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ARTICLE INFO ABSTRACT
Keywords: The purpose of this study was to determine the content of twenty-two biogenic elements (BEs)
PTEs and potentially toxic elements (PTEs) in the soil and fresh Allium ursinum leaves from 43 different

biogenic elements
Wild garlic
Bioaccumulation factor

locations, in order to examine their bioaccumulation potential. Analyses of soil and plant material
were carried out by using Inductively Coupled Plasma coupled with Optical Emission Spectros-
copy (ICP-OES), a mercury analyzer (Hg), liquid chromatography (Cr), and AAS hybrid technique
(As). The obtained results of the investigated elements were compared with the proposed limit
values. The soil contamination factor (CF) as well as plant bioaccumulation factor (BAF) were
calculated and the correlation analysis was performed. The results showed that the content of
some BEs/PTEs in the soil were above the limit values, with two locations highly contaminated
(CF > 6) with five (Cr(VI), Cu, Mn, Ni, V) and four (As, Co, Pb, V) elements. The content of As, Cd,
Cr, and Pb in the leaves was higher than the permitted levels at some locations. The BAF was high
(K, Ca, Zn, As), medium (Mg, Cu, B, Ni, Na, Pb), and low (Fe, Mn, Cr). The correlation between
BEs/PTEs content in the leaves and soil was not significant, except for the following elements: Cd
(0.37), Ca (0.34), As (0.36), Pb (0.30), and Na (0.25). The observed medium correlation sug-
gested that the detected elements originated both from the atmosphere and the soil. Although
A. ursinum at examined locations seemed to be mostly safe for consumption, a selective mecha-
nism of adoption of certain BEs/PTEs requires continuous monitoring of their content in the
future, to avoid quantities that can jeopardize human health through its consumption.

1. Introduction

A large number of wild, non-domesticated plant species that grow in different ecological conditions are used in nutrition and
medicine [1]. The plant species Allium ursinum, which has been known for centuries, is used in the diet as an early spring salad and in
traditional medicine for the preparation of numerous pharmaceutical products. A. ursinum is a perennial, geophytic plant of the genus
Allium, family Alliaceae. It grows at different altitudes, in fresh, moist areas of deciduous and deciduous-coniferous forests on

* Corresponding author.
E-mail address: akostic@agrif.bg.ac.rs (A.Z. Kosti¢).

https://doi.org/10.1016/j.heliyon.2023.e22134
Received 16 July 2023; Received in revised form 27 October 2023; Accepted 5 November 2023

Available online 10 November 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:akostic@agrif.bg.ac.rs
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e22134
https://doi.org/10.1016/j.heliyon.2023.e22134
https://doi.org/10.1016/j.heliyon.2023.e22134
http://creativecommons.org/licenses/by-nc-nd/4.0/

S.V. Gordanic¢ et al. Heliyon 9 (2023) 22134
predominantly humus soils [2]. Leaves hold the greatest value of this medicinal plant species. It contains a large number of secondary
metabolites, such as sulfuric and phenolic compounds, nutrients, vitamins, chlorophylls, carotenoids, and other organic compounds
important for human health [3]. Biologically active metabolites like phenolics that accumulate in the leaf of A. ursinum during its
development are of great importance for its antioxidant activity [4].

In addition to organic substances, A. ursinum contains a large number of inorganic components, such as biogenic elements (BEs) like
K, Ca, Mg, Na, Ni, and Mn, as well as potentially toxic elements (PTEs) like B, Al, Mn, Ni, Hg, Pb, and Cd [5]. Vukovic et al. [6] stated
that other species of the genus Allium have a pronounced ability to accumulate both BEs and PTEs. Biogenic elements, such as iron,
zinc, and manganese are considered essential and play important roles in physiological cycles. Moreover, copper and zinc have
important roles in biological systems but can be toxic if ingested in excessive amounts, while non-essential toxic elements such as lead
(Pb), cadmium (Cd), arsenic (As), and mercury (Hg) are toxic even in small amounts [7]. For this reason, the investigation of envi-
ronmental pollution with PTEs, which is a major problem that directly affects the quality of medicinal plants, is of growing interest
today [8].

Contamination with PTE has become a serious threat to food safety and the environment as a result of global economic growth and
the rapid development of agriculture and industry [9]. Geochemical and anthropogenic processes lead to the accumulation of toxic
elements in the soil. Most soils contain PTEs that harm plants and microorganisms and originate from the parent substrate on which the
soil was formed. Therefore, the primary source of toxic elements in the soil is the parent substrate, which mostly consists of basalt and
sedimentary rocks. Basaltic rocks are rich in PTEs such as Cd, Cu, Co, and Ni, while sedimentary rocks contain metals such as Pb, Cu,
Zn, Mn, and Cd [10]. Industrial activities, such as increased traffic, mining, processing of fossil fuels, disposal of municipal waste,
excessive use of pesticides and fertilizers, and irrigation, contribute significantly to the increased concentration of PTEs in the soil [11].
Research by Chizzola [12] confirmed that a large number of medicinal plant species are susceptible to the accumulation of PTEs [12].
Similarly, plant species such as spinach and leafy vegetables have a pronounced bioaccumulation potential, meaning their uptake rates
of PTEs are significantly higher than in other plant species [13]. A study by Amin et al. [14] indicated that Allium spp. have a pro-
nounced bioaccumulation potential of PTEs, as was also found by Kowalska [15], where the presence of toxic elements (Cd, Pb, and
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Fig. 1. Geographical descriptions of localities where A. ursinum populations are collected.
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Hg) was detected in the leaves of A. ursinum. Research by Samec et al. [16] indicated that the content of PTEs has a direct influence on
the content of secondary metabolites in the plant. According to a study by Malizia et al. [17] the content of PTEs in a plant depends on
the degree of their bioaccumulation, which is influenced by the location where it grows, the concentration of elements in the soil, the
plant’s physiological cycle, and other factors [18,19].

The populations of A. ursinum are mainly found in forest ecosystems which are located far from major sources of pollution [2]. The
demand for raw materials of A. ursinum is mostly satisfied by collecting it from natural forest ecosystems, which, according to Kadovic
et al. [20], have recently worsened sharply due to increased anthropogenic activities, primarily air traffic. Similarly, Vanmechelen
et al. [21] noted that forest floor layers and organic surface layers showed the highest concentrations of metals in forest ecosystems.
Kadovic et al. [20], reported that forest ecosystems in the Republic of Serbia have specific characteristics that affect the accumulation
of certain elements in the soil’s surface layers and their movement through the soil profile. The same authors noted that undesirable
anthropogenic activities contribute to higher atmospheric deposition, which, together with the layers of the forest mat, has a dominant
impact on the concentrations of BEs/PTEs. Therefore, it is important to monitor these elements and understand their impact on food
safety and quality since soil serves as a reference point for the introduction of risky elements/compounds that can enter the human
food chain [22]. In addition, the most recent research has proved that it is possible to grow A. ursinum under controlled, domesticated
conditions by selecting an appropriate soil medium [23].

Therefore, it is essential to know the mineral composition of the A. ursinum leaf in order to prevent adverse effects on human health.
Bearing in mind that detailed research on the content and bioaccumulation of BEs and PTEs (K, Ca, Mg, Fe, Mn, Cu, Zn, B, Mo, Ni, Na,
Se, Co, As, Cd, Cr, Cr(VI), Hg, Pb, Al, V, Sn, Sb, T1) in A. ursinum, across the Republic of Serbia had not been conducted, the current
study aimed to examine their content (by ICP-OES, HPLC, mercury analyzer and AAS hybrid technique methods) and determine the
soil contamination and bioaccumulation potential of A. ursinum originating from a large number of locations characterized by different
agro-ecological conditions. Besides, by knowing mineral composition useful information will be obtained for the further introduction
and A. ursinum cultivation.

2. Material and method
2.1. Research area

Plant and soil materials were sampled across the territory of the Republic of Serbia. For that purpose, 43 distant locations were
selected where the wild plant species A. ursinum grows (Fig. 1). The sampling sites of the material for analysis were located pre-
dominantly in forest ecosystems, far from a large number of pollution sources, at altitudes ranging from 70 to 1211 m above sea level
(m.a.s.]). The sampling program was conducted just before flowering in early spring of 2021. From each selected location (Fig. 1),
A. ursinum leaves were sampled from 50 individual plants within a radius of 5-50 m, after which they were mixed to form a composite
sample. Immediately after that, soil samples were collected using a metal probe in the same radius in the surface layer, i.e. in the
rhizosphere zone (10-15 cm).

Due to the large number of localities (43) distributed across the territory of the R. Serbia, general data for the entire area were used
regarding climate parameters.

Study area of the research is located across the territory of the Republic of Serbia, which has a moderate continental climate with
steppe features in the north and southeast, while the mountain climate dominates at higher altitudes. According to the data of the
Republic Hydro-Meteorological Service of Serbia (RHMS), the average mid-winter temperatures in lowland areas range from 0 to
—2 °C and in mountainous areas from —2 to —4 °C; average summer temperatures in the lowlands are over 22 °C, whereas in the
mountains they reach the value of 18 °C. In the northeastern parts, about 580 mm of precipitation falls during the year, while in the
southern parts, it goes up to about 555 mm.

2.2. Preparation of plant/soil samples for analysis

For the analysis of elements, the sampled fresh leaves were separately ground, then the microwave digestion was performed. From
the homogenized plant material, 1 g of plant sample was used, treated with 10 mL of conc. nitric acid (HNO3) and 30 mL of conc.
hydrochloric acid (HCI), (the applied ratio of the acids was 1:3) and then with 2 mL of hydrogen peroxide (H202; 0.029 %, w/v). The
prepared suspension was heated for 1 h in a water bath with constant addition of distilled water up to 50 mL as the final volume. After
cooling, it was filtered through a blue filter strip. In the case of soil collection, the soil samples from all locations were left to dry and
then crushed and sieved through a 2 mm sieve. Soil samples prepared for destruction were treated with conc. HNO3 with H,O5 addition
according to the EPA 3050B [24].

2.3. Analytical methods for plant/soil samples

The contents of essential biogenic (K, Fe, Mn, Zn, Ni Cu, B), useful/beneficial (Na, Co, V, Se), and potentially toxic (Al, Cd, Pb, Cr,
Sb, TI) elements in the leaves and the soil were determined using the method of Induced-Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES), on the ICPE-9800 apparatus (Shimadzu, Japan). In addition, the following elements were determined via other
appropriate analytical methods: Cr(VI) content was determined by High Performance Liquid Chromatography (HPLC), on the 930
Compact IC Flex Oven/Deg, the 947 professional (UV/VIS Vario SW detector), and the 919 IC auto sampler (Metrohm 930 Compact IC
Flex, Switzerland); the content of Hg was determined on the automatic mercury analyzer AMA 254, (Leco corporation, Michigan,
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USA); while the As content was determined using the atomic absorption spectroscopic (AAS) hybrid technique, on the AA-7000
apparatus (Shimadzu, Japan), with a HGV-1 hybrid generator combined with the ASC-6100 auto sampler. The limits of quantifica-
tion for the analyzed elements are listed in Table 1. Apart from the content of selected elements in the sampled soil material, following
agrochemical parameters were determined: the pH value in HyO and KCl, and the humus content according to Tjurin’s method [25].

2.4. Contamination factor

The contamination factor (CF), as an important parameter of soil quality, was calculated according to following equation (1) [26]:

C,

CF =
Crefs

(eq- 1

where c; is the concentration of the toxic element in the soil and cefs is the reference background content for the selected elements
(average worldwide) as follows [27]: As (4.4 mg/kg); B (22 mg/kg); Cd (0.37 mg/kg); Co (5.5 mg/kg); Cr (47 mg/kg); Cu (13 mg/kg);
Hg (0.05 mg/kg); Mn (270 mg/kg); Ni (13 mg/kg), Pb (22 mg/kg); V (67 mg/kg), Zn (45 mg/kg). It is considered that soil is slightly
(CF < 1), moderately (CF = 1-3) considerably (CF = 3-6) and highly (CF > 6) polluted depending on CF values [26].

2.5. Bioaccumulation factor

The bioaccumulation factor (BAF) was calculated according to equation (2) provided by [28] which represents the ratio of the mean
value for the concentrations of the elements accumulated in the plant (cjear), and the concentration of the same elements in the soil
(CsoiD):

Creo

BAF =
Csoil

(eq. 2)

2.6. Data analysis

The obtained results consisted of 24 variables (elements) and 43 locations. Three analyses were performed for each variable, with
their arithmetic mean and standard deviation shown in the Tables as the final result. An analysis of variance (ANOVA) followed by
Tukey’s post hoc test (p < 0.05) was used to compare the variation in the content of the investigated elements at the locations. Then a
correlation was performed to determine if there was a quantitative agreement (correlation analysis) between the variations of the
observed variables. The data were analyzed with SPSS 26.0 software SPSS, Inc., Chicago, IL, USA).

3. Results and discussion
3.1. Content of biogenic elements (BEs) and potentially toxic elements (PTEs) in soil

The obtained intervals and mean values are shown in Table 2 while all detailed results for soil parameters and elemental
composition are given in supplementary files (Tables S1 and S2). One of the parameters that has a great influence on the direction and
flow of chemical processes in the soil is the pH of the soil reaction. It directly affects the absorption of elements by reducing the pH
value, they become less accessible or even inaccessible [29]. The obtained mean values were in the range from 4.17 to 7.43 (pH in Hy0)
i.e. 3.65 to 7.69 (pH in KCl). Corresponding to the literature data [30], in 9 locations the soil samples were neutral to slightly alkaline,
which is in line with literature [31]. It was calculated that the minimal humus content in the soil of temperate regions was 2 % [32,33].
Since the current research found the content of humus to be in the interval from 2.82 % to 9.32 % soils can be considered as well
supplied, which is characteristic of soils originating from forest populations previously sampled from surface layers [34].

For the main biogenic elements, results presented in Table 2 have confirmed the following ranges: 1002-27412 mg/kg (K);
250-28600 mg/kg (Ca); 1400-19166.67 mg/kg (Mg); 11900-88900 mg/kg (Fe). The results in Table 2 show the mean content values
for Mn, Cu, Zn, B, Ni, Na, Co, As, Cr, Cr(VI), Hg, Pb, Al, V which were in the ranges: 270-5980 mg/kg (Mn); 6.7-416 mg/kg (Cw);

Table 1

Limit of quantification of analyzed elements in soil/plant.
Elements in Soil Elements in Plant
As - 0.1 mg/kg
Mn, Cu, Co - 0.2 mg/kg As, Cd, TI, Sn, Sb, Mo - 0.1 mg/kg
Se, Pb, B, Cd, Mo, Sb, Sn, V, Tl — 0.5 mg/kg Mn, Cu, Co - 0.2 mg/kg
Cr, Ni- 1 mg/kg Se, Pb, B - 0.5 mg/kg
Fe, Al - 5 mg/kg Cr, Ni, Na - 1 mg/kg
Na - 10 mg/kg (0,001 %) Fe, Al - 5 mg/kg
Mg, Ca, K - 100 mg/kg (0,01 %) Mg, Ca, K - 10 mg/kg
Hg - 0.01 mg/kg Hg - 0.01 mg/kg

Cr(VI) — 0.75 mg/kg
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Table 2
Intervals and average values for pH, hummus and biogenic and potential toxic elements content (mg/kg dry weight+ SD) in soils where A. ursinum
grows.

Parameters Inin Inax Average

pH-H,0 4.17 7.73 6.09 £+ 1.09
pH-KCl 3.65 7.43 5.40 +£1.14

% hummus 2.39 9.33 5.21 +1.92

K 1002.00 + 163.00 27412 + 163.30 2691.31 + 393.34
Ca 250.00 + 81.65 28600.00 + 1632.99 6208.47 + 775.30
Mg 1400.00 £+ 163.00 19166.67 + 410.96 5323.11 4+ 429.40
Fe 11900.00 + 326.60 88900.00 + 81.65 28276.74 + 128.35
Mn 270.00 + 4.08 5980.00 + 8.16 1188.95 £ 91.50
Cu 6.70 £ 0.16 416.00 £+ 1.63 34.56 + 6.53

Zn 35.30 £ 1.63 262.00 £ 1.73 78.91 + 4.80

B 0.81 +1.63 95.4 £+ 1.60 42.14 + 2.78

Ni 9.29 £+ 0.07 1200.00 £+ 0.81 94.73 + 18.41

Na 60.9 + 1.63 386 + 1.53 125.66 + 7.53

Co 3.43 £ 0.02 83.5+0.81 15.43 + 2.53

As 2.15 £ 0.04 520.2 + 0.47 21.24 +7.16

Cd 4.92 £+ 0.00 4.92 £+ 0.00 4.92 £+ 0.00

Cr 7.70 £ 0.57 739.00 + 0.81 67.58 + 11.13
Cr(VI) 0.85 £ 0.04 7.43 £ 0.02 2.49 +£1.76

Hg 0.07 £ 0.01 0.47 £ 0,05 0.17 £ 0.08

Pb 18.90 + 1.04 984.00 + 0.81 88.67 + 19.21

Al 5500.00 + 116.50 30500.00 + 408.25 15641.86 + 56.18
\4 15.80 &+ 0.65 1370.00 £+ 0.81 176.82 + 26.51
Sb 54.1 £+ 0.00 54.1 £+ 0.00 54.10 + 0.00

*Imin - minimal detected values; I, - maximal detected values.

35.3-262 mg/kg (Zn); 0.81-95.4 mg/kg (B), 9.29-1200.00 mg/kg (Ni); 60.9-386 mg/kg (Na); 3.43-83.5 mg/kg (Co); 2.15-520.2 mg/
kg (As), 7.70-739 mg/kg (Cr); 0.81-7.43 mg/kg (Cr(VI)); 0.07-0.47 mg/kg (Hg) 18.9-984 mg/kg (Pb); 5500-30500 mg/kg (AD);
15.8-1370 mg/kg (V), and in two of the locations (Ls2; L31) Cd i Sb were detected with the values of 4.9 mg/kg (Cd) and 51.0 mg/kg
(Sb), whereas Mo, Se, Sn and Tl were not detected in the analyzed soil.

Similar to this, Reimann et al. [35] and Leuschner and Lendzion [36] determined a great variability in element content and stated
that climatic factors had a great influence on the soil composition. Taking into account that the soils on which A. ursinum grows were
sampled from the surface layer and originated from different locations and different climatic areas, it is possible that it was mostly
influenced by these factors. However, according to Vanmechelen et al. [21] anthropogenic aerial deposition of BEs/PTEs plays an
important role in changing the chemistry of the organic layers of forest soils, which can increase their concentrations in places far from
a large number of pollution sources, as observed in the current study. The given results confirmed some of the findings stated in a
similar study [20] in which the content of BEs/PTEs in the surface layer of forest soils was directly conditioned by the intensity of
deposition from the atmosphere, habitat conditions, soil type, and vegetation type. It is important to emphasize that the analyzed
elements do not have an equal role in the physiological cycles of the plant [37]. Their presence in most of the forest ecosystems is in an
altered form compared to the original, and it is not equally important for plant nutrition, with several negative effects on the ecosystem

Table 3
Proposed maximum allowable concentrations (MAC, mg/kg) for selected
PTEs in soil given in the literature and concentrations at locations.

E I II
Fe - -
Mn - -
Cu 60-150 36
Zn 100-300 140
B - 50
Ni 20-60 35
Co 20-50 9
As 15-20 29
cd 1-5 0.8
Criotal 50-200 100
Hg 0.5-5 0.3
Pb 20-300 85
Al - -

\% 150 42
Sb 10 3

2 E-toxic elements; I-maximum allowable conc. [27]; II- recommended
values from national legislation [39].
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[38]. The concentrations of BEs/PTEs at the locations were compared with the maximum allowable concentration [27] and maximum
tolerable value according to Official Gazette of the Republic of Serbia [39].

By comparing the content of PTEs in the surface layer of the tested soils with the limit values (Table 3), it can be concluded that
some of the sampled soils were contaminated. The heat map presented in Fig. 2 highlights locations with elevated concentrations of the
examined PTEs (indicated by red color). Notably, all sampled locations exhibited heightened levels of aluminum, iron and manganese
followed by cobalt, vanadium, nickel and lead. On the other hand, although arsenic was registered at all locations, it was above MAC
values at only two locations. Antimony was registered at only one location but above MAC value.

In order to perform more precise assessment of the contamination of the tested soils (based on background referent values
worldwide for As; B; Cd; Co; Cr; Cu; Hg; Mn; Ni; Pb; V; Zn) contamination factors (CFs) were calculated and presented in Table 4.

The obtained values of CF in the surface layer of the soil were highly variable (Table 4). There were locations 31 and 42 which were
highly contaminated (CF > 6) with six (Cr, Cu, Mn, Ni, V) and four (As, Co, Pb, V) elements, respectively. The highest contamination
factor was observed for nickel at location 31 (92.31), which was likely caused by either geochemical or anthropogenic factors. This
hypothesis is supported by the proximity of the location to an ore deposit, as confirmed by research conducted in the similar area
(44°13'36.3" N 20°39'12.4"E) [40]. The aforementioned study detected moderate contamination levels for As, Mn, Be, Al and Fe, high
for Co, Cr and Ni and very high levels for Cd in the surface layers of the soil, which is consistent with the results of the current study. In
addition to nickel (at thirteen locations), elevated CF values for manganese (six locations), arsenic, mercury and copper (two locations)
were also observed. At one location, CF values above the highly contaminated limit were registered for the following elements:
cadmium, cobalt, chromium and lead.

Mazurek et al. [41], presented similar results, where they pointed out that anthropogenic influence is the main cause for the
presence of these elements in the forest soils and that the forest mat layer and surface horizon contain the highest concentrations of
them. Elements deposited on plant surfaces during their life cycle can transform and be included in the biochemical cycle of element
circulation in the soil (recirculation). Similarly, Langenbruch et al. [42] showed that the forest ecosystems, primarily leaves, absorb a
vast range of gases from the atmosphere, and after their fall to the ground under the influence of the gravitational force due to their
decomposition, many chemical compounds are deposited on the surface of the soil. Talkner et al. [43] stated that the decomposition of
the leaves leads to the release of a wide range of chemical compounds, which, combined with precipitation, may directly influence the
concentration and availability of BEs/PTEs in the surface levels of the soil. More precisely, according to Weltzin and McPherson [44]
atmospheric water (rainfall), including its components such as gases and acids, affect both the decomposition of forest residue and the
mobilization of BEs/PTEs in the soil by converting them into different accessible forms. Specifically, when atmospheric water reaches
plants and soil, it carries soluble gases (O2, CO2, NH3, SO) and dissolved acids (HNOy, NHO3). This is primarily due to the composition
of atmospheric air which varies greatly across different locations. Therefore, it can be assumed that this variability is the main reason
for the observed differences in content in the examined areas.
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Fig. 2. Heat map with localities (labeled as red) with content of PTEs above proposed MAC values.
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Table 4
Contamination factor (CF) for PTEs in the tested soils.
Location As B Cd Co Cr Cu Hg Mn Ni Pb \% Zn
1 0.62 0.00 0.00 0.62 0.35 1.14 2.00 1.00 1.58 0.00 2.43 1.04
2 1.86 0.19 0.00 2.24 2.12 1.95 4.00 1.79 9.23 0.00 0.40 1.53
3 1.14 4.34 0.00 1.08 0.73 1.50 5.00 2.45 2.19 1.03 3.52 1.53
4 2.00 3.00 0.00 0.00 0.55 1.41 1.40 1.14 2.10 0.86 3.99 1.20
5 1.36 0.00 0.00 1.93 0.64 1.24 2.60 3.14 2.30 1.52 4.69 1.24
6 1.83 1.75 0.00 1.76 1.15 2.35 2.80 3.21 7.17 0.00 0.53 1.65
7 1.33 0.00 0.00 1.67 0.54 0.83 2.60 2.32 3.16 0.00 0.40 1.12
8 1.73 2.47 0.00 1.30 0.49 1.37 2.40 2.26 1.84 0.00 4.82 1.04
9 2.33 0.00 0.00 1.37 0.68 1.33 1.44 1.99 3.39 0.00 0.41 1.04
10 1.70 3.01 0.00 2.42 0.58 1.05 3.80 3.06 1.97 1.36 4.84 1.14
11 2.83 0.00 0.00 2.02 0.51 1.56 3.00 6.48 2.25 1.41 0.44 1.47
12 4.21 0.00 0.00 1.91 0.95 1.49 2.00 2.86 7.60 0.00 0.38 1.17
13 1.67 0.77 0.00 2.38 1.27 1.85 4.00 2.56 6.12 0.00 0.53 1.78
14 2.48 2.49 0.00 2.00 0.51 1.18 2.40 3.78 2.23 0.00 0.42 1.00
15 2.18 0.00 0.00 1.60 0.54 1.20 1.40 22.15 2.16 1.60 4.24 1.10
16 1.51 0.00 0.00 2.04 0.39 0.85 2.80 4.74 1.69 0.00 0.40 2.03
17 1.38 0.00 0.00 2.42 0.69 1.03 1.60 2.65 2.56 0.00 0.46 1.11
18 1.51 1.02 0.00 4.49 4.02 32.00 3.80 3.04 30.38 2.01 0.43 5.82
19 3.11 0.00 0.00 3.05 1.41 3.11 3.20 4.59 5.14 0.00 1.08 1.63
20 0.93 0.16 0.00 0.83 0.16 0.52 1.80 2.93 0.71 1.77 0.24 1.19
21 1.18 4.27 0.00 5.31 2.72 6.50 4.40 5.89 5.28 0.00 2.12 1.94
22 2.86 0.00 0.00 2.45 0.97 1.85 4.80 4.04 3.31 0.00 0.84 1.72
23 1.83 0.00 0.00 3.84 2.47 3.16 3.20 3.85 12.62 0.00 0.65 1.85
24 1.46 0.00 0.00 1.45 0.47 1.24 2.60 2.73 1.55 1.07 4.70 0.78
25 1.55 2.40 0.00 291 1.53 1.54 2.60 3.70 4.76 3.33 6.79 1.57
26 3.19 0.00 0.00 2.95 1.20 2.15 2.60 4.59 6.45 2.82 0.47 1.62
27 5.12 0.00 0.00 5.91 2.43 2.74 4.40 8.85 22.77 2.00 1.06 1.59
28 2.16 0.00 0.00 5.05 2.28 3.85 4.00 5.07 16.85 4.11 0.56 3.56
29 2.38 0.00 0.00 1.76 0.36 1.57 4.40 4.44 1.58 0.00 0.34 2.18
30 0.65 2.22 0.00 5.07 2.96 1.77 1.80 3.96 11.85 0.00 1.23 0.90
31 0.49 0.00 0.00 15.18 15.72 1.94 8.60 10.96 92.31 4.18 20.45 1.85
32 6.97 0.00 0.00 2.65 0.86 2.82 3.60 7.15 3.64 0.00 0.66 1.76
33 1.63 0.00 0.00 2.27 0.37 2.12 9.40 2.25 1.89 1.06 3.25 1.34
34 2.69 1.82 0.00 2.67 0.59 2.29 3.00 5.52 3.12 3.50 0.58 2.00
35 2.32 0.04 0.00 2.60 1.02 2.68 4.40 5.19 5.65 3.97 4.63 2.14
36 2.26 0.00 0.00 2.53 0.52 2.08 4.60 4.15 3.70 0.00 0.28 2.04
37 2.13 1.22 0.00 1.91 0.21 0.97 4.40 5.19 0.92 2.61 1.05 1.89
38 3.07 0.00 0.00 2.47 0.66 0.69 2.20 6.96 1.78 1.65 0.57 1.10
39 0.79 0.00 0.00 3.95 1.89 2.82 1.60 2.19 4.78 1.06 0.98 1.34
40 2.16 0.00 0.00 1.12 0.43 0.75 3.40 2.19 2.30 3.76 0.28 0.97
41 2.30 0.00 0.00 2.05 0.40 3.42 2.80 5.59 2.58 1.29 4.03 3.45
42 11.86 1.36 13.30 2.51 1.66 3.57 4.20 2.65 3.28 44.73 8.55 5.60
43 2.40 0.00 0.00 2.07 1.84 2.85 2.20 4.07 4.58 0.00 14.79 1.37
Table 5
The content of biogenic and potential toxic elements in the leaf (mg/kg fresh weight+SD) of A. ursinum.

Parameters Iinin Tmax Average

K 1655 + 4.08 5842 + 12.47 3291.25 + 87.12

Ca 110.8 + 1.63 885.9 + 4.08 324.35 + 16.87

Mg 165.2 + 2.05 855.6 +17.8 281.85 + 11.52

Fe 11.4+ 04 502.0 £ 1.63 53.58 + 8.15

Na 9.78 + 0.06 53.72 + 0.01 20.94 + 8.66

Al 3.98 + 0.06 103.0 + 2.44 25.68 + 3.71

Mn 1.84 £ 0.03 21.2 £ 0.16 4.99 + 2.98

Zn 2.54 + 0.03 204.0 + 3.26 10.06 + 2.57

B 0.69 + 0.07 3.67 £ 0.05 1.47 £ 0.45

Cu 1.02 £ 0.01 2.96 + 0.04 1.53 £ 0.22

Ni 1.20 £ 0.08 10.3 £ 0.31 3.07 £ 2.22

As 0.11 +0.01 4.39 £ 0.07 211 +1.76

Cd 2.12 £ 0.00 2.12 £ 0.00 2.12 £ 0.00

Cr 1.11 £+ 0.00 1.11 + 0.00 1.11 £+ 0.00

Pb 15.6 £ 0.16 58.1 £ 0.24 36.85 + 1.25

*Imin - Mminimum detected values; I,y - maximum detected values.



Table 6
Correlation matrix of the ratio of detected elements in the leaf of A. ursinum.
Variability K Ca Mg Fe Na Al Mn Zn B Cu Ni As Cd Cr Pb
K 1
Ca —0.01 1
Mg -0.13 0.01 1
Fe 0.11 0.10 0.07 1
Na 0.17 —0.28 0.17 0.03 1
Al 0.09 0.00 0.12 0.73* —0.01 1
Mn 0.01 0.11 —0.04 0.79* -0.19 0.62 1
Zn 0.08 0.13 0.06 0.87* 0.08 0.31 0.68 1
B 0.09 0.10 0.08 0.04 0.20 —0.10 0.01 0.09 1
Cu -0.29 —-0.24 0.15 —0.03 0.15 0.23 0.18 -0.17 —0.09 1
Ni -0.21 —0.02 0.28 0.15 0.14 0.06 0.08 0.18 0.08 0.11 1
As 0.04 0.04 0.04 0.34 -0.19 0.67 0.48 0.01 —0.05 0.29 0.08 1
cd 0.09 0.12 0.04 0.86* 0.08 0.30 0.67 0.98* 0.11 -0.17 0.16 —0.01 1
Cr —0.05 0.06 -0.07 0.25 0.05 0.43 0.08 -0.03 0.05 0.20 0.03 -0.03 —0.02 1
Pb 0.09 0.10 0.04 0.91* 0.06 0.41 0.67 0.97 0.09 —0.20 0.15 0.09 0.97* —0.03 1

*Correlations are significant at p < 0.05.
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3.2. Content of biogenic elements (BEs) and potentially toxic elements (PTEs) in the leaf

Considering the physiological and biological properties of A. ursinum as well as the consumption method, it is very important to
reflect the risk when ingesting plant material in the presence of BEs/PTEs. Table 5 shows the average content/intervals of BEs/PTEs in
A. ursinum leaves. Detailed results for leaf elemental composition are given in supplementary files (Table S3).

Understanding the composition of BEs/PTE:s is critical for safe human nutrition and health [45]. The results show that among the
analyzed BEs/PTEs, potassium was the most abundant BE in plant material (1695-5842 mg/kg). These results were partially similar to
those obtained for A. ursinum from Bosnia and Herzegovina which had a range of 4719.59-4803.48 mg/kg [46]. In a similar study,
Piatkowska et al. [47] analyzed the dry leaves of A. ursinum and found that the potassium content was 34.64 g/kg which is partially
similar to the results of this study. The potassium content in this study was recalculated on a fresh weight basis, since fresh A. ursinum
leaves contain 91 % water [48]. Potassium is a key element for respiration and the regulation of osmotic pressure [49]. In the human
body, it plays a major role in all organs affecting the activity of nerve cells, muscle contraction, osmotic regulation, acid-alkaline, and
water balance, pH regulation, and the transmembrane potential of osmotic pressure, thereby increasing the concentration of other ions
in the cell [50].

A large variability was found in relation to the sodium content: 9.48-53.72 mg/kg, which is partially in accordance with the range
(31.07-32.91 mg/kg) for A. ursinum from Bosnia and Herzegovina [46]. Sodium, together with potassium, is involved in enzymatic
activity that regulates muscle contraction, mineral transfer, and osmotic potential in the human body [51], while in plants, Na plays an
important role in growth regulation and neutralization of the acids generated in plant metabolism [49]. The process of uptake for both
ions is similar, as plants take them up through common membrane channels. Plants absorb Na™ ions significantly less compared to K™
ions because a high K/Na ratio is maintained in the cytoplasm due to the fact that the concentration of K in the cytoplasm is from 100 to
200 mM, and Na* from 1 to 10 mM [37]. A high K/Na ratio is desirable since a high content of sodium in the cytoplasm disturbs the
sodium-potassium pump’s functioning and water transport. Namely, research by Antonkiewicz et al. [52] indicated that the optimal
K/Na ratio should be 10:1 or higher. In the current research, the obtained values for this parameter were above optimal. It makes
A. ursinum desirable for consumption as a source of optimal content for both elements.

The concentration range for calcium obtained in this study was from 110.8 to 885.9 mg/kg, which was significantly lower
(1532.55-1559.1 mg/kg) than the results of Vucié et al. [46] for the same plant species. The observed differences are mostly related to
differences in growing soil and agroecological conditions. In plant organisms, calcium enters into the composition of cell membranes
and plays a role in transmitting signals from the external environment to plants [49]. However, its primary function in the human body
is the formation of the human skeleton. Its ions participate in blood coagulation and the regulation of osmotic pressure, and they play a
major role in cell growth and development [50]. According to literature recommendations, the optimal K/Ca ratio should be 2:1 [52].
In this study, all obtained values for this parameter were favorable, similar to the K/Na ratio.

Accordingly, the concentration range for magnesium was from 165.2 to 855.6 mg/kg, which is a relatively wide range compared to
the results of Vuci¢ et al. [46]: 317.16-335.04 mg/kg. In the dry leaf of A. ursinum, Pigtkowska et al. [47] determined that the
magnesium content (1.72 g/kg) was significantly lower than in this research (Table 6), considering the previous statements of Lukinac
and Juki¢ [48] about leaf water content. The observed variation for magnesium in this study can be explained by the wider
geographical area where the samples were collected. In plants, Mg affects the processes of cell and tissue regeneration and organ
development by activating a large number of enzymes that are involved in the process of photosynthesis. It is included in the
biosynthesis of proteins and the metabolism of nucleic acids, as well as in photosynthesis as a part of chlorophylls [49]. According to
the literature, optimal K/Mg ratio should be 6:1 [52], which is consistent with the results obtained in this study. Magnesium plays a
major role in the absorption of Ca [50]. A recent study by Costello et al. [53] indicated that an excessive Ca/Mg ratio in the diet (>2.60)
can lead to a number of negative chronic conditions such as cardiovascular diseases and metabolic syndrome, as well as some cancers.
Comparing the obtained results, it can be observed that the average ratio of Ca/Mg was around 1, which is lower than the suggested
upper limit.

For all biogenic macroelements (K, Ca, Mg and Na) the results obtained in this research were significantly lower compared to
A. ursinum leaf samples collected in Sliven region (Bulgaria)- 16250 mg/kg (for K), 14810 mg/kg (for Ca), 9775 mg/kg (for Mg), 232
mg/kg (for Na) [54], probably due to different geographical origin and agroecological growing conditions.

The detected iron content varied significantly, from 11.4 to 502.0 mg/kg. In a study by Vuci¢ et al. [46] the Fe content at five
locations was in the interval from 13.97 to 14.78 mg/kg which was expected since only five locations were included. According to
literature, the variability in the iron content of plants is not always consistent [38]. It is strongly influenced by soil composition and
climate, as well as the phase in which the plant is harvested. It is also stated that the optimal Fe range should be between 18 and 1000
mg/kg [38], which is consistent with the current study’s findings. Iron is a part of many redox enzymes in cellular processes, where it
catalyzes respiration. In the plant organism, due to its chemical properties, it affects redox processes during photosynthesis and cellular
respiration [49] and is also the main and active element of hemoglobin in blood [55].

The detected content of aluminum ranged from 8.11 to 103.0 mg/kg. Only a few locations had an Al content similar to the content
found in literature data (9.48-9.89 mg/kg) [46], whereas in other locations, the content of Al was significantly variable. This was
strongly influenced by the significantly wider geographical area encompassed in this study. According to Kabata-Pendias [38] Al is
mainly taken up from the soil, and its absorption as well as the available forms are mostly influenced by the pH value of the soil. The
same author states that with decreased soil pH (<5.5), the mobility of Al increases significantly, which is probably the reason for the
excessive variability in this study, as confirmed by the results (Table 1), which show that 58.1 % of the locations had a pH lower than
5.5. Namely, an excessive concentration of Al negatively affects the absorption of K, Ca, and Mg, by blocking it and increases the
absorption of Fe and Mn, which (20) which was also observed. Stahl et al. [56] have emphasized that knowing the Al content is a
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Table 7
The bioaccumulation potential of A. ursinum leaves expressed as bioaccumulation factor (BAF).

Location K Ca Mg Fe Mn Cu Zn B Ni Na As Cr Pb Al

1 2.507 0.024 0.027 0.003 0.010 nd 0.119 nd 0.156 0.125 nd nd nd 0.003
2 2.106 0.082 0.034 0.002 0.006 nd 0.046 0.260 nd 0.200 nd nd nd 0.002
3 1.553 1.228 0.066 0.002 0.003 0.064 0.063 0.011 nd 0.243 nd nd nd 0.002
4 1.284 0.027 0.209 0.003 0.007 0.084 0.204 0.020 0.051 0.409 nd nd nd 0.003
5 2.701 0.195 0.095 0.002 0.005 0.084 0.091 nd nd 0.209 nd nd nd 0.002
6 2.118 0.012 0.053 0.002 0.005 0.053 0.060 0.030 nd 0.130 nd nd nd 0.002
7 0.551 0.218 0.118 0.001 0.012 0.130 0.114 nd 0.088 0.081 nd nd nd 0.001
8 0.805 0.011 0.043 0.001 0.005 0.001 0.062 0.021 nd 0.245 nd nd nd 0.001
9 1.586 0.034 0.104 0.002 0.005 0.156 0.111 nd 0.234 0.348 nd nd nd 0.002
10 1.947 0.526 0.097 0.003 0.017 0.099 0.075 0.010 nd 0.167 nd nd nd 0.004
11 1.623 0.108 0.059 0.000 0.002 0.082 0.071 nd nd 0.051 nd nd nd 0.001
12 0.942 0.016 0.048 0.001 0.005 0.078 0.073 nd nd 0.118 nd nd nd 0.001
13 0.122 0.262 0.070 0.003 0.004 0.057 0.058 0.050 nd 0.155 nd nd nd 0.003
14 0.814 0.027 0.115 0.002 0.008 0.097 0.080 0.031 nd 0.267 nd nd nd 0.002
15 3.087 0.291 0.131 0.002 0.001 nd 0.084 nd 0.089 0.505 nd nd nd 0.002
16 1.919 0.411 0.114 0.003 0.005 0.103 0.028 nd nd 0.196 nd nd nd 0.004
17 2.100 0.112 0.097 0.001 0.005 0.101 0.148 nd 0.230 0.418 nd nd nd 0.002
18 1.984 0.029 0.024 0.001 0.004 nd 0.024 0.054 0.011 0.136 nd nd nd 0.001
19 1.425 0.020 0.052 0.001 0.003 nd 0.061 nd nd 0.152 nd nd nd 0.000
20 2.038 1.547 0.173 0.015 0.021 0.442 0.146 0.387 0.274 0.094 1.079 nd nd 0.010
21 1.191 0.016 0.016 0.000 0.002 nd 0.045 0.012 nd 0.089 nd nd nd 0.000
22 1.457 0.034 0.060 0.001 0.004 nd 0.095 nd 0.052 0.168 nd nd nd 0.000
23 0.935 0.409 0.050 0.005 0.007 0.048 0.056 nd 0.011 0.195 nd 0.011 nd 0.007
24 1.770 0.573 0.135 0.001 0.005 nd 0.169 nd 0.115 0.103 nd nd nd 0.001
25 1.156 0.015 0.067 0.001 0.003 nd 0.072 0.028 nd 0.187 nd nd nd 0.001
26 2.321 0.133 0.067 0.001 0.004 0.049 0.084 nd 0.017 0.274 nd nd nd 0.001
27 1.307 0.235 0.070 0.001 0.002 0.029 0.083 nd nd 0.330 nd nd nd 0.001
28 0.948 0.528 0.033 0.000 0.003 nd 0.019 nd nd 0.208 nd nd nd 0.000
29 0.938 0.155 0.131 0.011 0.003 nd nd nd 0.113 0.202 nd nd nd 0.002
30 1.634 0.251 0.020 0.001 0.003 0.048 0.120 0.054 nd 0.078 nd nd nd 0.001
31 1.932 0.402 0.052 0.000 0.001 nd 0.048 nd 0.002 0.153 nd nd nd 0.000
32 2.702 0.179 0.058 0.001 0.002 0.031 0.065 nd 0.044 0.228 nd nd nd 0.001
33 2.431 0.584 0.160 0.001 0.012 0.073 0.094 nd nd 0.343 nd nd nd 0.002
34 1.585 0.115 0.052 0.000 0.002 0.050 0.061 0.030 nd 0.109 nd nd nd 0.000
35 2.122 0.456 0.061 0.015 0.015 nd 2.123 nd 0.048 0.181 0.011 nd 0.665 0.003
36 1.851 0.034 0.089 0.000 0.002 nd 0.087 nd 0.057 0.185 nd nd nd 0.000
37 1.721 0.364 0.068 0.001 0.003 0.094 0.077 0.065 nd 0.146 nd nd nd 0.001
38 1.014 0.698 0.163 0.001 0.003 0.159 0.126 nd nd 0.122 nd nd nd 0.001
39 1.285 0.023 0.023 0.001 0.003 0.041 0.071 nd nd 0.194 nd nd nd 0.000
40 3.225 0.031 0.079 0.002 0.006 nd 0.242 nd 0.042 0.248 nd nd nd 0.002
41 2.311 0.058 0.082 0.002 0.003 nd 0.082 nd nd 0.149 nd nd nd 0.001
42 2.531 0.273 0.065 0.007 0.009 nd 0.036 0.042 0.028 0.218 0.004 nd 0.016 0.006
43 1.281 0.012 0.015 0.001 0.003 0.042 0.068 nd nd 0.064 nd nd nd 0.001

*nd -not detected.
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critical nutritional safety concern. Excessive intake of Al in the diet can cause toxic cellular and neurotoxic effects on human health
[571. High Al content is harmful to the heart, brain, kidneys, and liver. However, pharmacological studies on mice treated with
Sparganii rhizome extract that contained high concentrations of Al did not show any symptoms of toxicity or mortality at a dose of up to
2000 mg/kg body weight. This can be explained by the fact that Al can form a complex compound with the N-heterocycle called the Al
glycoside complex, thus preventing the manifestation of its toxicity [58].

The content of manganese was from 1.84 to 21.2 mg/kg. Compared to a similar research paper on A. ursinum by Vucic¢ et al. [46]
where Mn content was in the range of 13.51-14.4 mg/kg 93 % of the localities in the current research exhibited a lower content of this
element. Kabata-Pendias [38] pointed out that the content of Mn depends on its antagonism with Fe (the Fe/Mn ratio should preferably
be from 1.5 to 2.5), because they are interconnected in the metabolic functions. If this ratio is not favorable, symptoms of Mn toxicity
and Fe deficiency may occur. However, this was not the case in this study. Specifically in humans and animals, Mn is necessary for bone
formation, carbohydrates and lipid metabolism, calcium absorption, blood sugar regulation for the functioning of glial and neuronal
cells, as well as enzymes involved in the synthesis and metabolism of neurotransmitters [59]. However, excessive uptake of Mn
through the respiratory route negatively affects two vital organs, the brain and the lungs [59], and can provoke the development of a
neurodegenerative disease known as manganism with symptoms very similar to Parkinson’s disease [60].

Zinc content was from 2.54 to 204.0 mg/kg, while significantly lower and less variable content was observed (2.31-2.61 mg/kg) in
the literature [46]. The variability of Zn concentration is mostly influenced by weather conditions [38]. Specifically, during heavy
rainfall, zinc compounds are easily precipitated by reaction with carbonates or absorbed with minerals and organic compounds and
they become less available to plants, which may be one of the reasons for the variability of the obtained results. According to Papoyan
et al. [61], Zn exhibits a synergistic effect on the absorption of Cd, Cu while Zn has a synergistic effect on the intake of Fe and As [38].
The suggested synergisms were also observed in this study. Zn plays an important role in DNA and RNA metabolism, protein synthesis,
cell division, and the process of signal transmission within the cell [62]. Also, it plays an important role in the functioning of a large
number of enzymes in metabolic processes, so it is necessary for all living organisms, including plants, animals, and humans. Increased
Zn concentrations pose no health risk, whereas deficiency of this element can result in a variety of serious disorders and diseases [63].
The detected content of boron (0.69-3.69 mg/kg) was significantly less than the optimal content in onions (10 mg/kg) [64]. The low
amount of this element can be related to the high Fe content and low Zn content observed in this research [65]. According to Bakirdere
et al. [66] boron exhibits negative clinical effects such as gastrointestinal disturbances, mucosal peeling, inflammation, congestion,
exfoliative dermatitis, edema, and granular degeneration of renal tubular cells.

Unlike previous elements, copper wasn’t found in all locations. The concentration range for Cu was 1.02-2.96 mg/kg at 25 lo-
cations. The average Cu content (1.52 mg/kg) was fully in line with the content of this element (1.51 mg/kg) in the samples obtained
from Bulgaria [54], as well as for the content in the samples obtained from Bosnia and Herzegovina (1.56-1.93 mg/kg) [46]. The
absence of Cu in some locations can be explained by its antagonism and a similar absorption mechanism to Zn, Fe, Cd, Mn, Ni, Cr ions,
which can be observed through their concentration in some locations [38]. Copper is an important micronutrient in human meta-
bolism, because it carries out enzyme biocatalysis and electron transfer and participates in the formation of the genetic code [67].
Copper has a distinct ability to change oxidation state, and its most important function is participation in redox reactions in plant
metabolism [49].

Nickel content was detected in 19 locations with a concentration range of 1.20-10.9 mg/kg. This was higher than the literature data
for bound onions (0.4-0.59 mg/kg) [38]. In a study by Vucic¢ et al. [46] Ni content (0.358-0.388 mg/kg) was several times lower
compared to the current research. The presence of Ni as well as its concentration in plant material mostly depends on the external
environment [38], while due to Fe deficiencies, an antagonistic effect occurs in the soil, increasing the Ni content in plants [68]. Nickel
can be considered a biogenic trace element only in low doses. Otherwise, it can have a carcinogenic effect.

Interestingly, a small number of plant samples contained several toxic elements (As, Cd, Cr and Pb) in different concentrations:
0.11-4.39; 2.2; 11.1; 15.6-58.1 mg/kg respectively. All of these listed elements can have a negative impact on human health [69], and
the WHO permissible limits for these elements are quite low: 0.015; 0.007; 1.4; 0.025 mg/kg, indicating PTEs’ negative impact on
human health. From the obtained results, it can be observed that the content of the analyzed elements varied significantly depending
on the habitat where this plant species grows. As indicated by the research [70], the ecotypes have a great influence on the content of
some elements in A. ursinum. However, similar research [46] showed that there are no significant differences in the content of these
elements. This can be explained by the small number of locations in the mentioned research at a short distance from each other.

Paunovi¢ et al. [71] pointed out the fact that altitude plays a big role in the content of elements in the plant species Morus nigra. On
the other hand, Macek et al. [72] claim that the altitude does not have a great influence on their accumulation, which is consistent with
the results obtained in this study. However, the main reason for the pronounced variability in the content of BEs/PTEs in plants and soil
is explained by the research of Blake and Goulding [73] which reported that atmospheric deposition has a major impact on reducing
soil pH, potentially affecting the accumulation of BEs/PTEs by plants, with most of them originating from atmospheric sediment.
Similar observation was confirmed by Kabata-Pendias [38] who indicated that elemental content primarily depends on environmental
and biological factors.

However, in order to determine the arrangement of BEs/PTEs in the plant in a simpler way, meaning to confirm their mutual effect,
the correlation matrix of the analyzed elements in the leaf was determined and presented (Table 6).

The correlation matrix shows that the following BEs/PTEs are in a highly positive correlation (p < 0.05): Al-Fe, Mn-Fe, Zn-Fe,
Cd-Fe, Pb-Fe, and Pb-Cd. The highest correlative coefficient was confirmed between Zn and Cd (r2 = 0.98), which is in line with
literature data [38]. A similar relationship was observed in a study [74] stating that the positive correlation depends on the degree of
BEs/PTEs accumulation in the plant, which was also observed for some elements.

The degree of accumulation of the detected elements in this research is shown in Table 7 using the bioaccumulation factor.

11



S.V. Gordanic¢ et al. Heliyon 9 (2023) 22134

Bioaccumulation represents the ability of a plant to accumulate chemical elements during its life cycle from the soil when the
element is necessary for some physiological processes. Understanding bioaccumulation factors is of great importance for the definition
of uptake of BEs/PTEs, because the plant indiscriminately adopts elements from the soil [39,75]. As a basis for assessing the degree of
bioaccumulation [76,77] a four-point scale was used (Table 8). The obtained bioaccumulation values for BEs/PTEs were as follows
(min-max): 0.122-3.225 (K); 0.011-1.547 (Ca); 0.016-0.209 (Mg); 0.001-0.015 (Fe); 0.001-0.021 (Mn); 0.011-0.387 (Cu);
0.019-2.123 (Zn); 0.01-0.387 (B) 0.002-0.274 (Ni); 0.002-0.274 (Na); 1.079 (As); 0.011 (Cr) and 0.016-0.665 (Pb).

By comparing the calculated values of the bioaccumulation potential (Table 6) with the degree of bioaccumulation (Table 7) in
some of the locations, the bioaccumulation potential of the leaves was high (K, Ca, Zn, As), medium (Mg, Cu, B, Ni, Na, Pb) and low (Fe,
Mn, Cr). In a previous study [78] a comparable potential for bioaccumulation was observed. However, for certain elements such as Mg,
Cu, B, Na, Pb, a higher degree of bioaccumulation was noted compared to the findings of this current study. According to
Kabata-Pendias [38] this disparity can be attributed to various mutually antagonistic and synergistic relationships among environ-
mental factors, which play a dominant role. Similarly, Sipter et al. [75] investigated the degree of bioaccumulation of some PTEs (As,
Pb, Cu, Hg, Zn, Hg and Cd) in the species Rumex acetosa and Allium schoenoprasum from the genus Allium and reported similar effects. In
a recent study by Vukovi¢ et al. [6] similar bioaccumulation in A. odorum and A. schoenoprasum was found for K (1.07-1.74 and
0.75-0.94); Ca (0.28-0.56 and 0.05-0.07); Mg (0.02-0.03 and 0.01-0.02); Fe (0.0002-0.0004 and 0.0004-0.0007); Mn (0.001-0.002
and 0.001-0.003); Cu (0.011-0.014 and 0.006-0.01); Zn (0.017-0.023 and 0.01-0.025); B (0.07-0.27 and 0.04-0.24); Ni
(0.0004-0.002 and 0.0005-0.006); Na (not detected —0.058 and not detected); As (not detected - 0.058 and not detected); Cr
(0.001-0.003 and 0.002-0.005); Pb (not detected-0.003 and not detected - 0.002); Al (0.0001-0.0004 and 0.0003-0.001) where the
accumulation of other potential toxic elements was not significantly pronounced. The relatively low bioaccumulation abilities of
A. ursinum for certain elements may be attributed to local agroecological conditions. In wet soils with high concentrations of iron,
Fe-hydroxides can form at the top of the roots, blocking the uptake of other elements and potentially contributing to the low uptake of
BEg/PTE/s [38]. Additionally, the accumulation of some trace elements decreases by half at lower temperatures [38]. Considering the
high concentration of Fe in the soil at all locations (Table 3), and the duration of A. ursinum ‘s physiological cycle, it is presumed that
these factors are the primary causes of its low bioaccumulation potential for most PTEs. Nonetheless, the fact that this species does not
bioaccumulate PTEs is advantageous in terms of its nutritional value, as it is safe for human consumption.

With the aim of determining the possible source of BEs/PTE/s in the leaf of A. ursinum, a correlation between their content in the
soil and the leaf has been established (Fig. 3).

Based on the results, it can be concluded that all positive correlations between soil and leaf element content (Cd, As, Ca, Pb, Na, Mg,
K, Zn, Ni, and Mn) were quite low, while a negative correlation was determined for the following elements: Cu, B, Al, Cr, Fe. The most
satisfactory correlations were observed for the content of Ca, Cd, As and Pb, while significantly lower correlations were observed for
other elements. Except for Ca, Cd, As and Pb which were detected only in certain locations, indicating that their origin may be
influenced by anthropogenic factors, as explained by the research [79] while Ca is likely taken up from the soil. The negative cor-
relation for these elements is explained by their antagonistic and synergistic ways of adoption and the fact that some elements originate
not from the soil, but from the atmosphere. Leaves absorb some of these elements through precipitation with the help of stomata [80].
Based on this, it can be assumed that for most PTEs, the main source is air deposition rather than soil uptake.

4. Conclusion

Research has shown that A. ursinum can grow on soils with a wide range of pH values, from highly acidic to neutral, that are well
supplied with organic matter. The content of analyzed biogenic and PTEs in the soils (Fe > Al > Ca > Mg >K>Mn >V > Na > Ni > Zn
> Cr > Pb > Cu > As > B > Co > Cr(VI) > Sb > Hg > Cd) varied across the different locations, with some soil samples containing levels
of these elements above permitted limits.

It has been found that the leaves of A. ursinum are a good source of mineral elements, with the content of these elements varying
depending on the habitat in which they grow. The content of the detected elements in descending order was K > Ca > Mg > Fe > Al >
Na > Zn > Mn > Pb > B > Ni > Cu > As > Cd > Cr. In some locations, the content of As, Pb, Cd, and Cr was above the limit values.
Additionally, research has shown that A. ursinum has a pronounced bioaccumulation potential for the uptake of K, Ca, Mg, Fe, Mn, Cu,
Zn, B, Ni, Na, As, Cr, and Pb.

The correlation analysis did not establish a strong relationship between the soil and the plant, which suggests that the plant adopts
some of them from the atmosphere. This result is concerning because consuming this medicinal plant without knowing its origin and
elemental composition could pose a direct risk to people’s health.

Table 8
Plant accumulation of BEs/PTEs.
Bioaccumulation factor Accumulation degree
0.001-0.01 None
0.01-0.1 Low
0.1-1.0 Medium
1.0-10.0 High
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Fig. 3. Correlation of elemental content in soil and leaf.
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