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A viable alternative to the use of sewage sludge (SS) would be using it as a reconditioner of agricultural
soils, due to its high content of organic matter and nutrients. However, this solution may contaminate the
soil, since SS may contain toxic substances. Monitored natural attenuation is a process that can be used in
the decontamination of SS before its disposal into the environment. The effectiveness of the natural
attenuation of a domestic SS was evaluated over 12 months by assays of Salmonella/microsome and
micronucleus (MN) in human hepatoma cells (HepG2). Mutagenic activity was observed for the Sal-
monella strain TA 100, with S9, for the extracts from periods 0e6 months of natural attenuation. Gen-
otoxic effects were observed in HepG2 cells, for 0 and 2 months, in almost all tested concentrations.
Comparing obtained data by MN test to chemical analyses, it is possible to observe a coincidence be-
tween the induction of MN and the quantity of the m- and p-cresol, since these compounds were present
in the initial SS and after 2 months of natural attenuation, decreasing their concentrations in samples
from 6 to 12 months. The positive results obtained with Salmonella/microsome (from 6 months) suggest
a combined action of other substances in SS. These results indicated that this SS, in the earlier periods
tested, is potentially genotoxic and mutagenic and that its disposal can lead to severe environmental
problems. Thus, the use of the studied SS as reconditioner requires pre-processing for over than 6
months of natural attenuation.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

With increasing urban development and the increase in the
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number of inhabitants, the world population is facing a serious
environmental problem regarding the fate of solid waste generated
by wastewater treatment plants (Pathak et al., 2009). Each year,
worldwide, millions of tons of sewage sludge (SS) are produced
(Aparicio et al., 2009) with the prospect of increased production.

Since SS contains high concentrations of organic matter,
micronutrients and macronutrients, such as nitrogen and phos-
phorus, it has been considered as an excellent material for the
reconditioning of agricultural soils (Çifci et al., 2013). However, SS
may present a high variability of persistent and bioaccumulative
toxic compounds, which, when deposited in the environment, may
compromise the quality of soils and associated environment, such
as atmosphere, subterraneous and superficial waters (Cincinelli
et al., 2012). The exposure of plants and animals to these pollut-
antsmay compromise the trophic chain (Roig et al., 2012), as well as
represent risks to the human health.

In an attempt to ensure the chemical and biological stability of
SS and avoid harmful environmental consequences generated by its
application on soil, several methods have been presented to
decontaminate SS (Rathod et al., 2009). Among these methods,
natural attenuation may decrease the concentration of some pol-
lutants in the environment by means of natural processes, such as
volatilization, transformation, dilution, dispersion (Megharaj et al.,
2011), and mainly by biodegradation by the microorganisms pre-
sent in the contaminated site. Thus, this process has been consid-
ered an advantageous method with low-cost implantation (Mills
et al., 2003).

To better characterize the toxic substances present in SS, the
association between chemical analysis and bioassays are strongly
recommended (Farr�e and Barcel�o, 2003). Among the several bio-
assays available, the Salmonella/microsomal test has been widely
used for the detection of the mutagenic potential of a large variety
of chemicals, including complex environmental samples, due to its
simplicity, fastness, efficiency and high reproducibility (Claxton
et al., 2010).

The micronucleus test (MN test) has been extensively used to
evaluate the genotoxic effects induced by SS (Tewari et al., 2005;
Solano et al., 2009; Gajski et al., 2011) because it is a high sensi-
tive and efficiency in the detection of biological effects of envi-
ronmental pollutants. Moreover, the induction of MN is considered
an indicative of cancer risk in humans (Bonassi et al., 2007).

Since the liver plays the main role in the detoxification of xe-
nobiotics, human liver cells (HepG2) have been commonly used in
environmental genotoxicity studies (Baderna et al., 2013), espe-
cially by closely resembling the characteristics of in vivo human
cells (Van Der Water et al., 2011).

This study investigated the genotoxic effect of an urban SS, by
means of the MN test, performed with human liver culture cells
(HepG2), as well as its mutagenic potential by Salmonella/micro-
somal assay, after several periods of monitored natural attenuation.
The effectiveness of this process was evaluated through the
decreasing of the SS toxic activity over the periods of natural
attenuation on the studied test-systems.

2. Materials and methods

2.1. Obtaining the samples

The studied SS was collected at a domestic sewage treatment
plant, located at the municipality of Rio Claro (in the state of S~ao
Paulo, Brazil). After sampling, part of this SS was mixed with a clay
soil control (146.7 mS/cm), in proportions of 10%, 25% and 50% (v/v).
The soil was collected in the Experimental Garden of the University
of S~ao Paulo StatedUNESP (Rio Claro, S~ao Paulo State, Brazil), being
considered as a reference soil (environmental control) due to its
absence of toxicity and so, suitable to be used in this experiment.
All samples (10%, 25%, 50% and 100% SS) were then disposed, in

duplicate, in plastic bags that were micro-perforated with 0.5 mm
diameter holes 1 cm apart from each other, and buried in an un-
contaminated site for periods of 0, 2, 6 and 12 months, in order to
promote a natural attenuation of the samples, as described by
Mazzeo et al. (2015).

The chemical characterization of the 100% SS, regarding the
presence of chlorinated benzenes, phthalates, chlorinated and non-
chlorinated phenols, polycyclic aromatic hydrocarbons, chlorinated
dioxins and pesticides, after each period of natural attenuation,
indicated that the studied samples contained the organic com-
pounds shown in Table 1. A complete chemical characterization of
the samples can be seen in Supplementary data.

2.2. Preparation of aqueous extract of SS (solubilized)

To obtain an aqueous extract of SS, 125 g of each sample (10%,
25% and 50% SS), regarding to their dry weight, were mixed in
500 mL of ultra pure water, which was followed by low-speed
constant stirring for 5 min, according to ABNT NBR 10.006
(2004). Due to the high hygroscopic potential of the 100% SS, twice
the volume of water (1000 mL) used for other samples (10%, 25%
and 50% SS) was added to the same mass (125 g) of 100% SS, in
order to obtain a similar supernatant liquid phase.

After 7 days of decantation, the supernatant was collected and
filtered through a membrane of 0.45 mm porosity. With this pro-
cedure, aqueous extracts of each studied samples containing solu-
ble substances, potentially bioavailable, were obtained. The
presence of hydrophilic compoundswith biological activity in these
extracts was tested by bioassays of genotoxicity and mutagenicity.

Previous analyses using high performance liquid chromatog-
raphy with diode array detection (HPLC-DAD) showed that the
aqueous extracts related to the 100% SS samples presented a
mixture ofm- and p-cresol in concentrations of 3.70 mg/L, 4.21 mg/
L, 0.78 mg/L and 0.06 mg/L for the periods of 0, 2, 6 and 12 months
of natural attenuation, respectively (Mazzeo et al., 2015).

2.3. Salmonella/microsome microsuspension assay e Kado test

S. typhimurium strains TA98 and T100 were used in this study,
with and without the metabolizing fraction, to detect frameshift
mutations and substitution mutations at base pairs, respectively.

This test was based on the protocol described by Kado et al.
(1983). The strains TA98 and TA100 were cultivated overnight in
nutrient broth, in a shaker incubator, at 37 �C. Following this pro-
cedure, 100 mL of each strain (1010 cells/mL) were added to culture
tubes containing 100 mL of phosphate buffer 0.1 M and the volume
of the sample, corresponding to concentrations of 6.25, 12.5, 18.75,
25.00, 37.50 and 50.00 mg dry SS equivalent. These concentrations
were obtained by diluting the 100% SS aqueous extract.

For the assays with S9 metabolic activation, the phosphate
buffer was replaced by 100 mL of S9 mix [sterilized distilled water,
phosphate buffer 0.2 M, NADP 0.1 M, glucose-6-phosphate 1.0 M,
solutions of salts (KCl 1.65 M andMgCl2 0.4 M) and S9 fraction]. The
tubes containing the mixture were pre-incubated at 37 �C for
90 min. Thus, their contents, already with the addition of 2 mL of
surface agar, were poured in sterilized Petri dishes containing
minimum solidified agar. The Petri dishes were incubated at 37 �C
for 72 h. Each test was run in triplicate.

To perform the assay with metabolic activation, an exogenous
metabolic activation system was used (S9 microsomal system,
Moltox), composed of a homogenate of Sprague-Dawley rat liver
cells, pretreated with polychlorinated biphenyl mixture (Araclor
1254).



Table 1
Chemical characterization of the reference soil and the SS 100% after different periods of monitored natural attenuation.

Parameter Unit Reference soil Initial sample 2 months sample 6 months sample 12 months sample Maximum value allowed by
legislation (CONAMA 375)

Non chlorate phenols
m-, p-cresol mg/kg ND 276 257 ND ND 0.16
o-cresol mg/kg ND ND ND ND ND 0.16
Dioxins
Total of dioxins ng/kg 72.2 269 623 884 975 NE
Total of furans ng/kg 5.55 74.6 135 102 140 NE

ND: not detected; NE: values not established for the parameter.
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Each extract related to the 100% SS samples was tested, for all
four different periods of natural attenuation, with the six proposed
concentrations.

The negative control was performed with 50 mL of ultrapure
water/Petri dish, the same water used in the extracts. Positive
controls were performed with 4-nitroquinoline 1-oxide (4NQO)
(Sigma, CAS No. 56-57-5), with concentrations of 0.5 mg/Petri dish,
for the tests without metabolic activation and with 2-
Aminoanthracene (2AA) (Sigma, CAS No. 613-13-8), with concen-
trations of 0.25 mg/Petri dish, for the tests with metabolic
activation.

The mutagenic potential of each sample was evaluated by
quantifying the number of revertants in each dish. Data were sta-
tistically evaluated by the software SALANAL (Salmonella Assay
Analysis 1.0), selecting the Bernstein or Linear models. The samples
were considered mutagenic when the results of both the statistical
test ANOVA (p < 0.05) and linear regression (p < 0.05) were sig-
nificant. The results of mutagenic activity were expressed by the
number of revertants per gram equivalent of dry sample tested.

2.4. Human cells assays

2.4.1. Cell culture
Human-derived hepatoma (HepG2) cells were used as test

systems for the MN assay. These cells, purchased from the Rio de
Janeiro Cell Bank, were cultivated in minimum essential medium
(MEM), supplemented with 10% bovine serum and 0.1% antibiotic-
antimycotic solution (10.000 UI/mL penicillin and 10 mg/mL
streptomycin), and were kept in disposable culture flasks of 25 cm2

in a BOD incubator at 37 �C with 5% CO2.

2.4.2. Cellular viability test
In order to determine the non-toxic concentrations for HepG2

cells, the MTT assay (Thiazolyl Blue Tetrazolium Bromide e CAS n.
298-93-1, Sigma) was performed, according to the protocol of
Mosmann (1983) with some modifications. Ca. 2.34 � 104 cells
were placed in 96-well microplates for stabilization and kept in
humid chambers at 37 �C with 5% CO2 for 24 h. Thereafter, cells
were exposed to the several concentrations of 100% SS (period 0)
for an additional 24 h and then incubated for 4 h with MTT (1 mg/
mL), in the same conditions. Negative control was performed with
cell culture media and positive control with Triton X-100 at 1%.
After this period, MTT was discarded and 100 mL of DMSO were
added in each well. Plates were then measured in a spectropho-
tometer with a microplate reader (Multiskan FC e Thermo Scien-
tific) at 540 nm. The tested concentrations were considered
cytotoxic when they presented values lower than 80% of those
observed for negative control.

2.4.3. MN test
The protocol described by Natarajan and Darroudi (1991), with

some modifications, was followed to perform the MN test. Cells
were cultivated for a complete cycle (24 h). Then, simultaneous
exposures were performed in single flasks and in triplicate, for 24 h,
adding 50 mL of each aqueous extracts (10%, 25%, 50% and 100% SS).
The positive control was performed with 50 mL methyl-
methanesulfonate (4 � 10�2 M), the negative control with phos-
phate buffered saline (PBS) and the environmental control with soil
aqueous extract. After exposure, cells were washed twice with PBS,
and 5 mL of culture media supplemented with 3 mg/mL cytocha-
lasin B were added in each well. Plates were then incubated for
additional 28 h. After this period, cells were harvested, fixed in
Carnoy's solution and kept in this solution at 4 �C before utilization.
Later, after at least 12 h, five drops of the fixed cells were placed in
clean, cold slides, containing a layer of water. After drying, slides
were stained with Giemsa 5% for 8 min. This assay was performed
with extracts of samples from each period of natural attenuation (0,
2, 6 and 12 months).

Ca. 1000 binucleated cells with intact cytoplasmic and nuclear
membranes, with non-overlapping nuclei of similar sizes, and with
the same pattern and intensity of stain, were analyzed per slide
under light microscopy (1,000�), two slides per repetition. Since all
experiments were performed in triplicate, a total of 6000 cells were
scored for each concentration and evaluated controls. To evaluate
the genotoxic potential of the SS, the results of MN test were
compared by the non-parametric test of Mann-Whitney (p < 0.05).

In order to verify the efficiency of the natural attenuation pro-
cess, the Mann-Whitney test (p < 0.05) was used to compare the
induced effects of a same association of soil/sludge after different
periods of natural attenuation to its corresponding period 0.
3. Results

3.1. Mutagenic activity e Salmonella/microsome microsuspension
assay

Table 2 presents the results obtained with Salmonella/micro-
some for the solubilized 100% SS from the several periods of natural
attenuation, in the strains TA98 and TA 100. None of the tested
samples induced mutagenicity in the strain TA 98, with and
without metabolic activation. No significant results were observed
in the strain TA 100, without metabolic activation. However, after
metabolic activation, the samples related to the periods 0, 2 and 6
months presented a mutagenic potential for this strain (TA 100).
Although the results were not significant with ANOVA for the
sample corresponding to the period of 2 months, a significant
concentration-effect curve was observed, indicating a mutagenic
activity for this sample (Fig. 1). For the period of 12 months, this
effect was no longer observed, indicating a decrease in the muta-
genic potential of the SS after 12 months of natural attenuation.
3.2. Genotoxicity in human cell culture e HepG2

The results from the MTT assay related to cellular viability are



Table 2
Mutagenicity of SS aqueous extracts for Salmonella typhimurium in the presence (þS9) and absence (�S9) of metabolic fraction, after different periods of natural attenuation.

Samples Concentrations (mg equivalent of dry SS/plate) Mean of revertants/plate ± SD

TA 98 TA 100

�S9 þS9 �S9 þS9

Negative control 0.00 42.5 ± 33.5 53.2 ± 11.7 181.4 ± 29.3 197.0 ± 17.4
Positive control e 476b 787 ± 100 1512 ± 22.6 1715 ± 284
SS 0 months 6.25 70.0 ± 15.6 49.5 ± 3.54 193 ± 10.0 202 ± 14.0

12.50 40.0 ± 2.65 60.0 ± 4.24 196 ± 8.19 215 ± 11.7
18.75 e 58.5 ± 4.95 206 ± 4.95 203 ± 33.2
25.00 54.0 ± 22.6 46.0 ± 3.00 179 ± 9.07 210 ± 14.5
37.50 41.5 ± 4.95 50.5 ± 10.6 199 ± 2.83 231 ± 16.6
50.00 36.0 ± 3.61 53.7 ± 6.03 190 ± 7.02 249 ± 19.6*
Mutagenic potencya Negative Negative Negative 935 ± 0.25

SS 2 months 6.25 50.0 ± 15.6 57.7 ± 7.37 192 ± 40.5 204 ± 30.9
12.50 49.7 ± 9.61 64.3 ± 6.03 219 ± 31.2 229 ± 14.0
18.75 e 62.7 ± 6.43 213 ± 17.8 220 ± 19.5
25.00 49.7 ± 9.87 48.7 ± 1.15 177 ± 18.6 213 ± 36.2
37.50 36.0 ± 9.54 53.3 ± 1.15 208 ± 14.8 234 ± 23.1
50.00 54.0 ± 12.7 66.5 ± 2.12 193 ± 9.07 255 ± 25.6
Mutagenic potencya Negative Negative Negative 1018 ± 0.31c

SS 6 months 6.25 48.5 ± 10.6 49.7 ± 1.15 185 ± 14.1 199 ± 33.9
12.50 47.3 ± 9.2 50.7 ± 4.04 187 ± 6.51 229 ± 17.4
18.75 e 55.7 ± 11.1 192 ± 24.5 248 ± 11.5*
25.00 51.7 ± 6.66 55.7 ± 4.51 160 ± 21.5 224 ± 22.7
37.50 38.0 ± 5.66 65.0 ± 5.29 209 ± 18.5 230 ± 17.1
50.00 57.5 ± 9.19 50.0 ± 20.5 206 ± 15.7 227 ± 16.0
Mutagenic potencya Negative Negative Negative 689 ± 0.25

SS 12 months 6.25 63.0 ± 4.24 58.0 ± 3.46 188 ± 2.83 215 ± 14.6
12.50 33.5 ± 6.36 54.3 ± 12.1 159 ± 10.8 206 ± 6.56
18.75 e 46.3 ± 0.58 183 ± 8.39 212 ± 3.21
25.00 29.5 ± 2.12 50.3 ± 7.02 175 ± 17.0 211 ± 4.04
37.50 31.0 ± 1.41 40.3 ± 11.0 155 ± 3.51 212 ± 7.37
50.00 29.5 ± 3.54 33.3 ± 4.04 144 ± 25.9 211 ± 23.3
Mutagenic potencya Negative Negative Negative Negative

*Significant for ANOVA (p < 0.05).
a Calculated from the slope of the linear portion of the concentration-effect curve, using linear regression analysis, considering that the slope is always proportional to the

potency of the sample, quantitatively expressed in number of revertants/g equivalent of dry sample ± standard deviation.
b Value corresponding to a single plate.
c Indicative of mutagenicity (not significant for ANOVA).
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presented in Table 3. The test was performed with 5 different
concentrations of 100% SS extract, before the period of natural
attenuation (period 0). The only concentration presenting cell
viability above 80% was 10 mL/mL culture media. Therefore, this
concentration was chosen to be used in the MN test.

Table 4 presents the results obtained in relation to the frequency
of MN presented in HepG2 binucleated cells after exposure to
different solubilized SS. Results indicated that, for the samples of
period 0 and 2 months, all tested concentrations induced a signif-
icant genotoxic effect in HepG2 cells, when compared to the NC
(except for concentration 10%, for samples of 2 months). However,
no significant genotoxic effect was observed for the samples over 6
and 12 months of natural attenuation.

Comparing the frequencies of MN presented in HepG2 cells,
after the different periods of natural attenuation, with the same
concentration of SS, it is possible to observe a significant decrease
in this parameter for all tested concentrations (Fig. 2). After 2
months of natural attenuation, the concentration 10% showed
values closer to those presented by the negative control, while for
the other concentrations this decrease became significant after 6
months, being more pronounced after 12 months of attenuation.

4. Discussion

As SS has been used as agricultural fertilizer by several countries
and due to possible impact that it may cause to the environment
where it is disposed, a constant monitoring must be performed to
certify its environmental effects as well as its potential risks that it
can promote to human health. One strategy for this evaluation
would be the use of several bioassays, capable of identifying the
bioavailability of the group of contaminants present in SS, and thus
to infer the actual risk of exposure of organisms to this residue
(Alvarenga et al., 2007).

In the present study, the Salmonella/microsome assay was per-
formed with TA 98 and TA 100 strains, which, according to Silva
Júnior and Vargas (2009), are the most used strains in environ-
mental mutagenesis studies.

Ottaviani et al. (1993) also employed the strains TA 98 and TA
100 to evaluate the mutagenic potential of SS in Rome, Italy.
However, even with in presence of polychlorinated biphenyls
(PCBs), the authors observed an absence of mutagenicity in the SS,
and recorded a cytotoxic effect in doses above 5 mg/plate dish. The
detection of mutagenicity in SS samples from industrial origin us-
ing the Salmonella assay with the strains TA 98 and TA 100 was also
reported by Klee et al. (2004). The strain TA 98 was also used by
Donnelly et al. (1990) to evaluate the mutagenicity of organic
compounds presented in soils receiving SS incorporation. By the
positive mutagenic responses, the authors suggested that the
incorporation of SS in soils contributed to an increase of mutagens
in the environment. According to our results, we also suggest that
the studied SS can be a source of potential mutagenic contami-
nants, and that, when deposited in the environment, it can repre-
sent risks to the exposed organisms.

The absence of significant results for the strain TA 98 indicated
that the tested SS was not capable of inducing frameshift muta-
tions, even with metabolic activation. However, the mutagenicity



Fig. 1. Comparison of concentration-effect response of several samples of SS, observed for the strain TA 100, in the presence of the metabolic fraction. A. 0 months; B. 2 months; C. 6
months; D. 12 months. Periods 0 and 6 months: statistically significant responses for ANOVA and linear regression; Period 2 months: statistically significant response for linear
regression; Period 12 months: absence of statistical significance.

Table 3
Effect of the SS 100% aqueous extract (period 0) on the viability of HepG2 cells
exposed to different concentrations of this sample.

SS 100% (period 0) Concentrations (mg equivalent of dry SS/flasks)

3.10 6.25 9.40 12.5 25.0

Viability 71.2% 82.3% 73.3% 68.6% 62.0%
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observed for TA 100, which detects mutations by replacing base
pairs (Maron and Ames, 1983) in the presence of S9, suggests that
the SS contains pro-mutagens capable of inducing this kind of
mutations, only after being metabolized. Similar results were also
observed by P�erez et al. (2003), when the authors evaluated a SS of
domestic and mixed (domestic and industrial) origin, whose
mutagenic activity was only observed for the strains TA 98 and 100
in the presence of metabolic fraction.

Mammalian cell culture assays have been widely used in the
investigation of the genotoxic potential of environmental pollut-
ants (Matsumoto et al., 2005; Cardozo et al., 2006; Mazzeo et al.,
2013). In our studies, the HepG2 cells shown to be very sensitive
in the detection of genotoxicity of SS.
Bakare et al. (2007) evaluated the potential induction of DNA

damage of SS leachate from municipal origin in a human cell cul-
ture. The authors verified a significant increase of damage in lym-
phocytes culture after exposure to SS, indicating a potential risk to
humans. Studies performed by Gajski et al. (2011) also demon-
strated a significant increase in the frequency of micronucleus in an
in vitro test performed with human lymphocytes exposed to
leached SS. These authors concluded that the tested SS samples
were genotoxic for lymphocytes, being capable of inducing adverse
effects in a human population exposed to it. A significant increase
on the frequency of micronucleus in polychromatic erythrocytes of
rats after 15 days of exposure to low concentrations of leached SS,
was also recorded by Tewari et al. (2005). The authors concluded
that these effects were possibly due to the combined action of
contaminants presented in the SS. Thus, the presence of toxic
substances in aqueous extracts of SS may, by percolation in the soil,
compromise the subterraneous and superficial waters, dissemi-
nating genotoxic substances, and, therefore, represents a potential
risk to the public health.

The genotoxic effect observed in the MN test with HepG2 cells



Table 4
Mean values and standard deviation of micronucleus (MN) presented in HepG2 cells exposed to aqueous extracts of different mixtures of sludge and soil (10%, 25%, 50% and
100% sludge).

Treatment Initial sample 2 months sample 6 months sample 12 months sample

Negative control 27.3 ± 3.00 24.0 ± 2.00 29.0 ± 3.22 24.8 ± 3.41
Soil 30.7 ± 2.77 e e e

Positive control 122.6 ± 10.8* 130.9 ± 13.5* 104.7 ± 13.2* 102.2 ± 12.4*
SS 10% a 41.4 ± 5.82* 21.5 ± 4.23 31.6 ± 2.43 25.5 ± 5.00
SS 25% a 48.5 ± 2.74* 53.7 ± 2.73* 30.7 ± 3.32 23.6 ± 3.00
SS 50% a 56.8 ± 3.82* 56.8 ± 2.79* 31.3 ± 2.51 24.7 ± 1.86
SS 100% b 63.8 ± 1.94* 67.2 ± 5.23* 31.3 ± 1.36 26.1 ± 3.53

MN/1000 binucleated cells ± SD.
2000 binucleated HepG2 cells were counted for each sample in 3 experiments in parallel.
*Statistically significant when compared to the negative control (p < 0.05) using the Mann-Whitney test.

a Representing 12.5 mg equivalent of dry sample (10%, 25% and 50% sludge).
b Representing 6.25 mg equivalent of dry SS 100%.
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Fig. 2. Comparison between the mean values of micronucleus (MN) recorded in HepG2 cells exposed to different concentrations of SS, before and after the natural attenuation
process. *Significant decrease between the non-biodegraded concentration and its respective biodegraded concentration, according to the Mann-Whitney test (p < 0.05).
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may be due to the presence of m- and p-cresol in the aqueous
extract of the SS, since the significant frequencies of MN were
observed in the extracts related to the periods of 0 and 2 months of
natural attenuation, in which these substances were also detected.
A reduction of MN frequency was also detected, in levels closer to
the negative control, in 6 and 12 months samples, coinciding with
the decrease of the m- and p-cresol concentration. However, this
genotoxicity observed could also be due to the presence of other
substances not identified by chemical analysis, which can present a
combined action in inducing this alteration.

Hikiba et al. (2005) observed induction of chromosomal aber-
ration (achromatic lesions and breaks) in Syrian hamster embryo
cells (in vitro test) exposed to 43.256, 86.512 and 108.14 mg/L ofm-
cresol, which were higher than the ones found in the present study
(3.70 mg/L, 4.21 mg/L, 0.78 mg/L and 0.06 mg/L for the periods of 0,
2, 6 and 12 months of natural attenuation, respectively). This
parameter had its frequency increased to the concentrations of
10.814, 32.442 and 108,14 mg/L in the presence of the metabolic
activation fraction. Authors suggested that, after metabolic con-
version,m-cresol became a potential genotoxic chemical. According
to Hamaguchi and Tsutsui (2000), m-cresol induced DNA alter-
ations in Syrian hamster embryo cells maintained in culture with
exogenous metabolic activation, which led the authors to conclude
that this substance is genotoxic to mammalian cells. Other authors
also concluded that SS toxicity could be more related to the pres-
ence of phenolic compounds (e.g., cresol), than to metals and
persistent organic pollutants (POPs) (Roig et al., 2012).

Since the HepG2 cells used in this study present a metabolic
enzymatic system of phases I and II, acting in the activation and
detoxification of reactive chemicals to DNA (Knasmüller et al., 1998,
2004), we believe that the observed genotoxic effect is related to
the action of cresol, as well as to a possible combined action of
unknown substances present in SS that degraded within the same
period of cresol. The results obtained by the microsuspension assay
with Salmonella suggest that other substances with mutagenic
potential were also present in the SS, seeing as mutagenic activity
was observed similarly for SS samples of 0 and 6 months of natural
attenuation. Because the concentration of cresol in the SS 6 months
was low, we concluded that there were other contaminants with
mutagenic potential, not identified by chemical analyses. Moreover,
other studies reported that cresol was not capable of inducing
mutagenic effect in the S. typhimurium strains TA 98 and TA 100,
both in the presence and absence of metabolic fraction S9 mix
(Kubo et al., 2002).

When in high doses, dioxins may induce awide variety of effects
in humans, such as cancer, endocrine dysfunction, immune toxicity,
physiological and reproductive disorders, neurotoxicity, among
others (Schecter et al., 2011). However, data related to genotoxic
effects on human beings are considered inconclusive and incon-
sistent. Although most of these studies highlight that dioxins and
furans are not genotoxic to animals, including humans (ATSDR,
1998), these studies are based on small samples, which do not
certify this action. Valic et al. (2004) reported that patients
intoxicated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), with
a blood concentration of 85,600 pg/g and 17,700 pg/g, presented a
significant frequency of MN, indicating a genotoxic effect of TCDD.
In our work, despite an increase in the values of dioxin in SS
samples after 6 and 12 months of natural attenuation (Table 1), the
concentrations of these compounds did not induce an increase in
the micronucleus frequency in HepG2 cells and mutagenicity in the
assays with Salmonella. In previous studies, 2,3,7,8-
tetrachlorodibenzo-p-dioxin, considered the most toxic substance
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among this class of compounds, did not present mutagenic activity
for the strains TA 98 and TA 100 in Ames test (Geiger and Neal,
1981).

However, as SS is a complex mixture, we cannot disprove a
possible mixture effect between its components, which could lead
to the observed mutagenicity. According to Oleszczuk (2008), since
SS is composed by a complex matrix, constituted by several sub-
stances, it is difficult to attribute the observed toxicological effect to
specific compounds, because several chemical interactions may
occur between the different substances presented.

A significant decrease in the observed effects during the period
of natural attenuation, for both the MN test and the Salmonella/
microsome microsuspension assay, suggest a need for the use of
methods of decontamination before the disposal of the SS in agri-
cultural soils. Even in low concentrations, the studied SS without
pre-treatment showed to be capable of inducing genetic damage in
human cells, being characterized as a potential contaminant to the
environment.

Other authors also reported that, after performing decontami-
nation treatment in SS, there was a significant decrease in muta-
genic effects, confirming the importance of the treatment of SS
before its deposition in the environment (Gajski et al., 2011). Ac-
cording to Roig et al. (2012), the pre-treatment of SS, before its
disposal into the environment, directly influences some of its
properties, for example, its toxicity. After investigating different
types of SS, these authors concluded that those without pre-
treatment presented the highest toxicity index in assays with
plants and bacteria, while SS that was submitted to compostingwas
considered 2 to 3 times less toxic than the others. Ramírez et al.
(2008) evaluated the toxic potential of SS from urban sewage
treatment plants in 3 different plants and concluded that the
composting significantly reduced the phytotoxicity of SS. Studies
performed by Domene et al. (2008) also indicated that, to avoid
impacts in the edaphic community, the SS must be stabilized before
being applied to the soil. Donnelly et al. (1990) also verified a
decrease in mutagenic activity with the increase in the period after
the disposal of the SS in the soil. The authors observed that the
mutagenic substances initially present in the SS persisted for long
periods in the soil, which makes a period of approximately two
years necessary for the mutagenic activity in the studied soils to
decrease to basal levels. However, in the present study, a decrease
in the mutagenic potential of the SS was already observed after 6
months of natural attenuation, culminating in a more pronounced
decrease after 12 months. The faster decline of the toxicity of the
studied sludge is probably due to the initial toxic potentiality of this
sludge, which confirms that different types of sludges require
different degradation periods. These results described in the liter-
ature, associated to those observed in the present study, also
indicate the need of pre-processing SS in order to allow its use in
agriculture, and consequently, its disposal into the environment.

5. Conclusion

The use of SS in agricultural soils without prior treatment may
contribute to an increase in the genotoxic andmutagenic activity of
the soil, resulting in damage to the environment and the exposed
organisms. The presence of genotoxic and mutagenic substances in
the aqueous extract of the studied SS indicates that the SS con-
taminants can be carried to other physical media, contaminating
ground and surface water and thus become bioavailable. By the
results obtained in this work, it is possible to infer that the effects
observed for this SS seems to be related to an action of pro-
mutagens, since the mutagenic activity was more related to as-
says using hepatic metabolic activation (S9 fraction).

The MN test with HepG2 cells and the Salmonella/microsome
assay with the strain TA 100 showed to be a very sensitive tool for
the detection of genotoxic and mutagenic damages from the action
of the studied SS. The use of SS as fertilizer should be done only
after the completion of its detoxification, being the process of
natural attenuation very efficient for this purpose. However, we
suggest that more than 6 months of natural attenuation should be
provided to ensure the total elimination of substances with geno-
toxic and mainly mutagenic actions.
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