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A B S T R A C T   

Due to the heavy fuel oil (HFO) ban in Arctic maritime transport and new legislations restricting the sulphur 
content of fuel oils, new fuel oil types are continuously developed. However, the potential impacts of these new 
fuel oil types on marine ecosystems during accidental spills are largely unknown. In this study, we studied the 
toxicity of three marine fuel oils (two marine gas oils with low sulphur contents and a heavy fuel oil) in early life 
stages of cod (Gadus morhua). Embryos were exposed for 4 days to water-soluble fractions of fuel oils at con-
centrations ranging from 4.1 - 128.3 µg TPAH/L, followed by recovery in clean seawater until 17 days post 
fertilization. Exposure to all three fuel oils resulted in developmental toxicity, including severe morphological 
changes, deformations and cardiotoxicity. To assess underlying molecular mechanisms, we studied fuel oil- 
mediated activation of aryl hydrocarbon receptor (Ahr) gene battery and genes related to cardiovascular, 
angiogenesis and osteogenesis pathways. Overall, our results suggest comparable mechanisms of toxicity for the 
three fuel oils. All fuel oils caused concentration-dependant increases of cyp1a mRNA which paralleled ahrr, but 
not ahr1b transcript expression. On the angiogenesis and osteogenesis pathways, fuel oils produced 
concentration-specific transcriptional effects that were either increasing or decreasing, compared to control 
embryos. Based on the observed toxic responses, toxicity threshold values were estimated for individual end-
points to assess the most sensitive molecular and physiological effects, suggesting that unresolved petrogenic 
components may be significant contributors to the observed toxicity.   

1. Introduction 

Due to continuous withdrawal of the Arctic sea ice, there has been 
and will continue to be increased maritime activity and transportation in 
the Arctic region. New international regulations restricting the sulphur 
content of fuel oils onboard vessels have driven the refinery industry to 
manufacture new fuel products that comply with international, as well 
as local, policies. As these different products have varying chemical, 
physical and toxicological properties, their fate and potential effects in 
the environment in the event of accidental spills will inevitably vary. In 
the unfortunate event of an accidental spill, it is important to have in- 
depth knowledge about how the specific spilled oil will behave and 
affect local populations and ecosystems, and how to reduce these im-
pacts through oil spill response contingency and planning. 

Heavy fuel oils (HFO), which is a residue from crude oil distillation 
and cracking, is the main type of bunker oil used by large vessels in 

maritime transportation. HFO is highly viscous, contains high levels of 
paraffins, cycloparaffins, aromatics, olefins, and asphaltenes as well as 
heterocyclic compounds containing sulfur, oxygen, nitrogen and/or 
organometals. When accidentally released into the marine environment, 
HFO will form highly viscous and stable emulsions which will cause 
environmental damage especially if reaching shoreline habitats. A HFO 
ban in Arctic areas have been debated for years (DeCola et al., 2018; 
Prior and Walsh, 2018), but currently only very few areas have imple-
mented an HFO-ban, e.g. in specific nature reserves and national parks 
around Svalbard, Norway, only light distillate DMA quality fuel oils (ISO 
8217: 2017 standard) are allowed onboard boats (Lovdata, 2014). In the 
event of accidental spills to the marine environment, such low viscous, 
light distillates will, compared to HFO, have a reduced "lifetime" 
(persistence) on the sea surface due to higher degree of natural disper-
sion into the water column leading to increased microbial biodegrada-
tion. The global requirements for marine fuel oils are governed by 
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International Convention for the Prevention of Pollution from Ships 
(MARPOL), and focusses primarily on reducing the global emissions of 
sulphur oxide (SOx) and nitrogen oxide (NOx) from vessels. Global re-
quirements have reduced from 4.5 to 3.5% sulphur in 2012 and down to 
0.5% sulphur (very low sulphur fuel oil, VLSFO) in 2020. For Sulphur 
Emission Control Areas (SECA), like the North Sea, the Baltic Sea and the 
east and west coast of USA and Canada, the limits set out in Annex VI of 
the MARPOL Convention was reduced from 1% to 0.10% sulphur (ul-
tralow sulphur fuel oil, ULSFO) in 2015. Importantly, the MARPOL 
Convention currently only restricts the sulphur content of oil, not the 
other properties affecting their fate and effects during accidental spills to 
the marine environment. The low sulphur-requirements from the 
MARPOL Convention have led to new fuel products entering to the 
market, and these refined products can be light distillates, heavy dis-
tillates or residual fuel oils, thus varying tremendously in terms of 
physical, chemical and toxicological properties. However, they need to 
be compliant with regulations for the area they are being transported, so 
for the Svalbard area only light distillates (DMA) with <0.5% sulphur 
content can be used. 

In the event of acute oil spills from maritime transport, it is important 
to know how the properties of the spilled fuel oils affect their fate in the 
sea and their potential impact on local biota. The expected environ-
mental benefit from using light distillates, like DMA, compared to HFO is 
primarily based on their shorter ’life-time’ on the sea surface. For 
pelagic marine organisms, however, the lighter properties of DMA may 
not be favourable as these fuel oils will be more dispersible and contain 
higher levels of water-soluble and potentially toxic components. In a 
toxicity study of water accommodated fractions (WAFs) of six different 
marine fuel oils, including light distillates, heavy distillates, and 
different residual fuel oils, on marine algae (Skeletonema costatum) and 
copepods (Calanus finmarchicus), a DMA-quality marine diesel was the 
most acutely toxic (Hellstrøm, 2017). In addition to these acute effects, 
water-soluble components of petrogenic oil have been shown to produce 
sub-lethal toxicological responses, such as aryl hydrocarbon receptor 
(Ahr) activation and other adverse effects related to bone quality and 
cardiovascular dysfunction in fish species (Arukwe et al., 2008; Esbaugh 
et al., 2016; Hansen et al., 2018a, 2019a, 2019b; Incardona et al., 2014; 
Incardona and Scholz, 2016; Olufsen and Arukwe, 2011; Scott et al., 
2011). The Ahr is a member of the basic helix-loop-helix-PAS 
(bHLH-PER-ARNT-SIM) family of gene regulatory proteins (Josyula 
et al., 2020) that play important roles in xenobiotic toxicity and devel-
opmental processes (Watson et al., 2019). Some components of crude 
oils, particularly 4 - 5 ringed PAHs, such as benzo(k)fluoranthene and 
indeno[1,2,3-cd]pyrene (Barron et al., 2004; Billiard et al., 2002), act as 
ligands for the Ahr, which subsequently dimerizes with Ahr nuclear 
translocator (Arnt) to form a complex that translocate to the nucleus 
where it transactivates mRNA transcription of genes containing xeno-
biotic or dioxin response elements (XREs or DREs) in their upstream 
regions (Gu et al., 2000). The molecular action of the Ahr is regulated by 
the Ahr repressor (Ahrr) through a negative feedback mechanism (Gu 
et al., 2000; Josyula et al., 2020). Despite the classical roles of Ahr in 
xenobiotic metabolism, it also plays significant roles in several devel-
opmental processes, cardiovascular function and interactions (or cross-
talk) with hormonal systems and transforming growth factor b (Tgf-b) 
has been reported (Gomez-Duran et al., 2009; Watson et al., 2019). 
There is a need to supplement these studies with toxicity tests at higher 
trophic levels. Early life stages of fish have been shown to be particularly 
sensitive to oil exposure (Hansen et al., 2018a; Sørhus et al., 2015) and it 
is necessary to establish toxicity threshold values for such organisms. 
Threshold toxicity values for different organisms are essential inputs for 
predicting potential adverse effects associated with accidental releases, 
as well as evaluating response actions that must be initiated after acci-
dental spills. 

Therefore, the aim of the current study was to evaluate the harmful 
effects of different marine fuels on sensitive life stages of fish in marine 
Arctic waters. We have used two DMA quality marine gas oils (MGO500 

and MGO1000) with different sulphur content (SI1, Table S1.1) and a 
heavy fuel oil (IFO-LS) as a reference. Standard low-energy WAFs (LE- 
WAFs) were prepared, diluted and utilized for exposing cod embryos for 
four days, followed by a recovery period in clean seawater until day 17 
dpf. Our hypothesis are - (a) that embryonic exposure to fuel oils will 
activate Ahr gene battery in the biotransformation and developmental 
pathways, and (b) fuel oil mediated activation of Ahr gene battery will 
produce downstream consequences related to developmental toxicity, 
cardiovascular, angiogenesis and osteogenic differentiation that alter 
the morphology and general health of cod larvae. Based on the toxico-
logical responses observed after exposure, toxicity threshold values will 
be estimated for individual endpoints to assess the most sensitive mo-
lecular and physiological effects. 

2. Materials and methods 

2.1. Choice of marine fuels 

Three marine fuel oils were chosen for the present study, namely 
marine diesel from the Rotterdam refinery, marine gas oil from Esso 
Slagen and heavy fuel oil (IFO 180) supplied by the Coastal Authorities 
of Norway. The marine diesel and gas oils were both DMA quality, and 
identified here as MGO1000 and MGO500, respectively. The heavy fuel 
oil is referred to as IFO-LS. The fuel oils were used as fresh products. 
Different properties of the marine fuel oils used in this study are pre-
sented in Table S1.1 of the supplementary information (SI 1) file. 

2.2. Preparation of exposure solutions 

Low energy WAF (LE-WAF) was prepared according to established 
guidelines by the Chemical Response to Oil Spills: Ecological Research 
Forum (CROSERF), with essential details as previously described 
(Faksness and Altin, 2017) using oil-to water ratio of 1:10 000. LE-WAFs 
was preferred for this study to avoid the generation of oil droplets, since 
these may adhere to eggs and subsequently contribute to additional 
exposure through passive diffusion (Hansen et al., 2018b). 

The exposure design was a 96 - h static renewal procedure with 
supplement of fresh solution after 48 h. To quantify the rate loss of 
components with time, the highest exposure concentrations were ana-
lysed at the start and after 48 h. Median exposure concentrations were 
then estimated assuming a logarithmic decline in concentration and 
applying the measured rate to the two 48 h periods before and after 
supplement with fresh exposure solution (SI 6: Fig. 6.1). See also 
Table S5.1 (SI 5) for the characterization of initial chemical composi-
tion. All data on biological effects are related to estimated median 
concentration. 

2.3. Water sampling and chemical analyses 

Water samples were taken after WAF generation and after 48 h of 
exposure. A detailed protocol for chemical analysis is presented in the 
supplementary information (SI11) file and as previously described 
(Faksness and Altin, 2017). 

2.4. Exposure of fish eggs 

Eggs and milt from adult Atlantic cod (Gadus morhua) were collected 
through strip-spawning from broodstock fish kept at 9 ◦C in 7000 L tanks 
at Austevoll Research Station at the Institute of Marine Research (IMR). 
Eggs were fertilized in the evening and kept overnight to verify good 
fertilization (>80%). Fertilized eggs (300 mL, 1 dpf) were then sent to 
SINTEF Sealab (Trondheim) by airfreight. On arrival, eggs were placed 
in 50 L tanks with filtered (1 µm) seawater (8 ± 1 ◦C) in a flow-through 
system that delivered five volume water exchanges/day. Natural 
seawater, collected from 80 m depth (below thermocline) at a putatively 
non-polluted Norwegian fjord (Trondheimsfjord; 63 ◦26′ N, 10 ◦23′ E), 
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was supplied by a pipeline system to our laboratories (salinity of 34‰, 
pH 7.6). Gentle air bubbling was used to generate continuous embryo 
movement within the tanks. The embryos were acclimated until 4 dpf 
when they were transferred to glass beakers for exposure, and at the 
onset of exposure, the embryos were in gastrulation (reached 100% 
epiboly). Exposure to crude oil during this developmental period has 
previously been shown to cause developmental effects on larvae (Han-
sen et al., 2019a). 

The LE-WAFs generated from the three oils were diluted with filtered 
seawater at nominal concentrations of 6, 12, 25, 50 and 100% solutions. 
These solutions were transferred to glass jars (100 mL) and used to 
expose fish eggs (approx. 100 eggs in each jar) for 4 days (4 - 8 dpf). 
After 2 days of exposure, an additional 100 mL of fresh exposure solution 
was added to each jar to compensate for the initial loss of oil compo-
nents. The exposures were performed in four replicates (n = 4). At 8 dpf, 
dead eggs were removed and counted, while the remaining live eggs 
were moved to clean glass beakers containing clean seawater (100 mL) 
and maintained at 8 ± 1 ◦C until 16 dpf (recovery period). Survival and 
hatching were monitored daily during the recovery period. 

2.5. Estimation of exposure concentration in semi-static system 

Using static exposure conditions in open containers is not optimal for 
generating adequate effect levels. These experiments should preferably 
be performed in flow-through system. However, due to technical limi-
tations, this was not possible in the current experiments. The chemical 
analysis of the exposure solutions after 48 h showed a decline in con-
centration with 76 - 80% compared to the initial concentration for 
TPAH. Concentration decline in static exposure systems may be due to 
evaporation, adhesion to glass walls and bioaccumulation in exposed 
eggs. To reduce this effect, we added fresh exposure solutions after 48 h 
exposure. However, the initial concentration is not an adequate repre-
sentation of the exposure situation. To better describe the exposure, we 
used the measured decline in concentration during the first 48 h and 
applied that to all exposure solutions, both before and after the addition 
of fresh solutions. The median concentration was then calculated 
assuming a logarithmic decline and calculating below the reconstructed 
exposure curve (SI6: Fig. S6.1). 

2.6. Gene expression analyses 

Total RNA was extracted from 10 embryos sampled from each 
replicate and treatment at the end of exposure using the Direct-zol™ 
RNA kit, according to the protocol provided by the manufacturer. RNA 
quality was confirmed by combined agarose gel electrophoresis and 
spectrophotometric analysis. Complementary DNA (cDNA) was gener-
ated using iScript cDNA synthesis kit (Bio-Rad) and mRNA levels were 
measured with an Mx3000P quantitative PCR machine (Stratagene, La 
Jolla, CA). Specific primer pair sequences (SI3: Table S3.1) were used for 
transcript amplification according to standard protocol (Arukwe 2006). 
The primer pairs were tested prior to use, showing single amplified 
product of expected size for individual transcripts. Expression of each 
mRNA was quantified using a well-validated approach of absolute 
quantification as previously described (Arukwe 2006) and as presented 
in SI (SI 12). 

2.7. Larvae morphology 

At 17 dpf, 6 − 12 larvae from each replicate were collected and 
individually immobilized in a glass petri dish filled with 3% methyl-
cellulose kept at 8 ◦C. Images were collected through a microscope 
(Eclipse 80i, Nikon Inc., Japan) quipped with Nikon PlanApo objectives 
(2x for whole larvae images and 10x for close-up larvae images and 
videos), a 0.5x video adaptor and CMOS camera (MC170HD, Leica 
Microsystems, Germany). Standardised images of larvae were used for 
analyses of standard length, body area, yolk-sac area, myotome height, 

eye area and eye-to-forehead distance. This analysis, as descibed in 
detail in Kvæstad et al. (submitted), was automated using deep learning 
with mask R-CNN neural net architecture (He et al., 2017) trained on 
183 manually annotated images of cod larvae at different dph. The 
neural net architecture outputs outline of the body, eye and yolk, where 
measurements such as area and length were calculated using automated 
image processing techniques such as Topological Structural Analysis 
(TSA) (Suzuki, 1985), ellipse fitting (Fitzgibbon and Fisher, 1996) and 
skeletonize (Zhang and Suen, 1984). Representative images of larvae 
with highlighted traces of distance/area are given in Fig. 1A. 

Blinded deformation ranking analysis of imaged larvae was per-
formed by methods adopted from Sørhus et al. (2015) and Hansen et al. 
(2018a). The degree of selected morphological abnormalities (jaw de-
formations, craniofacial deformations, pericardial oedema and spine 
deformations) were determined for larvae (17 dpf) according to a scale 
of 1 - 3 (where 1 is normal, 2 is moderate, and 3 is severe deformation) 
(Hansen et al., 2018a, 2019b; Sørensen et al., 2019; Sørhus et al., 2015). 
Example of control and deformed larvae are given in Fig. 1B-G. 

2.8. Cardiac activity 

Videos taken through the microscope were used as a basis for 
monitoring heart rate (HR) in individual larvae using automated video 
analyses (Nepstad et al., 2017). Briefly, this method uses image pro-
cessing and statistical techniques to extract HR information from mi-
croscopy videos at the larval stages. The method enables automatic 
processing for many individuals, while simultaneously eliminating 
common errors that might occur during manual processing. Lack of 
ventricle constriction (silent ventricle) was also assessed for all larvae, 
and severity degrees were assigned where 0 was normal ventricle 
constriction and 3 was assigned when there was no constriction of the 
ventricle. 

2.9. Data analysis 

Statistical analyses were conducted using GraphPad Prism statistic 
software, V6.00 (GraphPad Software, Inc., CA, USA). Depending on the 
data sets, statistical analyses were performed by comparing exposed 
groups to control groups using (data normally distributed) ANOVA fol-
lowed by Dunnett’s post hoc test, ANOVA followed by Kruskal-Wallis 
non-parametric test (data not normally distributed), or Brown- 
Forsythe and Welch ANOVA tests. The latter was used for hatching 
time (T50) only, where mean hatching time (and associated SD) was 

Fig. 1. A: Example of a cod larvae with highlighted automated measurements. 
White, green and blue lines display the area surrounding the body, yolk sac and 
eye, respectively. The red line displays the standard length and yellow line 
represents the myotome height. B-G: Examples of a cod larvae with de-
formations. B: Normal cod larvae. C: Jaw deformation severity degree (JDSD) 2, 
craniofacial deformation severity degree (CD) 3, pericardial oedema (PE) 
severity degree 2 and spine deformation (SD) severity degree 0. D: JD 3, CD 3, 
PE 0, SD 1. E: JD 3, CD 2, PE 0, SD 0. F: JD 3, CD 3, PE 3, SD 0. G: JD 3, CD 3, PE 
3, SD 0. 
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provided by non-linear curve fit of accumulated hatched larvae as a 
function of time (days after fertilization). The significance level was set 
at p < 0.05 unless otherwise stated. Nonlinear curve fit (third-order 
polynomial) was used in figures displaying effects as a function of 
exposure. 

3. Results 

3.1. Chemical characterization of fuel oil LE-WAFs 

The LE-WAFs of the three fuel oils differ in their chemical compo-
sition (Fig. 2). The total WAF concentrations measured as the sum of 
volatile organic components (VOC, C5 - C9) and total extractable ma-
terial (TEM) differed significantly. MGO1000 was the highest and rep-
resents double the concentrations in the MGO500 and IFO-LS oils 
(Fig. 2A). IFO-LS had only miscible levels of VOC, which was dominated 
by BTEX, C3- and C4-benzenes in the two diesels (Fig. 2B). In general, all 
the oil types had considerable concentrations of semi-volatile organic 
components (SVOC, Fig. 2C), dominated by naphthalenes, but also with 
high concentrations of dibenzofuran, acenaphthene, C0 - C1- 
phenanthrenes and fluorenes (Fig. 2C). Low concentrations of heavier 
PAHs (4 - 6 ring) were observed, reflecting their low water solubility. 
Overall, the MGO1000 fuel oil displayed the highest concentrations of 
most identified/resolved and unresolved (UCM) components. 

All exposure solutions were analysed for total extractable material 
(TEM) and SVOC using GC-FID and GC–MS, respectively, at the onset of 
exposure (SI 4: Table S4.1) and after 48 h, when exposure solutions were 
renewed. As expected, the concentration series for MGO1000 was at a 
higher level compared to the other two fuel oils. There was a decline in 
exposure concentrations over time and the average loss for total PAHs in 
the highest concentrations after 48 h was 76 – 80% for all fuel oils. This 
was partly compensated by adding fresh exposure solution after 48 h, so 
that the estimated median exposure concentrations of TPAH was about 
50% of the initial exposure concentrations (SI 5: Table S5.1). Estimated 
median concentrations (SI 6: Fig. S6.1) were therefore used for estab-
lishing effect limits. 

3.2. Transcript changes of ahr gene battery 

Transcript expression for cyp1a and ahrr expressions showed signif-
icant concentration-dependant induction pattern, for all oil types, 
compared to controls (Fig. 3A and B, respectively). On the other hand, 
ahr1b mRNA did not show any significant exposure related changes in 
expression patterns. In general, a trend toward decreases in expression 
levels below control, was observed by the different exposures (Fig. 3C, 
except IFO-LS at 25%). 

3.3. Transcript changes for angiogenesis and osteogenic differentiation 

Transcripts related to angiogenesis and osteogenic differentiation 
(vegfaa, runx2b, osteocalcin, col1a1a, col1a1b, ctsk, bmp4, bmp9 and 
osterix) were analysed. For vegfaa, 6% MGO500, MGO1000 and IFO-LS 
decreased mRNA expression below control levels, and thereafter, the 
different oil types produced concentration and oil type specific increases 
of vegfaa mRNA, albeit not significant (Fig. 4A). 

The col1a1a gene was generally decreased by exposure to the 
different oil types, in a concentration specific manner, except for 12% 
MGO-500 that increased col1a1a mRNA expression (Fig. 4A). On the 
contrary, col1a1b showed concentration-specific decreases after expo-
sure to MGO500 and MGO1000, while IFO-LS produced an apparent 
concentration-dependant increase of col1a1b mRNA, compared to con-
trol (Fig. 4C). For runx2b, MGO1000 produced a concentration-specific 
increase of mRNA expression, while MGO500 and IFO-LS produced 
concentration-specific increase or decrease of mRNA expression, 
compared to control (Fig. 4D). However, the runx2b expression patterns 
were not significantly different from control. 

A unique pattern of effects was observed for bmp4 and bmp9 after 
exposure to the different oil types, by either increasing or decreasing, 
depending on concentration and oil type (SI 7: Fig. S7.1A and B). 
Similarly, osteocalcin and osterix mRNA showed variable expression 
patterns by either increase or decrease, that was dependant on Arctic oil 
type or exposure concentration (SI 7: Fig. S7.1C and D). 

Fig. 2. Chemical composition of initial WAFs (100%). A: Separated into VOC, SVOC and unresolved complex material (UCM). B: VOC composition only. C: Speciated 
composition of individual PAHs. Note different scaling on the axes. All concentrations are given in µg/L. 
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3.4. Hatching and survival 

Hatching success was relatively high for all treatments (>80%), and 
there was no clear relationship with either concentration or oil type (SI 
8: Table S8.1). Significant reduction in hatching success was only 
observed in few exposure groups (MGO500: 12% (p < 0.01), 100% (p <
0.05), IFO-LS: 100% (p < 0.001)). Hatching was significantly (p <
0.0001) initiated earlier (premature hatching) in embryos exposed to 

fuel oil types, compared to control, but no clear concentration- 
dependant pattern was observed (SI 8: Table S8.1). For the lowest 
exposure concentrations, larvae hatched almost 4 days earlier than in 
controls. Reduced larvae survival was observed for all fuel oil exposures, 
showing significantly (p < 0.05, see SI 8: Table S8.1 and SI 9: Table S9.1 
for specific significance levels) lower for MGO500 (6%, 25%, 50%), 
MGO1000 (6%, 25% and 50%) and IFO-LS (6% and 50%). The rela-
tionship between larvae survival and exposure concentrations were 

Fig. 3. Expression of genes related to the Ahr pathway in cod embryos exposed to WAFs of MGO500 (green), MGO1000 (blue) and IFO-LS (red). Expression levels (% 
of controls) are given as mean ± SEM, (N = 4 throughout). Control values are given as grey line (broken line: SEM, N = 4). A: cyp1a. B: ahrr. C: ahr1b. Note different 
scaling on the axes. 

Fig. 4. Expression of genes related to the angiogenesis and osteogenic differentiation in cod embryos exposed to WAFs of MGO500 (green), MGO1000 (blue) and 
IFO-LS (red). Expression levels (% of controls) are given as mean ± SEM, (N = 4 throughout). Control values are given as grey line (broken line: SEM, N = 4). A: 
vegfaa. B: col1a1a. C: col1a1b. D: runx2b. Note different scaling on the axes. 
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∩-shaped. The monitoring timeframe for larvae were different between 
exposure groups, due to differences in hatching time. For example, at the 
lowest exposure concentrations, where larvae hatched 4 days earlier 
than controls, the cumulative larvae mortality was higher than controls, 
but they were also monitored as larvae for 4 additional days. Premature 
hatching may also cause altered growth, yolk utilization (Politis et al., 
2014) or reduced survival (Farkas et al., 2021) contributing to the lack 
of dose-response for survival after exposure to fuel oils. The measure-
ments of survival may also be affected by the larvae behaviour. Partic-
ularly, for the high concentrations, larvae were not moving very much, 
and we had to test for survival using the microscope to observe heart 
beats. This was, however, done consistently for the highest exposure 
concentrations only. 

3.5. Larvae condition 

At 17 dpf, larvae for every treatment were imaged, and images were 
used to assess morphometry, development and deformations. Three 
standard measures of development; body area, standard length and 
myotome height, all displayed clear concentration-dependant re-
ductions (Fig. 5A-C). Compared to control performance, body area and 
myotome height were smaller, but significantly smaller only for larvae 
exposed to 100% MGO1000 (p < 0.05). For larvae standard length, oil 
types exposed larvae were significantly shorter, compared to control for 
all exposure concentrations of MGO500, MGO1000 (except 12%) and 
IFO-LS. The yolk fraction (body area containing the yolk sac) was 
significantly higher, compared to controls for all treatments (except 6% 
MGO500 group). This effect was also observed in a concentration- 
dependant manner for all fuel oils (Fig. 5D). See Table S9.1 (SI 9) for 
additional statistical information. As larvae were imaged on the same 
day of post fertilization (17 dpf), we expected that exposure groups that 
hatched prematurely would display larvae with longer and larger body 

size and smaller yolk sacs, compared to controls and those that hatched 
up to 4 days later. However, this was not the case. 

3.6. Larvae deformations 

Measurements of cranium and jaw region deformations showed that 
larval eye diameter and deformation severities were affected in an 
apparent concentration-dependant manner. Smaller eyes and shorter 
distances between eyes and forehead were observed in larvae after 
exposure to 100% WAFs of MGO500, MGO1000 and IFO-LS (p < 0.01) 
(Fig. 6A and B). Ranking of craniofacial and jaw deformations based on a 
system adopted from Sørhus et al. (2015), produced clear 
concentration-dependent effects (Fig. 6C and D). Statistical analyses 
showed that, significantly higher (p < 0.05) deformation severities were 
observed for MGO500 (50% and 100%), MGO1000 (50% and 100%) 
and IFO-LS (100%). See SI 9 (Table S9.1) for additional information 
regarding statistical significance levels. 

3.7. Cardiac toxicity 

A concentration-dependant reduction (Fig. 7) in larvae heart rate for 
MGO1000 and IFO-LS was observed, showing significantly lower HR for 
50% and 100% MGO1000. A typical cardiotoxic appearance of a non- 
functional ventricle, so-called ’silent ventricle’, was evident (Fig. 7B) 
and significantly so, in hatched larvae from the MGO500 100%, 
MGO1000 50% and 100%, and IFO-LS 100% (p < 0.0001) exposure 
groups. The occurrence and severity of pericardial oedema were also 
assessed in all sampled larvae (Fig. 7C), showing significantly higher (p 
< 0.0001) severities in 100% MGO500, 50% and 100% MGO1000 and 
100% IFO exposure groups. 

Fig. 5. Developmental data on cod larvae exposed MGO500 (green), MGO1000 (blue) and IFO (red) as a function of exposure concentration (µg/L TPAH). Data given 
as average ± SEM (N = 28 - 32). Control values are given as grey line (broken line: SEM, N = 45). 
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3.8. Effect limits 

The most sensitive parameters responding to the exposure were 
related to growth and development (hatching time, standard length and 
yolk sac fraction). When related to exposure concentrations, there were 
only minor differences between the three WAFs. Effect limits for each 
recorded parameter is therefore indicated as the range between the 
highest concentration with no significant effect concentration (NOEC) 
and the lowest effect concentration (LOEC) on data pooled from all three 
oils (Fig. 8). For three of the recorded parameters (hatching time, length 
and yolk sac area fraction), significant effects were observed at the 
lowest exposure concentration for all three fuel oils and NOEC could not 
be determined. Whereas effects on growth (reduced body length) and 
hatching time extended to below 4.1 µg/L TPAH, a significant increase 

in deformations were observed in the range of 15 – 47 µg/L TPAH. Effect 
limits for effects on heart anomalies and induction of cyp1a and ahrr 
transcripts were in the range of 27 – 40 µg/L TPAH. Corresponding data 
for TEM are given in Fig. S9.1 (SI 9). Statistical output and effect limits 
for all parameters and endpoints are given in Table S9.1 (SI 9). 

4. Discussion 

4.1. Chemical characterization of fuel oil LE-WAFs 

The LE-WAFs of the three fuel oils differ in their chemical compo-
sition and total WAF concentrations measured as the sum of volatile 
organic components (VOC, C5 - C9) and total extractable material (TEM) 
differed significantly. Overall, the MGO1000 fuel oil displayed the 

Fig. 6. Deformation data of cod larvae exposed to MGO500 (green), MGO1000 (blue) and IFO (red) as a function of exposure concentration (µg/L TPAH). A: Eye 
diameter. B: Distance between eye and forehead. C: Craniofacial deformation severity. D: Jaw deformation severity. Data given as average ± SEM (N = 28 - 32). 
Control values are given as grey line (broken line: SEM, N = 45). 

Fig. 7. Cardiotoxicity data of cod larvae exposed to MGO500 (green), MGO1000 (blue) and IFO (red) as a function of exposure concentration (µg/L TEM). A: Heart 
rate. B: Silent ventricle severity. C: Pericardial oedema severity. Data given as average ± SEM (N = 28 - 32). Control values are given as grey line (broken line: SEM, 
N = 45). No indications of silent ventricle (B) or pericardial oedema (C) were observed in controls. 
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highest concentrations of most identified/resolved and unresolved 
(UCM) components. This is in line with previous reports on the solubility 
of fuel oil components (Faksness and Altin, 2017). 

4.2. Phenotypic outcomes of fuel oil exposure during embryogenesis 

Exposure of cod embryos to WAFs of fuel oils induced a wide range of 
toxic effects. Within the TPAH concentration range used (4.1 - 128 µg/L 
TPAH), we observed reduced hatching success, premature hatching, 
increased mortality, smaller larvae, increased yolk fraction, jaw and 
craniofacial deformations, and cardiac toxicity in hatchlings; mostly in a 
concentration-dependant manner for the three fuel oils tested. Cold- 
water fish species are sensitive to petrogenic exposure during embryo-
genesis, as have previously described for crude oils (Hansen et al., 
2018a, 2019a; Incardona et al., 2009; Laurel et al., 2019; Sørensen et al., 
2017; Sørhus et al., 2015, 2016) and produced water (Hansen et al., 
2019b). Even the lowest concentration used in our experiments (4.1 
µg/L TPAH), significant effects were observed on the timing of hatch, 
larvae body length and yolk sac fraction. Comparable exposure con-
centrations, reported by Sørhus et al. (2015), caused reduced heart rate, 
reduced hatching success, larvae mortality and increased cyp1a 
expression in the Atlantic haddock. Lower exposure concentrations 
(0.65 - 1.1 µg/L TPAH) caused reduced larvae size and altered lipid 
metabolism in polar cod (Boregadus saida) (Laurel et al., 2019). Capelin 
(Mallotus villosus) embryos exposed to 40 µg/L TPAH also displayed 
increased embryonic mortality and hatching success, however, surviv-
ing larvae did not suffer the same morphological effects (yolk sac 
oedema, pericardial oedema, craniofacial deformations and altered 
hatch timing) (Frantzen et al., 2012) as have been observed in cod, 
haddock and polar cod at comparable exposure concentrations. In our 
study, where we imaged larvae on the same day of post fertilization (17 
dpf) for all groups, we expected that exposure groups that hatched 
prematurely would display larvae with longer and larger body size and 
smaller yolk sacs, compared to controls and those that hatched up to 4 
days later. However, this was not the case. 

4.3. Changes in ahr gene battery in relation to phenotypic outcomes 

The activation of Ahr and subsequent induction of Cyp1a have been 
historically shown to affect the bioaccumulation, persistence, metabo-
lite dynamics and toxic outcome of certain groups of chemicals in 
several organisms (Livingstone, 1998; Varanasi et al., 1987), including 
Atlantic cod exposed to oil (Hansen et al., 2016; Olsvik et al., 2011, 

2012). Herein, we observed that the different fuel oils produced a 
concentration-dependant induction of cyp1a and ahrr mRNA, without a 
parallel increase in the expression of ahr1b. These findings are in 
accordance with previous studies showing that PAHs and their related 
compounds may induce cyp1a expression through the activation of Ahr 
(Chaloupka et al., 1995; Cheevaporn and Beamish, 2007; de Souza 
Anselmo et al., 2018). The discrepancy between cyp1a/ahrr and ahr1b 
might be related to multiple roles of ahr in physiology and development. 
As a transcription factor, the overall function of Ahr is not fully under-
stood in teleost species, compared to mammals, where this protein has 
been reported to be constitutively expressed (Gu et al., 2000, 2020). 
Nevertheless, the Ahr and Ahrr belong to the bHLH class of transcription 
factors that interacts with each other to form heterodimers (Avilla et al., 
2020; Josyula et al., 2020). Comparative genomic analyses have 
demonstrated that the ahr gene battery are highly diversified in 
non-mammalian vertebrates, compared to mammalian species (Hahn 
et al., 2006). In fish, the expression of ahr genes vary, showing the ahr2 
as the most abundant with broader tissue distribution, while the ahr1 is 
mainly expressed in the brain and heart (Hansson et al., 2004; Karchner 
et al., 2006). In cod, it was hypothesized that the Ahr has assumed a 
broader compensatory functional role as a xenosensor (Eide et al., 
2018), suggesting higher diversity and functional properties of the Ahr 
signalling pathway in cod (Aranguren-Abadia et al., 2020). Therefore, 
our analysis of ahr1b mRNA in whole-embryo homogenate might have 
missed the actual fuel oil mediated effects on this transcription factor in 
cod larvae. 

Despite that the mechanism of Ahr signalling pathways affect 
cellular processes is not well-characterized, the roles of Ahr in regulating 
cell cycle has provided important clues on the role of Ahr ligands on cell 
proliferation, differentiation and apoptosis (Puga et al., 2005). Alter-
ation of cardiovascular function, including physiological conditions 
such as anaemia, that either result due to a decrease in the total number 
of erythrocytes or reduction in the concentration of haemoglobin per 
erythrocyte in blood or a combination of both (Widmayer et al., 2006), 
are known to be affected by contaminants exposure (Olufsen and 
Arukwe, 2011; Watson et al., 2019). In general, changes in these func-
tions reduce the uptake and distribution of oxygen in an organism, 
inhibiting growth and normal development of organs that rely on oxy-
gen supply (Olufsen and Arukwe, 2011; Watson et al., 2019). 

Further, effects on bone morphogenesis, such as alteration in 
craniofacial development, represent the initial and most vulnerable 
parameter of Ahr-ligand toxicity in fish models (Dong et al., 2012; 
Hornung et al., 1999; Olufsen and Arukwe, 2011; Teraoka et al., 2006; 
Watson et al., 2019). In the present study, while developmental, 
morphological and physiological parameters such as body area, stan-
dard length and myotome height, heart rate, silent ventricle, pericardial 
oedema and cranial deformations showed fuel oil 
concentration-dependant alterations, the changes in molecular drivers 
of these alterations (vegfaa, runx2b, osteocalcin, col1a1a, col1a1b, ctsk, 
bmp4, bmp9 and osterix) did not directly parallel these effects. However, 
vegfaa showed apparent fuel oil type and concentration-specific modu-
lations. A prevailing explanation for this discrepancy is that we used 
whole embryo homogenate for transcript expression analysis due to the 
difficulties in dissecting very small cod embryos, against the notion that 
the transcripts of these molecular drivers are shown to exhibit 
tissue-specific expression patterns (Dong et al., 2012; Van Wettere et al., 
2013). Nevertheless, Olsvik and coworkers (2011), have previously re-
ported that oil exposure increased and decreased the expression of 
transcripts that regulate bone resorption and formation, respectively, 
leading the authors to conclude that exposure of Atlantic cod larvae to 
oil affected biological processes related to cell differentiation and pro-
liferation, apoptosis and tissue development. 

Previous study has demonstrated the intra-strain differences in the 
sensitivity of early life stage to 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) exposure, showing dose-dependant decreases in cranial 
length, eye diameter, mass, and total length in viable swim-up rainbow 

Fig. 8. Ranges of effect limits (µg/L TPAH) for WAFs based on pooled data 
from all three fuel oils. Effect parameters except for hatching were recorded 3 
days post hatch of the control group. Estimated ranges for effect limits are 
shown as the range between the lowest concentration showing significant ef-
fects (LOEC) and the highest recorded concentration with no significant effect 
(NOEC). ND = no effect limit detected (significant response at lowest concen-
tration), NOEC determined, NE = no effect observed. 
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trout (Carvalho and Tillitt, 2004). In the absence of clear patterns in 
transcript changes, fuel oil effects on heart rate and cardiovascular 
function are interesting, since the process of ossification and angio-
genesis are interconnected, and bone formation is dependant on sys-
temic blood distribution (Murayama et al., 2019; Wu et al., 2019; 
Wuelling and Vortkamp, 2010). For example, Stevens and Williams 
(1999) reported that vascularization was observed before bone forma-
tion during development of bones and fracture healing. In addition, the 
induction of angiogenesis starts at the transition from preosteoblast to 
osteoblast, and cartilage scaffold is replaced by bone during endo-
chondral bone formation which enables this transition to accompany 
blood vessel invasion (Filvaroff et al., 1999; Wuelling and Vortkamp, 
2010) with subsequent regulation of vegfaa by hypoxia-inducible factor 
(Hif: a PAS protein family) and bone morphogenetic factor (Bmp) 
(Tzouvelekis et al., 2012; Whitehouse and Manzon, 2019). Previous 
studies have reported that a PAH (benzo(a)pyrene: BaP) altered the 
expression of vegfaa in knockout (Ahr-null) mice, with 
angiogenesis-related outcomes, suggesting that the expression of vegf is 
controlled by the Ahr (Ichihara et al., 2009; Whitehouse and Manzon, 
2019). Elsewhere, exposure to TCDD reduced heart size and altered 
cardiac function in early life stages of rainbow trout (Hornung et al., 
1999). Simultaneous expression of ahr2 and arnt mRNA was shown to 
provide protection against TCDD-mediated changes in heart 
morphology, reduced number of cardiac myocytes, decreased cardiac 
output and ventricular standstill in zebrafish larvae (Antkiewicz et al., 
2006). 

In a different study, it was demonstrated that exposure to TCDD (a 
strong Ahr agonist), altered erythropoiesis with a decrease in blood flow, 
and this effect did not translate to observable defects in blood vessel 
structure in zebrafish fry (Antkiewicz et al., 2005; Belair et al., 2001; 
Carney et al., 2006). Overall, our data showing that fuel oils modulated 
ahr1b, vegfaa and ahrr expressions, however, associated alterations of 
phenotypic outcomes related to craniofacial and cardiovascular de-
formations are not directly comparable, probably due to the complex 
chemical composition of the fuel oil types (see below). Elsewhere, the 
roles of Ahr in the alteration of cardiac functions were validated in a 
study by Billiard et al. (2006) showing that ahr2 knockdown, reduced 
cardiac toxicity in combined b-naphthoflavone (BNF: a PAH-type Ahr 
agonist) and a-naphthoflavone (ANF: a Cyp1a inhibitor) exposure to 
zebrafish embryos. The authors proposed that these findings were in 
accordance with previous induction and inhibition experiments, sug-
gesting that the underlying mechanisms of the developmental toxicity of 
PAH-type Ahr agonists may differ from those of planar halogenated 
aromatic hydrocarbons (Billiard et al., 2006). Regardless, it should be 
noted that the fuel oils used in the present study contained a complex 
mixture of chemicals. Therefore, the identification of potential pathways 
of PAH toxicity in developing fish embryos, in combination with fuel oil 
characterization, represent a robust, chemical and mechanistic-based 
approach for assessing risk of complex mixture of environmental con-
taminants in the Arctic. 

4.4. Effects on angiogenesis and osteogenic differentiation 

It is known that vegfaa is the main activator of angiogenesis in body 
areas that suffer from oxygen deprivation (Breen et al., 2008; Cannon 
et al., 2019; Dery et al., 2005). In addition, the inhibition of vascular 
development can critically affect growth and development due to 
diminished oxygen levels (Cannon et al., 2019; Miller and Johnson, 
2017). Given the crosstalk within the PAS protein family, and their 
intricate relationships with vegfaa and bmp, exposure to complex 
mixture of fuel oil components will potentially compromise develop-
ment and detoxification (Ding et al., 2006; Dornberger et al., 2016), as 
demonstrated in the present study. Thus, we propose, as a possible 
mechanism, that anaemia may produce cellular starvation for oxygen (i. 
e., hypoxic condition), that subsequently activates the expression of 
vegfaa to drive angiogenesis. 

During bone development, mesenchymal stem cells differentiate into 
chondrocytes through a process that is tightly regulated by Sox9, with 
subsequent downstream effect that is regulated by col2a1 (Huang et al., 
2020; Yao et al., 2018). Osteochondroprogenitors that are derived from 
mesenchymal stem cells express sox9 (Yao et al., 2018) and runx2 (Ma 
et al., 2019), as their main transcription factors, during condensation of 
skeletal anlagen. A balance between sox9 and runx2, drives the differ-
entiation of osteochondroprogenitor in chicken embryos, where over-
expression of sox9 and runx2 induce chondrogenesis and osteogenesis, 
respectively (Ma et al., 2019). However, sox9 was demonstrated to 
dominate over runx2 in mesenchymal precursors going through a 
chondrogenic lineage during endochondral ossification (Ma et al., 2019; 
Zhou and Ogata, 2013). As mentioned earlier, the expression pattern of 
runx2b, col1a1a, col1a1b, osteocalcin, ctsk, bmp4, bmp9 and osterix did not 
show a direct fuel oil type or concentration-dependant alterations, as 
observed for cyp1a and ahrr. We proposed that this is presumably due to 
local changes in expression pattern of these transcripts that were 
possibly masked by whole egg RNA isolation. It was previously sug-
gested that the Atlantic cod follows a sequence of cranial ossification 
that is generally conserved in most fish species (Sæle et al., 2017), 
suggesting that these sequential events might be transiently and differ-
entially affected by exposure to contaminants, including fuel oil as 
tested in the present study. However, considering these molecular pro-
cesses in bone formation and observed deformations and cardiovascular 
alterations, and that the expression of transcripts involved in ossification 
process were not significantly affected, our findings suggest that the 
effects on ossification activity may originate from either endochondral 
or intramembranous ossification processes (Vaes et al., 2006). 

4.5. Toxicity thresholds and environmental risk assessment 

Understanding the underlying mechanisms by which fuel oils elicit 
detrimental impact on fish embryos is important for assessing long-term 
consequences of accidental fuel oil spills in the environment. Our study 
suggests that the tested fuel oils displayed similar mechanisms of 
toxicity by activating the Ahr gene battery (cyp1a and ahrr) that further 
triggered the developmental effects on ELS of fish. These findings are in 
accordance with previous observations in fish exposed to crude oils 
(Incardona, 2017). To assess toxicity thresholds of crude oils, water 
concentrations of TPAH are most often used as a basis. In environmental 
risk assessment, toxicity thresholds (NOEC, LOEC, EC50, LC50) are 
widely used. The use of NOEC and LOEC as we have used here for 
establishing toxicity thresholds limits, has been rightfully criticised for 
being extremely influenced by experimental design. However, to be able 
to compare thresholds for the various effect parameters, we found this 
was the best way to visualize the ranges of expected effect limits. For 
most of the transcripts studied in the present study, we observed a lack 
of clear dose-response, restricting the establishment of NOEC/LOEC. 
Toxicity thresholds for growth and development (hatching, larvae size 
and yolk sac fraction) were also below the lowest concentrations tested 
(4.1 µg/L TPAH/ 34 µg/L THC). The potential population impact of such 
effects is unclear, but it is suggested that smaller larvae with altered lipid 
metabolism, as observed in the present study, are less ability to survive 
over time (Laurel et al., 2019). Delayed mortality was also observed in 
cod larvae exposed to oil in a transient period during their first feeding 
period (Nordtug et al., 2011). Cardiac toxicity and craniofacial de-
formations, which inevitably will cause impaired blood circulation and 
inability to feed, occurred at higher concentrations in our experiment 
(range 16 to 47 µg/L TPAH / 132 to 542 µg/L THC). 

The fuel oils tested contain a complex mixture of potential toxicants 
and the use of TPAH as a basis for establishing toxicity thresholds may 
therefore be inadequate. PAHs, particularly tricyclics, produce embry-
otoxicity in fish. However, when exposed as single PAHs, they thresh-
olds for toxicity on a mass-basis are orders of magnitude higher, 
compared to when present in petrogenic mixtures (Incardona et al., 
2004). This may in fact suggest that other unresolved petrogenic 
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components are significant contributors to the toxicity (Melbye et al., 
2009; Sørensen et al., 2019). Literature has shown that relating toxicity 
to PAH concentrations underestimates toxicity in fish ELS tests (Barron 
et al., 1999; Barron and Holder, 2003). To improve risk and damage 
assessment of fuel oil spills, it is important to identify the components 
causing toxicity. Furthermore, exposures in the environment change 
dynamically resulting in fluctuating exposure concentrations on a tem-
poral scale. For fish eggs to be affected by fuel oil components, toxic 
components need to be taken up from the water into the body. Thus, 
determination of exposure doses (body burdens) causing toxic effects is 
more relevant for determining the toxic potential of a spill than using 
water concentrations. Acquisition of relevant toxicokinetics model 
parameter, particularly bioconcentration factors and elimination rates, 
relevant for the toxicity-driving oil components and organisms at risk is 
needed. This will enable more realistic modelling approach to estimate 
impacts of fuel oil spills as it will account for fluctuations in exposure 
concentrations in the environment. 
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