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Abstract :

Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDES) are persistent organic
pollutants (POPs) that are present as complex mixtures in all environmental compartments, including
aquatic ecosystems. However, little is known about the effects of such complex mixtures on teleost
behaviour. In this study, zebrafish (Danio rerio) were chronically exposed to an environmentally relevant
mixture (MIX) containing 22 PCB and 7 PBDE congeners through diet from 5 days post fertilization
onwards. MIX-exposed FO fish produced offspring (F1 and F2 generations) that were fed using plain food
and grown until adulthood. In each generation, five behavioural traits (i.e. boldness, activity, sociality,
exploration and anxiety) were evaluated by the mean of different experimental set-ups. Two distinct
behavioural syndromes were identified: boldness, positively correlated to activity and exploration; and
anxiety, associated with low sociality. FO fish did not display any behavioural disruption resulting from
POP exposure whereas F1 MIX fish were bolder than fish from other generations but did not differ
significantly from F1 controls. F2 MIX fish displayed a higher anxiety syndrome than F2 controls. This is
of particular importance since such behavioural changes in offspring generations may have persistent
ecological consequences, may affect fithess and hence cause detrimental effects on wild fish populations
exposed to POP mixtures.
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Introduction

Following the increase in industrial production, several thousands of chemicals have emerged since the 20th
century. Among all of them, persistent organic pollutants (POPs) gather molecules that are hydrophobic, lipophilic,
little or no metabolized by organisms and have a long half-life in the environment (McFarland and Clarke 1989;
Jones and de Voogt 1999; Gray 2002; Luo et al. 2007). Polychlorinated biphenyls (PCBs) and polybrominated
diphenyl ethers (PBDESs) are two POPs' families of 209 organic congeners each (McFarland and Clarke 1989;
Rahman et al. 2001). PCBs were used since the 1930s in several industrial applications (e.g. dielectric fluids in
electrical capacitors, transformers and hydraulic systems) (United Nations Environment Programme 1999) while
PBDEs were being used since the 1970s as flame retardants (e.g. in plastics, furniture, house equipment, electrical
and electronic devices, textiles and other household products) (United Nations Environment Programme 2012).
To these ends, PCBs and PBDEs were produced as complex mixtures of numerous congeners, e.g. Aroclor,
Kanechlor or Clophen in the case of PCBs (Kannan 2000) and e.g. penta-, octa- and decaBDE for PBDEs
(Darnerud et al. 2001; Rahman et al. 2001; De Wit 2002). As concerns about their toxicity were increasing,
regulatory rules were adopted to progressively ban their use since the 1970s for PCBs and in the early 2000s for

PBDEs (Breivik et al. 2007; Kemmlein et al. 2009).

During their use, pollution of aquatic and terrestrial environment by PCBs and PBDEs was reported through
wastewater discharges, leaching fields or atmospheric fallout (Jensen et al. 1969; Darnerud et al. 2001; Breivik et
al. 2007; Luo et al. 2007; Robinson et al. 2017). This resulted in contamination of aquatic and terrestrial ecosystems
and organisms (Rusiecki et al. 2008; Couderc et al. 2015; Holma-Suutari et al. 2016). Since their ban,
environmental concentrations have been reduced; however, due to their persistence, they are still detected in all
environmental compartments around the world, for example by the remobilization of sediments during trawling,
dredging or flood episodes (Puzyn and Mostrag 2012). The effects of PCBs and PBDES on organisms are diverse,
depending on the chemical properties of the congeners to which they are exposed. In particular, they have been
shown to act as endocrine disrupters, mainly affecting thyroid hormone (TH) pathway (Safe et al. 2001; Khan et
al. 2002; Legler and Brouwer 2003; Yang et al. 2005; Otake et al. 2007; Calo et al. 2010), and capable of interfering
with stress and sexual steroid metabolism as well (Hany et al. 1999; Jgrgensen et al. 2002; Aluru et al. 2004; Yang
et al. 2005; Calo et al. 2010; Kumar et al. 2020). Disruption of endocrine pathways can have profound
consequences on individual fitness. Exposure to POPs was shown for instance to negatively impact growth and

reproduction (Daouk et al. 2011; Horri 2018; Horri et al. 2018), and to interfere with brain development and



function resulting in behavioural alterations such as increase in anxiety and cognitive decline in human and animal
models (Kodavanti 2005; Dingemans et al. 2011; Macaulay et al. 2015; Gonzalez et al. 2016; Klocke and Lein

2020).

In the current literature, biological effects mentioned above were mainly studied following acute exposure to rather
high concentrations of single compounds when compared to that measured in the environment up to pg/g (e.g.
Billsson et al. 1998; Orn et al. 1998; Mccarthy et al. 2003; Wang et al. 2012; Gonzalez et al. 2016; Lovato et al.
2016). These high concentration exposures are useful to identify biological pathways affected by these pollutants
but provide less relevant insights about consequences for organisms in environmental conditions. Indeed,
pollutants generally occur in the wild as mixture of a large number of compounds present at low concentrations
and they induce lifelong chronic exposure to complex mixtures (Barakat et al. 2002; Law et al. 2006; Puzyn and

Mostrag 2012; Robinson et al. 2017).

Besides, it was shown that PCBs and PBDEs can be maternally transferred to F1 offspring and this transfer may
elicit behavioural defects observed in F1 offspring after parental exposure (Daouk et al. 2011; Yu et al. 2011; Chen
etal. 2012, 2017; Péan et al. 2013; Alfonso et al. 2019a; Blanc et al. 2021). Furthermore, data showed that effects
of chemical exposure can be observed beyond the F1 generation as a possible consequence of epigenetic
modifications, and result in multi or transgenerational behavioral effects (Xin et al. 2015; Carvan et al. 2017). In
the same research project as the present paper, we previously reported that exposure to an environmental mixture
of PCBs and PBDEs interferes with anxiety-like behaviour of unexposed F2 offspring (Alfonso et al. 2019a) and

further disrupt mitochondrial function, lipid metabolism and neurotransmission in the brain (Blanc et al. 2021).

In zebrafish (Danio rerio) juveniles and adults, one of the most frequently used test in (eco)toxicological studies,
the novel-tank diving (or bottom-dwelling test), allows to measure the anxiety level of fish, i.e. the more time the
fish spend at the bottom of the tank, the more anxious they are (Egan 2009). Modification of anxiety level can
interfere with many essential behaviours and therefore modify individual fitness of ecological importance.
However, animal behavioural repertoires rely on a wider set of traits (e.g. foraging, social interaction, environment
exploration, aggression, boldness) which can all be affected by external stressors and are all important for
individual fitness and recruitment and so for population sustainability (Réale et al. 2007). Some of these traits
could covary forming a behavioural syndrome (Sih et al. 2004). For instance, bold individuals are generally more

aggressive and explore faster their environment. Despite their high ecological relevance, effects of environmental



chemicals on multiple behavioural traits and behavioural syndromes, are however understudied (e.g. Klaminder et

al. 2019; Martin et al. 2019; Hamilton et al. 2021).

In the present study, we intended to evaluate disruption of a set of behavioural traits following dietary exposure to
an environmentally relevant mixture of POPs (PCBs and PBDES). The main goals were to investigate (1) whether
ecologically relevant behavioural traits of interest (i.e., anxiety, boldness, activity, exploration, and sociality) of
exposed individuals are affected and (2) how unexposed offspring (F1 and F2) can be further impacted. Fish from
all generations (FO, F1 and F2) were individually screened for different behavioural traits in a multi-testing
approach. A multi-parametric analysis was then performed to study the relationship between the different

behavioural traits and to assess the potential impact of this exposure on behavioural syndromes in zebrafish.

Material and methods

Fish reproduction and rearing

The study was performed on the zebrafish wild type strain TU (ZFIN ID: ZDB-GENO-990623-3) kept at the
Ifremer Fish Ecophysiology Platform (L’Houmeau, 17 France) and originated from the European Zebrafish

Resources Center (EZRC, Karlsruhe, Germany).

Fish were reared at 27 + 1°C and at pH = 7.5 £ 0.5 under a 14h/10h light/dark cycle, with light onset at 9 a.m.
Physical water conditions were maintained constant during the experiment and were within recommended ranges
(Lawrence 2007). Eggs were obtained at around 180 days post fertilization (dpf) by random pairwise mating using
adults (6 pairs, mixed spawns of 10 eggs from each spawn to reach 60 eggs per Petri dish x 5 replicates) (Alfonso
et al. 2019a). At least 5 replicates of 30 adult individuals each were reared per treatment per generation (i.e.,
5*30=150 individuals/treatment per generation). During the rearing from larval to adult stage, the stocking density
was 0.12 kg/m?® during the larval stage while it was 9 kg/m?® for adults. Larvae were initially reared in Petri dishes
at a rate of 60 larvae per Petri dish. At 5 dpf, the groups of 60 larvae were transferred from their Petri dishes to
separate 1-L tanks (AquaSchwarz, Goéttingen, Germany). At 15 dpf, the groups of larvae were transferred to tubes
inserted inside separate 10-L rearing tanks (Aquatic Habitat, Apopka, FL; USA) disposed on flow-through racks

and were then freed into the tanks at 27 dpf (Vignet et al. 2014a).

MIX diet preparation, FO exposure and F1-F2 regime
The MIX diet was spiked with 22 PCB congeners (CB-8, -18, -28, -31, -44, -49, -52, -77, -101, -105, -110, -118,

-128, -132, -138, -149, -153, -156, - 170, -180, -187 and -194) and 7 PBDE congeners (BDE-28, -47, -99, -100, -



153, -183 and -209) all with purity above 98% (AccuStandard Inc., New Haven, USA). PCBs and PBDEs
congeners were selected as being the most representative in marine biota, and in concentrations reflecting profiles
observed in mussels from the Seine Estuary in France (Abarnou et al. 2000). They cover a large range of chlorine
(2-8) or bromine (3-10) substitutions and hydrophabicity, with log Ko (octanol/water partition coefficient) from
5.07 to 7.80 for PCBs and 6.7 to 12.1 for PBDESs. (Abarnou et al. 2000; OSPAR 2009, 2013). Following the same
authors, relative proportions of congeners were chosen to simulate environmentally relevant mixtures (Abarnou et
al. 2000; OSPAR 2009, 2013). Full description of MIX diet preparation is given in Alfonso et al. (2019a). Briefly,
MIX diet was prepared after dilution of to each age (SDS100 to SDS400 (Special Diet Service, France) and Inicio+
500 um (Biomar, France)). Control diet was prepared in the same manner, with addition of isooctane only. In the
MIX diet (n=12), total concentrations summed across 22 PCB and 7 PBDE congeners, were 1932.3+90.4 ng/g
(mean + SE) wet weight (ww) for > PCBs and 479.8+50.8 ng/g ww for > PBDEs. In the Control diet (n=16), total
concentrations were 7.943.5 ng/g ww for Y PCBs and 0.92+0.36 ng/g ww for > PBDEs. Such values underline that
raw material used to produce plain food likely contained low contaminated fish products, further they also show
no cross-contamination between treatments (Alfonso et al., 2019a). POP concentrations were measured using high
performance liquid chromatography (see Horri et al. (2018) for details). Substitution numbers, targeted and actual
diet concentrations for each congener are given in Alfonso et al. (2019a). FO fish were exposed using food of
appropriate size following the same schedule as described in Horri et al. (2018). They were fed from their first
meal (5 dpf) with either a Control or a MIX diet until the end of the experiment. F1 and F2 generations were fed
from first feeding (5 dpf) until behavioural measurements using the same commercial plain food as indicated
above. The fish were fed their respective treatment diet around 09:30 and 16:30. Freshly hatched artemia were

also provided to all fish regardless of their treatment around 13:30 each day.

PCB and PBDE concentrations were measured in FO and F1 fish. The results were presented previously in Alfonso
et al. (2019a) and confirmed actual contamination of FO fish and the absence of significant cross-contamination
between MIX and Control diets during exposure. Maternal transfer of the MIX from FO to F1 was observed in
early-life stages, however concentrations had fallen down to control levels at adulthood, when the behavioural

experiments were performed (Horri et al. 2018; Alfonso et al. 2019a).



Behavioural experiments

Videos were recorded with an analogue camera ICD-48E (lkegami) and a 2.1-13.5 lens (Fujinon) linked to a
computer with an acquisition card and EthoVision XT 10.1 software (Noldus, The Netherlands). Data extraction

and analyses were performed automatically using the EthoVision XT 10.1 software.

Behavioural experiments were performed in a dedicated challenge room maintained at 27 + 1°C, with a
photoperiod synchronized with the rearing room. The four following behavioural experiments were conducted in
reproducing adults at 210 dpf in FO and at 110 dpf in F1 and F2 generations. Control and Treated fish were tested
simultaneously with each generation and the different generations were investigated separately for evident
practical reasons. For each generation, 40 fish per treatment were challenged in groups of 10 in a risk-taking test
which was performed on the first day of experimentation (day 1) and allowed to determine individual boldness.
Thereafter, the novel tank diving test (day 2), the shoal preference test (day 2) and the Z-maze exploration test
(day 3) were conducted individually on a subset of 20 fish per treatment (i.e. 10 bold and 10 shy). Sampling size
of the study has been defined according to similar behavioural experiments in zebrafish from us and others (Egan
et al. 2009; Péan et al. 2013; Rey et al. 2013; Vignet et al. 2014a). All tests used were previously described and
validated (see details in the next section). The fish were tested from 09:00 to 18:00 each day at maximum
depending on the duration of the test of the day, alternating the fish of the two treatments. Care was taken to have
an even distribution of treatments and “Latency to exit shelter” (See below) over the day to avoid any bias related
to the time of the day. Fish order was kept constant over the three days of test. During the whole experimental
period, fish were kept in isolation in 1 L tank in visual contact with each other and were fed once a day with freshly
hatched artemia in late afternoon at the end of the testing day. On day 4, at the same time of the day for each
generation (between 10 and 12 pm), fish were euthanized by placing them during 1 minute into a 1 L container
filled with 200 mL of system water and 700 uL of a benzocaine stock solution (50 g.L? in 100 % ethanol;
Benzocaine Sigma, St Quentin Fallavier, France). Individual standard length (from tip of head to beginning of
caudal fin rays, mm) and body mass (mg) were measured and sex was determined. The sex ratio of tested fish

(30:70 female: male ratio) varied between generations but not between treatments within generations.

Day 1: boldness screening using group risk taking test (RT)

To assess boldness, we used a risk-taking test in group adapted from Huntingford et al. (2010), which was
successfully implemented for various fish species, including zebrafish (Rey et al. (2013)). In the morning before

the test, 4 groups of 10 fish were randomly selected from 4 different tanks of each treatment and placed into 3 L



tanks and transferred from the rearing room to the challenge room for 4 hours of acclimation. The order of testing
for risk-taking test has been defined by starting from the replicate groups 1 to 4 by alternating groups from the two
treatments (i.e., Control 1, MIX 1, Control 2, MIX2, [...], MIX4). In the beginning of the afternoon, each group
of 10 fish was placed for a 10-min habituation period in a dark shelter with dark walls and a sliding door (Figure
1.A, 20 cm in height, 20 cm in width and 14 cm in length). After this habituation period, the sliding door was
gently removed allowing fish to exit the shelter via a 3 cm diameter hole located in the centre of an opaque
partitioning plate, and to explore the appended open area during a screening period of 15-min (20 cm in height, 20
cm in width and 26 cm in length; Figure 1.A). When a fish exited the shelter, it was gently caught with a net and
placed into a numbered 1 L tank, keeping track of the rank and timing of exit (Latency to exit shelter, s). These
fish were considered as bold. Fish that remained inside the shelter after this screening period were considered as

shy, and assigned maximal latency (i.e., latency to exit shelter= 900 s).

The proportion of bold fish was calculated for each treatment, within each generation to compare the boldness
level of MIX vs. Control groups. Latency to exit the shelter (s) was used to characterize the individual boldness as
a continuous variable. Among the total of 40 fish tested per treatment for each generation, a subset of 10 fish (11
for F1) per boldness level and per treatment were selected (i.e., 10 bold and 10 shy for each treatment of each
generation). Shy fish selected were the ones that did not exit the shelter while selection of the bold fish was made
in order to cover the variability of behavioural response displayed during the test (i.e., selection of both fish exiting
the shelter quickly and fish exiting more slowly). It was ensured that selected fish presented the same distribution
of latency to exit the shelter as their whole population of origin (i.e., within each treatment and each generation).
These fish were further challenged in the novel tank diving test, shoal preference, and exploration tests, detailed

below.

Day 2: anxiety-like behaviour (novel tank diving test; NT) and sociality (shoal preference test; SP) tests

Novel tank diving test (NT) and shoal preference (SP) tests were run in the same multi-compartment apparatus (15
cm in height (filled up to 10 cm), 10 cm in width and 40 cm in length; Figure 1.B) and fish position was recorded
over 12 minutes. NT, measuring anxiety-like behaviour, and SP, measuring social behaviour, were respectively
adapted from Egan et al. (2009) and Bertram et al. (2018). First, each individual fish was placed in the novel tank
compartment (15 cm in height, 10 cm in width and 30 cm in length). After 7 minutes, a sliding opaque door was
gently opened to allow visual contact with the shoal compartment (15 cm in height, 10 cm in width and 10 cm in

length) containing 3 males and 3 females of unfamiliar individuals matched in age and size from stock population



of the laboratory (wild type strain TU zebrafish). Preliminary tests showed us that the behaviour of these shoals
remained stable over at least 5 runs without any visible sign of suffering and making possible to synchronize the
changes of shoals and of the treatment studied. Consequently, shoals were changed every 5 runs.

In this manner, the period before the shoal preference test served as novel tank diving test and vertical positioning
of the fish was tracked the first 6 minutes of recording, followed by one extra minute that served as transition
between tests. For analysis, the tank was virtually separated into two areas according to Alfonso et al. (2019a): the
top area including one half of the volume and bottom area including the other half. The time spent in top area (s)
and distance travelled (cm) were the variables of interest for evaluating anxiety-like behaviour and measuring
activity level respectively.

For SP test, position of focal fish was tracked during minutes 7 to 12, resulting in five minutes of monitoring. The
tank was virtually separated into two areas to highlight a social area that includes one third of the volume near the
shoal (Figure 1.B) (Bertram et al. 2018). Time spent in social area (s) and latency to go in the social area (s) were

recorded.

Day3: exploration (Z-maze; ZM) test

To evaluate the ability of fish to explore their environment, a Z-maze adapted from Chapman et al. (2010) was
used. The Z-maze (70 cm in length, 45 cm in width and 15 cm in height) consisted of a starting area which served
as a shelter during the test (3/4 of an arm), and of four other arms (Figure 1.C). Each arm was divided virtually
into four quarters of equal size, referred to as quadrants. The maze thus consisted of 17 quadrants (one adjacent to
refuge zone and 16 for the 4 other arms (see Figure 1.C). A fish was introduced into the starting area (equivalent
to three quadrants, covered with a black cover and ending with a sliding door) and left for two minutes in the
starting area; then the door was gently opened and fish movements were recorded for a 5 min period. The variables
measured were the time taken to leave the starting area and thus to enter in the Z-maze (Latency to enter in Z-
maze, s). We also determined the number of quadrants into which the fish ventured within the maze (17 indicating
that the fish reached the end of the maze) and an exploration index was calculated as follow:

Exploration index = furthest quadrant explored / time to reach furthest quadrant starting after exit from the starting
area (shelter).

Individuals with high exploration index explored faster their environment than individuals with low value. Time

spent in the shelter (after first exit, s) was also recorded.



Statistical analysis

All statistical analyses were carried out at 95 % level of significance using the R software 3.1.0 (R Core Team,
2018). Values are represented as mean + SEM. Prior to statistical analysis, around 4 individuals per generation
were removed (11/124 individuals tested, resulting in 9%) with no overall difference between treatments (5 fish
for control and 6 fish for MIX). These exclusions were due to death of two fish over trial, or acquisition default of
video recording or extreme freezing behaviour among one of the three tests due to excessive stress caused by
handling.

Fish weight and length were compared between generations and treatments with a factorial ANOVA followed by
post-hoc Tukey HSD. The behavioural responses were analysed using a generalized linear mixed model (GLMM),
as described below (Bates et al. 2014). The choice of the data family to be applied for each variable (i.e., gaussian,
gamma or binomial) was done according to the distribution of the data. To encompass the variability in the data,
the experimenter was added as a random factor into the analysis.

For the group risk taking test, the proportion of bold fish and the latency to exit shelter (for all fish tested) were
analysed using the treatment (Control vs. MIX) and generation (FO, F1 and F2) as fixed factors, using GLMM
with binomial and gamma family for the two variables, respectively. When significant, post-hoc Tukey HSD tests
were performed for comparing between generations and treatments.

For the other behavioural responses, we first compared one by one all the behavioural variables depending on
treatment within each generation using univariate parametric (T-test) or non-parametric (Wilcoxon test) tests
depending on the normality of data distribution. Second, principal component analysis (PCA) was performed with
individual data from all generations measured during the three tests: Time spent in top area (s) and distance
travelled (cm) (novel tank test); time spent in social area (s) and latency to go in social area (s) (shoal preference
test); latency to enter in Z-maze (s), exploration index and time spent in shelter (s) (Z-maze test). PCA analysis
was run using the ade4 package (Dray and Dufour 2007) and individual PCA scores were downloaded for the first
two axes: PCA scores axis 1 and PCA scores axis 2. In behavioural studies, this method allows to merge the
information from different variables into one, the PC score (e.g. Castanheira et al. 2013; Millot et al. 2014; Alfonso
et al. 2019b).

A GLMM was then performed on the PC scores, using Gaussian family for both axes. GLMM were run using the
factors treatment, generation, Latency to exit shelter in Risk taking test, and fish sex and length as fixed factors,

as well as the interactions between all factors. The best model for each PC axis was selected based on the Akaike



Information Criterion (AIC) and is presented below. Sex and length were discarded from both models since no
significant difference was observed (data not shown).

Model 1: PCA score (axis 1) ~ generation + latency to exit shelter (RT)

Model 2: PCA score (axis 2) ~ generation + treatment + generation:treatment

Model 1 reached best significance when latency to exit shelter was included only with bold fish (i.e., fish that
exited the shelter during risk taking test). Hence, model 1 was only applied to bold fish (i.e., continuous variable
instead of semi continuous variable). Model 2 was performed with all fish (bold and shy) since Latency to exit
shelter was not significant in the model. For the second model, post-hoc Tukey HSD test was performed to compare
between generations and treatments. Finally, a visual inspection of the residuals was carried out for each model

and revealed no violation of the statistical assumptions.

Results

Fish weight and length were different between generations (Factorial ANOVA, F=172.6, df=2, p <0.001 for weight
and F=104.5, df=2, p <0.001 for length) but not between treatments within generation (F=1.5, df=1, p =0.22 for
weight and F=0.21, df=1, p =0.65 for length). FO fish were heavier (FO: 446+14 mg; F1: 233+10 mg; F2: 239+20
mg) and longer (FO: 28.0+£0.3 mm; F1: 22.7+£0.2 mm; F2: 22.4+0.4 mm) than the two other generations, which is

logical since experiments were performed at 210 and 120 dpf in FO and F1/F2 generation respectively.

Behavioural responses

Boldness screening
During the risk-taking test, an average of 37 % (from 22.5 % to 52.5 % across generations and treatments) of tested
fish exited the shelter. There was no effect of the generation, treatment or interaction between the two factors for

the proportion of fish that exited the shelter (GLMM, p>0.05 for all factors; Figure 2.A).

Among fish that exited the shelter, the latency to exit the shelter did not differ between treatments (GLMM, t=0.42,
p=0.67) but there was a generation effect. F1 fish were bolder than FO while F2 and FO did not differ (FO-F1: t=-
2.076 and p=0.038; FO-F2: t=0.207 and p=0.84). Within each generation, there was no difference between
treatments (p>0.05 for all generations). Nonetheless, F1 MIX, but not F1 Controls, were bolder than both FO and

F2 fish whatever the treatment in these generations (Figure 2.B).

Behavioural responses: multivariate analysis



None of the variables measured was significantly different between Controls and MIX whatever the generation
using univariate analyses, with the exception of the increase in time spent in top area during the novel tank diving
test for F2 MIX compared to Controls (Figure S1).

In some cases, such univariate approach proved to be not sensitive enough to reveal subtle changes. Therefore, we
performed a multivariate analysis using PCA and GLMM. The PCA axis 1, which explained 24 % of the variability
observed, was significantly driven by distance travelled (NT) — a proxy of activity, by latency to enter the Z-maze
- a proxy of boldness, and by the exploration index (ZM) which reflected individual exploration (Figure 3). A
behavioral syndrome was observed with the significant correlation of PCA axis 1 scores and boldness. High scores
on the PCA axis 1 characterized proactive individuals (high activity, high boldness and fast exploration) compared
to low values which are typical of reactive individuals (low activity, shyness and slow exploration) according to
Réale et al. (2010). The PCA scores were significantly affected by the generation and by the latency to exit the
shelter in the risk-taking test (GLMM, Table 1) but no treatment effect was observed. Among fish that exited the
shelter, bolder individuals that left the shelter quickly during the risk-taking test were more active and explored
their environment faster than shyer individuals that left the shelter later during the risk-taking test, whatever the

treatment (Figure 4).

By contrast, PCA axis 2, which explained 21 % of the variability observed, was significantly driven by time spent
in top area (NT), time spent in social area (SP), the time spent in shelter (ZM), and the latency to enter in Z-maze
(ZM). PCA axis 2 could thus be considered as reflecting the anxiety state of the individual fish. Individuals with
high scores spent less time in top area, less time in social area (SP) and more time in the shelter during the Z-maze
and could be considered as anxious fish compared to individuals characterized by low scores (Figure 3). For Axis
2, the PCA scores were affected by the generation, the treatment, and by the interaction between generation and
treatment (Table 2). Post-hoc tests indicated that in FO and F1 generations, MIX and Control fish displayed the
same anxiety level (p=0.99 and p=0.57 for FO and F1 respectively) whereas MIX F2 were more anxious than

Control F2 (p<0.001; Figure 5).
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Table 1. Outputs of the GLMM for the PCA axis 1. PCA score (axis 1) ~ generation + latency to exit shelter (in
RT). F1 and F2 generations were compared to FO generation. Significant parameters of the model are in bold

(Pseudo R2=0.43).

Parameter Estimate Std. Error t value p value
(Intercept) 2.406 0.406 5.931 <0.001
Generation F1 -1.806 0.433 -4.172 <0.001
Generation F2 -1.358 0.342 -3.967 <0.001
Latency to exit shelter (RT) -0.004 0.0001 -5.196 <0.001

Table 2. Outputs of the GLMM for the PCA axis 2. PCA scores (axis 2) ~ generation + treatment +
generation:treatment. F1 and F2 generations were compared to FO generation and MIX treatment was compared

to Control. Significant parameters of the model are in bold (Pseudo R2=0.76).

Parameter Estimate Std. Error t value p value
(Intercept) 0.907 0.890 1.020 0.310
Generation F1 -2.260 1.257 -1.798 0.075
Generation F2 -0.892 0.245 -3.648 <0.001
Treatment MIX -0.144 0.241 -0.597 0.552
Generation F1:Treatment MIX 0.513 0.329 1.560 0.121
Generation F2:Treatment MIX 1.306 0.351 3.72 <0.001
Discussion

In the present study, the analysis highlighted two distinct behavioural syndromes in zebrafish: boldness, positively
correlated to activity and exploration; and anxiety, associated with low sociality. Chronic exposure to an
environmental relevant mixture of PCBs and PBDEs did not clearly affect the boldness syndrome while it
increased the level of the anxiety-like syndrome in the F2 MIX generation. Behavioural changes observed in this

study were generation-dependant, and are later discussed in an ecological context.

As shown in Horri et al. (2018), the measurements of PCB and PBDE concentrations in Control fish showed no

external or cross-contamination. Environmental relevance of exposure was confirmed by the fact that, at the end
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of the experiment, PCB and PBDE levels in FO MIX fish were in the range of those reported in fish from European
industrialized estuaries (Law et al. 2006; Robinson et al. 2017). Maternal transfer of PCBs and PBDEs occurred
in MIX larvae, while the concentrations were very low (at background level) and similar between treatments in F1
adults (Alfonso et al. 2019a). Even if there are no more PCBs and PBDEs in F1 MIX adults, the MIX treatment
may have exerted an effect on F2 generation because of the exposure in F1 at the embryonic stage of germ cell
that later produce the gametes. Indeed, primordial germ cells are detected as early as 8 hours post fertilization (hpf)
and migrate to reach presumptive gonad site at 24 hpf (Yoon et al. 1997; Weidinger et al. 1999). Therefore, the
present study covers three generations that were exposed to the POP mixture in three distinct ways: fish were
directly exposed through diet for FO fish and after maternal transfer for F1 with a body burden decreasing overtime
(Alfonso et al. 2019a) . In F1, germ cells which will later on produce gametes for F2 are already present in larvae

were exposed to MIX at early stages.

In animals, behavioural traits such as boldness, exploration, or sociality, are important because they are related to
different biological processes and coping abilities that can affect fitness and life history (Smith and Blumstein
2008; Wilson et al. 2019). In the present study, the proportion of bold fish was overall consistent with previous
studies published in zebrafish (Rey et al. 2013; Alfonso et al. 2020), and there was no difference between
treatments whatever the generation considered. The latency to exit the shelter during RT was overall similar for
the three generations in Control fish, but it was significantly lower in F1 MIX compared to the other generations,
suggesting a bolder behaviour. However, this was not directly confirmed by comparisons to the within generation
control. This may be explained by very small differences in boldness between treatments in F1 that would have
need higher sample size to be clearly highlighted, or simply that the mixture did not significantly affect fish

boldness.

Boldness is one of the most studied behavioural traits, and is generally positively correlated with other traits such
as activity, exploration and aggressiveness, and negatively correlated with sociality (Réale et al., 2010), forming a
behavioural syndrome (Sih et al. 2004). Interestingly, in the present study, using PCA analysis, we observed a first
behavioural syndrome that links to boldness (RT), activity (NT) and exploration (ZM). This is consistent with
previous literature (Biro and Stamps 2010; Wilson et al. 2010; Geffroy et al. 2015). Further, this behavioural
syndrome was observed in all generations without difference between treatments, suggesting that the exposure to
the POP mixture did not alter the relationship between the different traits, unlike what was observed for other
pollutants such as insecticide or fluoxetine (Montiglio and Royauté 2014). This is consistent with the results of
univariate analyses indicating that variables contributing to PCA axis 1 (the one corresponding to boldness
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syndrome) were not affected by treatment whatever the generation. The relationships between the different
behavioural traits were, however, different across generations. Indeed, for the same level of boldness in group risk
taking test, FO fish were more active and more explorative in the other challenges than F2 fish, which themselves
were more active and more explorative than F1. An explanation for such a difference could be the age at which
fish were screened. FO were screened at 210 dpf whereas F1 and F2 were screened at 110 dpf; however, several
elements advocate against this hypothesis. The first reason is that FO and F2 are more alike than they are alike F1
while F1 and F2 have been tested at the same age. Second, individual consistency of behavioural traits over a long
period of time, up to 10 months, was reported in zebrafish adults (Rey et al. 2013). Similarly, in a previous work,
we showed that behavioural effects of polycyclic aromatic hydrocarbons were similar at 60 and 180 dpf (Vignet
et al. 2014b). Altogether, this led us to set aside this explanation. Another explanation for such differences could
be due to the experimental design of the study. In fact, for evident reasons FO, F1 and F2 fish were challenged at
different time periods — several months apart, over the course of the study. Although the same experimental
protocol was applied, we cannot ensure that there was no external factor (e.g. atmospheric pressure) that could
have played a role in the differences we observe between generations. Causes underlying the observed differences

between generations still remain to be clarified.

As explained before, PCB and PBDE exposure did not disrupt the behavioural syndrome between boldness,
activity, and exploration, but triggered an increase in boldness in F1 MIX compared to the other generations. This
trend in the data needs to be further investigated since no difference in boldness level was observed between MIX
and Control F1, suggesting no massive alteration of boldness due to PCB and PBDE exposure. Nevertheless,
studies are reporting boldness disruption due to pollutant exposure, as well as disruption of behavioural syndromes
(Montiglio and Royauté 2014). PCBs and PBDEs are known to affect biological processes that are linked to
boldness behaviour, such as neurotransmitter signalling (Wang et al. 2015, 2016, 2018; Tanaka et al. 2018; Blanc
et al. 2021). This is of particular interest since changes in boldness, and the associated behaviours such as
locomotor activity and exploration tendencies, may alter fitness and have ecological consequences (Smith and
Blumstein 2008; Conrad et al. 2011; Saaristo et al. 2018). For instance, being more active and explorative, bold
fish tend to capture more preys but this risky behaviour tends to increase the odds of being predated. It is here
important to emphasize that even if no behavioural disruption was observed in FO MIX, previous studies, using
the same exposure protocol and environmental mixture, showed that MIX FO displayed alterations in energy
homeostasis, a higher growth rate and lower spawning probability than FO Controls (Horri et al. 2018; Blanc et al.

2021), which may point to more general physiological disruptions.
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Furthermore in this study, we investigated the anxiety-like behaviour of zebrafish using the novel tank diving test,
an assay validated and extensively used in behavioural neuroscience, neuropsychopharmacology, neurotoxicology
and (eco)toxicology (Levin et al. 2007; Egan et al. 2009; Maximino et al. 2010; Bailey et al. 2013; Kalueff et al.
2014). First, the anxiety-like behaviour of fish, was consistent with what has been observed in previous studies for
zebrafish using a similar test system (Vignet et al. 2014a; Alfonso et al. 2019a), supporting that fish handling,
change in feeding regime, isolation from congeners and testing in risk-taking test occurring the day before did not
significantly affect fish behavioural response. In Alfonso et al. (2019a), we have previously shown that anxiety-
like behaviour was higher in F2 M1X compared to their respective controls, and that this may be a consequence of
upregulation of glutamatergic signaling within F2 M1X brains (Blanc et al. 2021). This behavioural disruption has
been already described after exposure to POP congeners such as 6-OH-BDE-47 (Macaulay et al. 2015) or after
direct embryonic exposure to CB-126 (Glazer et al. 2016). Itis, however, generally described with a single measure
of anxiety (usually by monitoring bottom dwelling behaviour) and therefore not related to other behavioural traits,
such as exploration, activity or sociality. In the present study, we have shown that a high anxiety-like behaviour
level (i.e., low time spent in the top area of the tank), as classically measured using the novel tank diving test, was
also related to a low sociality behaviour during the shoal preference test and to a propensity to spend more time in
the shelter during the Z-maze experiment. These data form another behavioural syndrome in relation to anxiety.
Interestingly, bottom-dwelling behaviour measured in the novel diving test could also sometimes be related to
boldness and exploration behaviours, i.e., an increase in the time spent in the top area reflecting a bolder behavior
(Thoérngvist et al. 2018; Mustafa et al. 2019). However, in the present study, a multi-testing and multi-variate
analysis showed no clear correlation between bottom-dwelling behaviour and variables linked to activity,
exploration or boldness. This suggests that this behaviour, specifically measured in the novel diving test, is indeed
related to anxiety-like behaviour. Therefore, the syndrome related to the PCA axis 2, which includes the variable
time spent in top area of the novel tank diving test, can be assimilated to an anxiety-like disorder; fish displaying

a chronic anxiety-like state regardless of the context (i.e., novel tank, Z-maze, and shoal preference test).

In the present study, F2 MIX displayed a higher anxiety syndrome than F2 Controls, whereas FO MIX and F1 MIX
did not display any particular increased anxiety-like behaviour in comparison with their respective FO and F1
controls. Sociality, as part of the anxiety-like syndrome, was reduced in F2 MIX compared to the respective
controls. A decrease in social behaviour was previously observed in eastern mosquitofish after exposure to 17p-
trenbolone (Bertram et al. 2018) while shoaling behaviour was increased in Betta splendens males following

exposure to an antiandrogen (Dzieweczynski et al. 2018). Sociality is an important trait in gregarious species, it
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favours communication and reduces the predation risk (Godin et al. 1988; Krause and Ruxton 2002). Therefore,
lower sociality resulting from exposure to pollutants can cause deleterious effects for gregarious fish populations.
Besides, anxiety per se may also affect important activities such as foraging or migration. For instance, following
exposure to oxazepam, salmon smolt become less anxious, making them easy prey during downstream migration
(Klaminder et al. 2019). Interestingly, a recent study highlighted that fish exposed to high temperature displayed
lower sociality and greater anxiety, as we here observed for F2 (Angiulli et al. 2020), suggesting that similar

biological pathways may be involved.

Overall, the effects of a parental exposure to an environmentally relevant mixture of POPs were highly dependent
on the generation considered, as previously reported (Alfonso et al. 2019a; Blanc et al. 2021). Indeed, chronic
exposure of FO fish did not alter their own behavioural responses and there was no clear impact on boldness and
associated behaviour in F1 or F2 generations (exploration and activity). However, F2 MIX displayed higher
anxiety-like behaviour than F2 controls. As recently reviewed by Bell & Hellmann (2019), the changes from one
offspring generation to the following one may be similar, amplified or opposed. The generation-dependent
diversity of behavioural changes is likely related to the different exposure scenario and the possibly associated
epigenetic modifications that can convey biological information across generations (Alfonso et al. 2019a; Blanc
etal. 2021). In this regard, contrasting effects between generations may reflect maladaptation following a conflict
between parental information conveyed by the germ cells to adapt to the presence of the stressor, and information
acquired by the offspring from an environment that became stressor-free (Herman et al. 2014; Bell and Hellmann
2019; Blanc et al. 2021). Therefore, there is a need for multi- and transgenerational studies to investigate how
organisms cope with the continuous or discontinuous presence of environmental stressors, including chemical
pollutants, and to which extent this can affect the fate of fish populations. In the present study, by measuring many
behavioural traits together, we were able to be more precise concerning the characterization of behavioural
disruptions resulting from POP exposure, hereby increasing the understanding of potential ecological
consequences. However, in addition to behavioural measurements, physiological (e.g., cortisol, neurotransmitters
levels) and integrative measurements (e.g., growth, reproduction and survival) are of utmost importance to have a
complete overview of pollutant effects, as well as to estimate and model the dynamic and the fate of natural

populations to better adapt management plans (Geffroy et al. 2020).
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Figures captions

Fig. 1 Description of the four set-up used for measuring behavioural traits in top view (A) Risk taking test apparatus
composed of a shelter area (1) and an open area (2); (B) Novel tank diving test and shoal preference test multi-
compartment apparatus: a closed compartment (1) accommodates six fish isolated by a transparent window (blue
line), and a sliding opaque door (black line) to the other part of the tank which contains the individual focal fish
(2). The latter compartment (2) serves first as a novel tank to evaluate fish anxiety-like behaviour during the
habituation period before the opaque sliding door is opened to run the shoal preference test. The area comprised
between the transparent window and the dotted red line represents the social area (3); (C) Z-maze apparatus used
to evaluate fish exploration, which contains a starting area that also served as a shelter (1). Quadrant (2) represents
the first quadrant and quadrant (3) the last one used to calculate the exploration index. See text for apparatus

dimensions.
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Fig. 2 Behavioural responses during the risk-taking test. (A) Mean proportion of fish that exited the shelter and
were qualified as bold and (B) Latency to exit shelter for each treatment (Control: black and MIX: blue) within
each generation (Mean + SEM). FO: n=19 Control/n=18 MIX; F1: n=21 Control/n=22 MIX; F2: n=17
Control/n=16 MIX; Different letters indicate significant difference between generations and treatments (GLMM,

Tukey HSD: p<0.05).
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Fig. 3 Contribution of the behavioural variables to the two first dimensions of the PCA. Symbols indicate

significant contribution of the variable to the related dimension (***: p < 0.001).
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Fig. 4 Relationship between the PCA score (axis 1) and the latency to exit shelter during the risk-taking test for

each generation (FO: red, F1 green and F2: blue; LMM, see Table 2 for statistics).

PCA score of axis 1

504 =*F2 ®

0 250 500 750
Latency to exit the shelter (s)

25



Fig. 5 PCA scores (axis 2) for each treatment (Control: black and MIX: blue) within each generation (Mean *

SEM). FO: n=19 Control/n=18 MIX; F1: n=21 Control/n=22 MIX; F2: n=17 Control/n=16 MIX; Different letters

indicate significant difference between generations and treatments (GLMM, post-hoc Tukey HSD: p<0.05).
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