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Abstract
Since it has been demonstrated that urban effluents can have adverse effects on aquatic organisms, a multibiomarker study
was used to evaluate the effects of wastewater treatment plant (WWTP) effluents discharged into the marine and freshwater
environments on clams in Cádiz, Spain. One bioassay was performed in the Bay of Cádiz, exposing Ruditapes
philippinarum (marine) to a reference site as well as two sites close to WWTP discharges for 14 days. A second bioassay
was performed in the Guadalete River, exposing Corbicula fluminea (fresh water) to three sites for 21 days. The biomarkers
analysed included defence mechanisms and various toxic effects. Results indicated that WWTP effluents activated defence
mechanisms and induced toxic effects in clams exposed to both environments, thus indicating bioavailability of
contaminants present in water. Elevated enzymatic activity was found in clams deployed in La Puntilla and El Trocadero
compared to control clams and those exposed to the reference site, and 96% of clams deployed at G2 in the Guadalete River
died before day 7. Clams exposed to G1 and G3 indicated significant differences in all biomarkers analysed with respect to
control clams (p < 0.05). Both species were sensitive to contaminants present in studied sites. This is the first time that these
species were used in cages to assess the environmental risk of wastewater effluent discharges in freshwater and marine
column environments. The multibiomarker approach provided important ecotoxicological information and is useful for the
assessment of the bioavailability and effect of contaminants from WWTP effluents on marine and fresh water invertebrates.
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Multibiomarker approach

Highlights
● A multibiomarker study evaluated WWTP effluent effects on clams in water columns.
● WWTP effluents were toxic to clams in adjacent marine and fresh water environments.
● Defence mechanisms increased in marine clams nearest to WWTP discharges.
● 96% of clams exposed directly to WWTP effluent in Guadalete River died before day 7.
● We showed that the multibiomarker approach provides important ecotoxicological data.

Introduction

Urban effluents are a major source of pollutants that
release a complex mixture of chemicals into receiving
waters, including polycyclic aromatic hydrocarbons
(PAHs), pesticides, surfactants, steroids, metals, pharma-
ceuticals and personal care products (Abessa et al. 2005;
Gagné et al. 2004a, 2008; Lara-Martín et al. 2014;
Metcalfe et al. 2003, Zaborska et al. 2019). Aquatic
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organisms can be exposed to the contaminants released in
urban wastewater discharges, often leading to toxic effects
(Gagné et al. 2002). Bioassays involving the use of bio-
markers are recognized as a powerful tool for studying
pollutants in situ (Depledge and Fossi 1994). By con-
sidering the biological effects of a contaminant, the bio-
marker approach can offer more complete and relevant
information regarding the potential impact of a pollutant
on the health of an animal (Van der Oost et al. 1996). This
is one advantage that the biomarker approach has over
conventional biomonitoring programmes, which directly
measure the concentration of a toxin in an organism, not
accounting for the biological effects (Depledge 1993).
The application of a biomarker approach has been
recommended by environmental agencies such as UNEP,
OECD, IOC and the international OSPAR and ICES
conventions (Cajaraville et al. 2000; Solé et al. 2009).
Exposure of organisms to bioavailable environmental
contaminants can trigger the activation of defence
mechanisms and the performance that determines the
toxic effect on the organisms (Barreto et al. 2018;
Livingstone 2001; Parenti et al. 2019). With the bio-
marker approach, it is either the activated defence
mechanisms or the toxic effect that is measured in an
organism, or both (Quinn et al. 2005). It has been estab-
lished that the assessment of effects of contaminants
should include the evaluation of general stress as a toxi-
city screening tool (Viarengo et al. 2007), as well as the
use of biochemical biomarkers (i.e. defence mechanisms
and biomarkers of effect) (Broeg et al. 2005; Van der Oost
et al. 2003; Viarengo et al. 2007). An example of said
biomarkers includes the activity of biotransformation
enzymes (etoxyresorufin O-deethylase [EROD], diben-
zylfluorescein dealkylase [DBF], gluthathione-S-
transferase [GST]), antioxidant enzymes (gluthathione
reductase [GR] and gluthathione peroxidase [GPX]) and
biomarkers of effect (Lipid peroxidation [LPO] and DNA
damage). These biomarkers have been applied as para-
meters that indicate the presence, availability and even the
toxicity of compounds (Aguirre-Martínez et al.
2013a, 2014; Gagné et al. 2007; Martín-Díaz et al. 2004;
Morales-Caselles et al. 2008; Ramos-Gómez et al. 2011;
Viarengo et al. 2007).

WWTP effluents are indistinctively discharged world-
wide into marine and freshwater environments. Environ-
mental conditions that are different in these ecosystems
could affect the availability of the contaminants present in
the effluents discharged into aquatic environments (Seyfried
et al. 2014), and this availability may have an effect on the
toxic response of each organism. It has been stated that
bivalves such as clams are suitable bioindicators for eval-
uating the impacts of municipal effluents (Díaz-Garduño
et al. 2018; Maranho et al. 2015; Solé et al. 2009). Their

filter feeding behaviour puts them in direct contact with
contaminants present in water.

For this reason, a biomarker study was performed in the
water column of marine and fresh water environments using
two sentinel species of clams: Ruditapes philippinarum
(marine) and Corbicula fluminea (fresh water). These spe-
cies are abundant and easy to collect and maintain under
laboratory conditions. Moreover, they are sensitive to
aquatic contaminants, and have been shown to be useful in
the laboratory (Aguirre-Martínez et al. 2014; Cooper and
Bidwell 2006) and in situ assessments in various ecotox-
icological studies (Bonnail et al. 2019; Morales-Caselles
et al. 2008). Moreover, biomarker responses have been
measured by different authors in R. philippinarum (Díaz-
Garduño et al. 2018; Maranho et al. 2015; Matozzo et al.
2016; Martín-Díaz et al. 2008a, 2008b) and in C. fluminea
(Aguirre-Martínez et al. 2018; Bonnail et al. 2019; Cataldo
et al. 2001; Legeay et al. 2005).

Because WWTP effluents are discharged directly into
aquatic environments, the purpose of this study was to
assess the effects of whole WWTP discharges in the water
column from six sites in Cádiz (SW, Spain) using caged
clams. In order to do so, a multibiomarker approach
including activated defence mechanisms and toxicity was
evaluated in R. philippinarum after 14 days of exposure to
areas near WWTP effluent discharges in the Bay of Cádiz,
and in C. fluminea exposed for 21 days to areas near
WWTP effluent discharges in the Guadalete River.

Materials and methods

General approach

Bay of Cádiz (marine environment)

The Bay of Cádiz, located in the Province of Cádiz, Spain
(Fig. 1), has been considered as a natural park since 1996
(Solé et al. 2009); however, the bay receives constant input
from WWTPs from Puerto Real and Puerto Santa Maria.
The plant processes consist of a primary grit removal, fol-
lowed by an activated sludge process and a secondary
treatment consisting in an anaerobic process. After the
treatment, the water is pumped into underwater effluents
located in El Trocadero and La Puntilla (respectively),
and the effluents discharge the treated or untreated water
directly into the Bay of Cádiz. The WWTP from Puerto
Real has an average flow of 29,000 m3 per day from agri-
cultural, urban and industrial origins; this plant receives
wastewater directly from the hospital in Puerto Real without
previous treatment. The sediment from this area is char-
acterized by the presence of metal and organic compounds
such as polycyclic aromatic hydrocarbons (PAHs) and
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pharmaceutical products (Maranho et al. 2015). The WWTP
from Puerto Santa Maria has an average flow of 27,000 m3

per day (sometimes reaching 50,000 m3). This plant
receives wastewater from households, industries and
directly from the hospital without previous treatment. La
Puntilla also receives effluents coming from the upper part
of Guadalete River. Sediment from this area contains
metals, PAHs, pharmaceuticals (Maranho et al. 2015) and
surfactants (Lara-Martín et al. 2006).

Two sites in the Bay of Cádiz were selected because they
were adjacent to the underwater effluents from El Trocadero
(Puerto Real) and La Puntilla (Puerto Santa Maria). One site
in Playa Chorrillos (Rota) located far from known waste-
water discharges and with high water circulation was cho-
sen as a reference site for the marine environment.

Guadalete River (fresh water environment)

The Guadalete River (Fig. 1) is 157 km long and its basin
covers an area of 3677 km2. It flows across the province of
Cádiz, Spain from the Sierra de Grazalema Natural Park and
enters the sea in the northern part of the Bay of Cádiz

(Corada-Fernández et al. 2011). This river is a sewage-
receiving environment from the municipal WWTP located
in Jerez de la Frontera. The plant processes consist of a
primary grit removal, followed by an activated sludge
process and a secondary treatment consisting in an anae-
robic process. This WWTP receives untreated domestic
wastewater from a total population of ~691,200 inhabitants,
including Jerez city, small villages around Guadalcacín,
Estella, Graciagos, Los Albarizones, La Corta, and El
Portal, and directly from hospitals located in these towns
without previous treatment. The WWTP from Jerez de la
Frontera has an average flow of 35,000 m3 per day. Studies
have demonstrated the presence of surfactants, pharma-
ceuticals and personal care products in the Guadalete River
close to the WWTP (Corada-Fernández et al. 2017; Lara-
Martín et al. 2008). Three sites were selected in the Gua-
dalete River. Site G1 was located upstream from the treated
sewage outfall, site G2 was a treated sewage receiving area
(WWTP effluent discharge), and the third site, G3, was
located downstream, ~1 km from the treated sewage outfall
(Fig. 1). For this experiment, exposed clams were compared
to those from day 0.

Fig. 1 Map of the coastal area of the Bay of Cádiz showing the
locations of the sampling sites (La Puntilla, Trocadero) and the
reference site (Chorrillos); map of the Guadalete River showing

the locations of the sampling sites G1 Upstream, reference site G2
outside the waste water treatment plant (WWTP) and G3 Downstream
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Selection of organisms

R. philippinarum were purchased from an aquaculture
farm located in the bay of Cádiz (SW Spain). All organ-
isms used in this research were of similar size and length
(45 ± 0.9 mm). Once in the laboratory, the clams were
acclimated for one week in a 300 l tank and supplied with
constant aeration; sea water temperature (15 ± 1 °C),
salinity (33.8 ± 0.3), pH (7.8–8.2) and dissolved oxygen
(7.5 ± 1.1 mg l−1, 90% saturation) were strictly maintained
under a 12 h light-dark regime. On the other hand,
C. fluminea were collected at 22 km from the mouth of the
Miño River in the locality of Pontevedresa de Amorín in
Galicia (NW Spain). This river presents a naturalized
invasive population of Asian clams. All individuals used
in this research were of similar size and length (40 ±
0.5 mm). Once in the laboratory, these clams were accli-
mated for one week in a 300 l tank containing tap water
that was previously dechlorinated for at least 96 h and
supplied with constant aeration; water temperature
(16 ± 0.2 °C), pH (8 ± 0.3) and dissolved oxygen (7.6 ±
1.3 mg l−1, 94.5% saturation) were constantly monitored
in a 12 h light-dark regime.

Bioassay design

During the previous day of the field bioassay, 10 clams
were introduced to mesh bags, and plastic bridles sepa-
rated each clam (Fig. 2a). After the load, the mesh bags
were left overnight in acclimation tanks. Physical-
chemical parameters of water in the tanks were similar
to those applied during the acclimation period. On the day
of the bioassay, the mesh bags were transported carefully
in plastic containers with ice and humid cloths. At the site,
eight loaded mesh bags were attached to a PVC frame by
both extremes and covered by a plastic grid to protect the
clams from predators (Fig. 2b). Two cages were deployed

at each site at least 1 m below the water’s surface. Field
experiments were performed at different time periods
during 2013. The bioassay exposing R. philippinarum in
the Bay of Cádiz was performed for 14 days in March,
while the bioassay exposing C. fluminea to the Guadalete
River was performed for 21 days in October. Both in situ
experiments were intended to last 21 days (in both
experiments we intended to sample at 0, 7, 14 and
21 days), however over the course of the experiment we
lost some cages in the marine environment after 14 days
of experiment, so we could not record the 21 day exposure
data for this area (this loss could have been due to robbery
in the areas close to WWTP and in the reference site
(which was located far from human activity), the loss of
the cages could have been due to the underwater current in
the area. Therefore, In the marine environment, we col-
lected data at 0, 7 and 14 days only. With regard to the
fresh water environment during the day 14 of the
experiment due to flood conditions we did not have access
to the site to collect the cages thus we could not sample
site G1. Then on day 21 of the experiment we could
access the two sites located on the Guadalete River to
recover all the cages. Therefore, In the fresh water
environment, we collected data at 0, 7 and 21 days only.

The sampling of clams was performed every seven
days by randomly extracting two mesh bags with 10 clams
each from each cage. Physical and chemical parameters
were measured at each site during the sampling process
(see Table 1). Organisms were transported carefully from
the field to the laboratory in containers with ice and wet
cloths.

We decided to present the results of the longer exposure
period of each species compared to controls in order to
analyse the biomarker response during the longer exposure
time so the complete data corresponded to the 14 days of
exposure in the marine environment and 21 days in the
Guadalete River.

Fig. 2 a Image of a mesh bag
loaded with clams, b real view
of a water column cage loaded
with 8 mesh bags with 10 clams
covered with a plastic grid for
protection
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Lysosomal membrane stability

Once in the laboratory, haemolymph was extracted in vivo
from all clams sampled in the field, and lysosomal mem-
brane stability (LMS) was evaluated using the neutral red
retention time assay (NRRA) following the methodology
reported in detail by Aguirre-Martínez et al. (2013b),
adapted from Martínez-Gómez et al. (2008). Briefly,
100 mM stock solution of neutral red was prepared by
dissolving 28.8 mg of dye powder in 1 ml of DMSO, and
3 μl of neutral red stock was then dissolved in 197 μl of
physiological saline. Clam physiological saline (436M
NaCl, 10 mM KCl, 10 mM CaCl2, 53 mM MgSO4 and
20 mM Hepes sodium salt adjusted to pH 7.3 with 1 N
NaOH) was prepared following the protocol of Lowe et al.
(1995) and Marchi et al. (2004). Two replicates of 40 µl
samples were transferred onto microscope slides at room
temperature and placed in a lightproof humidity chamber
where the haemocytes were left to settle and attach to the
slide surface for 30 min Later, 40 µl of 0.2 mM neutral red
solution was added. Retention time was examined under a
microscope after 15, 30, 60, 90, 105 and 120 min Results
were expressed as destabilization time, representing the
time at which more than 50% of the lysosomes released the
dye into the cytosol. LMS was evaluated in clam haemo-
cytes at the beginning of the assay (day 0) and at the end of
assay (day 14).

Tissue preparation

Clams collected at the beginning (day 0) and at the end of
the bioassay were dissected. Digestive gland tissues were
extracted from 40 R. phillipinarum and 64 C. fluminea per
site, combined into 8 pools from 5 and 8 organisms,
respectively. Samples were stored at −80 °C. All analyses
were performed on pooled samples (n= 8) in triplicate.

Pooled samples were homogenized following the pro-
cedure described by Lafontaine et al. (2000), centrifuged at

15,000 × g for 20 min at 4 °C to obtain the supernatant
fraction S15, and centrifuged at 3000 × g for 20 min at 4 °C
to obtain the supernatant fraction S3. The total protein
concentration (TP) was determined in the homogenate, S15
and S3 following an adaptation of the methodology of
Bradford (1976). Protein content was expressed as mg TP.

Ethoxyresorufin O-deethylase (EROD) activity

Mixed-function oxidase activity was measured using an
EROD assay, which was initially adapted for fingerling
rainbow trout (Gagné and Blaise 1993) and for the species
in this study. In dark microplates (96 flat bottom wells),
50 µl of S15 was added to 160 µl 7-ethoxyresorufin, and
10 µl reduced NADPH, to initiate the reaction (final volume
of well 220 µl). 7-Hydroxyresorufin was detected fluor-
ometrically every 10 min for 60 min at 30 °C (kinetic
microplate reader, Infinite® M200, 516 nm excitation and
600 nm emission wavelengths). Calibration was achieved
through a standard curve of 7-hydroxyresorufin. The results
were standardized to total protein (TP) content. EROD
activity was expressed as pmol/min/mg TP.

Dibenzylfluorescein dealkylase (DBF) activity

DBF activity was measured following the methodology
described by Quinn et al. (2004). In dark microplates (96
flat bottom wells), 50 µl of supernatant (S15) was briefly
added to 50 µM dibenzylfluorescein, and 100 µM reduced
NADPH in 125 mM NaCl, buffered with 10 mM
Hepes–NaOH, pH 7.4. Samples were incubated at 30 °C,
and the release of fluorescein was measured at 0, 15, 30 and
60 min Fluorescein was determined by fluorometry in a
microplate reader, Infinite®M200 using 485 nm (excitation)
and 532 nm (emission) filters. Fluorescein in samples was
measured using a standard calibration curve developed with
concentrations of a standard solution of 5 µM fluorescein.
The results were expressed as nmol/min/mg TP.

Table 1 Parameters at the studied sites in Cádiz (G: Guadalete River)

Site Day Temperature (°C) Salinity Conductivity
(mS/cm)

pH Dissolved oxygen (mg L−1) Photoperiod

Marine environment

Chorrillos 14 11.1 35.8 54.1 7.7 13.9 Natural

El Trocadero 14 10.5 33.6 51.2 7.8 9.1 Natural

La Puntilla 14 10.1 36.4 54.9 7.9 6.9 Natural

Fresh water environment

G1 21 9.1 0 0 7.9 8 Natural

G2 21 10.5 0 0 7.2 7.2 Natural

G3 21 10.1 0 0 7.5 7.3 Natural
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Gluthatione S-transferase (GST) activity

The procedure used to determine GST activity was adopted
from Boryslawskyj et al. (1988). In a transparent microplate
(96 flat bottom wells), a sample of 50 µl of supernatant (S15)
was added to 200 µl of 1 mM GSH and 1 mM 1-chloro-2.4-
dinitrobenzene in a buffer of 10 mM Hepes–NaOH, pH 6.5,
containing 125 mM NaCl. GST activity was measured
spectrophotometrically. Absorbance based on the appear-
ance of the glutathione conjugate was measured at 340 nm
at 0, 5, 10, 15, 20, 25 and 30 min Results were expressed as
OD/min/mg TP.

Glutathione peroxidase (GPX) activity

The procedure applied for GPX activity was adapted from
Mcfarland et al. (1999). In a transparent microplate (96 flat
bottom wells), 20 µl of the homogenate sample (10 µl
homogenate+ 10 µl MilliQ Water) was measured spectro-
photometrically in a microplate reader (Infinite®M200) at
340 nm, at 3 s intervals for 3 min using as substrate 1 mM
cumene hydroperoxide. The decrease in NADPH absor-
bance measured at 340 nm during the oxidation of NADPH
to NADP was indicative of GPX activity. Results were
expressed as pmol/min/mg TP.

Glutathione reductase (GR) activity

GR activity was determined utilizing an adaptation of the
McFarland et al. (1999) procedure, previously conducted by
Martín-Díaz et al. (2007). In a transparent microplate (96
flat bottom wells), a 20 µl of the S15 sample (10 µl S15+
10 µl MilliQ Water) was measured spectrophotometrically
in a microplate reader (Infinite®M200) at 340 nm, every
2 min for 10 min at 30 °C. GR, together with the co-factor
NADPH, catalysed the reduction of oxidized glutathione
(GSSG) to GSH. The consumption of NADPH produced a
decrease in absorbance at 340 nm, which was directly pro-
portional to the glutathione reductase activity in the sample.
The samples were added to the reaction mixture (substrates
10 mM oxidized glutathione and 1 mM NADPH in 200 mM
phosphate buffer with a pH of 7.6, kept at 30 °C). The
results were expressed as nmol/min/mg TP.

Lipid peroxidation (LPO)

An adaptation of the thiobarbituric acid reactive substances
(TBARS) method by Wills (1987) was used to determine
LPO. Oxidative stress leads to malondialdehyde (MDA)
production from the degradation of initial products of free
radical attacks on fatty acids (Janero 1990). MDA reacts
with 2-thiobarbituric acid, producing tetramethoxypropane
(TMP). This was measured spectrophotometrically,

allowing the indirect determination of MDA. Standard
solutions and homogenate samples were prepared separately
in 1.5 ml Eppendorfs. Standard solutions were used of TMP
0.0001% (0, 0.6, 1.5, 3, 4, 6, 10 and 15 µM), 300 µl of
trichloroacetic acid (TCA) 10%, 1 mM FeSO4, 150 µl of
thiobarbituric acid (TBA) 0.67%, then 150 µl of diluted
homogenate (75 µl of the sample+ 75 µl milliQ water),
300 µl of trichloroacetic acid (TCA) 10%, 1 mM FeSO4 and
150 µl of thiobarbituric acid (TBA) 0.67%. Standards and
samples were incubated in a Unitronic 320 OR P Selecta
Heater® at 70 °C for 10 min Later, 200 µl of the standard
solution was added to transparent microplates (96 flat bot-
tom wells), and passed through a microplate reader (Infi-
nite®M200) to measure absorbance at 540 nm, in order to
set the standard curve of TMP. Finally, 200 µl of the sam-
ples in duplicate were measured in the same way. LPO was
expressed as μgTBARS/mgTP.

DNA damage

DNA damage was measured using a ‘DNA precipitation’
assay described by Olive (1988). This methodology is based
on the K-SDS precipitation of DNA-protein crosslink,
which uses fluorescence to quantify the DNA strand breaks.
Denatured single-stranded DNA was released from a phy-
sical matrix (cellular proteins). The physical separation of
single stranded DNA from double stranded DNA during the
denaturation process allowed quantifying the amount of the
two DNA species at the end of the assay (Shugart 2000). In
dark microplates (96 flat bottom wells), the homogenate
(25 µl) was mixed with 200 µl of 2% SDS containing
10 mM EDTA, 10 mM Tris-base and 40 mM NaOH. After
mixing for 1 min, 200 µl of 0.12M KCl was added and the
solution was heated at 60 °C for 10 min, mixed by inver-
sion, and cooled at 4 °C for 30 min to precipitate the
genomic DNA linked to SDS-associated nucleoproteins.
This mixture was then centrifuged at 8000 × g for 5 min
(4 °C). In a 96-well plate, 50 µl of the supernatant was
added to 150 µl of Hoescht dyein a concentration of 0.1 µg
mL−1 (diluted with a buffer containing 0.4 M NaCl, 4 mM
sodium cholate and 0.1 M Tris-acetate, pH 8.5). Fluores-
cence was measured in a microplate reader (Infinite®M200)
using 360 nm (excitation) and 450 nm (emission) filters
against blanks, containing identical constituents without the
homogenate. Salmon sperm genomic DNA standards
(Sigma) were added for DNA calibration, and the results
were expressed as µg/mgTP.

Acetylcholinesterase activity (AChE)

Post-mitochondrial AChE activity was determined in the S3
fraction, using acetylthiocholine as the substrate and Ell-
man’s reagent for detection (Bonacci et al. 2004). A
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standard solution of freshly prepared reduced glutathione
was used for calibration. Data were expressed as the for-
mation of thiols in μmol DNTB/min/mgTP (Guilhermino
et al. 1996).

Statistical analysis

EC50 values from the NRRA test were estimated by the
statistical programme ICPin®. Data was analysed using the
SPSS/PC+ statistical package®. Normality of the data and
homogeneity of variance were analysed prior to the use of
the parametric test. Significant differences between control
clams (organisms from day 0) and clams exposed to WWTP
effluent discharges were determined using a one-way
ANOVA, followed by the Dunnett’s multiple comparisons
test. The significance level was set at p < 0.05. Biomarker
responses were analysed using a SPSS/PC+ statistical
package®. Significant differences between controls (organ-
isms exposed to the reference site in the case of R. phi-
lippinarum, and organisms from day 0 in the case of C.
fluminea) with respect to organisms exposed to the studied
areas were determined using a one-way ANOVA; the data
was not transformed followed by a Dunnett’s multiple
comparisons test. The significance level was set at p < 0.05.

An integrated biomarker response index (IBR index)
was calculated by standardizing the data to a common
scale; to calculate the index, the response of each bio-
marker (LMS, EROD, DBF, GST, GPX, GR LPO, AChE
and DNA damage) was divided by the control average.
The one-way ANOVA was applied, followed by Dun-
nett’s test. The IBR index for R. philippinarum was cal-
culated by comparing the biomarker responses in clams
exposed to Trocadero and La Puntilla to the responses
from clams exposed to the reference site (Chorrillos). The
IBR index for C. fluminea was calculated comparing
clams exposed to G1 (upstream) and G3 (downstream) to

responses from clams analysed on day 0. The IBR index
was represented in star plots.

Results

Bay of Cádiz

No significant mortality compared to the control site
(Chorrillos) was observed in R. philippinarum exposed for
14 days to El Trocadero and La Puntilla in the Bay of Cádiz.
Results of LMS measured in marine clams are indicated in
Fig. 3.

It was observed that the NRRT on day 0 of the bioassay
evaluated in haemocytes from R. philippinarum was 134 ±
13 min (n= 10). At the end of the bioassay (day 14), the
mean time of the red dye retention exposed to the reference
site was 128 ± 9 min (n= 10), which was similar to the
response from day 0. Clams exposed to the studied areas in
the marine environment presented significant differences
with respect to clams exposed to the reference site (p <
0.05). The threshold values for general stress are indicated
in Fig. 3. R. philippinarum measured on day 0 and those
that were exposed to Chorrillos were considered to be
healthy (NRRT ≥80 min). The NRRT in clams exposed to
El Trocadero was 64 ± 8 min, indicating a general stress
syndrome (NRRT <80 but ≥45 min). The NRRT of clams
exposed to La Puntilla was 40 ± 13 min, and these clams
presented what was considered to be a diminished health
status (NRRT <45 min). Biochemical responses studied in
the digestive glands of R. philippinarum after 14 days of the
experiment in the field are shown in Fig. 4. Significant
induction in EROD activity was found in R. philippinarum
exposed to El Trocadero and La Puntilla, compared to
control organisms (1.9 and 1.3 fold p < 0.05). DBF activity
was induced significantly in clams exposed to El Tocadero
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Fig. 3 Lysosomal membrane stability (LMS) evaluated by the neutral
red retention time (NRRT) assay in haemocytes of R. philippinarum
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compared to control clams (1.5 and 1 fold p < 0.05). Clams
exposed to El Trocadero and La Puntilla showed significant
induction of GST activity (both 3 fold p < 0.05) compared
to the control. The same trend was found for antioxidant
responses: GPX and GR activity were observed to be sig-
nificantly increased in Trocadero (2.2 and 3.3 fold control p
< 0.05) and La Puntilla (1.7 and 5.9 fold control p < 0.05),
respectively. Levels of AChE and LPO were significantly

lower in clams exposed to El Trocadero and La Puntilla
compared to control clams (p < 0.05), and DNA damage
was not observed.

Guadalete River

Results obtained from C. fluminea exposed to points G1, G2
and G3 were compared to the results measured in clams

 

0

5

10

15

20

Day 0 Chorrillos El Trocadero La Puntilla

pm
ol

/m
in

/m
gP

T

Bay of Cadiz

EROD  

*
*

0
10
20
30
40
50
60
70

Day 0 Chorrillos El Trocadero La puntilla

pm
ol

/m
in

/m
gP

T

Bay of Cadiz

DBF 

*

0,00

0,05

0,10

0,15

0,20

Day 0 Chorrillos El Trocadero La puntilla

O
D

/m
in

/m
gP

T

Bay of Cadiz

GST 

* *

0

1

2

3

4

5

Day 0 Chorrillos El Trocadero La puntilla

nm
ol

/m
in

/m
gP

T

Bay of Cadiz

GPX 

*
*

0

20

40

60

80

100

Day 0 Chorrillos El Trocadero La puntilla

nm
ol

/m
in

/m
gP

T

Bay of Cadiz

GR 
*

*

0

20

40

60

80

Day 0 Chorrillos El Trocadero La Puntilla

μm
ol

D
N

TB
/m

in
/m

gP
T

Bay of Cadiz

AChE 

* *

0
50

100
150
200
250
300

Day 0 Chorrillos El Trocadero La Puntilla

μ g
TB

A
R

S/
m

in
/m

gP
T

Bay of Cadiz

LPO 

*
*

0

50

100

150

Day 0 Chorrillos El Trocadero La Puntilla

μ g
/m

gP
T

Bay of Cadiz

DNA damage 

Fig. 4 Biochemical biomarkers including ethoxyresorufin O-
deethylase (EROD), dibenzylfluorescein dealkylase (DBF), glu-
tathione S-transferase (GST), glutathione peroxidase (GPX), glu-
tathione reductase (GR), Acetyl cholinesterase (AChE) and lipid

peroxidation (LPO) and DNA damage measured in digestive gland
tissues of R. philippinarum exposed for 14 days to El Trocadero, La
Puntilla and Chorrillos in the Bay of Cádiz. Asterisks indicate sig-
nificant difference
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from day 0 of the bioassay (control). During the experiment
performed in the Guadalete River, significant mortality was
observed in C. fluminea exposed to G2 compared to G1
(p < 0.05). It is important to mention that 96% of the mor-
talities registered in this site occurred before day 7 of the
bioassay. Results of LMS in fresh water clams and the
threshold values for general stress for fresh water clams are
indicated in Fig. 3. The NRRT, measured in C. fluminea on
day 0, was 120 ± 4 min (n= 10). These clams were con-
sidered to be healthy (NRRT ≥110 min). After 21 days of
exposure, studied areas G1 and G3 presented significant
differences compared to clams from day 0 (p < 0.05). The
NRRT of clams exposed to G1 was 74 ± 17 min, and these
clams were considered to be stressed but compensating
(NRRT <110 but ≥50 min). There are no results for the
NRRT in clams exposed to G2 on day 21, as all organisms
died. It is important to mention that the NRRT of the sur-
vivors (n= 7) on day 7 was 6 ± 2 min, indicating dimin-
ished health status (NRRT <50 min). The NRRT of clams
exposed to G3 was 77 ± 19 min, and these clams were
considered to be stressed but compensating (NRRT <110
but ≥50 min).

Biochemical responses studied in the digestive glands of
C. fluminea after 21 days of exposure are shown in Fig. 5.
Significant induction in EROD, DBF and GST activity was
found in fresh water clams exposed for 21 days to G3
compared to individuals from day 0 (1.9, 2.7 and 2.7 fold
day 0, respectively, p < 0.05). With regard to antioxidant
responses, a significant increase was noted compared to
clams from day 0 for GPX activity measured in clams
exposed to G1 (5.8 fold day 0, p < 0.05) and G3 (4.3 fold
day 0, p < 0.05). Similarly, GR activity significantly
increased in clams exposed to sites G1 and G3 compared to
the activity measured in clams from day 0 (4.1 and 3.7 fold
day 0, p < 0.05). Levels of AChE were significantly reduced
in the digestive gland tissues of clams exposed to sites G1
and G3 when compared to the AChE levels in clams from
day 0 (p < 0.05). LPO levels significantly increased in clams
exposed to G1 and G3 compared to clams from day 0 (3 and
2 fold day 0, p < 0.05). DNA damage significantly increased
in caged clams exposed to G1 and G3 of the Guadalete
River compared to clams from day 0 (2.8 and 2.5 fold day
0, p < 0.05).

The IBR values calculated for each site in the Bay of
Cádiz are demonstrated through star plots in Fig. 6. Max-
imum IBR values in El Trocadero were observed for the
antioxidant response GR (4.2), for the enzyme activity from
Phase I EROD (3.4), followed by the antioxidant GPX (2.6)
and AChE (2.6). Maximum IBR values in La Puntilla were
established for antioxidant response GR (7.4), followed by
AChE (3.4), LMS (3.2), EROD (2.3), GST (2.1) and GPX
(2.1). The IBR index calculated for the Guadalete River is
demonstrated through star plots in Fig. 7. The highest IBR

value in site G1 was recorded for the antioxidant responses
GPX (5.8), followed by GR (4.1), LPO (3.0), DNA damage
(2.8), and AChE (2.5). The maximum IBR score on site G3
was observed for the antioxidant GPX (4.3), followed by
GR (3.7), the enzyme activity from Phase I DBF (2.7), GST
(2.7), and DNA damage (2.5).

Discussion

The Bay of Cádiz and Guadalete River are characterized by
a mixture of contaminants. The Bay of Cádiz has been
studied in some depth and is characterized by an absence of
significant contamination compared to other enclosed areas
such as ports (DelValls and Chapman 1998; Martín-Díaz
et al. 2008a, 2008b; Riba et al. 2004, 2005). Nevertheless,
the chemical characterization of sediment samples in the
Bay of Cádiz indicated a mixture of contaminants: metals,
surfactants (Lara-Martín et al. 2005, 2006), polychlorinated
biphenyls (PCBs), polycyclic aromatic hydrocarbons
(PAHs) (Martin-Díaz et al. 2008a) and pharmaceutical
active compounds (Maranho et al. 2015). The WWTP
effluents in El Trocadero from Puerto Real, and La Puntilla
from Puerto de Santa Maria, receive urban wastewater
directly from hospitals without previous treatment. The
Guadalete River receives direct discharges from farms and
individuals’ households, and the WWTP in Jerez de la
Frontera receives untreated domestic wastewater from Jerez
city and small villages, as well as from hospitals located in
these towns (Corada-Fernández et al. 2011). This plant is
sometimes forced to discharge some of the wastewater
without prior purification through a secondary effluent
located upstream throughout the winter seasons and during
periods of heavy rainfall (Corada-Fernández et al.
2011, 2017; Lara-Martín et al. 2008). The use of biomarkers
in assessing the toxicity of contaminants present in WWTP
effluents is continuously developing, but improvements are
still crucial. Therefore, it is necessary to validate biomarker
responses considering the determination of biomarker
responses in situ and the sentinel species for testing.

NRRT measures the lysosomal content efflux into the
cytosol, which reflects a physiological process in stressed
organisms after membrane damage and comparatively
measures the capacity of cellular processes to adapt to stress
conditions (Lowe and Pipe 1994). In this study, the bio-
marker of general stress, determined by LMS, indicated that
averages values of NRRT (128 ± 9 min) from R. philippi-
narum exposed to the reference site Chorrillos were above
the values measured previously in this species exposed
under field conditions for 14 days to a reference site in Rota
during the winter (average NRRT 100 min; Maranho et al.
2015), and for 28 days to a reference site in the Bay of
Cádiz (NRRT= 70 ± 10 min; Buratti et al. 2010). In a
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previous study from our group under laboratory conditions,
the NRRT measured in R. philippinarum exposed to the
control treatment after 35 days was 94 ± 7 min (Aguirre-
Martínez et al. 2013b), and reached over 100 min when

exposed for 7 days (Díaz-Garduño et al. 2018). Just as
R. philippinarum had reached an NRRT 134 ± 13 min on
day 0, the NRRT determined in C. fluminea on day 0 was
120 ± 4 min These values are also higher than the NRRT

0
10
20
30
40
50
60
70

Day 0 G1 G3

pm
ol

/m
in

/m
gP

T

Guadalete River

DBF 

*

0

0,02

0,04

0,06

0,08

Day 0 G1 G3

O
D

/m
in

/m
gP

T

Guadalete River

GST 

*

0

1

2

3

4

5

Day 0 G1 G3

nm
ol

/m
in

/m
gP

T
Guadalete River

GPX 

*

*

0

20

40

60

Day 0 G1 G3

nm
ol

/m
in

/m
gP

T

Guadalete River

GR 

*
*

0

20

40

60

80

Day 0 G1 G3

μ m
ol

D
N

TB
/m

in
/m

gP
T

Guadalete River

AChE 

**

0

50

100

150

200

Day 0 G1 G3

μg
TB

A
R

S/
m

in
/m

gP
T

Guadalete River

LPO 

*

*

0

50

100

150

200

250

Day 0 G1 G3

μg
/m

gP
T

Guadalete River

DNA damage 
*

*

0

2

4

6

8

10

Day 0 G1 G3

pm
ol

/m
in

/m
gP

T

Guadalete River

EROD  
*

Fig. 5 Biochemical biomarkers including ethoxyresorufin O-
deethylase (EROD), dibenzylfluorescein dealkylase (DBF), glu-
tathione S-transferase (GST), glutathione peroxidase (GPX), glu-
tathione reductase (GR), Acetyl cholinesterase (AChE) and lipid
peroxidation (LPO) and DNA damage measured in digestive gland
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ences from the control (one way ANOVA, p < 0.05). Data are means ±
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recorded in other fresh water bivalves under laboratory and
field conditions; for example, the NRRT observed in the
zebra mussel species Dreissena polymorpha exposed in the
laboratory to a control treatment was about 90 min (Binelli
et al. 2009).

LMS is considered to be a sensitive early-warning bio-
marker of animal health status (Martínez-Gómez et al. 2008;
Viarengo et al. 2007), and supports the development of a
stress response to contaminants. Thus, it was applied as
screening biomarker to identify changes in health status
associated with contaminated environments (Buratti et al.
2012). Considering the health status thresholds proposed for
R. philippinarum and C. fluminea by Aguirre-Martínez et al.
2013b, 2015, respectively, results from the present experi-
ment indicated that R. philippinarum exposed to Chorrillos
(reference site during 14 days) were healthy. Clams exposed
to El Trocadero were stressed but compensating, and clams
exposed to La Puntilla showed diminished health status.
Similarly, the controls for the fresh water species C. flu-
minea evaluated on day 0 of the assay were considered
healthy, and clams exposed G1 (upstream) and to G3
(downstream) showed signs of stress. Decreased values of
NRRT in the studied areas from Cádiz and the Guadalete
River compared to the controls could be attributed to
increased pollution levels prevailing in the respective areas.

These results showing decreased NRRT are consistent with
those reported for bivalves, where NRRT decreased fol-
lowing exposure to heavy metals (Matozzo et al. 2001;
Viarengo et al. 2000), as well as organic pollutants (Lowe
et al. 1995) and whole effluents (Díaz-Garduño et al. 2018;
Maranho et al. 2015). It has been reported that in field
studies, NRRT assays are either minimally or not at all
affected by natural factors, such as temperature and salinity,
but are mainly influenced by pollutants (Ringwood et al.
1998). LMS evaluated in this study was therefore a sensitive
tool for the evaluation of general stress in both species of
clams under field conditions, and was shown to be a suitable
screening biomarker for contamination in aquatic environ-
ments due to its ability to demonstrate a detrimental con-
taminant effect in the marine and fresh water environment.

EROD activity is involved in Phase I of metabolism,
unmasking or adding reactive functional groups (oxidation,
reduction or hydrolysis) (Goeptar et al. 1995). The increase
of EROD activity observed in clams exposed to the Bay of
Cádiz and to the Guadalete River indicates a metabolization
of the organic compounds that are present and bioavailable
in the water column. Increases in EROD activities have
been reported in many species of invertebrates, including
clam and crab species, following exposure to organic pol-
lutants including polycyclic aromatic hydrocarbon (PAH’s),

Fig. 6 The Integrated biomarker
response (IBR) analysed in the
digestive glands of R.
philippinarum exposed for
14 days to Trocadero and La
Puntilla in the bay of Cádiz
compared to the responses
obtained from clams exposed to
the reference site, Chorrillos.
Biomarker responses considered
for this index were: LMS,
EROD, DBF, GST, GPX, GR,
LPO, DNA damage and AChE

Fig. 7 The integrated biomarker
response (IBR) analysed
digestive glands of C. fluminea
exposed for 21 days to the
Guadalete River in G1 and G3
compared to the responses
measured in clams on day 0.
Biomarker responses considered
for this index were: LMS,
EROD, DBF, GST, GPX, GR,
LPO, DNAdamage and AChE
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Polychlorinated biphenyl (PCBs), chlorophenols (CPs),
hexachlorobenzene (HCB), Tributyltin (TBT), pharmaceu-
tical active compounds and antibacterial agents (Binelli
et al. 2005, 2006; Lafontaine et al. 2000; Aguirre-Martínez
et al. 2013b, 2014, 2016). PAH and pharmaceutical pro-
ducts have been reported as being responsible for the acti-
vation of EROD activity in R. philippinarum and freshwater
clams in the field (Maranho et al. 2015) and under labora-
tory conditions (Aguirre-Martínez et al. 2015, 2016).
Results from this study are also consistent with the increase
of EROD activity demonstrated in the digestive gland tis-
sues of E. complanata exposed for 7 weeks to different
concentrations of a primary treatment effluent (Gagné et al.
2007). This is consistent with a study that indicated an
increase of EROD activity in digestive gland tissues of
E. complanata after an injection of effluent extract (Martín-
Díaz et al. 2009). In addition to and supporting our results,
it has been shown that EROD activity increases in the
digestive glands of C. fluminea exposed for 15 days to
domestic land field leachate, thus demonstrating its toxicity
(Oliveira et al. 2014). Similarly, EROD activity was
induced in Oncorhynchus mykiss hepatocytes after exposure
to municipal effluents after 48 h (Gagné and Blaise 1999),
and in O. mykiss liver microsomes exposed in vitro (Gagné
et al. 2006).

The activity of DBF from Phase I of detoxification
metabolism is linked to cytochrome P4503A4, which is
involved in the metabolism of many pharmaceutical pro-
ducts, and detoxification against xenobiotics (Smith 2009;
Taxak and Bharatam 2010) was significantly induced in
R. philippinarum exposed to El Tocadero and in C. fluminea
exposed to G3 (downstream). Results from this study do not
coincide with a previous study indicating that DBF activity
was reduced in the digestive gland of E. complanata
exposed to different concentrations of a municipal effluent
for seven weeks (Gagné et al. 2007). The increase of DBF
activity in El Trocadero and in G3 might suggest the pre-
sence and bioavailability of pharmaceutical active com-
pounds during the experiment and their metabolization by
R. philippinarum and C. fluminea after 14 and 21 days of
exposure, respectively. In this sense, it has been reported
that municipal effluents contain large amounts of relatively
polar compounds such as pharmaceutical products and
steroids (Boyd et al. 2003).

Glutathione S-transferase activity was found to be sig-
nificantly induced in R. philippinarum and C. fluminea after
exposure to areas near WWTP effluents. Glutathione
transferases are a family of enzymes that use glutathione
(GSH) as a substrate in reactions, which permit the bio-
transformation and disposal of a wide range of exogenous
compounds (Contreras-Vergara et al. 2004). These com-
pounds may be xenobiotics, drugs or products of oxidative
stress, but are mainly polar organic compounds. These

enzymes are Phase II type enzymes and catalyse the syn-
thetic conjugation reactions of the xenobiotic parent com-
pounds and their metabolites in order to facilitate the
excretion of chemicals. Results from this study indicating
increases in GST activity in digestive glands from both
species of clams exposed to WWTP effluents are consistent
with a previous study reporting significant increases of GST
activity in fresh water mussels, Elliptio complanata, located
downstream from a primary treated municipal effluent for
one year, suggesting the presence of organic contaminants
(Gagné et al. 2004b). This finding coincides with the
observation that municipal effluents are a major source of
polyaromatic hydrocarbons (PAHs), as represented by
pyrene concentrations and miscellaneous organic chemicals
including pharmaceutical drugs and personal-care products
(Chambers et al. 1997; Kümmerer 2001). In addition, an
increase in hepatic GST activity has been reported in several
studies following exposure to PAHs and PCBs (Van der
Oost et al. 2003). Moreover, exposure of trout hepatocytes
to municipal effluents was shown to induce GST activity
after 48 h in a study conducted by Gagné and Blaise (1999).

Defence systems that tend to inhibit oxyradical formation
include antioxidant enzymes such as glutathione peroxidase
(GPX) and glutathione reductase (GR). GPX and GR
activity protects the organism from oxidative damage, and
GPX is involved in the inhibition of oxyradical formation in
the presence of redox-active compounds such as PCBs and
PAHs. It has been demonstrated that GPX activity increases
in fish exposed to PCBs and PAHs (Van der Oost et al.
2003), but more research is required on invertebrate species.
GR is responsible for oxidized glutathione reduction (GSS
G) via a NADPH-dependent process. Therefore, it is
essential for the regeneration of reduced GSH, which is
necessary for the operation of GPXs and many other cell
enzymes (Manduzio et al. 2003). Many pollutants may
induce toxicity reactions related to oxidative stress. Oxygen
toxicity may act as a potent oxidant, capable of reacting
with critical cellular macromolecules, possibly leading to
DNA damage and cell death. Lipid peroxidation is an
important effect of oxidative stress, and GPX and GR
enzymatic activity are efficient in protecting against damage
caused by LPO (Winston and Di Giulio 1991). LPO levels
decreased in R. philippinarum exposed to Trocadero and La
Puntilla in the Bay of Cádiz; on the contrary, LPO levels
increased in C. fluminea exposed to G1 and G3 in the
Guadalete River. In this regard, a previous study by Gagné
et al. (2007) demonstrated that LPO levels increased in gill
tissues of E. complanata exposed for 7 weeks to different
concentrations of municipal effluents. Conversely, LPO
levels decreased in a study on E. complanata exposed for
one year to a primary-treated effluent plume (Gagné et al.
2004b). These authors have also shown that municipal
effluents can induce LPO in O. mykiss liver microsomes
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exposed in vitro, indicating that products present in muni-
cipal effluents have the potential to produce a toxic response
in aquatic organisms (Gagné et al. 2006).

DNA damage could be a consequence of oxidative stress
(Winston and Di Giulio 1991). The number of DNA strand
breaks in tissues is a function of DNA repair/synthesis
activity and indicates the degree of DNA damage. It was
noted in this study that R. philippinarum exposed to WWTP
effluents in the marine environment did not show DNA
damage. Similarly, another study performed in the Gulf of
Gdańsk indicated no genotoxic effects of sewage effluents
on sampled blue mussels,Mytilus edulis trossulus, that were
close to point sources (Larsson et al. 2018). A possible
explanation for the lack of DNA damage in digestive gland
tissues of R. philippinarum exposed to WWTP effluents in
the Bay of Cádiz could be that defence mechanisms, such as
enzyme activity from Phase I, biotransformation enzymes
form Phase II, and antioxidant responses were efficient in
preventing severe damage, and were effective in providing
cellular protection against oxidative damage. Bivalves have
the capacity to biotransform foreign organic chemicals such
as Phase I and II biotransformation enzymes. On the other
hand, fresh water clams exposed to G1 (upstream) and G3
(downstream) in the Guadalete River did show DNA
damage. Our results regarding clams exposed to The Gua-
dalete River differ from previous studies, where DNA
damage did not vary significantly in the digestive glands of
E. Complanata exposed to an upstream site of a municipal
effluent plume for a year (Gagné et al. 2004b), or in the
digestive glands of E. complanatta exposed for 62 days to
the same municipal plume, but at a distance of 4 km (Gagné
et al. 2002). Results from our study are consistent with a
study that reported that DNA damage increased in the
digestive glands of E. complanata exposed for seven weeks
to different concentrations of a primary-treated municipal
effluent (Gagné et al. 2007). Other studies have recognized
the genotoxic effect of effluents. Enzymatic activity from
Phase I and Phase II studied and induced in this research
provides evidence for the activation of the defence
mechanisms in R. philippinarum and C. fluminea, and
shows the bioavailability of contaminants present in the
water column from each site.

AChE is a group of enzymes crucial to the transmission
of nervous impulses, and is found in all animal phyla,
including mollusks (Walker and Thompson 1991). AChE
converts acetylcholine into choline and acetate, and neuro-
transmission is stopped by the AChE effect (Pohanka
2011, 2012, 2013). Inhibition of AChE activity was ana-
lysed in order to determine whether the WWTP effluent
outfalls selected were able to cause a neurotoxic effect in
R. philippinarum and C. fluminea. Results from this study
indicated an effect demonstrated by the inhibition of AChE
activity observed in R. philippinarum exposed to WWTP in

El Trocadero and La Puntilla, and in C. fluminea exposed to
G1 (upstream) and G3 (downstream). In general, many field
studies have demonstrated the value of measuring AChE
activity in invertebrates as exposure biomarkers in coastal
waters and rivers (Dailianis et al. 2003; Gagné et al. 2010;
Rank et al. 2007; Stien et al. 1998). AChE activity is
inhibited in the presence of organic and inorganic com-
pounds such as pesticides, hydrocarbons, antibacterial
agents, detergents and metals (Brown et al. 2004; Damásio
et al. 2011; Guilhermino et al. 1998; Lionetto et al. 2003;
Matozzo et al. 2012; Payne et al. 1996). AChE is a well-
recognized biomarker for detecting general physiological
stress in aquatic organisms caused by exposure to con-
taminants (Rank et al. 2007). Coinciding with the results
from this study, other studies have demonstrated a decrease
of AChE activity in gills from the clam Venerupis phi-
lippinarum exposed to fluoxetine concentrations (Munari
et al. 2014), and in the digestive glands of Carcinus aes-
tuarii when exposed to lower levels of organic con-
taminants (Ricciardi et al. 2010). A decrease of AChE was
also reported in the sea urchin species Paracentrotus lividus
when exposed to pesticides (Pesando et al. 2003). In con-
trast, it has been demonstrated that mussels injected with an
effluent extract have significantly increased in AChE
(Gagné et al. 2010). The U.S. EPA (1998) suggests that a
decrease of 20% or more in AChE activity can be con-
sidered as a clear toxicological effect of xenobiotic expo-
sure. In this regard, the present study noted a decrease of
61% in AChE activity measured in R. philippinarum
exposed to El Trocadero, and a 70% decrease found in
clams exposed to La Puntilla. When C. fluminea were
exposed to G1, a decrease of 61% in AChE was noted, and
clams exposed to G3 presented a decrease of 57%. These
results indicate a clear toxicological effect produced by
these WWTP effluents.

The IBR index was applied to integrate the biomarker
responses in organisms after exposure to effluents (Díaz-
Garduño et al. 2018; Kim and Jung 2016; Maranho et al.
2015; Serafim et al. 2013) in order to identify the effects of
stress on both clam species. Based on this index, similar
responses between clams exposed to El Trocadero and La
Puntilla were noted, with maximum IBR values of GR
indicating the activation of antioxidant responses in both
sites. Similarly, LPO and DNA damage were not observed
in these sites. Both sites induced EROD and DBF activity,
nevertheless, El Trocadero presented higher IBR values of
these responses than La Puntilla, demonstrating the pre-
sence of bioavailable organic compounds, as previously
discussed. A higher IBR score was calculated for AChE in
La Puntilla, revealing neurotoxic compounds in this area.
The IBR index revealed distinctions between the affected
sites in the Bay of Cadiz, indicating that clams were more
stressed in La Puntilla than El Trocadero. The IBR index
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calculated for the Guadalete River demonstrated that all
biomarkers were activated indistinctively. The maximum
IBR values for LMS, GPX, GR, LPO, DNA damage and
AChE were observed in G1 (upstream), indicating that
organisms were more stressed in this site, and the IBR index
for DBF was higher in G3 (downstream), suggesting that
there are likely pharmaceuticals products in this area.

Caged organisms have widely been used to determine
various biological responses in order evaluate the environ-
mental quality of areas impacted by wastewater effluents
(Díaz-Garduño et al. 2018; Maranho et al. 2015; Nobles and
Zhang 2015). The caged R. philippinarum and C. fluminea
used in this study exhibit changes in the biomarkers when
indistinctively exposed to studied sites, indicating that che-
micals from wastewater had a measurable impact on the
health status of both species. Upon comparing both species,
the greatest biomarker activation was visible in C. fluminea,
which may be due to the longer exposure time (21 days)
compared to the experiment with R. phillipinarum (14 days).
This was also likely related to the bioavailability of con-
taminants present in the fresh water environment that induced
oxidative stress and DNA damage. Nevertheless, both species
were found to be sensitive and susceptible to environmental
contaminants present in the water column, thus suggesting
their potential value in environmental risk assessments.

Conclusion

This study evaluated the effects of WWTP discharges in
marine and fresh water environments on caged clams via the
application of biomarkers of general stress, exposure and
effect and the biomaker of neurotoxicity. It was concluded
that lysosomal damage is a sensitive tool for the evaluation of
the general stress of caged clams under field conditions, and is
a suitable screening biomarker for contamination in aquatic
environments due to its ability to demonstrate a detrimental
contaminant effect in both species. Results from this study
indicated that Phase I, Phase II, antioxidant enzymes, neuro-
toxic effect, lipid peroxidation and DNA damage selected as
sublethal responses, constituted suitable measurements to be
incorporated in a battery of biomarkers to assess toxicity in
marine and fresh water environments. The digestive gland
tissues analysed were found to be reliable for biomarker
analysis. Contaminants present in the studied areas from the
Bay of Cádiz (El Tocadero and La Puntilla) and the Guadalete
River (G1 and G3) may affect the health status of R. phi-
lippinarum and C. fluminea, as well as other aquatic organ-
isms. The effluent discharge from WWTP in Jerez de la
Frontera led to the death of 96% of the clams within a week of
the bioassay, indicating a high level of toxicity. Nevertheless,
more research should be performed in coastal and fresh water
environments affected by constant WWTP discharges.

Finally, the data reported in this study, including toxic effects
and defence mechanisms, represent important ecotox-
icological information and will provide a useful reference for
the assessment of areas adjacent to WWTPs and the effect
their effluents might have on marine and fresh water organ-
isms, using the clam R. philippinarum and C. fluminea as
bioindicator species. This study also demonstrates the
importance of in situ bioassays in evaluating the adverse
effects of WWTP effluents, as they indicate realistic condi-
tions of organisms exposed to mixtures of contaminants.
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