O O N O

10
11

12

13

14
15
16
17
18

19

20

21

22

23

24

25

26

27

Discriminating source of oil contamination in teleost fish, Lates
calcarifer, using multivariate analysis of a suite of physiological and

behavioural biomarkers

Francis Spilsbury2*, Alan Scarlett®, Kliti Grice®, Marthe Monique Gagnon?

* Corresponding author
a School of Molecularand Life Sciences, Curtin University, Kent Street, Bentley, Western Australia 6102

b Western Australian Organicand Isotope Geochemistry Centre, The Institute for Geoscience Research, School
of Earth and Planetary Science, Curtin University, GPOBOX U1987, Perth, WA 6845, Western Australia

Keywords
Crude oil, biomarkers, barramundi, bunker C, Montara, PCA

Highlights:

e Fish exposed to crude and heavy fuel oils via dietary exposure for 33 days

e Distinctive profiles of 12 biomarkers produced for oil-exposed fish

e Individual biomarker responses dependent on characteristics of exposure oil
e PCA analyses able to discriminate between crude and heavy fuel oil exposure
e Biomarker profiles inform on the oil characteristics biota is exposed to

Abstract

The release of petroleum hydrocarbons into the environment from natural seeps, well blowouts,
pipeline leaks, shipping accidents and deliberate tank washing poses an ongoing threat to marine
ecosystems. Distinguishing the source of oil contamination in exposed biota can be relatively
straightforward if samples of the oil are available but, in their absence, such discrimination in fish
poses a major challenge. The use of physiological and behavioural biomarker analysis provides a

useful tool to describe sub-lethal effects of toxicant exposure.
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In this study we describe the responses of 12 biomarkers in Lates calcarifer (Asian seabass) following
a 33-day dietary exposure (1%w/w) to heavy fuel oil (HFO) and to Montara, a typical Australian
medium crude oil (MCO). Principal components analysis was used to differentiate between fish
exposed to HFO from those exposed to MCO. Inferences can be made about the composition of an

oil from the biomarker profiles produced in exposed fish.

Introduction

The introduction of petroleum hydrocarbons into the environment can occur from natural processes
such as marine seeps (Burns et al., 2010) or due to human activities. Large-scale anthropogenic
releases such as the Deepwater Horizon oil spill are extreme events with long-term environmental
consequences (Nunes etal., 2015; Snyder etal., 2017; Smeltz et al., 2017). Although on smaller
scale, the blowout from the West Atlas (Montara) well platform in Northwestern Australiain 2009
resulted in the unintentional release of an estimated 4,750 tonnes of medium-light crude oil
(Gagnon and Rawson, 2012; Burns and Jones, 2016; Spies et al., 2017) over a period of 74 days
(Hunter, 2010). Shipping accidents periodically occur, resulting in highly publicized released of
petroleum hydrocarbons into the environment such as the 2002 Prestige spill of 17,000 tonnes of
heavy fuel oil (HFO) off the coast of Spain (Albaigés Riera et al., 2006; Gonzales et al., 2006), and the
recent grounding of the M.V. Wakashio in Mauritius in 2020 where an estimated 1000 tonnes of a

new type of low sulphur fuel oil was spilled (Seveso etal., 2021).

Crude oils are highly complex mixtures of several thousand compounds with chemical biomarker
profiles that differ greatly depending on the source. In heavily developed industrial areas, petroleum
hydrocarbon pollutants found in the environment may originate from several sources, eachwith a
distinctive chemical fingerprint (Elfadly et al., 2017). Heavy fuel oil (HFO) (also termed bunker oil or
heavy diesel oil) refers to blended residual products from the distillation of crude oil commonly used
in merchant vessels (Fritt-Rasmussen et al., 2018). HFO produced from different crude oils are

distinguishable by specific chemical biomarkers (Uhler et al., 2016). Their universal use in shipping
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has led to their frequent release eitherintentionally (e.g. tankwashing) or accidentally, and hence
an understanding of the environmental effects of HFO discharges is important. On exposure to the
environment, the composition of crude and fuel oils changes rapidly as lower molecular weight
volatile compounds evaporate, water-soluble compounds enter the water column, microbial
metabolism and UV-degradationall combine to weather crude oil until eventually the asphaltene-

rich residue fractionremains, often washing up on beaches as tar balls (Scarlett et al., 2019).

Laboratory-based ecotoxicological studies seek to simulate a complicated environmental picture
where sub-lethal effects play a significant role (Whitehead, 2013) in the impactsto organisms in a
spill-affected area. The various biomarkers measured in such studies can show evidence of exposure
to a class of toxicants, or provide quantitation of the effects of this exposure (van der Oost et al.,
1993). Many previous toxicity studies have concentrated on the Water-Accommodated Fraction
(WAF) of crude oil, and have sought to simulate the complex, partition-driven adverse
environmental effects of oil spills by using flow-through systems over contaminatedgravel (e.g.
Heintz et al., 1999) or mechanical methods (e.g. Aaset al., 2000) to generate WAF from crude oils.
Laboratory methods to generate WAF often result in highly variable concentrations of the
compounds of interest which makes replication difficult (Singer et al., 2000; Barron et al., 2003).
Studies using dietary exposures are possibly more repeatable, but there is limited data available.
Exploring the sub-lethal toxigenic effects of crude oil compounds via the dietary route has shown
behavioral changes in Siamese fighting fish (Betta splendends) (Bautista et al., 2019) and zebrafish
(Dario rario) (Vignet et al., 2014b), activation of Cypla mediatedresponses (Narghang et al., 2010)
and changes in serum biochemistry (Vieweg et al., 2018) in polar cod (Boreogadus saida), and
growthinhibition in zebrafish (Vignet et al., 2014a). Hence, dietary exposure has the potential to

produce reproducible sublethal effects using well-characterised whole oils.

Fish present in a spill-affected site may be exposed to toxicants from crude oils via dietary intake, or

water-borne via the gills. Various species of fish from sites with high sediment petroleum
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hydrocarbon concentrations show absorption and retention of crude oil compounds in muscle tissue
(Ahmed etal., 2019). Lipophilic compounds (i.e. with an octanol-water partition coefficient LogKow >
4) have previously been shown to be taken up by fish via the dietaryroute (McKim, 1994; Law and
Hellou, 1999), but there is a paucity of data on this. Anecdotally, the authors have observed fish in
oil spill affected areas feeding on floating wax residues coated with oil, mistaking them for food.
Bioconcentration and biomagnification may enhance the impacts of crude oil toxicogenuic
compounds to marine organisms (Varanasi, 1989; Hellou et al., 2004). Compounds with LogKow >
4.5 arelikely to bioaccumulate (Veith et al., 1979; Hellou et al. 2002; Lombardo et al., 2010; Gissi et

al., 2015; ECHA, 2017) and biomagnify in food webs (Voutsas et al., 2002).

The classical toxicogenesis of petrogenic compounds such as PAHs has been well-described
elsewhere (reviewed by Renaud and Deschaux, 2006). Likewise, the adverse effects of metals on fish
physiology and behavior are well-established (Atchison et al., 1987; Wood, 2011). However, given
the enormous number of compounds present in crude oils, it is exceedingly difficult to describe the
toxic effects of the individual constituent compounds contributing to observed adverse effects.
Hence to fully describe the toxicity of a crude oil, it is necessary tostudy its effects in toto, rather
than selectively choosing groups of known toxicogenic compounds and applying classic mixture

toxicity models.

Lates calcarifer, commonly known as Asian seabass, barramundi or Australian seabass is a predatory
teleost fish found in both freshwater, estuarine and marine environments. A popular sportsfish and
important for aquaculture (Mathew, 2019), it is raised in commercial operations throughout south-
east Asia (Boonyaratpalin, 2017) and elsewhere (Hardin and Hill, 2012). It has a wide global natural
distribution in temperate and tropical waters with genetically distinct natural populations (Yue et al.,
2009) ranging from the eastern tip of Papua New Guinea to the Persian Gulf (Grey, 1987). Its wide
distribution and hardy ability to tolerate a range of environmental conditions make it a suitable test

species for laboratory-based studies concerned with the ecotoxicological effects of crude oil spills.
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Following an oil spill, the ability to distinguish whether fish have been exposed to a medium crude oil
or a heavy fuel oil could be of benefit in terms of assessing the impact on ecosystem health and
litigation proceedings. In this study, we aimto ascertainif exposure to two different petroleum
products, a heavy fuel oil and a medium crude oil, produce significantly distinct effects in a common
teleost fish. In addition to individual biomarker responses, we aimto establish if the integrated set
of biomarkers has the potential to discriminate betweenthe biomarker responses in such a way as
could be predicted based on the character of the oils. Overall, we aim totest the hypothesis that the
source of the binary exposure could be differentiated based on a suite of physiological and

behavioral biomarkers as measured in L. calcarifer.

Materials and Methods

Characterization of QOils

The HFO, a typical bunker C fuel oil (APl 11.4) was supplied by the BP Kwinana Qil Refinery (Western
Australia). The Australian MCO (APl 31.0) wassupplied by PTTEP Pty Ltd. As highly volatile
components within oils are usually rapidly lost on exposure to the environment, the medium crude
oil (MCO) was weatheredfor 5 days using a published method (Smith et al., 2006) to simulate post-
spill conditions. Heavy fuel oils are typically blends of residual post-refinement products (Lewis,
2002; Fritt-Rasmussen et al., 2018), and have already undergone treatments exceeding the

weathering protocol used for MCO. The HFO was analysed as received.

Metals Analysis

A sample of crude oil wasaccurately weighed and repeatedly digested in nitric acid, and finally in a
mixture of nitric/perchloric acids. The digestate was takento incipient dryness and the residue was
dissolved in high purity nitric (0.7 mL), hydrochloric (0.2 mL) acids and high purity water (25 mL).

Samples were analysed in triplicate, and quantified by inductively coupled plasma atomic emission
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spectroscopy (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS) against a

commercial standard (AccuTrace High Purity multi-element standards, Choice Analytical).

Preparation of Spiked Fish Feeds

Dry fishmeal (Nova FF 3mm, Skretting Pty Ltd, Perth, Australia) was powderized in a food processor,
and then 180g samples were spiked with either 3.4 g of HFO or weathered MCO and mixed
thoroughly in a stainless steel benchtop mixer before 200 mL of warmed 10% w/v gelatin solution
was added. The mixture was uniformly spread on a stainless steel tray, coveredin aluminum foil and
placed in an air-tight container at 4°C for 12 h. On setting, the resultant fish feed was manually sliced

into approximately 2 mm cubes, weighed and stored at -20°C until used.

All stainless steel mixing and cutting apparatus was thoroughly cleaned, and double-rinsed with

methanol followed by dichloromethane (DCM) between preparations.

Polycyclic Aromatic Hydrocarbons

The MCO, HFO and fish feeds spiked with the respective oils were analysed for a suite of 40 PAHs
using standard published methods (Forth et al., 2017). Oils were diluted in DCM, and an internal
standard added to a 1ml aliquot of the extract. Fish feeds (10g) were extracted by sonication in

acetone/DCM, and chemically dried using sodium sulphate.

QOils and fish feed extractswere analysed for PAHs using GC mass spectrometry (GC-MS) selectedion
monitoring (SIM). PAHs were quantitated by comparison to external standards (Accustandard,

Connecticut, U.S.A.). Alkylated-PAHs were quantitated using the response factors of the appropriate
parent PAH using the protocol of Forth et al. (2017). All extractionsand analyses were performed in

triplicate.
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151  Fish Exposure and Sampling

152 Juvenile barramundi (10-15 cm) were obtained from a commercial hatchery. Originally raised in

153  freshwater, the fish were gradually acclimatizedto 34 ppt salinity seawater over 5 days before being
154  transferredto 100 L tanks. Natural Indian Ocean seawater was collected from a coastal region 100
155 km north of Perth, Western Australia. Fish were handled and maintainedin accordance with Curtin
156 University animal ethics approval ARE2019/11. Each of the three exposure groups (negative control,
157  MCO and HFO) were tested in triplicate, with 4 fish per tank (n=12 per treatment). A closed

158 recirculating system via an external canister biofilter was used with a flow rate of approximately
159 5L/min. Water was maintained at 28 °C (+2 °C) using in-tank submersible heaters, and was aerated
160  to achieve dissolved oxygen of not less than 5.0 mg/L. Fish health was maintained by daily

161 monitoring of totalammonia, dissolved oxygen, pH, salinity and temperature with partial water

162  exchangesof 10 - 60% of the 100 Ltank volume performed daily as required.

163 Fish were fed twice per day to a total of 2% body weight per day, with either commercial fish meal
164 (negative control) or commercial fish meal spiked with 1 % w/w MCO or 1 %w/w HFO. Post-feeding,

165  excrementand any fish feed not consumed was removed one hour after feeding.

166 Fish were exposed for 33 days, followed by 2 days without feeding to ensure sufficient contents of
167  the bile duct for sampling. Fish were euthanized by ike-jime, a blood sample was immediately taken
168  from the caudal vein using an un-heparinized syringe. Haematocrit was measured by the capillary
169 method using heparinized tubes, and blood was allowed to clot for 45 minutes on ice before

170  centrifugationat 5000xG for 5 minutes followed by removal of serum into 2 mL cryovials which were
171 snap frozenin liquid nitrogen before being stored at -80 °C until analysis. Physiological parameters of
172 standard and fork length, whole wet weight and carcass weight (body weight without viscera) were

173 recorded.



174  The liver was excised and weighed, the brain was surgically removed, samples of gill tissue were
175 excised, and bile was collected directly from the bile duct using a 1.0 mL syringe and 22-gauge
176  needle. All tissue samples were divided among several separate 2 mL cryovials which were

177 immediately snap frozen in liquid nitrogen and stored at -80°C until analysis.
178

179  Physiological Parameters

180 Fulton’s condition factor (CF) was calculated as:
181 CF = [Kg] x 106
Ly
182 where Lyis the fork length (in mm) of the fish and W/, is the carcass weight (g).

183  The hepatosomaticindex (HSI) was calculated as:
w,

184 HSI = [—l] X 100
We

185  where W, is the carcass weight (g) and W, is the liver weight (g).

186

187  Biochemical Analyses
188 DNA damage was estimated by quantifying 8-oxo-dG in serum using a commercially available ELISA
189 kit (StressMarq Biosciences, Vancouver, Canada, catalog number SKT-120-965) as per

190 manufacturer’sinstructions.

191  Acetylcholinetserase (AChE) in brain tissue was quantified using a commercially available ELISA kit
192 (Cusabio Biotech, Houston, U.S.A., catalog number CSB-E17001Fh). Samples were thawed on ice,
193  surface rinsed with chilled phosphate buffered saline, pH 7.4 (PBS) and a 10% w/v homogenate

194 prepared in PBS. Samples were not diluted prior to analysis.
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Heat shock protein 70 (HSP70) in gill tissue wassimilarly quantified using a commercially available
ELISA kit (Cusabio Biotech, Houston, U.S.A., catalog number CSB-E16327Fh). Samples were thawed

on ice, surface rinsed with PBS, and a 10% w/v homogenate of excised lamellae preparedin PBS.

Ethoxyresorufin deethylase (EROD) activity was quantified in liver tissue using a published
spectrofluorimetric method (Hodson et al., 1991). Liver samples were thawed on ice and a 20% w/v
homogenate prepared in chilled HEPES buffer, pH 7.5. Homogenates were centrifuged at 12000xg
for 20 minutes at 4°C, and the microsome-rich S9 fraction of the supernatant was collected for

analysis. EROD activity was reported as pmol of substrate converted to product per minute.

Biliary PAH metabolites were estimated using the method of Lin et al., 1996. As standards, naphthol
(excitation/emission wavelengths of 290/335nm), a phenanthrol standard (Torreira-Melo, 2015)
(excitation/emission wavelengths of 260/380nm) and pyrenol (excitation/emission wavelengths of
340/380nm and 380/430nm for pyrene-type and benzo(a)pyrene-type metabolites respectively)
were used. Sample fluorescence was measured using a Perkin—Elmer LS-5 Luminescence

Spectrometer, and reported as pg of equivalent fluorescence of the relevant standard-type.

All biochemical biomarkers were normalised to total protein in the sample, measured using the
Bradford method (Bradford, 1976; Bio-Rad, 1979) with bovine serum albumin (BSA) as a standard

and a BioRadiMark Microplate Absorbance Reader to measure absorbance at 595nm.

Behavioural Effects
Impactson foraging behaviour was estimatedvia the rate of food consumption. Daily feed was
weighed, and the time takenfor eachtank of four fish to consume their allotment of approximately

5g of food was measured and averaged by the number of fish in the tank (i.e. 4 fish). Feeding rate

was reported in grams of food ingested per minute per fish (g/min/fish).



219  Liver Histomorphology
220 Four liver samples from each treatment group were randomly selected for histomorphological
221 analysis. Samples were sectioned, mounted and stained by the Western Australian Government

222 Department of Primary Industries and Regional Development (DPIRD)and interpretedby a

223 veterinary pathologist.

224

225  Data Handling

226  All dataanalyses were conducted using R statistical software, version 4.02. Significant difference
227 between means of exposure groups for the various biomarkers was established using Tukey’s HSD.
228 Differences in biomarker profiles between exposure groups were characterised by principal

229  components analysis (PCA) (Le et al., 2008). Individuals missing values for any particular biomarker
230  wereincluded in the PCA analysis by substituting missing values with the mean of the respective

231 exposure group for that biomarker (Husson et al., 2016).

232

233 Results and Discussion

234 All confidence intervals provided are standard error.

235  Characterization of Qils
236  The HFO was found to be highly sulfurous (10200 + 5900 mg sulphur/kg), with higher levels of iron

237  (37.90 % 21.8 mg/kg), nickel (12.23 + 7.06 mg/kg) and vanadium (15.27 + 8.81 mg/kg) relative to

238 MCO but differences between other element concentrations were less pronounced (Table 1).

239 MCO contained higher concentrations of naphthalenes (29800 + 1180 mg/kg) and phenanthrenes
240 (6370 £ 210 mg/kg) than the HFO (11900 + 124 mg/kg and 4830 + 39 mg/kg respectively).

241  Conversely, the HFO contained higher concentrations of the larger 4-ring pyrenes (2550 + 49 mg/kg)
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than MCO (910 + 22 mg/kg). Of particular ecotoxicological interest, the HFO contained 891 + 29

mg/kg benzopyrenes, which were absent in MCO.

Total PAH concentration (a sum of 40 measured PAH compounds) measured in fish feed used in this
study averaged 600 mg/kg (MCO) and 425 mg/kg (HFO) fish food respectively (Table S1. These are
environmentally relevant concentrations: in spill-affected zones after the Deepwater Horizon
incident, total PAH concentrations in sediments were as high as 355mg/kg (Turner etal., 2014) and

856mg/kg (Wanget al., 2014).

Physiological Parameters

Mean CF was significantly lower (p = 0.015) in HFO exposed fish (14.38 + 0.44) compared to negative
controls (16.09 = 0.25) (Figure 1a). Mean CF in MCO (14.73 + 0.48) exposed fish were also
comparably lower than negative control fish, but not significantly so (p = 0.060). Toxicant exposure
carrieswith it an associated energy burden on the organism (Marchand et al., 2004) as it both
metabolizes and excretes xenobiotic compounds, and repairs any associated damage that may
occur, for example by reactive oxidative species (ROS) generated through the Cypla mediated
metabolism of PAHs. The CF of fish exposed to MCO was not significantly different from that of fish
exposed to HFO (p = 0.819), suggesting that the specific composition of the oil does not affect the

energy burden required by the organism to deal withingested toxicants.

Hepatosomatic Index was not significantly different betweenany of the treatment groups (p =
0.093) (Figure 2b). Faster growing juvenile fish tend to show higher rates of liver hyperplasia than
slower growing adult fish (van der Oost et al., 2002), but as the liver has both storage and
detoxifying functions, the enlargement of the liver in response to exposure to a toxicant can be
reduced to the point of no-net increase by poor nutrition (Schlenk and Benson, 2017). It may also be
that the duration of our trialat 35 days was insufficient for an increase to be seen in the liver size of

fish exposed to petroleum hydrocarbons. Significant HSI responses to hydrocarbons from crude oil
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were not found in other laboratory exposure studies in Atlantic cod (Gadus morhua) (Aas et al.,
2000) or Atlantic salmon (Sa/mo salar) (Gagnon and Holdway, 2002). Field studies following the 2009
Montara oil spill similarly showed no significant changes to HSI (Gagnon and Rawson, 2012) in either
red emperor (Lutjanus sebae) or goldband snapper (Pristipomoides multidens) despite the 74-day

duration of the petroleum release (Hunter, 2010, Burns et al. 2010).

Haematocrit varied between treatment groups (Figure 1c). HFO exposed fish had a significantly
lower (p = 0.001) mean haematocrit (0.199 + 0.014) compared to negative control fish (0.290+
0.018). Repeating the pattern found with CF, MCO-exposed fish also had a lower haematocrit (0.238
+0.012) which approached significance (p = 0.069). Lower haematocrit implies a reduction in blood
oxygenation, which has metabolic consequences that are possibly a contributing factorin the lower

CF evident in fish exposed to crude oils.

Biomarkers of Exposure:

Biliary PAH metabolites in eachtreatment varied generally proportionately to the relative
abundance of the parent compounds in the respective crude oils (Figure 1(i), (j), (k) and (l)). Mean
biliary metabolite concentrations in MCO- and HFO-exposed fish were significantly different from
negative control fish (p < 0.001), with the exception of benzo(a)pyrene type metabolitesin MCO-
exposed fish (15.96 ng/mg protein + 0.67) which were non-significantly higher (p = 0.120) than
negative control fish (7.69 ng/mg protein * 0.39), reflecting the paucity of larger molecular weight

PAHs found in the MCO used in this study.

Compared to negative controls, EROD activity in fish exposed to MCO showed no significant increase
compared to negative controls (p = 0.995). EROD activity was clearly induced in fish exposed to HFO
(2.08 + 0.39 pmol/min/mg protein), which was significantly higher than both the negative control
group (0.96 + 0.08 pmol/min/mg protein, p = 0.012) and fish exposed to MCO (0.99 + 0.18

pmol/min/mg protein, p = 0.026) (Figure 1f).
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Although the ability of petroleum hydrocarbons to induce EROD activity varies greatly between fish
species (White et al., 2000), L.calcarifer exhibits significant EROD induction following intra-peritoneal
injection of petroleum oils (Mercurio et al., 2004; Gagnon and Rawson, 2017). Lower molecular
weight PAHs such as naphthalenes (two rings) and phenanthrenes (three rings) that are present in
relatively high abundance in MCO have a lower CYP1a induction potential than the larger PAHs with
four or five ring structures (Whyte et al., 2000). The lack of EROD induction in MCO-exposed fish is

likely due to the paucity of higher molecular weight compounds in the PAH profile of MCO.

Gill tissue HSP70 concentration was elevated in HFO-exposed fish (4.71 + 0.64 pg/mg protein) and in
MCO-exposed fish (4.86 * 0.51 pg/mg protein) compared to negative control fish (3.87 + 0.38 pg/mg
protein) (Figure 1g), but this was not statistically significant (t-test, p=0.10). HSP70 induction is a
complex biological process (Morimoto, 1998), is not specific to petroleum hydrocarbons (Whyte et

al., 2000), and can be induced by several classes of compounds (e.g. PCBs).

Biomarkers of Effect

The levels of DNA damage (as 8-oxo-dG) did not change between test groups, with serum
concentrations of 0.880 + 0.047 ng/mg protein, 0.889 + 0.043 ng/mg protein and 0.850 + 0.039
ng/mg protein detectedin negative control, MCO- and HFO-exposed fish respectively. PAHs and
metals are among the causes of elevated serum 8-oxo-dG (Valvanidis et al., 2009). The bioavailability
of metalsis a crucial factor in the mechanism of oxidative DNA damage from coal fly ash, rich in
vanadium and nickel (Prahalad et al., 2000). Although vanadium and nickel are present in HFO in
small amounts (15.3 ug/g and 12.2 ug/g respectively), metals in crude oils are generally found in the
asphaltene fraction complexed inside porphyrins (Biesaga et al., 2000) and other metal porphyrins
can exist (Woltering et al., 2016), and may not be bioavailable via the dietary route. This could

explain the observed lack of difference in 8-oxo-dG between groups in our experiment.
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AChE concentration in brain tissue homogenate decreased significantly (t-test, p £ 0.025)in fish
exposed to HFO (0.69 +0.05 ng/mg protein) and MCO (0.86 + 0.05 ng/mg protein) compared to fish

in the negative control group (0.90+ 0.04 ng/mg protein) (Figure 1h).

Behavioral Changes

L. calcarifer are a known sportfish, and aggressively compete for food even in captivity. Fish in the
negative control group had a mean feeding rate of 4.51 + 0.10 g of food ingested/min/fish. Fish
exposed to petroleum hydrocarbons exhibited significantly lower (p < 0.001) feeding ratesof 2.17 +

0.09 g/min/fish and 0.244 + 0.01 g/min/fish for MCO- and HFO-exposed fish respectively (Figure 1d).

Anecdotally, fish exposed to HFO visually appeared intoxicated, slow swimming or immobile, and
were slow to respond to stimuli. Similar observations have been reported in other fish species
exposed to petroleum hydrocarbons (reviewed by Kasumayan, 2001; Weiss and Candelmo, 2012).
Exposure to the WAF of fuel oils was reported to impair the ability of rainbow trout (Oncorhynchus
mykiss) to successfully predate (Folmar etal., 1982), and greatly reduced the feeding rate of gobies
(Gobionellus boleosoma) (Greg et al., 1997). The present study demonstrates that dietary exposure

also produces typical narcosis effects in barramundi.

Among the various drivers of adverse behavioral impacts in fish, cholinesterase inhibition is an
important mechanism driving behavioral pathology (Scott and Sloman, 2004). In the present study,
an association appears to be present between lowered AChE and decreased feeding rate. This agrees
with findings in other studies that suggest lowered AChE activity in response to toxicant exposure in
mosquitofish (Gambusia affinis) is associated with decreased swimming speed (Rao etal., 2005). In a
laboratory setting, exposure to phenanthrene has been shown to cause reduced swimming speed
and alter swimming patternsin guppies (Poecilia vivipara) (Torreira-Melo et al., 2015). Inthe field,
brown trout (Sa/mo trutta) swim slower in streams highly polluted with a complex mixture of

toxicants including PAHs thanin more mildly polluted streams (Triebskorn et al., 1997).
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There also appears to be a relationship in the present study between decreased haematocrit and
reduced feeding rates. This agrees with other findings that decreased haematocrit and red blood cell
count is associated with decreased swimming speed and predation activity in L. calcarifer
(Satheeshkumar et al., 2012), providing a second measure of a biological impact which might

translate into reduced foraging ability in PAH-exposed fish.

Liver Histomorphology

Histomorphological analysis showed only very minor qualitative differences betweentest groups (Fig
S1). Adipocytes were generally plump and clear in appearance, except for MCO-exposed fish which
were mildly collapsed. Hepatocyteswere slightly smaller in size in MCO- and HFO-exposed fish
compared to negative control fish. In both MCO and HFO test groups, zymogen granules were
observed in 50% of the exocrine pancreascytoplasm, compared to 50-70% in the negative control

group.

If dietary exposure to crude oils caused hyperplasia (i.e. enlarged hepatocytes), a higher HISwould
be expected, however in the current study the lack of variation in hepatocyte size was mirrored by
the lack of variation in HSI. General indications of long-term toxicant exposure include toxicopathic
liver lesions, and elevated macrophage immigrationand the resulting macrophage aggregates (Guilio
and Hilton, 2008). Toxicopathic liver lesions in English sole (Pleuronectes vetulus) were associated in
a dose-dependent manner with sediment PAH concentrations and biliary PAH metabolites in a field
survey of the Vancouver Harbour, Canada (Stehr et al., 2004). Itis possible that the trial exposure

duration of 33 days was insufficient to cause significant histological changes.
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Biomarker Baseline

The normal, or baseline, rangesfor the measured suite of biomarkers, in healthy L. calcarifer not
exposed to oils are presented in Table 2. The baseline ranges were defined as 2x the standard error
of the mean value from the negative control group (OSPAR, 2013). Data on pre-exposure values for
biomarkers are of criticalimportance in environmental impact studies attempting to estimate the
adverse effects of anoil spill (Nunes et al., 2015). In the aftermath of the Deepwater Horizon oil spill,
the absence of pre-incident baseline data of fish health was an obstacle to fully assessing the long-

term environmental impacts of the incident (e.g. Shigenaka, 2014; Murawski et al., 2014).

Multivariate Analysis

A PCA of 11 of the biomarkers included in the study using Bray-Curtis distancing shows two principal
components which represent 50.7% of the total variability of the combined biomarker dataset

(Figure 2).

The three treatment groups are significantly separated from each other (Tukey’s HSD, p <0.05), and
their positions on the principal component axes are driven by different biomarkers. The positions of
HFO-exposed fish are influenced by the presence of pyrene-type and benzo(a)pyrene type biliary
metabolites, increased EROD activity, and lower AChE in brain tissue. MCO-exposed fish are
influenced by naphthalene-type and phenanthrene type biliary metabolites, and by HSP70
concentrationin gill tissue. The position of negative control fish is largely determined by higher

condition factor and haematocrit, and an absence of other elevated biomarkers.

Biliary PAH metabolites, AChE concentrationand EROD activation had the highest discriminatory
power in describing the exposure and effects of petroleum hydrocarbon exposure in L. calcarifer.
DNA damage (as serum 8-oxo-dG), HSI and HSP70 had the least. This agrees with findings in similar

dietary petroleum hydrocarbon exposure studies in other species (Nahrang et al. 2009).
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The separation on the principal component axes is in accordance with the respective composition of
the crude oils to which the fish were exposed. MCO has higher concentrations of naphthalenes and
phenanthrenes and virtually no pyrenes or benzo(a)pyrenes, implying that it will be a poor inducer
of Cypla enzymes such as EROD. Incontrast, HFO has relatively low concentrations of twoand three
ring aromaticsand greater concentrations of larger structures. Inthe absence of actual chemical
analyses of an oil, generalinferences can be made about the composition of the crude oils to which
L. calcarifer were exposed, given the signature differences in biomarker responses of exposed fish.
Following an oil spill it canbe assumed that fish ill-health is related to the oil known to be spilled, but
it is possible that fish have been exposed to a different petroleum hydrocarbon source or other
stressors. The integration of all biomarkers in a single PCA biplot may help to confirm or reject
certainoils as sources for observed adverse effects on fish in an oil spill zone, and reinforce evidence

that fish have been exposed to, and affected by, exposure to petroleum hydrocarbons.
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Table 1: Selected Metalsand Total PAHs measured in MCO and HFO.

Compound MCO (mg/kg) HFO (mg/kg)
Naphthalenes (C1-C4) 29800+1180 11900124
*n Phenanthrenes (C1-C4) 6370210 4830+39
E Pyrenes/Fluoranthenes 910+22 2550+49
s Benzopyrenes/Benzofluoranthenes 00 891+29
= Dibenzothiophenes 1270146 353069
Chrysenes 61+2 2970+29
Aluminium 30.70+£17.7 15.44+8.91
Arsenic <0.03 0.04+£0.02
Barium 0.11+0.06 1.32+0.76
Chromium 0.89+0.52 0.24+0.14
Cobalt <0.46 2.15+1.24
Copper 0.45+0.26 <0.31
Iron 473+2.73 37.90+21.8
B | Lead 0.08+0.05 0.04+0.02
< Molybdenum <0.01 0.05+0.03
Nickel 0.11+0.06 12.23+7.06
Silver <0.01 <0.01
Sulfur 3941227 10200 £5900
Tin 0.18+0.1 0.13+0.07
Titanium <0.24 3.24+1.87
Vanadium <0.03 15.27+8.81
Zinc 1.47 £0.85 1.19+0.69

*Total PAH is defined as the sum of parent compounds plus all alkylated C1, C2, C3 and C4
homologues.
Values denoted with “<” were below the stated limit of reporting (see Tables S1, S2 and S3).

A full list of all PAHs and metals included in the analytical suites, and the analysis of fish food spiked
with oil, is provided in the supplementary information.
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Table 2: Baseline values of 11 Biomarkersfor healthy juvenile Latescalcarifer.

Biomarker

Lates calcarifer Baseline Range

Condition Factor

Hepatosomatic Index

Haematocrit

Naphthalene-type Biliary Metabolites (ug/mg protein)
Phenanthrene-type Biliary Metabolites (ug/mg protein)
Pyrene-type Biliary Metabolites (ug/mg protein)
Benzo(a)pyrene-type Biliary Metabolites (ug/mg protein)
DNA Damage (as 8-oxo0-dG) ng/mg protein)

AChE (ng/mg protein)

HSP70 (pg/mg protein)

EROD (pmol/min/mg protein)

15.58- 16.61
1.45-1.90
0.25-0.33
3.30-4.18

20.69- 26.55
1.45-1.78
6.91- 8.48
0.78-0.97
0.82-0.98
2.95-4.51
0.80-1.11
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637 Figure 1: Boxplots of 12 biomarker responses of Lates calcarifer exposed to petroleum hydrocarbons.

638 Lines are the median, the means are denoted by ‘x’, and dots are outliers.
639 * indicates result statistically significantly different from negative control (p < 0.05).
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642 Figure 2: PCA biplot of biomarker profiles of L. calcarifer exposed to petroleum hydrocarbons.
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