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Abstract

The aim of this study was to evaluate the effects of caging constraints on multiple fish biomarkers used during
ecotoxicological studies (biometric data, immune and antioxidant systems, and energetic status). Two of these
constraints were linked to caging: starvation and fish density in cages, and one in relation to the post-caging
handling: a short transport. Three in situ experiments were conducted with three-spined sticklebacks
(Gasterosteus aculeatus). The first experiment compared the effects of three densities (low, medium, and high).
The second experiment compared effects of starvation in fish fed every two days with fish that were not fed.
Finally comparisons between sticklebacks which have suffered a short car transport after caging and sticklebacks
sacrificed without preliminary transport were made. The lack of food had no effect on fish energetic reserves but
negatively affected their condition index and their immune system. Transport and high density induced oxidative
stress, defined as an overproduction of reactive oxygen species and a stimulation of the antioxidant system.
These two constraints also harmed the leucocyte viability. In order not to have any impact on ecotoxicity
biomarkers during in situ experiments, it is preferable to decrease fish density in cages, prevent transport before

dissections and feed fish when the caging lasts more than two weeks.

Headings

- The effects of 20 minutes of car transport, three fish densities during caging and 14 days of starvation
were evaluated on ecotoxicity markers in the three-spined stickleback.
- Transport induced an oxidative stress, while the highest density and starvation constraints modified the

immune capacities of sticklebacks.
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1. Introduction

Awareness of diverse and numerous anthropogenic environmental contaminants have prompted an evaluation
and monitoring of ecosystem quality, including aquatic habitats. These assessments require the chemical
determination of pollutants, but also the determination of their effects on aquatic flora and fauna. Tools have
been developed to observe and measure biochemical, physiological, histological, morphological and behavioural
changes after exposure to pollutants (Lagadic et al. 1997a). These measurable changes are commonly called
biomarkers. The analysis of a single biomarker is not sufficient to appreciate the overall pollution or its effects
on the health of organisms. In addition, some biomarkers only react with a specific contamination, and studies
focusing only on one or two biomarkers can miss some effects. Evaluation of pollution effects on several
biological functions and responses facilitates the observation and understanding of damage caused by this
pollution and thus a multi-biomarker approach is increasingly used in environmental studies (Lagadic et al.
1997b; Hinck et al. 2008; Sanchez et al. 2008a; Gagnaire et al. 2015).

In the context of environmental risk assessment (ERA), in situ experiments can involve complex interactions
often impossible to reproduce in the laboratory (Pereira et al. 2006). One possible solution is to sample and
analyse organisms already present on the polluted site. However, most environmental studies involve sentinel
species and these species can be absent on the studied sites. Moreover, even if the sentinel species is present, the
number of individuals required and the stress of capture can be limiting factors (Frisch and Anderson 2000;
Campbell et al. 2009). To avoid these problems, caging can allow work under semi-controlled conditions in
aquatic habitats while keeping the natural environmental complexity. Caging presents many advantages (Oikari
2006) including the selection of well characterised homogenous organisms (number, age, size, weight, sex), and
the control of exposure (location, time, season). Caging allows, under certain limitations, the use of sentinel
species not naturally present in the studied environment. Caging also limits predation stress and greatly
facilitates sampling. Therefore caging is increasingly used in ecotoxicological studies, particularly with a
multiple contamination (Cazenave et al. 2014; Scarcia et al. 2014; Gagnaire et al. 2015).

However, caging also presents disadvantages that may impact analysed responses during in situ experiments
(Oikari 2006). The stress due to caging has been assessed many times via responses such as catecholamines,
glucocorticoids, and the levels of glucose or lactate (Pickering et al. 1991; Brydges et al. 2009), but few studies
have focused on the possible modulations of biomarkers commonly used in ecotoxicological studies following
caging. Biases caused from caging can hide the results by decreasing the statistical power of the experiment, and
can be more apparent than the effects of the pollutants. Trevisan et al. (2013) have observed that the confinement
of Nile tilapia, Oreochromis niloticus, induced stress which resulted in higher effects on some biomarkers than
those induced by a polymetallic contamination. Our study presents an original approach by assessing effects due
to 14 days of caging on biomarkers popularly used during ecotoxicological studies. Consequently, effects of two
constraints linked to caging (starvation, fish density) and another due to handling post-caging (20 min of
transport) were investigated using a multi-biomarker approach. The biomarkers analysed were related to

physiology, defense capabilities, such as the antioxidant and immune systems, and also to energetic reserves. In



situ experiments were conducted with three-spined stickleback (Gasterosteus aculeatus), a fish species with
useful features for in situ experiments. Sticklebacks are robust fish (Pottinger et al. 2002) and because of their
small size, handling and caging are facilitated. The use of sticklebacks as a sentinel species for ecotoxicological

studies has been noted repeatedly (Pottinger et al. 2002; Sanchez et al. 2007; Knag and Taugbgl 2013).

2. Material and methods

2.1. Caging characteristics

The cylindrical cages used in this study were 460 mm heigh with a radius of 125 mm (volume = 22.58 L). In
order to sacrifice fewer sticklebacks while maintaining the desired density, cages could be divided in two by
adding a wall. The cage mesh was 3.5 mm x 3.5 mm, which allowed water and particle flows and prevented fish
from escaping. Cages were placed directly on the sediment at a water depth of 50 cm. Before being caged, fish
were acclimated in the laboratory to physical and chemical conditions of each study site for two weeks
(temperature, pH, conductivity). For each experiment, one year old three-spined sticklebacks from INERIS
animal husbandry were used from the same initial fish group to limit individual variations. Fish were transported
by car from INERIS to each caging site in several closed buckets containing water from their acclimation phase
and previously super-oxygenated.

Conductivity and pH of water for each experiment were assessed a first time when the caging started, and a
second time when the experiment was over. Temperature was recorded each hour using a probe hooked to the
cage (HOBO Pendant Temperature Data Logger, Onset, Bourne, MA, USA).

2.2. Caging experiments

Constraints tested in this study were: i) fish density in cages (2.31 kg/m® and 3.54 kg/m?®), ii) starvation and iii)
20 minutes of transport before dissections. Each caging condition was compared to one different reference
condition. For fish density in cages, the reference condition was a density of 1.08 kg/m?®, and this density was
chosen in accordance with OECD guidelines (OECD 2000). Potential effect of 14 days starvation was assessed
by comparing fish starved with fish fed every two days. Then, transportation effects were compared to fish
sacrificed without transport. The transport and density experiments were conducted in a pond in the Haute-
Vienne department (France), in April 2014 and October 2014 respectively, while the starvation experiment was
carried out in November 2013 in a stream located in the Oise department (France). Characteristics of each

experiment and water physical and chemical parameters are reported in the figure 1.

Forty-five sticklebacks (1.76 + 0.28 g; 5.83 + 0.29 cm; female/male sex ratio of 1.25) were used for the density
experiment and were distributed in three cages divided in two parts: seven sticklebacks in a cage (density of 1.08
kg/m?®), 15 sticklebacks in another cage (density of 2.31 kg/mq) and 23 sticklebacks (density of 3.54 kg/mq) in a
third. During this experiment, sticklebacks were not fed. Fourteen days after caging, sticklebacks were sacrificed

by cervical dislocation directly on the field, without transport before dissection.



Sixty sticklebacks (1.88 + 0.41 g; 5.84 + 0.44 cm; female/male sex ratio of 1.31) distributed in two cages (30 fish
per cage without walls; density: 2.31 kg/m®) were used to highlight the possible effect of starvation on
ecotoxicity biomarkers. Fish from one cage were fed every two days with bloodworms (ratio of food/fish of 6%
w/w every two days, Ocean Nutrition Europe, Essen, Belgium), while sticklebacks from the other cage were not
fed. Fourteen days after caging, sticklebacks were sacrificed by cervical dislocation directly on the field, without

transport before dissection.

In order to determine the effect of a short transport on stickleback responses, thirty sticklebacks (1.35 + 0.16 g;
5.41 = 0.20 cm; female/male sex ratio of 1.14) distributed in two cages divided in two parts (15 fish per cage;
2.31 kg/m®) were used. During this experiment, sticklebacks were not fed. Fourteen days after caging, 15
sticklebacks were removed from their cage and immediately sacrificed by cervical dislocation, while the other 15
fish from the other cage were directly placed into closed buckets, transported by car for 20 minutes and then
were sacrificed. During this short transport, the buckets contained the water of the pond in which fish were

caged, and the same stickleback distribution and density were kept.

For each experiment, stickleback size, total and liver weights were recorded to calculate physiological indices,
and the spleen was recovered for the immune system analyses. The splenic leucocyte isolation was performed
following previous described method (Bado-Nilles et al. 2014b). In the field, spleens were pressed through
sterilized nylon mesh (40 um, Becton Dickinson, NJ, USA) with Leibovitz 15 medium (L15, Sigma, St. Louis,
MO, USA) modified with heparin lithium (10 U/mL, Sigma), penicillin (500 U/mL, Sigma), and streptomycin
(500 pg/mL, Sigma). The leucocyte suspension obtained was stored at 4 °C for 18 hours prior to analysis.
During the density and transport experiments, the liver was recovered for the antioxidant system analyses, while
during the starvation experiment the entire liver was used to assess energetic reserves (total lipids, glycogen, free
sugars). In the field, livers were extracted, weighed, and placed in 400 uL of potassium phosphate buffer (100
mM, pH 7.4) modified with glycerol (20 %, Sigma) and phenylmethylsulfonyl fluoride (PMSF, 2 uM, Sigma) in
order to inhibit proteolysis. These livers were then frozen in liquid nitrogen and stored in freezer at -80 °C until
oxidative stress analyses. Otherwise, livers used for energetic reserves were immediately removed from fish,

weighed and frozen without buffer. They also were kept at -80°C until analyses.

2.3. Biological parameters
2.3.1. Biometric data

Fulton’s K condition index (K) 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

Leucocyte necrosis, apoptosis, percentage of lymphocyte among leucocytes, lysosomal membrane integrity

(LMI), respiratory burst, and phagocytic capacity were analysed following protocols previously described



(Bado-Nilles et al. 2013; Bado-Nilles et al. 2014a; Gagnaire et al. 2015). Respiratory burst is described by three
parameters: ROS basal level, corresponding to ROS production by unstimulated cells; ROS activated,
corresponding to ROS production in cells stimulated by phorbol 12-myristate 13-acetate (PMA, 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 of density and transport experiment
were recovered using a Guava®EasyCyteTM 8HT flow cytometer (Merck Millipore, Billerica, MA, USA) and
analysed using Guavasoft 2.7 software, while analyses of starvation experiment were carried out using a Cyan
ADP flow cytometer (Beckman Coulter, Fullerton, CA, USA) with Summit 4.3 software.

2.3.3.  Oxidative stress

Protein concentration was assessed using Bradford (1976) method with bovine serum albumin (Sigma for the
two 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 for stickleback by Sanchez et al.
(2005) and Sanchez et al. (2007). Except for TBARS and GSH (mol/g of total protein), all results were

calculated in U/g of total protein.

2.3.4. Energetic reserves

Energetic reserves were assessed only in the starvation experiment. The entire stickleback liver was required for
these analyses; therefore the assessment of the oxidative status of the unfed sticklebacks could not be performed.
Lipid and glycogen assays were performed according to Frings et al. (1972) and Carr and Neff (1984) protocols,
respectively. According to the calibration curve (glucose, from 0 to 0.6mg/mL in ultrapure water, Sigma for
glycogen and free sugar assays; triolein, from 0 to 5mg/mL in the chloroform / methanol mix, Sigma for lipid
assay), and to the volume of glycogen and free sugar homogenates, glycogen and free sugar reserves were
expressed in percentage relative to the liver weight. Lipid measurements were adapted to fish and to microplate
by Péry et al. (2014).

2.4. Statistical analyses

Results of the density, starvation and transport experiments were expressed as the ratio to fish without stress
(caged with the lowest density, fish that were fed every two days, and fish that were not transported before being
sacrificed, respectively). These ratios were made by dividing individual values of stressed fish over the mean
results obtained without stress. Statistics were produced from all the values (including variability of control

groups), not from the ratios. Numeric results are inscribed in the table in Table 1.



R software (3.1.1 version) was used for all statistical analyses. The number of replicates depends on the
experiment (N = 7, 14 or 22 for density experiment; N = 30 for food experiment; N = 15 for transport
experiment).

Concerning the density experiment, a one-way analysis of variance (ANOVA) was performed. Normality and
homogeneity of variances of ANOVA residuals were assessed by the Shapiro-Wilk and Levene tests,
respectively (a = 5 %). 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 (a
=5 %).

Concerning the transport and starvation experiments, normality and homogeneity of variances were tested using
the Shapiro-Wilk and Fisher tests, respectively (a = 5 %). If normality and homoscedasticity were respected, the
Student test was performed, otherwise, Student test was replaced by the Wilcoxon test (a = 5 %). Males and

females were grouped as there was no sex effect on biomarkers analysed.

3. Results

3.1. Water Physical and chemical parameters

The minimum and maximum pH and conductivity, as well as the mean temperature for each experiment are

included in figure 1. These parameters varied according to period and exposure.

3.2. Individual mortality

Two sticklebacks died during the density experiment (one in the medium density and one in the highest density
cage). No deaths occurred during the other two experiments. Moreover, no external sign of stress (skin
coloration, injuries), as well as no behavioural alteration were observed after caging (abnormal reaction when out

of water, no swimming).

3.3. Fish density in cage

High individual variations were seen among conditions, and no significant difference for all biometric data was
observed between sticklebacks caged with the lowest, the medium or the highest densities (Table 1; Figure 2).
The highest density caused higher LMI in fish spleen compared to sticklebacks caged with the lowest density (p
= 3.04 x 10?) (Table 1; Figure 3). ROS basal level tended to increase with density but not significantly, while
ROS activated level was significantly enhanced by the highest density compared to the medium and the lowest
densities (p = 4.55 x 102 compared with the medium density and p = 1.38 x 10~ with the lowest density) (Table
1; Figure 3). No effect of a low or a high density was observed on phagocytic capacity, on lymphocyte
percentage, on antioxidant system or on lipid peroxidation (Gr activity could not be assessed for density
conditions) (Table 1; Figure 4). It should be noted a non-significant increase in apoptosis between the lowest and
highest density (p = 9.45 x 10?). This increase became significant between the intermediate density and the
highest (p = 4.75 x 10?) (Table 1; Figure 3).



3.4. Starvation

Starvation was the only constraint which caused a decrease of K (p = 4.25 x 10?) (Table 1; Figure 2).
Concerning immune system, fish which were starved had higher leucocyte necrosis and apoptosis than fish fed
every two days (p = 4.06 x 102 and p = 1.14 x 107, respectively) (Table 1; Figure 3). Correlatively, LMI was
reduced when sticklebacks received no supplementary food (p = 7.13 x 10), while ROS basal level strongly
increased during fasting (p = 6.42 x 10%). This rise was reflected in a decrease in the stimulation index of
respiratory burst (p = 2. 23 x 10%) (Table 1; Figure 3). Phagocytic capacity also was reduced in fish unfed (p =
6.65 x 10%). No significant difference was observed on energetic reserves between sticklebacks fed or

sticklebacks without supplementary food (Table 1).

3.5. Short transport before dissection

Transport had no effect on biometric data (Table 1; Figure 2). However, transport decreased significantly
leucocyte apoptosis (p = 6.30 x 107%), and strongly increased the ROS basal level (p = 6.24 x 10%) (Table 1;
Figure 3). The result on stimulation index was a significant decrease caused by transport (p = 3.01 x 10%).
Despite high individual variations, 20 minutes of transport induced increases of all antioxidant biomarkers and
lipid peroxidation, and four of these increases were significant (p = 6.16 x 10 for GSH; p = 1.18 x 107 for
GST; p=3.62 x 102 for SOD; p = 4.56 x 10 for TBARS) (Table 1; Figure 4).

4. Discussion

4.1. Experimental design

Fourteen days between transport from INERIS to study sites and dissection were respected in order to no assess
the potential manipulation and transport stress. Indeed, studies have demonstrated that two weeks of latency after
handling and transport were sufficient to overcome this stress (Pickering et al. 1982; Mdck and Peters 1990;
Acerete et al. 2004). In addition, 14 days is a common sampling time during ecotoxicological studies with caging
(Haasch et al. 1993; Fenet et al. 1998; Gagnaire et al. 2015).

The three in situ experiments were conducted in different periods and localisations, thus resulting in different
water parameters (temperature, pH, conductivity, Figure 1). These differences did not allow comparisons of
results between experiments, and explained the differences of basal levels of biomarkers recorded between
experiments (Table 1). Seasonal variability of fish biomarkers has already been reported in several studies (De
Andrade et al. 2004; Sanchez et al. 2008b; Oliva et al. 2012; Bado-Nilles et al. 2015).

Nonetheless, within each experiment, sticklebacks were subject to the same environmental conditions.
Moreover, fish were acclimated in the laboratory to these environmental parameters according to study site and
caging period. The only difference applied to fish within an experiment was the caging characteristic tested (fish
density, transport before dissection and starvation). Among each experiment, sticklebacks were originated from

the same animal husbandry and were the same age, decreasing individual variations.



For all these reasons, comparison of results between the different caging conditions for a given experiment can
be performed.

4.2. Effects of density on fish biomarkers

For in situ experiment requiring caging, it is preferable to decrease stress by transporting fish in containers that
are similar to those in which they will be experimentally caged (Oikari 2006), and also to decrease fish density in
cages and use multiply cages for statistics. But sometimes, field experiments induces limits, like the number of
fish or transportable cages that can be used. Moreover, the European Directive 2010/63 EU requires, among
other things, a reduction in the number of animals used for scientific purposes. Densities used until now can be
modified to be consistent with this directive and the results previously obtained may be varied.

Many studies evidenced induction of stress biomarkers (cortisol and lactate) with confinement and high density
(Pickering et al. 1991; Vazzana et al. 2002; Urbinati et al. 2004). Our results showed that the more fish density
increased, the more the biomarkers were modified. After 14 days of caging, condition index tended to decrease
for fish caged with the highest density compared to fish caged with the lowest density. Nevertheless, this
difference was not significant. Some studies reported decreases of condition index due to high density
confinement, but with a longer period of this stress. Pickering et al. (1991) highlighted a decrease of the
condition index, when rainbow trout, Oncorhynchus mykiss, were submitted to at least five months of chronic
crowding. Andrade et al. (2015) highlighted the same effect on the Senegalese sole, Solea senegalensis, after 60
days at high density. It could be that if the caging time of our study was more important, the condition index of
fish caged with the highest density would significantly decrease. Kiron (2012) reported that fish density, as
transport, is stressful for fish and can be immunosuppressive. In our study, the increase of stickleback density in
cages had negative effects on their immune capacities. Leucocyte necrosis and apoptosis tended to be higher, but
not significantly, in fish caged with the highest density compared to the other two densities (leucocyte apoptosis
was nonetheless significantly higher in sticklebacks caged with the highest density compared to the medium
density). LMI was greater with the highest fish density. The LMI decrease is linked to leucocyte necrosis and
apoptosis, as well as to an increase of ROS production (Hultin 1995; Pompéia et al. 2000; Bado-Nilles et al.
2013). However, in our study, leucocyte apoptosis and ROS basal level increased with density. This increase of
LMI level was not logical according to the other immune responses. It is possible that the increase of the
fluorescence was not due to greater lysosomal membrane integrity, but rather due to a higher number of
lysosomes. This hypothesis is supported by the fact that the differences in red fluorescence used for LMI
between conditions were not observed with the green fluorescence (data not shown), and by a higher ROS
production in fish caged with the highest density, often accompanied by enzymes released by the lysosome.
Ruane et al. (1999) observed a decrease of leucocyte number in rainbow trout and brown trout, Salmo trutta,
with a confinement stress. In our study, no difference of lymphocyte percentage was seen. The increase of fish
density in cages also increased respiratory burst. ROS production (ROS activated levels) was higher with the
highest density compared to the other two densities. ROS production can be influenced by many variables
including crowding (Andrade et al. 2015). This can be due to energetic demands imposed by crowding
(Trenzado et al. 2009). Other studies showed that immune capacities can be affected after confinement stress.

Twenty-three hours after confinement stress, oxygen radical production of brown trout increased (Ruane et al.



1999). A high fish density can suppress immune capacities (respiratory burst and phagocytosis) (Vazzana et al.
2002). The increase in ROS production can create an oxidative stress, and therefore can induce the establishment
of the antioxidant system. Nevertheless, in our study, fish density did not impact antioxidant system or induce
lipid peroxidation, unlike in other studies. Trevisan et al. (2013) showed that high fish density altered parts of the
antioxidant system (GSH and GST) of Nile tilapia, and these effects were higher than effects of a polymetallic
contamination. Correlatively, Andrade et al. (2015) reported lower SOD, GPx, Gr activities and higher lipid
peroxidation when Senegalese sole were kept 60 days at high density compared to low density. Although 14
days of caging is a short duration, Trevisan et al. (2013) observed these effects after 7 days of caging. Our
differences in results with other studies may be due to the species. Indeed, responses to confinement and density
stress depended to the species caged (Ruane et al. 1999; Caruso et al. 2005), and the developmental stage
studied. Some of these studies focused on juvenile fish (Ruane et al. 1999; Andrade et al. 2015), while our study
was used adults. Moreover, it is important to differentiate fish density in tanks at the laboratory or aquaculture
(Ruane et al. 1999; Vazzana et al. 2002; Andrade et al. 2015) and caging in the field (Trevisan et al. 2013).
Indeed, water volume inside tanks is limited and not constantly renewed compared to in situ caging.

In our study, the highest density induced stress on sticklebacks, particularly on immunity. No significant
difference was observed between biomarkers from sticklebacks caged with the lowest density and those from
sticklebacks caged with the intermediate density. For further in situ experiments on adult sticklebacks, we
recommend the use of a low fish density in cages (1.08 or 2.31 kg/m®) in order to limit modulations of
ecotoxicity immunomarkers caused by a high density (3.54 kg/m®). It is also preferable to cage social fish, or

gregarious fish, and avoid breeding period, to eliminate competition and cannibalism between fish (Oikari 2006).

4.3. Effects of starvation on fish biomarkers

During an in situ experiment, the study site can be far from the laboratory and providing food daily to the caged
fish can be difficult. That is one reason why it is important to estimate the effect of starvation on fish during
caging procedure. The diet of the three-spined stickleback is made up of small invertebrates, such as worms,
insects or crustaceans, as well as larvae or plankton (Hynes 1950; Allen and Wootton 1984). The meshes of our
cage (3.5 x 3.5 mm) allowed the passage of these organisms. For fish caged in one cage, the food supply / fish
ratio (6% every two days) was estimated according to several studies (Allen and Wootton 1982; Triglidae 1998;
Richter et al. 2002; Pascual et al. 2003; Craig and Helfrich 2009; Bado-Nilles et al. 2014b). Sticklebacks without
supplementary food were not subject to a nutritional stress, proven by energetic reserves. Indeed, no significant
differences of free sugars, lipid and glycogen contents were observed between livers from fish which received no
supplementary food compared to livers from fed fish. These results can be explained by our short period of
fasting. Indeed, most studies working on the effects of fasting lasted from two to nine weeks and fish from these
studies did not have access to other potential food sources, unlike our sticklebacks, which can eat what passed
through the mesh (Blom et al. 2000; Regost et al. 2001; Caruso et al. 2011; Gimbo et al. 2015). One month of
starvation resulted in a decrease in lipid levels in the pacu, Piaractus mesopotamicus, but it was not enough to
cause a decrease in glycogen content in the liver of this fish (Gimbo et al. 2015). Despite a lack of significant
differences in energetic reserves, our unfed sticklebacks had a lower K than fish fed every two days. A two week
starvation was enough to induce a decrease of the three-spined stickleback condition index (Pottinger et al.

2002). This decrease was observed in other studies, but with longer periods of starvation. For rainbow trout, a
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decrease of condition index was observed after two weeks of starvation and a weight loss after 6 or 7 weeks
(Sumpter et al. 1991; Blom et al. 2000). Regost et al. (2001) observed that a fat diet increased condition index of
brown trout and a starvation resulted in a decrease of this index after 12 weeks of starvation. In our study, no
difference concerning HSI was observed. Blom et al. (2000) found a decrease of rainbow trout HSI after 3 and 7
weeks of starvation. Similarly, HSI of brown trout decreased after 2 months of starvation (Regost et al. 2001).
Therefore, we hypothesize that two weeks of starvation is not enough to induce an effect on this index in three-
spined sticklebacks.

Among treatments tested in this study, the lack of food induced the most effects on fish immune system. Except
the lymphocyte percentage, starvation induced increases of leucocyte necrosis, apoptosis, and ROS basal level,
while LMI and phagocytic capacity were reduced with starvation. Lipids are important for leucocyte and
lysosomal membrane integrities. Lipids are constituents of membranes and are involved in the synthesis of
several immune protagonists (Lall 2000; Kiron 2012; Henry and Fountoulaki 2014). A change in lipid amounts
or nature can be detrimental for fish immunity (Lall 2000). The slight and not significant decrease of lipids
contents can affect cell membranes, and thus negatively affect leucocyte integrity (leucocyte necrosis, apoptosis
and LMI) shown in our study.

Immune cells need nutrients to activate their functions, including phagocytosis. Although fasting had no effect
on hepatic reserves, deficiencies of certain nutrients might explain the reduction of phagocytic capacity in unfed
sticklebacks. Lall (2000) highlighted the importance of lipids in phagocytic process. Some fatty acids are
essentials to keep membrane fluidity and therefore are essentials to the ingestion phase of phagocytosis (Lall
2000). Starvation was the only constraint tested in our study that had repercussions to the phagocytic capacity.
Therefore, this decrease of phagocytic capacity also can be due to the slight reduction in lipid contents. Another
hypothesis to explain this decrease of phagocytic capacity is that carbohydrates (glycogen and glucose), in
addition to their utility in energy production, are involved directly or indirectly in the regulation of immune
function (Secombes and Fletcher 1992; Waagh@ 1994). The slight and not significant decrease of glycogen
content may explain a decrease of phagocytic capacity. Several studies have pointed out that a lack or an excess
of carbohydrate (included glycogen and glucose) levels affect the fish physiology and immune system and their
resistance during a challenge against pathogens (Waagh@ 1994; Li et al. 2012). These immunosuppressive
effects of the lack of carbohydrate may be the cause of the decrease in phagocytic capacity observed in our study
in fish with no supplementary food.

Although stickleback phagocytic capacity was reduced by starvation, ROS basal level was enhanced by this
constraint. Martinez-Alvarez et al. (2005) also reported oxidative stress after starvation. Immune capacities are
energetically costly (Gimbo et al. 2015). However, two important energy sources are glycogen and glucose, and
the glycogen in fish liver can be used to release glucose after fasting (Hemre et al. 2002). Glycogen cost for
respiratory burst may explain the slight decrease of glycogen contents in our study. In other studies, immune
capacities were reduced with starvation, for example in the European seabass, Dicentrarchus labrax, or in the
pacu, which presented a lower respiratory burst after 30 or 31 days of starvation (Caruso et al. 2011; Gimbo et al.
2015).

Our study showed that stickleback starvation during caging can be conducted for two weeks without having
repercussions on energetic reserves. Nonetheless, some immunomarkers can react with starvation, thus it is

better to feed fish continuously over caging. The choice of species and diet is crucial before performing an in situ
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experiment involving caging. Similarly, if starvation is performed, it is necessary to choose a fish species with a
large diet (Oikari 2006).

4.4. Effects of a short transport on fish biomarkers

In order to facilitate dissections, it is sometimes necessary to transport fish at the dissection place or in the
laboratory. This transport is often short, but can create a stress. Few studies assessed stress of a short transport
(less than one hour). In a general manner, studies which assessed transport effects showed a stress on fish, by
quick increases of cortisol and blood glucose concentrations (Mdck and Peters 1990; Frisch and Anderson 2000;
Acerete et al. 2004; Urbinati et al. 2004; Tacchi et al. 2015). In our study, transport impacted the immune system
by increasing ROS basal level. Interestingly, 20 minutes of transport decreased leucocyte necrosis and apoptosis.
Transport can affect skin and mucus, the first barriers against pathogens (Tacchi et al. 2015). Twenty minutes of
transport induced a global increase of antioxidant system and lipid peroxidation. This increase was correlated
with the increase of ROS production. Antioxidant responses can be transient and be indicative of a stress
(Sanchez et al. 2005; Valavanidis et al. 2006). Transport effect can be reversible and be attenuated rapidly when
stopped (Mock and Peters 1990; Frisch and Anderson 2000; Urbinati et al. 2004). The significant effects on
some biomarkers faded between 4 to 72 hours after the end of the transport (Frisch and Anderson 2000; Urbinati
et al. 2004).

Transport stress was defined on sticklebacks by an oxidative stress (increase of ROS production and stimulation
of the antioxidant system). However, this stress may be transient because of the short duration of transport. It

would have been interesting to assess these biomarkers one hour after transport to confirm this hypothesis.

5. Conclusion

This study evaluated effects of two constraints linked to caging (fish density in cage and starvation) and one
linked to handling post-caging (a short transport) on ecotoxicity biomarkers of the three-spined stickleback.
Environmental studies using caged sticklebacks can be achieved with densities of 1.08 and 2.31 kg/m? without
having repercussions on biomarkers. Indeed, no significant difference was observed between the medium and the
lowest density. Only the highest density (3.54 kg/m®) induced stress resulting in increases in ROS production.
Fourteen days of starvation did not reduce energetic reserves contained in the stickleback livers. Nevertheless,
some modulations of immune capacities were observed during this experiment. Further studies should be
conducted to explain these immunomodulations after fasting for 14 days. A short transport between caging and
dissection induced oxidative stress in sticklebacks, evident by increases in ROS production and antioxidant
activities. Avoiding transport before dissection, caging system with the medium and the lowest densities and
without food supply is valid with stickleback for two weeks in a context of ERA. Having the same caging
conditions is the most important experimental design when using cages to study ERA. Improvements in this
caging system are nonetheless possible, as increasing the contact cage-sediment to improve food availability or

limiting transport before dissection.
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Figure and table legends

Table 1: Sticklebac responses (means = SEM) according to different caging experiments (biometric data,
immune and antioxidant systems, and energy reserves. Measurements of the immune system between the
density-starvation and transport experiments were not made with the same flow cytometer. Groups with the same
letter (a or b) are not significantly different (o0 < 0.05). A star or a point corresponds to a significant difference
between the two conditions during transport or starvation experiment, respectively. * Statistical difference for
0.01 < p < 0.05. ** Statistical difference for 0.001 < p < 0.01. *** Statistical difference for p < 0.001. K:
Fulton’s condition index; HSI: hepato-somatic index; Necrosis: leucocyte necrosis; Apoptosis: leucocyte
apoptosis; Lympho: Lymphocyte percentage among leucocytes; LMI: lysosomal membrane integrity; ROS b.:
ROS basal level; ROS a.: ROS activated level; SlI: Stimulation index of respiratory burst; Pg: phagocytic
capacity; GSH: total glutathione; GPx: glutathione peroxidase; Gr: glutathione reductase; GST: glutathione-S-
transferase; CAT: catalase; SOD: superoxide dismutase; TBARS: thiobarbituric acid reactive substances FU :

fluorescence units; W.W.: wet weight.

Figure 1: Characterization (location and physical and chemical parameters) of different caging experiments.

Figure 2: Biometric data according to caging conditions. Results are expressed as ratios of medium and high
densities relative to controls kept at a density of 1.08 kg/m3, as ratios of sticklebacks without food supply
relative to controls with food intake, and as ratios of sticklebacks with transport relative to those without
transport. Histograms represent means of ratios + SEM. MD: medium density (2.31 kg/m3); HD: high density
(3.54 kg/m3); S: starvation; T: with a short transport (20 minutes); K: Fulton’s condition index; HSI: hepato-

somatic index. * Statistical difference within an experiment for 0.01 <p < 0.05.

Figure 3: Immune capacities according to caging conditions. Results are expressed as ratios of medium and high
densities relative to controls kept at a density of 1.08 kg/m3, as ratios of sticklebacks without food supply
relative to controls with food intake, and as ratios of sticklebacks with transport relative to those without
transport. Histograms represent means of ratios + SEM. MD: medium density (2.31 kg/m3); HD: high density
(3.54 kg/m3); S: starvation; T: with a short transport (20 minutes); Necrosis: leucocyte necrosis; Apoptosis:
leucocyte apoptosis; Lympho: Lymphocyte percentage among leucocytes; LMI: lysosomal membrane integrity;
ROS b.: ROS basal level; ROS a.: ROS activated level; SI: Stimulation index of respiratory burst; Pg: phagocytic
capacity. * Statistical difference within an experiment for 0.01 < p < 0.05. ** Statistical difference within an

experiment for 0.001 <p < 0.01. *** Statistical difference within an experiment for p < 0.001.

Figure 4: Antioxidant system and lipid peroxidation according to caging conditions. Results are expressed as
ratios of medium and high densities relative to controls kept at a density of 1.08 kg/m3, and as ratios of
sticklebacks with transport relative to those without transport. Histograms represent means of ratios + SEM. MD:
medium density (2.31 kg/m3); HD: high density (3.54 kg/m3); S: starvation; T: with a short transport (20
minutes); GSH: total glutathione; GPx: glutathione peroxidase; Gr: glutathione reductase; GST: glutathione-S-

transferase; CAT: catalase; SOD: superoxide dismutase; TBARS: thiobarbituric acid reactive substances; ND:

17



not determined. * Statistical difference within an experiment for 0.01 <p < 0.05. ** Statistical difference within

an experiment for 0.001 <p <0.01.
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Site

Temperature (°C)
(mean + SD)
Temperature (°C)
(min - max)
pH
(min - max)
Conductivity (nS/cm)
(min - max)

Density experiment

Starvation experiment Transport experiment
Haute-Vienne n Oise Haute-Vienne
A 7 A A
f’sb m 50 m ,»’;0 m
\ 7 \ 7
) ‘ )
L 3 \‘f ) \
X X
e L L\,_ . [ L\_
N / =) AN ) 2N
Pontabrier pond _—/ = Fossé I’Evéque stream \ Pontabrier pond -/
April 2014 November 2013 October 2014
11.27 £1.73 7.79 £ 0.65 16.93 £ 1.30
7.82 - 14.90 6.61 - 8.84 14.90 - 19.95
6.84 - 7.45 8.08 - 8.45 6.81-759
17-19 610 - 725 103 - 105

Figure 1: Characterization (location and physical and chemical parameters) of different caging experiments.
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Table 1: Sticklebacks responses (means + SEM) according to different caging experiments (biometric data, immune and antioxidant systems, and energy reserves.

Measurements of the immune system between the density-starvation and transport experiments were not made with the same flow cytometer. Groups with the same letter (a or

b) are not significantly different (a = 5 %). A star or a point corresponds to a significant difference between the two conditions during transport or starvation experiment,

respectively. * or *; statistical difference for 0.01 < p < 0.05. ** or **: statistical difference for 0.001 < p < 0.01. *** or ***: statistical difference for p < 0.001. K: Fulton’s

condition index; HSI: hepato-somatic index; Necrosis: leucocyte necrosis; Apoptosis: leucocyte apoptosis; Lympho: Lymphocyte percentage among leucocytes; LMI:

lysosomal membrane integrity; ROS b.: ROS basal level; ROS a.: ROS activated level; SI: Stimulation index of respiratory burst; Pg: phagocytic capacity; GSH: total

glutathione; GPx: glutathione peroxidase; Gr: glutathione reductase; GST: glutathione-S-transferase; CAT: catalase; SOD: superoxide dismutase; TBARS: thiobarbituric acid

reactive substances FU : fluorescence units; W.W.: wet weight.

DENSITY EXPERIMENT

TRANSPORT EXPERIMENT

STARVATION EXPERIMENT

low density medium density high density without transport with transport fed unfed
Size cm 5.77 0.3 a 580 = 0.06 a 5.88 0.08 a 529 * 006 551 0.03 605 = 009 633 = 008
Weight g 177 0.16 a 175 = 007 a 177 0.06 a 129 * 004 139 0.04 235 = 0.0 252 + 009
K 0.91 0.03 a 089 = 002 a 0.87 0.02 a 087 = 003 083 0.02 105 + 003 099 = 002 L4
HSl )48 £059 & 478 x 051 @ 484 x 043 al 386 £ 020 425 £ 01 | 544 % 029 ! 594 % 032
Necrosis % 6.05 0.83 a 780 % 125 a 757 0.47 a 585 * 041 4.86 0.60 692 * 041 869 = 062 L4
Apoptosis % 10.76 2.03 ab 025 + 092 b B3 101 a 1445 + 104 9.89 0.84 ** 37 + 031 420 + 031 oo
Lympho % 76.32 2.79 a 7283 + 204 a 73.74 0.88 a 8278 + 085 86.21 136 56.47 + 164 5391 + 156
LMI FU 19.17 5.88 b 2153 + 6.06 b 140237 5.0 a 18155 * 6.06 176.40 551 56 * 016 “42 £ 020 °
ROS b. FU 5.0 133 a 543 + 061 a 752 0.97 a 281 + 023 4.83 0.28 Fkx 4387 + 122 18736 + 1133 ooe
ROS a. FU 543 126 b 687 =+ 183 ab 9.28 102 a 342 : 021 3.46 0.20 17348 + 24.75 180.88 + 33.7
Sl 116 0.22 a 14 * 01 a 128 0.09 a 128 + 008 0.73 0.04 Fkx 14 + 007 097 + 015 oo
Py %o far9x0B a_ 520 & 07 a_.....58 xo20 a2l 377 £ 01 331 = 008 N 2580 % 02 280 x 004 0%
GSH umol/g prot $6.83 3.86 a 794 + 392 a 9.28 143 a 223 + 101 16.97 0.99 *k
GPx Ulg prot 15.83 444 a 2322 + 584 a 2461 435 a 3444 £ 9.06 63.33 14.36
Gr Ulg prot 145 + 031 232 0.52
GST U/g prot 2,090.99 269.05 a 2,38495 + 1157 a 2,204.87 136.89 a 1784.7 + 157.84 2,420.44 13147 *
SOD Ulg prot 928.41 134.20 a 110558 + 98.91 a 905.71 48.17 a 906.69 + 1803 1168.35 83.02
CAT U/g prot 1783638 + 3589675 a 16928659 + 26,72294 a 1577854 + 3629104 a | 197,886.07 + 5184289 55334063 19,3783.60
TBARS FU | .2053409 = 258057 a 239157 x 255638 A B4BS3 x 10785 @ | 647836 x 127624 2026997 x 93924 * N
Total lipids mg/ig w.w 9884 + 069 9360 + 083
Glycogen  mg/gW.W. 336 * 005 304 + 004
Free sugars mg/g W.W. 264 + 003 256 + 002
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Ratio of stressed sticklebacks to control sticklebacks

1,25 -

NMD #zHD 2S aT

1,2 -

1,15 - .

1,05

foted

0,95 -
09 - *
0,85 -
Size Weight K HSI

Biometric data

Figure 2: Biometric data according to caging conditions. Results are expressed as ratios of medium and high
densities relative to controls kept at a density of 1.08 kg/m?, as ratios of sticklebacks without food supply relative
to controls with food intake, and as ratios of sticklebacks with transport relative to those without transport.
Histograms represent means of ratios + SEM. MD: medium density (2.31 kg/m®); HD: high density (3.54 kg/m®);
S: starvation; T: with a short transport (20 minutes); K: Fulton’s condition index; HSI: hepato-somatic index. *

Statistical difference within an experiment for 0.01 < p < 0.05.

21




Ratio of stressed sticklebacks to control sticklebacks

SMD #HD &S @T

1,9 1 *kk

1,7

2N

Immune biomarkers

Figure 3: Immune capacities according to caging conditions. Results are expressed as ratios of medium and high
densities relative to controls kept at a density of 1.08 kg/m?, as ratios of sticklebacks without food supply relative
to controls with food intake, and as ratios of sticklebacks with transport relative to those without transport.
Histograms represent means of ratios + SEM. MD: medium density (2.31 kg/m3); HD: high density (3.54 kg/m®);
S: starvation; T: with a short transport (20 minutes); Necrosis: leucocyte necrosis; Apoptosis: leucocyte
apoptosis; Lympho: Lymphocyte percentage among leucocytes; LMI: lysosomal membrane integrity; ROS b.:
ROS basal level; ROS a.: ROS activated level; SI: Stimulation index of respiratory burst; Pg: phagocytic
capacity. * Statistical difference within an experiment for 0.01 < p < 0.05. ** Statistical difference within an

experiment for 0.001 < p < 0.01. *** Statistical difference within an experiment for p < 0.001.
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Ratio of stressed sticklebacks to control sticklebacks

SMD @HD @T

2,4 -

1,9 -

**
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GSH GPx Gr GST SOD CAT TBARS

Antioxidant biomarkers and lipid peroxidation

Figure 4: Antioxidant system and lipid peroxidation according to caging conditions. Results are expressed as
ratios of medium and high densities relative to controls kept at a density of 1.08 kg/m? and as ratios of
sticklebacks with transport relative to those without transport. Histograms represent means of ratios £ SEM. MD:
medium density (2.31 kg/m®); HD: high density (3.54 kg/m®); S: starvation; T: with a short transport (20
minutes); GSH: total glutathione; GPx: glutathione peroxidase; Gr: glutathione reductase; GST: glutathione-S-
transferase; CAT: catalase; SOD: superoxide dismutase; TBARS: thiobarbituric acid reactive substances; ND:
not determined. * Statistical difference within an experiment for 0.01 < p < 0.05. ** Statistical difference within

an experiment for 0.001 < p <0.01.
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