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a b s t r a c t

The majority of studies characterizing the mechanisms of oil toxicity in fish embryos and larvae have
focused largely on unrefined crude oil. Few studies have addressed the toxicity of modern bunker fuels,
which contain residual oils that are the highly processed and chemically distinct remains of the crude
oil refinement process. Here we use zebrafish embryos to investigate potential toxicological differences
between unrefined crude and residual fuel oils, and test the effects of sunlight as an additional stressor.
Using mechanically dispersed oil preparations, the embryotoxicity of two bunker oils was compared to
a standard crude oil from the Alaska North Slope. In the absence of sunlight, all three oils produced the
stereotypical cardiac toxicity that has been linked to the fraction of tricyclic aromatic compounds in an
oil mixture. However, the cardiotoxicity of bunker oils did not correlate strictly with the concentrations

of tricyclic compounds. Moreover, when embryos were sequentially exposed to oil and natural sunlight,
the bunker oils produced a rapid onset cell-lethal toxicity not observed with crude oil. To investigate
the chemical basis of this differential toxicity, a GC/MS full scan analysis was used to identify a range of
compounds that were enriched in the bunker oils. The much higher phototoxic potential of chemically
distinct bunker oils observed here suggests that this mode of action should be considered in the assess-

impac
nt oil
ment of bunker oil spill
aquatic toxicity of differe

. Introduction

The largest oil spills typically result from accidents involving
he transport of large volumes of crude oil. Prominent examples
nclude the 1989 Exxon Valdez oil spill in Alaska (37,000 tons of
il) and the 2007 Hebei Spirit oil spill in South Korea (10,800 tons).
he Exxon Valdez spill in particular spurred two decades of eco-
oxicology research on crude oil, with an emphasis on petrogenic
olycyclic aromatic compounds (PACs). As a result, the Exxon Valdez
pill is by several measures the most intensively studied oil spill in
istory, and there is now a large literature focusing on the toxi-
ity of Alaska North Slope crude oil (ANSCO) carried by that ship
Peterson et al., 2003). Many of these studies focused primarily on

he impacts to the early life history stages of fish and the under-
ying toxic mechanisms, identifying subsets of PACs with specific
oxicodynamic properties linked to the most obvious responses in
sh embryos to ANSCO exposure (Carls and Meador, 2009). Much

Abbreviations: ANSCO, Alaska North Slope crude oil; IFO, intermediate fuel oil;
DO, mechanically dispersed oil; PACs, polycyclic aromatic compounds.
∗ Corresponding author. Tel.: +1 206 860 3347; fax: +1 206 860 3335.

E-mail address: john.incardona@noaa.gov (J.P. Incardona).
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ts, and indicates the need for a broader approach to understanding the
s.
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less is known, however, about the toxic mechanisms that may be
associated with oils that are chemically distinct from ANSCO. This
includes, for example, the toxicity of residual fuel oils that are
burned to power large vessels (“bunker” oils). Given the relatively
high frequency of vessel accidents and losses around the world,
bunker oil toxicity warrants greater study, despite the smaller scale
of most bunker oil spills.

Studies on ANSCO have led to a model in which component PACs
are the primary consideration for an oil’s toxicity. However, a hand-
ful of studies on residual fuel oils have provided evidence of toxic
activities unattributable to constituent PACs alone (Barron et al.,
1999; González-Doncel et al., 2008; Neff et al., 2000). Due to the
nature of modern refinery practices, residual fuel oils have chem-
ical compositions that are distinct from those of unrefined crude
oils, and even from those of bunker oils of previous decades (Uhler
et al., 2007). Residual fuel oils are by definition the end-products
of the refining process, and often have been subjected to conver-
sion processes such as catalytic cracking (Matar and Hatch, 2001).

Bunker fuels, the generic term applied to fuel stored onboard ships,
typically consist of a highly viscous heavy residual fuel oil that
is mixed with a lighter fuel (typically diesel), to facilitate pump-
ing and flow. For example, one of the most common bunker fuel
classes is intermediate fuel oil (IFO) 380, which is a residual oil cut
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ith roughly 3% marine gasoil (equivalent to no. 2 diesel) to pro-
uce a viscosity of 380 centistokes. Many chemical and elemental
omponents of crude oil are much more highly concentrated in
esidual oils (Clark and Brown, 1977; Uhler et al., 2007; Wang et
l., 2003). Residual fuel oils and mixed products such as IFO 380
ave a higher percentage of aromatic compounds, a higher total
ass of PACs and, importantly, fractions of uncharacterized polar

ompounds (an “unresolved complex mixture”) that can approach
0% of the mass (Clark and Brown, 1977). Residual fuel oils also are
ften enriched with a higher content of metals such as nickel and
anadium (Matar and Hatch, 2001). Moreover, there is an overall
igh degree of chemical heterogeneity among modern residual fuel
ils from different sources (Uhler et al., 2007).

We previously explored mechanisms underlying the toxic
ffects of ANSCO and individual PACs in a series of studies using
ebrafish embryos (Carls et al., 2008; Incardona et al., 2004, 2005,
006). These studies showed that various waterborne prepara-
ions of ANSCO containing only dissolved constituents, or dissolved
onstituents together with whole oil droplets or particulate oil,
roduced a characteristic and highly reproducible syndrome of
evelopmental abnormalities in fish embryos. This “canonical”
rude oil toxicity is marked primarily by pericardial and yolk sac
dema, which results from cardiac dysfunction due to directly car-
iotoxic constituents consistent with the activities of the most
bundant PACs in ANSCO, specifically, the tricyclic fluorenes, diben-
othiophenes, and phenanthrenes (Carls et al., 2008; Incardona
t al., 2004, 2005, 2009). Other toxic effects in zebrafish embryos
esulting from ANSCO exposure included intracranial hemorrhage
nd blister-like malformations of the finfolds (Incardona et al.,
005), but the precise etiology of these effects is unknown. These
ndings reflect the inherent toxicity of ANSCO in the absence of
ther stressors.

There is also large literature demonstrating that certain PACs
re capable of producing cellular phototoxicity through the
V-mediated activation of bioaccumulated compounds and sub-

equent generation of reactive oxygen species and membrane
amage (Arfsten et al., 1996; Yu, 2002). This has been raised as a
echanism that is putatively important in the environment, due to

he potential susceptibility of unpigmented organisms to UV expo-
ure from solar radiation in shallow waters (Barron and Ka’aihue,
001). Most of the studies on PAC phototoxicity in aquatic sys-
ems have focused on planktonic invertebrates e.g. (Cleveland et
l., 2000; Duesterloh et al., 2002; Pelletier et al., 1997), while only
few have focused on phototoxicity of individual PACs and ANSCO
reparations in fish early life history stages (Barron et al., 2003;
iamond et al., 2006; Farwell et al., 2006; Oris and Giesy, 1987). To
ate there is no systematic comparative toxicity study in fish early

ife history stages that has included modern marine residual fuel
ils with and without additional stressors such as natural sunlight.

Here we begin to elucidate potential toxic differences among
il types by directly comparing the effects of exposing zebrafish
mbryos to similar preparations of ANSCO and two IFO 380s orig-
nating from different ports, with and without the influence of
atural sunlight. The PAC fractions of the whole oils were analyzed
nd compared to the waterborne PAC composition of mechani-
ally dispersed oil (MDO) preparations (Carls et al., 2008) used in
xposures. In addition, a number of waterborne compounds were
dentified that were markedly enriched in the IFO 380s relative to
NSCO.

. Materials and methods
.1. Mechanically dispersed oil (MDO) preparations

The ANSCO was obtained from the NOAA Auke Bay Laboratory
s previously described (Carls et al., 2008; Incardona et al., 2005,
ology 99 (2010) 56–64 57

2009). The crude oil was subjected to partial artificial weathering
by heating at 65 ◦C until reduced volumetrically by 20% (by mass).
One of the IFO 380s, IFO1, was obtained from the California Depart-
ment of Fish and Game’s Office of Spill Prevention and Response.
The other IFO 380, IFO2, was obtained from Olympic Tug and Barge
in the Port of Seattle. Originating from different suppliers, these two
IFO 380s were likely derived from different crude oil stocks, with
IFO2 probably derived from an Alaska North Slope product. MDOs
are in essence small-scale (e.g. 100-ml) preparations comparable to
a high energy water accommodated fraction (WAF), in which oil and
water are agitated to disperse the oil, followed by a one-hour sep-
aration period allowing coalescence of droplets on the surface. The
resulting water beneath the surface carries a mixture of dissolved
oil components as well as some remaining uncoalesced droplets or
microdroplets of whole oil. MDOs prepared by manual shaking in
separatory funnels (Carls et al., 2008) have been shown to produce
comparable water chemistry to large-scale (e.g. 40-l) high energy
WAFs (Barron et al., 2003; Incardona et al., 2005). For these studies,
a small mass of oil was added to 100 ml of zebrafish system water
(Linbo, 2009) in a separatory funnel and shaken to disperse the
oil into fine droplets or particles. Due to the difficulty of volumet-
rically delivering microliter quantities of viscous oil, micropipets
were calibrated to reproducibly deliver a drop of desired mass,
either 2 mg or 5 mg. Several MDOs were prepared for embryo expo-
sures by delivering a 2- or 5-mg drop of oil to the surface of 100 ml
zebrafish system water in a 1-l glass separatory funnel. For PAC
analytical chemistry, MDOs were prepared by weighing 12.5 mg
oil onto a glass coverslip. The coverslip was then placed into the
separatory funnel with 100 ml zebrafish system water. All MDOs
were systematically prepared by shaking vigorously for 5 min, fol-
lowed by 1 h of separation. Whereas visual inspection of the ANSCO
and IFO2 MDOs revealed complete oil dispersion, the IFO1 drop
adhered to the vessel side with a remaining fraction still visible
at the end of shaking. All MDOs had entrained droplets/particles
of oil as indicated by microscopic inspection (data not shown). The
reproducibility of MDO preparation for the two IFO 380s was deter-
mined biologically (see below) and chemically (Supplementary Fig.
S1).

2.2. Analytical chemistry

PACs were analyzed for all MDOs from two experiments; addi-
tional compounds were identified in the MDOs from one of these.
Aliquots from each MDO were removed for embryo exposures
and then the remaining MDO portions were each filtered through
no. 1 Whatman paper to partially remove particulate oil. Each
filtrate was then stored in brown glass bottles containing 20 ml
dichloromethane until analysis. For quality assurance, a blank
water sample and a spiked blank water sample were prepared in
brown glass bottles, both containing 250 ml of zebrafish system
water and 20 ml of dichloromethane, with a known mixture of PACs
(3000 ng each analyte) added to the spiked blank. After addition
of surrogate standards (1080 ng each of D8-naphthalene, D10-
acenaphthene and D12-benzo[a]pyrene in 600 �l of isooctane),
each sample was transferred to 1-l separatory funnel. Samples were
extracted by shaking with dichloromethane for 2 min followed by
2-min separation time. After collecting the dichloromethane phase,
the samples were extracted a second time with another 20 ml of
dichloromethane and the two extracts were combined. Sodium sul-
fate (5 g) was added to each sample, the samples were allowed to
sit overnight, then more sodium sulfate (5 g) was added.
To quantify selected PACs, a 3-ml aliquot of each extract was
exchanged from dichloromethane to isooctane while being con-
centrated to 100 �l, then analyzed using gas chromatography/mass
spectrometry (GC/MS) selected ion monitoring as described previ-
ously (Sloan et al., 2005) with additional monitoring for alkylated

EX5038-000002-TRB
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ACs. Analyte concentrations in the water (�g/l) were calculated
sing surrogate standards and six concentration levels of GC/MS
alibration standards ranging from 0.004 to 1.0 ng/�l for each ana-
yte. For each analyte, the concentration evoking the peak response
n the lowest level calibration standard was used to calculate the
ower limit of quantitation (LOQ). LOQs ranged from approximately
.02 to 0.2 �g/l. Surrogate standard recoveries ranged from 83 to
4%, and the spiked blank recoveries ranged from 106 to 124%. The
ethod blank contained 0.72 �g/l total low molecular weight PACs

naphthalenes, fluorenes and phenanthrenes), whereas the high
olecular weight PACs in this sample were all below the LOQs.
For the identification of additional oil-related compounds, 1 ml

liquot of each extract was exchanged from dichloromethane to
sooctane while being concentrated to 100 �l, then analyzed using
C/MS scanning at 50–600 Da. The GC/MS system included an
gilent 5973 Mass Selective Detector, an Agilent 5890 GC with on-
olumn injection and a J&W 60 m × 250 �m DB-5 column (0.25-�m
lm-thickness). Software used for data acquisition and compound

dentification included Agilent Chemstation, National Institute of
tandards and Technology (NIST) library and the Automated Mass
pectral Deconvolution and Identification System (AMDIS). For
ach visible peak on the chromatogram, the spectrum from the
earest baseline was subtracted from the top of the peak. The resul-
ant background-subtracted spectrum was compared to the NIST
ibrary for the most appropriate match. When a member of an alkyl
romatic family of compounds was identified (e.g. C1 carbazole),
he chromatogram was examined for additional homologs belong-
ng to that family (e.g. C2 carbazole, C3 carbazole, etc.). Because
he full range of n-alkanes could be found in all samples, Kovats
ndices (Kováts, 1958, 1965) were calculated for all identified peaks.
The calculation of the Kovats retention index, Ix, of a compound

is:

x = 100 × Tn − Tx

Tn+1 − Tn
+ 100n

here Tx is the retention time of compound X. Tn and Tn+1 are the
etention times of the n-alkanes with carbon numbers n and n + 1
hich bracket the compound X.)

The chromatograms of the extracts were searched for additional
ompounds with known Kovats indices that might be found in the
ater-soluble fraction of oil. Once a compound was detected in an

xtract chromatogram, the chromatograms of the other extracts
ere screened for the same compound. Without standards, it was
ot possible to precisely determine the concentrations of these
ompounds. Instead, a “quantitation” ion was chosen for each ana-
yte (usually the molecular ion or the largest ion) and the integrated
eak area for that ion was measured. This peak area was divided
y the peak area of the surrogate standard D10-acenaphthene in
hat extract to produce a normalized ion area. Compounds that

ere present in both the sample blank and oiled water extracts

t approximately the same level (or lower) for the latter were
xcluded from further analysis.

Whole oil samples were prepared for quantifying selected PACs
y diluting 100 mg of oil plus surrogate standards (2700 ng each

able 1
ummary of sunlight exposure conditions.

Date (experiment no.) Weather UV-A (mW/m2) UV-B (mW/m2

31 July (experiment 1) Sunny 18,670 1805
1 October (experiment 2) Cloudy 8590 294
7 October (experiment 3) Rainy 4611 469
22 October (experiment 4) Sunny 8971 420
4 December (experiment 7) Cloudy 3421 ND

D = not determined.
a By mass of whole oil dispersed in water.
ology 99 (2010) 56–64

of D8-naphthalene, D10-acenaphthene and D12-benzo[a]pyrene
in 1.5 ml of isooctane) to 10 ml in dichloromethane. A 200 �l
aliquot of each oil sample was further diluted to 3.35 ml
in dichloromethane and then cleaned up by gravity-flow sil-
ica/alumina chromatography columns and size-exclusion high
performance liquid chromatography as previously described (Sloan
et al., 2005). The samples were analyzed by GC/MS as described
above for the oiled water extracts. Analyte concentrations in the
oil (ng/mg) were calculated using the surrogate standards and eight
concentration levels of GC/MS calibration standards ranging from
0.004 to 10 ng each analyte/�l. Surrogate standard recoveries, tak-
ing into account the portion of sample analyzed, ranged from 85 to
124%.

2.3. Zebrafish embryo exposure

MDO preparations were made for eight independent exposure
experiments conducted between late July and mid-December; five
of these included phototoxicity assays. Adult zebrafish were main-
tained and embryos collected as described elsewhere (Linbo, 2009).
To assess a potential protective role of pigment in sunlight expo-
sures, some experiments utilized nacre embryos, which have a
marked reduction in melanophores (Lister et al., 1999). Duplicate or
triplicate groups of 20 embryos were exposed beginning 4–6 h post-
fertilization (hpf) in pre-cleaned 30-mm glass Petri dishes. Aliquots
of MDOs (15 ml) were added to the Petri dishes, and embryos
were then transferred into treatment solutions in a small volume
(∼100 �l) of zebrafish system water. Exposures were carried out
in a laboratory incubator without light at 28.5 ◦C, and embryos
incubated up to 72 hpf without renewal of exposure water. Con-
trols were incubated in clean zebrafish system water in the same
incubator. Pericardial edema was scored at 48 hpf or 72 hpf. Sub-
samples of developing embryos were removed at 24, 48, and 72 hpf
for exposure to natural sunlight. There were two types of nega-
tive control for sunlight exposure: one exposed to clean water and
sunlight, and one exposed to oil and ambient outdoor tempera-
ture shaded from sunlight. Typically, 10–15 embryos were removed
from each replicate exposure dish and placed in a new Petri dish
with clean system water and then transported outdoors in a shal-
low plastic tray on a handcart. Petri dishes were left uncovered for
the duration of sunlight exposure, and gently agitated occasion-
ally to evenly disperse the embryos. Negative controls for sunlight
exposure experienced the same outdoor ambient temperature, cov-
ered loosely with aluminum foil and shaded on the lower shelf of
the cart; water temperature was not recorded. In order to compare
experiments performed under different weather conditions, nom-
inal UV exposure was estimated using a Macam UV203 radiometer
(Advanced Photonics International, Inc., Fairfield, CT). The radiome-
ter was used in average mode to obtain average UV-A and UV-B

levels for the entire sunlight exposure duration. UV-A levels were
measured for the first half of the exposure, and UV-B levels during
the second half. Sunlight exposure ranged from 20 min on partly
cloudy summer days to 2 h on overcast winter days (Table 1). Two
of the phototoxicity experiments utilized the nacre mutant with

) Duration (min) UV-A/UV-B dose (�W h/cm2) Nominal oil dose
(ppm)a

10 311/30 20
20 286/10 20

120 922/94 50
120 1794/84 50
120 684/ND 125

EX5038-000003-TRB
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Table 2
PAC concentrations and composition of MDO preparations.a.

Oil Assay
∑

PACs
∑

NPHs
∑

FLUs
∑

DBTs
∑

PHNs
∑

FLAs
∑

CHRs
∑

5–6

ANSCO Edema + phototoxicity Concentration (�g/l) 210 154.0 11.7 16.9 24.1 0.6 3.0 0.09
Composition (% of

∑
PACs) 73.3 5.6 8.0 11.5 0.3 1.4 0.04

Edema Concentration (�g/l) 340 249.0 19.1 27.9 40.1 1.1 5.3 0.2
Composition (% of

∑
PACs) 73.2 5.6 8.2 11.8 0.3 1.6 0.06

IFO1 Edema + phototoxicity Concentration (�g/l) 240 160.0 10.7 11.4 40.8 3.4 8.6 0.5
Composition (% of

∑
PACs) 66.7 4.5 4.8 17.0 1.4 3.6 0.2

Edema Concentration (�g/l) 100 65.2 4.8 4.7 17.1 1.3 3.7 0.2
Composition (% of

∑
PACs) 65.2 4.8 4.7 17.1 1.3 3.7 0.2

IFO2 Edema + phototoxicity Concentration (�g/l) 440 318.0 17.1 20.3 53.9 4.2 13.4 0.9
Composition (% of

∑
PACs) 72.3 3.9 4.6 12.3 0.9 3.0 0.2

Edema Concentration (�g/l) 310 229.0 13.2 14.4 38.5 2.7 8.6 0.5
Composition (% of

∑
PACs) 73.9 4.3 4.6 12.4 0.9 2.8 0.2

ytes (

a s. NPH
F

r
i
E
F
s
p
s
t
i

3

3

d
(
p
w
P
m
t
s
w

F
f
i

a Data are for MDOs from experiments 7 and 8.
∑

PACs is the sum of all 39 anal

lkylated homologue, and
∑

5–6 is the sum of seven 5-ring and one 6-ring analyte
LAs, fluoranthenes; CHRs, chrysenes.

educed pigment. At the end of sunlight exposure, embryos were
mmediately returned to the lab and examined microscopically.
mbryos were imaged with a Nikon SMZ800 stereomicroscope and
ire-i 400 video camera (Unibrain, Inc., San Ramon, CA). Edema was
cored as mild, moderate, or severe, but is reported here as either
resent or absent. Tail defects in sunlight-exposed embryos were
cored as rounding of cells in the outer finfold, rounding of cells in
he inner finfold, lysis of cells in the outer finfold, and lysis of cells
n the inner finfold or tail tissue.

. Results

.1. Chemical composition of MDO preparations

Aqueous concentrations of selected PACs were analytically
etermined for MDO preparations used for two experiments
Table 2 and Supplementary Fig. S1), and assayed for edema and
hototoxicity, and edema only, respectively. The MDO filtrates
ould have contained some oil microdroplets (Carls et al., 2008;
ayne et al., 1999), and based on these previous studies, we esti-
ate that dissolved phase compounds represented roughly 20% of

he total measured PACs. Consistent with this, each MDO analy-
is showed a relative enrichment with compounds that were more
ater-soluble relative to the source oils (Fig. S1). These included the

ig. 1. Normalized ion areas for compound classes enriched in IFO 380 MDO preparation
or families of compounds that had chromatographic peaks at least 5 times larger in th
ndividual subfamilies are listed in Table S2.
shown in Figure S1),
∑

NPHs, etc. are the sums of the parent compound and each

s, naphthalenes; FLUs, fluorenes; DBTs, dibenzothiophenes; PHNs, phenanthrenes;

naphthalenes as well as the parent and lower alkylated fluorenes,
dibenzothiophenes and phenanthrenes. For example, the ratios of
phenanthrene to C4-phenanthrene in the source oils were 1.0, 0.45,
and 0.52 for ANSCO, IFO1, and IFO2, respectively, while the mean
ratios in the respective MDO preparations were 2.3, 1.1, and 1.8.
There was also a relative reduction in the higher molecular weight
chrysenes. The PAC composition was highly reproducible between
different MDO preparations using the same oil (Table 2, Fig. S1).
Although the concentrations of PAC subclasses and summed PAC
(
∑

PACs) were more variable between preparations constituted
on different days, all of the preparations fell within a range of
100–440 �g/L

∑
PACs (Table 2).

As an initial step towards identifying differences between the
unrefined ANSCO and the residual IFOs, a GC/MS full scan anal-
ysis was carried out on extracts of MDO preparations from one
phototoxicity experiment (#7, Table 1). Identified compounds are
listed individually in Supplementary Table S1. These consisted of 45
alkanes, 378 aromatic hydrocarbons with their alkylated families,
35 nitrogen heterocycles with their alkylated families (primarily

carbazoles), 32 various oxygen containing compounds, 81 sulfur
heterocycles and their alkylated families, and 4 large unidentified
peaks. Because of the lack of available quantification standards for
these compounds, we were unable to calculate actual concentra-
tions. Rather, it was only possible to compare the normalized ion

s relative to ANSCO identified in full scan GC-MS analysis. Ion areas were summed
e IFO 380 MDO extracts compared to the ANSCO MDO extract. Ion area ratios for

EX5038-000004-TRB
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Table 3
Summary of compounds of interest in the full scan analysis of oiled water extracts.

Chemical group Compound Number of isomers IFO1 to ANSCO peak
area ratioa

IFO2 to ANSCO
peak area ratioa

Aromatic hydrocarbons
Benzenes 1,1′-Butylidene-bis-benzene

(tentative)
1 19.015 39.216

C3 benzene 5 3.945 2.555

Indans Indan 1 4.582 4.672
C1 indan 4 2.201 3.262

Indenes Indene 1 43.402 0.000
C1 indene 2 48.868 8.961
C2 indene/C1 dihydronaphthalene 7 9.405 4.054
C3 indene 3 6.371 6.008

Naphthalenes C3 alkenyl naphthalene 5 5.121 8.183
Dihydronaphthalenes 1,2-Dihydronaphthalene 1 14.613 0.000

Phenyl naphthalenes C1 phenyl naphthalene/C3 alkenyl
phenanthrene/anthracene

6 2.754 3.400

C2 phenyl naphthalene/C4 alkenyl
phenanthrene/anthracene

6 9.092 18.334

Acenaphthene Acenaphthene 1 5.080 0.943
Phenanthrenes/Anthracenes C4-phenanthrene/anthracene 15 3.259 3.528
Dihydrophenanthrenes/
Dihydroanthracenes

Dihydrophenanthrene/
dihydroanthracene

2 2.338 4.361

Fluoranthenes/Pyrenes/
Benzofluorenes

Fluoranthene/pyrene 2 8.325 7.206

Benzo[b]fluorene 1 6.853 6.937
C1 fluoran-
thene/pyrene/benzofluorene

6 6.325 7.844

C2 fluoran-
thene/pyrene/benzofluorene

14 6.505 16.912

C3 fluoran-
thene/pyrene/benzofluorene

11 12.207 16.420

Benz[a]anthracenes/Chyrsenes C1 benz[a]anthracene/chyrsene 7 3.313 5.635
C2 benz[a]anthracene/chyrsene 10 3.615 6.003

Nitrogen heterocyclics
Indoles C2 indole (tentative) 1 1.881 3.771

Carbazoles Carbazole 1 6.526 10.163
C1 carbazole 4 7.651 13.049
C2 carbazole 11 6.808 11.132
C3 carbazole 12 5.334 7.582
C4 carbazole 6 3.833 3.148

Oxygen containing hydrocarbons
Benzaldehydes C4 benzaldehyde (tentative) 1 0.356 1.144

Pentamethylbenzaldehyde 1 1.034 1.037

Phenols C1 phenol 3 5.019 21.223
C2 phenol 5 3.389 0.000
C3 phenol 3 3.949 0.000
C11 phenol 2 107.945 4.135

Alcohols Phenylethyl alcohol 1 28.486 0.000
Phenoxypropanol 1 28.681 0.000

Ethers Diphenyldiethyl ether 2 58.171 0.000
Ketones Benzoylacetone (tentative) 1 5.550 0.000

Sulfur heterocyclics
Benzothiophenes Benzothiophene 1 43.008 40.804

C1 benzothiophene 4 22.426 29.463
C2 benzothiophene 5 5.499 7.111
C3 benzothiophene or C7 benzene 15 2.517 5.528

Benzonaphthothiophenes Benzonaphthothiophene 3 1.353 4.042
Unidentified compounds

Unknown (191 ion) 1 3.608 0.000
Unknown (247 ion; MW 318;
maybe C16 phenol)

1 41.654 1.001

Unknown (247 ion; possibly MW
318)

1 90.799 2.793

Unknown (303 ion; MW 374) 1 77.027 1.866

a Ratio of normalized peak areas in extract compared to ANSCO normalized peak areas.
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Fig. 2. Morphological effects of exposure to different oils. Embryos were exposed to the indicated MDO preparation from 6 to 72 hpf in the dark, exposed to sunlight or
outdoor ambient temperature in the dark for 10 min, then returned indoors and imaged (experiment 1, 31 July). The top image in each panel shows the entire larva with the
head to the left, while the lower left and right images show higher magnification views of the tail and pericardial region, respectively. Arrows indicate pericardial edema in
oil-exposed embryos (B–E). Scale bars are 0.5 mm (top images) and 100 �m (lower and right images). (A) Larva exposed to clean water and sunlight. (B) Larva exposed to
ANSCO without sunlight. Caudal finfold shows reduced growth (unfilled arrowheads). (C) Larva exposed to ANSCO followed by sunlight; note absence of tail necrosis. (D).
Larva exposed to IFO1 without sunlight. Caudal finfold shows reduced growth and notch on dorsal side (arrowhead). (E) Larva exposed to IFO1 followed by sunlight; note
striking loss of tail tissue to cytolysis. Images are representative of results from all experiments.
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Fig. 3. Phototoxicity is enhanced by lack of pigment cells. Embryos were exposed
to MDO preparations from 6 to 24 hpf, exposed to sunlight or outdoor ambient tem-
perature in the dark for 120 min, then returned indoors and imaged (experiment
3, 7 October). Dechorionated embryos are shown in A–C with the head to the left;
embryos in D and E were left in the chorion due to their deteriorating condition.
(A) Embryo exposed to ANSCO without sunlight. (B) Embryo exposed to ANSCO
2 K. Hatlen et al. / Aquatic

reas of a particular compound between the different extracts. The
elative ion areas of the two IFO 380s compared to ANSCO are
ummarized for each family of compounds in Table 3. Notably, the
nalytical method used was likely unsuitable for the detection of
olar compounds.

We focused primarily on the chromatographic peaks that were
ubstantially larger (5 times or more) in the IFO1 and/or IFO2
xtracts compared to the ANSCO extract. These compounds are
ummarized in Table S2. Some of the most prominent differences
etween the crude oil and IFOs included the following compounds,
ith normalized ion area sums displayed in Fig. 1: carbazole and

1 to C3 carbazoles (C0–C3 CBZs), C1 to C3 fluoranthenes/pyrenes
C1–C3 FLAs), benzo[b]thiophene and C1 to C3 benzothiophenes
C0–C3 BTPs), C2 phenyl naphthalenes (C2 PhNPHs), C1 to C3
ndenes (C1–C3 IDEs) and C1 phenols (C1 PhOHs).

.2. Comparable and novel sublethal toxicities of IFOs relative to
NSCO in the absence of sunlight

Overall, all three oils produced cardiovascular toxicity after
ncubation in the dark (Table 4). For all oil exposures in the absence
f sunlight, embryos developed a high prevalence of pericardial
dema by 48 hpf (data not shown, Table 4 and Fig. 2). Edema was
ualitatively assessed in all experiments, and quantified in 4 exper-

ments, where the frequency ranged from 81 to 90% (mean 88%)
fter exposure to ANSCO and 37–100% (mean 68%) for IFO1, and
as 100% for IFO2 in all experiments. In the experiments for which

ACs were analyzed (Table 2), edema was present in a lower per-
entage of embryos exposed to ANSCO relative to IFO1 despite a
omparable or higher total PAC concentration. Although the edema
esponse was qualitatively similar between ANSCO and IFO1, the
orresponding concentrations of tricyclic PACs differed by a fac-
or of three (87 �g/l vs. 27 �g/l respectively). Similarly, the IFO2

DO from experiment 8 had total tricyclic PACs (66 �g/l) slightly
ower than the ANSCO MDO (87 �g/l), but produced greater car-
iac toxicity. However, both IFO MDOs had a greater diversity of 4-
nd 5-ring PACs, with the IFO2 MDO having concentrations of flu-
ranthene and total 5-ring PACs (e.g. benzo[a]pyrene) that were 2
imes as high as those in the ANSCO MDO. These PACs are capa-
le of contributing to developmental abnormalities of the heart
hrough mechanisms that are different than those that mediate the
ardiotoxicity of tricyclic compounds (see Section 4).

One novel type of sublethal toxicity consistently observed with
ark exposures to IFO1 was an effect on tail development. Expo-
ure to ANSCO typically causes a delay or reduced outgrowth of the
nfolds (Fig. 1B and Incardona et al., 2005), which later manifests
s finfold blisters (Incardona et al., 2005). In addition to reduced
utgrowth of the entire caudal finfold, embryos exposed to IFO1
isplayed at 72 hpf a high frequency (>50%) of a different defect
haracterized by a notch on its dorsal side (Fig. 2D). This type of
efect was not observed with IFO2.

.3. Sunlight initiates acute cell-lethal toxicity following exposure
o IFOs but not ANSCO

The potential for photoinduced toxicity from sunlight (i.e., UV)
xposure was tested in 5 experiments under very different weather
egimes from July to December 2008 (Table 1). In each experiment
here was a dramatic and acute lethal toxicity induced by subse-
uent sunlight exposure observed with the 2 residual IFOs (Figs. 2, 3
nd S2 and Table 4), but not the unrefined ANSCO. Embryonic expo-

ure to either IFO1 (Fig. 2) or IFO2 (Fig. S2), followed by sunlight
xposure at either 48 hpf or 72 hpf, resulted in a rapid and severe
ytic deterioration of the caudal finfold, sometimes involving the
ntire tail (Fig. 2E, 72 hpf). Finfold cytolysis was discernable within
inutes of terminating the sunlight exposure, and in some cases
followed by sunlight. (C) Embryo exposed to IFO1 without sunlight (D) and (E)
embryos exposed to IFO1 followed by sunlight exposure. Note the necrosis of the
entire posterior half of the embryo in (D) and the entire embryo in (E). Scale bars
are 0.5 mm.

had evidently commenced prior to the end of sunlight exposure.
This effect was observed in all 5 experiments, and differed only
in degree of severity, but was absent in ANSCO-exposed embryos
(Fig. 2C).

By 48 hpf normal zebrafish embryos develop large numbers of
black pigment-containing melanophores in the head and trunk,
but not the finfolds. To determine if light-absorbing natural skin
pigments provided protection from photoinduced oil toxicity, we
tested either 24 hpf embryos (prior to melanophore develop-
ment) or 48 hpf nacre larvae (a mutant with markedly reduced
melanophores). Despite shorter exposure to MDOs, cytolytic effects
were much more severe in 24 hpf embryos exposed to IFO1 (Fig. 3D
and E), and the lytic response to both IFO MDOs in nacre larvae at
48 hpf often involved tissues in the head and trunk (Fig. S2 and data
not shown). While sunlight did not produce phototoxicity in 24 hpf
embryos exposed to ANSCO (Fig. 3B), with IFO1 exposure, large
portions of the trunk (Fig. 3D) and sometimes the entire embryo
(Fig. 3E) would undergo cytolysis.

In the MDO preparations where quantification of phototoxicity
was paired with analyses for PACs, the

∑
PAC levels and compo-

sition were comparable (Table 2). The ANSCO and IFO1 MDOs had∑

PAC of 210 and 240 �g/l, respectively, while the IFO2 MDO had

440 �g/l largely due to a 2-fold higher level of naphthalenes. Nev-
ertheless, the cytolytic response to sunlight exposure was absent in
embryos exposed to ANSCO (Table 4). In this experiment, the most
marked differences between MDO preparations of ANSCO and the
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Table 4
Summary of toxicity results.a.

Assay Control ANSCO (�PACs) IFO1 (�PACs) IFO2 (�PACs)

Defects with dark incubator exposure
Edema (mean percent ± SEM; overall mean of 4 experiments) 8 ± 6 88 ± 2 68 ± 16 100
Edema (experiment 7, mean percent ± SEM, n = 3) 11 ± 1 80 ± 0 (210) 100 (240) 100 (440)
Edema (experiment 8, mean percent ± SEM, n = 3) 5 ± 0 90 ± 5 (340) 93 ± 8 (100) 100 (310)
Tail defect (experiment 7, single replicate) 0 5 45 0

Phototoxicity (experiment 7, single replicate)
Rounding of inner finfold cells 0 0 50 50
Lysis of outer finfold 0 0 45 50
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Lysis of inner tail cells 0

a To compare toxicity to water chemistry for edema response, �PACs are shown
aired with PAC analysis.

esidual fuel oils among the conventionally measured PACs were
he higher concentrations of 4- and 5-ring compounds. In particu-
ar, the total concentrations of fluoranthenes and chrysenes were
–4 times higher in the IFO MDOs (12 and 18 �g/l vs. 4 �g/l). How-
ver, the IFO1 MDO produced slightly more severe tail damage,
espite having lower concentrations of 4- and 5-ring compounds
han the IFO2 MDO.

. Discussion

As would be expected from the overall PAH compositions, the
anonical cardiogenic edema response was observed after expo-
ure to each of the three oil types in the absence of light. However,
here were important differences between the magnitude of the
esponse in relation to the PAC concentrations and composition
f the corresponding MDO preparations, especially the concentra-
ions of tricyclic PACs. For example, although IFO1 and ANSCO both
roduced edema in ∼90% of embryos in 1 experiment, the con-
entrations of

∑
PACs and tricyclic PACs in IFO1 were ∼17–44% of

hose in ANSCO and IFO2. This suggests that compounds other than
he tricyclic PACs contributed to the edema response from IFO1. The
igher molecular weight PACs that are generally more abundant

n the IFOs are a likely candidate, including benz[a]anthracence,
uoranthene, and benzo[a]pyrene, as they also are capable of caus-

ng pericardial edema through a different mechanism (Incardona
t al., 2006; Matson et al., 2008; Wills et al., 2009; our unpublished
bservations). Similarly, the relatively abundant carbazoles in the
FOs are likely act synergistically to increase the embryotoxicity
f other PACs (Wassenberg et al., 2005). The pericardial edema
esulting from IFO exposure most likely has a more complicated
tiology than the response from ANSCO exposure, consistent with
he greater complexity of compounds. The etiology of the novel tail
efect associated with exposure to IFO1 is unclear, because most
f the compounds identified as enriched in IFO1 relative to ANSCO
ere common to both IFOs. However, our chemical analysis was
ot comprehensive, and we did not characterize polar and other
otentially toxic compounds that may also be present in the resid-
al fuel oils. Because the overall toxicity and chemistry of the 2

FO 380s tested here were grossly similar, it is likely that inclu-
ion of a larger number residual fuel oils would reveal even greater
oxicological heterogeneity.

In general, only sublethal effects (e.g. pericardial edema, fin
alformation) are observed as an acute response in fish embryos

xposed to oiled water preparations (as an individual stressor) that
ave

∑
PAC concentrations in the ranges reported here. In contrast,

he addition of sunlight as a co-stressor converted the toxicity of the

IFOs but not ANSCO to produce rapid and overt lethality through
cytotoxic mechanism. The rapid cell death observed in the finfold
nd tail tissue within minutes to an hour after sunlight exposure
s most consistent with a photoinduced cytolytic response due to
lasma membrane damage, rather than an apoptotic mechanism.
0 5 0

entheses for each oil in the experiments where edema response quantification was

This is particularly supported by our finding that this enhanced oil
toxicity is ameliorated by the presence of light-absorbing, melanin-
containing pigment cells in the skin of zebrafish embryos. However,
the precise mechanisms leading to membrane damage cannot be
determined from these data. Several studies in both cell lines and
in intact animals have shown that photoactivation of PACs leads
to general membrane damage through lipid peroxidation (Kagan
et al., 1987; McCloskey and Oris, 1993; Weinstein et al., 1997).
While membrane lipid peroxidation is a well-known action of
other non-PAC phototoxic compounds (Girotti and Deziel, 1983),
some compounds associated with photoinduced cytolysis may act
through oxidation of membrane proteins (Cardenas et al., 1992).

In a previous study, ANSCO was found to produce lethal pho-
totoxicity when combined with sunlight or artificial UV exposure
in herring larvae, but not embryos (Barron et al., 2003). Our study
was not designed to replicate these results, and there are key dif-
ferences. First, our results with zebrafish embryos and ANSCO are
consistent with the results with herring embryos, and may relate
to the toxicokinetic differences between early embryos and lar-
vae. Second, the UV-A doses from sunlight in the previous study
ranged from 2160 to 3600 �W h/cm2, while in this study the range
was 290–1790 �W h/cm2. Finally, lethality was quantified over a
number of days in the former study, while here acute lethality was
assessed only immediately after sunlight exposure. The marked
differences between the two IFO 380s and ANSCO in phototoxic
potential observed here is most likely due to distinct chemical dif-
ferences between residual fuel oils and crude oil.

While our preliminary analysis of the IFO 380 MDO preparations
identified a large number of additional compounds, these particu-
lar compounds may or may not be responsible for the markedly
different phototoxicity. Although the elevated phototoxicity of the
IFOs could be due to the higher concentrations of fluoranthenes
and chrysenes alone, this seems unlikely. The differences in total
fluoranthenes and chrysenes (and 5-ring compounds) between the
various MDOs were not large (e.g. only 3 times greater in IFO1
vs. ANSCO). If these compounds alone were responsible for the
dramatic phototoxicity of the IFOs, then there must be a very
sharp threshold that is not far above the concentrations present
in the ANSCO MDOs. The other heterocyclic PACs identified in
the IFOs (e.g. the benzothiophenes and carbazoles) are unlikely
to be phototoxic alone (Kochevar et al., 1982). A more parsimo-
nious explanation is that these PACs contribute to the phototoxicity
in combination with some of the other identified or unidentified
compounds that are present at higher concentrations in the IFOs.
Despite the wide range of compounds included in our analysis, it
is likely that an even more comprehensive analysis is necessary to

identify the compounds responsible for the potent phototoxicity of
these IFOs.

These results indicate that, compared to crude oil, residual fuel
oils can produce different sublethal toxicity (e.g. tail defects), and
that at least 2 individual IFOs have the potential to produce dramat-
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cally lethal toxicity among translucent animals in the presence of
unlight. Moreover, the canonical response of cardiogenic edema
s likely to arise through more than one mechanism, depend-
ng on the relative ratios of PACs that act through different (e.g.
ryl hydrocarbon receptor-independent and -dependent) mecha-
isms. Our findings identify a number of compounds beyond the
onventionally studied PACs that should be targeted for further tox-
city studies, in particular the heterocyclic compounds which are
nriched in residual fuel oils. Finally, this study highlights the need
or a broader approach to understanding the toxicity of diverse oil
ypes to better assess the ecological impacts of oil spills, especially
n areas where additional stressors such as intense solar radiation

ay exist.
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