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Multigenerational, Indirect Exposure to Pyrethroids Demonstrates
Potential Compensatory Response and Reduced Toxicity at Higher
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nurseries for developing embryos and larvae. They also undergo daily fluctuations
in salinity and act as filters for pollutants. Additionally, global climate change
(GCCQ) is altering salinity regimes within estuarine systems through changes in
precipitation and sea level rise. GCC is also likely to lead to an increased use of
insecticides to prevent pests from damaging agricultural crops as their habitats and
mating seasons change from increased temperatures. This underscores the
importance of understanding how insecticide toxicity to fish changes under
different salinity conditions. In this study, larval Inland Silversides (Menidia
beryllina) were exposed to bifenthrin (1.1 ng/L), cyfluthrin (0.9 ng/L), or
cyhalothrin (0.7 ng/L) at either 6 or 10 practical salinity units (PSU) for 96 h
during hatching, with a subset assessed for end points relevant to neurotoxicity and
endocrine disruption by testing behavior, gene expression of a select suite of genes,
reproduction, and growth. At both salinities, directly exposed FO larvae were
hypoactive relative to the FO controls; however, the indirectly exposed F1 larvae were hyperactive relative to the F1 control. This
could be evidence of a compensatory response to environmentally relevant concentrations of pyrethroids in fish. Effects on
development, gene expression, and growth were also observed. Overall, exposure to pyrethroids at 10 PSU resulted in fewer
behavioral and endocrine disruptive effects relative to those observed in organisms at 6 PSU.
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1. INTRODUCTION some pyrethroid metabolites can have stronger estrogenic-like
properties than the parent compound.®” The endocrine-
disrupting effects of pyrethroids lead to altered sex ratios,
fecundity, and hatching success, which can have long-term
consequences to a population.m’11 Under certain exposure
scenarios, this may lead to population decline.'” Despite this,
there are limited studies on the multigenerational effects of
pyrethroids in fish."’ Multigenerational studies are beneficial
since they allow for more population level end points to be
measured and for generation-specific impacts to be accounted
for, both of which are relevant to pyrethroid exposure, and
more so to EDC exposure in general.

Estuaries are critical, sensitive habitats that provide
ecosystem services to humans and wildlife.'"* They function

Increases in temperature and an earlier start to the growing
season due to global climate change (GCC) are expected to
result in earlier hatching rates, prolonged mating seasons, and
wider home ranges for some insect species." These shifts are
expected to result in an increase in insecticide application rates
and widen application periods.” Pyrethroids are neurotoxic
insecticides commonly used in agriculture and urban environ-
ments that primarily enter the estuarine environment through
runoff.’ They are favored over other insecticides, such as
organophosphates, due to their low toxicity to mammals and
birds and efficacy against insect pests." However, they can be
highly toxic to nontarget aquatic organisms, including fish.”
Pyrethroids induce neurotoxicity by causing the continual
firing of neurons through the prolonged opening of sodium

voltage-gated ion channels, as well as other secondary modes Received: August 9, 2023 ooty
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pyrethroids are designed to act as neurotoxins at low Published: January 24, 2024

environmentally relevant concentrations, they have also been
found to act as endocrine-disrupting compounds (EDCs),” and
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as filters of pollutants and sediment and provide aquatic
species with habitats for nurseries and breeding grounds. Many
fish species that are culturally and economically important to
humans rely on estuaries at some point in their life histories.
However, these ecosystem functions may be threatened under
environmental stressors such as pollution and GCC."® One
impact of GCC on estuarine ecosystems is salinity intrusion,
which can result from decreased precipitation and increased
sea level rise.'® Estuaries in regions expected to experience
decreased precipitation are at risk of increased salinity, which
can impact fish habitat, breeding grounds, and water quality.
Decreased river flow allows for more saline water to flow
inland. On the other hand, increased precipitation and
freshwater inputs into the estuary may decrease salinity.'’
Salinity has been shown to alter the toxicity of environmental
pollutants, including pyrethroids, but results can be varied
across different species, end points, pollutants, and salinity
ranges.'*">" Here, we expand upon existing studies and
provide evidence for altered toxicity of pyrethroids at different
salinities with end points across multiple biological levels.

The study presented here is an extension of a project where
the goal was to compare toxicity to pyrethroids between a
model fish, Inland Silverside (Menidia beryllina), and a
nonmodel fish, Delta Smelt (Hypomesus transpacificus);”"*°
both resident fishes of the San Francisco Bay and the
Sacramento-Joaquin Delta (hereto referred to as the Bay-
Delta), a large estuary in California undergoing salinity regime
alterations due to GCC. Bifenthrin, cyfluthrin, and cyhalothrin
were selected as candidates for the multigenerational study due
to their high toxicities and their frequency of detection in the
Bay-Delta. Here, the use of Inland Silverside for multigenera-
tional testing was preferred over the Delta Smelt, which is
more challenging to culture, a nonmodel species, and listed as
threatened under the Federal Endangered Species Act.”® While
there are limitations to using model organisms (i.e., toxicity
may differ from more sensitive species), they are often the best
option especially when culturing organisms until reproductive
maturity. Overall, the larger project this study falls under was
designed to document the differences in toxicity between the
Inland Silverside and the Delta Smelt since Inland Silverside
pesticide data have been used to model Delta Smelt risk.”’
This study may be used to model the toxicity of pyrethroids to
Delta Smelt and other estuarine and marine fishes at
environmentally relevant concentrations and may be useful
to risk assessors not just for the Bay-Delta but also for other
estuaries around the USA and world.

Here, Inland Silversides were exposed to bifenthrin (1.1 ng/
L), cyfluthrin (0.9 ng/L), and cyhalothrin (0.7 ng/L) at two
salinities relevant to estuarine environments, 6 and 10 practical
salinity units (PSU).*° These pyrethroids are commonly
detected in the Bay-Delta, and with the exception of bifenthrin,
there are very few fish toxicity data on them. The
concentrations chosen for the exposures are environmentally
relevant,”' ™ and based on past studies in the laboratory,
sublethal effects have been shown on Inland Silversides at
these concentrations.”* FO organisms were exposed as embryos
that hatched into the exposure solution during the test
duration. Following exposure, a subset of organisms were
reared and spawned in clean water. F1 organisms were
indirectly exposed to the pyrethroids through the germline. We
assessed end points at molecular, organismal, and population
levels, which allow comparison across a biological hierarchy.
The aim of this study was to (1) assess the relative
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multigenerational toxicity of the three pyrethroids and (2)
compare the toxicity between two salinities relevant to
estuarine ecosystems.

2. METHODS

2.1. Chemicals. Bifenthrin (part #: N-11203; CAS: 82657-
04-3, purity 98.8%), cyfluthrin (part #: N-11130; CAS: 68359-
37-S, purity 99.5%), and cyhalothrin (part #: N-12307; CAS:
91465-08-6, purity 99.5%) were purchased from Chem Service
(West Chester, PA, USA). High-performance liquid chroma-
tography grade methanol used to make stock solutions was
purchased from Fisher Scientific (Waltham, MA, USA).
Ellman’s reagent, S,5'-dithio-bis(2-nitrobenzoic acid), cysteine
hydrochloride monohydrate, bovine serum albumin, and Folin
reagent were purchased from Millipore Sigma (Darmstadt,
Germany).

2.2. Organisms and Husbandry. Adult Inland Silverside
broodstock were housed and spawned at the Oregon State
University (OSU), Hatfield Marine Science Center. Embryos
were transferred to Corvallis, OR, where the experimental
exposures were conducted under Animal Care and Use
Program (ACUP) protocol #4999. For more information,
see Supporting Information 1. At 4 days post fertilization
(dpf), 15—17 embryos were placed into 250 mL beakers (n =
3) with 50 mL of either 6 or 10 PSU water made from artificial
seawater (ASW) for a 24 h acclimation period. An additional
subset of 28—30 embryos were placed into 1 L beakers (n = 3)
with 100 mL of either 6 or 10 PSU to be reared to maturity. All
experiments were conducted under OSU IACUC protocol
#003S.

2.3. FO Larvae Exposures. After the 24 h acclimation
period, 50 or 100 mL of concentrated exposure solution was
poured into the beakers to achieve nominal concentrations of 1
ng/L and a final volume of 100 or 200 mL/beaker,
respectively. For the FO 96 h exposures, 15—17 embryos
were kept in a 100 mL volume of solution in 250 mL beakers.
For the FO rear-out 96 h exposures, 28—30 embryos were kept
in a 200 mL volume of solution in 1 L beakers. The rear-out
beaker volume was doubled to account for the increase in
organisms that was needed to ensure a large enough
population per replicate for breeding. All exposure replicates
(including controls) contained 0.01% methanol, which has
been used as a carrier for pyrethroids in this species before.”*
Organisms were exposed at two salinities, 6 and 10 PSU, to
bifenthrin (1.1 ng/L), cyfluthrin (0.9 ng/L), or cyhalothrin
(0.7 ng/L). There were three technical replicates per treatment
combination. Exposures were conducted for 96 h using
semistatic conditions. New exposure solutions were made
daily, followed by a 50% water change. At this time, survival
was assessed, and debris was removed. Organisms hatched
during the exposure period, spending between 48 and 72 h as
free-swimming larvae. pH, dissolved oxygen, salinity, temper-
ature, and ammonia were recorded daily (Table S1).
Organisms were maintained on a 14:10 light cycle.

FO larvae to be reared until maturity were first maintained in
1 L beakers with 200 mL of exposure solution for 96 h. After
the 96 h exposure period, the solution was exchanged with
clean ASW at the respective salinity, and the fish were
maintained in the 1 L beaker with 1 L of clean water until
approximately 5 weeks posthatch. At this time, the fish were
transferred into 13 L tanks at the appropriate salinity and
maintained in a recirculating system until they reached
reproductive maturity. pH, dissolved oxygen, salinity, and
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Figure 1. Heat map of behavioral results from the (a) FO generation exposed directly to a methanol-only control, bifenthrin (1.1 ng/L), cyfluthrin
(0.9 ng/L), and cyhalothrin (0.7 ng/L) and (b) F1 generation exposed indirectly to a methanol-only control, bifenthrin (1.1 ng/L), cyfluthrin (0.9
ng/L), and cyhalothrin (0.7 ng/L). End points are organized on the top panel and salinity (PSU) is on the right panel. The z-score is used for
visualization purposes only. Yellow demonstrates an increase in the behavior and purple demonstrates a decrease. Behavior data consist of three
technical replicates and 1—6 biological replicates per technical replicate, dependent on FO adult spawning success for F1 offspring. An asterisk

denotes p < 0.0S.

temperature were recorded daily, and ammonia, nitrate, and
nitrite were measured weekly (Table S2). At approximately 8
months post hatch, Inland Silverside FO adult fish were sexually
mature and were spawned six times by placing a substrate into
the tanks for 48 h at a time to ensure enough embryos were
collected for each end point. See Supporting Information 1 for
more details.

2.4. F1 Larvae Maintenance. After 48 h, the spawning
substrate was removed from the FO tanks, and the F1 embryos
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were removed using forceps and placed in 250 mL beakers
with 100 mL of clean ASW at their respective salinities and
checked for fertilization and development. The exposure water
was replaced 50% every day when debris was removed and
survival assessed. pH, dissolved oxygen, salinity, temperature,
and ammonia were recorded daily (Table S3). Organisms were
maintained on a 14:10 light cycle. At 9 dpf/~2 dph, survival
was assessed, behavioral assays were conducted, and the
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remaining organisms were collected for sample processing and
analysis.

2.5. Molecular End Points. At the end of each exposure
period, 5—10 larvae (dependent upon FO adult spawning
success for F1 larvae) were pooled per technical replicate (n =
3) and flash frozen in liquid nitrogen and stored at —80 °C
until molecular end points were measured.

2.5.1. Acetylcholinesterase Inhibition. Acetylcholinesterase
inhibition was measured in both FO and F1 larvae.
Acetylcholinesterase inhibition was measured using Ellman’s
assay, and total protein was measured using the Lowry Assay.
Both assays were measured using a Synergy LX Multimode
Reader (Agilent, Santa Clara, California, USA).

2.5.2. Gene Expression. Eleven genes were selected for the
quantitative polymerase chain reaction (QPCR), including two
reference genes (Table S4). Genes were selected to represent a
range of biological end points as determined in past studies.
The goal in measuring gene expression was to test genes
known to be involved in hormone regulation, reproduction,
neurodevelopment, drug metabolism, growth, and metabolism.
See Table S4 for details on each gene’s target function. See
Supporting Information 2 for more methods on gene
expression.

2.6. Behavioral Assay. At the end of the 96 h exposure
period for FO larvae and the end of the experiment for F1
larvae, behavior was measured using an assay modified from.”*
There were three technical replicates for each treatment. A
total of 1—6 individuals (dependent on the success of FO
spawning for F1 larvae) from each replicate were analyzed.
Briefly, 24-well polystyrene plates were loaded randomly with
one fish and 1 mL of salt water at the respective salinity per
well. Fish were acclimated to the plate, keeping all other
variables (light, temperature, and salinity) constant, for at least
4S5 min and then placed into a EthoVision Observation
Chamber (Noldus, Wageningen, The Netherlands). An
additional 1S5 min of acclimation occurred inside the
observation chamber in the dark, followed by an alternating
dark: light cycle with two 10 min periods of dark interspersed
with one 10 min period of light. The dark and light cycles are
termed darkl, lightl, and dark2. Behavioral (total distance
moved (TDM) (mm), velocity (mm/s), bursting (s), cruising
(s), freezing (s), and thigmotaxis) tracking was conducted
between 07:00 and 19:00 h, which encompassed the standard
light period of the exposures. Behavior was recorded and
tracked using a Basler Gen 1 Camera using Ethovision XT15
software, 1280 X 960 resolution, 10,000 Ix of light, and a 25/s
frame rate.

2.7. Growth and Development. For more information,
see Supporting Information 3.

2.8. Analytical Chemistry. The concentrations tested in
this study were below our limit of quantification. Therefore, we
tested our stock solutions, which were diluted by 0.01% to
make the final exposure solutions. To confirm that pyrethroid
stock solutions were made correctly, a subset of each stock
solution was stored at —20 °C until they were shipped to the
USGS Organic Chemistry Research Laboratory (Sacramento,
California). Pyrethroid concentrations were confirmed as
described by Segarra et al. (2021). Briefly, pyrethroids
concentrations were measured using solid-phase extraction
followed by gas chromatography—mass spectrometry.”*** The
stock solutions contained 11 ng/mL bifenthrin, 9 ng/mL
cyfluthrin, and 7 ng/mL cyhalothrin. Larval FO exposure
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solutions contained 1.1 ng/L bifenthrin, 0.9 ng/L cyfluthrin,
and 0.7 ng/L cyhalothrin.

2.9. Statistical Analysis. Statistical analysis was performed
in R software version 4.0.3 (Vienna, Austria) and R Studio
version 1.3.1093 (Boston, Massachusetts, USA). Molecular,
growth, and survival data were normally distributed and were
analyzed by one-way ANOVA followed by Dunnett’s test to
compare treatment vs control (n = 3). FO spawning success
and F1 embryonic development scores were analyzed using a
linear model with Poisson distribution (n = 3). For analysis,
behavioral data were normalized between 0 and 1, and the dark
and light cycles were compared within stimuli. Behavior data
were not normally distributed and were analyzed with a
Kruskal-Wallis and Dunn’s test (n = 3). Larval behavior was
different in the controls between the two generations (p <
0.0S, t test), so results were only compared within generations.
For visualization of behavioral results, the z-score was
calculated and normalized relative to the control to distribute
the results above and below zero relative to the control z-score.
Gene expression was analyzed using one-way ANOVA
followed by Dunnett’s test to compare results to control
values (n = 3). There were no differences in the controls across
generations, but results were still normalized to their respective
generation and salinity control. Gene expression is measured in
fold change (log2) values normalized to the geometric mean of
the housekeeping genes as described in.'" All results were
considered statistically significant if p < 0.0S.

3. RESULTS AND DISCUSSION

3.1. FO Larvae Were Hypoactive, While F1 Larvae
Were Hyperactive. FO larvae were directly exposed to
bifenthrin (1.1 ng/L), cyfluthrin (0.9 ng/L), or cyhalothrin
(0.7 ng/L), while F1 larvae were indirectly exposed through
the germline. Overall, directly exposed larvae exhibited
hypoactivity relative to their respective controls in both the 6
and 10 PSU exposures. This was demonstrated by the overall
decrease in bursting, cruising, TDM, and velocity (Figure 1a).
Bifenthrin had the most significant differences in the 6 PSU
direct exposures, all dark:light cycles were significantly different
for freezing, TDM, and velocity (p < 0.0S, Dunn's test) (Figure
la), which indicates that it had the strongest hypoactive effect
after 96 h exposure at 6 PSU. Cyfluthrin and cyhalothrin 6
PSU exposures also caused hypoactivity through decreased
bursting, TDM, and velocity and increased freezing (cyfluthrin
only) (Figure 1a). Inland Silversides as a species exhibited a
minor increase in activity during light cycles compared to that
in dark, and there were no significant differences between the
dark and light cycles in the control fish (data not shown). At
10 PSU, all the pyrethroid exposed treatments showed
increased freezing and at least one significant decrease in
bursting, cruising, TDM, and velocity (Figure 1a). Overall, the
10 PSU FO exposures exhibited fewer behavioral effects than
the 6 PSU FO exposures, except cyfluthrin,which had 8
significant differences at 6 PSU and 10 at 10 PSU. This is in
line with to our previous study, where pyrethroid toxicity
decreased as salinity increased.”® The increased differences
from cyfluthrin exposure on behavior at the higher salinity may
indicate that the influence of salinity on toxicity is not always
linear. It could also reflect different mechanisms of action
between the pyrethroids.

The F1 indirectly exposed larvae displayed increased
bursting, TDM, and velocity and decreased freezing relative
to their respective controls (Figure 1b). At 6 PSU, freezing was
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decreased in all pyrethroids (p < 0.0S, Dunn’s test) (Figure
1b). Bursting was also increased for all treatments at 6 PSU,
and TDM and velocity were increased for bifenthrin and
cyfluthrin (p < 0.05, Dunn’s test) (Figure 1b). Larvae
indirectly exposed to cyfluthrin did not show any changes in
behavior relative to the control at 10 PSU. Indirect exposure to
bifenthrin caused increased bursting and decreased freezing at
10 PSU, and both bifenthrin and cyhalothrin caused increased
TDM and velocity (p < 0.05, Dunn’s test) (Figure 1b). Despite
the increased behavioral effects seen after direct 96 h exposure
to cyfluthrin at 10 PSU, in the next generation, the larvae
appear to have recovered. In some studies, it appears that
toxicity is not observed until later, unexposed generations,”""
and future studies that carry cyfluthrin fish to an unexposed
(F2 or F3) generation would be able to investigate potential
recovery further.

Thigmotaxis is often used as an indicator of anxiety-like
behavior, wherein increased fear or anxiety-like responses in an
organism causes them to swim closer to a wall/border. In
contrast, antithigmotaxis behavior displays a potential decrease
in anxiety and suggests an increase in boldness and risk-taking
behavior. At 6 PSU, FO larvae exposed to bifenthrin had no
change in thigmotaxis behavior; meanwhile, cyfluthrin
decreased thigmotaxis in all dark: light cycles, and cyhalothrin
increased thigmotaxis in at least one dark cycle and the light
cycle (p < 0.05 Dunn’s test) (Figure 1a). At 10 PSU, all FO
larvae demonstrated decreased thigmotaxis behavior relative to
the control during the first dark cycle(p < 0.05 Dunn’s test)
(Figure la). In the F1 generation, fish exposed indirectly to
bifenthrin and cyfluthrin at 6 PSU displayed increased
thigmotaxis, and at 10 PSU, there were no changes to
thigmotaxis in the F1 larvae. Thigmotaxis behavior has been
correlated to changes in neuron action potential in Zebra
Danio (Danio rerio), commonly referred to as Zebrafish.
Overall, it appears that the fish exhibited increased anxiety
behavior in the FO exposures, which is consistent with the
decreased activity and decreased anxiety, less fear-like behavior,
in the F1 larvae, with the increased activity also observed.

In the environment, concentrations of pyrethroids can range
from nondetectable to hundreds of ng/L.>*' The concen-
trations tested here are environmentally relevant, and these
data can be used to inform ecological risk assessment and
management. Overall, fish activity can be indicative of their
overall fitness. Altered swimming speed may lead to increased
predation rates, impact social behavior and mating success, and
affect feeding and growth.”” Despite decades of research on
fish swimming and behavior, there is still a large gap in the
relationship between behavioral changes seen in the lab and
what might be occurring in the environment.>® However,
behavioral data have been growing in popularity and are
considered to be important end points for ecological risk.
Hypo- vs hyperactive responses have been described as
“reactive” and “proactive”, respectively; reactive individuals
are characterized as having low activity and aggression and
characteristics of shyness, whereas proactive individuals are
likely to have increased metabolic rates and increased
aggression and to be more mobile and active.” Whether
these differences in traits would be apparent in wild
populations is uncertain because there are few studies
connecting laboratory findings to wild populations. These
data demonstrate the directly exposed larvae display
hypoactivity, which may be indicative of a reactive lifestyle,
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while the indirectly exposed larvae display a proactive lifestyle
(Figure 2).
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Figure 2. Spread of the total distance moved (TDM) data from the
(top) FO generation exposed directly to a methanol-only control,
bifenthrin (1.1 ng/L), cyfluthrin (0.9 ng/L), and cyhalothrin (0.7 ng/
L) and (bottom) F1 generation exposed indirectly. Behavior data
consist of three technical replicates and 1—6 biological replicates per
technical replicate, dependent on FO adult spawning success for F1
offspring.

The stark difference in hypo- versus hyperactivity between
the FO and F1 generations, respectively, may be reflective of a
compensatory, or over compensatory, response in the F1
generation (Figure 3). A compensatory response describes a
reallocation of resources and energy to quickly respond to
unfavorable conditions. In essence, a compensatory response is
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Figure 3. Average change in total distance moved results between
each pyrethroid treatment and the respective control, separated by
generation, salinity, and stimuli. (Left) FO generation exposed directly
to a methanol-only control, bifenthrin (1.1 ng/L), cyfluthrin (0.9 ng/
L), and cyhalothrin (0.7 ng/L) and (right) F1 generation exposed
indirectly.
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Figure 4. Boxplots showing gene expression in fold change (log2) values normalized to the geometric mean of the housekeeping genes. (a) FO
larvae exposed to control, bifenthrin (1.1 ng/L), cyfluthrin (0.9 ng/L), and cyhalothrin (0.7 ng/L) at 6 and 10 PSU. (b) F1 larvae indirectly
exposed to control, bifenthrin (1.1 ng/L), cyfluthrin (0.9 ng/L), and cyhalothrin (0.7 ng/L) at 6 and 10 PSU. Upper and lower whiskers are the

95% upper and lower confidence limits, respectively, the box is the inter quantile range, the black horizontal bars represent the median, and points
represent data beyond the 95% confidence limits. An asterisk denotes p < 0.05 (Dunnett’s test).

a way to fine-tune the molecular processes in an organism to
better withstand its environment and limit long-term damage
to the population.”” The F1 generation may be exhibiting
instances of hyperactivity to counteract the hypoactivated
effects of the pyrethroids from the FO exposures. An organism’s
ability to compensate for the energy required to tolerate and
protect themselves from environmental stressors can influence
population adaptation.”” The F1 generation, which was not
directly exposed to the pyrethroids, was hyperactive relative to
the unexposed F1 control larvae. If a true compensatory
response occurred, then we could expect to not see any
changes relative to the unexposed fish if the indirectly exposed
F1 larvae were exposed directly to the pyrethroids, like the FO
larvae. However, overcompensation would occur if the F1 fish
were exposed to the pyrethroids, which may induce
hypoactivity upon direct exposure and were still hyperactive.
Future studies should confirm this hypothesis; if true, this
would be the first demonstration of a compensatory response
in fish to pyrethroids. Compensatory mechanisms are
frequently identified as adaptational responses in insects that
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develop resistance to pyrethroids.”' If Inland Silversides can
compensate for low environmental concentrations of pyreth-
roids, this could suggest that they may be able to adapt to
pyrethroid levels found in the environment. However,
adaptation and compensation to pollution are not considered
an advantageous outcome because they can divert resources
from some processes to others and can lead to decreased
genetic diversity, which leaves populations vulnerable to other
stressors.

3.2. Molecular Response to Pyrethroids Varied by
Salinity and Generation. Pyrethroids are known for their
effects on sodium-gated ion channels, but gene expression
analysis indicates that other neurological pathways may also be
affected. Genes for qPCR were selected from past studies that
were the foundation of the current multigenerational study.
The 40 s ribosomal protein s6 (rps6) gene was selected since it
is a downstream target of the mTOR pathway, which is
involved in dendritogenesis (nerve growth) and is linked to
altered behavior.”* In our current study, cyfluthrin and
cyhalothrin directly exposed larvae had decreased expression of

https://doi.org/10.1021/acs.est.3c06234
Environ. Sci. Technol. 2024, 58, 2224-2235


https://pubs.acs.org/doi/10.1021/acs.est.3c06234?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06234?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06234?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06234?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c06234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

rps6 in the FO generation at 6 PSU (p < 0.05 Dunnett’s test)
(Figure 4a). However, in the F1 generation, bifenthrin and
cyfluthrin had increased expression of rps6 (p < 0.05 Dunnett’s
test) (Figure 4b). Delayed disruption of the mTOR pathway
has been seen following bifenthrin exposure*”** Our findings
also provide evidence that the mTOR pathway may also be
affected following exposure to cyfluthrin and cyhalothrin.
There is no evidence that any of the pyrethroids altered rps6 in
the 10 PSU exposures. In the cyhalothrin treatments, a
response occurs only after direct exposure (Figure 4a). The
bifenthrin-exposed fish do not show any effect on rps6 until the
F1 generation (Figure 4b). Following a seven day exposure to
bifenthrin, Inland Silversides did not exhibit a change in rps6
expression until after a 14 day recovery period, and after the
recovery period, there was a dose-dependent increase in
expression.” Disruption of the mTOR pathway has been
linked to both neural developmental effects and changes in
neuron function, as well as physiological impacts on skeletal
muscle and muscle atrophy.”* Both neurological and
physiological changes in developing larvae could explain the
changes in behavior observed here. Rps6 is additionally
involved in other pathways related to early life development;
other mechanisms than those described here may also be
influenced such as protein production and cellular apoptosis.*
Following a seven day exposure to bifenthrin, Inland
Silversides did not exhibit a change in rps6 expression until
after a 14 day recovery period, and after the recovery period,
there was a dose-dependent increase in expression.”’ Direct
exposure to bifenthrin at 6 or 10 PSU and to cyfluthrin and
cyhalothrin at 10 PSU may still alter the mTOR pathway, but
future studies that measure more recovery time points with
multiple pyrethroids would be needed.

Na*-K*-ATPase (atplal and atpla2) transporter genes were
upregulated following exposure to both bifenthrin and
cyfluthrin. In the FO generation, the 6 and 10 PSU bifenthrin
larvae had increased expression of atplal and atpla2,
respectively (p < 0.05S Dunnett’s test) (Figure 4a). In the F1
larvae, atpla2 was significantly increased in the 10 PSU
bifenthrin and cyfluthrin exposures (p < 0.05, Dunnett’s test)
(Figure 4b). Altered atplal and atpla2 can increase
extracellular potassium and glutamate concentrations in the
central nervous system, contributing to neurodegenerative
disease and altered behavior.*® Upregulation of Na+/K
+-ATPases may also be linked to the increased expression of
genes involved in aerobic metabolism. The increased
expression of atplal and atpla2 may indicate that larvae
allocate more energy toward metabolism, which may require
them to sacrifice other processes to compensate. The alteration
of atpla2 in the F1 generation suggests that these effects may
be delayed following cyfluthrin exposure and not appear until
the F1 generation. For larvae exposed to bifenthrin at 6 PSU,
altered expression on atplal was not seen in the next
generation, but at 10 PSU, increased atpla2 was observed.
Under short, low-dose scenarios, an organism may exhibit
“metabolic compensation” where energy is reallocated to stress
resistance and metabolism is altered, which we see evidence of
here.

In some instances, pyrethroids have also been found to affect
ACHhE activity. At the low concentrations used here, there was
no effect from the pyrethroids at either salinity on AChE
activity (p > 0.05, one-way ANOVA) (Figure S3). Cyhalothrin
has been shown to alter AChE activity in freshwater fish;
however, the concentrations used were much higher than those
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used in the present study.”” Our results establish that at
concentrations found in the environment, AChE inhibition is
unlikely to be a common mechanism of toxicity following
pyrethroid exposure. Future studies should consider using
RNA sequencing to characterize all neurological pathways
involved in pyrethroid toxicity in fish.

3.3. Reproductive Effects Were Altered at the
Different Salinities. In adult fish, the sex ratio was not
altered in the FO adults in the present study (p > 0.0,
Dunnett’s test), which is consistent with other studies on
bifenthrin.'” Condition factor was also not affected (p > 0.05,
Dunnett’s test). We found gonadosomatic index (GSI) to be
significantly reduced in the 6 PSU bifenthrin and cyhalothrin-
exposed FO adult males (p < 0.0S, Dunnett’s test) (Figure S).
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Figure S. Bar plot of the gonadosomatic index of FO adult Inland
Silversides directly exposed to a methanol-only control, bifenthrin
(1.1 ng/L), cyfluthrin (0.9 ng/L), and cyhalothrin (0.7 ng/L) at 6 and
10 PSU. Error bars represent standard error, and an asterisk denotes p
< 0.05 (one-way ANOVA followed by Dunnett’s test).

No differences in GSI were found in females or 10 PSU-
exposed males. Similar findings have also been found in male
Steelhead Trout (Oncorhynchus mykiss) exposed to bifenthrin
at 0, 8, and 16 PSU, wherein the freshwater-exposed fish had a
significant reduction in GSI, but the saltwater exposures did
not.** GSI was not changed in Inland Silverside adults after
exposure to bifenthrin during embryonic and larval develop-
ment (~30 days) at 15 PSU."® Evidence from the present
study and others evaluating the effects of bifenthrin at varying
salinities suggest that at low, environmentally relevant
concentrations, this pyrethroid reduced GSI at lower salinities,
but effects may be mitigated at higher salinities.

Interestingly, fecundity was increased in all instances except
in fish exposed to 6 PSU cyhalothrin, where fecundity was
decreased (p < 0.05, Dunnett’s test), and fish exposed to 10
PSU cyfluthrin, where no effect was seen (p > 0.05) (Figure 6).
Previous studies with Inland Silversides exposed to bifenthrin
found a decrease in egg production;7’10’“’49 however, the
exposures for the current study were shorter (96 h) and
occurred at lower salinities and during an earlier devel-
opmental period. These differences in the study design could
explain the conflicting results. It has also been shown that the
bifenthrin metabolite has greater estrogenic properties than the
parent compound.” The pyrethroids bifenthrin and permethrin
have been shown to act as estrogen receptor antagonists,
whereas the metabolites act as agonists. At low concentrations,
such as used here, the relative concentration of the parent
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Figure 6. Bar plot showing FO adult Inland Silversides fecundity after
directly exposed to a methanol-only control, bifenthrin (1.1 ng/L),
cyfluthrin (0.9 ng/L), and cyhalothrin (0.7 ng/L) at 6 and 10 PSU for
96 h from S to 9 dpf (2 dph) and reared in clean water. Error bars
represent standard error, and an asterisk denotes p < 0.05 (one-way
ANOVA followed by Dunnett’s test).

compound may be more quickly surpassed by the metabolite,
meaning the estrogenic effects of the metabolite are more
influential than the parent compound. Bifenthrin and
cyhalothrin’s metabolites have been shown to have estrogenic
properties,50 while cyfluthrin has been shown to induce
antiestrogenic properties. Since the parent and metabolite
compounds are likely exerting their opposing effects
simultaneously, the effects of parent versus metabolite are
often challenging to interpret. Bifenthrin has been shown to
have a life-stage dependent effect on estrogenicity; for example,
in Zebrafish, bifenthrin caused an antiestrogenic effect in larvae
but an estrogenic one in adults.”’ We found that the larvae
directly exposed to bifenthrin had an increase in the androgen
receptor gene (arx) (p < 0.05, Dunnett’s test) (Figure 4a). It is
possible that early life exposure to bifenthrin caused an
increase in arx gene expression, but in adults, this effect is now
reversed. In our study, early life exposure to bifenthrin at 6
PSU increased fecundity but also was associated with increased
embryonic deformities in the indirectly exposed offspring.
Increased fecundity is energetically demanding, and energy
may have been diverted from egg production quality in order
to increase quantity. Larvae indirectly exposed to cyfluthrin at
6 PSU had increased growth index relative to the control (p <
0.0S, Dunnett’s test) (Figure SS); increased growth may be
beneficial if increased biomass can increase survival in a
stressful environment; however, this requires a diversion of
resources from other processes, which can have a long-term
detrimental effect. Larvae indirectly exposed to cyfluthrin at 10
PSU had a significant increase in igf2 gene expression (p <
0.05, Dunnett’s test) (Figure 4b) and an observable, but
nonsignificant, reduction in survival (p = 0.06, Dunnett’s test)
(Figure S1). Despite the increase in igft2 expression, the F1
cyfluthrin treatment had no changes in behavior at 10 PSU.
Igf2 gene expression is involved in the insulin/IGF pathway,
which has been found to precede the mTOR pathway in
mammalian and Drosophila cells.”” Future studies on the
relationship between increased igf2 expression and the
observed recovery of F1 larvae could provide further insight
into igf2’s role in early development and behavior.

Studies have found that salinity can influence the production
of metabolizing enzymes and lead to faster biotransformation
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of pyrethroids and other insecticides at higher salinities.”*>’

Here, cyplal was not different between the 6 and 10 PSU
larvae for any pyrethroid (t test, p > 0.05). Cyplal was
significantly increased in the 6 PSU bifenthrin indirectly
exposed F1 larvae compared to that in the unexposed control
(p < 0.05, Dunnett’s test) (Figure 4b). While there were no
changes in cyplal in the FO larvae, increased biotransformation
at higher salinities cannot be ruled out. A larger number of
metabolizing enzymes are involved in detoxification, and other
genes not measured here may have been affected. Increased
biotransformation would mean the parent compound is more
quickly converted to the metabolite, but it may also mean the
metabolite is more quickly excreted from the body. At the
lower salinity, slower metabolism may mean that excretion of
the metabolite is reduced and would explain why more
reproductive effects are seen at the lower salinity for bifenthrin
and cyhalothrin, which have known estrogenic metabolites.
Pharmacokinetic and pharmacodynamic studies could test this
hypothesis.

3.4. Implications for Future Generations. Exposure to
contaminants is known to cause epigenetic changes that can
have an effect on future generations. Epigenetic mechanisms
control the expression of genes through processes other than
changes to the DNA sequence. DNA methyltransferase 3 is the
enzyme responsible for de novo methylation, which occurs after
fertilization and again prior to differentiation of primordial
germ cells.”® Following global erasure of DNA methylation
patterns, dnmt3 enzymes establish de novo methylation
patterns. In Japanese Medaka (Oryzias latipes) and Zebrafish,
the final methylation pattern in embryos resembles the
maternal and paternal patterns, respectively.’>*® The DNA
methylation pattern of Inland Silversides following fertilization
or germ cell differentiation is not currently known, although
the pattern may influence the effect of environmental stressors.
Altered gene expression of dnmt3a could indicate a change in
the function of some dnmt3 enzymes. Here, we found that
dnmt3a gene expression was significantly downregulated in the
F1 larvae indirectly exposed to cyfluthrin at 10 PSU (p < 0.05
Dunnett’s test, Figure 4b). Dysregulation of dnmt3a has been
found to have downstream effects on gene expression and
behavior. In adult Zebrafish, dnmt3a knockout fish demon-
strated decreased predator avoidance behavior and an overall
reduction in fear behavior.”” We did not find any behavioral
changes to the F1 10 PSU indirectly exposed cyfluthrin larvae;
however, future studies that carry generations past F1 may find
further effects.

In some scenarios, the unexposed or indirectly exposed
generations may experience the most severe effects. Japanese
medaka exposed to bisphenol A did not have reduced
reproduction or larval survival until the F3 and F4 generations,
respectively.”® Due to the longer generation time of fish
compared to that of many invertebrates, many fish studies
rarely go past the F2 or F3 larval generation. Studies in
invertebrates can help inform on the risk to unexposed
generations of fish, but uncertainty remains around how long it
may take for an unexposed population to recover from
pyrethroid exposure. When DNA replication was disrupted in
nematodes (Caenorhabditis elegans) during embryogenesis,
changes were caused to the chromatin structure for up to
five generations before it was restored.”” In chironomids
(Chironomus columbiensis), one generation reared in clean
water was sufficient to show recovery in hatching success.
Nevertheless, after two generations, fecundity remained low

https://doi.org/10.1021/acs.est.3c06234
Environ. Sci. Technol. 2024, 58, 2224—2235


https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c06234/suppl_file/es3c06234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c06234/suppl_file/es3c06234_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06234?fig=fig6&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c06234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

relative to the controls.”” Multiple and transgenerational fish
studies using environmentally relevant concentrations of
contaminants, such as the one presented here, are still limited
in the literature. Understanding the ability of a fish to recover
from past exposure or adapt to continuous environmental
exposure is necessary to improve ecological risk assessment.

As discussed, the three pyrethroids (bifenthrin, cyfluthrin,
and cyhalothrin) tested here altered fecundity at 6 PSU, while
bifenthrin and cyhalothrin altered fecundity at 10 PSU. These
findings support other studies that suggest that early life, low-
level exposure to pyrethroids can impact the stability of
populations. When larval Inland Silversides were exposed to
bifenthrin at 10 PSU, fecundity was reduced in the FO and F1
generations."" When population dynamics were modeled in
Inland Silversides following early life exposure to bifenthrin at
concentrations like those tested here, a steady decline in
population was predicted only one year post exposure.'”
However, future studies should test whether population levels
stop dropping or rebound if fish are able to adapt. No studies
of fish have compared the effects of pyrethroids after multiple
generations are exposed concurrently. These studies may more
accurately represent a real-world environment where pesticide
runoff occurs annually and offspring are unlikely to be raised in
pristine conditions. A population would need to adapt quickly
to a polluted environment to remain stable. Such rapid changes
in tolerance are possible through epigenetic mechanisms but
can also come at a cost to other biological processes such as
growth.

3.5. Considerations for Risk Assessment. Scientists and
government agencies have increasingly considered the idea of
conducting risk assessments and decision making based upon
contaminants as a class, rather than individual chemicals.®!
This approach could provide the capacity to decrease the time
to decision making, which is currently limited by the number
of compounds on the market and could be reduced by
considering compound classes instead of individual com-
pounds. However, limitations of this approach may include the
risk of placing overly conservative or liberal screening and
threshold levels. For example, if a level is based on the most
toxic compound in the class, this would ensure that the most
conservative approach is taken. However, this may result in
more restrictive levels that could impact agriculture produc-
tion. An alternate approach could be to develop a system of
chemical prioritization where the compounds with the most
toxicological concern are further evaluated using a risk
assessment model.*”

As GCC continues to have increasingly severe effects on
estuarine and other aquatic systems, consideration of abiotic
factors and multiple stressor scenarios in risk assessment may
be beneficial for science-based decision making. There is broad
evidence in the literature that pyrethroids can both decrease
and increase toxicity as salinity increases. This is likely
dependent on the organism, life stage of exposure, concen-
tration of exposure, and end points measured in the study. In
the present study, the most end points had decreased effects at
the higher salinity for both the FO and F1 treatments (except
cyfluthrin behavior in FO larvae). When exposed to sublethal
levels of pyrethroids from 5 dpf for 96 h at 0.5, 2, and 6 PSU,
Inland Silverside behavioral toxicity consistently decreased as
salinity increased. Permethrin may have also been an exception
because its toxicity appeared to be slightly increased at the
higher salinities.”* When Delta Smelt were exposed to
bifenthrin and permethrin at concentrations and salinities

similar those in this and our previous study,”* both pyrethroids
had increased toxicity as salinity increased.””> When Inland
Silversides were exposed to bifenthrin at S PSU and 15 PSU
from 24 h post fertilization to 96 h gost hatch, there was a
nonsignificant increase in toxicity.” The differences in
responses to pyrethroid toxicity between Inland Silversides
and Delta Smelt are important because Delta Smelt are an
endangered species, and their risk is often modeled using the
Inland Silverside.”” Given the variability of responses to
increased salinity, how salinity is incorporated into risk
assessments may likely need to be dependent on the system
in question, the severity of pollution, and the species at risk.
The data presented here also further highlight the variability of
toxic responses within an insecticide class and demonstrate one
of the challenges with taking a contaminant class approach to
risk assessment.

Our results illustrate the potential for bifenthrin, cyfluthrin,
and cyhalothrin to cause multigenerational effects at different
salinities. We found that these effects can be dependent on
exposure salinity, which may have implications for estuarine
fish species. Our data indicate that overall pyrethroid toxicity
decreased as salinity increases for Inland Silversides, which
would suggest that in the wild these fish are at greater risk of
toxic effects in lower salinity regions. Incorporation of different
abiotic factors is important when considering risk assessments
for estuarine systems given that they experience daily flux in
water quality. This is likely to be exacerbated under GCC
conditions, and our data provide insight into how pyrethroid
toxicity is altered under different saline environments. Finally,
we show evidence suggesting that low pyrethroid concen-
trations and a short exposure period could result in a
compensatory behavioral response. Compensation responses
should be further studied in fish and considered when
conducting risk assessments as they have implications for the
success of future generations and long-term population
dynamics.”*~® Future work focusing on additional genera-
tional times with repeat exposures may provide more clarity
into the compensatory behavior responses observed here.
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