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Abstract

B-N-Methylamino-l-alanine (BMAA), a neurotoxin naturally produced by cyanobacteria, diatoms
and dinoflagellates, constitutes a serious environmental and health threat especially during acute
blooms, which are becoming more frequent. This neurotoxin is implicated in several
neurodegenerative diseases (ND) in humans through contaminated water or food consumption.
Even low doses of neurotoxic compounds (NCs) can have lasting effects later in life. In this sense,
early stages of development constitute a period of high sensitivity to environmental influence,
particularly for the central nervous system. To understand the mechanisms underlying the delayed
effects of NCs, newly hatched larvae of the mangrove rivulus fish, Kryptolebias marmoratus, were
exposed to two sub-lethal doses of BMAA (20 pg/L and 15 mg/L) for 14 days. This fish naturally
produces isogenic lineages due to its self-fertilizing reproduction, which is unique case among
vertebrates. It thus provides genetic characteristics that allow scientists to study organisms’ true
reaction norm, minimizing genetic variability and focusing exclusively on the effects of the
environment. Effect assessment was performed at different levels of biological organization to
detect inconspicuous effects of BMAA, since this molecule displays long retention in organisms.
BMAA effects on life history traits as well as behavioral traits such as boldness and aggressiveness
were assessed more than 100 days after exposure. In addition, the relative expression of 7 potential
BMAA target genes was studied, given their involvement in neurotransmission or their association
with individual variation in boldness and aggressiveness. Selected genes code for reticulon 4
(RTN4), glutamate vesicular transporter 1 (Slcl17a7), glutamine synthetase a (Glula), dopamine
receptor D4 (DRD4), monoamine oxidase A (MAOA), calmodulin (CaM) and epedymine (Epd).
Despite observing no effects of BMAA on growth, reproduction and behavioral traits, BMAA
induced a significant increase of the expression of CaM and MAOA genes at 20 ug/L BMAA
compared to the control group. A significant decrease of expression was observed between this
lowest BMAA dose and 15mg/L for DRD4, MAOA and CaM genes. Our results suggest
disruption of glutamate turnover, intracellular dopamine depletion and activation of astrocyte
protective mechanisms, indicating that BMAA might be excitotoxic. Our study revealed that
BMAA can have long-lasting effects on the brain that are suspected to affect phenotypic traits with
aging. Furthermore, it highlights the importance of studying delayed effects in ecotoxicological
studies.
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1. Introduction

B-N-Methylamino-l-alanine (BMAA) is a non-protein amino acid neurotoxicant produced by
cyanobacteria, diatoms and dinoflagellates (Berntzon et al., 2015). BMAA has been detected in
more than 90% of all studied cyanobacterial species suggesting widespread exposure (Cox et al.,
2005). Increasing water eutrophication and phytoplankton bloom events, including some
phytotoxin-producing species, make BMAA contamination a serious environmental and health
issue (Faassen, 2014; O’Neil et al., 2012; Smith, 2003). This neurotoxicant has been the subject
of multiple scientific studies during the last 50 years, and has been implicated in neurodegenerative
diseases such as Guamanian amyotrophic lateral sclerosis/parkinsonism dementia complex
(ALS/PDC), amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD), and Parkinson’s
disease (PD) (Chernoff et al., 2017; Chiu et al., 2011; Cox et al., 2018; Faassen, 2014; Lobner et
al., 2007; Montine et al., 2005; Nunn, 2017; Rauk, 2018; Snyder et al., 2009). The origin of BMAA
neurotoxicity comes from its excitotoxicity (van Onselen et al., 2018) (i.e., cell death resulting
from the hyperactivity of excitatory amino acids (Chiu et al., 2011)). Briefly, BMAA reacts with
bicarbonate ions to form B-carbamate, which can bind to glutamate receptors and inhibit the
cysteine/glutamate antiport system (Xc- system) with consequences leading to increased Ca2+
influx, prolonged membrane depolarization, reactive oxygen species (ROS) production and
activation of apoptotic mechanisms (Chiu et al., 2011; Purdie et al., 2009a; Rao et al., 2006; Chiu
et al., 2011). BMAA also has a similar structure to alanine and serine and could thus be subjected
to misincorporation during protein synthesis. The resulting protein aggregates have been
implicated in neurodegenerative diseases (Glover et al., 2014; van Onselen et al., 2018). Moreover,
BMAA is characterized as a “slow neurotoxin™ due to its long latency between exposure and
observation of the first symptoms. The origin of this delay would result in the existence of a “toxic
tank” in which BMAA is associated with a protein, stored, and slowly excreted in a free form
(Banack et al., 2005; Faassen, 2014; Rao et al., 2006). Recently, a clear link between BMAA
exposure and neurodegeneration has been reported in neonatal rodents and non human primates
displaying respectively behavioral and histopathological impairments in adulthood and
neurological hallmarks of both Alzheimer’s and Guamanian amyotrophic lateral sclerosis (Cox et
al., 2016a, 2016b; Scott and Downing, 2019, 2017).

Early life stages (ELS) are particularly sensitive to neurotoxicants, even at low doses, due to the
vulnerability of the central nervous system during development. Toxic exposure during ELS can
damage the brain and potentially cause lasting effects that can be observed later in life
(Aschengrau, 2016; Htway et al., 2019; Jedrychowski et al., 2015; Powers et al., 2017; Roen,
2015). It is therefore necessary to assess lasting BMAA effects on organisms exposed to sub-lethal
doses during development to increase knowledge about mechanisms underlying delayed effects
later in life (Barouki et al., 2018). Moreover, assessing effects at different biological endpoints



(growth, fecundity, behaviors and gene expression) is imperative to avoid missing any hidden
effects due to the particular characteristics of BMAA as a slow neurotoxin. To date, most studies
have focused on humans and laboratory models such as rats and mice. Only a few studies have
investigated the impacts of BMAA on other model organisms such as aquatic species (Froyset et
al., 2016; Karamyan and Speth, 2008; Powers et al., 2017; Purdie et al., 2009b). The present study
aimed to assessing the effects of BMAA exposure during development on behavior and brain gene
expression in the adult stage of an emerging model fish species, the mangrove rivulus,
Kryptolebias marmoratus. This oviparous teleost fish belongs to the Rivulidae family and is native
of mangrove habitats from the tropical and sub-tropical basins of the West Atlantic, ranging from
Florida to coastal regions of Central America (Costa, 2011; Earley et al., 2012). This species is
characterized by an androdioecious mixed-mating reproductive system. Populations consist
mostly of hermaphrodites and by a small but variable proportion of males, where outcrossing is a
more sporadic event than self-fertilization (selfing) (Kelley et al., 2016; Mackiewicz et al., 2006).
Together with its sister species, K. hermaphroditus, the mangrove rivulus is the only known
vertebrate capable of self-fertilization, and can produce highly homozygous and isogenic
populations after a few generations without outcrossing (Costa, 2011; Harrington, 1961;
Tatarenkov et al., 2009). These characteristics allow researchers to minimize genetic noise in
scientific studies, and focus exclusively on how the environment influences the phenotype,
ultimately defining “true reaction norms” (Earley et al., 2012; Kelley et al., 2016). Voisin and
colleagues showed that early life exposure to an endocrine disrupting compound can induce
delayed impacts on the adult phenotype and proteome (Voisin et al., 2016, 2018). A growing body
of work on mangrove rivulus supports its value as a new model species optimally suited to
investigate the potential lasting effects of environmental stressors and toxicant exposure. It is
particularly well-suited for studying the role of epigenetic mechanisms in toxicity and ecotoxicity,
as well as the role of epigenetics in ecology and evolution (Fellous et al., 2018). In addition to this
species being of great interest for its capacity to selfing, rivulus is also subject to BMAA exposure
in its natural environment since BMAA was found in resident species of South Florida as high as
7 mg/g of animal tissue (Brand et al., 2010). BMAA could therefore interfere with rivulus’
behavior and neurobiological function, leading to detrimental consequences for population
survival (Carion et al., 2018).

Organism’s behaviors are extensively studied in ecotoxicology because the expression of behavior
is highly sensitive to environmental stressors (Denoél et al., 2012). In fact, behavior integrates
biochemical and physiological processes and reflects changes at higher levels of biological
organization with ecological relevance (Hellou, 2011). This increasing interest in behavioral
monitoring in xenobiotic studies stems from the fact that behavior is the ultimate output of an
animal's nervous system. In order to survive, an organism has to be able to perform the right action
at the right time, making behavior a major mechanism used by animals to acclimate and adapt to
their environment (Brown and de Bivort, 2018; Sih et al., 2010). To adequately evaluate the
impacts of a neurotoxicant on organisms’ fitness, the study of personality traits such as boldness



and aggressiveness becomes particularly relevant (Burns, 2008; Réale et al., 2007). The consistent
between-individual differences in behavior over time and across contexts, also called personality
traits or behavioral individualities, influence various parameters such as food access, social
interactions, survival and, ultimately, the fitness of organisms (Réale et al., 2007; Stamps and
Groothuis, 2010). The widespread existence of personalities across the animal kingdom suggests
an evolutionary relevance. Although animals behavior constitutes the interactive link between an
organism and its environment, behavioral individualities are largely interconnected with
ecological dynamics and population evolution (Sih et al., 2010).

In a previous study, we showed that BMAA significantly affected the maximal speed and
probability of successful prey capture in rivulus larvae exposed for 7 days immediately post-
hatching (Carion et al., 2018). Our objective in the present study is thus to assess whether BMAA
exposure can affect more complex behaviors such as personality traits later in life. We hypothesize
that BMAA exposure during early life can have lasting effects on molecular mechanisms that could
impact gene expression, leading to disruptions in personality traits expression or changes in
behavior. For that purpose, newly hatched larvae of mangrove rivulus were exposed directly after
hatching to 2 sublethal doses of BMAA (low: 20 g/l and high: 15 mg/L) during 14 days in order
to assess the delayed effects in adult fish personality traits (boldness and aggressiveness) and on
the relative expression of 7 genes of interest. These doses were chosen according to a previous
study assessing the immediate effects of 7 days BMAA exposure on locomotion and prey capture
behavior of newly hatched larvae (Carion et al., 2018). The time of exposure was extended of 7
days compared to the previous study because the effects are assessed in adult fish more than 100
days after the exposure stopped. Boldness and aggressiveness were assessed in adults, more than
100 days after exposure stopped, while they are all young mature adults. Differences in relative
expression of 7 genes implicated in boldness and aggressiveness behavioral traits and in neural
signaling and metabolism were assessed in adult brains. Genes coding for glutamine synthetase a
(Glula) and solute carrier family 17 member 7a (Slc17a7) were chosen as potential BMAA targets
(Caller et al., 2018; Lewerenz and Mabher, 2015; Popova et al., 2018). Genes coding for reticulon
4 protein (RTN4) (Pinz6n-Olejua et al., 2014), ependymin (Epd) (Sneddon et al., 2011), D4
dopamine receptor (DRD4) (Garamszegi et al., 2014), calmodulin (CaM) (Sneddon et al., 2005)
and monoamine oxidase A (MAOA) (Newman et al., 2005) were chosen for their potential roles
in neurotransmission and/or personality traits.

2. Materials and methods
2.1. Experimental fish and BMAA exposure

Mangrove rivulus individuals used for this experiment are from the DC4 lineage currently housed
at the University of Namur (Belgium) in 25 + 1 parts per thousand (ppt) saltwater (Instant Ocean™



sea salt), at 25+ 1 °C, 12:12 light:dark cycle and fed every day ad libitum with living Artemia
salina. As described in Voisin et al. (2016), this stock population was initially obtained from fish
sampled by Ryan L. Earley and D. Scott Taylor in 2010 in the Florida Keys (Dove Creek;
Tavernier, Florida; N25°01°45.64”, W080°29°49.24”), and transferred to the University of
Alabama (USA) to produce F1 and F2 generations via self-fertilization. F2 individuals were sent
and acclimated to the housing facilities of the University of Namur.

Eggs used for the experiment were exclusively produced by hermaphrodite individuals.
Hermaphrodites were raised individually in 500 mL capacity plastic container filled with 200 mL
salt water. As they spawn at the air/water interface on cotton placed in their tank, eggs were
collected on a daily basis and were individually placed in a plastic 24-wells microplates made for
cell culture (Cellstar®) filled with 25 + 1 parts per thousand (ppt) saltwater (Instant Ocean™ sea
salt) with one egg/well. Plates with eggs were kept in an incubator at 25+ 1 °C, 12:12 light:dark
cycle and fed every day ad libitum with living Artemia salina. Water was changed every day until
hatching. Larvae were then transferred in 6-wells microplates filled with salt water. BMAA
treatments were randomly assigned directly after hatching on 0-day post-hatching (dph)
autonomous larvae. Lyophilized B-N-methylamino-L-alanine hydrochloride (BMAA-HCI —
50 mg) was purchased from Abraxis Inc. (Warminster, USA) and dissolved in 25 & 1 ppt saltwater
(Instant Ocean™ sea salt) to reach a final concentration of 382 mg/L BMAA constituting the stock
solution. A total of 159 newly hatched larvae were split into three groups and individually exposed
to nominal sublethal BMAA concentrations of 20 pg/L, 15 mg/L, or 0 mg/L (control) for 14 days
in a volume of 6 mL (Table 1). These two BMAA doses were chosen according to Carion et al.
(2018). They observed effects of 7-days BMAA exposure on rivulus larvae maximal speed at the
environmentally relevant concentration (20 pg/L) and on their prey capture capabilities at both low
and high concentrations. During the exposure period, 4 mL out of total 6 mL were renewed daily
according to OECD #210 guidelines (2013). At 7 dph, a complete water renewal was conducted.
After the 14 dph exposure, animals were individually transferred into a « cleaning bath » filled
with salt water (25 £ 1ppt at 25 + 1 °C). This manipulation was applied twice on each single fish
to remove any trace of BMAA from fish skin. A cleaning bath was dedicated to control fish to
avoid BMAA contamination and to apply the same manipulations. Then, each animal was
individually transferred to a 500 mL plastic container filled with 200 mL of water and placed under
the same physico-chemical conditions than stock fish. Larvae were fed every day ad libitum during
exposure with living Artemia salina.



Table 1. Total number of larvae raised per treatment, death, reproductively mature hermaphrodites,
reproductively immature hermaphrodites, males and sample sizes used for growth monitoring, behavioral
analyses and gene expression analyses. Males and immature hermaphrodites were excluded from
behavioral analyses.

Treatments Larvae Death hernl:::tl:lrl:dites he:rilnz:;l)::'l;l;;tes Males Growth Behavior expGrZIslseion
Control 50 0 45 1 4 30 45 8
20 pg/L 51 1 48 1 1 33 48 9
15 mg/L 52 0 48 3 1 32 48 10

All rivulus husbandry and experimental procedures were performed in accordance with the
Belgian animal protection standards and were approved by the University of Namur Local
Research Ethics Committee (UN 18 318 KE). The agreement number of the laboratory for fish
experiments is the LA1900048.

2.2. Measurement of BMAA concentration by ELISA

During the exposure period, 1 mL of water from each treated group was sampled and stored at
—20°C to further assess the actual BMAA content of the water. BMAA concentration was
measured using an ELISA kit developed by Abraxis (#PN520040, Warminster, USA). Each
sample was diluted to limit interference by salt from the water (at least 7-fold dilution for 25 ppt
saltwater) and to obtain an approximate concentration of 100 pg/L BMAA (according to the
manufacturers’ user guide). Stock and 15 mg/LL. BMAA solutions were diluted accordingly and
control water samples were diluted 10 times and used as blank. After adequate dilution to limit
salt interference with ELISA kit, the 20 pg/L solution was not quantified because it was below kit
quantification limit (4 pg/L).

2.3. Monitoring of life history traits

Fish growth and reproduction were monitored to assess potential effects of BMAA exposure on
life history traits (Table 1). Larvae standard length (i.e., from tip of nose to posterior margin of the
caudal peduncle) was quantified at 7 and 14 dph with a Nikon binocular SM21270 associated with
NIS-elements software. At 30, 50, 80 and 170 dph, standard length from 35 random individuals
per group was recorded through picture analysis on ImageJ™ software. Each individual tank was
checked for eggs twice per week for 10 weeks from 70 dph to 120 dph (maturity is achieved
between 80 and 100 dph in this species (Cole and Noakes, 1997)) to assess the age at first



reproduction and fecundity (i.e., number of eggs produced). Proportion of males, reproducing
hermaphrodites and non-reproducing hermaphrodites was calculated. After sexual maturity, males
and hermaphrodites are easily distinguishable according to external characteristics. Males exhibit
orange color, faded ocellus, and black margins on anal/caudal fins, while hermaphrodites are silver
with a black ocellus on their caudal fins (Scarsella et al., 2018; Soto and Noakes, 1994). Distinction
between males and hermaphrodites was confirmed by gonad dissection at 170 dph. Determination
between reproductively mature and immature hermaphrodites was based on their egg production.
Fish were considered reproductively immature hermaphrodites when no eggs were laid before
170 dph.

Data normality was assessed with Agostino & Pearson test. Depending on the data distribution,
differences among treatments in fish standard length were tested at each time point with a one-
way analysis of variance (ANOVA) or a non-parametric Kruskal-Wallis test followed by
Tukey’s/Dunn’s multiple comparisons test. Chi square test was used to assess differences in the
proportion of males and hermaphrodites among treatments. Friedman test was applied on egg
production data to test treatment differences in fecundity. Finally, survival curves were fitted using
the cumulative percentage of mature individuals against age with the Kaplan-Meier method and
curves were compared with the logRank and the Gehan—Breslow—Wilcoxon tests. Statistical
analyses were performed using GraphPad Prism7™.

2.4. Behavioral tests

Boldness and aggressiveness were recorded on adult hermaphrodites (Table 1) to assess potential
delayed neurotoxic effects. Fish were tested at 120 dph (106 days after exposure stopped) with the
shelter test (Fig. S1-A) (also known as emergence test (Burns, 2008; Garcia et al., 2016)) followed
24 h later by a model test (Fig. S1-B) to assess fish boldness and aggressiveness, respectively. At
120 dph, fish are sexually mature. This two tests pattern was replicated at 134 dph and 148 dph.
Shelter test arenas consisted of a grey shelter giving access to a 21 cm diameter white, round open
field filled with 1.4 L of saltwater (25 ppt) (5.5 cm of water depth) at 25 £ 1 °C. The focal fish was
placed in the arena for 10 min of acclimation in the shelter covered with a dark grey lid and closed
from the open field. After acclimation, the door between shelter and open field was lifted and each
trial was video-recorded for 30 min (60 frames/s HDR-CX625 Sony camera) for further behavioral
analyses of latency to exit shelter, total distance moved and total time spent inside the shelter.
Model test arenas were rectangular white plastic containers (25 x 15 cm) filled with 1 L saltwater
(25 ppt, 4 cm of water depth) at 25+ 1 °C. A dummy was placed in the left side of the rectangular
arena with the head oriented towards the right side of the arena and the body positioned with a 30°
angle from the median line of the rectangular base of the tank. This dummy was a 3D-printed
plastic model of mangrove rivulus crafted by Ryan L. Earley (University of Alabama, USA) and



painted at the University of Namur with acrylic paints. Epoxy resin topcoat covered the model to
isolate paint from water during behavioral tests. The dummy was attached with a rigid nylon wire
on an epoxy resin base at 1 cm from the water surface. To stimulate aggressive behavior, the
dummy size used for each rivulus tested was chosen among dummy sizes available (1.9, 2.4, 2.8
and 3.4 cm) to be the closest from the mean standard body length of 10 random individuals at the
three testing time points (Barlow et al., 1984; Earley et al., 2000). After acclimation for 5 min
inside a white plastic cylinder, fish aggressive behaviors (latency to first bite and attack posture
and total number of bites and attack posture) were video-recorded for 10 min (60 frames/s HDR-
CX625 Sony camera). The model test was chosen to measure rivulus aggressiveness because it is
known to elicit less strength in the aggressive response of the focal fish compared to the mirror or
the standard opponent tests (Earley et al., 2000). With the model test, the focal fish response does
not depend on the image/real opponent display and therefore limits variability in the results.

Videos were analyzed by video-tracking using NoldusEthovision XT 13TM. This software
converts automatically the fish images into pixels and therefore allows to quantify accurately
movement patterns (Denoél et al., 2013). Manual scoring was used to record the number of bites
and attack postures displayed by fish during the model test.

Correlations between boldness and aggressiveness variables were assessed with non-parametric
Spearman test (rcorr function — Hmisc R package). Principal Component Analysis (PCA) was
performed on shelter and model test results using R Studio (“dudi.pca” function from “ade4” R
package — version: 0.99.903). Scores for boldness and aggressiveness levels were obtained using
coordinates of each fish on PCA axis 1 and 2, respectively. Logit transformation was applied on
aggressiveness scores to meet normality assumptions. Linear mixed models (LMMs) were used
on boldness scores and aggressiveness scores using “Imer” function from “Ilme4” R package:
treatments and fish age were entered as fixed effects and individuals as random effects. No
interaction between age and individuals was taken into account because we assume that boldness
and aggressiveness are traits and, therefore, consistent across time. Nested model selection was
based on the logLikelihood-ratio test. Repeatability was calculated for both models using “rpt”
function from “rptR” package (Biro and Stamps, 2015). The repeatability computed was the
enhanced consistency repeatability (6%individual/Gtotat). It takes into account the variability due to
treatments and fish age (fixed effects) and assumes that behaviors are changing the same way
across time, a constraint due to the limited number of behavioral test repetitions across time in our
experimental design (only 3 time points).

The effects of BMAA on behavioral tests across time (slope of score—fish age) were tested to
determine whether acclimation/habituation occurred (Biro, 2012). Because each individual
showed different pattern of behavior across time, we divided our timeline into two sequences and



computed the difference between 120 dph and 134 dph scores and the difference between 134 dph
and 148 dph scores. After testing model assumptions, LMMs were conducted on these data for
both behavioral tests, and the models included treatment, fish age, and the treatment x fish age
interaction as fixed effects.

2.5. Brain collection

Fish were immersed in 4 °C water at 170 dph for euthanasia. Fish body was weighed and standard
length recorded. Death was ensured by decapitation. The brain was removed, snap-frozen in liquid
nitrogen and stored at —80 °C for subsequent molecular analyses.

2.6. Reverse transcription quantitative PCR (RT-qPCR)

Expression of several genes of interest was analyzed in adult brains to assess persistent BMAA
effects at the molecular level. Genes coding for glutamine synthetase a (Glula) and solute carrier
family 17 member 7a (Slc17a7) were chosen as potential BMAA targets (Caller et al., 2018;
Lewerenz and Maher, 2015; Popova et al., 2018). Genes coding for reticulon 4 protein (RTN4)
(Pinzon-Olejua et al., 2014), ependymin (Epd) (Sneddon et al., 2011), D4 dopamine receptor
(DRD4) (Garamszegi et al., 2014), calmodulin (CaM) (Sneddon et al., 2005) and monoamine
oxidase A (MAOA) (Newman et al., 2005) were chosen for their potential roles in
neurotransmission and/or personality traits. Twelve brains from fish expressing the extreme
behaviors (3 bold, 3 shy, 3 aggressive and 3 non-aggressive) were selected per treatment. RNA
from a total of 36 brains was thus extracted with 500 pL of TRI Reagent (ThermoFisher Scientific)
and 50 pL of 1-Bromo-3-chloropropane (BCP). After 10 min incubation at room temperature and
centrifugation at 12,000 x g for 15 min at 4 °C, the aqueous layer containing RNA was removed
and added to 250 pL of isopronanol to precipitate RNA. Two washing steps were performed by
substituting isopropanol by ethanol 75%. The dried pellet was resuspended in RNase Free water.
DNase treatment was performed with RQ1 RNase-Free DNase kit ® (PROMEGA) before
converting 500ng RNA into cDNA with the RevertAid RT Reverse Transcription kit
(ThermoFisher Scientific). Samples were stored at —20 °C.

Primers efficiencies were tested with the following dilutions 5-25-125-625-3125x on cDNA pool
of samples made from the 3 treatments. 2.5 uL. of diluted cDNA was added to 2.5 puL of primers
mix and 5 uL of SYBR green (Bio Rad®). Three technical replicates were established per dilution.
SYBR green quantitative PCR was conducted on a StepOnePlus Real-Time PCR System®
(Applied Biosystems) with 40 cycles (95 °C, 3 s; 60 °C, 30 s). A melting curve and an end-point



agarose gel electrophoresis followed by SYBR safe (Thermo Fisher) staining were used to check
for accurate amplification of the target amplicon. Primer efficiencies were calculated according to
the MIQE guidelines (Bustin et al., 2009) and accepted between 90 and 110%. Relative expression
of the genes of interest (GOI) was normalized with expression of the housekeeping gene B-actin
using the Pfaffl method (Hellemans et al., 2007). This gene was selected after testing its overall
stability value and its intragroup and intergroup variation using the algorithm developed in the
Excel™ add-in NormFinder™. This gene showed the highest stability value (0.056) and the lowest
variation (0.005, 0.003, 0.009 for intragroup variation in control, 20 ug/L and 15 mg/L,
respectively) compared to 18S RNA gene. Primer characteristics are available in supplementary
data (Table S1).

Aberrant values were searched by the method of Robust Fit Outliers (Huber M-estimation to
estimate center and spread). A total of 3 values were consequently removed from the analysis (1
for RTN4, 1 for DRD4 and 1 for Epd). Differences among treatments in relative gene expression
were tested with a non-parametric Kruskal-Wallis test followed by the Wilcoxon test for each pair.
Statistical analyses were performed using JMP™ version 15.

3. Results

3.1. BMAA concentrations assessment

The measured concentration of BMAA in the working solution (nominal concentration of
15 mg/L) was 20.0 £2.5 mg/L (mean + SD), the average of 13 measurements across 14 days of
exposure. The average measured concentration for the stock solution (nominal concentration of
382 mg/L) was 543.0 +43.5 mg/L (mean £ SD). Data of actual BMAA concentrations in fish water
are available in supplementary data (Table S2 and Figure S2). Even if higher than expected, results
confirmed that fish were consistently exposed to BMAA during the entire exposure period.
Although the working solution of 20 ug/L. BMAA was below the kit detection limit (4 pug/L) after
7-fold dilution to avoid salt interaction with ELISA kit, measured concentrations of the working
solution indicate that the intended exposure concentrations were achieved.

3.2. Life history traits

14 days of exposure to BMAA did not impact fish growth. At 7 dph, fish exposed to 20 pg/L
BMAA were about 3% heavier, and fish exposed to 15 mg/L were about 6% heavier than
unexposed controls; neither of these differences was statistically significant. After exposure and
before sexual maturity (50 dph), the standard lengths of exposed and unexposed fish differed by
only 1%. At 170 dph, the standard lengths of controls and fish exposed to 20 ug/L or 15 mg/L
BMAA were virtually indistinguishable (Table 2).



Table 2. Data monitoring of fish standard length (mm) at different ages. Mean+ SEM. dph = days post

hatching.
Age (dph)  Control 20 pg/L BMAA 15 mg/L BMAA
7 6.47+0.10 6.67+0.88 6.87+0.11
14 8.55+0.13 8.47+0.13 8.88+0.14
30 14.54+0.22 14.17+0.20 14.40+0.21
50 18.55+0.16 18.31+0.24 18.30+£0.22
80 23.45+0.25 23.01+0.30 23.07+£0.34
170 26.29+0.17 26.29+0.13 26.40+0.18

There were no significant effects of BMAA on the age of sexual maturity, and there were no
significant differences in the survival curves among treatments (Log-rank test; df=1, 2 =0.011,
P=0.91). On average, fish treated with BMAA reproduced 4 days earlier than controls but this
difference was not statistically significant (Table 3). There were no significant differences in sex
ratio (hermaphrodite:male) among control and BMAA exposed groups. The number of
reproductively mature versus immature hermaphrodites was not significantly impacted by BMAA
exposure (Chi-square test; df =4, y2=4.68, P=0.32) (Table 1). BMAA exposure did not impact
fecundity, with mean egg production per week being very similar among treatments, including the
controls (Table 4). Graphs depicting life history traits in the three treatments are available in the
supplementary materials (Figs. S3—S5)

Table 3. Fish age at first egg production. Mean £ SEM, data are expressed in days post hatching (dph).

Control 20 pg/L BMAA 15 mg/L BMAA
97+2 93+2 92+2

Table 4. Mean egg production per week recorded during 10 weeks, from 70 to 120 dph. Mean = SEM.

Control 20 pg/LL BMAA
0.96+0.13 0.92+0.104

15 mg/L BMAA
0.82+0.093




3.3. Behavioral traits

Principal component analysis (PCA) identified two major axes that explained a total of 66.48% of
the behavioral variation, 35.53% for axis 1 and 30.95% for axis 2 (Fig. 1-A)(Table 5). The first
axis mostly explained a continuum of aggressive behavior. Latency to first bite (“Bite latency”)
and to first express an attack posture (“Attack posture latency”) against the dummy during the
model test loaded positively on the first axis, while total number of bites (“Bites”) and total number
of attack postures (“Attack postures”) loaded negatively on this axis. More aggressive individuals
thus have lower scores for the first principal component axis than less aggressive individuals. The
second axis represents a continuum of boldness, with latency to first exit the shelter (“Latency out
shelter”) and total time spent inside the shelter (“‘Shelter time”) during the emergence test loading
negatively on this axis. Total distance moved (“Distance”) in the open field during the test loaded
positively on the second axis. We thus observe a shy-bold continuum, with bolder animals having
higher scores for the second principal component axis than shyer animals. While behavioral
elements within a given test (e.g., aggression or emergence) were strongly correlated, there were
no significant behavioral correlations across the two tests (Table S3).

Table 5. Principal component analysis (PCA): eigenvalues and percentage of explained inertia by each
component.

Component Eigenvalue Cumulated eigenvalues Percentage of inertia =~ Cumulated percentage of inertia
1 2.4873 2.4873 35.533 35.533
2 2.1665 4.6538 30.95 66.48

Linear mixed models (LMMs) showed no BMAA effect on fish boldness or aggressiveness but
significant changes in behavior with fish age (Table 6). This result also appears on the PCA scatter
of the 154 individuals: the three treatment clusters superimposed (Fig. 1B) while individuals
become bolder and less aggressive over time (Fig. 1C). Graphical representations of behavioral
response variables across time and treatments are available on Fig. 2 for the model test and on Fig.
3 for the shelter test. From 120 dph to 148 dph there was a decrease of 66%, 69%, and 73% in the
latency to first exit the shelter (i.e., increased boldness) in controls, 20 ng/LL BMAA, and 15 mg/L
BMAA treatments, respectively (Fig. 3A). With respect to aggression, there was a decrease of
83%, 58%, and 48% in the number of bites from 120 to 148 dph of the control, 20 ng/L. BMAA,
and 15 mg/L BMAA treatments, respectively (Fig. 2A). Detailed behavioral test results are
available in supplementary data (Tables S4 and S5).
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Fig. 1. Principal component analysis (PCA) on behavioral data obtained from the shelter and model tests
on adult mangrove rivulus, Kryptolebias marmoratus, exposed to BMAA during development (A). Axis 1
(x-axis) corresponds to aggressive behavior, while axis 2 (y-axis) corresponds to boldness behavior. The
orthogonal position of boldness and aggressiveness variables indicates the absence of correlation between
these variables. Schematic representation of each individual for behavioral tests applied at 120, 134 and
148 dph indicates (B) less effect of treatments on fish behaviors than (C) the effects of fish age.

There was significant among-individual variation in boldness (i.e., significant effect of
'individual'; p=0.0393; repeatability [R] =0.104) but not for aggression (Table 6).

LMMs applied on the change in behavior from 120 dph to 134 dph, and from 134 dph to
148 dph, assessed BMAA effects on fish response to behavioral tests across time (potential
habituation/acclimation). There was no treatment effect and no interaction with fish age for
boldness or aggressiveness scores (Table 7).



Table 6. Linear mixed model results from PCA scores of shelter and model tests results.

Bold scores Aggressive scores
Fixed effects F Dfn, Dfd p F DFn, DFd p
Treatments 0.5011 2,420 0.6059 0.8232 2,420 0.4529
Fish age 8.7918 2,420 0.0002 115.0384 2,420 <0.0001
Random effects F Dfn, Dfd p F Dfn, Dfd p
Individuals 4.2468 2,420 0.0393 1.6501 2,420 0.1989
Variance estimates
Among-individual variance 0.2286 0.0819
Within-individual variance (Residual) 1.8807 1.1052
Enhanced consistency repeatability R R
Random effects 0.104 * 0.046

Linear mixed model was applied on bold scores and aggressive scores with treatments and fish
age as fixed factors and individuals as random factors. (Bold.score ~ Treatment+ Age +
(1/Individual) ;(Nagg.score.logit~Treatment + Age + (1|Individual). Total behavioral variation
was partitioned into among- and within-individual variance. Repeatability estimates (R) the
proportion of trait variation that is attributed to among-individual differences. R calculated is the
enhanced « consistency repeatability » using rptR package. Bootstrapped 95% confidence intervals
were computed from 1000 bootstraps to assess the signficance of R from 0.
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Fig. 2. Model test results recorded for the 3 treatments at 120, 134, and 148 days post hatching in mangrove
rivulus. (A) Number of bites against the dummy, (B) number of attack postures against the dummy. Bar
charts representing mean + SEM.
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Fig. 3. Shelter test results recorded for the 3 treatments at 120, 134, and 148 days post hatching in
mangrove rivulus. (A) latency to exit shelter for the first time and (B) total time spent inside the
shelter. Bar charts representing mean + SEM.

Table 7. Linear mixed model results of delta for shelter and model tests results.

Delta-Bold Delta-Aggressive
Fixed effects F DFn, Dfd p F DFn, Dfd p
Treatments 0.5277 2,420 0.5906 0.8936 2,420 0.4104
Fish age 16.6803 1,421 <0.0001 48.5484 1,421 <0.0001
Treatment:Age 0.0756 2,420 0.9272 0.077 2,420 0.9259

Linear mixed model was applied on delta-bold and delta-aggressive with treatments and fish age
as fixed and interacting factors. (Delta ~ Treatment + Age + Treatment:Age).

3.4. Relative gene expression

Relative expression analyses in the brain revealed an overall trend for every gene of interest to
be down-regulated in individuals exposed to the highest BMAA concentration (15 mg/L), except

for Glula (Fig. 4).



. [ ]

E 15 T
@
3
i ‘P *} EmCTL
v, | I
T 020 pe/L
[
g o B15 mg/l
=
g
mr I
e 05 I

o |

ATH4 Sle17a Glula DRO4 WA CaM Epd

Fig. 4. Relative gene expression in the brain of adult Kryptolebias marmoratus in response to BMAA
exposure (0 pg/L, 20 pg/L and 15 mg/L) during early life. Results are presented as mean = SEM. Asterisks
represent significantly different relative expression between groups. Reticulon 4 gene (RTN 4); Slc17a7
anionic receptor; Glutamine synthase a (Glula); Dopamine D4 receptor (DRD4); Monoamine oxidase A
(MAOA); Calmodulin (CaM); and Ependymin (Epd) relative expression were measured. Housekeeping
gene used is B-actin. Number of biological replicates used for Ctl = 8 except for Glula (7); 20 ug/LBMAA =9
except for RTN4 and Epd (8), and 15 mg/L BMAA = 10 except for DRD4 (9). Significance levels (Wilcoxon
test for each pair comparison) * p < 0.05 (significant); ** p < 0.01 (highly significant).

Significant increases of monoamine oxidase A (MAOA, p=0.0141) and calmodulin (CaM,
p=0.0304) relative expression occurred at low BMAA dose compared to controls.

Significant reduction of gene expression in fish brain exposed to 15 mg/L was observed for
dopamine D4 receptor (DRD4; p=0.0171), monoamine oxidase A (MAOA; p=10.0009), and
calmodulin (CaM; p =0.0048) compared to 20 pg/L exposed fish. A significant decrease of gene
expression was observed in the 15 mg/L exposed fish compared to controls for DRD4 (p =0.0304).



4. Discussion

Immediate effects of NCs can be observed on individuals directly after exposure, which
consequently impairs behavior or other phenotypic traits (Carion et al., 2018; Mason et al., 2014).
Our study aimed to determine the lasting and delayed effects of BMAA observed during later life,
after exposure has ceased, in order to fully understand the long-term influence of neurotoxicant
exposure. Exposure of mangrove rivulus larvae to BMAA indicated no effects on life history traits
(growth, sexual maturity, fecundity and sex ratio). Even if a previous study had shown impairments
on larvae mobility (increase of maximum velocity and prey capture failures), it appeared that
BMAA exposure during early life did not impact boldness and aggressiveness in adult fish.
However, we observed significant effects of BMAA on the relative expression of all 7 target genes,
suggesting disruptions to glutamate turnover, intracellular dopamine depletion and astrocyte
protective mechanisms. Our study revealed that BMAA might have long-lasting excitotoxic effects
on the brain that are suspected to affect phenotypic traits with aging.

4.1. BMAA effects on life history traits

BMAA exposure had no notable effects on growth or reproduction, although fish exposed to
BMAA reached sexual maturity (i.e., first egg production) 4 days earlier than controls. Growth is
commonly used to assess chemical risk in ecotoxicological studies because size can influence
reproductive success, vulnerability to predators, survival and ultimately fitness. Growth
monitoring can thus furnish information about how chemicals affect populations and communities
(Groh et al., 2015). BMAA has been shown to affect phytoplankton and zooplankton growth.
Direct exposure to BMAA (100 pg/L) decreased somatic and population growth of Daphniamagna
(Faassen et al., 2015). BMAA also reduced growth of diazotrophic cyanobacteria (Anebaena sp.)
under conditions of nitrogen starvation (Popova et al., 2018). However, despite there being a
significant body of research about neurotoxic chemicals, very little has been reported on their
impacts on growth in vertebrates (Mason et al., 2014; Scott and Downing, 2017). Zebrafish
embryos exposed to elevated concentrations (>10 pg/egg) of azaspiracid-1 algae bloom toxin and
mouse fetuses exposed to low doses of arsenic in their drinking water experienced reduced growth
(Berry et al., 2007, Kozul-Horvath et al., 2012). However, mice exposed perinatally to BMAA
(50 mg/kg 3 times a week — intranasally exposed from embryonic day 7-10 to postnatal days 21)
did not show reduced somatic growth (Laugeray et al., 2018).

The primary regulator of vertebrate growth is the somatotropic axis, also known as the insulin-like
growth factorl (Igfl)/growth hormone (Gh) system (Dai et al., 2015). This axis is very informative



of a broad range of stressful and growth-disturbing stimuli (Pérez-Sanchez et al., 2018). We
previously showed that newly hatched mangrove rivulus larvae exposed to BMAA (20 ug/L and
15 mg/L) for 7 days showed no effects on standard length (Carion et al., 2018). The present study
confirmed those results, with no delayed effect of BMAA exposure on mangrove rivulus standard
length, potentially indicating no interference of BMAA with growth regulators.

4.2. BMAA effects on behavior

We found no delayed effects of BMAA exposure on fish behavior, neither boldness nor
aggressiveness. Numerous studies have implicated BMAA in the onset of neurodegenerative
diseases (Chernoff et al., 2017; Chiu et al., 2011; Cox et al., 2018; Faassen, 2014; Lobner et al.,
2007; Montine et al., 2005; Nunn, 2017; Rauk, 2018; Snyder et al., 2009). The study of behavior
in the assessment of neurotoxicity of chemicals is widely used for years but very few studies have
focused on the relationship between neurotoxicity and personality traits. We can report the
response of mummichog, Fundulus heteroclitus, after the exposure to harmful algae toxins
(brevetoxin, PbTx-2; and saxitonin, STX) that revealed significant alterations in schooling and
shoaling behaviors with a decrease of social interaction with STX and an increase with PbTx-2.
These two toxins generated higher frequency of solitary behaviors and altered startle
(auditory/vibratory) and predator response (bird model) behaviors (Salierno, 2005). Perinatal
exposure of mice to BMAA induces long lasting behavioral changes during the postnatal period
and adulthood such as the appearance of some reflexes (negative geotaxis, righting reflex, bar
grasping, and vertical progression) and communicative skills, changes in emotional cognition and
abnormal sociability in females (Laugeray et al., 2018). They noticed that neuronal stem cells
(NSCs) exposed to BMAA experienced higher ROS production and DNA damage. In contrast, a
recent study measuring delayed BMAA effects on anxiety, locomotor activity, willingness to
explore and memory of adult male mice failed to uncover any adverse cognitive effects (Myhre et
al., 2018). Previous tests on adult mice fed with BMAA for 30 days also found no effects on motor
coordination, motor neuron-mediated reflexes, locomotion, muscular strength or memory (Cruz-
Aguado et al., 2006). However, in a previous study, we showed significant effects of BMAA on
the behavior of mangrove rivulus larvae immediately after 7 days of exposure, with an increase of
61% and 32% in maximum velocity during an open field test at 20 pg/L and 15 mg/L BMAA,
respectively compared to control group. BMAA exposure also increased the number of failed prey
capture attempts and the total trials necessary to catch a prey item (Carion et al., 2018). This
previous study indicated that BMAA disrupts larvae locomotion and their ability to behave
appropriately while hunting prey after 7 days of exposure. The present study indicates that BMAA
mechanisms of action during early life exposure did not persist long enough to trigger phenotypic
effects later in life in mangrove rivulus.



BMAA induces diverse effects that vary with species, method and timing of exposure (Cruz-
Aguado et al., 2006; Karlsson et al., 2009b, 2009a). Neurotoxins can induce free radical generation
(ROS) within neuronal cells, especially at the level of mitochondria. These harmful radicals
oxidize macromolecules including lipids, proteins and DNA (Halliwell, 2007). If severe damage
is sustained, it leads to apoptosis or necrosis of neurons and glia, which can interfere with proper
central nervous system function and drive cognitive, sensory and motor deficits (Reiter et al.,
2010). Protective mechanisms against free radicals coming from neurotoxin exposures exist in the
brain, even if this organ is not especially effective in its antioxidant defensive system compared to
its large production of ROS (Reiter et al., 2010; Salim, 2017). The absence of delayed effects on
personality traits measured more than 100 days after developmental exposure of mangrove rivulus
to BMAA could be due to the long latency between exposure and measurements. BMAA
perturbations at the behavioral level might be reversible and unsubstantial. The delay between
BMAA exposure and behavioral testing might have allowed time protective/repair mechanisms to
operate. But we cannot reject the alternative hypothesis that behavioral traits were quantified too
soon after exposure to BMAA, which tends to be retained for long periods and excreted at slow
rates (Banack et al., 2005; Faassen, 2014; Rao et al., 20006).

4.3. BMAA effects on relative gene expression

In the present study, we could not report any significant differences in the expression of Reticulon
4 (RTN4), Slc17a7 encoding glutamate vesicular transporter 1 (VGLUT1), Glutamine synthetase
a (Glula) and Ependymin (Epd) encoding genes between fish exposed to BMAA and fish that were
unexposed. However, we reported two opposite effects of an early exposure of BMAA on gene
expression in young adult fish. On the one hand, the highest tested dose of 15 mg/L BMAA
significantly decreased the expression of Dopamine D4 receptor (DRD4) compared to the control
group (—33%) and to the lowest tested concentration group (—46%) (Fig. 4).

BMAA effects on catecholamines (noradrenaline, dopamine, etc.) are poorly understood.
However, excess of excitotoxicity-related intracellular calcium concentrations, which is a well-
known effect of BMAA (through activation of glutamate receptors), would induce prolonged cell
depolarization, leading to membrane permeability that causes catecholamine intracellular
depletion (Chiu et al., 2011). Similarly, Santiago et al. (2006) observed a dose-dependent increase
in dopamine levels in extracellular medium of rat brains exposed to BMAA, possibly caused by
increasing membrane permeability of neurons to catecholamines. This extracellular increase of
catecholamine concentration can consequently overstimulate their receptors, which may
negatively impact neural information processing (Horzmann and Freeman, 2016). The present
observation of DRD4 gene down-regulation at the high BMAA dose might therefore be a
compensatory, protective reaction to excitotoxicity related to dopamine abundance in the



extracellular medium induced by BMAA exposure. However, further studies should measure the
exact extracellular dopamine concentration before drawing conclusions.

On the other hand, exposure to 20 ng/lL. BMAA significantly increased the expression of the
monoamine oxidase A (MAOA) (+ 50%) and calmodulin (CaM) (+ 58%) genes compared to the
control group and to the high concentration group of 15 mg/L BMAA. MAOA is a key enzyme in
the degradation process of biogenic amines such as serotonin and dopamine, which can lead to the
synthesis of neuromelanin (Ziegler et al., 2016), a pigment mainly located in the catecholaminergic
neurons (Haining and Achat-Mendes, 2017). The primary role of neuromelanin is to extract toxic
metabolites that induce neurodegeneration (e.g., neurotoxic compounds) via its capacity to
sequester iron, copper ions, and even BMAA (Zucca et al., 2014). The reported MAOA up-
regulation at low dose of BMAA may occur as a mechanism to reduce neurotoxicity by increasing
production of intracellular neuromelanin. This hypothesis should be deepened by measuring the
intracellular level of this pigment. It can be suggested here that a low dose of BMAA can stimulate
MAOA expression in order to maintain normal neuronal activity, while the highest tested BMAA
concentration was too high to induce this protection mechanism.

Under the same condition, BMAA exposure significantly increased CaM expression. Calmodulin,
a major component of postsynaptic density complex (PSD), has a molecular structure that allows
binding 4 Ca2+ ions. When saturated, the modified structure interacts and activates a large number
of target enzymes, which makes calmodulin a key protein in neurotransmission regulation (Carlin
et al., 1981; Swulius and Waxham, 2008). Calmodulin kinase II (CaMKII) is one of calmodulin’s
major targets involved in synaptic plasticity and ion channel regulation. When activated by the
Ca2+/CaM complex, CaMKII activates glutamate receptors and increases their number by
facilitating incorporation into the membrane (Swulius and Waxham, 2008). Studies have shown
the involvement of CaMKII in excitotoxicity by glutamate. Viberg (2009) showed an increase in
calcium/calmodulin-dependent protein kinase II in the hippocampus of rats exposed to a class of
brominated flame retardants (polybrominated diphenyl ethers). There also was a decrease in
excitotoxicity when glutamate injections were combined with CaMKII inhibition in mice (Ashpole
and Hudmon, 2011). In addition, several studies have shown that CaMKII becomes inactive
following an excitotoxic attack, preventing interaction with glutamate receptors (Ashpole et al.,
2012; Churn et al., 1995). The observed increase of CaM expression level at the low BMAA
concentration might indicate a role for CaMKII in elevating glutamate levels in the extracellular
medium by stimulating glutamate receptor recruitment and subsequent excitotoxicity. This CaM
expression increase could indicate that only higher BMAA concentrations activate protection
mechanisms to limit neuronal damage.



In our study, BMAA affected some gene expression with a trend of up-regulation and down-
regulation at low and high doses respectively reflecting excitotoxicity but also possible protective
mechanisms. Four of the tested genes have been related to boldness or aggressiveness in some
vertebrate species (DRD4, MAOA, CaM, Epd). Down-regulation in CaM expression has been
associated with bold behavior in rainbow trout (Sneddon et al., 2005; Thomson et al., 2012), DRD4
with risk-taking behavior in a bird species (collared flycatcher) (Garamszegi et al., 2014), and
MAOA with aggressive behavior in mice and rhesus monkeys (Cases et al., 1995; Newman et al.,
2005). In the present study, the absence of effect on behavioral traits, despite changes in the
expression of genes involved in those behaviors, could suggest that boldness and aggression are
not affected by those genes in the mangrove rivulus, or that the observed range of expression
changes is not high enough to trigger solid behavioral responses. An other possibility would be
that these personality traits are more complex and underlain by a suite of genes having low effects,
being globally unaffected by BMAA (Azuma et al., 2005).

In mangrove rivulus, gene expression analysis revealed that BMAA exposure during development
could induce excitotoxicity and activation of protection mechanisms but, at the tested doses, did
not lead to behavioral impairments later in life. It therefore remains possible that a potential link
exists between the absence of delayed phenotypic effects and protective mechanisms afforded via
regulation of gene expression. Moreover, because mangrove rivulus' lifespan in captivity is more
or less 5 years (personal data) and has been reported to reach 8.2 years (Taylor, 2012), we cannot
reject the hypothesis that altered patterns of gene expression might influence the behavioral
phenotype in older fish, interfering with the aging process. In the present study, we assessed the
effects of two weeks of BMAA exposure during early development, three months after exposure
ceased. Fish were still in the first year of their life. However, neurodegenerative diseases tend to
emerge about mid-way through life in human populations (Pagano et al., 2016). It is therefore
possible that BMAA induces neurodegeneration later in life in mangrove rivulus impacting their
behaviors, symptoms visible with aging such as the symptoms of Alzheimer disease appearing
later in life (Isik, 2010; Yegambaram et al., 2015).

There is little data on free BMAA concentrations in natural aquatic systems but, the highest
concentration recorded in Nebraska reservoirs was 25.3 pg/L in 2009 (Al-Sammak et al., 2014).
In freshwater, considering concentrations of cyanobacterial cells in a bloom and the BMAA
content reported in cyanobacteria, BMAA concentrations could potentially reach the mg/L range
(Esterhuizen-Londt and Downing, 2011). BMAA concentrations in free-living cyanobacteria was
reported to vary with time of sampling, location, strains and water euthrophication from 0 to
6478 ng/g of dry weight in free form and from 0 to 5415 pg/g dry weight in protein-bound form
(Cox et al., 2005). BMAA is also produced by diatoms and dinoflagellates and was reported to
have bioaccumulation and biomagnification capacities (Lage et al., 2018). It is thus likely that
elevated BMAA concentrations, such as the one tested in our experiment, exist during bloom



events. However, the mangrove rivulus seems more resistant to this neurotoxin, at least in terms
of its behavioral phenotype compared to another tropical fish species, the zebrafish, Danio rerio.
In comparison, increased mortality, spinal axis deformations and seizures were observed in
zebrafish larvae after 10 days of exposure to 5 ug/LL BMAA in water (Purdie et al., 2009a) while
no effects on life history traits, mortality or body mass were observed in our fish. Mangrove rivulus
may have more efficient/plastic protective mechanisms that could come from its adaptation to
harsh conditions of its natural environment including natural BMAA exposure compared to
zebrafish (Brand et al., 2010).

5. Conclusions

In conclusion, we used a new vertebrate model species, the mangrove rivulus fish to assess delayed
BMAA effect at different toxicology endpoints (life history traits, behavior and brain gene
expression). The fact that this species is able to self-fertilize and to produce isogenic lineages
permits explicit examination of environmental effects on the phenotype (i.e., construction of true
reaction norms) by reducing the genetic “noise “in the experiment. We reported for the first time
that BMAA exposure during early life can significantly impair gene expression in the brain of
rivulus later in life. The absence of reported phenotypic effects does not mean that BMAA cannot
be harmful for this species, but further studies should investigate the interaction with the aging
process.
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