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ARTICLE INFO ABSTRACT

Keywords: The estuaries of the Aconcagua and Maipo Rivers of central Chile are receptors of residues that contain metals
Biomarkers from anthropic activities including agriculture, mining and smelters, which have different levels in the two
Oxidative stress basins. This study postulates that the exposition to metals is different in the two estuaries and that their sedi-
Polychaete

ments contain bioavailable chemical agents that produce oxidative stress. The aim of the study was to evaluate
the effect of estuarine sediments on the polychaete Perinereis gualpensis using oxidative stress biomarkers and to
determine the metal concentrations in sediments and their accumulation in P. gualpensis. Sediments and or-
ganisms were collected in December 2015 and January 2016 in the estuaries. The Catapilco estuary was used as
control, since its basin has little anthropic activity. The metal concentrations of Fe Cu, Pb, Zn and Cd were
determined in tissues of the organisms and in sediments. The granulometry, conductivity, redox potential, pH
and organic matter in sediments were determined, as well as catalase activity and lipid peroxidation. The results
show that the concentrations of metals in sediments were higher in the estuary of the Aconcagua River: Cu:
48 +2pgg ' Fe: 154 + 19 mgg™', Pb: 20 + 3ug g~ ' and Zn: 143 = 20 ug g~ . In tissues, Pb and Fe were
higher in the estuary of the Maipo River, while Cd was detected only in the Catapilco River mouth. Catalase
activity was greater in the estuary of the Aconcagua River and lipid peroxidation in the estuary of the Catapilco
River. Significant regressions were found between biomarkers of oxidative stress and metal concentrations in
tissues of P. gualpensis. In conclusion, the sediments of the studied estuaries contain bioavailable chemical agents
that provoke oxidative stress in P. gualpensis, which may be a risk for the benthic communities of these eco-
systems. This species is proposed to monitor metals bioavailability and oxidative stress in estuarine sediments.

1. Introduction

Estuarine systems integrate marine, coastal and fluvial systems
through water flow, sediment and dissolved substances, constituting a
socio-ecological system. Although it is an ecosystem itself, it cannot act
alone since it largely depends on other ecosystems. In addition to the
processes and ecological functions, the cumulative effects of human
activity should be included both upstream and downstream (Pallero
et al., 2017)

Estuaries represent ecosystems of high productivity and are crucial
in the life histories of many fish, invertebrates, birds, etc. (Monserrat
et al., 2007; Diaz-Jaramillo et al., 2010). The sustainability of these
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water bodies is vital for coastal regions in ecological and economic
terms. However, estuaries are potentially exposed to chemical con-
taminants transported by rivers from urban and industrial areas, be-
cause they are sediment deposition areas. Estuaries have become the
principal reservoir for a large number of chemical substances in-
troduced into the aquatic ecosystem by human activity (Thompson de
Oliveira Lemos et al., 2014). Complex mixtures of contaminants can
enter the aquatic environment via effluents or surface runoff, and thus
aquatic organisms can be inevitably exposed (Blanchet- Letrouvé et al.,
2013).

The deterioration of estuaries due to the presence of metals and
organometals results mainly from anthropic activities. Due to their
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tendency to accumulate in aquatic organisms, these contaminants
compromise the water quality and the health of biotic estuarine com-
munities (Tapia et al., 2009, 2012). Metals tend to bind covalently with
macromolecules such as proteins and DNA. This binding causes oxi-
dative stress (Srivastava et al., 2006; Fevzi et al., 2007). The transition
metals, among other sources, change the metabolism of organisms by
stimulating reactive oxygen species (ROS) production by the Fenton
and Haber-Weiss reactions (Monserrat et al., 2007; Jara et al., 2014).

Organisms respond to chemical agents through the antioxidant
systems located in subcellular organelles, providing protection. They
have been traditionally called non-enzymatic defenses and enzymatic
defenses. The former do not interact directly with free radicals gener-
ated from O (O~ 2) or the product of dismutation, while the latter have
to do with the repair or removal of damaged biological structures (Pal
Yu, 1994; Monserrat et al., 2007). The enzymes known as Phase I (so-
lubilization) and Phase II (conjugation) of xenobiotic metabolism are
essential in the process of detoxification, involving on one hand ROS
and on the other hand free radical-metabolizing enzymes (e.g. super-
oxide dismutase, catalase, glutathione peroxidase, glutathione-S-trans-
ferases). These enzymes are good biomarkers for determining biological
effects of exposure to pollutants (Diaz-Jaramillo et al., 2013).

Metals tend to accumulate in aquatic ecosystem sediments, de-
pending on factors such as grain size, organic matter and redox po-
tential (Gray and Elliott, 2009). Therefore, organisms inhabiting these
sediments (benthic assemblages) may be exposed to metals and exhibit
toxic effects (Campana et al., 2012; Fossi et al., 2012). These organisms
are key to the food web of estuarine ecosystems. They include poly-
chaetes, which are commonly used in eco-toxicological bioassays (Diaz
and Reish, 2009) as indicators of bioaccumulation of chemical agents,
the health status of subtidal sediments and contamination by the ana-
lysis of community variables (Cafete et al., 2000; Giangrande et al.,
2005; Dean, 2008).

The effect of contamination on organisms that live in the sediments
in Chile has been determined through changes in the structure of
communities such as diversity, species richness, and abundance
(Bertran et al., 2001a). These ecological methods are time-consuming
and expensive. Chemical analytical methods may detect and determine
concentrations of the chemical agents, but these do not provide direct
information on potentially adverse effects. Therefore, there is currently
growing interest in using molecular biomarkers to determine the oxi-
dative damage produced by metals in organisms which inhabit aquatic
environments, as a useful tool to provide early warning (Carvalho-Neta,
Abreu-Silva, 2010; Jara et al., 2014)

The nereidid polychaete Perinereis gualpesis is very abundant in es-
tuaries of southern Chile, with densities greater than 2000 ind/m>
(Jaramillo et al., 2001). Preliminary studies have shown that this spe-
cies is an efficient biomonitor for heavy metals in these environments
(Bertran et al., 2001b; Diaz-Jaramillo et al., 2017). The sub-organism
response level in this species has been proposed as a biomarker and it
could be a potential tool to determine the state of environments ex-
periencing numerous types of anthropogenic stressors.

The estuaries of the Aconcagua and Maipo Rivers of central Chile
are considered category one priority sites for biodiversity conservation
in the Valparaiso Region (CONAMA, 2005). However, important an-
thropogenic activities such as mining, industry and agriculture take
place in their basins. These activities generate wastes containing metals
such as copper, zinc, iron, manganese, arsenic and lead, among others,
which can reach these aquatic ecosystems and accumulate in the es-
tuarine sediments. Since the basins of these rivers have different levels
of human activity, it is likely that there are different levels of exposure
in the sediments of their estuaries. There is currently no information
about the levels of exposition of benthic organisms in these estuaries.
This information is fundamental to determine the environmental risk
due to metals in these estuary zones. This study postulated that the
estuarine sediments of these rivers contain concentrations of bioavail-
able chemical agents that cause oxidative damage and antioxidant
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response in the macrozoobenthos organisms. Thus the aim of this study
was to evaluate the effect of estuarine sediments on the polychaete
Perinereis gualpensis using oxidative stress biomarkers and to determine
the metal concentrations in sediments and the bio-accumulation in P.

gualpensis.
2. Materials and methods
2.1. Study area

The Maipo River basin covers an area of 15,304 km? The basin
covers almost 100% of the Metropolitan Region and a minimal area of
the Regions of Valparaiso (San Antonio and Valparaiso Provinces) and
Libertador Bernardo O’Higgins (Cachapoal Province). The total popu-
lation in the basin is 4668,473. The average annual flow is 99 m®/s. The
Aconcagua River basin covers an area of 7200 km? with a total popu-
lation of 1000,000 people. It is located in the southern end of the area
of the transverse or semi-arid valleys in the Valparaiso Region. The
average annual flow is 32 m3/s. An Andean mining company that be-
longs to the state company Codelco, one of the largest copper producers
in the world, is located in the upper part of the basin, and the Chagres
smelter, an important copper smelter, is located in the Catemu zone.
This study also used the Catapilco River estuary as a control zone; it has
a small basin and activity is mainly agriculture and tourism (Fig. 1).

2.2. Biomonitor

P. gualpensis (Annelida, Polychaeta, Nereididae) is a polychaete
endemic to Chile, inhabiting estuaries with mixo-oligohaline and eu-
haline saline surface water. It is found in intertidal and subtidal en-
vironments and estuaries with a higher proportion of silt and clay. It has
a distribution from the southern province of Hualpén (Fig. 1)

3. Sampling

Sampling was performed in December 2015 and January 2016.
The sampling points were: Aconcagua River estuary, 32°55’3.66” S,
71°3028.26” W; Maipo River estuary, 33°37’8.57”S, 71°3745.40"W
and Catapilco River estuary, 35°37’53.74”S, 71°25'44.89”W. The
organisms were separated and collected from the sediments manu-
ally using a 500 p sieve. Four replicates were taken at each site. The
collected sediments were transported to the laboratory in plastic
containers and frozen at —20 °C. The organisms separated were
transported to the laboratory, washed and then frozen at —80 °C. In
the laboratory the identification of P. gualpensis specimens was made
according to Sampertegui et al. (2013). The arrangement of para-
gnaths in all areas of the jaws as well as the length of tentacular cirri
were used.

3.1. Characterization of sediments (chemical analysis)

Total organic matter (TOM) in sediments was determined by weight
loss after ignition at 475-500 °C for 4 h. Redox potential was measured
in situ using a Mettler Toledo electrode. Sediment grain sizes were de-
termined according to Folk (1980) and Blott and Pye (2001).

3.2. Determination of metals in tissues and sediments

The tissues were dried in an oven at 60 °C for 4 days or until con-
stant mass. Then samples were pulverized, homogenized and stored in
plastic bottles in a desiccator until analysis. Samples of tissue were
digested by first adding 10 ml HNO3 and then 5 ml of H,0, to 0.6 g of
dry tissue. Samples were then heated at 180 °C for 2 h with reflux. After
cooling, 1 ml HClO4 was added and the mixture was boiled in an open
system at 180 °C until 2 ml. A transparent digest was obtained. It was
dissolved in 25 ml deionized water. O.25 g of sediments were dried and
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Fig. 1. A): location of the mouths of Catapilco, Aconcagua and Maipo Rivers; B) P. gualpensis in ventral view (a) and dorsal view (b).

sieved with a 0.5 mm frame, followed by a pre-digestion by adding 2 ml
of HNO3, H,0, and 2 ml of HCI. Finally digestion was carried out in an
Ethos Easy microwave. The concentrations of metals were determined
by Inductive Coupling Plasma optical emission spectrometry (ICP-OES,
Optima 2000 DV, Perkin-Elmer). The Supplementary Table 1 shows the
results of the quality control of metal determinations with reference
material.

3.3. Determination of catalase

Catalase was determined spectrophotometrically as described in
Aebi (1984), by detecting the loss of absorbance at 240 nm of a solution
of HyO, 0.3M when 100 H,0, of sample and 2.9 ml PBS pH 7.8
(Na,HPO, and NaH,PO, 50 mM) were added. Values were expressed as
units of enzyme/mg protein, using the total protein determined with
the Lowry method.

655

3.4. Determination of TBARS: malondialdehyde (MDA)

This analysis was performed as described by Esterbauer et al.
(1982). The pellet from centrifuged muscle macerate was treated with
10% trichloroacetic acid (final concentration) and centrifuged for
15 min at 3000 RPM to eliminate proteins. Then 1 ml of the supernatant
was mixed with 0.33% (w/v) thiobarbituric acid, which reacts with the
aldehydes in the sample. Samples were boiled for 30 min and their
absorbance spectrum (400-600 nm) was recorded in a UV-visible
spectrophotometer, to determine the concentration by extrapolation
from a malondialdehyde calibration curve.

3.5. Data analysis

Comparison of antioxidant activity, oxidative damage and metal
concentrations in tissues between sampling sites was performed after
tests of normality and homoscedasticity (Kolmogorov-Smirnov and
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Table 1
Physical and chemical parameters and granulometry of sediments in the estuaries.

Estuaries
Parameters Aconcagua Maipo Catapilco
TDS ppm 200 110 6800
pH 7.8 8.2 8.7
Conductivity dS/m 40 120 1200
Temperature °C 18 23 21
Redox Mv 301 330 375
M.O, % 1.9 2.0 2.1
Shells % 0 0 3.8
Very coarse sand % 0 0 23.3
Coarse sand % 0 0 61.8
Medium sand % 4.7 21.9 4.7
Fine sand % 1.7 23.1 4.2
Very fine sand % 74.7 5.9 2.2
Coarse lime % 18.9 49.1 0

TDS: Total dissolved solids; O.M: Organic matter.

Cochran tests respectively), the Kruskal-Wallis test was applied for non-
Normal samples using a significance level of 5%. Spearman correlation
was performed to determine the relationships between variables. All
tests were performed using SPSS program.

4. Results and discussion
4.1. Physical and chemical parameters of sediments in the estuaries

The pH of sediments tended to alkalinity, while there were similar
percentages of organic matter among estuaries (Table 1). These results
suggest that although the basins have different levels of human impact,
they have the same self-purification or assimilative capacity. The pH
and organic matter were similar to the values reported by Diaz-
Jaramillo et al. (2013) in the Lenga and Raqui estuaries. However, the
organic matter was lower in our study compared to the Tornagaleones
and Valdivia Rivers, which have values between 1.55% and 10.13%.
These differences could be due to the characteristics of the basins of the
Tornagaleones and Valdivia Rivers, which are wetlands in zones of
humid temperate forests that would provide greater amounts of organic
matter. The low redox potential in the Aconcagua estuary indicates that
chemical agents would have low tendency to form metallic oxides, fa-
voring the solubility of the metal salts in the pore water of the sedi-
ments. The higher electrical conductivity in the Catapilco estuary may
be due to formation of a coastal lagoon at the time of this study, which
could have increased the concentration of salts, similar to that reported
by Gaete et al. (2014).

The grain size was different between the estuaries. In Catapilco it
was composed of coarse sand, while in the Aconcagua River there was
silt and fine sand, and fine sand in the Maipo River (Table 1). These
differences may be due to the different geological characteristics of the
basins, erosive processes, soil uses, drainage areas and physical pro-
cesses such as flows and tides, among others. In the Aconcagua estuary
the sediment characteristics were consistent with those reported by
Martinez and Cortez (2007). These authors indicated a strong influence
of currents (tidal and fluvial) and erosive processes. The predominance
of finer particles of the estuaries of the Aconcagua and Maipo Rivers at
the time of the study suggests that sedimentation processes were fa-
vored.

4.2. Metal concentrations in sediments and tissues

The concentrations of metals in tissues and sediments varied sig-
nificantly between the estuaries. In tissues, the concentrations of Cu and Zn
were higher in the estuary of the Aconcagua River; Fe and Pb were higher in
the Maipo River, and Cd was detected only in Catapilco. The higher
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Table 2
Metal concentrations (mean + standard deviation; n=4) in tissues of P. gualpensis and
sediments. Different letters represent significant differences (p < 0.05) among estuaries.

Parameters Unit Aconcagua Maipo Catapilco
Tissue

Cu pgg™! 112.4 = 12* 29 + 0.6" 13.6 + 0.8°
Fe mgg? 51 +72 163 + 3° 7+1°

Zn ngg ! 109 + 12° 94 x5 45 + 3¢

Pb pgg™?t 1.3 +0.2% 2.2+ 0.2° 0.3 +0.1°
cd pgg™t <D <1D 0.88 + 0.03
Sediment

Cu ngg! 48 + 2° 23.2 + 0.4° 11 +1¢

Fe mgg~! 154 + 19° 62 + 8° 16 = 1°

Zn ngg~! 143 + 20° 55+ 5° 17+1°

Pb ngg! 20 + 3° 0.08 + 0.01° 0.56 + 0.05°
cd ngg ! <LD <LD <1D

< LD: below detection limit.

concentration of Cu in tissues from the Aconcagua estuary may be due to
the pH, which was lower than in the other estuaries, increasing its bio-
availability. On the other hand, the lower concentration of Fe in the tissues
in the estuary of the Aconcagua River could be due to its tendency to form
less soluble oxides which makes difficult its ingestion and bioaccumulation.
Concentrations had the following decreasing order: Aconcagua estuary:
Fe > Cu > Zn > Pb > Cd; Maipo estuary: Fe > Zn > Cu > Pb > Cd and
Catapilco estuary: Fe > Zn > Cu > Cd > Pb (Table 2).

The metal concentrations in sediments were higher in the estuary of
the Aconcagua River; Cd was not detected in the three estuaries. Metals
in sediments showed the following descending order in the three es-
tuaries: Fe > Zn > Cu > Pb > Cd (Table 2). The higher concentrations
of metals in tissues and sediments in the estuary of the Aconcagua River
could be related to mining activity that is carried out in the basin by
Codelco Andina mining company, one of the most important in the
world, as well as by the copper smelter of Chagres, located in Catemu.
These activities generate wastes containing heavy metals that are di-
rectly or indirectly discharged to the Aconcagua River (Gaete et al.,
2007). Studies of metals in estuarine sediments in Chile are scarce.
Bertran et al. (2001a) reported concentrations of copper and lead in the
Biobio River similar to those of this study. UACH (2016) reported si-
milar values of copper concentrations in the central axis of the Cruces
River in 2014 and 2015, (11.5—63.8 mg g~ ') except for the Aconcagua
River that were higher in our study. This was also true for lead
(8.8—12.8mgg™"), zinc (34.8—-127.0mgg™") and iron (19.
820-64.434 mg g~ 1), except for the latter compared to sediments of the
Maipo River that were higher in our study. The differences in the
concentrations of the metals in sediments among estuaries may be re-
lated to the geological characteristics of basins, river flows and in-
dustrial activities carried out in the basins such as mining. Pizarro et al.
(2010) reported that there are nine large mining companies in the
Aconcagua river basin, while in the Maipo River there are three.

4.3. Bioaccumulation factor (BCF)

Copper showed the highest bioaccumulation factor (BCF) in the
Aconcagua estuary, Fe and Pb had maximum values in the Maipo es-
tuary and Zn in Catapilco (Table 3). The differences in the BCF can be
explained by the different affinities of tissues for metals. Cu has low

Table 3
Bioaccumulation factors (BAFs) in Perinereis gualpensis.

Estuaries Cu Fe Pb Zn

Aconcagua 2.30 0.32 0.06 0.75
Maipo 1.20 2.60 26.7 1.60
Catapilco 1.30 0.44 0.51 2.57
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Fig. 2. A) Lipid peroxidation (LPO). B) Catalase activity in P. gualpensis. Different letters
represent significant differences (p < 0.05) among estuaries.

bioaccumulation and can be easily excreted. It is known that essential
elements such as copper are more regulated than non-essential ones
such as Pb, which has the highest BCF (ATSDR, 1990, Moreno, 2003).
The concentrations of copper, iron and lead in tissues of P. gualpensis
reported in our study are higher than those reported for the Valdivia
River estuary (Velasquez, 2005) in Mytilus chilensis. Guinez et al. (2015)
reported copper and zinc concentrations in Emerita analoga lower than
those obtained in this, which suggests that P.gualpensis has greater ca-
pacity for bioaccumulation. The higher concentration of Pb in tissues of
P. gualpensis than in the sediments in the Maipo River estuary, can be
due to the redox potential that was the lowest among estuaries. This
could promote the formation of more soluble and bioaccumulative
chemical species. On the other hand, it could be that the Pb be more
difficult to excrete by its capacity of adsorption to the organic matter, in
this respect Moreno (2003) reports factors of concentrations of 500 in
insects, which is greater than found in our study.

4.4. Biomarkers

Lipoperoxidation was higher in the Catapilco estuary, and catalase
activity had its maximum value in the Aconcagua estuary (Fig. 2). Al-
though the lowest concentrations of metals except for Cd were in the
Catapilco estuary, the organisms there showed the highest oxidative
damage, which could be due to other chemical agents that were not
measured in this study such as pesticides. It also might be explained by
Cd, which was detected only in this estuary. Sun and Zhou (2008) re-
ported a relationship between concentrations of cadmium and lipid
peroxidation in the polychaete Nereis diversicolor. Another factor could
also be the salinity. Freitas et al. (2015) reported that salinity provoked
oxidative stress in the polychaete Diopatra neapolitana. In our study, the
Catapilco estuary showed the highest conductivity due to increased
salinity. Zhao et al. (2013) found that salinity increase may elevate the
potential ecological risk of Cd and Mn, while Cu and Pb seem to be
more conservative. The higher salinity can generate chemical species of
metals with greater mobility (Zhao et al., 2013) and therefore pass the
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biological barriers and interact with the components of the cellular
membranes, generating alterations in their permeability and provoking
lipoperoxidation. The higher catalase activity in the Aconcagua estuary
could be explained by the higher concentration of copper bio-accu-
mulated, which causes oxidative stress and antioxidant response
(Geracitano et al., 2004). The minor oxidative damage in the other
estuaries could be related to Zn, which can induce the production of
metallothioneins (Marin et al., 2016). The thiol groups in these proteins
can immobilize metals, decreasing their bioavailability and toxic ef-
fects. Nevertheless, significant correlation between metal concentra-
tions and catalase activity and also lipoperoxidation were observed
(Supplementary Table 2). This suggests that these metals are bioavail-
able and cause the variation both in catalase activity and MDA levels.
Our results indicate that the mechanisms of detoxification due to the
generation of reactive oxygen species (ROS) provoked by metals, gen-
erate the antioxidant response of catalase. Cataldo et al. (2011) report
similar result in earthworms in sites contaminated by metals. On the
other hand, although an antioxidant response of catalase was observed,
the results show damage to the cell membranes of P. gualpensis at in-
creasing the bioaccumulated metals, which explains the increase of
MDA that is a product of the lipoperoxidation. According to the above,
the significant relationship between these variables and the con-
centrations of metals in tissues suggests that these biomarkers in P.
gualpensis are sensitive to bioaccumulated metals.

In conclusion, in the sediments of the estuarie of Aconcagua river
found the higher metals concentrations, while in tissues of P.gualpensis
the Fe and Pb concentrations were higher in the estuarie of Maipo river.
The sediments of estuarie of Aconcagua river contain bioavailable
chemical agents that provoke oxidative stress in P. gualpensis, which
may be a risk for the benthic communities of these ecosystem. The
concentrations of metals in tissues were related to oxidative stress
biomarkers measured in P. gualpensis. This species is proposed to
monitor metals bioavailability and oxidative stress in estuarine sedi-
ments
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