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a b s t r a c t

The present study investigated possible adverse outcomes in the marine clams Ruditapes philippinarum
exposed to sediment affected by wastewater discharges at the Bay of C�adiz (SW, Spain). Six locations
representing five cities were chosen for the sediment sampling during winter and summer seasons: P1 e

Chiclana de la Frontera, P2 e Puerto Real, P3 e C�adiz, P4 and P5 e El Puerto de Santa María, P6 e Rota
(reference site). Biochemical biomarkers were explored in clams after 14-days of exposure under
controlled conditions, that included changes in cellular energy status (total lipids content e TLP and
mitochondrial electron transport activity e MET), gametogenic activity (dopamine and ALP levels),
metabolism of monoamines (monoamine oxidase activity e MAO), inflammation and spawning prop-
erties (cyclooxygenase activity e COX). Wastewater discharges induced energy budget alterations, as
suggested by MET decrease (P4 and P5) and accumulation of TLP (P1, P2 and P3) in gonads. ALP levels (P1,
P2 and P3), dopamine (P2) and COX activity (P1, P2, P3, P4 and P5) decreased in clams after the exposure
to summer sediments. MAO increased in clams exposed to winter (P1 and P2) and summer (P3 and P4)
sediments. Wastewater discharges composition changed between different seasons, mainly leading to
oxidative stress, inflammation (COX activity and ALP levels) and spawning delay in summer. This study
highlights the importance of considering reproduction of marine biota when assessing adverse effects of
wastewater discharges. Continuous release of wastewater adequately threated or not, in aquatic eco-
systems may culminate in adverse effects to the local benthic biota.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Wastewater discharges and sewage outfalls drive large amounts
of effluents to estuaries and marine environments, which contain a
plethora of contaminants including metals, polycyclic aromatic
hydrocarbons (PAH), pesticides, steroids, surfactants, nutrients and
pharmaceutical and personal care products (PPCP). Marine and
estuarine environments are the major receptor of wastewater dis-
charges from coastal areas, where the most urban populated areas
in the world are located (Lara-Martín et al., 2014). Although a
lo State University e UNESP,
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variety of PPCP have been currently detected in the marine envi-
ronment (Lara-Martín et al., 2014; Long et al., 2013), only few
studies have addressed the wastewater exposure and effects on
non-target species (Vidal-Dorsch et al., 2014; Beyer et al., 2013;
Maruya et al., 2012).

The Water Framework Directive (WFD) recommends the use of
biota for assessing contamination trends in water bodies (Gust
et al., 2014). Sensitivity of the molluscs to mixture of contami-
nants has been explored to evaluate chronic adverse effects of
municipal effluents as biochemical and immunochemical re-
sponses (Box et al., 2007; Sol�e et al., 2009; Franzellitti et al., 2010;
Gagn�e et al., 2011). Functional changes at cellular levels as neuro-
endocrine effects (monoamine oxidase activity e MAO, dopamine
levels), inflammation (cyclooxygenase activity e COX), changes in
reproduction (ALP levels) and energy status (total lipids content e
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Fig. 1. Geographic locations of sampling regions across the Bay of C�adiz (SW, Spain).
Five sampling sites representing urban areas were selected to the sediment collection
near wastewater discharges: Chiclana de la Frontera (P1), Puerto Real (P2), C�adiz (P3),
El Puerto de Santa Maria (P4 and P5), and ending with the reference site in Rota (P6).
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TLP, mitochondrial electron transport e MET) were previously
assessed in freshwater molluscs. Wastewater treatment plant
(WWTP) effluents produced inflammation measured by cyclo-
oxygenase activity (COX) in mussels Elliptio complanata (Gagn�e
et al., 2008a, 2007a, 2005) and snails Lymnaea stagnalis (Gust
et al., 2013). Neuroendocrine toxicity and oestrogenic activity of
primary-treated municipal effluents were assessed on
E. complanata through the determination of monoamine oxidase
(MAO) activity (Gagn�e et al., 2007a,b) and Vtg-like proteins
applying ALP assay (Gagn�e et al., 2007b). Evidence of feminization
was confirmed in E. complanata exposed to municipal effluents
through the measurements of COX activity, serotonin, dopamine
and Vtg-like proteins (Gagn�e et al., 2011). Freshwater organisms
exposed to effluents increased energy expenditure determined by
mitochondrial electron transport activity (MET) and total lipids
(TLP) reduction (Gagn�e et al., 2007a; Smolders et al., 2004).

Marine bivalves, such as clams Ruditapes philippinarum are
considered as sensitive bioindicators exposed to chronic water/
sediment pollution. This species has been extensively used in bio-
monitoring (Morales-Caselles et al., 2008; Moschino et al., 2011)
and sublethal studies (Buratti et al., 2010, 2012; Coughlan et al.,
2009; Martín-Díaz et al., 2008b, 2007, 2005). Research on neuro-
endocrine responses in marine bivalves to stressors and their
application in biomonitoring studies is not as extensive on
biochemical biomarkers (Gagn�e at al., 2008b, Matozzo and Marin,
2007). Reproduction aspects have particular relevance to monitor
population dynamics in contaminated environments (Sol�e et al.,
2003; Martín-Díaz et al., 2008a; Matozzo et al., 2008).

The aim of the present study was to evaluate sublethal stress
responses of bivalve sentinel organisms exposed to sediment
contaminated by wastewater discharges, and to discuss the suit-
ability of this bioindicator. Five different locations (P1 e P5) rep-
resenting four cities (SW, Spain) were selected under directly
influence of wastewater discharges and compared with a reference
site (P6). 14-days bioassay with marine clams (R. philippinarum)
was performed under laboratory conditions. Changes in total lipids
(energy reserves), mitochondrial electron transport (energy con-
sumption), cyclooxygenase activity (inflammation properties),
monoamine oxidase activity and dopamine levels (neuroendocrine
effects), and ALP levels (reproduction) were determined in gonads
taking into account seasonality and contamination.

2. Material and methods

2.1. General approach

The Bay of C�adiz (SW, Spain) comprises a population of 460,000
habitants, but during the summer season the population increases
by 30% compared with winter owing to tourism (INE, 2011). There
is an increase of some PPCPs use (e.g. sunscreen in summer) in each
season, and the decrease of others (e.g. cold medications in sum-
mer). Summer in South Spain is a dry season, and consequently,
water consumption increases. However, winter comes with strong
storms, which deal with sediment resuspension in the studied
areas, and as a consequence, contaminants accumulated in the
sediment compartment tend to be bioavailable to the aquatic biota.
Main industries located in this zone are related with ship, offshore,
car and aerospace manufacturing. Agriculture and tourism are also
important socioeeconomic activities at the Bay of C�adiz.

Six points were chosen at the Bay of C�adiz (SW, Spain) (Fig. 1) for
the assessment of sediment toxicity. Five of them were under the
influence of wastewater discharges from urban areas: P1 e Chi-
clana de la Frontera, P2 e Puerto Real, P3 e C�adiz, P4 and P5 e El
Puerto de Santa Maria. Previous studies recognized these areas as
directly affected by wastewater discharges (Lara-Martín et al.,
2008; Carrasco et al., 2003; Ponce et al., 2000), also regarded to
maps provided by Junta de Andalucía (Spanish Government). P6
was located at Rota, and chosen as reference site.

- Chiclana de la Frontera (P1): located at Iro River. Previous study
speculated the discharge of anticholinergic agents, such as
pesticides (Sol�e et al., 2009). This river receives water from
agricultural sources as well as urban wastewater discharge.
Although the wastewater is treated in a WWTP before the
discharge, a high level of contamination by nutrients and
pathogens were measured in the aquatic system (Garrido-P�erez
et al., 2002);

- Puerto Real (P2): characterized by WWTP discharge, moderate
metal contamination (Carrasco et al., 2003) and significant
shipping activity;

- C�adiz (P3): this area support a seasonal wastewater pumping
and storage station, that send the wastewater to be treated in
another WWTP located at San Fernando. However, there are
occasional discharges of wastewater from this station to the Bay
of C�adiz;

- El Puerto de Santa Maria (P4 and P5): P4 is characterized by
seasonal wastewater pumping, and also receives the effluents
coming from the upper part of the Guadalete River. SAS were
previously detected in sediment in this area which correlated
their usage and the presence of wastewater discharges (Lara-
Martín et al., 2006). Some marinas and small harbours are
located in this point. P4 might be considered the main receiving
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point for wastewater generated in the upstream regions of the
C�adiz province. P5 is located near a sewage outfall in the north of
the Bay of C�adiz, at Puerto Sherry, which receives WWTP ef-
fluents from the city. There are only occasionally untreated
discharges since WWTP has existed for several years (Lara-
Martín et al., 2006).

- Rota (P6): far from known wastewater discharges, with a high
water renewal, near the Chorillo sandy beach.
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2.2. Sediment sampling

Sediment was sampled during winter and summer 2011, from
an inflatable launch on an ebbing tide by means of Van Veen grab
(when it was possible) or scuba divers help, taking the topmost
10 cm layer of the sediments. Samples were brought to the labo-
ratory, sieved to remove large debris and other animals, and kept at
4 �C in the dark for maximum two days until the clams’ exposure.
Sediment samples were placed in 20-L aquarium filled with filtered
seawater.

Physical chemical characteristics of the sediment sampled at P1
e P6 in winter and summer seasons were described in Tables 1 and
2. For sediment grain size analysis, an aliquot of dry sediment was
analysed following the methodology recommended by USGS
(2000). Total organic carbon (TOC) and organic matter (OM) con-
tent were evaluated (USEPA, 2002). Aqua regia extraction
(ISO11466, 1995) was applied for metal analyses. Concentrations of
metals (Al, As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Se and Zn) were quantified
by inductively coupled plasma optical emission spectrometry (ICP-
OES). Hg concentrations were determined with LECO AMA 254
analyser. Results were checked using MESS-1 NRC reference ma-
terial. Such metals were chosen based on sediment quality guide-
lines (SQG): USEPA (2004), CCME (1995), CEDEX (1994) and Riba
et al. (2004).

Concerning organic compounds, polycyclic aromatic hydrocar-
bons (PAHs) in sediment samples were analysed according to
USEPA SW-846 method 8270/8082 (2007). PAH fractions were
chosen based on Riba et al. (2004). The sum of PAH fractions was
used for the integrative analysis.

Selected 34 pharmaceuticals and secondary alkane sulfonates
(SAS) were measured following methods proposed by Jelic et al.
(2009) and Baena-Nogueras et al. (2013). Pharmaceuticals deter-
mined were anti-inflammatories (acetaminophen, diclofenac,
fenoprofen), anti-hypertensive (atenolol, propranolol), lipid regu-
lators (clofibric acid, gemfibrozil), psychiatric drugs (carbamaze-
pine, fluoxetine, amitriptyline, caffeine), antibiotics
(chloramphenicol, cefdinir, tiamulin, erythromycin, clarithromycin,
azithromycin, roxithromycin, lincomycin, clindamycin, flumequine,
sparfloxacin, novobiocin, metronidazole, ornidazole, sulfadiazine,
sulfamethoxypyridazine, sulfathiazole, trimethoprim, monensin),
antacids (famotidine, ranitidine) and others (glibenclamide, hy-
drochlorothiazide). The sum of each group of pharmaceuticals was
used for the integrative analysis. For additional information about
chemicals analysis, please see Maranho et al. (2015, 2014).

2.3. Clams exposure and tissues preparation

Specimens of R. philippinarumwere bought from an aquaculture
farm located at Chiclana de la Frontera (SW, Spain). Samples con-
sisted of clams with 35e45-mm shell length. These specimens
were acclimatised in the laboratory for 7 days before exposure.
After the acclimation period, 28 individuals were placed to each
aquarium (day-0). The bioassay was performed in duplicate. Con-
ditions of the bioassay were verified each two days (pH: 8.1 ± .3,
dissolved oxygen: 7.3 mg L�1 ± .2, salinity: 35.3 ± 1.4). 1:3 of the



Table 2
Concentrations of target pharmaceutical compounds and SAS (ng g�1) in sediment sampled at six studied sites located at the Bay of C�adiz (SW, Spain) in winter (w) and
summer (s) seasons: P1 e Chiclana de la Frontera, P2 e Puerto Real, P3 e C�adiz, P4 and P5 e El Puerto de Santa María, P6 e Rota (reference site).

P1 w P1 s P2 w P2 s P3 w P3 s P4 w P4 s P5 w P5 s P6 w P6 s

Anti-inflammatories 27.1 30.3 9.4 .1 2.9 .9 16.4 .8 1.9 2.2 5.9 8.3
Anti-hypertensive .5 .5 .1 .3 .2 .6 1.1 .6 .2 .1 .1 .3
Lipid regulators 1 .4 .1 .1 e e .1 .1 e e e e

Psychiatric drugs 4 13.2 2 3.2 3.5 4.7 9 8.9 97.5 5 8.9 3.3
Antibiotics 3.5 3.6 20.6 2.1 13.4 1.9 4.6 2.5 28.8 2.4 8.8 2
Antacids .4 .7 .7 .3 .1 .3 1.1 .2 .3 .3 .2 .1
Others 1.1 2.1 1.2 1.5 .3 1 1.1 .8 .2 e e .1
SAS 1978.65 1521.0 61.1 77.4 73.9 44.7 1147.9 2344.8 400.7 159.3 623.2 118.7

(e) e not detected.

L.A. Maranho et al. / Estuarine, Coastal and Shelf Science 164 (2015) 324e334 327
seawater was renewed each three days. Exposure period lasted 14
days at 18 ± 2 �C, photoperiod 12 h light:12 h dark, under constant
aeration.

At the end of the exposure period, clams were placed overnight
in aquariums filled with filtered seawater (18 ± 2 �C) for depu-
ration. Twelve clams from each duplicate (n ¼ 24 clams) were
chosen randomly for the biomarker analysis. Gonad mass were
dissected out, pooled (n¼ 4 gonads) and homogenized on ice using
Teflon pestle tissue grinder apparatus in homogenization buffer
(pH 7.5) containing 140 mM NaCl, 25 mM Hepes-NaOH, .1 mM
EDTA and .1 mM dithiothreitol (DTT) (Gagn�e et al., 2007a). A
portion of homogenate was centrifuged at 3,000 g at 4 �C for
20 min, and the supernatant fraction carefully collected (S3 frac-
tion). Other aliquot of homogenized fraction was centrifuged at
15,000 g at 4 �C for 20min, and the supernatant used for biomarker
determinations (S15 fraction). Homogenate, S3 and S15 fractions
were stored at �80 �C until further analysis.

Total protein content (mg) was determined to each extract ac-
cording to Bradford method (1976) using serum bovine for
calibration.

2.4. Neuroendocrine parameters e dopamine levels and
monoamine oxidase activity

Dopamine levels were determined in the S15 fraction using a
competitive enzyme-linked immunosorbent assay (ELISA) (Kim
et al., 2008) with modifications (Gagn�e et al., 2011). First, 96-well
luminescence plates (Microlite 2, Thermo Fisher Scientific, ON,
Canada) were coated with .5 mg of BSA-conjugated dopamine (US
Biological, Boston, MA, USA) in 50 mM TriseHCl (pH 8.5) at 4 �C
overnight. Plates were washed three times with PBS (5 mM
KH2PO4, 1 mM NaHCO3, 150 mM NaCl, pH 7.4) and incubated in
blocking buffer (1% dry milk in PBS) for 90 min at room tempera-
ture with constant shaking. Dopamine standard were diluted in
buffer (.5% dry milk in PBS) in ranging concentration from 1 to
1000 mM and .5e1000 mM, respectively. Plates were washed with
PBS and standards, and pre-diluted samples were added to the
wells followed by an addition of primary antibody 1:5000 (Rabbit
polyclonal to dopamine ab888, Abcam, MA, USA). Plates were
washed three times with PBS, and incubated with HRP conjugated
goat anti-rabbit IgG (1:10,000, Stressgen, MI, USA) for an hour after
which unbound HRP-conjugate antibodies were removed. Wells
werewashed three times with PBS, and HRP substrate solution (BM
Chemiluminescence ELISA Substrate, Roche Diagnostics, QC, Can-
ada) was added in the microplate. Chemiluminescence intensity
was measured using Chameleon plate reader (Hidex, Finland). Data
were expressed as mmol dopamine/mg protein.

MAO activity was determined using serotonin analogue trypt-
amine as the substrate (Gagn�e et al., 2007b). Homogenate extracts
were incubated in a solution of 10 mM dichlorofluorescein, 1 mM
tryptamine in 10 mM Hepes-NaOH (pH 7.4), containing 140 mM
NaCl, 10 mM aminotriazole and .1 mg ml�1 of horseradish peroxi-
dase for 0,15, 30 and 60min at 30 �C. Fluorescencewasmeasured at
485 nm and 535 nm. Activity was expressed as nmol RFU/min/mg
proteins.

2.5. Oestrogenic activity assessment

Alkali-labile phosphate (ALP) method was applied in homoge-
nized extracts as described by Gagn�e et al. (2003). Proteins were
precipitated by acetone (35% v/v), centrifuged at 10,000 g for
5 min at 4 �C and washed in 50% acetone. After this, the sample was
re-centrifuged, resuspended in 100 mL of 1M NaOH and incubated
for 30 min at 60 �C. Levels of inorganic phosphates liberated from
NaOH treatment were determined by phosphomolybdate assay
(Stanton, 1968). Absorbance was measured at 444 nm (some cases
with interferences in the colour, the reading was taken at 815 nm).
Data were expressed as mg ALP/mg proteins.

2.6. Inflammation biomarker

Cyclooxygenase (COX) activity was tracked by measuring the
oxidation of 2, 7 e dichlorofluorescein in the presence of arach-
idonate in S15 fractions (Fujimoto et al., 2002). The S15 fraction was
incubated in 50 mM TriseHCl, .05% Tween-20, 50 mM arachidonate,
2 mM dichlorofluorescein and .1 mg ml�1 horseradish peroxidase.
Fluorescence was measured at 485 nm and 530 nm. COX activity
was expressed as RFU/min/mg proteins.

2.7. Energy budget

Total lipids (TLP) were determined in homogenate samples ac-
cording to the phosphovanillin method (Frings et al., 1972). Sam-
ples were incubated for 10 min at 80 �C in the presence of H2SO4
and phosphovanillin reagent. The appearance of pink color was
measured at 540 nm. Standard solutions of olive oil were used for
calibration. Data were expressed as mg TLP/mg proteins.

Mitochondrial electron transport (MET) activity was determined
according to reduction of p-iodonitrotetrazolium dye method
(Smolders et al., 2004; King and Packard, 1975). The S3 fractions
were mixed with buffer composed by .1 M TriseHCl containing
.1 mM MgSO4, .1% Triton X-100 and 5% polyvinylpyrrolidone (pH
8.5) for 1 min, followed by the addition of 1 mM NADH, .2 mM
NAPDH and 1 mM p-iodonitrotetrazolium. Absorbance readings
were taken at 520 nm each 5 min for 30 min. Data were expressed
as A 520 nm/min/mg proteins.

2.8. Data analysis

Normality and homogeneity of biomarker data were tested us-
ing Shapiro Wilk's and Bartlett's tests, respectively. Data were
subjected to one-way Analysis of Variance (ANOVA) followed by



Fig. 2. Dopamine levels in clams exposed to marine sediment affected by wastewater
discharges. Clams R. philippinarum were exposed to sediments for 14-days under
laboratory conditions. Asterisks (*) indicate significance at p < 0.05 level in respect to
control clams.

Fig. 3. Monoamine oxidase (MAO) activity in clams exposed to marine sediment
affected by wastewater discharges. Clams R. philippinarum were exposed to the sedi-
ments for 14-days under laboratory conditions. RFU: relative fluorescein units. Aster-
isks (*) indicate significance at p < 0.05 level in respect to control clams.
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Dunnett's t test. Significance was set at p < 0.05. Spearman's rank
correlation was performed to detect significant trends between
biomarker responses determined in clams exposed to each sedi-
ment sample point and between seasons. Significance was set at
p < 0.05. Two separate PCAs were conducted on the biological and
chemical results, one for winter, and the other one for summer.
Only the variables whose coefficient was�.5 (Comrey's, 1973) were
considered to be components of the factors. All responses were
analysed using the SPSS/PC 21.0 þ statistical package.

3. Results

3.1. Physical chemical data

Grain size distribution indicated three overall groups predomi-
nated: essentially clayed silt sediments (P1, P2 and P4), medium
sand (P3) and predominance of sand (P5 and P6) with fairly sig-
nificant gravel and sand content. P2 showed the highest levels of
TOC and OM during winter and summer. To evaluate potential
ecotoxicological effects associated with observed concentrations of
metals and PAHs, different published Sediment Quality Guidelines
(SQGs) were consulted. Contaminants that exceeded any SQGs
were highlighted in Table 1. The letter superscripted indicated
which SQGs were surpassed for metals (USEPA, Marine Screening
Benchmarks, 2004, CCME, 1995; CEDEX, 1994, Riba et al., 2004) and
PAHs (CCME, 1999). Chemical results indicated P1, P2, P3, P4 and P5
were contaminated by organic and inorganic contaminants (metals
and PAHs). P1 both seasons and P4 summer showed the highest
concentration of SAS (Table 2). Anti-inflammatory concentrations
were higher in sediment sampled at P1 than the other sites for both
seasons. P5 winter also showed the highest concentration of psy-
chiatric drugs and antibiotics.

3.2. Biomarker responses

Neuroendocrine parameters, energy budget and inflammation
state of clams exposed to marine sediments contaminated by
effluent discharges from WWTPs located at the Bay of C�adiz (SW,
Spain) were investigated. Although there was no mortality of clams
exposed to sediment sampled in the summer season, increasing of
clam's mortality was observed during the winter season: P1 e

32.1%, P2 e 21.4%, P3 e 26.7%, P4 e 50%, P5 e 7.14%, P6 e 15% in the
reference site.

Biomarker responses were examined in pooled samples of clams
exposed to sediment samples affected by wastewater discharges
(Figs. 2e7). There was no significant difference of dopamine levels
in winter season (Fig. 2). Clams exposed to sediments from P2
showed significantly lower dopamine levels (2-fold) compared
with the reference site during the summer season (p < 0.05).

During the winter season, clams exposed to sediments affected
by wastewater discharges P1 and P2 showed significant MAO ac-
tivity reaching 2-fold higher compared with the reference site
(p < 0.05) (Fig. 3). However, clams exposed to sediments from P3
and P4 significantly increased MAO activity (p < 0.05) in summer,
which was found 1.9 and 2.6-fold higher than the reference site,
respectively.

ALP levels were higher in summer than winter (Fig. 4). P1 (2.2-
fold), P3 (1.6-fold) and P4 (2.2-fold) were significantly lower
compared with the reference site (p < 0.05) during winter.

COX activity (Fig. 5) increased in summer compared with winter
including clams exposed to sediment sampled at the reference site.
Nevertheless, COX activity was significantly decreased compared
with the reference site (p < 0.05) during the summer season for all
stations (P1: 2.3-fold, P2: 3.5-fold, P3: 1.9-fold, P4: 2.9-fold, P5: 1.9-
fold).
Clams exposed to sediments sampled in winter showed higher
TLP content (Fig. 6), being P1 (1.9-fold), P2 (2.5-fold) and P3 (1.9-
fold) significantly increased compared with the reference site
(p < 0.05). Clams showed lower TLP in summer compared with
winter, however, P1 (2.4-fold) showed significantly higher TLP
content compared with control clams (p < 0.05).

Respiratory metabolism of clams exposed to marine sediments
affected by wastewater discharges were determined by mito-
chondrial electron transport (MET) activity (Fig. 7). During winter,



Fig. 4. Alkali-labile phosphate (ALP) levels in clams exposed to marine sediment
affected by wastewater discharges. Clams R. philippinarum were exposed to the sedi-
ments for 14-days under laboratory conditions. Asterisks (*) indicate significance at
p < 0.05 level in respect to control clams.

Fig. 5. Cyclooxygenase (COX) activity in clams exposed to marine sediment affected by
wastewater discharges. Clams R. philippinarum were exposed to the sediments for 14-
days under laboratory conditions. RFU: relative fluorescein units. Asterisks (*) indicate
significance at p < 0.05 level in respect to control clams.

Fig. 6. Total lipids (TLP) content in clams exposed to marine sediment affected by
wastewater discharges. Clams R. philippinarum were exposed to the sediments for 14-
days under laboratory conditions. Asterisks (*) indicate significance at p < 0.05 level in
respect to control clams.

Fig. 7. Mitochondrial electron transport (MET) activity in clams exposed to marine
sediment affected by wastewater discharges. Clams R. philippinarum were exposed to
the sediments for 14-days under laboratory conditions. A 520: absorbance at 520 nm.
Asterisks (*) indicate significance at p < 0.05 level in respect to control clams.
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there was no significant difference for any station compared with
the reference site. However, P4 and P5 (2.1-fold) showed significant
decrease in MET activity in summer (p < 0.05).

3.3. Correlation between biomarker responses

Concerning P1 in winter, there was no correlation between
biomarker responses. In summer, TLP was positively correlated
with dopamine, ALP levels and MAO activity (r ¼ 1, p < 0.01). TLP
and COX activity were negatively correlated (r ¼ �1, p < 0.01).
Dopamine was also positively correlated with MET activity (r ¼ 1,
p < 0.01).

Biomarker responses determined in clams exposed to P2 in
winter showed positive correlation of MET activity, TLP (r ¼ .9,
p < 0.05) and COX activity (r ¼ 1, p < 0.01). MET activity was also
negatively correlated with MAO activity (r ¼ �1, p < 0.01). Dopa-
mine and ALP levels were negatively correlated (r ¼ �1, p < 0.01).
Clams exposed in summer showed positive correlation between
COX activity and TLP (r ¼ .9, p < 0.05). ALP levels were positively
correlated with MAO activity (r ¼ 1, p < 0.01), and negatively
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correlated with dopamine (r ¼ �1, p < 0.01).
Positive correlationwas observed between TLP and dopamine in

clams exposed to sediment sampled at P3 inwinter (r¼ 1, p < 0.01).
No correlation was observed in summer season.

Clams exposed to sediment sampled at P4 in winter showed
positive correlation between dopamine, MET and COX activities
(r ¼ 1, p < 0.01). In summer, COX activity was negatively correlated
with ALP levels and MET activity (r ¼ �1, p < 0.01). MAO activity
was positively correlated with dopamine and MET activity (r ¼ 1,
p < 0.01), and negatively correlated with ALP levels (r ¼ �1,
p < 0.01).

In winter, clams exposed to P5 showed positive correlation be-
tween ALP levels and COX activity (r ¼ .9, p < 0.05), and negative
correlation with MET activity (r ¼ �.9, p < 0.05). In summer, MAO
activity and ALP levels were negatively correlated (r¼�1, p < 0.01).

P6 was considered the reference site. Clams exposed to this
sediment samples showed positive correlation between COX and
MAO activities (r ¼ 1, p < 0.01). However, MAO and MET activities,
and TLP and ALP levels were negatively correlated (r¼�1, p< 0.01).
In summer, TLP was positively correlated with dopamine, MAO and
MET activities (r ¼ 1, p < 0.01). MET activity was also positively
correlated with ALP levels (r ¼ 1, p < 0.01).

3.4. Integrated approach

The PCA analysis was performed with chemical data and
biomarker responses from winter and summer (Table 3). In winter,
three factors axes explained 90.34% of the total variance. Positive
correlations of factor 1 explained 32.55% of variance, and related
TLP and dopamine levels with contamination by PAHs, metals (Al,
Cu, Ni, Zn, Pb) and pharmaceutical products (others) associated
with TOC and OM in the sediment. Negative correlations linked
MET and COX activities with psychiatric drugs associated with % of
fines in the sediment. Factor 2 accounted for 31.51% of variances,
Table 3
Principal component analysis (PCA) based on chemical contamination and biomarker
wastewater discharges at the Bay of C�adiz (SW, Spain) in winter and summer.

Variables Winter

#1 32.55% #2 31.51% #3

TLP .974
MET �.844
MAO .882
Dopamine .613 .669
ALP �.
COX �.686 .
PAHs .760 �.
Al .503 .725
Fe .805
Mn .888
Cr .680 .
Cu .785 .
Ni .503 .694
Zn .709 .516
Pb .957
Cd �.992
As .895
Anti-inflammatories .558 .
Anti-hypertensive .
Lipid regulators .500 .
Psychiatric �.876
Antibiotics �.
Antacids
Others .513 .695
SAS .748
% Fines �.505 �.
TOC .951
OM .506 .686
and positive correlations explained the relationship between MAO
activity and dopamine levels related with contamination by metals
(Al, Fe, Mn, Cr, Zn, Ni, As), pharmaceuticals (anti-inflammatories,
lipid regulators, others) and SAS associated with OM content in the
sediment. Factor 3 explained 26.28% of the variance. Positive
loadings linked COX activity with contamination by metals (Cr, Cu)
and pharmaceutical products (anti-inflammatories, anti-
hypertensive, lipid regulators). Negative loadings grouped ALP
levels with PAHs and pharmaceutical products (antibiotics) asso-
ciated with % of fines in the sediment.

The second PCA was concerning summer data. Factor 1
explained 31.65% of the total variance. Positive loadings repre-
sented contamination by PAHs, metals (Al, Fe, Cr, Ni, Zn), SAS and
pharmaceutical products (others) associated with TOC and OM in
the sediment. Negative loadings of the factor 1 showed the rela-
tionship between dopamine, MET and COX activities due contam-
ination by Cd. Factor 2 accounted for 27.30% of the original variance
and it grouped, with positive loadings, TLP, metals (Al, Fe, Cr, Ni)
and pharmaceuticals products (anti-inflammatories, lipid regula-
tors, psychiatric drugs, antibiotics, antacids, others) concentrations.
Factor 3 explained 24.02% of the total variance. Positive loadings of
factor 3 showed metal (Cu, Zn, Pb) and pharmaceutical products
(anti-hypertensive drugs and others) presented in the sediment
related to TOC, which affected MET activity. Negative loading
showed ALP levels related withmetals (Mn, As) and % of fines in the
sediment.

The weight of factors at each sample site concerning both sea-
sons was shown in Fig. 8. In winter, factor 1 exhibited a positively
predominant score for P2 and a negatively predominant score for
P5. While factor 2 was positively dominant in the case of P1 and P2,
P3 showed the negative predominance. Factor 3 grouped variables
with positive coefficients predominant in P1 and P4, and negative
variables predominant in P2 and P5. In summer, factor 1 variables
with positive loadings were important in P2, and negative loadings
responses of clams exposed under controlled conditions to sediments affected by

Summer

26.28% #1 31.65% #2 27.30% #3 24.02%

.822
�.537 .547

�.959
974 �.764
623 �.701
542 .700 �.559

.762 .606

.811 .551
�.960

511 .769 .556
510 .860

.752 .532

.638 .629
.880

�.848
�.551

760 .869
886 .883
509 .878

.968
938 .964

.756
.520 .510 .578
.852

849 �.617
.756 .609
.905



Fig. 8. Factor scores of the five sediment sampling sites evaluated at the Bay of C�adiz (P1, P2, P3, P4 and P5) during winter and summer seasons.
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were important in P3. Factor 2 was positively dominant in P1, and
negatively dominant in P2 and P3. Factor 3 showed positive scores
and high dominance in P3. Factor 3 score was negatively predom-
inant in P5.

4. Discussion

According to data from the Ministry of Environment of the Junta
de Andalucía (Spain), C�adiz and San Fernando spend up water
during summer an average of 59% overwintermonthswhich reflect
directly to the volume of wastewater discharges. Wastewater
treatment consists of a set of physical, biological and chemical
operations that seek to eliminate organic matter and contaminants
before discharge; however levels of contamination remaining in
the treated effluents meet the existing legal limits. Nevertheless,
even after treatments, wastewater presented toxicity to organisms
exposed to effluents (Gagn�e et al., 2007a,b, 2008a,b). Sediment
sampled at P4 in winter showed high mortality of clams, which
could be related with contamination by Hg and pharmaceuticals as
anti-inflammatories, antihypertensive, psychiatric drugs and anti-
biotics, when comparing winter and summer seasons.

Marine sediment sampled near different WWTPs discharges at
the Bay of C�adiz affected the clams in a different way depending of
the locations and seasons. Seasonal changes in the biochemical
components have been studied in R. philippinarum (Fernandez-
Reiriz et al., 2007) in North Spain. Fernandez-Reiriz et al. (2007)
observed that clams R. philippinarum used their own energy re-
serves (carbohydrates and glycogen) for sexual development in
high temperature situations (18 �C), while on low temperature
conditions (14 �C) was produced an accumulation of reserves. In the
present study, R. philippinarum increased the lipids content (TLP) in
gonads during winter when compared with clams exposed during
summer. Therefore, positive energy balances permitted clams
gonadal development and reserves accumulation of both low and
high temperature conditions (Fernandez-Reiriz et al., 2007).

In general, the pattern followed by each biomarker response
observed in clams exposed to the reference site (P6) was closely
related to the state of sexual maturity and the use of previously
stored reserves. Clams exposed to sediment sampled at reference
site showed different correlations according to seasons. In winter,
COX and MAO activities were positively correlated (p < 0.01). MAO
activity has the function to break down neurotransmitters such as
noradrenaline, serotonin and dopamine. Increase of MAO enzy-
matic activity can provide free radicals due to the oxidation of
neurotransmitters, culminating on harm the neurons that produce
dopamine. Evidence for MAO activity in bivalve molluscs is
compelling based on previous studies (Sloley, 2004). Increase of
COX activity deals with inflammatory properties, but also with
spawning phase which normally occurs during summer for this
specie. Decrease of COX activity could be due the increase of NSAIDs
use for the population during summer.
Bivalve molluscs have been shown seasonal changes in biomass

of soft tissue and its relation to the reproductive cycle reflects a
complex interaction between external environmental factors and
endogenous response (regulated by neuroendocrine system).
Morthorst et al. (2014) applied ELISA to one freshwater bivalve
species and compared the results with ALP methods. In fact, ELISA
seems more sensitive method than ALP. However, Porte et al.
(2006) brings many examples of the application of ALP methods
in bivalves, mainly because there are few specific antibodies
developed against bivalve Vtg or Vtg-like molecules, and these
antibodies usually show low cross-reactivity across species (Li et al.,
2008;Blaise et al., 1999; Kang et al., 2003; Osada et al., 2003; Park
and Choi, 2004). Matozzo et al. (2012) observed that Triclosan
was not oestrogenic to the clam R. philippinarum through the
application of ALP methods. Therefore, seasonality studies in
different bivalve molluscs have shown that ALP levels follow the
same trend of the gametogenic cycle in females (Blaise et al., 1999;
Ortiz-Zarragoitia and Cajaraville, 2005).

Within the same species, periods of reserves mobilization may
change between locations, once the stages of reproductive cycle
and energy reservesmay be influenced by exogenous factors. Lipids
form part of the reserves and are also important component of
bivalve oocytes. Invertebrate reproduction is energy intensive
(Brooks et al., 2003). Their maximum levels occur in the pre-
spawning period before summer. The accumulation of reserves,
allocation of stored energy to somatic growth or to the germinal
pathway, and importance of each biochemical response to the
reproductive process play a special role in the strategies to envi-
ronmental stresses. Although there is a positive correlation be-
tween ALP levels, TLP andMET, according to Baek et al. (2014) lipids
are important to maintaining the embryonic and larval develop-
ment, while glycogen is used for gamete production and metabolic
maintenance. Glycogen content should bring additional informa-
tion about reproduction effects in clams. Temperature and food
availability influences clams’ reproduction (Fernandez-Reiriz et al.,
2007; Ojea et al., 2004). In the present study, clams were exposed
under controlled temperature and there was no scarce of food re-
sources, since the sediment affected by wastewater discharges
were fulfilled of nutrients. However, wastewaters discharges pro-
duced different effects at all levels examined within the same
season on different sites due to contamination.

The Bay of C�adiz (SW, Spain) is an area with great ecological and
economic relevance. Differences on biochemical responses be-
tween sites in the same season should be due the different
wastewater treatments. Volume of wastewater discharged per day
by each WWTP or pumping stations was different. However, vol-
ume along the seasons in the year of 2011 did not vary significantly,
because the rain inwinter might be compensated by the increase of
population and water discharge during the summer. Composition
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of thewastewater discharges changed, being themain stress for the
organisms, even the volume kept around the same along the year.
Such information can be found at https://www.apemsa.es/valores-
de-depuracion, http://www.aqualia-infraestructuras.es/
referencias.cfm?idArtCat¼12, https://chiclananatural.com/datos-
y-estadisticas/agua/.

To extrapolate the same behaviour for R. philippinarum, and
considering P6 as a good reference site, clams exposed to sediments
sampled at P1 (Chiclana de la Frontera) did not show correlation
between biomarker responses during winter. In summer, COX ac-
tivity was negatively correlated with TLP (p < 0.01), which was
positively correlated with ALP levels (p < 0.01). However, the en-
ergy required to support anti-inflammatory properties by endog-
enous or exogenous inputs of NSAIDS contaminants represents
expenditure for bivalves, as corroborated by the negative correla-
tion between COX activity and TLP.

In summer, there was no significant increase of ALP levels
compared with the reference site. The same happened at the Seine
estuary, since ALP levels in mussels from polluted sites were not
significantly induced compared with the least-polluted site (Gagn�e
et al., 2008b). Vtg-like proteins are the precursor of the energy
reserves for the embryos, composed by lipid phosphorylated pro-
teins. The exposure of clams to sediment affected by wastewater
discharges produced marked increase in energy reserves (lipids in
the gonads) which was positively related to ALP levels in summer.
Inwinter, ALP levels were significantly lower than the reference site
(p < 0.05) and MAO activity was significant higher than the refer-
ence site (p < 0.05). Previous study showed mussels exposed to
urban contaminants produced marked increase in energy reserves
and lipids in the gonads (Gagn�e et al., 2001).

The most contaminated site was P2 which presented a modified
granulometric distribution and under influence of wastewater
discharges (Carrasco et al., 2003). Lara-Martín et al. (2008)
measured various organic compounds including linear alkylben-
zene sulfonates (LAS), nonylphenol polyethoxylates (NPEOs),
polycyclic aromatic hydrocarbons (PAHs), polychlorinated bi-
phenyls (PCBs) and organochlorinated pesticides in sediments of
the Bay of C�adiz. In general, the highest concentrations of these
organic compounds were found in surface sediments near the
untreated urban effluents (Lara-Martín et al., 2008). Variations on
metal concentrations (Pb, Zn, Cd, Cu) were observed with the dis-
tance from the urban and industrial effluents at the Bay of C�adiz
(Ponce et al., 2000). Diversity and abundance of xenobiotics (e.g.
xenoestrogens) in aquatic environments suggests significant po-
tential for adverse effects on reproduction (Doyle et al., 2013). MAO
activity and TLP were significantly higher than the reference site in
winter (p < 0.05). In summer season, clams exposed to sediments
from P2 showed significantly lower dopamine levels and COX ac-
tivity compared with the reference site (p < 0.05). Reduced levels of
dopamine in clams exposed to P2 during summer might represent
loss of susceptibility and an adaptive response to oxidative stress, as
previously reported for mussels exposed to municipal effluents
(Gagn�e et al., 2007a).

Positive correlation was observed between TLP and dopamine
levels in clams exposed to sediment sampled at P3 (C�adiz) inwinter
(p < 0.05). In this season, clams seemed to reserve lipids and do not
increase ALP levels. However, there was no significant correlation
between biomarker responses in clams exposed in summer. Energy
reserves seemed to be more associated towards MAO and COX
activities.

Previous study with some sites in common with the present
study classified the Bay of C�adiz as moderated contaminated
(Carrasco et al., 2003). A station located near P4 showed high faecal
coliforms values, which in conjunction with physicalechemical
analyses, confirmed the existence of domestic and industrial
uncontrolled discharges in this area (Carrasco et al., 2003). Con-
cerning two points located at the city of El Puerto de Santa Maria
(P4 and P5), clams exposed in winter to sediment collected at P4
showed positive correlation between COX activity and dopamine
levels (p < 0.01), which dopamine was positively correlated with
MET activity and ALP levels (p < 0.01). Energy required to support
vitellogenesis and by endogenous or exogenous inputs of oestro-
genic contaminants represents another major expenditure for bi-
valves, thus contributing to the increase in energy demands
(Smolders et al., 2004), as corroborated by the correlation between
ALP levels and MET activity. Previous study on the scallop Argo-
pecten purpuratus during vitellogenesis showed the increase of
dopamine and serotonin levels, and COX enzymatic activity for final
gamete maturation, fertilization and spawning steps (Martinez and
Rivera, 1994). However, COX activity decreased in clams exposed
during summer, MAO increased, but dopamine levels did not in-
crease which means no spawning.

In winter, COX activity was positively correlated with ALP levels
(p < 0.05), which was negatively correlated with MET activity
(p < 0.05) in clams exposed to sediment sampled at P5. A secondary
role of ALP levelsmight be involved in the immune response. Gagn�e
et al. (2011) observed a significant correlation between Vtg-like
proteins and the phagocytic efficiency index, involved in the
immunocompetence of mussels exposed to municipal effluents.
Vtg-like proteins have been associated with infection-resistant
response which plays an integrative function in regulating immu-
nity via its pleiotropic effects on both recognizing pathogen-
associated molecular patterns and promoting macrophage phago-
cytosis in fish (Li et al., 2008).

MAO activity was negatively correlated with ALP levels
(p < 0.01) in clams exposed to sediment from P5 in summer. MAO
activity significantly increased in clams exposed to P1 and P2 in
winter, and P3 and P4 in summer (p < 0.05). Previous study showed
that MAO activity was induced in caged mussels exposed to urban
effluent plume (Gagn�e and Blaise, 2003). The main role of MAO
activity is the oxidative catabolism of important amine neuro-
transmitters, including serotonin, dopamine and adrenaline.
Monoamines (e.g., serotonin and dopamine) are important medi-
ators of gamete maturation and spawning (Gagn�e et al., 2007b).
Selective serotonin reuptake inhibitor (SSRIs), as anti-depressive
drugs, works as MAO inhibitors. The increase of MAO activity can
be due progesterone products, therefore, reduce dopamine levels,
increase free radicals and oxidative stress (Edmondson et al., 2009),
and it is associated to oocyte maturation (Brooks et al., 2003).

Indeed, the correlation between dopamine levels and ALP levels
in winter suggests gametogenesis where a neuroendocrine inter-
action between signalling and dopamine metabolism in clams
exposed to sediment affected byWWTP effluents (P2 and P4). At the
end of gametogenesis, dopamine levels drops and serotonin in-
creases to finalize gametematuration, to initiate egg release as with
COX activity (Gagn�e et al., 2011). However, COX activity significantly
decreased in summer for clams exposed to all stations compared
with the reference site (p < 0.05). Oestrogenic signalling may keep
the clams in gametogenesis stage rather than spawning (Matozzo
et al., 2008). This could be due the fact that municipal effluent
contaminants such as oestrogenic compounds and non-steroidal
anti-inflammatory drugs (NSAIDs) present in wastewater dis-
charges could inhibit COX activity in summer, which could result in
negative impacts on spawning. Previous studies showed the pres-
ence of NSAIDs in wastewater discharges (Hernando et al., 2006;
Scheytt et al., 2005; Loffler and Ternes, 2003). The class of com-
pounds detected at highest concentrations in sediments sampled in
Ebro River were analgesics/anti-inflammatory drugs followed by b-
agonists and some antibiotics, which ibuprofen was the most
abundant pharmaceutical product detected (Da Silva et al., 2011).

https://www.apemsa.es/valores-de-depuracion
https://www.apemsa.es/valores-de-depuracion
http://www.aqualia-infraestructuras.es/referencias.cfm?idArtCat=12
http://www.aqualia-infraestructuras.es/referencias.cfm?idArtCat=12
http://www.aqualia-infraestructuras.es/referencias.cfm?idArtCat=12
https://chiclananatural.com/datos-y-estadisticas/agua/
https://chiclananatural.com/datos-y-estadisticas/agua/
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High mortality rates in winter and impaired reproduction
mainly in summer should affect the equilibrium of the population.
Based on this information, it is expected less individuals and delay
in reproduction, which can result in the reduction of the clams’
population in the future. To evaluate the bioavailability and help to
elucidate which one (s) of the contaminant from the sediment are
really engaged in the observed effects, efforts must take into ac-
count bioaccumulation, sex identification and histology of gonads.

5. Conclusion

This study underscores the contamination of the Bay of C�adiz
by anthropic activities and the impact of wastewater discharges,
responsible for effects related to reproduction of the biota
exposed. Such effects are associated to oxidative metabolism,
stress endpoints and the reproductive stage, and could culminate
in long-term changes affecting the population. Wastewater dis-
charges composition changed between different seasons, as the
biochemical responses, mainly leading to oxidative stress and
inflammation (COX activity). Observed effects are consistent with
the occurrence of pharmaceutical products, PAHs, metals and
surfactants. The exposure to municipal effluents seems to keep
clams in a gametogenesis stage and delayed spawning based on
the presented results. Further investigation should encompass the
spawning activity in clams exposed to municipal effluent and to
determine whether this process is disrupted. Thus, the continuous
release of wastewater discharges adequately threated or not in
aquatic ecosystems poses a reproduction risk to the clams’
R. philippinarum.
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