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• Salinity and temperature alone are not
important drivers of gene expression.

• Genes involved in xenobiotic metabo-
lism, cardiac development & function
upregulated

• Increased cardiomyocyte proliferation
and hypertrophy & inhibited contractil-
ity

• Systemic vasculature heavily impacted
under multiple stressors

• Complex interactions under multiple
stressors do not appear to be additive.
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Following the 2010 Deepwater Horizon oil spill, extensive research has been conducted on the toxicity of oil and
polycyclic aromatic hydrocarbons (PAHs) in the aquatic environment. Many studies have identified the toxico-
logical effects of PAHs in estuarine andmarinefishes, however, only recently haswork begun to identify the com-
binatorial effect of PAHs and abiotic environmental factors such as hypoxia, salinity, and temperature. This study
aims to characterize the combined effects of abiotic stressors and PAH exposure on the cardiac transcriptomes of
developing Fundulus grandis larvae. In this study, F. grandis larvae were exposed to varying environmental con-
ditions (dissolved oxygen (DO) 2, 6 ppm; temperature 20, 30 °C; and salinity 3, 30 ppt) aswell as to a single con-
centration of high energywater accommodated fraction (HEWAF) (∑PAHs15ppb).Whole larvaewere sampled
for RNA and transcriptional changes were quantified using RNA-Seq followed by qPCR for a set of target genes.
Analysis revealed that exposure to oil and abiotic stressors impacts signaling pathways associated with cardio-
vascular function. Specifically, combined exposures appear to reduce development of the systemic vasculature
as well as strongly impact the cardiac musculature through cardiomyocyte proliferation resulting in inhibited
cardiac function and modulated blood pressure maintenance. Results of this study provide a holistic view of im-
pacts of PAHs and common environmental stressors on the cardiac system in early life stage estuarine species. To
our knowledge, this study is one of the first to simultaneously manipulate oil exposure with abiotic factors (DO,
salinity, temperature) and the first to analyze cardiac transcriptional responses under these co-exposures.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Coastal estuaries are dynamic environments that play an important
role in the life cycle of many marine species. These inshore environ-
ments are subject to influences from adjacent inland watersheds as
well as tidal influences from pelagic waters. This interplay creates com-
plex biogeochemical profiles wherein fluctuating abiotic factors such as
dissolved oxygen (DO), salinity, and water temperatures interact and
influence organisms living within estuaries (Orlando et al., 1993;
Schroeder and Wiseman, 1986). The Northern Gulf of Mexico annually
undergoes seasonal intensification of the dead zone– a regional hypoxia
event that forms at the mouth of the Mississippi River – in the late
spring and summer months. During this time, DO levels within the
water column drop to less than 2 ppm presenting oxic challenges to or-
ganisms residing in the dead zone (Rabalais et al., 2002). In addition to
oxic challenges from the dead zone, estuaries in the Northern Gulf of
Mexico undergo regular salinity fluctuations driven by changes in fresh-
water inputs from river discharge, precipitation, and tidally driven ma-
rine inputs. These fluctuations create brackish environments within
estuaries with salinities that can range from fully fresh water (0 ppt)
to hypersaline environments (>35 ppt) (Orlando et al., 1993). Next, es-
tuarine habitats are often very shallow and are therefore susceptible to
changes in thermal regimes driven by ambient air temperatures, warm
freshwater inputs fromwatersheds, and cooler marine waters driven in
by tides (Schroeder and Wiseman, 1986). These dynamic interactions
require the organisms that reside in these estuaries be capable of phys-
iologically compensating for the changing environments (Bennett and
Beitinger, 1997; Borowiec et al., 2015; Haney and Nordlie, 1997).

In addition to adapting to fluctuating abiotic factors, estuarine spe-
cies are often faced with anthropogenic stressors. An important exam-
ple is the Deepwater Horizon oil spill that occurred in the Northern
Gulf of Mexico from April to September 2010 and released an estimated
4.9 million barrels of crude oil into the environment (Beyer et al., 2016;
Camilli et al., 2012; McNutt et al., 2012; Norse and Amos, 2010). The
plume from the wellhead reached the surface and created a slick that
reached shorelines from Louisiana to Florida and was estimated to
cover >26,000 mile2 (Beyer et al., 2016; Norse and Amos, 2010;
Sammarco et al., 2013). The location and timing of the spill coincided
with the annual development of the dead zone as well as the spawning
periods for many pelagic and estuarine fish species (Esbaugh et al.,
2016; Muhling et al., 2012; Rooker et al., 2013). Following the spill
there has been a breadth of research on the effects of oil (see Murphy
et al., 2016 for a literature review), particularly its primary constituents
– polycyclic aromatic hydrocarbons (PAHs) – on the early life stages of
fishes. Importantly, previous work with PAHs has shown that PAH tox-
icity in fish is variable, and depends on the life stage at the time of the
exposure. PAHs can have adverse impacts on specific organ and systems
(such as the cardiovascular system or the immune system), develop-
mental stages, or act as potential mutagens or carcinogens (Carls et al.,
2008; Carvalho et al., 2008; Collier et al., 2013; Edmunds et al., 2015;
Esbaugh et al., 2016; Incardona et al., 2011, 2014; Jayasundara et al.,
2015; Mager et al., 2014; Magnuson et al., 2018; Pan et al., 2018; Xu
et al., 2016, 2017a).

While many studies have identified the toxicological effects of oil in
estuarine andmarine fishes (for a review, seeMurphy et al., 2016), only
recently has work begun to identify the combined effects of oil and abi-
otic environmental factors such as hypoxia, salinity, and temperature
(Hedgpeth and Griffitt, 2016; Jasperse et al., 2019; Mauduit et al.,
2018; Milinkovitch et al., 2020; Serafin et al., 2019; Simning et al.,
2019). Specifically, a number of studies have found impacts of abiotic
stressors on the developing cardiac system in fish. Cardiac impairments
such as changes in heart rate, blood pressure, vasodilation, and cardiac
remodeling are common when embryos are exposed to increased tem-
peratures, elevated salinities, and/or low DO levels (Claireaux et al.,
1995; Farrell, 2007; Keen et al., 2017; Klaiman et al., 2011; Lin et al.,
1994; Randall and Smith, 1967). Similarly, exposure to PAHs under
otherwise optimal environmental conditions have repeatedly shown
cardiac effects including heart malformations, reductions in cardiac
output, and increases in pericardial edema in both estuarine and pelagic
fishes(Carls et al., 2008; Incardona et al., 2009, 2011, 2014; Jayasundara
et al., 2015; Khursigara et al., 2017).

Currently, the combined effects of abiotic factors and PAH exposure
on the developing cardiac system are largely unknown. This study aims
to characterize these effects in developing Gulf killifish (Fundulus
grandis). F. grandis is an estuarine species native to the Gulf of Mexico
and alongside a closely related species (Fundulus heteroclitus) has
been used as a model for toxicity testing in a number of PAH studies
(Oleksiak et al., 2011; Powell et al., 2004; Reid et al., 2016; Whitehead
et al., 2011). F. grandis inhabit nearshore environments that undergo
daily and seasonal fluctuations in temperature, salinity, and DO. They
are also widely dispersed in estuaries directly impacted by the Deepwa-
ter Horizon oil spill and their spawning seasons directly coincided with
the timing of the spill (Greely and MacGregor, 1983), making them
ideal candidates for the study of the combined effects of oil and abiotic
factors on transcriptional responses in the developing cardiac system.
Wehypothesize that exposure to PAHs or environmentally relevant abi-
otic factors (hypoxia, salinity, temperature)will result in changes to car-
diac related transcriptional responses. Additionally, we expect that the
combination of PAHs with an abiotic factor will result in altered tran-
scriptional responses relative to independent exposure to PAHs or abi-
otic factors alone.

2. Materials and methods

2.1. Broodstock collection and spawning

Wild caught adult F. grandis broodstock were collected fromMissis-
sippi estuaries in Gautier, Ocean Springs, Deer Island, and Bay St. Louis
inMarch 2015. Fish underwent a 14-day quarantine period upon arrival
to Purdue Aquaculture Research Lab at Purdue University, West Lafa-
yette, Indiana, USA. Fish were maintained in 130L aquaria at 25 ±
1 °C, 6 mg/L DO, 10 ppt salinity (reconstituted saltwater prepared
with Fritz SuperSalt Concentrate, Fritz Industries, Mesquite, TX, USA),
and 16 L:8D photoperiod. Fishwere fed to satiation twice dailywith fro-
zen chironomids (morning) and frozen brine shrimp (JEHM Co.,
Lambertville, NJ, USA) (evening). A single mating pair of F. grandis was
bred 2–3 times perweek and embryoswere collected on Pentair polyes-
ter filter mats (Minneapolis, MN, USA) using techniques described by
Green, 2013. Embryos were then transferred to floating mesh cylinders
(15 cm × 5 cm) in the adult tanks from which they were collected and
were monitored daily until hatch.

2.2. Exposure design

F. grandis larvae (<24 h post hatch) were randomly chosen and
placed in individual 125 mL glass jars sealed with Teflon lined caps. A
fully factorial design was used to combine PAH exposure (0, 15 μg/L),
DO (2, 6 ppm), salinity (3, 30 ppt), and temperature (20, 30 °C); n =
9 larvae per treatment. Exposure chambers were maintained within
temperature controlled environmental chamberswith a 16 L:8 D photo-
period. Hypoxic conditions (DO ≤2 ppm)were established through aer-
ation with nitrogen gas. Salinity was maintained using reconstituted
saltwater at the appropriate salinity as described above. Exposures
lasted 48 hwithwater qualitymonitored daily. Fishwere not fed during
the course of the exposure as they were still reliant on yolk sac. There
were 9 replicates (one larvae per replicate) per treatment.

2.3. High energy water accommodated fraction (HEWAF) preparation

Macondo crude oil (1 g/L) was blendedwith seawater using a stain-
less steel blender (Waring, Stamford, CT, USA) at low speed for 30 s, uti-
lizing previously established methods (Forth et al., 2017b, 2017a).
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HEWAFwas allowed to settle for 1 h in a glass separatory funnel before
450 mL was drained and used immediately for exposures.

2.4. PAH analysis

Gas chromatography coupled with tandemmass spectrometry (GC/
MS/MS) was used to quantify concentrations of 29 parent PAHs, alkyl
PAHs, and alkyl PAH homologs from stock solutions at the University
of Connecticut Center for Environmental Sciences and Engineering
(Storrs, CT, USA). PAH concentrations from HEWAF dilutions and test
solutions over time were calculated using fluorescence methodology
by measuring fluorescence between 270 and 380 nm (Greer et al.,
2012). See Serafin et al. (2019), Table S2 for total PAH concentrations
and the 29 analytes quantified (tPAH29).

2.5. Water chemistry

Temperature, DO, salinity, and PAH content were measured at the
onset of exposures and throughout the 48 h exposure. Temperature
and DO were measured using a YSI PRO 1020 multi-parameter meter.
Salinity was measured using a Pentair Vital Sine SR6 handheld refrac-
tometer. PAH concentrations were indirectly quantified through fluo-
rometry (Greer et al., 2012) using a Turner Designs AU-10 fluorometer
(Turner Designs, San Jose, CA, USA). For full water chemistry methodol-
ogy see Serafin et al. (2019).

2.6. RNA isolation/RNA Seq

Following 48 h exposures, individuals were collected for RNA analy-
sis. To ensure sufficient RNA, three larvae were pooled to constitute one
replicate, resulting in three replicates per treatment. RNA isolation was
completed using RNeasy Mini Kits (Qiagen, Valencia, CA, USA) accord-
ing to manufacturer's protocols. RNA quantification was measured
using a NanoDrop 2000 spectrophotometer and associated software
(Thermo Fisher, Waltham, MA, USA). RNA sequencing (RNAseq) was
performed at the Purdue University Genomics Core Facility (West Lafa-
yette, IN, USA) with an Illumina HiSeq 2500 (Illumina, San Diego, CA,
USA) to sequence a minimum of 15 million 2 × 100 bp sequencing
reads; average sequencing depth was 23 million reads/sample.

2.7. Bioinformatic analysis

All gene expression data have been submitted and archived through
the Gulf of Mexico Research Initiative Information & Data Cooperative
(GRIIDC). Sequenced reads were quality checked using the FastQC
toolkit (Andrews, 2010), adapter sequences and low-quality reads
were trimmed using Trimmomatic (Bolger et al., 2014), and a post-
cleaning quality check was run again using FastQC. Filtered sequences
were loaded into CLC Genomics Workbench (Qiagen, Hilden,
Germany) where paired-end reads were merged and mapped to the
F. heteroclitus reference genome (NCBI genome: 743) with > 94% map-
ping success. Gene expression values were calculated as transcripts per
million and differential expression was calculated in the CLC Genomics
Workbench. Differentially expressed genes (DEGs) were defined as
those with an FDR p-value ≤ 0.05 when compared to expression under
control conditions. Heat maps for DEGs using Euclidean distance
hierarchical clustering and complete linkages were created in R using
pheatmap package (Kolde, 2012). DEGs were converted to their
human orthologs and analyzed using Ingenuity Pathway Analysis
(IPA) (Qiagen, Hilden, Germany) software with a FDR p-value cut-off
at 0.05 to predict downstream pathways and functions. IPA provides a
widely curated database of human and mammalian gene-association
findings that allow for deeper analysis of gene interactions and associ-
ated downstream pathways and functions than data currently available
for teleost models alone (Jones et al., 2020; Xu et al., 2017a, 2017b). For
DEG analysis and pathway analysis, treatment groups were compared
to the control group (∑PAH = 0 μg/L, DO = 6 ppm, salinity = 3 ppt,
temperature = 20 °C). In order to maintain the cardiac related scope
of this analysis, only canonical pathways, toxicological functions, and
disease/biofunctions related to cardiac effects were included (Rodgers
et al., 2018; Serafin et al., 2019).

2.8. RT qPCR analysis

Subsets of RNA isolate samples collected for RNA Seq analysis were
also used for real-time qPCR validation (3 pools of 3 larvae each per
treatment). Isolated RNA was converted to cDNA using a High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher, Waltham,
MA, USA), cDNA concentrations were verified on a NanoDrop 2000
spectrophotometer and associated software (Thermo Fisher, Waltham,
MA, USA). RT qPCR was conducted on a Bio-Rad CFX Connect Real-
Time PCR System utilizing iQ SYBR Green Supermix (Bio-Rad, Hercules,
CA) following the thermal cycling protocol provided by the manufac-
turer. Primers were supplied by Integrated DNA Technologies
(Coralville, IA). Primer sequences were designed through Primer3Plus
software (Untergasser et al., 2007) using NCBI nucleotide sequence
data. Full primer sequences and NCBI accession numbers are listed in
Table 1. Reaction efficiencies for each primer pair were determined
through serially diluted standard curves with all reaction efficiencies
between 90% and 103% (R2 ≥ 0.99). Relative abundance of each gene
in relation to the control gene β-actin was analyzed using the delta-
delta CT method (Vandesompele et al., 2002). Note that β-actin is a
commonhousekeeping genewith CT values that remained stable across
all conditions tested. Statistical analysis of gene expression data for all
treatments was done using one-way ANOVAs and Holm-Sidak pairwise
multiple comparison versus control group post-hoc tests with fiducial
level of significance of p ≤ 0.05. All comparisons passed normality (Sha-
piro-Wilk) and equal variance (Brown-Forsythe) tests. All statistical
variables are presented in Supplemental Table 1.

3. Results

3.1. Water quality

While this experiment consisted of a fully factorial design that in-
cluded up to four environmental stressors, to conserve power within
analyses, only treatments that included a single factor deviation from
control (oil, hypoxia, salinity, or temperature) and treatments that
included binary combinations of oil and a single abiotic factor (i.e.
oil + hypoxia) were included in this analysis. Nominal exposure condi-
tions (∑PAH,DO, salinity, and temperature) for all treatments included
in analysis are listed in Table 2Awith associatedmeasurements ofwater
quality parameters in Table 2B. Temperatures and salinities were main-
tained at ±1 °C and± 1 ppt nominal concentrations, respectively. Over
the course of the 48 h exposure, DO decreased by an average of 2.2 ±
0.6 ppm under normoxic conditions and 1 ± 0.8 ppm under hypoxic
conditions. Initial ∑PAH values for all exposures involving oil were
15.3 ± 1.15 ppb (Serafin et al., 2019). For a detailed description of
water quality parameters and PAH decline over the 48 h exposure pe-
riod see Serafin et al. (2019).

3.2. Differential expression

Differential expression analysis revealed a total of 494 DEGs within
the cardiac-related pathways analyzed across all treatment groups
(Supplemental Table 2). Fig. 1 shows the hierarchical clustering of all
DEGs according to treatments. The most obvious pattern that emerged
during clustering was the role of oil in the structuring of the transcrip-
tional response of cardiac-related genes; oil (104 DEGs) and oil +
hypoxia (160 DEGs) treatments clustered closely followed by the
oil + salinity (225 DEGs) and oil + temperature (338 DEGs) treat-
ments. The hypoxia only (137 DEGs) and salinity only (123 DEGs)



Table 1
Primer sequences and NCBI accession numbers for all genes analyzed using qPCR. All sequences are listed 5′ to 3′. Reverse primers (R) are reverse complements of the genetic sequence.

Gene name Sequence (5′-3′) Efficiency NCBI accession # Product Length

β-actin F GCTCTGTGCAGAACAACCACACAT 90% XM_012850364 136 bp
R TAACGCCTCCTTCATCGTTCCAGT

ahrr F AGCTATGCAGTCAACAACGG 98.8% NM_001309962.1 385 bp
R CTCTCTCTCATTGCATGTAAACG

ugt1a1 F AGGATGGCATGTCTTACAAGG 102% XM_012854427.1 321 bp
R GCACATCTTTGGGTAAATCGC

cyp1a F TGTTGCCAATGTGATCTGTG 93% NM_001310009 258 bp
R CGGATGTTGTCCTTGTCAAA

fbxo32 F AAAACAACAACGTCTCTGTGG 99.7% XM_012864657.1 178 bp
R TGAACGTAAATCCACTTCTCC

fgf7 F GTCACTCAGAACACATTGACG 97.6% XM_012877162.1 604 bp
R AGTCATCAATCGTGAGGAACC

mb F ATGATATGGTTCTCAAGCACTGG 104% XM_012850507.1 111 bp
R GGAACAGCTTTTGGGTATCTGG
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treatments clustered closely together and were more similar to the
treatments containing oil than the temperature alone treatment. The
temperature treatment had the fewest DEGs (44) of all exposure groups
and did not cluster closely with any additional treatment groups.
3.3. qPCR validation of RNA Seq DEGs

Overall, qPCR data for genes involved in xenobiotic metabolism and
cardiac function are in agreement to those seen in the RNA Seq data
(Fig. 2). Genes involved in xenobiotic metabolism (ahrr, ugt1a1, and
cyp1a) universally showed upregulation relative to controls in all expo-
sures containing oil either singly or in combination with an abiotic
stressor (Fig. 2A–C). Expression of ahrr was significantly increased in
the oil, oil + hypoxia, oil + salinity, and oil + temperature exposures,
but its expression was not significantly altered when exposed to an abi-
otic factor alone (Fig. 2A). Expression of ugt1a1was significantly down-
regulated in the elevated temperature RNA Seq data; corresponding
qPCR data showed a similar, but non-significant trend (Fig. 2B). Expo-
sure to oil, and to oil + hypoxia, high salinity and high temperature
caused an upregulation of ugt1a1 expression. Although cyp1a which
was not differentially upregulated from the RNA Seq data, upregulation
from qPCR data followed a similar trend with the previous two genes,
Table 2
A) Nominal treatment exposure conditions (Oil concentrations, DO, salinity, and temper-
ature). Conditions that deviate from control are bold. B) Initial (0 h) and final (48 h)water
quality values for each test condition. Values represented as mean ± S.D.

A

Treatment Oil
(ppb∑PAH)

DO
(ppm)

Salinity
(ppt)

Temperature
(°C)

Control 0 6 3 20
Oil 15 6 3 20
Hypoxia 0 ≤2 3 20
Oil & hypoxia 15 ≤2 3 20
Salinity 0 6 30 20
Oil & salinity 15 6 30 20
Temperature 0 6 3 30
Oil &
temperature

15 6 3 30

B

Condition Nominal value Initial value (0 h) Final value (48 h)

Oil 0 ppb ∑PAH 0 ppb ∑PAH 0 ppb ∑PAH
15 ppb ∑PAH 15.3 ± 1.15 ppb ∑PAH 1 ± 2.9 ppb ∑PAH

DO 6 ppm 6 ppm 2.2 ± 0.6 ppm
≤2 ppm 2 ppm 1 ± 0.8 ppm

Salinity 3 ppt 3 ± 0.5 ppt 3 ± 0.5 ppt
30 ppt 30± 0.5 ppt 30 ± 0.5 ppt

Temperature 20 °C 20 ± 1 °C 20 ± 1 °C
30 °C 30 ± 1 °C 30 ± 1 °C
with an upregulation in all treatments involving oil exposure and in
any single abiotic stressor treatment + oil (Fig. 2C).

Expression trends in genes involved in cardiac formation and func-
tion were also similar between the qPCR and RNA Seq data. Expression
Fig. 1. Heatmap with hierarchical clustering of cardiac related differentially expressed
genes across all treatments relative to control (0 ppb tPAH, 6 ppm DO, 3 ppt, 30 ° C).
Warm shades (reds) indicate increased expression, cool shades (blues) indicate reduced
expression.



Fig. 2. qPCR (black bars) and RNA Seq (grey bars) expression values for genes involved in xenobiotic metabolism [ahrr (A), ugt1a1 (B), cyp1α (C)] and cardiac development/function
[fbxo32 (D), fgf7 (E), mb (F)]. All expression values shown as mean ± SEM log2(relative mRNA) set relative to expression under control conditions (0 ppb tPAH, 6 ppm DO, 3 ppt,
20 °C). Values that are significantly different than control (p ≤ 0.05) are designated with an asterisk (*).
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of fbxo32 was not significantly impacted under oil only, elevated tem-
perature, or the combination of oil + temperature (Fig. 2D). In contrast,
under hypoxic and elevated salinity conditions, RNA Seqmeasurements
showed a significant decrease in fbxo32 transcripts; similarly, qPCR
measurements showed reduced, but non-significant fbxo32 expression.
fbxo32 expression was significantly upregulated in the combination
treatments of oil + hypoxia and oil + salinity. Expression of fgf7 was
not significantly impacted under elevated temperature or elevated sa-
linity (Fig. 2E). Exposure to hypoxia in the absence of oil significantly in-
creased the number of fgf7 transcripts measured through RNA Seq and
although not significant, the qPCR expression of fgf7was also increased
relative to control. All exposures involving oil exhibited significantly in-
creased expression of fgf7with the combined exposure of oil + temper-
ature having qPCR expression levels significantly higher than oil alone.
Similarly, all exposures including oil induced significant increases in ex-
pression ofmbwith the oil+ temperature exposure significantly higher
than the oil alone exposure (Fig. 2F). Hypoxia alone also induced a sig-
nificant increase inmb in the qPCR data and a non-significant increase in
the RNA Seq data. There were no differences from control inmb expres-
sion in the elevated salinity and temperature exposures.

3.4. Canonical pathway analysis

Analyses conducted through IPA included only those predicted path-
ways and functions that showed both a significant response (p < 0.05)
and directional response (activation z-score ≠ 0) in at least one treat-
ment. Pathway analysis showed DEGs involved in 18 cardiac-related ca-
nonical pathways exhibiting a significant transcriptional response in at
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least one treatment (Fig. 3). Impacted pathways have roles in several
cardiac functions including vasodilation, blood pressure maintenance,
cell proliferation, hypertrophy, and contractility. Inhibition of calcium
signaling was the only response that remained consistent among all
treatments. Single exposures to abiotic factors tended to inhibit signal-
ing pathways (as indicated by negative activation z-scores and shades
of blue in Fig. 3). Exposure to elevated temperature alone induced al-
most no changes in canonical pathways except for a slight inhibition
in calcium signaling. Combined exposures to oil and abiotic factors
tended to activate pathways involved in cell proliferation and hypertro-
phy (positive activation z-scores and shades of orange in Fig. 3) as well
as reduced angiogenesis.
3.5. Toxicological function analysis

Further analysis through IPA identified 26 toxicological functions
across all treatments that were both significantly impacted and showed
directionality (Fig. 4). Toxicological functions were identified using the
human orthologs of DEGs and as such, interpretation of results must
be done with caution. Additionally, variants of several functions appear
multiple times within the resulting list of impacted toxicological func-
tions (i.e. congenital heart disease and familial congenital heart dis-
ease). These 26 functions can be grouped together and reduced to
represent 9 broad toxicological functions: Heartmalformations, congen-
ital heart defects, congestive heart failure/pericardial edema, cardiomyo-
cyte proliferation, cardiomyocyte death, heart damage, hypertrophy,
arrythmia, and heart dysfunction/failure.

In general, toxicological function analysis aligns well with canonical
pathway analysis. Similar to the results from the canonical pathway
analysis, general trends in increased cellular proliferation and hypertro-
phy and inhibited contractility were identified by the toxicological
function analysis. Exposure to oil alone resulted in activation of
congenital cardiac defects, cardiac hypertrophy, and increased cardiac
dysfunction/failure. Exposure to hypoxia or elevated salinity resulted
in similar responses of increased cardiac malformations and congenital
cardiac defects. Like the DEG and canonical pathway results, elevated
temperature alone resulted in few impacted toxicological functions.
Broadly, trends in combined oil + hypoxia and oil + salinity responses
Fig. 3. IPA analysis of cardiac canonical pathways across all treatment groups that were both s
shades indicate pathway activation, cool shades indicate pathway inhibition.
followed those seen in their respective single abiotic factor responses.
The combined effects of oil and elevated temperature, however, did
not follow trends in either oil alone or temperature alone treatments;
responses included activation of cardiomyocyte proliferation and hy-
pertrophy, inhibition of cardiomyocyte death, and inhibition of cardiac
malformations and congenital defects.

3.6. Diseases/biofunction analysis

IPA analysis into diseases and biofunctions revealed an overall trend
in activation across exposures with most responses occurring in oil
alone, hypoxia, and oil + hypoxia exposures (total of 26 functions im-
pacted, Fig. 5). Aswith previously discussed IPA analyses, elevated tem-
perature alone resulted in few impacted functions. Increased salinity
and the combination of oil + salinity also showed little response at
this level of analysis. Responses included effects on vasculature devel-
opment, fatty plaque formations, and blood pressure disorders. Diseases
involved in development of vasculature (vascular lesions, outgrowth of
vasculature, and others) were activated in all exposures involving oil,
which aligns with the inhibition of angiogenesis seen in the canonical
pathway analysis (Fig. 5). Responses that suggest increases in fatty
plaque formations (atherosclerosis, foam cells, and hypertriglyc-
eridemia) were only present in oil, hypoxia, and oil + hypoxia expo-
sures. Impacts on blood pressure disorders were seen in all exposures
involving oil. These results are supported by those from the canonical
pathway analysis in that the inhibition of blood pressure disorders
seen in the combined oil + abiotic factors align with the activation of
signaling pathways involved in blood pressure maintenance (Aldoste-
rone, Apelin, and Renin-Angiotensin).

4. Discussion

This study aimed to characterize the combined effects of oil expo-
sure and sub-optimal abiotic factors on the transcription of cardiac re-
lated genes in early life history F. grandis. While other studies have
described the effects of oil on the cardiac system of fish (Carls et al.,
2008; Incardona et al., 2009, 2011, 2014; Jayasundara et al., 2015;
Khursigara et al., 2017), to our knowledge none have expanded their
ignificantly impacted (p ≤ 0.05) and showed directionality (activation z-score ≠ 0). Warm



Fig. 4. IPA analysis of cardiac toxicological functions across all treatment groups thatwere both significantly impacted (p ≤ 0.05) and showed directionality (activation z-score ≠ 0). Warm
shades indicate function activation, cool shades indicate function inhibition.
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assessment to include how dynamic environmental parameters (which
are common in estuaries) influence these effects. Importantly, abiotic
factors such as DO, salinity, and temperature have been shown to im-
pact cardiac function independent of oil exposure through changes in
heart rate, blood pressure, vasodilation, and cardiac remodeling – im-
plying that environmental conditions play a key role in the develop-
ment and function of the cardiac system in early life fish stages
(Claireaux et al., 1995; Farrell, 2007; Keen et al., 2017; Klaiman et al.,
2011; Randall and Smith, 1967). In addition, the cardiac transcriptome
of early life stage fish has been shown to be responsive to the presence
of oil and perturbations in environmental conditions (Xu et al., 2016,
2017a). Therefore, this study used the analysis of transcriptional
changes in conjunction with predicted downstream pathway analysis
to elucidate the impacts of both oil and sub-optimal abiotic factors on
the cardiovascular system of larval F. grandis. Results presented here ap-
pear to support our hypothesis that exposure to PAHs and abiotic factors
result in changes to cardiac related transcriptional responses. Further,
there appears to be some evidence that combined exposure to oil and
abiotic factors enhances these responses.

Analysis of the differential gene expression data suggests that the
presence of oil is the strongest factor influencing transcriptional re-
sponses in the cardiac system under our exposure conditions. All expo-
sures that included oil clustered closely together under the hierarchical
clustering model, whereas exposures to individual abiotic factors did
not cluster closely with any exposures involving oil. Within the oil clus-
ter, the oil treatment alone and the oil + hypoxia treatment clustered
most closely together, a trend that is reflected in downstream analyses
through IPA. The combination of oil and an abiotic factor resulted in
slightly more DEGs than exposure to any individual stressor, hinting
that there may be a synergistic response when exposed to multiple
stressors. This is most prominently seen in the oil + temperature
exposure which resulted in more than triple the number of DEGs than
the oil only exposure and a more than 7-fold increase in DEGs relative
to the temperature alone exposure. While these results suggest a
more than additive effect in DEG expression, a definitive statistical anal-
ysis could not be completed due to small sample sizes and additional ex-
posures will need to be performed in order to verify the trends in the
data. However, theseDEG results suggest complex interactions between
oil and abiotic factors are involved in mediating transcriptional cardiac
responses.

A number of DEGs involved in xenobiotic metabolism and cardiac
function were chosen for further analysis through qPCR. ahrr (aryl-
hydrocarbon receptor repressor) is an important feedback modulator
in the aryl-hydrocarbon receptor signaling cascade and has roles in
regulating cell growth and differentiation (Clark et al., 2010). ugt1a1
(UDP glucuronosyltransferase 1a1) encodes an enzyme in the
glucuronidation pathway that metabolizes lipophilic xenobiotics into
water-soluble metabolites (Schlenk et al., 2008). cyp1α (cytochrome
p450 1a) is a member of the cytochrome p450 family of enzymes
which catalyzes reactions involved in xenobiotic metabolism; its ex-
pression is induced by the presence of PAHs (Schlenk et al., 2008).
qPCR results for these genes involved in xenobiotic metabolism univer-
sally followed the same trends as those seen in the DEG analysis of RNA
Seq data. As expected (Kim et al., 2018; Mimura et al., 1999; Shimada
and Fujii-Kuriyama, 2004), each gene was significantly upregulated in
every treatment involving oil exposure. cyp1α expression profiles
resulting from qPCR analysis followed expected trends as those seen
in ahrr and ugt1a1 expression. Interestingly, cyp1α did not exhibit sig-
nificant differential expression in the RNA Seq dataset. Similarly, a lack
of significant differential cyp1α expression was observed in RNA Seq
data for PAH exposed F. grandis analyzed using the Tuxedo protocol
(Serafin, 2017). These parallel results suggest that the discrepancy



Fig. 5. IPA analysis of predicted cardiac diseases and impacted bio functions across all treatment groups that were both significantly impacted (p ≤ 0.05) and showed directionality
(activation z-score ≠ 0). Warm shades indicate disease/biofunction activation, cool shades indicate disease/bio function inhibition.
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between qPCR and RNA Seq analyses are not due to errors induced by
the RNA Seq pipeline; rather, they highlight the different sensitivities
between RNA Seq and qPCR methodologies. The cyp1α qPCR product
in this study is only 258 bp, while the RNA Seq methods attempt to
map reads to the whole gene of 2708 bp. It is possible that the cyp1α
gene is not highly conserved between these two Fundulus species and
the qPCR method caught the conserved region while much of the true
F. grandis cyp1α reads could not be mapped to the non-conserved
F. heteroclitus cyp1α region. This would result in the non-mapped
reads being discarded and not appearing as DEGs in the downstream
analysis.

Additional genes involved in cardiac development and function
(fbxo32, fgf7, and mb) were assessed and the resulting qPCR trends,
much like those involved in xenobiotic metabolism, matched closely
with those seen in the RNA Seq data. fbxo32 (f-box protein 32) was
only significantly upregulated in the combined oil + hypoxia and
oil + salinity treatments. As fbxo32 is highly expressed during muscle
atrophy (Cleveland and Evenhuis, 2010), its upregulation may suggest
an increase in cellular death and dysfunction of the cardiac system
under these combined conditions. Similarly, mammalian models have
shown increased fbxo32 expression and associated muscle atrophy
under hypoxic conditions (Bodine and Baehr, 2014; De Theije et al.,
2015). fgf7 (fibroblast growth factor 7), which has roles in embryonic
development, cell proliferation and differentiation, as well as cardiac
morphogenesis (Zinkle and Mohammadi, 2019) was significantly up-
regulated in all treatments involving oil as well as the hypoxia only
exposure. The expression pattern seen here is similar to fgf7 expression
patterns observed in polar cod exposed to PAHs, suggesting that fgf7
expression may also be sensitive to the presence of PAHs in the
environment (Andersen et al., 2015). mb (myoglobin) expression
followed similar patterns to fgf7 and was upregulated in hypoxia and
all exposures involving oil in both qPCR and RNA Seq datasets. As mb's
primary function is intracellular oxygen storage (Bailey and Driedzic,
1986), this may be indicative of an increased oxygen demand under
oil and/or hypoxia conditions. Indeed, in many fish species, exposure
to hypoxia resulted in upregulation of myoglobin in muscle tissues
(for a review, see Zhu et al., 2013). qPCR results presented here validate
the trends seen in the RNA Seq differential gene expression analysis and
further confirm that exposure to oil and abiotic environmental stressors
are capable of eliciting responses in the expression of genes involved in
detoxification and cardiac function/development in fish early life stages.

IPA identified 18 canonical pathways that were both significantly
impacted and showed directionality in their responses. Impacted path-
ways affected are involved in regulating a number of cardiovascular
functions including vasodilation, blood pressure maintenance, cell pro-
liferation, cardiac hypertrophy, and contractility. Alone, exposure to
abiotic factors largely resulted in the inhibition of many pathways in-
cluding vasodilatory responses, blood pressuremaintenance, contractil-
ity of the heart, and cardiomyocyte proliferation, which align with
previous studies showing that hypoxia, salinity, and temperature can
result in changes in heart rate, blood pressure, vasodilation, and cardiac
remodeling (Claireaux et al., 1995; Farrell, 2007; Keen et al., 2017;
Klaiman et al., 2011; Randall and Smith, 1967). When co-exposed
with oil, responses appear to shift, and many pathways become acti-
vated. For instance, exposure to both oil and hypoxia results in increases
in cell proliferation, cardiac hypertrophy, and contractility, and reduced
angiogenesis; suggesting that cell growthmay be increased in the heart
but reduced throughout the rest of the cardiovascular system. Similar
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results were seen when fish were co-exposed to oil and salinity stress,
i.e., increased signaling of cellular proliferation, hypertrophy, and car-
diac tissue remodeling and reductions in contractility, angiogenesis,
and vasodilation. These results again are suggestive of increased cardio-
myocyte growth but reduced cellular proliferation throughout the rest
of the cardiovascular system. This likely puts additional stress on the
heart as increased cardiomyocyte proliferation and cardiac hypertrophy
thickens the walls of the heart resulting in reduced elasticity and con-
tractility. Much like results from the DEG analysis, exposure to elevated
temperature alone elicited almost no response in the canonical pathway
analysis, but when combined with oil exposure, elevated temperature
resulted in the strongest canonical pathway responses. These pathways,
especially those that were not impacted in either the oil alone or tem-
perature alone exposures - such as the activation of Aldosterone and
Apelin signaling pathways - suggests that exposure tomultiple stressors
can induce complex responses in developingfish. Responses in the com-
bined oil and temperature exposure were similar to other binary expo-
sures and included increased cardiomyocyte proliferation, cardiac
hypertrophy, and contractility as well as reduced angiogenesis. Further
suggesting that cardiac impairment occurs through morphological
changes in the cardiac musculature that then drives alterations in the
function of the cardiac system.

Further analysis through IPA into impacted toxicological functions
yielded results similar to those seen in the canonical pathway analysis.
It is important to note that IPA runs analysis on the human orthologs
of the DEGs identified in the RNA Seq data and therefore, the functional
analysis is based on human/mammalian functions. As such, a number of
functions identified in this analysis are repetitious – for example “Con-
genital heart disease” and “Familial congenital heart disease” were
both identified as functions impacted by the exposures (Fig. 4). Trends
generally follow those seen in canonical pathway analysis for functions
involving increases in cardiomyocyte proliferation, inhibited contractil-
ity, and increased hypertrophy across treatments, strengthening the
conclusion that cardiac impairment is driven by thickening of the
heart walls. Additionally, the functions most strongly impacted appear
to switch from activation states to inhibition states when going from a
single abiotic stressor to combined exposures with oil (i.e. “Congenital
heart disease”, Fig. 4). This corresponds well with results from the clus-
tering analysis that suggests that the presence of oil is the primary
driver of responses across treatments. Functionswithweaker responses
overall tended to bemore variable and did not exhibit clear reversals in
responses when co-exposed with oil (i.e. “Cell death of ventricular
myocytes”, Fig. 4). This suggests that there are complex interactions
driving the effects seen at the functional level and that co-exposure to
oil and an abiotic stressor may exacerbate effects seen in exposures to
an individual stressor. Interrogation into predicted diseases and bio
functions resulted in widescale activation with oil, hypoxia, and the
co-exposure of oil and hypoxia treatments eliciting themost cardiovas-
cular effects (Fig. 5), again suggesting that the presence of oil modulates
the responses seen across treatments. Processes involved in the devel-
opment of the vasculature were activated in all treatments involving
oil but reduced in the hypoxia only treatment. This response aligns
well with the “Inhibition of angiogenesis by TSP1” seen in the canonical
pathway analysis (Fig. 3). TSP1 (thrombospondin 1) is an angiogenesis
inhibitor that works by inducing endothelial cell apoptosis and is in-
duced under hypoxic conditions (Moulton and Folkman, 2004; Phelan
et al., 1998). It is therefore unsurprising that exposure to hypoxia re-
sulted in inhibition of development of vasculature and other
vasculogenesis/angiogenesis processes (Fig. 5). Processes involved in
blood pressure disorders were largely inhibited in all treatments involv-
ing oil, with a slight activation in the hypoxia only treatment. These re-
sults correlate well with effects seen in pathways involved in blood
pressure maintenance. Specifically, the inhibition of blood pressure dis-
orders in the combined oil and abiotic factor treatments (Fig. 5) align
with the activation of signaling pathways involved in blood pressure
maintenance (Aldosterone, Apelin, and Renin-Angiotensin, Fig. 3).
Along with evidence supporting changes in structural morphology of
the developing cardiac system, these results provide a holistic view of
the impacts of multiple stressors on the cardiovascular system. The
data suggests that processes regulating blood pressure maintenance
are increased in response to inhibited cardiovascular functionwhich ap-
pears to be driven by increased cardiomyocyte proliferation and re-
duced development of the systemic vasculature.

This study is one of thefirst to concomitantly examine the effects of oil
and environmental abiotic stressors through the lens of transcriptomic
changes related to cardiac development and function. Trends apparent
throughout the multiple levels of analysis in this study support pre-
vious findings regarding environmental influences on the cardiac
transcriptomes of early life history fish when exposed to a single
stressor (Carls et al., 2008; Claireaux et al., 1995; Farrell, 2007;
Incardona et al., 2009, 2011, 2014; Jayasundara et al., 2015; Keen
et al., 2017; Khursigara et al., 2017; Klaiman et al., 2011; Lin et al.,
1994; Randall and Smith, 1967). Work presented here expands that
knowledge to include trends apparent when fish are co-exposed to
oil and abiotic stressors. Overall, responses appear to be structured
through complex interactions and the transcriptomic responses to
binary exposures do not appear to be the additive result of responses
to two single exposures. The presence of oil in combination with
abiotic stressors impacted signaling pathways and cardiovascular
functions through changes in cardiomyocyte proliferation, cardiac
hypertrophy, alterations in contractility, and modulation of blood
pressure maintenance. Further, the development of systemic vascu-
lature appears to be heavily impacted by combined exposures of oil
and sub-optimal abiotic conditions. Predominant trends across all
levels of predictive downstream analysis suggests that cardiac
impairment due to co-exposure to oil and an abiotic stressor pre-
sents as cardiac hypertrophy driven by increased cardiac prolifera-
tion and results in reduced contractility and modulation of blood
pressure.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.142156.
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