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A B S T R A C T

Crude oil and polycyclic aromatic hydrocarbon (PAH) exposure in early life stage fish has been well-char-
acterized to induce phenotypic malformations such as altered heart development and other morphological
impacts. The effects of chemical oil dispersants on toxicity are more controversial. To better understand how
chemical dispersion of oil can impact toxicity in pelagic fish, embryos of mahi-mahi (Coryphaena hippurus) were
exposed to three concentrations of the chemical dispersant Corexit 9500A, or Corexit 9500A-oil mixtures
(chemically enhanced water accommodated fractions: CEWAF) of Deepwater Horizon crude oil for 48 h. RNA
sequencing, gene ontology enrichment, and phenotypic measurements were conducted to assess toxicity.
Exposure to Corexit 9500A altered expression of less than 50 genes at all concentrations (2.5, 5, and 10mg/L
nominal concentration) and did not induce acute mortality or phenotypic malformations, corroborating other
studies showing minimal effects of Corexit 9500A on developing mahi-mahi embryos. CEWAF preparations
contained environmentally relevant ∑PAH concentrations ranging from 1.4 to 3.1 μg/L and similarly did not
alter larval morphology. Differentially expressed genes and significantly altered pathways related to cardio-
toxicity, visual impairments, and Ca2+ homeostasis reinforced previous work that expression of genes associated
with the heart and eye are highly sensitive molecular endpoints in oil-exposed early life stage fish. Differential
expression and gene ontology pathways were similar across the three CEWAF treatments, indicating that in-
creased chemical dispersion did not alter molecular outcomes within the range tested here. In addition, sig-
nificant sublethal molecular responses occurred in the absence of observable phenotypic changes to the heart,
indicating that effects of oil on early life stage fish may not be completely dependent on cardiac function.

1. Introduction

The Deepwater Horizon (DWH) oil spill in 2010 released millions of
gallons of crude oil into the Gulf of Mexico (GoM), causing extensive
oiling of the pelagic zone (Beyer et al., 2016). Following the spill, the
chemical dispersants Corexit 9500A and Corexit 9527 were applied
extensively at both the well-head and in surface waters in an effort to
reduce slick formation and enhance oil biodegradation. An un-
precedented volume of nearly 2 million gallons of Corexit were applied,
and an estimated 16% of DWH oil was chemically dispersed. (Gray
et al., 2014). Dioctyl sodium sulfosuccinate (DOSS), an anionic sur-
factant found in Corexit 9500A, was measured at concentrations

ranging from 2 to 12 μg/L in the water column following the spill
(Kujawinski et al., 2011). Furthermore, the timing of these events co-
incided with the spawning season for many pelagic fish species in the
GoM, including mahi-mahi (Coryphaena hippurus, referred to as mahi in
the following). It is therefore likely that early life stage (ELS) fish,
which are particularly vulnerable to environmental pollutants, were
exposed to dispersants as well as crude oil and its derivatives (Rooker
et al., 2013).

Crude oil toxicity is correlated with the concentration of solubilized
3-ring PAHs and varies greatly depending on oil source, state of
weathering, UV exposure, and other factors. DWH oil collected from
both the well-head and surface impairs cardiac development and
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function in ELS fish. Environmentally relevant concentrations of crude
oil were found to induce pericardial edema, reduce cardiomyocyte
function, and alter cardiac development in several GoM species (Brette
et al., 2014; Incardona et al., 2014; Khursigara et al., 2017; Pasparakis
et al., 2016). In mahi, reduced cardiac performance has been linked
with altered swim performance in juveniles that could affect survival in
the wild (Mager et al., 2014). While many cardiotoxic effects of oil
occur via activation of aryl-hydrocarbon receptors (AhR) and altered
mitochondrial function (Lanham et al., 2014), oil also induces many
non-AhR-mediated changes that could contribute to cardiotoxicity and
other developmental abnormalities; including alterations in craniofa-
cial development, eye size, and yolk sack edema (Incardona, 2017).

The acute toxicity of Corexit 9500A exposure in ELS fish native to
the Gulf of Mexico has been extensively studied. Corexit 9500A 10%
effect concentrations (LC10) in ELS pelagic (mahi, Florida pompano,
Trachinotus carolinus; Atlanta bluefin tuna, Thunnus thynnus) and es-
tuarian (Cyprinodon variegatus) fish generally exceed 10mg/L, far above
Corexit concentrations measured after the spill, and suggest that sig-
nificant acute effects of Corexit alone were unlikely to occur at en-
vironmentally relevant concentrations (Dasgupta et al., 2015; Echols
et al., 2018; Edmunds et al., 2015; Esbaugh et al., 2016; National
Academies of Sciences and Medicine, 2019). However, none of the
aforementioned studies examined the potential for molecular altera-
tions and other sublethal effects that did not result in acute lethality in
ELS fish. In adult fish Jones et al. (2017) observed that exposure of the
nearshore species Cyprinodon variegatus to 1000 ppm Corexit 9500A
induced more differentially expressed genes in liver than crude oil, with
genes involved in immune function significantly affected.

The effects of chemical dispersion on oil toxicity are also variable. In
many species, increased mortality, developmental deformities, reduced
growth, and increased induction of stress response genes have been
reported in chemically dispersed oil compared to oil alone (Mu et al.,
2014; Ramachandran et al., 2004). However, the addition of Corexit
9500 did not alter acute mortality or cardiotoxicity of oil preparations
in mahi embryos (Esbaugh et al., 2016). Other studies have also found
little to no effects of dispersants on oil toxicity (Fuller et al., 2004;
Hemmer et al., 2011).

The aim of this study was to assess the transcriptomic and pheno-
typic effects of Corexit 9500A and Corexit 9500A-oil mixtures on mahi
embryos. The current study is the first to assess the transcriptomic
impacts of Corexit 9500A and oil-dispersant mixtures on embryos of a
pelagic species in the GoM, and to determine if molecular responses can
occur prior to phenotypic changes in cardiac function in ELS fish fol-
lowing oil exposure.

2. Methods

2.1. Oil preparation

Mahi embryos were exposed to chemically-enhanced water-accom-
modated fractions (CEWAFs) or Corexit 9500A alone. CEWAFs were
prepared with oil from the surface collected during the DWH oil spill
(referred to herein as OFS). Oil samples were collected via skimming
operations from surface waters by British Petroleum for testing pur-
poses, and subsequently transferred under chain of custody to the
University of Miami (sample ID: OFS-20100719-Juniper-001 A0087M).
Three CEWAFs were prepared in 1-L glass jars at a nominal loading of
1 g of oil per liter of 1 μm filtered, UV-sterilized seawater. Corexit
9500A was then added at a rate of 50, 100, or 200mg g of oil. The
mixtures were stirred overnight in darkness for approximately
18–24 hours and left to settle for 3–6 hours before use. The lower 90%
of the mixture was then carefully drained and retained for subsequent
use as 100% CEWAF (unfiltered). CEWAFs were diluted to 5% using
UV-sterilized seawater for test exposures, for final Corexit 9500A
nominal concentrations of 2.5, 5, or 10mg/L (referred to as CEWAF
low, medium, and high throughout). The highest nominal

concentration of Corexit 9500A (10mg/L) was based on LC20 con-
centrations for Corexit 9500 in mahi from a previous study (Esbaugh
et al., 2016).

Corexit 9500A only exposures were prepared in a 1-L glass jar at a
nominal loading of 200mg per 1-L of seawater. The mixture was stirred
overnight, allowed to settle, and drained similarly to the CEWAF pre-
parations. The undiluted Corexit 9500A was then diluted to obtain
three final nominal concentrations; 2.5, 5, and 10mg/L (referred to as
Corexit 9500A low, medium, and high throughout).

2.2. Experimental design

Mahi embryos were obtained from a natural volitional spawning
event of captive wild mahi broodstock caught off the coast in Miami,
FL. Fish were maintained at the University of Miami Experimental
Hatchery (UMEH) as detailed in Stieglitz et al. (2017). Mahi broodstock
at the UMEH produce embryos and larvae of high and constant quality
(Kloeblen et al., 2018). The embryos were subsequently transferred
from UMEH to the embryo exposure laboratory at Rosenstiel School of
Marine and Atmospheric Science (RSMAS) around 8 h post fertilization
(hpf) and immediately transferred into 1 L glass beakers (30 embryos
per beaker). The mahi embryos were exposed to sublethal doses of
Corexit 9500A or CEWAF treatments as described above for 48 h.
Seawater controls were performed concurrently with exposures using
the same 1 μm filtered UV-sterilized seawater used in exposure pre-
paration. After 48 h, larvae were sampled and frozen in liquid nitrogen
for subsequent transcriptomic analysis or imaged for phenotypic end-
points. The phenotypic and transcriptomics experiments were per-
formed independently on different dates and using different batches of
embryos. Exposures were conducted in a temperature and light con-
trolled-room (photoperiod: 12L: 12D; temperature: 25 °C). Aeration was
not used in order to reduce PAH depletion over the 48 h exposure
period.

2.3. Water chemistry analysis

Water chemistry samples were collected before and after the ex-
posure period and are reported as geometric means to account for PAH
depletion over the 48 h of exposure for the morphological experiments.
For the RNASeq study samples were collected prior to exposure only.
Oil samples were collected in 250mL amber glass bottles with no head
space and immediately stored at 4 °C. Sample bottles were shipped
overnight on ice to ALS Environmental (Kelso, WA) for analysis by gas
chromatography/mass spectrometry- selective ion monitoring (GC/MS-
SIM; based on EPA method 8270D). Reported ΣPAH values represent
the sum of 50 PAH analytes, selected by the EPA based on individual
toxicity and concentration in water.

CEWAF and Corexit 9500A samples were collected at the start of the
exposure period and stored in four 10ml falcon tubes at 4 °C. Samples
were shipped overnight to ALS Environmental (Kelso, WA) for DOSS
analysis. To monitor ambient holding conditions, the following water
quality parameters were measured at approximately that same time
each day (12:00− 13:00): temperature, pH, dissolved oxygen (DO),
salinity, and total ammonia. Temperature and DO were measured using
a ProODO hand held optical DO probe and meter (YSI, Inc., Yellow
Springs, OH) and pH was measured using a pH meter (Hach, Loveland,
CO) fitted with a combination glass electrode. The pH and DO probes
were calibrated daily. Salinity was measured using a refractometer and
total ammonia determined using a micro- modified colorimetric assay
(Ivančič and Degobbis, 1984). Water quality parameters are presented
in Tables S1 and S2.

2.4. Phenotypic measurements

Prior to imaging, the number of surviving mahi larvae were counted
for mortality assessment in each 1 L beaker. Ten larvae were then
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randomly chosen from each treatment, placed in 2% methyl cellulose in
seawater, and immediately mounted and imaged on a Nikon SMZ800
stereomicroscope. Images were taken of each larvae using iMovie
software and later assessed for pericardial area, yolk sac area, and eye
diameter using ImageJ version 1.52a (Schneider et al., 2012). Heart
rate was determined by counting the number of heart beats in 15 s
video clips.

2.5. RNA purification, library preparation, and sequencing

After 48 h treatment exposures surviving larvae were collected from
three biological replicates per treatment, each biological replicate
containing 15–30 surviving larvae. Frozen larvae were lysed in Buffer
RLT (Qiagen), homogenized using a Kontes Pellet Pestle Cordless Motor
(Sigma-Aldrich, St. Louis, Missouri), and total RNA extracted using the
RNeasy mini kit (Qiagen). Total RNA concentration was quantified
using a Qubit Fluorometer and RNA quality and integrity assessed using
an Agilent 2100 Bioanalyzer. Only high-quality RNA samples with a
RIN score> 7 on the Bioanalyzer were used for downstream library
preparation.

mRNA was isolated from 500 ng of total RNA using the NEBNext
Poly(A) mRNA Magnetic Isolation Module, and the resulting mRNA
prepared using the NEBNext Ultra II Directional RNA Library Prep Kit
(New England Biolabs, Ipswich, Massachusetts). Final complementary
DNA libraries were assessed on an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA) to verify proper fragment sizes, and library
concentrations were quantified using the Qubit Fluorometer. Libraries
were multiplexed and sequenced as single-end 75 bp reads by the
University of California Riverside genomics facility (Riverside, CA) in
one lane of a NextSeq500 high-throughput sequencer (Illumina). Raw
sequencing reads were submitted to the NCBI SRA database (Accession:
PRJNA512294).

2.6. Bioinformatic analysis

Prior to downstream analysis, read quality was assessed using
FastQC (version 0.11.7) (Andrews, 2010). Adapter trimming and re-
moval of poor quality reads were performed using trimmomatic (ver-
sion 0.36) (Bolger et al., 2014) with the following parameters: ILLU-
MINACLIP:TruSeq3-SE.fa:2:30:10 LEADING:5 TRAILING:5
SLIDINGWINDOW:4:15 MINLEN:25. After trimming, read quality was

again assessed with FastQC. Trimmed reads were pooled and used to
assemble a de novo transcriptome with Trinity (version 2.6.6) (Haas
et al., 2013) with strand specific read orientation and in silico read
normalization. All other parameters were kept as the defaults. Tran-
script abundance was assessed by aligning trimmed reads back to the
Trinity assembly with bowtie2 (version 2.3.4.1) (Langmead and
Salzberg, 2012) and quantification with RSEM (version 1.3.0) (Li and
Dewey, 2011). Abundance estimates for each gene are calculated in
RSEM by generating Maximum Likelihood abundance estimates using
the Expectation-Maximization algorithm as described in Li and Dewey
(2011). Quantification was used to assess differential expression in
DESeq2 (version 1.20.0) (Love et al., 2014) at p≤ 0.05 after Benjamini-
Hochberg false discovery rate correction (Benjamini and Hochberg,
1995).

Functional annotation of Trinity transcripts was performed using
the Trinotate package (version 3.1.1), with transcripts annotated using
BLASTp, Swissprot (Bairoch et al., 2004), and Pfam (Finn et al., 2013).
Transcripts that were differentially expressed and annotated, and their
log-fold changes, were input into Ingenuity Pathway Analysis (IPA) and
the Database for Annotation, Visualization and Integrated Discover
(DAVID) to identify molecular and biological pathways that may have
been altered at a significance of p≤ 0.05 after Benjamini-Hochberg
false discovery rate correction.

3. Results

3.1. Chemical composition of Corexit and CEWAF preparations

Measurements of DOSS, a commonly measured surfactant in Corexit
9500A, were used to estimate Corexit 9500A concentrations. Previous
studies have estimated that DOSS comprises ˜15% of the total Corexit
9500A composition (Jones et al., 2017). Measured DOSS concentrations
in Corexit 9500A treatments were 420 μg/L in the low exposure
(nominal concentration 2.5mg/L), 620 μg/L in the medium exposure
(nominal concentration 5mg/L), and 1100 μg/L in the high exposure
(nominal concentration 10mg/L). Thus, DOSS comprised 11–16.8% of
Corexit 9500A by weight.

Measured ∑50PAH concentrations in 5% CEWAF preparations for
RNASeq were 2.2, 1.4, and 3.1 μg/L in the low, medium, and high
Corexit 9500A concentrations, respectively (Fig. 1D, Table S3 for all
PAHs). The medium Corexit concentration contained the lowest total

Fig. 1. PAH composition of CEWAF preparations prior to RNASeq. Nominal DOSS concentrations of 2.5 mg/L (A), 5.0 mg/L (B), and 10mg/L (C). (D) Measured
concentrations of DOSS, ∑50PAH, and ∑3-ring PAHs in CEWAF preparations for RNASeq.
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PAHs and contained the fewest amount of highly toxic 3-ring PAHs
(Fig. 1D). CEWAF preparations for phenotypic analysis contained si-
milarly low ∑PAH concentrations (geometric mean 0.7–1.0 μg/L; Table
S4), with DOSS concentrations of 290, 550, and 890 μg/L.

3.2. Mortality and phenotypic measurements

During the phenotype study mean survival in the controls was
92.9%±1.8% (mean ± SEM), and none of the Corexit 9500A or
CEWAF treatments resulted in a significant difference in mortality
compared to controls (Fig. 2A). In the RNASeq study survival was sig-
nificantly reduced only in the low Corexit 9500A concentration, sug-
gesting that this effect was not dispersant-related (Fig S2, mean control
survival 85% ± 1.6%). There were no significant differences in peri-
cardial area, yolk sac area, or eye diameter observed with any treat-
ments (Fig. 2B-D). There were also no significant differences observed
for heart rate in any treatments. However, there was a trend towards
decreased heart rate in the highest CEWAF treatment (Fig. 2E).

3.3. Transcriptome assembly statistics and sample correlations

Greater than 99% of the raw reads passed quality filtering, resulting
in ˜540 million reads (˜25.5 million reads/replicate) for use in down-
stream transcriptome assembly (Table S5). Strand specificity of library
preparation was confirmed using the examine_strand_specificity.pl

script in Trinity (Fig S3). De novo transcriptome with Trinity assembled
a total of 224,003 genes with an N50 contig length of 1021 bp based on
the longest isoform per gene, and>90% of the reads aligned back to
transcriptome using bowtie2, indicating that transcriptome assembly
was representative of the reads. Transcriptome annotation via Trinotate
identified 15,810 uniquely annotated genes from the Trinity assembly.

The relationship between samples was calculated using a sample
correlation heatmap (Fig. 3A) and principle component analysis (PCA).
Hierarchical clustering in the heatmap dendrogram shows all CEWAF
treatments cluster together, with a separate clade containing Corexit
9500A and negative controls. This shows that the addition of oil, de-
spite low ∑50PAH concentrations, altered the overall transcriptomic
profile in mahi embryos. Within each clade there were no obvious
correlations between Corexit 9500A concentration and the tran-
scriptome. The lone exception was the high Corexit 9500A treatment,
which had highly variable gene expression across the three biological
replicates. The PCA corroborated the sample correlation heatmap re-
sults, with clear differences between CEWAF and Corexit 9500A treat-
ments, but little effect of varying Corexit 9500A concentrations
(Fig. 3B).

3.4. Differentially expressed genes

Compared to controls there were 14, 41, and 8 differentially ex-
pressed genes in low, medium, and high Corexit 9500A treatments,

Fig. 2. Phenotypic measurements for Corexit 9500A and CEWAF exposures. (A) Number observed alive 48 h after exposure, compared to proportion alive in the
control group (n= 8). Measurements of pericardial area (B), yolk sac area (C), eye diameter (D), and heart rate (E) in mahi larvae 48 hpf (n= 10). All data are
presented as mean ± SEM. There were no significant differences in mortality or phenotypic changes in any treatments (one-way ANOVA, p≤ 0.05).
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respectively. There were also fewer than 50 differentially expressed
genes when comparing across Corexit 9500A treatments.

There were 1129, 983, and 991 annotated differentially expressed
genes in respective CEWAF low, medium, and high treatments com-
pared to controls. Furthermore, there was a high degree of overlap in
the genes that were differentially expressed across the CEWAF treat-
ments (Fig. 3C). Cytochrome P450 1A1 (cyp1a1), a prominent gene
upregulated during PAH exposure, had the highest log fold change in all
three CEWAF treatments (Fig. 4A), and cytochrome P450 1B1 (cyp1b1)
was also in the top three most upregulated genes. Neither of the
aforementioned cytochrome p450′s were differentially expressed in
Corexit treatments. Many mitochondrial genes were found to be dif-
ferentially expressed in CEWAF treatments, including cytochrome c
oxidase, ATP synthase F(0) complex, mitochondrial heat shock proteins
10 kDa and 60 kDa, and several subunits of NADH dehydrogenase.

3.5. Pathway analysis

Canonical pathways, biological functions, and toxicity outcomes
predicted to be altered by exposure were assessed using the IPA
pathway analysis tool. Biological processes, molecular functions, and
cellular components predicted to be affected were also assessed using
DAVID to supplement IPA results. Due to the low numbers of differ-
entially expressed genes in Corexit 9500A treatments, pathway analyses
were performed only on CEWAF exposures. Out of the 15,810 unique
genes identified during transcriptome assembly 9862 (62%) were
mapped in IPA and used for downstream pathways analysis.

Because of the high degree of overlap of differentially expressed
genes, many of the pathways altered were consistent between CEWAF
treatments. IPA predicted mitochondrial dysfunction as the most sig-
nificantly altered canonical pathway in all three CEWAF treatments.
Similarly, in DAVID ATP hydrolysis was the top biological process and
mitochondrial inner membrane was one of the top cellular components
predicted to be altered. Oxidative phosphorylation and calcium

Fig. 3. (A) Heatmap dendrogram of sample correlations. (B) Principle component analysis of transcriptomic profiles. Circles represent separate clusters formed by
CEWAF exposures and control+ dispersant treatments. The highest Corexit 9500A concentration (green x) was highly variable across biological replicates. (C) Venn
diagram of overlapping differentially expressed genes (p≤ 0.05) across CEWAF treatments.

Fig. 4. (A) Cyp1a1 expression compared to controls in CEWAF
and Corexit 9500A treatments. Values expressed as mean ± SE. *
represents p≤ 0.05 after FDR correction. (B) Down-regulation of
cardiac genes in CEWAF high exposure that are predicted by IPA
to induce heart dysfunction. (C) Top canonical pathways altered
by CEWAF treatments.
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signaling were also in the top 5 most significantly altered canonical
pathways in all three CEWAF treatments with IPA (Fig. 4C). Stress re-
sponse pathways were also highly represented in IPA, with NRF2-
mediated oxidative stress response, aryl hydrocarbon receptor sig-
naling, and production of nitric oxide and reactive oxygen species were
also indicated. Endoplasmic reticulum stress pathway was listed in the
top 25 pathways for only the medium CEWAF treatment.

Many of the top diseases and biological functions predicted in IPA to
be activated are associated with cell death and survival, including ne-
crosis and apoptosis (Table S6). In contrast, functions predicted to be
diminished after exposure were primarily involved in general cellular
metabolism such as protein synthesis, fatty acid metabolism, efflux of
cholesterol, and synthesis of lipids. Several other pertinent diseases and
biological functions without predicted activation or deactivation were
involved in neurological abnormalities including neuromuscular dis-
ease, and movement disorders. Table S6 contains the top 20 sig-
nificantly enriched functions from IPA for each CEWAF treatment.
DAVID does not provide disease or toxicity function categories for
comparison to IPA results.

Although the order of significance differed between CEWAF treat-
ments, toxicity functions in IPA overwhelmingly targeted cardiac and
hepatic functions (Table S7). Eight of the top 10 toxicity functions from
IPA were associated with cardiac malformations in the highest CEWAF
treatment: including 18 genes associated with cardiac dilation and
cardiomyopathy. Only a few organ-based pathways were identified in
DAVID. Cardiac muscle contraction through impacts on the regulation
of sequestered Ca2+ release was a significantly affected biological
process, and impacts on visual perception were also predicted to be
affected (biological processes #15) in DAVID, which was not observed
in IPA.

4. Discussion

Assessment of oil toxicity following major oil spills is difficult due to
complex interactions between oil source, weathering, and chemical
dispersion. Furthermore, lowest observable effect concentrations
(LOEC) for cardiotoxic endpoints such as pericardial edema are species
and oil specific and can range from less than 1 μg/L ∑PAH to greater
than 30 μg/L, further complicating damage assessments (Incardona
et al., 2014, 2013; Khursigara et al., 2017; Perrichon et al., 2018). To
better understand the morphological and molecular impacts of dis-
persed oil on early life stages of fish, we evaluated the transcriptomic
and phenotypic developmental impacts of the chemical dispersant
Corexit 9500A, and chemically dispersed DWH surface oil on a pelagic
species native to the GoM.

Addition of chemical dispersants Corexit 9500A and Corexit 9527
following the DWH oil spill enhanced the dissolution of water soluble
components of the oil with the purpose of reducing volatile hydro-
carbon exposures to direst responders, enhancing biodegradation and
mitigating impact of surface slicks on wildlife and shoreline habitats
(National Academies of Sciences and Medicine, 2019). This process
increased availability of 3-ring PAHs (Couillard et al., 2005), such an
phenanthrene, which have been shown to be a source of physiological
disruptions leading to cardiac dysfunction (Brette et al., 2017; Esbaugh
et al., 2018; Incardona et al., 2004). However, we did not observe a
relationship between increasing Corexit 9500A concentration and an
enhanced fraction of dissolved PAHs. Generally, chemical dispersants
are applied to recent oil spills that are less weathered and have a higher
potential for dispersal than the highly weathered slick oil used in this
study. This was also evident in our gross observations of poor oil dis-
persion of the CEWAF preparations following overnight mixing. These
factors may explain the consistently low ∑PAH concentrations observed
at all Corexit 9500A loading concentrations and limits our ability to
assess the relationship between Corexit concentration and the fraction
of dissolved PAHs in this study. We also did notobserve a relationship
between increasing Corexit 9500A concentration and mortality,

incidences of phenotypic malformations, or increased differential gene
expression. This parallels other studies in mahi and other marine fish
showing that acute mortality is directly correlated with the fraction of
soluble PAHs and not dispersant to total oil exposure (Adams et al.,
2014; Esbaugh et al., 2016; Mu et al., 2014). ∑50PAH concentrations
obtained in this study ranged from 0.8 to 3.1 μg/L, which are below
LC50 concentrations (9.5 μg/L), the LOEC for reduced atrial contractility
(3.5 μg/L), and EC50 concentrations for pericardial edema (13.0 μg/L)
in mahi exposed to slick oil CEWAFs (Esbaugh et al., 2016).

Molecular and phenotypic endpoints indicated that Corexit 9500A
had little impact on mahi larvae. Relatively few genes were differen-
tially expressed, and Corexit 9500A and negative control treatments
clustered together in sample correlations. This is consistent with many
other studies showing limited acute Corexit-induced toxicity in ELS fish
native to the Gulf of Mexico (Dasgupta et al., 2015; DeLorenzo et al.,
2018; Echols et al., 2018; Edmunds et al., 2015; Esbaugh et al., 2016),
and supports predictions that Corexit 9500A toxicity does not occur
until the critical micellar concentration of 1.25mg/L in seawater (Steffy
et al., 2011). Furthermore, DOSS concentrations in this study
(420–1100 μg/L) were well above DOSS concentrations measured in the
GoM in the months following the spill (2–12 μg/L), and Corexit is ra-
pidly biodegraded at water temperatures experienced in the Gulf of
Mexico during the summer months (Campo et al., 2013), together
suggesting that ecologically relevant concentrations of dispersants may
have had little direct impact on ELS pelagic fish in the GoM. In contrast,
other studies have reported that Corexit may decrease sperm fertilizing
ability in teleost fish at 500 μL/ 1 L (Beirão et al., 2018) and elicits a
substantial molecular response in the liver of adult sheepshead minnow
(Jones et al., 2017). These findings indicate that life stage and tissue
may play an important role in dispersant toxicity.

While Corexit 9500A failed to significantly alter gene expression in
mahi embryos, CEWAF exposures caused changes in ion signaling
consistent with earlier studies in oil-treated mahi. Dysregulation of
tightly coordinated Ca2+ fluxes in cardiomyocytes has been proposed to
contribute to cardiac arrhythmia, disruptions in excitation-contraction
coupling, and reduced cardiomyocyte function in oil-exposed larvae
(Brette et al., 2014, 2017). Previous transcriptomic studies have con-
sistently observed alterations in cardiac genes important for Ca2+ cy-
cling and Ca2+ signaling that may contribute to physiological disrup-
tions (Sørhus et al., 2017; Xu et al., 2017, 2016). Consistent with those
studies, we also observed downregulation of several cardiac Ca2+

homeostasis genes and enrichment of cardiotoxic pathways, even in the
absence of phenotypic differences. Cardiac muscle troponin (tnnt2) and
calsequestrin 2 (casq2) regulate intracellular Ca2+ and are essential for
proper function of cardiomyocyte sarcomeres (Knollmann et al., 2006;
Sehnert et al., 2002). Casq2 was downregulated in all CEWAF exposures
and tnnt2 was downregulated in the highest concentration (∑PAH
3.09 μg/L). Both tnnt2 and casq2 were also differentially expressed in a
previous transcriptomic study in mahi using slick oil with higher ∑PAH
concentrations (Xu et al., 2016). Furthermore, morpholino knockdown
of tnnt2 in zebrafish (Danio rerio) embryos induces cardiac defects
nearly identical to 3-ring PAHs (Incardona et al., 2004; Sehnert et al.,
2002). Together this suggests that tnnt2- and casq2-induced Ca2+ dys-
regulation may be intimately involved in Ca2+ cycling disruptions in
the sarcoplasmic reticulum, leading to disruptions in excitation-con-
traction coupling in oil-exposed fish. Other Ca2+ homeostasis genes
altered were unique to this study. Troponin C (tnnc1) binds Ca2+ and is
essential for activation of cardiac muscle contractions (Duan et al.,
2016; Li and Hwang, 2015) and was downregulated in all 3 CEWAF
exposures. LIM domain binding protein (ldb3) was also downregulated,
which stabilizes sarcomeres during cardiac contractions (Pashmforoush
et al., 2001). Taken together with previous studies (Brette et al., 2014;
Xu et al., 2017, 2016), these data provide strong molecular evidence
that Ca2+ perturbations are an important component of PAH-induced
toxicity.

Phenotypic malformations in larval fish may not manifest until later
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life stages, well after the molecular initiating events of the first several
days (Sørhus et al., 2017), and could explain the observation of mole-
cular alterations in the absence of phenotypic differences in cardiac
performance. Using a less weather DWH slick oil, PAH concentrations of
1.2 μg/L reduced swimming performance in mahi embryos-larvae
nearly a month after exposure (Mager et al., 2014). However, molecular
endpoints were not measured during this previous study, and thus it is
unclear if molecular alterations similar to those observed here were the
initiating events for latent declines in swim performance. Further stu-
dies over a longer time course would be needed to determine if ELS
molecular changes, such as those observed here, are diagnostic of
health impairments at later life stages.

It has also been suggested that non-cardiac effects of PAH exposure
are secondary effects of reduced cardiac output (Incardona et al., 2004).
However, in this study we observed that neurological pathways were
prominently altered at low PAH concentrations and in the absence of
cardiac defects. Significant molecular effects on neurological pathways
have also been observed in mahi at higher PAH concentrations (15 μg/
L) (Xu et al., 2016). Furthermore, behavioral declines in habitat set-
tlement and antipredator behaviors occur in reef fish at PAH con-
centrations ≤5.7 μg/L, indicating that higher-order cognitive processes
may be directly impaired by PAHs (Johansen et al., 2017). There was
also significant enrichment of the visual perception pathway predicted
by DAVID in CEWAF exposed larvae compared to controls. This is
consistent with previous studies reporting that optomotor and visual
responses are affected in mahi and red drum larvae at PAH con-
centrations as low as 0.67 and 2.72 μg/L, respectively. This suggests
that visual impairment is an equally or possibly more sensitive endpoint
than cardiotoxicity in these fish (Magnuson et al., 2018; Xu et al.,
2018). Specific genes altered included retinol dehydrogenase 12
(rdh12), a key enzyme in 11-cis-retinal formation during regeneration
of visual pigments in cones, and phosducin, which may regulate pho-
toreceptor function (Haeseleer et al., 2002; Lee and Lolley, 1993).
Previous studies using IPA indicated vision as being targeted in oil-
exposed mahi, which was not observed here, likely due to low PAH
concentrations. Regardless, together these data indicate that PAHs may
directly target organ systems outside the heart and downstream effects
may not be solely dependent on cardiac function.

Decreased total cholesterol (∑PAH 8.3 μg/L) and changes in cho-
lesterol biosynthesis pathways (∑PAH 15 μg/L), possibly due to poor
yolk absorption, were prominent responses in mahi at higher PAH
concentrations (McGruer et al., 2019; Xu et al., 2017, 2016). At the
PAH concentrations utilized in this study, cholesterol was not in the top
20 altered pathways (IPA #42). This is in agreement with other studies
in which slick oil (initial ∑50PAH 3.1 μg/L) did not enrich cholesterol
pathways in mahi (Xu et al., 2018). However, cholesterol was altered at
higher PAH concentrations in haddock (7.6 ug/L) and red drum
(4.7 μg/L) (Sørhus et al., 2017; Xu et al., 2017). Our data suggest that
chemical dispersion may not enhance cholesterol impairment at the low
PAH concentrations used in this study.

Unsurprisingly, AhR pathways were induced in CEWAFs, as mea-
sured by a 4-fold higher expression of cyp1a1. The AhR pathway reg-
ulates detoxification of PAHs via activation of xenobiotic metabolism
and stress-response pathways and is consistently upregulated following
oil exposure in many species (Garcia et al., 2012; Pilcher et al., 2014;
Whitehead et al., 2012; Xu et al., 2017, 2016). Activation of AhR during
prolonged oil exposure has been linked to impaired development and
decreased survival in embryos and larvae (Whitehead et al., 2011,
2010). Taken together our RNASeq results suggest similar pathways
and molecular responses as previous studies using low PAH con-
centrations, but without overt toxicity.

In summary, early life stage mahi exposed to the chemical dis-
persant Corexit 9500A were mostly unaffected, indicating that exposure
to environmentally relevant concentrations of this dispersant alone is
unlikely to have significant implications for ELS mahi survival. In
contrast, exposure to chemically dispersed oil at environmentally

relevant PAH concentrations induced significant molecular, but not
phenotypic effects at 48 hp. Simultaneous molecular responses ob-
served in ELS mahi suggest adverse effects caused by oil exposure may
not solely be due to downstream effects of cardiac impairment, and
increasing concentrations of Corexit 9500A had little effect on oil-in-
duced toxicity. Pathways and genes important for cardiac function and
vision were the most affected, similar to studies using slick oil without
chemical dispersion, and support cardiac and visual alterations as the
most sensitive endpoints of oil-induced toxicity in mahi.
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