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Running head

Effects of water quality on a freshwater bivalve

Abstract

Water quality was monitored along an Andean river of global importance using the
freshwater bivalve Diplodon chilensis as sentinel species. Bivalves were placed in cages at
three sites (S1-3) in the Chimehuin river in order to evaluate the long-term effects of a trout
hatchery (S2), and the open dump and sewage treatment plant of a nearby city (S3). Water
samples and bivalves were collected at 0, 3, 6, 9, and 12 months, from S3, S2 and from a
reference site upstream (S1), and physicochemical parameters and the biological response of
the caged bivalves were studied. ROS production, antioxidant response, oxidative damage,
energy status and morphometric ratios were included as response biomarkers. Most of
biomarkers showed site-and time dependence including bivalves transplanted at S1, revealing
natural variability. Both anthropogenic perturbed sites (S2 and S3) showed differences in the
exposed-bivalves with respect to the reference site (S1) in their biomarker responses after 9
and 12 months of exposure (July and September, respectively). Multivariate analysis showed
alterations in hemocytes (ROS, TOSC and NRRT50), energy balance in digestive gland
(energy and DGF), and in the detoxification response (GST) and GSH values in gill when
bivalves were exposed to hatchery waste; whereas metal and bacterial pollution (S3 in July)
caused GSH increase and a reduction of lysosomal damage in hemocytes. Results show that
changes in the water quality of Chimehuin river due to the anthropogenic impact can be
detected using the biomarkers analyzed on D. chilensis, being a useful tool for studies of

long-term monitories.
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Introduction

Urban activities affect the quality of freshwater resources by discharging a variety of
compounds, such as metals, pesticides, hydrocarbons, nutrients and pharmaceuticals. The
impact of such compounds on aquatic biota has been analyzed through the response of
biomarkers in several species. For example, macroinvertebrates and fishes are commonly
used to evaluate aquatic ecosystem health (Carlisle et al., 2008). Particularly, bivalves have
been recognized as excellent sentinels since they are easier to sample and monitor than fishes
and other invertebrates (Hauer & Lamberti, 2006), they are tolerant to harsh environments
but still reflect the stressful conditions (Turja et al., 2014), and have bioaccumulation
capacities (Di Salvatore et al., 2013; lummato et al., 2013, Ruiz et al., 2018). Additionally,
bivalves have sedentary lifestyle and many of them are long-lived, which allows the study of
long-term effects (Schwalb & Pusch, 2007). Transplantation of caged bivalves has been
successfully applied in monitoring programs, where changes in nutritional and reproductive
fitness were only attributable to environmental variables (Andral et al., 2004; Viarengo et al.,
2007; Ruiz et al., 2018). The potential of a particular species to be used as sentinel in aquatic

monitoring programs can be evaluated through the combination of several biomarkers.

In North-West Patagonia, Argentina, the river Chimehuin is one of the most important
touristic attractions, receiving people from all over the world for the practice of fly fishing
among other activities. The freshwater bivalve Diplodon chilensis is one of the most
abundant macroinvertebrates in this river as well as in numerous oligotrophic freshwater
bodies of the Argentinean and Chilean North Patagonia, and has also been reported to survive
in severely eutrophic waters (Grandon et al., 2008, Rocchetta et al., 2014a). Sabatini et al.
(2011b) have described the copper bioaccumulation capacity of D. chilensis under laboratory

conditions. More recently, Bianchi et al (2014 a, b, 2015) have shown that immune response
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biomarkers of this species are suitable for detecting domiciliary waste water contamination.
Due to its abundance and longevity, which can exceed a century (Soldati et al., 2009;
Rocchetta et al., 2014a; Yusseppone et al., 2015), D. chilensis has been proposed as a sentinel
species for long-term monitoring of the environmental health of Patagonian freshwater
bodies. A recent decline in D. chilensis river populations has been reported in Chile as a
consequence of habitat deterioration (Parada & Peredo 2005; Parada, et al., 2009); but there
are no reports on water quality deterioration in Argentinean rivers populated by this species

(Yusseppone et al., 2017).

Based on this background, this paper aims to analyze the long-term response of a set of
biomarkers in caged- D. chilensis transplanted to different sites in the Chimehuin river
course, (a reference site, downstream a rainbow trout hatchery, and downstream the Junin de
los Andes city open dump) after 3, 6, 9 and 12 months of exposure. We assessed reactive
oxygen species (ROS) production, antioxidant response and oxidative damage to evaluate
oxidative stress. The energy status was assessed through the content of main biochemical
compounds and morphometric ratios. In addition, physicochemical and biological variables in
water as well as organic matter content in sediments were included, in order to characterize

the transplantation sites.

Materials and Methods

Mussel collection and sampling

Mussels were sampled by SCUBA diving from Paimun lake (39°44.78°S 71°37.48°W, S0).
After sampling, the mussels (75.1 mm mean £ 7.2 mm SD shell length) were transported and
randomly assigned to plastic cages at a clean site (39°54.953°S; 71°06.363°W, S1),

downstream the hatchery discharge (39°54,973’S 71°06,340°W, S2) and downstream the

This article is protected by copyright. All rights reserved.



Junin de los Andes city open dump and the sewage treatment plant of the Junin de los Andes
city (39°60,785’S 71°07,026°W, S3) at Chimehuin river (Fig. 1). The bivalve density in the
cages was similar to that found in the natural population (SO = 12 + 3 ind / m?). The cages’
bottoms were filled with sediment from the superficial layer from each site and the cages
were conditioned to allow water flux. The study was carried out from September 2011 (TO) to
September 2012. Mussels were kept in cages for 3 (December), 6 (March), 9 (July) and 12

(September) months until collection for analysis (n = 12 per site and time).

Water quality analysis

Physicochemical analysis was performed using a HACH DR/4000 spectrophotometer (n = 3).
Samples were collected in 5 % HCL pre-washed bottles and immediately processed.
Turbidity was measured by Attenuated Radiation Method (HACH Method 10047) and
expressed as Formazin Attenuation Units (FAU). Total nitrogen (TN) and phosphorus (TP)
were measured, after alkaline persulfate digestion, by the ascorbic acid and cadmium
reduction methods, respectively (HACH Method 8192, 8048). An aliquot of the samples was
filtered (Whatman GF / F 0.45 um pore) and nitrite (mg / L), nitrate (mg / L), phosphate (mg
/ L), iron (mg /L), copper (mg / L), sulphate (mg / L) and silica (mg/L) levels were measured
(HACH Method 8507, 8192, 8048, 8147, 8143, 8131, 8185, respectively). Dissolved Oxygen
(mg /L), pH, conductivity (1S / cm) and temperature were measured in situ using a multi-
parameter analyzer (Hanna HI 9828).

Chlorophyll a concentration was measured according to Lichtenthaler (1987) in filtered
samples (n = 3) through glass fiber filters (Whatman GFF, 0.45 um pore) as described above.

Results were expressed as g / L.
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Total (TCB) and fecal (FC) coliform bacteria concentration were estimated by MPN 100 mL
method (APHA, 1998) in water samples (n =3) collected in sterile containers and maintained

at 4 °C until analysis. Results were expressed as MPN / 100 mL.

Organic matter content in sediment

Sediment was collected from the upper 5 cm (n = 3) and transported to the laboratory at 4 -C.
For organic matter content (OM), the sediment was dried at 90 = 5 °C during 24 h until
constant weight, then burned at 550 °C for 5 h and the difference between the initial and the

final weight was considered as the OM. Results were expressed as % OM (Dean, 1974).

Biomarkers

Tissue sample preparation

Gills were excised from each bivalve, weighted and homogenized in 134 mM KCI solution
(ratio 1:5 g tissue mass / mL) with protease inhibitors (0.2 mM benzamidine and 0.5 mM
PMSF). A fraction of the homogenate was centrifuged for 15 min at 11,000 x g and the
supernatant was used for enzyme assays (superoxide dismutase (SOD) and glutathione-S-
transferase (GST) activities), reduced glutathione (GSH) content and thiobarbituric acid
reactive substances (TBARS) content.

Enzyme assays

Superoxide dismutase (SOD) activity was measured by the technique of Beauchamp &
Fridovich (1971) based on the inhibition of the reduction of nitroblue tetrazolium (NBT)
which was monitored at 560 nm. One SOD Unit was defined as the amount of sample
necessary for 50% inhibition. Data were expressed as SOD Units per gram of wet tissue mass

(g WTM).
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Glutathione-S-transferase (GST) activity was measured according to Habig et al. (1974). The
change in absorbance was recorded at 340 nm during 90 s. One GST Unit was defined as the
amount of enzyme needed to catalyze the formation of one umol of DNB-SG per minute at

25° C. Data are expressed as GST Units per g WTM.

GSH content

Reduced glutathione (GSH) content was measured by the technique of Anderson (1985).
Using deproteinized samples (incubated with 10 % sulfosalicylic acid) GSH was oxidized by
5,5-dithiobis-2-nitrobenzoic acid (DTNB) in a reaction buffer (0.134 M Na-phosphate buffer,
pH 7.5, 6.3 mM EDTA). The formation of 2-nitrobenzoic acid was monitored at 412 nm and
the GSH content was quantified using a calibration curve. Data were expressed as nmol / g

WTM.

Oxidative damage

Lipid peroxidation levels were measured by a technique modified from Beuge & Aust (1978).
Gill samples were incubated with reaction mixture (15 % trichloroacetic acid (TCA),
butylated hydroxytoluene (BHT), 0.25 N HCI and 0.37 % thiobarbituric acid (TBA)) at 100
°C for 15 min and then cooled and centrifuged at 10,000 x g for 10 min. The thiobarbituric
acid reactive substances (TBARS) were measured at 535 nm after. Data were expressed as

pmol /g WTM.

Lysosomal membrane stability
Hemocytes lysosomal membrane stability was estimated by the neutral red retention time
method (Mamaca et al. 2005, modified). Briefly, 1 mL of hemolymph was withdrawn from

the adductor muscle of each one of 6 individuals per time and site using a sterile syringe and
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working on ice. 50 puL of hemolymph were placed on a slide (in duplicate), kept in a wet
chamber for 5 min and then neutral red solution (50 pL, 0.002 % in dimethyl sulfoxide) was
added. The number of red cells was counted under microscope until stained cells reached 50

%. Results were expressed as neutral red retention time 50 % (NRRT50) (min).

ROS production

Aliquots of hemocytes pre-washed and resuspended in anticoagulant solution (3 g glucose
and 0.36 g trisodium citrate / L, 60 mOsm/ L, pH 7) were used to measure ROS production
by a fluorometric method (Bianchi et al., 2014a modified from Moss & Allam, 2006). ROS
content was referred to a H.O; standard curve with H.DCF-DA (2,7 dichlorofluorescein

diacetate, 0.8 mM, Sigma). Results were expressed as nmol H20. per mg protein.

Total Oxyradical Scavenging Capacity

Total Oxyradical Scavenging Capacity (TOSC) against peroxyl radicals was measured in
hemocytes fraction (6 individuals per site and time) obtained as was described above and
following Amado et al., (2009) with modifications. Half-aliquot (50 pL) was mixed with 4
mM ABAP solution (2,2-Azobis 2-methylpropionamidine dihydrochloride) in another half,
ABAP was omitted. H,DCF-DA was added in all the tubes and florescence reading was
performed during 30 min. The relative area (RA) between the curves obtained with and
without ABAP was calculated and TOSC was considered as RA™ and expressed as arbitrary

units (a.u.) / mg protein.

Energy status
One portion of the digestive gland (DG) was dried at 65 °C, (n = 6) until constant weight to

estimate the dry mass / wet mass ratio (DM / WM). In homogenates of DG (1:5 g tissue mass
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/ mL of a 134 mM KCI, 0.2 mM benzamidine and 0.5 mM PMSF solution) total lipids were
extracted by the technique of Bligh & Dyer (1959) using a chloroform-methanol mixture
(2:1). Total protein content was measured by Bradford’s technique (1976) using bovine
serum albumin as standard. Glycogen content was determined by the spectrophotometric
method of VVan Handel (1965) using Anthrone as reagent and glycogen standard (SIGMA) for
the standard curve. Energy conversion factors for aquatic invertebrates described by
Beningher (1984) were used (carbohydates 4.1kcal / g, proteins 4.3 kcal / g and lipids 7.9
kcal / g). Data are expressed as cal / g DM. The digestive gland factor (DGF) was calculated
as the ratio between wet digestive gland mass (g) and shell length (mm) (n = 12 per time and

site).

Statistical analysis

Physicochemical and biological data were analyzed by two-way ANOVA followed by a
Bonferronis’s post hoc test with time and site as factors. Assumptions of homocedasticity and
normality were tested by Bartlett’s and Lilliefors tests, respectively (Sokal & Rohlf, 1999).
All data were expressed as mean + SD. Analyses were performed using GraphPad Prism 6
and Statistica v.7 software.

The relationship between environmental variables and biomarkers was studied by principal
component analysis, in order to reduce dimensionality and to obtain equal number of
variables in both groups. Only variables with full-data sets were included and the first four
principal components were used as new variables (PCe for environmental variables and PCbh
for biomarkers) to analyze the correlation between the environmental characteristics and of
the sites under study and the biochemical response of D. chilensis through canonical
correspondence. This analysis was performed considering site*time as case, using Infostat

Software (v. 2017) (Di Rienzo et al. 2017).
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Results
Water quality and sediment organic matter

The mean values of physic-chemical variables varied according to site and time of exposure
(psitextime < 0.0001) (Fig.1-3S). An inverse relationship between temperature and dissolved
oxygen was recorded in most cases while pH values ranged from ~6 to ~8 with no clear
pattern. Conductivity was 20% higher at S1 than at S2 during the whole experimental period;
while turbidity was highest at S2, and differed significantly from those in the other sites (~
95% higher than S1 and S3). Nitrate and phosphate showed significantly higher values at S2
and S3 with respect to S1 but only in July and December, respectively. In addition, S2
showed 47% higher phosphate concentration than the other two sites in September. Copper
concentration was 89% and 60% higher at S3 than at S1 and S2, respectively during the
whole sampling period; while S2 presented 90% higher copper concentration than S1 in July
and September. Silica, iron, sulphate and total nitrogen concentrations did not show
significant trends. Total phosphorus was significantly higher at S2 compared to the other two
sites in December, July and September. Chlorophyll a concentration changed depending on
site and time (psitextime = 0.0018), remaining constant at S1 during the whole study and
showing 70% higher levels at S2 and S3 (Fig. 3S). Higher values of total coliform bacteria,
which corresponded in most cases to fecal coliforms, were recorded at S2 and S3 compared
to S1 during the whole experimental period. The total coliform bacteria remained constant at
site S1 during the whole experimental period whereas at S2 the values dropped in July to
reach the initial levels in September. At S3 the total coliform concentration stepped up until

July, reaching the highest values and then decreased in September (psitextime < 0.001, Fig. 3S).
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OM % showed a significant interaction between site and time (psitextime < 0.0001) with 49%
and 70% higher values at S2 compared to S1 and S3, respectively for the whole study period.

These differences were significant for most of the comparisons (Fig. 3S).

Biomarkers

Gill SOD activity remained constant throughout the year in mussels caged at the control site
(S1), and increased significantly with respect to S1 in mussels caged at both contaminated
sites in September, and only in S2 in December. (ANOVA psitexiime = 0.0006, Fig. 2A), (Fig.
2A). In contrast, GST activity increased significantly in the three sites in July, being
significantly higher in S2 than in S1. In September, both, S2 and S3 mussels showed
significantly higher GST activity than those from S1 for most of the comparisons (ANOVA
psitextime = 0.0002, Fig. 1B). No changes were observed between September (initial time at SO,

natural population) and December (Fig. 2B).

Gill GSH content was 45% higher in mussels from S3 compared to those from S1 and S2 in
July. On the other hand, in September, mussels from both, S2 and S3 showed lower GSH
content than those from S1 (psitetime = 0.0058, Fig. 2C). In September, gills from mussels
exposed at S2 and S3 had higher TBARS levels (18% and 28%, respectively) than those from

mussels exposed at S1 (psitextime = 0.0177, Fig. 3).

There was a peak in hemocytes ROS production in S2 mussels in July, with higher level
compared to those at the other sites at the same time, and also compared to the ROS
production of S2 mussels hemocytes at the other times (psitextime < 0.0001, Fig. 4A). TOSC
levels were higher in S2 and S3 mussels than in those caged at S1 in March and September

(psitextime = 0.001, Fig. 4B). Hemocyte lysosomal membrane stability (as NRRT50) was lower
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in hemocytes from S2 mussels compared with those from S1 and S3 in March, and July

(psite*time =0.0008, Flg 4C)

The calculated digestive gland energy content varied both with time of exposure and site,
with no interaction effect (two-way ANOVA, psitetime = 0.0681, psite < 0.001, ptime = 0.001),
with 30% higher values at S2 and S3 compared to S1 (S1 =80.85 + 18.62; S2 = 1159 +
27.34; S3 = 112.9 + 23.7 cal/g DM). The highest values were recorded in March and July
(December = 89.922 + 3.696; March = 114.470 £+ 28.711; July = 126.051 + 25.685;
September = 82.394 + 24.628 cal/g DM) (Figure 6A). These results coincide with those
obtained for total lipid content, which was 35% and 14% higher at S2 and S3, respectively,
than at S1 (S1 =0.025 £ 0.009; S2 = 0.039 + 0.002; S3 =0.029 + 0.010 g/g WTM). Total
lipids were higher in March and July compared to December and September (December =
0.023 + 0.005; March = 0.038 + 0.02; July = 0.044 + 0.007; September = 0.019 + 0.004 g/g

WTM) (two-way ANOVA, psie = 0.0243, prime = 0.0001).

There was a significant interaction between site and time on glycogen content (two-way
ANOVA, psitextime = 0.0008) with higher values at S3 compared to S1 in July and September
(S1yu1 = 28.56 + 11.69 vs. S3yul = 68.43 £ 19.45; Slsep = 22.44 + 15.41 vs. S3sep = 50.99 +
9.88 mg/g WTM). In contrast, protein content varied significantly only with time (two-way
ANOVA, piime = 0.0003) with the highest values in December and March (December = 41.86

+2.64; March = 38.99 £ 7.38; July = 30.44 + 2.84; September = 30.27 + 5.87 mg/g WTM).

There was significant interaction between site and time on DGF (two-way ANOVA, Psitextime
=0.001). DGF was higher in S2 and S3 mussels in March, July and September than in
December. At these 3 times, S2 and S3 mussels DGF was higher than that of S1 individuals,

which showed little variation over time (Fig. 5B).
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Relationship between environmental variables and biomarkers

The first four principal component axes of environmental variables (PCe) cumulatively
contributed to 82% of the total variance between treatments (site*time) (see Appendix 1:
correlation between the PCe and the environmental variables). PCel showed positive
carrelation with temperature, conductivity and silica, and negative correlation with oxygen,
pH, TP.-and chlorophyll a. PCe2 was positively correlated to turbidity and OM and negatively
with copper and TCB. PCe3 was positively correlated to TN and chlorophyll a, whereas

PCe4 was positively correlated to phosphate and sulphate.

The first four principal component axes for biomarkers (PCb) cumulatively contributed to 80
% of total variance between treatments (site*time) (see Appendix 2: Correlation between the
PCb and biomarkers). PCb1 showed a positive correlation with digestive gland GST and
energy content, DGF and hemocyte ROS, and negative correlation with hemocyte TOSC.
PCb2 was positively correlated to digestive gland GSH and hemocyte NRRT50. PCb3 was
represented by digestive gland TBARS and SOD (positive correlation), and PCb4 was

positively correlated to hemocyte ROS and negatively to digestive gland SOD.

The canonical correspondence analysis (CCA) showed that 80% of the total variation was
explained by the first correlation between the environmental variables and biomarkers (R? =
0.80, r =- 0.9, p < 0.001). The first canonical function (F1) was represented by PCel on the y
axis (canonical 1_1) and PCb1 on the x axis (canonical 2_1) (Appendix 3). Figure 6A shows
that highest values of canonical 1_1 (highest temperature, conductivity and silica and, lowest
dissolved oxygen, pH, TP and chlorophyll a) are correlated with the lowest values of
canonical 2_1 (lowest GST, hemocytes ROS, Energy and DGF, and highest TOSC). This
relationship was observed at S1*March whereas the lowest values of canonical 1_1 and the

highest of canonical 2_1 were observed at S2*July, where lowest temperature, conductivity
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and silica, and highest oxygen, pH, TP and chlorophyll a are correlated with highest GST,

ROS, Energy and DGF, and lowest TOSC (Fig.6A).

The canonical function 2 (F2) explained 72% of total variability (R = 0.72, r = -0.84, p <
0.001) and is represented by PCe2 and PCe3 on the y axis (canonical 1_2) and PCb2 on the x
axis (canonical 2_2) (Appendix 3). Figure 6B shows that highest values of canonical 1_2
(highest turbidity, OM, TN and chlorophyll, and lowest copper and TCB) are correlated with
the lowest values of canonical 2_2 (lowest GSH and NRRT50). This relationship was
observed at S2*December and S3*December whereas the lowest values of canonical 1_2 and
the highest of canonical 2_2 were observed at S3*July (lowest turbidity, OM, TN and
chlorophyll a, and highest copper and TCB are correlated with highest GSH and NRRT50)

(Fig.6B).

Discussion

This study shows a site- and time-dependent biomarker response, which reveals a complex
interaction between environmental conditions and bivalve responses. These results offer a
realistic scenario of the in situ monitoring and make a contribution to future biomonitoring

programs using the native bivalve D. chilensis as sentinel species.

We have analyzed the effects of the effluents of a fish hatchery and urban contamination on
physicochemical variables of the Chimehuin river water, and their impact on D. chilensis. It
has been reported that untreated aquaculture effluents increase suspended solids, organic
matter and dissolved nutrients, especially phosphorus and nitrogen, which stimulate
phytoplankton growth, and reduce dissolved oxygen concentration in receiving water bodies
(Dalsgaard & Pedersen, 2011; Guilpart et al., 2012; Skoronski et al., 2018). In concordance,

our study shows high levels of turbidity and total phosphorus and organic matter downstream
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the hatchery outlet (S2). Nitrogen (as nitrate), total phosphorous and organic matter reach
maximum values in winter (July) in this site. In addition, copper reaches high levels in July
and September and fecal coliforms are highest for this site also in September. This could be
related to the fact that the austral winter is the rainy season in this region. The increased
precipitations rate favors the resuspension of nutrients, organic matter and pollutants from the
aquaculture effluent and from the decay of the abundant aquatic and riparian vegetation of
this area, which is accumulated during summer-autumn (dry season). Accordingly,
chlorophyll is higher in S2 than in the other sites in July and reaches a peak in September,
following the phosphorous trend, although phosphorous and organic matter are higher in S2

than in the other sites during most of the year.

Urban waste discharges can add a variety of pollutants to the environment, such as
detergents, metals, pesticides, among others. In our study, S3 is strongly influenced by
hydrological conditions related to the precipitation regime. The increase in water flow rate
during winter-spring dilutes the pollutants and nutrients delivered by the sewage treatment
plant and the leachates from the open dump. Despite this, S3 shows the highest levels of total
coliform bacteria and copper concentration throughout the year. The most striking result for
this site is the peak in fecal bacteria load recorded in July (7000 MPN /100 mL) together with
a nitrate peak, which could be attributed to the release of untreated effluents from the sewage
treatment plant, when it is overloaded by rain water. The chlorophyll a peak in March (dry

season) coincides with a total nitrogen peak.

At S1 (reference site), the studied biomarkers show a time-dependent variation, which
reflects seasonal variability. Similar results have been described for caged Mytilus trosullu
(Turja et al., 2014) and Mytilus galloprovincialis (Roméo et al., 2003), highlighting the

importance of recording natural variability in biomonitoring studies. There are no differences
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between September 2011 (bivalves freshly collected from the lake) and December at S1 in
the biomarker levels (excepting SOD and GSH), which suggests little transplantation effect,
as has been previously described for D. chilensis by Bianchi et al. (2014a) in a three-month
study. In winter (July) and/or early spring (September), the biomarker levels of D. chilensis
caged at S2 and S3 differed significantly from those of S1 bivalves. This is in agreement with
the increasing sewage disposal together with nutrient and pollutant resuspension during the
rainy season, which affects water quality. SOD activity was induced at S2 and S3 compared
to S1 in September, in coincidence with high levels of copper in both sites, as was previously
observed in natural populations of bivalves from metal-polluted areas (Aulacomya atra: Di
Salvatore et al., 2013; Scrobicularia plana: Ahmad et al., 2011) and in caged-bivalves
transplanted to areas with multiple pollutants (e.g. metals, pesticides, hydrocarbons, Serafim
et al., 2011; Turja et al., 2014). However, SOD activity was not significantly induced in
March, when the peak of copper concentration was registered. In S3, the site with highest
concentrations of copper and coliform bacteria, the GSH content was increased in July,
coinciding with the peak in fecal bacteria. Increased GSH has been previously reported for
bivalves exposed to trace metals (Irato et al., 2003; Di Salvatore et al., 2013) or fecal bacteria
(Sabatini et al., 2011). The posterior drop in GSH content registered in September in S2 and
S3 could be related to the increase of GST activity in the same period. GSH is a non-
enzymatic antioxidant, which could be directly used to scavenge oxygen free radicals to
protect the cells (Regoli & Principato, 1995), used as substrate by antioxidant enzymes or
conjugated with various endogenous and exogenous substances in a biotransformation
reaction catalyzed by GST (Regoli, Nigro & Orlando, 1998). This enzyme can be induced by
organic compounds (Hoarau et al., 2001; Hernandez et al., 2018) and different metals, such
as copper (Canesi et al., 1999; Roméo et al., 2003; Sabatini et al., 2011b), manganese and

zinc (DiSalvatore et al., 2013). GST not only detoxifies anthropogenic chemicals by
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biotransformation reactions but also plays an important role in the antioxidant defense
(Awasthi et al., 2017; Dasari et al., 2017). Despite the activation of the antioxidant response,
TBARS levels, which indicate lipid peroxidation, were increased in September in S2 and S3
bivalves, suggesting an oxidative stress condition by the end of the experimental period. Both
S2 and S3 showed higher cooper concentration in the water column than S1. Cu sulphate is a
common algaecide in aquaculture (del Valle & Nagasawa, 1990), which was widely used
during the 1990’s. Despite it has not been applied in aquaculture during the last decades, our
results denote the persistence of Cu in water samples from S2, probably due to slow release
of metal ions trapped by sediments and/or vegetation. Lysosomal membrane stability (as
NRRT50) is considered as a sensitive pollution biomarker (Regoli et al., 2004; Viarengo
2007; Guidi et al., 2010). Particularly, exposures to domiciliary waste (Parolini, Binelli &
Provini, 2011; Toufexi et al., 2013; Tsarpali & Dailianis, 2012) as well as to metals
(Domouhtsidou et al., 2004; Kournoutou et al., 2014) destabilize lysosomal membrane in
bivalve hemocytes. We detected lower NRRT50 in hemocytes of S2 bivalves than in the
other sites in March and July, with the clearest effect in July, in coincidence with a marked
increase in ROS level and with the highest records of OM content and nitrate concentration,
and highest copper concentration for this site. This could be related to resuspension of Cu
associated to organic particles, which are ingested by the bivalves. Clearly, bivalves
transplanted at S2 are negatively affected by seasonal pulses of nutrient incomes related to
the trout hatchery and by the high content of organic matter accumulated in sediments and/or
plants. Besides adsorbing copper, organic matter in the sediment can host different kind of
decomposers and pathogens which can alter not only the metabolic activity but also the

immune system of bivalves (Luo et al., 2014).

It has been reported that environmental stress disturbs the energetic balance of the organisms

(Sokolova et al., 2012). The digestive gland energy status of D. chilensis changes along time
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of exposure at S2 and S3 while little temporal change is evident at the control. The energy
values calculated for proteins, lipids and carbohydrates, together with DGF are significantly
increased in S2 and S3 with respect to S1 in March, July and September. Bacterial
contamination at S2 and S3 provides an alternative food resource to D. chilensis enriched by
saturated lipids (storage lipids) which could increase DGF (Sabatini et al., 2011a; Rocchetta
etal., 2014a, b). In fact, most of the recorded increase in digestive gland energy corresponds
to increased lipids energy. In addition, the chlorophyll a concentration recorded at S2 and S3
throughout the experiment indicates higher phytoplankton availability, which can account for
the increased glycogen stores (at S3 in July and September) and DGF in bivalves from both
polluted sites in March, July and September. Since green algae are able to accumulate metals
like Cu (Patterson, Parker & Neves, 1999; Sabatini et al., 2009), the higher algal density in
S2 and S3 could also favor metal incorporation by the bivalves through trophic transference,
increasing the toxic potential of contaminants present in water (Sabatini et al., 2011b;
Fassiano, 2016). Besides, metal accumulation has been reported to induce glycogen
accumulation, through glycogen synthase activation and glycogen phosphorylase inhibition in

Perna viridis (Diaz & Garcia, 2001).

The interaction between physicochemical and biological variables was analyzed by
multivariate analysis. The first canonical function (F1) predicts that bivalves exposed to
normoxic (~ 9 mgO- / L) environments with low nutrient load (mainly total phosphate, TP),
and chlorophyll a concentration typical of oligotrophic waters, will have low gill GST
activity, low hemocytes ROS production and TOSC, and low energy accumulation in
digestive gland together with low DGF values. This relationship was strongly represented at
S1 (reference site) in December. Environmental conditions characterized by high nutrient
load, hyperoxic-waters and high chlorophyll a concentration, will have increased ROS

production and a concomitant decreased in TOSC of hemocytes, induced gill GST activity
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and increased energy stores and DGF in digestive gland as was observed at S2 in July. The
second canonical function (F2) predicts that bivalves exposed to high nutrient load (total
nitrogen), organic matter, turbidity and chlorophyll a consume GSH and have reduced
lysosome membrane stability as was recorded at S2 and S3 in December, whereas under
bacterial and Cu pollution bivalves accumulate GSH and there is no damage to hemocyte

lysosomes as was observed at S3 in July.

Overall oxidative status and membrane damage biomarkers in hemocytes (ROS, TOSC and
NRRT50), energy balance in digestive gland (energy and DGF), detoxification (GST) and
non-enzymatic antioxidant response (GSH) in gill are more sensitive to the hatchery wastes
whereas metal and bacterial pollution induce GSH accumulation preventing lysosomal

damage of hemocytes.

Our results provide a holistic approach for evaluating the multiple interactions of
environmental pollutants and physicochemical alterations and their consequences on D.
chilensis, considering natural environmental influence. While several pollutants should be
included to get an integrated study, the variables assayed explain the observed biological
effects and the potential use of D. chilensis as sentinel species of long-term monitoring at the
Patagonian region. Moreover, the multiple interactions of these variables reflect the
anthropogenic impact on clean areas such as Chimehuin river with ecological and social
importance. It represents one of the major threats in freshwater environments with

implications for Unionida diversity in South America.
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Figure 1. Location of sampling sites S1 (39°54.953°S; 71°06.363°W), S2 (39°54,973’S
71°06,340°W) and S3 (39°60,785’S 71°07,026’W) at Chimehuin river, Neuquén province,

Argentina.
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Figure 2. Enzyme activity of (A) superoxide dismutase (SOD) and (B) glutathione-S-
transferase (GST), and (C) reduced glutathione (GSH) content in gill of D. chilensis exposed
to S1 (clean site), S2 (downstream aquaculture waste) and S3 (downstream an open dump) at
Chimehuin river before the transplantation in September (2011) and after 3 (December 2011),
6 (March 2012), 9 (July 2012) and 12 (September 2012) months, respectively. Different
letters indicate significant differences with p < 0.05, n=12 (per site and time).
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Figure 3. Thiobarbituric acid reactive substances (TBARS) levels in gill of D. chilensis
exposed to S1 (clean site), S2 (downstream aquaculture waste) and S3 (downstream an open
dump) at Chimehuin river before the transplantation in September (2011) and after 3
(December 2011), 6 (March 2012), 9 (July 2012) and 12 (September 2012) months,
respectively. Different letters indicate significant differences with p < 0.05, n=12 (per site

and time).
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Figure 4. Reactive oxygen species (ROS) production (A), total oxyradical scavenging
capacity (TOSC) (B) and neutral red retention time (NRRT50) in hemocytes of D. chilensis
exposed to S1 (clean site), S2 (downstream aquaculture waste) and S3 (downstream an open
dump) at Chimehuin river after 3 (December 2011), 6 (March 2012), 9 (July 2012) and 12
(September 2012) months, respectively. Different letters indicate significant differences with

p < 0.05, n=12 (per site and time).
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Figure 5. Energy values (A) and digestive gland factor (DGF) (B) in digestive gland of D.
chilensis exposed to S1 (clean site), S2 (downstream aquaculture waste) and S3 (downstream
an open dump) at Chimehuin river before the transplantation in September (2011) and after 3
(December 2011), 6 (March 2012), 9 (July 2012) and 12 (September 2012) months,
respectively. In Fig. 5A letters A and B indicate significant differences between sites and c
and d indicate significant differences between times (p < 0.05), n=12 (per site and time). In
Fig. 5B different letters indicate significant differences with p < 0.05, n=12 (per site and
time).
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Figure 6. Canonical function 1 (A), y axis: environmental variables (canonical 1_1), x axis:
biomarkers (canonical 2_1). Canonical function 2 (B), y axis: environmental variables

(canonical 1_2), x: biomarkers (canonical 2_2).
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