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Abstract For the purpose of biomonitoring, species that

combine ecological and commercial importance may pro-

vide a link between ecological and human health risk. The

common cuttlefish, Sepia officinalis, holds both character-

istics in south-western Europe, albeit remaining unsur-

veyed in ecotoxicological studies. Cuttlefish collected from

an impacted estuary in SW Portugal and a reference loca-

tion off the coast were analysed for a battery of biomarker

responses in the digestive gland and gills. The contrast to

reference animals revealed that biomarker responses,

especially those related to oxidative stress, were consistent

with sediment contamination by PAHs, even in a situation

that combines complex toxicant mixtures, moderate levels

of contamination and high ecotoxicological diversity.

However, environmental parameters related to the differ-

ences between shore and estuarine habitats should not be

overruled. Also, digestive gland metallothionein retained

significant specificity to metals even though previous

studies in the area with clams and fish failed to trigger a

conclusive response. The highest net differences in bio-

marker responses were detected in the gills, likely

indicating higher sensitivity to environmental stressors.

Still, the digestive gland responses were overall the most

consistent with sediment contamination and effectively

differentiated between estuarine industrial- and rural-

impacted sites. The results indicate that S. officinalis may

be a candidate to meet the European Union’s requirements

for efficient biomonitoring programmes, with the addi-

tional importance of being cosmopolitan, abundant, com-

mercially valuable and combining the molluscan biology

that has been granting bivalves their high value for bio-

monitoring with foraging behaviour, thus better able to

reflect anthropogenic stressors impacting a wider area than

sedentary organisms. Nevertheless, further investigations

in unpolluted sites are needed to better evaluate the back-

ground levels of biomarker responses in the species.

Keywords Cephalopod � Cuttlefish � Aquatic

pollution � Biomonitoring � Integrated biomarker

response � Oxidative stress

Introduction

Coastal environments, especially confined waterbodies

such as estuaries, are impacted by various anthropogenic

pressures. The release of xenobiotics, inherent to many

human activities, is one of the greatest concerns. Ecologi-

cal Risk Assessment (ERA) is one of the most acknowl-

edged approaches to address the problem of coastal

pollution. The process of ERA may comprise several steps,

e.g. from environmental contaminant analyses to the

determination of its potential effects to organisms, bio-

monitoring being one of the most important stages (see

Chapman 2007 for a review). Recent European legislation

regarding the assessment and safeguard of environmental

A. P. Rodrigo � P. M. Costa (&) � M. H. Costa � S. Caeiro

IMAR - Instituto do Mar, Departamento de Ciências e

Engenharia do Ambiente, Faculdade de Ciências e Tecnologia da

Universidade Nova de Lisboa, 2829-516 Caparica, Portugal

e-mail: pmcosta@fct.unl.pt

S. Caeiro

Departamento de Ciências e Tecnologia, Universidade Aberta,
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quality in coastal environments, namely through the recent

Marine Strategy Framework Directive (MSFD, Directive

2008/56/EC), implicitly or explicitly highlights the need to

survey organisms that are both ecologically and economi-

cally important, therefore bridging environmental and

human risk (refer to Lyons et al. 2010). However, the

MSFD does not explicitly state which environmental or

biological parameters are required, leaving to regional

conventions (such as MEDPOL, HELCOM or OSPAR) the

role to develop suitable indicators, including the choice of

adequate target species, thus acknowledging the ecological

diversity among Europe’s coastal areas.

It is nowadays recognized, in face of the many con-

straints in the interpretation of biomarker responses when

contaminant interactions and other confounding factors are

at stake, that integrative multi-biomarker approaches allow

a more efficient evaluation of the effects of pollutants on

individuals (see, for instance, Picado et al. 2007). However,

the choice of adequate bioindicator species should not be

astray from its relevance to the ecosystem (Martı́n-Dı́az

et al. 2008). Benthic organisms are of great importance

mainly due to their interaction with the most important

reservoir of xenobiotics, sediments, especially in transi-

tional ecosystems like estuaries. Molluscs have been

widely surveyed in biomonitoring programs, owing to their

ecological and economical importance, albeit the vast

majority of the studies are focused on clams, cockles and

mussels, i.e. sedentary organisms (sessile or burrowing),

thus potentially reflecting the conditions of their immediate

surroundings whereas foraging animals are potential indi-

cators for wider areas. Among the latter, benthic fish are

often considered prime targets for ecotoxicological sur-

veys, whereas cephalopod molluscs remain little studied,

even though they combine foraging ability with the basic

molluscan physiology. In addition, cephalopods possess

high commercial value (see Guerra et al. 2010 for a recent

review), hence the plausible link between ecological and

human risk, if consumption rates and toxicant bioaccu-

mulation are taken into account. Still, no ecotoxicological

research has been found to date focusing on Sepia offici-

nalis (L., 1758) as sentinel/biomonitoring organism,

although Bustamante et al. (2006), in an entirely labora-

torial study (with hatchery-brooded animals) disclosed the

animals’ ability to significantly bioaccumulate metals. In

fact, the very little toxicological research performed on

cephalopods, namely on feral Octopus, revealed that

cephalopods are highly sensitive to environmental toxi-

cants but biomarker and general toxicological research in

these animals is still incipient (refer to Raimundo et al.

2010 and references therein). However, when compared to

the cuttlefish, octopuses are not as tolerant to environ-

mental variation (especially salinity) and therefore are

unlikely bioindicators for transition waterbodies.

Sepia officinalis is cosmopolitan, found throughout the

Mediterranean basin and the eastern Atlantic Ocean, from

Southern Norway and Northern England to the north-

western coast of Africa and it is known to tolerate a high-

range of salinities, inhabiting both marine and brackish

water ecosystems (see Guerra 2006). Its wide distribution

and resilience to environmental variables surpasses those

of mussels, clams and flatfish (the most common subjects

in marine biomonitoring programmes), potentially render-

ing the cuttlefish as a more efficient bioindicator for

interregional comparisons. In Portugal, cuttlefish can be

found throughout the coast, including transitional water

bodies, which contributes to its high importance for tradi-

tional fisheries (Guerra 2006; Neves et al. 2009), particu-

larly in the Sado estuary, where it stands as the most prized

species for human consumption.

The Sado estuary (&180 km2) is one of the largest

coastal basins in Portugal (Fig. 1), with well mixed flows

and high dilution potential. It is impacted by multiple

anthropogenic stressors, yet most of the estuary is clas-

sified as Natural Reserve, which generates conflicts

between environmental quality and the safeguard of

human socio-economical activities (e.g. Costa et al.

2008a, 2011, 2012; Caeiro et al. 2009). The main pres-

sures are located in the northern part of the estuary, due to

the presence of a large heavy-industry park (including

shipyards, paper mills, a thermoelectrical plant, chemical

industries and mineral ore shipment facilities); the sizable

metropolitan area of Setúbal, heavy-duty maritime trans-

port, plus aquaculture and fisheries (e.g. Caeiro et al.

2005, 2009; Costa et al. 2012). Closer to the river mouth,

in the southern region of the estuary, the fishing pressure

is felt mostly during summer and extensive agriculture

grounds (mostly rice fields) likely carry pesticides and

fertilizers to the estuarine basin (Costa et al. 2009, 2011).

The need to implement effective ERA strategies in the

estuary led to recent biomarker-based studies in some of

the most relevant commercial species to estuary’s fisher-

ies, namely flatfish (Costa et al. 2008b, 2009, 2011) and

clams (Carreira et al. 2013; Costa et al. 2013), however

often producing results that are either inconclusive or

contradictory to acknowledged biomarker theory due to

constraints that may apply to many confined marine

ecosystems: diffuse sources of pollution, moderate levels

of contamination and the presence of complex mixtures of

pollutants (Costa et al. 2012).

The main objectives of the present work may be sum-

marized as: (1) to determine the potential of a novel bio-

indicator species, the coleoid cephalopod S. officinalis;

through a biomarker approach; (2) to compare biomarker

responses between two target organs, gills and digestive

gland, (3) to integrate sediment contamination data with

biomarker responses and (4) to obtain an accountable
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measure of contamination for the Sado estuary from an

effective application of the species as bioindicator.

Materials and methods

Sampling

Sediment and organism sampling locations are indicated in

Fig. 1. Sediment sampling and characterization are descri-

bed in detail in the preceding work by Carreira et al. (2013),

which is framed in the same research project as the present

work. The choice of sediment collection sites within the

Sado estuary (S1–S5) related to the need to obtain a general

contamination overview of the two main commercial fishing

areas hereby designated Sado 1 (north) and Sado 2 (south),

representing colder and warmer months fishing grounds,

respectively. The sediment collection sites S1, S2 and S3 are

located within the northern fishing area (Sado 1), whereas

the sites S4 and S5 are representative of the southern fishing

area (Sado 2), located near the mouth of the river. Due to the

impossibility of collecting sufficient animals from the only

acknowledged clean estuary within the same biogeograph-

ical area, the small (&5 km2) Mira Estuary (see Va-

sconcelos et al. 2007), the reference area for cuttlefish

sampling consisted of a commercial fishing site off the

coast, facing this estuary. To provide a measure of con-

tamination of this area, a sediment collection site (M) was

selected for analysis (termed M2 in Carreira et al. 2013). All

sediments were collected using a grab and during the same

seasons in which organisms were captured, i.e. M, S1, S2

and S3 during the fall/winter and S4 and S5 in the spring.

Approximately 20 juvenile (determined to be sexually

immature upon dissection) S. officinalis (130 ± 8 mm

mantle length; 300 ± 50 g total wet weight) per site were

collected from the three fishing areas, Sado 1, Sado 2 and

Reference. Animals, alive upon collection, were immedi-

ately transported to the laboratory on ice, in cold contain-

ers, processed for standard measurements, namely mantle

length (Lm) and total wet weight (wwt), and readily dis-

sected for the collection of digestive gland and gill sam-

ples, which were frozen at -80 �C for subsequent analyses.

Sediment characterization

Sediment contamination and physico-chemical character-

ization was retrieved from Carreira et al. (2013), and apply

to the same ERA research project of the present work. The

details on analyses are described in detail therewith. In

brief: sediment granulometric fractions were obtained by

hydraulic sieving and total organic matter (TOM) was

determined by carbon loss-at ignition at 500 ± 25 �C

during 4 h, being both results expressed as percentage per

total sediment dry weight (dw). Sediment redox potential

(Eh) was measured using an Orion model 20A meter with a

H3131 Ag/AgCl reference electrode. Sediment metals (Cr,

Ni, Cu, Zn, Cd and Pb) and metalloids (As and Se) were

determined as follows: dry sediment samples were miner-

alized in closed Teflon vessels, followed by elution with

MilliQ-grade water (18.2 mX cm) and quantification by

inductively coupled plasma mass spectrometry using a

Thermo Elemental X-Series equipment. Polycyclic aro-

matic hydrocarbon (PAH) concentrations were determined

by a Finnigan GCQ gas chromatography–mass spectrom-

etry (GC–MS) system and concentrations were measured

by the internal standard peak area method and with a cal-

ibration curve for each compound. Organochlorines (PCBs

plus the pesticides DDT and HCB) were determined by

Fig. 1 Map of the study area

evidencing the fishing areas for

S. officinalis (Sado 1, Sado 2

and Reference) and sediment

collection sites (S1–S5 from

Sado, plus M, from the

reference area)
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Soxhlet-extraction of dried sediments with n-hexane and

quantified by GC-ECD (gas chromatography with an

electron capture detector). As in Carreira et al. (op. cit.), in

absence of specific Sediment Quality Guidelines (SQGs)

for Portugal, the sediments’ potential to cause adverse

effects to organisms was estimated by comparison of the

obtained sediment contaminant concentrations with the

SQGs developed for coastal waters by Macdonald et al.

(1996), namely the threshold effects level (TEL) and the

probable effects level (PEL) guidelines.

Biomarker analysis

In order to compare the two target organs, all biomarkers

were analysed separately in the gills and digestive gland of all

individuals. Lipid peroxides were determined following the

thiobarbituric acid reactive substances protocol first devel-

oped by Uchiyama and Mihara (1978) and adapted by Costa

et al. (2011). In brief: approximately 100 mg of each organ

was homogenized in 250 lL of phosphate-buffered saline

[PBS (pH 7.4, with 0.7 % NaCl)], followed by centrifuging

for 5 min at 7,0009g. A 50 lL aliquot of the supernatant was

taken and incubated with 100 lL of 10 % m/v trichloroacetic

acid for 15 min, at 4 �C, to precipitate protein. After a

2,2009g, 15 min, centrifuging, 100 lL of 0.1 % m/v thio-

barbituric acid was added to 100 lL of the clear supernatant

and heat-treated (at &100 �C) for 15 min. The resulting red

pigment was extracted with a mixture of pyridine:butanol

(1:15) and the absorbance measured at 530 nm. To each well

of the 96-well plates were added 150 lL of the reaction

containing samples, blanks and standards. Determination was

done through an eight-point calibration curve using mal-

ondialdehyde bis(dimethylacetal), from Merck, as standard.

Total glutathione (GSHt) was determined from approxi-

mately 100 mg of digestive gland and gill tissue through the

enzymatic recycling method, using a commercial kit (Sigma-

Aldrich), following manufacturer instructions, by measuring

the increase in the absorbance of the reactions at 412 nm

during 5 min at 1 min intervals. The GSH/GSSG (reduced/

oxidised glutathione) ratio was estimated following deriva-

tization of GSHt subsamples with 2-vinylpyridine (Sigma-

Aldrich), in order to obtain the GSSG concentration. The

ratio was determined as GSH/(GSSG/2).

To estimate glutathione S-transferase (GST) activity, a

homogenate was made from approximately 100 mg of

digestive gland and gill tissue in 300 lL of PBS, followed

by centrifugation (5 min, 7,0009g). Activity was deter-

mined in the diluted supernatant (1:10), by measuring the

increase in absorbance at 340 nm during 5 min, using

chloro-2,4-dinitrobenzene (CDNB) as substrate. The pro-

cedure was performed using a commercial kit (Sigma-

Aldrich), according to manufacturer instructions. An ali-

quot of the same homogenate was used to quantify

metallothionein-like protein (MT) using the protocol

described by Costa et al. (2008a), following from Paleček

and Pechan (1971), with modifications. In brief: after

centrifuging the homogenate for 10 min at 12,0009g, the

diluted (1:10) supernatant (extracted cytosol) was heated

(&80 �C, 10 min) and centrifuged (10 min, 12 0009g), to

precipitate non heat-stable proteins. In absence of an

available commercial cuttlefish MT, MT-1 from rabbit

liver (Alexis Biochemicals) was used to obtain a five-point

calibration curve. The concentration of metallothionein-

equivalents were measured by differential pulse polarog-

raphy with a static mercury drop electrode using a Metr-

ohm 694 stand and a 693 processor. The electrode system

consisted of a mercury capillary working electrode, an Ag/

AgCl reference electrode and a platinum auxiliary elec-

trode. The supporting electrolyte contained 1 M NH4Cl,

1 M NH4OH and 2 mM [Co(NH3)6]Cl3.

The samples’ total protein was estimated through the

method of Bradford (1976), in order to normalize biomarker

responses to protein content. All colorimetric assays were

performed using a Benchmark Microplate Reader (Bio-Rad).

Statistical analysis

After the invalidation of at least one of the assumptions for

parametric analysis, namely homogeneity of variances

(through the Levene’s test), non-parametric analyses were

employed; specifically, the Mann–Whitney U test to search

for inter-site differentiation, and the non-parametric

Spearman’s Rank-order correlation R statistic. All vari-

ables (biomarker responses and morphometrics) were

modelled through multivariate statistics, namely discrimi-

nant analysis, to determine the significance of each variable

in site differentiation. A significance level a = 0.05 was

set for all analyses. All statistics were performed using

Statistica (StatSoft), following Zar (1998).

Integrated biomarker response (IBR)

The IBR index was computed to integrate all biomarker

responses determined in both organs, according to the

method described by Beliaeff and Burgeot (2002). In brief:

the score (S) for each biomarker in each site and for each

organ was calculated through the formula:

S ¼ Z þ Minj j ð1Þ

where S C 0, since |Min| is the absolute minimum value

obtained for the biomarker and:

Z ¼ �X � m

s
ð2Þ

where Z is either positive or negative, depending on the

activation or inhibition of the biological effect,
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respectively. The standardized values Z were estimated

through the mean value for each biomarker in each site (X),

the mean value for each biomarker (m) and the standard

deviation of X(s). The area (A) connecting two consecutive

coordinates was calculated for each biomarker result in star

plots, being Si and Si?1 two consecutive scores and n the

number of biomarkers under analysis:

Ai ¼
Si

2
sin b Si cos bþ Siþ1 sin bð Þ ð3Þ

where:

b ¼ arctan
Siþ1 sin a

Si � Siþ1 cos a

� �
; a ¼ 2p

n
ð4Þ

The IBR was then calculated through the sum of all the

areas (A) for a given site and organ.

Results

Sediment characterization

The Sado fishing grounds (Sado 1 and Sado 2) were overall

more contaminated than the reference area, as inferred

from the sediment samples’ contamination levels

(Table 1). Still, within the Sado estuary’s areas, consider-

able variation was observed, especially concerning the

Sado 1 area, where sediments S1 and S2 were found to be

uncontaminated, i.e. presenting contamination levels sim-

ilar to those from the sediments collected from the refer-

ence location (sample M). Sediment samples S3 (Sado 1,

off the heavy-industry belt) and S4 and S5 (Sado 2) had the

highest concentrations of contaminants. These sediments

also reached values of TOM between seven and ten times

higher than S1, S2 and M; as well as the lowest Eh and a

high percentage of FF (more than 50 %). Sites S3, S4 and

S5 yielded the highest metal and metalloid concentrations,

having, in the most extreme case (as in sediment S5), Zn

concentrations reaching about 300-fold the concentration

found in M. These high values exceeded, in most cases, the

TEL guideline, in some cases even exceeding PEL (Cu and

Zn for S3 and Zn for S5). The elements of most concern

were Zn and Cu, the latter attaining a 70-fold concentration

in S3 relatively to M. The PAH concentrations exceeded

slightly the TEL values only in S3, for the three-ring PAHs

acenaphthylene and acenaphthene, the four-ring fluo-

ranthene and pyrene and the five-ring dibenzo[a,h]anthra-

cene. However, tPAH was not above TEL in any site.

Sediment S3 also had the highest tDDT and tPCB values,

although still below TEL, having, however, a pp’DDT

concentration close to the TEL value of 1.19 ng g-1. All

other sediments showed no relevant concentrations of

organic contaminants, being all values below TEL.

Biomarker responses

There were significant differences between all sites for all

studied biomarkers and distinct response patterns between

digestive gland and gills, except for GST and LPO (Fig. 2).

All biomarker results in the digestive glands revealed a

clear differentiation between Sado 1 and Reference,

whereas in gills this segregation was obtained only for the

GSH/GSSG ratio and GST activity. Sites Sado 2 and

Reference were differentiated by LPO and GSHt in both

organs and by GSH/GSSG ratio in gills. Total GSH and

GST in both organs plus the GSH/GSSG ratio in gills

differentiated Sado 1 from Sado 2. The biomarker yielding

highest inter-site differentiation in gills was the GSH/

GSSG ratio, while for the digestive gland was GSHt. The

biomarkers showing the highest differences relative to the

reference site were LPO and GSHt in the digestive gland,

reaching values three-fold higher in Sado 1.

In general, the biomarker values in digestive gland were

higher than in gills, except for GSHt, where values were, in

average, tenfold lower in the digestive gland. In the

digestive glands, LPO and the GSH/GSSG ratio, were

twofold higher than in gills, whereas digestive gland MT

reached tenfold gill MT in animals from Sado 1. The two

organs yielded a GST response within the same order of

magnitude.

Statistical integration of data

Discriminant analysis was performed by deriving four

models (A–D) comprising different variables (Table 2). In

model A (all variables included), size and digestive gland

biomarkers yielded no significance (p [ 0.05), however,

gill LPO and GST provided a significant contribution to

distinguish between sites. In model B (without size vari-

ables), gill LPO, GST and GSH/GSSG ratio were still

significant, together with digestive gland LPO. When tak-

ing into account only digestive gland biomarkers (C), LPO

and GST became significant. In the model with gill bio-

markers only (D), besides LPO and GST, the GSH/GSSG

ratio also became significant. There was a general tendency

for LPO and GST (especially in gills) to be the most sig-

nificant biomarkers for site differentiation.

All models yielded inter-site differentiation (Fig. 3). In

the model including all biomarker responses in digestive

gland and gills plus length and weight, a clear differenti-

ation of the reference site was obtained, together with a

good separation of both sites from Sado (Fig. 3a). In the

model without length and weight (Fig. 3b), the site segre-

gation is reduced but still achieved, and in models C and D

(Fig. 3c, d, respectively) a less conspicuous site separation

was observed, when comparing models A and B. Never-

theless, gill biomarkers (Fig. 3d) could better differentiate

1542 A. P. Rodrigo et al.
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sites than digestive gland responses (Fig. 3c), especially

regarding site Sado 1.

Correlations between all variables, independently of

site, are presented in Table 3. The highest correlation

(Spearman’s R = 0.94) was obtained between mantle

length and total wet weight, as expected. Negative corre-

lations were found between size variables and biomarkers,

except for the GSH/GSSG ratio. The biomarkers most

correlated with size (R [ 0.4) were LPO in the digestive

gland, GSH/GSSG ratio in gill and GST in both organs.

The highest correlations (R [ 0.5) between biomarkers

were obtained for GST versus LPO, GSHt and MT, all in

the digestive gland. All significant between-biomarker

correlations (R [ 0.4 and p \ 0.05) were positive.

Integrated biomarker response (IBR)

The IBR values were calculated based on the following bio-

marker order: LPO [GSHt[ GSH/GSSG[ GST [MT,

considering that LPO may occur before active anti-oxidant

defences are triggered. Sado 1 attained the highest IBR scores,

followed by Sado 2, and virtually null for reference animals,

(Fig. 4). Lipid peroxidation was one of the most significant

biomarkers, especially in the digestive gland, in animals from

Sado 2. Overall, the integrated responses obtained for site Sado

1 were higher in gills, while in digestive gland they were

highest in Sado 2.

Discussion

The present study revealed different biomarker patterns

between S. officinalis collected from the three fishing areas,

including those allocated within the same estuary, Sado 1

and Sado 2. The Sado fishing areas hold point differences

regarding sediment contamination, especially by PAHs,

which attain higher levels in the sediments close to the

heavy-industry belt adjacent to Sado 1. Given the overall

moderate levels of contamination of the Sado estuary, the

species proved sensitive to environmental contamination

even when other molluscs, namely the bivalve Ruditapes

decussatus, collected from the same areas during the same

sampling effort, yielded unclear biomarker responses

(Carreira et al. 2013), which contradicts findings by other

authors. In fact, the clam R. decussatus has been suggested

to be very sensitive to environmental contaminants and

proposed for biomonitoring as an effective surrogate for

mussels in areas where these are not abundant (Bebianno

et al. 2004). This may indicate that, as in the Sado estuary,

clams may be less efficient bioindicator organisms when

complex mixtures of toxicants are involved. Additionally,

there were differences in biomarker responses between S.

officinalis digestive glands and gills. Digestive glandT
a
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biomarkers were overall in better agreement with envi-

ronmental contamination, although gills evidenced

increased sensitivity while disclosing a distinct pattern of

contamination between the industrial and agricultural areas

of the estuary. The findings are further sustained by the

IBR results, a complementary leverage to the results

obtained by the statistical analyses, and an expedient tool

for decision makers which examines differences in

response between populations and test groups by integrat-

ing biomarker responses into a single index (Broeg and

Lehtonen 2006). The IBR estimates (Fig. 4) evidenced

Sado 1 as the globally most contaminated site, regardless

of high heterogeneity in sediment contamination profiles.

However, caution should be taken when interpreting IBR

Fig. 2 Mean results of

biomarker responses per site

(Sado 1, Sado 2 and Reference)

in digestive gland and gills

(error bars indicate 95 %

confidence intervals). a Lipid

peroxidation (as thiobarbituric

acid reactive species). b Total

glutathione. c Reduced/oxidised

glutathione ratio (GSH/GSSG).

d Glutathione S-transferase

activity. e Metallothionein-like

protein concentration. Different

letters mean significant

differences (Mann–Whitney U,

p \ 0.05)
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results, since calculations reflect the choice of biomarker

hierarchy, the number of surveyed biomarkers and their

relative weight, to which is added the fact that it is a

dynamic index, and thus cannot be used in direct com-

parisons between distinct studies (Damiens et al. 2007;

Tsangaris et al. 2011; Serafim et al. 2012). Additionally,

such indexes reflect only a qualitative assessment and thus

should not serve as a single-stand Line-Of-Evidence in

biomonitoring, management and decision-making pro-

cesses (Serafim et al. op. cit.). Still, in the present study the

IBR values were consistent with the differences between

sites and revealed patterns of response between the two

surveyed organs that are in good agreement with multi-

variate statistics, which calls for its applicability in studies

when the same batch of biomarkers are determined in

organisms from distinct, albeit proximal, locations.

Contamination profiles

The contrast between sediment contamination profiles and

SGQ’s allowed detecting the compounds potentially posing

higher risk to the biota. The results retrieved from Carreira

et al. (2013), are consistent with previous sediment anal-

yses performed in the Sado estuary and compiled by Costa

et al. (2012), revealing that the Sado estuary is moderately

contaminated, impacted by an intricate mixture of con-

taminants and that metals, especially Zn and Cu, are the

contaminants of highest risk. The most significant organic

contaminants in the sediments from the Sado estuary were

PAHs, similarly to those described by previous works in

the area (Costa et al. 2011, 2012). Still, the overall levels

were relatively low, with few individual contaminants

approaching the TEL guideline, such as the hazardous

(genotoxic and carcinogenic) benzo[a]anthracene and

benzo[a]pyrene, especially in sediment S3, from the Sado 1

fishing grounds, located near the city of Setúbal and its

adjacent heavy-industry belt. It should also be noted that

the physico-chemical characteristics of the sediments play

a major role in contaminant bioavailability. The most

contaminated sites had also higher FF and TOM and lower

Eh, similarly to previous studies (e.g. Caeiro et al. 2005,

2009; Costa et al. 2008b). Even if high proportions of FF

and TOM act as a trap for contaminants, therefore ren-

dering them less immediately available to aquatic organ-

isms, disturbance, combined with low Eh, may favour

toxicant speciation and release (see for instance Caccia

et al. 2003; Eggleton and Thomas 2004; Du Laing et al.

2009).

The contamination levels of sediments from the Sado

estuary revealed considerable spatial variation, as

Table 2 Summary of results from discriminant analysis

Variables Model A Model B Model C Model D

Partial k p Partial k p Partial k p Partial k p

Size

Lm 0.9154 0.1561

wwt 0.8933 0.0935

Biomarkers

Digestive gland

LPO 0.9882 0.7798 0.8481* 0.0267* 0.8278* 0.0097*

GSHt 0.9228 0.1849 0.9515 0.3346 0.9203 0.1306

GSH/GSSG 0.9857 0.7392 0.9969 0.9343 0.9944 0.8724

GST 0.8972 0.1024 0.9108 0.1280 0.7363* 0.0006*

MT 0.9929 0.8610 0.9820 0.6705 0.9378 0.2075

Gill

LPO 0.8615* 0.0436* 0.8611* 0.0373* 0.7990* 0.0041*

GSHt 0.9385 0.2637 0.9456 0.2919 0.9155 0.1150

GSH/GSSG 0.9086 0.1336 0.8508* 0.0286* 0.8817* 0.0458*

GST 0.6224* 0.0000* 0.5808* 0.0000* 0.4369* 0.0000*

MT 0.8964 0.1007 0.9212 0.1642 0.9326 0.1812

Model A) length, weight and all biomarkers studied for both organs (LPO, GSHt, GSH/GSSG, GST and MT) (total k = 0.02548, p \ 0.00);

model B) all biomarkers studied, for both organs (total k = 0.14004, p \ 0.00); model C) digestive gland biomarkers alone (total k = 0.40955,

p \ 0.00); model D) gill biomarkers only (total k = 0.23253, p \ 0.00)

GSH/GSSG reduced/oxidised glutathione, GSHt total glutathione, GST glutathione S-transferase, LPO lipid peroxidation, Lm mantle length, MT

metallothionein-like protein, wwt total wet weight

* Significant variables in the model (p \ 0.05)
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previously evidenced by Caeiro et al. (2005, 2009). Sedi-

ments S1 and S2, from Sado 1 fishing grounds, were

essentially clean, even though sediments S3, from a nearby

sampling site, were found the overall most contaminated.

Sediments S1 and S2 are in fact sandy shellfish beds sub-

jected to high hydrodynamics and high oceanic influence,

which most likely contributed to the low contamination

levels. However, cuttlefish from this area demonstrated

biomarker responses consistent, comparatively, to higher

contamination patterns. In comparison, clams (filter-feed-

ers) collected from these sandbanks yielded reduced

responses, likely reflecting the low contamination pattern

of their immediate surroundings (Carreira et al. 2013;

Costa et al. 2013). On the contrary, cuttlefish are territorial

predators, thus acting as indicators of a broader biogeo-

graphical area that includes, in the present situation, both

clean and contaminated sediments. Also, sediments S4 and

S5, from Sado 2, presented more similar contamination

patterns, although distinct from S2, and eliciting in the

animals biomarker responses lower than those from Sado 1

but still higher than the reference cuttlefish. Previous data

from this area is scarce; however, analyses performed on

sediments from the river mouth, close to these sites, yiel-

ded the highest values for Zn and Cd in the estuary (Cor-

tesão and Vale 1995), which is consistent with the present

results. In fact, some of the analysed metals attained higher

concentrations in sites S4 and S5 (especially S5), than in site

S3. Possible explanations may derive from pyrite mining

along the river basin (Vale and Cortesão 1989), the fertil-

izers applied in agriculture grounds upstream (especially

extensive rice farming), some of which may have metals

(e.g. Cr, Cu, Cd, Zn and Ni) as constituents (Nziguheba and

Smolders 2008), and pesticide use (Cerejeira et al. 2003;

Villaverde et al. 2008).

Biomarker approach

All biomarkers were responsive, especially in the digestive

gland, indicating sensitivity to low-moderate levels of

mixtures of both organic and inorganic xenobiotics. Also,

the combination of biomarker responses yielded a clear

distinction between the three fishing areas (Fig. 3). Bio-

marker responses were overall consistent with sediment

contamination, especially in the digestive gland, with

higher levels of response and damage (the last given by

LPO) being measured in cuttlefish from site Sado 1 (near

the heavy-industry area). Nonetheless, the differences

between sites were generally more pronounced in the gills

(with the exception of MT induction). Some of the dif-

ferences between the two organs may be explained, by the

fact that digestive glands likely tend to reflect a more

chronic exposure than gills. Metallothionein induction, for

instance, was higher in the digestive gland, probably due to

the organ’s ability to store higher levels of metals. Con-

versely, gills reflect the pathway for metal uptake and

short-time storage, as previously observed in fish and even

Fig. 3 Results from

discriminant analysis.

Scatterplot of canonical scores

for inter-site differentiation

(Sado 1, Sado 2 and Reference)

considering different variables

in each case. a Length, weight

plus all biomarkers studied in

both organs (LPO, GSHt, GSH/

GSSG, GST and MT).

b Biomarkers only (both

organs). c Digestive gland

biomarkers only. d Gill

biomarkers only
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in the cephalopod Octopus vulgaris (Hamza-Chaffai et al.

1995; Raimundo et al. 2010).

Overall, oxidative stress-related biomarkers, especially

GST and LPO were the most relevant biomarkers for site

differentiation, evidenced by statistical analyses and IBR.

This finding is consistent with the higher levels of PAHs

found in Sado 1, since cuttlefish sampled at this location

yielded the highest responses. In fact, LPO and GST have

been suggested as trustworthy biomarkers of contaminated

sediments (Moreira et al. 2006). Correlations were found

between digestive gland biomarker responses, which con-

tribute to sustain the premise of active and integrative

responses to contamination occurring in this organ. For

instance, the positive correlation between MT and LPO

might indicate that the protective antioxidant role of MT

(yet another function of these proteins) was not sufficient to

prevent oxidative stress, contrary to what Correia et al.

(2002) found in amphipod Gammarus locusta exposed to

Cu and sediments from the Sado estuary. In one of the few

studies on biomarkers (including LPO) performed on S.

officinalis, Zielinski and Pörtner (2000) also found the gills

to be sensitive and responsive to oxidative stress, as in the

present study, however, the test variable was age and not

toxicological challenge.

Biomarkers such as LPO are known to be positively

influenced by endogenous variables like age and size (Zi-

elinski and Pörtner 2000), plus exogenous variables like

seasonality (Company et al. 2006; Pytharopoulou et al.

2008). However, regarding exogenous variables, even if

seasonal differences can justify some differences between

Sado 1 and Sado 2, they cannot single-handedly explain the

differences between Sado 1 and Reference; since the

specimens were collected during the same season.

Regarding environmental contamination, LPO may be

induced by metals in invertebrates (Correia et al. 2002;

Pytharopoulou et al. 2008), as supported by the present

findings. Oddly, the inverse was reported by Viarengo et al.

(1990). Some authors stated that the link between LPO and

exposure to metals is only significant when contamination

levels are high (Pedrajas et al. 1995; Martı́n-Dı́az et al.

2009). In general, regardless of the contaminant and con-

centration, long-term exposures are thought to be necessary

to induce lipid peroxidation (Gravato et al. 2010), which is

suspected to occur in feral animals, as in the present study.

Nevertheless, as previously noted, it must be pointed out

that reference animals were collected from an off-coast fish-

ing area, which implies a distinct set of unaccounted envi-

ronmental variables, from water salinity, pH and temperature

Table 3 Spearman’s correlation R statistics (all individuals pooled)

GSH/GSSG LPO GSHt GST MT

Lm wwt DG G DG G DG G DG G DG G

Size

Lm

wwt 0.9392

Biomarker

GSH/GSSG

DG

G 0.4187 0.4643

LPO

DG -0.6058

G

GSHt

DG

G

GST

DG -0.4184 -0.4553 0.5602 0.5138

G -0.5808 -0.6191 0.4442 0.4144 0.4288 0.4585

MT

DG 0.4214 0.6044

G

Only significant statistics are presented (p \ 0.05 and |R| [ 0.4)

DG digestive gland, G gill, GSH/GSSG reduced/oxidised glutathione ratio, GSHt total glutathione, GST glutathione S-transferase activity, LPO

lipid peroxidation, Lm mantle length, MT metallothionein-like protein, wwt total wet weight
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to prey type and availability. These variables likely influenced

the animals’ physiological status and, therefore, are probable

confounding factors of biomarker responses. As such, caution

is mandatory when interpreting potential background levels of

biomarker responses from these animals and it is clear that

further research, meaning surveys in unpolluted estuarine

habitats, is still needed to disclose the true sensitivity of the

species toward toxicological challenge.

To cope with exposure to xenobiotics, the organisms

may trigger defences towards oxidative stress often

resulting from the catalysis/excretion of organic xenobiot-

ics, usually hydrophobic, like PAHs. After phase I enzymes

having biotransformed compounds (such as some PAHs

and dioxins), the phase II enzyme GST enters in action to

catalyse GSH conjugation with electrophilic toxicants or

hazardous contaminant metabolites such as PAH epoxides.

On the other hand, GSH may scavenge ROS, becoming

oxidised itself (see van der Oost et al. 2003; Martı́n-Dı́az

et al. 2008, Oliveira et al. 2009, for reviews). Thus, the

reduction in the GSH/GSSG ratio in cuttlefish from Sado

Fig. 4 Integrated biomarker response (IBR) star plots per site (Sado

1, Sado 2 and Reference), considering all biomarkers and both organs.

a Scores (S) of digestive gland biomarkers for each site. b Scores of

gill biomarkers for each site. c Biomarker scores combining both

organs, for each site. d IBR values for each site considering each

organ separately and combined
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(more pronounced in the gills), is in good accordance with

previous research relating reduced GSH/GSSG ratio in

aquatic organisms exposed to organic and inorganic con-

taminants (see van der Oost et al. 1996; Moreira et al.

2006; Martins et al. 2012; Taylor and Maher 2012). Even

though GSHt was not very significant for inter-site differ-

entiation, it was strongly correlated with the GST activity

levels in both organs, as expected.

The activity of the phase II enzyme GST was similar in

both organs. The adequacy of GST activity as a biomarker

of exposure has already been demonstrated in a wide range

of organisms, including bivalve molluscs (e.g. Hoarau et al.

2004; Moreira et al. 2006; Fonseca et al. 2011a). Its

modulation by other environmental factors besides pollu-

tion, such as seasonality, has been dismissed by some

authors in experiments performed in fish (Kopecka and

Pempkowiak 2008; Fonseca et al. 2011a); in opposition to

Serafim et al. (2012). It is known that induction of GST

activity may counteract oxidative stress triggered by

exposure to metals such as Cd, Cu, As, Pb and Zn (Dam-

iens et al. 2007; Martı́n-Dı́az et al. 2009; Garcı́a-Alonso

et al. 2011; Ramos-Gómez et al. 2011), and organochlorine

compounds, like PCBs and DDTs, in clams (Hoarau et al.

2001, 2004). However, PAHs have been reported to cause

either GST inhibition (Fonseca et al. 2011b) or induction

(Hoarau et al. 2001; Damiens et al. 2007; Gravato et al.

2010). Interestingly, even a case of no correlation between

these toxicants and this enzyme’s activity has been repor-

ted (Garcı́a-Alonso et al. 2011). In the present study, PAH-

induced GST activity is suggested, since the higher sedi-

ment PAH levels observed in Sado 1 sediments were linked

to higher GST activity, in both organs.

Metallothioneins (MTs) are important proteins in the

regulation and detoxification of both essential and non-

essential metals. Still, MTs may also protect the cells

against oxidative stress and function as radical scavengers

(Buico et al. 2008). The present study revealed a modest,

however significant, MT response in the digestive gland of

cuttlefish collected off the Sado estuary’s industrial belt,

where the highest levels of metals, especially Cu and Zn

(known MT inducers) were recorded. Importantly, the

significant MT response contradicts previous studies with

clams collected from this area (Carreira et al. 2013) and

different species of fish exposed to sediments from the

Sado Estuary (Costa et al. 2008a, 2009). This may indicate

that the MT response in cuttlefish retains specificity when

complex mixtures of organic and metallic toxicants are

involved, which is usually a critical confounding factor

when surveying this biomarker (e.g. Costa et al. 2009,

2012).

The gills and liver (in fish) or digestive gland (molluscs)

are the most usually surveyed organs for MT induction, due

to their role in metal uptake and bioaccumulation/

detoxification, respectively (Hamza-Chaffai et al. 1995).

The MT response was not significant in gills, contrary to

other studies performed with clams and fish (Hamza-

Chaffai et al. 1997; Bebianno and Serafim 2003; Oliveira

et al. 2009). This occurrence might be explained by overall

low levels of metals in the estuary, combined with the

plausible adaptation of cuttlefish to their environment.

However, due to the strong correlation in the digestive

gland between MT and two of the most significant bio-

markers studied (GST and LPO) a link between MT and

environmental contamination may be disclosed. It is likely

that the higher MT levels in the cuttlefish digestive gland

relate with a higher predisposition of this organ to bioac-

cumulate important levels of metals like Cd, Cu and Zn, as

known to occur in cephalopods (Miramand and Bentley

1992; Raimundo et al. 2010). Interactions between con-

taminants (including between metals and between metals

and organic compounds) can also modulate MT expression,

often inhibiting the response (e.g. Roméo et al. 1997;

Risso-de Faverney et al. 2000; Majumder et al. 2003). In

fact, many authors reported inconsistencies in the MT

response when acting as a potential biomarker of exposure

to metals (Mouneyrac et al. 2002; Pytharopoulou et al.

2008; Serafim et al. 2012). Metallothionein induction is

also known to occur as a function of animal size (Hamza-

Chaffai et al. 1995), hypoxic stress (Sampaio et al. 2008)

and may even be elicited by organic contaminants (Costa

et al. 2009). Regardless of all these contradictions and

confounding factors, it is important to emphasize that most

of the studies were performed with fish, not cephalopods.

Concluding remarks

Sepia officinalis revealed to be a sensitive bioindicator of

the effects elicited by mixtures of toxicants, even if present

at moderate concentrations. The cuttlefish, a marine species

known to occupy brackish water ecosystems at least during

part of its life cycle, revealed to be a potential candidate for

the monitoring of transition ecosystems, considering the

link between biomarkers and environmental contamination

in animals collected from impacted areas. However, further

research is still needed to understand the adaptation

mechanisms of the species to its habitat and their effect on

biomarker responses, since it was not possible, in the

present study, to consider a reference location within an

estuarine environment. Additionally, gill biomarkers evi-

denced higher contrast between sites, whereas digestive

gland responses were overall more consistent with con-

tamination, which may result from two main aspects: (1)

the differential sensitivity of both organs; (2) the effect of

unknown exogenous variables, such as unsurveyed toxi-

cants, hydrology and season-related parameters. In any
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case, the current findings indicate a clear response to

environmental stressors, with emphasis on oxidative stress,

which is consistent with higher levels of PAHs in the

sediments near the Sado’s industrial belt. Still, unlike

recent research on fish and bivalves in the area, even MT

induction retained some degree of specificity to metals.

The species was proven sensitive enough to distinguish

adjacent areas within the same eco-geographical unit. This,

combined with its wide ecological representation and high

commercial value, makes the species a good candidate for

practical applications within the EU’s Marine Strategy

Framework Directive in SW Europe coastal ecosystems,

likely combining the characteristics of the two groups of

organisms that constitute the basis of most biomonitoring

strategies in Europe: bivalve molluscs and fish.
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