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Highlights 

 

 Soil from industrial sites is more heavily polluted compared to landfill soil 

 Severe cytotoxicity was determined in Allium exposed to soils from industrial sites 

 Detrimental effects were induced in Allium treated with every test-soil 

 Combined use of geochemical and cyto/genotoxicity parameters 

 
ABSTRACT  

 

Soil from industrial and landfill sites affected by anthropogenic activity was screened for implicit negative effects in an Allium test-system in relation 

to geochemistry. The concentrations of 15 elements were compared to the ecotoxicologically-based soil guideline values. Admitted geoindices were 

used to classify test-soils according to risk/hazard categories. Test-soils were screened for the possible deleterious effects in common onion (Allium 

cepa L.) by employing a test battery of cytogenetic bioassays (root growth inhibition, mitotic activity, frequency of chromosome aberrations and 

micronuclei, and cell death rate) complemented with two assays of molecular DNA markers, random amplified polymorphic DNA (RAPD) and inter-

simple sequence repeat (ISSR). Soil from industrial sites was more severely polluted and more cytotoxic for onions compared to soil from landfill 

sites. However, the cyto/genotoxic outcome of soil exposure in A. cepa was the same for all test-soils; the detrimental effects were observed in onions 

treated with every test-soil. Thus, test-soils could not be classified as non- and genotoxic, although certain of them had permissible contamination 

levels. The chromosome aberration frequency and cell death rates were consistent with the intensity of soil contamination, contrary to the micronuclei 

rate, which was independent of the soil risk/hazard level. Despite a relationship between risk (RI) and total soil contamination (Z) geoindices, both 

indices correlated with a different Allium cyto/genotoxicity endpoint, although the Z index was preferred over the RI index as being more informative 

in correlation analysis. Allium bioassays complemented each other by depicting different aspects of exposure to toxic substances, and determination of 

cyto/genotoxicity in a battery of different bioassays is important in the risk assessment of ecologically dangerous soils, and an application of a test 

battery is strongly advised. 

 

Keywords: Allium; cyto/genotoxicity; risk assessment; soil contamination.  

 

1.  Introduction 

 

The release of toxic waste products has been accelerated by intensive industrialization at orphaned contaminated sites 

after facility closure [1] along with waste disposal at the landfills [2]. Such contamination hot spots not only reduce 

environmental quality but are dangerous to human health [1,3,4]. Potentially harmful elements (PHEs), including heavy 

metals (HM), constitute a persistent environmental hazard risk that is difficult to quantify relying on chemical analysis 

data [1], but there are studies associating diseases with the specific patterns of the microelemental composition of soils 

in human environments [5]. Due to significant economic limitations for chemical determinations, it is important to 

consider a simple screening test of sediment that would reveal whether it may be “contaminated” and qualifies for more 
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detailed and costly chemical research [4,6]. Total soil contamination may be evaluated through various different 

geochemical indices [7,8], though the genotoxicity is usually assessed through bioassays that can evaluate the effects of 

complex mixtures, even without prior knowledge of chemical composition. Cytogenetic Allium chromosome assays are 

standardized for the detection of chemical mutagens in a routine use and enable easy environmental monitoring of 

complex mixtures present in the surroundings [9–11]. In addition, molecular markers can be applied to detect deleterious 

HM effects on genetic material integrity by comparing variation in DNA banding profiles between treated and untreated 

organisms [12,13]. The effects of individual HM can be easily detected in plants by application of highly polymorphic 

RAPD [14-16] and ISSR markers [12,17] that are considered efficient in the evaluation of the genotoxic activity at least 

of individual HM [18]; nevertheless, data on the application of DNA markers in analysis of complex mixture of soil 

pollutants or multi-element HM-induced genotoxicity assessment using Allium as a test-system is scarce [18,19]. 

In this study, the focus was on genotoxicity assessment of contaminated soil from the surroundings of active and 

abandoned industrial facilities and old landfills within urban areas; these soils give rise to concerns due to their long-

term environmental impacts and vicinity to residential sites [20]. Environmental monitoring could be a typical basic 

physical-chemical analysis of sediments or ecotoxicological classification [6] that, for the first time, was combined with 

cyto/genotoxicity testing using Allium bioassays in this survey. The combination of various methods may offer a 

powerful analytical technique while studying HM pollution in soil, and our goal was to associate plant bioassay data 

with soil geochemistry and/or ecotoxicological evaluations using several single- and multi-elemental geoindices for 

excessive enrichment, contamination and potential ecological risk assessment. Assessment of the cyto/genotoxic risk of 

contaminated soil exposures was determined by cytogenetic Allium assays consisting of a root growth inhibition (RGI) 

test, modified chromosome aberration (CA) assay and micronucleus (MN) test along with the application of molecular 

ISSR and RAPD markers. The use of molecular marker systems was grounded on their simplicity, speed and cost, and 

most important, the relationship between some markers and fitness parameters [21]. This study was intended to compare 

the effectiveness of Allium bioassays for the cyto/genotoxicity evaluation of undisturbed technogenic urban soil enriched 

with PHEs and to contribute to a broader understanding of the associations among plant biomarkers and variable PHEs 

content in the soil expressed through summarizing geoindices.  

 

2.  Materials and methods  

 

2.1  Soil sampling and geochemistry evaluation according to risk and hazard assessment  

 

Soil samples were collected in Vilnius city from hot spots of soil pollution of anthropogenic origin. The sites in this 

study were categorised into two groups consisting of industrial facilities and closed landfills (Table 1).  

 

Table 1  

Test-soil lithology, sampling site coordinates, period of contamination source activity and expected inorganic contaminants a,b. 

Site 

code 

Coordinates Contamination source Period of 

operation 

Lithology Expected inorganic contaminants 

Industrial facilities   

I1 
54°40'46.75" N 

25°18'7.7" E 

Production of electrical engineering 

products and electrical gauges 
1948–2009 

Sterile with 

firebrand 

Cu, Zn, Sn, Mo, Cr, Ni, Pb, Co, V 

I2 
54°40'31.71" N 

25°15'47.2" E 
Production of drills 1925–1992 

Fertile Mo, Cr, V, Co, Cu, Ni, Sn, Zn, Ba, Pb 

I3 
54°42'13.66" N 

25°18'30.01" E 

Production of medical and electrographic 

equipment 
1957–2003 

Sandy Zn, Cu, Pb, Mo, Sn, As 

I4 
54°43'12.78" N 

25°17'17.77" E 

Production of motor transport engine fuel 

equipment 
1959–2004 

Sterile Cu, Mo, Zn, Ni, Pb, Cr, Sn 

Landfills   

L1 
54°42'37.38" N 

25°33'8.1" E 
Waste dumping site 1972–1990 

Technogenic, 

argillaceous 

Pb, Cr, Mo, Zn, Cu, Sn 

L2 
54°44'37.67" N 

25°13'56.14" E 
Communal waste dumping site 1962–1987 

Technogenic, 

sandy 

Cu, Zn, Mo, Sn, Ba, Pb, Ni 

L3 
54°41'18.12" N 

25°20'51.52" E 
Waste dumping site 1946–1979 

Technogenic, 

sandy 

Cu, Zn, Sn, Cr, Pb, Mo 
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a Contaminants expected in the vicinity of industrial facilities are given in descending order based on literature data [22]. 

b Contaminants expected at landfill sites are given in descending order based on the municipal monitoring [23] and literature data [24]. 

 

Composite topsoil samples were collected using an envelope design. Chemical analysis of the soil was performed by 

energy-dispersive X-ray fluorescence spectroscopy following methodology from Taraškevičius et al. [25] and 

concentrations of 15 potentially harmful elements (PHEs) were determined. Geochemical soil values of PHEs (As, Ba, 

Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Se, Sn, V, and Zn) were compared to the ecotoxicologically based soil guideline 

values (SGV) (Table A.1) and used to calculate existing geoindices: the sum of potential ecological risk indices (RI) and 

the potential ecological risk index of an individual element Ei
r [7,26,27], excess (CSGV) and element concentration (Cc) 

coefficients and the total soil contamination index (Z) [28,29], and the geoaccumulation index (Igeo) [30]. Geoindices 

were employed to classify test-soils according to the risk and hazard degrees used to express the single- or multi-

elemental contamination (Table 2). We designated only one composite soil sample at each sampling location (from the 

total of 3-9 samplings) with the most numerous enriched elements as being the most polluted and defined it as “a hot 

spot”, and data for less contaminated samples from each site were excluded from detail analysis in this survey. 

 

Table 2 

Comparison of soil classification according to the pollution quantification indices applicable in the incidence of single- (a, c, e) or multi-element (b, d) 

excess in the soil. 

Limits Classification  Limits Classification  Limits Classification 

Ei
r 

a RI b   CSGV 
c Z d   Igeo 

e  

<40 <150 Low risk  ≤1 <16 Permissible   <0 Unpolluted  

40–80 150–300 Moderate risk 
 

1–3 16–32 Average hazard 
 0–1 Unpolluted to moderately polluted 

  1–2 Moderately polluted 

80–160 300–600 High risk 
 

3–10 32–128 Hazard 
 2–3 Moderately to strongly polluted 

  3–4 Strongly polluted 

160–320 ≥600  Very high risk  >10  >128 Extreme hazard  4–5 Strongly to extremely polluted 

≥320  Extreme risk      >5 Extremely polluted 

a Ei
r – potential ecological risk index of an individual element, that considers the pollutant type, concentration, toxicity level and synergistic effects in 

the environmental response; Ei
r = ΣTi

r × Cn / SGV, where Ti
r –toxicity response index for each element, which expresses the toxic level, the 

environmental response and sensitivity to the element (Table A.1), Cn – concentration (mg/kg) of a given element in the examined sample, SGV – soil 

guideline value (mg/kg) of the element (Table A.1); 
b RI – potential ecological risk index, that consists of the sum of potential ecological risk indices for all detected PTEs; RI = ΣEi

r;  
c CSGV – excess coefficient, that shows the magnitude to which the element exceeds the soil guideline value; CSGV = Cn / SGV; 
d Z – index of the total soil contamination, that accounts only for elements exceeding background level; Z = ΣCc – (n – 1), where Cc – element 

concentration coefficient; Cc = Cn / CBn, where CBn – local geochemical background level (mg/kg) of the element determined from the subset of 8 

uncontaminated Bn soil samples (Table A.2); n – the sum of elements;  
e Igeo – geoaccumulation index, that considers the effects of natural geological processes and human activities on PHE pollution and is used to quantify 

the enrichment or pollution degree of PHEs in soils by comparing the current and preindustrial element concentrations; Igeo = log2 (Cn / 1.5CBn) 

 

The local background geochemistry was determined from eight presumably uncontaminated soil sub-samples Bn1–

Bn8 (Table A.2) that were later combined into one sample to be used as soil control in plant cytogenetic analysis.  

 

2.2  Cytogenetic analyses 

 

Common onion Allium cepa bulbs were grown in 50 g of sieved dry weight soil dampened with distilled water 

following Rank and Nielsen [31,32] methodology. Tap water was used as negative control (CN), a solution of 10 mg/l of 

methyl methanesulfonate (MMS) (Sigma) – as a positive control (CP), and uncontaminated background soil – as a soil 

control (CBn) (Table A.2). A set of 6 onions was used for each treatment (controls and soil samples), and all experiments 

were performed in triplicate.  

A set of onions was grown in soil for 96 hours for the root growth inhibition (RGI) test. The average length of the 

root bundle for each bulb was measured and expressed as the RGI % of growth compared to the negative control. 

Another set of onions was grown in soil for 24 h for a modified Allium chromosome aberration (CA) assay and 

determination of exposure mitotic index (MI24), and then recovered in tap water for additional 24 h to determine the 

frequency of micronuclei (MN) induction, cell death rate (CDR) and recovery MI48. CA and MI indices were calculated 
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according to standardized methodology [31,33,34], and the MN and CDR rates were determined for 1000 non-dividing 

interphase cells per bulb.  

 

2.3  DNA extraction and PCR procedures 

 

A set of 6 onions was grown in sieved soil for 96 hours for every test-soil dampened with distilled water. Total DNA 

from 100 mg of root tissue was extracted using the Genomic DNA Purification Kit according to the manufacturer's 

instructions (ThermoFisher Scientific, Lithuania). Concentrations of the extracted DNA samples were measured at 260 

nm, and the DNA purity was estimated by measuring the 260/280 m absorbance ratio by NanoDrop® 2000. Diluted 

DNA samples (50 ng/μL) from the same onion set per treatment were pooled into a composite DNA sample. 

Nine primers (Metabion, Germany) were used in RAPD analysis: B389 (5′-CGCCCGCAGT-3′), BC374 (5′-

GGTCAACCCT-3′), OPA01 (5′-CAGGCCCTTC-3′), OPA03 (5′-AGTCAGCCAC-3′), OPA07 (5′-GAAACCGGTG-

3′), OPA13 (5′-CAGCACCCAC-3′), OPB05 (5′-TGCGCCCTTC-3′), OPB07 (5′-GGTGACGCAG-3′) and OPB10 (5′-

CTGCTGGGAC-3′). PCR was performed in 8 µL with a final volume containing 60 ng DNA, 0.2 mM dNTP, 0.5 µM 

primer, 0.15 U DreamTaq DNA polymerase (Thermo Fisher Scientific, Lithuania). PCR was performed as follows: 

2 min initial denaturation at 95°C; 45 cycles of 1 min at 95°C, 1 min at 36°C and 2 min at 72°C; and a final extension 

for 8 min at 72°C in a Mastercycler® Gradient PCR machine (Eppendorf, Germany).  

Five primers were used in ISSR analysis: UBC811 (5′-(GA)8C-3′), UBC823 (5′-(TC)8C-3′), UBC825 (5′-(AC)8T-3′), 

UBC844 (5′-(CT)8TRC-3′) and UBC886 (5′-VDV(CT)7-3′), where R = (A, G) and V = (A, C, G). PCR was performed in 

10 µL with a final volume containing 60 ng DNA, 0.2 mM dNTP, 0.4 µM primer, 0.5 U DreamTaq DNA polymerase. 

PCR was performed as follows: 3 min initial denaturation at 95°C; 38 cycles of 30 s at 95°C, 30 s of primer annealing 

and 100 s at 72°C; and final extension for 10 min at 72°C in Mastercycler® Gradient PCR machine (Eppendorf, 

Germany). 

All amplifications were duplicated, and only reproducible polymorphic bands were analysed after separation with 

1.5% (w/v) agarose gels using TAE buffer, run at 8 V/cm for 3 h, stained with ethidium bromide, aligned to 

GeneRuler™ DNA Ladder Mix SM0331 (Thermo Fisher Scientific, Lithuania) and visualized under UV light 

(BioDocAnalyze, Biometra). 

 

2.3 Statistical analysis 

 

Prior to the data analysis, the Kolmogorov-Smirnov test was performed to verify the distribution of the data. Raw data 

on PHE concentrations was z-transformed to reduce the influence of differences in the magnitude of variables, and the 

non-parametric cytogenetic data was log-transformed and reanalysed to verify if normality conditions were met. For all 

statistical tests, the significance was accepted at a probability level of p < 0.05. 

Average values of indices for industrial sites were calculated using pooled raw analysis data from all sampling points 

from industrial areas. The same approach was employed for the landfills. A principal component analysis (PCA) was 

carried out on geochemical data, and principal components were extracted when they shared eigenvalues greater than 1 

using Past3 software [35]. For each principal component, factor loadings > 0.7 were regarded as significant.  

All cytogenetic experiments were performed in triplicate and continuous data variance between the groups and 

between the controls and treatment groups were tested using a one-way ANOVA test followed by Tukey and Dunnett’s 

multiple comparisons tests in GraphPad Instat version 3.05 (GraphPad Software, San Diego California USA, 

www.graphpad.com). Statistical significance of the categorical binary genotoxicity data was evaluated by χ2-test. 

Spearman rank order correlation analysis was performed for relationship testing of the cyto- and geoindices and metal 

content in the soil using Statistica version 7 (StatSoft. Inc., www.statsoft.com).  

The electrophoretic data was codified as (1) for the presence of bands and (0) for their absence. Binary data were 

analysed using 1000 permutations and UPGMA dendrograms generated in TreeCon v1.3b [36]. Genetic distance 

matrices were compared performing a Mantel test in GenAlEx v6.5 [37,38]. 

 

3.  Results and Discussion 
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3.1  Soil geochemistry and ecotoxicological ranking 

 

We selected 15 PHEs to be determined in test-soils, as Cu, Ni, Zn, Cd, Cr and Pb are commonly monitored elements 

with recommendations to monitor for Ba, Co, Sn, As, Hg, Mo, and Mn to ensure there is no accumulation in the soil or 

deviations from normal composition [39]. Two types of soil contamination sources, represented by 4 areas of different 

industrial activities and 3 landfills of household waste (Table 1), received our attention due to their long-term 

environmental impacts [4] despite being inactive for more than a decade. We classified sampling areas according to the 

proposed grades of the risk and hazard assessment based on their geochemistry (Table 2).  

Analysis of the local geochemical background composition of soil showed low levels of all the determined elements 

(Table A.3) and none of them exceeded SGV (Table A.1) with Ba being the most abundant among studied elements in 

all background soil samples. Soils from industrial areas and landfills had different dominating elements, along with 

different proportions of PHEs in a total bouquet of the 15 analysed elements. In PCA analysis, soils were grouped 

according to their normalised total PHE content and I1 and I2 were the most distinct from the rest of the soil samples 

while landfill soils grouped together with the background control (Fig. A.1).  

The single-element concentration coefficient Cc showed that each PHE exceeded its background level in at least one 

soil sample, but Cu and Se were the only PHEs exceeding background values in all soil samples independent of the 

contamination type (Table 3). When element concentrations were compared to SGV, striking enrichment was 

determined in all soils from the industrial sites; namely, 4–11 PHEs exceeded or were equal to their SGVs. Even more 

elements were enriched when compared to the local geochemical composition indicating serious anthropogenic pollution 

[26]. Concentrations higher than established SGV indicate which excessive PHEs may pose widespread health-based 

risks and the elements exceeding SGV by more than 10-fold show extreme hazard for contamination (Table 2). Pb 

concentrations higher than the consensus-based probable effect concentration of 128 mg/kg are likely to cause harmful 

effects [40]; it was overrun in test-soil I1 (3266 mg/kg) (Table A.3). Zn is the most commonly enriched metal in city soil 

[39]; it was excessive in all soils from industrial areas and in only one from the landfills. It is important to note that we 

selected only one of the most polluted soil samples at each sampling location and data for less contaminated samples 

were excluded from this survey; therefore, it does not reflect the whole territory situation, which might overestimate its 

contamination level [4]. Cd, Cr, Hg in I1, Mo in I2, and Se in I3 soil exceeded SGV values by 3–10 fold. In other 

studies, Cd showed the highest ecological risk compared to the other metals, when soil enzyme activities were analysed 

in industrial regions [41]. According to Hakanson [26], Hg and Cd have the highest toxicity-response index (40 and 30, 

respectively). There are studies associating animal liver and blood Cd concentration with metastatic kidney tissue, 

indicating that the lesion might have been caused by Cd exposure [42]. Also, due to the ingestion and inhalation 

exposure [4] to carcinogenic elements (i.e., As, Cd, Co, Cr, Ni and Pb), people may develop cancer [43]. There are 

studies clearly showing harmful element concentrations in children’s hair are depended on the environment where kids 

spent the most of their time [44]. 

Geoindices that we employed in this survey have different classification systems (Table 2). We attributed every soil 

sample to the risk/hazard categories based on the corresponding geoindex limits or according to the maximum value of a 

geoindex in single-element quantifications (Table 4). Maximum values of CSGV and Ei
r between industrial and landfill 

areas differed by 4-fold (Table A.4), while multi-elemental RI and Z indices between two contamination types differed 

by 11-fold, revealing a considerably greater contamination at industrial sites and that landfills may pose a reduced risk to 

the environment or human health (Table 4, Fig. A.2). Our results agree with an urban soil contamination study where, 

among the five studied regions (utilities, commercial, industrial, tourism, and roadside), the industrial areas had the 

highest metal concentrations [41]. 

 

Table 3 

Comparison of test-soil geochemistry through excess (CSGV) and concentration (Cc) coefficients. 

Soil  

sample 
 Potentially harmful elements a 

Industrial areas 

I1  CSGV 
b Pb41 > Cu26 > Sn12 > Cr9 > Zn8.8 > Cd8 > Hg5 > Ni2.4 > Mo1.9 > Se1.6 > As1.3  

 Cc
 c Cu330 > Pb208 > Sn87 > Cd73 > Zn69 > Hg31 > Cr27 > Ni18 > Mo14 > Se11 > As10 > Co5 > Mn3 > Ba1.3 

I2  CSGV Mo7 > Hg3 > Zn2 > Pb1.3 > Cr1.2 > Ba1 

 Cc Mo51 > Hg18 > Zn16 > Pb6.9 > Cu5.7 > Se4.6 > Cr3.5 > V3.1 > Ba1.8 > Co1.75 > Sn1.72 > Ni1.71 > As1.3 
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I3  CSGV Se6 > Zn2 > Hg1.6 > Pb1.4 

 Cc Se41 > Zn15 > Cu12 > Hg10 > Pb7 > Sn4.5 > V2.12 > Ni2.09 > Cr1.5 > Mo1.4 > As1.2 > Co1.1 

I4  CSGV Cr5 > Ni2.1 > Mo1.9 > Zn1.1 > Cu1.01 > Pb0.9 

 Cc Ni15 > Cr14.1 > Mo14 > Cu13 > Zn9 > Pb5 > Co3 > Se2.8 > V1.2 

Landfills 

L1  CSGV Zn13 

 Cc Zn98 > Mo6 > Se4 > Cu2.7 > Pb2.3 > V1.5 > Cr1.4 > As1.3 > Ni1.2 

L2 CSGV Cd2.3 

 Cc Cd22 > Se2.5 > Cu1.5 > V1.4 > Mo1.14 > Pb1.05 > Cr1.04 > Ni1.03 

L3 CSGV Sn1.6 

 Cc Sn11 > Se2 > Co1.2 > Cu1.03 

a Represents only enriched elements with the respective excess value in superscript. 

b Only excess elements exceeding SGV limits given in descending order.  

c Only excess elements exceeding the local background values given in descending order. 

 

Soils were ranked into 4 hazard categories (Table 4) based on the potential ecological risk index Ei
r for individual 

PHEs. Only Cd, Cu, Hg, and Pb showed moderate to very high risk of PHE excess in soils (data not shown). I1 was the 

only soil bearing RI values greater than 600 which is considered as a very high risk for human health while the other 

sites were at a low-risk level determined by RI index (Table A.4). When soils were analysed as of industrial or landfill 

contamination origin, they were attributed to the different risk categories based on RI values (268 and 41, respectively).  

 

Table 4 

Test-soil contamination categories according to the risk (Ei
r, RI), hazard (CSGV, Z) and geoaccumulation (Igeo) indices applicable in the incidences of 

single- (a) or multi-elemental (b) excess determined for each sampling site and averaged for industrial and landfill areas. 

Site Ei
r 

a RI b CSGV a Z b Igeo 
a 

Background low risk low risk permissible permissible - 

I1 very high risk very high risk extreme hazard extreme hazard extremely contaminated 

I2 high risk low risk hazard hazard extremely contaminated  

I3 moderate risk low risk hazard hazard extremely contaminated 

I4 low risk low risk hazard hazard extremely contaminated  

Average for 

industrial areas c 
high risk moderate risk extreme hazard extreme hazard extremely contaminated 

L1 low risk low risk extreme hazard hazard extremely contaminated  

L2 moderate risk low risk average hazard average hazard extremely contaminated  

L3 low risk low risk average hazard permissible extremely contaminated 

Average for 

landfills  
moderate risk low risk extreme hazard hazard extremely contaminated 

a Represents only the maximum evaluation (extracted from the individual PHE analysis data) by a single-element index. 
c Average index value for the industrial areas was determined from averaged PHE content in all samples (I1–I4), the same applies to the landfills. 

 

In the cases where only one element was abundant, an enrichment coefficient CSGV was used for soil hazard 

evaluation, and the total soil pollution Z index was determined when the environmental sample possessed many different 

elements reaching a dangerous contamination level (Table 1). The Z index was used to identify areas where the danger 

for the total sickness rate was elevated [44]. In our study, we determined the intense pollution at most sites using both 

CSGV and Z indices (Table 4). This situation arouses great attention and warning because the analysed sites with elevated 

amounts of toxic elements are near residential sites in the city. Soil I1, having the highest levels of danger determined by 

all 5 indices, was from the city centre. This hot spot of soil pollution was a former factory of electrical gauges that used a 

wide spectrum of HM in their production processes and was also impacted by the high technogenic load from motor 

vehicles. The extent data, to which Igeo calculations for Ba, Cr, Cu, Mn, Ni, Pb, V and Zn exceeded preindustrial level 

(data not shown), designates an extreme contamination pattern in every test-soil indicating the intensive anthropogenic 

load of PHEs and disclosing no differentiation in the intensity of test-soil contamination. The maximum values of CSGV 

and Ei
r together with the Z index ranked soil samples into more variable hazard and risk categories and were more 

efficient in soil contamination discrimination compared to Igeo, values, which have ranked all soils as extremely 

contaminated, or RI discerning only 2 risk categories for the soils (Table 4). RI was calculated only for those 11 PHEs 
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that have defined Ti
r values (Table A.1), while the Z index was calculated for all 15 PHEs. Despite that difference, a 

statistically significant correlation was found between RI and Z (r = 0.80), as well as RI and CSGV (r = 0.80) (Table A.5). 

Application of several geoindices provided a different classification of the test-soils as either contaminated, less or 

noncontaminated indicating their variable risk/hazard levels dependent on the selected geoindex.  

 

3.2  Test-soil cyto/genotoxicity evaluation 

 

Environmental samples are complex mixtures comprised of various substances and a wider spectrum of approaches is 

needed for a primary screening of possible biological effects in living systems [45]. We applied a test battery of several 

Allium bioassays to assess the macroscopic, microscopic and genetic changes induced by HM-contaminated urban soil 

from anthropogenic pollution hot spots.  

Phytotoxicity is one of the many adverse effects induced by chemicals in plants and may be measured through the 

growth restriction – a parameter expressing the total of all damage effects [46]. We checked test-soils for cytotoxicity in 

Allium using an RGI test often used as a primary indicator in screening surveys for its suitability to monitor potentially 

cytotoxic agents that affect root growth well before DNA damage occurs. Onion root length changed significantly (p < 

0.001) in every test-soil, except L2 (Fig. 1A). Root growth was stimulated in I1 and I4, while the rest soils inhibited root 

growth, showing possible toxic effects on plant growth and development [47]. Root inhibition was about 3-fold stronger 

in landfill soils (Fig. 1A), and disagreed with Vujošević et al. [48], who pointed that the presence of organic pollution, 

often present in landfills, may stimulate root growth. RGI results were conflicting with the risk prediction as the greater 

risk was calculated for industrial soils (Fig. 1A, Table 4) and with a study by Liu et al. [49] where Pb, an element that is 

in excess in all of our test-soils from industrial sites, significantly inhibited onion root growth. RGI showed no 

dependence on any element concentration nor geoindex except a correlation with Ei
r for Cd, Cu and Ni (r = 0.749, 0.767, 

and 0.767, respectively, p < 0.05), designating that the growth response was determined by complex interrelationships of 

many substances in the soil (Table A.5).  

A decrease of MI below 50 % of the control level is the cytotoxic limit that induces sublethal effects in the test-

organism and a decrease below 22 % is lethal [50], but none of the test-soils had such strong effects on onion root cells 

in this study. Nonetheless, the MI values in exposed onions changed significantly (Fig. 1B). Onions grown in 

industrially polluted soils showed no mitotic recovery in tap water (Fig. 1C), whereas two landfill soils had a detrimental 

effect on onion MI that disappeared after recovery in tap water showing easier recovery after exposure, yet, the change 

was not statistically significant in L2 (p > 0.05). Possibly, the inhibition of mitotic activities could happen due to 

physical factors like a lack of aeration and a physical hindrance to growth [50]. A significant MI increase from the 

control indicates the impact of substances with mitogenic capacity, causing an increased rate of cell division, which can 

lead to uncontrolled cell proliferation and phytocarcinoma induction [51]. The majority of the soils had affected MIs in a 

stimulating way, showing a potential to stimulate cell division, but that disagrees with our findings of the soil’s potential 

to inhibit root growth. The stimulation of mitosis may be due to the waste that is rich in phosphorus and nitrogen, which 

are abundant in domestic sewage [52].  

RGI results correlated only with the recovery MI48 (r = –0.70, p < 0.05) and it might be that elongation during 

exposure was not occurring appropriately because its responsible enzymes were affected by substances present in the 

soils [53]. Only exposure MI24 was positively dependent on the Cu, Mo and Ni amount in the soil (Table A.5). MI had 

no significant relationship with any of multi-elemental geoindices, thus no association between geochemistry and cell 

proliferation was found.  

Application of a modified Allium test when just anaphase-telophase cells were analysed revealed that only L3 soil 

failed to induce CA in onion cells (Fig. 1B), agreeing with its lowest hazard and risk evaluation according to the multi-

elemental geoindices (Fig. 1A, Table 4). Lower mitotic activity is often correlated with higher CA frequency [54], as 

this relationship shows an adverse effect of exposure [1,9] but we did not find such relationship in our research. 

Nevertheless, the CA frequency was dependent on RI, Z and CSGV indices, indicating that the CA rate was consistent 

with the intensity of the soil contamination level. Correlation analysis revealed that CA induction depended on the 

concentrations of 9 PHEs (Table A.5). Our results agree with other studies where genetic damage was positively 

correlated with high levels of HM, resulting in genetic instability in plants [55]. 

The most hazardous soil I1 induced the highest rate of cell death (Fig. 1C), indicating acute soil phytotoxicity when 

cells with multiple alterations did not survive. Soils from industrial areas induced almost 4-fold higher CDR in onion 
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cells (Fig. 1C); DNA damage resulting in apoptotic cell death was evident from other studies using genotoxicity assays 

[56]. CDR and CA were strongly interdependent (Table A.5) and both changed in a dose-dependent manner relative to 

the Z index. It is noted that only cytogenetic preparations where MI ≥ 1 % are suitable for CA and MN frequency 

evaluation and only such slides were included in the analysis. Despite that, cell death induction diminished the ability to 

evaluate MN frequency correctly and the most hazardous I1 did not induce the MN at a rate that may be expected from 

its risk evaluation. Nevertheless, it correlated with CDR (r = 0.733, p < 0.05). A similar trend was found in Čėsnienė et 

al. [20], where the most contaminated test-soil induced the MN rate in Tradescantia at the similar potency compared to 

the less contaminated (about 10 times lower Z value) test-soils. MN induction in exposed onions was not dose-dependent 

to the PHE content in the test-soil, and this coincides with other studies where MN frequency was low and did not 

correlate with Zn, Pb, Cu, Ni, Cd or As [50]. A positive MN relationship was determined with Ei
r for As, and a negative 

one with Ei
r for Cd and V. Dose-dependent relationships were determined between MN rate and two indices, Z and CSGV, 

in individual soil analyses. Onions exposed to landfill soils had a significantly higher average MN rate compared to 

those exposed to the soils from industrial sites contaminated at a higher degree. Plants differ significantly in their 

tolerance to HM according to the mechanisms of tolerance [57] and there are some plants that are capable of surviving in 

the presence of HM [58]. At the time the Allium test was suggested as a standard in environmental monitoring in 1985, 

several metals (Al, Be, Cd, Cu, Hg, Li, Mn, Ni and Se) were shown to induce chromosomal abnormalities or root growth 

retardation in onions [46]. Subsequent research determined various cytogenetic effects in onions exposed to aqueous 

solutions or effluents contaminated with an even wider spectrum of metals: As, Cr, Fe, Pb and Zn [59]. Some studies 

conclude that the classical Allium test can give more comprehensive data when done in combination with other assays 

[50] and therefore, we also screened test-soil for its possible deleterious effects using two systems of polymorphic 

molecular DNA markers, RAPD and ISSR, after direct 96 h onion root exposure to the soil.  

Nine RAPD primers amplified 166 bands in total, of which 149 were polymorphic, while five ISSR primers generated 

112 bands in total, and 104 were polymorphic. Polymorphic bands were employed in the generation of genetic distance 

matrices further used for dendrogram construction and molecular assay correlation analysis. RAPD and ISSR 

dendrograms revealed the same tendency – the pairs of the most heavily polluted I1 and L1, less polluted I2 and I3, and 

least polluted I4 and L2 soils (Table 4) were grouped on the same dendrogram branches (Fig. 2). This indicates similar 

genetic changes induced in onion roots by HM-contaminated soils of similar contamination hazard level.  

RAPD and ISSR markers cover different regions of the genome (variable regions of DNA and tandem-repeat regions, 

respectively), therefore we initially selected both marker systems for the analysis. Application of different markers 

enables a wider screening of sites where mutations can occur especially when a priori information about the nature of 

genetic damage is missing. And despite the different nature of DNA markers, RAPD and ISSR marker systems 

differentiated onion DNA profiles when grown in uncontaminated background soil from those grown in contaminated 

soil. A Mantel test, correlating genetic distance matrices generated from RAPD and ISSR data, revealed concordance 

between results of both marker systems (r = 0.473, p = 0.032). The result indicates contaminated soil had a different 

access to DNA material when less contaminated or uncontaminated soil induced different exposure effects probably with 

fewer mutation events. With the increasing frequency of incidents of genetic impairments, seen as appeared/disappeared 

RAPD or ISSR bands, consistently increases the possibility of occurrence of more severe mutations, chromosomal 

lesions or large rearrangements. Though, any changes in RAPD or ISSR profiles can be harmful to the organism as those 

changes may become heritable [16,21]. Different combinations of HM were responsible for general toxicity in plants, 

and besides the induction of oxidative stress, it also induces alterations in the DNA damage response [17,60]. Even 

though molecular marker results revealed a change in the amplification profiles of exposed and unexposed onions, our 

results do not have the same tendency of a dose-dependent band loss or gain resulting from Allium exposure to the tested 

compounds as in other studies [12,18,61]. Nevertheless, there is a deficiency of soil genotoxicity studies involving 

Allium molecular markers, and our study confirms that RAPD and ISSR marker systems can be successfully applied to 

evaluate how environmental pollutants modify the structure of DNA in onions. Since both dendrograms clearly show 

genetic divergence among onions grown in soil of different pollution level, we suggest the use of ISSR analysis over 

RAPDs as a more robust assay.  

Chemical analysis and risk indices can over- or underestimate the detrimental effects in different organisms as their 

tolerance and sensitivity may differ by a great magnitude. The ease of sample preparation and the cost, accuracy and 

reliability of complex of analytical methods are the most important characteristics and are desirable in all research 

studies. Studies of environmental monitoring that design and employ biomarkers and methodologies for the application 

of fast and simplified assays are increasingly valuable as a measure of potential pollution [44,52]. Allium showed 
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genotoxicity for each test-soil and the highest rate of every cytogenetic index was induced by the different soil. 

Moreover, in every test-soil, the elemental composition was different and the risk to induce adverse effects in living 

organisms along with the elemental interactions also depend on each element availability, stability, mobility, etc. 

[1,45,62]. Thus, without testing in model organisms or test-systems, it is difficult to predict the final outcomes of 

organism exposure to such complex mixtures of pollutants as individual detailed chemical analysis is limited in its 

ability to do and thus, knowledge of the behaviour of PHEs is far from complete [1,39,45]. All cytogenetic indices were 

checked for correlation with each PHE concentration, and some chemical elements were related to Allium indices (Table 

A.5). This finding reflects a more complex plant response to total soil contamination compared to the effects induced by 

a single excessive element. Results from Allium bioassay application confirm that SGV can only predict possible risks 

but cannot forecast the real detrimental effects on organisms. Even multi-elemental geoindices are probably insufficient 

to predict potential genotoxicity and cannot be extrapolated straight into potential detrimental effects in organisms. 

Despite a relationship between RI and Z (r = 0.8, p <0.05), both geoindices correlated with different cyto/genotoxicity 

parameters in Allium, and the Z index showed more numerous relationships. We determined a positive relationship 

between RI and CA frequency, while Z index was related to MN, CA and CDR. The findings suggest that the Z index 

should be one of the first choices in soil ecotoxicity testing employing Allium assays. To minimize the health risks to the 

public, impact on the natural environment and resources, industrial sites and landfills should undergo safety evaluation 

for which an application of a test battery that includes several bioassays is strongly advised. We recommend the 

simultaneous use of all the methods presented to obtain an objective assessment of soil genotoxicity. 

 

4.  Conclusions 

 

We employed several geoindices along with a battery of Allium cytogenetic and molecular bioassays to assess the 

possible deleterious effects of environmental inorganic pollution. In this research, seven hot spots of anthropogenic soil 

pollution were evaluated geochemically. The soil from the surroundings of industrial facilities was more severely 

polluted with heavy metals compared to landfill soil. However, in this study, the outcome of soil exposure in an Allium 

test-system was the same for all test-soils – the detrimental cyto/genotoxic effects were induced by every test-soil, 

despite their different contamination level and hazardousness. Thus, test-soils, although a fraction of them had 

permissible contamination levels, could not be classified as non- or genotoxic in that their genotoxic effects were 

revealed by at least one plant bioassay. Our results revealed that sediment solo chemical analysis was not sufficient to 

predict genotoxic potential, and all Allium bioassays complemented each other by depicting different aspects of exposure 

to toxic substances. In conclusion, the evaluation of cyto/genotoxicity using a battery of different plant bioassays is 

important in the risk assessment and ecotoxicological evaluation of the hot spots of soil pollution.  
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Fig. 1. Cyto/genotoxicity analysis of soil from industrial (I1-I4), and landfill (L1-L3) sites using Allium bioassays. A. 

Onion root growth inhibition index (RGI) after 96 h of growth in test-soil in relation to soil’s multi-elemental risk (RI) 
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and contamination (Z) indices. B. Test-soil cytogenotoxicity evaluation by determining the mitotic index (MI24) and 

frequency of chromosome aberrations (CA) in onions exposed to the test-soil for 24 h. C. Test-soil cytogenotoxicity 

evaluation by determining MI48, frequency of micronuclei (MN) and frequency of cell death rate (CDR) in onions 

exposed to the test-soil for 24h and recovered in water for another 24 h; C(Bn) – background soil control; C(N) – 

negative tap water control; C(P) – positive control (10 mg/l methyl methanesulfonate). Test-soil sampling site acronyms 

and full characteristics are given in Table 1. Error bars indicate the standard error of the mean (SEM). SEM calculations 

for MI, MN and CDR are based on at least 18000 cells, for CA are based on at least 1500 cells scored from 5 onions in 

three experimental replicates per soil sampling site; * p < 0.05 indicates a statistically significant difference when 

compared to the background uncontaminated soil control. 

 

 

A)

 

B)

 

 

L3

C(Bn)

L1

I1

L2

I4

I3

I2

0.10.20.30.40.5

96%

77%

86%

72%

99%

87%

C(Bn)

L3

L1

I1

L2

I4

I3

I2

0.10.20.30.40.5

73%

65%
65%

88%

100%

 

Fig. 2. UPGMA dendrograms among treated (grown in contaminated soil from industrial I1-I4, and landfill L1-L3 sites) 

and untreated (grown in background C(Bn) soil) Allium using RAPD (A) and ISSR (B) biomarkers. Nei‘s genetic 

distance presented on the axis, bootstrap values (%) from 1000 permutations given at the branch nodes. Test-soil 

acronyms and full characteristics are given in Table 1. 
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