Environ Sci Pollut Res (2017) 24:24029-24037
DOI 10.1007/s11356-017-9966-5

@ CrossMark

RESEARCH ARTICLE

The herbicides trifluralin and tebuthiuron have no genotoxic
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Abstract Brazil has been the largest world consumer of pesti-
cides since 2008, followed by the USA. The herbicides trifluralin
and tebuthiuron have been widely applied in agriculture. These
herbicides are selective for some plant species, and their use
brings various benefits. However, the genotoxic and mutagenic
effects of tebuthiuron on non-target organisms are poorly known,
and in addition, the effects of trifluralin must be better investi-
gated. Therefore, this study employed genetic tests including the
comet assay and micronucleus test to evaluate the genotoxic
effects of trifluralin and tebuthiuron on HepG2 cells. In addition,
we have used the Ames test to assess the mutagenic effects of the
herbicides on the TA97a, TA98, TA100, and TA1535 strains of
Salmonella typhimurium. On the basis of the comet assay and
the micronucleus test, trifluralin did not cause genetic damage to
HepG2 cells. In addition, trifluralin did not impact the tested
S. typhimurium strains. Regarding tebuthiuron, literature has
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shown that this herbicide damaged DNA in Oreochromis
niloticus. Nevertheless, we have found that tebuthiuron was
not genotoxic to either HepG2 cells or the S. syphimurium
strains. Therefore, neither trifluralin nor tebuthiuron exerted
genotoxic or mutagenic potential at the tested conditions.

Keywords Comet assay - Micronucleus - Ames test -
HepQG2 - Salmonella typhimurium

Introduction

Brazil has been the largest consumer of pesticides since 2008,
followed by the USA. In the last decade, the consumption of
pesticides in Brazil increased by 190% compared to previous
years, a growth rate that corresponded to more than twice the
global market growth rate in that same period (93%) (Rigotto
et al. 2014). The Brazilian consumption of pesticides was
936,000 tons in the 2010/2011 season, amounting to $8.5
billion in financial transactions involving ten companies that
control 75% of the pesticide market in the country (ANVISA
2013; Rigotto et al. 2014). Herbicides account for 45% of the
volume of pesticides consumed in Brazil, followed by fungi-
cides (14%) and insecticides (12%) (Rigotto et al. 2014).
The herbicides trifluralin and tebuthiuron have been exten-
sively used in Brazil and in other countries, mainly in sugar-
cane and soybean crops, to control weeds (Lima et al. 2012).
According to data from the Brazilian Institute of Environment
and Renewable Natural Resources (IBAMA 2017), sales of
trifluralin comprised 1467.41 tons in 2012 and 1594.00 tons
in 2014. Regarding tebuthiuron, sales comprised 3150.86 tons
in 2012 and 3952.54 tons in 2014. In the USA, trifluralin was
among the 25 most used pesticides in agriculture, and the
estimated usage ranged from 1360.77 to 3175.14 tons in
2012 (EPA 2017). There have been no recent data on the
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amount of tebuthiuron applied annually in the USA. The
European Union banned trifluralin and tebuthiuron in 2008
(European Commission 2009) and 2002 (European
Commission 2002), respectively.

A large quantity of the total amount of pesticides applied to
control weeds and pests reaches the environment and can have
undesirable effects on ecosystems and humans (Hernandez
et al. 2013; Franco-Bernardes et al. 2015). Trifluralin is little
soluble in water and binds strongly to soil components, so it
does not tend to reach groundwater. Nevertheless, it may con-
taminate surface water by spray drift or runoff (EPA 1996). In
Brazil, trifluralin has been found in surface water and rainwater
in the Pantanal region at 0.019 and 0.31 ug/L, respectively
(Laabs et al. 2002), and has been detected in water resources
in the Primavera do Leste region at 0.102 pg/L (Dores et al.
2006). In Canada and Greece, trifluralin has been detected in
rivers at 1-2 ng/L and 0.021 pg/L (Rawn et al. 1999; Albanis
et al. 1998), respectively. In China, it has been found in sedi-
ment samples of the Bohai and Yellow seas at 0.01 ug/Kg
(Zhong et al. 2015). In the USA, a study by the U.S.
Geological Survey’s (USGS) National Water-Quality
Assessment (NAWQA) analyzed the occurrence of pesticides
in groundwater and found trifluralin in three of 1270 samples
between 2002 and 2011 (Toccalino et al. 2014).

According to EPA (1996), trifluralin ranks as practically
nontoxic to birds and mammals on an acute basis. However,
for aquatic animals (fish and invertebrates), trifluralin ranks as
moderate to highly toxic. The LCs of trifluralin for rainbow
trout and bluegill sunfish is 41 and 58 ug/L, respectively.
Besides, trifluralin at levels as low as 5.1 pg/L may have
chronic effects on fish. This herbicide is also considered high-
ly toxic to estuarine and marine organisms (EPA 1996).

Tebuthiuron can reach the aquatic environment, particular-
ly groundwater, due to its high solubility in water, relatively
high persistence, and mobility in soil (EPA 1994). In Brazil,
this herbicide has been found at a concentration of up to
0.09 pug/L in outcropping sites of the Guarani Aquifer, one
of the most important groundwater reservoirs in the Southern
Cone (Gomes et al. 2001). In Australia, tebuthiuron has been
detected at concentrations greater than 0.02 ug/L in rivers
flowing to the Great Barrier Reef (Lewis et al. 2009). In the
USA, the National Water-Quality Assessment (NAWQA)
Program has determined tebuthiuron in 38 of 1267 samples
of groundwater between 2002 and 2011 (Toccalino et al.
2014).

EPA classifies tebuthiuron as practically nontoxic to birds,
fish, and aquatic invertebrates, and slightly toxic to mammals.
However, EPA mentions the phytotoxicity of tebuthiuron to
on- and off-site endangered terrestrial, semiaquatic, and aquat-
ic plant species as well as concern about its phytotoxicity to
off-site non-target plants. Acute toxicity studies have found
LCsq values of 143 and 106 mg/L for rainbow trout and blue-
gill sunfish, respectively, (EPA 1994).
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Because pesticides are released into the environment on a
daily basis and can reach non-target organisms, their genetic
effects of chemical toxicity become a matter of great concern
(Ribas et al. 1996). Experimental findings have revealed that
various pesticides display genotoxic or mutagenic properties,
which constitute initial risk factors for carcinogenicity in the
long term (Mostafalou and Abdollahi 2013).

Several literature studies have evaluated the genotoxic/
mutagenic potential of trifluralin. Pilinskaia (1987) has stud-
ied the exposure of human lymphocyte cultures (in vitro) and
mouse bone marrow cells (in vivo) to trifluralin and its eight
metabolites. Trifluralin itself did not induce chromosome
aberrations in the in vitro or in the in vivo models used, but
some of its metabolites induced moderate or weak clastogenic
effects. Ribas et al. (1995) have observed increased comet tail
length in human peripheral blood lymphocytes exposed to
trifluralin, which indicates that the herbicide was genotoxic
after exposure to concentrations as low as 25 pg/mL. In an-
other work, Ribas et al. (1996) did not observe any genotoxic
effects of trifluralin regarding chromosome aberrations and
micronucleus assays on cultured human peripheral blood lym-
phocytes. However, they verified that exposure to the herbi-
cide leads to higher frequency of sister-chromatid exchanges
at a concentration of 50 pg/mL. Gebel et al. (1997) have
reported that treatment with trifluralin at 1400 mg/kg of body
weight increases the micronucleus frequency in mouse bone
marrow cells in female mice. Konen and Cavas (2008) have
shown that both trifluralin and its commercial formulation
Treflan at 1, 5, and 10 pg/L increased the frequency of
micronuclei in O. niloticus peripheral erythrocytes, indicating
the mutagenic potential of this herbicide.

Regarding tebuthiuron, only one previous study has
assessed the potential of this herbicide to cause genotoxicity
and mutagenicity. Franco-Bernardes et al. (2014) have not
found any difference in the frequency of micronuclei in
O. niloticus exposed to tebuthiuron. However, these authors
have shown that small fish exposed to tebuthiuron at 125 mg/
L had significant higher comet score than the control, which
indicated that tebuthiuron may damage DNA.

On the basis of the aforementioned studies, the genotoxic and
mutagenic potential of trifluralin to non-target organisms cannot
be excluded. In some cases, however, this potential has not been
corroborated (Piliskaia 1987; Ribas et al. 1996). In contrast,
studies that analyzed the genotoxicity and mutagenicity of
tebuthiuron are scarce. Therefore, assessing the ability of these
widely used herbicides to damage DNA is clearly necessary.

One test frequently used to evaluate mutations in genes and
primary damage to DNA is the Ames test that employs the
prokaryote Salmonella typhimurium as it provides results
within a short time (Houk 1992). Nevertheless, this test cannot
detect chromosomal damage or aneuploidies. In this case, tests
that employ eukaryotes are essential, and with which the com-
et assay and the micronucleus test can be performed. The
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comet assay is a very sensitive method to detect damage to
DNA, and it can be carried out on any type of nucleated
eukaryotic cell, proliferating or not, in vivo or in vitro (Lee
and Steinert 2003). This test does not verify mutations; in fact,
it detects genomic lesions that, if not corrected, can be proc-
essed into mutations (Kammann et al. 2001). The micronucle-
us test can be used to assess mutation in eukaryotes because it
can spot chromosomal fragments or acentric chromosomes
that are not incorporated into the main nucleus after mitosis
(Cavalcante et al. 2008). This test is also very sensitive and
can be conducted on any type of nucleated eukaryotic cell,
in vivo or in vitro (Araldi et al. 2015). Unfortunately, the
micronucleus test cannot detect substances that do not break
chromosomes or do not cause their loss in the anaphase
(Heddle et al. 1983). Despite their individual limitations, to-
gether, the comet assay, the micronucleus test, and the
Salmonella/microsome assay can help to detect a broad range
of chemical substances that can result in genotoxicity/
mutagenicity.

Using the HepG2 cell line during in vitro eukaryotic cell
assays is advantageous because this cell line allows for the
synthesis and secretion of several of the plasma proteins char-
acteristic of normal human liver cells. In addition, this cell line
can express the tumor suppressor protein p53, an essential
component of cellular response to DNA damage. Although
cell culture systems cannot fully replicate the absorption, dis-
tribution, and excretion conditions present in the body, they
are valuable tool for screening analyses (O’brien et al. 2000).

Given the intense use of trifluralin and tebuthiuron in the
Brazilian agriculture and the lack of studies on the genotoxicity
and mutagenicity of these herbicides, we aimed to investigate
the potential of trifluralin and tebuthiuron to damage DNA by
performing the comet and micronucleus assays on HepG2 cells
and Salmonella mutagenicity/microssome assay. We have ad-
dressed the hypothesis that both herbicides could have
genotoxic and mutagenic potential.

Material and methods
Chemicals

The herbicides trifluralin and tebuthiuron, analytical stan-
dards in both cases, were purchased from Sigma-Aldrich
(St Louis, MO, USA). Trifluralin (catalog #32061; CAS
number 1582-09-8) and tebuthiuron (catalog #45671; CAS
number 34014-18-1). Acridine orange, cytochalasin B,
dimethylsulfoxide (DMSO), trypan blue, agarose, and
ethidium bromide were also purchased from Sigma Aldrich
(St Louis, MO, USA). Minimum Essential Medium (MEM),
fetal bovine serum (FBS), and penicillin-streptomycin solu-
tion were supplied by Gibco (Carlsbad, CA, USA). The
HepG2 cells were obtained from the American Type

Culture Collection, number HB 8065. The Salmonella
strains were gently provided by Environmental Agency of
Sdo Paulo state (CETESB) - Brazil.

Comet assay

Cells were cultured in MEM supplemented with 10% FBS
containing 100 IU/mL penicillin and 100 [U/mL streptomycin
at 37 °C, for 24 h, under flow of 5% CO, in air.

Herbicides, dissolved in DMSO were used for the comet
assay and for the micronucleus test performed on the HepG2
cell line. The cells were exposed to a maximum concentration
0f 0.5% DMSO, and the concentrations of the herbicides were
chosen on the basis of their cytotoxicity that was assessed with
the MTT cytotoxicity assay, where the cells exposed to triflu-
ralin at 50 and 100 uM had decreased cell viability. In con-
trast, the viability of the cells exposed to tebuthiuron did not
change at any of the concentrations tested (data not shown).

The comet assay was performed according to the method
described by Tice et al. (2000) with modifications.
Approximately 2 x 10° HepG2 cells in 2 mL of culture medi-
um supplemented with FBS per well were incubated in 24-
well plates for 24 h. The cells were exposed to the different
concentrations of the herbicides for 4 h.

After exposure, the cells were trypsinized, embedded in
85 uL of low-melting-point agarose 0.5% at 37 °C, and ar-
ranged on agarose slides. The slides were placed in a lysis
solution (NaCl 2.5 M; EDTA 100 mM; Tris 10 mM; Triton
1%; DMSO 10%; pH 10.5) at 4 °C, for 2 h. After lysis, the
slides were immersed in alkaline buffer NaOH 10 M; EDTA
200 mM; pH 13) for 20 min. Then, the slides and the buffer
were placed on a horizontal electrophoresis box at 25 V and
300 mA, for 20 min. After that, the slides were neutralized with
Tris 0.4 M (pH 7.5) for 20 min and fixed in ethanol for 5 min.

Two slides were prepared after each treatment. Fifty nucle-
oids from each slide were analyzed. The slides were stained
with ethidium bromide (20 pg/mL). Analysis was conducted
under an Olympus Bx50 fluorescence microscope (Olympus
America INC, Melville, NY), at 40x magnification. The
Comet IV (Perceptive Instruments Ltd., United Kingdom)
software was employed. For this test, DMSO 0.5% and
Methylmethane Sulfonate (MMS) 15 pg/mL were used as
the negative and positive controls, respectively.

Cell viability was determined by the exclusive staining meth-
od with Trypan Blue (Gibco, 20 pL of cell suspension obtained
after each treatment and 20 puL of 0.4% Trypan Blue). A limit of
80% of viable cells was necessary to perform the comet assay
(data not shown). Three independent experiments were per-
formed in triplicate (three wells for each concentration), and
the results were statistically analyzed in the GraphPrism soft-
ware, version 5.0 for Windows. Analysis of variance (ANOVA)
followed by Dunnet’s post-test was employed. Results with
p < 0.05 were considered statistically significant.
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Micronucleus test

The micronucleus test was conducted as described by Fenech
(2000). Approximately 5 x 10°> HepG2 cells in 5 mL of culture
medium supplemented with FBS were incubated in 25-cm’
culture flasks for 24 h. The cells were exposed to the different
concentrations of the herbicides for 20 h. Then, 50 uL of
cytochalasin B solution (2 mg/mL) was added, and the cells
were incubated for additional 28 h. Next, the cells were
trypsinized and centrifuged at 212xg, for 5 min. The superna-
tant was removed, and 5 mL of sodium citrate solution were
added to the tubes. The content was homogenized, and 20 uL
of formaldehyde was added to each tube. The content was
homogenized again and centrifuged at 212xg, for 5 min.
The supernatant was discarded, and 5 mL of a 3:1 methanol/
acetic acid solution was added. The content was homogenized
and centrifuged at 212xg, for 5 min. The supernatant was
removed, and 50 pL of cell suspension was used to prepare
the slides. After each treatment, two slides were prepared and
stained with acridine orange (10 pg/mL) in phosphate buffer.
A total of 500 binucleated cells (BN) were counted in each
slide. Therefore, 1000 cells from each tested concentration of
herbicide were scored. The presence of micronuclei in binu-
cleated cells was analyzed on each slide, and the number of
micronuclei in the treated cells was compared with the number
of micronuclei in the negative control—DMSO 0.5%.
Doxorubicin 0.03 pug/mL was used as positive control.

After that, 250 cells were counted on each slide to analyze
the amount of mono-, bi-, tri-, and polynucleated cells. A total
of 500 cells from each tested concentration of herbicide was
scored. Then, the nuclear division index (NDI) was calculated
by means of the following formula: NDI = [M1 + 2(M2) +
3(M3) + 4(M4))/n, where M1, M2, M3, and M4 represent the
cells with one, two, three, or more nuclei, respectively, and » is
the total number of counted cells. This index provides a mea-
sure of the proliferative status of viable cells and the percent-
age of binucleated cells. According to Fenech (2000), an
amount of binucleated cells (BN) above 35% is required for
the experiment. If this percentage is not reached, the experi-
ment is discharged and replaced.

Three independent experiments were performed in tripli-
cate (three wells for each concentration), and the results were
statistically analyzed in the GraphPrism software, version 5.0
for Windows. Analysis of variance (ANOVA) followed by
Dunnet’s post-test was employed. Results with p < 0.05 were
considered statistically significant.

Salmonella/microsome assay
For the Salmonella/microsome assay, the pre-incubation proto-
col reported by Maron and Ames (1983) and incorporated in

Bacterial Reverse Mutation Test guideline OECD 471 (1997)
was used. The S. syphimurium strains TA98 (hisD3052, rfa,
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Abio, AuvrB, pPKM101—which detects frameshift mutations),
TA100 (hisG46, rfa, Abio, AuvrB, pKM101—which detects
base-pair substitution mutations), TA97a (hisD6610, rfa, Abio,
AuvrB, pKM101—which detects frameshift mutations), and
TA1535 (hisG46, rfa, Abio, AuvrB—which detects base-pair
substitution mutations) were employed. The herbicides were
tested at different concentrations in the presence and in the ab-
sence of the exogenous metabolizing system (S9) mix. The con-
centrations of pesticides were chosen on the basis of OECD 471
(OECD 1997), which recommends at least five concentrations of
tested substance with the maximum dose at 5000 pg/plate.
Initially, the tests were carried out on the TA 98 and TA 100
strains, which can detect about 90% of the mutagens in a popu-
lation (Mortelmans and Zeiger 2000). For these strains, the min-
imum tested concentration of each herbicide was 0.01 pg/plate.
The assay was also carried out on the TA97a and TA1535 lines
because the OECD recommends performing this test with a
minimum of four lines (OECD 1997). On the basis of the neg-
ative results obtained in the tests conducted with TA98 and
TA100, the minimum tested concentration of each herbicide in
TA97a and TA1535 was 10 pg/plate. The herbicides were cyto-
toxic at concentrations of tebuthiuron and trifluralin of 5000 pg/
plate and in the presence of the S9 mix for the TA9S strain, and
at concentrations of tebuthiuron of 5000 pg/plate and in the
presence of the S9 mix for the TA97a strain, which prevented
us from counting the revertants in these tests (Tables 1 and 2).

Petri dishes were prepared with minimal agar, and the
Salmonella strains were cultivated and maintained in optimal
proliferation conditions (in nutrient broth at 37 °C in the shak-
er) overnight. After this period, for the assay conducted in the
absence of the S9 mix, 100 uL of the strain culture (109 cells),
100 pL of the sample, and 500 uL of phosphate buffer
0.2 mM were added to a test tube. For the assay in the pres-
ence of the S9 mix, 100 uL of the strain culture (109 cells),
100 uL of the sample, and 500 uL of S9 mix (4%) were added
to the test tubes. Subsequently, the test tubes were incubated at
37 °C for 30 min. Then, 2 mL of surface agar were added to
each tube. The contents of each test tube were placed in the
respective petri dish, which was then incubated at 37 °C for
66 h. After incubation, the number of revertant colonies was
counted by hand, and the results were expressed as number of
revertants per plate. The background was carefully evaluated.

For the negative control, 100 pL of DMSO was used. The
positive controls employed in the absence of the S9 mix were
0.5 ng/plate of 4-nitroquinoline oxide for the TA98 and TA100
strains, 5 pg/plate of 4-nitroquinoline oxide for the TA97a
strain, and 5 pg/plate of sodium azide for the TA1535 strain.
The positive control used in the presence of the S9 mix was
2.5 ug/plate of 2-aminoanthracene for all the tested strains.

A single experiment with the S9 mix was performed in
triplicate (three plates for each concentration) on each strain,
and a single experiment without the S9 mix was performed in
triplicate on each strain, too. Statistical analysis was
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Table1l Average and standard deviation of histidine-positive revertants
in the Salmonella/microsome assay performed on the S. typhimurium
strains TA98, TA100, TA97a, and TA1535 exposed to trifluralin concen-
trations ranging from 0.01 to 5000 pg/plate in DMSO for 66 h. The
negative control was 100 uL of DMSO. The positive control used in the

absence of the S9 mix was 0.5 pg/plate of 4-nitroquinoline oxide for the
TA98 and TA100 strains, 5 pg/plate of 4-nitroquinoline oxide for the
TA97a strain, and 5 pg/plate of sodium azide for the TA1535 strain.
The positive control used in the presence of S9 was 2.5 ug/plate of 2-
aminoanthracene for all the tested strains

Average of revertants per plate + standard deviation

Concentration TA 98 TA 100 TA97a TA1535
(ug/plate)
Absence of S9 Presence of S9 Absence of S9 Presence of S9 Absence of S9 Presence of S9 Absence of S9 Presence of S9
Negative 33.8+44 47.0+6.9 207.8 £7.0 229.8 £24.6 168.0 £ 15.1 168.8 £9.9 10.0 £ 2.1 7.8+1.8
control
0.01 33.7+3.1 543+32 241.0+7.8 261.5+29.0 - - - -°
0.1 38.7+7.8 440+ 13.1 221.0+8.5 2557 +4.7 -° -° -° -
1 35.7+72 48.3+9.9 211.0+9.2 250.0 £5.0 = - = -
10 33.3+6.7 543 +6.7 218.0+9.9 235.0 £19.1 181.7 £11.0 153.0 £24.0 10.0 £2.0 7.0+4.0
100 30.5+9.2 447+ 6.4 222.0+6.2 2553 £ 11.1 182.7 +13.6 202.7+£9.3 123 +4.7 13.0+1.7
1000 293 +64 413 +6.5 203.0 £ 16.5 2543 +£12.7 153.0 £ 15.6 167.3 +£16.3 16.0 +5.0 103+ 3.8
2500 33.7+0.6 494 +72 199.3 £5.5 ¢ 184.0 £23.5 ¢ 8.0+£3.0 103 £2.1
5000 39.0+6.0 b 179.0 £ 1.0 224.0 £3.0 174.0 £ 5.0 202.3 £16.0 16.0 £ 0.0 13.3+2.1*
Positive 540.0 £104.6* 3944 + 33.9° 2216 + 837.2* 3464 +£169.7* 572.0+£24.0° 1944 +£396.0°  982.5 +51.6* 1412 + 198.0%
control

# Significant statistical difference as compared to the negative control and revealed by the software Salanal. The Bernstein model was employed

® The observed toxicity prevented us from counting the bacteria
“Not tested

conducted for each strain tested with the S9 mix and for each
strain tested without the S9 mix. The data were expressed by
the slope of the graphs and were analyzed with the software
Salanal, a statistical program developed by the Integrated
Laboratory Systems, Research Triangle Park, N.C., USA.
The Bernstein model was employed. This model uses both
ANOVA and linear regression.

Table2  Average and standard deviation of histidine-positive revertants
in the Salmonella/microsome assay performed on the S. typhimurium
strains TA98, TA100, TA97a, and TA1535 exposed to tebuthiuron con-
centrations ranging from 0.01 to 5000 pg/plate in DMSO for 66 h. The
negative control was 100 uL of DMSO. The positive control used in the

Results

The comet assay aided analysis of the genotoxicity of triflu-
ralin and tebuthiuron, at various concentrations, toward
HepQG2 cells. The tail moment values of the cells exposed to
both herbicides were not statistically different from the tail
moment values of the cells belonging to the negative control

absence of the S9 mix was 0.5 pg/plate of 4-nitroquinoline oxide for the
TA98 and TA100 strains, 5 pg/plate of 4-nitroquinoline oxide for the
TA97a strain, and 5 pg/plate of sodium azide for the TA1535 strain.
The positive control used in the presence of S9 was 2.5 pg/plate of 2-
aminoanthracene for all the tested strains

Concentration TA 98 TA 100 TA97a TA1535
(pg/plate)
Absence of S9 Presence of S9  Absence of S9 Presence of SO Absence of S9 Presence of S9  Absence of S9 Presence of S9
Negative 33.8+44 47.0+6.9 207.8 £7.0 229.8 £24.6 168.0 £ 15.1 168.8 £9.9 10.0 £2.1 78+18
control
0.01 33.7+3.1 497 +3.2 1893 +21.4 253.0+ 174 -° - - -
0.1 38.7+78 520+3.6 2047 +174 253.7+21.1 = = -° -°
1 35772 500+ 1.4 193.5+£2.1 2350+£7.2 = = = -
10 33.3+6.7 54.0 £ 6.1 196.0 £5.7 241.0 £6.1 178.7 £23.5 195.7 £4.5 103 +4.0 77 +55
100 30.5+9.2 53.7+6.1 200.7 £5.9 245.7 £19.0 1743 £12.9 166.7 £37.7 9.0+1.7 6.0 £4.0
1000 293+ 64 583 +1.5 201.7 £ 8.4 232.7+11.6 166.0 £ 18.0 187.5+6.4 150+ 5.6 14.0+2.6
2500 37.3+45 59.1+34 209.7 £8.5 ¢ 157.7 £24.0 201.0 +31.8 183 +£2.5 153 +5.1
5000 b b 1413365  199.0+250  1260=8.5 b 163+75 18.0 +2.0°
Positive 540.0 £104.6* 3944 +33.9a 2216 + 837.2* 3464 +£169.7*  572.0 £24.0° 1944 £396.0° 982.5 +51.6% 1412 + 198.0%
control

# Significant statistical difference as compared to the negative control and revealed by the software Salanal. The Bernstein model was employed

° The observed toxicity prevented us from counting the bacteria
“Not tested
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Fig. 1 Comet assay performed on HepG2 cells. The cells were exposed
to herbicides at concentrations of 1, 5, 10, 20, 50, or 100 uM in DMSO
(0.5%) for 4 h. n =3. a HepG2 cells exposed to trifluralin. b HepG2 cells
exposed to tebuthiuron. *Significant statistical difference as compared to
the negative control and revealed by using ANOVA followed by Dunnet’s
test (p < 0.05)

group. Therefore, the comet assay indicated that neither triflu-
ralin nor tebuthiuron (at concentrations of 1, 5, 10, 20, 50, and
100 uM) were genotoxic to HepG2 cells (Fig. 1).

With respect to the micronucleus test, the nuclear division
index (NDI) of the cells belonging to the negative control groups
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Fig. 2 Micronucleus test performed on HepG2 cells. The cells were
exposed to the herbicides at concentrations of 1, 5, 10, 20, 50, or
100 uM, in DMSO (0.5%), for 66 h. n = 3. a Nuclear division index
(NDI) of HepG2 cells exposed to trifluralin. b NDI of HepG2 cells ex-
posed to tebuthiuron. ¢ Number of micronuclei in HepG2 cells exposed to
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of the cells exposed to trifluralin and tebuthiuron were not sig-
nificantly different. In addition, the frequency of micronuclei did
not differ significantly between the negative control group and
the groups treated with the herbicides, indicating that neither
trifluralin nor tebuthiuron (at concentrations of 1, 5, 10, 20, 50,
and 100 uM) induced mutagenicity in HepG2 cells (Fig. 2).

In the Salmonella/microsome assay, the number of
histidine-positive colonies (revertant colonies) tested with
the herbicides was similar to those observed in the negative
control for all the tested strains, in the presence and in the
absence of S9 (Tables 1 and 2). Despite the statistically sig-
nificant difference observed for the concentration of herbicide
of 5000 pg/plate in the case of the TA1535 strain in the pres-
ence of the S9 mix, we can consider that both results were
negative on the basis of the low mutagenic potency of both
compounds: 0.002518 and 0.001004 for tebuthiuron and tri-
fluralin, respectively.

Discussion and conclusion

The herbicides studied herein are selective for some plant
species: trifluralin inhibits cell division (EPA 1996), whereas
tebuthiuron inhibits photosynthesis (EPA 1994). However,
these herbicides can reach the environment where non-target
organisms become exposed, including humans, and where
they can exert toxic effects by mechanisms other than the
mechanism of their herbicidal action, including genotoxicity/
mutagenicity (Bony et al. 2008).
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(p <0.05)
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To analyze the potential of trifluralin and tebuthiuron to
damage DNA, we have used HepG?2 cells as an in vitro model
for eukaryotic cells. The results of the comet assay and the
statistical analysis indicated that neither of the tested herbi-
cides was genotoxic. Genotoxicity did not emerge even at
the highest tested concentration of 100 uM. The alkaline ver-
sion of the test can detect damage such as single, double, and
alkali-labile splits (Singh et al. 1988). Similarly, under the
tested conditions, the micronucleus test indicated absence of
mutagenicity due to breakage or chromosome loss.

We tested concentrations of 1, 5, 10, 20, 50, and 100 uM of
each herbicide in the comet assay and in the micronucleus test
conducted on HepG?2 cells. For trifluralin, these concentrations
correspond to 0.33, 1.67, 3.35, 6.70, 16.76, and 33.52 mg/L,
respectively. For tebuthiuron, these concentrations correspond
to 0.22, 1.14, 2.28, 4.56, 11.41, and 22.8 mg/L, respectively.
These concentrations are high compared to the concentrations
of these herbicides in the environment, which range from about
2 ng L to 0.31 pg/L herbicide in surface and groundwater
(Albanis et al. 1998; Rawn et al. 1999; Gomes et al. 2001;
Laabs et al. 2002; Lewis et al. 2009; Zhong et al. 2015).
Given that we have not found any evidence of genotoxicity/
mutagenicity during exposure of HepG2 cells to the herbicides,
we can hypothesize that environmentally relevant concentra-
tions of trifluralin and tebuthiuron do not damage DNA in
non-target organisms. Nevertheless, it is worth mentioning that
although HepG2 cells express protein pS3 and represent a valu-
able model to analyze damage to DNA, the in vitro system
cannot represent the complex properties of whole organisms.

The present study has provided negative results regarding
the genotoxicity/mutagenicity of trifluralin and tebuthiuron,
which differ from the results of Ribas et al. (1995). Our results
also contrast with the findings of Ribas et al. (1996) concerning
the sister-chromatid exchanges test. In addition, our results
differ from the findings of Gebel et al. (1997) and Konen and
Cavas (2008), who demonstrated the genotoxic/mutagenic po-
tential of trifluralin. Gebel et al. (1997), however, used concen-
trations much higher than the ones used in the present study,
and which are even further outside any environmental relevant
concentration range. On the other hand, our results agree with
the data published by Pilinskaia (1987) and Ribas et al. (1996)
in terms of chromosome aberrations and micronucleus assays,
for which trifluralin tests negative.

As for the comet assay, results of the present study are not
in line with the report of Franco-Bernardes (2014), who indi-
cated that tebuthiuron, which, different from the present work,
was tested as the complex commercial mixture, had genotoxic
potential. However, our results agree with the same report of
Franco-Bernardes (2014) with respect to the micronucleous
test, which had not detected any mutagenicity caused by
tebuthiuron.

We have also evaluated how trifluralin and tebuthiuron
affect the S. typhimurium strains TA98, TA100, TA97a, and

TA1535, in the presence or in the absence of the S9 mix, but
we did not detect any mutagenicity. Although we have veri-
fied a statistically significant mutagenic effect in bacteria of
the TA1535 line exposed to 5000 pg/plate of tebuthiuron and
trifluralin, this effect makes nois unlikely to be of any biolog-
ical relevance because the mutagenic potency was very low.
Hence, we can consider that the results regarding mutagenic-
ity are all negative and corroborate the findings of Garriott
et al. (1991), who have tested the mutagenic potential of tri-
fluralin toward the S. typhimurium strains TA98, TA100,
TA1535, TA1537, and TA1538 at concentrations of the her-
bicide ranging from 25 to 400 pg/plate in the non-activated
test and from 50 to 800 pg/plate in the test with metabolic
activation. These authors have not detected any reverse muta-
tions in the evaluated S. typhimurium strains.

Besides, in 1991, the International Agency on Cancer
Research classified trifluralin as group 3 (not classifiable as
to its carcinogenicity to humans) (IARC 1991) on the basis of
different studies, specially a work showing that the incidence
of neoplasms in mice treated with this herbicide does not
increase. Therefore, our results are in line with this classifica-
tion criterion.

Contrary to our expectations, all the data of the present
work showed that trifluralin and tebuthiuron do not have
genotoxic or mutagenic potentials, as revealed by the
genotoxicity and mutagenicity tests conducted on HepG2
cells and S. typhimurium strains. Considering the fact that
trifluralin and tebuthiuron have been found in important
water resources, the negative results regarding its potential
to damage DNA represent optimistic data. Nevertheless,
we should analyze these negative results with caution be-
cause other authors have demonstrated that trifluralin and
tebuthiuron display some genotoxic/mutagenic potential;
however, most of these studies reported effects at even
greater and non-environmentally relevant concentrations
compared to our study. Furthermore, to validate these her-
bicides as genotoxically/mutagenically safe, we have to
account for other variables such as tests with chronic expo-
sures to low doses of the herbicides, which represent a more
realistic exposure scenario in the environment.

The Europe Union has banished trifluralin and tebuthiuron,
but these herbicides are still extensively used in many coun-
tries, including Brazil and the USA. Of the total herbicides
consumed worldwide, 36, 27, 17, 13, and 7% are consumed
by developed countries, Latin America, Europe, Asia, and
Africa, respectively (WAP 2014; Hossain 2016). Together,
developed countries and Latin America account for the ma-
jority of the global consumption of herbicides. If we remem-
ber that Brazil is the largest consumer of pesticides, followed
by the USA, studies analyzing the toxic potential of these
substances are extremely important, and the negative results
reported herein add valuable information about the impact of
trifluralin and tebuthiuron.

@ Springer
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