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Abstract

Altered transcription of calcium-dependent signaling cascades involving the ryanodine receptor
(RyR) and mechanistic target of rapamycin (mTOR) in response to environmental exposures have
been described in model vertebrates, including zebrafish, while the relevance for wild fishes
remains unknown. To address this knowledge gap, we exposed the euryhaline model species
Menidia beryllina (inland silversides) to the insecticide bifenthrin, a known modulator of calcium
signaling. The main objectives of this study were to determine: (1) whether exposure of
developing silversides to environmentally relevant concentrations of bifenthrin alters their
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behavior; and (2) whether behavioral changes correlate with altered expression of genes involved
in RyR and mTOR-dependent signaling pathways. At six hours post fertilization (hpf), inland
silversides were exposed to bifenthrin at 3, 27 and 122 ng/L until 7 days post fertilization (dpf,
larvae hatched at 6dpf), followed by a 14-day recovery period in uncontaminated water.
Transcriptional responses were measured at 5, 7 and 21 dpf; locomotor behavior following
external stimuli and response to an olfactory predator cue were assessed at 7 and 21 dpf.
Bifenthrin elicited significant non-monotonic transcriptional responses in the majority of genes
examined at 5 dpf and at 21 dpf. Bifenthrin also significantly altered predator avoidance behavior
via olfactory mechanisms with main effects identified for animals exposed to 3 and 27 ng/L.
Behavioral effects were not detected in response to visual stimuli during acute exposure, but were
significant in the predator-cue assessment following the recovery period, suggesting delayed and
long-term effects of early developmental exposures to bifenthrin. Our findings demonstrate that at
picomolar (pM) concentrations, which are often not represented in ecotoxicological studies,
bifenthrin perturbs early development of inland silversides. These developmental impacts are
manifested behaviorally at later life stages, specifically as altered patterns of predator avoidance
behavior, which have been correlated with population decline. Collectively, these data suggest that
bifenthrin may be negatively impacting wild fish populations.
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Introduction

Accounting for approximately 38 % of the world’s pesticide market in 2015, pyrethroid
insecticides have been increasingly employed as a replacement for organophosphate

pesticides (OPs) in response to pesticide regulations restricting OP use (Werner and Moran,
2008; Crago and Schlenk, 2015). Bifenthrin is a globally used pyrethroid that is extensively

applied in the United States of America (Yadav et al., 2003; Chouaibou et al., 2006;
Houndété et al., 2010; Li et al., 2017). Pyrethroid insecticides have been detected in
sediments and in water from both urban and agricultural streams across the USA, with

bifenthrin being the most frequently detected in recent times (Hladik and Kuivila, 2012). In

the USA, bifenthrin is approved for application by professional pest controllers, and is

marketed as a common-use household pesticide in various formulations (Kuivila et al., 2012;

Weston and Lydy, 2012). Bifenthrin enters watersheds primarily via runoff following

agricultural and urban applications (Kuivila et al., 2012), and concentrations up to 106 ng/L

have been reported in Californian surface waters (Weston and Lydy, 2012).

Bifenthrin has the potential to alter biochemical, hematological and histopathological
parameters, including plasma ammonia and glucose levels, erythrocyte properties, and

hepatocyte degeneration at concentrations of 14.7 ug/L (Oncorhynchus mykiss) or 57.5 pg/L

(Cyprinus carpio) of Talstar 10 EC pesticide preparation (active substance 100 g/L
bifenthrin) (Velisek et al., 2009a, b). Zebrafish have been used to assess developmental
toxicity following exposure to 50, 100 and 200 pg/L, which elicited impaired swimming
performance in all exposure groups (Jin et al., 2009). Swimming capacity of fathead
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minnows (Pimephales promelas) was also reduced following exposure to > 0.14 pg/L
bifenthrin, while alterations in transcriptomic responses were determined at 0.07 ug/L of
bifenthrin (Beggel et al., 2011). Together, adverse effects elicited by exposures to high
concentrations of bifenthrin as detected in aquatic ecosystems, or well above detected levels,
highlight that this pyrethroid pesticide may pose significant risks to wild fish populations,
and that there is a need to investigate more environmentally realistic concentrations.

Studies that focus on effects of environmentally relevant, low exposure concentrations of
bifenthrin (< 50 ng/L) on fishes are more limited. Bifenthrin was shown to elicit
transcriptional responses in genes associated with Ca2*-dependent signaling pathways in
zebrafish (Danio rerio) exposed developmentally to 1, 10, and 50 ng/L, which corresponded
functionally with increased locomotor behavior following an unexposed, recovery period of
14 days (Frank et al., 2018). Bioaccumulation of bifenthrin in tissues has also been
demonstrated (Munaretto et al., 2013) potentially leading to long-term, or delayed effects
resulting from developmental exposure. Endocrine disruption in response to bifenthrin
(ng/L) has been repeatedly determined in inland silversides (Menidia beryllina), with
significant impacts at concentrations ranging from 0.5 to 50 ng/L (Brander et al., 2012b;
DeGroot and Brander, 2014; Brander et al., 2016; DeCourten and Brander, 2017).
Interestingly, bifenthrin metabolites appear to contribute most to the estrogenic effects
(DeGroot and Brander, 2014), and responses can be greater at lower concentrations. Studies
investigating reproductive output with adult inland silversides determined a significant
reduction when they were exposed to 0.5 ng/L for 21 days (Brander et al., 2016). The
influences of 1 ng/L bifenthrin were further evaluated in a generation overlapping assay at
both ambient and warmer temperatures, showing influences on sex ratios in the F1
generation and decreased viable offspring and deformities in F1 and F2 generation
(DeCourten and Brander, 2017).

While it has been repeatedly demonstrated that environmentally relevant concentrations of
bifenthrin act as endocrine disruptors (Brander et al., 2016), little is known about how these
concentrations can impact neurological and behavior endpoints in fishes; a knowledge gap
that needs to be addressed, since endocrine disruption has been linked to adverse
neurodevelopmental outcomes in other vertebrates (Segner, 2009; Masuo and Ishido, 2011;
Frye et al., 2012). It has been suggested that behavioral endpoints, including performance
associated with predator avoidance, are more informative in the evaluation of ecological
effects of toxicants than long-established endpoints used in pesticide regulation, such as
growth and mortality. Recommendations include the assessment of visual and olfactory
endpoints, specifically when evaluating the impact of chemicals that have the potential alter
predator avoidance behavior (Sloman and McNeil, 2012). Bifenthrin has previously been
shown to impact neurodevelopment in zebrafish, specifically interfering with ryanodine
receptors (RyRs) and mechanistic target of rapamycin (mTOR) signaling pathways (Frank et
al., 2018); pathways that are critically important in normal neurodevelopment (Pessah et al.,
2010; Bowling et al., 2014; Fritsch et al., 2015), and thus directly relevant to the evaluation
of contaminants impacts on fish behavior. Both signaling pathways have been directly linked
to olfactory (Murmu et al., 2010; Skalecka et al., 2016) and visual functionality (KriZaj,
2012; Ma et al., 2015). Thus, chemical exposures that impacts either have the potential to
affect multiple sensory systems. These pathways, in particular, could therefore be developed
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as biomarkers of effect, towards the evaluation of pesticide impacts on aquatic systems,
utilizing representative model and nonmodel fishes.

The Inland silverside is a small euryhaline fish species, native to the East and Gulf coasts of
North America, but introduced in 1967 and now invasive in California rivers and estuaries
(Middaugh and Hemmer, 1992; Fluker et al., 2011). It is a well-suited species for
ecotoxicological assessments representative of both freshwater and estuarine environments,
for which it was developed as a model organism (Brander et al., 2012b). Several
transcriptomic assessments have recently been conducted for this species (Jeffries et al.,
2015a; Brander et al., 2016; DeCourten et al., 2018), providing a fundamental collection of
RNA sequences towards the development of targeted molecular pathway assessments, such
as the one presented herein.

The overall goal in this study was to evaluate effects during sensitive stages of development
(embryo-hatching), which are predominantly associated with sediment. There are also
seasonal fluctuations surrounding bifenthrin use and presence in the water column which
would likely result in periods during which larval and juvenile fish may not be exposed. To
encompass this, we exposed inland silversides to 3, 27, 122 ng/L bifenthrin, and evaluated
responses at 5 and 7 days post fertilization (dpf), which correspond to embryonic and post-
hatch yolk-sac larval stages, respectively, as well as following a two-week unexposed,
recovery period (21 dpf). Our first objective was to evaluate bifenthrin-induced behavioral
alterations in response to olfactory and visual stimuli, as well as swimming performance.
Our second objective was to investigate whether expression of genes involved in RyR-
dependent Ca2+ and the mTOR signaling pathways, during and after exposure,
corresponded with observed behavioral responses. We focused on gene targets within these
signaling pathways because altered expression and function of both RyR and mTOR
signaling pathways are associated with perturbations of neurodevelopment (Pessah et al.,
2010; Wayman et al., 2012b, a; Bowling et al., 2014). We hypothesized that effects on
behavior would become most evident at higher exposure concentrations, but that mechanistic
effects at the molecular level would also be observed at lower concentrations. We further
hypothesized that results observed in inland silversides would be similar to effects observed
in the model species zebrafish exposed to 1, 10 and 50 ng/L of bifenthrin (Frank et al.,
2018).

Materials and methods

Fish husbandry and spawning

Fish husbandry, spawning and exposure experiments were performed at the University of
North Carolina, Wilmington (UNCW) in accordance with UNCW Institutional Animal Care
and Use Committee (IACUC) protocols #A1314-010 and #A1415-010. Adult Inland
silverside broodstock, originally purchased as juveniles from Aquatic Biosystems (Ft.
Collins, CO, USA), were kept in four aerated 150 L tanks, connected in a recirculating
system, at a density of 40 fish per tank (sex ratio approximately 1:1) and with a 16:8 h light/
dark photoperiod at the UNCW Center for Marine Sciences (Wilmington, NC). Water
temperature was maintained at 23 + 1 °C, with a salinity of 15 + 1 ppt. Bleached and rinsed
cotton yarn was used as spawning substrate (DeCourten and Brander, 2017). The yarn was
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kept in the spawning tanks for 2 h, after which eggs were carefully separated from the
substrate with fine scissors. Chorionic fibrils were removed from the embryos before
exposure using a pair of precision scissors, following a standard procedure using Inland
silversides as a toxicological model (Middaugh et al., 1994).

Bifenthrin exposures and recovery period

Static exposure to bifenthrin (purity 98.0 %, CAS 82657-04-3, Chem Service, West Chester,
PA, USA) at one of three effective concentrations; 3, 27 and 122 ng/L was initiated at 6
hours post fertilization (hpf). This range of concentrations was chosen to reflect bifenthrin
concentrations measured in Californian surface waters (Weston and Lydy, 2012), and earlier
assessments of bifenthrin exposure with inland silversides (Brander et al., 2012b; DeGroot
and Brander, 2014; Brander et al., 2016). Methanol was used as a solvent carrier for the
bifenthrin treatments. All treatments, including solvent controls contained a final methanol
concentration of 0.01% v/v in exposure water (ASTM, 2014). The stock solution was spiked
into culture water (salinity 15.0 + 1.0 ppt) and measured concentrations in the different
exposure groups were determined as 3, 27 and 122 ng/L (measurement is described in detail
under Analytical Chemistry, below).

Five independent spawn events were performed to maximize genetic variability of
individuals used, and to obtain sufficient numbers to achieve five biological replicates for
each time point; 5 dpf (as embryos), 7 dpf (hatched, yolk-sac larvae) and 21 dpf (free
feeding larvae). Larvae began hatching at 6 dpf and fish larvae used in the remainder of the
study had all hatched by 7 dpf; having been exposed as free swimming larvae for a further
period of up to 24 h.

A total of 360 embryos per biological replicate were separated into groups of 30 individuals,
transferred into 12 different 500 mL glass beakers (4 exposure treatments; 3 time points)
containing 400 mL exposure solution, and placed into a water bath at a constant temperature
of 25.0 £ 1.0 °C, with a 16:8 h light/dark photoperiod. Embryos remained in the glass
exposure beakers until sampled, at 5 dpf, for transcriptomic assessments, and post hatch,
until sampled at 7 dpf for both behavioral and transcriptomic assessments. One beaker from
each treatment was used per time point, per spawn event (n = 5).

At 7 dpf a subset of 30 larval fish, per treatment and biological replicate, was transferred
into aerated 1.4 L tanks, containing 1.2 L of culture water, and were allowed to recover from
the exposure for 14 days, when final sampling occurred at 21 dpf. Following transfer to the
recovery tanks, and upon yolk-sac absorption, fish were fed ad /ibitum twice a day with
rotifer Brachionus rotundiformis, followed by a mixture of B. rotundiformis and Artemia
franciscana (Brine Shrimp Direct, Ogden, UT, USA) between 10 and 21 dpf. During the
recovery period, the proportion of A. franciscanawas increased and B. rotundiformis
equivalently decreased, to provide best maintenance for growing larval fish and to ensure the
survival of smaller individuals.

Daily water changes were performed, changing 80 % of exposure solutions or culture water,
and removing any debris. Water physicochemical parameters were measured daily with a
YSI Professional Plus Quatro water quality meter and were as follows: 8.0 £ 0.2 pH, 7.0
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+ 0.2 mg/L dissolved oxygen, 25.3 + 0.8 mS/cm specific conductance, salinity of 15 + 1 ppt
and < 0.001 mg/L total ammonia.

Locomotor behavior

Locomotor behavior was assessed on the last day of the exposure period (7 dpf) and at the
end the recovery period (21 dpf), under alternating light and dark stimuli, using a lightbox
developed specifically for behavioral assays with inland silversides. This lightbox (Fig. 1)
was constructed by inserting a milk-plexiglas surface, originating from a Porta-trace
lightbox (Gagne Inc., Johnson City, NY), on a wooden box, beneath which two infrared
lights (Cisno AC 110v 96 LED 80m Night Vision IR IHluminator 60 ° Waterproof Light
CCTV Camera, Amazon web services Inc, Seattle, WA) were positioned to evenly
illuminate the underside center of the plexiglass surface (Fig. 1A (1)), where 96-well plates
for the behavioral assessment were located. A single light bar (Utilitech Pro 12-in Plug-In
Under Cabinet LED Light Bar 165 Lumen, Utilitech Lighting, West Lawn, PA) was also
placed diagonally beneath the plexiglas surface as visible light source (Fig. 1A (2)). Both
light systems were controlled with a digital timer (Enover 7-day Programmable Plug-in
Digital Timer Switch with 3-prong Outlet for Lights and Appliances, 15 A/1800 W, Amazon
web services inc, Seattle, WA) to ensure identical periods of light and dark stimuli among
experimental runs. A Canon VIXIA HF G20 HD Camcorder (Canon Inc., Tokyo, Japan)
with an 850 nm infrared filter (Neewer 58mm 850 nm Infrared IR Pass Filter, Neewer
Technology Itd, Shenzen, China) was used to record fish locomotion (Fig. 1A (3)). A
wooden frame was placed on the plexiglass surface to assure same positioning for multi-well
plates, as well as to reduce light emission. The lightbox setup was located in a thick
cardboard box, which was closed during behavioral tracking to ensure the light bar was the
only light source during experimental runs. All behavioral experiments were conducted at 2
pm % 2 h, to minimize intraday-dependent locomotive variation in swimming behavior,
which has previously been reported in fish (MacPhail et al., 2009).

Behavioral experiments at 7 dpf were executed in 96-well plates (Falcon™, Corning Inc.,
Corning, NY, USA) (Fig. 1A (4)). A single well contained one larva and 200 ul of exposure
medium. Due to the increased size of the fish at the end of the recovery period, assessments
at 21 dpf were performed in 6-well plates (Falcon™, Corning Inc., Corning, NY, USA), each
well containing 3 ml culture water and one larval fish. All behavioral data were assessed
using a total of 30 fish per treatment, per spawn event (n = 5).

Fish were transferred from glass beakers (exposure beakers or recovery tanks) into
polystyrene multi-well plates and allowed to acclimate for 30 min before they were placed
into the light box. Behavioral tracking was conducted under alternating light/dark periods
during a 30-min assay; adapted from successful behavioral tracking protocols for zebrafish
(Cario et al., 2011). During dark phases, only infrared light was used to track the fish. Fish
were initially exposed to the light conditions for 5 min as an acclimation period, tracking
started with a 5 min light period (Light 1), followed by a 5 min dark period (Dark 1), a
second 5 min light period (Light 2), a second 5 min dark period (Dark 2) and ended with a
10 min dark period. Identical behavioral tracking settings were used for 21 dpf fish on the
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final day of the recovery period. Water temperature was checked before and after every run
to ensure it was maintained at 25.0 £ 1.0 °C.

2.4. Swimming performance

Swimming performance was measured to assess maximum swimming capacity of larval fish
at 21 dpf, the last day of the recovery period, using the circular “racetrack” method (Heath et
al., 1993; Beggel et al., 2010, 2011). Experiments with 30 fish from each treatment were
performed, including individuals from all 5 biological replicates. The racetrack (Fig. 1B)
was built with a 10.0 cm diameter petri dish (Fig. 1B (1)), containing a centrally placed 7.5
cm diameter petri dish (Fig. 1B (2)). The bigger petri dish was filled with culture water to 1
cm height. The inner petri dish was also filled with water to keep it in position. An arena
was placed on a background dividing the racetrack into 8 radial sectors. After an acclimation
period of 1 min, distance moved was assessed by counting the lines a fish crossed during a 1
min period. If a fish stopped swimming, an escape response was provoked by gently
touching its tail with help of a plastic rod. Larval fish from different treatments were
examined randomly, assuring the experimenter had no knowledge from which treatment the
fish came from to avoid subjectivity (Heath et al., 1993). Water changes were performed in
between each fish test, and temperature was maintained in the range of 28.5 + 0.5°C, which
was confirmed before each new larval fish was placed into the arena.

2.5. Predatory response

Response to predator cues resulting from exposure to bifenthrin was evaluated following a
14 d recovery period; at 21 dpf. Fish were confronted with a suspension of homogenized
tissue of a fish from the adult colony, diluted in 10 mL culture water (referred to as “predator
cue” hereon). This approach assures contact between the larval fish and the compound
Schreckstoff (Jesuthasan and Mathuru, 2008), an alarm pheromone present in the
homogenate. Fish from the same species can detect this Schreckstoff via olfactory
mechanisms and respond in the form of specialized behavioral patterns to avoid predation
(Jesuthasan and Mathuru, 2008). To examine this response, 6 larval fish per treatment were
placed in 6-well plates containing 3 ml culture water (1 fish per well). Fish were allowed to
acclimate for 30 min to the multi-well plate, before being transferred into the observation
light box, described above, where they were kept for a further 5 min before the tracking was
initiated. Video recording (as used for locomotion studies) started with a 5-min free
swimming evaluation, after which 20 pl of the predator cue suspension was added into each
well and fish behavior was tracked for a further 5 min. This assessment, including
acclimation time in the observation light box, was conducted during a continuous light
period.

An identical setup was used to evaluate whether the predator response was also influenced
by the addition of liquid in to the test chambers (handling effect); i.e. effects from
disturbances in the waterbody at the predator cue was added. Therefore, we also compared
the behavioral responses of 15 unexposed larval fish (21 dpf) challenged with 20 pl of a
culture water sample (no cue) to the responses of 15 fish confronted with 20 pl of the
predator-cue.
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2.6. Transcriptomic assessments

RNA extraction was performed using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) in
an automated QlAcube (Qiagen), following manufacturer’s protocols. Fish per biological
replicate and treatment were pooled into batches to obtain sufficient amount of RNA for the
transcriptomic analysis (n = 5): 20 fish per treatment were pooled during the exposure period
(5 and 7 dpf), and 4 specimens per treatment were pooled for sampling following the
recovery period (21 dpf). Extraction efficiency and RNA quality was verified using a
NanoDrop ND1000 Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE,
USA), total RNA 260/280 and 260/230 ratios ranged from 1.76 to 2.14 and from 1.88 to
2.18, respectively. Total RNA integrity was additionally visually verified by non-denaturing
gel electrophoresis using a 1 % (w/v) agarose gel.

Complementary DNA (cDNA) was synthesized using 750 ng total RNA in a reaction with 4
pl Superscript Vilo Mastermix (Superscript® VILO™ MasterMix, Invitrogen, Carlsbad, CA,
USA) according to the user’s manual. Reactions were incubated for 10 min at 25 °C, 60 min
at 42 °C followed by a 5 min denaturation step at 85 °C. Samples were then diluted with
nuclease-free water in a 1:10 ratio. Successful cDNA-synthesis was verified by a following
polymerase chain reaction (5 min at 95 °C; 30 sat 95 °C, 30 s at 60 °C, 45sat 72 °C, in 35
cycles; 10 min at 72 °C).

We assessed the transcription of 12 genes, 6 associated with RyR-dependent CaZ* signaling
and 6 associated with mTOR signaling (Table 1). This included transcriptional analysis of all
three RyR orthologs (ryrZ, ryrZ2, ryr3) as well as Calcium calmodulin-dependent protein
kinase kinase 1 (camkk) and Cyclic-AMP response elementbinding protein (creb), both
members of the signaling pathway transmitting RyR-dependent Ca2* signals important for
dendrite development (Wayman et al., 2006). In addition, we screened transcription of
cytokine Transforming growth factor beta-1 (#g/5), a transcriptional regulator of RyRs and
an activator of Creb via phosphorylation (Giannini et al., 1992; Fukushima et al., 2007). Our
approach further incorporated mTOR complex members: the Mechanistic target of
rapamycin (m7OR) and Target of rapamycin complex subunit 1st8 (/m/st8), its upstream
members RAC serine/threonine-protein kinase (aktZ) and Ras homolog enriched in brain
(rheb), as well as downstream members. Eukaryotic translation initiation factor 4e (eif4e),
which encodes for a protein that inhibits the translational mechanisms of mTOR signaling,
and 40 s ribosomal protein s6 (7ps6) a downstream target of the mTOR pathway, were also
evaluated. Sequences were sourced from earlier Menidia beryllina whole transcriptome
assessments conducted by our group (Jeffries et al., 2015a; Brander et al., 2016), and
specific genes were selected based on prior research conducted towards evaluating impacts
of bifenthrin exposure on Zebrafish (Frank et al., 2018). Primers were obtained from
Integrated DNA Technology (Integrated DNA Technologies, Inc., Coralville, IA, USA).

Quantitative PCR was conducted using Power SYBR Green PCR Master Mix (Life-
technologies, Carlsbad, CA, USA). Primer validation was performed using a seven-point
standard curve in three replicates; efficiencies ranged between 92.3 and 103.6 % (Table 1).
Cycling conditions were 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15sat 95 °C, 30 s at
60 °C and 30 s at 72 °C, followed by a thermal ramping stage for dissociation evaluation.
Amplification data were analyzed using Sequence Detection Systems software (SDS v2.4.1,
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Applied Biosciences). Relative gene expression data was normalized to the reference genes
60 s ribosomal protein s7 (rpl7) and beta actin (actb), which sustained best stability scores in
GeNorm (Vandesompele et al., 2002).

2.7. Analytical chemistry

At test initiation, 1-L water samples for each treatment and the solvent control were
collected in amber glass bottles and shipped overnight to University of California on ice for
subsequent chemical analysis. Within 48 h of sample collection, samples were spiked with
trans-permethrin (dimethyl D6, EQ Laboratories, Atlanta, GA, USA) as a recovery surrogate
and extracted using solid phase extraction cartridges (Supelclean ENVI™ - C18, 500 mg,
Sigma-Aldrich, St. Louis, MO, USA) following methods published in Hasenbein et al.
(2015). Cartridges were pre-conditioned using 12 mL 1:1 ethyl acetate:hexane, 12 mL
methanol, and 12 mL MilliQ water (Millipore). Samples were loaded on the cartridge and
eluted with 10 mL 1:1 ethyl acetate: hexane and evaporated to 0.4 mL at 40 °C under a
gentle stream of nitrogen. As an internal standard, 4-4”dibromo-octafluorobipheny!
(DBOFB, 10 ng) was spiked to all samples (Chem Service, West Chester, PA, USA).
Extracts were analyzed using an GC-QTOF-MS (Agilent 7890B GC coupled to an Agilent
QTOF/MS 7200B with a HP-5MS 30m x 0.25 mm, 0.25 um column, Agilent Technologies,
Inc.) operated in negative chemical ionization (NCI) mode using methane as collision gas
(Moschet et al., 2016). Target quantification was conducted using Agilent MassHunter
Quantitative Analysis software (B.07) with the main NCI fragment used as quantifier and
two additional fragments used as qualifiers. For quality control, a procedural blank
(extracted in ultrapure water) was used to ensure that no contamination occurred during
sampling extraction and analysis. The surrogate trans-permethrin was added to each sample,
including the blank, before extraction to monitor matrix effects and overall method
performance. DBOFB was added to sample extracts before analysis in order to correct
quantitative differences in extract volume as well as to monitor instrument conditions.
Instrumental limit of detection was 0.1 ng/L and limit of quantification 0.4 ng/L. No
bifenthrin was detected in the control or the method blank. All bifenthrin concentrations are
herein reported as measured concentrations.

2.8. Statistical analysis

Differences in gene transcription were tested using one-way ANOVA and differences
between the predator-cue predator-blank sample using a two sample t-test. Both approaches
accepted significance at p < 0.05, One-way ANOVA tests were followed by a Tukey Honest
Significant Difference (HSD) post-hoc test to evaluate pairwise differences. If data did not
fit the ANOVA assumptions of normality, a Kruskal-Wallis test was applied (p < 0.05),
followed by the Dunn’s post-hoc test. Shapiro-Wilk normality and Bartlett tests were used to
determine which algorithms are appropriate for determining significant differences between
treatments.

We further tested a suite of potential dose-response functions among concentrations, because
fitting curves better allows for insights into dose-response patterns and also provides
increased statistical power compared to testing for pairwise differences between treatments
with an ANOVA / Tukey post-hoc approach (Cottingham et al., 2005; Brander et al., 2016;
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Goff et al., 2017). Therefore, per methods developed in Brander et al., 2016 and applied in
Frank et al. (2018), five different dose-response curves (linear regression, quadratic,
sigmoidal, 5-parameter unimodal, and 6-parameter uni-modal) were tested for the best-fit of
observed responses at all three concentrations and the solvent control (MeOH). A likelihood
ratio test (LRT) was used to examine whether each curve provided a better fit than an
intercept-only null model (Bolker, 2008).

Distance covered by each larval fish was recorded during each minute of the 30 min
observation on each sampling day. Therefore, the area under the curve (AUC) was computed
for each fish under 4 lighting conditions, applying the trapezoidal rule (Boyce and DiPrima,
1988): Lightl: 1-5 min, Darkl: 5-10 min, Light2: 10-15 min, Dark2: 15-20 min, and
Freeswim 15-30 min (an extended Dark?2 period). Mixed effects regression models were
used to assess differences between groups defined by three concentrations of bifenthrin and
the solvent control group. Analytical variables were defined to capture differences in the
area under the curve between Lightl and Dark1, Darkl and Light2, and Light2 and Dark2,
as measures of changes in movement from light to dark or dark to light, respectively.
Contrasts for differences between exposed groups and the solvent control group were
specified to compare these changes and the area under the curve during each of the lighting
conditions between the exposed groups and the solvent control group. Exploratory analysis
indicated that a natural logarithmic transformation was needed for the area under the curve
to stabilize the variance and meet the underlying assumptions of the mixed effect models.
All values were therefore shifted by 0.1 prior to taking the natural logarithm, because zeros
occurred in the area under the curve. Concentration (1 ng/L, 10 ng/L, 50 ng/L, MeOH), day
(5, 7 and 21), and the transition variables were all of interest in the models, including their
interactions. The Akaike information criterion was used for model selection and Wald tests
for comparing groups were used (significance level p < 0.05). All analyses were conducted
using SAS university edition.

To identify potential dose-response related behavior, AUC values were further used to
determine best dose fitting curves, identical to the approach of the transcriptomic
assessment. To allow better comparison, all datasets were rescaled to a scale between 0 and

X — xmin

1 for graphical illustration using a normalization x’ = — at each timepoint,

max — xmin
respectively. All untransformed datasets and corresponding graphs can be found in the
supplementary material, as well as p-Values (Table S1).

3. Results

3.1

Response to the predator-cue

Baseline swimming (i.e., movement before the addition of the predator cue solution) of the
post exposure recovery 21 dpf larvae did not show differences amongst the bifenthrin
treatments or the solvent control group (Fig. 2A). Initial challenge with the predator cue led
to a sudden stop in swimming activity in fish from all solvent control and exposure groups.
Larval fish remained without motion in this position, before starting to swim again within
the next five min test period. Initial swimming movements were then quick and impulsive in
all treatments, compared to those observed during baseline swimming in the acclimation
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period. Fish from the 3 and 27 ng/L bifenthrin treatment groups, however, started to move
earlier than fish from the solvent control group and the 122 ng/L bifenthrin exposure group.
This resulted in a significant quadratic dose-response, demonstrating significant
hyperactivity in larval fish from both 3 and 27 ng/L treatments (LRT, p = 0.048; Fig. 2A).
The mixed-model algorithm used to analyze this dataset also provided evidence of increased
movement in fish exposed to the 27 ng/L treatment, separating them significantly from fish
in the control group (Wald test, p = 0.047), however, this conservative approach did not
determine significant differences between the other groups.

In order to investigate potential responses to liquid handling resulting from the addition of
the olfactory stimulus to the test chambers, an experiment was performed challenging an
additional group of control fish (21 dpf) with either the predator cue or a culture water
sample. During the acclimation period, before the predator cue solution or the blank samples
were added, there were no differences in behavior between treatments. Fish stopped
swimming immediately once the predator cue or the blank sample was added. However, fish
challenged with the culture water sample were significantly more active in five min
following the addition of the blank sample, relative to those who were exposed to the
predator cue (two-sample #test, p = 0.05; Fig. 2B).

Locomotive behavioral responses

Locomotor behavior assessed at 7 and 21 dpf, in response to alternating light and dark
stimuli revealed consistent dose-response patterns, although they did not reach significance
(Fig. 3A,; 3B). During light periods, there was a non-significant pattern of decreased
movement correlated with increased bifenthrin concentration at 7 dpf, whereas Dark1
resulted in reduced but non-significant swimming activity for the 3 and 27 ng/L treatments,
compared to control and 122 ng/L treatments. Swimming activity following an exposure
recovery period (21 dpf), however, resulted in non-significant dose-dependent patterns. Both
light phases showed tendencies of increased movement correlated to increased bifenthrin
concentrations (Fig. 3A), in contrast to Dark1, where fish showed a concentration related
decreased non-significant pattern in their movement. Dark2 and the Free swim, however,
showed increased movement for fish exposed to 3 and 27 ng/L bifenthrin concentrations
compared to the 122 ng/L bifenthrin concentration and the solvent control group, resulting
in a quadratic dose-response (Fig. 3A; 3B). There were also no significant differences
between dark and light periods detected at either of the investigated time points. At 7 dpf,
swimming activity was reduced from light to dark periods for fish from the solvent control
group (Fig. 3C), but there was no difference in the overall activity. Similar observations were
made for fish from the solvent control group at 21 dpf from Light1 to Dark1 and from Darkl
to Light 2 (Fig. 3D).

3.3. Swimming performance

Swimming performance as assessed in the racetrack arena on 21 dpf fish corresponded with
a non-monotonic dose-response, which was also was non-significant. Results in the
racetrack, however, suggest reduced swimming performance for both the 3 and the 27 ng/L
bifenthrin treatment, compared to the solvent control and the 122 ng/L bifenthrin
concentration applied (Fig. 4).
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3.4. Transcriptomic analysis during acute bifenthrin exposure and after a recovery period

At 5 dpf, significant dose-responses were determined for tgfb, ryr3and creb (LRT, p =
0.012, 0.038, 0.027; Fig. 5), as well as for mTOR pathway members mTOR and m/st8, both
coding for proteins involved in the pathways’ central complex; mTOR complex 1 (LRT, p =
0.011, 0.018; Fig. 6). All transcripts were significantly decreased in abundance in the 3 and
27 ng/L treatment, in a quadratic dose-response manner. No significant dose-response
patterns were observed for transcripts ryri, ryr2and camkk of the RyR signaling pathway or
for aktl, eifde, rps6 and rheb of the mTOR signaling pathway. The majority of these
transcripts, however, showed non-significant patterns of decreased transcription in the 3 and
27 ng/L treatment, in the form of a quadratic dose-response. The only exceptions were
camkk and rheb, which exhibited linear, non-significant patterns. At 7 dpf, no statistically
significant fits were measured. At 21 dpf, however, rheb, mTOR and rsp6 of the mTOR
pathway showed significant dose-related responses (LRT, p = 0.020, 0.015, 0.038; Fig. 6).
Rheband mTOR responded in a quadratic dose-response manner. While rheb showed
strongest transcription levels in larval fish from the 122 ng/L exposure treatment, m7OR
significantly increased in transcription in the 3 and 27 ng/L treatment. Another significant
dose-dependent increase in form of a linear dose response was observed for rpsé (LRT, p =
0.038). Furthermore, the transcript coding for m7OR at 21 dpf was significantly different in
the 3 ng/L exposure treatment, compared to the control (ANOVA, HSD, p = 0.042).

4. Discussion

Previous work has demonstrated that environmentally relevant levels of bifenthrin cause
endocrine disruption and interfere with reproduction in inland silversides (Brander et al.,
2012a, 2016; DeCourten and Brander, 2017; DeCourten et al., 2018). Here, we expand on
these studies to demonstrate that bifenthrin levels in the picomolar (pM) concentration range
have the potential to alter neurodevelopment, potentially impacting locomotion and
behavior, thereby posing ecological consequences, such as increased risk of predation or
impaired reproductive behavior and ability to obtain food. Specifically, exposure to 3 or 27
ng/L of bifenthrin during early development caused delayed effects in response to an
olfactory predator cue, and this is correlated with both acute and delayed effects on
transcriptomic profiles of RyR- and mTOR-dependent signaling.

The finding that behavioral differences among larval fish from different exposure groups
were most distinct when exposed to an olfactory predator cue, specifically at later
developmental stages (21 dpf; following a recovery period of 14 days) can likely be
explained by altered connectivity in neural circuits important for olfaction as a result of
developmental exposures to bifenthrin. Exposure to chemicals interacting with RyR-
dependent Ca2* signaling, for example polychlorinated biphenyl (PCB) 95, has been
causally linked to altered dendritic outgrowth in rat models /in vitro (Wayman et al., 2012b,
a) and /n vivo (Lein et al., 2007; Yang et al., 2009; Wayman et al., 2012a). While
hyperactivity was most pronounced for the 27 ng/L exposure group, there was also a
tendency of hyperactivity in the 3 ng/L exposed fish when confronted with the predator cue,
while no differences were determined between the 127 ng/L exposure group and the solvent
control. Similar behavioral results have been reported for zebrafish confronted with an
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olfactory predator cue in a comparable developmental exposure scenario to bifenthrin
concentrations of 1, 10 and 50 ng/L (Frank et al., 2018). This does not directly support our
original hypotheses that behavioral differences would increase in a dose-dependent manner.
In addition to hyperactive movements in the predator assessment, we previously reported
increased locomotor activity in bifenthrin exposed zebrafish in response to light dark stimuli
(Frank et al., 2018), which was not observed in this study. In general, silverside larvae did
not respond to light dark stimuli in comparable developmental stages described for
zebrafish; reduced motility during light periods (5 dpf) and increased motility during light
periods at 19 dpf (Cario et al., 2011; Frank et al., 2018).

Increased motility, as observed in the response to predator cue experiments, has been
repeatedly observed in fish and other vertebrate models, when exposed to pyrethroids. For
example vigorous movements were detected in common carp following acute exposures to
cypermethrin (Saha and Kaviraj, 2008); developing zebrafish showed hyperactivity in the
form of increased swimming speed when exposed to 50, 100 or 200 g of bifenthrin (Jin et
al., 2009); and rats showed increased movement following developmental exposure to
deltamethrin (Richardson et al., 2015). Interestingly, hyperactivity in fish was observed
following an acute exposure to a 1000-fold higher concentration of bifenthrin, while the
delayed effects in this study were detected in form of a non-monotonic response, showing no
effects in the highest concentration evaluated. These differences can occur because acute
exposures to chemical compounds have the potential to alter suppressive or excitatory
signals on receptor level (Solomon and Kohn, 2014), which are not present after a period of
recovery. The observed non-monotonic responses may have been induced because of
concentration-dependent transcriptional regulation, receptor sensitivity, saturation levels or
hormonal interactions, finally unfolding as increased or even antagonistic effects at different
concentration levels of a chemical compound (Brodeur et al., 2013; Shuman-Goodier and
Propper, 2016). Overall, different forms of hyperactivity have been most frequently
described when evaluating behavioral responses following pyrethroid exposures to
vertebrate model species. Our study demonstrates that developmental exposure to ng/L
concentrations of bifenthrin can cause delayed effects, which are not evident during or
immediately following exposure. Considering the high number of studies examining only
the period of exposure, there may be a large number of underestimated long-term effects due
to pyrethroid exposure.

Predator avoidance behavior can be triggered via visual, olfactory, tactile or auditory cues
(Kelley and Magurran, 2003). Our assessment incorporated a combination of tactile,
olfactory and potentially visual components, but was specifically designed to evaluate
differences triggered via olfactory cues. An initial and immediate stop of swimming activity
was observed regardless of whether larval fish were first confronted with the predator cue
solution or the blank sample. Different durations in the motionless state between individuals
from both tested groups can be therefore attributed to olfactory components. Altered
olfactory abilities have been described for Atlantic salmon (Sa/mo salar) following exposure
to < 4 ng/L cypermethrin, in response to F-type prostaglandin (PGFZ2a), a priming
pheromone released by females before ovulation (Moore and Waring, 2001). Furthermore,
exposure to cypermethrin has led to olfactory impairments in the mating behavior of brown
trout (Salmo trutta) (Jaensson et al., 2007). To the best of our knowledge, this is the first
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bifenthrin-related study to determine potential dysfunction in olfaction or olfactory signal
transduction. Dysfunctionality of olfaction can have severe consequences for predator
recognition and predator avoidance behavior, and can lead to increased mortality and
subsequent population declines (Scott and Sloman, 2004; Pyle and Mirza, 2007; Dixson et
al., 2010).

In contrast, we did not detect differences among bifenthrin treatments in the swimming
performance assessment (racetrack). However, a non-significant pattern of decreased
swimming performance in fish from the 3 and 27 ng/L treatments was noted, suggesting
reduced swimming abilities in fish from both groups. Dose-dependent decreased swimming
performance has been reported in juvenile (7 days post hatch) fathead minnows after a 24 h
exposure to elevated concentrations of bifenthrin ranging from 0.75 to 4.00 pg/L, but fish
seemingly recovered from exposure within 6 days (Beggel et al., 2011).

Alterations in transcriptional response profiles of mMTOR pathway members were still
evident following the exposure recovery period, whereas RyR-related genes did not show
differences amongst treatments beyond 5 dpf. Significant responses of genes in the RyR-
dependent Ca2* signaling pathway, such as ryr3and creb, in 5 dpf exposed larvae, however,
are potential indicators of altered neurodevelopment, as these genes code for key members
of pathways important for dendrite growth in the developing brain (Wayman et al., 2012a),
and could serve to explain carryover effects determined following the recovery period.
While altered RyR signaling were not affected by exposure to ng/L concentrations of
bifenthrin, there is a possibility that olfaction is correlated to a continuous alteration in gene
transcription of m7TOR, since the mTOR kinase is crucial for development and stabilization
of dendritic arborization of olfactory bulb neurons (Skalecka et al., 2016).

A similar study to that presented herein, but utilizing zebrafish exposed to 1, 10 and 50 ng/L
bifenthrin, resulted in transcriptional alterations in genes of the mTOR and RyR dependent-
Ca?* signaling, with the majority of genes responding in a linear manner (Frank et al.,
2018). Further similarities were the transcriptional dose-dependent alterations of members in
RyR-dependent-Ca?* signaling during exposure but not after a 14 day recovery period, while
mTOR pathway members still showed dose-dependent alterations after the recovery period
in both species. Thus, these results provide further evidence that mTOR signaling in fish is
strongly affected by exposure to picomolar concentrations of bifenthrin. The transcription of
mTOR was altered throughout the developmental stages (1, 3, 5 and 19 dpf) tested in
zebrafish (Frank et al., 2018), and was also affected at both the embryonic stage (5 dpf) and
at the end of the recovery period, at 21 dpf in inland silversides. Both species, thus, show
similarities at the transcriptomic level during exposure, as well as effects that are carried
over into later life stages, as demonstrated by responses evaluated following a recovery
period.

Significant dose-dependent responses measured herein were for the most part non-
monotonic (quadratic), highlighting impacts at 3 and 27 ng/L; compared to both controls and
the 122 ng/L treatments. Nonmonotonic (quadratic) appear to be more common than
currently known, especially when evaluating mechanistic responses (Vandenberg et al.,
2012), and have been reported for multiple contaminants including other pyrethroids like
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permethrin (Jeffries et al., 2015b). Non-monotonic responses may occur as a result of a
higher proportion of the pyrethroid being metabolized at these lower concentrations,
compared to higher concentrations that would result in competition between metabolite and
parent compound for binding sites at higher concentrations. This explanation assumes that
metabolites are more biologically active than the parent compound itself, which has been
demonstrated for bifenthrin (DeGroot and Brander, 2014).

Overall, this and earlier studies on bifenthrin have demonstrated that exposure at
concentrations ranging from 0.5 to 30 ng/L can evoke significant transcriptomic, behavioral
and reproductive alterations in inland silversides (Brander et al., 2012b, 2016). For example,
studies on inland silversides reported transcription changes of genes with endocrine
functions following exposure to comparable concentrations of bifenthrin (0.5, 5, 50 ng/L),
and demonstrated significant alterations at the lowest exposure concentration (Brander et al.,
2016). An evaluation of choriogenin (egg coat protein), another indicator of endocrine
disruption, demonstrated increases at all exposure concentrations of bifenthrin (1, 10, 100
ng/L), with the greatest response at 1 ng/L, further supporting the non-monotonic responses
observed in this study (Brander et al., 2012b). As such these lower, more ecologically
relevant concentrations should receive more attention in future studies.

This study further confirms that bifenthrin uptake can occur through the chorion, as
demonstrated by significant differences in transcriptomic responses at 5dpf. As previously
indicated, bifenthrin is the most frequently detected pyrethroid insecticide in sediments and
waters of both urban and agricultural streams (Hladik and Kuivila, 2012). Contaminated
sediments are known to pose risks to benthic organisms (Kerambrun et al., 2012), as such
sediment toxicity poses particular risks to fish embryos through direct contact.

Our results, therefore, further validate the use of fish embryo toxicity tests (FETS), which
could also be used towards gaining greater ecological relevance in the assessment of
sediment bound contaminants (Schreiber et al., 2018), and comply with the requirements for
alternative test methods and strategies to reduce vertebrate animal testing (Embry et al.,
2010). Furthermore, results from this and earlier studies evaluating picomolar effects of
bifenthrin fall in line with conclusions made for multiple contaminants that lower
concentrations do not necessarily mean less toxicity (Norman et al., 2015). Researchers and
pesticide regulators thus need to re-think the principle that ‘dilution is the solution to
pollution’, which underlies chemical management and mitigation (Stegemann, 2014).

In this study, we used the Inland silverside, an inhabitant of freshwater and estuarine systems
in the East, Gulf, and West coasts of the USA (Middaugh and Hemmer, 1992; Fluker et al.,
2011) as a representative species of aquatic systems where bifenthrin is the most frequently
detected pyrethroid insecticide (Hladik and Kuivila, 2012). We detected exposure-dependent
transcriptomic effects and delayed alterations in behavior. In contrast to our original
hypothesis that behavioral differences would increase with in a dose dependent manner, we
detected the strongest alterations for the 3 and 27 ng/L concentrations, but no differences
between the control and the 122 ng/L bifenthrin concentration. These results complement a
previous study using the vertebrate and human model species Darnio rerio conducted by our
research team (Frank et al., 2018); and emphasize the importance of evaluating dose-
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response data for potential non-monotonic responses. This study with inland silversides not
only validated behavioral and transcriptomic results obtained from zebrafish, but also
extended the knowledge of developmental effects on olfactory impairments and verified
results by evaluation of swimming performance. Both studies demonstrated consistent
results across behavioral endpoints after a recovery period of 14 days, as well as impacts on
highly conserved developmentally important calcium and mTOR signaling pathways in
eukaryotes. The observed results are comprehensive between fish models from different
ecosystems, and indicate the application of knowledge to other fish species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This project was supported by the US Environmental Protection Agency (EPA STAR #835799 to SMB and REC)
and the California Department of Fish and Wildlife — Proposition 1 (CDFW # P1796002 to REC and SMB). We
further thank the Bayerische Forschungsstiftung for providing a postgraduate scholarship to DFF (contract no.
DOK-169-14 to J. Geist). The sponsors were not involved in the study design, the collection, analysis, and
interpretation of data, in the writing of the report or in the decision to submit the paper for publication. The authors
would like to thank Bonny Lew for assistance with analytical chemistry, and Bethany DeCourten for assistance with
inland silverside spawning and exposures.

References

ASTM, 2014 Standard Guide for Conducting Acute Toxicity Tests on Test Materials With Fishes,
Macroinvertebrates, and Amphibians, pp. E729.
Beggel S, Werner I, Connon RE, Geist JP, 2010 Sublethal toxicity of commercial insecticide
formulations and their active ingredients to larval fathead minnow (Pimephales promelas). Sci. Total
Environ 408, 3169-3175. [PubMed: 20434756]
Beggel S, Connon R, Werner |, Geist J, 2011 Changes in gene transcription and whole organism
responses in larval fathead minnow (Pimephales promelas) following short-term exposure to the
synthetic pyrethroid bifenthrin. Aquat. Toxicol 105, 180-188. [PubMed: 21718662]
Bolker BM, 2008 Ecological Models and Data in R. Princeton University Press.
Bowling H, Zhang G, Bhattacharya A, Perez-Cuesta LM, Deinhardt K, Hoeffer CA, Neubert TA, Gan
WB, Klann E, Chao MV, 2014 Antipsychotics activate mTORC1-dependent translation to enhance
neuronal morphological complexity. Sci. Signal 7, ra4. [PubMed: 24425786]
Boyce WE, DiPrima RC, 1988 Calculus. John Wiley & Sons, Inc.
Brander SM, Cole BJ, Cherr GN, 2012a An approach to detecting estrogenic endocrine disruption via
choriogenin expression in an estuarine model fish species. Ecotoxicology 21, 1272-1280. [PubMed:
22410951]
Brander SM, He G, Smalling KL, Denison MS, Cherr GN, 2012b The in vivo estrogenic and in vitro
anti-estrogenic activity of permethrin and bifenthrin. Environ. Toxicol. Chem 31, 2848-2855.
[PubMed: 23007834]
Brander SM, Jeffries KM, Cole BJ, DeCourten BM, White JW, Hasenbein S, Fangue NA, Connon RE,
2016 Transcriptomic changes underlie altered egg protein production and reduced fecundity in an
estuarine model fish exposed to bifenthrin. Aquat. Toxicol 174, 247-260. [PubMed: 26975043]
Brodeur JC, Sassone A, Hermida GN, Codugnello N, 2013 Environmentally-relevant concentrations of
atrazine induce non-monotonic acceleration of developmental rate and increased size at
metamorphosis in Rhinella arenarum tadpoles. Ecotoxicol. Environ. Saf 92, 10-17. [PubMed:
23499184]

Cario CL, Farrell TC, Milanese C, Burton EA, 2011 Automated measurement of zebrafish larval
movement. J. Physiol. (Lond.) 589, 3703-3708. [PubMed: 21646414]

Aquat Toxicol. Author manuscript; available in PMC 2019 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Frank et al.

Page 17

Chouaibou M, Simard F, Chandre F, Etang J, Darriet F, Hougard J-M, 2006 Efficacy of bifenthrin-
impregnated bednets against Anopheles funestus and pyrethroid-resistant Anopheles gambiae in
North Cameroon. Malar. J 5, 77. [PubMed: 16961938]

Cottingham KL, Lennon JT, Brown BL, 2005 Knowing when to draw the line: designing more
informative ecological experiments. Front. Ecol. Environ 3, 145-152.

Crago J, Schlenk D, 2015 The effect of bifenthrin on the dopaminergic pathway in juvenile rainbow
trout (Oncorhynchus mykiss). Aquat. Toxicol 162, 66—72. [PubMed: 25781393]

DeCourten BM, Brander SM, 2017 Combined effects of increased temperature and endocrine
disrupting pollutants on sex determination, survival, and development across generations. Sci. Rep
7.

DeCourten BM, Connon RE, Brander SM, 2018 In review. Exposure to endocrine disruptors and
elevated temperature influences gene expression across generations in a euryhaline model fish.
Peer J. 06 (29151).

DeGroot BC, Brander SM, 2014 The role of P450 metabolism in the estrogenic activity of bifenthrin in
fish. Aquat. Toxicol 156, 17-20. [PubMed: 25127356]

Dixson DL, Munday PL, Jones GP, 2010 Ocean acidification disrupts the innate ability of fish to detect
predator olfactory cues. Ecol. Lett 13, 68—75. [PubMed: 19917053]

Embry MR, Belanger SE, Braunbeck TA, Galay-Burgos M, Haider M, Hinton DE, Léonard MA,
Lillicrap A, Norberg-King T, Whale G, 2010 The fish embryo toxicity test as an animal alternative
method in hazard and risk assessment and scientific research. Aquat. Toxicol 97, 79-87. [PubMed:
20061034]

Fluker BL, Pezold F, Minton RL, 2011 Molecular and morphological divergence in the inland
silverside (Menidia beryllina) along a freshwater-estuarine interface. Environ. Biol. Fish 91, 311.

Frank DF, Miller GW, Harvey DJ, Brander SM, Geist J, Connon RE, Lein PJ, 2018 Bifenthrin causes
transcriptomic alterations in mTOR and ryanodine receptor-dependent signaling and delayed
hyperactivity in developing zebrafish (Danio rerio). Aquat. Toxicol 200, 50-61. [PubMed:
29727771]

Fritsch EB, Stegeman JJ, Goldstone JV, Nacci DE, Champlin D, Jayaraman S, Connon RE, Pessah IN,
2015 Expression and function of ryanodine receptor related pathways in PCB tolerant Atlantic
killifish (Fundulus heteroclitus) from New Bedford Harbor, MA, USA. Aquat. Toxicol 159, 156—
166. [PubMed: 25546006]

Frye C, Bo E, Calamandrei G, Calza L, Dessi-Fulgheri F, Fernandez M, Fusani L, Kah O, Kajta M, Le
Page Y, 2012 Endocrine disrupters: a review of some sources, effects, and mechanisms of actions
on behaviour and neuroendocrine systems. J. Neuroendocrinol 24, 144-159. [PubMed: 21951193]

Fukushima T, Liu RY, Byrne JH, 2007 Transforming growth factor-p2 modulates synaptic efficacy and
plasticity and induces phosphorylation of CREB in hippocampal neurons. Hippocampus 17, 5-9.
[PubMed: 17094084]

Giannini G, Clementi E, Ceci R, Marziali G, Sorrentino V, 1992 Expression of a ryanodine receptor-
Ca" channel that is regulated by TGF-B. Science 257, 91-94. [PubMed: 1320290]

Goff AD, Saranjampour P, Ryan LM, Hladik ML, Covi JA, Armbrust KL, Brander SM, 2017 The
effects of fipronil and the photodegradation product fipronil desulfinyl on growth and gene
expression in juvenile blue crabs, Callinectes sapidus, at different salinities. Aquat. Toxicol 186,
96-104. [PubMed: 28282622]

Heath AG, Cech JJ Jr., Zinkl JG, Steele MD, 1993 Sublethal effects of three pesticides on Japanese
medaka. Arch. Environ. Contam. Toxicol 25, 485-491. [PubMed: 8239714]

Hladik ML, Kuivila KM, 2012 Pyrethroid insecticides in bed sediments from urban and agricultural
streams across the United States. J. Environ. Monit 14, 1838-1845. [PubMed: 22418650]

Houndété TA, Kétoh GK, Hema OS, Brévault T, Glitho IA, Martin T, 2010 Insecticide resistance in
field populations of Bemisia tabaci (Hemiptera: aleyrodidae) in West Africa. Pest Manag. Sci 66,
1181-1185. [PubMed: 20721972]

Jaensson A, Scott AP, Moore A, Kylin H, Olsén KH, 2007 Effects of a pyrethroid pesticide on
endocrine responses to female odours and reproductive behaviour in male parr of brown trout
(Salmo trutta L.). Aquat. Toxicol 81, 1-9. [PubMed: 17174415]

Aquat Toxicol. Author manuscript; available in PMC 2019 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Frank et al.

Page 18

Jeffries KM, Brander SM, Britton MT, Fangue NA, Connon RE, 2015a Chronic exposures to low and
high concentrations of ibuprofen elicit different gene response patterns in a euryhaline fish.
Environ. Sci. Pollut. Res. Int 22, 17397-17413. [PubMed: 25731088]

Jeffries KM, Komoroske LM, Truong J, Werner I, Hasenbein M, Hasenbein S, Fangue NA, Connon
RE, 2015b The transcriptome-wide effects of exposure to a pyrethroid pesticide on the Critically
Endangered delta smelt Hypomesus transpacificus. Endanger. Species Res 28, 43-60.

Jesuthasan SJ, Mathuru AS, 2008 The alarm response in zebrafish: innate fear in a vertebrate genetic
model. J. Neurogenet 22, 211-228. [PubMed: 19039707]

Jin M, Zhang X, Wang L, Huang C, Zhang Y, Zhao M, 2009 Developmental toxicity of bifenthrin in
embryo-larval stages of zebrafish. Aquat. Toxicol 95, 347-354. [PubMed: 19880199]

Kelley JL, Magurran AE, 2003 Learned predator recognition and antipredator responses in fishes. Fish
Fish. 4, 216-226.

Kerambrun E, Henry F, Perrichon P, Courcot L, Meziane T, Spilmont N, Amara R, 2012 Growth and
condition indices of juvenile turbot, Scophthalmus maximus, exposed to contaminated sediments:
effects of metallic and organic compounds. Aquat. Toxicol 108, 130-140. [PubMed: 22265613]

Krizaj D, 2012 Calcium Stores in Vertebrate Photoreceptors, Calcium Signaling. Springer, pp. 873-
889.

Kuivila KM, Hladik ML, Ingersoll CG, Kemble NE, Moran PW, Calhoun DL, Nowell LH, Gilliom RJ,
2012 Occurrence and potential sources of pyrethroid insecticides in stream sediments from seven
U.S. Metropolitan areas. Environ. Sci. Technol 46, 4297-4303. [PubMed: 22455560]

Lein PJ, Yang D, Bachstetter AD, Tilson HA, Harry GJ, Mervis RF, Kodavanti PR, 2007 Ontogenetic
alterations in molecular and structural correlates of dendritic growth after developmental exposure
to polychlorinated biphenyls. Environ. Health Perspect 115, 556-563. [PubMed: 17450224]

Li H, Cheng F, Wei Y, Lydy MJ, You J, 2017 Global occurrence of pyrethroid insecticides in sediment
and the associated toxicological effects on benthic invertebrates: an overview. J. Hazard. Mater
324 (Part B), 258-271. [PubMed: 27825741]

Ma S, Venkatesh A, Langellotto F, Le YZ, Hall MN, Riegg MA, Punzo C, 2015 Loss of mTOR
signaling affects cone function, cone structure and expression of cone specific proteins without
affecting cone survival. Exp. Eye Res 135, 1-13. [PubMed: 25887293]

MacPhail RC, Brooks J, Hunter DL, Padnos B, Irons TD, Padilla S, 2009 Locomotion in larval
zebrafish: influence of time of day, lighting and ethanol. NeuroToxicology 30, 52-58. [PubMed:
18952124]

Masuo Y, Ishido M, 2011 Neurotoxicity of endocrine disruptors: possible involvement in brain
development and neurodegeneration. J. Toxicol. Environ. Health Part B 14, 346-369.

Middaugh D, Goodman L, Hemmer M, 1994 Methods for spawning, culturing and conducting toxicity
tests with early life stages of estuarine and marine fishes. Handbook of Ecotoxicology. pp. 167—
192.

Middaugh DP, Hemmer MJ, 1992 Reproductive ecology of the inland silverside, Menidia beryllina,
(Pisces: atherinidae) from Blackwater Bay, Florida. Copeia 53-61.

Moore A,, Waring CP, 2001 The effects of a synthetic pyrethroid pesticide on some aspects of
reproduction in Atlantic salmon (Salmo salar L.). Aquat. Toxicol 52,1-12. [PubMed: 11163426]

Moschet C, Lew BM, Hasenbein S, Anumol T, Young TM, 2016 LC-and GC-QTOFMS as
complementary tools for a comprehensive micropollutant analysis in aquatic systems. Environ.
Sci. Technol

Munaretto JS, Ferronato G, Ribeiro LC, Martins ML, Adaime MB, Zanella R, 2013 Development of a
multiresidue method for the determination of endocrine disrupters in fish fillet using gas
chromatography-triple quadrupole tandem mass spectrometry. Talanta 116, 827-834. [PubMed:
24148481]

Murmu MS, Stinnakre J, Martin J-R, 2010 Presynaptic Ca2+ stores contribute to odor-induced
responses in Drosophila olfactory receptor neurons. J. Exp. Biol 213, 4163-4173. [PubMed:
21112997]

Norman ES, Cook C, Cohen A, 2015 Negotiating Water Governance: Why the Politics of Scale Matter.
Ashgate Publishing, Ltd.

Aquat Toxicol. Author manuscript; available in PMC 2019 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Frank et al.

Page 19

Pessah IN, Cherednichenko G, Lein PJ, 2010 Minding the calcium store: ryanodine receptor activation
as a convergent mechanism of PCB toxicity. Pharmacol. Ther 125, 260-285. [PubMed: 19931307]

Pyle GG, Mirza RS, 2007 Copper-impaired chemosensory function and behavior in aquatic animals.
Hum. Ecol. Risk Assess 13, 492-505.

Richardson JR, Taylor MM, Shalat SL, Guillot TS, Caudle WM, Hossain MM, Mathews TA, Jones
SR, Cory-Slechta DA, Miller GW, 2015 Developmental pesticide exposure reproduces features of
attention deficit hyperactivity disorder. Faseb J. 29, 1960-1972. [PubMed: 25630971]

Saha S, Kaviraj A, 2008 Acute toxicity of synthetic pyrethroid cypermethrin to some freshwater
organisms. Bull. Environ. Contam. Toxicol 80, 49-52. [PubMed: 18058051]

Schreiber B, Fischer J, Schiwy S, Hollert H, Schulz R, 2018 Towards more ecological relevance in
sediment toxicity testing with fish: evaluation of multiple bioassays with embryos of the benthic
weatherfish (Misgurnus fossilis). Sci. Total Environ 619 (620), 391-400. [PubMed: 29156260]

Scott GR, Sloman KA, 2004 The effects of environmental pollutants on complex fish behaviour:
integrating behavioural and physiological indicators of toxicity. Aquat. Toxicol 68, 369-392.
[PubMed: 15177953]

Segner H, 2009 Zebrafish (Danio rerio) as a model organism for investigating endocrine disruption.
Comp. Biochem. Physiol. Part C Toxicol. Pharmacol 149, 187-195.

Shuman-Goodier ME, Propper CR, 2016 A meta-analysis synthesizing the effects of pesticides on
swim speed and activity of aquatic vertebrates. Sci. Total Environ 565, 758-766. [PubMed:
27261557]

Skalecka A, Liszewska E, Bilinski R, Gkogkas C, Khoutorsky A, Malik AR, Sonenberg N, Jaworski J,
2016 mTOR kinase is needed for the development and stabilization of dendritic arbors in newly
born olfactory bulb neurons. Dev. Neurobiol 76, 1308-1327. [PubMed: 27008592]

Sloman K, McNeil P, 2012 Using physiology and behaviour to understand the responses of fish early
life stages to toxicants. J. Fish Biol 81, 2175-2198. [PubMed: 23252733]

Solomon SG, Kohn A, 2014 Moving sensory adaptation beyond suppressive effects in single neurons.
Current biology: CB 24, R1012-R1022. [PubMed: 25442850]

Stegemann JA, 2014 The potential role of energy-from-waste air pollution control residues in the
industrial ecology of cement. J. Sustain. Cem. Mater 3, 111-127.

Vandenberg LN, Colborn T, Hayes TB, Heindel JJ, Jacobs DR Jr, Lee D-H, Shioda T, Soto AM, vom
Saal FS, Welshons WV, 2012 Hormones and endocrine-disrupting chemicals: low-dose effects and
nonmonotonic dose responses. Endocr. Rev 33, 378-455. [PubMed: 22419778]

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, Speleman F, 2002 Accurate
normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol. 3 Research0034.

Velisek J, Svobodova Z, Machova J, 2009a Effects of bifenthrin on some haematological, biochemical
and histopathological parameters of common carp (Cyprinus carpio L.). Fish Physiol. Biochem 35,
583-590. [PubMed: 18766454]

Velisek J, Svobodova Z, Piackova V, 2009b Effects of acute exposure to bifenthrin on some
haematological, biochemical and histopathological parameters of rainbow trout (Oncorhynchus
mykiss). Vet. Med 54, 131-137.

Wayman GA, Impey S, Marks D, Saneyoshi T, Grant WF, Derkach V, Soderling TR, 2006 Activity-
dependent dendritic arborization mediated by CaM-Kinase | activation and enhanced CREB-
Dependent transcription of Wnt-2. Neuron 50, 897-909. [PubMed: 16772171]

Wayman GA, Yang D, Bose DD, Lesiak A, Ledoux V, Bruun D, Pessah IN, Lein PJ, 2012a PCB-95
promotes dendritic growth via ryanodine receptor-dependent mechanisms. Environ. Health
Perspect 120, 997. [PubMed: 22534141]

Wayman GA, Bose DD, Yang D, Lesiak A, Bruun D, Impey S, Ledoux V, Pessah IN, Lein PJ, 2012b
PCB-95 modulates the calcium-dependent signaling pathway responsible for activity-dependent
dendritic growth. Environ. Health Perspect 120, 1003. [PubMed: 22534176]

Werner |, Moran K, 2008 Effects of Pyrethroid Insecticides on Aquatic Organisms, ACS Symposium
Series. Oxford University Press, pp. 310-334.

Weston DP, Lydy MJ, 2012 Stormwater input of pyrethroid insecticides to an urban river. Environ.
Toxicol. Chem 31, 1579-1586. [PubMed: 22504879]

Aquat Toxicol. Author manuscript; available in PMC 2019 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Frank et al. Page 20

Yadav RS, Srivastava H, Adak T, Nanda N, Thapar B, Pant C, Zaim M, Subbarao SK, 2003 House-
scale evaluation of bifenthrin indoor residual spraying for malaria vector control in India. J. Med.
Entomol 40, 58-63. [PubMed: 12597653]

Yang D, Kim KH, Phimister A, Bachstetter AD, Ward TR, Stackman RW, Mervis RF, Wisniewski AB,
Klein SL, Kodavanti PR, Anderson KA, Wayman G, Pessah IN, Lein PJ, 2009 Developmental
exposure to polychlorinated biphenyls interferes with experience-dependent dendritic plasticity
and ryanodine receptor expression in weanling rats. Environ. Health Perspect 117, 426-435.
[PubMed: 19337518]

Aquat Toxicol. Author manuscript; available in PMC 2019 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Frank et al.

Page 21

Fig. 1.
(A) Behavioral assessment lightbox setup. Two infrared light Emitting Diodes (LED) (1)

placed within the corners of the light box were used for recording behavior under periods of
darkness and a light bar (2) was placed diagonally across the base of the lightbox to
illuminate the 96-well plate. A video camera (3) was used to record larval fish within a 96-
well plate (4), which was placed on a light box with a milk-plexiglas surface for light
diffusion purposes. (B) Racetrack Arena. A 10.0 cm diameter petri dish (1) was placed on an
on a background dividing the racetrack into 8 radial sectors. A 7.5 cm diameter petri dish (2)
was placed in the center to create the circular racetrack.
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Fig. 2.

Predator cue responses: (A) 21 dpf inland silversides exposed to 0, 3, 27, 122 ng/L
bifenthrin from 1 to 7 dpf were confronted with an olfactory predator cue. Baseline
swimming was tracked for 5 min during an acclimation period before the cue was added,
followed by a 5-min evaluation after confrontation with the predator cue. Each treatment
(presented on a log10 X + 0.05 axis) included n = 30 larval fish, each represented by a single
dot. The distance moved is presented as the area under the curve (AUC) during a time
interval of 5 min. AUC values were rescaled between 0 and 1 using a normalization
calculation (graphs with actual values are presented as boxplots in the supplementary
section; Fig. S1). Five dose-response curves were fit using a maximum likelihood approach:
linear, unimodall, unimodal2, sigmoidal, and quadratic. Curves shown as a solid line are
significantly better fits than a null intercept-only model (p < 0.05); curves represented by a
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dashed line are the best-fit of the five curve options (lowest p-value), but not significantly
better than the null model. P-values are represented for all dose-response curves.
*Significantly different from control, as identified using a mixed model algorithm (p <
0.05). (B) Comparison of fish from the control group challenged with the predator cue (pred-
cue) or with a blank water sample (n = 15 for blank or predator cue, respectively).
*Significantly difference between the groups, identified using two-sample #test (p < 0.05).
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Locomotive responses of 7 and 21 dpf inland silversides to alternating light and dark
periods, following developmental exposure (1-7 dpf) to different concentrations of
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bifenthrin (0, 3, 27, 122 ng/L). (A) Alternating 5 min light and dark periods. Each dot
represents the distance covered by one larval fish during a 5 min period with n = 30 for each
treatment (presented on a log10 X + 0.05 axis) and (B) an extended Dark?2 period of 15 min
(Freeswim). The distance is presented as area under the curve (AUC) during a time interval

of 5 min (15 min for Freeswim). AUC values were rescaled between 0 and 1 with a

normalization calculation for each day (determined separately for the Freeswim period) to
facilitate comparison between light and dark periods at any given time point. Five dose-

response curves were fit using a maximum likelihood approach: linear, unimodall,

unimodal2, sigmoidal, and quadratic. Curves shown as a solid line are significantly better
fits than a null intercept-only model (p < 0.05); curves represented by a dashed line are the
best-fit of the five curve options (lowest p-value), but not significantly better than the null
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model. P-values are represented for all dose-response curves. Graphs illustrating the actual
values (Fig. S2) are shown in the supplementary material as boxplots.

Locomotor behavior in vehicle control fish during alternating light and dark periods at (C) 5
dpf and at (D) 21 dpf after a 14-day recovery period is shown as the mean distance in mm
moved per min = SEM (n = 30 individual larval fish).
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Page 26

Swimming performance of 21 dpf inland silversides exposed to different concentrations of
bifenthrin (0, 3, 27,122 ng/L) during early development (1 to 7 dpf). Each dot represents the
lines crossed during 1 min in the racetrack arena (Fig. 1B). Values were rescaled between 0
and 1 with a normalization calculation; original values ranged from 39 to 90 lines crossed

per min. The dose-response calculation showed a p = 0.281.
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Fig. 5.

Trgnscriptional changes in genes coding for members of RyR dependent Ca?* signaling in
developing inland silversides, using gPCR. Larval fish were exposed to three concentrations
of bifenthrin and a control group (0, 3, 27, 122 ng/L) from 1 to 7 dpf. The fold change value
of a biological replicate (n = 5) is represented by a single dot and was normalized to
reference genes actb2and rpl7, data are presented on a logyg X + 0.05 axis. For data in each
panel, five curves — linear, unimodall, unimodal2, sigmoidal and quadratic — were assessed
for best fit using the maximum likelihood approach. Curves presented as a solid line are
significantly better fits than a null intercept-only model (p < 0.05), curves shown as a dashed
line are the best-fit of the five curve options (lowest p-value), but not significantly better than
the null model. P-values are represented for all dose-response curves. Fold-change values
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were rescaled between 0 and 1 with a normalization calculation for each time point, to allow
comparison between genes (Graphs with the actual values are represented with help of
boxplots in the supplementary section: Fig. S3 A).

Aquat Toxicol. Author manuscript; available in PMC 2019 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Frank et al.

Page 29
Embryos Yolk-Sac Larvae Free-Feeding Larvae
(5 dpf) (7 dpf) (21 dpf)
S{p=0203 {p=0584 {p=0435
Pl
% o
o
S
<2 .
(=]
§
o §
S
(=]
S
S{p=0256 {p=0.950
Q
®
£ o
= 2
©|,
° s
3 .
~
S
o
Sl .
2 {p=0011 {p=0872
S
0
2=
£ ° *
9
SN 1
. \—/
S
o
[J] o
)
c o
© ol -
S oros fo -
S {p=0018 p=0360 p=0075
T
° B« |
. E o °
o\ N |
c \/
<8 . 5 | re "
o
N : 8 .
o [
o
(=]
S{p=0051 [p=0375 | {p=0824
2 0
2 3.
(7]
@ I
AN
< I
c I s
o H
S
o
S .
o .
2{p=0475 {p=0.839 p=0038
@ =
0 o°
2
ol
e
< |
°© ° ° 9
S :
o
Sl . . J1 1 .
o 3 27 122 0O 3 27 122 0O 3 27 122

Bifenthrin concentration [ng/L]

Fig. 6.

Trgnscriptional changes in genes coding for members of the mTOR signaling pathway in
developing inland silversides, using qPCR. Larval fish were exposed to three concentrations
of bifenthrin and a control group (0, 3, 27, 122 ng/L) from 1 to 7 dpf. The fold change value
of a biological replicate (n = 5) is represented by a single dot and was normalized to
reference genes actb2and rpl7, data are presented on a logyg X + 0.05 axis. For data in each
panel, five curves — linear, unimodall, unimodal2, sigmoidal and quadratic — were assessed
for best fit using the maximum likelihood approach Curves presented as a solid line are
significantly better fits than a null intercept-only model (p < 0.05), curves shown as a dashed
line are the best-fit of the five curve options (lowest p-value), but not significantly better than
the null model. P-values are represented for all dose-response curves. Fold-change values
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were rescaled between 0 and 1 with a normalization calculation for each time point, to allow
comparison between genes (Graphs with the actual values are represented in form of
boxplots in the supplementary section: Fig. S3B). * Significantly different from control, as
identified using one-way ANOVA (p < 0.05).
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