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Abstract

Dofiana Park (Spain), a protected area in Europe, was affected by an environmental disaster in April 1998 that caused the
spreading of acidic water and mud full of toxic metals from the Aznalcollar pyrite mine. In order to assess the contamination in the
area and to monitor the possible biological effects of the toxic spill, a series of coordinated studies was performed utilizing several
animal species living in that area. We performed genotoxicity monitoring using the Comet assay on peripheral blood leukocytes of
the Algerian mouse (Mus spretus), a nonprotected rodent suitable as a bioindicator. The mice were sampled in different areas 6
months after the ecological disaster and again 1 year later. Our results showed that in 1998 all the areas examined were
contaminated, as determined by an increase in the Comet assay parameters in the analyzed animals, whereas a significant decrease in
the values of these parameters was observed in the 1999 samples, which were collected in a riverside area subject to tide flows. Thus,
the Comet assay has proven to be an interesting and sensitive tool in studies of environmental genotoxicity.
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1. Introduction

Dofiana National Park, located in the Huelva
province (SW Spain), is one of the largest protected
areas in Europe. It has been declared a Reserve of the
Biosphere by UNESCO and granted a European
Diploma by the European Council. It has been
protected from contamination, although in the last
decade it has suffered from the increased impact of
several human activities.

The Park receives water partly from the Guadiamar
River, the last Guadalquivir tributary. In the north of
Dotiana Park, upstream of the Guadiamar River, lies
the Aznalcollar pyrite mine, which generates acidic
wastes stocked in a dam (Fig. 1).

On April 25, 1998, an important environmental
disaster occurred when the Aznalcollar mine tailings
pond broke, which dumped 4hm® of acidic water and
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2hm? of mud full of toxic metals and arsenic into the
Guadiamar River. Mud spread about 400m on both
sides of the banks and 40km downstream, and water
continued to flow 20km further downstream, being
retained by a wall which was built in urgency in
“Entremuros’” (Grimalt et al., 1999). Entremuros is
the name of the watercourse of the lower segment of the
river Brazo de la Torre confined by walls constructed
along both riversides.

From May to October 1998, mud was removed and
the Entremuros water was treated with a water
depuration system to limit toxic spillage into the Park
(Martin et al., 2000).

In order to assess the contamination levels and
monitor the possible biological effects of the toxic spill,
a series of coordinated studies was performed utilizing
several animal species living in the area (Benito et al.,
1999; Blasco et al., 1999) and using different types of
analyses (Ruiz-Laguna et al., 2001). The monitoring of
the genotoxic effects in the environment required the
selection of representative organisms as sentinels, as well
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Fig. 1. Map of the Guadiamar River (modified by Grimalt et al., 1999)
from the polluted tract (parallel lines) to its mouth in the Guadalquivir
River through Dof ana Park (dotted area). Sampling sites are indicated
by the abbreviations in capital letters.

as the development of suitable and sensitive assays.
Among these organisms, small mammals were prefer-
entially selected, as they accumulate pollutants present
in the environment and because of their high sensitivity
(Cristaldi et al., 1985, 1990, 1991; Talmage and Walton,
1991; leradi et al., 1996).

Mus spretus (Lataste, 1883), commonly known as the
Algerian mouse, is a nonprotected rodent attaining high
population densities that lives in marshlands as the
predominant small mammal (Cagnin et al., 1998), feeds
in small areas around the capture site, and responds to
metals, radionuclides, and plaguicides. Therefore, it is
highly suitable as an “‘in situ’ pollution bioindicator
(leradi et al., 1998; Degrassi et al., 1999). Molecular and
genetic studies have been performed on M. spretus to
assess the effects of the Aznalcollar disaster on Dofiana
Park (Ruiz-Laguna et al., 2001; Tanzarella et al., 2001).

In the present study, the single cell gel electrophoresis,
or Comet, assay was applied for the first time on the

peripheral blood leukocytes of M. spretus to determine
whether primary DNA damage was induced by the toxic
spill in Do ana National Park. The test was performed
on mice sampled from different areas of the Park and
along the Guadiamar River 6 months after the
ecological disaster (October 1998) and again 1 year
later (October 1999).

The Comet assay provides a rapid, visual method for
assessing DNA damage quantitatively in single cells and
is established as a valuable tool in fundamental DNA
damage and repair studies and in population biomoni-
toring (Visvardis et al., 1997, 2000). The alkaline Comet
assay, in particular, allows us to detect DNA strand
breaks and alkali labile sites (converted to breaks under
alkaline conditions) which generate  DNA fragments.
During the electrophoresis, the fragments migrate and
cells appear as ‘‘comets’’, with a bright fluorescent head
and a tail the length and fluorescent intensity of which
are related to the number of induced DNA strand
breaks (for a review see Tice et al., 2000).

2. Materials and methods
2.1. Study areas

The four selected locations were the Aznalcazar
(AZN) and Cangrejo Grande (CG) areas outside the
park and the Brazo de la Torre (BDT) area and the La
Aulaga area of Reserva Biologica de Dofiana (RBD,
also known as Dofiana Biological Reserve) inside the
Park (Pain et al., 1998; Alzaga et al., 1999; Meharg et al.,
1999).

The AZN site is located near Aznalcazar village,
25km downstream of the broken tailing dam, and was
covered by toxic sludge. The second site, CG, is close to
the reservoir of the contaminated water, formed when
the retaining wall was built. BDT is inside the Park
downstream of the retaining wall and the RBDsite is
about 10km west of BDT (Fig. 1).

2.2. Sampling sites

A total of 87 M. spretus, 38 collected in October 1998
and 49 in October 1999 were analyzed. Animals were
captured in live traps and taken alive to the “‘Bolin’’
laboratory of the Consejo Superior de Investigaciones
Cientificas located in Dofana Biological Reserve.

The home range of M. spretus was considered to be
within 25-107 m, in accord with the usual home range of
the Mus genus, as estimated by Palomo (1990). We
assumed that the animals collected in each location
were of different reproductive units due to the restricted
home range of this species. Therefore, as the limits
of each trapping area were within the area of the
above-mentioned home range, we believe that the



collected mice spent their lifetimes inside the trapping
areas.

The samples from each location showed variability in
sex and age. Age was determined on the basis of body
weight and length, dental erosion, and sexual maturity.
In the 1998 sampling, 4 males and 7 females (2 juveniles
and 9 adults) were sampled in AZN, 9 males and 6
females (7 juveniles and 8 adults) in CG, 4 males and 3
females (5 juveniles and 2 adults) in BDT, and 4 males
and 1 female (1 juvenile and 4 adults) in RBD. In 1999,
6 males and 5 females (1 juvenile and 10 adults) were
trapped in AZN, 6 males and 5 females (2 juveniles and
9 adults) in CG, 13 males and 4 females (10 juveniles and
7 adults) in BDT, and 5 males and 5 females (6 juveniles
and 4 adults) in RBD.

The animals were killed by cervical dislocation and
prepared immediately for analysis. Blood was collected
in heparin by cardiac puncture, placed in vials with
DMSO (0.1%), and immediately frozen at —-801C. The
coolers were transported to the Italian laboratory 20
days after collection. The samples, retrieved as needed
and quickly thawed in a 371C water bath, were analyzed
in groups, selected randomly, in two successive years
(1998 and 1999).

We also used blood samples from Mus domesticus (6
animals: 3 males and 3 females) collected in a negligibly
contaminated area in the center of Italy. These samples
were frozen at —801C and then utilized together with the
blood samples from M. spretus. This was a technical
control to establish the method and avoid errors due to
manipulation, freezing, and transport to the laboratory.
This sampling served as the control group from a
nonexposed area, although carried out in a sibiling
species.

2.3. Comet assay

The alkaline Comet assay was performed as described
by Singh et al. (1988), with some modifications. Whole
blood (20mL) was embedded in 180mL of 0.7% low-
melting-point agarose in PBS (Ca and Mg free) at 371C
and immediately pipetted onto a frosted glass micro-
scope slide precoated with a layer of 1% normal-
melting-point agarose similarly prepared in PBS. Two
slides were prepared for each mouse, so that animals
from different areas were processed for the assay and
run randomly in the electhrophoresis unit. The agarose
was allowed to set at 41C for the necessary time and the
slides were incubated in a lysis solution (2.5M NacCl,
10mM Tris—HCI, 100mM Na,EDTA, NaOH to pH 10,
1% Triton, 10% DMSO). After lysis, slides were placed
onto a horizontal electrophoresis unit containing fresh
buffer (1mM Na,EDTA, 300mM NaOH, pH 13) for
20min to allow DNA unwinding. Electrophoresis was
performed for 15min at 25V (300mA) at 41C. Subse-
quently, slides were washed gently in a neutralization

buffer solution for 5min (0.4 M Tris—=HCI, pH 7.5), fixed
in 100% fresh methanol for 3min, and stained with
ethidium bromide (2mg/mL). Stained nucleoids were
scored visually using a fluorescence microscope (Leica)
equipped with a camera. Fifty comets on each slide,
coded and blindly scored, were acquired using an
automatic image analysis system purchased from Delta
Sistemi (Rome, lItaly) to obtain 100 images for each
mouse examined.

To quantify the induced DNA damage, we considered
two parameters: the tail moment (TM) and the
percentage of DNA in the tail. TM is a measure of the
migrated DNA in the tail multiplied by the tail length
(Olive et al., 1990). In both the tables and the figures,
TM values are expressed in arbitrary units 7SE or
7SD. DNA % in the tail is expressed as the proportion
of DNA in the tail vs the total DNA in the Comet.

2.4. Statistical analysis

Analysis of variance (ANOVA) was applied and a t
test for independent groups was used to calculate the
level of significance for differences in the mean value of
TM and % of DNA in the tail of mice collected in single
sites. Furthermore, the nonparametric Mann—Whitney
U test was used to compare the TM value shown by each
mouse in each site. The level of significance was
established at Po0:05: All analyses were carried out
using the STATISTICA package.

3. Results

Fig. 1 is a map of the Guadiamar River from the
Aznalcollar mine to its mouth at the Guadalquivir River
through Donana Park. Sampling sites are indicated by
arrows in the AZN, CG, BDT, and RBD locations.

The mean values (7SD) of TM and % DNA in the
tail of M. spretus collected in the four sites are presented
in Table 1. The two parameters for measuring DNA
damage were used in agreement with the guidelines
proposed by the expert panel for the use of the Comet
assay in genetic toxicology (Tice et al., 2000). In this
table, the data are separated into two classes of
sampling: October 1998 and October 1999.

In the 1998 sampling, we found no significant
differences among the mice collected in the four sites.
On the contrary, when we observed the October 1999
sampling, TM values and DNA percentages in the AZN,
CG, and RBDsamples were significantly higher than
those in the BDT mice (for TM values: P=0.002, 0.04,
0.003, respectively, using the t test). Analyzing the % of
DNA, we obtained quite similar results (P=0.007, 0.03,
0.04, respectively).

Comparing the data from AZN, CG, and RBDmice
collected in 1998 with those collected in 1999, TM values



Table 1

Mean values of TM and % of DNA in mice collected in four different sites

Site October 1998 October 1999

N Tail moment7SD% DNA in the tail7SD N Tail moment7SD% DNA in the tail’7SD
AZN 11 24.22717.74 2527176 11 22.24723.322 2457214
CG 15 30.37721.83 29.7719.6 11 16.93727.15° 21.27256
BDT 7 38.28726.30° 32.8719 17 2.4472.95 676.7
RBD5 13.8878.95 13.476.4 10 21.08723.21¢ 18.8721.8

2AZN4BDT, P=0.002, t test. °
CG4BDT, P=0.04, t test.

BDT1998cBDT1999, P4 0:0001; t test. ¢
RBD4BDT, P=0.003, t test.

Table 2

Comparison of TM values between 1998 and 1999 samples by gender and age

Gender October 1998 October 1999
N Tail moment7 SD N Tail moment7SD
Females 17 30.12726.54 19 21.2724.69
Males 21 26.07715.56 30 9.35717.6
Age
Juveniles 15 38.9724.8 19 9.45716.23
Adults 23 20.6714.51 30 16.79723.52

Note: Age: juveniles 19984 juveniles 1999, P{0.001 by ANOVA.

and the % DNA in the tail showed no significant
differences. On the contrary, the values for both
parameters were significantly lower (P50.0001) in
1999 BDT mice than in 1998 BDT mice.

In Table 2, data are presented for gender and age. The
ANOVA show no significant differences between the
TM values observed in all females and males collected in
the two samplings (1998 and 1999). Also, when we
compared the TM values of males and females collected
in 1998 with those collected in 1999, we found no
significant differences.

The comparison between all juveniles and all adult
mice (1998 plus 1999) shows no significant differences in
TM values. A significant (ANOVA: F=6.348;
P=0.0006) difference was observed when we compared
juveniles sampled in 1998 with those sampled in 1999.
A significantly (Po0.001) lower value was observed
in 1999 juveniles in comparison with 1998 juveniles
(Table 2).

Figs. 2 and 3 show the mean TM7 SE (in the graphs)
and the numerical values of TM7SD(in the adjacent
tables) for each mouse collected in the four sites, both in
1998 and in 1999. TM values were analyzed with a
Mann-Whitney nonparametric test. In the AZN and
CG sites, the data were indicative of high interindividual
variability (Fig. 2). Comparing the TM values for each
mouse collected in CG in 1998 with those for each
collected in 1999, we found a slight but significant
(PO0.05) decrease. No differences were found between

the 1998 and 1999 AZN samples. Fig. 3 illustrates the
data from the BDT and RBD samples. In the BDT mice,
the interindividual variability present in the 1998
sampling was not found in the 1999 mice, with a
substantial reduction of the TM in all animals examined
(PoO0.005). In the RBDsite, despite the interindividual
variability increase in the 1999 sampling, there was
no statistically significant difference between the two
collection years.

4. Discussion

Numerous assays have been developed to monitor
biological hazards caused by contaminants. Genotoxi-
city studies have been conducted frequently on mam-
malian systems to evaluate the mutagenic potential
associated with acute or chronic exposure to contami-
nants. Recently, particular attention has been devoted to
the Comet assay in order to identify substances with
genotoxic activity. This test allows DNA damage
(single- and double-strand breaks, alkali labile lesions)
to be detected in individual cells after acute and/or
chronic exposure. Consequently, several genetic toxicol-
ogy studies have been performed applying the Comet
assay to every type of eukaryotic cell, including plant
cells (Tice et al., 1991). In 1999, a paper appeared
reviewing all data on the use of the Comet assay in
genetic ecotoxicology (Cotelle and Ferard, 1999). The
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Fig. 2. DNA damage in the peripheral blood leukocytes of the animals collected in the CG and AZN sites. Each bar represents the mean tail
moment7Z SE of 100 cells from a single mouse. In the tables alongside the graphs, the TM values7SDfound in each mouse are reported. The

Mann-Whitney test was used for statistical comparison.

reported studies were carried out in organisms normally
used in biomonitoring and toxicity tests, ranging from
plants to worms, molluscs, fish, and amphibians; only
one study, examining bottle-nosed dolphin (Tursiops
truncatus) lymphocytes (Betti and Nigro, 1996), dealt
with mammals. Recently da Silva et al. (2000) applied
the Comet assay in genotoxicity biomonitoring using the
wild rodent Ctenomys torquatus to detect the biological
hazards of coal. On the whole, all reported data indicate
that the Comet assay provides a sensitive system for the
study of environmental genotoxicity.

In our study, the Comet assay was applied to detect
the primary DNA damage possibly induced by the toxic
spill of the Aznalcollar mine in Dohana National Park.
The Comet assay was selected on the basis of its high
sensitivity and rapidity. Furthermore, with this test
DNA damage can be studied immediately after induc-
tion, before DNA repair occurs. One can also measure
DNA strand breaks accumulated after continuous
exposure to contaminants.

The first important observation is that the Comet
parameters in all mice collected in the four different sites

in the Park and along the Guadiamar River were higher
than those from mice collected in 1999 in the BDT site.
Furthermore, the TM values obtained in both samplings
of the M. spretus were always higher than those found in
the M. domesticus collected in Italy. In the latter case, we
obtained a very low value of TM, 0.03570.0028 SD.
This datum can be considered an internal control of a
nonexposed condition, even though it was obtained in a
sibiling species.

The high values of the Comet assay parameters in all
the animals collected in 1998 in the AZN, CG, BDT,
and RBDsites are indicative of the obvious contamina-
tion of the toxic spillage from the Aznalcollar pyrite
mine. These results are in agreement with those of
Tanzarella et al. (2001) showing high frequencies of
micronuclei in the peripheral blood of the same group
of mice collected in the same sites in 1998.

In particular, the contamination involved not only the
two sites located outside the park (AZN and CG), but
also the BDT site located inside the park and affected by
the spread of the contaminated waters. To a lesser extent
the TM values observed in the RBDsamples are
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Fig. 3. DNA damage in the peripheral blood leukocytes of the animals collected in the RBD and BDT sites. Each bar represents the mean tail
moment7Z SE of 100 cells from a single mouse. In the tables alongside the graphs, the TM values7SDfound in each mouse are reported. The

Mann-Whitney test was used for statistical comparison.

significantly higher than those from the BDT mice
collected in 1999. This is probably due also to the
presence of plaguicides and fertilizers used in the
extensive rice fields on the left bank of the Guadiamar
River upstream of Dofiana National Park (Albaiges
et al., 1987; Fernandez et al., 1992; Arambarri et al.,
1996). Furthermore, a previous study carried out in two
natural areas (Dohana Biological Reserve and Isla
Cristina Marshland Natural Park) and in the Huelva
industrial settlement showed a significant increase in the
micronuclei frequencies in the M. spretus from the
industrial area and Dohana Biological Reserve com-
pared with those from Isla Cristina (leradi et al., 1998).
Those results, coupled with ours, indicate that there was
genetic damage in some mice populations of the Park
area before the accident. Furthermore, chemical ana-
lyses conducted in this area show that the levels of
heavy metals in soil and water had increased between
1982 and 1992 due to the mining activities (Hernandez
et al., 1999; Martin et al., 2000).

We also compared the differences in mean DNA
damage values among mice collected in 1999 in the same
sites taking into account that the retaining wall built in

Entremuros could have reduced pollution in the down-
stream area (Fig. 1). Here we found a significant
reduction of Comet assay parameters in the BDT mice
compared to those in the AZN, CG, and RBDmice.
This result is confirmed with the differences between the
BDT animals in the 1998 and 1999 samplings. In this
site, the significant decline of TM and % DNA values
between the 1998 and 1999 samplings shows a reduction
of DNA damage due to a decrease in the concentration
of contaminants, which are washed away by the tide
flows present in the area and by the run-off of waters
from the Guadiamar River (Grossi et al., in prepara-
tion).

Comparing all mice collected in the AZN and CG
sites in 1998 with those collected in 1999, the differences
observed in the mean TM values are not significant. In
our opinion, this result indicates that a chronic
contamination was still present 1 year after the disaster,
in accordance with results presented by Pastor et al.
(2001) in white storks collected in the same area in 1999.
The values for the RBDmice were substantially
unchanged when the 1998 and 1999 values were
compared probably as a consequence of the absence in



that area of tide flows. On the contrary, the frequent
seasonal floods of marshlands may cause sedimentation
of contaminants.

When we consider the single-mouse values, we
observe a strong interindividual variability in all sites,
except for those from the BDT sample collected in 1999.
In our opinion, the analysis of exposed individuals is
particularly interesting, as it takes into account the
differences associated with repair ability or different
metabolic status, which notably modify the response to
exogenous agents (Tice et al, 1991; Maluf and
Erdtmann, 2000). The comparison of each single mouse
with the appropriate statistical analysis allowed a
significant decrease in TM values to be recognized in
CG mice collected in 1999 vs those collected in 1998 and
a very significant difference between BDT mice collected
in 1999 and those collected in 1998.

Finally, we propose that the significant reduction of
DNA damage observed in juveniles collected in 1999
compared  with those collected in 1998 may be a
consequence of the nonhomogeneous structure of the
population in the two sampling campaigns. In fact,
almost half of the 1999 juveniles were sampled in the less
contaminated BDT area (10 in BDT vs 9 in all the other
sites), so that the lesser damage found in the 1999
juveniles can be ascribed to the prevalence of BDT
juveniles rather than to a difference in sensitivity due
to age.

The absence of an analysis by the Comet assay before
the Aznalcollar spill prevents a comparison. However,
we suggest that the situation  described here is a
consequence of the disaster, which has been partially
recovered. Successive campaigns should be carried out
to monitor the persistence of genotoxic alterations
primarily inside Dofana Park. In addition, the Comet
assay applied here for the first time in mice biomonitor-
ing has proven to be a particularly suitable system
for the study of the exposure of population groups to
DNA-damaging agents.
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