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Abstract

To get closer to the environmental reality, ecotoxicological studies should no longer consider
the evaluation of a single pollutant, but rather combination of stress and their interaction. The
aim of this study was to determine if responses of a fish to a sudden biological stress could be
modified by a prior exposure to a chemical stress (a polymetallic contamination). For this
purpose, in situ experiment was conducted in three ponds in the Haute-Vienne department
(France). One pond was chosen for its high uranium concentration due to uranium mine
tailings, and the two other ponds, which were not submitted to these tailings. Three-spined
sticklebacks (Gasterosteus aculeatus) were caged in these ponds for 14 days. After this
period, fish were submitted to a biological stress, exerted by lipopolysaccharides injection
after anesthesia, and were sacrificed four days after these injections for multi-biomarkers
analyses (leucocyte viability, phagocytic capacity and reactive oxygen species production,
antioxidant peptide and enzymes, lipid peroxidation and DNA damage). The pond which

received uranium mine tailings had higher metallic concentrations. Without biological stress,



sticklebacks caged in this pond presented an oxidative stress, with increasing of reactive
oxygen species levels, modification of some parts of the antioxidant system, and lipid
peroxidation. Caging in the two most metal-contaminated ponds resulted in an increase of
susceptibility of sticklebacks to the biological stress, preventing their phagocytic responses to
lipopolysaccharides and modifying their glutathione contents and glutathione-S-transferase

activity.
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1. Introduction

Metals, or trace metals, are certainly the most studied class of pollutants during the last
century by toxicologists. All metals, including essential trace metals, are potentially
hazardous at high concentrations for organisms, including fish (Férstner and Wittmann 2012;
Sindayigaya et al. 1994). Metals induce an oxidative stress, by influencing reactive oxygen
species (ROS) production (Ferreira et al. 2008; Sanchez et al. 2005; Sevcikova et al. 2011).
For the protection against ROS, organisms can set up their antioxidant system. This system
includes several enzymes, proteins and peptides produced by the liver, and their aim is to
neutralize ROS (Eyckmans et al. 2011; Heier et al. 2013; Kelly and Janz 2009; Sanchez et al.
2005). The antioxidant system may also be altered by pollutants and in particular metals
(Fernandez-Davila et al. 2012; Oliva et al. 2012; Qu et al. 2014). ROS can cause damage in
fish, such as DNA damage, lipid peroxidation, tissue injuries (Almroth et al. 2008; Stadtman
and Oliver 1991). Metals can also suppress or stimulate the immune system (Bols et al. 2001;
Dunier 1996; Jolly et al. 2014; Zelikoff 1993). Almost all metals are found naturally in the
Earth's crust, and a part of their toxicity for living organisms is due to their uses for human
industries (Kelly and Janz 2009; Maceda-Veiga et al. 2013). Indeed, they were extracted,
modifying their proportion in the different biosphere compartments and their chemical
properties, making them soluble or able to cross biological membranes (Playle 1998; Spry and
Wiener 1991). This is the case of uranium, essential actinide for the nuclear industry, which
has been extracted in large quantities from the Earth’s crust. In France, its extraction lasted
over than half a century and focused in the Limousin region (IRSN 2007). Even after the end
of uranium extraction, this metal is still found in former uranium mining sites with non-
negligible quantities, accompanied by metals naturally present or introduced during site
rehabilitation (Gagnaire et al. 2015; Herlory et al. 2013).

Even if consequences on organisms of a metal exposure are well known by ecotoxicologists,
it is now important to take in consideration that these organisms are exposed to a multi-
pollution rather than a mono-pollution. Indeed, the multi-stress context is indicative of the
environmental reality because the aquatic animals, including fish, are rarely exposed to a
single source of stress (Lorin-Nebel et al. 2013; Maceda-Veiga et al. 2013). Although
ecotoxicological studies of a single stress are necessary, the effects on aquatic fauna may vary
if this pressure is in combination with one or more other stress (Chou et al. 1999; Ingram
1980; Lorin-Nebel et al. 2013). Responses and process established by an organism
(acclimation capacities) against a stress, thus its susceptibility to this stress, could be modified
by an exposure to another stress (Chou et al. 1999; Knittel 1981; Robohm 1986).



Immune capacities are essential defenses against biological stress, such as bacteria, viruses or
parasites, preventing the development of diseases (Bols et al. 2001; Ingram 1980). A pollutant
affecting this defense system can be harmful, especially when organisms are exposed to a
biological stress, can increase their susceptibility to this stress, and can even result in the
death of the organism (Bols et al. 2001; Brousseau et al. 1997; Dunier 1996).

The aim of this study was to determine if a prior exposure to a metallic pollution due to a
former uranium mining site (chemical stress) can modify acclimation capacities, and thus
susceptibility of a fish to a sudden biological stress.

This in situ experiment was performed using the three-spined sticklebacks. These fish are
present in French aquatic ecosystems (Munzing 1963) and the temperature range at which the
stickleback can live corresponds to the temperature found in the Haute-Vienne ponds (Allen
and Wootton 1982). Finally, its small size facilitates its handling and caging, and its
robustness has led to its frequent use in environmental and ecotoxicological studies (Pottinger
et al. 2002; Sanchez et al. 2008a; Sanchez et al. 2008b). These advantages were the reasons
for which we decided to work with this species for this study.

The biological stress was created through a preliminary experiment in the laboratory, using
lipopolysaccharides (LPS), mimicking the impact of pathogenic contamination, and inducing
an inflammatory reaction (Hang et al. 2013; Swain et al. 2008; Xiang et al. 2008). LPS were
then injected in fish previously caged for 14 days in one high metal-contaminated pond,
including uranium, or in two other ponds with lower metallic concentrations and without
uranium. Four days after these injections, some biomarkers were analysed, including
immunomarkers, markers often used for assess effects of a biological stress, and the
antioxidant system, commonly used for metallic stress (Amiard and Amiard Triquet 2008).

2. Materials and methods

2.1. Determination of a biological stress and effects of anesthesia and injections.

In order to create a biological stress visible on selected biomarkers, a preliminary study in the
laboratory was conducted. This experiment aimed to determine the Escherichia coli LPS
(0127: B8, Sigma, St. Louis, MO, USA) concentration necessary to induce a biological stress
and to determine the latency time between LPS injection and fish dissection to limit
anesthesia and/or injection stress. The experimental design is schematized on the figure 1.
Prior to this experiment, 180 sticklebacks (2.03 £ 0.64 g; 5.38 + 0.72 cm) were acclimatised
for two weeks in the laboratory (5 tanks with 35 litters of water; fish density: 2.32 kg/m?; the

third of the water volume is changed every two days.), with two tanks corresponded to control



organisms, and the other three corresponded to fish submitted to the three different LPS
concentrations (one tank per treatment; 3, 6 and 9 mg of LPS per kg of fish). Sticklebacks
were fed every day, before their manipulation (dissection of injection), with bloodworms

(ratio of food/fish of 3 % w/w, Ocean Nutrition Europe, Essen, Belgium).

In order to determine the biological stress, after acclimatisation step, sticklebacks were
anesthetised by balneation, using tricaine methanesulfonate (MS222, 0.1 g/L, Molekula,
Irvine, CA, USA), to undergo an injection of LPS or their solvent (phosphate buffer saline,
PBS, Sigma) performed using Hamilton syringes (25 pL, Hamilton, Reno, NV, USA).
Volumes for intraperitoneal injections were adjusted according to fish weight and never
overpassed 10 pL per fish (ratio liquid/fish weight: 3.33 pL/g). After sticklebacks were
awakened in an aquarium intended for this purpose, they were returned to their respective
aquarium. One, two, four and eight days after these injections, ten fish per condition (PBS and

the three LPS concentrations) were sacrificed by cervical dislocation.

In order to limit anesthesia and injection potential stress, a first group of ten sticklebacks was
not submitted to anesthesia or injection before being sacrificed by cervical dislocation, while
fish from the second control group (n = 10) were only anesthetised, but not submitted to
injection. For these groups, dissections and analyses were made only on D+1.

Total size and weight were recorded to calculate Fulton’s K condition index (K), the spleen
was recovered for immune capacity analyses, and the liver for antioxidant system and lipid
peroxidation analyses. Detailed protocols of these analyses are described below (Part 2.3.).
According to results (Annex 1), a concentration of 9 mg of LPS/kg of fish and 4 days of
latency time (D+4) were chosen compared to the other treatment and sampling time

conditions.

2.2. Fish exposure to the chemical stress

2.2.1. Localisation and physical and chemical parameters of selected ponds
Three ponds were chosen according to their level of metal contamination and their proximity
to uranium mining site in the Haute-Vienne department (France, Figure 2). One of these
ponds received uranium tailings from former mines (the Pontabrier pond) and two other ponds

without these tailings (the Malessard and Jonchere Saint-Maurice ponds) (Figure 2).



Oxygen level, pH and conductivity were measured at the beginning of the experiment and on
the injection day, while temperature was continuously (each hour) recorded with a probe
inside cages (HOBO Pendant Temperature Data Logger, Onset, Bourne, MA, USA). Trace
metal concentrations in water (50 mL of acidified water (HNO3z, 2 %, VWR, Radnor, PA,
USA), non-filtered and filtered with 0.45 um syringe filter, three replicates) were measured
by inductively coupled plasma mass spectrometry (ICP-MS, Agilent Model 7500 Cs, Santa
Clara, CA, USA,; detection limit: 10 ng/L for all metals) and major cation concentrations by
inductively coupled plasma-atomic emission spectrometry (ICP-AES Optima 4300DV,
PerkinElmer, Wellesley, MA, USA). Major anions were measured in 50 mL of non-filtered
acidified water (HNOs, 2 %) using an ionic chromatograph (Dionex DX-120, Sunnyvale, CA,
USA). Total inorganic carbon (TIC) and total organic carbon (TOC) were assessed using a
TOC analyser (Schimadzu 5000A, Schimadzu Scientific Instruments, Columbia, MD,
USA).Water samples from Haute-Vienne ponds were collected to analyse the presence or
absence of polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHS),
volatile organic compounds (VOCs), cyanobacteria, as well as six major pesticides used in the
region (glyphosate, AMPA, 2.4D, DCMU, atrazine and triclopyr) (GrapLimousin 2007).
These analyses were carried out by the regional laboratory of water control (city of Limoges,

France).

2.2.2. Experimental design of the in situ experiment
The figure 3 summarizes the protocol used. This experiment was conducted in March and
April 2014 with 90 three-spined sticklebacks coming from INERIS husbandry. To limit
individual variations, fish came from the same initial fish group, were one year old and were
standardized in length and weight (1.44 + 0.18 g¢; 5.44 £ 0.19 cm). Before being caged,
sticklebacks were acclimatised in the laboratory to the physical and chemical properties of
ponds (temperature: 12 °C; pH: 7; conductivity: 50 uS/cm) for two weeks. On the field, fish
were maintained in cylindrical cages (height: 460 mm; radius: 125 mm; volume: 22.58 L).
These cages were divided in two parts in order to reduce the fish number used for scientific
purposes. Cages were placed directly on the sediment at a water depth of 500 mm. The
meshes of these cages (3.5 x 3.5 mm) prevented fish from escaping and allowed the pass of
some small organisms, such as worm, larvae or plankton, being part of the diet of sticklebacks
(Allen and Wootton 1984; Hynes 1950). Sticklebacks received no supplementary food intake

throughout the experiment.



Before and during caging, females and males were distributed in cages in order to have a sex
ratio close to 1. No difference of results between females and males was observed during this
experiment, except for GPx activity (data not shown). During the breeding season, as it has
been already observed by (Sanchez et al. 2007; 2008b), female sticklebacks presented higher
GPx activity than males (89.21 + 30.52 U/g of total proteins for females against 20.69 + 11.23
U/g of total proteins for males; data not shown). This difference did not exist when the
experiment took place outside the breeding period (data not shown). This high activity for
females during the breeding period could be explained by an important hormonal metabolism
(Burk et al. 1980; Sanchez et al. 2008b). Despite this difference between sexes, no effect on
stickleback responses to the polymetallic contamination or to LPS was recorded (data not
shown). For all of these reasons (few significant differences between males and females; no
effect on responses to metal contamination or to LPS), we decided to group female and male
results in this study.

At each pond, 30 sticklebacks were distributed in two half-cages, one cage for the LPS
condition and the other for the PBS condition (Figure 3), with a density of 2.31 kg/m?. This
density was chosen between the OECD recommendations for rainbow trout (Onchorhynchus
mykiss) and medaka (Oryzias latipes) densities (OECD 2000). Fourteen days after caging,
sticklebacks were anesthetised by balneation with MS222 (0.1 g/L of water from ponds,
Molekula) and submitted to E.coli LPS (9 mg of LPS/kg of fish, Sigma) or PBS (Sigma)
injections. Prior to be caged once again, fish were placed in a tank filled with water from each
pond until their awakening. Four days after these injections, sticklebacks were sacrificed by
cervical dislocation. Total size and weight, as well as liver weight were recorded to calculate
biometric indices. Blood and spleen from each fish were removed and kept at 4 °C until DNA
damage and immune capacity analyses, respectively. Finally, liver used for antioxidant
system and lipid peroxidation assessment was frozen in liquid nitrogen with a buffer (400 puL
of potassium phosphate buffer (100 mM, pH: 7.4, Sigma) modified with glycerol (20 %,
Sigma) and phenylmethylsulfonyl fluoride (PMSF, 2 uM, Sigma) before being stored at -80
°C.

2.3. Biological parameters

2.3.1. Biometric indices
Fulton’s K condition index evaluates the general well-being of fish and is calculated by the
formula: K = (weight/length®) x 100. The hepato-somatic index (HSI) is calculated by the
formula: HSI = (liver weight/total body weight) x 100.



2.3.2. Immune capacities

The splenic leucocyte isolation was performed following previous described method (Bado-
Nilles et al. 2014b). In the same way, the leucocyte necrosis and apoptosis, the percentage of
lymphocyte among leucocytes, the lysosomal membrane integrity (LMI), the respiratory
burst, and the phagocytic capacity were made and analysed following protocols previously
described (Bado-Nilles et al. 2013; Bado-Nilles et al. 2014a; Chilmonczyk and Monge 1999;
Gagnaire et al. 2015; Gust et al. 2013).

Phagocytic capacity was calculated as: (cells ingesting at least 3 fluorescent microbeads/cells
ingesting at least 1 fluorescent microbead) x 100 (Gust et al. 2013). A visualisation of
phagocytosis with transmission electron microscopy (TEM) was realised to confirm this
phagocytosis. The protocol was the same as previously described with some modifications for
TEM observations. In order to have a fairly large pellet, the samples were grouped by four.
The diameters of the microbeads used were 1 and 2 pum, and these beads were removed from
the sample after incubation, with gentle agitation, using a bovine serum albumin gradient (3
%, 1 mL, Sigma). Centrifugation (100 g, 10 min, 4 °C) was necessary to pellet leucocytes.
These pellets were fixed using glutaraldehyde (2.5 % in 0.1 M sodium cacodylate buffer, pH
7.4, Electron Microscopy Sciences, Hatfield, PA, USA) for 2 days at 4 °C. Samples were
washed three times and were then postosmicated for 1 h in osmium tetroxide (1 % in
cacodylate buffer, Electron Microscopy Sciences). They were dehydrated through a graded
ethanol series and finally embedded in monomeric resin Epon 812 (Electron Microscopy
Sciences). Ultrathin sections (80 and 110 nm) were obtained using an ultra-microtome (UCT,
Leica Microsystems GmbH, Wetzlar, Germany). For ultrastructural analysis, ultrathin
sections were mounted on copper grids and examined with a Tecnai G2 Biotwin Electron
Microscope (100 kV, FEI Company, Eindhoven, the Netherlands) equipped with a CCD
camera Megaview Il (Olympus Soft imaging Solutions GmbH, Miinster, Germany).
Respiratory burst is described by three parameters: ROS basal level, which corresponds to
ROS production by unstimulated cells observed with the 2’-7’-dichlorofluorescin diacetate
probe (H.DCFDA, 60 pM, Sigma); ROS activated level, which corresponds to ROS
production by stimulated cells by phorbol 12-myristate 13-acetate (PMA, 15 uM, Sigma) and
the stimulation index of respiratory burst, which is calculated by the formula: fluorescence of
ROS activated/fluorescence of ROS basal (Chilmonczyk and Monge 1999). Leucocyte

activities were evaluated by flow cytometry with 10,000 events counted for each suspension



sample. Data were recovered using a Guava®EasyCyteTM 8HT flow cytometer (Merck

Millipore, Billerica, MA, USA) and analysed using Guavasoft 2.7 software.

2.3.3. Oxidative stress
Protein concentration was assessed using (Bradford 1976) method with bovine serum albumin
(Sigma for both products). Among hepatic biomarkers, glutathione (GSH) (Vandeputte et al.
1994), glutathione-S-transferase (GST) (Habig et al. 1974), glutathione peroxidase (GPx)
(Paglia and Valentine 1967), glutathione reductase (Gr) (Carlberg and Mannervik 1975),
catalase (CAT) (Babo and Vasseur 1992), superoxide dismutase (SOD) (Paoletti et al. 1986),
and thiobarbituric acid reactive substances (TBARS) for lipid peroxidation assessment
(Ohkawa et al. 1979), were analysed. All these measurements were adapted on stickleback by
(Sanchez et al. 2005) and (Sanchez et al. 2007). Except for TBARS and GSH (fluorescence
units and pmol/g of total protein, respectively), all results were calculated in U/g of total

protein.

2.3.4. DNA damage

DNA damage were assessed using comet assay described by (Santos et al. 2013), with minor
modifications, described below. Blood samples were kept at 4 °C in 800 puL of L15 medium
Leibovitz (L15, Sigma) modified with heparin lithium (20 U/mL, Sigma), penicillin (500
U/mL, Sigma) and streptomycin (500 pg/mL, Sigma) until analysis (48 h after blood
collection). Slides were transposed for 20 min instead of 40 min in an electrophoresis tank
filled with electrophoresis buffer (300 mM NaOH, 1 mM EDTA, gsp 1.5L of osmotic water,
Sigma for both products). Several genotoxicity parameters were recorded using Comet Assay
4 software. One hundred cells per slide (two slides per sample) were randomly selected for

analysis.

2.4.  Statistical analyses

R software (3.1.1 version) was used for all statistical analyses. The number of replicates
depended to the nature of the physical and chemical studied (n = 17 for temperature; n = 3 for
metals concentration; n = 2 for anions / cations; n = 1 for conductivity and pH). Differences of
chemical and physical parameters between ponds were assessed using one-way ANOVA.
Normality and homogeneity assumptions were assessed by the Shapiro-Wilk and Levene tests

on residuals, respectively. If normality and homoscedasticity were respected, ANOVA was



kept and was followed by a Tukey test, otherwise, ANOVA was replaced by a Kruskal-Wallis
test followed by a Mann-Whitney test with Holm correction.

Concerning biomarkers, the number of replicates was 15 sticklebacks per injection condition
and per pond. Normality and homogeneity assumptions were assessed applying respectively
Shapiro Wilk and Levene tests on residuals. If at least one of these assumptions were not
satisfied, a log transformation of the dependent variable was first applied and assumptions
checked again. For some biomarkers the log transformation failed to reach homogeneity. In
this case, a variance function was used to model the variance structure. The significance of the
interaction between the variables "pond™ and "injection” was assessed with the type-3 squares,
and were followed, if these values were significant, by multiple comparisons (Tukey test) to
observe the differences within the conditions. For all the analyses, significance level fixed at 5
%. Principal component analyses (PCA) were performed with two components with all of

stickleback responses, and through two dimensions.

3. Results

3.1. Determination of LPS concentrations and the latency time between injection and
dissection

During the preliminary experiment performed in the laboratory, an effect of anesthesia and/or
injection was observed on D+1 and/or on D+2 on several biomarkers (leucocyte necrosis,
LMI, phagocytic capacity, ROS basal and activated levels, GSH, CAT, SOD and TBARS;
Annex 1). These two sampling time were therefore not retained for the in situ experiment.

The concentration of 9 mg of LPS per kg and a latency time of four days (D+4) were chosen
because the most important effects were recorded for these conditions. Indeed, compared to
other LPS concentrations, 9 mg/kg injections has resulted in significant higher ROS activated
level, stimulation index of respiratory burst, and lower GSH contents, CAT and GST
activities (Annex 1). A latency time of eight days was not selected because of some biomarker
levels came back to a basal level, such as ROS activated level, stimulation index of
respiratory burst and phagocytic capacity compared to D+2 (Annex 1).

Thus a concentration of 9 mg of LPS/kg of fish and 4 days of latency time (D+4) were chosen
and applied in the field.

3.2. Physical and chemical properties of ponds
Although a temperature slightly higher in the Jonchere Saint-Maurice pond compared to the
other two ponds (Table 1), temperature kinetic inside ponds were the same (Annex 2).



Concerning the other physical parameters, pH was higher in the Jonchere Saint-Maurice pond,
while conductivity and dissolved oxygen level were higher in the Pontabrier pond (Table 1).

As mentioned in a previous study (Le Guernic et al. submitted), only metals mainly present in
the water-dissolved fraction (> 10 pg/L, except for uranium) and exceeding their predicted
no-effect concentrations (PNEC) and or their no-observed effect concentrations (NOEC) were
listed in the Table 1. Other metals (Cd, Cu, Co, Zn, Pb and Ni) were therefore not indicated in
this study. The Pontabrier pond, which receives mine tailings, presented the higher metallic
concentrations than the other two ponds, and three of these differences were significant (Table
1). This contaminated pond presented at least twice the concentration of aluminum and
manganese, and 200 times more uranium than reference ponds (Table 1). Except for iron, the
Jonchére Saint-Maurice presented the lowest metallic concentrations among the three ponds
(Table 1). The Pontabrier pond also presented higher concentrations of calcium, sodium,
chloride, sulphate, and inorganic carbon, while all of these anions and cations were found at
lower concentrations in the Malessard pond than in the other two ponds (Table 1). No other
contamination source was found in the three ponds (levels of PAHs, PCBs, VOCs, pesticides

and cyanobacteria were under the detection limit).

3.3. Individual mortality
No sticklebacks died during this experiment. Moreover, no sign of stress (skin coloration,
injuries, parasites), as well as no behavioural alteration, were observed after injection or after

caging (abnormal reaction when out of water, no swimming).

3.4. Biological effects of the chemical stress, the biological stress and both combined
3.4.1. Effects due to the chemical stress (polymetallic contamination)

For this section, only results from sticklebacks caged in the three different ponds and
submitted to PBS injections are presented. Fish caged in the Pontabrier pond presented a
lower condition index than fish caged in the other two ponds, and significantly with the
Malessard pond (0.83 compared to 0.97; Table 2). K was the only biometric index impacted
by caging ponds.

Few components of the immune system were impacted by the polymetallic contamination.
Indeed, leucocyte apoptosis, lymphocyte percentage and phagocytic capacity were similar for
fish caged in the three ponds. Nevertheless, fish caged in the highest metal-contaminated pond
presented the lower leucocyte necrosis (4.86 % for the Pontabrier pond significantly different

to 7.98 % for the Jonchére Saint-Maurice pond; Table 2). LMI varied greatly according to



ponds. This biomarker was significant higher in the Malessard pond (238 fluorescence units,
FU), while it was lower in the Jonchere Saint-Maurice pond (152 FU) (Table 2).

The polymetallic contamination induced a significant increase of basal ROS production in
fish caged in the Pontabrier pond (Table 2). As ROS activated level did not differ between
ponds, the stimulation index (SI) of respiratory burst was twice and significant reduced by
exposure to the Pontabrier pond compared to the reference ponds (Table 2).

Concerning the antioxidant system, some activities were significantly stimulated in the most
metal-contaminated pond than in the reference ponds, such as SOD and GST (Table 2). Gr
was significantly higher in the Malessard pond than in the Jonchere Saint-Maurice pond while
GSH amount were significantly lower in this pond (Table 2). Finally, GPx and CAT were not
impacted by exposure to the different ponds when sticklebacks were submitted to a PBS
injection (Table 2).

Lipid peroxidation was twice higher in fish liver from the uranium-contaminated pond
compared to the other ponds (from about 10,000 FU to about 20,000 FU; Table 2).
Interestingly, DNA damage were significantly higher in the lowest metal-contaminated pond

compared to in the highest metal-contaminated pond (Table 2).

3.4.2. Effects due to the biological stress (LPS injection)
Only three effects due to LPS observed in the laboratory were also reported on the field,
depending on the pond (Table 2 and Table 3). In fact, almost all effects were also observed,
but were only trends, and were not significant. These similarities are reported in the table 4. In
addition to these similarities, leucocyte necrosis and apoptosis tended to increase in each pond
after LPS injection compared to PBS injection, with a significant increase of apoptosis in the
Jonchere-Saint-Maurice pond (Table 2). These effects were also noted during the preliminary
experiment, but eight days after LPS injections (Annex 1). Nonetheless, the leucocyte
apoptosis, as well as the phagocytic capacity were significantly higher after LPS injection
compared to the solvent injection for fish caged in the Jonchére Saint-Maurice (Table 2).
Concerning antioxidant system, only a significant decrease of GST activity due to LPS

injection was reported for fish caged in the contaminated pond (Table 2).

3.4.3. Impacts of the chemical stress on fish responses to the biological stress
PCA were performed using two dimensions, representing 35 % of the total inertia. Axis 1 is
mainly explained (> 10 %) by five biomarkers (leucocyte necrosis, respiratory burst

stimulation index, GSH, GST and TBARS) while axis 2 is mainly explained by four



biomarkers (leucocyte apoptosis, LMI, ROS activated and Gr) (Figure 4). The circles of
ponds (explicative variable) did not overlap (Figure 4A), whereas those of injection
conditions overlapped (Figure 4B). However, ponds, like the injection conditions, were not
distributed according to axes (PC1 or PC2), hence the need to assess the interactions between
stress on biomarkers measured.

Exposure to the polymetallic contamination impacted some responses to LPS injection. These
significant interactions between pond and injection of LPS were scored in the table 3.
Phagocytic capacity and TBARS were impacted by both stress (p = 2.33 x 102 and p = 2.89 x
108, respectively), as well as for GSH and CAT if we considered a higher p-value (p = 5.44 x
102 and p = 7.20 x 102, respectively) (Table 3).

Lipid peroxidation tended to decrease in liver from fish caged in the uranium-contaminated
pond after LPS injections (from 20,000 to 12,700 FU), while not in the other two ponds
(Tables 2 and 3). In addition to this difference, some other differences were observed in the
lowest metal-contaminated pond (the Jonchere Saint-Maurice pond). The phagocytic capacity
was significantly enhanced by LPS injection when fish were caged in this pond (from 7.9 to
9.4 %; Table 2). A less pronounced difference (not significant) was the decrease of GSH
levels after LPS injections in the Pontabrier and the Malessard ponds, but not in the lowest
contaminated pond (a loss of about 3 U/g of total protein; Table 2). The catalase activity
decreased after LPS injections in the Jonchere Saint-Maurice pond (- 209,000 U/g of total
protein; Table 2), whereas an increase in the Pontabrier pond was reported (+ 137,000 U/g of

total protein; Table 2).

4. Discussion

4.1. Polymetallic contamination linked to former uranium mines

As previously described, the Pontabrier pond presented the highest metallic concentrations,
especially for uranium, due to tailings from several former uranium mines, result corroborated
by some studies (Gagnaire et al. 2015; Herlory et al. 2013; Marques et al. 2013; Pereira et al.
2008). This higher metallic contamination was accompanied by calcium and sulphate
contents, more important in this pond. Iron concentrations were important for the three
studied ponds (> 0.2 mg/L), and generally found at high concentrations closed to former
uranium mining site in this department. This metal, with the manganese, constitute the
chemical signature of water in these abandoned mines (GEP 2010).

Compared to the metallic concentrations in the same ponds and the same period but the

previous year (Le Guernic et al. submitted), the metallic contamination found in the



Pontabrier pond did not differ, except for a slight increase of uranium concentration for the
second year. Nonetheless, compared to the first year (April 2013), metal concentrations
measured in the Malessard pond in the present study were higher, while iron and aluminum
concentrations in the Jonchere Saint-Maurice decreased, inducing that the lower metal
concentrations were found in this study for the Jonchére Saint-Maurice pond.

Concerning potential confounding factors, daily variations of temperature (Annex 2) were
identical between the ponds. Nonetheless, the Jonchére Saint-Maurice pond had warmer water
than the other two ponds (+ 1.50 °C compared to the Malessard pond and + 2 °C compared to
the Pontabrier pond). No study have assessed the effect of a temperature difference of 2 °C,
and the lowest temperature difference having led to an effect on the fish (rainbow trout,
Oncorhynchus mykiss and Mozambique tilapia, Oreochromis mossambicus) was + or - 4 °C
(Hardie et al. 1994; Ndong et al. 2007). Regarding conductivity levels, this parameter was
quite low (from 8 to 18 uS/cm). These values were nevertheless common in this department
as reported by (Gagnaire et al. 2015) and (Le Guernic et al. submitted). Finally, dissolved
oxygen levels were high (from 11.79 to 13.14 mg/L), resulting in a hyperoxic context
(Caldwell and Hinshaw 1994; Cuenco et al. 1985). Recorded temperature and pH, closed to
neutrality, were in the range of stickleback’s well-being (Sanchez et al. 2007; Wootton 1984).
Moreover, the small difference of these four parameters between ponds, lack of data on small
temperature differences and the acclimatisation step before caging allowed to consider these
environmental parameters as negligible and not affecting the biological responses of the
stickleback.

4.2. Polymetallic contamination effects on stickleback health (without LPS)

The polymetallic contamination found in the Pontabrier pond seemed to have an effect on fish
condition. Indeed, Fulton condition index was lower in this pond compared to the other two
ponds. Other studies have shown this same effect on condition index due to metals
(Kerambrun et al. 2012; Laroche et al. 2002; Roussel et al. 2007). Two weeks of metallic
exposure appeared to be a short period to decrease the condition index of an adult fish. This
lower K in the Pontabrier pond could be due to a potential difference of food intake by fish
between ponds. (Pottinger et al. 2002) have reported a decrease of stickleback condition index
after two weeks of complete starvation. HSI was not impacted by the polymetallic
contamination for 14 days. This result was corroborated with other studies (Maceda-Veiga et
al. 2013; Roussel et al. 2007).



Metals are known to induce oxidative stress on fish (Andersen et al. 1998; Fernandez-Davila
et al. 2012; Lushchak 2011; Qu et al. 2014; Sanchez et al. 2007). In our study, polymetallic
exposure for 14 days also induced oxidative stress on sticklebacks. Indeed, this stress was
visible by the increase of ROS basal level by splenic leucocytes. This increase in ROS basal
level after metal exposure has already been observed in several studies (Farina et al. 2013;
Gagnaire et al. 2014; Jolly et al. 2014; Sevcikova et al. 2011). Nonetheless, some studies
highlighted a decrease of ROS basal level after metallic exposure (Gagnaire et al. 2015;
Sanchez-Dardon et al. 1999). (Sanchez-Dardon et al. 1999) have also observed higher
decrease of respiratory burst of rainbow trout after exposure to a combination of metals. The
leucocytes contained in the spleen of fish maintained in the Pontabrier pond produced a
higher ROS basal level than fish caged in the other two ponds, but the polymetallic
contamination did not induce an overproduction of ROS after PMA-stimulation. Thus, the
respiratory burst stimulation index was lower in the Pontabrier pond. As previously described
by (Gagnaire et al. 2014), it is possible that the ROS production initial level at the Pontabrier
pond was too high to be further stimulated by the PMA. Thus, exposure to the highest
metallic concentrations induced pro-oxidant effects on three-spined sticklebacks.

The activation of the antioxidant system was shown in the uranium-contaminated pond, with
higher activities of GST and CAT in fish caged in the Pontabrier pond, compared to the other
two ponds.

This overproduction of basal ROS can lead to oxidative damage, such as the alteration of
biological membranes, by destabilizing the lipid bilayer. This effect was observed in liver
from sticklebacks caged in the Pontabrier pond, with a higher lipid peroxidation than in the
other two ponds. In these reference ponds, the lipid peroxidation level was equal to that
previously assessed in the laboratory, without metallic exposure (from 9,240 to 15,463 FU;
Annex 1). Several studies also reported this lipid peroxidation due to metals (Ferreira et al.
2008; Pandey et al. 2008; Ruas et al. 2008; Vieira et al. 2012). A negative correlation between
LMI and TBARS should be expected, especially as some studies have shown highlighted a
destabilization of lysosomal membrane after metal contamination (Moore et al. 2004; Regoli
et al. 1998). However, LMI was not modified by the polymetallic contamination. This
biomarker was low in the lowest contaminated pond, describing a destabilization of the
biological membrane, and could be linked to the higher leucocyte necrosis for sticklebacks
caged in this pond, normally impaired by a metallic exposure (Dunier 1996; Garcia-Medina et



al. 2011). Nevertheless, (Gagnaire et al. 2015) showed higher leucocyte mortality in roach,
Rutilus rutilus, in a non-uranium contaminated pond.

Another known oxidative damage can be measured at the DNA levels (Barillet et al. 2005;
Garcia-Medina et al. 2011; Yadav and Trivedi 2009). Nonetheless, in our study, sticklebacks
caged in the lowest metal-contaminated pond presented the higher level of DNA damage.
Metals are not the main factor to induce genotoxicity in fish (Wirzinger et al. 2007). Other
factors can lead to DNA damage, such as temperature (Bony et al. 2008; Mitchelmore and
Chipman 1998), or pH (De Andrade et al. 2004).

This low LMI and high DNA damage and leucocyte necrosis indicated that fish caged in the
Jonchere Saint-Maurice pond may have been submitted to another stress than metals, not
assessed in our study, such as environmental factors or food availability.

Some biomarkers did not vary among metallic contamination, such as phagocytic capacity
and some antioxidant enzymes (CAT, GPx). It is important to note that the phagocytic
percentage found in each pond (from 7.43 to 7.97 %) was lower than the basal level measured
in the laboratory (from 8.67 to 16.20 %), or even in another in situ experiment (from 8.47 to
9.06 %; (Le Guernic et al. submitted)). Although this phagocytic capacity, assessed by flow
cytometry, was low compared to with that of the literature, we affirmed these phagocytic
phenomena by TEM analyses. Indeed, the microscopic visualizations of the microbeads
ingested by leucocytes confirmed that we have evaluated phagocytosis, not adhesion to the

immune cell (Annex 3).

In conclusion, fish exposed to the highest polymetallic contamination found in the Pontabrier
pond were submitted to an oxidative stress, through the increase of ROS production, causing

increases of GST and CAT activities and inducing a lipid peroxidation.

4.3. LPS effects on stickleback health

In the laboratory, the most important effects due to LPS were observed for immune capacities
(increases of phagocytic capacity and ROS production). This is in accordance with the LPS
nature. Indeed, they are known to impact the immune system of fish, by inducing an
inflammatory response (Swain et al. 2008). They have many immunostimulating effects, such
as the leucocytosis, increase of ROS production, phagocytosis, activating macrophage and
complement system, and can also alter the antioxidant systems or the lipid and carbohydrate
metabolisms (Hang et al. 2013; Jolly et al. 2014; Swain et al. 2008; Waagh@ 1994, Xiang et

al. 2008). Nevertheless, almost all significant effects observed in the laboratory became trends



in the field (Table 4). A hypothesis to explain these differences between laboratory and in situ
results can be linked to the difference of exposure conditions. In the laboratory, physical and
chemical conditions were fixed and controlled compared to the in situ experiment, however
fish caged in ponds were exposed to metals. The effects of LPS may be mitigated by exposure

to metals in each pond.

4.4. Polymetallic contamination effects on stickleback responses to LPS injection

The literature on effects of metals on fish susceptibility to a pathogen shows two important
results:

- The most recurring result is an increase of susceptibility against a biological stress.
Indeed, it is well known that metals can alter defense system of fish, via destabilization of
immune system, antioxidant system, etc. (Qu et al. 2014; Sanchez-Dardon et al. 1999;
Sanchez et al. 2007), and these defenses are essentials for the protection against pathogens
and diseases (Dunier 1996; Stolen and Fletcher 1994). Thus, immunosuppressive effects of
metals can lead to a decrease of fish resistance to pathogens. (Knittel 1981) hypothesized that
copper caused a decreased of leucocyte number in the steelhead trout (Salmo gairdneri),
required for the immune defense against the Yersinia ruckeri infection. Prior exposure to
metals can also reduce the phagocytosis activity, the ROS production, deteriorate immune
cells or even alter the organic tissues (EI-Boshy and Taha 2011; Sheir and Handy 2010;
Stolen and Fletcher 1994). All these effects can then lead to increased susceptibility to
pathogens. Metals can impair the acquired immunity by reducing the number of produced
antibodies. This was the case for the cat fish (Heteropneustis fossilis) after cadmium and
Aeromonas hydrophila exposures (Saxena et al. 1992). These effects were also observed with
a metallic combination: a copper and methylmercury exposure induced alterations of the
immune system of the blue gourami (Trichopodus trichopterus) (Roales and Perlmutter
1977). Susceptibility to pathogen does not vary only due to variations of immune system, and

metals can also impact the physical condition of fish (Esteve et al. 2012).

- The second effect of a prior exposure to metals on pathogenicity, often observed in the
literature, is that metals can create an immunostimulation, and thereby increase resistance
against pathogens (Anderson 1996). This result has been observed by several studies.
(Cossarini-Dunier 1987) showed an increase of macrophage phagocytosis of Yersinia ruckeri
after manganese exposure of the carp. (Rougier et al. 1996) highlighted the fact that zinc can

decrease the number of viruses found in the zebrafish (Brachidanio rerio). Even five metals



(As, Cu, Cd, Pb et Se) can improve protection of striped bass (Morone savatilis) against
Flexibacter columnaris (MacFarlane et al. 1986). This improvement of protection against
pathogen can be very high, as reported by (Ling et al. 1993) on the goldfish, where exposure
to copper enhanced 15 times the resistance to Ichthyophthirius multifiliis.

(Anderson 1992) listed some metals that could create an immunostimulation in fish, but
concluded that these border between immunosuppressive and immunostimulatory effects of
metals are often difficult to assess. Depending on the concentration of cadmium, metal can be
beneficial or harmful to the creation of antibodies against Bacillus cereus in the striped bass
(Robohm 1986).

In our study, two-way analysis showed some effects of the interaction of contamination and
injection on fish biomarkers. The lipid peroxidation and the phagocytic capacity were
impacted by both stress, as well as for CAT and GSH if the statistical significance level
increased from 0.05 to 0.1.

The preliminary experiment allowed to show that LPS has stimulated immune responses, via
increases of ROS activated level and phagocytic capacity. However, in the in situ experiment,
only sticklebacks caged in the pond with the lowest metallic concentrations (the Jonchére
Saint-Maurice pond) presented this phagocytic reaction to LPS. This result suggested that the
caged fish in the least contaminated pond could be better able to activate their phagocytic
capacity to respond to the LPS injection, contrary to fish caged in the other two ponds.

In addition to the phagocytic capacity, sticklebacks caged in this low contaminated pond
maintained their GSH content after LPS injection, which was not the case of sticklebacks
caged in the other two ponds. Although GSH contents were lower in the Jonchere Saint-
Maurice pond than in the other two ponds, values observed in the laboratory covered all
values collected in the field (from 4 to 30 umol/g of total proteins, in the laboratory). GST
activity, which varied among ponds and injection conditions but not among their interaction,
significantly decreased for fish caged in the Pontabrier pond after LPS injection. Glutathione
being an essential substrate to the GST activity, its decrease has resulted in to a decline in
activity of this enzyme. Studies focusing on the acclimation capacity of the antioxidant
system with exposure to metals and pathogen are rare. However, it was observed a protective
effect of parasite (Ptychobothrium sp.) on the decrease of antioxidant system of the carp
(Cyprinus carpio) caused by a copper exposure (Dautremepuits et al. 2002).



A prior exposure to stronger metal concentrations seemed therefore increase susceptibility
sticklebacks to a biological stress, preventing their phagocytic response and destabilizing their
GSH level and GST activity.

Differences of LPS susceptibility were thus observed between the Pontabrier-Malessard
ponds and the Jonchere Saint-Maurice pond. We can therefore hypothesise that these
differences cannot be explained by the uranium concentration in the different ponds, but more
by lower aluminum and manganese concentrations in the Jonchére Saint-Maurice pond
compared to the other two ponds. Unfortunately, studies working on modifications of
acclimation capacities to a biological stress by metals were not focused on these two metals.
Several studies have reported increases of lipid peroxidation after LPS injection (Jolly et al.
2014; Sewerynek et al. 1995; Sugino et al. 1987). Despite of (Requintina and Oxenkrug 2003)
have observed decreases of lipid peroxidation after LPS injections at low concentrations in
mammals, the downward trend of TBARS after LPS injection observed in fish caged in the
Pontabrier pond was probably not due to these injections. Simultaneously with this tendency
to decrease of TBARS was observed a not significant increase of CAT activity. CAT can limit
lipid peroxidation protecting the lipids of hydrogen peroxide. This role is shared with another
enzyme, the glutathione peroxidase. (Béguel 2012) has reported that CAT is preferably
chosen than GPx during large quantities of H202, and can be implemented when GSH
contents decrease (Kumar and Rajagopal 2003).

It should be noted that few biomarkers reacted to both stress, and the exposure to the different
ponds had more effects on stickleback biomarkers than injection conditions. This result can be
observed by the difference of number of biomarker impacted by the pond variable (13) and
those impacted by injection variable (3), after the two-way ANOVA (Table 2). This result
was confirmed by PCA, where individuals were more distributed among ponds than among
injection conditions (Figure 4). Nonetheless, except for modifications of TBARS, which were
more due to the CAT activity than to interaction between ponds and LPS injections,
sticklebacks previously exposed to a chemical stress presented a lower resistance to the

biological stress.

5. Conclusion
The aim of this study was to determine if a preliminary exposure to a polymetallic
contamination could modify fish responses to a sudden biological stress. Both of these stress

had effects on fish, such as oxidative stress after the metal exposure and leucocyte apoptosis



and phagocytosis after lipopolysaccharides injections. Sticklebacks previously caged in the
two most metal-contaminated ponds had increased susceptibility to the biological stress
exerted by lipopolysaccharides injections. This decrease of LPS resistance by metal exposure
was defined by an inability of sticklebacks to activate their phagocytic response and to
maintain their GSH level and GST activity after a sudden biological stress. This study showed
the importance of immunomarkers within a multi-biomarkers approach to assess multi-
pollution effects on three-spined sticklebacks.

As sometimes reported (Dick and Dixon 1985; Gill et al. 1992; Hetrick et al. 1979; Knittel
1981), fish can become acclimated to the presence of metals during a longer exposure. This
acclimation can therefore change the effects of metals on the fish susceptibility to a biological
stress. It would be interesting to increase the period of exposure to the polymetallic
contamination found in the Haute-Vienne ponds preceding the biological stress (for example
two months instead of two weeks) to reassess effects of this exposure on susceptibility to

lipopolysaccharides.
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Fig. 1: Experimental design for the preliminary experiment realised in the laboratory. D: day
when injection were made; MS222: tricaine methanesulfonate at 0.1 g/L; LPS:
lipopolysaccharides; PBS: phosphate buffer saline.

Fig. 2: Localisation of studied ponds in the Haute-Vienne department. Stars indicate the
ponds and “U” indicates the discharges coming from mining sites in the Pontabrier pond. The

figure also shows close-ups of the three ponds used in this study.

Fig. 3: Experimental design for the in situ experiment. D: day when injection were made;
MS222: tricaine methanesulfonate at 0.1 g/L; LPS: lipopolysaccharides; PBS: phosphate
buffer saline.

Table 1: Physical and chemical characteristics of ponds. Data are means + standard deviation
(n = 17 for temperature; n = 3 for metals concentrations; n = 2 for anions / cations; n = 1 for
conductivity and pH). Difference between ponds is indicated by different letters for p < 0.05
with a > b > c. DL: detection limit; T min: mean minimal temperature; T max: mean maximal
temperature; A d/n: day/night temperature delta; C: conductivity; DO: dissolved oxygen; C
inorg: total inorganic carbon; C org: total organic carbon; PCBs: polychlorinated biphenyls;
PAHs: polycyclic aromatic hydrocarbons; VOCs: volatile organic compounds; 2.4D: 2.4-

Dichlorophenoxyacetic acid.

Table 2: Biomarker responses in three-spined sticklebacks caged in the Haute-Vienne ponds
from according to LPS or PBS injections. Values are means + standard error of the mean (n =
15). Inside each injection condition, difference between ponds is indicated by different letters
for p < 0.05 with a > b > c. Bolded means show a significant difference between LPS and
PBS condition for the same pond. K: condition factor; HSI: hepato-somatic index; Necrosis:
leucocyte necrosis; Apoptosis: leucocyte apoptosis; Lympho: lymphocyte percentage; LMI:
lysosomal membrane integrity; Pg: phagocytic capacity; ROS b.: ROS basal level; ROS a.:
ROS activated; Sl: stimulation index of respiratory burst; Gr: glutathione reductase; GPx:
glutathione peroxidase; GSH: total glutathione; GST: Glutathione-S-transferase; CAT:
catalase; SOD: superoxide dismutase; TBARS: thiobarbituric acid reactive substances; DNA:
DNA damage; FU: fluorescence unit.



Table 3: Interaction of effects between the chemical stress (ponds) and the biological stress
(injection). Only results with a significant effect of one stress or their interaction on biomarker
are noted (e: 0.05 > p > 0.10; *: 0.01 > p > 0.05; **: 0.001 > p > 0.01; ***: p < 0.001). K:
condition factor; HSI: hepato-somatic index; Necrosis: leucocyte necrosis; Apoptosis:
leucocyte apoptosis; Lympho: lymphocyte percentage; LMI: lysosomal membrane integrity;
Pg: phagocytic capacity; ROS b.: ROS basal level; ROS a.: ROS activated; Sl: stimulation
index of respiratory burst; Gr: glutathione reductase; GPx: glutathione peroxidase; GSH: total
glutathione; GST: Glutathione-S-transferase; CAT: catalase; SOD: superoxide dismutase;
TBARS: thiobarbituric acid reactive substances; DNA: DNA damages.

Table 4: Comparison of LPS effects on biomarkers between the laboratory and the in situ
experiments. Each effect (increase: » or decrease: \) is followed by its significance (S:
significant effect; NS: non-significant effect). For some caging conditions, no effect was
observed (&). Pg: phagocytic capacity; ROS a.: ROS activated; Sl: stimulation index of
respiratory burst; GSH: total glutathione; GST: Glutathione-S-transferase; CAT: catalase.

Fig. 4: PCA results representing individuals grouped according to pond (A) or to biological
stress (B) (illustrative variables). Principal components (CP 1 & CP 2) are constructed from
all biomarkers analysed. The number of selected dimensions is 2. Values between parentheses
are the eigenvalues for each axis, followed by the inertia values. The table below summarizes
the contributions to the axes of each variable (percentage). K: condition factor; HSI: hepato-
somatic index; Necrosis: leucocyte necrosis; Apoptosis: leucocyte apoptosis; Lympho:
lymphocyte percentage; Pg: phagocytic capacity; ROS b.: ROS basal; ROS a.: ROS activated,
SlI: stimulation index of respiratory burst; Gr: glutathione reductase; GPx: glutathione
peroxidase; GSH: total glutathione; GST: Glutathione-S-transferase; CAT: catalase; SOD:

superoxide dismutase; TBARS: thiobarbituric acid reactive substances; DNA: DNA damage.

Annex 1: Effects of LPS injections on fish biomarkers obtained during the preliminary
experiment. Underlined values for PBS and anaesthesia control conditions are significantly

different, as well as bolded values between PBS and injection control conditions. Inside of
each sampling time, means with different letters are significantly different from each other (a
>b>c/e>f>g/i>j>k/m>n>0) (a=15 %). D: injection day; Necrosis: leucocyte
necrosis; Apoptosis: leucocyte apoptosis; Lympho.: lymphocyte percentage; LMI: lysosomal
membrane integrity; Pg.: phagocytic capacity; ROS b.: ROS basal level; ROS a.: ROS



activated level; SI. stimulation index of respiratory burst; GSH: total glutathione; Gr:
glutathione reductase; GPx: glutathione peroxidase; GST: glutathione-S-tranferase; CAT:
catalase; SOD: superoxide dismutase; TBARS: thiobarbituric acid reactive susbtances; FU:

fluorescence units.

Annex 2: Temperature (°C) inside cages according to ponds and to experiment date.
Temperature was recorded each hour using probes.

Annex 3: Transmission electron microscopy observations of leucocyte phagocytosis from
stickleback spleen. Black circles represent fluorescent microbeads ingested. A, B and C:
granulocytes; D: lymphocyte.
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Figure 3:
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Annex 1:

Sampling Injection Necrosis (%) Apoptosis (%) Lympho. (%) LMI (FU) Pg (%) ROS b. (FU) ROS a. (FU) Sl
time conditions Mean + SD Mean + SD Mean + SD Mean * SD Mean * SD Mean * SD Mean + SD Mean + SD
Anaesthesia control 2.45 + 0.82 6.46 + 1.67 80.63 + 5.10 177.26 + 42.43 16.14 + 7.44 373 + 1.40 2.38 + 0.72 0.66 + 0.17
Injection control 3.24 + 1.40 6.58 + 2.12 84.43 + 3.85 155.04 + 32.16 9.39 + 4.06 444 + 1.14 3.97 + 2.58 0.84 + 0.32
D41 PBS 211 + 073 b 598 + 165 ¢ 8436 + 413 ab 19859 * 4564 a 1150 + 587 b 394 + 266 b 844 + 419 a 225 + 0.67 a
LPS (3 mg/kg) 238 + 057 b 711 + 181 bc 8465 + 298 a 16685 * 2397 b 1272 = 177 a 471 + 414 ab 8;17 + 391 a 196 + 071 a
LPS (6 mg/kg) 330 + 0.84 a 10.14 + 195 a 8180 + 3.64 ab 138.14 * 65.64 b 11.75 + 2.06 ab 388 + 183 b 879 + 262 a 238 + 083 a
e LPS(OMYKY) 340 + 134 a 821 % 174 b 8102 % 436 b 21560 * 3557 a 1395 + 290 a 868 + 452 a 86l * 147 a 151 * 114 a
PBS 289 + 071 f 6.18 + 125 f 8438 + 349 e 17325 + 1318 f 756 + 281 g 428 + 157 e 537 + 323 g 118 + 032 g
D42 LPS (3 mg/kg) 286 + 059 f 6.43 + 213 f 8396 + 3.86 e 160.02 * 1595 fg 1467 + 274 f 442 + 116 e 8.19 + 178 ef 192 + 041 f
LPS (6 mg/kg) 403 + 1.18 e 9.05 + 259 e 7713 + 347 f 14425 + 17.80 g 1494 + 239 ef 380 + 151 e 796 + 090 fg 243 + 045 e
oo EPSO MOk 314 + 072 ef 731 % 110  ef 8232 + 261 e 19779 # 3371 e  16.55 £ 275 e ! 598 + 331 e 1144 £ 306 e 223 * 087  ef
PBS 266 + 048 i 763 + 0.84 i 85.09 + 3.44 i 157.99 + 20.52 j 439 £ 1.05 i 348 + 122 079 + 0.18 k
D44 LPS (3 mg/kg) 342 + 1.08 i 6.98 + 1.26 ij 8232 + 465 i 157.38 + 27.23 j 378 + 116 ij 490 + 254 ij 124 + 033 j
LPS (6 mg/kg) 321 £ 134 i 9.29 * 3.60 i 7990 * 8.24 i 14179 + 38.26 j 327 + 092 411 £ 237 118 + 041
e LPSO MO 286 + 068 i 663 * 095 j 8498 * 337 i 20552 %3013 i 312 %088 j 628 x 353 i 209 % 079 i _
PBS 232 + 0.65 n 6.81 + 1.81 n 87.35 + 254 m 183.08 * 30.24 m 10.00 + 568 m 456 + 094 m 287 + 047 m 063 + 0.08 o
D+8 LPS (3 mg/kg) 306 £+ 071 m 826 + 1.09 m 85,53 + 2,66 n 201.16 * 50.52 m 930 + 529 m 351 + 044 n 302 £ 048 m 085 + 0.05 n
LPS (9 mg/kg) 297 + 067 m 854 + 137 m 8430 + 508 n 19181 * 3492 m 941 + 378 m 274 + 015 o 270 + 012 m 098 + 005 m
Sampling Injection GSH (umol/g tot prot) Gr (U/g tot prot) GPx (U/g tot prot) GST (U/g tot prot)  CAT (103 xU/g tot prot) SOD (U/g tot prot) TBARS (FU)
time conditions Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
Anaesthesia control  19.58 + 7.81 10.61 + 8.91 88.06 + 103.36 908.10 + 440.23 713.96 + 477.61 821.23 + 518.26 15463 + 7,183
Injection control 16.28 + 3.49 8.88 + 5.47 134.63 + 104.96 631.75 + 183.30 818.55 + 290.48 475.95 + 181.79 13,604 + 7,289
D41 PBS 1270 + 6.82 a 10.22 + 357 a 15752 + 13830 a 67569 + 268.74 a  817.07 + 297.39 a  369.28 + 296.89 a 11,874 * 4,080 a
LPS (3 mg/kg) 1167 + 3.66 a 898 + 399 a 96.53 + 8557 a 61438 + 236.68 a 667.73 + 376.36 a 349.96 * 232.96 a 9,414 + 3,136 a
LPS (6 mg/kg) 951 + 288 ab 737 + 399 a 99.11 + 67.89 a 561.07 + 183.03 a 766.72 + 30531 a 631.79 + 34642 a 9,205 + 4,113 a
LPSOmgky) 688 * 303 b 721 * 433 a 5849 * 4225 a 51549 * 11679 a 73419 * 26039 a  570.79 * 26033 a 10014 * 3896 a _
PBS 12.80 + 582 e 9.27 + 534 e 12631 + 86.39 e 57270 * 299.80 e 966.89 * 463.79 e  346.13 + 266.37 ef 11470 * 5481 e
D42 LPS (3 mg/kg) 10.62 + 3.26 e 6.89 + 265 e 90.30 + 65.46 e 527.06 * 180.55 e 560.69 * 266.35 f 302.75 + 25753 f 10,654 + 4,529 e
LPS (6 mg/kg) 1330 + 8.26 e 8.05 + 3.06 e 90.59 + 5587 e 63057 + 30237 e 979.10 * 276.06 e 674.62 * 406.05 e 9,607 + 2,369 e
LPS (9 mg/kg) 957 + 394 e 784 + 501 e 10583 + 126.63 e 46859 * 262.98 e 903.23 + 54515 ef 446.82 * 387.24 ef 9,958 + 3,695 e
PBS 13.81 + 564 i 729 £ 321 i 12385 + 68.21 ij 722.39 + 315.46 ij 1287.13 + 313.91 i 651.21 + 41559 i 11,331 + 5,094 i
D4 LPS (3 mg/kg) 1245 + 598 i 7.03 + 476 i 61.39 + 7875 j 659.93 + 337.96 ij 717.75 + 563.96 j 619.05 + 480.00 i 11,626 + 4,346 i
LPS (6 mg/kg) 1332 + 426 i 9.98 + 3.28 i 16757 + 82.61 i 857.75 + 391.79 i 1198.10 + 440.79 i 790.62 + 765.66 i 10,076 + 3,153 i
LPS (9 mg/kg) 6.12 + 3.83 j 798 + 499 i 110.01 + 1445 ij 456.99 * 250.96 j 693.07 + 409.41 j 454.24 + 326.78 i 8,671 + 3,304 i
PBS 1286 + 556 m 869 + 478 m 11348 + 7485 m 583.60 + 22758 m 908.34 + 47481 m 623.63 + 339.33 m 10,900 * 3,487 m
D+8 LPS (3 mg/kg) 9.45 + 4.07 mn 6.87 + 347 m 11265 + 104.43 mn 516.39 + 21749 m 797.52 + 43874 m 380.58 + 186.13 mn 8,515 * 1675 m
LPS (9 mg/kg) 6.79 + 3.76 n 342 + 172 n 4171 + 37.14 n  429.67 * 21050 m 663.26 * 34547 m 220.00 * 13577 n 8,883 + 3,082 m
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Table 1:

Pontabrier M alessard Jonchére Saint-Maurice
. T min (°C) 1048 =+ 153 b 1077 = 138 b 1222 £+ 178 a
% T max (°C) 1222 = 197 b 1268 = 214 b 1431 £+ 220 a
g A dn (°C) 175 + 0.90 a 191 + 1.23 a 204 + 1.02 a
;; pH 6.84 + 0.80 705 £ 0.22 734 £ 0.16
2 C (uSlcm) 18.00 + 1.41 8.00 + 141 1350 + 0.71
- DO (mglL) 13.14 12.95 11.79
""""""" UMy 3814 + 410 a 020 + 002 b 000 £ 000 b
_ 5 Al (uglL) 8372 + 10.07 a 57.86 + 553 b 1965 + 3.88 c
é% Fe (ug/L) 316.38 *= 56.50 a 199.96 + 36.79 a 249.76 £ 64.05 a
£ Ba (ug/L) 35.06 + 2250 a 22.83 + 19.09 a 2277 + 17.16 a
° Mn (ug/L) 46.37 + 2.60 a 2852 + 0.39 b 21.20 + 5.20 c
Mg (mg/L) 0.92 + 0.08 040 + 0.02 1.01 + 0.04
2 Ca (mglL) 445 + 047 1.87 + 021 2.84 + 0.04
8 Na (mg/L) 542 + 0.8 321 + 0.12 402 + 0.09
g K (mg/L) 1.18 + 0.06 0.70 + 0.08 154 + 0.01
§ Cl (mg/L) 7.06 + 0.02 440 + 0.10 597 + 0.22
= NO3 (mglL) 1.82 + 0.12 1.33 + 0.16 3.00 + 0.22
% S04 (mglL) 7.30 + 047 213 + 0.8 231 + 008
E_: C inorg (mg/L) 213 + 0.26 1.13 + 0.03 224 + 0.35
C org (mg/L) 339 + 020 1.83 + 0.12 212 + 0.08

Bromides, nitrites, phosphates, cyanobacteria,
VOCs, PCBs, PAHSs, and 6 pesticides (Triazine, < DL
AMPA, 2.4D, Diuron, Triclopyr and Glyphosate)

Other analyses




Table 2 :

PBS LPS
110 o =T £ T b
Pontabrier Malessard Joncheére Saint-Maurice Pontabrier Malessard Joncheére Saint-Maurice
. . 0.83 + 0.02 b 0.97 + 0.03 a 0.89 + 0.02 0.83 = 0.02 b 0.92 + 0.01 a 0.91 + 0.03 a
Biometric data
HSI 4.25 £ 0.19 a 414 + 0.25 a 3.96 + 0.23 448 £ 0.25 a 451 £ 0.16 a 3.99 + 0.28 a
Necrosis (%) 4.86 + 0.60 b 6.64 + 0.58 a 7.98 + 0.84 599 + 0.49 b 7.16 + 0.43 b 9.58 + 0.75 a
Apoptosis (%) 9.89 + 0.84 a 13.02 + 1.22 a 8.20 + 0.96 : 13.08 + 0.76 a 15.13 + 1.28 a 12.62 + 0.74 a
Lympho (%) 86.21 + 1.36 a 86.37 + 1.09 a 85.10 + 1.07 a 85.39 + 091 a 83.74 + 0.85 a 82.69 + 0.80 a
~ LMI(FU) 176.40 + 551 b 238.80 *+ 7.77 a 150.75 + 5.31 c : 179.07 £ 4.50 b 247.44 + 571 a 148.29 * 6.65 c
Immune capacities H
Pg (%) 7.43 + 0.20 a 7.97 + 0.40 a 7.86 + 0.30 a:: 7.95 = 0.17 b 7.97 + 0.23 b 9.40 + 0.19 a
ROSb. (FU) 483 + 0.28 a 3.33 + 0.15 b 2.67 + 0.26 b 4.28 + 047 a 3.34 + 047 ab 2.86 + 0.32 b
ROSa. (FU) 3.46 + 0.20 a 4.34 + 0.40 a 3.74 + 042 : 3.88 + 0.38 a 560 + 1.44 a 4.00 £ 0.43 a
Sl 0.73 + 0.04 b 1.29 + 0.06 a 1.39 + 0.08 0.98 + 0.08 b 153 + 0.10 a 141 + 0.05 a
Gr (U/g prot) 2.25 = 0.51 ab 2.88 = 0.21 a 1.86 + 0.23 P 2.16 £+ 0.45 a 2.39 £+ 0.20 a 1.45 + 0.34 a
GPx (U/g prot) 63.33 + 14.36 a 62.55 + 13.82 a 32.06 + 11.86 a 57.60 + 11.00 a 85.94 17.13 a 23.73 + 6.03 a
GSH (pmol/g prot) 16.71 + 0.99 a 15.26 + 0.88 a 10.75 + 0.76 b 14.05 + 0.71 a 11.29 + 0.80 b 10.79 + 0.83 b
Oxidative stress ~ GST (U/g prot) 2,384.95 + 131.77 a 2,073.16 + 90.21 ab  1,840.88 + 99.22 b 1,909.69 + 91.43 a 1,785.13 + 82.39 a 1,510.43 + 72.40 b
CAT (U/g prot) 553,340.63 + 19,3783.60 a 276,864.24 * 64,217.19 a 431,742.28 + 78,553.05 a 5691,091.49 + 120714.39 a 315,094.70 + 98235.02 b 222,348.64 * 59622.70 b
SOD (U/g prot) 1,168.35 + 83.02 a 1,041.26 + 70.54 ab 845.49 + 123.74 b 1,104.94 + 68.45 a 1,016.54 + 81.71 a 723.22 + 48.87 b
TBARS (FU) 20,269.97 + 939.24 a 9,994.83 + 696.19 b 9,589.20 + 505.26 bii 12,708.63 + 966.25 a 9,399.23 + 571.78 b 11,481.77 + 684.64 ab

DNA damage DNA (%) 10.09 + 1.61 b 10.98 + 1.99 ab 1576 + 1.83 a 1182 + 1.21 b 21.04 + 473 ab 25.96 + 5.23 a




Table 3 :

Two-way ANOVA (p -value)

Biomarkers
Pond Injection Pond x Injection
K *
Biometric data
HSI
""""""""""""""""""" Necrosis %% e
Apoptosis *%
Lympho
. LMI Hkk
Immune capacities - rx - .
ROSb. *kk
ROS a.
Sl *kk
Gr * °
GPx
GSH * °
Oxidative stress GST * *
CAT *k °
SOD *%
TBARS *x ° Hkk

DNA damage DNA *




Table 4 :

Effects of LPS | | Significant effeclt (S) or not (NS) e
onbiomarker ' Laboratory @ Pontabrier @ Malessard .
| | | | Maurice
| | | |
Pg 7 S 1) @ 7 S
| | | |
ROSa. | A s 2 Ns !z2 NS 2 NS
S O IS SO (SN S
S | A S 12 NS A NS | ¢
GSH i N S N NS N NS ¢
| | | |
GST SN S SN S N NS '\ NS

CAT I\ s 2 NS | @ N NS
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