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Abstract
The health status of the commercial Tehuelche scallop Aequipecten tehuelchus from San Román and El Riacho in San José 
gulf (Patagonia, Argentina) was evaluated through biomarkers widely used in ecotoxicological applications. Natural levels of 
arsenic (As) and cadmium (Cd) were measured to determine their potential relationships with fluctuations of several oxidative 
stress biomarkers in the scallop. Oxidative biomarkers, such as catalase (CAT), glutathione S-transferase (GST), superoxide 
dismutase (SOD), metallothioneins (MT), reactive oxygen species (ROS), α-tocopherol (α-T), and lipid peroxidation (LPO) 
through thiobarbituric acid reactive substances (TBARS) and lipid radical (LR∙), were measured in gills, digestive gland, 
and muscle of Tehuelche scallop in winter (August 2015) and summer (January 2016). Levels of As and Cd and of most 
of the biomarkers (SOD, ROS, TBARS, and LR∙) showed strong seasonal variability in the three tissues. In general, the 
highest values were recorded in digestive gland. The Integrated Biomarker Response index indicated that the most stressed 
condition of A. tehuelchus was in summer in San Román. Additionally, the Integrated Biomarker Response index showed a 
strong relationship among tissues and As and Cd accumulation. This kind of approach could be used as an integrated tool 
to identify the health status of scallop A. tehuelchus from San José gulf.

Bivalve molluscs have been widely used as sentinel spe-
cies to monitor environmental contamination by quantifying 
concentration of pollutants in soft tissues (Moschino et al. 
2016). Due to their filter-feeding habit, bivalves are among 
the most vulnerable organisms to uptake dissolved and par-
ticulate substances, both of natural and anthropic origin 
(Giarratano et al. 2010; Conti et al. 2011; Maulvault et al. 
2015). In this respect, they are able to incorporate ubiqui-
tous toxic trace elements through seawater, sediment, and/
or phytoplankton, and then accumulate them in their tissues. 
This could eventually result in a stressing condition for the 
organism itself, a trophic transfer of toxics through food web 

(Ng et al. 2005), and a risk to human health through seafood 
intake.

Stressful conditions, such as xenobiotic exposure, can 
influence the organism at the biochemical level. For exam-
ple, metals are able to catalyze the formation of reactive 
oxygen species (ROS), which are capable of damaging pro-
teins, lipids, and DNA (Dargay and Gately 2010). On the 
other hand, different cellular protection mechanisms allow 
detoxification of ROS before they cause oxidative dam-
age, including the activity of antioxidant enzymes (such 
as superoxide dismutase, SOD and catalase, CAT), as well 
as nonenzymatic antioxidants (such as α-tocopherol, α-T). 
Biomarkers of defense related to detoxification mechanisms 
include induction of metallothioneins expression (MT) and 
the activity of enzyme glutathione S-transferase (GST) 
(Quinn et al. 2005). Oxidative stress can lead to lipid per-
oxidation and massive protein oxidation and degradation, 
causing cell injury or cell death. Lipid peroxidation (LPO) 
can be estimated as thiobarbituric acid reactive substances 
(TBARS) and lipid radicals content (LR∙). The balance 
between free radical damage/antioxidant protection in the 
lipid phase is appropriately described by the ratios LR∙/α-T 
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and TBARS/α-T. This index assumes that higher biomarker 
levels indicate more damage to tissues (Lattuca et al. 2009).

Biomarkers also can be globally assessed as Integrated 
Biomarkers Response (IBR) index, developed as a practical 
and robust tool to provide a straightforward indication of the 
health status of bivalves and hence of the ecosystem they 
inhabit (Serafim et al. 2012). The biomarker approach can 
offer a more complete and relevant information regarding the 
potential impact of a pollutant on the health of the animals, 
constituting early warning signals in assessing biological 
effects of diffuse sources of pollutants (Van Der Oost et al. 
1996).

In the northern coast of Patagonia (Argentina), the 
Tehuelche scallop Aequipecten tehuelchus is commercially 
exploited on small-scale, exclusively by artisanal fishers. 
This is an important economic resource for the small com-
munity settlement of San José gulf (SJG) in Peninsula Val-
dés (Soria et al. 2016). San José gulf is split longitudinally 
into two hydrographic domains (East and West), each one 
with a different pattern of water circulation. West domain 
is more turbulent than the East domain, and it has a low 
exchange of water and constant temperature during most part 
of the year. Otherwise, the East domain is more stagnant and 
the temperature responds rapidly to atmospheric temperature 
variations, with water stratification during the summer and 
vertical mixing in winter (Amoroso et al. 2011). Each study 
site was chosen based on the different pattern of water cir-
culation, turbulence, and temperature variations. These dif-
ferences are mainly during the summer and winter and could 
affect the As and Cd availabilities for the uptake by organ-
isms. Changes in temperature, oxygen levels, and salinity 
can alter natural conditions through unbalance between ROS 
production and elimination, inducing direct effects on health 
status and physiological performance of marine organisms 
(Lushchak 2011; Nardi et al. 2018).

Although anthropogenic activities in SJG are limited to 
artisanal shellfish extraction activities, bioavailability of As 
and Cd has been detected in the gulf in different matrices, 
such as kelps, fishes, molluscs, and sediments (Gil et al. 
1989, 2015; Urtubey et al. 2016; Bigatti et al. 2017; Neyro 
2017). It is known that both elements may be mobilized 
by natural process, enhancing the environment levels. Earth 
crust contains As, which is released through weathering 
of rocks and volcanic activity (Amlund and Sloth 2011), 
whereas the occurrence of Cd may be linked to leaching 
from bedrock and upwelling from marine sediment deposits 
(Neff 2002).

The purpose of this work was to determine the health 
status of a natural resource of commercial importance, such 
as the scallop A. tehuelchus, which is naturally exposed to 
As and Cd in two coastal areas within SJG, using several 
biomarkers of oxidative damage in gills, digestive gland, 
and muscle.

Materials and Methods

Sampling

The San Jose gulf (SJG) is a small, shallow and semi-
enclosed basin located on the north coast of Argentine 
Patagonia (Fig. 1). Two sampling sites were chosen in 
this study according to the different characteristics in each 
domain: El Riacho (42° 24′ S–64°36′ W) and San Román 
(42°14′ S–64°13′ W) in the West and East domains, 
respectively. In both, an artisanal fishery is developed and 
there are no industries or important human settlements.

Samplings were performed at the same time in both 
sites in winter (August 2015) and summer (January 2016). 
Environmental parameters, such as temperature, salinity, 
dissolved oxygen, and pH, were measured in situ with a 
multiparameter device YSI 556 MPS.

Surficial sediment samples (up to 5 cm depth) were 
collected using plastic hand-driven push tubes by scuba 
diving. Three composite samples of sediment were made 
from four tubes, placed in a plastic bag, and transported 
to the laboratory for storage at − 20 °C until analysis of 
total As and Cd. Adult Tehuelche scallops of commer-
cial size (60 mm in shell length, Soria et al. 2016) were 
collected by scuba diving. The gills, digestive gland, and 
muscle were carefully excised, thoroughly washed with 
deionized water, and dried with tissue paper. For trace 
elements analyses, each tissue was pooled (n = 3) to make 
three composite samples and was stored in plastic bags 
at − 20 °C. For biomarkers analyses, tissues (n = 5) were 
individually stored at − 80 °C.

As and Cd Analyses

Sediments samples and scallop’s tissues were freeze-
dried for 96 h and homogenized with a grinder. Samples 
of 0.5 g were digested using nitric acid, 10% diluted for 
sediments (U.S. EPA 2007) and concentrated for tissues 
(U.S. EPA 1996) in a NOVAWAVE SA microwave, using 
a time–temperature program of 180 °C for 10 min. After 
digestion, samples were filled up to 50 mL with deion-
ized water before analysis with an Agilent 720 inductively 
coupled plasma optical emission spectrometer (ICP-OES), 
with axial configuration and multi-element simultaneous 
detection.

Three replicates of standard reference materials of sedi-
ment (PACS‐2, Marine Sediment Reference Materials for 
Trace Metals and other Constituents, National Research 
Council of Canada) and oyster tissue (NIST-SRM 1566, 
National Institute of Standards and Technology, Standard 
Reference Material) were analyzed for quality control of 
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data. Precision, expressed as coefficient of variation, was 
5% for As and 4% for Cd. Accuracy, expressed as per-
centage of recovery, was 75.7% and 114.9% for sediment 
PACS-2 and 90.5% and 91.1% for oyster tissue NIST-SRM 
1566, for As and Cd respectively. Detection limits in dry 
weight basis were 0.7 (As) and 0.25 (Cd) µg/g dw.

Biochemical Analyses

ROS were evaluated after homogenization in 100  mM 
Tris–HCl buffer pH 7.75 with 2 mM EDTA and 5 mM 
MgCl2 (1:5 w/v) (Gallagher et al. 1992). The homogenates 
were centrifuged at 4 °C for 20 min at 10,000 g and 10 mL of 
the supernatants were employed. The reaction was followed 
in 30 mM HEPES, pH 7.2 buffer with 200 mM KCl, and 
1 mM MgCl2. Immediately before the reading, the fluores-
cent probe 2´,7´ dichlorofluorescein diacetate (DCFH-DA) 
was added to the buffer in a final concentration of 40 mM. 
The reaction mixture was incubated at 40 °C during 30 min. 
Thereafter, the nonfluorescent compound DCFH was oxi-
dized by ROS to the fluorescent compound DCF, which 
is detected spectrofluorometrically at λexc = 488 nm and 
λem = 525 nm (Viarengo et al. 1999). ROS were expressed 
as U/min/mg prot.

For enzyme assays, samples were homogenized in a 1:3 
(w/v) ratio of buffer solution containing 20 mM Tris-Base, 

1 mM EDTA, 1 mM DL-dithiothreitol, 0.5 M sucrose, 
0.15 M KCl, and 0.1 mM phenylmethylsulphonyl fluoride 
(PMSF), with pH adjusted to 7.6 according to Bainy et al. 
(1996). SOD activity was measured by the inhibition of the 
auto-oxidation of epinephrine at 480 nm at 30 °C (Misra 
and Fridovich 1972). One unit of SOD was defined as the 
amount of enzyme that inhibits the rate of adrenochrome 
formation by 50% under the assay conditions. CAT activ-
ity was evaluated by the decomposition rate of hydrogen 
peroxide (H2O2) at 240 nm as a function of the enzyme 
activity (Beutler 1982). One unit of CAT was defined as 
the amount of enzyme catalyzing the elimination of 1 mmol 
H2O2 per minute. GST activity was determined by incubat-
ing reduced glutathione with 1-chloro-2,4-dinitrobenzene 
as substrate at 25 °C and measuring the increase in absorb-
ance at 340 nm (Habig et al. 1974). One unit of GST was 
defined as the amount of enzyme catalyzing the formation of 
1 mmol of 2,4 dinitrophenyl-S-glutathione per min. Proteins 
were measured by the method of Lowry et al. (1951), with 
bovine serum albumin as standard. Results of all enzymes 
were expressed as units per milligram of proteins (U/mg 
prot.). All determinations were done using a spectrophotom-
eter Jasco UV/Vis 7850.

MT were analyzed according to Viarengo et al. (1997). 
Briefly, tissues were homogenized in 20 mM Tris–HCl 
buffer pH 8.6 (1:3 w/v), which contains 0.5 M sucrose, 

Fig. 1   Location of study sites San Román and El Riacho in San José gulf in Patagonia, Argentina
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0.006 mM leupeptin, 0.5 mM PMSF and 0.01% 2-mercap-
toethanol. The homogenate was centrifuged at 14,000 g 
for 40 min at 4 °C and the resulting supernatant was used 
for a subsequent two-step ethanol/chloroform precipitation 
(6000 g for 10 min at 4 °C). After acidic ethanol/chloro-
form fractionation of the tissue homogenate, resulting pel-
lets containing MT were resuspended in 5 mM Tris–HCl 
buffer with 1 mM EDTA pH 7 followed, by a reaction with 
DTNB. MT were quantified by the spectrophotometric 
assay using glutathione (GSH) as standard and expressed 
as nmol-SH/mg prot.

Content of lipid soluble antioxidant α-T was quantified 
by reverse-phase HPLC with electrochemical detection 
using a Bioanalytical Systems LC-4C amperometric detec-
tor with a glass carbon working electrode at an applied oxi-
dation potential of 0.6 V. Samples of 40 mg were homog-
enized in 100 µL of deionized water, 15 µL of 4% (w/v) 
butylated hydroxytoluene and 100 µL of 3% (w/v) sodium 
dodecyl sulfate. The samples were extracted with 200 µL 
of methanol and 900 µL of hexane. After centrifugation 
at 5000 g for 3 min, the hexane phase was removed and 
evaporated to dryness under a nitrogen stream. Extracts 
were dissolved in methanol:ethanol (1:1) and injected for 
HPLC analysis (Desai 1984). D,L-α-tocopherol (Sigma, 
St Louis, MO) was used as standard and the results were 
expressed as nmol/mg wet weight (ww).

LPO was estimated through TBARS and LR∙. TBARS 
were determined according to Guerra et al. (2013). Briefly, 
samples were homogenized in a 1:10 (w/v) saline solution 
(0.9%) at pH 7.0. Then, 0.8 M HCl in 12.5% trichloro-
acetic acid (TCA) was added to 250 μL of homogenate 
prior to the addition of 1% thiobarbituric acid (TBA). 
Samples were incubated for 10 min at 100 °C in a water 
bath, cooled to room temperature and centrifuged at 
1500 g for 10 min at 4 °C. TBARS levels were measured 
at 535 nm, using malondialdehyde as standard and were 
expressed as TBARS pmol equivalents per mg of protein. 
LR∙ content was determined by electron paramagnetic 
resonance (EPR) employing a spin trapping technique 
using N-t-butyl-a-phenyl nitrone (PBN). A 40 mM PBN 
stock solution was prepared in dimethyl sulfoxide (DMSO) 
immediately before use. The homogenates were prepared 
in DMSO–PBN (1:6 w/v). EPR spectra were obtained at 
room temperature using a Bruker ECS 106 spectrometer, 
operating at 9.81 GHz with 50-kHz modulation frequency. 
EPR instrument settings for the spin trapping experiments 
were as follows: microwave power, 20 mW; modula-
tion amplitude, 1.194 G; time constant, 81.92 ms; scans 
number, 5; centre fields, 3480 G; modulation frequency, 
50 kHz; and receiver gain, 2x104 (Lai et al. 1986). Quanti-
fication of LR∙ content was performed according to Kotake 
et al. (1996) and was expressed as pmol/g ww.

Data Analysis

Integrated Biomarker Response Index

The Integrated Biomarker Response (IBR) index was per-
formed in accordance with the protocol of Beliaeff and Bur-
geot (2002) with modifications by Devin et al. (2014). Briefly, 
the mean value (Xi) and standard deviation (SDi) for each 
biomarker at each season and site, as well as the general mean 
(mi), were calculated and standardized. Subsequently, values 
were computed in the case of a biological effect correspond-
ing, i.e., inhibition or activation respect the site with the lowest 
values of As and Cd. Then, biomarker scores (S) were calcu-
lated as S = Z + |Min|, where Z ≥ 0 and |Min| is the absolute 
value of all Y calculated for a given biomarker (including all 
measurements). IBR was calculated according to the follow-
ing formula:

For IBR calculation six parameters were chosen through 
a boosted regression tree (BRT) model described in Ber-
trand et al. (2016). This method builds a sequence of models 
of increasing complexity to describe relationships between 
different scenarios and the predictor variables (biomarkers). 
The chosen biomarkers were SOD in digestive gland, GST 
in gills and digestive gland, MT in muscle, and TBARS in 
gills and digestive gland. Several IBR were calculated with 
R Studio software from the same data changing the order of 
the biomarkers and using the median of all the index values 
as the final index value (Devin et al. 2014). More details of 
IBR methodology can be found in some articles (Serafim et al. 
2012; Devin et al. 2014; Ferreira et al. 2015; Madeira et al. 
2016).

Statistical Treatment

The data are presented as the mean ± SE. Statistical analyses 
were performed with Statsoft STATISTICA (v. 9.1). The vari-
ations of As and Cd levels and each oxidative stress biomarker, 
in the three tissues, between sites and seasons were tested by 
two-way ANOVA followed by a Tukey’s post hoc test. Cor-
relations between As and Cd levels and biomarkers were deter-
mined for each season with the Pearson correlation coefficient. 
A Kruskal–Wallis test was performed to identify IBR differ-
ences between sites and seasons. The level of significance for 
all tests was set at P  <  0.05.

IBR = S1 ∗
S2

2
+ S2 ∗

S3

2
+⋯ Sn − 1 ∗

Sn

2
+ Sn ∗

S1

2
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Results and Discussion

Environmental Parameters

The temperature of seawater in winter was 10.9 ± 0.2 °C and 
in summer 17.2 ± 1.2 °C in both sites. Salinity, dissolved 
oxygen, and pH were homogenous in both sites and sea-
sons; the average values were 32.8 ± 0.5 g/L, 95.5 ± 1.3%, 
and 8.25 ± 0.12, respectively.

As and Cd Contents

As levels in sediments had no significant differences nei-
ther between seasons nor between sites (3.41 ± 0.11 to 
4.55 ± 0.22 μg/g dw). Cd levels in all samples were below 
0.50 μg/g dw. Because neither of the two elements in sedi-
ments reached the levels of the Canadian Quality Guidelines 
for the Protection of Aquatic Life (CCME 2002), they not 
represent a risk for biota.

Levels of As and Cd in tissues were around 9–18 and 
2–90 μg/g dw respectively, being the highest values in diges-
tive gland (Fig. 2). Other authors reported As levels around 
8 μg/g dw in soft tissues of Chlamys hastate and Pecten 
maximus (Phillips 1990; Meador et al. 2004) and Cd levels 
up to 130 μg/g dw in digestive gland and around 14 μg/g dw 
in gills of Antartic scallops (Viarengo et al. 1993).

Only in gills, levels of As and Cd showed significant 
interaction effect between seasons and sites with main dif-
ferences in El Riacho in winter. Both elements’ levels in 
all tissues exhibited seasonal differences at least in one 
study site, being the highest values those registered in 
the digestive gland in the summer (Fig. 2). Furthermore, 
digestive gland and muscle had significantly higher values 
in summer than in winter in contrast with the lowest val-
ues of gills in summer from El Riacho. In particular, Cd 
levels showed significant differences between seasons in 
the three tissues in El Riacho and only in digestive gland 
in both sites (Fig. 2b), being mostly higher in summer than 
in winter. These variations may be related to alterations in 

body weight and accumulation due to reproductive cycle 
and seasonal changes in food availability (Giarratano et al. 
2011). However, the unclear temporal concentration pat-
terns of two elements in both study sites suggest that other 
factors could be affecting the extent of bioaccumulation.

Comparing sites, As levels from San Román were sig-
nificantly higher in summer for gills and in winter for mus-
cle than in El Riacho. Meanwhile, Cd levels in winter were 
significantly lower in gills from the last place. In digestive 
gland, there were no significant differences between sites 
for both elements.

As levels were in the same order of magnitude in all 
samples. Conversely, Cd levels in digestive gland were 
at least 10 times higher than in the other tissues for both 
sites and seasons, whereas no differences were observed 
between gills and muscle (Fig. 2). Accordingly, other 
researchers found Cd concentrations in liver or digestive 
gland about tenfold or higher than concentrations in mus-
cle (Neff 2002). Gills are one of the main pathways by 
which metal ions enter into aquatic organisms, being the 
first target organs of accumulation. In bivalves, there is 
an ion transfer from gills to digestive organs, and for this 
reason, metal(loid) concentrations are generally unstable 
in gills, unlike concentrations in other tissues that remain 
roughly constant (Zhang et al. 2015a). This observation 
indicates that Cd was probably adsorbed by the mucous 
coat on the gills and then was stored in digestive gland, 
where marine animals probably sequester metals in insol-
uble granules or bound to tissue proteins, such as MT 
(Engel and Fowler 1979; Neff 2002).

Due to the lack of anthropogenic activities in the San 
José gulf, the presence of both As and Cd in the studied 
sites should be related to natural sources and process. Con-
tribution of As to seawater is probably related to inputs 
through groundwater and volcanic ashes (Farnfield et al. 
2012; Alvarez and Carol 2019); meanwhile, Cd contribu-
tion may be associated to wind-related upwellings (Sego-
via-Zavala et al. 1998; Acha et al. 2004). Further research 
is required to confirm these hypotheses.

Fig. 2   Levels of As a and Cd 
b (μg/g dw) in gills, digestive 
gland, and muscle of scallop A. 
tehuelchus from San José gulf 
(mean values ± SE; n = 3). Stars 
indicate that values are sig-
nificantly different at P < 0.05 
between seasons from the same 
site for each tissue. Significant 
differences between sites are not 
shown
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Biomarkers of Oxidative Stress

Results of ROS production did not show an effect of season-
site interaction (Table 1). ROS production in gills from San 
Román was significantly higher in summer than in winter 
(Fig. 3a). On the contrary, in digestive gland from both sites 
the highest ROS production was registered in winter. With 
respect to muscle, no seasonality was observed. The greatest 
ROS content was measured in digestive gland and the fewest 
in muscle. It is known that the exposure of aquatic organisms 
to metal(loid)s may increase ROS generation, which can lead 
to an imbalance in antioxidant defenses, enhance oxidative 
stress and generate lipid peroxidation (Fernández Galindo 
et al. 2010). This explains the high ROS production in the 
digestive gland, the tissue with the highest As and Cd levels.

Enzymatic activities (Fig. 3b–d) did not show a signifi-
cant season-site effect (Table 1). The only exceptions were 
SOD in gills and digestive gland, and CAT in muscle. In 
these cases, the highest values were measured in winter in 
San Román.

The effect of seasonality on enzymatic activities was not 
uniform. Significantly higher SOD activities were found 
in winter than in summer in all tissues from San Román, 
but without significant differences in El Riacho (Fig. 3b). 
CAT activities (Fig. 3c) showed no significant differences 
between seasons; meanwhile, GST activity was higher in 
winter than in summer in digestive gland (Fig. 3d).

SOD activity in summer from both sites was signifi-
cantly higher in gills and muscle than in digestive gland. 
The highest CAT activities were found in digestive gland 
(40.7–84.5 U/mg prot.), followed by gills (13.4–23.9 U/mg 
prot.), and muscle (2.2–3.7 U/mg prot.). In the same way, 
GST activity was higher in digestive gland (3.6–8.8 U/mg 
prot.) than in muscle (0.05–0.09 U/mg prot.) and in gills 
(0.01–0.07 U/mg prot.). Our results are in agreement with 
those reported by Moreira and Guilhermino (2005) for Myti-
lus galloprovincialis from a nonimpacted site in winter and 
summer seasons. Independently of location, GST activity 
in winter was the highest in digestive gland and the lowest 
in gills (ANOVA P < 0.05; Tukey’s test P < 0.05); mean-
while in summer it was higher in digestive gland than in 
the other tissues (ANOVA P < 0.05; Tukey’s test P < 0.05). 
GST has an important role as a phase II biotransformation 
enzyme in the detoxification and metabolism of xenobiotic 
compounds. GST catalyzes S-conjugation between the thiol 
group of GSH and electrophilic moiety in the hydrophobic 
and toxic substrate. Particularly, GST catalyze the bind of 
As, with high affinity for the thiol groups (SH) of proteins 
and enzymes that are crucial in cell metabolism, with GSH 
(Zhang et al. 2015b). The formation of methylated metabo-
lites is a critical step in the metabolism of inorganic and 
organic forms of As, and it is generally assumed that the 
methylation pathway is directly related to the detoxification 

process (Gaxiola-Robles et al. 2013). Regarding the effect 
of Cd in GST, various mechanisms of action and contradic-
tory effects have been reported. Some authors reported its 
induction through the activation of a master transcriptional 
regulator nuclear factor erythroid 2-related factor 2 (Nrf2). 
Others reported its inhibition through direct action of the 
metal on the enzyme; indirectly via the production of ROS 
that interact directly with the enzyme, depletion of its sub-
strate (GSH), and/or downregulation of GST genes through 
different mechanisms (Cunha et al. 2007).

MT content in gills and digestive gland did not show an 
effect of season-site interaction, in muscle; however, there 
was a strong effect of season-site interaction with the high-
est MT value in San Román in summer (11.2 ± 1.2 nmol-
SH/mg prot) (Table 1 and 2). In tissues without season-site 
interaction, Student’s t test results showed that there was no 
significant effect of seasonality neither of the sites.

MT content in San Roman were significantly higher in 
digestive gland and gills than in muscle in winter, whereas 
the opposite result was observed in summer. A clear tissue 
distribution trend was not found in this research, probably 
because MT synthesis may vary considerably among tissues 
(Zorita et al. 2007). The ability of an organism to synthesize 
MT can be related to many biotic and abiotic factors (Isani 
et al. 2000). Our results are not coincident with the expected 
tissue distribution, where the highest mass partition of MT is 
usually in the digestive gland (Raspor et al. 1999).

Despite a higher affinity of MT for Cd than for As has 
been proposed (Garla et al. 2016), it seems that concentra-
tions of both elements in the digestive gland did not reach 
the level at which it could induce additional MT synthesis, 
being the existing level of MT enough to detoxify the As 
and Cd levels found in present study. The same result has 
been reported for mussel Mytilus galloprovincialis (Raspor 
et al. 2005).

α-T act as an antioxidant defense against LPO. The α-T 
content was nearly uniform in the two seasons, and it was 
significantly higher in digestive gland and gills than in mus-
cle (Table 2). α-T is one of the most important antioxidants, 
biosynthesized strictly by photosynthetic organisms. Hence, 
nonphotosynthetic organisms as bivalves must obtain them 
from dietary sources (Fujisawa et al. 2010). The highest val-
ues in gills and digestive gland are probably related to food 
intake, because gills are the first tissue in contact with food 
and digestive gland store and process phytoplankton rich in 
lipid-soluble antioxidants.

Results of LPO, estimated as TBARS and LR∙, are also 
presented in Table 2. For the three tissues and both param-
eters, there was no effect of season-site interaction. Regard-
ing seasonal variations, TBARS in digestive gland from both 
sites and muscle from San Román were higher in winter 
than in summer. The highest TBARS contents were found 
in gills in both seasons and digestive gland in summer, 
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without seasonal differences in muscle. In digestive glands, 
TBARS in both sites were significantly higher in winter than 
in summer. On the other hand, in gills and digestive gland in 
summer were significantly higher in San Román than in El 
Riacho. LR∙ in all tissues had the same pattern in both sites 
and seasons, being the highest values measured in digestive 
gland, followed by gills and then muscle.

For the lipophilic compartment, the TBARS/α-T and 
LR∙/α-T ratios can be understood as an indicator of the bal-
ance between free radical-dependent damage and antioxidant 

protection (Malanga et al. 2007). In all samples, both ratios 
had no significant seasonal differences, except for LR∙/α-T 
in muscle from El Riacho, with the highest level in summer 
(Table 2). In that sense, As and Cd levels in muscle from El 
Riacho were also higher in summer than in winter. However, 
muscle had weak signs of damage and ROS content with 
respect to the other tissues. This could be explained for the 
lowest α-T values in muscle due to antioxidant pigments 
tissue distribution closely associated with food and with 
other organs, such as digestive gland (Fujisawa et al. 2010). 

Fig. 3   Reactive oxygen species 
(ROS) production a and activi-
ties of superoxide dismutase 
(b), catalase (c), and glutathione 
S-transferase d in gills, diges-
tive gland and muscle of A. 
tehuelchus from San Román and 
El Riacho in winter and summer 
(mean values ± SE; n = 5). Stars 
indicate that values are sig-
nificantly different at P < 0.05 
between seasons from the same 
site for each tissue. Significant 
differences between sites are not 
shown

Table 2   Metallothionein content, α-tocopherol, TBARS, lipid radicals, and TBARS/α-T and LR∙/α-T ratios in winter and summer, in both study 
sites for each tissue

Asterisk (*) indicates significant differences between seasons from the same site for each tissue. Significant differences between sites are not 
shown. n/d no data

Winter Summer

Gills Digest. Gland Muscle Gills Digest. Gland Muscle

MT (nmol-SH/mg prot) San Román 5.5 ± 0.2 5.9 ± 0.3 2.1 ± 0.8* 4.7 ± 0.2 4.8 ± 0.4 11.5 ± 1.2*
El Riacho 5.8 ± 0.8 4.5 ± 0.6 4.9 ± 1.5 5.2 ± 0.2 5.3 ± 0.8 5.0 ± 0.1

α-T (nmol/mg ww) San Román 44.4 ± 11.8 69.3 ± 27.1 4.6 ± 1.1 68.1 ± 32.0 77.4 ± 28.6 n/d
El Riacho 53.1 ± 12.5 75.4 ± 16.7 7.3 ± 1.9 89.0 ± 27.3 38.2 ± 6.6 4.41 ± 0.8

TBARS (pmol/mg ww) San Román 210.0 ± 23.5 491.5 ± 44.5* 273.7 ± 52.9* 212.2 ± 17.5 257.8 ± 10.8* 115.5 ± 15.8*
El Riacho 141.7 ± 17.7 404.0 ± 31.2* 176.0 ± 67.0 154.9 ± 7.0 218.0 ± 12.0* 158.8 ± 32.6

LR∙ (pmol/g ww) San Román 1.7 ± 0.2 2.1 ± 0.4 0.7 ± 0.2 1.5 ± 0.2 3.8 ± 1.0 0.5 ± 0.2
El Riacho 1.1 ± 0.1* 2.3 ± 0.4 0.1 ± 0.0* 1.8 ± 0.2* 2.4 ± 0.9 0.6 ± 0.1*

TBARS/α-T San Román 5.8 ± 1.0 11.2 ± 6.7 56.5 ± 8.4 7.8 ± 2.6 4.1 ± 1.4 n/d
(10−3) El Riacho 4.1 ± 1.5 6.3 ± 2.0 42.5 ± 27.5 2.5 ± 0.6 6.5 ± 1.2 43.7 ± 12.8
LR∙/α-T San Román 5.6 ± 1.9 14.3 ± 10.8 16.9 ± 3.7 5.3 ± 1.7 8.6 ± 1.9 n/d
(10−8) El Riacho 3.3 ± 1.4 9.8 ± 4.3 1.5 ± 0.5* 2.7 ± 0.5 20.5 ± 8.2 21.69 ± 13.9
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Regarding gills, they presented the lowest ratio values. Con-
sidering that damage and ROS production were also found 
in this tissue, it may be strongly suggested a high capability 
of antioxidant protection. On the other hand, digestive gland 
presented the highest tissue damage and ROS values cor-
responding with high LR∙/α-T ratios, indicating low or not 
enough capability to respond to the damage in the cells. The 
digestive gland was the tissue with the highest As and Cd 
values, CAT and GST activities, TBARS and LR∙ contents, 
and ROS.

Oxidative stress biomarkers and total levels of As and 
Cd accumulated by A. tehuelchus presented few significant 
correlations (Table 3). In gills, As levels were correlated 
negatively with LR∙ in winter (R = − 0.93) and with α-T in 
summer (R = − 0.84). The α-T would be consumed to avoid 
the possible damage caused by the presence of As.

In digestive gland, As levels were correlated with GST 
activity (R = − 0.83) and MT (R = − 0.84) in winter. In 
summer Cd levels were positively correlated with TBARS 
(R = 0.81). The mechanisms by which As may affect MT 
induction are uncertain, but the ability of As to bind to thiol- 
and cysteine-rich proteins could perturb MT biosynthesis 
(Bouskill et al. 2006). The muscle exhibited significant 
positive correlations between As accumulation and GST 
(R = 0.87) in winter and negative correlation between Cd 
accumulation and MT (R = − 0.82).

Even when the differences in physical characteristics in 
both sites are well known (Amoroso et al. 2011), biomark-
ers response of scallops from San Román and El Riacho 

was very similar. This could be due to the animals’ life his-
tory at each site, providing tolerance and adaptation to those 
conditions.

Integrated Biomarker Response

Effect biomarkers were integrated into an IBR index aimed 
to provide straight forward indication of the health status 
of scallops and hence of the ecosystem that they inhabit 
(Beliaeff and Burgeot 2002). The six biomarkers selected by 
BRT method were represented in the six axes of a star plot 
(Fig. 4a–c) and IBR values for the biomarkers chosen for 
each sampling site and season (Fig. 4d). Standardized bio-
marker responses value allowed to identify which biomark-
ers had the most important weight on the final IBR values. 
There were significant differences between sites and seasons, 
being the highest IBR value found in San Román in summer 
(7.3 ± 0.2) and the lowest in El Riacho in winter (0.5 ± 0.1).

According to Serafim et al. (2012), the IBR is capable to 
identify the critical seasons of the year showing that con-
taminants and/or environmental factors are distinct between 
the different seasons and influences the biomarker responses. 
The same authors stated that the IBR may be useful for rank-
ing the health status of organisms in coastal areas. In that 
sense, IBR values (Fig. 4b) indicate that scallops from San 
Román and El Riacho are more impacted in summer than in 
winter. That is in line with the period of spawning, which 
implies additional stress (Soria et al. 2016), as well as with 
the highest values of As and Cd found in digestive gland and 

Table 3   Correlation coefficients 
between As and Cd levels and 
biomarkers

Numbers in bold denote significance at P < 0.05

WINTER SUMMER

Gills Digestive gland Muscle Gills Digestive gland Muscle

As
 ROS 0.203 0.236 − 0.350 − 0.742 0.195 0.340
 SOD − 0.591 − 0.694 − 0.280 0.405 − 0.106 − 0.144
 CAT​ 0.228 − 0.776 0.734 − 0.075 0.643 − 0.745
 GST 0.556 − 0.836 0.871 − 0.056 0.418 0.487
 MT 0.704 − 0.841 − 0.534 − 0.222 − 0.261 0.559
 α-T 0.293 − 0.055 − 0.550 − 0.842 − 0.046 0.466
 TBARS 0.655 0.157 − 0.055 0.451 0.302 − 0.250
 LR∙ − 0.737 0.551 0.486 − 0.334 0.264 − 0.172

Cd
 ROS 0.571 − 0.055 0.286 − 0.440 0.346 − 0.758
 SOD − 0.612 − 0.697 0.111 0.492 0.104 0.058
 CAT​ − 0.319 − 0.626 0.622 − 0.051 0.474 0.771
 GST 0.208 − 0.654 0.807 0.019 0.486 0.478
 MT 0.124 − 0.439 − 0.825 0.154 0.177 0.377
 α-T − 0.413 0.647 − 0.311 − 0.767 − 0.412 − 0.230
 TBARS 0.232 0.293 − 0.195 0.178 0.812 − 0.481
 LR∙ − 0.931 0.491 0.178 − 0.477 0.227 − 0.493
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As in muscle. It has been suggested that the use of meth-
ods that combine several biological responses into a single 
value, allows the clarification of the results and facilitates 
large-scale arrangement of biomarkers in environmental 
monitoring (Ji et al. 2019). This index represents another 
valuable tool for protection of Tehuelche scallop, a natu-
ral resource of economic importance in northern coast of 
Argentine Patagonia.

Conclusions

The results demonstrated that each tissue of the Tehuelche 
scallop responds differently to xenobiotic exposure and 
besides depends on seasonality. In Tehuelche scallop, the 
digestive gland is the main tissue that accumulates As and 
Cd, as well as the tissue with the highest induction of oxi-
dative stress parameters, such as ROS, CAT, GST, TBARS, 
and α-T. This study represents the first comprehensive and 
essential information for a proper interpretation of future 
ecotoxicological data and environmental monitoring 
programs.
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