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Abstract
Enhancement of industrial growth and urbanization, soil contamination is increasingly prominent.
Therefore, it’s important to examine possible adverse effects of industrial waste. Samples were found to
be polluted with several heavy-metals and pesticides. Gas chromatographic results showed occurrence of
high-level of organochlorine and organophosphate pesticides. Genotoxicity of soil extracts was assessed
using environmental-risk assessment models. Soil samples were extracted in hexane and
dichloromethane solvents and were evaluated for genotoxic potential by prokaryotic (Ames test, plasmid
nicking assay and E. coli K-12 DNA repair defective mutants) and eukaryotic (Allium cepa root
chromosomal aberration and Vigna radiata seed-germination test) bioassays. Strain TA98 was found
most susceptible among soil extracts. Hexane soil extract of wastewater irrigation was determined more
mutagenic than DCM samples in terms of mutagenic index, mutagenic potential and induction factor for
Ames strains. The damage in DNA repair defective mutants of hexane extracts were found higher
compared to DCM extracts at dose of 20 μl/ml of culture. Survival in polA, lexA and recA mutants were
39%, 47% and 55% while treated with hexane extract. Allium cepa test, mitotic index was decreased in
dose-dependent way and various kinds of chromosomal aberrations were found. Vigna radiata seeds
germination and other parameters were also affected when treated with contaminated soil. Oxidative
stress in V. radiata roots were also showed under CLS microscope. Genotoxicity of contaminated soil
extract was also confirmed by plasmid nicking test. Our study provides possible explanation for the
assessment of potential health and environmental hazards of the industrial region.

Highlights
Genotoxicity evaluation of contaminated soil applying bacterial and plant based assays was carried out.
Ames tester strains and eukaryotic plants systems revealed the toxicity of contaminated soil.
The findings endorse the significant cyto-genotoxic potential of polluted soil.
Genotoxicity and mutagenicity were found on dose dependent manner of soil extracts.

Introduction
In developing nations, it is a common practice of using wastewater for irrigation of agricultural lands 1,2.
Due to non-accessibility of proper sewage treatment amenities and organization, many industries
releases untreated wastewater on to joining agricultural fields which may result in deposition of
numerous organic and inorganic contaminants in the soil 3,4 and also alter physico-chemical properties.
The wastewater released from industries are analysed by high pH, dissolved solids (TDS), sulfate,
phosphate, chloride, biochemical oxygen demand (BOD), chemical oxygen demand (COD), heavy metals,
and highly toxic organic pollutants which makes the wastewater unfit for crop irrigation. The irregular and
indiscriminate usage of wastewater for the irrigation of agricultural lands may eventually leads to the
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deposition of these hazardous pollutants in soil 5–7, ultimately taken up by plants and accumulated in
different organs 8,9.
Chemical pesticides and heavy metals played a vital role in sustaining crops and livestock yield for
several decades and have negative influence on environment 10,11. Irrigation of agricultural soils with
wastewater have high risk of accumulation of persistent organic pollutants in soil. Existence of heavy
metals and pesticide residues in soil impacts on the agricultural crops and thus poses serious hazard to
public health 12–14.
Among various industries that contribute to the overall pollution of water bodies, pesticide industry is of
particular importance 15,16. The discharged contaminants from industries are complex mixture and can
lead to unpredictable genotoxicity responses. These hazardous waste can bind to DNA and cause
harmful changes in cellular process such as cytotoxicity, carcinogenesis, enzyme function, impaired
metabolism and reproductive dysfunctioning 17–19. Several studies have shown that pesticides
contamination in soil pose a potential risk to environment and human health 20–22. The lack of
information on the fate and potential toxicity of such pollutants make it difficult for regulatory authorities
to manage these contaminants.
Many workers focused on detection and identification of pollutants of industrial wastewater that cause
potential health hazards, rather than evaluating risk of agricultural soil irrigated with wastewater 2,23,24.
The biological approach has some benefits as it represents the overall toxicity of a vast number of
chemicals found in any environmental sample without specific knowledge on their physical and chemical
composition. The direct effect of toxic contaminants can be identified by in vivo using whole living
organisms. However, due to their high cost, time consuming and ethical issues, these tests are not
feasible. Therefore, a combination of in vitro experiments involving microorganisms and plants have
been used to provide more practical view of the genotoxicity of the mutagens 4,25. Genotoxicity of
wastewater contaminated soil have been evaluated by many workers using plants (Allium cepa, Vicia

faba, Tradescantia) and bacterial (Ames test, SOS DNA repair) assays 4,26−29.
Present study deals with the physico-chemical analysis of agricultural soils near the industrial of
Ghaziabad (India). Quantitative determination of heavy metals determined by atomic absorption
spectrometry (AAS) and pesticides were detected by gas chromatography (GC). This study emphasizes
the genotoxicity assessment of soil irrigated with the wastewater and ground water employing Ames
Salmonella/mammalian microsome test, plasmid nicking test, DNA repair defective E. coli K-12 mutants
and Allium cepa root chromosomal aberration test. Additionally, oxidative damage in the roots of Vigna

radiata plant have also been performed to assess the toxic effect of contaminated soil extracts.

Materials And Methods
Sample collection
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Ghaziabad is located at the bank of the Hindon River and one of the important industrial centres of India,
housing a large number of industries such as steel, automobile, agrochemicals, pharmaceuticals etc. Soil
samples were taken from agricultural fields to a depth of ~15 cm using the sterilized spatula as
described by Aleem and Malik 30. Two different soil sites were selected: (i) Soil irrigated with wastewater,
and (ii) Soil irrigated using ground water, which is located at ~15 km away from the Industrial site. From
every field, 1 kg soil samples were taken from four distinct spots within the same field and 4 kg
composite soil samples were prepared.
Physicochemical and heavy metal analysis of soil samples
Physico-chemical analysis of the samples were carried out as according to the method described by
Gupta 31. Samples were dried at 40 °C and finely ground (< 0.1 mm), then burned to ashes in crucible. In a
conical flask, 1 g of each soil's ashes is moistened with 1 ml of double-distilled (DD) water. After that,
aqua regia (concentrated hydrochloric acid and nitric acid in 3:1 ratio) were frequently added. The flask
was put on hot plate and digested until the clear solution obtained above the soil ash and volume was
reduced to 1 ml 32. After digestion, soil samples were diluted, and make up the volume to 100 ml with
double distilled water, and filtered through Whatman filter paper with pore size 11 μm. The digested
samples were analysed for the presence of heavy metals (Ni, Cu, Cr, Pb, Cd, Zn, Fe and Mn) by atomic
absorption spectrophotometer (Model: GBC 932 Plus, Australia).
Quantification of pesticides in soil samples
Pesticides were determined from soil using the method as described by Gan et al.33. Ten gram soil
samples were vigorously shaken with 25 ml of methanol and water in 4:1 ratio (v/v) for one hour and
decanted the supernatant then the mixture was centrifuged for 15 min at 10,000 rpm. This step repeated
twice and decreased the extract volume ~ 15 ml in a rotatory evaporator.
Gas chromatographic analysis of pesticides
Gas chromatographic analysis was performed by SHIMADZU GC-2010 gas chromatograph containing
electron capture detector. The instrument parameter and operational settings was set as followed by
Zeyad et al.34. Peaks of samples were identified by matching the retention time of multi-standard CRM47426 of 20 organochlorines and 48391 organophosphorus pesticide mixtures (Sigma-Aldrich).
Extraction of soil samples with different solvents
Soil samples were extracted with hexane and dichloromethane solvent (HPLC grade, SRL, India) as
described by the method of Knize et al.35. Ten gram soil samples were extracted using 10 ml of solvent.
The extracted samples were evaporated to dryness and dissolve in 1 ml of DMSO (SRL, India). The
dissolved soil extracts were centrifuged at 8000 rpm for 20 min and filtered by 0.22 μm syringe filter
(Axiva).
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Aqueous extracts of soil was prepared followed the method of Cotelle et al.36. Hundred gram soil was
mixed with 1000 ml of deionized water and placed overnight at room temperature. The aqueous extract
of soil was used for A. cepa root chromosomal aberration test and mung bean seed germination assay.
Ames Salmonella/microsome mutagenicity assay
The Salmonella mutagenicity assay was done according to standard Ames protocol with few
modification37. Briefly, 10 µl bacterial culture was incubated with varying concentrations of soil extracts
ranging from 2.5 to 40 µl/plate (10 to 400 mg equivalent soil per plate) incubated for 30 min at 37 °C.
Two ml of top agar comprising trace amount of biotin and histidine were added and the mixture was
poured on the glucose agar plates (minimal). The plates were incubated at 37°C for 48 to 72 h. Both
negative and positive controls were included in each experiment. MMS was used as positive control and
DMSO was taken for negative control. The extracts of soil were also evaluated for the detection of promutagens in presence of S9 microsomal fraction.
Effect soil extracts on E. coli K-12 strains

E. coli K-12 DNA repair defective mutants (recA, lexA and polA) and isogenic wild type strains were
cultivated separately in nutrient broth at 37 °C to obtain exponentially growing bacterial cells38. The
pellets were reconstituted in MgSO4 solution (10 mM) and then treated with soil extracts (20 µl). An
aliquot from the treatment were taken at different time interval, diluted and plated onto the nutrient agar
plates followed by incubation at 37°C for overnight to see variation in colony forming units (CFUs).
Solvent (negative) control was also included in each experiments.

Alliumcepa chromosomal aberration assay
To evaluate the negative impact of wastewater irrigated soil samples, A. cepa root chromosomal
aberration assay were used as defined by Fiskesjo39. Similar size (diameter) of onion bulbs (1.5-2.0 cm)
were obtained from certified shop. Before starting the experiment, outer dead scales were detached from
onion bulbs without affecting root primordia. The basal part onion bulbs were dipped small beakers
containing DD water. These bulbs were allowed to grow for 48-72h at room temperature. In this assay,
freshly grown roots up to 2 cm in length were used and treated with a series of concentrations of
aqueous soil extracts (5, 10, 25, 50, and 100%) upto 3 days. In each test, MMS and DD water were also
included as positive and negative control respectively. After three days of treatment, root tips were chosen
randomly. Ethanol and glacial acetic acid were used in 3:1 ratio (v/v) to fix the root tip cells and stored in
70% ethanol at 4 °C until examination. For slide preparation, the fixed root tips were washed with DD
water and hydrolysed using HCl (1N) followed by washing with DD water. Acetocarmine were used to
stain the hydrolysed cells and observed under microscope. Mitotic index (MI) was determined by viewing
approximately 6000 dividing cells (2000 cells per slide) as follows:
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Roughly 300 cells (100 cells from each slide) were examined for chromosomal aberrations.
Effect of soil extracts on germination and growth of Vigna radiata seed under invitro condition
Phytotoxicity of soil extracts on mung bean seeds were performed as defined by Bharagava and
Chandra40. Seeds of mung bean (Vignaradiata L.) were bought from a nearby certified store. Healthy
seeds were washed using sterile DD water and sterilized by ethanol (70%), followed by solution of sodium
hypochlorite (3%) for 3 minutes. The seeds were again washed with water (DD) several times. These
seeds were soaked for overnight in a series of concentration of soil extracts and put on 0.7% agar plate,
followed by incubation at 25 °C (with 75% humidity). Seed germination, plumule and radicle length, and
dry biomass were measured after 5-7 days of incubation.

The seedling vigour index (SVI) was calculated based on the percentage of seed germination.
SVI = (root + shoot length) × percent germination of seed
Oxidative damage induced by wastewater irrigated soil under CLS microscopy
Oxidative damage in the root cells caused by wastewater irrigated soil extracts were determined by CLS
microscopy. Vignaradiata roots were germinated on 0.7 percent agar plates with varying concentrations
of soil extract (10%, 25%, 50% and 100%) for seven days 41. After treatment, roots were thoroughly
washed using phosphate buffer saline (PBS) and stain with propidium iodide (PI). The roots were then
fixed on slide and examined under an LSM-780 CLS Microscope (Zeiss, Germany).
Plasmid nicking assay
Damage in the plasmid DNA (pBR322) was evaluated following the method of Siddiqui et al. with some
changes42. Plasmid DNA (500 ng) was treated with a series of concentration of soil extracts (both
wastewater and ground water irrigated soil) containing a final volume of 25 µl for 3 hours at 25 °C. After
incubation, agarose gel electrophoresis was done at 50 mA for 90 min. The damaged DNA bands of
plasmid were visualized under Gel Doc (BIO RAD) and photographs were captured.
Statistical analysis
Mutagenic potential (m), induction factor (Mi) and mutagenic Index, were recorded as described by Ansari
and Malik26.
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Where, n=number of colonies of revertant; c=number of control colonies of revertants.
The initial linear portion of the curve of dose-response with each tester strains of Ames was used to
calculate the mutagenic potential of samples. The slope was calculated using least square regression of
initial linear component of the curve.
The one-way ANOVA (analysis of variance) with p ≤ 0.05 was used for the comparison of total number of
his+ revertant colonies to the control. The findings of the A. cepa anaphase-telophase test are presented
as a % mitotic index and a percentage of aberrant cells. For seed germination assays, percentage of seed
germination and radicle-plumule length are shown as average with standard deviation. DMRT (Duncan
Multiple Range Test) was used to assess significance in treatment groups, positive and negative control
data (SPSS software).

Results
Physicochemical and heavy metal analysis of soil samples
Physiochemical analysis of agricultural soils are presented in Table 1. The pH of wastewater irrigated soil
was found to slightly alkaline (pH 8.36), while it was 7.97 for soil irrigated with ground water. Carbonate
and bicarbonate were found to be 147.8 and 129.13 mg/kg in wastewater irrigated soil, while 154 and
114.4 mg/kg were detected in ground water irrigated soil. The electrical conductivity (EC) of wastewater
and ground water irrigated soils were recorded as 1.2 and 1.3 dS/m with loamy soil texture. Total organic
carbon was 1.13% in contaminated soil, whereas, it was 0.15% in ground water irrigated soil. The amount
of chloride (Cl− 1), phosphorous (P), and sulphur (S) was found to be 42.7, 20.55 and 12.64 mg/kg
respectively while potassium (K) was 174.81 mg/kg in contaminated soil. On the other hand, the
concentration of Cl− 1, P, S and K in ground water irrigated soil were found to be 24.7 mg/kg, 18.71 mg/kg,
10.8 mg/kg, and 96.07 mg/kg respectively (Table 1).
The soil samples contaminated with some heavy metals ions including Ni, Cd, Pb, Cu, Zn, Cr, Fe, and Mn
as confirmed by AAS (Table 1). The concentration of Ni, Cd, Pb, Cu, Cr, Zn, Fe and Mn were 12.57, 3.33,
22.95, 17.6, 33.35, 11.86, 14.06, and 15.13 mg/kg in wastewater irrigated soil, whereas 1.41, 0.16, 1.29,
0.98, 2.78, 1.64, 9.12 and 4.24 mg/kg in ground water irrigated soil respectively (Table 1).
Quantitative determination of pesticides in soil samples
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Gas chromatographic (GC) analyses of tested samples of soil revealed high-level of organochlorine and
organophosphate pesticides. Soil irrigated with wastewater contained high-level of both organochlorine
and organophosphate pesticide groups. The organochlorine pesticides like α-BHC, β-BHC, lindane,
heptachlor, aldrin, α-endosulfan, 4-4” DDE, dieldrin, β-endosulfan, endrin aldehyde, endosulfan sulfate and
endrin ketone in wastewater irrigated soil were 31.44, 6.21, 44.26, 16.75, 9.42, 30.7, 29.45, 114.18, 60.61,
12.22, 18.59 and 14.83 µg/g respectively (Table 2), whereas dichlorvos, disulfoton, parathion-methyl,
chlorpyriphos, prothiofos, and azinphos-methyl (organophosphate pesticides) were found to be 4.45,
43.53, 14.39, 4.69, 41.31 and 14.93 µg/g detected respectively. The groundwater irrigated soil also
contained both organochlorine and organophosphate pesticides and the concentration of α-BHC, β-BHC,
lindane, heptachlor, γ-chlordane, α-endosulfan, dieldrin, β-endosulfan, 4-4” DDD and endosulfan sulfate
were recorded to be 0.55, 0.34, 1.3, 0.22, 2.2, 0.18, 20.59, 0.35, 0.32 and 0.49 µg/g respectively while
dichlorvos, disulfoton, prothiofos, and azinphos-methyl were 1.51, 1.24, 7.55 and 3.95 µg/g detected,
respectively (Table 2).
Reversion of Ames Salmonella tester strains

Salmonella tester strains (TA97a, TA98, TA100, TA102, and TA104) were also used to evaluate the
mutagenicity of soil samples. Hexane extract of contaminated soil sample was found to be high
mutagenic compared to DCM extract of soil samples in the terms of mutagenic parameters (mutagenic
index, induction factor, and mutagenic potential) (Table 3-6). The number of reversion colonies of
Salmonella strains were increased with rising doses up to 20 μl/plate then decreased at 40 μl/plate. Both
the solvent extracts (hexane and DCM) of contaminated soil showed the significant mutagenicity with
tester strains (such as TA98, TA100 and TA102) in the absence as well as in presence of S9 fraction. In
hexane extracts of wastewater irrigated soil, strain TA98 was most sensitive concerning of mutagenic
index (13.41 and 13.46 without and with S9 fraction), induction factor (2.52 and 2.53 without and with S9
fraction) and mutagenic potential (6.37 and 7.72 without and with S9 fraction) (Table 3). The
responsiveness order (on the basis of mutagenic index and induction factor) are as follow:
(TA98 > TA97a > TA100 > TA102 > TA104).
Whereas following trends was found in terms of mutagenic potential/slope:
TA98 > TA100 > TA102 > TA97a > TA104.
DCM extract of contaminated soil, strain TA98 was also found maximum response with mutagenic index
(11.03 and 11.11 without and with S9 fraction), induction factor (2.30 and 2.31 without and with S9
fraction), whereas TA100 displayed highest mutagenic potential (5.74 without and 6.30 with S9 fraction)
(Table 5). The responsiveness order (on the basis of mutagenic index along with induction factor) are as
follow:
(TA98 > TA97a > TA100 > TA102 > TA104).
However, different trends was found in terms of mutagenic potential/slope:
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TA100 > TA98 > TA102 > TA97a > TA104.
The response of all Salmonella strains were significantly greater when treated with wastewater irrigated
soil extracts in comparison to uncontaminated soil extracts (Table 4 and 6). As expected, the
uncontaminated soil extracts of hexane (ground water irrigated) displayed low mutagenic response with
TA98 strains. The mutagenic index were 3.07 with S9 and 3.03 without S9 fraction and induction factor
were found to be 0.73 and 0.71 (with and without S9 fraction) (Table 4). Whereas, the mutagenic
potential was found to be 1.46 and 1.16 (with S9 and without S9) (Table 4).

Salmonella tester strains also showed low level of mutagenicity while treating with the DCM extract of the
ground water irrigated soil (Table 6). Strain TA98 showed maximum responsive regarding mutagenic
index (3.24 and 3.39 without as well as with S9 fraction) and induction factor (0.81 without and 0.87 with
S9 fraction), while strain TA100 was most sensitive concerning mutagenic potential (1.83 and 2.03
without and with S9 fraction) (Table 6).
Survival of E. coli K-12 strains treated with test samples

E. coli K-12 DNA repair defective mutants (recA, lexA and polA) and isogenic wild types counterparts is
shown in Fig. 1 when treated with soil extracts (at dose of 20 μl/ml of culture). All the strains displayed
significant reduction in CFUs while treatment with hexane extract of contaminated soil sample and
percent survival was 39% in polA, 47% in lexA and 55% in recAE. coli K-12 mutants after 6 h of treatment
(Fig. 1a). DCM extract of wastewater irrigated soil exhibited survival of 25% in polA, 39% in lexA and 46%
in recA mutants after 6 h of treatment (at dose of 20 μl/ml of culture) under similar experimental
condition (Fig. 1c). Moreover, the mutant strains were also treated with uncontaminated soil (both DCM
and hexane) and the survival was observed to be 56%, 64% and 78% in polA, lexA and recA mutants
respectively with hexane extract (Fig. 1b), and 51% in polA, 59% in lexA and 77% in recA mutants with
DCM extract under similar conditions (Fig. 1d).
Allium cepa chromosomal aberration test
The effect of aqueous soil extracts on the mitotic index (MI) of root meristematic cells of A. cepa was
affected in dose dependent manner (5-100%). MI significantly decreased with increasing concentration of
soil extracts. It was observed that decline of MI was more in contaminated soil (wastewater irrigated)
than uncontaminated soil (ground water irrigated). MI was observed to be 9.1% at 100% concentration for
wastewater irrigated soil, whereas it was 22.6% at 100% concentration for ground water irrigated soil.
Mitotic index of ground water irrigated soil extract (31.9% at 5% soil extract) was comparable to that of
MI of negative control (31.47%) (Table 7).
Statistically significant (P<0.05) frequencies of chromosomal abnormalities and percent aberrant cells
were observed with soil extracts of contaminated soil compared to uncontaminated soil (Table 8).
Chromosomal aberrations and percent aberrant cells were increased from 8.44% to 39.95% with
increasing extract concentrations of soil irrigated with wastewater (5 to 100%). The soil samples caused
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different forms of aberrations in the root tips, such as breakage, anaphase spindle disturbance,
disturbance at metaphase, C-mitosis, stickiness, multipolar anaphase with chromosomal break,
anaphase bridge with vagrant chromosome and uneven proportions of chromosomes at anaphase stage
(Fig. 2). Therefore, the wastewater irrigated soil sample displayed greater frequency of aberrations
(39.95%) as compared to ground water irrigated soil (17.81%) at 100% concentration for wastewater and
ground irrigated soil extracts (Table 8).

In vitro toxicity of soil extracts to Vigna radiata
Toxicity of contaminated soil (wastewater irrigated) and uncontaminated soil (ground water irrigated)
were also assessed by V. radiata seed germination test. The germination rate of mung bean seeds and
other plant parameters were found to be influenced and reduced when treated with different doses of
wastewater irrigated soil extract (Fig. 3). At 100 % dose of wastewater irrigated soil extract, % seed
germination, seedling vigour index (SVI), plumule length (PL), radicle length (RL), dry biomass of plumule
(DBP) and dry biomass of radicle (DBR) were found to be 52.22%, 698 SVI, 7.8 cm, 5.53 cm, 0.19 g and
0.09 g, respectively (Fig. 4). The damage to root tip cells caused by pollutants in soil extracts were
observed and easily visible under a fluorescent microscope using propidium iodide to produce red
fluorescence. The fluorescence intensity increased as the concentration of wastewater irrigated soil
extract increased (Fig. 5).
Plasmid nicking assay
DNA band pattern of plasmid nicking test with different doses of wastewater irrigated soil extract is
shown in Fig. 6. Different concentration (5, 10, 15 and 20 µl) of wastewater irrigated soil extract were
used to analyse the effect in partial transformation of pBR322 plasmid DNA from supercoiled state to the
open circular (Fig. 6, lane b-e). The test samples also caused the conversion of supercoiled pBR322 DNA
into linear (Fig. 6, lane b-e). Highest loss of pBR322 plasmid (supercoiled form) was observed in 20 µl of
soil extract. The band intensity of pBR322 DNA (open circular form) was increased and supercoiled form
was decreased in dose dependent manner. Positive control (MMS) caused in the compete loss of
supercoiled pBR322 plasmid DNA (Fig. 6; lane f).

Discussion
Environmental pollution due to a rapid increase of urbanization and industrialization is a major concern
worldwide 43,44. Toxic pollutants of industrial effluents, therefore, exert a detrimental impact on the
surrounding soil and water pools 45,46. Among all other sources, agrochemical industry is one of the key
contributors to environmental contamination mainly due to high consumption of freshwater and
releasing it as wastewater at the end of an industrial process 47,48. In the present study, the concentration
of Ni, Cd, Pb, Cu, Cr, Zn, Fe and Mn in wastewater irrigated soil were 12.57, 3.33, 22.95, 17.6, 33.35, 11.86,
14.06 and 15.13 mg/kg (Table 1). Several workers have also reported significantly higher concentration
of heavy metal ions in soil contaminated with wastewater 7,49−51. Chaoua et al. reported high
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concentration of Zn, Cu, Pb, and Cd as 112.71 mg/kg, 17.70 mg/kg, 57.36 mg/kg and 11.22 mg/kg in
wastewater irrigated soils in Marrakech region (Morocco)51. Presence of heavy metals in agricultural soils
using wastewater causes serious safety issues for sustainable environments, and affects the human
population 52,53. However, if heavy metals are present even below the appropriate limits, there is always a
high possibility that the metal concentration will be bioaccumulated and biomagnified over the course of
time, ultimately causing severe health problems. Moreover, irrigation of soils with wastewater contributes
to the deposition of toxic metals in agriculturally important and other crops, which eventually causes
toxicity to humans and grazing animals via food chain 54,55.
Organochlorine and organophosphorus group of pesticides are extensively used to combat crop pests
and vector-borne diseases. Therefore, these two groups have been considered a key environmental
concern due to its persistency and subsequent harmfulness 56,57 Due to their deleterious effect on the
environment and members of the food chain or food web, many pesticides have been prohibited or
banned to use in many country including India 58,59. The concentration of organochlorine pesticides like
α-BHC, β-BHC, lindane, heptachlor, aldrin, α-endosulfan, 4–4” DDE, dieldrin, β-endosulfan, endrin aldehyde,
endosulfan sulfate and endrin ketone in wastewater irrigated soils were 31.44, 6.21, 44.26, 16.75, 9.42,
30.7, 29.45, 114.18, 60.61, 12.22, 18.59 and 14.83 µg/g respectively (Table 2), whereas organophosphate
pesticides i.e. dichlorvos, disulfoton, parathion-methyl, chlorpyriphos, prothiofos, and azinphos-methyl
were found to be 4.45, 43.53, 14.39, 4.69, 41.31 and 14.93 µg/g respectively (Table 2). Anjum and Krakat
reported that soil irrigated with pesticide industry wastewater comprises a high level of organochlorine
pesticides such as lindane, α-endosulfan and β-endosulfan and were found to be 547, 422 and 421 ng/g,
respectively and also found high level of toxic metals (like Cr, Zn, Ni, Fe, Cu and Cd were 36.2, 42.5, 241,
13.2 and 11.2 µg/g of soil respectively)60. Fang et al. reported α and β isomers endosulfan, and
endosulfan sulfate from the soil at endosulfan manufacturing site, Jiangsu, China61. They found in the
range of 0.01 mg/kg to 114 mg/kg of soil at production site where as in the surrounding area of
manufacturing site, the concentration of endosulfan were detected in the range of 1.37 to 415 ng/g of
soil. We also found α-endosulfan (0.18 µg/g), β-endosulfan (0.35 µg/g) and endosulfan sulfate (0.49
µg/g) in contaminated soil (Table 2). Many other workers reported different pesticides in various
environmental samples 62–65.
Analysis of test soils showed the occurrence of various pesticides and metal ions. It is not an easy task to
determine the toxicity of diverse environmental samples such as soil, as a wide number of toxic
substances that could possibly be present at a polluted site may hinder effective chemical analysis 66.
The use of bacterial and plant based bioassays are best advocated for determining the potential toxicity
of complex environmental samples 67. Moreover, bioassay-directed chemical tests can consequently be
used to identify the putative mutagens by integrating the effects of all components of the mixture,
whether or not they are known and identified 68–70.
In the present study, wastewater irrigated soil showed considerable mutagenicity with increase in the
revertant colonies as dose increases. The results indicated that strain TA98 was the most sensitive,
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followed by TA97a and TA100 with test soil extracts (Table 3–6), thus demonstrating the presence of
frame shift (TA98 and TA97a) and base pair substitution (TA100) mutagens in test soil. However, all
tester strains displayed high response when treated with contaminated soil in comparison to
uncontaminated soil, thus indicating accumulation of toxic pollutants in the contaminated soil. Many
workers have evaluated genotoxicity of contaminated soil using Salmonella mutagenicity test 29,68,71,72.
Monarca et al. demonstrated genotoxicity of contaminated soil collected from industrial area in the
Lombardy region (Northern Italy) using Ames mutagenicity and Tradescantia/ micronucleus test73. They
observed that the polluted soil showed mutagenic activity with the TA98 and TA100 strains and
clastogenicity with the Tradescantia/ micronucleus assay. Watanabe et al. taken soil samples from 12
different sites at Kyoto district (Japan) and tested their soil extracts using Ames Salmonella and found
that 90% samples showed mutagenicity in strain TA98 (without and with S9 fraction)74.
Katnoria et al. revealed mutagenic activity of industrial waste contaminated soil by TA100 and reported
dose-dependent increase of revertant colonies per plate. In the present study, maximum mutagenic index
and mutagenic potential was found to be 13.46 and 7.72 with S9 mix, respectively75. Man et al.
demonstrated significant soil mutagenicity of 12 different lands conducted by S. typhimurium strains and
found mutagenic potential of 13.8 and 7.43 in the TA98 strain68. Masood and Malik reported mutagenic
activity in S. typhimurium strains TA98, TA97a and TA100 and found to be the most responsive while
treated with different organic solvent extracts of tannery wastewater irrigated soil, Kanpur (India)38.
Okunola et al. also tested mutagenicity of soil contaminated with automobile industrial waste and
demonstrated an increase revertant colonies in TA98 and TA100 strains72.
In current study, DNA repair defective mutants (recA, lexA and polA) were highly sensitive to both hexane
and DCM extracts of the contaminated soil (Fig. 1). However, the decline was more pronounced in hexane
extract as compared to DCM extracted samples. The test also indicated the existence of DNA-damaging
chemicals in wastewater irrigated soil and demonstrated the role of genes (recA, lexA and polA) in
combating the harmful effects of these contaminants. Many workers have reported the role of these
genes in SOS repair in E. coli K-12 strains 42,76,77. Anjum and Krakat (2015) evaluated the genotoxic effect
of soil irrigated with pesticide industry wastewater using E. coli K-12 mutants (DNA repair defective)
assay and lambda bacteriophage system and reported decline in CFUs when treated with soil extracts.
Masood and Malik reported the genotoxic potential of wastewater irrigated soil by mammalian
microsomal assay and found substantial decline in the survival of E. coli K-12 DNA repair defective
mutant as compared to its isogenic wild-type counterparts while treating with soil extracts78. Khan et al.
evaluated genotoxicity of textile industry wastewater using Ames Salmonella/microsome test and E. coli
K-12 DNA repair defective mutant assay and they found that TA98 strain was most responsive and
maximum cell damage was observed in polA mutants25.

Allium cepa chromosomal aberration assay is widely used in environmental monitoring and is considered
as an efficient method for evaluation of water and soil pollution 4,41,79. Root tips of A. cepa treated with
the soil irrigated with wastewater showed decline of mitotic index (Table 7). This reduction might be due
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to the blockage of cell division in A. cepa root tip cells caused by a substantial number of cytotoxic
chemicals present in the test soil extract as a result of wastewater irrigation. Nefic et al. demonstrated
that the decrease in mitotic index could reflect the presence of cytotoxic chemicals in any environmental
sample80. Dutta et al., used A. cepa assay for the genotoxicity and cytotoxicity of soil treated with
pesticides and vermicompost and reported MI 25.4% in vermicompost treated soil and 9.7% in pesticide
treated soil after 48 h81.
Our results of A. cepa chromosomal aberration assay showed different types of aberrant cells when
treated with soil extracts viz. anaphase spindle disturbance, C-mitosis, multipolar anaphase with
chromosomal break, stickiness, disturbance at metaphase, anaphase bridge with vagrant chromosome
and uneven distributions of chromosomes at anaphase stage (Table 8, Fig. 2). Sabeen et al. reported
chromosomal aberrations in some vegetables irrigated with industrial wastewater82. In the present study,
the percentage of aberrant cells increased with increasing concentration of contaminated soil extract and
39.95% cells were aberrant at 100% (v/v) of soil extract (Table 8). Dutta et al. also reported gradual
increase in chromosomal aberrations as the dose of industrial effluents increased from 25 to 100% (v/v)
after 3 days of exposure to A. cepa root tips81. These aberrations were the results of the cumulative effect
of being aneugenic and clastogenic actions of the contaminants present in the wastewater. Soodan et al.
have also found different types of physiological and clastogenic aberrations in A. cepa roots exposed to
agricultural soil contaminated with hazardous pollutants83. Moreover, it was also observed that the
frequency of chromosomal aberrations were lower when the root tips were treated with ground water
irrigated soil extract (Table 8). In a similar study, diverse forms of chromosomal aberrations viz.,
micronucleus, C-mitosis and anaphase bridges etc. in roots of A. cepa developed in soil extract obtained
from the pesticide contaminated sites 84.
Environmental toxicity evaluation of contaminated soil extracts using plant seed germination test is
perhaps one of the easiest short-term test 85. The seed germination involves sufficient amount of water
for proper growth and development 86. Pesticide industry wastewater contains a huge amount of organic
and inorganic pollutants, resulting in the accumulation of harmful chemicals in irrigated soil 87. In this
study, seed germination rate, SVI, RL, PL, DBR and DBP was inhibited when mung bean seeds treated with
wastewater irrigated soil extract (Fig. 4). Haq et al. reported significant decrease in seed germination, root
length, shoot length and dry biomass in V. radiata and A. cepa after treated with different concentration
of pulp and paper mill effluent at Saharanpur, UP (India)88. However they reported that the above
parameters were not affected when treated with ground water irrigated soil extract. Yadav et al. also
reported reduction in seed germination and radicle-plumule length when treated with leather industry
effluent at Unnao, UP (India)41.
Breakage in plasmid DNA is also one of the critical parameter in determining the genotoxicity of wide
range of chemicals and this test is very commonly used in environmental monitoring 89–92. Incidence of
DNA damage is profound indicator of potential risk of malignancy in human being 93. In the present
study, plasmid nicking assay showed transformation of supercoiled DNA (pBR322 plasmid) to open
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circular and linear form after treating with contaminated soil extract (Fig. 6). Whenever any mutagens
(such as chemicals, free radicles) interfere with supercoiled form of plasmid DNA, single or double DNA
strands are damaged. Gupta et al. reported the genotoxicity of oil refinery waste on plasmid pBR322 and
found conversion of the supercoiled form into open circle90. Kaur et al. also observed conversion of
supercoiled plasmid DNA (pBR322) into open circular and linear form after treating with ground water
samples from industrial area of Buddha Nullah, Ludhiana of Punjab (India)94.

Conclusion
The findings clearly decipher the presence of numerous mutagens in the soil samples irrigated with
wastewater. TA98 was the most responsive strain in terms of induction factor mutagenic index and the
mutagenic potential representing that frameshift type of mutagens were present in test samples. A
reduction in CFUs of defective E. coli K-12 mutants of DNA repair along with their isogenic wild type
counterpart clearly showed the presence of mutagens capable of damaging the DNA. Cyto-genotoxicity
triggered by test samples is also evident from the decreased mitotic index and induction of several
chromosomal abnormalities in the Allium cepa root meristematic cells. Present result also indicated that
soil irrigated with wastewater had toxic effect on Vigna radiata (mung bean) seed germination where a
reduced seedling growth was recorded. Further, DNA damage observed in plasmid nicking assay caused
by the soil extract confirms the genotoxic hazard of prolonged application of pesticide industry
wastewater in agricultural fields, since these pollutants may enter the food chain resulting in serious
health risks. Therefore, application of untreated wastewater for agricultural purposes should be strictly
banned to shield the humans from the toxicological impact of the pollutants.

Declarations
Acknowledgements
The authors would like to thanks Advanced Instrumental Research Facilities (AIRF), JNU, New Delhi for
GC analysis and University Grant Commission (UGC), Government of India, New Delhi, India for providing
UGC Non-NET Fellowship. The authors would also like to thank Department of Agricultural Microbiology,
Aligarh Muslim University, Aligarh (India) for providing research facilities. University sophisticated
instrument facility (USIF) for providing Confocal Laser Scanning Microscopy.
Conflict of interest
The authors declare that they have no conflict of interest.
Authors contributions
Abdul Malik and Mohammad Tarique Zeyad designed the experiments. Mohammad Tarique Zeyad
performed the experiments, analysed the data statistically, prepared the manuscript and approved to the
final draft.
Page 14/27

Additional information
In the experimental research cultivated plants were used. It has been confirmed by all the authors that all
the methods were carried out in accordance with relevant guidelines and regulations.

References
1. Haroon, B., Ping, A., Pervez, A., Irshad, M. & Faridullah & Characterization of heavy metal in soils as
affected by long-term irrigation with industrial wastewater. J. Water Reuse Desalin. 9, 47–56 (2019).
2. Amerasinghe, P., Bhardwaj, R. M., Scott, C. & Jella, K. Urban wastewater and agricultural reuse
challenges in India(2013) doi:10.5337/2013.200.
3. Ahmed, M., Matsumoto, M. & Kurosawa, K. Heavy Metal Contamination of Irrigation Water, Soil, and
Vegetables in a Multi-industry District of Bangladesh. Int. J. Environ. Res. 12, 531–542 (2018).
4. Gupta, K., Srivastava, A., Srivastava, S. & Kumar, A. Phyto-genotoxicity of arsenic contaminated soil
from Lakhimpur Kheri, India on Vicia faba L. Chemosphere. 241, 125063 (2020).
5. da Silva Júnior, F. M. R. & Vargas, V. M. F. Using the Salmonella assay to delineate the dispersion
routes of mutagenic compounds from coal wastes in contaminated soil. Mutat. Res. Toxicol.

Environ. Mutagen. 673, 116–123 (2009).
6. Men, C. et al. Pollution characteristics, risk assessment, and source apportionment of heavy metals
in road dust in Beijing, China. Sci. Total Environ. 612, 138–147 (2018).
7. Barakat, A., Ennaji, W., Krimissa, S. & Bouzaid, M. Heavy metal contamination and ecological-health
risk evaluation in peri-urban wastewater-irrigated soils of Beni-Mellal city (Morocco). Int. J. Environ.

Health Res. 30, 372–387 (2020).
8. Qiu, J. et al. In vivo tracing of organochloride and organophosphorus pesticides in different organs
of hydroponically grown malabar spinach (Basella alba L.). J. Hazard. Mater. 316, 52–59 (2016).
9. Bonanno, G., Vymazal, J. & Cirelli, G. L. Translocation, accumulation and bioindication of trace
elements in wetland plants. Sci. Total Environ. 631–632, 252–261 (2018).
10. Duke, S. O. Interaction of Chemical Pesticides and Their Formulation Ingredients with Microbes
Associated with Plants and Plant Pests. J. Agric. Food Chem. 66, 7553–7561 (2018).
11. Onwona-Kwakye, M. et al. Pesticides Decrease Bacterial Diversity and Abundance of Irrigated Rice
Fields. Microorganisms. 8, 318 (2020).
12. Wang, Y., Qiao, M., Liu, Y. & Zhu, Y. Health risk assessment of heavy metals in soils and vegetables
from wastewater irrigated area, Beijing-Tianjin city cluster, China. J. Environ. Sci. 24, 690–698
(2012).
13. Al-Nasir, F. M. et al. Determination of pesticide residues in selected citrus fruits and vegetables
cultivated in the Jordan Valley. LWT. 123, 109005 (2020).
14. Herrero-Hernández, E., Simón-Egea, A. B., Sánchez-Martín, M. J., Rodríguez-Cruz, M. S. & Andrades, M.
S. Monitoring and environmental risk assessment of pesticide residues and some of their

Page 15/27

degradation products in natural waters of the Spanish vineyard region included in the Denomination
of Origin Jumilla. Environ. Pollut. 264, 114666 (2020).
15. Bachmann Pinto, H., de Souza, M., Dezotti, M. & B. & Treatment of a pesticide industry wastewater
mixture in a moving bed biofilm reactor followed by conventional and membrane processes for water
reuse. J. Clean. Prod. 201, 1061–1070 (2018).
16. Srilatha, K. et al. Performance evaluation of different advanced processes for treating chloropesticide intermediate industrial wastewater. Sustain. Water Resour. Manag. 5, 1833–1846 (2019).
17. Singh, A. K. & Chandra, R. Pollutants released from the pulp paper industry: Aquatic toxicity and their
health hazards. Aquat. Toxicol. 211, 202–216 (2019).
18. Zhao, X. et al. Repeated exposure to the irrigative wastewater in Shijiazhuang induced precancerous
lesion associated with cytochrome P450. Chemosphere. 237, 124467 (2019).
19. Du, Y. et al. Chlorinated effluent organic matter causes higher toxicity than chlorinated natural
organic matter by inducing more intracellular reactive oxygen species. Sci. Total Environ. 701,
134881 (2020).
20. Zhang, J. et al. Determination of endocrine-disrupting potencies of agricultural soils in China via a
battery of steroid receptor bioassays. Environ. Pollut. 234, 846–854 (2018).
21. Ali, N., Khan, S., Khan, M. A., Waqas, M. & Yao, H. Endocrine disrupting pesticides in soil and their
health risk through ingestion of vegetables grown in Pakistan. Environ. Sci. Pollut. Res. 26, 8808–
8820 (2019).
22. Loffredo, E., Picca, G. & Parlavecchia, M. Single and combined use of Cannabis sativa L. and carbonrich materials for the removal of pesticides and endocrine-disrupting chemicals from water and soil.

Environ. Sci. Pollut. Res. 28, 3601–3616 (2021).
23. Mandal, R. & Kaur, S. Impact of environmental pollution on trace elements in vegetables and
associated potential risk to human health in industrial town Mandi-gobindgarh (India).
Chemosphere. 219, 574–587 (2019).
24. Ying, X. B. et al. Quantifying the electron-donating and -accepting capacities of wastewater for
evaluating and optimizing biological wastewater treatment processes. J. Environ. Sci. 102, 235–243
(2021).
25. Khan, S., Anas, M. & Malik, A. Mutagenicity and genotoxicity evaluation of textile industry wastewater
using bacterial and plant bioassays. Toxicol. Reports. 6, 193–201 (2019).
26. Ansari, M. I. & Malik, A. Genotoxicity of agricultural soils in the vicinity of industrial area. Mutat. Res.
Toxicol. Environ. Mutagen. 673, 124–132 (2009).
27. Yang, Z., Fang, Z., Tsang, P. E., Fang, J. & Zhao, D. In situ remediation and phytotoxicity assessment
of lead-contaminated soil by biochar-supported nHAP. J. Environ. Manage. 182, 247–251 (2016).
28. Šiukšta, R. et al. Response of Tradescantia plants to oxidative stress induced by heavy metal
pollution of soils from industrial areas. Environ. Sci. Pollut. Res. 26, 44–61 (2019).

Page 16/27

29. de Souza Pohren, R., Rocha, J. A. V., Horn, K. A. & Vargas, V. M. F. Bioremediation of soils
contaminated by PAHs: Mutagenicity as a tool to validate environmental quality. Chemosphere. 214,
659–668 (2019).
30. Aleem, A. & Malik, A. Genotoxic hazards of long-term application of wastewater on agricultural soil.

Mutat. Res. Toxicol. Environ. Mutagen. 538, 145–154 (2003).
31. Gupta, P. Methods in environmental analysis: water, soil and air(Agrobios, 2007).
32. Alef, K. & Nannipieri, P. Methods in applied soil microbiology and biochemistry (Academic Press,
London, 1995).
33. Gan, J., Papiernik, S. K., Koskinen, W. C. & Yates, S. R. Evaluation of Accelerated Solvent Extraction
(ASE) for Analysis of Pesticide Residues in Soil. Environ. Sci. Technol. 33, 3249–3253 (1999).
34. Zeyad, M. T. M. T., Kumar, M. & Malik, A. Mutagenicity, genotoxicity and oxidative stress induced by
pesticide industry wastewater using bacterial and plant bioassays. Biotechnol. Reports. 24, e00389
(2019).
35. Knize, M. G., Takemoto, B. T., Lewis, P. R. & Felton, J. S. The characterization of the mutagenic activity
of soil. Mutat. Res. Lett. 192, 23–30 (1987).
36. Cotelle, S., Masfaraud, J. F. & Férard, J. F. Assessment of the genotoxicity of contaminated soil with
the Allium/Vicia-micronucleus and the Tradescantia-micronucleus assays. Mutat. Res. Mol. Mech.
Mutagen. 426, 167–171 (1999).
37. Maron, D. M. & Ames, B. N. Revised methods for the Salmonella mutagenicity test. Mutat. Res.

Mutagen. Relat. Subj. 113, 173–215 (1983).
38. Masood, F. & Malik, A. Cytotoxic and genotoxic potential of tannery waste contaminated soils. Sci.

Total Environ. 444, 153–160 (2013).
39. Fiskesjo, G. The Allium test as a standard in environmental monitoring. Hereditas. 102, 99–112
(1985).
40. Bharagava, R. N. & Chandra, R. Effect of bacteria treated and untreated post-methanated distillery
effluent (PMDE) on seed germination, seedling growth and amylase activity in Phaseolus mungo L.

J. Hazard. Mater. 180, 730–734 (2010).
41. Yadav, A. et al. Phytotoxicity, cytotoxicity and genotoxicity evaluation of organic and inorganic
pollutants rich tannery wastewater from a Common Effluent Treatment Plant (CETP) in Unnao
district, India using Vigna radiata and Allium cepa. Chemosphere. 224, 324–332 (2019).
42. Siddiqui, A. H., Tabrez, S. & Ahmad, M. Short-term in vitro and in vivo genotoxicity testing systems for
some water bodies of Northern India. Environ. Monit. Assess. 180, 87–95 (2011).
43. Shahid, M. & Khan, M. S. Fungicide tolerant Bradyrhizobium japonicum mitigate toxicity and
enhance greengram production under hexaconazole stress. J. Environ. Sci. 78, 92–108 (2019).
44. Peña, A., Delgado-Moreno, L. & Rodríguez-Liébana, J. A. A review of the impact of wastewater on the
fate of pesticides in soils: Effect of some soil and solution properties. Sci. Total Environ. 718, 134468
(2020).
Page 17/27

45. Bielen, A. et al. Negative environmental impacts of antibiotic-contaminated effluents from
pharmaceutical industries. Water Res. 126, 79–87 (2017).
46. Libutti, A. et al. Agro-industrial wastewater reuse for irrigation of a vegetable crop succession under
Mediterranean conditions. Agric. Water Manag. 196, 1–14 (2018).
47. Rasmussen, J. J. et al. The legacy of pesticide pollution: An overlooked factor in current risk
assessments of freshwater systems. Water Res. 84, 25–32 (2015).
48. Woodrow, J. E., Gibson, K. A. & Seiber, J. N. Pesticides and Related Toxicants in the Atmosphere.
in147–196(2018). doi:10.1007/398_2018_19.
49. Shao, J. et al. The comparison of the migration and transformation behavior of heavy metals during
pyrolysis and liquefaction of municipal sewage sludge, paper mill sludge, and slaughterhouse
sludge. Bioresour. Technol. 198, 16–22 (2015).
50. Woldetsadik, D., Drechsel, P., Keraita, B., Itanna, F. & Gebrekidan, H. Heavy metal accumulation and
health risk assessment in wastewater-irrigated urban vegetable farming sites of Addis Ababa,
Ethiopia. Int. J. Food Contam. 4, 9 (2017).
51. Chaoua, S., Boussaa, S., El Gharmali, A. & Boumezzough, A. Impact of irrigation with wastewater on
accumulation of heavy metals in soil and crops in the region of Marrakech in Morocco. J. Saudi Soc.

Agric. Sci. 18, 429–436 (2019).
52. Jolly, Y. N., Islam, A. & Akbar, S. Transfer of metals from soil to vegetables and possible health risk
assessment. Springerplus. 2, 385 (2013).
53. Sharma, A. & Nagpal, A. K. Contamination of vegetables with heavy metals across the globe:
hampering food security goal. J. Food Sci. Technol. 57, 391–403 (2020).
54. Rezapour, S., Atashpaz, B., Moghaddam, S. S. & Damalas, C. A. Heavy metal bioavailability and
accumulation in winter wheat (Triticum aestivum L.) irrigated with treated wastewater in calcareous
soils. Sci. Total Environ. 656, 261–269 (2019).
55. Rezapour, S., Atashpaz, B., Moghaddam, S. S., Kalavrouziotis, I. K. & Damalas, C. A. Cadmium
accumulation, translocation factor, and health risk potential in a wastewater-irrigated soil-wheat
(Triticum aestivum L.) system. Chemosphere. 231, 579–587 (2019).
56. Samare, M. et al. RETRACTED: A survey of the secondary exposure to organophosphate and
organochlorine pesticides and the impact of preventive factors in female villagers. Chemosphere.
240, 124887 (2020).
57. Zhou, Q. et al. Magnetic polyamidoamine dendrimers for magnetic separation and sensitive
determination of organochlorine pesticides from water samples by high-performance liquid
chromatography. J. Environ. Sci. 102, 64–73 (2021).
58. Lan, J., Jia, J., Liu, A., Yu, Z. & Zhao, Z. Pollution levels of banned and non-banned pesticides in
surface sediments from the East China Sea. Mar. Pollut. Bull. 139, 332–338 (2019).
59. Sah, R., Baroth, A. & Hussain, S. A. First account of spatio-temporal analysis, historical trends, source
apportionment and ecological risk assessment of banned organochlorine pesticides along the
Ganga River. Environ. Pollut. 263, 114229 (2020).
Page 18/27

60. Anjum, R. & Krakat, N. Genotoxicity assessments of alluvial soil irrigated with wastewater from a
pesticide manufacturing industry. Environ. Monit. Assess. 187, 638 (2015).
61. Fang, Y. et al. Spatial distribution, transport dynamics, and health risks of endosulfan at a
contaminated site. Environ. Pollut. 216, 538–547 (2016).
62. Kathavarayan, V. et al. Bioavailability of Heavy Metals and Polycyclic Aromatic Hydrocarbon in LongTerm Sewage-Drained Soils of Tamil Nadu. Curr. Sci. 117, 448 (2019).
63. Marsin, F. M., Ibrahim, W., Nodeh, W. A., Sanagi, M. M. & H. R. & New magnetic oil palm fiber activated
carbon-reinforced polypyrrole solid phase extraction combined with gas chromatography-electron
capture detection for determination of organochlorine pesticides in water samples. J. Chromatogr. A.
1612, 460638 (2020).
64. Devault, D. A. & Karolak, S. Wastewater-based epidemiology approach to assess population exposure
to pesticides: a review of a pesticide pharmacokinetic dataset. Environ. Sci. Pollut. Res. 27, 4695–
4702 (2020).
65. Muckoya, V. A., Nomngongo, P. N. & Ngila, J. C. Determination of organophosphorus pesticides in
wastewater samples using vortex-assisted dispersive liquid–liquid microextraction with liquid
chromatography–mass spectrometry. Int. J. Environ. Sci. Technol. 17, 2325–2336 (2020).
66. Haleyur, N. et al. Comparison of rapid solvent extraction systems for the GC–MS/MS
characterization of polycyclic aromatic hydrocarbons in aged, contaminated soil. MethodsX. 3, 364–
370 (2016).
67. Kumari, V. et al. Genotoxicity evaluation of tannery effluent treated with newly isolated hexavalent
chromium reducing Bacillus cereus. J. Environ. Manage. 183, 204–211 (2016).
68. Man, Y. B., Chow, K. L., Kang, Y. & Wong, M. H. Mutagenicity and genotoxicity of Hong Kong soils
contaminated by polycyclic aromatic hydrocarbons and dioxins/furans. Mutat. Res. Toxicol. Environ.

Mutagen. 752, 47–56 (2013).
69. Kirkland, D. et al. Updated recommended lists of genotoxic and non-genotoxic chemicals for
assessment of the performance of new or improved genotoxicity tests. Mutat. Res. Toxicol. Environ.

Mutagen. 795, 7–30 (2016).
70. Kirkland, D., Kasper, P., Müller, L., Corvi, R. & Speit, G. Recommended lists of genotoxic and nongenotoxic chemicals for assessment of the performance of new or improved genotoxicity tests: A
follow-up to an ECVAM workshop. Mutat. Res. Toxicol. Environ. Mutagen. 653, 99–108 (2008).
71. Lah, B. et al. Genotoxicity evaluation of water soil leachates by Ames test, comet assay, and
preliminary Tradescantia micronucleus assay. Environ. Monit. Assess. 139, 107–118 (2008).
72. Okunola, A. A., Babatunde, E. E., Chinwe, D., Pelumi, O. & Ramatu, S. G. Mutagenicity of automobile
workshop soil leachate and tobacco industry wastewater using the Ames Salmonella fluctuation and
the SOS chromotests. Toxicol. Ind. Health. 32, 1086–1096 (2016).
73. Monarca, S. et al. Soil Contamination Detected Using Bacterial and Plant Mutagenicity Tests and
Chemical Analyses. Environ. Res. 88, 64–69 (2002).
Page 19/27

74. Watanabe, T. et al. Mutagenicity of surface soil from residential areas in Kyoto city, Japan, and
identification of major mutagens. Mutat. Res. Toxicol. Environ. Mutagen. 649, 201–212 (2008).
75. Katnoria, J. K., Arora, S., Bhardwaj, R. & Nagpal, A. Evaluation of genotoxic potential of industrial
waste contaminated soil extracts of Amritsar, India. J. Environ. Biol. 32, 363–367 (2011).
76. Zhang, A. P. P., Pigli, Y. Z. & Rice, P. A. Structure of the LexA–DNA complex and implications for SOS
box measurement. Nature. 466, 883–886 (2010).
77. Serment-Guerrero, J., Dominguez-Monroy, V., Davila-Becerril, J., Morales-Avila, E. & Fuentes-Lorenzo,
J. L. Induction of the SOS response of Escherichia coli in repair-defective strains by several genotoxic
agents. Mutat. Res. Toxicol. Environ. Mutagen. 854–855, 503196 (2020).
78. Masood, F. & Malik, A. Mutagenicity and genotoxicity assessment of industrial wastewaters. Environ.

Sci. Pollut. Res. 20, 7386–7397 (2013).
79. Leme, D. M. & Marin-Morales, M. A. Chromosome aberration and micronucleus frequencies in Allium
cepa cells exposed to petroleum polluted water-A case study. Mutat. Res. - Genet. Toxicol. Environ.
Mutagen. https://doi.org/10.1016/j.mrgentox.2007.10.006 (2008).
80. Nefic, H., Musanovic, J., Metovic, A. & Kurteshi, K. Chromosomal and Nuclear Alterations in Root Tip
Cells of Allium Cepa L. Induced by Alprazolam. Med. Arch. 67, 388 (2013).
81. Dutta, J., Ahmad, A. & Singh, J. Study of industrial effluents induced genotoxicity on Allium cepa L.

Caryologia. 71, 139–145 (2018).
82. Sabeen, M. et al. Health risk assessment consequent to wastewater irrigation in Pakistan. Soil

Environ. 39, 67–76 (2020).
83. Soodan, R. K., Katnoria, J. K. & Nagpal, A. Allium cepa Root Chromosomal Aberration Assay: An
Efficient Test System for Evaluating Genotoxicity of Agricultural Soil. Int. J. Sci. Res. 3, 245–250
(2014).
84. Cherednichenko, O. et al. Assessment of the genotoxicity of water and soil in the places of storage of
reserves of old pesticides by Allium-test. E3S Web Conf. 169, 01012 (2020).
85. Haq, I., Kumar, S., Kumari, V., Singh, S. K. & Raj, A. Evaluation of bioremediation potentiality of
ligninolytic Serratia liquefaciens for detoxification of pulp and paper mill effluent. J. Hazard. Mater.
305, 190–199 (2016).
86. Gonzaga, M. I. S. et al. Aged biochar changed copper availability and distribution among soil
fractions and influenced corn seed germination in a copper-contaminated soil. Chemosphere. 240,
124828 (2020).
87. Zhang, C. et al. Influence of long-term sewage irrigation on the distribution of organochlorine
pesticides in soil–groundwater systems. Chemosphere. 92, 337–343 (2013).
88. Haq, I. et al. Evaluation of the Phytotoxic and Genotoxic Potential of Pulp and Paper Mill Effluent
Using Vigna radiata and Allium cepa. Adv. Biol. 2016, 1–10 (2016).
89. Rocha, P. S. et al. Sediment genotoxicity in the Tietê River (São Paulo, Brazil): In vitro comet assay
versus in situ micronucleus assay studies. Ecotoxicol. Environ. Saf. 72, 1842–1848 (2009).
Page 20/27

90. Gupta, A. K., Ahmad, I. & Ahmad, M. Genotoxicity of refinery waste assessed by some DNA damage
tests. Ecotoxicol. Environ. Saf. 114, 250–256 (2015).
91. Kour, D. et al. Microbe-mediated alleviation of drought stress and acquisition of phosphorus in great
millet (Sorghum bicolour L.) by drought-adaptive and phosphorus-solubilizing microbes. Biocatal.
Agric. Biotechnol. 23, 101501 (2020).
92. Kaur, P., Purewal, S. S., Sandhu, K. S. & Kaur, M. DNA damage protection: an excellent application of
bioactive compounds. Bioresour. Bioprocess. 6, 2 (2019).
93. Bonassi, S. et al. Human population studies with cytogenetic biomarkers: Review of the literature and
future prospectives. Environ. Mol. Mutagen. 45, 258–270 (2005).
94. Kaur, J., Kaur, V., Pakade, Y. B. & Katnoria, J. K. A study on water quality monitoring of Buddha Nullah,
Ludhiana, Punjab (India). Environ. Geochem. Health. https://doi.org/10.1007/s10653-020-00719-8
(2020).

Tables
Due to technical limitations, table 1-8 is only available as a download in the Supplemental Files section.
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Figure 1
Survival of E. coli K-12 strains treated with hexane extracted wastewater irrigated soil extract (a); hexane
extracted ground water irrigated soil extract (b); DCM extracted wastewater irrigated soil extract (c), DCM
extracted ground water irrigated soil extract (d).
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Figure 2
Different types of chromosomal aberrations induced by the soil extracts in root tips of Allium cepa:
Anaphase spindle disturbance (a); C-Mitosis (b, c); Multipolar anaphase with chromosomal break (d);
Stickiness in telophase (e, f); Anaphase with break and star shape chromosome (g); Disturbance at
metaphase (h, i); Anaphase bridge with vagrant chromosome (j, k); Multipolar anaphase with
chromosomal break (l).
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Figure 3
Effect of different concentration of wastewater irrigated soil extract (WWISE) on radicle and plumule
length of mung bean seeds germination in soft agar plates (0.7%).
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Figure 4
Plant parameters of Vigna radiata (mung bean) seeds germinated on soft agar plates treated with
different (10, 25, 50 and 100%) concentrations of wastewater irrigated soil extract; % germination (a),
seedling vigor index (SVI) (b), radicle and plumule length (cm) (c) and dry biomass (d). Each value is a
mean of five independent replicates (n=5) where each replicate constituted five seeds/plates. Mean
values followed by different letters are significantly different at p≤0.05 according to DMRT test. Vertical
bars represent means± SD.
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Figure 5
Confocal laser scanning microscopic (CLSM) images of Vigna radiata roots stained with propidium
iodide (PI) and treated with ground water irrigated soil (a), and different concentration of wastewater
irrigated soil (b) 10%, (c) 25% (d) 50% (e) 100% and positive control (MMS) (f).
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Figure 6
Effect of wastewater irrigated soil extract on pBR322 DNA (Plasmid-nicking assay). Lane m: 1 kb ladder;
Lane a: pBR322 DNA alone. Lane b-e: pBR322 DNA +5 µl; 10 µl; 15µl; 20µl of soil extract respectively.
Lane f: pBR322 DNA + MMS.
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