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• UV radiation increased the toxicity of
crude oil in early life stages of Atlantic
cod.

• UV+ oil increased larval malformations,
including spinal curvature deformities.

• Photo-enhanced crude oil toxicity in-
duced oxidative stress related gene path-
ways.

• UV + oil also affected pathways such as
retinoid metabolism and circadian
rhythms.
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Photo-enhanced toxicity of crude oil is produced by exposure to ultraviolet (UV) radiation. Atlantic cod (Gadus
morhua) embryos were exposed to crude oil with and without UV radiation (290–400 nm) from 3 days post fer-
tilization (dpf) until 6 dpf. Embryos from the co-exposure experiment were continually exposed to UV radiation
until hatching at 11 dpf. Differences in body burden levels and cyp1a expression in cod embryos were observed
between the exposure regimes. High doses of crude oil produced increasedmortality in cod co-exposed embryos,
aswell as craniofacial malformations and heart deformities in larvae from both experiments. A higher number of
differentially expressed genes (DEGs) and pathways were revealed in the co-exposure experiment, indicating a
photo-enhanced effect of crude oil toxicity. Our results provide mechanistic insights into crude oil and photo-
enhanced crude oil toxicity, suggesting that UV radiation increases the toxicity of crude oil in early life stages
of Atlantic cod.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Exploration for petroleum resources off the coast of Lofoten,
Vesterålen, and Senja in Northern Norway has been proposed by the
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petroleum industry and the Norwegian government. These areas are
crucial spawning and nursery grounds for important commercial fish
species in the North Atlantic, including Northeast Arctic haddock
(Melanogrammus aeglefinus), Northeast Atlantic cod (Gadus morhua),
Northeast Arctic saithe (Pollachius virens) and Norwegian spring-
spawning herring (Clupea harengus) (Olsen et al., 2009). Crude oil is a
complex chemical mixture that contains thousands of different com-
pounds, and large oil spills are toxic to marine life and have long-term
effects on marine ecosystems (Barron et al., 2020). Petroleum explora-
tion in this area is therefore controversial as it may pose a threat to nu-
merous species at critical and sensitive developmental stages (Bjørkan
and Veland, 2019; Misund and Olsen, 2013).

The early life stages (ELS) of fish are especially vulnerable to oil pol-
lution and, in addition to acute mortality, numerous sublethal effects
have been reported, including alterations in heart development, forma-
tion of heart and yolk sac edema, and craniofacial and spinal deformities
(Carls et al., 1999; Cherr et al., 2017; Hodson, 2017; Incardona, 2017).
Polycyclic aromatic hydrocarbons (PAHs) are considered the most bio-
available compounds present in the water soluble fraction (WSF) of
crude oil and are therefore assumed to be the most toxic components
of an oil spill (Carls and Meador, 2009; Carls et al., 1999). Certain
PAHs are ligands for the ligand-activated transcription factor aryl hy-
drocarbon receptor (Ahr) (Denison and Nagy, 2003; Denison et al.,
2011). The Ahr signaling pathway mediates responses to xenobiotics
by regulating the transcription of enzymes involved in the biotransfor-
mation of exogenous compounds, including cytochrome P450 1A
(Cyp1a) (Denison et al., 2011; Nebert, 2017; Okey, 2007; Whitlock,
1999). Induction of cyp1a is commonly used as a biomarker for expo-
sure to PAHs and other environmental pollutants in fish (Celander,
2011; Goksøyr, 1995; Goksøyr and Förlin, 1992a; Nilsen et al., 1998;
Schlenk et al., 2008; Stegeman and Hahn, 1994).

Exposure to sunlight, specifically ultraviolet (UV) radiation, increases
the toxicity of petroleum more than 100-fold (Barron, 2017). Pelagic
fish embryos and larvae are transparent and often found close to the
water surface. It is therefore important to include photo-enhanced toxic-
ity in risk management of potential oil spills when considering effects on
pelagic fish embryos and larvae. Phototoxicity is linked to polyaromatic
compounds, mainly 3–5 ring PAHs, as well as their oxygen, sulfur, and
nitrogen analogs. These compounds absorb energy from UVB
(280–320 nm) and UVA (320–400 nm) radiation, resulting in excited
and reactive molecules (Arfsten et al., 1996; Barron, 2017). Photo-
enhanced toxicity can be produced through two mechanisms:
photomodification and photosensitization. Photomodification occurs
when crude oil compounds are chemically modified via photooxidation.
Photooxidationof crude oil inwatermay result in a chemicalmodification
of compounds,which in somecases ismore toxic (i.e. photomodification).
Photosensitization occurs when bioaccumulated compounds cause tissue
damage through photoexcitation within the animal, and it is believed to
be the dominant mechanism in photo-enhanced toxicity in fish embryos
and larvae (Barron, 2017). In photosensitization, bioaccumulated PAHs
absorb UV, and when the energy from an excited state is transferred to
oxygenmolecules (photoexcitation) it canpromote the formationof reac-
tive oxygen species (ROS) and free radicals, leading to a state of oxidative
stress (Barron, 2017; Roberts et al., 2017). Excess of ROS can lead to DNA
damage, degradation of protein and lipids, mitochondrial dysfunction, al-
terations in Ca2+ homeostasis, and subsequent mitochondria-dependent
apoptosis (Ermak and Davies, 2001; Görlach et al., 2015; Ott et al., 2007;
Simon et al., 2000).

Atlantic cod (Gadus morhua) has been used as a bioindicator species
in marine pollution monitoring programs and field studies, including
monitoring of the water column in relation to offshore oil production
in Norwegian waters (Beyer et al., 1996; Dale et al., 2019; Goksøyr
et al., 1994; Husøy et al., 1996; Hylland et al., 2008; OSPAR, 2010;
Sundt et al., 2012). Assessment of the effects of crude oil and oil related
compounds on the ELS of Atlantic cod in the context of an oil spill has
been a topic of interest (Goksøyr et al., 1991; Meier et al., 2010;
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Serigstad and Adoff, 1985; Sørensen et al., 2019, 2017; Tilseth et al.,
1984). Atlantic cod eggs are translucent and float near the surface
(Olsen et al., 2009), where they may be exposed to both crude oil and
UV radiation during an oil spill. Extraction of crude-oil in spawning
grounds of Atlantic cod and other fish increases the risk of ecological
consequences in the event of an oil spill, and thus toxicological studies
assessing the influence of phototoxicity are needed. The aim of this
study was to assess phenotypic traits and molecular mechanisms in-
volved in photo-enhanced toxicity of crude oil on the ELS of Atlantic
cod by investigating morphological effects and transcriptomic changes
in cod larvae and embryos, respectively, after embryonic exposure to
crude oil with and without the presence of UV radiation.

2. Material and methods

2.1. Fish

Atlantic cod (Gadusmorhua) were bred at the Institute ofMarine Re-
search (IMR) Austevoll Research Station. Fertilization of cod eggs was
conducted in vitro using eggs and sperm stripped from three female
fish and one male fish. Fertilized eggs were kept in egg incubators and
maintained at 7 ± 1 °C until the crude oil exposure began.

2.2. Crude oil and UV light exposure

Exposure tanks were 50 L and made of green polyethylene plastic.
Seawater flow was 32 L/h and the temperature of the seawater was
maintained at 7 ± 1 °C. There were two parallel experiments: one
with crude oil exposure without UV radiation, and another one with
crude oil exposure combined with UV radiation. Exposure started at
3 days post fertilization (dpf) during the gastrulation and continued
for 72 hours (h) until 6 dpf when the formation of the cardiac cone
prior to the tubular heart begins (Hall et al., 2004) (for experimental de-
sign see Fig. S1). We selected this exposure window to match previous
work (Sørhus et al., 2021). Cod have high background mortality during
the transfer between maternal and zygotic transcription (from blastula
to gastrula). We started exposures at 3 dpf to avoid including this high
natural mortality in all treatments. Embryos were then transferred to
new tanks with clean seawater. The UV radiation was continued in the
recovery tanks until hatching at 11 dpf. All incubation tanks were illu-
minated using two broad spectrum 2 × 36 W Osram Biolux 965 (Mu-
nich, Germany, www.osram.com) dimmable fluorescent light tubes
with 30 min smooth transitions between light and dark. The UV-
exposed tanks had an additional two 40 W Q-Panel fluorescent bulbs
(UVA-340 Q-Lab, Westlake, Ohio, USA; the UV irradiance is centered
at 340 nm) suspended beneath the standard white light fluorescents.
The Q-Panel lamps were aged for 100 h before the experiment began
to ensure that they had reached a stable spectral output.

Incubation tanks were parallel to the axis of the fluorescent bulbs,
resulting in slightly variable illumination between exposure tanks
(Fig. S2). This was mitigated using a combination of black polyethylene
sheets and aluminum foil, which shielded the non-UV-exposed tanks
while reflecting and homogenizing the UV irradiance delivered to the
UV-exposed tanks.

Irradiance was measured at several positions in each tank using an
Ocean Optics Flame-S spectrometer. The optic fiber and Teflon cosine
corrector were positioned vertically toward the light source 2–5 cm
above the water's surface. The spectrometer measures photon flux at
0.5 nm intervals. These values were integrated across the relevant
wavelength range (UV 280–400) to calculate the total spectral irradi-
ance. To achieve the targeted daily doses, the UV bulbs were individu-
ally positioned to deliver the level of irradiance-dose over the 12:12
light-dark cycle that was applied in the experiment. The UV signal was
not perfectly homogeneous over each tank (it dropped at the periph-
ery), but constant water flow and constant mixing of the eggs ensured
equivalent cumulative exposure over the course of the experiment.

http://www.osram.com
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The UV targeted daily doses (290–400 nm)was 600 kJm−2. The bulbs
delivered this amount of UV radiation over 12 h at an averageflux of 14±
2Wm−2. This value is representative of surface level irradiance at the be-
ginning of April in the Lofoten Archipelago (Fig. S3). The UV irradiance
levels used in this experiment were representative of worst-case scenar-
ios under contemporary conditions at the spawning grounds in Lofoten.
The target values were determined based on data from the ALOMAR ob-
servatory at Andenes (Andøya, Lofoten, 69°18′N) and the U.S. National
Science Foundation observatory at Barrow, Alaska (71°19′N), which are
located at similar latitudes (http://uv.biospherical.com/login/data_
overview.asp). The reference data is taken from NSF's monitoring net-
work station at Barrow, Alaska (71°N). These data are comparable to
the published meteorological data from Andøya (a scaled UV index).

The oil concentrations used were selected to mimic high oiling fol-
lowing amajor oil spill disaster. For comparison, the PAH concentrations
in close proximity to the Exxon Valdez and Deepwater Horizon oil spill
were 40 and 100 μg PAH/L, respectively, while the concentration in the
surroundings were 0.1–10 μg PAH/L (Boehm et al., 2016; Boehm et al.,
2007). Considering that PAHs make up about 1% of the crude oil
(Meador and Nahrgang, 2019), this corresponds to 1–100 μg oil/L.
Crude oil was obtained from SINTEF Materials and Chemistry (Trond-
heim, Norway) and originates from the Troll field in the North Sea. Be-
fore exposure, the crude oil was heated for about 2 h to 200 °C in
order to remove light and volatile substances present in crude oil, sim-
ilar to what would evaporate from the sea surface after 2–7 days at
around 10 °C air temperature (Nordtug et al., 2011). Crude oil and sea-
water were pumped together into the exposure tanks using a HPLC
pump (Pharmacia, LKB2150) with a flow of seawater of 180 mL/min.
Seawater with oil droplet concentration was 32 mg crude oil per L.
The exposure concentration in the tanks was regulated by a parallel
pipeline system with one line of clean seawater flow and the other
line containing the crude oil. The two pipelines were connected by a
three-way magnetic valve allowing water to be collected from both
lines. Different dilutionswere produced by controlling the relative sam-
pling time from the oil stock solution and clean water, respectively,
using a computer-controlled relay (MiniBee card and BeeStep soft-
ware). The flow rate through the tanks was 32 L/h. The experimental
setup consisted of a control group and five oil treatment groups: Control
(NC), Control + UV (UVC), 3 μg/L (N1/UV1), 13 μg/L (N2/UV2), 50 μg/L
(N3/UV3), 200 μg/L (N4/UV4), and600 μg/L (N5/UV5)with andwithout
co-exposure of UV radiation (denoted as N(1–5) and UV(1–5), respec-
tively). Embryos were snap-frozen in liquid nitrogen and kept at
−80 °C until the analyses were conducted.

2.3. Chemical analyses

One liter of water was collected from each exposure tank at the be-
ginning and end of the oil exposure window. Water samples were ex-
tracted with internal standards using liquid-liquid extraction with two
1 mL volumes of dichloromethane and dried with 0.2–0.4 g Na2SO4.
Extracts were reduced to 200 μL and solvent-exchanged into isooctane
before quantitation. For body burden samples, 50–100 eggs were
Table 1
Primers used for quantitative PCR (qPCR) analyses in Atlantic cod embryos.

Gene Accession number Forwa

ahr1aa MN329012 CAAGG
ahr2aa MN329013 ACAAA
cyp1aa ENSGMOG00000000318 CACCA
ahrrba ENSGMOG00000009114 GTGTC
cyp3a166b ENSGMOG00000007792 GCATA
cyp24a1 ENSGMOG00000010010 TCTTC
ef1aa ENSGMOG00000012005 CATCA
ubic EX735613 GGCCG

a (Aranguren-Abadía et al., 2020a, 2020b).
b (Eide et al., 2018).
c (Olsvik et al., 2008).

3

collected at the conclusion of the oil exposure window from each treat-
ment and replicate, and snap frozen in liquid nitrogen until extraction.
After the addition of internal standards, the sampleswere homogenized
and extracted as described previously (Sørensen et al., 2016b). Briefly,
samples were extracted twice using 3 mL of 1:1 n-hexane:dichloro-
methane and dried using 0.2–0.4 g Na2SO4. Samples were cleaned-up
using Chromabond SiOH solid phase extraction columns (3 mL,
500 mg, Machery-Nagel, Germany), and eluted with 9:1 n-hexane:di-
chloromethane (Sørensen et al., 2016a). Final extracts were reduced
to 50–100 μL before quantitation. Quantitative analyses of water and
body burden samples were performed on an Agilent 7890 gas chro-
matograph coupled to anAgilent 7010c triple quadrupolemass detector
(GC–MS/MS) as described in Sørensen et al. (2016b). The analytical
method includes 61 individual PAHs and 24 clusters representing
sums of alkylated PAHs (Tables S1 & S2).

Linear regressionswere used for modeling the relationship between
1) sumof PAH(ΣPAH) concentration inwater andΣPAH in bodyburden
samples, and 2)ΣPAH in body burden and cyp1a gene expression in em-
bryos and larvae. Statistical differences between experiments were
assessed by analyzing the interaction between the predictor variables
using ANOVA analyses in R v1.2.1335 software. Benchmark doses for
10% mortality were modelled and calculated using the PROASTweb
module, Version 70.1 (https://proastweb.rivm.nl).

2.4. Quantitative polymerase chain reaction analyses (qPCR)

Total RNAwas isolated from tenpooled samples of embryos fromeach
tank (n=3) at 6 dpf using the TRI Reagent® protocol (Sigma-Aldrich, St.
Louis. Missouri, United States) as outlined by (Chomczynski, 1993).
DNase treatment was applied using the Invitrogen TURBO DNA-free™
kit (Thermofisher, Massachusetts, United States) following the provider's
protocol. 500 ng of total RNA was reverse transcribed to cDNA using the
iScriptTM cDNA Synthesis Kit (Bio-Rad, California. USA) following the
provider's protocol. Quantitative real-time polymerase chain reaction
analyses (qPCR)were performed using a CFX96 Touch Real-Time PCRDe-
tection System (Bio-Rad, California. USA) as described in Aranguren-
Abadía et al. (2020a, 2020b). The reference genes elongation factor 1
alpha (ef1a) and ubiquitin (ubi), were used for normalization of gene ex-
pression in embryos. The normalization factor was calculated based on
the geometric mean using the geNorm software (Vandesompele et al.,
2002). The geNorm stability index M was below one for the reference
genes from both experiments. Relative expression of ahr1a, ahr2a, cyp1a,
ahrrb, cyp3a166 and cyp24a1 genes (Table 1) was analyzed on log trans-
formed fold-change data using a one way ANOVA and Dunnet's multiple
comparison tests in R v1.2.1335 software (Crawley, 2012).

2.5. RNA-seq analyses

RNA samples from NC, N4, N5, UVC, UV4 and UV5 groups at 6 dpf
were submitted for sequencing to theGenomics Core Facility at the Uni-
versity of Bergen, using the IlluminaHiSeq 4000platform (Illumina. Inc.,
San Diego, CA, USA). The final cDNA library was sequenced to generate
rd primer (5′-3′) Reverse primer (5′-3′)

GCGTCTCAAGTTCCTACAT CAGCACTATCTTCCCCTTTGCATCAC
CTGTCCGTGCTCCGACTTA TCCATTCGGGCCATTGTGCTTCT
GGAGATCAAGGACAAG GCAGGAAGGAGGAGTGACGGAA
CCCCACAACACAAGG GAGTGGAAGAGATTGCTCACCA
CAAACGAGGCTTTACC TGAGGGAGACATCTGTGGTG
AGCACAGCCAAGGT GTCGCGTACAGCTCCTTCTT
ACATCGTGGTCATT ATGGTTCTCTTGTCAATGC
CAAAGATGCAGAT CTGGGGCTCGACCTCAAGAGT

http://uv.biospherical.com/login/data_overview.asp
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50 million 75 bp paired-end reads per sample. The resulting data were
analyzed as described in Yadetie et al. (2018), using the RNA-Seq anal-
ysis workflow adapted from RASflow (Yadetie et al., 2018; Zhang and
Jonassen, 2020). The quality of the reads was checked using
FastQCv0.11.8 (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc). The reads of 18 high-quality sequenced samples in total (n =
3 per group), were aligned to the Atlantic cod (gadMor1) reference ge-
nome (gadMor1 from Ensembl, (Star et al., 2011)) using HISAT2 v2.1.0
(Kim et al., 2015; Kim et al., 2019). Reads were then counted using
featureCounts from Subread v1.6.4 (Liao et al., 2014). Only the genes
with expression levels over one count per million (cpm) in at least
one sample in the compared groups were kept. Normalization was per-
formed by Trimmed Mean of M values afterwards (Robinson and
Oshlack, 2010). Differential expression analysis was performed using
edgeR v3.26.0 (McCarthy et al., 2012). Genes with False Discovery
Rate (FDR) < 0.01 and a fold-change of expression (compared to con-
trols) of at least 2.0 were considered differentially expressed genes
(DEGs). Some individual genes involved in different physiological func-
tions that were not part of the enriched pathways (see below) were
identified manually from the DEGs lists.

2.6. Pathway analysis

Pathway analysis was performed as described in Yadetie et al. (2018).
Briefly, human or zebrafish orthologs of Atlantic cod geneswere retrieved
from the Ensembl database (ensembl.org). Pathway and network enrich-
ment tools and databases such as String (Szklarczyk et al., 2019),
Metascape (Zhou et al., 2019) and Enrichr (Chen et al., 2013; Kuleshov
et al., 2016) were used for functional analysis of DEGs.

2.7. Multivariate statistical analyses

Principal component analysis (PCA) and hierarchical clusteringwere
performed in Qlucore Omics Explorer (Qlucore Omics Explorer, Qlucore
AB, Lund, Sweden). RNA-Seq data (log2-transformed, normalized cpm
values) from control and exposed samples (total 18, n = 3 per group)
were used. Multi Group Comparison at FDR (q-value) < 0.05 was per-
formed for PCA and hierarchical clustering.

2.8. Imaging and video analyses

Videos of 3 days post hatching (dph) larvae were taken with an
Olympus SZX-10 Stereomicroscope equipped with a Moticam 1080
camera (Motic®, Richmond, BC, Canada). Larvae were immobilized in
3%methylcellulose and positioned on a thermally regulatedmicroscope
stage (Brook Industries, Illinois, United States) at 6 °C. Images and
twenty second-long live videos were digitized at 30 frames/s using the
Fig. 1. Gene expression and chemical analyses in 6 days post hatching (dpf) Atlantic cod (Gad
without UV radiation. A) cyp1a mRNA expression relative to concentration of ΣPAH in water
relatively to concentration ΣPAH in water and C) cyp1a mRNA expression relatively to body
performed in R v1.2.1335 software. Shaded areas represent confidence intervals.
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Motic Live Imaging Module. Length of jaw, ethmoid plate, fin fold and
ventricle diastolic (D) and systolic (S) areas were measured using
Image-J (Image-J 1.52t, National Institutes of Health, Bethesda, Mary-
land, USA) with the Object J plugin as described in Sørhus et al.
(2016). Ventricle fractional shortening (FS) was calculated as follows:
(Fractional Shortening = (Diastolic area(D) − Systolic area(S))/Dia-
stolic area(D)) (Sørhus et al., 2016). Differences in length of jaw eth-
moid plate, fin fold, D and S areas, and FS between control and
exposed samples were tested using one-way ANOVA and Dunnett's
multiple comparison tests in R v1.2.1335 software. Additionally, pres-
ence of spinal curvature deformities and silent heart were also assessed,
and differences were calculated using a chi-square test in R v1.2.1335.

3. Results

3.1. Water chemistry, body burden, gene expression, and mortality

Water chemistry, body burden and cyp1a expression were analyzed
in Atlantic cod 6 dpf embryos after 72 h of exposure to crude oil with
and without exposure to UV radiation (Fig. 1). In tanks with the same
nominal crude oil concentrations, we observed differences in measured
concentrations in the water between crude oil and crude oil with UV
treatments. Therefore, instead of directly comparing nominal
concentrations between the two light regimes, we compared
concentration-dependent responses among all the crude oil concentra-
tions used. Induction of cyp1a was used as a biomarker for PAH
exposure, and the effect ofΣPAHwater concentrationon cyp1a expression
was similar between both experiments (p= 0.18 interaction) (Fig. 1A).

Body burden concentrations generally increased in a concentration-
dependentmanner in embryos exposed to crude oil alone or with addi-
tional UV radiation (Fig. 1B). The highest body burden of measured
ΣPAH was observed in embryos treated only with crude oil, despite
the concentrations in water being lower when compared to water sam-
ples obtained from the oil with UV treatments. Notably, the body bur-
den was affected by the light regime, where the effect of ΣPAH water
concentration on ΣPAH body burden was stronger in the crude oil
only treatments, in comparison to the crude oil with UV treatments
(p < 0.001 interaction) (Fig. 1B). On the other hand, the effect of
ΣPAH body burden on cyp1a expression was stronger in embryos co-
exposed to crude oil with UV radiation (p< 0.001 interaction) (Fig. 1C).

The effect of ΣPAH water concentration on cyp1a expression was also
similar between experiments for both the 2- and 3-ring PAHs (Fig. S4A)
and 4+-ring PAHs (Fig. S5A). However, most of the 2- and 3-ring PAHs
bioaccumulated significantly more in the crude oil alone experiment
(p < 0.001 interaction) (Fig. S4B, Table S3) in comparison to 4+-ring
PAHs,whereΣPAHbody burden levelswere similar between experiments
(p = 0.12 interaction) (Fig. S5B, Table S3). No individual PAH parent
us morhua) embryos after 72 h of exposure to different crude oil concentrations with and
was used as a biomarker of exposure. B) Body burden of measured ΣPAH accumulation
burden of measured ΣPAH levels. Linear regression models and ANOVA analyses were

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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Fig. 2. Acute mortality of Atlantic cod (Gadus morhua) embryos after crude oil exposure
with or without UV radiation. Proportion of dead eggs was measured in 6 days post
fertilization (dpf) Atlantic cod embryos after 72 h of exposure. Embryos were exposed
to different crude oil concentrations with and without UV radiation as indicated. Logistic
regressions were performed using generalized linear models in R v1.2.1335 software.
Differences between experiments were assessed with ANOVA analyses. Shaded areas
represent confidence intervals.

Fig. 3. Phenotypic analyses of Atlantic cod (Gadusmorhua) larvae. A)NC and B–F) crude oil expo
larvae 3 dph. Scale bars represent 100 μm. cm: craniofacial malformation, sc: spinal curvature.
200 μg/L (N4/UV4), and 600 μg/L (N5/UV5). Crude oil concentrations are nominal.
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compound, or the different alkylated PAH clusters, bioaccumulated more
in the presence of UV (Table S3). However, differences in cyp1a expression
between experiments were observed in both individual 2- and 3-ring
PAHs (p < 0.001 interaction) (Fig. S4C) and 4+-ring PAHs (p < 0.001 in-
teraction) (Fig. S5C), where the effect of ΣPAH body burden on cyp1a ex-
pression was stronger in the crude oil with UV treatments.

Acute mortality was detected in both experiments with increasing
concentrations of measured ΣPAH in water (Fig. 2). Higher mortality
was observed in embryos co-exposed to crude oil and UV radiation at
the higher crude oil concentrations used. The benchmark dose
(BMD10) for the crude oil experiment was between 4.4 and 4.6 μg/L
∑PAH (derived from 3models). The BMD10 for the co-exposure exper-
iment was between 4.02 and 4.15 μg/L∑PAH (derived from 2models).
The light regime did not enhance the overall toxic effect of ΣPAH pres-
ent in water (p = 0.76 interaction), since the proportion of dead eggs
was similar between experiments at the lower doses (Fig. 2).

3.2. Analyses of phenotypic traits

Morphological effects were clearly visible in 3 dph cod larvae ex-
posed to crude oil with and without UV radiation at the highest doses
(N5 and UV5) (Fig. 3). Notably, craniofacial malformations were pre-
dominant, and the ethmoid plate and jaw length were significantly
sed larvae 3 days post hatching (dph), G)UVC and I–L) crude oil with UV radiation exposed
Control (NC), Control + UV (UVC), 3 μg/L (N1/UV1), 13 μg/L (N2/UV2), 50 μg/L (N3/UV3),



Table 2
Phenotype analyses in Atlantic cod (Gadus morhua) 3 days post hatching (dph) larvae. Differences in ethmoid plate, jaw and fin fold length, and spinal curvature between exposed larvae
and its respective control weremeasuredusing one-wayANOVA andDunnett'smultiple comparisons tests in R v1.2.1335 software. Presence of spinal curvaturewas calculatedusing a chi-
square test. Statistical differences are indicated with *(p ≤ 0.05), **(p ≤ 0.01) or ***(p ≤ 0.001).

Treatment Nominal crude oil concentrations Ethmoid plate (μm) Jaw length (μm) Fin fold (mm) Spinal curvature (%)

NC 0 μg/L 123 ± 18 374 ± 29 3.5 ± 0.9 0
N1 3 μg/L 121 ± 19 365 ± 22 3.4 ± 1.1 0
N2 13 μg/L 128 ± 19 358 ± 28 3.2 ± 0.8 0
N3 50 μg/L 116 ± 14 337 ± 52* 2.6 ± 0.8** 0
N4 200 μg/L 111 ± 14* 302 ± 36*** 3.1 ± 1.0 0
N5 600 μg/L 93 ± 26*** 295 ± 50*** 2.8 ± 0.9* 6
UVC 0 μg/L + UV 118 ± 18 366 ± 32 3.5 ± 2.6 17
UV1 3 μg/L 120 ± 17 347 ± 30 3.7 ± 0.8 17
UV2 13 μg/L 119 ± 15 347 ± 39 3.9 ± 1.1 10
UV3 50 μg/L 123 ± 18 337 ± 27* 3.4 ± 1.2 33**
UV4 200 μg/L 112 ± 16 358 ± 27 2.5 ± 0.6* 35**
UV5 600 μg/L 110 ± 17 304 ± 36*** 1.8 ± 0.6*** 69***

Table 4
Summary of the different phenotypic outcomes and enriched pathways results. Table A)
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shortened (N5 and UV5) (Table 2). Malformations were also observed
in the head and mouth from N4 larvae, and there was also a significant
shortening of the ethmoid plate and jaw length (Tables 2 & 4). Deformi-
ties in spinal curvaturewere in general present in the larvae co-exposed
to UV radiation (UV1–5), including larvae from the control group (UVC)
(Tables 2 & 4). However, significantly increased andmore severe defor-
mities were observed in larvae exposed to the three highest crude oil
concentrations with UV, i.e. groups UV5 (69%), UV4 (35%) and UV3
(33%) (Fig. 3J, K, L) (Table 2), where a scoliosis phenotype was predom-
inant in UV5 larvae (Fig. 3L). The fin fold area was significantly reduced
in larvae from N5, N3, UV5 and UV4 groups, indicating pronounced ef-
fects on thefin formation (Tables 2 & 4). Somedeformitieswere also ob-
served at the lowest crude oil concentrations, where significantly
shortened jaw length was evident in larvae from both the N3 and UV3
groups (Table 2).

Larvae from both experiments showed heart deformities at the
highest crude oil concentrations (N5 and UV5), including significantly
decreased diastolic (D) and systolic (S) area of the ventricle, as well as
ventricular fractional shortening (FS) (Tables 3 & 4). The proportion of
individuals with a silent ventricle was also significantly higher in larvae
from these groups (N5 = 47% and UV5 = 30%) (Tables 3 & 4). Larvae
from the N4 group also had a significantly smaller S area and higher
FS, whereas therewas only a decrease in the diastolic area in UV4 larvae
(Tables 3 & 4). There were also significant changes at the low crude oil
concentrations, where FS was higher in larvae from N2 and UV1 groups
compared to the control groups (Table 3).
Table 3
Cardiac analyses in Atlantic cod (Gadusmorhua) 3 days post hatching (dph) larvae. Differ-
ences in ventricle diastolic area, ventricle systolic area and ventricular fractional shorten-
ing between exposed larvae and its respective control were measured and statistically
compared using one-way ANOVA and Dunnett's multiple comparisons tests. Differences
in silent ventricle were assessed using a chi-square test tests in R v1.2.1335 software. Sta-
tistical differences are indicated with *(p ≤ 0.05), **(p ≤ 0.01) or ***(p ≤ 0.001).

Treatment Nominal crude
oil
concentrations

Ventricle
diastolic
area (mm2)

Ventricle
systolic
area (mm2)

Silent
ventricle
(%)

Ventricular
fractional
shortening (%)

NC 0 μg/L 7.0 ± 1.2 5.6 ± 0.8 7 18.8
N1 3 μg/L 6.7 ± 1.1 5.1 ± 0.9* 7 28.4
N2 13 μg/L 7.0 ± 1.1 5.2 ± 0.8 0 24.2*
N3 50 μg/L 7.0 ± 11.7 5.3 ± 0.9 0 23.1
N4 200 μg/L 6.5 ± 1.0 4.7 ± 0.6*** 3 26.1**
N5 600 μg/L 4.9 ± 1.3*** 4.3 ± 0.8*** 47*** 10***
UVC 0 μg/L + UV 6.8 ± 1.3 5.5 ± 1.1 10 18.9
UV1 3 μg/L 6.5 ± 1.3 4.8 ± 1** 10 25.8*
UV2 13 μg/L 7.2 ± 1.0 5.6 ± 0.7 3* 22
UV3 50 μg/L 6.3 ± 0.9 5.0 ± 0.7 10 21.3
UV4 200 μg/L 6.0 ± 0.9** 5.0 ± 0.7 7 16.7
UV5 600 μg/L 4.7 ± 0.8*** 4.1 ± 0.6*** 30*** 11.2**
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3.3. Transcriptomic responses in exposed Atlantic cod embryos

3.3.1. Differentially expressed genes (DEGs)
RNA-seq analyses were performed to reveal alterations in gene ex-

pression in cod embryos exposed to crude oil alone, or crude oil com-
bined with UV radiation using a factorial design in edgeR (McCarthy
et al., 2012). The number of DEGs with a fold-change of at least 2 (ex-
pression ratio ≥ 2 for up-regulated, expression ratio ≤ 0.5 for down reg-
ulated, and an FDR < 0.01) was 413 and 116 in the N5 and N4 crude oil
exposed groups, respectively (Fig. 4A, Tables S4–S5). In comparison,
1452 and 279 DEGs were identified in the UV5 and UV4 crude oil ex-
posed groups with UV radiation, respectively (Fig. 4B, Tables S6–S7).
The co-exposure of oil with additional UV radiation resulted in a higher
number of DEGs compared to crude oil exposure alone. Both the N4 and
UV4 exposed groups shared the majority (over 85%) of the DEGs with
their corresponding groups exposed to the highest crude oil concentra-
tion (N5 and UV5), demonstrating a strong dose-response trend in the
datasets (Fig. 4A & B). About one-third of the DEGs in the groups treated
solely with crude oil are shared with the groups co-exposed to UV radi-
ation (Fig. 4C & D). Only 70 DEGs were identified in the UV-only (UVC
versus NC) treatment group, most of which were shared with the UV5
group (Fig. S6, Table S9).
shows observed phenotypes in embryos exposed to crude oil with and without UV radia-
tion. Table B) shows enriched pathways in the transcriptome of embryos exposed to crude
oil with and without UV radiation, and those found in the interaction analysis. “X” indi-
cates presence of a result. Crude oil: N4 (200 μg/L), N5 (600 μg/L); Crude oil + UV:UV4
(200 μg/L + UV), UV5 (600 μg/L + UV) groups.

A)

Phenotype N4 N5 UV4 UV5

Ethmoid plate x x
Jaw x x x
Ventricle size x x x x
Ventricle contraction x x x
Silent ventricle x x
Fin fold x x x
Spinal curvature x x
Increased mortality x x

B)

Pathway N4 N5 UV4 UV5 Interaction

Muscle contraction x x
Ahr signaling pathway x x x x
Circadian rhythm x x x
Oxidative stress x x x
Tryptophan metabolism x x x
Vitamin A and D pathways x x x



Fig. 4. Venn diagrams comparing differentially expressed genes (DEGs) in Atlantic cod
(Gadus morhua) embryos in the different treatment groups (A–D). At least 2 fold-
changes and FDR < 0.01 were used as a cutoff for DEGs from Atlantic cod 6 days post
fertilization (dpf) embryos exposed to the different treatments as indicated. Crude oil:
N4 (200 μg/L), N5 (600 μg/L); Crude oil + UV: UV4 (200 μg/L + UV), UV5
(600 μg/L + UV). Crude oil concentrations are nominal.

Fig. 5. Principal component analysis (A) and two-way hierarchical clustering (B) of RNA-seq d
million (cpm) of RNA-seq data from Atlantic cod 6 days post fertilization (dpf) embryos ex
(ANOVA) at FDR q-value < 0.05 (Qlucore Omics Explorer). Only the top 50 genes discriminat
The full list of the 318 genes in the hierarchical cluster analysis is shown in Supplementary Fig
with blue and yellow ends indicating lowest and highest expression levels, respectively. Cru
UV4 (200 μg/L + UV), UV5 (600 μg/L + UV). Crude oil concentrations are nominal. (For inter
version of this article.)
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3.3.2. Principal component analysis (PCA) and hierarchical clustering
Principal component analysis (PCA) and hierarchical clustering anal-

yses were performed with log2-transfomed counts per million (cpm)
values of all genes as input. Filtering was performed based on ANOVA
(FDR q-value < 0.05) that resulted in 318 genes discriminating the
groups as shown in the PCAand the heatmapobtained fromhierarchical
cluster analysis (Figs. 5, S7). The heatmap shows distinct expression
profiles dominated by upregulation of several genes in the co-
treatment groups (UV4 and UV5) (Figs. S7–8). Many of the upregulated
genes are light responsive genes involved in circadian rhythm, DNA re-
pair, and mitochondrial iron metabolism (Fig. S9). Fig. 5 shows hierar-
chical clustering and PCA analyses based on a subset of genes (the top
50 most significant). The different exposure groups are well separated
in the PCA according to their exposure regime, including the two sepa-
rate control groups (Fig. 5A). The Ahr target genes cyp1a, cyp1c2 and
ahrrb were up-regulated in all exposed groups independent of the
light regime (Fig. 5B, Tables S4–S7). Most of the top 50 genes were
up-regulated only in embryos from the UV5 and UV4 groups, such as
per2 and cry1a (circadian regulation), ddb2 (DNA repair and response
to UV), and ghdc (glucose metabolism) (Fig. 5B, Tables S6–S7).

3.3.3. Analysis of interaction effect
There was a lower number of DEGs in the N4 and UV4 groups in

comparison to N5 and UV5, which received the highest concentration
ata from Atlantic cod (Gadus morhua) embryos. Log2-transformed normalized counts per
posed to the different treatments (as indicated) was used in Multi Group Comparison
ing the groups are shown in the PCA (A) and in the hierarchical clustering heatmap (B).
s. S7 & S8. Relative gene expression levels are shown by the color scale bar (bottom left),
de oil: NC (control), N4 (200 μg/L), N5 (600 μg/L); Crude oil + UV:UV (Control + UV),
pretation of the references to color in this figure legend, the reader is referred to the web
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of crude oil (Fig. 4A & B). Therefore, we conducted the oil and UV inter-
action effect analysis only on the N5 and UV5 groups. We conducted a
statistical test to investigate the interaction between the crude oil and
UV radiation treatments using a full factorial design (highest crude oil
concentration ∗ UV radiation) and factorial ANOVA analyses. We used
edgeR v3.26.0 (McCarthy et al., 2012) to test the interaction between
high crude oil concentration and UV radiation with the design formula:
~oil ∗ UV (equal to ~oil + UV+ oil:UV, where oil has two levels: “con-
trol” and “high”, and uv also has two levels: “no” and “yes”). The
genes with FDR < 0.0001 were considered significant, and a total of
907 DEGs were affected by the interaction effect with this cutoff
(Table S8). Most of the genes identified as up-regulated in the co-
exposure groups (UV4 andUV5) are also a subset of the genes identified
in the interaction effect analysis (Figs. 5B and S8–9).

3.3.4. Pathway analyses
Pathway enrichment analyses were performed separately on DEGs

identified from either the crude oil groups (N5 + N4) (Tables S4–S5),
the combined crude oil and UV treatment groups (UV5 + UV4)
(Tables S6–S7), and on DEGs affected by the interaction effect of crude
Table 5
Selected gene responses in 6 days post fertilization (dpf) Atlantic cod emb
ulated (yellow) and downregulated (blue) genes and associated pathwa
groups and interaction analyses DEGs lists. The physiological role the enr

Function/(Pathway) ZF ID Crude oil

Crude oil

+ UV

Heart muscle 
contraction

(muscular 

contraction)

cacna1aa,b,c

ryr3a,b,c

tnnc2
myh7bb

Heart cells 

proliferation

(muscular 
contraction)

myl7d,e,f

Heart cells 

differentiation
(muscular 

contraction)

myh6d,e,f

bmp2bg

Craniofacial 
development

foxq1ah

dlx4i

pax9j

Nrf2 pathway

(oxidative stress)

nfe2l2a
keap1b
prdx1
gsr
gclc
gclm

gsta.1

gstt1a
gstr
gstz1

Mitochondrial 

calcium transport
(oxidative stress)

vdac2l,m

vdac3 l,m

hspa9 l,m

Ahr pathwayn

ahr2a
cyp1a
ahrrb

Vitamin D pathwayo
cyp24a1
cyp2r1

a(Brette et al., 2014), b(Brette et al., 2017), c(Incardona, 2017), d(Berdou
(Reiter et al., 2001), h(Planchart and Mattingly, 2010), i(Coffin Talbot e
et al., 2015), m(Honrath et al., 2017), n(Aranguren-Abadía et al., 2020a), o
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oil and UV radiation (Table S8). The pathway analysis results summa-
rized in this section are presented in Tables S10–S12 and Fig. S10. Ahr
signalingpathwaygenes such as cyp1a are the top induced genes shared
between crude oil and combination treatments (Fig. 5B). The top path-
ways affected in the crude-oil treatment group appear to be largely re-
lated to Ahr signaling, muscular contraction and vasoconstriction
(Fig. S10, Table S10). The Ahr signaling pathway is also shared with
the co-exposed groups (Fig. S10, Tables 4–5, Table S11). Longer lists of
pathways were significantly affected in UV5 treatment group and by
the interaction effect, compared to the N5 treatment group. The major-
ity of the pathways are common between the UV5 group and interac-
tion effect analysis (Fig. S10, Tables 4 & 5, Tables S11–S12). The crude
oil treatment shared fewer pathways with the UV5 group and interac-
tion effect analysis (Fig. S10, Tables 4 & 5, Tables S10–S12). In the UVC
group, enrichment of some metabolic and light response related path-
ways, as well as tryptophan metabolism pathway were observed and
were shared mostly with the combination treatment (Figs. S10 & S11,
Table S13). Many of the pathways affected in the co-exposed groups
and detected in the interaction effect analysis are dominated by path-
ways related to circadian rhythm and oxidative stress responses
ryos after exposure to crude oil with or without UV radiation. Upreg-
ys from crude oil exposed N5 (600 μg/L) and UV5 (600 μg/L + UV)
iched pathway is associated to is indicated in parentheses.

Interaction Zfin annotation

L-type Ca2+ channels (Ltcc) alpha 1sa 

Ryanodine receptor 3

Troponin C type 2

Myosin heavy chain 7b

Myosin light chain 7

Myosin heavy chain 6

Bone morphogenetic protein 2b

Forkhead box Q1a

Distal-less homeobox 4a

Paired box 9a

Nuclear factor erythroid 2a

Kelch-like ECH-associated protein 1b

Peroxiredoxin 1

Glutathione reductase

Glutamate-cysteine ligase, catalytic subunit

Glutamate-cysteine ligase, modifier subunit

Glutathione S-transferase, alpha tandem 

duplicate 1

Glutathione S-transferase theta 1a

Glutathione S-transferase rho

Glutathione S-transferase zeta 1

Voltage-dependent anion channel 2

Voltage-dependent anion channel 3

Heat shock protein 9

Aryl hydrocarbon receptor 2a

Cytochrome P450, family 1, subfamily A

Aryl hydrocarbon receptor repressor b

Cytochrome P450, family 24, subfamily A

Cytochrome P450, family 2, subfamily R

go et al., 2003), e(Glickman and Yelon, 2002), f(Yelon et al., 1999), g

t al., 2010), j(Swartz et al., 2011), k(Kensler et al., 2007), l(Görlach
(Lock et al., 2010).
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(Tables 4–5, Fig. S10, Tables S11–S12). The retinol/vitamin A pathway
was also enriched in the co-exposed groups and in interaction analysis.
Thus, the general pattern appears to be Ahr signaling and development
related pathways that were shared between crude oil and co-exposed
groups, while several oxidative stress related pathways dominate in
the combined treatment groups, largely attributed to interaction effects
(Fig. S10). The list of oxidative stress related GO biological processes
that were affected in a coordinated manner in the combination treat-
ment include reactive oxygen species metabolic process, protein fold-
ing, iron‑sulfur cluster assembly, heme biosynthetic process and sulfur
amino acid metabolic process (Fig. S10, Table S11). These processes
are populated by overlapping list of genes encoding proteins involved
in oxidative stress responses such as enzymes in the Nrf2 signaling
pathway (e.g. GCLM, GSTA3, GSTT2, HSP90AA1), chaperones, heatshock
proteins, and anti-oxidant enzymes (Tables 4–5, Table S11). Other pro-
cesses affected in the combination treatment are related to mitochon-
dria structure and function and energy metabolism (Tables 4 & 5,
Fig. S10, Table S11).

3.3.5. Quantitative polymerase chain reaction (qPCR) analyses
Differential expression of ahr1a, ahr2a, cyp1a, ahrrb, cyp3a166 and

cyp24a1 in embryos from all groups from both experiments was also
assessed with quantitative polymerase chain reaction (qPCR) analyses
(Fig. 6). qPCR results confirmed RNA-seq data, with only a few excep-
tions. Induction of ahr2a and cyp3a166 expression was found in UV4
and UV5, respectively, but this was not revealed in the RNA-seq data.
Notably, qPCR data showed gene induction in the lower crude oil con-
centrations from both experiments, which was not assessed with
RNA-seq. Significant up-regulation of ahr1a was only observed in the
experiment with crude oil alone (Fig. 6A, B) with the lowest concentra-
tion used (N1) (Fig. 6A), while ahr2a inductionwas observed at the low-
est concentrations from both experiments (N1, N2, UV1 and UV2)
(Fig. 6C, D). In general, concentration-response trends in the expression
levels of theAhr target genes cyp1a and ahrrbwere observed in embryos
exposed to crude oil alone and theUV co-exposure experiments (Fig. 6E,
F, G, H). Expression of cyp3a166wasmore predominant in the crude oil
only exposure (N1 and N2) in comparison to co-exposure with UV radi-
ation (UV2) (Fig. 6I, J). Significant induction of cyp24a1was detected in
the co-exposure experiment (UV5) (Fig. 6K, L).

4. Discussion

Chemical analyses, acutemortality, gene expression, and phenotypic
traits were different between the exposure regimes. Embryos exposed
to crude oil with UV radiation had lower ΣPAH body burden levels,
but cyp1a expression response relative toΣPAHbody burdenwas stron-
ger in embryos from this experiment, which may be an indication of
photomodification of absorbed PAHs. At the higher doses, mortality
was higher in embryos co-exposed to crude oil and UV radiation.
Some adverse outcomes, such as heart and craniofacial malformations,
were observed in exposed larvae independent of the light regime. How-
ever other endpoints, such as spinal curvature deformities, were pre-
dominant and more severe in larvae co-exposed to crude oil and UV
radiation, especially at the highest concentrations used. These pheno-
typic changes correlated well with the results from transcriptome anal-
ysis, as described in detail below.

Transcriptome analysis revealed differential effects in the crude oil
and co-exposed groups with UV radiation. Genes and pathways related
tomany of the observed developmentalmalformationswere affected in
both crude oil and co-exposure treatments groups, consistent with the
observed phenotypic outcomes in the two groups. Compared to the
only crude oil treatment, the combined treatment also modulated a
much larger number of genes and pathways, of which a significant por-
tion are related to oxidative stress. The higher number of affected path-
ways related to toxic stress responses in the co-exposure groups may
explain the increased severity of phenotypic alterations and increased
9

mortality. Interaction effect analyses of crude oil and UV radiation con-
firmed that the majority of the pathways affected in the co-exposed
groups were due to the photo-enhanced effect of crude oil toxicity.

4.1. Chemical analyses and cyp1a as a biomarker for crude oil exposure

Embryos from crude oil and crude oilwithUV radiation exposure ex-
periments were dosed similarly with crude oil. This is demonstrated
using cyp1a as a biomarker of exposure, where the degree of cyp1a ex-
pression relative to measured ΣPAH in water was similar between ex-
periments. Cyp1a is important for the biotransformation of PAHs in
fish, and induction of cyp1a expression is commonly used as a sensitive
biomarker of crude oil exposure (Goksøyr and Förlin, 1992b; Holth
et al., 2014; Sørensen et al., 2017; Stegeman and Lech, 1991).

Photodegradation of PAHs in water induced by UV radiation is well
known (Bertilsson and Widenfalk, 2002). However, the pronounced
cyp1a gene expression responses in cod embryos suggests that co-
exposure with UV radiation did not appreciably photodegrade the
PAHs dissolved in the water in the 50 L flow-through tanks, which
was replaced at a rate of 32 L/min with a residence time of 1.5 h. Fur-
thermore, chemical analyses demonstrated that there were not consis-
tent differences in dosing between delivered and nominal ΣPAH
concentrations between experiments. We attribute small deviations in
delivered crude oil concentrations to the oil droplet dosing system
and pump.

The effect ofΣPAHwater concentration on ΣPAHbody burden levels
suggests that accumulation of PAHs was lower in embryos exposed to
crude oil with UV radiation. Analogously, accumulated PAHs (body
burden) caused a stronger cyp1a response in the presence of UV
radiation. These observations may indicate that absorbed PAHs were
photomodified into new oxygen-containing and more polar molecules
after they had been absorbed into the embryos (Maki et al., 2001; Ray
et al., 2014; Schemeth et al., 2019; Yu, 2002). Although not included
in this work, measurements of body burden of photoproducts (ketones,
carboxcylic acids, and hydroxylated PAHs) would most likely be higher
in embryos from the crude oil with UV radiation experiment. PAHs dis-
solved in water were only exposed to UV radiation quickly before the
waterwas replaced in the flow-through system. In contrast, PAHs inside
the embryos are sequestered longer under UV radiation and are more
likely to be photomodified. Furthermore, when looking into the differ-
ent groups of PAHs separately, 2- and 3-ring PAHs accumulated to a
larger extent in embryos from the crude oil alone experiment. The
PAHs present in crude oils are usually predominantly 2- and 3-ring
(Bence et al., 1996; Carls et al., 1999). Even though these PAHs are
poor cyp1a inducers (Incardona, 2017), they are more readily
photomodified (Ankley et al., 1997; Arfsten et al., 1996; Wernersson,
2003). Notably, we have recently shown that hydroxylated phenan-
threne and chrysenes, including 1,2-dihydrophenanthrene-1,2-diol
and chrysene-1-ol, chrysene-2-ol, chrysene-3-ol, and chrysene-4-ol,
act as potent cod Ahr agonists in vitro, while their unsubstituted parent
compounds are not able to activate the cod Ahrs (Lille-Langøy et al. sub-
mitted).We hypothesize that PAHsmay be photomodified in twoways;
either PAHs induce cyp1a and are then photomodified, or possibly, PAHs
are photomodified into compounds that induce cyp1a to a similar de-
gree, such as oxygen-substituted PAHs (Wincent et al., 2015; Wincent
et al., 2016).

4.2. Cardiac and craniofacial alterations

Exposure of cod embryos took place during heart morphogenesis.
Myocardial and endocardial cells differentiate and begin to fuse and
form the cardiac cone at 6 dpf (Hall et al., 2004). Cod larvae exposed
to high crude oil concentrations (N4 and N5 groups) demonstrated
reduced ventricle size and heart contraction, along with an increased
number of individuals with silent ventricles. Cardiac dysfunction
was also observed in larvae co-exposed to the highest crude oil
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concentration with UV radiation (UV5 group), in addition to a decrease
in ventricle size andheart contraction. Developmental cardiotoxicity is a
common effect of crude oil exposure, and similar cardiac phenotypes
have been observed in the ELS of several other fish species (Carls
et al., 1999; Colavecchia et al., 2006; Colavecchia et al., 2004;
Incardona, 2017; Marty et al., 1997; Perrichon et al., 2018; Pollino and
Holdway, 2002; Sørhus et al., 2016). Shortened ethmoid plate and jaw
length were also visible phenotypic outcomes induced by crude oil in
larvae from the N4 and N5 groups. Similar phenotypic outcomes were
also present in UV5 cod larvae, where reduced jaw length and fin fold
area was observed. Craniofacial abnormalities are often associated
with cardiac dysfunction, and are a secondary response to the cardiac
failure produced by crude oil and TCDD (Incardona et al., 2004;
Lanham et al., 2014).

4.3. Muscle contraction pathway

RNA-seq data combined with gene enrichment analyses revealed
enriched pathways in muscle contraction and vasoconstriction in em-
bryos exposed to crude oil alone (N4 and N5 groups). This is in accor-
dance with other studies reporting altered cardiac muscular
contraction in developing fish exposed to crude oil, produced largely
by tricyclic PAHs in an Ahr-independent manner (Brette et al., 2014,
2017; Incardona, 2017; Sørhus et al., 2016). Abnormal myocardial cell
contractions in developingfish are produced by alterations in intracellu-
lar calcium homeostasis affecting calcium transport between the sarco-
plasmic/endoplasmic reticulum (SR/ER) and the muscular filaments
(ibid.). Genes with important roles in calcium homeostasis and muscu-
lar formation in cardiomyocyteswere also upregulated in embryos from
the N5 group (Table 5, Table S5). On the other hand, downregulation of
some genes involved in myocyte differentiation and proliferation, and
in jaw formation were only found in co-exposed embryos from the
UV5 group (Table 5, Table S7). Upregulation of the forkhead box Q1a
(foxq1a) gene, previously found upregulated in the ELS of Atlantic had-
dock after crude oil exposure (Sørhus et al., 2017), was also observed in
embryos from N4, N5, UV4 and UV5 groups (Table 5, Tables S4–S7).
Planchart and Mattingly, 2010 reported upregulation of the paralogous
gene foxq1b in the branchial arches of zebrafish after TCDD exposure
and associated its expression with the observed craniofacial abnormal-
ities. The Ahr signaling pathway was also enriched in N4, N5, UV4 and
UV5 embryos, and Ahr-dependent cardiotoxicity is produced by
some PAHs present in crude oil exposure (Cunha et al., 2020;
Incardona, 2017). cyp1a and ahrrb, were upregulated in the N4, N5,
UV4 and UV5 groups, while ahr2a expression was induced in N5,
UV4 and UV5 groups. In addition, cyp3a166 was highly upregulated
in embryos from N4 and N5, and slightly in UV5 embryos. Expression
of the orthologous gene cyp3a65 is modulated by Ahr2 in zebrafish
(Chang et al., 2013; Kubota et al., 2015; Tseng et al., 2005), and
zebrafish cyp3 genes appear to be regulated by both pregnane X re-
ceptor (Pxr) and Ahr2 (Kubota et al., 2015). Furthermore, in Atlantic
cod, which lacks a Pxr-encoding gene, Ahr is suggested to have
evolved a compensatory role in regulating cyp3a166 expression
(Eide et al., 2018). PAHs present in crude oil modulate the Ahr signal-
ing pathway in developing cardiomyocytes of fish, producing defects
in cardiac morphogenesis (Clark et al., 2010; Incardona et al., 2006;
Incardona et al., 2011; Scott et al., 2011; Van Tiem and Di Giulio,
2011). Our results indicate a cardiotoxic effect of crude oil alone on
cardiomyocyte muscle contraction that affects heart morphogenesis
in developing cod. However, this effect is different when compared
to the combined crude oil with UV radiation exposure, where UV
Fig. 6. Quantitative polymerase chain reaction analyses (qPCR) of selected genes (A-L) in Atla
cyp24a1 was measured in Atlantic cod embryos 6 days post fertilization (dpf). Pool of 10 e
during laboratory analysis. The data is presented as normalized log fold change values (points
between control and the different crude oil concentrations were assessed using a one-way AN
significance is indicated with *(p < 0.05), **(p < 0.01) or ***(p < 0.001).
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may have affected myocardial cells differentiation and proliferation,
as suggested by downregulation of genes involved in these pro-
cesses. The craniofacial malformations observed in exposed cod lar-
vae may be a secondary response to the heart abnormalities
detected in cod larvae from both experiments (Incardona et al.,
2004; Lanham et al., 2014).

4.4. Photo-enhanced effect of crude oil on cod embryos

Photo-enhanced toxicity of crude oil (resulting from interaction of
crude-oil and UV) was clearly visible in co-exposed embryos at the
high concentrations (UV4 and UV5), indicated by higher mortality and
increased abundance of spinal curvature deformities, where scoliosis
was the main deformity observed. Spinal deformities were also ob-
served in co-exposed embryos fromUV3 group, but therewas no visible
sign of photo-enhanced crude oil toxicity at the lower concentrations.
The lethal BMD10 is estimated to correspond to approximately ~4 μg/L
∑PAH, which is similar to earlier observation of oil toxicity in cod
(Sørensen et al., 2017). Photo-enhanced toxicity has been reported in
the ELS of a number of different fish species, as well as juvenile fish ex-
posed to crude oil and PAHswith UV radiation (Alloy et al., 2016; Barron
et al., 2003; Barron et al., 2005; Barron et al., 2018; Diamond et al., 2006;
Farwell et al., 2006; Hatlen et al., 2010; Incardona et al., 2012; Little
et al., 2000). In marine ecosystems, exposure to UVB is considered a
major environmental stressor to pelagic marine fish eggs and larvae.
Studies assessing the effect of UVB exposure have reported increased
mortality in a variety of fish species (Zagarese and Williamson, 2001),
including Atlantic cod (Béland et al., 1999; Kouwenberg et al., 1999;
Lesser et al., 2001), where exposure to solar UVB radiation causes DNA
damage in cod larvae (Browman and Vetter, 2002). Importantly, spinal
abnormalities and failure in formation of body axis during development
are associated with the photo-enhanced toxicity of crude oil and PAHs
on ELS of fish (Barron et al., 2003; Diamond et al., 2006; Farwell et al.,
2006). Spinal abnormalities during development were also detected in
UV-exposed zebrafish larvae (Torres Nuñez et al., 2012) and UVA-
exposed medaka (Oryzias latipes) and African sharptooth catfish
(Clarias gariepinus) embryos, where curvature of the notochordwas ob-
served (Mahmoud et al., 2009; Sayed and Mitani, 2016). Hence, the
photo-enhanced effect of crude oil may lead to increased mortality
and decreased growth and survival in nature as a result of spinal curva-
ture deformities.

RNA-seq analysis revealed a higher number of DEGs in embryos co-
exposed to crude oil andUV radiation (UV4andUV5 groups) in compar-
ison to embryos treated with only crude oil (N4 and N5). Several of the
enriched pathways found in embryos from the UV4 and UV5 groups
were also enriched in interaction analyses assessing the effect of the
UV co-treatment on gene expression, indicating a photo-enhanced ef-
fect of crude oil. Circadian rhythm, oxidative stress and pathways re-
lated to mitochondrial function, the Nrf2 signaling pathway,
tryptophan metabolism and retinoid metabolism were among these
pathways and are discussed in more detail below.

4.4.1. Circadian rhythm pathway
Network analyses of up-regulated transcripts showed genes in-

volved in circadian rhythm and DNA repair (Weger et al., 2011) in em-
bryos from UV4 and UV5 groups, and some of them are related to the
light responsive circadian rhythm pathway. Some of the light response
pathways present in UV5 were also enriched in the UVC group. The cir-
cadian clock is regulated by light and controls physiological changes
during the day-night cycle in most organisms (Reppert and Weaver,
ntic cod (Gadus morhua) embryos. Expression of ahr1a, ahr2a, cyp1a, ahrrb, cyp3a166 and
mbryos (n = 3) were collected from each tank, but some samples were compromised
) and mean (cross). Statistical differences in log transformed fold change transcript levels
OVA and Dunnet's multiple comparison tests in R v1.2.1335 software. Level of statistical
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2001). Induction of genes regulating circadian rhythm and DNA repair
in embryos co-exposed to UV radiation is not surprising and is consis-
tent with previous reports assessing genes and mechanisms involved
in light regulation (Reppert and Weaver, 2001; Weger et al., 2011).

4.4.2. Oxidative stress
Many ROS-activated oxidative stress-related processes dominated

the top pathways affected by photo-enhanced toxicity of crude-oil, as
revealed by the interaction effect detected through transcriptome anal-
ysis.Mitochondrial iron dependent pathways, such as iron‑sulfur cluster
and heme synthesis (Horowitz and Greenamyre, 2011; Xu et al., 2013)
were also affected as revealed in network analyses from UV4 and UV5
embryos. Additionally, some genes of themitochondrial iron dependent
pathways were part of the respiratory chain and ferroptosis pathways.
Enrichment of the different mitochondrial pathways may suggest mito-
chondrial dysfunction in embryos from UV4 and UV5 groups, which is
linked to impairment in mitochondrial respiration and subsequent
shut-down of ATP production and mitochondria-dependent apoptosis
(Ott et al., 2007; Simon et al., 2000). ROS are known to causemitochon-
drial dysfunction by damaging important enzymes in the respiratory
chain (Ott et al., 2007) or by affecting mitochondrial Ca2+ homeostasis
(Ermak and Davies, 2001; Görlach et al., 2015). For instance, the disrup-
tion of Ca2+ balance between the sarcoplasmic/endoplasmic reticulum
(SR/ER) and mitochondria has been described as an oxidative stress
mechanism causing neuronal dysfunction and death in neurodegenera-
tive diseases (Görlach et al., 2015; Guo et al., 2013). Another sign of mi-
tochondrial dysfunction is the enrichment of the glycolysis and
gluconeogenesis pathway in the N4 and N5 embryos. Upregulation of
glycolysis is a compensatorymechanism that partially replaces ATP pro-
duction when there is a mitochondrial dysfunction in an anaerobic
manner (Lemasters et al., 1999). Ferroptosis pathwaywas also enriched
in inUV4 andUV5embryos, further indicating the existence of oxidative
stress. Ferroptosis is an iron-dependent type of cell death driven by glu-
tathione depletion, and subsequent production of lipid peroxides, ROS,
and increase in intracellular Ca2+ levels (Lewerenz et al., 2018; Yang
and Stockwell, 2016). Furthermore, important genes for mitochondrial
Ca2+ transport were part of the ferroptosis pathway and up-regulated
in co-exposed embryos from the UV5 group (Table 5). Mitochondrial
dysfunction and apoptosis has also been associated with ROS produc-
tion and oxidative stress in ELS of zebrafish (Danio rerio) (Jiang et al.,
2019; Pan et al., 2018; Zhao et al., 2016) and fathead minnow
(Pimephales promelas) (He et al., 2012) after exposure to environmental
chemicals.

Activation of the Ahr pathway may have also contributed to an in-
creased state of oxidative stress in embryos from UV4 and UV5 groups,
since it has been demonstrated that AHR can induce production of ROS
and oxidative stress by up-regulating the production of CYP enzymes
(Dalton et al., 2002; Nebert et al., 2000). This mechanism is considered
an important underlying cause of dioxin-induced toxicity and oxidative
stress (Stohs, 1990). Recently, a role for AHR in modulating mitochon-
drial function has been described, where AHR disruption contributes
to mitochondrial ROS production and mitochondrial dysfunction
(Carreira et al., 2015; Senft et al., 2002; Tappenden et al., 2011).

Antioxidant responseswere also observed in embryos fromUV4 and
UV5 groups, as suggested by the significant enrichment of the Nrf2
pathway. Upregulation of several genes involved in antioxidant re-
sponses was found in co-exposed embryos from the UV5 group
(Table 5). Nrf2 has amajor role inmaintaining the redox cell homeosta-
sis by mediating transcription of antioxidant enzymes, as well as pro-
teins participating in detoxification of xenobiotics, such as glutathione
S-transferases (GSTs) (Kensler et al., 2007; Nguyen et al., 2003; Ma,
2015). Antioxidant responsesmediated by theNrf2 pathway are impor-
tant in skin for protection fromUV radiation (Knatko et al., 2015;Marrot
et al., 2007). The Nrf2 signaling pathway also mediates antioxidant re-
sponses infish,where cellular oxidative stress responses elicited by cad-
mium exposure are Nrf2-mediated in zebrafish and in Jian carp
12
(Cyprinus carpio) (Jiang et al., 2014; Wang and Gallagher, 2013). As re-
ported in our study, Olsvik et al. observed an upregulation of different
gst genes in cod larvae exposed to crude oil (Olsvik et al., 2010). More-
over, activation of the Ahr pathway might have also contributed to in-
duction of antioxidant responses in embryos from UV4 and UV5
groups. A bidirectional cross-talk between AHR and Nrf2 appears to
exist at the genetic level (Hayes et al., 2009; Miao et al., 2005; Shin
et al., 2007), and it has proven to be necessary for induction of conjugat-
ing enzymes in mice exposed in vivo to TCDD (Yeager et al., 2009).

Even though gene regulation related to oxidative stress was ob-
served in co-exposed embryos from UV4 and UV5 groups, oxidative
stress may have also been induced in the N4 and N5 crude oil exposed
groups through the Ahr pathway-mediated production of ROS. The
state of increased oxidative stress may have led to cell death in the spi-
nal cord and thus could be linked to the spinal curvature deformities ob-
served in co-exposed cod larvae.

Our results are consistent with the well-studied mechanism of
photoenhanced toxicity of PAHs in crude-oil through increased oxida-
tive stress in aquatic organisms (Barron, 2017). PAH compounds excited
by UV-radiation can transfer electrons to molecular oxygen and gener-
ate ROS (Barron, 2017; Barron et al., 2003). Increased ROS and reactive
intermediates of photo-modified PAHs can reactwith cellularmolecules
causing DNA damage, lipid peroxidation and protein denaturation that
increase cellular stress and damage (Yin et al., 2008). These increased
oxidative stress processes have wide ranging consequences for cellular
metabolism and survival and may explain many of the effects observed
in the combined crude-oil and UV exposed larvae.

4.4.3. Tryptophan metabolism pathway
The tryptophanmetabolismpathwaywas enriched in embryos from

UVC, UV4 and UV5 groups. Tryptophan is a chromophore for UV light,
and many of its photoproducts are endogenous AHR ligands (Denison
and Nagy, 2003; Nguyen and Bradfield, 2008), including formylindolo
[3, 2-b] carbazole (FICZ), which is one of the most potent AHR-ligand
tryptophan derivatives. Induction of theAHR-mediated stress responses
toUVB via transcriptional induction of cyp1a has been confirmed in vivo
using AHR knockout mice (Fritsche et al., 2007). However, induction of
the Ahr target gene cyp1a was not observed in embryos from the UVC
group. On the other hand, cyp1a is a part of the tryptophan-enriched
pathway revealed inUV4,UV5, and interaction analysis groups, suggest-
ing a role of the Ahr signaling pathway inmediatingUV responses in co-
exposed cod embryos. Moreover, activation of the Ahr signaling path-
way by FICZ occurs in zebrafish and cod with transcriptional induction
of cyp1a (Aranguren-Abadía et al., 2020b; Jönsson et al., 2009).

4.4.4. Retinoid metabolism and vitamin D pathways
Pathway analysis suggested effects on retinol/vitamin Ametabolism

and signaling in co-exposed embryos from the UV4 and UV5 groups.
Vitamin A and its metabolites are commonly referred to as retinoids.
During embryogenesis, retinoids control a range of key events such as
limb patterning, craniofacial and eye development (Ross et al., 2000).
Disruption of retinoid metabolism and signaling have previously been
observed in haddock following crude oil exposure during the embryo-
nal and larval stages (Lie et al., 2019). Changes in gene expression and
levels of key retinoids, were believed to be connected to the eye abnor-
malities observed in the same study. In the present study, the largest ef-
fects on vitamin Ametabolismwere observed in embryos from the UV5
group. Several of the genes related to vitamin A signaling previously re-
ported to be affected by crude oil alone in haddock (rdh10, rdh12, rarb,
cyp3a and rpe6), were also found in interaction analysis in the present
study. The teratogenic properties of disrupted vitamin A metabolism
cause developmental abnormalities in both fish and mammals
(Colbert, 2002; Haga et al., 2002; Isken et al., 2008; Le et al., 2012; Lie
et al., 2016), and the disruption of vitamin A signaling pathway could
have contributed to the detrimental effects observed on co-exposed
cod larvae from the UV4 and UV5 groups.
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Disruption of vitamin A signaling has been observed following expo-
sure to a range of chemicals (Beníšek et al., 2008; Novák et al., 2008). Al-
though the mechanisms are largely unclear and might vary depending
on the properties of the individual contaminants, it has been hypothe-
sized that increased Cyp induction leads to increased clearance of reti-
noids causing disruption of retinoid signaling in fish (Berntssen et al.,
2015; Berntssen et al., 2016). Induction of the Ahr signaling pathway
and cyp1a gene levels were similar between N4, N5, UV4, and UV5
groups, so a role of the Ahr in mediating the disruptions observed in
the vitamin A pathway is not clear. Other molecular mechanisms possi-
bly mediated by the photomodified PAHs formed after UV radiation ex-
posure may explain alterations in the vitamin A pathway.

The vitamin D receptor (Vdr) target genes cyp2r1 and cyp24a1, in-
volved in the formation and clearance of the active form of vitamin D
(calcitriol), respectively, were upregulated in co-exposed embryos
from the UV5 group (Table 5, Table S7). Mammals synthesize vitamin
D through UV-mediated photochemical conversion in the skin. Fish
also have this ability, although this transformation is not likely to
occur under natural conditions (Lock et al., 2010; Pierens and Fraser,
2015). Calcitriol is an important regulator of Ca2+ homeostasis and
bone formation in fish (Lock et al., 2010; Sundell and Björnsson, 1990;
Sundell et al., 1993). The CYP24A1 enzyme degrades andmodulates ex-
cess calcitriol (Dzik and Kaczor, 2019; Jones et al., 2012), so an overex-
pression of cyp24a1may have led to vitamin D deficiency, affecting both
Ca2+ homeostasis and bone formation in co-exposed cod larvae from
the UV5 group.

Effects of environmental pollutants on modulating the Vdr signaling
pathway have not been extensively studied in fish, but a cross-talk be-
tween AHR and VDR has been observed in human monocyte/
macrophage-derived cells (Makishima, 2014; Matsunawa et al., 2012).
AHR activation by benzo[a]pyrene enhanced calcitriol-dependent acti-
vation of VDR and induction of Cyp24a1, leading to inactivation of
calcitriol, but the exact molecular mechanism responsible of this
cross-talk is yet not known (Makishima, 2014; Matsunawa et al.,
2009). Moreover, calcitriol enhanced benzo[a]pyrene-induced tran-
scription of Cyp1a1 through activation of VDR in different human cell
lines, indicating a possible role of VDR in benzo[a]pyrene-mediated tox-
icity (Makishima, 2014;Matsunawa et al., 2012). In Atlantic cod, in vitro
studies with Vdra and Vdrb have shown that some PAHs can interact
with these receptors and modulate their activities (Goksøyr et al.,
2021). Possible photooxidized PAHs may have induced the Vdr signal-
ing pathway in co-exposed embryos from the UV5 group.

5. Conclusion

This study has provided insights into the mechanisms underlying
developmental effects of crude oil in Atlantic cod. The study also pro-
vides important data on phenotypic outcomes and the underlying
transcriptomic changes produced by the photo-enhanced toxicity of
crude oil on ELS of Atlantic cod. Increased toxicity of crude oil in the
presence of UV radiation was observed and may be the result of differ-
ent mechanisms, such as enhanced oxidative stress. Our results are rel-
evant to risk assessments that evaluate the putative effects of an oil spill
on the ELS of Atlantic cod and the possible impact on cod stocks in im-
portant spawning areas.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.150697.
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