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a b s t r a c t

Broccoli (Brassica oleracea var. italica) has been defined as a cancer preventive food. Nevertheless, broccoli
contains potentially genotoxic compounds as well. We performed the wing spot test of Drosophila mela-
nogaster in treatments with organically grown broccoli (OGB) and co-treatments with the promutagen
urethane (URE), the direct alkylating agent methyl methanesulfonate (MMS) and the carcinogen 4-nitro-
quinoline-1-oxide (4-NQO) in the standard (ST) and high bioactivation (HB) crosses with inducible and
high levels of cytochrome P450s (CYPs), respectively. Larvae of both crosses were chronically fed with
OGB or fresh market broccoli (FMB) as a non-organically grown control, added with solvents or mutagens
solutions. In both crosses, the OGB added with Tween–ethanol yielded the expected reduction in the
genotoxicity spontaneous rate. OGB co-treatments did not affect the URE effect, MMS showed synergy
and 4-NQO damage was modulated in both crosses. In contrast, FMB controls produced damage increase;
co-treatments modulated URE genotoxicity, diminished MMS damage, and did not change the 4-NQO
damage. The high dietary consumption of both types of broccoli and its protective effects in D. melano-
gaster are discussed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

High dietary intakes of the Brassicacea family vegetables, like
broccoli (Brassica oleracea var. italica) have been related to the
reduction of certain types of cancer because they seem to possess
cancer chemopreventive properties (Conaway et al., 2000) related
to the effect of their constituents (Zhu and Loft, 2003) such as their
water-soluble antioxidants (Podsędek, 2007). The anticarcinogenic
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effects of Brassica vegetables seem to depend on the biological spe-
cies (Traka et al., 2008), the test system, the doses, the timing of the
treatment, the target tissue, the genotoxic or anticarcinogenic
compounds and many other factors (Verhoeven et al., 1997). Broc-
coli is chemically defined as a complex mixture containing among
other compounds (Podsędek, 2007): carotenoids, phenols, vitamins
C > E, Fe and glucosinolates (b-thioglucoside N-hydroxysulfates)
(GLSs) which are isothiocyanates (ITCs) precursors, nitriles, epith-
ionitriles and indoles (Hayes et al., 2008). Some of the GSLs are
glucoraphanin (GRP), precursor of isothiocyanate sulforaphane
(SF); sinigrin, precursor of allyl isothiocyanate (AITC); gluconastur-
tin, precursor of phenethyl isothiocyanate (PEITC) and glucobrass-
icin, precursor of indole-3-carbinol (I3C), that may react with
ascorbic acid and generate indol ascorbigen, an inductor of cyto-
chromes CYP1A1 and CYP1A2 enzymes (Stephensen et al., 2000).
All the GSLs are hydrolyzed by myrosinase enzyme (b-thiogluco-
side glycohydrolase [TGG]; EC 3.2.3.1) when the vegetable is frag-
mented or chewed raw or cooked (Verhoeven et al., 1997). The
action of the TGG is diminished because it is denatured during
cooking or blanching prior to freezing (Conaway et al., 2000) or
by other multiple factors (Rungapamestry et al., 2008) but ITCs
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can be produced from the GSLs by the action of microbial enzymes
in the gut (Rouzaud et al., 2003).

The protective action by GSLs and ITCs is related to their
modulation of phase I (Zhou et al., 2007) and phase II (Juge et al.,
2007) of the xenobiotic metabolism (XM). Phase I oxidases are
cytochromes P450s (CYPs); phase II enzymes [e.i. UDP-glu-
curonosyltransferases (UGT; EC 2.4.1.17), glutathione S-transfer-
ases (GSTs; EC 2.5.1.18), NAD(P)H: quinone oxidoreductase
(NQO1; EC 1.6.99.2)] catalyze conjugation reactions for the detox-
ification of electrophiles (Kensler, 1997). Nevertheless, some ITCs
have shown potential genotoxicity in bacteria and mammalian
cells (Verhoeven et al., 1997). The GRP can induce the phase I car-
cinogen-activating enzymes, generate oxidative stress and DNA
damage (Paolini et al., 2004). It has also been demonstrated that
AITC and PEITC are genotoxic (Kassie and Knasmuller, 2000) and
PEITC is also clastogenic (Musk et al., 1995). CYP3A4 is responsible
for the human hepatic and intestinal metabolism of protoxicants,
pharmaceutical compounds and endogenous sterols (Zhou et al.,
2007). Drosophila melanogaster has been shown to have CYPs sim-
ilar to those found in the S9 fraction of mammalian liver
(Hällström et al., 1984). Furthermore, Danielson et al. (1998) have
proved that the CYP6 family of D. melanogaster shows strong regio-
nal homologies with the CYP3 family of vertebrates which, along
with the CYP2 family are responsible for drug metabolism in verte-
brates (Thomas, 2007). Finally, Saner et al. (1996) and Dunkov et al.
(1997) functionally characterized the CYP6A2 gene of D. melano-
gaster responsible for XM in HB strains. Therefore, we would ex-
pect a CYPs metabolism of the broccoli constituents similar to
that of human organs (Yang et al., 2007). It has also been demon-
strated that SF inhibits CYP3A4 in human primary hepatocytes
(Zhou et al., 2007) and induces phase II of the XM in Drosophila
(Trinh et al., 2008) and in the human jejunum in vivo (Petri et al.,
2003) by a process that implies the activation of the Nrf2/KEAP
complex and also induces apoptosis (Gingras et al., 2004) and cell
cycle arrest (Juge et al., 2007).

SMART is a sensitive in vivo assay that can determine genotox-
icity of chemical agents by loss of heterozygosity of the two cell
markers multiple wing hairs (mwh) and flare (flr) in chromosome
3 of wing imaginal disk cells of larvae fed with such compounds.
This loss of heterozygosity produces single mwh spots (small and
large) by point mutation, deletion, exchange between markers,
or by non-disjunction. Small spots can originate by two possi-
ble mechanisms: (i) segmental aneuploidy, which results from
non-disjunction and produces a reduced proliferation capacity
(Frei et al., 1992) or (ii) late damage by the secondary metabolites
of the parental compound (Graf and Singer, 1992). Large spots are
produced by early damage in the wing imaginal disk cells of larvae
and continuous mitosis of cells expressing the markers. Recombi-
nation proximal to the centromere, which involves exchange of
the chromosomal fragment containing both markers, leads to the
expression of the mwh and flr markers in adjacent cells as twin
spots. The wing spot test uses the standard (ST) cross with regu-
lated levels of CYPs (Graf et al., 1989) and the high bioactivation
(HB) cross (Graf and van Schaik, 1992). The latter cross is highly
sensitive to procarcinogens and promutagens because the strain
ORR; flr3/In(3LR)TM3, ri ppsep 1(3) 89Aa bx34ee BdS carries chromo-
somes 1 and 2 from a DDT-resistant Oregon R(R) line, which is
characterized by high levels of CYPs.

In order to contribute to the elucidation of the processes that
confer broccoli characteristics (Verhoeven et al., 1997; Jeffery
and Keck, 2008) and confirm in this model the protective effects
of chronic feeding with broccoli, we conducted experiments to
screen for broccoli genotoxicity and/or compound interaction in
the ST and HB crosses of the Drosophila wing spot test (SMART).
We used lyophilized broccoli chronic treatments, and co-treat-
ments with three well known genotoxic compounds that have dif-
ferent mechanisms of action: ethyl carbamate or urethane (URE), a
promutagen that does require biotransformation by CYPs to pro-
duce DNA adducts (Guengerich et al., 1991); the direct alkylant
methyl methane sulfonate (MMS) that does not require biotrans-
formation to produce damage to DNA (Jenkins et al., 2005);
4-nitroquinoline 1-oxide (4-NQO), a pluripotent carcinogen that
increases radical oxygen species (ROS), is a UV-mimetic agent
(Kohda et al., 1991) and produces purine adducts by CYPs metab-
olism (Mirzayans et al., 1999).
2. Materials and methods

2.1. Chemical compounds and media

Ethyl carbamate or urethane (URE, CAS 51-79-6, purity 99%), methyl methane-
sulfonate (MMS, CAS 66-27-3, purity 98%) and Tween� 80 (CAS 9005-65-6) were
purchased from Sigma–Aldrich (St. Luis, MO, USA); ethanol (analytical grade) was
obtained from Merck (Darmstadt, Germany); 4-nitroquinoline-1-oxide (4-NQO,
CAS 56-57-5, purity P97.0%, HPLC) was purchased from Sigma–Fluka (St. Luis,
MO, USA). To avoid toxicity and selection of resistant flies in the co-treatments with
4-NQO, MMS and URE, we proposed the convenience that experimental concentra-
tions should be close or below the LC50 values reported in Dueñas-García et al.
(2005): 4-NQO did not show statistically significant differences between LC50, strain
(flare and Oregon-flare) and sensitivity (origin ordinate) (p > 0.05). On the other
hand, significant differences were found for potency (lineal slope) (p < 0.05) be-
tween strains showing that mortality increases in the flare strain
(y = �1.4214x2 + 22.894x + 8.9515) with a potency higher than that in the Ore-
gon-flare strain (y = �0.7772x2 + 15.897x + 8.8812). The polynomial curves and
toxicity parameters determined for promutagen URE showed no significant
differences between strains. The parameters values for the flare (y = 0.0817x2 �
0.4974x � 2.0582) and Oregon-flare (y = 0.0794x2 � 0.5555x + 0.4124) strains were
similar. The LC50 values were slightly below the concentration of 30 mM reported
as toxic by Frölich and Würgler (1990) for D. melanogaster larvae from the HB
and ST crosses of the wing spot test fed with URE for 48 h. All these data were taken
into consideration to use the 4-NQO and URE LC20. Mortality percentages of all
three mutagens fitted a polynomial dose–response relationship. The LC50 for
MMS was 0.90 mM in the Oregon-flare strain (y = �4.2431x2 + 38.871x + 19.168)
and 0.87 mM in the flare strain (y = 6.3138x2 + 52.338x + 10.768). One-way ANOVA
results showed no significant differences between LC50, strain, potency and sensi-
tivity (p > 0.05). However, we found a great dispersion in both strains and in each
one of the three independent experiments for the lower concentrations. It is note-
worthy that regardless this dispersion the LC50 values were similar in both strains.
In order to obtain a slightly less dispersion we increased the MMS concentration to
LC40, unfortunately toxicity increased. All solutions were prepared just before use;
we used distilled water as solvent for URE and MMS; 4-NQO was dissolved in
Tween� 80–ethanol 5% (Tw–EtOH). Drosophila Instant Medium (Formula 4-24)
(DIM) was purchased from Carolina Biological Supply (Burlington, North Carolina,
USA).
2.2. Broccoli

Only organically grown vegetables have data on the crop origin. The organically
grown broccoli (OGB) floret/stem was cultivated according to the Oregon Tilh Cer-
tification (OTCO, 2009). It was kindly donated by Mar Bran Co. which is located in
Irapuato (State of Guanajuato, Mexico). After hand made harvest and transportation
it was cooled at 5–8 �C for no more than 12 h; cut in big fragments, blanched at
153 �C for 2 min 30 s to inactivate enzyme systems (Podsędek, 2007) and fast
cooled in water (10 �C), frozen at �17 to �30 �C, stored at �30 �C, packaged later
in a polymer-bag and stored at �3 �C until lyophilization. The freezing and packing
of the OGB followed the NOM-Codex Stan 110-1981 and the NOM 081 FITA
(NOM = Mexican Official Norm). MarBran Co. determined the following nutrient
values (wet weight): water (90.72 g), protein (3.10 g), total lipid (0.11 g), carbohy-
drate, by difference (5.35 g), fiber, total dietary (3.00 g), iron, Fe (0.61 mg), vitamin
C, total ascorbic acid (40.10 mg) and vitamin E (a-tocopherol) (1.32 mg) and these
are similar to those provided by USDA SR-21 for broccoli (CND, 2009). Broccoli’s
nutrition values can vary between batches, localities, the part of the vegetable
and type of process (NutritionData.com, 2009). Other components, such as sele-
nium, glucosinolates, isothiocyanates, phenolic acids and vitamins vary depending
on the ground (Jeffery, 2005), selenium fertilization, organic farming and water
stress (Robbins et al., 2005) or on the conditions of packing (in stock market of plas-
tic or without it), storage (temperature), transport, mechanical stress, cuts and sale.
We used OGB to avoid the presence of pesticides residues and control the deterio-
ration of some components, such as GSLs and vitamins, due to transport at room
temperature, the mechanical damage and the dehydration. We used two samples
of OGB (each poly-bag containing 500 g of frozen broccoli florets and stems) and
mixed it before and after lyophilize it. As a non-organically broccoli control, 1 kg
of fresh tightly packed florets and stems, deep green in color (FMB) was purchased
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from a supermarket in Mexico City (Mexico). We do not know the FMB origin since
the supermarket employees could not give us precise information on that. It was
grown in Mexico because it did not have a tag indicating it was imported from
any other country. Guanajuato is the main broccoli-producing state in Mexico
(60%) followed by Michoacan (8%), Sonora (6.4%), Jalisco (5.2%), Puebla (4.6%) and
Baja California (4.1%). Other 14 states grow broccoli too with a production below
2.7%. Farmers that follow international guidelines to grow organic broccoli export
a part of the production and sell the other to local supermarkets and consumers
(Fundacion Guanajuato Produce AC, 2003). Farmers that follow the Guide of Pesti-
cides (2007) sell the production in the local market. FMB was stored in a misted
cabinet display (18 ± 2 �C); we do not know when it was harvested but broccoli re-
mains green up to two weeks after harvest. Broccoli stored at 5 �C can have a useful
life of 14 days but only of 5 days if stored at 10 �C. Therefore, we deduce it had been
harvested 5–14 days before we bought it. In the same way regular consumers do,
FMB was transported to the laboratory without temperature control and stored
(�4 �C) until lyophilization. We mixed all the FMB before and after lyophilization.
The frozen OGB floret/stem or the raw FMB were cut in smaller pieces, lyophilized
in vacuum 10�3 mbar [LabConco, Freeze Dry System/Freezore 4.5] during 24–72 h
and �50 �C. After freeze drying they were separately pulverized in a food processor,
and stored in a fresh and dry site by �15 days until use. The same sample of lyoph-
ilized OGB or FMB was used throughout the study.

2.3. Somatic mutation and recombination test (SMART)

2.3.1. Strains and crosses
The standard (ST) and high bioactivation (HB) crosses of the wing spot test uses

two markers: multiple wing hairs (mwh, 3–0.3) and flare3 (flr3, 3–38.8) located in the
left arm of chromosome 3. For the ST cross, virgin females of the strain flr3/
In(3LR)TM3, ri pp sep bx34e es BdS were mated to mwh/mwh males (Graf et al.,
1989). For the HB cross, virgin females of the strain Oregon-flare (ORR(1); ORR(2);
flr3/In(3LR)TM3, ri pp sep bx34e es BdS) were mated to mwh/mwh males (Graf and
van Schaik, 1992). Originally, the D. melanogaster stocks were kindly donated by
Dr. Ulrich Graf of the ETH, from the University of Zurich, Switzerland. Two types
of progeny are produced in both crosses, which differ phenotypically based on
the BdS marker: (i) MH, marker-heterozygous flies (mwh+/+flr3 or ORR; mwh+/
+flr3): wild-type wings; (ii) BH, balancer-heterozygous flies (mwh+/TM3, BdS or
ORR; mwh+/TM3, BdS): serrate wings. Eggs from the ST and HB crosses were col-
Table 1
Summary of significant treatments results obtained in marker-heterozygous wings (MH) o
organically grown broccoli (OGB), fresh market broccoli (FMB) and urethane (URE, 20 mM

Compound crossb Conc. (%) Number of flies Spots per fly (number

Small single spots (1–
m = 2

Organically grown broccoli (OGB)
ST

MMS–OGB 0 60 6.78(407)
MMS–OGB 25 60 23.68(1421)+
MMS–OGB 50 60 24.33(1460)+
MMS–OGB 100 60 23.73(1424)+

HB
MMS–OGB 0 60 9.15(549)
MMS–OGB 25 60 13.58(815)+
MMS–OGB 50 60 14.25(855)+
MMS–OGB 100 60 18.68(1121)+

Fresh market broccoli (FMB)
ST

Water 0 60 0.40(28)
FMB 100 57 0.70(40)+
URE–FMB 0 58 2.43(141)
URE–FMB 100 14 5.29(74)+
MMS–FMB 0 55 34.40(1892)
MMS–FMB 100 55 30.04(1652)�

HB
Water 0 60 0.63(38)
FMB 100 57 1.44(82)+
URE–FMB 0 68 4.46(303)
URE–FMB 100 64 5.47(350)�
MMS–FMB 0 11 15.55(171)
MMS–FMB 100 35 12.34(432)�

a Statistical diagnoses according to Frei and Würgler (1988, 1995). m: minimal risk m
b ST, standard cross; HB, high bioactivation cross. For the final statistical diagnoses of a

in the conditional binomial test according to Kastenbaum–Bowman significance levels
Wilcoxon U-test with significance levels (a = b = 0.05, one-sided) was used in order to
statistically (p < 0.05) below the control.
lected at 25 �C, dark conditions and 60–80% humidity for 8 h in glass bottles con-
taining a thick layer of fermenting live baker’s yeast supplemented with sucrose.
Three days later, the larvae (72 ± 4 h) were washed out of the bottles with tap water
(25 �C) through a fine meshed stainless steel strainer.

2.3.2. Chronic treatments and co-treatments
For chronic treatments (�48 h until pupation) equal batches of larvae from the

ST or the HB crosses were added to glass vials containing 0.5 g of OGB (0%, 25%, 50%
and 100% w/DIM w) with 2 mL of distilled water or Tw–EtOH. We inferred that the
three concentrations could represent the daily intake (100%), 3.5 times a week in-
take (50%) and at least 1.75 times a week intake (25%). FMB (0% and 100%) controls
were done with water or Tw–EtOH. Chronic co-treatments were separately pre-
pared with larvae from both crosses and 0.5 g of OGB (0%, 25%, 50% and 100% w/
DIM w) or FMB (0% and 100% w/DIM w) plus 2 mL of fresh solutions of URE
(20 mM), MMS (0.5 mM), or 4-NQO (2 mM). We used distilled water and Tw–EtOH
as negative controls. All treatments were tested by triplicates in three independent
experiments. The pooled results are shown in Tables 1, 2 and 4.

2.3.3. Wing spot analysis
After treatments, the emerging flies were collected and stored in 70% ethanol.

Wings from MH flies (mwh+/+flr3 or ORR; mwh+/+flr3) of both sexes were mounted
on slides and both surfaces of the wings were analyzed microscopically (Graf et al.,
1984) at 40� magnification; more than 55 flies were scored for each treatment
whenever possible, because of toxicity, in order to get the optimal sample size
and avoid inconclusive results (Frei and Würgler, 1995).

2.3.4. Data and statistical analysis
For the statistical assessment of genotoxicity, the frequencies of each type of

spot per fly were compared pair wise with the corresponding solvent or mutagen
control (Frei and Würgler, 1988, 1995). The proportion of somatic recombination
against mutation was calculate based on the clone-size correction of clone induc-
tion frequency (per 10�5 cells per cell division) by regression curves and interpola-
tion of the dose–response relationships obtained for the two types of wings: MH
and BH (Rodriguez-Arnaiz et al., 1996). Based on the spot frequencies the percent-
ages of inhibition or induction were calculated for the different categories of wing
spots (Abraham, 1994).
f flies, from the Drosophila wing spot test. Methyl methanesulfonate (MMS, 0.5 mM),
) added with water.

of spots) statistical diagnosisa

2 cells) Large single spots (>2 cells) Twin spots Total spots
m = 5 m = 5 m = 2

5.38(323) 3.65(219) 15.82(949)
22.43(1346)+ 4.75(285)+ 50.87(3052)+
24.75(1485)+ 6.33(380)+ 55.42(3325)+
21.52(1291)+ 4.27(256)+ 49.52(2971)+

8.88(533) 3.72(223) 21.75(1305)
15.37(922)+ 5.33(320)+ 34.28(2057)+
18.07(1084)+ 4.87(292)+ 37.18(2231)+
19.50(1170)+ 1.22(73)+ 39.40(2364)+

0.05(3) 0.00(0) 0.52(31)
0.12(7)� 0.02(1)� 0.84(48)+
1.17(68) 0.17(10) 3.78(219)
1.07(15)� 0.00(0)� 6.36(89)+
34.56(1901) 1.82(100) 70.78(3893)
23.16(1274); 3.35(184)� 56.55(3110)�

0.22(13) 0.00(0) 0.85(51)
0.16(9)� 0.00(0)� 1.60(91)+
2.18(148) 0.15(10) 6.78(461)
0.52(33); 0.00(0)� 5.98(383)�
30.09(331) 0.00(0) 45.64(502)
19.69(689); 0.00(0)� 32.03(1121);

ultiplication factor for the assessment of negative results.
ll outcomes: positive (+) and negative (�) with the standard SMART software based
(a = b = 0.05) (Frei and Würgler, 1988). The non-parametric Mann–Whitney and
exclude false positive or negative diagnoses (Frei and Würgler, 1995). ; values



Table 2
Summary of significant treatments results obtained in marker-heterozygous wings (MH) of flies, from the Drosophila wing spot test. Organically grown broccoli (OGB), 4-
nitroquinoline-1-oxide (4-NQO, 2 mM) and fresh market broccoli (FMB) added with Tween–ethanol (5%).

Compound crossb Conc. (%) Number of flies Spots per fly (number of spots) statistical diagnosisa

Small single spots (1–2 cells) Large single spots (>2 cells) Twin spots Total spots
m = 2 m = 5 m = 5 m = 2

Organically grown broccoli (OGB)
ST

Tw–EtOH 5 60 0.28(17) 0.10(6) 0.05(3) 0.43(26)
OGB 100 59 0.17(10); 0.03(2)� 0.00(0)� 0.20(12);
4-NQO–OGB 0 60 0.40(24) 0.08(5) 0.02(1) 0.50(30)
4-NQO–OGB 50 60 0.58(35)+ 0.20(12)� 0.08(5)� 0.87(52)+
4-NQO–OGB 100 60 0.80(48)+ 0.22(13)� 0.02(1)� 1.03(62)+

HB
Tw–EtOH 5 60 0.62(37) 0.33(20) 0.08(5) 1.03(62)
OGB 100 59 0.14(8); 0.03(2); 0.00(0); 0.17(10);
4-NQO–OGB 0 60 0.70(42) 0.20(12) 0.05(3) 0.95(57)
4-NQO–OGB 100 60 0.23(14); 0.17(10)� 0.03(2)� 0.43(26);

Fresh market broccoli (FMB)
ST

Tw–EtOH 5 60 0.27(16) 0.08(5) 0.00(0) 0.35(21)
FMB 100 55 1.85(102)+ 0.29(16)+ 0.00(0)� 2.15(118)+

HB
Tw–EtOH 5 50 0.38(19) 0.08(4) 0.00(0) 0.46(23)
FMB 100 52 1.56(81)+ 0.35(18)� 0.00(0)� 1.90(99)+

a Statistical diagnoses according to Frei and Würgler (1988, 1995). m: minimal risk multiplication factor for the assessment of negative results.
b ST, standard cross; HB, high bioactivation cross. For the final statistical diagnoses of all outcomes: positive (+) and negative (�) with the standard SMART software based

in the conditional binomial test according to Kastenbaum–Bowman significance levels (a = b = 0.05) (Frei and Würgler, 1988). The non-parametric Mann–Whitney and
Wilcoxon U-test with significance levels (a = b = 0.05, one-sided) was used in order to exclude false positive or negative diagnoses (Frei and Würgler, 1995). ; values
statistically (p < 0.05) below the control.
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3. Results

In this work we tested for effects of broccoli in the Drosophila
wing spot test using the following strategies: (i) chronic treat-
ments: three concentrations of OGB, and one of FMB as non-organ-
ically grown control, looking for a possible change in the rate of
spontaneous mutation of the markers mwh and flr3 in the ST and
HB crosses with inducible and high levels of CYPs, respectively;
and (ii) chronic co-treatments: larvae from both crosses fed with
lyophilized OGB or FMB added with URE, MMS or 4-NQO fresh
solutions in order to observe possible broccoli interactions (Tables
1 and 2). The inhibition and induction percentages for each com-
pound and every type of spot were done (Table 3). Recombination
percentages were calculated only for MMS–OGB co-treatments be-
cause they showed positive differences between twin spots and
control (Table 4). They were not calculated for URE and 4-NQO
treatments because when the frequencies of induced twin spots
per fly obtained in the MH wings are rather low, it is very difficult
to determine these frequencies in the BH wings in a precise man-
ner, as the frequencies will never be higher.
3.1. Broccoli

In both crosses the OGB treatment added with water did not
change the spontaneous mutation and recombination rate (data
not shown). When Tw–EtOH was added, an inhibition in small
and total spots was observed in the ST cross and in all types of
spots in the HB cross (Table 2). On the contrary, feeding of larvae
with FMB added with water or Tw–EtOH produced an induction
in genotoxicity (Tables 1 and 2). In the HB cross, the FMB added
with water yielded two fold the frequencies in the small and total
spots than in the ST cross (Table 1); the FMB with Tw–EtOH
yielded an increase in small, large and total spots in the ST cross,
and in small and total spots in the HB cross (Table 2). Estimation
of the inhibition and induction percentages exemplifies this
(Table 3).

3.2. URE

The URE–OGB co-treatments did not change the spontaneous
spot frequencies. The URE–FMB co-treatments yielded an increase
of small and total spots in the ST cross, but the HB cross showed a
decrease of large spots (data not shown). Inhibition or induction
results were not consistent for the URE co-treatments (Table 3).

3.3. MMS

The MMS–OGB co-treatments gave total frequencies �3.3-fold
in the ST cross and �1.7-fold in the HB cross (Table 1) with high
induction values in both crosses (Table 3). Spot frequencies seem
different between both crosses, but the U-test (data not shown)
proved they are statistically similar, therefore as expected the
DNA damage was direct and was not modulated by the XM. We ob-
tained synergy in the MMS–OGB co-treatments that showed a
polynomial dose–response (data not shown) in the clone-size cor-
rection of clone induction frequencies (Table 4); with these data
the proportion of somatic recombination versus mutation was cal-
culated for the two types of wings: MH and BH, yielding 22% of
recombination in the ST cross and 34% of recombination in the
HB cross (Table 4). The MMS–FMB co-treatments yielded a de-
crease of large spots in the ST cross and of large and total spots
in the HB cross (Table 1) that are represented in the inhibition val-
ues (Table 3).

3.4. 4-NQO

In the case of 4-NQO–OGB co-treatments, the OGB [50%, 100%]
yielded increases in small and total spots and a slight dose–re-
sponse in the ST cross (Table 2). In the HB cross, frequencies



Table 3
Percentages of inhibition (values underlined) or induction (values not underlined) observed for the different categories of wing spots after administration of broccoli or co-
administration with mutagens.

Compound Crossa Conc. (%) Small single spots Large single spots Twin spots Total spots

Organically grown broccoli (OGB) + water
ST

OGB 100 10.5 0.0 0.0 8.3
URE–OGB 25 54.1 63.0 15.2 53.9
URE–OGB 50 19.3 45.9 81.8 02.3

URE–OGB 100 34.5 79.3 118.2 49.5
MMS–OGB 25 249.3 316.9 30.1 221.6
MMS–OGB 50 258.8 360.0 73.4 250.3
MMS–OGB 100 250.0 300.0 17.0 213.0

HB
OGB 100 9.5 22.2 100.0 13.0
URE–OGB 25 17.8 0.6 34.6 15.1
URE–OGB 50 37.8 1.2 17.8 25.2
URE–OGB 100 00.5 19.0 24.3 6.4
MMS–OGB 25 48.4 73.1 43.3 57.6
MMS–OGB 50 55.7 103.5 30.9 70.9
MMS–OGB 100 104.2 119.6 67.2 81.1

Fresh market broccoli (FMB) + water
ST

FMB 100 75.0 140.0 – 61.5
URE–FMB 100 117.7 8.5 100.0 68.3

MMS–FMB 100 12.7 33.0 84.1 20.1

HB
FMB 100 128.6 27.3 0.0 88.2

URE–FMB 100 22.6 76.1 100.0 11.8
MMS–FMB 100 20.6 34.6 0.0 29.8

Organically grown broccoli (OGB) + Tw–EtOH (5%)
ST

OGB 100 39.3 70.0 100.0 53.5
4-NQO–OGB 25 20.0 62.5 100.0 10.0
4-NQO–OGB 50 45.0 150.0 300.0 74.0
4-NQO–OGB 100 100.0 175.0 0.0 106.0

HB
OGB 100 77.4 90.9 100.0 83.5
4-NQO–OGB 25 57.1 60.0 60.0 57.9
4-NQO–OGB 50 28.6 15.0 140.0 10.5
4-NQO–OGB 100 67.1 15.0 40.0 54.7

Fresh market broccoli (FMB) + Tw–EtOH (5%)
ST

FMB 100 585.2 262.5 0.0 514.3
4-NQO–FMB 100 52.0 07.7 100.0 31.9

HB
FMB 100 310.5 337.5 0.0 313.0
4-NQO–FMB 100 45.2 24.2 0.0 9.4

Based on the spot frequencies obtained in the wing spot test, the percentage of inhibition (values underlined) or induction (values not underlined) was calculated as follows:
(genotoxin alone � broccoli and genotoxin/genotoxin alone) � 100 (Abraham, 1994).

a ST, standard cross; HB, high bioactivation cross.
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showed a tendency to decrease with a dose–response effect inverse
to that in the ST cross, but there are only significant differences for
small single spots in the 4-NQO–OGB-100% treatment. Spot fre-
quencies in co-treatments 4-NQO + FMB [0%, 100%] in the ST cross
and HB crosses, did not show differences between them. Inhibition
events were more frequent in the 4-NQO–OGB co-treatments in
the HB cross (Table 3).
4. Discussion

4.1. Broccoli

In both crosses, the OGB added with water gave negative re-
sults; we propose that this could occur because only the polar com-
ponents of broccoli were accessible in the culture media. The OGB
added with Tw–EtOH yielded a clear reduction in spots frequen-
cies. We infer this solution produced cell membrane lysis which
led to a higher release of OGB constituents; GSLs could have been
partially hydrolyzed by plant myrosinase residues or by yeasts in
the DIM (Brabban and Edwards, 1995) and yielded the expected
reduction in the spontaneous genotoxicity rate. The highest inhibi-
tion percentage was observed in all types of spots of OGB added
with Tw–EtOH in the following order for total spots: OGB–HB/
Tw–EtOH > OGB–ST/Tw–EtOH > OGB–HB/water (Table 3); this
supports the hypothesis that OGB’s non-polar compounds release
contributed to the antigenotoxic effect. On the contrary, in both
crosses the FMB treatments added with water or Tw–EtOH, pro-
duced an increase in the total spots frequency; these results must
be related with the non-organic culture, usually with pesticides,



Table 4
Summary of results obtained in marker-heterozygous wings (MH) and balancer-heterozygous wings (BH) of flies, from the Drosophila wing spot test, treated with organically
grown broccoli (OGB) and methyl methanesulfonate (MMS, 0.5 mM) added with water.

Compound
crossb

Conc.
(%)

Number
of flies

Spots per fly (number of spots) statistical diagnosisa Mean number of
cell division cycles

Clone induction frequency of per
**105 cells per cell divisionc,d

Small single
spots (1–
2 cells)

Large single
spots
(>2 cells)

Twin
spotse

Total spots Spots with
mwh clones

Without size
correction (n/
NC)

With clone-
size
correction

m = 2 m = 5 m = 5 m = 2

Organically grown broccoli (OGB)
ST MH
MMS–OGB 0 60 6.78(407) 5.38(323) 3.65(219) 15.82(949) 730 2.60 24.93[0.00] 37.89[0.00]
MMS–OGB 25 60 23.68(1421)+ 22.43(1346)+ 4.75(285)+ 50.87(3052)+ 2253 2.40 76.94[52.01] 101.74[63.85]
MMS–OGB 50 60 24.33(1460)+ 24.75(1485)+ 6.33(380)+ 55.42(3325)+ 2370 2.45 80.94[56.01] 110.33[72.44]
MMS–OGB 100 60 23.73(1424)+ 21.52(1291)+ 4.27(256)+ 49.52(2971)+ 1987 2.36 67.86[42.93] 87.14[49.25]

ST BH
MMS–OGB 0 25 1.92(48) 0.20(5) 2.12(53) 49 1.39 4.01[0.00] 2.62[0.00]
MMS–OGB 25 11 11.00(121)+ 13.27(146)+ 24.27(267)+ 264 2.72 54.15[50.14] 83.01[80.39]
MMS–OGB 50 23 15.43(355)+ 5.57(128)+ 21.00(483)+ 482 1.88 42.94[38.93] 39.39[36.77]
MMS–OGB 100 22 7.05(155)+ 1.32(29)+ 8.36(184)+ 170 1.59 15.83[07.91] 11.90[09.28]

HB MH
MMS–OGB 0 60 9.15(549) 8.88(533) 3.72(223) 21.75(1305) 1172 2.76 40.02[0.00] 67.63[0.00]
MMS–OGB 25 60 13.58(815)+ 15.37(922)+ 5.33(320)+ 34.28(2057)+ 1502 2.57 51.30[11.28] 76.15[8.52]
MMS–OGB 50 60 14.25(855)+ 18.07(1084)+ 4.87(292)+ 37.18(2231)+ 1396 2.49 47.68[7.66] 67.02[�0.61]
MMS–OGB 100 60 18.68(1121)+ 19.50(1170)+ 1.22(73)+ 39.40(2364)+ 1662 2.40 56.76[16.74] 74.96[07.33]

HB BH
MMS–OGB 0 20 0.90(18) 0.55(11) 1.45(29) 29 2.62 2.97[0.00] 4.57[0.00]
MMS–OGB 25 25 8.84(221)+ 1.76(44)+ 10.60(265)+ 256 1.58 20.98[18.01] 15.66[11.09]
MMS–OGB 50 24 5.62(135)+ 3.04(73)+ 8.67(208)+ 206 2.18 17.59[14.62] 19.92[15.35]
MMS–OGB 100 22 2.82(62)+ 0.77(17)+ 3.59(79)+ 62 1.48 5.77[2.80] 4.04[�0.53]

a Statistical diagnoses according to Frei and Würgler (1988, 1995). m: minimal risk multiplication factor for the assessment of negative results.
b ST, standard cross; HB, high bioactivation cross.
c Clone frequencies per fly divided by the number of cells examined per fly (48,800) gives an estimate of formation frequencies per cell and per cell division in chronic

exposure experiments (Frei and Würgler, 1995).
d Values in brackets are control corrected.
e Only mwh single spots can be recovered in mwh/TM3 balancer-heterozygotes as TM3 does not carry flr3; for the final statistical diagnoses of all outcomes: positive (+) and

negative (�) with the standard SMART software based in the conditional binomial test according to Kastenbaum–Bowman significance levels (a = b = 0.05) (Frei and Würgler,
1988); the non-parametric Mann–Whitney and Wilcoxon U-test with significance levels (a = b = 0.05, one-sided) was used in order to exclude false positive or negative
diagnoses (Frei and Würgler, 1995).
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and the release of different broccoli constituents. The highest
induction percentage was observed in all types of spots of FMB
with the following order for total spots: FMB–ST/Tw–
EtOH > FMB–HB/Tw–EtOH > FMB–HB/water > FMB–ST/water (Ta-
ble 3). Since FMB was not organically grown, it is inferred it was
exposed to several compounds; also it was not frozen or packed
in a plastic polymer, it was exposed to temperatures higher than
�4 �C and lost humidity which could leads to a decrease in VitC
content (Barth et al., 2006). Furthermore, the cutting and fragmen-
tation of FMB by manipulation and transportation without temper-
ature control could have activated the myrosinase residues and
generate certain hydrolysis of GSLs and production of their metab-
olites (Hayes et al., 2008). OGB was organically grown and kept fro-
zen until lyophilization; it did not contain pesticides and therefore
its compounds presented the least changes after blanching, which
could explain its effect in the reduction of spontaneous mutation
and recombination rates we observed (Table 2) when Tw–EtOH
was added. Opposite to this, we infer that FMB constituents must
have been modified by transport and marketing activities; also it
could have contained pesticide residues, as some of them have
been detected by other authors in cultures of this vegetable (Pérez
et al., 2009). In Mexico, the non-organically culture of broccoli for
national production and consumption, implies the use of several
pesticides as methyl-parathion, metamidophos, diazinon or endo-
sulfan/methyl-parathion mixtures (Guide of Pesticides, 2007) to
control the high incidence of plagues such as: Brevicoryne brassicae,
Trichoplusia ni, Copitarcia consueta, Artogeia rapae, Plasmodiophora
brassicae, Plutella xylostella, Trialeurodes spp. and Bemisia tabaci
(Barrios et al., 2004; Fundacion Guanajuato Produce AC, 2003)
which usually makes it necessary to spray the crops with
pesticides 2–10 times during farming. All the pesticides autho-
rized in the Guide of Pesticides (2007) had shown genotoxic
effects in vivo and in vitro protocols (data not shown), specially
methyl-parathion, endosulfan (Hreljac et al., 2008) and diazinon
(Salazar-Arredondo et al., 2008); this could explain the obtained
genotoxicity (Tables 1 and 2).

4.2. URE

Urethane has proved to be a clear genotoxic promutagen in the
D. melanogaster wing spot test (Frölich and Würgler, 1990). It has
been demonstrated in this bioassay the protective effect of ex-
tracted essential oils from three medicinal plants (Idaomar et al.,
2002), bell pepper (Capsicum annuum) and black pepper (Piper ni-
grum) (El-Hamss et al., 2003). Surprisingly, the URE–OGB co-treat-
ment did not change the spontaneous mutation and recombination
frequencies in both crosses; on the contrary, URE–FMB showed a
modulation response (Table 1). We propose that the URE–OGB re-
sults could be due to various hypothesis (i) the putative absence of
GSLs metabolites and therefore no ITCs effects on XM in both
crosses; (ii) metabolism of some ITCs and URE competed for detox-
ification by GSH (Kemper et al., 1995); (iii) putative ITCs inhibited
one or some CYPs (Morris et al., 2004) diminishing damage by URE,
but VitC high concentration showed a pro-oxidant activity (Cooke
et al., 2003) that increased oxidative stress and lipids peroxidation
generating etheno-adducts (Bartsch and Nair, 2000) which could
contribute to the total genotoxic effect. These hypothesis are sup-
ported by Tiku et al. (2008) who fed mice with mustard leaf extract
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(Brassica campestris) that contained GSLs and then exposed them to
URE observing modulation of lipid peroxidation, an increase in GSH
and GST, although they also observed a decrease in micronuclei.
Modulation in URE–FMB co-treatments could be explained assum-
ing that FMB must have some pesticides residues and low VitC
concentration, as a result of marketing and transportation proce-
dures. It is also possible that GSLs were hydrolyzed by events
inherent to its marketing, causing that some of its compounds in-
duced one or more CYPs in the ST cross, since the small spots fre-
quency increased to values similar to those found in the HB cross
(Table 1). To explain the effects that diminished early events (large
spots) in the HB cross (Table 1) we could consider that URE is bio-
transformed in mammals by CYP2E1 and it has been reported that
PEITC (Morris et al., 2004) and SF inhibit this cytochrome (McCarty,
2001). Future research is needed to determine the genotoxic inter-
actions of URE with specific compounds present in broccoli.

4.3. MMS

We observed an unexpected synergy with MMS–OGB co-treat-
ments that showed a polynomial dose–response caused by the
lower total frequencies in MMS–OGB [100%] in the ST cross MH
and BH wings and HB cross BH wings; these reductions could be
related with toxicity and apoptosis induction. All results, spot fre-
quencies and recombination percentages show this synergy is not
related to CYPs levels, meaning that broccoli compounds that
caused synergy do not require biotransformation. In most events,
the MMS–OGB synergy is represented by a higher induction (Ta-
ble 3) in the ST cross than the HB cross, although when statistically
compared, the frequencies between both crosses showed no signif-
icant differences. Nivard et al. (1992) treated D. melanogaster with
MMS and showed that uncompleted excision repair caused a high-
er chance for induction of a deletion. They proposed that at higher
damage the repair systems fails to fully remove all lesions due to
saturation of enzymatic activity resulting in a genotoxicity in-
crease. The observed synergy with lyophilized OGB could be ex-
plained by high VitC + Fe [�401 mg + �6.1 mg Fe/100 g dry
weight] concentrations, which could be pro-oxidant and modulate
DNA repair. Cooke et al. (2003) showed the in vivo generation of
glyoxal (gdC), after the supplementation of volunteers with
400 mg/d VitC, and the reduction in gdC levels correlated with
the up regulation of nucleotide excision repair (NER) enzymes.
Also, the unrepaired or misrepaired DNA damage by inefficient
base excision repair (BER) and NER mechanisms increase free rad-
icals and reactive oxygen species (ROS) in yeast (Salmon et al.,
2004). On the other hand, interaction between VitC and MMS or
Fe has shown modulation in DNA damage: Franke et al. (2005a)
treated mice orally with MMS and orange juice; they conclude that
in pre-treatment, VitC could have competed as target site for alkyl-
ation; in post-treatment it could have influenced the kinetics of re-
pair. Also, Franke et al. (2005b) applied a single treatment with
VitC after administration of ferrous sulfate or MMS; VitC enhanced
DNA damage caused by the ferrous sulfate, and double treatment
with VitC (at 0 and 24 h) induced a cumulative genotoxic response
more intense for the higher dose of MMS. On the other hand, Rowe
et al. (2008) found that a major activator of the oxidative stress re-
sponse, Yap1, relocalizes to the nucleus following exposure to
MMS. Considering MMS mainly produces N7G and N3A adducts,
which in D. melanogaster are repaired by glycosylases independent
DNA repair systems (Dusenbery and Smith, 1996) and that there is
a putative oxidant effect derived from MMS damage (Rowe et al.,
2008) we propose that the increase in the spots/fly frequencies
found in MMS–OGB co-treatments could have been mainly pro-
duced by the lyophilized OGB, which with a pro-oxidant activity
could stimulate the repair pathway, inducing a high number of
unrepaired AP sites, and an increase in DNA damage. Decrease in
MMS–FMB co-treatment results could occur because this control
sample was not frozen or packed with polymeric film after the har-
vest, and was transported at uncontrolled temperature (Podsędek,
2007), therefore, VitC concentration in the FMB must be lower than
in the OGB and it would let other broccoli compounds, such as SF,
diminish the spots/fly frequencies by apoptosis induction. More
studies are needed to investigate VitC + Fe and the SF effect with
MMS in both crosses.

4.4. 4-NQO

The mutagen 4-NQO has been studied in the wing spot test be-
fore (Heres-Pulido et al., 2004). It is a potent mutagen (Nagao and
Sugimura, 1976), carcinogenic (Nakahara et al., 1957) and UV-
mimetic agent that is metabolized to 4-hydroxyaminoquinoline
1-oxide (4-HAQO) that, indirectly, causes G ? T and A ? C sustitu-
tions (Cheng et al., 1992). The nitroso anion radical 4-NQOQO�� is
generated by non-enzymatic reduction (Fann et al., 1999). Also,
4-NQO forms hydrogen peroxide (H2O2) and hydroxyl radicals that
yield 8-OHdG and deplete GSH (Arima et al., 2006). It induces cell
cycle arrest (G1) to repair DNA or apoptosis by the p53-dependent
mitochondrial signaling pathway (Han et al., 2007). 4-NQO reduc-
tions by microsomal NADPH–CYP reductase and cytosolic xanthine
oxidase generate free radicals as superoxide radical (Fann et al.,
1999); XM of 4-NQO produces acetoxy-amino-quinilone that
yields purine adducts (N2G > C8G > N6A) repaired by the excision
repair pathway (Mirzayans et al., 1999). Therefore, the action of
4-NQO is direct and indirect. Our results in the ST cross show that
the 4-NQO–OGB [50%, 100%] co-treatments yielded an increase
and a slight dose–response, but in the HB cross spot frequencies
showed a tendency to decrease with a dose–response effect inverse
to that in the ST cross (Table 2). The 4-NQO–OGB interactions show
more inhibition events in HB than in ST (Table 3); this must be re-
lated to the higher levels of CYPs in the HB cross.

These results support some hypothesis: (i) VitC + Fe in high con-
centrations can have pro-oxidant effects and could modulate the
NER system (Cooke et al., 2003); (ii) since 4-NQO produces oxida-
tive stress, and 8-oxo-20-deoxyguanosine (8-oxodG) (Cheng et al.,
1992) the increase of the damage in the ST cross could be the result
of the 4-NQO and VitC + Fe pro-oxidant effects, and an override of
the NER system (Lunec et al., 2002). Kaya et al. (2002) performed
co-treatment experiments with 4-NQO and VitC (25, 75 and
250 mM) in the ST cross. Non-antigenotoxic effect of 4-NQO dam-
age was observed, but their results with VitC and CoCl2 agree with
the hypothesis that the oxidant/pro-oxidant activity of this vitamin
is dependent on the presence of transition metals that could in-
crease the production of OH� from H2O2 via the Fenton reaction.
We propose that results in the 4-NQO–OGB co-treatments, in both
crosses, could be due to an increase of the pro-oxidant effect of
VitC + Fe, besides the influence of 4-NQO which induces apoptosis
(Han et al., 2007), especially in the HB cross. This explanation is
supported by 4-NQO–FMB results, where no modification of 4-
NQO genotoxicity was obtained. This agrees with the assumption
of VitC depletion by transportation and marketing methods. Never-
theless, it is also possible that high genotoxicity exerted by puta-
tive FMB pesticides residues or GSLs metabolites could hide the
4-NQO damages modulation by other broccoli components. Several
explanations can be put forward, but future investigations are nec-
essary to definitely identify the VitC + Fe and 4-NQO effects in the
Drosophila wing spot test. In order to answer these experimental
evidences further experiments with VitC, Fe and VitC + Fe at con-
centrations equivalent to their content in OGB (100%) and co-treat-
ments with different concentrations of the three mutagens must be
done.

Our results confirm that broccoli effects in the eukaryote
D. melanogaster depend on multiple events: growing (organic or
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non-organic), type of solutions (polar or no polar), CYPs levels
(inducible or high) and processing-marketing events. As many of
these factors can not be controlled by the consumer, they should
be considered to modify the general belief that is enough to eat
broccoli frequently to prevent the occurrence of cancer.
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