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a Department of Molecular Biology, Masaryk University, Kotlarska 2, 611 37 Brno, Czech Republic
b Loschmidt Laboratories, Faculty of Science, Masaryk University, Kotlarska 2, 611 37 Brno, Czech Republic
c Department of Ichthyology, Institute of Vertebrate Biology AS CR, Kvetna 8, 603 65 Brno, Czech Republic

Received 5 October 2005; received in revised form 8 August 2006; accepted 3 September 2006
Available online 17 November 2006
Abstract

Halogenated aliphatic compounds were evaluated for toxic and genotoxic effects in the somatic mutation and recombination test
employing Drosophila melanogaster. The tested chemicals included chlorinated, brominated and iodinated; mono-, di- and tri-substi-
tuted; saturated and unsaturated alkanes: 1,2-dibromoethane, 1-bromo-2-chloroethane, 1-iodopropane, 2,3-dichloropropene,
3-bromo-1-propene, epibromohydrin, 2-iodobutane, 3-chloro-2-methylpropene, 1,2,3-trichloropropane, 1,2-dichloroethane, 1,2-dichlo-
robutane, 1-chloro-2-methylpropane, 1,3-dichloropropane, 1,2-dichloropropane, 2-chloroethymethylether, 1-bromo-2-methylpropane
and 1-chloropentane. N-methyl-N-nitrosourea served as the positive and distilled water as the negative control. The set of chemicals
for the toxicological testing was selected by the use of statistical experiment design. Group of unsaturated aliphatic hydrocarbons were
generally more toxic than saturated analogues. The genotoxic effect was observed with 14 compounds in the wing spot test, while 3 sub-
stances did not show any genotoxicity by using the wing spot test at 50% lethal concentration. The highest number of wing spots was
observed in genotoxicity assay with 1-bromo-2-chloroethane, 1,2-dichloroethane, 1,2-dibromoethane and 1-iodopropane. Nucleophilic
superdelocalizability calculated by quantum mechanics appears to be a good parameter for prediction of both toxicity and genotoxicity
effects of halogenated aliphatic compounds.
� 2006 Published by Elsevier Ltd.
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1. Introduction

Halogenated aliphatic hydrocarbons are organic com-
pounds playing an important role as environmental pollu-
tants. They represent a class of potential human mutagens
and carcinogens. The aim of toxicological research is to
recognize the relationships between the structure of chem-
icals and their biological effects (Benigni and Richard,
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1996). These relationships can be conveniently described
by using Quantitative Structure–Activity Relationships
(QSAR) analysis. This analysis quantitatively correlates
structural and physico-chemical properties of small organic
molecules with their biological effects. A number of haloge-
nated aliphatic compounds and various endpoints have
been analysed by using the QSAR approach (Crebelli
et al., 1995; Damborsky and Schultz, 1997; Blaha et al.,
1998; Zhao et al., 2001).

Toxic and genotoxic effects of chemicals 1,2-dichloro-
ethane and 1,2-dibromoethane, widely released to the
environment during their use as a gasoline additive and a
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fumigant, were investigated in the mouse micronucleus test
(Crebelli et al., 1999), in rodent in vitro micronucleus test
(Sasaki et al., 1998), in the liver and testis of Muta Mouse
(Hachiya and Motohashi, 2000), in the transgenic rodent
mutagenicity test (Schmezer et al., 1998). The effect on
reproductive physiology, particularly on the estrous cycle
and spontaneous ovulation were investigated in female rats
(Sekiguchi et al., 2002), developmental toxicity was evalu-
ated for pregnant rats and rabbits (Kirk et al., 1995) and
in chick embryo (Naprstkova et al., 2003). Biotrans-
formation and carcinogenic effects of other environmen-
tal pollutants as 1-iodopropane, 1-bromo-2-chloroethane,
1,3-dichloropropane, 1,2,3-trichloropropane or 3-chloro-
2-methylpropene were studied in in vitro micronucleus test
on human lymphocytes (Tafazoli and Kirsch-Volders,
1996), in mice and rats (Chan et al., 1986; Ghanayem
et al., 1986; Weber and Sipes, 1992; Crebelli et al., 1995;
Katagiri et al., 2000).

The fruit fly Drosophila melanogaster was shown to have
a good capacity for describing mutagenic and carcinogenic
activity of various chemical compounds (Rodriguez-Arnaiz
and Tellez, 2002). Both chemicals 1,2-dichloroethane and
1,2-dibromoethane were tested with D. melanogaster in
somatic mutation and recombination test (SMART), sex-
linked recessive lethal (SLRL) and somatic w/w+ assays
(Romert et al., 1990; Kramers et al., 1991; Ballering et al.,
1993, 1994; Foureman et al., 1994; Chroust et al., 2001).
Toxic and genotoxic effects of 1,3-dichloropropane were
investigated in experiments with rats (Timchalk et al.,
1991; Trevisan et al., 1991, 1992, 1993; Odinecs et al., 1995).

The principle of SMART in Drosophila was described
earlier (Graf et al., 1983; Szabad et al., 1983). Larvae,
which are heterozygous for different autosomal recessive
mutations, are exposed to chemical compound tested.
Genotoxic compounds may induce non-functional muta-
tions in wild-type alleles of marker genes in the target cells.
The cell then divides and produces a clone of cells that
manifest phenotype of recessive marker mutation. Rela-
tionships between the structure and toxicity or genotoxicity
of 17 halogenated compounds towards D. melanogaster are
investigated in this paper.

2. Material and methods

Chemometric strategy (Eriksson and Hermens, 1995;
Sjostrom and Eriksson, 1995) was applied for optimal
selection of the substrates for testing and for the construc-
tion of a robust QSAR model: (1) formulation of the class
of similar compounds, (2) multivariate characterization, (3)
selection of a training-set, (4) experimental estimation of
toxicity and genotoxicity, (5) construction of QSAR model
and (6) validation of developed models.

2.1. Formulation of the class of a similar compound

The starting class of halogenated substances consisted of
196 chlorinated, brominated, iodinated and fluorinated
hydrocarbons compiled in the internal database (http://los-
chmidt.chemi.muni.cz/peg). Following restrictions were
applied on this data set: (i) compounds in the gas state under
laboratory conditions were excluded, (ii) fluorinated com-
pounds and substances with more than one halogen attached
to a single carbon atom and compounds carrying only the
halogen substituent on a sp2-carbon atom were excluded;
(iii) substrates with more than six carbon atoms in length
and with a logarithm of the octanol–water partition coeffi-
cient higher than four were excluded due to poor solubility.
The set of compounds used in the experimental design after
initial pre-selection was comprised of 116 substances.

2.2. Multivariate characterization and definition of design

variables

The structures of halogenated substrates were built in
the molecular modeling package InsightII version 95
(MSI, USA) and pre-minimized by the molecular mechan-
ics optimizer. Full minimization of the structures was
achieved by the BFGS algorithm using AM1 Hamiltonian
of the semi-empirical program MOPAC version 6.0 (Stew-
art, 1990). The set of 28 molecular descriptors for multivar-
iate characterization (Table 1) were compiled from the
Sigma-Aldrich handbook and calculated using the pro-
grams TSAR version 3.0 coupled with VAMP version 3.1
(Oxford Molecular, UK).

2.3. Selection of a training-set of representative compounds

Experimental design was used for the selection of a
training set. Principal Component Analysis (PCA) was
applied to a data matrix with 116 halogenated substances
and 28 physico-chemical descriptors. The data was cen-
tered and scaled to unit variance prior to PCA. Ten com-
pounds showing outlying behavior in PCA were excluded
from the data set to improve data homogeneity and the
PCA model was recalculated. Four latent variables, called
scores, that summarize the original variables in the data
matrix were constructed and used as principal properties
for 24 factorial design.

2.4. Experimental estimation of toxicity and genotoxicity

The set of 17 halogenated compounds together with
positive (N-methyl-N-nitrosourea) and negative (distilled
water) controls were included in experimental testing.
Two Drosophila stocks: mwh (multiple wing hairs) and flr3

(flare) were used for evaluation of toxicity and genotoxicity
(Graf et al., 1984). Heterozygous larvae originating from
crosses of virgin females of genotype y wco/y wco; se flr3/
TM2, Ubx130se e with males mwh se e/mwh se e were used.
Eggs from the cross of both stocks were collected during
8 h. Larvae 72 ± 4 h old were transferred from the corn-
meal–agar–yeast medium to the Drosophila instant medium
(Carolina Biological Supply Co., USA.) by floating off with
a 17% NaCl solution. Larvae were later maintained at 25 �C
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Table 1
List of molecular descriptors

Descriptor name Abbreviation Units Source

Molecular weight MW – Handbook
Boiling point bp �C Handbook
Refractive index n – Handbook
Density D g ml�1 Handbook
Octanol–water partition coefficient logP1 – SAR 3.0
Water solubility Sw1 mol l�1 SAR 3.0
Water solubility Sw2 mol l�1 SAR 3.0
Molecular mass MM g mol�1 TSAR 3.1
Molecular volume MV A3 TSAR 3.1
Moment of inertia 1–3 (size) M1-3s 10�39 g cm2 TSAR 3.1
Principal axis of inertia 1–3 (length) M1-3l A TSAR 3.1
Ellipsoidal volume EV A3 TSAR 3.1
Octanol–water partition coefficient logP2 – TSAR 3.1
Total lipole LIP – TSAR 3.1
Molar refractivity MR – TSAR 3.1
Shape flexibility index PHI – TSAR 3.1
Randic topological index RAN – TSAR 3.1
Balaban topological index BAL – TSAR 3.1
Wietnier index WIE – TSAR 3.1
Sum of E-state indices EST – TSAR 3.1
Surface area SA A2 VAMP 6.0
Mean polarizability POL1 A3 VAMP 6.0
Total energy TE eV VAMP 6.0
Heat of formation HF kcal mol�1 VAMP 6.0
Energy of LUMO LUMO eV VAMP 6.0
Energy of HOMO HOMO eV VAMP 6.0
Total dipole DIP Debye VAMP 6.0

Molecular volume V A3 VOLSURF 2.0
Molecular surface S A2 VOLSURF 2.0
Ratio volume/surface R A VOLSURF 2.0
Molecular globularity G – VOLSURF 2.0
Hydrophilic regions energy level 1–8 W1-8 A VOLSURF 2.0
Integy moment 1–8 Iw1-8 A VOLSURF 2.0
Capacity factor 1–8 Cw1-8 A VOLSURF 2.0
Local interaction energy minimum 1–3 Emin1-3 kcal mol�1 VOLSURF 2.0
Local interaction energy minimum distance 12 D12 A VOLSURF 2.0
Local interaction energy minimum distance 13 D13 A VOLSURF 2.0
Local interaction energy minimum distance 23 D23 A VOLSURF 2.0
Hydrophobic regions at energy level 1–8 D1-8 A3 VOLSURF 2.0
Hydrophobic integy moment 1–8 ID1-8 A VOLSURF 2.0
Hydrophilic–lipophilic balance 1,2 HL1,2 – VOLSURF 2.0
Amphiphilic moment A A VOLSURF 2.0
Critical packing parameter CP – VOLSURF 2.0
Polarizability POL2 A3 VOLSURF 2.0
Conformation minimum energy CME kcal mol�1 MOPAC 6.0
Electron affinity EA eV MOPAC 6.0
Steric energy SE kcal mol�1 MOPAC 6.0
Bond length of CX bond BL A MOPAC 6.0
Bond order of CX bond BO – MOPAC 6.0
Bond strain of CX bond BS kcal mol�1 MOPAC 6.0
Partial charge on atom X Qx a.u. MOPAC 6.0
HOMO density on atom X HOMOx – MOPAC 6.0
LUMO density on atom X LUMOx – MOPAC 6.0
Electrophilic Frontier density on atom X EFDx – MOPAC 6.0
Nucleophilic Frontier density on atom X NFDx – MOPAC 6.0
Radical Frontier density on atom X RFDx – MOPAC 6.0
Electrophilic superdelocalizability on atom X ESDx eV�1 MOPAC 6.0
Nucleophilic superdelocalizability on atom X NSDx eV�1 MOPAC 6.0
Radical superdelocalizability on atom X RSDx eV�1 MOPAC 6.0
Partial charge on atom C Qc a.u. MOPAC 6.0
HOMO density on atom C HOMOc – MOPAC 6.0
LUMO density on atom C LUMOc – MOPAC 6.0
Electrophilic Frontier density on atom C EFDc – MOPAC 6.0
Nucleophilic Frontier density on atom C NFDc – MOPAC 6.0
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Table 1 (continued)

Descriptor name Abbreviation Units Source

Radical Frontier density on atom C RFDc – MOPAC 6.0
Electrophilic superdelocalizability on atom C ESDc eV�1 MOPAC 6.0
Nucleophilic superdelocalizability on atom C NSDc eV�1 MOPAC 6.0
Radical superdelocalizability on atom C RSDc eV�1 MOPAC 6.0

Table 2
Toxicity of halogenated compounds

Chemical name LC50 (lg/l) No. larvae tested

1,2-Dibromoethane 0.22 150
1-Bromo-2-chloroethane 0.31 200
1-Iodopropane 0.40 300
2,3-Dichloropropene 0.67 150
3-Bromo-1-propene 0.88 200
Epibromohydrin 1.30 400
2-Iodobutane 2.08 250
3-Chloro-2-methylpropene 2.75 200
1,2,3-Trichloropropane 4.51 250
1,2-Dichloroethane 5.80 150
1,2-Dichlorobutane 7.01 150
1-Chloro-2-methylpropane 8.48 150
1,3-Dichloropropane 8.80 300
1,2-Dichloropropane 14.40 200
2-Chloroethylmethylether 14.50 150
1-Bromo-2-methylpropane 19.40 250
1-Chloropentane 35.29 150

Distilled watera 0 250
N-methyl-N-nitrosoureab 1.62c 450

a Negative control.
b Positive control.
c Concentration in mM.
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in 500 ml glass bottles. Chemicals were administered for
48 h to induce chronic effects. All of the chemicals were
applied by inhalation. The concentration of the chemical
in the bottle was monitored with the frequency 12 h by head
space analysis by using a gas chromatograph Trace GC
2000 (Finnigen, San Jose, USA) equipped with a flame ioni-
sation detector and the capillary column DB-FFAP 30 m ·
0.25 mm · 0.25 lm (J&W Scientific, Folsom, USA). 50%
lethal concentration was determined in 3–6 replicates of
experiments with 50 larvae each. Adult females of genotype
mwh/flr3 were stored in 70% ethanol and the wings were
fixed in Faure solution for microscopic analyses (Graf
et al., 1983). Forty eight wings were inspected for the pres-
ence of wing spots for each chemical. Wing spots are
induced in imaginal discs by a variety of genotoxic effects:
somatic mutation, chromosomal rearrangements or nondis-
junction. The following wing spots were classified; small
spots (1–2 cells), large spots (>2 cells), twin spots and total
number of spots. Statistical parametr v2 (Frei and Wurgler,
1988) was calculated

v2 ¼ ðjnc � ponj � 0:5Þ2=ponþ ðjnt � qonj � 0:5Þ2=qon

where po = Nc/(Nc + Nt), qo = Nt/(Nc + Nt), n = nc + nt,
Nc is the number of wings in the negative control, and Nt

in the test group. nc and nt are the numbers of mutant spots
in the control and test sample, respectively.

2.5. Construction of QSAR models

The set of 28 descriptors used for the multivariate char-
acterization was complemented by 55 three-dimensional
descriptors from the program VOLSURF version 2.0
(Multivariate Infometric Analysis, Italy) and by 24 quan-
tum-mechanic descriptors from MOPAC version 6.0 (Stew-
art, 1990) (Table 1). Water and DRY probes with eight
energy levels were used in VOLSURF calculations, while
AM1 Hamiltonian and the PRECISE stopping criteria
were used in MOPAC calculations. QSAR models were
developed by means of Partial Least Squares Projection to
Latent Structures implemented in the program SIMCA-P
version 8.0 (Ume-Tri, Sweden). Toxicity and genotoxicity
data were logarithmically transformed and the whole data
matrix was mean-centered and scaled to unit variance prior
to PLS analysis.

2.6. Validation of developed models

The models were validated using cross-validation and
permutation testing. During the cross-validation proce-
dure, parts of the y data (1/7) are left out of model devel-
opment, predicted by the model, and compared with the
actual values providing cross-validated Q2 (Wold, 1991).
In the permutation testing the model is recalculated 20-
times with a randomly re-ordered dependent variable. Sta-
tistical parameters of the model based on original data
were compared with those obtained for models with re-
ordered data.
3. Results and discussion

3.1. Toxicity testing

Initially, the toxicity in the third larvae instar of Dro-

sophila during 48 h was tested. Toxicity was evaluated as
the number of hatched adulthood in the presence of tested
chemicals and the lethal concentration of 50% (LC50) was
then calculated. This concentration was used for compari-
son with the number of somatic wing spots with all
chemicals. The highest toxicity was observed for 1,2-di-
bromoethane, 1-bromo-2-chloroethane and 1-iodopetane
with LC50 equal 0.22, 0.31 and 0.40 lg/l, respectively
(Table 2). Strong toxic effect with LC50 concentra-
tion less than 2.5 lg/l was observed in the case of seven
chemicals: 1,2-dichloroethane, 1-bromo-2-chloroethane,
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1-iodopropane, 2,3-dichloropropene, 3-bromo-1-propene,
epibromohydrin and 2-iodobutane. On the other hand,
the highest LC50 concentration was observed with 1-chloro-
pentane (35.29 lg/l), 1-bromo-2-methylpropane (19.40
lg/l), 2-chloroethylmethylether (14.50 lg/l) and 1,2-dichlo-
ropropane (14.40 lg/l). These results were obtained from
the experiment with 250–500 larvae using at least 3
replicates.

3.2. Genotoxicity testing

Genotoxicity of all chemicals was assessed at LC50 con-
centration during 48 h exposure. The SMART genotoxicity
assay showed the highest number of spots with the following
chemicals: 1-bromo-2-chloroethane, 1,2-dichloroethane, 1,2-
dibromoethane and 1-iodopropane. Positive frequencies of
the spots in wing were 27.4, 22.4, 15.5 and 8.1, respectively
(Table 3). Statistically significant increase in the total
wing spots was observed with 1,2,3-trichloropropane,
epibromohydrin, 2,3-dichloropropene, 1-chloropentane, 3-
chloro-2-methylpropene, 1,2-dichloropropane, 1,2-dichlo-
robutane, 3-bromo-1-propene, 1-chloro-2-methylpropane
and 1,3-dichloropropane. The number of large clones equal
or higher than number of small spots was shown with 1,2-
dichloroethane (4.07 times higher), 1,2,3-trichloropropane
(2.63), 1-iodopropane (2.49) and 1,3-dichloropropane
(1.08). The genotoxicity of three 1,2-dihaloalkanes was
described in previous experiments with the D. melanogaster

accessed by the induction of somatic mutations when the
route of administration was feeding (Rodriguez-Arnaiz,
1998), and inhalation (Kramers et al., 1991; Ballering
et al., 1993, 1994). Sensitivity of Drosophila tested in princi-
Table 3
Genotoxicity of halogenated compounds

Chemical name No. wings Small spots (1–2 cells) L

No. Frequency N

1,2-Dibromoethane 48 622 12.958 1
1-Bromo-2-chloroethane 48 937 19.521 3
1-Iodopropane 48 105 2.188 2
2,3-Dichloropropene 48 59 1.229
3-Bromo-1-propene 48 44 0.917
Epibromohydrin 48 60 1.250
2-Iodobutane 48 13 0.271
3-Chloro-2-methylpropene 48 53 1.104
1,2,3-Trichloropropane 46 46 1.000 1
1,2-Dichloroethane 48 205 4.271 8
1,2-Dichlorobutane 48 38 0.792
1-Chloro-2-methylpropane 48 31 0.646
1,3-Dichloropropane 48 13 0.271
1,2-Dichloropropane 48 33 0.689
2-Chloroethylmethylether 48 8 0.167
1-Bromo-2-methylpropane 48 7 0.146
1-Chloropentane 48 83 1.729

Distilled watera 240 66 0.275
N-methyl-N-nitrosoureab 144 2067 14.354 21

a Negative control.
b Positive control.
c Statistical comparison with control: +, positive; �, negative.
pal pathways of metabolism of 1,2-dichloroethane was pro-
ven in the SMART wing spot test (Romert et al., 1990;
Chroust et al., 2001). The following chemicals were non-
genotoxic in the SMART test: 1-bromo-2-methylpropane,
2-iodobutane and 2-chloroethylmethylether.

The toxicity of chemicals correlated with the positive
frequency in wing spots of 1-bromo-2-chloroethane, 1,2-
dibromoethane, 1-iodopropane, 2,3-dichloropropene, epi-
bromohydrin and 3-bromo-1-propene. Strongly toxic
chemical 2-iodobutane did not show any positive significant
genotoxic effect. On the other hand, 1,2-dichloroethane, 1,2-
dichloropropane, 1,2- dichlorobutane and 1-chloropentane
induced positive effects in wing spot number frequency even
though these chemicals showed only moderate toxicity in
our test.

3.3. QSAR analysis of toxicity

The QSAR model was established for the set of 17 hal-
ogenated compounds by means of PLS (Fig. 1). A Three
component model explained 81% (89% cross-validated)
of quantitative variance in toxicity data. Six molecular
descriptors were employed in the model: logLC50 =
�6.2051n + 0.8072G + 0.3452D23 � 0.4796D2 + 0.9066
BL � 1.0480NSDx + 8.3088. Refractive index (n) is the
ratio of the velocity of light in a vacuum to that in a med-
ium. More toxic compounds generally showed a higher
refractive index. The mechanistic interpretation of this rela-
tionship is not straightforward. The parameter may be
related to the state of a chemical substance dissolved in
water solution. Refractive index was shown to correlate
with the mixture factor that accounts for physicochemical
arge spots (>2 cells) Twinspots Total no. spots

o. Frequency No. Frequency No. Frequencyc

04 2.167 18 0.375 744 15.500+

14 6.542 64 1.333 1315 27.396+

62 5.458 20 0.417 387 8.063+

9 0.188 1 0.021 69 1.438+

3 0.063 1 0.021 48 1.000+

16 0.333 1 0.021 77 1.604+

1 0.021 0 0 14 0.292�

6 0.125 0 0.000 59 1.229+

21 2.630 4 0.087 171 3.717+

35 17.396 36 0.750 1076 22.417+

11 0.230 1 0.021 50 1.042+

2 0.042 0 0.000 33 0.688+

14 0.292 2 0.042 29 0.604+

18 0.375 0 0.000 51 1.063+

8 0.167 1 0.021 17 0.354�

6 0.125 1 0.021 14 0.292�

33 0.688 6 0.125 122 1.375+

11 0.046 1 0.004 78 0.325
37 14.840 380 2.639 4584 31.833+
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Fig. 1. The plot of observed versus predicted toxicity values. The predictions were made using the PLS model: Q2 = 0.81, R2 = 0.89, n = 19, A = 3.
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properties of the vehicle/mixture components important for
permeation of a chemical through the skin (Riviere and
Brooks, 2005). Nucleophilic superdelocalizability (NSDx)
is the measure of the stabilisation due to electron transfer
and quantifies the nucleophilicity of a given atom. More
toxic compounds showed higher superdelocalizability. This
relationship may be related to covalent modification of bio-
molecules (proteins, DNA, RNA and their complexes) by
chemical reaction with halogenated compounds. Haloge-
nated aliphatic compounds, such has 1,2-dichloroethane,
are known to form reactive intermediates that can cova-
lently bind to hemoglobin (Svensson and Osterman-
Golkar, 1986), peptides or nucleosides (Jean and Reed,
1989). Bond length (BL) quantifies the length of carbon-
halogen bond. More reactive compounds with a longer
bond are more toxic. Hydrophobic regions at energy level
2 (D2) quantifies molecular envelope generating attrac-
tive hydrophobic interactions (at level �0.4 kcal/mol).
More toxic compounds generally showed less favorable
hydrophobic interactions. Hydrophobic interactions are
important for penetration of the compound through bio-
membranes, distribution of the compound inside the body
of an organism and interaction with target macromole-
cules. Local interaction energy minimum distance (D23)
represents the energy of interaction (in kcal/mol) of the
best three local energy minima between the water probe
and the target molecule.

3.4. QSAR analysis of genotoxicity

The largest number of mutations was observed during
the screening of Drosophila wings for the small spots.
QSAR analysis of genotoxicity expressed as the number
of small spots resulted in one component model explaining
64% (61% cross-validated) of quantitative data variance of
all 17 halogenated compounds. Two outliers have been
detected in the model, 1,3-dichloropropane and 1-bromo-
2-methylpropane, and their exclusion resulted in consid-
erably improved model explaining overall 81% (77%
cross-validated) of the quantitative data variance. Both
models exploited two descriptors for hydrophobicity – int-
egy moments 1 and 4 (ID1 and ID4); one steric descriptor
– moment of inertia (M3s); and two electronic descriptors
– nucleophilic superdelocalizability (NSDx) and dipole
moment (DIP). Nucleophilic superdelocalizability of the
halogen atom was found to be important also for toxicity
endpoint and seems to be a very good parameter for the
description of overall harmful effects of halogenated chem-
icals to Drosophila. This electronic parameter can describe
direct reactivity of halogenated compounds as well as bio-
transformation of parent compounds to more reactive
intermediates possibly by cytochrome P450-dependent
oxidation or glutathione (GSH)-dependent conjugation
(Tornero-Velez et al., 2004). A statistically significant
model (R2 > 0.5) could not be obtained for the genotoxi-
city quantified by the number of large wing spots. The
compounds showing the highest level of this effect
were 1,2-dichloroethane, 1-bromo-2-chloroethane, 1-iodo-
propane, 1,2,3-trichloropropane and 1,2-dibromoethane.
Genotoxicity of the dihalogenated ethanes is well docu-
mented in the scientific literature (Livesey et al., 1982;
Svensson and Osterman-Golkar, 1986; Jean and Reed,
1989; Ballering et al., 1993, 1994). The statistical analysis
failed to explain the very large difference in genotoxicity
quantified by the number of large wing spots for 1,2-
dichloroethane and 1,2-dibromoethane. In general, the
modelling of genotoxicity effects proved to be more diffi-
cult when compared with to toxicity effects. This could
be due to the different complexity of molecular events lead-
ing to respective effects. The distribution of the toxicity
data was more suitable for establishing quantitative
relationships.
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The QSAR model could be established for the genotox-
icity accessed by the number of twin spots. The formation
of twin spots is typical for the chemicals acting by impair-
ing of a molecular recombination. A two component PLS
model explained 90% (70% cross-validated) of quantitative
variance in the genotoxicity data. The most important
parameters quantitatively correlating with the genotoxicity
data captured the steric properties of the compounds:
moment of inertia (M3s), principal axis of moment of iner-
tia (M3l) and ellipsoidal volume (EV); hydrophobic prop-
erties: total lipole (LIP), hydrophobicity integy moment
(ID1) and electronic properties: total dipole (DIP) and
local interaction energy minimum distances (D12 and
D13). The exposure of testing organisms to the compounds
with large ellipsoidal volume and moments of inertia, but
small total lipole, integy moment, dipole moment and local
interaction energy minimum distances results in the largest
number of twin mutations. Typical representatives of this
group of chemicals are 1,2-dihalogenated ethanes: 1,2-
dichloroethane, 1,2-dibromoethane and 1-bromo-2-chloro-
ethane: showing the highest level of genotoxicity within the
group of 17 tested chemicals. 1,2-Dihaloalkanes are geno-
toxic through modification at ring nitrogens in DNA, pri-
marily at the N7 of guanine and N1 of adenine. Even
more important for the mutagenic action of the chemicals
seems to be a formation of non-coding lesions and/or mis-
repair (Ballering et al., 1994). In our experiments, overall
genotoxicity accessed by the total number of wing spots
was higher for 1-bromo-2-chloroethane compared to 1,2-
dichloroethane. The SMART test proved to be a suitable
system for evaluation of genotoxicity effects for haloge-
nated compounds.
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