Journal Pre-proof

Comparative developmental toxicity of conventional oils and diluted
bitumen on early life stages of the rainbow trout (Oncorhynchus
mykiss)

Schiano Di Lombo Magali, Weeks-Santos Shannon ,
Clérandeau Christelle , Triffault-Bouchet Gaélle ,
S. Langlois Valérie , Couture Patrice , Cachot Jéréme

PII: S0166-445X(21)00196-X

DOI: https://doi.org/10.1016/j.aquatox.2021.105937

Reference: AQTOX 105937

To appear in: Aquatic Toxicology

Received date: 8 January 2021

Revised date: 13 July 2021

Accepted date: 6 August 2021

Please cite this article as: Schiano Di Lombo Magali , Weeks-Santos Shannon ,
Clérandeau Christelle , Triffault-Bouchet Gaélle , S. Langlois Valérie , Couture Patrice ,

Cachot Jérome , Comparative developmental toxicity of conventional oils and diluted bitumen
on early life stages of the rainbow trout (Oncorhynchus mykiss), Aquatic Toxicology (2021), doi:
https://doi.org/10.1016/j.aquatox.2021.105937

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

(©) 2021 Published by Elsevier B.V.


https://doi.org/10.1016/j.aquatox.2021.105937
https://doi.org/10.1016/j.aquatox.2021.105937

Journal Pre-proof

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Comparative developmental toxicity of conventional oils and diluted bitumen on early life stages
of the rainbow trout (Oncorhynchus mykiss)

Schiano Di Lombo Magaliab, Weeks-Santos Shannonz, Clérandeau Christelles, Triffault-Bouchet
Gaéllec, Langlois Valérie S.b, Couture Patriceb”, Cachot Jéromea”

qUniversité de Bordeaux, CNRS, EPHE EPOC UMR 5805, F-33600 Pessac, France

PInstitut national de la recherche scientifique (INRS), Centre Eau Terre Environnement,

Québec, QC, Canada

‘Centre d’expertise en analyse environnementale du Québec, Ministére de I’Environnement et

de la Lutte contre les changements climatiques, Québec, QC, Canada

*Corresponding authors:

Jéréme Cachot, email: jerome.cachot@u-bordeaux.fr
Patrice Couture, email: patrice.couture@inrs.ca
Abstract

Petroleum hydrocarbons are widely used and transported, increasing the risks of spills to the
environment. Although conventional oils are the most commonly produced, the production of
unconventional oils (i.e. diluted bitumen or dilbit) is increasing. In this study, we compared
the effects of conventional oils (Arabian Light and Lloydminster) and dilbits (Bluesky and
Clearwater) on early life stages of a salmonid. To this end, aqueous fractions (WAF: water
accommodated fraction) of these oils were extracted using mountain spring water. Rainbow
trout (Oncorhynchus mykiss) larvae were exposed to 10 and 50% dilutions of these WAFs
from hatching (340 DD; degree days) until yolk sac resorption (541 DD). Exposure to WAFs
increased skeletal malformations (both dilbits) and hemorrhage (both conventional oils and
Bluesky) and decreased head growth (Arabian Light). In addition, increases in EROD activity

and DNA damage were measured for all oils and an increase in cypla gene expression was
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25  measured for Arabian Light, Bluesky and Clearwater. The PAH and C;o-Cso concentrations
26  were positively correlated to total larval EROD activity, whereas concentrations of total
27  hydrocarbons, VOCs, PAHSs, and C10-Csy were positively correlated to cypla expression.
28  Total hydrocarbon, VOC, and C19-Cs concentrations were also negatively correlated to larval
29  growth. This study supports that petroleum hydrocarbons are toxic to early developmental
30  stages of rainbow trout and show that their degree and spectrum of toxicity depends on their

31  chemical composition.

32  Keywords

33 conventional oils, diluted bitumen, aqueous fraction, embryo-iarval toxicity, swimming
34  behavior, molecular responses

35 1. Introduction

36  Bitumen is considered an unconventional oil because of its high viscosity, which implies that
37 it needs heating or dilution in order to be transported through pipelines. The dilution of
38  bitumen leads to different types of bitumen oils, for example, diluted bitumen (dilbit), which
39  results from the addition of natural gas condensates (20-30% v/v), and synthetic bitumen
40  (synbit), containing up to 50% of synthetic chemicals (Dew et al., 2015). Bitumen, like some
41  other heavy oils, is extracted from source rocks as light or medium oils. The processes that
42  follow, including water washing, sand removal, bacterial degradation, or evaporation
43  sometimes lead to the loss of light organic compounds, resulting in its transformation into a
44  heavy oil. Heavy oils contain the asphaltic fraction, which is made of resins, asphaltenes, and
45  preasphaltenes (Meyer et al., 2007). The composition of bitumens and conventional crude oils
46  also differs. Bitumens have fewer saturates, more resins, and more asphaltenes than
47  conventional crude oils. The only fraction that is constant between the two types of oils is the
48  aromatic fraction (Woods et al., 2008). As the production and global consumption of

49  petroleum keeps increasing, the risk of oil spills is also rising (Ball and Truskewycz, 2013).
2
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50  Assessing the environmental impact of oil spills is a big challenge, because crude oil
51  composition is highly variable, involving complex mixtures of chemicals with different

52  environmental behavior and toxicity.

53 Several studies have documented the toxicity of a wide variety of bitumen and
54  conventional crude oils on fish embryos. Exposure to crude oil and dilbits can increase
55 mortality of early life stages in rainbow trout (Oncorhynchus mykiss), Japanese medaka
56  (Ozyzias latipes), fathead minnow (Pimephales promelas), zebrafish (Danio rerio), pink
57  salmon (Oncorhynchus gorbuscha) and pacific herring (Clupea pallasii) (Carls et al., 1999;
58  Perrichon et al., 2016; Philibert et al., 2016). It can also lead to a delay of hatching in
59  zebrafish embryos (Perrichon et al., 2016; Philibert et al., 2016). Several studies have reported
60 an induction of developmental anomalies including skeletal malformations, pericardial and
61 yolk sac edemas in different fish species including zebrafish, fathead minnow, Japanese
62  medaka and Australian rainbow fish (Melanotaenia fluviatilis) (Madison et al., 2020, 2015;
63  McDonnell et al., 2019; Perrichon et al., 2016; Philibert et al., 2016; Pollino and Holdway,
64  2002). Moreover, exposure of fish embryos to conventional and unconventional oils causes a
65  disruption in swimming behaviour, as reported for zebrafish in two different studies.
66  Zebrafish larvae exposed to mixed sweet blend and heavy oil WAFs showed a decrease in
67  bottom-dwelling and distance moved compared to control unexposed larvae (Perrichon et al.,
68  2016; Philibert et al., 2016). It was also showed that exposure to crude oils and oil compounds
69  can lead to an increase in EROD activity, oxidative stress and DNA damage in rainbow trout
70  (Brinkmann et al., 2013; Gagné et al., 2011; Le Bihanic et al., 2014b; McNeill et al., 2012).
71  Lastly, studies on fathead minnow, zebrafish, and Japanese medaka pointed out that exposure
72 to constituents extracted from dilbits like Access Western Blend (AWB) and/or Cold Lake

73 Blend (CLB), affected the level of transcription of genes involved in xenobiotic
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74  metabolisation (cypla, gst), oxidative stress response (gsr, sod) and cell homeostasis (p53,
75 hsp70) (Madison et al., 2015; McDonnell et al., 2019). Although there are several studies
76  about the effects of conventional crude oils and dilbits on the early life stages of various fish
77  species, very few actually discuss the differences of toxicity spectrum between those two

78  types of oils.

79 Rainbow trout is an ideal fish model for toxicity assays on early life stages (ELS). It is
80 commercially available at all life stages throughout the year in Europe and North America, it
81 is easy to maintain in the laboratory, its development is well-known and its ELS are sensitive

82  to numerous pollutants, including PAHs (Le Bihanic et al., 2014b; Valotaire and Borel, 2017).

83 This study aimed to compare the toxicity of two conventional crude oils (Arabian
84  Light and Lloydminster) with that of two dilbits (Bluesky and Clearwater) to early life stages
85  of rainbow trout. Arabian Light was chosen as it is one of the most produced oils worldwide
86  and Lloydminster was chosen because its density is similar to that of the dilbits. Bluesky and
87  Clearwater are two oil sands with a high sulfur concentration. They were chosen because their
88  composition is similar to that of the most common dilbits circulating in Canada, the CLB and
89  the Western Canadian Select (WCS), which were also implicated in the Kalamazoo River
90  Spill (Crude Quality Inc, 2010; Deshpande et al., 2018; US Energy Information
91  Administration, 2021). The toxicity of the water accommodated fractions (WAFs) of the four
92 oils was tested on larval development, swimming behavior, EROD (ethoxyresorufin-O-
93  deethylase) activity, DNA damage and on the expression of genes related to the AhR (aryl
94  hydrocarbon receptor), EROD activity, cell integrity and oxidative stress. The oils were
95  prepared following the WAF protocol at a concentration of 156 mg/L, an environmentally-
96  realistic concentration after an oil spill (up to 530 mg/L for the DeepWater Horizon oil spill,

97  Sammarco et al., 2013). Moreover, WAF are prepared only by mixing oil in water (in contrast

4
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98 to CEWAF in which a chemical dispersant is added), which corresponds to what happens in
99 the environment after an oil spill (Adams et al., 2020; Perrichon et al., 2016). To compare the
100 toxicity of the conventional and unconventional oils, we compared the number of endpoints
101  significantly affected by the exposure to each oil type. The chemical composition of the
102  aqueous fractions was also analyzed to investigate relationships between the concentrations of

103  the oil components and their toxicity.
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104
105 2. Materials and methods
106  2.1. Chemicals

107  Cedre (Brest, France) supplied the Arabian Light crude oil, while the Lloydminster crude oil
108  and Bluesky and Clearwater dilbits were provided by Crude Quality Inc. (Edmonton, Alberta,
109  Canada). For WAF preparation, 156 mg of each oil was added to 1 L of spring water
110  (Laqueuille) in a 1 L glass bottle and the oils’ aqueous components were extracted following
111  the standardized protocol by Singer (Singer et al., 2000). This concentration was chosen
112 because it represents realistic environmental concentrations after an oil spill (Perrichon et al.,
113 2016). The solutions were left under magnetic stirring (350 rpm) for 24 h in the dark at room
114  temperature before being poured into a separation funnel and left there for one hour in the
115  dark. The solutions were then diluted at 10 and 50% and these final solutions were used for

116  the rainbow trout exposure experimenit.
117
118  2.2. Embryo exposure

119  Two experiments using the same conditions were performed. The first experiment involved
120  the exposure of rainbow trout sac fry to the crude oil WAFs, while the second experiment
121 involved exposure to the dilbit WAFs. INRA-PEIMA (INRA Experimental Fish Farm of the
122 Monts d’Arrée, Sizun, France) provided 1000 rainbow trout embryos at the eyed stage for
123 each exposure (280 degree days, number of days x daily temperature). Each treatment was
124  replicated three times, except for the control group, which was replicated 4 times. For each
125  replicate, 25 embryos were laid in a 700 mL glass jar containing 500 mL of diluted WAF. The

126  exposure started when the hatching period began (340 DD) and ended after 17 days when the
6
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127  yolk sac was just resorbed (541 DD). Throughout the exposures, embryos were kept in the
128 dark in a climate chamber (Thirode, Poligny, France) at 12 °C. Air bubbling in each jar
129  ensured proper oxygenation. Dissolved oxygen was measured daily with a fiber optic oxygen
130  mini-sensor Fibox 3 (PreSens Precision Sensor, Regensburg, Germany). The hardness and pH
131 of the WAFs were not monitored, but the Laqueuille spring water had a hardness of 19.1 ppm
132 of CaCOsand a pH of 7.7. For each replicate, 80% of the exposure solution was replaced by a
133 fresh solution daily. At the end of the exposures, the larvae that were not used for biomarker
134  analyses were euthanized with a lethal dose of ethyl 4-aminobenzoate (benzocaine, 120 mg/L,

135  Sigma-Aldrich, St Quentin Fallavier, France).
136
137 2.3. Chemical analysis

138  Fresh WAFs were prepared for chemical analysis following the protocol described in Section
139 2.1, then split into aliquots for the following analyses. A glass bottle was filled with 800 mL
140  of the solution (acidified to pH 2 with hydrogen sulfate) and was stored in the dark to quantify
141  the PAH concentrations. In addition, two glass vials were filled with 40 mL of the solution
142  and stored in the dark, to measure the concentrations of VOCs (volatile organic compounds),
143  and Cqo-Csg fractions. The CEAEQ (Centre d’expertise en analyse environnementale du
144  Québec, Ministére de I’Environnement et de la Lutte contre les changements climatiques,
145  Canada) performed the VOC measurements following the MA. 400-COV 2.0 protocol, the
146  PAH measurements following the MA. 400-HAP 1.1 protocol and the C10-C50 hydrocarbons
147  following the MA. 400-HYD 1.1 Rev. 3 protocol (CEAEQ, 2016b, 2016a, 2015). Details on
148  the chemical analysis methods and quality controls are supplied in the Supplementary

149  Information (Table S1).
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150
151  2.4. Phenotypic effects

152  Larval survival was monitored and dead individuals were removed daily. Mortality was
153  calculated as the number of dead individuals over the total number of embryos at the
154  beginning of the experiment. At the end of the exposures, nine individuals (541 DD) for each
155  replicate were sedated with carbonated water and biometrics as well as malformations were
156  recorded using a Leica MZ75 microscope and the software ToupView 3.7. From the pictures
157  taken, the total body and head lengths were measured as described by Weeks-Santos et al.
158  (2019). Larvae were also observed to detect developmental defects such as spinal and cranio-
159  facial deformities, edema, cardiac anomalies, and hemorrhiages according to Le Bihanic et al.

160  (Le Bihanic et al., 2014b).
161
162  2.5. Swimming Behaviour

163 At the end of the exposure, the swimming behavior of larvae (541 DD) was analyzed using a
164  DanioVision Image Analysis system (version 12.0, Noldus). Nine larvae per replicate were
165 individually placed in 6-well microplates containing 5 mL of the exposure water. Microplates
166  were placed in the recording chambers, which were previously set at 12 °C. The larvae were
167 acclimated for one hour in the dark in the climate chamber and then for 10 min in the
168  DanioVision chamber before starting the video tracking. The video recording lasted 30 min
169  with a dark/light/dark cycle of 10 min each and at 12 °C. The swimming performance of each
170  larva was assessed from their mobility status (highly mobile, mobile and non-mobile) and the
171  distance moved over each 10 min period following the protocol published by Weeks-Santos et

172 al. (2019).
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173
174  2.6. EROD activity

175  The in vivo EROD activity was measured on four isolated larvae per replicate using the
176  protocol developed by Le Bihanic et al. (2013) and adapted by Gaaied et al. (2019). For each
177  series of samples, a freshly prepared resorufin standard range (0; 0.625; 1.25; 2.5; 5; 10 nM)
178  was added for EROD activity calculation and a positive control was run together to ensure
179  that the test performed well. The positive control consisted of four larvae per relicate exposed
180  for 2h at 12 °C in the dark to 100 nM BaP solution. For EROD activity measurement, larvae
181  were disposed individually in a 24-wells plate containing 1.2 mL of 7-ethoxyreforufin and the
182  plate was incubated at 12 °C in the dark. One hour later, the solution was replaced again by
183 1.2 mL of freshly prepared 7-ethoxyresorufin. At TO and TO+4h, 100 pL of the medium was
184  sampled in duplicate and disposed in two wells of a 96-wells plate. Fluorescence was
185  quantified using the FLUOstar OPTIMA reader at 560 nm and 580 nm for excitation and
186  emission wavelengths, respectively. The activity was calculated using the fluorescence data at
187 T = 4h and was expressed in % of the EROD activity relative to the EROD activity measured

188 in the control group.
189
190 2.7. DNA damage

191  The comet assay was performed on blood cells according to the protocol adapted by Le
192  Bihanic (2014a). At the end of the exposures, 2 to 3 pL of blood from six randomly chosen
193  larvae (541 DD) per replicate were sampled using a heparinized pipette. The blood samples
194  were diluted in 200 pL of cryopreservation solution (250 mM sucrose, 40 mM trisodium
195 citrate, 5% DMSO, pH 7.6) and frozen in liquid nitrogen. The protocol for the preparation of

9
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196  the slides and the migration of the blood cells was described by Weeks-Santos et al. (2019).
197  The slides were observed using an epifluorescence microscope (Olympus BX51). One
198  hundred nuclei were randomly chosen and the level of DNA damage was measured using the
199  Comet Assay IV software. Results (Tail Intensity) were expressed as the amount of DNA in
200  the tail of the comets. Nuclei with no apparent head and a diffuse tail were considered as

201  being heavily degraded and were counted as “hedgehog cells”.
202
203  2.8. S9 preparation

204 At the end of the exposure period, total proteins were extracted from three pools of two larvae
205 at 541 DD from each replicate. The yolk sac was firstly removed and the larvae were
206  homogenized on ice in 250 pL of a chilled phosphate buffer (0.1 M; pH 7.5) using the
207  MoBiTec G50 Tissue Grinder set at 3000 rpm. Nine hundred pL of the phosphate buffer were
208 added to the tissue extract and then centrifuged at 9000 g for 25 min. The supernatant was
209 isolated (S9 fraction) and 20 pL were diluted in 1 mL of ultra-pure water for protein analysis.
210  Two other tubes containing 500 puL of the S9 fraction were stored at -80 °C for further

211 analyzing lipid peroxidation and protein carbonyl content.

212 Total protein concentration was measured on the diluted S9 fraction following the method of
213 Lowry et al. (1951). Bovine Serum Albumin (BSA) was used as a standard. Measurements
214  were done using a BIO-TEK Synergy HT microplate reader and the KC4 3.3 Rev 10

215  software.
216

217  2.9. Protein carbonyl content and lipid peroxidation

10
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218  The protein carbonyl is a measurement of protein oxidation. It was measured on freshly
219  thawed S9 fractions following the spectrophotometric method of Augustyniak et al. (2015)
220 and adapted to trout larvae by Weeks-Santos et al. (2019). In this case, the carbonyl content
221 was measured using the BIO-TEK Synergy HT microplate reader and the KC4 3.3 Rev 10
222 software at 370 nm. The results were expressed as the percentage of protein carbonyl content

223  relative to the control.

224  Lipid peroxidation was measured on freshly thawed S9 fraction using the TBARS assay
225  developed by Buege and Aust (1978). The method was adapted to a microplate reader and
226  trout larvae by Weeks-Santos et al. (2019). The TBARS assay Is a spectrophotometric method
227  that quantifies the level of MDA (malondialdehyde), the major lipid oxidation product. MDA
228 was measured using the BIO-TEK Synergy HT microplate reader and the KC4 3.3 Rev 10
229  software at 530 nm. The results were expressed as the percentage of thiobarbituric acid

230  reactive species (TBARS) relative to the control.
231
232 2.10. Gene expression analysis

233 At the end of the exposures, total RNA was extracted from a pool of 5 larvae per replicate
234 (541 DD) using the TRIzol/chloroform extraction protocol (Life Technologies). The RNA
235  integrity was then measured using multiple RNA Nano Chips (Bioanalyser 2011, Agilent),
236  and only the samples having an RNA Integrity Number (RIN) over 6 were kept for gene
237  expression analysis. The retro-transcription into cDNA was done using the iScript™ Reverse
238  Transcription Supermix (BioRad) following the manufacturer’s instructions. Total RNA
239  content was measured with the Thermo Fisher Scientific Nanodrop 2000. Each sample was

240  then diluted to get 1 pg of RNA in 16 pL of solution. Four pL of the iScript Reverse

11
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241  Transcription Supermix (BioRad) were added to the mix. The samples were then centrifuged
242  for 10 s before being retro-transcribed in an Eppendorf MasterCycle for 5 min at 25 °C, 20
243  minat 46 °C, and 1 min at 95 °C. cDNA samples were diluted 40-fold before gene expression
244  analysis. Expression of seven target genes was investigated and specific pairs of primers were
245  designed (Supplementary Information, Table S3). Real time PCR were performed using the
246  iTag Universal SYBR Green One-Step Kit (BioRad) with 10 pL of SYBR Green, 4 pL of
247  cDNA and 6 pL of primers and RNase-free water. The resulting solutions were centrifuged
248  for 10 s before performing qPCR in the BioRad C1000 Touch Thermal Cycler CFX95 Real-
249  Time system and the protocol followed is indicated in the Supplementary Information (Table
250  S4). On each plate, a standard curve was prepared using the mix of all the samples’ cDNA.
251  Results and standard curves were analyzed using the Bio-Rad CFX Manager 3.1 software. For
252 each plate and gene, the standard curve always had a R > 0.970. Two different housekeeping
253  genes were used (ef7a and rpl8) for gPCR calibration and were found to be stable over all
254  exposure conditions. The relative expression of each gene of interest was measured following
255  the relative quantification using the standard curve method. Each gene of interest’s relative
256  expression was normalized according to the mean value of the expression of both
257  housekeeping genes. The relative expression of each target gene in the different treatments
258 was expressed as a fold-change to the level of expression of the same gene in the non-

259  contaminated larvae.
260
261  2.11. Statistical analysis

262  For statistical analysis, each replicate was considered as an independent sample. All data were
263  expressed as means = SE (Standard Error). Statistical analyses were performed using RStudio.

264  The normality of data distribution and the homogeneity of variances were verified using the

12
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265  Shapiro-Wilks test (p < 0.05) and the Levene test (p < 0.05), respectively. In both experiments
266  and for all treatments and endpoints, ANOVA’s prerequisite conditions were met and two-
267 way ANOVA analyzes were carried out (p < 0.05), followed by a Tukey post-hoc test (p <
268  0.05). Spearman’s correlation was used to study the correlations between concentrations of
269  PAHSs, VOCs, C1-Csp or total hydrocarbons (the sum of the hydrocarbons measured) and
270  biological effects on the larvae (Rs: Spearman correlation number, p < 0.05). Power and
271  sample size analyses were performed using the pwr2 and effectsize packages in RStudio,

272 respectively.

273

274 3. Results

275  3.1. Chemical composition of the WAFs

276  Arabian Light presents the highest hydrocarbon concentration, followed by Bluesky,
277  Clearwater, and Lloydminster (Figure 1 and Table 1).The four WAFs were similar regarding
278  their global chemical composition. Indeed, the VOCs were the most represented fraction (55.6
279  —68.3 %), followed by C,0-Csp aliphatic hydrocarbons (26.7 — 38.7 %), and PAHs (3.1 - 12.1
280  %). However, the four WAFs were different regarding the exact composition and
281  concentration of their VOC and PAH fractions (Supplementary Information, Figures S1 and
282  S2 and Tables S5 and S6). For example, the Arabian Light and Bluesky WAFs were richer in
283  naphthalene (and its derivatives) than the other two WAFs and both dilbit WAFs presented
284  higher levels of benzene than the crude oil WAFs. The major compounds in the VOC fraction
285 were the monocyclic aromatic hydrocarbons benzene, toluene, ethylbenzene and xylene

286  (BTEX), while PAH fractions were dominated by naphthalene and alkylated PAHS.

13
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287

288  3.2. Developmental effects

289  None of the dilutions from conventional oils or dilbits had significant effects on larval
290  survival compared to their control groups (Tables 2, 3 and S1). However, there was a small
291  but significant decrease (<10%) of larval survival in the 50% WAF compared to the 10%
292  WATF for both dilbits (Table 3). Exposure to the Arabian Light WAFs decreased biometrics of
293  the larva (i.e., head length, head/body length ratio), with effects of the oil composition and
294  concentration. In addition, the larvae of the 50% Arabian Light WAF group had a
295  significantly smaller head size compared to the other treatment groups, and a lower head/body
296 length ratio than larvae of the control group and of the 10% Arabian Light WAF group.
297  Larvae exposed to the Arabian Light WAF did not exhibit any significant increase in global
298  malformation rate. Exposure to 50% Lloydminster WAF led to a noticeable increase of
299  hemorrhages compared to the control group. More severe effects were observed after
300 exposure to the dilbit WAFs compared to those from conventional oils (Tables 2 and 3).
301 Indeed, both WAFs, regardless of the concentration, increased developmental anomalies (29-
302 36% vs 14% for the control), and notably, increased skeletal malformations frequency (30-
303  41% vs 11% for the control). In addition, the Bluesky WAF induced a significant increase of
304  hemorrhages and craniofacial malformations compared to the control group, reaching 40% at
305 10% of Bluesky WAF (vs 11-14% for the control group, pictures are available in the
306  supplementary material, Figure S3). For the craniofacial malformations, a dose-dependent
307  effect of the Bluesky WAF was also observed (p = 0.04, 40% versus 18.5% for 10 and 50%
308  WAF, respectively). A rise in craniofacial deformities (33%) and hemorrhages (30%) was

309 also observed after exposure to Clearwater WAFs but the individual variability was higher

14
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310 than for Bluesky, preventing identification of statistically significant differences. No effects

311  were observed on larval survival and biometrics for either dilbit.
312
313  3.3. Photomotor response

314  None of the oil treatments affected swimming behavior of the larvae (i.e., distance swum,
315  speed, or mobility) compared to their control groups (data not shown). Although statistical
316  analyses indicated, the larvae exposed to the Arabian Light WAFs had a significantly lower
317  mobility than the larvae exposed to the Lloydminster WAFs, neither of them were statistically

318  different from their control group.
319

320 3.4. EROD activity

321  The EROD activity was significantly induced in rainbow trout larvae exposed to WAFs from
322  both conventional crude oils (Arabian Light and Lloydminster) and dilbits (Bluesky and
323  Clearwater) (Figure 2). Moreover, the level of EROD activity was much higher for the
324  conventional oils than for the dilbits (around 100 times the control value versus 5 times,
325  respectively). In addition, there were concentration-dependent effects for both conventional
326  crude oils, but not for the dilbits. This induction was significant from the lowest tested
327  concentration of WAFs (10%).

328

329  3.5. DNA damage and oxidative stress
330 Comet assays were performed to measure DNA damage (Figure 3). All the treatments
331 significantly increased DNA damage at the two tested concentrations. An effect of the

332 conventional oils (Arabian Light and Lloydminster) was observed compared to the control
15
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333  group alongside with a combined effect of the Arabian Light at 50% of WAF compared to the
334  control group. In addition, both dilbits WAFs (Bluesky and Clearwater) induced an increase
335 in DNA damage. No concentration-dependent effects were observed for those oils. While the
336  number of hedgehog cells was not affected by exposure to the WAFs of conventional oils or
337  Clearwater dilbit, the Bluesky WAF significantly induced the formation of hedgehog cells
338 compared to the control group. In addition, composition-dependent and concentration-
339  dependent effects were observed, with a higher number of hedgehog cells after the larvae
340  were exposed to Bluesky at 50% of WAF compared to the control group (Figure 4).

341  Exposure to the different oil treatments tested did not induce any oxidative stress (data not

342  shown).
343

344  3.6. Gene expression analysis

345  The expression level of five target genes was analyzed in the whole body of 15 larvae per
346  condition. When larvae were exposed to the dilbits, the expression of ahr2 increased by 2-fold
347  following Bluesky exposure compared to Clearwater exposure, but no difference with the
348  control group was observed for any of the conditions (data not shown). The expression of
349 cypla levels was significantly higher (61-fold) in larvae exposed to Arabian Light WAFs
350 compared to their control group and a concentration effect was observed (Figure 5). After
351  exposure to 50% of Arabian Light WAF, the cypla level increased by approximately 60-fold
352  compared to all the other groups. Similarly, Bluesky and Clearwater WAFs increased cypla
353 levels by 4-fold and 2-fold, respectively, compared to the control group. A concentration-
354  dependent induction was also observed. Larvae exposed to 50% of Bluesky WAF showed a
355  higher cypla expression level compared to the other groups (2- to 4- fold). No statistically

356  significant changes were noted for ahr2, nfe2.1, and arnt.
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357

358  3.7. Relationship between chemical composition and effects of WAFs

359  Spearman correlations were used to investigate relationships between the chemical
360  composition of the WAFs and the biomarkers of effects measured on the rainbow trout larvae
361 at the end of the exposures (541 DD) (Table 4). Only larval growth, EROD activity, and
362  cypla expression were significantly correlated to the chemical composition of the WAFs.
363  Positive correlations were observed between the gene expression level of cypla and all
364 compound families examined. Positive correlations were also observed between EROD
365  activity and the PAH and C;0-Csp concentrations. In contrast, weak but significant negative
366  correlations were observed between larval growth (based on the total length of the larvae) and

367 the total hydrocarbon, VOC, and C9-Cs concentrations.
368

369 4. Discussion

370  4.1. Chemical composition of the WAFs

371  Analysis by GC-MS and GC-FID highlighted important differences in composition among the
372  four WAFs studied. Previous studies have shown that hydrocarbons are the principal
373  constituents in conventional crude oils and dilbits (Brooks et al., 1988; Wang et al., 2003).
374  Typically, PAHs and hydrocarbon levels are higher in the WAFs extracted from conventional
375  crude oils compared to those extracted from dilbits, in which other chemicals were added to
376  facilitate extraction or transport (Philibert et al., 2016). Conventional crude oils are known for
377  containing high levels of saturated hydrocarbons, which was the case with Arabian Light,
378  whose total hydrocarbon concentration was the highest. In contrast, LIoydminster, the other
379  conventional oil studied, contained the lowest concentration of hydrocarbons among the four
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380  oils examined here. The modification of the composition can result from the evaporation of
381  the volatile compounds during the transport of the crude oil, in agreement with a study that
382  reported lower levels of saturated hydrocarbons after transport of crude oils (Brooks et al.,
383  1988). Variations in VOC concentrations were also observed among our WAFs. Indeed,
384  dilbits contained more VOCs compared to the conventional oils. These differences in VOC
385  content between dilbits and conventional oils were less pronounced among the different
386  WAFs, which can be caused by a loss of the light weight molecular (LWM) compounds
387  during the aqueous fraction extraction process (Philibert et al., 2016). In our study, the
388  Arabian Light WAF was the one with the highest VOC content, closely followed by the two
389  dilbit WAFs. This is consistent with Arabian Light being considered a light crude oil with
390 greater VOC content. For dilbits, VOCs are added to the crude oil to make it more fluid and

391 facilitate its transport (Brooks et al., 1988; Dew et al., 2015; Wang et al., 2003).

392  Available literature considers that the PAH fraction is similar among various crude oils in
393 terms of quantity (Dew et al., 2015; Woods et al., 2008). However, GC-MS and GC-FID
394  analyses of our WAFs revealed differences in PAH composition among the oils studied. The
395 dominant PAHs in our WAFs were naphthalene and its derivatives, which agrees with other

396  studies (Perrichon et al., 2016; Philibert et al., 2016).
397

398  4.2. Toxicity of the WAFs and relationships with their chemical composition

399  Our data show that the dilbit WAFs induced more sublethal effects than those from the
400  conventional crude oils on early life stages of rainbow trout (Table 5). The Bluesky WAF was
401  globally the most toxic, followed by Clearwater, Arabian, and Lloydminster WAFs. Power
402  analyses conducted on larval biometrics and malformations reported values that were

403  consistently lower than 50%. Overall, our analyses indicated that although the risk of false
18
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404  positives remained low, the low sample size and data variability were more likely to generate
405  false negatives (i.e. concluding an absence of difference between means when indeed there
406  was one). It is likely, therefore, that our study underestimated the effects of oil exposure on

407  larval biometrics and malformations.

408 None of the WAFs studied induced a significant mortality, likely due to the low
409  concentrations used. Several studies have reported mortality in fish embryos exposed to oil
410  WAFs, but the concentrations used were much higher (Alderman et al., 2018; Philibert et al.,
411  2016). Arabian Light was the only oil which led to a decrease in larval growth, as previously
412 reported in another study where that oil was used to spike sediments (Le Bihanic et al.,
413 2014b). In another study, dilbit WAFs (Cold Lake Summer Blend) did induce a decrease in
414  larval growth on sockeye salmon, but the PAH concentration used by Alderman and al.
415  (2018) was at least two to three times higher than the concentration measured in the Bluesky
416  and Clearwater WAFs in our study. Spearman correlations revealed negative relationships
417  between larval size and VOC and total hydrocarbon concentrations, in agreement with a study
418 on zebrafish in which a decrease In growth has been reported after exposure to various
419  hydrocarbons and VOCs (Perrichon et al., 2016). The lower size of larvae after WAF
420  exposure may be linked to a reallocation of energy from growth towards detoxification
421  processes. This hypothesis is consistent with the induction of EROD activity and in cypla
422  transcription level, indicating an activation of these processes. Reallocation of energy could

423  cause long-term health effects including post-exposure mortality (Perrichon et al., 2016).

424 The results of our study agree with others highlighting that Bluesky and Clearwater
425  WAFs induced malformations with a rise of skeletal and craniofacial deformities alongside
426  with a rise in hemorrhages (Alderman et al., 2018; Madison et al., 2015; McDonnell et al.,

427  2019; Philibert et al., 2016). Furthermore, in most studies on fish embryos, crude oil WAF
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428  exposure induced edemas and skeletal malformations (Adams et al., 2014; Perrichon et al.,
429  2016; Philibert et al., 2016). However, following Arabian Light and Lloydminster WAF
430  exposures we did not observe inductions of edemas or skeletal deformations but a trend of
431 increase in hemorrhages, which was only significant for the LIoydminster WAF at 50%. The
432 relatively low developmental anomalies observed in our study could probably stem for our
433  exposure design that did not include developing embryos. However, even subtle deformities
434  can have long-term consequences. For example, skeletal deformities can affect blood flow
435 and spinal cord function. Craniofacial deformities may also affect jaw development and
436  interfere with feeding, causing growth retardation and sometimes death (Boglione et al.,
437  2013). Our statistical analysis did not reveal any correlation between malformations and the
438  global chemical composition of the WAFs (Table 4). This suggests that other oil components
439  including other organic chemical families (polar compounds such as resins and asphaltenes)
440 and metals (As, Cd, Cr, Hg, Pb, Sb, Se, V, etc.) might be involved in the induction of
441  malformations that we observed in larvae exposed to dilbit WAFs. Another hypothesis relies
442  on the differences of composition among the different chemical groups. Exposure to 3-rings
443  PAHSs can lead to an increase of malformations in fish embryos (Adams et al., 2014; Le
444  Bihanic et al., 2014b). Alkyl PAHs are also frequently pointed out as possible chemicals
445  involved in developmental defects (Barjhoux et al., 2014; Mu et al., 2014; Sgrensen et al.,
446  2019). In their recent study, Sgrensen et al. (2019) reported accumulation and toxicity of
447  monaromatic petroleum hydrocarbons in Atlantic haddock and cod embryos. Interestingly, in
448  this study, benzene was two to three times more concentrated in the WAFs from both dilbits

449  than in the WAFs from both crude oils (Table S5).

450 Abnormal swimming behavior have already been documented after exposure of fish

451  embryos to PAHs (Knecht et al., 2017; Le Bihanic et al., 2015) and crude oils (Stieglitz et al.,
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452  2016). This behavioral effect in early developmental stages can stem from neuromuscular,
453  skeletal or cardiac malformations (Le Bihanic et al., 2015; Stieglitz et al., 2016) and from
454 swim bladder inflation defect (Price and Mager, 2020). In the present study, swimming

455  behavior of WAF-exposed larvae were not significantly different from control ones.

456 These differences with the results of other studies for malformations and swimming
457  Dbehavior suggest that the starting point and the duration of exposures are key factors for oil
458  toxicity. In the studies performed by Adams (2014) and Le Bihanic (2014b) on rainbow trout,
459  the exposure started before hatching, while the exposures in our study started at the beginning
460  of the hatching period. Since organogenesis is already complete at hatching (Valotaire and
461  Borel, 2017), this could explain that the formation of edemas and swimming behavior were

462  not affected in our study.

463 The expression of cypla was the most responsive gene following WAF exposures,
464  except for Clearwater. Variations in the expression levels of this gene have been reported in
465  other studies after an exposure to pollutants, including petroleum products (Madison et al.,
466  2015; McDonnell et al., 2019). High cypla mRNA levels measured were consistent with high
467 CYP1A activity measured via the in vivo EROD activity assay. Several studies have
468  demonstrated that oils are potent EROD activity inducers, even at low doses (Brinkmann et
469  al., 2013; McNeill et al., 2012). These two biomarkers showed that Arabian Light was the
470  strongest inducer of both EROD activity and cypla expression. The pattern was the same for
471  both markers with Arabian Light and Lloydminster (conventional oils) being stronger
472 inducers than Bluesky and Clearwater (dilbits). The induction of CYP1A could elicit long-
473  term adverse effects. Indeed, a study performed on pink salmon (Oncorhynchus gorbuscha)
474  embryos pointed out that a CYP1A induction in early developmental stages can lead to long-

475  term damage and lower chances of survival (Carls et al., 2005). Spearman correlations
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476  revealed positive relationships between the total PAH concentration and EROD activity and
477  cypla expression. It is now well-established that PAHs and other petroleum hydrocarbons can
478  bind to the Ah receptor (AhR), causing an increase in cypla expression and thus inducing the
479  synthesis of the CYP1A protein that is in charge of EROD activity (Denison and Nagy, 2003;
480  McNeill et al., 2012; Nebert et al., 2004). The positive correlations that we observed between
481  the C10-C50 hydrocarbon fraction and cypla expression and EROD activity may therefore

482  also be related to the activation of the AhR pathway.

483 Our study did not reveal an induction of lipid peroxidation or protein carbonylation in
484  WAF-exposed trout larvae, in contrast to DNA damage that was clearly detected. Petroleum
485  hydrocarbons are known to induce DNA damage. For instance, when PAHs enter cells, they
486  are metabolized and their metabolites are responsible for some of the DNA damage
487  (Fallahtafti et al., 2012; Regoli et al., 2002). in our study, comet assays performed on larval
488  blood cells indicated that the four different oil WAFs induced DNA damage, in agreement
489  with the literature (Gagné et al., 2011; Le Bihanic et al., 2014b). The induction of DNA
490 damage has major implications for the long-term health of individuals. Indeed, DNA damage
491  repair is energetically costly and if the damage is not repaired, it can elicit mutations and
492  chromosomic aberrations, leading to cell death or physiological organ dysfunction (Devaux et
493  al.,, 2011). However, we could not identify any significant correlation between DNA damage
494  and the chemical composition of the WAFs measured by GC-MS and GC-FID. Petroleum is
495  also composed of resins and asphaltenes and these were not measured in this study (Brooks et
496 al., 1988; Wang et al., 2003). Although a study has suggested that these components do not
497  make an important contribution to oil toxicity (Adams et al., 2014), we cannot exclude an
498  effect of these chemicals on DNA damage in our study. The absence of clear relationships

499  between DNA damage and WAF chemical composition could also be due to undetected
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500  synergistic interactions among the chemicals present in the complex mixtures making up the

501  WAFs (Bliss, 1939).
502
503 5. Conclusions

504  This study supports a growing body of literature indicating that when petroleum hydrocarbons
505 end up in the aquatic environment, some of their constituents can dissolve and cause
506 deleterious effects in fish species such as rainbow trout. The increase in cypla expression and
507 EROD activity in WAF-exposed trout larvae clearly suggests that PAHs and probably other
508  toxic components of the oils studied penetrated inside the cells of our fish. Various endpoints
509  were affected by the WAF components, including a decrease in the larval growth and an
510 increase in skeletal malformations and DNA damage. Our study also compared the toxicity of
511  dilbits with that of conventional crude oils and highlighted the highest toxicity of dilbits.
512  Finally, these experiments pointed out a correlation between oil components such as PAHs
513 and EROD activity and cypla expression, alongside a negative correlation between the VOCs
514  content and larval growth. Future studies are required with other types of oils and more
515  detailed chemical analyses to had better understanding of the relationships between toxicity
516 and chemical composition. Fractioning the oils and testing their toxicity with an effect-
517  directed analysis (EDA) could also give more information on the toxicity of the different

518  chemical fractions found in oils.
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708  Table 1. VOC, Cyo-Cso, PAHs and total hydrocarbon concentrations (ug/L) measured in the
709  water accommodated fractions of the different oils by GC-MS (n = 1). The complete list of
710  PAHs and hydrocarbons analyzed and their concentrations can be found in Tables S4 and S5.

Concentration (ng/L)

Analytes
Arabian Light Lloydminster  Bluesky Clearwater
VOCs 954 .4 479.2 942.8 794.8
C10-Cso 500 333 400 333
PAHSs 199.8 49.1 156.3 35.7
Alkylated
PAHS 82.6 18.7 62.0 13.0
Sulfur-
containing 9.2 2.1 7.6 2.3
PAHSs
Total 1654.2 861.3 1499.1 1163.5
hydrocarbons
711
712

713  Table 2. Developmental endpoints in rainbow trout larvae following exposure to the water
714  accommodated fractions of Arabian Light and Lloydminster oils. Values are means + SE.
715  Different letters indicate differences between conditions (o, B: petroleum effect; A, B:
716  concentration effect; a, b: combined effect of petroleum and concentration) (Control n=4,
717  aqueous fractions n=3; Two-way ANOVA, p < 0.05).

Treatments
Control 10% WAF 50% WAF 10% WAF 50% WAF
Arabian Arabian Lloydminster Lloydminster
Light Light

Larval

. 940+52% 933+23" 0947+23° 92.0 +4.0° 94.7 +9.2°
survival (%)

Bodylength ) 44002 214+03® 207+01°  21.5+04° 21.1 +0.2°
(mm)
+ B + B + o + a B
Head length 5201 5201 48+0.0 511400 #8b 5.1 _’A(L.l

(mm) JAB,b JAB,b Aa
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Ratio 243+03° 242+01° 232+01° 238+03°" 239+02°F
head/body AB,bD AB,b Aa Bab Aab
length (%)

Developmental
anomalies (%)
Total 18.6 +135° 18.7+53* 22.6+3.0° 20.3+5.1° 27.4 + 9.5
Skeletal 25.0+21.0° 29.6+6.4*° 40.7+12.8° 37.0+12.8° 37.0+12.8°
Craniofacial 25.0+21.0° 29.6+6.4° 40.7+12.8° 37.0+12.8° 33.3+11.1°
. 33.3x0.0" 40.7+128 5.ab b
Hemorrhages 22.2+9.1* 5.4b «g.ab 333+11.1 " 51.9+6.4%
718
719  Table 3. Developmental endpoints in rainbow trout larvae following the exposure to the water
720  accommodated fractions of Bluesky and Clearwater oils. Values are means + SE. Different letters
721 indicate differences between conditions (o, 3: petroleum effect; A, B: concentration effect; a, b, c:
722  combined effect of petroleum and dose) (Control n=4, aqueous fractions n=3; Two-way ANOVA,
723  p<0.05).
Treatments
Control 10% WAF 50% WAF 10% WAF 50% WAF
Bluesky Bluesky Clearwater  Clearwater
97.0 = 100.0 + 90.7 = 96.0 =
Larval 5 AR 0.0A 478 40D 88.0 + 4.0°°
survival (%)
Bodylength © »47+104° 248407 240:05° 248408 243407

(mm)

Headlength 5,02  54+02° 53+01° 55£02° 53+01°

(mm)

Ratio
head/body 221+0.7% 21.9+04% 221+02° 21.9 +0.5° 21.8+0.2°
length (%)

Developmental
anomalies (%0)
Total 14.3+9.8° 29.3+23°" 354+49% 338+16.6° 36.5+54°

31



Journal Pre-proof

37.0+12.8
Skeletal 11.1+£9.1%  40.7 £6.4° 8 40.7+6.4° 296 +17.0°
o 11.1+9.1° 407+64% 185+128 333+11.1* 222+111°
Craniofacial ABa Ab 8.B,ab 5.Aab $.B.ab
40.7+12.8 29.6+17.0° 5
Hemorrhages 13.9+5.6° 8 25.9+6.4° 5 148+6.4¢
724
725

726  Table 4. Matrix of Spearman’s correlation coefficients between the concentrations of the main
727  classes of chemicals in the water accommodated fractions of the four oils studied (combined)
728  and the biomarkers measured in rainbow trout larvae after exposures (541 DD). Values

729  indicated are the Rs (Spearman’s correlation coefficient) * p < 0.05,** p < 0.01, *** p < 0.001.

Total

hydrocarbon VOCs PAHS C10-Cso
Larval size -0.19* - 0119~ -0.18 - 0.20*
Hemorrhages -0.53 -0.53 -0.33 -0.45
EROD activity 0.16 0.16 0.57%** 0.39**
exgi'z::;m 0.45%* 0.45%* 0.8%* 0.67%*+
DNA damage 0.07 0.07 0.05 0.06
Hedgehog cells - 0.004 - 0.004 -0.14 -0.08
730
731

732  Table 5. Summary of significant biomarker responses to each oil’'s WAF (10 and 50%) exposure
733  onrainbow trout at early development stages in comparison to controls (0: no effect; -: negative
734  effect (decrease of the biomarker); +: positive effect (increase of the biomarker)).
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735

736

737

738

739

Treatments
Arabian Light  Lloydminster Bluesky Clearwater
10% 50% 10% 50% 10% 50% 10% 50%
Survival 0 0 0 0 0 0 0 0
Larval size 0 - 0 0 0 0 0 0
Malformations 0 0 0 0 + + + +
Hemorrhages + + + + + + 0 0
Skeletal 0 0 0 0 + + + +
malformations
Swimming 0 0 0 0 0 0 0 0
behavior
EROD activity + + + + 0 + + +
DNA damage 0 + + + + + + +
Oxidative 0 0 0 0 0 0 0 0
stress
Cypla gene 0 + 0 0 0 + 0 +
expression
Figures
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total hydrocarbon content) of the undiluted water accommodated fraction (WAF 100%)
prepared for four different oils (n = 1). Composition was analyzed in terms of the VOCs
(volatile organic compounds), PAHs, and Cio-Cso (hydrocarbons with between 10 and 50
carbon atoms).

Figure 2. In vivo EROD activity (% relative to control) measured in rainbow trout larvae
following exposure to the water accommodated fractions of conventional crude oils (A) and
dilbits (B). Values are means *= SE. Different letters indicate differences between conditions
(o, B: petroleum effect; A, B, C: concentration effect; a, b, c: combined effect of petroleum
and concentration) (Control n = 4 and aqueous fractions n = 3; Two-Way ANOVA, p < 0.05).
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768

769  Figure 3. DNA damage (tail intensity, %) measured in rainbow trout larvae following
770  exposure to the water accommodated fractions of conventional crude oils (A) and dilbits (B).
771  Values are means = SE. Different letters indicate differences between conditions (a, P:
772  petroleum effect; A, B, C: concentration effect; a, b, ¢: combined effect of petroleum and
773  concentration) (Control n = 4 and aqueous fractions n = 3; Two-Way ANOVA, p < 0.05).
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778  Figure 4. Number of hedgehogs in rainbow trout larvae’s blood cells following exposure to
779  the water accommodated fraction of conventional crude oils (A) and dilbits (B). Values are
780 means £ SE. Different letters indicate differences between conditions (a, : petroleum effect;
781 A, B, C: concentration effect; a, b, c: combined effect of petroleum and concentration)
782  (Control n = 4 and aqueous fractions n = 3; Two-Way ANOVA, p < 0.05).
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Figure 5. Relative expression of the gene cypla following exposure of rainbow trout larvae to
the water accommaodated fractions of conventional oils (A) and dilbits (B). Gene expression
was normalized by the mean value of the expression of two housekeeping genes (efl « and
rpl8) and by the mean value of the relative expression of the control group. Values are Mean
=+ SE. Different letters indicate differences between conditions (a, B: petroleum effect; B, C:
concentration effect; a, b, c: combined effect of petroleum and concentration). The control is
considered « ,A, a (n = 4) and the aqueous fractions have a n = 3 (Two-way ANOVA, p <
0.05).
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797  Supplementary information
798  Table S1. Summary of the chemical analysis methods followed to measure the C10-C50,
799  PAHs and VOCs concentrations in our exposure solutions.
Brief summary of LD
Parameters Apparatus QA/QC Reference
the methods (Mg/L)
The standard solution is a
50% spiked diesel
About 800 mL of solution at 5000 pg/ml.
pH 2 acidified The calibration curve
WAF is extracted  Gas chromatography (20, 50, 100, 1 000 et 2
Total by liquid-liquid assay coupledtoa 500 pg/mi) is considered
petroleum extraction with flame ionization acceptable if the 100 (CEAEQ,
hydrocarbon  dichloromethane detector (GC-FID, coefficient of 2016b)
s (C10-C50)  (DCM) to a final model Agilent determination is > 0.990
volume of 100 mL 7890A) (correlation coefficient >
of DCM. 10 mL of 0.995). The percentage of
this extract is recovery must be
solvent-exchanged between 70 and 130% for
to hexane and a spiked QC sample.
treated with silica
Recovery standard
gel and analysed y
solution is composed of
for C10-C50 by
2-methylnaphtalene-D10,
GC/FID. The
), acenaphthene-D10,
remaining extract Gas
is concentrated pyrene-D10, chrysene-
141 parent " L and Chromatography/Mas D10, benzo(a)pyrene-
and ownto 1 mLan s Selective Detector D12. and 0.006 (CEAEQ,
analysed whitout : '
alkylated G (model Agilent dibenzo(a,h)anthracene- — 0.01 2016a)
PAHS e 78908 GC and D14. Solutions of
purification for 5977A MSD)

alkylated PAH by
GC/MSD

volumetric standards is
composed of
naphatalene-D8,
acenaphtylene-D8,
phenanthrene-D10,
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fluoranthene-D10,
benzo(a)anthracene-D12,
benzo(e)pyrene-D12,
benzo(g,h,i)perylene-
D12. Solutions of the
assay standards is
composed of a 87 PAHs
available in commercial

mix.

The calibration curve is
considered acceptable if the
coefficient of determination

is >0.990 for linear
response or < 15% for
average response factor. For
the calibration confirmation
solution a maximum 25%
deviation is accepted
between the values of the
calibration solution and the
calibration confirmation
solution for 85% of the
compounds.

For duplicates, results are
accepted at a 30%
difference between the two
values for 70% of the
compounds. The recovery
percentage must be between
20 and 130% for the
extraction standards and for
a spiked QC sample, the
recovery of the analytes
must be between 70 and
130%.
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A5 pl volume of the 4 ug/I
internal standard solution
(chlorobenzene-d5, 1,4-
dichlorobenzene-d4, 1,4-
difluorobenzene and
pentafluorobenzene) is
automatically introduced by
the sampler into all samples
and standard solutions.
Subsequently, a 1 ul
volume of the 20 pg/ml

extraction standard solution

The sample is (chlorobenzene-d5, 1,4-
purge with inert dichlorobenzene-d4, 1,4-
) Purge and trap
gas and volatile difluorobenzene and
system (Teledyne _
compounds swept pentafluorobenzene) is
Termar AtomX), . .
64 VOCs out are retained in automatically introduced by

coupled with a gas the sampler into all samples 0.04 - (CEAEQ,

(including  an absorbent trap.
chromatograph and standards. For 0.31 2015)

BTEX) Volatiles are then )
(Agilent 7890B) and duplicates, results are

desorbed by
. a mass spectrometer accepted at a 35%
heating and .
(Agilent 5977A). difference between the two
injected in values for 80% of the
GC/MSD system.

compounds. The percentage

of recovery must be 100%
+ 30% for the extraction

standard. For internal

standards, a 25% deviation
is accepted between the
values of the calibration

solution and the

confirmation calibration
solution for 80% of the

compounds.

800

801
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802

803

804
805

Table S2. Summary of the p-values calculated for each endpoint for both exposures
(conventional oils and dilbits, Two-way ANOVA).

Experiment 1

Experiment 2

Endpoint
(conventional oils) (dilbits)
10% - 50% p < 0.01
Survival All p-values > 0.05
Clearwater 50% - Bluesky 10% p = 0.02
Body size 10% - 50% p = 0.01 All p-values > 0.05
Control — Arabian Light p < 0.01
10% - 50% p < 0.05
Control — Arabian Light 50% p < 0.01
Arabian Light 10% - Arabian Light 50% p <
Head size 0.01 All p-values > 0.05
Arabian Light 50% - Lloydminster 10% p <
0.01
Arabian Light 50% - LIoydminster 50% p =
0.03
Control = Arabian Light p < 0.01
10% - 50% p =0.01
Head/body
ratio Control - Arabian Light 50% p < 0.01 All p-values > 0.05

All deformities

Craniofacial
deformities

Arabian Light 10% - Arabian Light 50% p <
0.01

All p-values p > 0.05

All p-values > 0.05

Control — Bluesky p = 0.03

Control — Clearwater p = 0.01

Control — Bluesky p = 0.04
10% - 50% p = 0.04

Control — Bluesky 10% p = 0.04
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Control — Bluesky p < 0.01
Skeletal All p-values > 0.05
deformities

Control - Clearwater p = 0.01

Control — Lloydminster p = 0.01

Hemorrhages Control — Bluesky p = 0.03
Control — Lloydminster 50% p = 0.02

Control — Arabian Light p<0.01
Control — Lloydminster p < 0.01
0% — 10% p < 0.01
0% — 50% p < 0.01
10% — 50% p < 0.01
Control — Arabian Light 10% p < 0.01

Control — Arabian Light 50% p < 0.01 Control — Bluesky p < 0.01

EROD activity Control — Lloydminster 10% p <,0.01 Control — Clearwater p = 0.01

Control — Lloydminster 50% p < 0.01 Control — Bluesky 50% p = 0.03

Arabian Light 50% - Arabian Light 10% p <
0.01

Arabian Light 50% - Lloydminster 10% p <
0.01

Lloydminster 50% - Arabian Light 10% p =
0.04

Lloydminster 50% - Lloydminster 10% p <
0.01

Control — Arabian Light p =0.01

Control — Bluesky p = 0.03
DNA damage Control — Lloydminster p = 0.01

Control — Clearwater p = 0.03
Control — Arabian Light 50% p = 0.03

Control — Bluesky p = 0.01

Hedgehog cells All p-values > 0.05
Control — Bluesky 50% p = 0.02
Control — Arabian Light p <0.01 Control — Bluesky p < 0.01
cypla gene
expression Arabian Light — Lloydminster p < 0.01 Bluesky — Clearwater p < 0.01
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0% - 10% p = 0.02
0% - 50% p = 0.03
10% - 50% p < 0.01
Control — Arabian Light 50% p < 0.01

Arabian Light 50% - Arabian Light 10% p <

0% - 10% p < 0.01

0% - 50% p < 0.01

10% - 50% p < 0.01

Control — Bluesky 50% p < 0.01
Control — Clearwater 50% p < 0.01
Bluesky 50% - Bluesky 10% p < 0.01

Bluesky 50% - Clearwater 10% p < 0.01
Bluesky 50% - Clearwater 50% p < 0.01

Clearwater 50% - Clearwater 10% p = 0.01

0.01
Arabian Light 50% - Lloydminster 10% p <
0.01
Arabian Light 50% - Lloydminster 50% p <
0.01
806
807
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808  Table S3. Primers used in our study with their accession number, annealing temperatures and
809  optimum primer concentrations
Accession Primer Annealing Oprtilm:rm
Gene efficiency Primer (5°-3°) temperatur P . Design
number (%) e (°C) concentratio
n (uM)
CTGTTGCCTTTGT
GCCCATC?
(Adams et
efl @ KJ175158 104.1 TTCCATCCCTTGA 60 0.35 al., 2020)
ACCAGCC" "
CTGCTGTCTGGA
GGAGAAGC?
AB889392
rpl8 98.0 TTCCATCCCTTGA 60 0.35 Lab design
ACCAGCC"
GGGGCTGTTACG
TTTTGCAC?
ahr2 g(lM—0215863 1022  GGTGGCTGGTTA 62 0.25 g’;‘dzrggo‘;t
GAGTGGAC" "
AAGCACCTGATC
CTGGAAGC?
arnt r1\|0|v|_0011247 1196  AAGAACAGGGGT 62 0.40 g’;‘dzrgsoe)t
CAGGGAGT" !
GATGTCAGTGGC
AGCTTTGA®
AF015660
cypla 1113  TCCTGGTCATCAT 60 0.35 ({;Al‘dzrgzsoe)t
GGCTGTA" "
ACAGCTTCTACC
XM_0215659 a (Adams et
nfe2.1 33 114.3 CATTGCCC 56 0.15 al., 2020)
GTGGTCAAGCGG
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AGCCATGT®

810

811  *forward primer

812 " reverse primer

813  Lab design: primers designed at the laboratory by the team
814

815

816
817

818
819
820
821

822
823

824
825
826
827

828
829

830
831
832
833

834
835

836
837 46
838

839
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817  Table S4. gPCR conditions performed for gene expression analyses. The steps marked with *
818 are the hybridization steps that are repeated 40 times. The hybridization temperature depends
819  on the genes and is given in Table S3.

Temperature (°C) Time (min) Thermal gradient
95 3 0.5 °Clcycle
95* 0:15
Hybridization temperature* 1

95 0:10
65 0:05
95

820

821

822
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823  Table S5. List of all VOCs analyzed in the oil WAFs and their associated concentrations (n =

824 1)
825
Concentration (pg/L)
A[?g:]?n Lloydminster ~ Bluesky  Clearwater
Dichlorodifluoromethane 0.1 0.1 0.1 0.1
Chloromethane 0.1 0.1 0.1 0.1
Vinyl chloride 0.1 0.1 0.1 0.1
Bromomethane 0.1 0.1 0.1 0.1
Chloroethane 0.1 0.1 0.1 0.1
Trichlorofluoromethane 0.1 0.1 0.1 0.1
1,1-dichloroethene 0.03 0.03 0.03 0.03
Dichloromethane 0.25 0.25 0.25 0.25
Trans-1,2-dichloroethene 0.02 0.02 0.02 0.02
1,1-dichloroethane 0.05 0.05 0.05 0.05
cis-1,2-dichloroethene 0.035 0.035 0.035 0.035
2,2-Dichloropropane 0.025 0.025 0.025 0.025
Bromochloromethane 0.05 0.05 0.05 0.05
Chloroform 0.045 0.045 0.045 0.045
Carbon tetrachloride 0.045 0.045 0.045 0.045
1,1,1-Trichloroethane 0.05 0.05 0.05 0.05
1,1-Dichloropropene 0.04 0.04 0.04 0.04
Benzene 74 90 210 190
1,2-Dichloroethane 0.05 0.05 0.05 0.05
Trichloroethene 0.045 0.045 0.045 0.045
Dibromomethane 0.065 0.065 0.065 0.065
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1,2-Dichloropropane 0.04 0.04 0.04 0.04
Bromodichloromethane 0.045 0.045 0.045 0.045
cis-1,3-dichloropropene 0.05 0.05 0.05 0.05
Toluene 170 130 230 170

Tétrachloroethylene 0.025 0.025 0.025 0.025
Trans-1,3-Dichloropropene 0.04 0.04 0.04 0.04
1,1,2-Trichloroethane 0.035 0.035 0.035 0.035
Dibromochloromethane 0.055 0.055 0.055 0.055
1,3-Dichloropropane 0.05 0.05 0.05 0.05
1,2-Dibromoethane 0.035 0.035 0.035 0.035
Chlorobenzene 0.03 0.03 0.03 0.03
Ethylbenzene 120 29 45 42

1,1,1,2-Tetrachloroethane 0.025 0.025 0.025 0.025
m+p-Xylenes 170 120 220 170

0-Xylenes 140 40 87 77

Bromoform 0.065 0.065 0.065 0.065
Styrene 0.035 0.035 0.035 0.035
Isopropylbenzene 20 5.1 7.6 7.4

Bromobenzene 0.045 0.045 0.045 0.045
n-Propylbenzene 32 6 9.3 9.2

1,1,2,2-Tétrachloroethane 0.055 0.055 0.055 0.055
2-Chlorotoluene 0.055 0.055 0.055 0.055
1,2,3-Trichloropropane 0.05 0.05 0.05 0.05
1,3,5-Triméthylbenzene 31 12 33 31

4-Chlorotoluene 0.07 0.07 0.07 0.07
ter-Butyl benzene 0.065 0.065 0.065 0.065
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1,2,4-Triméthylbenzene 150 34 77 73
sec-Butyl benzene 6.4 1.8 0.085 3.2
p-Isopropyltoluene 19 5.4 5.8 6
1,3-Dichlorobenzene 0.035 0.035 0.035 0.035
1,4-Dichlorobenzene 0.09 0.09 0.045 0.045
n-Butylbenzene 0.065 0.065 0.065 0.065
1,2-Dichlorobenzene 0.065 0.065 0.065 0.065
1,2-Dibromo-3-chloropropane 0.09 0.09 0.09 0.09
Hexachlorobutadiene 0.065 0.065 0.065 0.065
1,2,4-Trichlorobenzene 0.07 0.07 0.07 0.07
Naphthalene 19 2.9 15 13
1,2,3-Trichlorobenzene 0.05 0.05 0.05 0.05
Acrylonitrile 0.155 0.155 0.155 0.155
Hexachloroethane 0.065 0.065 0.065 0.065

826

827
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828

829  Table S6. List of PAHs measured in the oil WAFs and their associated concentration (n = 1)
830

Concentration (ug/L)

A[?;:}?n Lloydminster ~ Bluesky  Clearwater
Naphthalene 11 2 11 1.1
C1-Naphthalene 39 5.9 27 3.7
C2-Naphthalene 35 8.1 23 54
C3-Naphthalene 14 5.2 11 4.3
C4-Naphthalene 2.8 1.5 35 1.2
1-Methylnaphthalene 21 2.5 11 1.4
2-Methylnaphthalene 18 35 16 2.3
1,2-Dimethylnaphthalene 3 0.7 1.5 0.39
1,3+1,6-Dimethylnaphthalene 11 2.2 6.7 1.5
1,4-Dimethylnaphthalene 2 0.44 1 0.22
1,5-Dimethylnaphthalene 3.9 0.71 1.3 0.37
1,7-Dimethylnaphthalene 4.9 1.2 3.3 0.76
1,8-Dimethylnaphthalene 0.03 0.01998 0.02 0.02
2,3-Dimethylnaphthalene 1.3 0.66 1.6 0.38
2,6-Dimethylnaphthalene 2.8 0.77 2.8 0.7
2,7-Dimethylnaphthalene 2.8 0.78 2.8 0.63
1-Ethylnaphthalene 13 0.37 0.85 0.24
2-Ethylnaphthalene 2.2 0.53 1.6 0.35
1,4,5-Trimethylnaphthalene 0.03 0.003 0.045 0.003
2,3,5-Trimethylnaphthalene 1.3 0.66 1.2 0.47
2,3,6+1,4,6-Trimethylnaphthalene 2 0.85 2 0.68
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2-1sopropylnaphthalene 0.1998
1,2,5,6-Tetramethylnaphthalene 0.03
1,4,6,7-Tetramethylnaphthalene 0.05
Eudalene 0.03
Cadalene 0.05
Biphenyl 0.31
C1-Biphenyl 0.666
C2-Biphenyl 0.1
2-Methylbiphenyl 0.03
3-Methylbiphenyl 0.1998
4-Methylbiphenyl 0.03
2,2"-Dimethylbiphenyl 0.03
3,3-Dimethylbiphenyl 0.03
4,4'-Dimethylbiphenyl 0.03
4-Ethylbiphenyl 0.03
Fluorene 0.74
C1-Fluorene 13
C2-Fluorene 0.8
1-Methylfluorene 0.54
2-Methylfluorene 0.1998
1,7-Dimethylfluorene 0.03
9-Ethylfluorene 0.03
9-n-Propylfluorene 0.03
9-n-Butylfluorene 0.03
Dibenzothiophene 2.5
C1-Dibenzothiophene 3.2

0.13
0.1
0.06
0.035
0.005
0.25
0.41
0.35
0.078
0.23
0.1
0.029
0.058
0.003
0.003
0.35
0.8
0.62
0.42
0.12

0.063

0.01998

0.003
0.003
0.33

0.61

0.22
0.2997
0.2997

0.04

0.333
0.7
0.9
0.6

0.12

0.6

0.25

0.02
0.1665

0.02

0.03

0.69

1.3
1

0.74

0.24
0.2997

0.025
0.02
0.025
0.7
2.2

0.072
0.095
0.06
0.022
0.0333
0.26
0.38
0.39
0.074
0.21
0.097
0.022
0.049
0.003
0.003
0.3
0.71
0.62
0.36
0.11
0.066
0.01998
0.003
0.003
0.29

0.7
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C2-Dibenzothiophene 1.7 0.5 1.6 0.54
C3-Dibenzothiophene 0.1 0.23 1.1 0.26
2-Methyldibenzothiophene 0.43 0.092 0.666 0.12
4-Methyldibenzothiophene 1.1 0.2 0.7 0.24
2,8-Dimethyldibenzothiophene 0.03 0.003 0.15 0.003
4,6-Dimethyldibenzothiophene 0.03 0.067 0.333 0.073
4-Ethyldibenzothiophene 0.03 0.021 0.05 0.029
2,4,7-Trimethyldibenzothiophene 0.03 0.003 0.1 0.003
4,6-Diethyldibenzothiophene 0.03 0.003 0.04 0.003
Phenanthrene 0.59 0.69 0.9 0.49
Anthracene 0.03 0.003 0.045 0.003
C1-Phenanthrene/Anthracene 0.9 0.91 1.3 0.72
C2-Phenanthrene/Anthracene 0.8 0.69 1.7 0.65
C3-Phenanthrene/Anthracene 0.1 0.33 0.7 0.31
C4-Phenanthrene/Anthracene 0.1 0.08 0.1 0.1
1-Methylphenanthrene 0.1998 0.19 0.666 0.14
2-Methylphenanthrene 0.1998 0.21 0.31 0.16
9-Methylphenanthrene 0.33 0.28 0.333 0.23
2-Methylanthracene 0.03 0.019 0.02 0.019
9-Methylanthracene 0.03 0.003 0.02 0.003
1,6-Dimethylphenanthrene 0.03 0.075 0.2664 0.071
1,8-Dimethylphenanthrene 0.03 0.04 0.03 0.035
3,6-Dimethylphenanthrene 0.03 0.01998 0.03 0.01998
9,10-Dimethylphenanthrene 0.03 0.003 0.03 0.003
9-Ethylphenanthrene 0.03 0.029 0.045 0.003
1,4-Dimethylanthracene 0.03 0.003 0.03 0.003
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2,3-Dimethylanthracene 0.03 0.003 0.05 0.003
2-Ethylanthracene 0.03 0.054 0.035 0.039
1,2,6-Trimethylphenanthrene 0.03 0.003 0.04 0.003
1,2,8-Trimethylphenanthrene 0.03 0.033 0.1998 0.054
1,2,9-Trimethylphenanthrene 0.03 0.003 0.035 0.003
1,2,6,9-Tetramethylphenanthrene 0.03 0.003 0.03 0.003
Fluoranthene 0.03 0.02 0.1 0.003
Pyrene 0.03 0.065 0.04 0.019
C1-Fluoranthene/Pyrene 0.1 0.12 0.666 0.08
2-Methylfluoranthene 0.03 0.003 0.025 0.003
1-Methylpyrene 0.03 0.003 0.05 0.003
3-Ethylfluoranthene 0.03 0.003 0.02 0.003
1-n-Propylpyrene 0.03 0.003 0.02 0.003
1-n-Butylpyrene 0.03 0.003 0.025 0.003
Benzo(a)anthracene 0.03 0.003 0.025 0.003
Chrysene 0.03 0.003 0.05 0.003
C1-Benzo(a)anthracene/Chrysene 0.1 0.01 0.1 0.01
C2-Benzo(a)anthracene/Chrysene 0.1 0.01 0.1 0.01
2-Methylchrysene 0.03 0.003 0.025 0.003
3-Methylchrysene 0.03 0.003 0.02 0.003
4-Methylchrysene 0.03 0.003 0.015 0.003
5-Methylchrysene 0.03 0.003 0.015 0.003
6-Methylchrysene 0.03 0.003 0.025 0.003
7,12-Dimethylbenzo(a)anthracene 0.03 0.003 0.015 0.003
6-Ethylchrysene 0.03 0.003 0.02 0.003
6-n-Propylchrysene 0.03 0.003 0.015 0.003
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6-n-Butylchrysene 0.03 0.003 0.015 0.003
Benzo(b)fluoranthene 0.03 0.003 0.025 0.003
Benzo(k)fluoranthene 0.03 0.003 0.03 0.003
Benzo(j)fluoranthene 0.03 0.003 0.025 0.003
Benzo(a)pyrene 0.03 0.003 0.025 0.003
Benzo(e)pyrene 0.03 0.003 0.03 0.003
(E'iinzo(b,j,k)fIuoranthene/benzo(a,e)pyrene 01 0.01 01 0.01
7-Methylbenzo(a)pyrene 0.03 0.003 0.05 0.003
8-Methylbenzo(a)pyrene 0.03 0.003 0.05 0.003
9-Methylbenzo(a)pyrene 0.03 0.003 0.045 0.003
10-Methylbenzo(a)pyrene 0.03 0.003 0.05 0.003
7,10-Dimethylbenzo(a)pyrene 0.03 0.003 0.045 0.003
Acenaphthene 0.03 0.003 0.666 0.003
Acenaphtylene 0.03 0.003 0.035 0.003
Carbazole 0.03 0.18 0.25 0.026
Retene 0.03 0.003 0.04 0.003
Benzo(c)acridine 0.1 0.01 0.05 0.01
Benzo(c)phenanthrene 0.03 0.003 0.04 0.003
3-Methylcholanthrene 0.03 0.003 0.025 0.003
Dibenzo(a,h)acridine 0.05 0.005 0.1 0.005
Dibenzo(a,j)anthracene 0.03 0.003 0.02 0.003
Indeno(1,2,3-c,d)fluoranthene 0.03 0.003 0.02 0.003
Indeno(1,2,3-c,d)pyrene 0.03 0.003 0.025 0.003
Perylene 0.03 0.003 0.02 0.003
7H-Dibenzo(c,g)carbazole 0.05 0.005 0.15 0.005
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Anthanthrene 0.03 0.003 0.04 0.003
Benzo(g,h,i)perylene 0.03 0.003 0.02 0.003
Coronene 0.03 0.003 0.035 0.003
Dibenzo(a,c)anthracene 0.03 0.003 0.02 0.003
Dibenzo(a,h)anthracene 0.03 0.003 0.02 0.003
Dibenzo(a,e)fluoranthene 0.03 0.003 0.025 0.003
Dibenzo(a,e)pyrene 0.03 0.003 0.025 0.003
Dibenzo(a,h)pyrene 0.03 0.003 0.035 0.003
Dibenzo(a,i)pyrene 0.03 0.003 0.025 0.003
Dibenzo(a,l)pyrene 0.03 0.003 0.02 0.003
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837  Figure S1. Concentration (pg/L) of VOCs of interest in the four oil WAFs used in this study
838  (n=1). The measurements were done by GC-MS.
839
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841  Figure S2. Concentration (ug/L) of PAHSs of interest in the four oil WAFs used in this study
842  (n=1). The measurements were performed by GC-MS.
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846

847  Figure S3. Head (a) and ocular (b) hemorrhages (left panel) observed after exposure to the
848  Clearwater WAF (10%) and cranio-facial deformity (*, right panel) observed after exposure
849  to the Bluesky WAF (10%).
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