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Evaluation of the toxicity of an oil spill conducted through bioassays
using the fish Solea senegalensis
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Abstract

The toxicity produced by fuel pollutants was evaluated through bioassays using the Senegalese sole Solea senegalensis.
Juveniles were exposed for 21 days to different dilutions obtained by mixing fuel extracted from the Prestige oil tanker and
sediment from a clean area of Cadiz Bay. After the exposure period, three biomarkers were analyzed (7-ethoxyresorufin-O-
deethylase [EROD], glutathione S-transferase [GST], and glutathione reductase [GR] enzymatic activity), as well as the
histopathology of two of the main target organs (gills and liver). Significant (P < 0.05) biomarker inductions were observed in
the exposed fish analyzed on day 21 relative to the control group (day zero). Lesions were detected in both organs studied, but
the liver was the most affected. The frequency of appearance of the lesions was greater in the samples containing higher
concentrations of polycyclic aromatic hydrocarbons (PAHs) and metals. The results showed significant correlations between the
total PAH concentrations and GST, GR, and EROD enzymatic activity, with correlation coefficients of R = 0.96 for GST,
R=0.82 for GR, and R= 0.60 for EROD.
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Resumen

Se evaluo la toxicidad que producen los contaminantes presentes en un fuel mediante un bioensayo con el pez plano Solea
senegalensis (lenguado). Se expusieron juveniles de esta especie durante 21 dias a distintas diluciones realizadas mezclando fuel
extraido del buque Prestige y un sedimento procedente de una zona limpia de la Bahia de Cadiz. Tras la exposicion se analizaron
tres biomarcadores de exposicion (actividad enzimatica de 7-etoxiresorufin-O-deetilasa [EROD], glutation S-transferasa [GST]
y glutation reductasa [GR]) junto a la histopatologia de dos de los principales drganos diana (branquias e higado). Los resultados
obtenidos mostraron inducciones significativas (P < 0.05) en los biomarcadores de exposicion analizados en los peces el dia 21
respecto del control del dia 0 en los peces. Asimismo, se detectaron lesiones en los dos 6rganos estudiados. El 6rgano mas
afectado fue el higado. La frecuencia de aparicion de lesiones fue mayor en las muestras con mayores concentraciones de
hidrocarburos aromaticos policiclicos (PAHs, por sus siglas en inglés) y metales. Los resultados obtenidos en este trabajo
mostraron correlaciones significativas entre las concentraciones de PAHs totales y la actividad enzimatica EROD, GST y GR,
obteniéndose coeficientes de correlacion de R= 0.60 para EROD, R=0.96 para GST y R= 0.82 para GR.

Palabras clave: bioensayo, biomarcadores, ecotoxicologia, fuel, lenguado, sedimento.
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Introduction

Chronic bioassays, which incorporate more sensitive end-
points than acute bioassays, have become a common tool for
the evaluation of sediment quality using numerous biomarkers.
For example, the induction of cytochrome P450 isoenzymes is
an adaptive response that can be used in several species as an
early warning of contamination. Hence, 7-ethoxyresorufin-O-
deethylase (EROD) enzymatic activity was chosen as an
exposure biomarker for this study. Two other enzymes from the
different phases of detoxification whose activity is altered in
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Introduccion

Los bioensayos cronicos, que incorporan respuestas mas
sensibles que los agudos, se han convertido en una herramienta
comun para realizar evaluaciones de la calidad de sedimento
mediante numerosos biomarcadores. Por ejemplo, la induccion
de isoenzimas del citocromo P450 es una respuesta adaptativa
que puede utilizarse en muchas especies como alerta temprana
de contaminacion, por lo que en este estudio se eligid
la actividad enzimética 7-etoxiresorufin-O-deetilasa (EROD)
como biomarcador de exposicion. Se evaluaron también otras
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the presence of organic pollutants were also evaluated, namely
glutathione S-transferase (GST) and glutathione reductase
(GR). EROD enzymatic activity is a defense mechanism in the
first phase of the detoxification metabolism that estimates the
induction of cytochrome P4501A (Reynolds et al. 2003) and
whose increase has been observed in several fish species after
exposure to organic pollutants, including polycyclic aromatic
hydrocarbons (PAHs) (Van der Ost et al. 2003). GST is an
enzyme from the second phase of detoxification, and even
though its role in the exposure to organic pollutants is not as
clear as that of EROD activity, it has been found to be an
effective defense mechanism against oxidative damage and
peroxidation products (George 1994). GR is an oxidative stress
enzyme that intervenes in the homeostasis of the levels of
reduced and oxidized glutathione under oxidative stress condi-
tions (Winston and Di Giulio 1991), and its induction in fish
exposed to organic pollutants has been recorded in numerous
studies (Van der Ost et al. 2003).

The ability of many pollutants to alter different cells, tis-
sues or organs has resulted in the use of histopathological tech-
niques to evaluate the effects of contamination (DelValls 1999,
Riba et al. 2005). Histopathology has become a valid tool in
the study of the biological effects of environmental pollution,
allowing the detection and characterization of the effects of
exposure to toxic and carcinogenic substances (Reynolds et al.
2003). Numerous studies dealing with accidental oil spills have
been conducted under laboratory and field conditions (Marifio-
Balsa et al. 2003, Evangelista et al. 2005, Fernandez et al.
2006b, Morales-Caselles et al. 2007), but little research has
been done with vertebrates that includes the induction of expo-
sure biomarkers and histopathological damage after long-term
exposure to different concentrations of fuel. In this study, juve-
niles of a commercial species, Solea senegalensis, were used to
evaluate the toxicity of PAHs and other pollutants found in fuel
under laboratory conditions using a solid-phase bioassay. The
organisms were exposed for 21 days to different dilutions of
fuel from the Prestige oil tanker, which mas mixed with sedi-
ment collected from a clean area of Cadiz Bay, Spain (Riba et
al. 2004). The measurement parameters studied were three
exposure biomarkers (EROD, GST, and GR activity) and histo-
logical damage in the gills and liver, in order to evaluate their
response in a flatfish after exposure to different concentrations
of fuel.

Material and methods
Toxicity test

Fuel from the Prestige tanker was mixed with control sedi-
ment from a clean area, at concentrations of 0.5%, 2%, 8%,
and 16%. A negative control contained only sediment. The
control sediment selected for the experiment was sandy, with
2.01% of fine grains (<0.063 mm) and 1.07% of total organic
carbon content, both calculated based on dry weight. The sedi-
ment was collected from a clean area of Cadiz Bay (Riba et al.
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enzimas de las distintas fases de detoxificacion (glutation S-
transferasa (GST) y glutation reductasa (GR)) cuya actividad
se ve alterada en presencia de contaminantes organicos. La
actividad enzimatica EROD es un mecanismo de defensa de la
primera fase del metabolismo de detoxificacion que estima la
induccion del citocromo P4501A (Reynolds et al. 2003) y cuyo
incremento ha sido observado en numerosas especies de peces
después de ser expuestos a contaminantes organicos, inclu-
yendo los hidrocarburos aromaticos policiclicos (PAHs) (Van
der Ost et al. 2003). La GST es una enzima de la segunda fase
de detoxificacion que, aunque no tiene un papel tan claro en la
exposicion de contaminantes organicos como la actividad
EROD, se ha demostrado que es un mecanismo de defensa
efectivo contra el dafio oxidativo y los productos peroxidativos
(George 1994). La GR es una enzima de estrés oxidativo que
interviene en la homeostasis de los niveles de glutation redu-
cido y oxidado en condiciones de estrés oxidativo (Winston y
Di Giulio 1991) y cuya induccién se ha observado en peces
expuestos a contaminantes orgdnicos en numerosos estudios
(Van der Ost et al. 2003).

La capacidad de muchos contaminantes de alterar diferen-
tes células, tejidos u o6rganos ha dado lugar al empleo de técni-
cas histopatoldgicas para evaluar los efectos de la contamina-
cion (DelValls 1999, Riba et al. 2005). La histopatologia se
convierte asi en una herramienta valida para el estudio del
efecto bioldgico de los contaminantes en el medioambiente ya
que es capaz de detectar y caracterizar los efectos de la exposi-
cién a sustancias toxicas y carcinogénicas (Reynolds et al.
2003). En este trabajo se usaron juveniles de una especie
comercial, Solea senegalensis, para evaluar la toxicidad de los
PAHs y otros contaminantes presentes en un fuel en condicio-
nes de laboratorio con un bioensayo en fase solida. Existen
numerosos trabajos (Marifio-Balsa et al. 2003, Evangelista et
al. 2005, Ferniandez et al. 2006b, Morales-Caselles €t al.
2007), realizados bajo condiciones de laboratorio y de campo,
relacionados con vertidos accidentales de petréleo; sin
embargo, se han realizado muy pocos estudios con vertebrados
que incluyan induccién de biomarcadores de exposicion y dafio
histopatologico tras una exposicion de larga duracion a distin-
tas concentraciones de fuel. En este estudio los organismos
fueron expuestos durante 21 dias a diferentes diluciones de fuel
del buque Prestige, realizadas mezclando éste con sedimento
recogido en una zona limpia de la Bahia de Cadiz (Riba et al.
2004). Los parametros de medida que se estudiaron fueron tres
biomarcadores de exposicion (actividad EROD, GST y GR) y
dafio histologico en branquias e higado, con el fin de evaluar
sus respuestas en un pez plano tras la exposicion a distintas
proporciones de fuel.

Material y métodos
Test de toxicidad

Se mezcl6 fuel extraido del buque Prestige con sedimento
control procedente de una zona limpia a concentraciones de
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2004), stored in hermetically-sealed, sterile plastic containers,
and refrigerated until arrival at the laboratory. Once there, the
sediment was sifted through a 0.5-mm sieve and stored at 4°C,
in the dark, until its use in the bioassay, within 14 days of its
collection. The dilutions were prepared by mixing the amounts
of fuel and clean sediment needed for each concentration
(0.5%, 2%, 8%, and 16%). The determinations were made on a
dry-weight basis, calculating the sediment percent moisture
content from three subsamples that were allowed to dry at
ambient temperature (approximately 23°C) and considering the
fuel moisture, which was 25%. The sediment was first weighed
and deposited in the tanks used for the experiment. The amount
of fuel needed in each case was then added over the sediment.
The dilutions were chosen based on the composition of the
fuel, which was known at the time of designing the experiment,
in order to obtain the concentrations of PAHs and other fuel
pollutants similar to those found in natural sediments affected
by the black tide (Fernandez et al. 2006a, Morales-Caselles
2006a, b).

Solea senegalensis juveniles of 125 g mean weight were
selected. The specimens were obtained from a marine culture
facility and transported to the laboratory where they were
acclimatized for two weeks prior to initiating the experiment.
For the bioassay, we used a system of 25-L, closed circuit
tanks, with continuous aeration. The tanks contained the fuel-
sediment mixture and seawater at a 1:4 (v/v) ratio. Each
dilution was made in triplicate and 10 individuals were placed
in each tank. Salinity (35 £ 2), temperature (19 = 2°C), pH
(8.0-8.5), dissolved oxygen (>80% saturation), and ammo-
nium (<0.001 mg L") were controlled to ensure suitable levels
for the bioassay. A natural photoperiod was used (14:10, for
the southern Iberian Peninsula in late spring). The individuals
were fed daily (“Mar Perla T”, aproximately 0.2 g per fish).
Renewal of 33% of the tank water was done once or twice a
week, using peristaltic pumps, to maintain the quality
standards.

Biomarkers measured

After 21 days of exposure, six individuals were collected
from each dilution for the measurement of the exposure bio-
markers in the liver (EROD, GST, and GR) and of the effect
biomarkers (histological alterations in gills and liver). Samples
were also taken at the beginning of the experiment (day zero)
to be used as control. Specimens were anesthetized with 2-phe-
noxyethanol (0.1%) prior to dissection.

The liver extracted during each dissection was divided into
two for the biomarker and histopathologic evaluations. The
samples destined for the biomarker measurements were
preserved at —80°C until their analysis. The samples were
homogenized in a Tris-acetate buffer before their analysis, fol-
lowing the method described by Lafontaine et al. (2000). They
were then centrifuged at 10,000 g for 30 min at a temperature
of 4°C for the extraction of the cytosolic phase. In addition to
the previously mentioned biomarkers, the total protein content
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0.5%, 2%, 8% y 16% y un control negativo que solo contenia
sedimento (Ca). El sedimento control seleccionado fue de tipo
arenoso, con 2.01% de finos (<0.063 mm) y un contenido en
carbono orgénico total de 1.07%, ambos calculados sobre peso
seco. El sedimento se recolectd en una zona limpia de la Bahia
de Cadiz (Riba et al. 2004) y se almacend en recipientes de
plastico estériles, herméticamente cerrados y refrigerados hasta
su llegada a laboratorio. Una vez alli, el sedimento se tamizé a
0.5 mm y se almacené a 4°C de temperatura, en oscuridad,
hasta su uso en el bioensayo, nunca mas de 14 dias después de
su recogida. Las diluciones se prepararon mezclando las canti-
dades de fuel y sedimento limpio necesarias para lograr cada
porcentaje (0.5%, 2%, 8% y 16%). Los calculos se hicieron
sobre peso seco, por lo que se calculd el porcentaje de hume-
dad del sedimento a partir de tres submuestras que se dejaron
secar a temperatura ambiente (23°C aproximadamente),
teniendo en cuenta la humedad del fuel, que era del 25%. En
primer lugar se pesoé el sedimento y se deposito en los acuarios
donde se realizd el experimento. A continuacion, se afadio la
cantidad de fuel necesaria en cada caso sobre el sedimento. Las
diluciones se eligieron en base a la composicion del fuel, cono-
cida en el momento del disefio del experimento, con el fin de
conseguir concentraciones de PAHs y otros contaminantes del
fuel similares a las encontradas en sedimentos naturales afecta-
dos por la marea negra (Fernandez et al. 2006a, Morales-
Caselles 20064, b).

Se seleccionaron juveniles de S senegalensis con un peso
medio de 125 g. Los ejemplares procedian de una planta de
cultivos marinos y fueron transportados hasta el laboratorio
para su aclimatacion durante dos semanas antes del comienzo
del experimento. Para el bioensayo se utilizO un sistema de
acuarios de 25 L en circuito cerrado, con aireacion continua,
que contenian la mezcla fuel-sedimento y agua de mar en una
proporcion 1:4 (v/v). Cada dilucion se realizé por triplicado y
en cada acuario se dispusieron 10 individuos. Se controlaron
los valores de salinidad (35 % 2), temperatura (19 + 2°C), pH
(8.0-8.5), oxigeno disuelto (>80% de saturaciéon) y amonio
(<0.001 mg L") para asegurar que éstos se encontraban en los
niveles adecuados para la realizacion del bioensayo. El fotope-
riodo fue el natural (14:10, para el sur de la Peninsula Ibérica a
finales de primavera). Los individuos fueron alimentados dia-
riamente con pienso (aproximadamente 0.2 g por pez) “Mar
Perla T”. La renovacion del 33% del agua de los tanques se
realizd6 mediante bombas peristalticas, una o dos veces por
semana, para mantener los patrones de calidad.

Biomarcadores medidos

El dia 21 de exposicion se recogieron seis individuos en
cada una de las distintas diluciones para la medicion de los bio-
marcadores de exposicion en higado (EROD, GST y GR) y los
biomarcadores de efecto (alteraciones histologicas en bran-
quias e higado). Al comienzo del experimento también se
tomaron muestras para usarlas como control (dia cero). Los
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of each sample was also determined in order to normalize the
data obtained. The concentration of proteins was evaluated
according to the method described by Bradford (1976), using
bovine serum albumin (Sigma Aldrich) as standard.

The protocol described by Gagné and Blaise (1993) was
used to measure EROD enzymatic activity. The results
obtained were normalized based on the total protein content,
and EROD activity was expressed as pmol mg™' min™' of total
proteins. The GST and GR enzymes were analyzed following
the protocols described by Martin-Diaz et al. (2004a, b; 2005).

To analyze the histopathologic damage, samples from the
target organs were fixed in formol (10%) buffered with 0.1 M
phosphate (pH 7.2) and mounted on paraffin blocks for the
preparation of the 6-8-um-thick histological sections. The his-
tological sections were stained with Harris hematoxylin and
eosin, and Harris hematoxylin and VOF (Gutiérrez 1967), and
observed under a microscope. The histopathological alterations
were semiquantitatively evaluated in the specimens exposed to
the different dilutions based on the frequency of appearance of
lesions in a total of six individuals from each dilution
(Jiménez-Tenorio et al. 2007). The general indices of lesions in
gills (IGG) and liver (IGL) were calculated.

Chemical analyses

Samples for the chemical analyses were taken at the begin-
ning of the experiment. The PAHs analyzed in the sediment
and fuel mixtures were the X16PAHs recommended by the US
Environmental Protection Agency (Keith and Telliard 1979).
Briefly, an extraction of the dry sample was produced using a
hexane/acetone mixture in a microwave oven, then replacing
the solvent with hexane and, finally, concentrating the sample.
Purification through alumina then followed and the concentra-
tion of PAHs was determined by CG/MS. The NRC-CNRC
HS-6 reference material was used to verify the analytical pro-
cedure. The results are given in mg kg! dry weight.

To determine trace metals (Ni, V, Cd, Pb, Cr, Co), the sedi-
ments were digested as described by Loring and Rantala
(1992), and quantified by graphite furnace atomic absorption
spectrometry (Perkin-Elmer 4100 ZL) (Cobelo-Garcia €t al.
2005). The results are given in mg kg' dry weight. The
analytical procedure was verified using MESS-1 NRC and
CRM 277 BCR reference material. All the results showed con-
fidence values of 90-110%.

Satistical analyses

All statistical analyses were performed using SPSS 15.0
software. The normality and homocedasticity of the data were
checked using the Kolmogorov-Smirnov and Levene tests.
Analysis of variance was applied to evaluate the differences
between the values of the different biomarkers in the controls
and in the different dilutions. The Pearson matrix was used to
determine the correlation between the concentrations of the
pollutants and the biomarkers measured.
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ejemplares fueron anestesiados con 2-fenoxietanol al 0.1%
antes de su diseccion.

Los higados extraidos en cada diseccion fueron divididos
en dos para determinar biomarcadores de exposicion e histopa-
tologias. Las muestras destinadas a la medida de biomarcado-
res fueron conservadas a —80°C hasta su analisis. Las muestras
fueron homogenizadas con un tampoén Tris-acetato antes de su
analisis, siguiendo la metodologia descrita por Lafontaine et al.
(2000); posteriormente fueron centrifugadas a 10000 g durante
30 min y a una temperatura de 4°C para la extraccion de la fase
citosolica. Ademas de los biomarcadores de exposicion nom-
brados anteriormente, se midieron los contenidos de proteinas
totales de cada muestra, con el fin de normalizar los datos obte-
nidos. La concentracion de proteinas fue evaluada utilizando el
método descrito por Bradford (1976) utilizando albunima de
suero bovino (Sigma Aldrich) como estandar.

La actividad enzimatica EROD se midié siguiendo el pro-
tocolo descrito por Gagné y Blaise (1993). Los resultados obte-
nidos se normalizaron frente a la concentracion de proteinas
totales, expresando la actividad EROD en pmol mg™! min™' de
proteinas totales. Las enzimas GST y GR se analizaron
siguiendo los protocolos descritos por Martin-Diaz et al.
(2004a, b; 2005).

Para el analisis del dafio histopatologico, las muestras de
organos diana se fijaron en formol al 10% tamponado con fos-
fato 0.1 M (pH 7.2) y se montaron en bloques de parafina, para
realizar cortes histologicos de 6 a 8 um de grosor. Los cortes
histolégicos se tifleron con hematoxilina de Harris-eosina y
hematoxilina de Harris-VOF (Gutiérrez 1967) y se observaron
al microscopio para su estudio histopatolégico. Las alteracio-
nes histopatologicas fueron evaluadas semicuantitativamente
en los peces expuestos a las diferentes diluciones usando la fre-
cuencia de aparicion de la lesion en un total de seis individuos
en cada dilucion (Jiménez-Tenorio et al. 2007). Se calcularon
los indices generales de lesion en branquias (IGG) y en higado
(IGL).

Analisis quimicos

Al comienzo del experimento se tomaron muestras para los
analisis quimicos. En las mezclas de sedimento y fuel se
analizaron los X16PAHs recomendados por la Agencia de
Protecciéon Ambiental de los EUA (Keith y Telliard 1979).
Resumidamente, la muestra seca fue sujeta a extraccion con
una mezcla de hexano/acetona en horno microondas, después
se cambid el solvente por hexano y se concentré la muestra.
Posteriormente la muestra resultante se purificd con alimina y
finalmente se determino su concentracion de PAHs mediante
CG/MS, usando material de referencia NRC-CNRC HS-6 para
comprobar el procedimiento analitico. Los resultados se expre-
saron en mg kg! de peso seco.

Para evaluar los metales traza (Ni, V, Cd, Pb, Cr, Co), los
sedimentos fueron digeridos como describen Loring y Rantala
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Results

The results of the pollutants (total and individual PAHs and
trace metals, in mg kg! dry weight) measured in the fuel dilu-
tions (0.5%, 2%, 8%, and 16%) and control sediment (Ca) are
summarized in table 1. In the negative control, PAH concentra-
tions were not detected (0.1 pug kg' detection limit), so the
PAH content in the dilutions can be attributed to the fuel, while
the heavy metal concentrations were well below the guideline
values to which they were compared (DelValls et al. 2004).

In general, both the exposure biomarkers and histopatho-
logical damage analyzed indicated significant induction (P <
0.05) relative to the negative control, tending to increase as the
fuel concentration increased (fig. 1). Table 2 shows the results
obtained for enzymatic activity (EROD, GST, and GR) and the
lesion indices calculated based on the semiquantitative evalua-
tion of the frequency of appearance of lesions in the gills and
liver. The organisms analyzed on day zero did not show any
histopathological damage and functioned as control organisms.
The lesions most frequently observed in the gills were desqua-
mation of secondary lamellar epithelial cells, hypertrophy and
hyperplasia, blood extravasation in secondary lamellae, and
shortening of secondary lamellae (fig. 2a). The lesions most
frequently observed in the liver were the alteration and
vacuolization of hepatocytes (fig. 2b).

The Pearson matrix showed significant correlations for the
PAH concentrations and exposure biomarkers (table 3). Total
PAH concentrations were correlated with EROD, GST, and GR
enzymatic activity and the following correlation coefficients
were obtained: R = 0.60 for EROD (significant at a level of
0.05), R=0.96 for GST (P < 0.05), and R=0.82 for GR (sig-
nificant at a level of 0.01). The mortality recorded throughout
the experiment ranged from 30% for the 0.5% dilution to 50%
for the 16% dilution.

Discussion

The predominant individual PAHs in fuel are pyrene
(461 mg kg), phenanthrene (347.5 mg kg'), naphthalene
(317 mg kg™), chrysene (93.5 mg kg'), fluorene (114.6 mg
kg'), and acenaphthene (59.3 mg kg'). The high molecular
weight PAHs tend to remain associated with the sediment
(Marifno-Balsa et al. 2003), whereas the low molecular weight
PAHs (2—4 rings), predominant in the fuel analyzed herein,
present more acute toxicity because of greater solubility
(Fernandez et al. 2006a, b). It would therefore be expected that
a fraction of the fuel PAHs would pass to the aqueous phase,
producing the toxicity observed. Albaigés and Bayona (2003)
found that naphthalene can accumulate in the biota and that
concentrations in sediments higher than 34.6 mg kg (dry
weight) can have negative effects on benthic organisms.
Anthracene, fluoranthene, and pyrene showed acute toxicity in
marine invertebrate embryos and larvae (Pelletier et al. 1997,
2000). In general, exposure to high concentrations of PAHs is
harmful to the exposed organisms who can bioaccumulate
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(1992) y se cuantificaron por espectrometria de absorcion
atomica de grafito (Perkin-Elmer 4100 ZL) (Cobelo-Garcia et
al. 2005). Los resultados se expresaron en mg kg' de peso
seco. El procedimiento analitico fue comprobado usando mate-
rial de referencia MESS-1 NRC y CRM 277 BCR. Todos los
resultados mostraron valores de confianza entre 90% y 110%.

Andlisis estadistico de los datos

Los analisis estadisticos se realizaron con el software SPSS
15.0. Se aplicaron las pruebas de Kolmogorov-Smirnov y de
Levene para comprobar la normalidad y la homocedasticidad
de los datos. Se aplico un analisis de varianza (ANOVA) para
evaluar las diferencias entre los valores de los distintos biomar-
cadores en los controles y en las diferentes diluciones. Se uti-
liz6 la matriz de Pearson para determinar la correlacion entre
las concentraciones de contaminantes y los biomarcadores
medidos.

Resultados

La tabla 1 muestra los resultados resumidos para los conta-
minantes (PAHs totales e individuales y metales traza expresa-
dos en mg kg de peso seco) que fueron calculados en las
diluciones de fuel (0.5%, 2%, 8% y 16%) y el sedimento con-
trol (Ca). En el control negativo no se detectaron concentracio-
nes de PAHs (limite de deteccion 0.1 pg kg), por lo que el
contenido de PAHs en las diluciones depende inicamente del
fuel, mientras que la concentracién de metales pesados se
encontré muy por debajo de los valores guias con los que fue-
ron comparados (DelValls et al. 2004).

En general, los biomarcadores de exposicion, asi como los
dafios histopatoldgicos analizados, mostraron una induccion
significativa (P < 0.05) respecto al control negativo, con una
tendencia creciente conforme aumenta la concentracion de fuel
(fig. 1). La tabla 2 muestra los resultados obtenidos para la
actividad enzimatica (EROD, GST y GR) y los indices de
lesion calculados a partir de la evaluacién semicuantitativa de
la frecuencia de aparicion de lesiones en higado y branquias.
Los organismos analizados el dia cero no presentaron en nin-
gun caso dafios histopatologicos y fueron tomados como orga-
nismos control. Las lesiones mas frecuentes observadas en
branquias fueron la descamacion de las células epiteliales de
las laminillas secundarias, hipertrofia e hiperplasia, extravasa-
cioén sanguinea en las laminillas secundarias y acortamientos
en dichas laminillas (fig. 2a). Las lesiones mas frecuentes
observadas en higado son la alteracion y vacuolizacion de los
hepatocitos (fig. 2b).

La matriz de correlacion de Pearson mostro correlaciones
significativas entre las concentraciones de PAHs y los biomar-
cadores de exposicion (tabla 3). Se correlacionaron las concen-
traciones de PAHs totales con la actividad enzimatica EROD,
GST y GR, obteniéndose coeficientes de correlacion R = 0.60
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Table 1. Concentrations of individual and total PAHs and metals, in mg kg~! dry weight, measured in the negative control sediment (Ca), the pure fuel, and each

dilution (n.d. = below the detection limit, <0.1 g kg™!).

Tabla 1. Concentraciones de PAHSs individuales, totales y metales, en mg kg~ de peso seco, calculadas para el sedimento control negativo (Ca), el fuel puro y
cada dilucién de fuel en sedimento (n.d. = por debajo del limite de deteccion, <0.1 g kg™).

0Oil Ca 0.5% 2% 8% 16%

PAHs Fluorene 114.6 n.d. 0.57 2.29 9.17 18.34
Naphthalene 317.0 n.d. 1.59 6.34 25.36 50.20
Phenanthrene 347.5 n.d. 1.74 6.95 27.80 55.60
Acenaphthene 59.3 n.d. 0.30 1.19 4.74 9.49
Anthracene 48.4 n.d. 0.24 0.97 3.87 7.74
Fluoranthene 422 n.d. 0.21 0.84 3.38 6.75
Pyrene 461.0 n.d. 2.31 9.22 36.88 73.76
Benzo[a]anthracene 449 n.d. 0.22 0.90 3.59 7.18
Chrysene 93.5 n.d. 0.47 1.87 7.48 14.96
Benzofluoranthene 16.0 n.d. 0.08 0.32 1.28 2.56
Benzo[e]pyrene 45.7 n.d. 0.23 0.91 3.66 7.31
Benzo[a]pyrene 24.7 n.d. 0.12 0.49 1.98 3.95
Perilene 11.4 n.d. 0.06 0.23 0.91 1.82
Dibenzo[ah]anthracene 5.7 n.d. 0.03 0.11 0.46 0.91
Benzo[ghi]perilene 17.1 n.d. 0.09 0.34 1.37 2.74
Indene[123-cd]pyrene 5.7 n.d. 0.03 0.11 0.46 0.91
Total PAHs 1654.0 n.d. 8.27 33.08 132.30 264.60
Metals Cu 6.28 7.00 6.98 6.97 6.92 6.87
Cd 0.19 0.95 0.92 0.91 0.86 0.80
Pb 0.55 2.30 2.27 2.25 2.14 2.00
Zn 13.70 21.50 21.26 21.15 20.69 20.08
Cr 0.31 0.12 0.10 0.10 0.12 0.13
Ni 0.55 0.06 0.06 0.07 0.10 0.14

these pollutants in their tissues (Laffon et al. 2006, Soriano-
Sanz et al. 20006).

Regarding the histopathology, the lesion indices calculated
were not as high as in other studies using fish to evaluate natu-
ral sediments (Jiménez-Tenorio et al. 2007, Morales-Caselles
et al. 2007), since most mortality occurred due to direct contact
of the gills with the fuel and not through the lesions. Neverthe-
less, the liver alterations observed were similar to those found
in studies on different fish species sampled in the area affected
by the Prestige oil spill (Marigémez €t al. 2006).

The enzymatic activity evaluated in S. senegalensis showed
a significant increase relative to the controls. Increased activity
of the three enzymes studied herein has been observed in
different fish, crustacean, and bivalve species exposed to PAHs
and PCBs (Van de Oost et al. 2003, Martin-Diaz 2004). Similar
results were also obtained by Martinez-Gomez et al. (2006) for
the fish Lepidorhombus boscii and Callionymus lyra.

This study confirms the toxic nature of the fuel spilled by
the Prestige, which clearly affected S. senegalensis as shown
by the results obtained for the biomarkers analyzed and the

para EROD (significativo a nivel de 0.05), R= 0.96 para GST
(P <0.05) y R=0.82 para GR (significativo a nivel de 0.01).
La mortalidad registrada a lo largo del experimento oscild

entre un 30% para la dilucién mas pequefia (0.5%) y 50% para
la dilucién del 16%.

Discusion

Los PAHs individuales predominantes en el fuel son pireno
(461 mg kg!), fenantreno (347.5 mg kg'), naftaleno (317 mg
kg™), criseno (93.5 mg kg™"), fluoreno (114.6 mg kg™') y ace-
nafteno (59.3 mg kg'). Los PAHs de mayor peso molecular
tienden a permanecer asociados al sedimento (Marifio-Balsa et
al. 2003), mientras que los PAHs de bajo peso molecular (2-4
anillos), predominantes en el fuel de este trabajo, presentan una
mayor toxicidad aguda debido a su mayor solubilidad
(Fernandez et al. 2006a, b). Cabe esperar entonces que una
fraccion de los PAHs del fuel fuera pasando a la fase acuosa,
produciendo la toxicidad observada. Estudios previos realiza-
dos por Albaigés y Bayona (2003) revelaron que el naftaleno
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Figure 1. (a) General indices of lesions in gills (IGG) and liver (IGL), and (b, c, d) enzymatic activity of 7-ethoxyresorufin-O-deethylase (EROD), glutathione S-
transferase (GST), and glutathione reductase (GR), used as exposure biomarkers (bars), and total PAH concentration (curves) for each dilution. Asterisks
indicate significant differences between the biomarkers analyzed in the exposed and control organisms (** P < 0.01, * P < 0.05). The standard deviation over
the mean is indicated with vertical lines.

Figura 1. (a) Indices de lesion en branquias (IGG) e higado (IGL), y (b, c, d) actividades enzimaticas de la 7-etoxiresorufin-O-deetilasa (EROD), glutatién S-
transferasa (GST) y glutation reductasa (GR), usadas como hiomarcadores de exposicion (barras), frente a la concentracion total de PAHs (curvas) para cada
dilucion. Los asteriscos indican diferencias significativas entre los biomarcadores analizados en los organismos expuestos y el control (** P < 0.01, * P < 0.05),
mientras que la desviacion estandar sobre la media se sefiala con las lineas verticales.

histopthological alterations. It is clear that high concentrations
of hydrocarbons not only affect small-sized organisms, such as
amphipods (Morales-Caselles et al. 2006b), or the success of
emrbyogenesis in different aquatic organisms, such as echino-
derms (Fernandez et al. 2006a, b) and bivalves (Marifio-Balsa
et al. 2003), but that they also produce negative effects on

puede acumularse en la biota y que concentraciones de
naftaleno en sedimento superiores a 34.6 mg kg™' (en peso
seco) pueden producir efectos negativos en los organismos
bentonicos. El antraceno, fluoranteno y pireno mostraron toxi-
cidad aguda en larvas y embriones de invertebrados marinos
(Pelletier et al. 1997, 2000). En general, la exposicion a altas

Table 2. Summary of the lesion indices calculated for gills (IGG) and liver (IGL) after the period of exposure. Also shown are the results
of the increase in enzymatic activity of the exposure hiomarkers measured relative to a control group of unexposed individuals (Ca).
Tabla 2. Resumen de los indices de lesion calculados en branquias (IGG) e higados (IGL) después del periodo de exposicién. Se
incluyen también los resultados del incremento de la actividad enzimatica de los biomarcadores de exposicion medidos respecto de un
grupo control de individuos que no fueron expuestos.

Ca 0.5% 2% 8% 16%

Histopathology IGG 0.27 0.67 0.80 0.80 1.07

IGL 0.33 0.50 1.17 1.33 1.50
Exposure biomarkers EROD 5.545 11.281 14.500 16.170 16.934

pumol mgPT ! min~!

GST 2.054 4.044 4.477 6.781 12.885

AOD min~! PT-!

GR 0.819 5.545 9.750 12.320 17.335

AOD min!' PT!
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Figure 2. Histopathological alterations in Solea senegalensis after the period of exposure, in (a) gills (desquamation of
secondary lamellar epithelial cells, hypertrophy and hyperplasia, blood extravasation in secondary lamellag, and shortening of
secondary lamellae) and (b) liver (alteration and vacuolization of hepatocytes).

Figura 2. Alteraciones histopatolégicas en Solea senegalensis después del periodo de exposicion, en (a) branquias
(descamacion de células epiteliales de las laminillas secundarias, hipertrofia e hiperplasia, extravasacion sanguinea en las
laminillas secundarias y acortamientos de éstas) e (b) higado (alteracion y vacuolizacién de los hepatocitos).

Table 3. Pearson correlation matrix data showing the correlation between the PAHs measured and the exposure biomarkers analyzed.
Tabla 3. Matriz de datos de la correlacion de Pearson donde se muestra la correlacion entre los PAHs medidos y los biomarcardores
de exposicion analizados.

Total PAHs EROD GST GR
Total PAHs Pearson correlation 0.883* 0.979** 0.910*
Sig. (bilateral) 0.047 0.004 0.032
N 5 5 5 5
EROD Pearson correlation 0.83* 0.910% 0.996%*
Sig. (bilateral) 0.047 0.032 0.000
N 5 5 5 5
GST Pearson correlation 0.979%* 0.910% 0.927*
Sig. (bilateral) 0.004 0.032 0.023
N 5 5 5 5
GR Pearson correlation 0.910* 0.996** 0.927*
Sig. (bilateral) 0.032 0.000 0.023
N 5 5 5 5

*P<0.05 *P<0.01
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organisms of a larger size, such as fish (Marigémez et al. 2006,
Martinez-Goémez et al. 2006), which bioaccumulate in their
tissues part of the pollutants found in fuel. Our results concur
with those obtained in other similar bioassays also using fish
and sediments from the affected area (Morales-Caselles €t al.
2006a, 2007; Jiménez-Tenorio et al. 2007). They also coincide
with other simulations made using sediment and fuel mixtures
in the laboratory, which suggest the possible reversibility of the
adverse effects observed on cells (exposure biomarkers), but
show certain caution with respect to the recovery of tissue
lesions, thus indicating the need for further studies with longer
recuperation times (Salamanca et al. 2008).
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rentes especies de peces muestreados en la zona afectada por el
vertido del Prestige (Marigomez et al. 2006).

La actividad enzimatica evaluada en S. senegalensis pre-
sentd un incremento significativo respecto a los controles. Se
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al exponer distintas especies de peces, crustaceos y bivalvos a
PAHs y PCBs (Van de Oost €t al. 2003, Martin-Diaz 2004).
Martinez-Gémez et al. (2006) obtuvieron resultados similares
con los peces Lepidorhombus boscii y Callionymus lyra.

Este estudio confirma el caracter toxico del fuel vertido por
el Prestige, lo cual queda comprobado con los efectos adversos
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fuel en laboratorio, sugiriendo también la posible reversibili-
dad de los efectos adversos observados a nivel celular (biomar-
cadores de exposicion). No obstante, existe mas reserva
respecto a la reparacion de las lesiones en tejidos, por lo que se
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(Salamanca et al. en prensa).
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