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• Co-exposure with oil and UV decreased
acute LC50 by 60 %.

• Acute embryotoxicity was seen after onset
of heart beat and only in the co-exposure.

• Very low oil levels (5–30 μg oil/L) in com-
bination with UV led to sublethal defects.

• UV radiation degraded the outer mem-
brane of Atlantic haddock eggs.
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Crude oil causes severe abnormalities in developing fish. Photomodification of constituents in crude oil increases its
toxicity several fold. We report on the effect of crude oil, in combination with ultraviolet (UV) radiation, on Atlantic
haddock (Melanogrammus aeglefinus) embryos. Accumulation of crude oil on the eggshell makes haddock embryos par-
ticularly susceptible to exposure. At high latitudes, they can be exposed to UV radiation many hours a day. Haddock
embryos were exposed to crude oil (5–300 μg oil/L nominal loading concentrations) for three days in the presence
and absence of UV radiation (290–400 nm). UV radiation partly degraded the eggs' outer membrane resulting in
less accumulation of oil droplets in the treatment with highest oil concentration (300 μg oil/L). The co-exposure treat-
ments resulted in acute toxicity, manifested by massive tissue necrosis and subsequent mortality, reducing LC50 at
hatching stage by 60 % to 0.24 μg totPAH/L compared to 0.62 μg totPAH/L in crude oil only. In the treatment with
nominal low oil concentrations (5–30 μg oil/L), only co-exposure to UV led to sublethal morphological heart defects.
Including phototoxicity as a parameter in risk assessments of accidental oil spills is recommended.
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1. Introduction

Crude oil is a complex mixture of thousands of different components.
The toxicity of several of them, especially heterocycles and specific 3–5-
ring polycyclic aromatic hydrocarbons, is increased by exposure to ultravi-
olet radiation (UV photoenhancement) (Barron, 2017; Roberts et al., 2017).
Photoenhanced toxicity by chemical modification via photooxidation is re-
ferred to as photomodification, while photoexcitation within the animal is
referred to as photosensitization (Barron, 2017). The early life stages of
some fishes are translucent and, therefore, highly susceptible to photoexci-
tation of bioaccumulated photoexcitable residues. Photosensitization inside
the organism creates free radicals including reactive oxygen species or
other reactive products (Barron, 2017). An overload of free radicals triggers
cellular dysfunction, lipid peroxidation, DNAmutagenesis and other oxida-
tive stress pathways, leading to cell death and mortality (Barron, 2017;
Takimoto and Kass, 2007). Exposure to crude oil in the presence of solar ul-
traviolet radiation (UV) exacerbates effects on embryogenesis (Barron,
2017; Sweet et al., 2017).

Accidental oil spills in the critical spawning habitats of fish are a recur-
ring global problem (Allan et al., 2012; Ji et al., 2011; Peterson et al., 2003).
Increased energy demand has resulted in increased oil extraction activity
and proposals for increased activities in Arctic areas. This includes areas
around the Lofoten Islands, in the Norwegian Arctic and in the Barents
Sea (Misund and Olsen, 2013; Solsvik, 2022). These regions are especially
vulnerable since they have a simple food web structure that is dependent
on fewer key species compared to temperate areas making themmore sen-
sitive to anthropogenic impacts (Brown, 2014). Such regions are also im-
portant spawning and nursery grounds for several commercially
important species of marine fish (Olsen et al., 2010). UV radiation is high
in Arctic areas during spring and summer with 10–24 h of daylight in Lofo-
ten islands (Date, 2021), with 600 kJ/m doses of 290–400 nm (Aranguren-
Abadía et al., 2021). In addition, some of these regions arewithin the Arctic
ozone hole area (Manney et al., 2011), further increasing UV radiation
levels.

The main spawning area for Atlantic haddock (Melanogrammus
aeglefinus) is near the Lofoten islands (Olsen et al., 2010). Haddock embryos
have an extra outermembrane towhich oil droplets adhere (Sørensen et al.,
2017; Sørhus et al., 2021a; Sørhus et al., 2017; Sørhus et al., 2016), a char-
acteristic that has also been observed in polar cod (Boreogadus saida)
(Laurel et al., 2019), but not observed in other gadoids (Hansen et al.,
2018; Morrison et al., 1999; Oppen-Berntsen et al., 1990). This trait results
in an increased uptake into the haddock embryo that makes them approxi-
mately 10 times more sensitive to crude oil exposure than their close rela-
tive, the Atlantic cod (Gadus morhua) (Sørensen et al., 2017). Haddock
embryos are pelagic (floating near the surface) (Solemdal et al., 1997)
and the spawning season occurs in March/April when the number of
hours of daylight exceeds ten. In that context, haddock are likely to be ex-
posed to UV-radiation in large periods of their embryonic stage. The objec-
tive of this study was to evaluate the impact that co-exposure to crude oil
and UV radiation has on haddock early development and survival.

2. Material and methods

2.1. Animal collection, management and exposure setup

A broodstock of Atlantic haddock was kept at the Austevoll Research
Station of the Institute of Marine Research, Norway. Fertilized eggs were
collected from the outflow of the broodstock tanks and kept in incubators
at 8 ± 2 °C at a salinity of 34 ‰ before transfer to exposure tanks
(~6000 eggs per tank, 72,000 eggs in total). The intake of sea water to
the Austevoll Research Station is at 160 m depth and has a capacity of
10,000 L/min.

Exposure was performed following the methods described in
Aranguren-Abadía et al. (2021). Howevermedium and high concentrations
were reduced by 50 % due to the high sensitivity of haddock embryos to
crude oil. In short, seawater flow in 50 L green plastic tanks (one tank per
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treatment)was 32 L/h and the temperature of the seawater wasmaintained
at 8 ± 2 °C at a salinity of 34 ‰. The crude oil used in the study was ob-
tained from SINTEF Materials and Chemistry (Trondheim, Norway) and
originates from the Troll field in the North Sea. Before exposure, the
crude oil was heated for about 2 h at 200 °C to remove light and volatile
substances present in crude oil, similar to what would evaporate from the
sea surface after 2–7 days at around 10 °C air temperature. Doing this re-
sulted in a more environmentally relevant exposure (Nordtug et al.,
2011). Preparation of oil inwater dispersion and exposure regimewas iden-
tical to previous experiments (Sørhus et al., 2016). The exposure system
and the generation and delivery of oil droplets is described in detail by
Nordtug et al. (2011). In brief, the crude oil was pumped into the dispersion
system using a HPLC pump (LC-20 AD, Shimadzu) with a flow of 0.01 mL/
min combined into a 180 mL/min flow of seawater. This system generates
oil dispersion with oil droplets in the low μm size range at a nominal oil
load of 46 mg/mL (stock solution). A parallel pipeline system consisting
of one line of flowing seawater and one line containing the stock solution
regulated the amount of oil dispersion that entered each tank. The two pipe-
lines were connected by a 3-way magnetic valve allowing collection of
water from both lines. Different dilutions were produced by controlling
the relative sampling time from the oil stock solution and clean water, re-
spectively, using a computer-controlled relay (MiniBee card and BeeStep
software).

Two experiments were conducted simultaneously: i) one with crude oil
exposure without UV light (oil-noUV) and ii) another onewith crude oil ex-
posure combinedwith UV light exposure (oil-UV). The concentrations of oil
applied in this study were intended to recreate those found in a real-life ex-
posure scenario. For example, in the Deepwater Horizon oil spill, PAH con-
centrations were around 100 μg PAH/L close to the wellhead, while levels
in surrounding areas (up to 20 km from thewellhead) had concentrations of
0.1–10 μg PAH/L (Boehm et al., 2016). Considering that PAHs make up
about 1.6 % of the crude oil (Hansen et al., 2019; Meador and Nahrgang,
2019), 0.1–10 μg PAH/L corresponds to approximately 6–600 μg oil/L.
Nominal crude oil concentrationswere therefore set to: 5 μg oil/L (Low con-
centration 1; L1), 10 μg oil/L (Low concentration 2; L2), 30 μg oil/L (Low
concentration 3; L3), 100 μg oil/L (Medium concentration; M), 100 μg
oil/L filtered (Medium concentration water soluble fraction; M-oil-WSF)
and 300 μg oil/L (High concentration; H). In addition, we had two tanks
with no oil (0 μg oil/L)—one without UV (C-noUV) and one with UV (C-
UV) (Fig. 1). Although we aimed for the same nominal concentrations in
the crude oil vs UV co-exposed treatments, in the low concentrations (L1,
L2, and L3), the time of valve opening was very short (few seconds), creat-
ing variability in the amount of oil entering the tank. Therefore, the concen-
tration of oil in the water of those treatments was sampled daily throughout
the exposure period (Dataset S1). Exposure started at 3 days post fertiliza-
tion (dpf) from early gastrulation and lasted for 72 h (h) until 6 dpf,
when the formation of the cardiac cone prior to the tubular heart begins
(Fridgeirsson, 1978; Hall et al., 2004). After exposure, all surviving em-
bryos were transferred to new 50 L tanks (one tank per treatment) with
clean seawater using meshed cylinders. The UV light exposure (12 h
light/dark) continued until the termination of experiment at 3 days post
hatch (dph). All incubation tanks were illuminated using two 40W fluores-
cent lamps. The UV-exposed tanks had two additional 40 W Q-Panel fluo-
rescent bulbs (UVA-340 Q-Lab, Westlake, Ohio, USA; the UV irradiance is
centered at 340 nm) suspended beneath the standard white light fluores-
cents. To ensure a stable spectral output in the UV-exposure, the Q-Panel
lamps were aged for 100 h before the experiment began. The target values
for the UV radiation were determined based on data from the ALOMAR ob-
servatory at Andenes (Andøya, Lofoten, 69°18′N) and the U.S. National Sci-
ence Foundation observatory at Barrow, Alaska (71°19′N), which are
located at similar latitudes (http://uv.biospherical.com/login/data_
overview.asp). The targeted daily doses of UV (290–400) were 600 kJ/m.
The bulbs delivered this amount of UV radiation over a 12-hour period
(12 h light/12 h dark) at an average flux of 14 ± W/m. Details regarding
measuring the UV-exposure and illumination are presented in Aranguren-
Abadía et al. (2021).

http://uv.biospherical.com/login/data_overview.asp
http://uv.biospherical.com/login/data_overview.asp
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Mortality in the various treatments was calculated shortly after 100 %
hatch. Non-linear regressions for mortality vs log concentration (ng
totPAH/L) and mortality vs tissue content (bodyburden) (μg totPAH/kg)
were calculated using PrismGraph (Prism9, version 9.3.1). In addition,
benchmark doses (BMD) for 10 % and 50 % mortality were modelled and
calculated using the PROASTweb module, Version 70.1. The model fit
was evaluated by Akaike information criterion (AIC) and Extract Log-
likelihood (Loglik) in the software.

2.2. Analytical chemistry

One liter of water was collected from each exposure tank at 24 h post
exposure start (hpes), 48 hpes and 72 hpes. Water was preserved with
HCl (pH< 2) and stored at 4 °C in the dark until further handling (no longer
than 6 weeks). Procedures were executed as described in Sørensen et al.
(2017). In short, the water samples were extracted twice by partitioning
to dichloromethane. The extracts were then combined and concentrated
for analysis by GC–MS/MS. Prior to extraction deuterated internal stan-
dards (naphthalene-d8, biphenyl-d8, acenaphthylene-d8, anthracene-d10,
pyrene-d10, perylene-d12 and indeno[1,2,3-c,d]perylene-d12) were
added to account for analyte loss during extraction. Measured 2–5 ring
PAH compounds included 61 individual PAHs and 24 clusters representing
sums of alkylated PAHs.

Three pooled samples per treatment of 50–100 embryos were col-
lected at 24, 48, 72 and 96 hpes to detect changes in tissue uptake of
PAHs. Images of each sample pool were acquired to establish the exact
number of embryos that were used for normalization after analysis. Em-
bryos were rinsed several times in clean sea water before flash freezing
in liquid nitrogen. Extraction of tissue samples was performed by solid-
liquid extraction followed by solid phase clean up before analysis on an
Agilent 7890 gas chromatograph coupled to an Agilent 7010c triple
quadrupole mass detector.
Fig. 1. Experimental design. A) The oil exposure Atlantic haddock started at 3 dpf (0 h
termination of the experiment at 3 dph. Large camera symbol: Imaging of 30 individ
videos from the treatments. Hpes; hours post exposure start. B) Exposure (UV and oil) c
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The weathered Troll oil in the present study was diluted, measured and
found to contain 1.6 % PAHs, by weight (Hansen et al., 2019). The PAHs
and alkylated homologues remain one of the few groups of oil compounds
for which reliable and sensitive analytical methods for detection in relevant
environmental matrices (e.g. water, sediments, biota) exist (Magi and Di
Carro, 2018; Sørensen et al., 2016; Wu et al., 2019). The content of PAHs
in crude oil correlates with toxicity in developing fish (Adams et al.,
2014; Carls and Meador, 2009; Sørhus et al., 2021a). Therefore, PAH con-
centration is used as a proxy for crude oil exposure in this study.

2.3. Morphological and functional measurements

Un-anaesthetized larvae were immobilized in 3 % methylcellulose/97
% seawater and positioned on a thermally regulated microscope stage
(Brook Industries, Lake Villa, IL) at 8 °C. Digital images were taken using
a Moticam 1080 camera (Motic®, Richmond, BC, Canada) mounted on
Olympus SZX10 stereomicroscope. Images were collected at 24, 48, 72,
96 and 120 hpes for medium concentrations and control, and at the end
of exposure (72 hpes) and at 3 dph for all treatments and concentrations
(Fig. 1). In addition, a few videos representing the general observations of
abnormalities seen during image capturing in the various treatments were
collected at 120 hpes. Cardiac morphology was obtained from 20-s videos
captured at 3 dph. Due to indications of sampling related induced stress
in all treatments, cardiofunctional data (contractility and heart rate) from
the video analysis was not conducted because it would not have been an ac-
curate reflection of treatment-induced effects.

Morphometry data (myotome length (μm), eye to front (μm), jaw length
(μm) and eye, body and yolk area (μm2)) from the 3 dph larval imageswere
acquired by automatedmachine learning techniques (Kvæstad et al., 2022).
All images were quality checked manually after completion of automated
analysis. Ventricular areas (mm2) were acquired from the videos and proc-
essed using imageJ software version 1.50 h (Schneider et al., 2012). Spinal,
pes) and ended at 6 dpf (72 hpes). UV exposure started at 3 dpf and ended at the
uals per treatment. Small camera and video symbols: representative images and
onditions applied in the experiment; there was one 50 L tank per treatment.
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craniofacial and eye abnormalities were categorized (see detailed pheno-
types in Fig. S1). Four spinal phenotypes were classified (Fig. S1A–D): Nor-
mal, hunched, arched and curved spines. Craniofacial phenotypes were
grouped intofive categories based on severity (Fig. S1E–I): Bulldog with re-
duced upper jaw, Jaw Breaker with posteriorly displaced jaws, Darth Vader
with reduced upper and hanging lower jaws andHunchbackwith severe re-
duction of all jaw structures. Three eye shape phenotypes were described
(Fig. S1J-M): normal, bend shape (one indent) irregular shape and protrud-
ing lens. Analyses of control and treatment groups were performed blind.

2.4. Electron microscopy

Eggs were collected for scanning electron microscopy at 24 and 72 hpes
from all concentrations and controls. Eggs were fixed in a Karnovsky's fixa-
tive (mixture of glutaraldehyde and formaldehyde), washed in PIPES
buffer, dehydrated in a graded series of ethanol (15 min in each of the fol-
lowing concentrations: 30 %, 50 %, 70 %, 90 %, 96 %, and 100 %, repeat-
ing 100 % four times), before critical point drying (CPD 030, Bal-Tec,
Germany) and Au-Pd coating using a Polaron Sputter Coater (SC7640,
UK). Eggshell membranes were examined and photographed with a Zeiss
EVO 50 EP scanning electron microscope.

2.5. Analysis of gene expression changes

Embryos were collected for RNA extraction at 24, 48, 72, 96 hpes from
medium concentrations and control, and at 72 hpes (i.e., at the end of expo-
sure) for all treatments (Fig. 1). Between 10 and 15 embryos were frozen in
liquid nitrogen after imaging. See Text S1 in Supporting Information for de-
tails regarding extraction.

Specific Atlantic haddock primers and probes for RT-qPCR analysis
were designed with Primer Express software (Applied Biosystems, Carls-
bad, California, USA) (cyp1a, gstp1 and the technical reference Elongation
factor 1 alpha (ef1a)) or Integrated DNA Technology probe and primer de-
sign software (IDT Inc., Iowa, USA) (cyp1b, cyp1c, bmp10 and technical ref-
erence Retinoic acid receptor RXR beta A (rxrba)), according to the
manufacturer's guidelines. Sequences and additional details regarding RT-
qPCR are given in Table S1 and Text S1. Changes in gene expression were
calculated relative to the control values in the first sampling point using
the ΔΔΔCt method (by generation of reference residuals from ef1a and
rxrba) as described in detail in Edmunds et al., 2014.

2.6. Statistics

Statistical differences between treatments in PAH water concentration,
PAH tissue uptake, changes in gene expression and morphology were tested
using one-way ANOVA with Dunnett's and Tukey-Kramers multiple
comparisons using R (The R Foundation for Statistical Computing Platform
(packages: carData, multcomp)) after testing for normality using Shapiro-
Wilk test in R. PAH concentration inwater and tissue and changes in gene ex-
pression data were log-transformed before statistical testing due to large dif-
ferences in concentrations and thus large standard deviation. In spinal,
craniofacial and eye phenotypes, statistical differences between treatments
and control (without UV) (C-noUV) were evaluated using chi-square test.

2.7. Ethics statement

All sampled embryos and yolk sac larvae were euthanized in liquid ni-
trogen immediately after imaging. The Austevoll Aquaculture Research sta-
tion has the following permission for collecting and maintaining adult
Atlantic haddock: H-AV 77, H-AV 78 and H-AV 79. The permits are issued
by the Norwegian Directorate of Fisheries. No approval is necessary to per-
form studies with fish embryos and yolk sac larvae (prior to exogenous
feeding). Nevertheless, the Austevoll Aquaculture Research station has a
permit to operate as a Research Animal facility using all developmental
stages of fish, with code 93 from the national Institutional Animal Care
and Use Committee; National Animal Rights Association.
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3. Results and discussion

3.1. Concentration of PAH in water and tissue and cyp1a expression changes

The exposure system delivered oil exposures consisting of oil
microdroplets and the water soluble fraction to the oil-noUV and oil-UV
treatments. Therewas some variation in the oil delivered, as shownbymea-
sured PAH concentrations (Fig. 2A). Total PAH concentrations in water
were slightly lower in the M- and H-oil-noUV treatments, with an average
of 0.8 and 4.5 μg PAH/L, respectively, compared to 0.9 (M-oil-UV) and
5.8 (H-oil-UV) μg PAH/L (Fig. 2A, Dataset S1). The concentration of
PAHs in water in M-oil-WSF was 30 % lower than in M-oil-noUV
(Fig. 2A), suggesting that about 30%of the PAH load in the unfiltered treat-
ments was present in oil droplets.

Trends with PAH uptake into tissues varied considerably depending on
the presence of UV. In the high exposures, uptake was higher without UV
(Fig. 2B, D, Dataset S2, Fig. S2). In themedium exposures, however, this dif-
ference was not as prominent (Fig. 2B, D, Dataset S2). These findings are in
accordance with the observations that UV appears to degrade the “sticky”
outer membrane of the egg (see Section 3.3). More oil droplets adhered
to the eggshells, especially in the H-oil-noUV treatment, resulting in higher
apparent PAH tissue concentrations. Accordingly, the greatest tissue con-
centrations were measured in H-oil-noUV. Compared to high, the medium
treatments had less oil adhered to the eggshell as droplets, and therefore
the PAH tissue uptake more closely followed water concentrations and
was similar between UV and noUV (Fig. 2D). See further discussion
below. In an analogous study in cod, the uptake in the noUV-treatment
was also greater than the UV-treatment, suggesting that UV itself also af-
fects the tissue uptake, through photomodification of the adsorbed PAHs
(Aranguren-Abadía et al., 2021). However, the total tissue uptake in cod
was 10 times lower than in the present study with haddock, the species pre-
viously reported of having the sticky eggshell (Sørensen et al., 2017; Sørhus
et al., 2015). In haddock, we cannot discern whether increased
photomodification or reduced oil droplet adhesion plays a larger role in re-
duced tissue concentrations of PAHs in the UV treatment.

Among the lower concentrations, uptake of PAHs into tissue was amore
sensitive measure of exposure than concentrations in water. For example,
the PAH level in the water of the L1-oil-UV treatment was not different
than control (Fig. 2A), but the uptake of PAHs in the tissue was significantly
higher than controls (Dataset S2, Fig. 2B).

Induction of cytochrome P450 1a (Cyp1a) is a sensitive biomarker for
crude oil toxicity (Goksøyr, 1995; Harding et al., 2020). Oil droplets adher-
ing to the sticky eggshell of haddock have shown to increase the uptake of
PAHs followed by increased expression of cyp1a (Sørhus et al., 2021a). The
oil-noUV treatments showed a higher cyp1a expression relative to tissue
concentration of PAHs compared to the oil-UV treatments (Fig. 2E)
reflecting more accumulation of oil droplets on the H-oil-noUV treatment.
While tissue-PAH and therefore also calculation of bioconcentration factor
may reflect oil residues both on the outside of the chorion that were not re-
moved with washing and inside the embryo, detection of changes in cyp1a
expression is an accurate indicator of the exposure the embryo was sub-
jected to. This is displayed by the plateau in cyp1a expression observed in
both noUV and UV cyp1a-tissue PAH correlation (Fig. 2E). Further, the deg-
radation of the sticky eggshell and elimination of oil droplets on the chorion
in the H-oil-UV treatment (see Section 3.3) resulted in both lower cyp1a ex-
pression changes and tissue content of PAH (Figs. 2, 3A and S2). This obser-
vation supports that oil components on the eggshell are also transferred to
the embryo.

3.2. Gene expression changes indicates increased oxidative stress and calcium
flux alterations in oil-UV treatments

Analysis of gene expression changes was performed with the M-
concentrations, C-noUV and C-UV at all time points (Fig. 3), while the re-
maining treatments were evaluated only at 72 hpes (Fig. S3). No
treatment-induced changes in expression of cyp1b were observed at any



Fig. 2.Tissue uptake of PAH,water concentrations of PAH and cyp1a expression changes. A) Average total PAH in thewater during the exposure (average of 24, 48 and 72 h),
B) total PAHs in tissue and C) expression of cyp1a in all treatments at 72 h after the start of exposure (hpes). D) Tissue uptake of PAH (at 72 hpes) relative to PAH water
concentrations (average of 24, 48 and 72 hpes), fitted to linear regressions: R2

noUV = 0.97 and R2
UV = 0.97. B) Expression changes of cyp1a relative to average tissue

uptake of PAH (at 72 hpes), with lines drawn connecting the averages. Statistically significant differences between treatments and control (C-noUV) were tested for using
one-way ANOVA and Dunnett's multiple comparison test at each time point. Statistical differences are indicated by ***p < 0.001. Differences between all treatments were
tested using Tukey-Kramer's multiple comparisons. Differences are indicated by different letters (p < 0.05).
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time-point (Fig. 3B, Fig. S3A). Changes in expression of cyp1c followed the
same trend as cyp1a and increased in all treatments except L1-oil-UV and
L2-oil-UV (Figs. 2C, 3A, C and S3B). This is consistent with previous exper-
iments inwhich cyp1a and cyp1cwere induced by oil exposure, while cyp1b
was mainly induced by developmental events (Sørhus et al., 2021a).
Gluthatione-S-transferase P1 (gstp1) is an important enzyme involved in
the conjugation step (phase II) in xenobotic metabolism. By conjugating re-
active activated metabolites, it contributes to reduce oxidative stress (Li
et al., 2013). Thus, we expected oxidative stress to induce increased expres-
sion of gstp1 in our treatments. Higher levels of gstp1were only observed in
the high and medium treatments (Fig. 3D, Fig. S3C), suggesting that co-
exposure led to more oxidative stress in the animals. This is consistent
with the transcriptome analysis at 72 hpes in cod, which showed activation
of oxidative stress pathways in the UV co-exposure treatments (Aranguren-
Abadía et al., 2021).

Calcium is a ubiquitous second messenger that is involved in multiple
cellular functions including contraction, metabolism and gene expression
(Bagur and Hajnóczky, 2017). Previous studies linked crude oil induction
of the calcium regulated protein bone morphogenetic protein 10 (Bmp10)
in early embryonic development (6 dpf) to severe cardiac malformations
in early larval stages (3 dph) (Sørhus et al., 2017). Oxidative stress increases
the influx of Ca2+ into the cytoplasm from both the extracellular environ-
ment and from internal stores (endoplasmic/sarcoplasmic reticulum)
(Görlach et al., 2015; Guo et al., 2013). We observed increased expression
of bmp10 in the M-oil-UV treatment at 72 hpes and 96 hpes in the timeline
series (Fig. 3E). However, at 72 hpes, overexpression was only detected in
5

the H-oil-no UV (p < 0.001), and M-and H-oil-UV (p < 0.1) treatments
(Fig. S3D). These observations suggest that either relatively high oil con-
centrations or UV co-exposure is necessary to impact calcium induced reg-
ulation of bmp10 expression.

3.3. UV increases the toxicity of crude oil to haddock embryos

In haddock, the adhesive extra outer egg membrane accumulates oil
droplets (Sørensen et al., 2017; Sørhus et al., 2021a; Sørhus et al., 2015;
Sørhus et al., 2016). Exposure to UV degraded the adhesive hydrophobic
outer membrane of haddock embryos (Fig. 4A). Consequently, fewer oil
droplets were evident on the chorion in the H-oil-UV treatment after 72 h
of exposure (Fig. 4B and C), corroborated by reduced PAH tissue uptake
(Figs. 2B, S2) and expression changes of cyp1a and cyp1c (Figs. 2C, 3A
and C). In the M-oil-UV treatment, we observed that the oil covered area
was similar to M-oil-noUV (Fig. 4D). Photomodification and
photodegradation of oil components occurs when they are exposed to
solar UV radiation (Bertilsson and Widenfalk, 2002; Roberts et al., 2017).
Photomodification of oil suspended in the water might have been mini-
mized in this study due to the high flowthrough (50 L tank with flow of
32 L/h). However, in haddock, photolytic conversion of oil components
can occur in the oil droplets on the eggshell (photomodification) or inside
the embryo (photosensitization). This may result in a cyp1a-independent
photoinduced metabolism of oil components. Accordingly, we observed
less expression changes of cyp1a in the M-oil-UV treatment (Figs. 2C, 3A),
even though the content of PAH in the tissue was higher (Figs. 2B and S2).



Fig. 3. Gene expression changes over time in 100 μg oil/L treatments and control. Expression changes of A) cyp1a, B) cyp1b, C) cyp1c, D) gstp1, E) bmp10. Statistical
differences from C-noUV at each time-point were tested with one-way ANOVA and Dunnett's multiple comparison test and differences are indicated by *p < 0.05, **p <
0.01 and ***p < 0.001. Differences between all treatments were tested with Tukey-Kramer's multiple comparison and differences are indicated by different letters (p <
0.05). Hpes; hours post exposure start.
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Despite less accumulation of oil droplets on the chorion, embryotoxicity
was increased by UV exposure. Acute toxicity, i.e. large scale accumulation
of edema, necrosis and dying embryos (Fig. 4E and Fig. S4) were only ob-
served in the medium and high oil-UV treatments (90 % and 60 % in the
H-oil-UV and M-oil-UV, respectively, at 120 hpes). Photoenhanced acute
toxicity has been observed in several other species (Aranguren-Abadía
et al., 2021; Barron, 2017; Barron et al., 2003; Incardona et al., 2012a;
Incardona et al., 2012b). Rapid loss of cellular integrity and disintegration
were observed in Pacific herring (Clupea pallasii) embryos exposed to bun-
ker and crude oil in combination with UV radiation (Barron et al., 2003;
Incardona et al., 2012a; Incardona et al., 2012b). Very short periods (2.5
h/d for 2 days) of sunlight together with crude oil was sufficient to cause
an order of magnitude higher toxicity than crude oil alone (Barron et al.,
2003). The very rapid cell death and total degradation of the organ struc-
tures that were observed in the oil-UV embryos (Fig. S4) suggest that this
is mediated through a massive necrosis mechanism (Chilakamarthi and
Giribabu, 2017; Edinger and Thompson, 2004). However, programmed
6

cell death, like apoptosis (Leads et al., 2022) and ferroptosis (Aranguren-
Abadía et al., 2021) are also mechanisms that have been reported after
co-exposure of oil and UV radiation in fish embryos/larvae.

At the end of exposure (72 hpes), all UV treated animals (including C-
UV) had vesicles at the tail end of the embryo (Fig. 4D). This was not ob-
served in the noUV treatments. Small extracellular vesicles are produced
by human melanoma cells in response to oxidative stress (Harmati et al.,
2019). Oxidative stress can negatively affect organisms in several ways
(Takimoto and Kass, 2007). For example, increased cytoplasmic calcium
levels induced by oxidative stress will increase the Ca2+ influx into mito-
chondria and nuclei. Disruption of mitochondrial calcium homeostasis ac-
celerates and disrupts normal metabolism leading to cell death (Ermak
and Davies, 2002; Görlach et al., 2015). In addition, peroxidation of mem-
brane lipids results in cellular dysfunction and reactive oxygen species
causemitochondrial dysfunction by damaging important enzymes in the re-
spiratory chain (Ott et al., 2007; Takimoto and Kass, 2007). Thus, we sug-
gest that the vesicle formation, followed by acute toxicity and death, may
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also be the result of photoinduced oxidative stress in the UV co-exposed an-
imals.

Crude oil impacts cardiac development and function (Incardona et al.,
2021; Perrichon et al., 2018; Pasparakis et al., 2019; Sørhus et al., 2021a;
Sørhus et al., 2016; Sørhus et al., 2021b). Two days after exposure ended,
at 120 hpes, the hearts in the high concentration treatments were smaller
and were less looped. Though the looping abnormalities were more appar-
ent in the H-oil-noUV, the size of the heart was smaller in the H-oil-UV
treatment (Fig. 4F). Similarly, initiation of cardiac function had occurred
in all treatments and controls at 120 hpes except in the co-exposed high
treatment H-oil-UV (Supp. concatenated video), suggesting delayed cardiac
development. Oxidative stress affects multiple molecular signaling path-
ways important for cardiac development and function. Cardiac hypertro-
phy and remodeling have been linked to molecular impacts on calcium
channels, α and β adrenergic receptors, sarcomeric and excitation-
contraction coupling proteins, nuclear transcription factors and many
more (Takimoto and Kass, 2007). Oxidative stress pathways were activated
in co-exposed cod embryos (Aranguren-Abadía et al., 2021). When expo-
sure ended (6 dpf), the pre-stage of the heart tube (cardiac cone) in the
UV co-exposed groups was not observed (Aranguren-Abadía et al., 2021),
indicating delayed or disrupted cardiac development. In this study, both
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gstp1 and bmp10were up-regulated in the oil-UV treatments confirming in-
creased xenobiotic activity and impact on calcium regulated transcription.
Thus, photo-induced oxidative stress appears to exacerbate the delay in car-
diac development in oil-UV animals.

3.4. Oil and UV induced morphological abnormalities and mortality

Severe crude oil inducedmorphological defects were observed in 3 dph
larvae in all exposure treatments (Fig. 5). The abnormalities seen in had-
dock were much more severe than those observed in Atlantic cod using
the same exposure setup (Aranguren-Abadía et al., 2021), even though
the two highest concentrations used in the present study were 50 %
lower. More morphological abnormalities were observed with increasing
crude oil concentration, regardless of UV exposure. The M-oil-WSF (with-
out oil droplets)was an exception: no abnormalitieswere seen. At hatching,
the mortality was over 80 % in the medium and high treatments (with oil
droplets) (Fig. 5L) and no animals survived to 3 dph in the co-exposed me-
dium and high treatments. UV-radiation interacts with components in the
oil and increases toxicity from 2 to 1000-fold (Aranguren-Abadía et al.,
2021; Barron, 2017; Barron et al., 2005). Accordingly, the acute toxicity
was much higher in the oil-UV treatments during the entire embryonic
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stage (Fig. S4). In Pacific herring, acute embryonic toxicity and very low
hatching success were observedwhen theywere exposed to photoenhanced
bunker oil (Incardona et al., 2012a; Incardona et al., 2012b). In these stud-
ies, the herring embryos developed to the hatching stage before suffering
extensive tissue deterioration (Incardona et al., 2012b). In contrast, we ob-
served increased mortality in the oil-UV treatments from exposure start to
hatching. However, the mortality increased during the late embryonic
stage after onset of cardiac function (120 hpes (8 dpf) and onward).

Co-exposure with oil and UV lowers the threshold for adverse effects
significantly. The non-linear regression analysis for mortality was per-
formed with the measured water concentration of totPAH and tissue con-
centration (bodyburden, BB) of totPAH (Dataset S1 and S2) and not
nominal crude oil concentrations. The treatment with crude oil and UV re-
sulted in a 2.5–3 times lower 50 % lethal concentration (LC50) (Fig. 6,
Table S3). Similarly, the BMD50 values of 650 ng totPAH/L and 521 μg
totPAH/kg ww in the no UV treatment dropped to 261 ng totPAH/L and
162 μg totPAH/kg ww in the UV treatment. Calculations of LC50, BMD10
and BMD50 with lower and upper confidence limits are given in Fig. S5,
Fig. S6, and Table S4. Although single PAHs such as the three ring PAH an-
thracene can exhibit a UV-enhanced toxicity of 1000 fold, others such as
phenanthrene do not exhibit toxicity. In mixtures like crude oil, the photo-
toxicity is additive and can be predicted based on physiochemical charac-
teristics (Barron, 2017; Finch et al., 2017). Various petroleum products
may, therefore, exhibit zero to an increase in phototoxicity based on the
content of photoexcitable PAHs (Barron, 2017). Here we show that even
though the fraction of photoexcitable PAHs in crude oil is very small (<1
%), it is still sufficient to significantly increase the toxicity by 3-fold.
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These reported values are for acute mortality; note that sublethal toxic ef-
fects in later larval stages (30 dph) of Atlantic haddock, such as reduced
swimming performance, were seen after exposure to levels as low as 0.1
μg PAH/L (Cresci et al., 2020).

Spinal and eye deformities were seen in all UV treatments including C-
UV (Fig. 7). UV radiation alone increases the occurrence of several embry-
onic malformations, such as spinal deformities, minor spinal bending and
enlarged pericardial sacs (Alves and Agustí, 2020). Increasing incidence
of spinal and craniofacial abnormalities coincided with increasing oil con-
centration. In the H-oil-noUV all the investigated larvae had spinal abnor-
malities and 87 % had the most severe phenotype (hunchback). Similarly,
the most severe eye deformities (protruding lens) were more common
with increasing oil concentration (Fig. 7). Medium and high concentrations
(noUV) showed reduced length, body/yolk area, eye area, ethmoid plate
size and jaw length. In the low concentrations spinal and eye deformities
were more frequent in the co-exposed treatments. However, variation in
morphological endpoints were seen, but not in a clear dose response fash-
ion. The response rather followed the changes of cyp1a and cyp1c expres-
sion in the treatments, highlighting them as valid internal biomarkers for
oil toxicity (Table S2, Figs. 2C, 3A, C and S3).

To detect more subtle impacts on cardiac development, the area of the
ventricle was measured (Fig. 8). The C-UV had significantly larger ventri-
cles than the C-noUV. This faster heart growth with UV could be explained
through vitamin D pathways. Photolytic transformation of 7-
dehydrocholesterol (7-DHC) to D-vitamin in skin and tissues is induced
by UV radiation (Wacker and Holick, 2013). UV-exposure in laboratory
studies show that both early life stages and adult fish have the capability



Fig. 6.Mortality in Atlantic haddock at hatch (0 dph) and calculation of LC50 in treatments without (blue) and with (red) UV. A) Non-linear regression of mortality vs water
concentration (μg totPAH/L). B) Non-linear regression of mortality vs body burden (BB) (μg totPAH/kg ww).

Fig. 7. Spinal, craniofacial and eye deformities in 3 dph Atlantic haddock in the oil exposure treatments with and without UV. A) Spinal deformities, B) craniofacial
deformities, C) eye deformities. Statistical difference from C-no-UV was tested with Chi-square, and ** indicates p < 0.01. Number of animals = 30 for spinal and
craniofacial and 28–30 for eye deformities (L3-oil-noUV = 28 and UV-C = 29). No larvae from M-oil UV and H-oil-UV survived to 3 dph.
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to perform photolytic transformation of 7DHC (Lock et al., 2010). Many tis-
sues respond to vitamin D treatment. In zebrafish, vitamin D activates car-
diomyocyte proliferation and regulates cardiac size (Han et al., 2019).
Thus, the increased ventricle size of the C-UV animals may be induced by
increased photolytic production of vitamin D.

Ventricle area was also affected in both the oil and oil-UV treatments.
For example, in the oil treatments, the area of the ventricle was reduced
inM-oil-noUV and H-oil-noUV (Fig. 8). In the oil-UV treatments, all had re-
duced ventricle size compared to C-UV, but only L3-oil-UV treatment exhib-
ited ventricle areas smaller than C-noUV (Fig. 8). Previous findings indicate
that exposure to crude oil induces cardiac abnormalities in fish (Sørhus
et al., 2021a; Sørhus et al., 2016; Sørhus et al., 2021b), creating altered
shape, reduced thickness of compact myocardium and hypertrophic
changes in the spongy, trabeculated myocardium (Gardner et al., 2019;
Hicken et al., 2011; Incardona et al., 2015). The reduced ventricle sizes
we observed follow these findings. Several mechanisms underly the crude
oil induced cardiac functional and morphological defects (Brette et al.,
2014; Gardner et al., 2019; Sørhus et al., 2017; Wincent et al., 2015;
Xiong et al., 2008), including oxidative stress (Takimoto and Kass, 2007).
UV co-exposure with crude oil induced oxidative stress pathways in cod
(Aranguren-Abadía et al., 2021). In mahi-mahi (Coryphaena hippurus), UV
radiation exacerbated oil induced cardiotoxicity (Sweet et al., 2017). In
the present work, the negative effects of crude oil toxicity and oxidative
stress overshadow the potentially positive effect of UV on heart growth. Al-
tered cardiac shape and size may have detrimental consequences later in
life, reducing swimming capacity (Hicken et al., 2011; Incardona et al.,
2015), and possibly also predator avoidance and feeding behavior.

3.5. The importance of including phototoxicity in risk assessments

Assessing the risk of opening spawning areas for oil exploration should
include as many of the relevant factors as possible. Species with translucent
pelagic life stages are at the highest risk to be subjected to both UV and oil
spills (Barron et al., 2008). Phototoxicity is, therefore, one such factor and
empirical data from experiments such as those reported here are crucial
input to risk assessment models. UV-radiation on the spawning grounds
in Arctic areas is high during the spawning period (March–April) of Atlantic
haddock. For example, in the Lofoten islands region the beginning ofMarch
has approx. 10 h of daylight, while late April has 18 h of daylight. Thus, in-
corporating knowledge about UV induced phototoxicity in risk assessment
models is extremely relevant in this region. Several species spawning in this
area, including haddock and cod, have pelagic eggs and larvae (Olsen et al.,
2010). Haddock and cod eggs are spawned at depths of between 50 and 200
m and rise to the surface during the embryonic stage (Solemdal et al.,
Fig. 8. Area of ventricle in 3 days post hatch Atlantic haddock larvae. Statistical differe
ANOVA with Dunnett's multiple comparison, and significant differences are indicated b
using Tukey-Kramer's multiple comparison. Differences are indicated by different letter
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1997). The eggs and larvae are, therefore, exposed to UV radiation during
at least part of their embryonic and larval stages (Kuhn et al., 2000).

4. Conclusions

In this study we showed that exposing haddock embryos to crude oil in
combinationwith UV radiation resulted in severe tissue necrosis and edema
formation. This suggests that phototoxicity has high relevance for acute
embryotoxicity in the oil-UV exposure reducing LC50 to 0.24 μg totPAH/
L. In addition, we observed sublethal morphological changes in the heart
following low grade exposures (0.09–0.14 μg totPAH/L) in combination
with UV. Minor changes in heart shape and size affect swimming perfor-
mance during the juvenile stages (Hicken et al., 2011; Incardona et al.,
2012a) and may have detrimental consequences for juvenile survival in
the wild. Decreased individual survival over time could have a negative im-
pact on stock population.
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