10.19]0.05/0.08/0.21/0.14/0.09/0.040.11/0.10/0.52|0.11/0.13/0.17/0.29|0.33

uHeading  |0.06/0.14/0.09/0.16/0.520.070.10/0.12/0.16[1.28/0.07(0.09/0.15/0.18/1.62| |wHeading  |0.090.11/0.07/0.12/0.42(0.06/0.02(0.05/0.11/3.02/0.110.02[0.07 014|154
LSD, s (Locality x Phenophase): LSD, o5 (Locality x Phenophase):
Zn—0.058; Pb—0.065; Cr—0.043; Cu—0.067; Cd—0.473 Zn—0.084; Pb—0.092; Cr—0.111; Cu—0.131; Cd—0.614
(@) (b)

Figure 7. The bioaccumulation factor in the root (a) and stem (b) in different phenophases of analyzed
wheat genotypes.

At L1 and L3, the values of wheat root BAF of Zn and Cu were higher in the
phenophase of full maturity compared to the values of BAF determined in the phenophase
of heading, while the values of BAF of other heavy metals (Pb, Cr, and Cd) were higher
in the phenophase of heading in relation to the values recorded in the phenophase of full
maturity. At L2, the root BAF of Zn, Cr, and Cd was higher in the phenophase of heading,
while the values of the BAF for Pb and Cu were equal in both analyzed phenophases
(Figure 7a).

The BAF of Zn, Cr, and Cu in the wheat stems was higher in the phenophase of full
maturity than in the phenophase of heading in all analyzed localities. The BAF value of Pb
was higher in the phenophase of heading in relation to the BAF value in the phenophase
of full maturity only at L1. In all the analyzed localities, the BAF value of Cd in the
wheat stems was higher in the phenophase of heading compared to the BAF value in the
phenophase of full maturity (Figure 7b).
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According to the aforementioned, the root BAF of the largest number of analyzed
heavy metals was higher in the phenophase of heading, while the stem BAF of most heavy
metals was higher in the phenophase of full maturity.

3.6. Translocation Factor

The translocation factor (TF) of the analyzed heavy metals mostly depended on the
factor of phenophase. The values of TF for all heavy metals, except for Cd, were higher
in the full maturity phenophase compared to the values in the phenophase of heading
(Table 5).

Table 5. The translocation factor in different phenophases of analyzed wheat genotypes (G1—Pobeda;
G2—ILjiljana; G3—Renesansa; and G4—Apache).

Translocation Factor in Heading Translocation Factor in Full Maturity
Locality = Heavy Metal Genotype Genotype
Average Average
G1 G2 G3 G4 G1 G2 G3 G4
Zn 0.36 ¢ 1.74b 2.13a 1.71b 149 A 0.75 1.08 a 1.13a 1.08 a 1.07 B
Pb 0.08 ¢ 1.34a 0.51b 0.52b 0.61 B 1.00b 1.00 b 0.99b 1.61a 1.15 A
Locality 1 Cr 0.11c 1.10a 0.79b 1.10 a 0.77B 1.00 ¢ 1.00 ¢ 1.52a 1.22b 1.18 A
Cu 0.90b 151a 041d 0.49 ¢ 0.83 B 0.99b 0.62d 0.82¢ 2.38 a 1.20 A
Cd 0.59b 0.41c 1.02a 1.00 a 0.74B 1.33a 1.04Db 1.02b 1.04b 1.08 A
/n 0.30d 1.20a 1.03b 0.59 ¢ 0.78 B 0.39d 5.65 a 0.75 ¢ 1.00 b 195 A
Pb 0.11c¢ 0.08 ¢ 0.22b 0.50 a 0.29 B 091 a 0.17 ¢ 0.14 ¢ 0.59b 0.45 A
Locality 2 Cr 0.16 ¢ 0.30b 0.08d 0.86 a 0.35B 0.17 ¢ 0.20 ¢ 191b 3.96 a 1.56 A
Cu 0.83b 0.54 ¢ 048d 0.98 a 071 A 0.83 a 0.11c 0.82a 0.66b 0.60 B
Cd 7.87 a 6.69 b 1.00 ¢ 1.00 ¢ 417 A 134 a 1.37 a 1.02b 1.06 b 1.16 B
/n 0.29d 1.80b 1.60 c 3.31a 1.75B 0.28d 4.35a 1.04 ¢ 1.84b 1.88 B
Pb 0.06 ¢ 0.05c¢c 0.32b 1.17 a 0.40B 0.58 ¢ 0.15d 3.14b 7.07 a 2.73 A
Locality 3 Cr 0.14b 0.16 b 0.87 a 0.89 a 0.51B 0.07d 0.19c¢ 1.77b 3.07 a 127 A
Cu 0.32d 142 a 0.64 c 1.00 b 0.84 B 040d 1.35b 0.86 ¢ 3.14a 144 A
Cd 0.66 ¢ 094b 1.01a 0.99 a 0.90 A 0.18 ¢ 1.35a 1.00 b 1.01b 0.88 A
Zn 0.32¢ 1.58 b 1.59b 1.87 a 1.34B 0.56d 3.69 a 0.97 ¢ 1.31b 1.63 A
Average Pb 0.08d 0.49b 0.35¢ 0.73 a 0.41B 0.83 ¢ 044 d 142b 3.09 a 145 A
Cr 0.14 ¢ 0.52b 0.58b 0.95a 0.55B 041c 0.46 ¢ 1.73b 2.75a 1.34 A
Cu 0.68 ¢ 1.16a 0.51d 0.82b 0.79 B 0.74 ¢ 0.69 ¢ 0.83b 2.06 a 1.08 A
Cd 3.04 a 2.68b 1.01c 1.00 ¢ 193 A 0.95c¢ 1.25a 1.01b 1.04b 1.06 B

Note: Different lowercase letters (a, b, ¢, and d) indicate significant differences (p < 0.05) in the values of the
translocation factor between genotypes among the same phenophase. Different uppercase letters (A and B)
indicate significant differences (p < 0.05) in the values of the translocation factor between phenophases for each
heavy metal.

In the phenophase of heading, the highest TF value of Cd (1.93) was found, followed by
a TF value of Zn (1.34), which is in accordance with the significantly higher concentrations
of these 2 heavy metals measured in the stems compared to the values in the roots in the
given phenophase. The TF values of Pb, Cr, and Cu were below 1, which means that, in the
phenophase of heading, the concentrations of these heavy metals in the roots were higher
compared to the concentrations measured in the stems (Table 5).

In the phenophase of full maturity, the TF values of all heavy metals were above 1,
which indicates that, in the mentioned phenophase, the content of heavy metals in the stems
was significantly higher compared to the content of heavy metals in the roots. The highest
TF values were found for Zn (1.63), followed by Pb (1.45) and Cr (1.34). This is the result of
the pronounced root-stem mobility of the mentioned heavy metals. Additionally, the TF
value of Cu (1.08) in the phenophase of full maturity was significantly higher in relation
to those in the phenophase of heading (0.79). The lowest value of TF in the phenophase
of full maturity was determined for Cd (1.06) and, accordingly, the concentrations of this
heavy metal in the roots and stems of wheat were almost equal and very low. Additionally,
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compared to the values observed during the phenophase of heading, the Cd values in
the wheat roots and stems significantly decreased during the phenophase of full maturity
(Tables 2 and 3). This decrease in Cd concentration in the wheat stems may be the result of
Cd translocation from the vegetative parts to the grain, which is in accordance with high
Cd mobility (Table 5).

The analyzed wheat genotypes differed in their capacity for heavy metal translocation
from roots to stems. In the phenophase of heading, on average, for all localities, the
genotype Apache (G4) had a higher capacity to translocate Zn (1.87), Pb (0.73), and Cr (0.95)
and the lowest capacity to translocate Cd (1.00). In contrast, the genotype Pobeda (G1) had
the lowest TF values of Zn, Pb, and Cr (0.32, 0.08, and 0.14, respectively) and the highest
TF value of Cd (3.04). The genotype Ljiljana (G2) translocated Cu to the greatest extent
(TF = 1.16), while the genotype Renesansa (G3) had the lowest ability to translocate Cu
(0.51). In the phenophase of full maturity, the genotype Apache (G4) had the highest TF
values of Pb, Cr, and Cu (3.09, 2.75, and 2.06, respectively), while the genotype Ljiljana (G2)
had the highest TF values of Zn and Cd (3.69 and 1.25, respectively). In this phenophase,
the lowest TF values of Zn (0.56), Cr (0.41), and Cd (0.95) were found for the genotype
Pobeda (G1), while the lowest TF values of Pb (0.44) and Cu (0.69) were established for the
genotype Ljiljana (G2) (Table 5).

4. Discussion

Due to the various sources of heavy metal contamination, their entry into the food
chain, and their harmful effects on human health [19,29,30,80], it is important to understand
the behavior of heavy metals in soil and their transfer in the soil-plant system as it is a
crucial area of research for scientists in the field of environmental protection.

4.1. The Heavy Metal Content in Soil

Industrial activities cause pollution of the atmosphere and the soil near the indus-
trial zone, increasing its acidity and heavy metal content [10,51,52,81]. One of the most
important factors that largely determine the capacity of soil to retain heavy metals is its pH
value [82-85]. The results of this research showed that the lowest values of pH (7.38) and
CaCOs (5.74%), as well as the highest concentration of Zn, Cr, Cu, and Cd (72.5, 27.3,
26.2, and 0.3 mg kg~ !, respectively), was found at Locality (L1), which is closest to the
industrial zone. We emphasize that there are other numerous factors that have a significant
impact on the content of heavy metals in the soil, such as the type and content of organic
matter [86]; the presence and amount of organic and inorganic ligands, including humic
and fulvic acids; cation exchange capacity (CEC); redox status (redox potential—Eh); clay
mineral content; and nutrients [44,45,47-49,87,88], whose influence was not studied in this
research. On the other hand, the highest Pb content was measured in the soil at Locality 3
(L3) (29.8 mg kg’l), which is the furthest from the industrial zone. Recent research has
shown that atmospheric deposition from industrial plants contributes to the increase of Pb
concentrations in the surface soil layer [89,90]. Keeping in mind that the location with the
highest content of Pb in the soil is located in the direction of the flow of the dominant winds,
we speculate that the higher content of this metal in the soil at L3 could have originated
from the industrial region and that it arrived via atmospheric currents and deposition.
Additionally, the comparative study of binding strengths of heavy metals with humic acid
points out that the stability constant of the complex formed between Pb ions and humic
acid from soil organic matter is higher than the stability constant of the complexes Co, Ni,
Cu, and Zn with humic acid [91], as well as that Pb can be highly concentrated in calcium
carbonate particles [80]. The highest content of organic matter and calcium carbonate in
this study was found exactly at L3, which could additionally affect the status of Pb in the
soil at this locality.

Heavy metals characterized by similar values of the main components and positioned
close to each other with their vectors are influenced by similar factors, such as similar
sources or soil properties [53,57,61,82,92,93]. In our study, the first two principal compo-
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nents explained the largest source of variation, where positive PCA; values were found
for the heavy metals Cr, Cd, Zn, and Cu, which can indicate a common source of contami-
nation. The same conclusion was obtained by Zhao et al. [60], who also found a positive
correlation between the mentioned heavy metals. In accordance with the above, the highest
concentration of Cr, Cd, Zn, and Cu was found at L1, which is the closest to the industrial
zone. Industrial operations, such as refining, mining, and plastic processing, are the main
causes of Cd exposure [94]. In these studies, a two-and-a-half times higher concentration of
Cd was found in the soil at L1, compared to the location farthest from the industrial zone
(L3). This is in accordance with results reported by other authors [10,11]. On the other hand,
the differences in the content of Cr (32%) and Cu (48%) between the nearest and the most
distant location were small but significant, which indicates that the increased concentration
of Cr and Cu in the soil is caused by industrial activities [61]. The concentration of Zn in the
soil also decreases with increasing distance from the industrial area, so the concentration of
Zn detected in the soil at L3 was 29% lower compared to the concentration measured in
the soil at L1. Ammar et al. [95] also found that in the industrial zone, the concentration
of Zn in the soil is 9 times higher than the concentration of Zn in the soil at a distance of
5 km from the industrial zone. It is important to note that the results obtained in different
studies depend not only on the type of industrial activity but also on the composition and
origin of the substrate on which the research was conducted.

The results of the PCA analysis showed that the content of P, K, and total N in the
soil is positively correlated with the content of Cr, Cd, Zn, and Cu in the soil, where it was
determined that heavy metal concentrations decrease with increasing distance from the
industrial zone.

4.2. Soil-to-Wheat Transfer of Heavy Metals

The bioavailability and uptake of heavy metals by plants are influenced by various
factors, including organic matter, granulometric composition, cation exchange capacity, pH
value, genetic factors of the plant, root surface, root exudates [87,88,96], and heavy metal
content in soil [44,45,47-49]. The concentration of heavy metals in the vegetative parts of
wheat varied greatly. Wheat roots and stems have an average content of heavy metals in
the following order: Zn > Cu > Cr > Pb > Cd. Chen et al. [97] established the same order of
mean heavy metal content values in wheat grain.

The uptake of heavy metals by plants depends on their content in the soil, and their
availability increases with a decrease in soil pH [98]. The highest concentration of Zn in the
root and stem of wheat was found at L1, which is correlated with the content of this heavy
metal in the soil. On the other hand, an increase in soil pH reduces the availability of Zn to
plants [99], which is in accordance with the measured lowest concentration of this metal in
the roots and stems of wheat at L3.

Plants have different abilities and pathways for the absorption and transport of Pb
ions. There are two ways of penetration of Pb into the plant, namely through the leaves
and through the roots, i.e., from the air and the soil. The highest concentration of Pb in the
roots and stems of wheat was detected at L3, which is positively correlated with the Pb
content in the soil. A positive correlation of Pb in the soil with Pb in the wheat plant was
established by Yang et al. [43] and Wang et al. [100]. In addition, increasing the Zn content
in the soil has an antagonistic effect on Pb uptake, since Pb uses Zn membrane transport
proteins for membrane mobility for uptake [101]. In this study, the highest concentration
of Pb in the soil and the plant was determined exactly at the location with the lowest Zn
content (L3).

Although the amount of Cd in the soil at L1 was the highest, the obtained differences
in the concentration of Cd in the root and stem of wheat between the locations were mostly
insignificant. In addition, there is no positive association between the Cd content in the
soil and the Cd content in the stems and roots. The obtained result indicates that small
concentrations of Cd in the soil, which are significantly lower than the maximum allowed
value of Cd in soil according to the Regulation on Limit Values of Polluting, Harmful,
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and Dangerous Substances in Soil (Official Gazette of the Republic of Serbia, 30/2018 and
64/2019) [102], have little influence on its content in the vegetative parts of the plant [103].

The concentration of Cu measured in the roots and stems of wheat was the highest
at L1, which is consistent with the concentration of Cu in the soil at L1. Similar results
were obtained by Xu et al. [93], stating that Cu in the soil is positively correlated with the
Cu content of the wheat plant. However, although the concentration of Cu in the soil at
L2 was higher compared to the concentration of Cu at L3, the concentration of Cu in the
wheat stem at L2 was lower compared to the concentration of Cu at L3. Conversely, this is
probably a consequence of the Cr—Cu interrelationship, because their antagonistic reactions
are associated with variable Cr valency. Modern research defines the concept according to
which the total concentration of metals in the soil is not a completely reliable indicator of
bioavailability due to the different and complex mechanisms of their distribution within
the soil-plant system [104]. Similarly, our research also determined that the total content
of Cr in the soil is not significantly related to the content of Cr in the vegetative parts
of the plant, especially in the phenophase of full maturity. As a detailed analysis of the
presence of different forms of metals was not conducted in this study, based on the analyzed
parameters of the soil, especially the pH value, we speculate that the hexavalent form of
Cr (Cr(VID)), which is more soluble than the reduced trivalent form (Cr(III)) [105,106] is
dominant in the soil at L3.

The concentration of heavy metals in roots and stems differed under the influence of
the phenophase factor. In the wheat roots, a higher concentration of Pb, Cr, and Cd was
found in the phenophase of heading compared to the values measured in the phenophase of
full maturity. On the other hand, a higher concentration of all heavy metals except Cd was
found in the wheat stems in the phenophase of full maturity compared to the phenophase
of heading. According to the aforementioned, in the phenophase of full maturity, there was
a sudden decrease in Cd values in both the roots and the stems of wheat compared to the
values measured in the phenophase of heading, which is supported by the high mobility
of the Cd (TF = 1.93) and its transfer from the vegetative parts to the grain. Additionally,
Abbas et al. [107] determined a pronounced translocation of Cd from the root to the stem
and grain of wheat. The high translocation of Cd in the wheat plant was established by
Chen et al. [97], which may be related to the high solubility and mobility of this heavy
metal [25,108,109].

The translocation of heavy metals was mostly dependent on the factor of phenophase,
where higher TF values of the largest number of analyzed heavy metals were found in the
full-maturity phenophase. In analyzed phenophases, differences in the concentration of
heavy metals between the roots and the stems may be related to atmospheric deposition
and an above-ground uptake of heavy metals, which is particularly pronounced in the
industrial zone. Similar results are reported by other authors [100,102].

The heavy metal content differed among the analyzed wheat genotypes. The lowest
concentration of Cr, Cu, and Cd, and the highest concentration of Zn in the roots was found
in the genotype Pobeda (G1). The lowest concentration of Zn and Pb in wheat roots was
measured in the genotype Apache (G4). These results are in accordance with the obtained
values of the bioaccumulation factor (BAF), which point to the conclusion that the genotype
Pobeda (G1) has the least ability to uptake the heavy metals, followed by the genotypes
Ljiljana (G2) and Renesansa (G3), while the genotype Apache (G4) accumulates heavy
metals to the greatest extent. Additionally, the genotype Apache (G4) is characterized
by the highest translocation factor (TF) values for heavy metals. Therefore, the genotype
Pobeda (G1) stands out as a genotype that uptakes heavy metals with low intensity, while
the genotype Apache (G4) showed the greatest ability to accumulate and translocate the
examined heavy metals. Hussain et al. [110] found differences in the content of heavy
metals between wheat genotypes grown in an organic production system, pointing out that
old varieties had a lower ability to bioaccumulate Cd.
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5. Conclusions

In this study, the highest content of heavy metals Zn, Cr, Cu, and Cd in the soil was
found at the locality closest to the industrial zone, while the highest content of Pb was
measured at the locality farthest from the industrial zone, which is located in the direction
of the prevailing winds. Through both analyzed phenophases, the content of heavy metals
in the soil had a significant positive correlation with the content of heavy metals in the
roots and stems of wheat. The bioaccumulation of heavy metals by roots was highest in the
phenophase of heading, while the root-stem translocation of heavy metals was dominant
in the phenophase of full maturity. On average, for all four wheat genotypes and three
locations, a significant increase in the concentration of Zn and Cu in the roots and stems
was found in the phenophase of full maturity compared to the phenophase of heading.
From the aspect of bioaccumulation and translocation factors and public health risk, the
genotype Pobeda stands out as the most suitable genotype. The Apache genotype was
characterized by the highest content of heavy metals in the stem and therefore by the
highest translocation factor. The obtained results indicate that future breeding programs
in the selection of new wheat genotypes should pay more attention to the study of the
ability of genotypes to uptake, bioaccumulate, and translocate heavy metals, which could
contribute to improving food safety and protecting the health of the population.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13041016/s1, Table S1: Analysis of variance for heavy
metal content measured in the roots of wheat in different phenophases and localities; Table S2: Anal-
ysis of variance for heavy metal content measured in the stems of wheat in different phenophases
and localities.

Author Contributions: Conceptualization, VM.S., SR.N. and M.M.S.; methodology, VM.S., SR.N.
and M.M.S,; software, M.M.S. and M.P,; validation, H.M. and G.R.; formal analysis, M.M.S. and
D.C,; investigation, V.M.S,; resources, V.M.S. and H.M.; data curation, H.M., M.P. and G.R.; writing—
original draft preparation, M.M.S. and D.C.; writing—review and editing, V.M.S. and S.R.N.; visual-
ization, M.P. and G.R,; supervision, V.M.S. and G.R,; project administration, H.M.; funding acquisition,
V.M.S. and S.R.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science, Technological Development, and
Innovation of the Republic of Serbia, grant numbers: 451-03-47/2023-01/200054; 451-03-47 /2023-
01/200117; 451-03-47 /2023-01/200216.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Ministry of Science, Technological Development, and Innovation of the Republic
of Serbia (451-03-47 /2023-01/200054; 451-03-47 /2023-01/200117; 451-03-47 /2023-01/200216).

Conflicts of Interest: The authors declare no conflict of interest.

1. Ali, H,; Khan, E.; [lahi, I. Environmental Chemistry and Ecotoxicology of Hazardous Heavy Metals: Environmental Persistence,
Toxicity, and Bioaccumulation. J. Chemn. 2019, 2019, 6730305. [CrossRef]

2. Ning, L; Yun, L,; Jenmei, W.; Xinyu, C. The sources risk assessment combined with APCS/MLR model for potentially toxic
elements in farmland of a first-tier city, China. Environ. Sci. Pollut. Res. 2022, 29, 50717-50726.

3. Abrahams, PW. Soils: Their implications to human health. Sci. Total Environ. 2002, 291, 1-32. [CrossRef]

4. Rajkovi¢, M.B.; Stojanovi¢, M.; Glamoclija, D.; Toskovi¢, D.; Mileti¢, V.; Stefanovi¢, V.; Laénjevac, C. Wheat samples and heavy
metals. J. Eng. Process. Manag. 2012, 4, 85-126. (In Serbian)

5. Bhunia, P. Environmental Toxicants and Hazardous Contaminants: Recent Advances in Technologies for Sustainable Development.
J. Hazard. Toxic. Radioact. Waste. 2017, 21, 02017001. [CrossRef]

6.  Alengebawy, A.; Abdelkhalek, S.T.; Qureshi, S.R.; Wang, M.-Q. Heavy Metals and Pesticides Toxicity in Agricultural Soil and
Plants: Ecological Risks and Human Health Implications. Toxics 2021, 9, 42. [CrossRef]


https://www.mdpi.com/article/10.3390/agronomy13041016/s1
https://www.mdpi.com/article/10.3390/agronomy13041016/s1
http://doi.org/10.1155/2019/6730305
http://doi.org/10.1016/S0048-9697(01)01102-0
http://doi.org/10.1061/(ASCE)HZ.2153-5515.0000366
http://doi.org/10.3390/toxics9030042

Agronomy 2023, 13,1016 20 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Trumbulovié-Buyji¢, L.; A¢imovié-Pavlovié, Z. Influence of air pollutants on air quality in industrial environment. J. Metall. 2008,
14, 229-240. (In Serbian)

Li, Z.; Ma, Z.; van der Kuijp, T.J.; Yuan, Z.; Huang, L. A review of soil heavy metal pollution from mines in China: Pollution and
health risk assessment. Sci. Total Environ. 2014, 468-469, 843-853. [CrossRef]

Rodriguez-Eugenio, N.; McLaughlin, M.; Pennock, D. Soil Pollution: A Hidden Reality; FAO: Rome, Italy, 2018; p. 142.

Cao, X.; Tan, C.; Wu, L.; Luo, Y.; He, Q.; Liang, Y.; Peng, B.; Christie, P. Atmospheric Deposition of Cadmium in an Urbanized
Region and the Effect of Simulated Wet Precipitation on the Uptake Performance of rice. Sci. Total Environ. 2020, 700, 134513.
[CrossRef]

Yu, E.J.; Liu, H.Y. Effect of Atmospheric Deposition on Cadmium Accumulation in Soils: A Review. Environ. Anal. Ecol. Stud.
2021, 8, 432-846.

Zhang, Z.; Malik, M.Z.; Khan, A.; Ali, N.; Malik, S.; Bilal, M. Environmental impacts of hazardous waste, and management
strategies to reconcile circular economy and eco-sustainability. Sci. Total Environ. 2022, 807, 150856. [CrossRef]

Lon¢ari¢, Z.; Ivezi¢, V.; Kovacevi¢, V.; Kadar, I.; Popovi¢, B.; Karali¢, K.; Rastija, D. Heavy metals in agriculturaal soils of eastern
Croatia. In Proceedings of the XVI International Eco-conference, Novi Sad, Serbia, 21-24 March 2012; pp. 155-164.

Toth, G.; Hermann, T.; Da Silva, M.R.; Montanarella, L. Heavy metals in agricultural soils of the European Union with implications
for food safety. Environ. Int. 2016, 88, 299-309. [CrossRef]

Marrugo-Negrete, J.; Pinedo-Hernandez, J.; Diez, S. Assesment of heavy metal pollution, spatial distribution and origin in
agricultural soils along the Sinu River Basin, Colombia. Environ. Res. 2017, 154, 380-388. [CrossRef] [PubMed]

Waheed, S.; Halsall, C.; Sweetman, A.].; Jones, K.C.; Malik, R.N. Pesticides contaminated dust exposure, risk diagnosis and
exposure markers in occupational and residential settings of Lahore, Pakistan. Environ. Toxicol. Pharmacol. 2017, 56, 375-382.
[CrossRef]

Mitra, S.; Chakraborty, A.].; Tareq, A.M.; Emran, T.B.; Nainu, F; Khusro, A.; Idris, A.M.; Khandaker, M.U.; Osman, H.;
Alhumaydhi, EA ; et al. Impact of heavy metals on the environment and human health: Novel therapeutic insights to counter the
toxicity. J. King Saud Univ. Sci. 2022, 34, 101865. [CrossRef]

Khan, A.; Khan, S.; Khan, M.A.; Qamar, Z.; Waqas, M. The uptake and bioaccumulation of heavy metals by food plants, their
effects on plants nutrients, and associated health risk: A review. Environ. Sci. Pollut. Res. 2015, 22, 13772-13799. [CrossRef]
Zhang, P; Qin, C.; Hong, X.; Kang, G.; Qin, M; Yang, D.; Pang, B.; Li, Y.; He, J.; Dick, R.P. Risk assessment and source analysis
of soil heavy metal pollution from lower reaches of Yellow River irrigation in China. Sci. Total Environ. 2018, 633, 1136-1147.
[CrossRef] [PubMed]

Jiang, Y.; Wen, H.; Zhang, Q.; Yuan, L.; Liu, L. Source apportionment and health risk assessment of potentially toxic elements in
soil from mining areas in northwestern China. Environ. Geochem. Health 2022, 44, 1551-1566. [CrossRef] [PubMed]

Djingova, R.; Kuleff, I. Instrumental Techniques for Trace Analysis. In Trace Elements—Their Distribution and Effects in the
Environment; Vernet, ].P., Ed.; Elsevier: London, UK, 2000; pp. 137-185.

Tchounwou, P.B.; Yedjou, C.G; Patlolla, A.K.; Sutton, D.J. Heavy metal toxicity and the environment. In Molecular, Clinical and
Environmental Toxicology; Springer: Basel, Switzerland, 2012; pp. 133-164.

Mohamed, A.R.; Ahmed, K.S. Market basket survey for some heavy metals in Egyptian fruits and vegetables. Food Chem. Toxicol.
2006, 44, 1273-1278.

Lou, Y,; Luo, H,; Hu, T,; Li, H,; Fu, J. Toxic effects, uptake, and translocation of Cd and Pb in perennial ryegrass. Ecotoxicology
2013, 22, 207-214. [CrossRef]

Lei, L.; Liang, D.; Yu, D.; Chen, Y.; Song, W.; Li, J. Human health risk assessment of heavy metals in the irrigated area of Jinghui,
Shaanxi, China, in terms of wheat flour consumption. Environ. Monit. Assess. 2015, 187, 647. [CrossRef]

Turner, A.; Kearl, E.R.; Solman, K.R. Lead and other toxic metals in playground paints from South West England. Sci. Total
Environ. 2016, 544, 460-466. [CrossRef]

Lu, X,; Zhang, X.; Li, L.Y.; Chen, H. Assessment of metals pollution and health risk in dust from nursery schools in Xi’an, China.
Environ. Res. 2014, 128, 27-34. [CrossRef] [PubMed]

Tsatsakis, A.M.; Nawaz, M.A.; Tutelyan, V.A.; Golokhvast, K.S.; Kalantzi, O.I.; Chung, D.H.; Kang, S.J.; Coleman, M.D.; Tyshko,
N.; Yang, S.H.; et al. Impact on environment, ecosystem, diversity and health from cuturing and using GMOs as feed and food.
Food Chem. Toxicol. 2017, 107, 108-121. [CrossRef] [PubMed]

Al-Othman, Z.A ; Ali, R.; Al-Othman, A.M.; Ali, J.; Habil, M.A. Assessment of toxic metals in wheat crops grown on selected soils
of Khyber Pukhtoon Khaw, Pakistan, irrigated by different water sources. Arab. J. Chem. 2016, 9, 1555-1562. [CrossRef]

Yang, Y.; Andrew, C.; Chang, M.W.; Weiping, C.; Chi, P. Assessing cadmium exposure risks of vegetables with plant uptake factor
and soil property. Environ. Pollut. 2018, 238, 263-269. [CrossRef]

Rattan, R.K,; Datta, S.P.; Chhonkar, PK.; Suribabu, K.; Singh, A K. Long term of irrigation with sewage effluents on heavy metal
content in soils, crops and groundwater. Agric. Ecosyst. Environ. J. 2005, 109, 310-322. [CrossRef]

Mickovski-Stefanovi¢, V.; Filipovi¢, V.; Ugrenovi¢, V.; Glamoclija, D.; Popovi¢, V. Accumulation of toxic metals in the vegetative
parts of wheat. Sel. I Sem. 2012, 18, 31-39.

Shahid, M.; Khalid, S.; Abbas, G.; Shahid, N.; Nadeem, M.; Sabir, M.; Dumat, C. Heavy metal stress and crop productivity. In Crop
Production and Global Environmental Issues; Hakem, K., Ed.; Springer: Cham, Switzerland, 2015; pp. 1-25.


http://doi.org/10.1016/j.scitotenv.2013.08.090
http://doi.org/10.1016/j.scitotenv.2019.134513
http://doi.org/10.1016/j.scitotenv.2021.150856
http://doi.org/10.1016/j.envint.2015.12.017
http://doi.org/10.1016/j.envres.2017.01.021
http://www.ncbi.nlm.nih.gov/pubmed/28189028
http://doi.org/10.1016/j.etap.2017.11.003
http://doi.org/10.1016/j.jksus.2022.101865
http://doi.org/10.1007/s11356-015-4881-0
http://doi.org/10.1016/j.scitotenv.2018.03.228
http://www.ncbi.nlm.nih.gov/pubmed/29758865
http://doi.org/10.1007/s10653-021-00907-0
http://www.ncbi.nlm.nih.gov/pubmed/33791898
http://doi.org/10.1007/s10646-012-1017-x
http://doi.org/10.1007/s10661-015-4884-9
http://doi.org/10.1016/j.scitotenv.2015.11.078
http://doi.org/10.1016/j.envres.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24407476
http://doi.org/10.1016/j.fct.2017.06.033
http://www.ncbi.nlm.nih.gov/pubmed/28645870
http://doi.org/10.1016/j.arabjc.2012.04.006
http://doi.org/10.1016/j.envpol.2018.02.059
http://doi.org/10.1016/j.agee.2005.02.025

Agronomy 2023, 13,1016 21 of 23

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

Clemens, S.; Ma, J.FE. Toxic heavy metal and metalloid accumulation in crop plants and foods. Annu. Rev. Plant Biol. 2016,
67,489-512. [CrossRef]

Shewry, P.R. Wheat. J. Exp. Bot. 2009, 60, 1537-1553. [CrossRef]

Shiferaw, B.; Smale, M.; Braun, H.J.; Duveiller, E.; Reynolds, M.; Mauricho, G. Crops that feed the world 10. Past scuccesses and
future challenges to the role played by wheat in global food security. Food Secur. 2013, 5, 291-317. [CrossRef]

Giraldo, P.; Benavente, E.; Manzano-Agugliaro, F.; Gimenez, E. Worldwide research trends on wheat and barley: A bibliometric
comparative analysis. Agronomy 2019, 9, 352. [CrossRef]

Dolijanovié, 7. Roljevi¢ Nikoli¢, S.; Kovacevi¢, D.; Djurdji¢, S.; Miodragovi¢, R.; Todorovi¢-Jovanovic, M.; Djordjevi¢, P.J. Mineral
profile of the winter wheat grain: Effects of soil tillage systems and nitrogen fertilization. Appl. Ecol. Environ. Res. 2019,
17,11757-11771. [CrossRef]

Igbal, M.A.; Rahim, J.; Naeem, W.; Hassan, S.; Khattab, Y.; El-Sabagh, A. Rainfed winter wheat (Triticum aestivum L.) cultivars
respond differently to integrated fertilization in Pakistan. Fresenius Environ. Bull. 2021, 30, 3115-3121.

Shewry, PR.; Hey, S.J. The contribution of wheat to human diet and health. Food Energy Secur. 2015, 4, 178-202. [CrossRef]
[PubMed]

Orisakwe, O.E.; Nduka, ] K.; Amadi, C.N.; Dike, D.O.; Bede, O. Heavy metals health risk assessment for population via
consumption of food crops and fruits in Owerri, South Eastern, Nigeria. Chem. Cent. J. 2012, 6, 77. [CrossRef]

Liu, B,; Ai, S.; Zhang, W.; Huang, D.; Zhang, Y. Assessment of the bioavailability, bioaccessibility and transfer of heavy metals in
the soil-grain-human systems near a mining and smelting area in NW China. Sci. Total Environ. 2017, 609, 822-829. [CrossRef]
Yang, L.; Ren, Q.; Ge, S.; Jiao, Z.; Zhan, W.; Hou, R.; Ruan, X,; Pan, Y.; Wang, Y. Metal(loid)s Spatial Distribution, Accumulation,
and Potential Health Risk Assessment in Soil-Wheat Systems near a Pb/Zn Smelter in Henan Province, Central China. Int. J.
Environ. Res. Public Health 2022, 19, 2527. [CrossRef]

Baize, D.; Bellanger, L.; Tomassone, R. Relationships between concentrations of trace metals in wheat grains and soil. Agron.
Sustain. Dev. 2009, 29, 297-312. [CrossRef]

Khan, N.H.; Nafees, M.; Bashir, A. Study of Heavy Metals in Soil and Wheat Crop and their Transfer to Food Chain. J. Sustain.
Agric. 2015, 32, 70-79. [CrossRef]

Liu, Q.; Liu, J.; Wang, Q.; Wang, Y. Source identification and availability of heavy metals in peri-urban vegetable soils: A case
study from China. Hum. Ecol. Risk Assess. Int. |. 2016, 22, 1-14.

Bhatti, S.S.; Sambyal, V.; Singh, ].; Nagpal, A. Analysis of soil characteristics of different land uses and metal bioaccumulation in
wheat grown around rivers: Possible human health risk assessment. Environ. Dev. Sustain. 2017, 19, 571-588. [CrossRef]
Feszterova, M.; Porubcova, L.; Tirpakova, A. The Monitoring of Selected Heavy Metals Content and Bioavailability in the
Soil-Plant System and Its Impact on Sustainability in Agribusiness Food Chains. Sustainability 2021, 13, 7021. [CrossRef]

Zhang, Q.; Zhang, F.; Huang, C. Heavy metal distribution in particle size fractions of floodplain soils from Dongchuan, Yunnan
Province, Southwest China. Environ. Monit. Assess. 2021, 193, 54. [CrossRef]

Dolijjanovig, Z; Roljevi¢ Nikoli¢, S.; Dragicevic, V.; Muti¢, J.; Seremesi¢, S.; Jovovié, Z.; Popovi¢ Djordjevi¢, . Mineral Composition
of Soil and the Wheat Grain in Intensive and Conservation Cropping Systems. Agronomy 2022, 12, 1321. [CrossRef]
Hermanson, M.H.; Isaksson, E.; Hann, R.; Teixeira, C.; Muir, D.C.G. Atmospheric Deposition of Organochlorine Pesticides and
Industrial Compounds to Seasonal Surface Snow at Four Glacier Sites on Svalbard, 2013-2014. Environ. Sci. Technol. 2020,
54,9265-9273. [CrossRef]

Xing, W.; Yang, H.; Ippolito, J.A.; Zhao, Q.; Zhang, Y.; Scheckel, K.G.; Li, L. Atmospheric Deposition of Arsenic, Cadmium,
Copper, lead, and Zinc Near an Operating and an Abandoned lead Smelter. |. Environ. Qual. 2020, 49, 1667-1678. [CrossRef]
[PubMed]

Yu, E; Liu, H; Tu, Y,; Gu, X.; Ran, X.; Yu, Z.; Wu, P. Superposition Effects of Zinc Smelting Atmospheric Deposition on Soil Heavy
Metal Pollution Under Geochemical Anomaly. Front. Environ. Sci. 2022, 10, 777894. [CrossRef]

Korzeniowska, ]. Heavy Metal Content in the Soil along the Road No. 7 near Chyzne. Atmosphere 2023, 14, 2. [CrossRef]

Hu, B.; Wang, J.; Jin, B.; Li, ].; Shi, Z. Assessment of the potential health risks of heavy metals in soils in a coastal industrial region
of the Yangtze River Delta. Environ. Sci. Pollut. Res. 2017, 24, 19816-19826. [CrossRef]

Guo, G; Lei, M.; Wang, Y.; Song, B.; Yang, ]. Accumulation of As, Cd, and Pb in Sixteen Wheat Cultivars Grown in Contaminated
Soils and Associated Health Risk Assessment. Int. |. Environ. Res. Public Health 2018, 15, 2601. [CrossRef]

Wang, Z.; Hong, C.; Xing, Y.; Wang, K.; Lia, Y; Feng, L.; Ma, S. Spatial distribution and sources of heavy metals in natural pasture
soil around copper-molybdenum mine in Northeast China. Ecotoxicol. Environ. Saf. 2018, 154, 329-336. [CrossRef]

Yu, S.; Chen, Z.; Zhao, K.; Ye, Z.; Zhang, L.; Dong, ].; Shao, Y.; Zhang, C.; Fu, W. Spatial Patterns of Potentially Hazardous Metals
in Soils of Lin’an City, Southeastern China. Int. J. Environ. Res. Public Health 2019, 16, 246. [CrossRef] [PubMed]

Hu, Y,; He, K;; Sun, Z.; Chen, G.; Cheng, H. Quantitative source apportionment of heavy metal(loid)s in the agricultural soils of
an industrializing region and associated model uncertainty. J. Hazard. Mat. 2020, 391, 122244.

Zhao, K.; Zhang, L.; Dong, J.; Wu, J.; Ye, Z.; Zhao, W.; Ding, L.; Fu, W. Risk assessment, spatial patterns and source apportionment
of soil heavy metals in a typical Chinese hickory plantation region of southeastern China. Geoderma 2020, 360, 114011. [CrossRef]
Su, C.; Meng, J.; Zhou, Y.; Bi, R.; Chen, Z; Diao, ].; Huang, Z.; Kan, Z.; Wang, T. Heavy Metals in Soils From Intense Industrial
Areas in South China: Spatial Distribution, Source Apportionment, and Risk Assessment. Front. Environ. Sci. 2022, 10, 820536.
[CrossRef]


http://doi.org/10.1146/annurev-arplant-043015-112301
http://doi.org/10.1093/jxb/erp058
http://doi.org/10.1007/s12571-013-0263-y
http://doi.org/10.3390/agronomy9070352
http://doi.org/10.15666/aeer/1705_1175711771
http://doi.org/10.1002/fes3.64
http://www.ncbi.nlm.nih.gov/pubmed/27610232
http://doi.org/10.1186/1752-153X-6-77
http://doi.org/10.1016/j.scitotenv.2017.07.215
http://doi.org/10.3390/ijerph19052527
http://doi.org/10.1051/agro:2008057
http://doi.org/10.17582/journal.sja/2016/32.2.70.79
http://doi.org/10.1007/s10668-015-9746-7
http://doi.org/10.3390/su13137021
http://doi.org/10.1007/s10661-020-08836-8
http://doi.org/10.3390/agronomy12061321
http://doi.org/10.1021/acs.est.0c01537
http://doi.org/10.1002/jeq2.20151
http://www.ncbi.nlm.nih.gov/pubmed/33107090
http://doi.org/10.3389/fenvs.2022.777894
http://doi.org/10.3390/atmos14010002
http://doi.org/10.1007/s11356-017-9516-1
http://doi.org/10.3390/ijerph15112601
http://doi.org/10.1016/j.ecoenv.2018.02.048
http://doi.org/10.3390/ijerph16020246
http://www.ncbi.nlm.nih.gov/pubmed/30654530
http://doi.org/10.1016/j.geoderma.2019.114011
http://doi.org/10.3389/fenvs.2022.820536

Agronomy 2023, 13,1016 22 of 23

62.
63.
64.
65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

IUSS Working Group WRB (2014). World Reference Base for Soil Resources 2014. Update 2015 International Soil Classification System for
Naming Soils and Creating Legends for Soil Maps; World Soil Resources Reports No. 106; FAO: Rome, Italy, 2015.

Explore Google Earth. Available online: https://earth.google.com/web/ (accessed on 15 November 2022).

Korunovi¢, R.; Stojanovi¢, S. Practicum in Pedology, 10th ed.; Narodnaknjiga: Belgrade, Serbia, 1989; pp. 1-143.

Rayment, G.E.; Higginson, ER. Australian Laboratory Handbook of Soil and Water Chemical Methods. In Australian Soil and Land
Survey Handbook; Inkata Press: Melbourne, Australia, 1992; p. 330.

SRPS ISO 10390:2007; Soil Quality—Determination of pH. Institute for Standardisation of Serbia: Belgrade, Serbia, 2007.

Bak, K. Possibilities of Scheibler method application in researches on calcium carbonate content in solid carbonate rocks. Rocz.
Nauk.-Dydakt. WSP Krak. 1992, 151, 131-139.

SRPS ISO 10693:2005; Soil Quality—Determination of Carbonate Content—Volumetric Method. Institute for Standardisation of
Serbia: Belgrade, Serbia, 2005.

Jankauskas, B.; Jankauskiene, G. International Comparison of Analytical Methods of Determining the Soil Organic Matter Content
of Lithuanian Eutric Albeluvisols. Commun. Soil Sci. Plant Anal. 2006, 37, 707-720. [CrossRef]

Bremner, J.M. Nitrogen Total. In Methods of Soil Analysis Part 3: Chemical Methods, 3rd ed.; Sparks, D.L., Ed.; Soil Science Society of
America: Madison, WI, USA, 1996; pp. 1085-1122.

SRPS ISO 11261:2005; Soil Quality—Determination of Total Nitrogen—Modified Kjeldahl Method. Institute for Standardisation
of Serbia: Belgrade, Serbia, 2005.

Egner, H.; Riehm, H.; Domingo, W.R. Investigations of the chemical soil analysis as a basis for the evaluation of nutrient status in
soil. II. Chemical extraction methods for phosphorus and potassium determination. K. Lantbruks. Hogsk. Ann. 1960, 26, 195-215.
Manojlovi¢, S. Determination of easily accessible phosphorus (P,Os) by AL method according to Egner-Riehm. In Manual for
Systematic Control of Soil Fertility and Use of Fertilizers; Center for the Improvement of Agricultural Production of the SR of Serbia
and Business Association of Artificial Fertilizer Producers “Agrohemija”: Belgrade, Serbia, 1969; pp. 35-42. (In Serbian)
Manojlovi¢, S. Determination of easily accessible potassium (K;O) by AL method according to Egner-Riehm. In Manual for
Systematic Control of Soil Fertility and Use of Fertilizers; Center for the Improvement of Agricultural Production of the SR of Serbia
and Business Association of Artificial Fertilizer Producers “Agrohemija”: Belgrade, Serbia, 1969; pp. 46—48. (In Serbian)
Rashid, H.; Fardous, Z.; Zaman Chowdhury, M.A.; Alam, K; Bari, L.; Moniruzzaman, M.; Hua Gan, S. Determination of heavy
metals in the soils of tea plantations and in fresh and processed tea leaves: An evaluation of six digestion method. Chem. Cent. ].
2016, 10, 7. [CrossRef]

Jones, ].B.; Case, V.W. Sampling, handling and analyzing plant tissue samples. In Soil Testing and Plant Analysis, 3rd ed.; Westerman,
R.L., Ed.; Soil Science Society of America: Madison, WI, USA, 1990; pp. 389—427.

Shrivastava, A. Methods for the determination of limit of detection and limit of quantitation of the analytical methods. Chron.
Young Sci. 2011, 2, 21-25. [CrossRef]

IBM SPSS Statistics, Trial Version 22.0. Available online: https://www.ibm.com/ (accessed on 30 October 2022).

R Project for Statistical Computing; Version 4.2.0 (2022-04-22 ucrt); R Foundation for Statistical Computing: Vienna, Austria. 2022.
Available online: https://www.R-project.org/ (accessed on 20 November 2022).

Kabata-Pendias, A. Trace Elements in Soils and Plants, 4th ed.; CRC Press: Boca Raton, FL, USA, 2010; p. 548.

Xia, X.; Yang, Z.; Cui, Y.; Li, Y.; Hou, Q.; Yu, T. Soil Heavy Metal Concentrations and Their Typical Input and Output Fluxes on
the Southern Song-Nen Plain, Heilongjiang Province, China. J. Geochem. Explor. 2014, 139, 85-96. [CrossRef]

Huang, L.M.; Deng, C.B.; Huang, N.; Huang, X.J. Multivariate statistical approach to identify heavy metal sources in agricultural
soil around an abandoned Pb-Zn mine in Guangxi Zhuang Autonomous Region, China. Environ. Earth Sci. 2013, 68, 1331-1348.
[CrossRef]

Miihlbachova, G.; Simon, T.; Pechovd, M. The availability of Cd, Pb and Zn and their relationships with soil pH and microbial
biomass in soils amended by natural clinoptilolite. Plant Soil Environ. 2005, 51, 26-33. [CrossRef]

Zhao, K.L.; Liu, X.M.; Xu, ] M; Selim, H.M. Heavy metal contaminations in a soil-rice system: Identification of spatial dependence
in relation to soil properties of paddy fields. J. Hazard. Mater. 2010, 181, 778-787. [CrossRef] [PubMed]

Ur Rahman, S.; Xuebin, Q.; Riaz, L.; Yasin, G.; Noor Shah, A.; Shahzad, U.; Shah Jahan, M.; Ditta, A.; Amjad Bashir, M.; Rehim,
A.; et al. The interactive effect of pH variation and cadmium stress on wheat (Triticum aestivum L.) growth, physiological and
biochemical parameters. PLoS ONE 2001, 16, €0253798. [CrossRef]

Nessner Kavamura, V.; Esposito, E. Biotechnological strategies applied to the decontamination of soils polluted with heavy
metals. Biotechnol. Adv. 2010, 28, 61-69. [CrossRef]

Kashem, M.A ; Singh, B.R. Metal availability in contaminated soils: Effects of flooding and organic matter on changes in Eh, pH
and solubility of Cd, Ni and Zn. Nutr. Cycl. Agroecos. 2001, 61, 247-255. [CrossRef]

Antoniadis, V.; Robinson, J.S.; Alloway, B.]. Effects of short-term pH fluctuations on cadmium, nickel, lead, and zinc availability
to ryegrass in a sewage sludge-amended field. Chemosphere 2008, 71, 759-764. [CrossRef]

Feng, W.; Guo, Z.; Xiao, X; Peng, C.; Shi, L.; Ran, H.; Xu, W. Atmospheric deposition as a source of cadmium and lead to soil-rice
system and associated risk assessment. Ecotoxicol. Environ. Saf. 2019, 180, 160-167. [CrossRef]

Vazquez-Arias, A.; Martin-Peinado, FJ.; Parviainen, A. Effect of parent material and atmospheric deposition on the potential
pollution of urban soils close to mining areas. |. Geochem. Explor. 2023, 244, 107131. [CrossRef]


https://earth.google.com/web/
http://doi.org/10.1080/00103620600563499
http://doi.org/10.1186/s13065-016-0154-3
http://doi.org/10.4103/2229-5186.79345
https://www.ibm.com/
https://www.R-project.org/
http://doi.org/10.1016/j.gexplo.2013.06.008
http://doi.org/10.1007/s12665-012-1831-8
http://doi.org/10.17221/3552-PSE
http://doi.org/10.1016/j.jhazmat.2010.05.081
http://www.ncbi.nlm.nih.gov/pubmed/20561748
http://doi.org/10.1371/journal.pone.0253798
http://doi.org/10.1016/j.biotechadv.2009.09.002
http://doi.org/10.1023/A:1013762204510
http://doi.org/10.1016/j.chemosphere.2007.10.015
http://doi.org/10.1016/j.ecoenv.2019.04.090
http://doi.org/10.1016/j.gexplo.2022.107131

Agronomy 2023, 13,1016 23 of 23

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

Kosti¢, 1.S.; Andelkovi¢, T.D.; Nikoli¢, R.S.; Cvetkovi¢, T.P,; Pavlovi¢, D.D.; Boji¢, A.L. Comparative studies of the binding strength
of heavy metal ions with humic acid. Hem. Ind. 2013, 67, 773-779. (In Serbian) [CrossRef]

Sabir, M.; Baltrénaité-Gedieng, E.; Ditta, A.; Ullah, H.; Kanwal, A.; Ullah, S.; Faraj, T.K. Bioaccumulation of Heavy Metals in
a Soil-Plant System from an Open Dumpsite and the Associated Health Risks through Multiple Routes. Sustainability 2022,
14, 13223. [CrossRef]

Xu, D.; Shen, Z.; Dou, C.; Dou, Z.; Li, Y.; Gao, Y.; Sun, Q. Effects of soil properties on heavy metal bioavailability and accumulation
in crop grains under different farmland use patterns. Sci. Rep. 2022, 12, 9211. [CrossRef]

Dong, Q.; Fang, J.; Huang, F; Cai, K. Silicon Amendment Reduces Soil Cd Availability and Cd Uptake of Two Pennisetum Species.
Int. ]. Environ. Res. Public Health 2019, 16, 1624. [CrossRef]

Ammar, A.G.A.; Syafei, A.D.; Santoso, M.; Tangahu, B.V.; Assomadi, A.F.; Hermana, J. Analysis of the Characteristics of Heavy
Metal Elements in Soil Around the Smelting Area of Pasuruan Industrial Estate, Indonesia. IOP Conf. Ser. Earth Environ. Sci. 2022,
1013, 012013. [CrossRef]

Davies, B.E. Lead. In Heavy Metals in Soils, 2nd ed.; Alloway, B.]J., Ed.; Blackie Academic and Professional: Glasgow, UK, 1995;
pp. 206-223.

Chen, X.X,; Liu, YM.; Zhao, Q.Y.; Cao, W.Q.; Chen, X.P; Zou, C.Q. Health risk assessment associated with heavy metal
accumulation in wheat after long-term phosphorus fertilizer application. Environ. Pollut. 2020, 262, 114348. [CrossRef]

Hojka, Z. Pedologija i Agrohemija; Megatrend University: Belgrade, Serbia, 2007; pp. 219-255. (In Serbian)

Brennan, R.E; Bolland, M.D.A; Bell, R:W. Increased risk of zinc deficiency in wheat on soils limed to correct soil acidity. Soil Res.
2005, 43, 647-657. [CrossRef]

Wang, YW.; Rui, Y.K,; Li, Z.Y.; Su, D.C. Characteristics of Heavy Metal Absorption by Winter Wheat and Its Quantitative
Relationship with Influencing Factors. HuanjingKexue/Environ. Sci. 2020, 4, 1482-1490.

Aslam, M.; Aslam, A.; Sheraz, M.; Ali, B.; Ulhassan, Z.; Najeeb, U.; Zhou, W.; Gill, R.A. Lead Toxicity in Cereals: Mechanistic
Insight Into Toxicity, Mode of Action, and Management. Front. Plant Sci. 2021, 11, 587785. [CrossRef]

Official Gazette of the Republic of Serbia, no. 30/2018 and 64/2019. Regulation on Limit Values of Polluting, Harmful and
Dangerous Substances in Soil. Available online: https://www.ekologija.gov.rs/sites/default/files/old-documents/Zemljiste /
Uredbe/Uredba-o-granicnim-vrednostima.pdf (accessed on 23 February 2023).

Luo, Q.; Bai, B.; Xie, Y.; Yao, D.; Zhang, D.; Chen, Z.; Zhuang, W.; Deng, Q.; Xiao, Y.; Wu, J. Effects of Cd uptake, translocation and
redistribution in different hybrid rice varieties on grain Cd concentration. Ecotoxicol. Environ. Saf. 2022, 240, 113683. [CrossRef]
[PubMed]

Jamali, M.K,; Kazi, T.G.; Arain, M.B.; Afridi, H.I; Jalbani, N.; Kandhro, G.A.; Shah, A.Q.; Baig, ].A. Heavy metal accumulation in
different varieties of wheat (Triticum aestivum L.) grown in soil amended with domestic sewage sludge. J. Hazard. Mat. 2009,
164, 1386-1391. [CrossRef] [PubMed]

Baumann, Z.A. Bioavailability of Arsenic, Cadmium and Chromium for the Deposit-Feeding Polychaete Nereis Succinea. Ph.D.
Thesis, The State University of New York at Stony Brook, New York, NY, USA, May 2011.

Ertani, A.; Mietto, A.; Borin, M.; Nardi, S. Chromium in agricultural soils and crops: A review. Water Air Soil Pollut. 2017, 228, 190.
[CrossRef]

Abbas, T,; Rizwan, M.; Ali, S.; Zia-Ur-Rehman, M.; Qayyum, M.E,; Abbas, E; Hannan, E; Rinklebe, J.; Ok, Y.S. Effect of biochar on
cadmium bioavailability and uptake in wheat (Triticumaestivum L.) grown in a soil with aged contamination. Ecotoxicol. Environ.
Saf. 2017, 140, 37-47. [CrossRef] [PubMed]

Huang, M.; Zhou, S.; Sun, B.; Zhao, Q. Heavy metals in wheat grain: Assessment of potential health risk for inhabitants in
Kunshan, China. Sci. Total Environ. 2008, 405, 54—-61. [CrossRef] [PubMed]

Abedi, T.; Mojiri, A. Cadmium Uptake by Wheat (Triticumaestivum L.): An Overview. Plants 2020, 14, 500. [CrossRef]

Hussain, A.; Larsson, H.; Kuktaite, R.; Johansson, E. Concentration of some heavy metals in organically grown primitive, old and
modern wheat genotypes: Implications for human health. |. Environ. Sci. Health B 2012, 47, 751-758. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.2298/HEMIND121107002K
http://doi.org/10.3390/su142013223
http://doi.org/10.1038/s41598-022-13140-1
http://doi.org/10.3390/ijerph16091624
http://doi.org/10.1088/1755-1315/1013/1/012013
http://doi.org/10.1016/j.envpol.2020.114348
http://doi.org/10.1071/SR04162
http://doi.org/10.3389/fpls.2020.587785
https://www.ekologija.gov.rs/sites/default/files/old-documents/Zemljiste/Uredbe/Uredba-o-granicnim-vrednostima.pdf
https://www.ekologija.gov.rs/sites/default/files/old-documents/Zemljiste/Uredbe/Uredba-o-granicnim-vrednostima.pdf
http://doi.org/10.1016/j.ecoenv.2022.113683
http://www.ncbi.nlm.nih.gov/pubmed/35653975
http://doi.org/10.1016/j.jhazmat.2008.09.056
http://www.ncbi.nlm.nih.gov/pubmed/18977590
http://doi.org/10.1007/s11270-017-3356-y
http://doi.org/10.1016/j.ecoenv.2017.02.028
http://www.ncbi.nlm.nih.gov/pubmed/28231504
http://doi.org/10.1016/j.scitotenv.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18701141
http://doi.org/10.3390/plants9040500
http://doi.org/10.1080/03601234.2012.669337

	Introduction 
	Materials and Methods 
	Experimental Design and Plant Material 
	Soil Sampling and Chemical Analysis 
	Sampling of Plant Material and Chemical Analysis 
	Bioaccumulation and Translocation factor 
	Statistical Analysis 

	Results 
	Heavy Metals Content in Soil 
	Heavy Metal Content in Wheat Roots 
	Heavy Metal Content in Wheat Stem 
	Association between Heavy Metals Content in Soil and Different Vegetative Parts of Wheat 
	Bioaccumulation Factor 
	Translocation Factor 

	Discussion 
	The Heavy Metal Content in Soil 
	Soil-to-Wheat Transfer of Heavy Metals 

	Conclusions 
	References

