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ABSTRACT

Exposures to environmental toxicants can have both immediate and long-term impacts,
including those that persist into the next generation. Using Gulf killifish (Fundulus grandis), we
tested whether adult progenitor exposure to crude oil caused perturbations to larval morphology
and embryonic genome-wide gene expression in their first- and second-generation descendants
raised in clean water. We also tracked responses of additional direct oil exposures in the F1 and
F2 embryos. Exposure to oil in progenitor fish caused altered larval morphology in F1 and F2
descendants. Some perturbations were enhanced by additional oil exposure in lineages with
progenitors that had been exposed to oil. Progenitor exposures altered embryonic gene
expression in F1 and F2 descendants, implicating impacts on neurological and cardiovascular
systems. Molecular responses to progenitor exposure were distinct between F1 and F2 offspring,
suggesting complex interactions between mechanisms that contribute to the transgenerational
transfer of information. In contrast, molecular responses to additional direct oil exposures during
early-life development were highly conserved between generations and between progenitor
exposure treatments. We conclude that exposure to crude oil causes developmental perturbations
that propagate at least two generations, and we present additional hypotheses about underlying
molecular mechanisms and emergent health consequences.
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This study shows that exposure of adult fish to crude oil perturbs development and gene
expression in offspring and grand-offspring, thereby extending the timeframe necessary to
consider ecotoxicological risk.

INTRODUCTION

Responses to environmental stressors can manifest and persist across several biological
timescales. Within the lifetime of an organism, environmental perturbations can cause acute or
chronic physiological changes. Environmental changes that affect organismal fitness and that
persist across many generations may lead to population demographic changes such as population
decline or evolutionary adaptation. Effects of environmental exposures can also propagate across
intermediate timescales, such as across one or a few generations (transgenerational or
multigenerational effects). Environmental information may transfer from parent to offspring and
beyond through non-genetic modes of inheritance such as maternal provisioning or epigenetic
imprinting '3, Compared to responses that emerge at physiological or evolutionary timescales,
responses that emerge across these intermediate transgenerational timescales are less understood.
Important and outstanding questions include: What kinds of environmental changes may have
effects that propagate across generations? Are there features of environmental perturbations that
allow prediction of whether transgenerational effects are adaptive, neutral, or deleterious? What
mechanisms govern the transfer of environmental information across generations? What are
mechanistic features that contribute to whether transgenerational impacts are adaptive or
deleterious? Progress in answering these questions will be important for improving our ability to
assess ecological risks for populations experiencing rapid environmental change in the
Anthropocene.

Transgenerational effects may result in health outcomes that are beneficial, neutral, or
harmful (e.g., adaptive, neutral, or maladaptive) (Figure 1). These alternate outcomes likely
depend on whether the stressor is novel or commonly encountered within a species’ natural niche
(evolutionary history) 43, the nature of exposure such as severity and duration ¢, and whether
the environmental change is transient or persistent across generations 8. For adaptive
transgenerational plasticity, resilience to stressors is increased in the offspring of parents who
were exposed to those stressors compared to the offspring of parents who were not exposed
(Figure 1, blue line). In some cases, this increased resilience in the perturbed environment may
come at the cost of reduced resilience in the non-perturbed environment (Figure 1, green line). In
adaptive scenarios, the stressor is usually one that is normally encountered within that species’
natural niche, such that the mechanism that transmits environmental information to offspring
presumably evolved and is maintained through natural selection. Examples include Daphnia
exposure to predators triggering the development of increased helmet size in their offspring ° and
thermal exposure of sheepshead minnows triggering increased growth rate in their offspring 1°.

For agents of environmental changes that have no analogue in that species’ ecological or
evolutionary history, negative or maladaptive transgenerational outcomes may be more likely. In
these cases, exposures that cause health impairments may have negative consequences for
offspring, for example through impaired egg provisioning or parent-to-gamete carry-over of
small molecules (e.g., chemical toxicants) that perturb development. Furthermore, no-analog
environments may cause malfunctioning of the molecular machinery that transmits cellular
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memory such as epigenetic imprinting systems !!, such that developmental programs and
subsequent health are perturbed. This could result in increased sensitivity to the original stressor
(Figure 1, purple line); but since the molecular malfunctions may be non-specific, the health
impairments could also manifest as non-specific maladies that are difficult to predict or
anticipate. Furthermore, these maladies may manifest in otherwise benign offspring
environments (Figure 1, orange line). In the Anthropocene, no-analog environments (pollution,
climate change, invasive species) are likely emerging too swiftly and severely for adaptive trans-
generational mechanisms to evolve in most species. For them, perturbations of transgenerational
mechanisms may contribute to health impacts thereby amplifying population decline. Therefore,
characterizing these impacts, and their underlying mechanisms, is important for risk estimation
and assessment. We consider how toxicant exposures may have impacts that propagate across
one or two generations, thereby revealing the influence of mechanisms including maternal carry-
over effects and those that are likely to occur through epigenetic alterations.
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Potential outcomes of transgenerational effects:

Adaptive Outcome: Offspring are resilient to stressor

Maladaptive Outcome (1): Offspring are sensitized to stressor

Maladaptive Outcome (2): Offspring experience general impaired health independent of stressor exposure

Adaptive/Maladaptive Outcome: Offspring are resilient to stressor but is less fit in absence of the stressor

Null Outcome: No detectable transgenerational response

Figure 1: Environmental stressors in the progenitor (FO) generation can cause heritable changes to health
or performance of F1 or F2 offspring. These changes can be beneficial (adaptive) or harmful
(maladaptive), and likely depend on the offspring environment and ecological familiarity of the stressor to
the organism. Transgenerational effects that alter responses to the specific stressor can lead to resilience
(blue arrows) or sensitivity (purple arrows) to the stressor in F1 or F2. Stressor-specific transgenerational
effects can have fitness tradeoffs if FO and F1 environments differ (green arrows). Transgenerational
effects can also cause general impairments of health that are non-specific to the stressor (orange arrows).

Chemical toxicants are an important component of the Anthropocene, but risk estimation
and assessment of chemicals typically do not consider transgenerational effects '2. One might
imagine several different transgenerational outcomes following toxicant exposure. Offspring
could be more resilient to a toxicant because maternal carry-over of a chemical to eggs may
trigger molecular programs in developing embryos that are protective in the newly polluted
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environment (e.g., detoxification pathways). This effect would persist beyond one generation
only if exposures also persist. Alternatively, offspring may have impaired health following
parental exposures. This could result from exposures that reduce egg or sperm quality, impair
energetic provisioning, or that cause chemical carry-over into eggs thereby perturbing
development. These outcomes would persist beyond one generation only if exposures also
persist. In contrast to these outcomes, exposure effects that propagate more than one generation -
in the absence of subsequent exposures - would indicate perturbations of cellular memory (e.g.,
epigenetic changes) thereby altering development with negative consequences for health,
performance, and fitness. We predict that toxicant perturbations of cellular memory are unlikely
to be beneficial because responses to no-analog stressors are unlikely to have been shaped and
canalized by natural selection. In this case, indiscriminate perturbation of cellular memory
machinery may manifest in subsequent generations as phenotypic alterations that are complex,
unpredictable, and maladaptive.

We integrated transcriptomics with measures of developmental morphology that are often
perturbed by oil exposure to track impacts of crude oil exposures across two generations in Gulf
killifish (Fundulus grandis), an ecologically important species that is abundant in habitats
impacted by the Deepwater Horizon oil spill !3!4, Oil spills are a notorious feature of the
Anthropocene '°. Qil exposures are often discontinuous, at least for relatively long-lived species
and those with medium to large home ranges. Exposures cause a diverse array of acute and
chronic health impairments '®!8, but whether exposures cause impacts that propagate to future
generations is not well characterized. Some recent studies in invertebrates have documented
crude oil exposures that cause multigenerational impacts °-22, but few have examined effects
that propagate across more than one generation 2?2, and the same appears true for fish 23-26,
Studies that examine oil effects in fishes that propagate across more than one generation are few
(e.g., ¥"). Moving forward, it is important to understand whether the effects of crude oil exposure
propagate across one or more generations and the array of underlying molecular mechanisms and
physiological consequences in at-risk species.

Following exposure to sub-lethal levels of crude oil for 36 to 48 days, adult F. grandis
were spawned. Their offspring are considered members of the “progenitor oil exposed lineages”.
We generated a second set of control lineages whose progenitors had not been exposed to oil,
where their offspring are considered members of the “progenitor no-oil control lineages”. We
tracked descendants of these two sets of lineage progenitors (F0) for one and two generations (F1
and F2, respectively). In descendent F1 and F2 generations, we tested whether progenitor
exposure, with and without additional direct embryonic exposures to crude oil, affected 1) larval
morphology, and 2) genome-wide gene expression throughout embryonic development. We
considered two alternate hypotheses regarding the transgenerational effects of crude oil
exposure: 1) Progenitor (FO) oil exposure causes heritable perturbations of development in F1
and F2 descendants, and 2) Progenitor oil exposure enhances offspring sensitivity to additional
direct oil exposure. Since natural populations do not normally encounter crude oil, we predicted
that transgenerational impacts, if any, would be negative. It is important to note that if
transgenerational impacts are indiscriminate, phenotypic outcomes could be unpredictable. We,
therefore, tracked genome-wide gene expression, which, if perturbed by progenitor exposure,
could stimulate hypotheses about the nature of emergent phenotypic outcomes.
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MATERIALS AND METHODS

Exposure of FO adults to the water-accommodated fraction (WAF) of crude oil

All procedures that are described were performed in accordance with protocols approved
by the Institutional Animal Care and Use Committee at Louisiana State University (Protocol: 15-
070). Adult F. grandis originally from Leeville, LA (29°15'24.6"N 90°12'51.3" W) were held in
laboratory conditions at Louisiana State University for at least 2 generations before experiments.
Two separate parental oil exposures were performed. In the first exposure, adult FO (progenitor)
fish were exposed for 36-45 days to either control water (n=19 fish) or weathered crude oil
(n=26 fish) at a salinity of 12 g/L made with artificial Instant Ocean at a natural light cycle. Each
treatment was conducted in four 70-L glass aquaria per treatment at a density of 5-7 adult .
grandis per tank. These progenitors were used to generate the F1 generation fish, which were
grown into F1 brood stocks to generate F2 generations (see below). Fish used in the F1
broodstock were never directly exposed to oil. Polycyclic aromatic compound (PAC) analyses of
water samples from these exposures were performed on 150 mL composite water samples
collected daily (50 mL per tank from 3 random tanks) for 6 to 7 days. Each composite WAF
sample (n=6) was acidified with organic-free hydrochloric acid at a ratio of 2 mL acid to 1 L of
water to a pH < 2 and held at 4 °C awaiting extraction (USEPA method 3510C). Samples were
shipped to ALS Environmental (Kelso, WA) for PAC analysis and alkylated homologs using
GS-MS (USEPA method 8270D). The mean PAC concentration was 76.0 + 42.5 ug L™ based on
the cumulative concentrations of a total of 39 PACs (See Appendix S1 for the list of 39 PACs).
In the second exposure, adult FO (progenitor) fish were exposed for 40-48 days to either control
water (n= 32 fish) or weathered crude oil (n=37 fish) using similar conditions as described for
the first exposure. These fish were used only as brood stock to obtain F1 generation embryos for
acute toxicity testing and morphological assessment of F1 embryos during embryonic
development. This second exposure was necessary since all of the F1 individuals from the first
exposure were needed to serve as broodstock to obtain an F2 generation that excluded pairing of
close relatives. Both exposures were conducted using similar procedures. The mean PAC
concentration of the second FO exposure was 119.1 +28.4 pg L'! based on the cumulative
concentrations of the same suite of 39 PACs as in the first exposure.

Because of the large volume of WAF needed, the traditional method of producing WAF
by high-energy mixing was not feasible. As such, a high-volume WAF generator was
constructed consisting of a 1000-liter recirculating system lined with a polytetrafluoroethylene
(PTFE), a water pump at the base, and PTFE pipe that recirculated water from the bottom to the
surface. Water was passed through oiled sintered glass beads (Siporax®, 15 mm, Sera) in a
PTFE-mesh bag contained within the upweller pipes as described by Carls et al. 2® and by
Kennedy and Farrell #. The beads were pretreated with Macondo-252 surrogate light sweet
crude oil (supplied by BP America Production Company; sample ID: SO-20110802-MPDF-01)
at a ratio of 3.74 g oil per g bead for 48 h at4 °C in a 2.5 L amber bottle. Oiled beads were
poured into a narrow-stem glass funnel to remove the non-adsorbed oil from the beads and then
loaded to a chamber in the upweller pipe at a ratio of 0.67 g bead L! artificial seawater (ASW)
(Instant Ocean salt mix; United Pet Group, Cleveland, OH, USA). This represented an oil
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loading rate of 2.5 g L! water, which was similar to that described by Pilcher et al. *° during
adult oil exposures to Macondo oil. Beads soaked in water served as the control. Water was
passed across the Siporax beads for 24 hours. After 24 h, the pump was turned off, allowing an
oil sheen to form. The water-accommodated fraction was drained from the bottom to prevent the
collection of the oil sheen. On water change days, after the control and WAF were used for tank
water replacements, the 1000-L tanks were refilled with 12 g/L artificial salt water, and the
process was repeated to generate new batches of water as described above. For exposures, water
from WAF tanks and clean tanks was transferred to fish exposure tanks. Every four days, ~800 L
of clean and WAF treatment waters were produced to provide 50% water exchange (30 L every 4
days) for thirty 60-L tanks (15 tanks for controls and 15 tanks for WAF exposures).

Generation of F1 and F2 embryos for transgenerational experiments

Following exposure to oil or control conditions, adult fish were used as broodstock to
collect gametes for the generation of F1 embryos (Figure 2). We created two lineages — one
where progenitor males and females were exposed to oil (progenitor “exposed” lineage), and a
control lineage where progenitors were not exposed to oil (progenitor “control” lineage). Eggs
were stripped from individual control and oil-exposed females and combined with sperm from
individual males from the same treatment, followed by adding 12 g/L water to activate gametes.
This procedure was repeated until at least four to five unique female-male pairings were created
for each lineage. These unique female-male pairings are subsequently referred to as families.
Two separate spawning events took place on experimental days 36 and 45 to generate enough
families per lineage. By day 45 mortality in the oil-exposed adults was low (~12.8%). The two
lineages were made using the following combination of gametes: control female x control male,
and oil-exposed female x oil-exposed male. Embryos were assessed for successful fertilization 1
hour later (hardened chorion layer and raised fertilization envelope). Unfertilized embryos were
removed. Families were reared separately until large enough (~4 months of age) before they
could be tagged with unique combinations of visible implant elastomer (VIE) tags below the
dorsal fin (Northwest Marine Technology, Inc.) to identify the progenitor history and family.
After tagging, families were combined to facilitate holding under common-garden conditions
until F1 fish were sexually mature. Tagging was repeated as needed. For generating F2 offspring,
multiple independent crosses were performed to avoid full-sibling mating of F1 individuals. F1
and F2 offspring from control and oil-exposed FO progentiors were reared in clean conditions (12
g/L ASW) throughout their lives. A subset of F1 and F2 embryos was tested for their sensitivity
to additional direct oil exposure (Figure 2).

Generation of F1 embryos for acute toxicity testing and morphological assessment

Eggs were stripped from individual females drawn from control and oil-exposed
conditions and combined with sperm from males drawn from the same exposure condition,
followed by adding 12 g/L water to activate gametes. These F1 embryos were then directly
exposed to acute oiling and control conditions as described below. Similarly, the F2 embryos
derived from the F1 adult fish were used in direct exposures to acute oil. These early-life F1 and
F2 embryos were assessed for mortality, morphological impairments, and gene transcription.

F1 and F2 embryonic direct oil exposure
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A subset of embryos was exposed directly to sub-lethal levels of a high energy water
accommodated fraction (HEWAF) of oil until hatch for up to a 21-day period. HEWAF was
generated based on the protocol described in Incardona et al. *!, where artificial sea water (ASW)
was created by mixing artificial sea salt (Instant Ocean salt mix; United Pet Group, Cleveland,
OH, USA) in reverse osmosis-filtered water to a salinity of 12 g/L. An initial loading
concentration of 2 g of surrogate Macondo oil per liter of ASW was used to generate HEWAF
preparations. HEWAF was generated by vortex (15,000 RPM) in a Waring CB15 blender
(Waring; Torrington, CT, USA) for 30 seconds. This mixture was transferred to separatory
funnels to settle for 1 hour before the bottom HEWAF fraction was drained into a glass beaker.
Care was taken to avoid the collection of any slick residue that had formed at the top of the
mixture. Undiluted HEWAF was then transferred to a 75-L glass aquarium and the process was
repeated until a sufficient volume of WAF was produced. The undiluted HEWAF mixture was
partitioned between 1-L glass bottles and held at -20 °C until needed, at which point they were
thawed overnight while kept in the dark. This common source of 100% HEWAF was used for all
embryonic exposures. As needed, HEWAF was diluted serially to 56%, 32%, and 10% of the
original HEWAF with 12 g/ ASW, herein referred to as high, medium, and low concentration
treatments. All exposure concentrations were sub-lethal.

Exposures were performed using 250 mL HEWAF in Pyrex dishes under constant gentle
agitation for 21 days. Every two days, the entire volume of water was replaced with freshly
prepared HEWAF. For the acute exposures of the F1 embryos, the mean PAC concentrations
were 53.3 ([low]), 138.0 ([medium)], and 227.9 pg/L ([high]), and for the F2 embryo exposures,
the mean PAC concentrations were 47.7 ([low]), 119.5 ([medium)], and 241.7 pg/L ([high]).
Embryos were examined daily for mortality and the presence of specific morphological markers
to ensure consistent sampling across developmental time. Embryos were flash frozen in liquid
nitrogen at post-neurulation (~2 days dfp, “early stage”; (Armstrong and Child 1965)) and pre-
hatch/onset of eye and pectoral fin movement (~15-20 dpf, “late stage”); these embryos were
preserved for RNA-seq analysis.

adult FO F1~> larvae-to-adult development 2 >
e p o R £
a)le) no-oil control TFI no direct oil F2 no direct oil
PSIDID 3% O ---
pPOPIO A
FO spawn hatch spawn hatch
Progenitor ] )
oil exposure F1|direct ail F2 direct oi
(30 days) 9 days) (9 days)
F1 EARLY embryonic F1 larval F2 EARLY embryonic F2 larval
:l No-oil clean water gene expression morphology gene expression morpholog
D Oil-contaminated water F1 LATE embryonic F2 LATE embryonic
gene expression gene expression

® Biological sampling

Figure 2: Lineages of no-oil control (blue line) or oil-exposed (gray line) FO progenitor adults were
established. Fish were mostly housed in clean water (blue boxes) except for limited exposures to oil-
contaminated water (gray boxes). First- and second-generation (F1 and F2) descendants were created by
mating males and females within each lineage. F1 adults mated to create the F2 generation had not been
directly exposed to oil during their lifetime. Subsets of F1 and F2 descendants were directly exposed to
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oil during embryogenesis starting at 1-day post-fertilization (1 dpf) until hatch. Biological samples (red
dots) were collected for genome-wide gene expression analysis and larval morphometrics. Biological
samples were collected to contrast responses to two main effects: that of direct embryonic oil exposure
(gray water vs. blue water) and that of progenitor oil exposure history (blue line vs. gray line).

Larval morphology

Morphometric data were collected from F1 and F2 larvae derived from the acute
embryonic oil exposure (and control) experiments described above. These fish were reared in
glass dishes separate from embryos that were reared for transcriptomic sampling, in the same
clean or oiled conditions and using the same batch of prepared HEWAF as those sampled for
transcriptomics. Morphometric data were collected from [control], [medium], and [high] direct
embryonic oil exposure treatments for F2 fish, but these data were collected from only [control]
and [medium] treatments for F1 fish because of limited samples. Upon hatching, larvae were
immediately fixed in 4% paraformaldehyde, and images were taken along the sagittal plane using
Zeiss SteREO Lumar V.12. Total length was measured from the tip of the head to the end of the
caudal fin. The pre-orbital length (POL) was measured from the tip of the head to the eye. All
measurements were processed using Zeiss Zen (Blue Edition).

Treatment effect on larval morphometric endpoints were tested using two-factor ANOVA
in the R package car v3.1-2 3. The statistical model included two main effects: the FO progenitor
oil treatment (control or exposed) and the descendant embryonic direct oil exposure treatment
(control or exposed) - and their interaction. Prior to ANOVA data were confirmed to be normally
distributed using the Shapiro Wilk test in R. If main effects or interactions were statistically
significant (p<0.05) Tukey posthoc tests were performed in the R package emmeans v1.9.0 3.
All R analyses were conducted using Rstudio v2023.9.0.463 34,

RNA-Sequencing and read count quantification

Messenger RNA was extracted from flash-frozen whole embryos using Zymo Directzol
96 (Cat # R2057). RNA-Seq libraries were prepared using NEBNext Directional RNA Library
Prep Kit for Illumina (Cat # E7420L) which included poly-A selection for mRNA. Libraries
were sequenced on HiSeq 4000 as paired end 150-bp reads at the UC Davis Core Genomics
Facility. Approximately 12-13 million raw reads were obtained per individual sample, including
five replicate individual samples per treatment group. There were eight treatment groups in total
per generation: two FO progenitor exposure lineages (no-oil control and oil-exposed lineages),
two embryonic direct-exposure conditions (control and oil-exposed) and two embryonic
sampling timepoints (early and late stages of development). Raw reads were checked for quality
using FastQC ¥, trimmed with trimmomatic %%, and mapped and quantified using Salmon 3.
Reads were mapped to the Fundulus heteroclitus gene model set annotated for the reference
genome by Reid et al. 3. Gene-level counts were estimated from transcript-level estimates using
tximport °.

Differential gene expression analysis

Each generation was analyzed independently. This is because library preparation and
sequencing for F1 and F2 experiments were conducted in different years, thereby potentially


https://doi.org/10.1101/2025.02.10.637481
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.10.637481; this version posted February 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

introducing batch effects that could confound direct comparisons of F1 and F2 results. Data from
each developmental stage were analyzed independently to simplify our statistical analysis, as the
developmental stages that we examined have massive differences in gene expression as observed
in other studies that contrast gene expression across developmental stages *°-*2, and because we
were not interested in treatment effects between very early and late embryogenesis. Genes with
low read counts were excluded from analyses. Low counts were defined as < 5 raw counts in <4
replicate embryos in every lineage-by-embryo exposure treatment group, such that genes that are
transcriptionally active (>5 counts in at least 4 replicate individuals) in at least one treatment
group would be retained. We fit our data to meet the assumptions for linear regression modeling
using the methods described in Rocke et al. (2015). Log-transformed counts were normalized to
the grand mean. We subtracted the mean log-transformed gene count of each sample, i, and
added the grand mean of log counts of all genes and samples from every log-transformed count
for each gene in sample i. Differential gene expression was tested using a standard linear
regression model in R 43 defining FO progenitor oil treatment (X;) and descendant embryonic
direct oil exposure treatment (Z;) as main effects and the interaction effect between the effects
(FDR-adjusted p <0.1).

Yi= Bo+ XiB1+ ZiBo + XiZif3 + &

Gene Ontology (GO) enrichment analysis Differentially expressed genes (DEGs) for the
main and interaction effects were filtered by those with orthologs associated with human and
zebrafish Uniprot accession IDs. Hierarchical clusters (Pearson correlation) of DEGs with
similar expression patterns were tested for functional annotation enrichment using DAVID
Bioinformatics Resources 6.8 4.

RESULTS

Larval morphometrics

We detected no elevated mortality in oil exposed embryos compared to controls,
confirming that exposures were within the intended sub-lethal range. We observed that direct
embryonic oil exposure caused reduced larval total length that was consistent whether or not
progenitors had been exposed to oil, and these effects were also consistent in F1 and F2
generation exposures (Figure 3A, 3B, 3C). If progenitors had been exposed, F2 descendants had
reduced total length (Figure 3B, 3C); we observed a similar progenitor-effect trend in F1
descendants, but this was not statistically significant (Figure 3A; p=0.09). Progenitor exposures
did not modulate the sensitivity of the larval total length response to direct embryonic exposures
(no significant interactions between progenitor exposure and embryo direct exposure main
effects). In summary of total larval length results, progenitor exposure did not sensitize
descendants to direct oil exposure but had a subtle impact on descendant’s length regardless of
direct exposure. This is consistent with the orange outcome (Maladaptive Outcome 2) in Figure
1.
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We observed that direct embryonic oil exposure caused a reduction in larval pre-orbital
length. This response was statistically significant in F2 embryos; a similar response was
observed in F1 embryos, but this was not statistically significant (p=0.09). Progenitor oil
exposure modulated (enhanced) the sensitivity of the response to direct embryonic exposures in
F2 descendants (at the higher dose; significant interaction, p<0.001; Figure 3F). Enhanced
sensitivity was suggested by trends in other treatments (e.g., F1) but interactions were not
statistically significant. In summary of pre-orbital length results, progenitor exposure sensitized
descendants to direct oil exposure in some conditions, which is consistent with the purple
outcome (Maladaptive Outcome 1) in Figure 1.
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Figure 3: Treatment effects of progenitor and direct-embryonic oil exposures on F1 and F2 larval
morphology. Treatments (bar labels) include progenitor oil exposure condition including progenitor no-oil
control (Pc) and progenitor exposed (Pg), and embryo direct oil exposure condition including embryo no-
exposure control (-Ec) and embryo exposed (-Eg). Accordingly, the pair of bars on the left side of each
panel with the thin gray outline are data from the progenitor no-exposure control conditions (Pc-Ec and
Pc-Ekg), and the pair on the right with the bold dark outline are from the progenitor oil exposed conditions
(Pe-Ec and Pg-Eg). Within the progenitor exposure condition pairs, the bars with light gray fill indicate the
embryo no-oil exposure control conditions (Pc-Ec and Pe-Ec), and the bars with the dark gray fill indicate
the embryo direct oil exposure condition (Pc-Eg and Pg-Eg). Plots show the treatment effects on total
larval length (A. through C.) and larval pre-orbital length (B, C, D). Plots are included for F1 (A, D) and
F2 (B, C, E, F) descendants. F2 outcomes are shown for embryo medium-dose exposure (B, E) and
embryo high-dose exposure (C, F). Within a plot, outcomes (p-values) for statistical tests are shown for
the two main effects including the progenitor exposure treatment (lineage) and embryo direct exposure
treatment (direct) and their interaction. p<0.05, p<0.01, and p<0.001, are indicated by *, **, and ***,
respectively. The same letter above each bar indicates no significant difference between treatment means
following post-hoc tests. Error bars represent standard errors of the mean.
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Gene expression

Similar numbers of genes were included in our four separate analyses after filtering low-
abundance transcripts (F1 early stage: 20,044, F1 late stage: 23,552, F2 early stage: 20,356, F2
late stage: 23,465) (Tables S1 to S4). We detected greater numbers of differentially expressed
genes (DEGs) in response to experimental treatments (progenitor exposure lineage, direct
embryonic exposure treatment, and their interaction) that included late-stage embryos compared
to those that included early-stage embryos (Table 1).

Table 1: Numbers of differentially expressed genes for experimental main effects and interactions (rows)
for F1 and F2 embryos examined at early and late stages of development

F1 F2

Early Stage Late Stage Early Stage Late Stage
Progenitor Oil 2 165 81 292
Exposure Lineage
Direct Embryonic 8 639 14 716
Oil Exposure
Interaction between 0 6 4 53
Direct Embryonic
Exposure and
Progenitor

Exposure Lineage

Progenitor exposure to oil alters developmental gene expression in descendent F1 and F2
embryos

We observed that progenitor exposure to oil perturbed developmental gene expression in
F1 and F2 embryos. This progenitor exposure effect was greater in late-stage development
compared to early-stage, and greater in F2 descendants compared to F1. In the F1 generation,
progenitor exposure changed the embryonic expression of 2 and 165 genes in early-stage and
late-stage embryos, respectively (Table 1). In the F2 generation, progenitor exposure changed the
embryonic expression of 81 and 292 genes in early-stage and late-stage embryos, respectively.

Progenitor oil exposure perturbed different sets of genes between F1 and F2 descendent
embryos.

The sets of genes that were perturbed by progenitor exposures were distinct in F1 and F2
descendants; there were no genes that were shared between the lists of genes showing a
progenitor exposure effect in F1 and F2 embryos. F1 genes that are significantly perturbed by
progenitor exposures (Figure 4A, pastel-fill squares) do not show a lineage exposure effect in F2
embryos (Figure 4A, bold-fill circles). The reciprocal is also apparent, where F2 genes that are
significantly perturbed by progenitor exposures (Figure 4B, bold-fill circles) do not show a
lineage exposure effect in F1 embryos. GO enrichment analyses also indicate little overlap in the
biological functions inferred to be perturbed by progenitor exposures in F1 and F2 descendants
(Figure 4C).
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Figure 4: Progenitor exposure perturbs transcription during embryonic development in F1 and F2
descendants, but the sets of genes and molecular functions perturbed are different between F1 and F2
descendants. MDS plots include genes that are perturbed following progenitor exposure in F1 descendants
(panel A) and in F2 descendants (panel B). Pastel squares and bold circles distinguish gene expression of
F1 from F2 descendants, respectively. Red and blue fill distinguish gene expression of progenitor oil
exposed from progenitor no-oil control lineages, respectively. Centered black dot or no dot distinguish
gene expression of direct embryo oil exposed from embryo no-oil controls, respectively. For genes
significantly perturbed by progenitor exposure in F1 descendants (panel A, pastel blue squares strongly
distinguished from pastel red squares along dim1) we also show expression for those same genes in the
F2 generation (panel A, bold blue and red circles). For genes significantly perturbed by progenitor
exposure in F2 descendants (panel B, bold blue circles strongly distinguished from bold red circles along
dim1) we also show expression for those same genes in the F1 generation (panel B, pastel blue and red
squares). Genes that are perturbed by progenitor exposure in one generation of descendants tend to not be
similarly perturbed by progenitor exposure in the other generation. Functional gene ontology (GO)
enrichment analysis (panel C) was performed on genes that were up-regulated (left set in warm colors) or
down-regulated (right set in cool colors) by progenitor exposures separately, and separately for genes
perturbed in F1 and F2 descendants (four GO enrichment analyses). Since progenitor exposure perturbs
the expression of different sets of genes in F1 and F2 descendants (panels A and B), and since the
functional pathways perturbed by progenitor exposures in F1 and F2 descendants do not share GO terms
(panel C), we conclude that progenitor exposures perturb different biological functions in F1 and F2
offspring.

Transcriptomic responses to direct oil exposure in embryos were consistent across two
generations and only subtly affected by progenitor exposure

There were many gene expression changes in response to direct embryonic oil exposure
(Table 1). In late-stage embryos, we detected 639 DEGs and 716 DEGs in response to direct
embryonic oil exposure in F1 and F2 embryos, respectively, regardless of their progenitor
exposure lineage (Table 1). The transcriptional response to direct embryonic oiling was
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conserved between F1 and F2 embryos. Direct exposure-responsive genes in F1 embryos tended
to show a conserved response in F2 embryos (Figure 5A). The reciprocal was also observed,
where direct exposure-responsive genes in F2 embryos tended to show a conserved response in
F1 embryos (Figure 5B). Gene ontology (GO) enrichment analyses for oil-responsive DEGs in
late-stage F1 and F2 embryos show that many of the same pathways and biological functions are
enriched in both sets of DEGs between generations (Figure 5C). These results are consistent with
a conserved response to direct oiling between generations.

Of the genes that showed a transcriptional response to direct embryonic oil exposure,
very few varied in their response between progenitor exposure lineages. That is, there were very
few genes that had a significant interaction between the direct embryonic exposure treatment and
the progenitor exposure lineage treatment. Treatment interaction genes included 0 genes in early-
stage embryos and 6 genes in late-stage embryos in the F1, and 4 genes and 53 genes in early-
stage and late-stage embryos, respectively, in the F2 (Table 1). This suggests that the
transcriptional response to embryonic direct oil exposure was only subtly influenced by
progenitor exposure to oil, but more so in F2 descendants.
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Figure 5: Direct embryonic oil exposure perturbs gene expression. The patterns of perturbation are
consistent between progenitor exposed or control lineages and consistent between F1 and F2 embryos.
Heatmaps include genes that are perturbed following direct embryonic exposure in F1 embryos (panel A)
and in F2 embryos (panel B). Green and pink bars distinguish gene expression of F1 from F2
descendants. Light blue and grey bars distinguish gene expression of direct embryo oil exposed from
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embryo no-oil controls. Orange and dark blue bars distinguish gene expression of progenitor oil exposed
from progenitor no-oil control lineages. For genes significantly perturbed by direct embryonic oil
exposure in F1 embryos (panel A, left column highlighted in pink, where * a and b indicate treatments
that have significant differences in gene expression) we also show expression for those same genes in F2
embryos (panel A, right column highlighted in green). For genes significantly perturbed by direct
embryonic oil exposure in F2 embryos (panel B, right column highlighted in green, where * a and b
indicate treatments that have significant differences in gene expression) we also show expression for
those same genes in F1 embryos (panel B, left column highlighted in pink). Genes that are perturbed by
direct embryonic oil exposure in one generation tend to be similarly perturbed in the other generation.
Plotted are oil-responsive DEGs from F1 and F2 late-stage embryos after excluding DEGs with a
significant main effect of parental exposure lineage or significant interaction between parental exposure
lineage and direct embryo oil exposure treatment. Expression values are normalized to the control
condition for each embryonic treatment groups to show relative expression changes in directly exposed
versus no-oil control groups. Functional gene ontology (GO) enrichment analysis (panel C) was
performed on genes that were up-regulated (top set in warm colors) or down-regulated (bottom set in cool
colors) by direct embryonic exposures separately, and separately for genes perturbed in F1 and F2
embryos (four GO enrichment analyses). Since direct embryonic oil exposure tends to perturb the
expression of the same sets of genes regardless of progenitor exposure, and tends to be conserved in F1
and F2 embryos (panels A and B), and since the functional pathways perturbed by direct embryonic
exposures in F1 and F2 descendants largely overlap (panel C), we conclude that the molecular response to
direct embryonic oil exposure is highly canalized and not influenced by exposures of progenitors.

DISCUSSION

Our results indicate that sub-lethal exposure to contaminating crude oil can cause
biological impacts that propagate across at least two generations of descendant killifish.
Specifically, we show that; 1) progenitor (FO0) oil exposure alters morphological development,
particularly in second-generation descendants (F2), and under some conditions can sensitize
descendants to additional oiling, 2) progenitor oil exposure perturbs the transcriptome during
embryonic development in F1 and F2 descendants, 3) the transcriptomic perturbation caused by
progenitor exposure in F1 embryos is distinct from those observed in F2 embryos, 4) the
transcriptomic response to direct embryonic oil exposure is not affected by progenitor oil
exposure and is conserved between F1 and F2 generations. We conclude that progenitor oil
exposures cause maladaptive outcomes in descendants (purple and orange outcomes in Figure
1). More specifically, the molecular data and some of the developmental morphology data
indicate a general perturbation manifest in descendants that is independent of additional
exposures (orange outcome in Figure 1), whereas a subset of the larval morphological data
(interaction between direct oil exposure and lineage exposure for POL from the high acute direct
oil concentration in F2) indicates sensitization of descendants to additional direct oil exposures
(purple outcome in Figure 1).

The descendant effects that propagated from progenitor exposures were inconsistent
between F1 and F2 generations. In F2 descendants, progenitor exposures caused a 3-4%
reduction in larval length (Figure 3B, 3C). In F1 offspring, progenitor exposures caused a similar
reduction in larval length, but this was not statistically significant (p = 0.09; Figure 3A).
Exposures also perturbed pre-orbital length, where progenitor exposure sensitized F2
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descendants to this outcome from direct oiling at the high dose (Figure 3F). A similar pattern
was observed in F2 descendants exposed to the lower dose, and in F1 offspring, but these
responses were not statistically significant (e.g., the greatest reductions in POL following direct
embryo exposure was in embryos whose progenitors had been exposed; Figure 3E and 3D).
Although impacts from direct exposures tended to be observed in both F1 and F2 larvae, lineage
effects and interactions between lineage and direct exposure effects were most apparent in F2
descendants. Similarly, molecular responses to progenitor exposure varied across generations.
Progenitor exposure perturbed the expression of more genes in F2 descendants than in F1
descendants; 40-fold more early-stage genes and nearly 2-fold more late-stage genes were
perturbed by progenitor exposure in F2 compared to F1 descendants (Table 1). Furthermore,
there was no overlap in the identity of genes and molecular pathways perturbed by progenitor
exposure in F1 compared to F2 descendants (Figure 4).

Inconsistencies in the outcomes of progenitor exposures in different generations of
descendants are likely a consequence of different mechanisms of across-generation transfer of
information operating across different generations. In the first generation following exposure,
multiple mechanisms may contribute (and interact in complex ways) to affect offspring biology.
For example, females may load bioaccumulated chemicals into eggs such that developing
embryos are effectively directly exposed (e.g., +°). Exposed females may also load exposure-
perturbed molecules into eggs, such as RNA, proteins, and metabolites, which affect
developmental programs in embryos 47, Exposures may also alter the energetic provisioning of
eggs ¥, These examples may be summarized as maternal effects. Furthermore, exposures may
also cause heritable epigenetic changes in the genomes of eggs and sperm (genomic imprinting
or “epimutations”, for example through histone modifications or DNA methylation), which may
alter gene expression and development in early life 12 If there is no additional direct exposure
throughout the F1 generation, then progenitor exposure effects that propagate into the F2 and
beyond are likely mediated primarily by heritable epigenetic alterations *°. Consistent with this,
we observed that acetylation and histone binding functions were enriched among the genes
perturbed by progenitor exposure in F2 offspring (Figure 4C). Since many exposure-induced
mechanisms contribute to F1 perturbations but only a subset contributes to F2 perturbations, then
inconsistencies between F1 and F2 effects should be common. Indeed, this phenomenon is
observed in many other transgenerational toxicology studies. For example, zebrafish progenitor
exposure to dioxin caused greater transcriptome perturbations in F2 offspring compared to F1,
with little overlap in the perturbed F1 and F2 genes *°. Similarly, PCB/PBDE exposures in
zebrafish progenitors altered behavior and gene expression in F1-F4 offspring, with little overlap
in the perturbed genes between descendent generations °!'. Progenitor exposure to PAHs in
sheepshead minnows caused reduced prey capture ability in only the F2 generation, and
developmental abnormalities apparent in the F1 were diminished in the F2 27, Progenitor
exposure to PAH caused craniofacial malformations in F2 but not F1 descendants 32,
Multigenerational effects of di-(2-ethylhexyl) phthalate (DEHP) exposure caused fewer socially
investigative behaviors and increased exploratory behaviors in F1 mice, but these trends were
reversed in F3 mice *3. Studies that track the transmission of exposure-induced chemicals, small
molecules, energetic stores, and epigenetic alterations across generations, are necessary to
illuminate the mechanisms underlying the complexity of transgenerational effects, and thereby
increase our ability to predict and track health outcomes.
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Progenitor exposures cause molecular perturbations in F1 and F2 descendants that are
consistent with impacts on the morphology and physiology of descendants. Molecular responses
also offer insights into the functional pathways leading to adverse outcomes. In a related
transgenerational oil exposure study in F. grandis conducted by our group, we found that F1 and
F2 descendants of oil-exposed progenitors had reduced swim performance (reduced mean critical
swimming speed; Uerit) °*. In the present study, genes that were perturbed in F2 late-stage
embryos were enriched for those involved in heart function (cardiac muscle contraction,
adrenergic signaling in cardiomyocytes, calcium signaling pathway, calcium binding; Figure
4C) which may be mechanistically linked to reduced swim performance later in life. Though
direct exposure to oil is well-known to affect heart development *> and swim performance in
later-life %6, F2 fish with reduced swim performance had not been directly exposed to oil, and F1
fish may have been directly exposed to oil but only through any PAHs that may have been
maternally loaded into eggs. These results suggest that impacts from progenitor oil exposures
propagate to at least second-generation descendants through heritable perturbations of cellular
memory (e.g., epigenetic imprinting), resulting in perturbation of cardiac development that
diminishes later-life physiological performance. Although we also observed diminished swim
performance that was similar between F1 as F2 descendants >*, we did not observe the same
perturbation of cardiac gene expression in F1 as in F2 descendants (Figure 4C). It is plausible
that perturbations of cellular memory were inherited in F1 descendants but did not manifest in
the same gene expression perturbations as in F2 descendants because of complex interactions
with maternal effects that masked the cardiac molecular response. Furthermore, we measured
gene expression in whole embryos, where cardiac tissues constitute a small fraction; cardiac-
specific epigenetic effects may have been masked by maternal effects that perturb gene
expression across other tissues but become unmasked in F2 descendants in which maternal
effects are of little influence. Follow-up studies using single-cell transcriptomics could expose
perturbations that are specific to different cell types.

Progenitor oil exposure perturbed neurological gene expression in F1 descendant late-
stage embryos (enriched GO functions included axon extension, neuron projection, postsynaptic
density; Figure 4C). For F1 descendants we cannot distinguish the influence of maternal effects
from heritable perturbations of cellular memory. Insofar as neuronal gene expression
perturbations did not propagate into F2 descendants, we infer that maternal effects are more
likely responsible than heritable epigenetic alterations. However, in medaka fish parental
exposures to PAHs altered methylation and expression of neuronal genes in F1, which were
associated with behavioral and other functional deficits 7. Direct exposures to crude oil have
been shown to alter neurological gene expression %, and cause behavioral deficits in fish 36!,
Furthermore, behavioral deficits have been detected in offspring of progenitors exposed to
diverse toxicants including heavy metals 2, legacy pollutants !, pharmaceuticals , endocrine-
active compounds %, hydrocarbons %, and pesticides . We hypothesize that progenitor
exposures to crude oil in killifish may cause behavioral impacts in at least first-generation
offspring, perhaps similar to observations in sheepshead minnows 2’ and medaka fish 7.
Additional experiments are required to test this hypothesis.

The transcriptional responses to direct oil exposure during development were consistent
between F1 and F2 embryos and were minimally affected by progenitor exposure. This canalized
response to direct oiling involved the activation of molecular pathways that have clear
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mechanistic connections to adverse outcomes following oil exposures, and that are evolutionarily
conserved across vertebrates 33768, These mechanisms include activation of aryl hydrocarbon
receptor signaling (e.g., reflected by enriched GO terms cytochrome P450, xenobiotic metabolic
process, and glutathione transferase activity; Figure 5C), altered Wnt signaling (e.g., reflected
by enriched GO term negative regulation of canonical Wnt signaling pathway; Figure 5C), and
perturbation of intracellular calcium (e.g., reflected by enriched GO term calcium ion binding;
Figure 5C), that manifest as cardiovascular system developmental deficits such as pericardial
edema, malformed heart, altered heart rate, arrhythmia, impaired contractility, and reduced
cardiac output >-%°, These results indicate that the molecular response to direct embryonic oil
exposure was not altered (in an adaptive or maladaptive way) in lineages where progenitors had
been exposed to oil.

The relatively small modifying effect of progenitor oil exposure on the transcriptional
response to direct oiling (few genes with interactions between progenitor and direct exposures) is
inconsistent with progenitor effects observed on the pre-orbital length (POL) response to direct
oiling. POL is the distance between the snout and the anterior margin of the eye orbit. Changes
in POL reflect craniofacial perturbations caused by PAH exposure in vertebrates (e.g., "*7%).
Descendants of oil-exposed adults were sensitized to this oil-induced effect, especially in F2
embryos exposed to the higher dose of oil (Figure 3F). We did not detect gene expression
responses that provide insight into this morphological outcome; only 53 genes showed direct-
exposure by progenitor-exposure interactions in their expression (Table 1). It is plausible that
gene expression perturbations responsible for this morphological outcome occur in only a very
small subset of embryonic tissues (e.g., as with dioxin-induced perturbation of FoxQ1b
expression in the jaw primordium of developing zebrafish 73), such that they were not detectable
in the multi-tissue context of whole embryos. It is also plausible that the molecular perturbations
that underlie altered larval POL (measured immediately post-hatch) emerged later in
development than when we assayed gene expression (at ~15 days post-fertilization). Finally,
although there was no functional enrichment within the 53 genes showing progenitor-by-direct
oiling interactions, perhaps transcriptional changes of only a few of these genes are sufficient to
cause craniofacial defects.

Our observation that progenitor exposure perturbs descendant biology, and that this
perturbation manifests regardless of additional exposures, is consistent with other
transgenerational toxicology literature (e.g., 27°%>74). Although some studies have indicated that
progenitor exposures may sensitize or desensitize offspring to additional exposures, it is not
always clear whether this is because of perturbations that are mechanistically associated with
toxicant-specific mechanisms of toxicity or tolerance, or whether this reflects more generalized
effects on health and performance. For example, one might imagine that descendants may be
sensitized to additional exposures because of developmental malfunction or reduced energetic
provisioning (e.g., *®), or desensitized because of inherited priming with metabolic or immune
defense transcripts or proteins (e.g., ?%4¢7°) or through natural selection. We suggest that since
toxicant exposures likely have no analog in evolutionary history, adaptive mechanisms of
stressor-specific transgenerational transfer of information are unlikely, such that effects that span
generations are likely to be general and negative. If they are general, then they may be difficult
to predict and then detect. Therefore, comprehensive screening afforded by functional genomics
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or phenomics approaches may play important roles that serve to both generate and test
hypotheses 777,

Our results show that transgenerational outcomes following progenitor exposures are
complex. Some outcomes may emerge independent of additional exposures, whereas other
outcomes may only be revealed upon additional direct exposures. Similar complexity has been
observed in other studies, where offspring from exposed parents were less sensitive to direct
exposures, but offspring fitness was otherwise compromised in clean conditions 778,
Furthermore, outcomes in one generation may be inconsistent with those that emerge in later
generations. This is commonly observed and is likely the result of complex interactions between
different combinations of mechanisms that are engaged to transmit transgenerational information
across different generations. For example, chemical transfer, maternal effects, and genomic
imprinting could interact to affect outcomes in F1 offspring, whereas F2 effects are more likely
to be underpinned by genomic imprinting effects alone, or perhaps in combination with some
lingering maternal effects. Additional complexity may emerge as a function of chemical novelty
or as a function of dose and/or duration of exposure. Some pollutants are “natural”, insofar as
they may have been commonly encountered in nature over the evolutionary history of wild
species (e.g., some metals, some hydrocarbons), whereas other chemicals are less likely to have
natural analogs (e.g., synthetic chemicals such as dioxins, PCBs, flame retardants, etc.). Toxicity
of chemicals is a function of their dose, but for some chemicals dose-responses are not linear —
that is, intermediate doses may be beneficial, whereas only high or low doses are toxic 7. For
such chemicals, one might predict that transgenerational outcomes may be dependent on the dose
or timing of exposure ®’. Adaptive transgenerational outcomes are only plausible if the stimulus
is a reliable indicator of environmental quality and the biotic responses has been shaped by
evolutionary history 3, whereas exposures to novel agents are more likely to perturb information-
transfer mechanisms and result in maladaptive outcomes. Since the chemical milieu experienced
by diverse creatures in the Anthropocene includes novel agents encountered as discontinuous
exposures, research into the importance of exposure time, and exposure timing coincident with
susceptible life stages, will be important for enriching our ability to predict long-term outcomes
of chemical exposures, thereby enhancing risk estimation.
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