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ABSTRACT

The intensive use of herbicides over the last few decades has caused a general increase of environmen-
tal pollution. It is thus very important to evaluate the possible genotoxic properties of these chemical
compounds as well as identifying their mode of action. Phenylurea herbicides are selective agents widely
used for the control of infestant plants. Of these herbicides, which are widely used in agriculture, we
analysed four of the less intensively studied molecules. More precisely, we investigated the genotoxic
effects of fenuron, chlorotoluron, diuron, and difenoxuron by analyses of chromosomal aberrations (CAs)
and sister chromatid exchange (SCE) in exposed mammalian cells. We used the Chinese hamster ovary
(CHO) and epithelial liver (CHEL) cell lines, endowed with the absence or the presence, respectively, of
an enzymatic system to activate pro-mutagenic compounds. Our results show that all herbicides tested
induce, at high concentrations, an increasing number of CAs in non-metabolising CHO cells. Instead, in the
exposed CHEL cell line, the four herbicides induced CAs also at the lowest dose-level. In the CHEL cells, a
statistically significant increase of SCE was also observed. The phenylurea herbicides showed direct geno-
toxic activity, but the cytogenetic effects were greatly enhanced after metabolic conversion. These data,
together with other information on phenylurea herbicides, are of great interest from the environmental
point of view, and for human health. In fact, intensive use of herbicides contaminates soil, surface water,
groundwater and agricultural products, and thus should be taken in particular consideration not only for
those initiatives to specifically protect exposed workers, but also to safeguard the health of consumers

of agricultural products.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The pesticides that are currently used in agriculture include a
number of pollutants that have been grouped in different classes,
considering their chemical features, mode of action, and the possi-
bility of being absorbed [1]. A specific class of pesticides is that of the
herbicides or weed-killers, which could be selective or not selec-
tive, depending on their toxic effect only on some particular species
or on all plant species [1,2]. Some herbicides are able to cross the
phospolipid membrane of leaves, while others, when released into
the soil, are resistant to degradative mechanisms through chemico-
physical processes such as pH, ion strength, and then penetrate into
plants by their roots. Most of the more recent herbicides are sprin-
kled on the infested plants during early development, and then
interfere with their growth with no damage to the farm crops [3,4].
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In fact, fully non-selective weed-killers, such as paraquat, ammo-
nium glufosinate, and glifosate can only be used before seedling
germination. To improve weed-killers and to promote a wider use
of those with a non-selective mode of action, new plant varieties
that are resistant to non-selective herbicides have been recently
produced [5,6].

In vitro mutagenic short-term assays are widely used to identify
putative mutagenic activity of a variety of chemical compounds.
Pesticides are largely used in agriculture, and a number of these
have mutagenic activity [7-9]. Thus, genotoxic assays of specific
pesticides are very important especially to protect the health of
people working in these areas, who are exposed via inhalation, skin
contact, or ingestion to high amounts of these compounds.

To evaluate the mutagenic properties of specific chemicals, a
number of different in vitro tests have been developed, some of
which involve the use of mammalian cells grown in the pres-
ence of an external metabolising system, normally a sub-cellular
S9-fraction from rodent liver able to activate chemical carcino-
gens [10]. However, many efforts have been made to establish
cultures of metabolically active target cells for the detection of
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Table 1
Chromosome aberrations in a Chinese hamster ovary (CHO) cell line.

Dose-level pg/ml CA/cell Ab. cells % Mitotic index (%) Statistical significance
Chromatid type Chromosome type

Fenuron 1.10 0.050 0.005 5.0 7.4 NS

11.00 0.050 0.010 5.0 74 NS

110.00 0.065 0.010 7.5 7.0 P<0.05

220.00 0.095 0.010 9.0 6.3 P<0.01
Chlorotoluron 0.48 0.035 0.015 5.0 6.2 NS

4.80 0.040 0.010 5.0 74 NS

48.00 0.080 0.000 8.0 6.6 P<0.05

96.00 0.075 0.015 8.5 5.6 P<0.05
Diuron 045 0.060 0.005 6.5 9.1 NS

4.50 0.080 0.010 8.5 6.7 P<0.05

45.00 0.105 0.020 10.5 7.0 P<0.05

90.00 0.170 0.020 16.5 6.1 P<0.0001
Difenoxuron 0.95 0.040 0.015 5.5 7.1 NS

9.50 0.055 0.010 6.5 6.9 NS

95.00 0.050 0.025 7.0 7.3 NS

190.00 0.075 0.010 8.0 6.0 P<0.05
Negative control Untreated cells 0.021 0.010 3.1 8.2 -
Negative control Acetone 0.040 0.013 4.9 7.8 NS
Positive control MM-C 1.079 0.093 69.1 34 P<0.0001

CA|cell: chromosome aberrations per cell; Ab. cells %: percentage of cells with aberrations; NS: statistically not significant; MM-C: mitomycin-C. Negative and positive control
data are averages from all the performed tests. Statistical significances were evaluated with respect to the negative controls performed in each test.

genotoxic events [11-14]. A near-diploid Chinese hamster epithe-
lial liver (CHEL) cell line [15,16], which retains a considerable level
of metabolising enzyme activity [17], has been used in short-term
tests for mutagenic and cytogenetic effects, in which the same cell
acts both as a metabolic source and as a target for genotoxic damage
[18,19].

Here we show the results of the evaluation of genotoxic effects
on four phenylurea herbicides by analyses of chromosomal aber-
rations (CAs), and sister chromatid exchange (SCE) on exposed
mammalian Chinese hamster ovary (CHO), and epithelial liver
(CHEL) cell lines, endowed with the absence or the presence,
respectively, of an enzymatic system able to activate a number
of pro-mutagenic compounds. Phenylurea herbicides, belonging
to the C2 group of the Herbicide Resistance Action Committee
(HRAC) classification, with a mode of action that determines inhi-
bition of photosynthesis at the photosystem II complex [3,4,20]
were tested. More precisely, we analysed the following pheny-
lurea herbicides (Fig. 1): (i) fenuron, commercially known as Dybar,
a non-selective herbicide recommended for the control of woody
plants, and against the germination of infestant grasses. It is also
used when planting leeks, onions, fruit trees, and in garden centres;
(ii) chlorotoluron, commercially known as Dicuran, used to protect
graminae, especially wheat and barley; (iii) diuron, which shows
a wide spectrum of action and is generally used as a weed-killer
in tree cultures, asparagus, flowers, paddy fields, and to protect
industrial areas from infestant plants. Diuron is also commercially
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Fig. 1. Chemical structures of the phenylurea herbicides used in the present work.

known as Karmex; (iv) difenoxuron, commercially known as Liro-
nion, prevalently used for onions. In the soil, physical, chemical,
and microbial agents easily degrade difenoxuron.

2. Materials and methods
2.1. Chemicals

Fenuron: 1,1-dimethyl-3phenylurea (CAS no. 101-42-8), chlorotoluron: 3-(3-
chloro-p-tolyl)-1,1-dimethylurea (CAS no. 15545-48-9), diuron: 3-(3,4-dichlorop-
henyl)-1,1-dimethylurea (CAS no. 330-54-1), difenoxuron: 3-[4-(4-methox-
yphenoxy)phenyl]-1,1-dimethylurea (CAS no. 14214-32-5), were obtained from
Riedel-de Haen (Hannover, Germany)

2.2. Cell cultures and chromosome preparations

Cultures of CHO and CHEL cell lines were prepared from frozen stocks for exper-
imental use. They were routinely cultured in William’s medium supplemented with
10% foetal calf serum (FCS), 50 Ul/ml penicillin, and 50 Ul/ml streptomycin (all cell-
culture media and reagents were from Gibco-Invitrogen, USA). Cells were grown at
37°Cina 5% CO, atmosphere.

Metaphase chromosomes were prepared following standard cytogenetic proce-
dures. Briefly, colcemid was added for the last 3 h at a concentration of 0.05 pg/ml,
and then cells were detached by trypsinization. The cell suspension was centrifuged
and re-suspended in hypotonic solution (1% sodium citrate, 20 min). After hypotonic
treatment cells were fixed in freshly prepared methanol-acetic acid (3:1). Chromo-
some spreads were prepared on air-dried slides, ready to use for the subsequent
staining procedures to detect SCE or CAs (see below).

2.3. Herbicide preparation for cytogenetic tests

Fenuron, chlorotoluron, diuron, and difenoxuron were dissolved in acetone
(Mallinckrodt Baker, Deventer, Holland) at the highest possible concentration on
the basis of the solubility of each herbicide [2,21]. A stock solution of each herbicide
was prepared at the concentration of 110 mg/ml, 48 mg/ml, 45 mg/ml, and 95 mg/ml,
respectively. From the above stock solution, four dose-levels of each herbicide were
used. Ten .l of each dose-level were added to 5ml cell culture, to obtain the final
concentrations indicated in Tables 1 and 2, and an amount of solvent not exceeding
0.2%.

Negative and positive controls were also included in the experiment. The
negative controls consisted of both untreated and solvent-treated cultures. The posi-
tive controls were mitomycin-C (0.10 wg/ml), and 7,12-dimethylbenz(a)anthracene
(4 pg/ml) for the CHO and CHEL cell lines, respectively [22]. As it has been shown
that factors such as pH and osmotic pressure could cause genetic damage [23] they
were determined following treatments. The reaction mixtures had no effects on
either of these factors, which remained within physiological limits.
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Table 2
Chromosome aberrations in a Chinese hamster epithelial liver (CHEL) cell line.

Dose-level pg/ml CA/cell Ab. cells % Mitotic index (%) Statistical significance
Chromatid type Chromosome type
Fenuron 1.10 0.180 0.045 18.5 7.3 P<0.0001
11.00 0.385 0.040 34.5 7.5 P<0.0001
110.00 0.425 0.070 39.0 7.1 P<0.0001
220.00 0.525 0.080 45.5 6.2 P<0.0001
Chlorotoluron 0.48 0.075 0.010 07.5 6.1 P<0.01
4.80 0.100 0.030 11.5 7.3 P<0.0001
48.00 0.235 0.020 19.5 6.7 P<0.0001
96.00 0.270 0.045 23.5 5.9 P<0.0001
Diuron 045 0.185 0.040 21.5 9.2 P<0.05
4.50 0.215 0.020 18.0 6.8 P<0.01
45.00 0.330 0.050 30.0 73 P<0.0001
90.00 0.405 0.040 33.0 6.1 P<0.0001
Difenoxuron 0.95 0.145 0.030 17.5 7.2 P<0.0001
9.50 0.230 0.040 23.0 7.0 P<0.0001
95.00 0.320 0.035 31.0 7.3 P<0.0001
190.00 0.455 0.045 40.0 6.0 P<0.0001
Negative control Untreated cells 0.028 0.011 3.5 8.2 -
Negative control Acetone 0.061 0.013 7.0 7.7 NS
Positive control DMBA 1.051 0.119 51.1 34 P<0.0001

CA|cell: chromosome aberrations per cell; Ab. cells %: percentage of cells with aberrations; NS: statistically not significant; DMBA: 7,12-dimethylbenz(a)anthracene. Negative
and positive control data are averages from all the performed tests. Statistical significances were evaluated with respect to the negative controls performed in each test.

2.4. Assay procedures

For the chromosomal aberration assay (CAs), approximately 24 h before each
experiment, 25-cm? flasks were seeded with 300,000 cells to ensure that cells were
in the exponential growth phase at the time of treatment with the herbicides. Two
cultures for each dose-level were established, and treatments were conducted for
20 h. Colcemid was added during the last 3 h, and after harvesting and slide prepa-
rations (see above), the chromosomes were stained in 4% Giemsa.

For the SCE assay, the flasks with cell cultures in the exponential growth phase
were prepared as above and herbicides, dissolved in acetone, were added at the
appropriate dose-levels. Afterwards, bromodeoxyuridine (BrdUrd) was added to
each flask at a final concentration of 10 wg/ml, and incubated under safety light until
harvesting 26 h later. Chromosome staining for visualization of SCE was performed
by use of the FPG method, as previously described [24].

2.5. Evaluation of results

Slides were randomly assigned code numbers by a person not subsequently
involved in slide evaluation. Cytogenetic analysis of slides was undertaken blind
with coded slides. Evaluation of mitotic index (MI) was based on the number of
metaphases observed per 1000 cells and was expressed as a percentage.

At least 200 and 50 metaphases were scored per test point in the CA and
SCE tests, respectively. CAs were classified as chromatid-type gaps, chromatid-
type breaks, chromatid-type exchanges, chromosome-type gaps, chromosome-type
breaks, chromosome-type exchanges and iso-locus events, which include iso-
chromatid and iso-locus breaks when these cannot be distinguished, as described
previously [25].

To determine statistical significance, Fisher’s exact test was used. For the SCE
assays we evaluated the increase in the mean value of SCE in at least 50 randomly
selected metaphases. The statistical significance for the SCE assays was determined
by use of the two-tailed T-test.

3. Results

The four phenylurea herbicides fenuron, chlorotoluron, diuron,
and difenoxuron (Fig. 1) were studied to evaluate their mutagenic
properties by chromosomal aberration (CA), and sister chro-
matid exchange (SCE) tests. The CA results obtained in CHO and
CHEL cell lines exposed to the above herbicides are presented in
Tables 1 and 2, respectively, in which the frequency of chromatid
and chromosome aberrations, and the percentage of cells bearing
aberrations (% aberrant cells) - excluding gaps - are reported for
each dose level. A summarizing scheme of the CA data for both cell
lines for each herbicide tested is shown in Fig. 2. SCE assays were
performed on CHEL cells exposed to the four phenylurea herbi-

cides, and the average number of SCE (with the relative confidence
interval) for each dose level, are presented in Fig. 3.

Treatment with herbicides caused only a very slight toxicity to
the cells. At the highest doses, the mitotic indices (Mls) were never
reduced by more than 65% of the control values. As outlined in
the most representative guidelines for testing chemicals and their
capability to induce chromosomal damage, the highest dose-level
used for the scoring of aberrations should be a concentration that
causes moderate toxicity (ideally the reduction in MI should be
approximately 50% of the control value). Treatments reducing the
MI below 20% should not be considered. On the basis of the MIs
from the present results, all the treatment dose-levels were used
for scoring both CAs and SCE.

3.1. Chromosome-aberration test

A general increase in the percentage of aberration-bearing cells
compared with the relevant solvent-control values was observed in
treated cultures. Statistical significance was achieved for the CHEL
cell lines for every herbicide treatment at all dose-levels tested.
The effect exceeded the mean historical control value for aberrant
cells — excluding gaps - recorded in our laboratory for this cell line.
Moreover, a marked increase in the frequency of aberrant cells was
seen in the cultures with the positive control substance, indicating
the correct functioning of the assay system. In the case of CA tests
in the non-metabolising CHO cell line, the results clearly indicate
that phenylurea herbicides induce aberrations, generally at higher
doses.

In detail, for each herbicide, we obtained the following results:

e Fenuron: in the CHO cell line, at the lower dose levels no sta-
tistically significant increase of CAs was observed. Instead, the
110- and 220-p.g/ml doses caused a significant increase in CAs.
In the CHEL cell line, a very high, statistically significant increase
of CAs was observed also at the lower dose level, corresponding
to 1.1 g/ml of this herbicide.

e Chlorotoluron: in the CHO cell line, also with this herbicide at the
lower doses, no statistically relevant increase of CAs was observed
compared with the controls. However, at the higher dose levels a
significant increase of CAs was seen. In this case, the higher doses



92 C. Federico et al. / Mutation Research 721 (2011) 89-94

140
120 ng:g_ Fenuron | Chlorotoluron

100 a
80 —
60 —
40 W
20 .

O TAc "14 11 110 220 T C " Ac 048 48 48 ' 96

140
120
100
80 M n
60 H H

Diuron Difenoxuron

Chromosome aberrations

0 T Ac 045 45 45 90 ' C "Ac 095 95 95 190

Dose level, ug/ml

Fig. 2. Chromosome aberrations (CAs) induced by the indicated phenylurea herbicides in exposed CHO and CHEL cells. C: untreated controls, Ac: controls with acetone. Dose
levels are in pg/ml. CAs were scored in 200 cells.

are lower than those of fenuron, viz. 48 and 96 pg/ml. In the CHEL exposed to diuron showed an increased number of aberrations for
cellline, chlorotoluron induced a very high, statistically significant all doses tested and a clear dose-effect correlation.
increase of CAs also at the lower dose, corresponding, in this case, e Difenoxuron: in the CHO cell line, this herbicide showed a sta-
to 0.48 g/ml of herbicide. tistically significant increase of CAs only at the highest dose
e Diuron: only the lowest dose level (0.45 wg/ml) did not induce (190 pg/ml), and no statistically significant change at the other
CAs in CHO cells, a statistically significant increase of CAs was three dose levels. Instead, in the CHEL cell line the induction of
observed at the 4.5-p.g/ml dose. The CA test with the CHEL cell line CAs was statistically significant at each dose.
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Fig. 3. SCE induced by the indicated phenylurea herbicides on exposed CHEL cells. C: untreated controls, Ac: controls with acetone. Dose levels are in pg/ml.
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3.2. Sister chromatid exchange test

SCE were evaluated in the CHEL cell line, and, in general, a
statistically significant increase was observed compared with the
controls, for every dose level and for all herbicides tested. Fenuron
showed the highest level of induction also at the lower dose
(1.1 pg/ml), with a very high, statistically significant number of
SCE compared with the controls. Difenoxuron showed a good dose-
effect correlation, with the lowest and the highest number of SCE
observed with the lowest (0.95 pg/ml) and the highest (190 j.g/ml)
dose, respectively (Fig. 3).

4. Discussion

Intensive use of herbicides determines a general increase of
environmental pollution, especially in the rural areas where these
compounds are widely employed. Here, we studied the genotoxic
properties of the four phenylurea herbicides fenuron, chloro-
toluron, diuron, and difenoxuron. There are very few studies, and
not all of them concordant, on the genotoxic features of the pheny-
lurea herbicides tested here, and, generally, these data were limited
to diuron. This latter herbicide was described as ‘suspect genotoxic’,
with the Mutatox test with the dark variant (M-169) of Photobac-
terium phosphoreum, directly and after S9 activation [26], but not
mutagenic in Salmonella typhimurium with or without activation
[27]. More recently, compared with controls a significantly higher
level of aneuploidy was observed in Pacific oysters Crassostrea gigas
exposed to diuron [28].

In the present work, we studied the mutagenic properties of the
above-mentioned phenylurea herbicides by measuring their cyto-
genetic effects on exposed CHO and CHEL cell lines. Comparison
of data obtained with non-metabolising CHO and metabolically
competent CHEL cells provides information on the mutagenic or
pro-mutagenic properties of the test chemicals. Our investigation
with the phenylurea herbicides was performed by analysis of two
cytogenetic biomarkers, chromosomal aberrations (CAs) and sister
chromatid exchange (SCE), as these tests are widely used to iden-
tify the genotoxic properties of a variety of chemical compounds
[18,29-32] not only with Chinese hamster cells, but also by use of a
number of other mammalian cell types, including human lympho-
cytes [7,33,34].

The present results show that each of the test herbicides is char-
acterized by a direct genotoxic activity, as is demonstrated by the
increasing number of CAs in non-metabolising CHO cells, which
was seen at the highest dose levels. More precisely, compared with
controls a statistically significant increase of CAs was observed
starting from the dose of 4.50 pg/ml, 48 pg/ml, 110 pg/ml, and
190 wg/ml for diuron, chlorotoluron, fenuron, and difenoxuron,
respectively. These data indicate that these four phenylurea her-
bicides are endowed with direct mutagenic properties, with some
differences in the amount of herbicide required to display this prop-
erty. In fact, diuron was able to induce CAs in CHO cells already at a
low concentration (4.50 p.g/ml)in contrast to the other compounds,
which only induced CAs at higher doses, with difenoxuron show-
ing a statistically significant induction (P<0.05) of CAs only at the
highest dose (190 pg/ml), i.e. about 40 times higher than that of
diuron.

Data obtained with the metabolising CHEL cell line show a high
level of CAs and SCE at all dose levels tested, also including herbi-
cide amounts below 1 pug/ml. In this case, fenuron was the herbicide
with the strongest cytogenetic effect, showing a very high, statis-
tically significant level (P<0.001) of CAs and SCE at every dose,
starting from 1.1 pg/ml. This indicates the presence of additional
derived compounds with genotoxic properties. Thus, the stronger
cytogenetic effects induced at every dose level after metabolic acti-
vation of the four herbicides could be explained by the sum of (i)

the intrinsic direct mutagenicity and (ii) the mutagenic properties
of intermediate metabolites produced in the CHEL cells. This is in
agreement with a variety of intermediate compounds identified for
some of the herbicides tested, such as 2,4-dichloroaniline (DCA),
which in CHEL cells could exert its putative genotoxic effect due
to its formation directly inside the cell, despite its being described
as being only weakly genotoxic in the Ames test [35] and rapidly
photo-degraded in water after exposure to solar light [2].

Thus, the four phenylurea herbicides fenuron, chlorotoluron,
diuron, and difenoxuron could be considered as direct mutagens,
even if they generally exert — with the exception of diuron -
their mutational property at high concentrations. Taking into con-
sideration the data obtained with CHEL cells, where statistically
significant increases of cytogenetic effects were observed at every
dose level, including the lowest, these herbicides could be indi-
cated as pro-mutagens, i.e. they are metabolised in CHEL cells into
intermediate compounds that enhance the number of chromoso-
mal alterations observed as CAs and SCE. Finally, we can assert the
usefulness of the test system employed, consisting of the use of two
different cell lines with different ways of metabolising xenobiotics.
In this study, this test system for genotoxicity allowed us to iden-
tify the cytogenetic effects of a group of herbicides belonging to the
same chemical family.

Our data, together with other information on phenylurea her-
bicides, could be useful not only from the environmental point of
view, namely in controlling and helping to plan specific measures
aimed at reducing the environmental hazards from exposure to
these compounds, but also for human health. In fact, the intensive
use of herbicides contaminates soil, surface water, groundwater
and agricultural products, and particular care should be taken to
specifically protect exposed agricultural workers and consumers
of herbicide-treated products. Further studies should be focused
on the interaction of such pesticides with small molecules present
in the environment, or on the effect of chemical-physical param-
eters with respect to their degradation and in their alteration of
biological properties such as genotoxicity.
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