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The Deepwater Morizon disaster released more than 636 million L
of crude oil into the northern Guif of Mexico. The spill ciled upper
surface water spawning habitats for many commercially and eco-
logically important pelagic fish species. Consequently, the devel-
oping spawn {embryos and larvae) of tunas, swordfish, and other
large predators were potentially exposed to crude oil-derived
polycydic aromatic hydrocarbons (PAHs). Fish embryos are gener-
ally very sensitive to PAH-induced cardiotoxicity, and adverse
changes in heart physiology and morphology ¢an cause both acute
and delayed mortality. Cardiac function is particularly important
for fast-swimming pelagic predators with high aerobic demand.
Offspring for these species develop rapidly at relatively high tem-
peratures, and their vulnerability to crude oil toxicity is unknown.
We assessed the impacts of fieldcollected Deepwater Morizon
{M(252) oil samples on embryos of three pelagic fish: bluefin tuna,
yellowfin tuna, and an amberjack. We show that environmentally
realistic exposures (1-15 pg/L total PAH) cause specific dose-
dependent defects in cardiac function in all three spedes, with
circulatory disruption culminating in pericardial edema and other
secondary malformations. Each species displayed an irregular
atrial arrhythmia following oil exposure, indicating a highly con-
served response to oil toxicity. A considerable portion of Gulf wa-
ter samples collected during the spill had PAH concentrations
exceeding toxicity thresholds observed here, indicating the poten-
tial for losses of pelagic fish larvae. Vulnerability assessments in
other ocean habitats, including the Arctic, should focus on the
developing heart of resident fish species as an exceptionally sen-
sitive and consistent indicator of crude oil impacts.

oil spill | damage assessment | heart development | embryology

he Deepwater Horizon disaster resulted in the release of more

than 4 million barrels (636 million L) of oil into the offshore
waters of the northem Gulf of Mexico between April 10 and July
14, 2010 (1). Although subsurface application of dispersant near
the wellhead resulted in retention of a considerable portion of oil
n the bathypelagic zone (2), oil also traveled to the upper sur-
face waters where it formed a large and dynamic patchwork of
slicks (e.g., covering an estimated 17,725 km? during May 2010)
(3). In the decadces following the last major US oil spill (the 1989
FExxon Valdez spilt in Alaska), developing fish embrvos have been
shown to be especially vulnerable to the toxicity of crude oil {4).
The northern Gulf provides critical spawning and rearing hab-
itats for a range of commercially and ecologically important
pelagic fish species, and the timing of oil release into the eco-
system from the damaged Deepwaier Horizon/MC2352 well co-
incided with the temporal spawning window for bluefin and
yellowfin tunas, mahi mahi, king and Spanish mackerels, greater
and lesser amberjack, sailfish, blue marlin, and cobia (5-13).
Yellowfin tuna (Thunnus albacares) and greater amberjack
(Seriola dumerili) contribute to important commercial fisheries
(48,960,000 pounds in 2010 and 4,348,000 pounds in 2004,
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respectively) (14, 15). The Atlantic bluefin tuna (Thunnus thvanus)
population from the Gulf of Mexico is currently at a historically
low level (16), and was recently petitioned for listing under the
US Endangered Species Act. For these and other pelagics, the
extent of early-life stage loss from oiled spawning habitats is an
important outstanding question for fisheries management and
cornservation.

The developing fish heart is known as a sepsitive target organ
for the toxic effects of crude oil-derived polycyclic aromatic
hydrocarbons (PAHS) (4). Of the mubltiple two- to six-ringed
PAI families contained in crude oil, the most abundant three-
ringed compounds are sufficient to drive the cardiotoxicity of
petrofeum-derived PAH mixtures. These compounds (fluorenes,
dibenzothiophenes, and phenanthrenes) directly disrupt fish
cardiac function {17, 18), thereby interfering with the inter-
dependent processes of circulation and heart chamber forma-
tion. Exposure of fish embryos to PATT mixtures derived from
crude oil slows the heartbeat (bradycardia) and reduces con-
tractility (17, 19-21). The wnderlying mechanism wus recently
shown to be blockade of key potassium and calcium ion channels
involved in cardiac excitation-contraction coupling (22). These

. 0il rose from the ocean floor to the surface where many large.
. pelagic fish spawn. Here we describe the impacts of field-
. tollacted oil samples on the rapidly developing embryts of
. warm-water mredators, induding bluetin and vellow!in tunas

and an ambarjack. For each spedies, environmentally relevant
¢ MIC252 oil exposures caused serious defects in heart develop.
i ment. Moreover, abnarmalities in cardiac function were highly |
. consistent, indicating a broadly conserved developmental crude
. oil cardintoxicity, Losses of carly life stagec were therefore
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collective effects of PAHs during embryonic and larval stagescan
influcnce the structure and function of the adult fish heart in
ways that permanently reduce cardiac performance (23), po-
tentially leading to delayed mortality. Consistent with this, mark-
recapture studies on pink saimon following the Exxon Valdez spill
found that transient and sublethal exposures to crude oil at very
low levels during embryogenesis reduced subsequent marine
survival (o adulthood by 40% (24, 25). Exposures to relatively
higher PAH concentrations cause embryonic heart failure and
death soon after fish hatch into free-swimming larvae (19, 20,
23). These effects occur at a total PAH concentration range as
low as 1-10 pg/l. for more sensitive species (26, 27), levels as
much as an order-of-magnitude lower than those measured in
some samples collected both at depth and at the surface during
the Decpwater Horizon active spill phase (28, 29).

The above crude oil cardiotoxicity syndrome has been exten-
sively characterized in zebrafish embryos exposed to several geo-
logically distinct oils (17, 21, 23, 30, 31), including the Mississippi
Canyon 252 (MC252) crude il released from the blown out
Deepwater Horizon wellhead (20, 32). Similar effects have heen
reported for temperate marine and anadromous species, such as
Pacific herring (19, 26, 27, 33} and pink salmon (34, 35), fol-
lowing exposure to Alaska North Slope crude oil. Although
zebrafish are a tropical freshwater model species, the embryos
of herring and salmon assessed in the aftermath of the Exxon
Valdez spill develop at cold temperatures (4-12 °C) over rela-
tively long intervals (weeks to months). In contrast, pelagic spe-
cies spawning in the warm surface waters of the northern Gulf of
Mexico (¢.g., 24-29 °C) develop rapidly (2448 h to hatch) (36,
37). The influence of development duration on PAH uptake and
toxicity, if any, is not well understood. The higher temperatures
characteristic of waters in the Guif of Mexico may also influence
how the chemical composition of crude oil in surface habitat(s)
changes over time (i.e., weathers).. Processes that determine
weathering are generally accelerated at higher temperatures, po-
tentially influencing the fraction of cardiotoxic PAHs that is bio-
available for uptake by floating fish embryos in the mixed layer
and thermocline regions. To address these information gaps, con-
trolled laboratory exposures are necessary to determine the sensi-
tivity of Gulf species to Deepwater Horizon crude oil.

To assess potential early life-stage losses from large pelagic
predator populations that were actively spawning in habitats
affected by the Deepwater Herizon spill, we determined the
effects of field-collected MC252 oil samples on the development
of embryos from representative warm water open-ocean fish
species. Our approach extended earlier work in zebrafish, a lab-
aratory model species and Pacific herring, a marine nearshore
spawner (19, 27, 38). Zebrafish and herring both produce large
demersal embryos that are relatively casy to manipulate (ic.,
collect, dechorionate, and image at consistent ontogenetic in-
tervals). In contrast, Gulf pelagic species produce small, fragile,
buoyant embryos that develop relatively rapidly (on a timescale
of hours relative to days or weeks for zebrafish and herring, re-
spectively) and are not amenable to dechorionation. Moreover,
the embryos hatch into buoyant larvae. Normally present in infinite-
volume pelagic habitats, they arc very sensitive to any form of
physical contact, thereby complicating conventional embryology
in small-volume laboratory cultures. Finally, access to embryos
is difficult, with only a few land-based facilities capable of main-
taining spawning broodstocks throughout the world.

In the present study we overcome the aforementioned chal-
lenges for focal pelagic species that included yellowfin tuna,
Southern bluefin tuna (Thunnus maccoyii), and ycllowtail am-
berjack (or kingfish, Seriola lalandi}. The yellowfin tuna are the
same species that spawn in the Gulf of Mexico, and the other
two species are closely related congenerics to 7. thynnus and
8. dumerili, respectively. Controlled bluefin tuna spawning is ex-
ceptionally difficult to achieve in a husbandry facility, and we
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used the only land-based captive broodstock available in the
world for experiments. Similarly, we relied on a commercial
broodstock of yellowtail amberjack and a research broodstock of
yellowfin tuna, the latter the only worldwide source of fertilized
embryos for this species. Embryos were exposed to high-energy
water-accommodated fractions (ITEWAFs) (20) that generated
PAH concentrations and compositional profiles closely match-
ing water samples collected during active MC252 crude oil
release phase.

Results

PAH Concentrations and Compesition in HEWAF Preparations. Em-
bryos were exposed to two different oil samples, one collected
from surface-skimming operations in the open Gulf of Mexico
(slick A) and one taken from the source pipe attached to the
damaged well heud that was subsequently weathered artificially
(Methods)y to remove most of the volatile monoaromatic com-
pounds (artificially weathered source oil; AW source). The two
samples were weathered to different degrees, as reflected pri-
marily in the relative ratios of naphthalenes to tricyclic PAHs
and four-ringed chrysenes (Iig. S1). Relative to unweathered
fresh-source oil (Fig. S14), the AW-source oil showed an in-
crease in C2-C4 naphthalenes and C1-C4 phenanthrenes (Fig.
SLB). The slick A sample collected from the Gulf surface waters
was considerably more weathered, with ~90% depletion of all
naphthalenes per unit mass and ~50% depletion of tricyclic
PAHs (Fig. 81C). However, the tricyclic PAHSs represented 65%
of the total ZPAIIs of slick A but only 34% of LPAlls in fresh
source oil.

Each of the three species tested was exposed to independently
generated HEWAFs. PAHs in HEWAFs were measured at the
onset of exposure only for tuna embryos, and at both the be-
ginning and end of exposure for amberjack embryos (Fig. 1 and
Fig. §2). HEWAFs were unfiltered, and measurements therefore
included PAIls that were both dissolved and droplet-associated.
HEWAFs used in laboratory exposures for each species closely
matched the PAH composition and concentrations measured in
representative water samples collected from the upper pelagic
zone during the active spill phase, with ZPAH concentrations in
the range of 3-14 pg/l. at the highest tested oil load (Fig. 1;
measured PAHSs are provided in Table S1). HEWAFs used for
bluefin (Fig. 14) and vellowfin tuna (Fig. 1B) cxposures were
similar to water samples collected in the Guif of Mexico in late
and early June 2010, respectively, and the amberjack exposure
closely matched a representative sample from late May 2010
(Fig. 1C). Notably, Cl-phenanthrenes are one of the most abun-
dant three-ringed PAH classes in MC252 crude oil samples (Fig.
S1). Across all tests, the slick A HEWAF exposure to yellowfin
tuna had the lowest concentration of C1-phenanthrenes (0.36 pug/L
at the highest tested HEWAF dilution) (Fig. 1B). Among all of
the water samples collected within and external to the spill zone
(between April 28 and July 30, 2010), 2.3% (61 of 2,647) con-
tained Cl-phenanthrene concentrations above 0.36 pg/l.. Levels
in many samples were considerably higher, with mean (+ SEM)
and median Cl-phenanthrene concentrations of 1.76 + (.64
(n = 61) and 0.55 yg/L, respectively. For samples collected in
the pelagic zone of the northern Gulf of Mexico (above 200-m
depth, an area bounded by latitude 29.6-27.25% longitude -90.6
to ~87.09; a rectangular area of roughly 96,000 km? centered
over the wellhead, extending offshore from 73 to 333 km). a
larger fraction (4.6%, 25 of 548) had concentrations of C1-
phenanthrenes > 0.36 pg/L.

PAH concentrations declined during each exposure. For ex-
ample, in the amberjack tests the PAH profile at the start of the
exposure generally matched the profile for the whole AW-source
oil, albeir with a slightly higher level of the more water-soluble
naphthalenes (Fig. 52.4). By the end of incubation (Fig. S2B), the
naphthalenes, fluorenes, and dibenzothiophenes were mostly lost
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Fig. 1. HEWAF preparations produced environmentally relevant PAH ex-
posures. PAM profiles in HEWAFs used in pelagic embryo exposures are
compared with water samples collected during the active spill phase of the
Deepwater HorizonMAC252 incident. Water samples shown are representa-
tive of 78 samples collected during May-July 2010 that had comparable PAH
compositions to HEWAFRs, 44 of which had IPAH lovels that exceeded the
highest concentrations tested in embryo exposures. These data were gen-
erated as part of the NRDA sampling program carried owt by the Deepwater
Horizon oil spill trustee team, and are publicly available (Methods). (A) Field
sample from late June 2010 (Upper) and the artificially weathered source oil
HEWAF used in a biuefin tuna test (Lower). (B) Field sample from early June
2010 {Upper) and the slick A HEWAF used in a yellowfin tuna test (Lower).
{C) Field sample from fate May 2010 {Upper) and the artificially weathered
source oil HEWAF used in the amberjack test (tower). Abbreviations for
PAHs are listed in Table 51 and all values for individual PAHSs are provided in
Dataset §1. Focal compounds are naphthalenes (NO-N4, purple), fluorenes
{FO-F3, blue), dibenzothiophenes (D0-D4, green), phenanthrenes (PO-P4,
olive), and chrysenes (C0~C4, orange).

from the HEWAF, most likely because of volatilization, whereas
~25% of the phenanthrenes remained.

Normal Cardiac Developmest in Tunas and Amberjack. We charac-
terized the timing and gencral morphological sequence of heart
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development in unexposed control tuna and amberjack embryos.
Hcart development was very similar among blucfin and ycllowfin
tunas and amberjack, both in terms of morphogenetic sequence
and timing in relation to developmental stage. There were par-
allels and contrasts in comparison with the well-described de-
velopment of the zebrafish heart (39). In all three species, the
heart was first visible microscopically in Jate segmentation-stage
embryos (e.g., 24 somites) (Fig. S38) as a cone that was sym-
metrical clong the anterior-posterior axis with a ventrally located
base (Fig. S3D). At the time the first cardiomyocyte contractions
were observed, some left-right asymmetry was already apparent
as the cardiac cone began to rotate to position the atrial opening
on the left side (Fig. S3E). By the free-tail stage (several hours
later), the heart showed regular, rapid contractions of both the
atrium and ventricle, and was rotated nearly %0° so that the lu-
men of the atrium was visible in left lateral views (amberjack,
Fig. $3 F and G; yellowfin tna, Fig 83 J and K). After the
hatching stage, the heart elongated along the anterior-posterior
axis as the head extended and yolk absarbed, bringing the atrium
posterior to the ventricle, but still slightly on the left side (am-
berjack, Fig. 83 H and [; yellowfin tuna, Fig. S3 L-0). Cardiac
development in bluefin tuna was virtually indistinguishable from
yellowfin tuna, and was not photographically documented be-
cause of a limited availability of embryos und time constraints
for sample processing.

Gross Morphological Defects in Response to MC252 Ol Exposure.
Exposures were carried out at temperatures appropriate for
broodstock maintenance and routine hatchery rearing for each
species (bluefin tuna and amberjack, 25 °C; yellowfin tuna, 27 °C),
which generally resulted in high survival rates for unexposed
(control) embryos. Bluefin wna embryos had the lowest control
survival at 60 + 5% (n = 4). The control survival rates for yel-
lowfin tuna and amberjack were 72 + 9% (n = 6) and 93 + 3%
(n = 4), respectively.

Exposure to each MC252 sample type (source- or surface-
collected) produced z virtually identical suite of defects in the
pelagic fish embryos (Figs. 2-4) that were consistent with the
previously described effects of other crude oils in other fishes,
including neritic spawning marine species such as herring. Each
pelagic species showed comparable morphological responses,
marked by accumulation of pericardial edema, expanding to
yolk-sac edema in more severely affected larvae (representative

control

Fig. 2. Gross morphology of hatching stage larvae exposed to MC252
HEWAFs oil during embryonic development. Embryos were exposed from
shortly after fertilization to 12-16 h after hatching, Unexposed controls in-
cubated in clean water are shown in A-C, and oil-exposed (highest-dose
tested) in A'-C'. Representative examples are shown for (A, A’) bluefin tuna
exposed to artificially weathered source oil (1 mg/t cil, 8.5 pg/t. SPAM), (8, 8)
yellowfin tuna exposed to slick A (2 mg/L oil, 34 pot EPAH), (€, ') amberjack
exposed to antificially weathered source oil (1 mgl. oil, 13.8 pg/t. ZPAH). (Scale
bars, 1 mm.}
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examples shown in Fig. 3). Notably, all three species aiso showed
similar types of extracardiac defects at the highest exposurc
concentration (8.5, 3.4, and 13.8 pg/L for bluefin, yellowfin, and
amberjack, respectively) (Fig. 2). These morphological abnos-
malities included a lack of actinotrichia (fin ray precursors), re-
duction in the outgrowth of the finfolds or finfold blisters (Fig.
4), a dorsal or upward curvature of the body axis, and marked
reduction in the growth of the eye (Fig. 3). Bluefin tuna showed
the highest percentage of larvae with the entire suite of defects at
a ZPAH level of 8.5 pg/L (73%) (Table 1). In the pair of assays
conducted with yellowfin tuna embryos, one assay included the
addition of the broad-spectrum antibiotic oxytetracycline (10 mg/L}
to inhibit potential bacterial growth. The presence ot absence of
oxytetracycline in the exposure water (see, for example, Fig. 55)
did not influence the marphological effects of MC252 crude oil
(see below). Similar effects on finfold outgrowth and a dorsal
flexion of the body axis were also observed in yellowfin tuna,
although the lower exposure level (ZPAH 3.4 pg/L) resulted in
a Jower frequency of this suite of defects (15.6%) (Table 1).

MC252 Oil Caused Pericardial Edema at ZPAH Comcentrations in' the
Range of 1-15 pg/L, lrespective of Weathering. Pericardial fluid
accumulation (edema) caused by a failing circulatory system is
4 consistent and sensitive indicator of the petrogenic PAH car-
diotoxicity syndrome. Both tuna species and amberjack showed
edema and cardiac-specific abnormalities in response to both
naturally and artificially weathered MC252 oil. In fish early Life
stages, accumulating fluid distorts the rounded yolk mass into

oll-exposed ]

ety tuns

Fig.3. Oikinduced circulatory failure and corresponding fluid accumulation
{edema) in pelagic fish embryos. Higher magnification views are shown for
(A, A) bluefin tuna exposed to artificially weathered source oil (1 mgh oil,
8.5 ngil. YPAH); (8, B') yellowfin tuna exposed 1o slick A (2 mg/L oil, 3.4 gl
MPAHS, (C, ) amberjack exposed to artificially weathered source oil {1 mgiL
oil, 13.8 pg/l ZPAH). Controls are shown in A C and oil-exposed larvae in
A=C'. Arrows indicate the anterior edges of the yolk masses, which are dis-
torted and forced posteriorly in the oil-exposed larvae; white arrowheads
indicate the location of the heart. Reduction of the eyes is indicated in the
oil-exposed embryos with asterisks. (Scale bar, 0.2 mm.)
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oil-exposed |
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|l yellowfintuna || bluefin tuna

ambaerack

Fig. 4 Caudal finfold defects in oil-exposed larvae: Higher magnification
views are shown for bluefin tuna (4, A'), vellowfin tuna (8, 8), and
amberjack (C, ') from the same exposure shown in Fig. 1. A-C show the tails
of contrals and A-C' show the corresponding caudal fins of oil-exposed larvae,
Arrowheads indicate the margins of the caudal finfolds in controls, and
arrows indicate actinotrichia. The specific oil exposures (source and con-
centration) correspond 1o those in Figs. 2 and 3. (Scale bars, 0.5 mm.)

a shape that is either angular or flattened anteriorly. Distortion
of the anterior end of the yolk mass was therefore used to
quantify edema in tunas and amberjack. For all three species, the
percentage of hatched larvae showing pericardial and yolk-sac
edema in response to oil exposure was dose-dependent (Fig. SA).
The ECsq values (Table 2) were lower for the smaller (<1 moy)
bluefin tuna (0.8 pg/L LPAHSs) und yellowfin tuna (2.3 pg/l)
embryos relative to the targer (1.2 mm) amberjack embryos {(12.4
pg/L). Based on the intersection between the upper 95% confi-
dence limit of controls and the 95% confidence band for in-
dividual concentration-response nonlinear regressions (Fig. 54),
the thresholds for edema were in the range of 0.3-0.6 pg/L, 0.5~
13 pg/l, and 1.0-6.0 pg/L for bluefin wna, vellowfin tuna, and
amberjack, respectively (Table 2). Based on Cl-phenanthrenes,
~20% (112 of 548) of water samples collected in the northern
Gulf pelagic zone had concentrations above these lower thresh-
olds. The farger volume amberjack embryo exposures yielded
similar results, with XPAH 13.5 pg/L causing significant edema
(Fig. S44). However, the single-replicate design fur larger vol-
umes (Methods) precluded corresponding ECs, determinations.

Exposure to MC252 Oil Caused Defects in Cardiac Function. The
effects of MC252 crude oil on heart rate and rhythm were
assessed using digital video analyses. Heart rate was measured in
a single assay each for bluefin tuna and amberjack, and two in-
dependent assays for yellowfin tuna. Each species showed a
dase-dependent slowing of heart rate (Fig. 5B), or bradycardia,
following exposure to either artificially weathered source oil
(bluefin tuna and amberjuck) or slick A (yellowfin tuna). The
ICsq values for oil-induced bradycardia were somewhat higher
than the FCsq values for edema (Table 2), and showed a similar
relationship to egg size. The ICss for reduction in heart rate
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Table 1. Qccurrence of extracardiac morphological defects in relation to egg size and ZPAH
Species Egg diameter (mm) Percent with tail and axial defects (%) TPAHM {pgiL)*
Bluefin tuna 1 734 £ 8.6 8.5 (9.4)
Yellowfin tuna 1 15.6 + 6.0 3.4 (3.9
Amberjack 1.2 29 + 4.6 13.8 (ND)

*Yalues in parentheses are sum of 50 PAHs listed in Table 1.

were ZPAIL 7.7 and 6.1 pg/L for the smaller bluefin and yel-
lowfin tuna embryos, respectively, and 18.2 pw/L for the larger
amberjack embryos. Based on the intersection between the lower
95% confidence limit of controls and the 95% confidence band
for individual concentration-response nonlinear regressions (Fig.
58), the exposure thresholds for bradycardia were in the range of
4.0-8.5 pg/L and 1.0-2.6 pg/L for bluefin and yellowfin tunas,
respectively, and 2.2-6.5 ug/L for amberjack (Table 2). The lower
thresholds in yellowfin tuna and amberjack are most likely be-
cause of higher power associated with a larger sample size and
fower variability in control heart rates. Bradycardia was also
observed in amberjack embryos exposed in larger volumes, at
a ZPAH concentration as low as [.2 pg/L. (Fig. 54B). Addition of
oxytetracycline to the exposure solution did not influence func-
tional cardiotoxicity in yellowfin tuna embryos (i.c., the in-
hibitory effects of increasing TPAII concentrations on yellowfin
heart rates were comparable in the presence or absence of the
antibiotic) (Fig. S5C).

In addition to a slowing heartbeat, oil exposure resulted in an
irregular arrhythmia observable in all three species (Fig. 5 C and
D und Movie S1). These dose-dependent effects were quantified
for yellowfin tuna and amberjack embryos. For both species, the
durdtions of atrial systole {(contraction) and atrial diastole (re-
laxation) were assessed by digital video amalysis. In hatched
yellowfin tuna larvae, systole was shorter than diastole in 91.4 +

3.1% of control animals, but oil exposure from fertilization
through the hatching stage lengthened the systolic phase and in-
creased the frequency of larvae with systole longer than diastole in
a voncentration-dependent manner (Fig. 5C).

Similarly, in hatching-stage amberjack larvae, 96.7 + 3.3% of
unexposed controls had heartbeats with a systolic phase that was
shorter on average (115 x 8 ms) than the corresponding diastolic
phase (200 + 0 ms). Ambergack larvae exposed to the highest
MC252 treatment (ZPAH 138 pg/L} had systolic and diastolic
phases lasting 350 + 69 and 158 + 16 ms, respectively, and the
frequency of larvae with prolonged systole also increased in
a concentration-dependent manner (Fig. 5C). The calculated
ECsys for prolongation of systole in yellowfin tuna and amber-
jack were ZPAH 2.6 and 8.6 pg/L, respectively. Based on the
upper 95% confidence limits of controls, exposure thresholds for
arrhythmia were 0.026-0.13 pg/L. and 0.27-1.0 p/I for yellowfin
tuna and amberjack, respectively (Fig. 5C). Based on Cl-phen-
anthrenes, 30% (165 of 548) of water samples collected in the
northern Guif pelagic zone had concentrations above these
lower thresholds.

The slower basal heart rate in amberjuck larvae also allowed
an assessment of beat-to-beat variability, or heart rate regularity
(19). The average heart rate of unexposed amberjack controls was
~180 beats per minute, with a beat-to-beat variability (Methods) of
ondy 16 + 2 ms (Fig. 5D). Heart rhythm irregularities increased
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Fig.5. Dose-dependent heart failure and defects in cardiac function follewing MC252 crude oil exposure. Dose-response curves are shown for (4) occurrence
of heart failure leading to edema and (8) bradycardia in southern bluefin tuna, yellowfin tuna, and amboerjack. (C) Occurrence of arrhythmia defined as
prolongation of atrial systole in yellowfin tuna and amberjack. (D) Quantification of the regularity of the heart beat in amberjack by beat-to-beat varisbility. Data
are mean + SEM: Red horizontal lines (A4-C) indicate estimations for PAH exposure thresholds based on the overiap of the 95% confidence limits of controls and
the 95% confidence band of the nonlinear regression. Asterisks in D indicate groups significantly different from control (a < 0.05). Because only control and
highest concentrations were measured for southern bluefin tuna, inlermediate PAH concentrations shown in 4 and B are predictions based on dilution,
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Table 2. Caleulated ECso and IG5, values for cardiotoxic endpoints

Edemia Heart rate Amhythmia
Species ECy  95% CI R? Threshold 1C,q  95% CI AR Threshold ECy, 95% €I R? Threshold
Bluefintuna  0.8(0.9) 06-1.1 09 0.3-06 7.7(85) 50-11.8 07 4.0-85 NC NC
Yellowfintuna 23(2.5 20-28 08 0513 61(75 33-11.2 05 10-26 26(29) 2.1-3.4 09 0.026-0.13
Amberjack 124 (ND) 10.9-141 0.9 1.0-60 182 127-26.0 0B 22-65 86 7.0-106 0.8 027-1.0

Values are micrograms per liter ZPAH, calculated using nonlinear regression models as described in Methods; first ZPAH value is sum
of 40 analytes, values in parentheses are sum of 50 analytes (Table $1). Cl, confidence interval; NC not able to calculate; ND, not

determined.

with both crude oil-exposure concentration {beginning at 4.5 pg/L.
ZPAT), as well as the severity of the cardiotoxicity phenotype.
Heartbeat irregularity was significant in larvae exposed to 13.8 jig/l
ZPAH, and larvae with visible edema were more severely affected
(Fig. 5D).

Discussion

The Decpwater Horizon disaster is the largest oil spill yet to occur
in the pelagic zone of an oceanic ecosystem. Crude oil released
at depth eventually rose to warm mixed layer and surface waters
of the northern Gulif of Mexico during the spawning windows
for bluefin tuna and many other large predator species (e.g.,
mackerel, amberjack, sailfish, marlin, mahi mahi, and other tunas).
These pelagic fish all produce fertilized eggs that float in the
upper layers of the water column. It is therefore highly likely
that the early life stages of many northern Gulf pelagics were
exposed to crude oil. Despite differences in temperature and
species-specific developmental rate, we show here that warm-
water pelagic embryos are similarly sensitive to crude oil car-
diotoxicity, with an injury phenotype that aligns closely with
previous reports for temperate and boreal species. Additionally,
the higher exposure concentrations produced extracardiac de-
fects very similar to those observed in other species (zebrafish,
herring) with several crude oils, including MC252 (17, 20, 21). In
particular, finfold defects and reduced fin growth appear to be
specific effects of crude oil exposure, and not necessarily because
of developmental delay in embryos with severe edema. For ex-
ample, reduced finfold outgrowih was observed in MC252-
exposed zebrafish embryos that only had mild to moderate
edemna (20).

For all three species assessed here, exposures to ZPAHs
below 15 pg/l. caused cardiotoxicity in the form of heart failure
and corresponding edema. Our exposure protocols produced
PAII concentrations and mixture compositions that overlapped
with measured PAlls in northern Gulf surface waters duning the
active spill phase, with field detections in many cases at levels
that were considerably higher than those used here in experi-
ments [e.g. up to 84 pg/l. TPAH (28, 29)]. Despite relative dif-
ferences in weathering, each of the MC252 crude oil samples
produced. concentration-dependent, stereotypical crude oil car-
diotoxicity to the embryos of tunas and amberjack. The spatial
extent of injury to fish early life stages may therefore have been
large, in response to both fresher oil proximal to the wellhead
and more weathered oil further afield.

As anticipated from previous studies, pericardial edema was
4 sensitive indicator of reduced cardiac function or heant failure
in the tunas and amberjack. Oil exposures yielding TPAH
concentrations in the range of 2-3 pg/L. caused gross edema in
>509% of exposed tuna embryos. Yolk-sac larvae with severe
edema would not be expected to survive into the feeding stage
(20, 233, indicating that the early life stages of pelagic fish that
spawned in or near Gulf of Mexico surface waters containing
ZPAHs at levels above a few micrograms per liter may have
been lost from wild populations. Importantly, the most sensitive
physiological measurement indicative of cardiotoxicity was atrial
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arrhythmia, with thresholds near or below 1-pg/L TPAH for
both yellowfin tuna and the larger amberjack embryos. Larvae
with arrhythmia did not have gross pericardial edema. However,
at lower exposure concentrations, the pathophysiclogical pro-
cesses leading to arrhythmia are likely to also disrupt cardiac
morphogenesis [e.g., calcium ion homeostasis (40)], potentially
leading to permanent impacts on cardiac form and function (23}
and delayed mortality (25). Our analysis shows that a consider-
able portion of upper pelagic water samples (nearly one-third})
collected during the active spill phase had PAH concentrations
above thresholds for arrhythmias in the developing hearts of
tunas and amberjack. However, this approximation may be low
given the limited sampling in arcas with high surface oiling be-
cause of worker health and safety concerns and other vessel
access restrictions.

In conjunction with previous studies, the findings here dem-
onstrate that the response of teleost embryos to petroleum-
derived PAls in both the laboratory and the field is highly
conserved among species tested thus far. Tunas and amberjacks
develop at higher water temperatures, and yet they display heart
failure and other abnormalities that are remarkably similar to
those previously reported for species, such as herring and
salmon, which develop at very cold temperatures. Pacific herring
were a focal species for natural resource injury assessments fol-
lowing the Exxon Valdez (41) (Alaskan waters) and Cosco Busan
oil spills (38) (California Current). Herring early life stages ex-
posed to both oil types, in both the field and the laboratory,
developed: cardiotoxic defects in the form of bradycardia (38)
and pericardial edema (38, 41), with strikingly similar results to
those reported here for subtropical spawning pelagic fish. The
remarkably consistent morphologiczl and physiological respon-
ses to oil across diverse fish species indicate that the core
mechanisms of PAH-induced cardiotoxicity are conserved. Namely,
the cardiotoxic injury stemming from embryonic exposure to
crude oil observed in the scombrid und carangid species in this
study is essentially identical to the response of a boreul clupeid
(herring) (19), represcnting families that are separated by roughly
160 million y of evolution (42). Our findings thus have implica-
tions beyond the upper pelagic zone of the Gulf of Mexico, and
are likely to be indicative of sensitivity to oil over a wider range of
fish species spawning in other habitats contaminated by MC252
crude oil.

Previous studies have commonly used flow-through columns
packed with oiled gravel to generate PAH exposures (19, 26, 27).
In zebrafish embryos, the effects of two geologically distinet oils
{Alaskan and Iranian) were indistinguishable irrespective of
whether PAHSs originated from oiled gravel columns or HEWAFs
(17, 21). The similarity of the injury phenotype observed here in
pelagic embryos and larvae, in the presence or absence of a broad-
spectrum antibiotic, provides further evidence that crude oil car-
diotoxicity to fish embryos is both independent of exposure
methodology and consistent with direct actions of individual PAII
compounds on the developing fish heant (17, 18, 43).

Subtle variations in heart failure and edema among pelagic
species are likely the result of a combination of factors. For
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example, PAHs would be expected to accumulate more rapidly
in_smaller cggs with higher surface-to-volume ratios, yiclding
higher effective tissue concentrations and hence more severe
toxicity at the same exposure concentration. Although tissue
PAM concentrations could not be measured in these pelagic
species, this has been shown for other species with different egg
sizes {e.g., herring and salmon) (26, 34). Species may also differ
in the degree of metabolic capacity at a given time point within
prehatching development. Relative to tunas, zebrafish have a
larger embrye (>1 mm) and hatch at a more advanced stage of
organogenesis. Zebrafish exposed to Deepwater Horizon oil pri-
marily show reduced ventricular contractility rather than bra-
dycardia and atrial arrhythmia (20). Also important is the
interaction of individual components of complex PAH mixtures
with multiple cellular targets in the fish heart (17-19, 21, 43),
each of which may vary across species with different cardiovas-
cular physiology. Crude oil IIEWAFS similar to those used here
were shown 1o block key voltage-guted potassium and calcium
jon channels controlling excitation-contraction. coupling in fish
cardiomyocytes (22), and the precise impacts on cardiac fanction
may depend on the relative levels of these targets in different
species. In addition, results from studies on alkylated phenan-
threnes and more weathered crude oil mixtures enriched with
higher levels of alkylated tricyclic PAHs suggest mechanisms of
cardiotoxicity that are downstream of aryl hydrocarbon receptor
(AHR) activation in cardiac muscle cells (21, 43). The AHR is
the ligand-activated transcription factor that induces the up-
regulation of protective PAH-metabolizing enzymes (e.g., cvto-
chrome P4501A, CYP1A). Inappropriate ALIR activation in
heart muscle cells also underlies the cardiotosicity of some
higher molecular weight PAHS, as well as dioxins and poly-
chlorinated biphenyls (43-47). Species-specific developmental
variation in ton channel expression and other targets for PAHs in
cardiac tissues may underlie the observed subtle differences in
MC252 oil-induced functional defects in the developing hearts of
tunas, amberjack, and zebrafish.

In closing, determining early life-stage cardiotoxic injury for
open-ocean spawners during a large spill is practically impossible
given the logistical constraints of sampling live but fragile yolk-
suc larvae and identifying individual species with uncertain de-
velopmental staging in mixed populations of zooplankton.
Moreover, land-based facilities capable of maintaining captive
broodstocks of large pelagic predators are rare, making experi-
ments challenging. For example, the capacity to spawn bluefin
tunas in captivity in controlied land-based facilities has only been
accomplished recently, at a single location. At this time, there-
fore, the studies described here constitute the only feasible
means for providing an environmentally realistic assessment of
the potential impacts to the offspring of bluefin and yellowfin
tunas that spawned in or oear the Deepwarter Horizon spill zone.
Finally, these studies demonstrate the feasibility of collecting
quantitative information for species that are logistically very
difficult to handle and study. A similar approach can be used for
ecologically and commercially important fishes in other ocean
habitats where oil exploration and extraction is ongoing or in-
creasing, such as the Arctic.

Methods

Oil Samples and WAF Prap. All oil sarmples were collected under chain
of custody during Deepwater Horizon response efforts. Samples used in
toxicity assays included MC252 source oil that was artificially weathered by
heating with gentle mixing to 90-105 °C until the mass was reduced by
33-38% (sample 072610-W-A), and slick A (sample CTC02404-02), a spili-
2one sample collected July 29, 2010 from a barge holding mixed oil off-
loaded from a number of different skimmers. HEWAFs were prepared using
a commercial stainless steel blender as described in detail elsewhere (20).
HEWAF stocks {1:1,000 dilutions of oil} and further dilutions for exposure
incubations were prepared in high-quality seawater used for culture pur-
poses al.each facility supplying fertilized eggs. All HEWVAF preparations were
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allowed to separate for 1 h, but were not filtered, and thus contained
whole-particulate oil in addition to dissolved PAHs.

Embryo Exposures. Experiments with each species were approved by animal
care and use commitiees at Stanford University {protacol ro. 14706) and
the University of Miami (protocol no. 12-011 RENEWAL 09-001). Fertilized
eqgs were obtained from yellowfin tuna (Achotines Laboratory, Peninsula
Azuero, Panama), Southern bluefin tuna (Cleanseas Tuna, Arno Bay, South
Australia), and yellowtail amberjack (Cleanseas Tuna, Arno Bay, South Aus-
tralia). For yellowfin tuna, eggs were removed from an egg collector at-
tached to the broodstock tank and placed in a 20-L bucket. Water was
saturated with dissolved oxygen (100% D.O) using an airstone and non-
viable eggs were allowed to settle for 15 min, after which floating eggs were
scoaped off the surface using a soft mesh net and placed into another 20-L
bucket of 1-um filtered/UV-sterilized seawater at a density of ~300-500 eggs
per liter. After gentle flushing with dean 1-um filteredRJV sterilized sea-
water for 10-15 min, formalin [37 % (volivol) formaldehyde solution] was ap-
plied to the eggs at a final concentration of 100 ppm for 1 h as a prophylactic
treatment. Aeration was supplied at a low rate to maintain dissolved oxygen
levels at or above saturation levels (6.1-6.5 mg/l at 27-29 °C) throughout
formalin treatment. Eggs were then rinsed wsing 1-pm filtered/AJV-sterilized
seawater for at least five full valume changes before use in exposure assays.
Temperature was maintained within 1 °C of the spawning tank temperature
throughout the collection and formalin treatment periods. For bluefin tuna
and amberjack, fertilized eggs were collected from the spawning captive
broodstock by hatchery operators and treated to reduce microbes using
nonformaldehyde proprietary methods per standard practice at the facility
for routine larval production. For yellowfin tuna exposures, oil exposures
and embryological analyses were carried out at the Achotines Laboratory
adjacent to the captive broodstodk operation, For bluefin tuna and amberjack
exposures, bagged oxygenated eggs were transported in seawater in
a cooler ~1 h to a laboratory at the Lincoln Marine Sdence Center (Port
Lincoln, South Australia). All embryos were staged and sorted under
Olympus and Nikon stereomicroscopes. For yellowfin tuna, exposures began
during the cleavage stage. For bluefin tuna and amberjack, embryos un-
dergoing normal gastrulation were selected and exposure was started at
50% epiboly. Two exposures were carried out sequentially with yellowfin
tuna, one with an addition of 10 ppm oxytetracydine to the water used for
processing eggs and HEWAF dilutions for exposure.

Exposures were carried out in 1-1 beakers with densities of 20 embryos per
liter (bluefin and yellowfln tuna) or 80 embryos per liter (amberjack). Amberjack
embryos were also exposed in 10-L plastic buckets with an exposure vol-
ume of 7L and the same embryo density. Because of a limited availability of
embryos, bluefin tuna was restricted to a single assay. Assays with beakers
used either four replicates (bluefin tuna, amberjack) or six replicates (yel-
lowfin tuna) per treatment (unexposed control and four concentrations of
HEWAF). Amberjack exposure in buckets used a single replicate per treatment
{control and four exposure concentrations) with an embrye density of 79 £ 4
per liter fmean & SEM; n = 5). At source hatcheries, each pelagic species was
typically incubated at densities of ~100 embryos per liter in large tanks with
constant upweiling agitation, allowing very high hatch rates of morpho-
logically normal larvae. Initial studies were carried out with bluetin tuna
embryos during a narrow window of availability, and used a static in-
cubation protocol, Bluefin tuna embryos could only be incubated at low
density (20 per liter), with hatch rates lower than that achieved in large
volume culture. In addition, it was determined that newly hatched larvae
could not be viably mounted and imaged without anesthesia, and a protoco!
was developed that relied on imaging of anesthetized larvae 6-10 h post-
hatch. Subsequent experiments with amberjack and yellowfin tuna embryos
determined that hatch rates were markedly improved with gentle agitation
of beakers that kept hetching-stage embryos away from the air-water in-
terface and beaker bottoms. In amberjack assays, beakers were agitated on
a medified horizontal shaking water bath and buckets were agitated with
magnetic stir bars. Hatching rates could not be precisely quantified for buckets
because of the large numbers of embryos (> 500 per bucket), but generally
appeared similar to beakers, Despite agitation on an orbital shaker, yellowfin
tuna hatch rates still dedined at densities above 20 per titer,

Dilutions of a 1:1,000 stock WAF were distributed 10 the replicate beakers
for each concentration tested, and embryos added using glass transfer pipets.
Depending on the timing of incubation to hatch for each species, exposures
were carried out without WAF renewal up to several hours after hatch, All
exposures for the data shown were carried out in temperature-controtied
rooms (bluefin tune and amberjack, 25 °C; yellowfin twna, 27 °CQ). Water
quality was monitored daily, and included measurements of pH, dissolved
oxygen, salinily, ammonia, and lemperature;

Incardona et al.

BP-HZN-2179MDL09304784

TREX-013333.000007



<
vd
e

image Collection. For all data collection, room temperatures were held at the
same temperature as exposures. Larvae were anesthetized with clove oil
before capture and imaging. The dilution of dove oil required to immobilize
tarvae was titrated for each species. Clove oll was diluted 1:10,000 into ex-
posure beakers, with 10 min allowed for anesthetic effect before initiation of
iraging. Only one beaker at a time was imaged, so that all replicates had
equal exposure Llime in dove oil, For all imaging (with or without anesthetic),
two to three larvae were captured at a time and transferred to a Petri dish,
where they were individually maunted on top of 2% methylcellulose in
seawater. This process ensured rapid imaging of specimens while avoiding
potential temperature elevation on the microscope stage. Two sterecscope
stations allowed sequential processing of two replicates at a time, and larvae
were imaged continuously until all replicates were completed. Replicates
were processed in random order, except control replicates that were evenly
spaced throughout the entire time of processing, which ranged from 5to 8 h.
For amberjack embryos exposed in buckets, 10 hatched larvae were randomly
captured from each treatment and imaged within 1 h. Images (540 x 480 pixels)
were collected using Firel-<400 Industrial digital video cameras (Unibrain)
mounted on Nikon SMZ800 stereomicroscopes, using MacBook laptops and
BTV Carbon Pro software. images were calibrated using a stage micrometer,

Image Analysis and Statistics. For scoring the presence or absence of edema,
still frames and videos were assessed for the shape of the yolk mass. Larvae
were scored as normal if the anterior portion of the yolk sac was smooth and
rounded with a bullet-shaped tip and if there were no obvious indentations
on the yolk sac because of pressure from fluid buildup in the pericardial area.
Edema was scored positive if the anterior portion of the yolk sac was concave
or pushed to 3 sharp point, or if indentatlons Indicated by dark, angular lines
were seen pushing on the yolk sac because of pressure from fluid buildup in
the pericardial area. For all species, there was a range of normal yolk-sac
shapes in control fish. Yolk sacs that did not have a perfect rounded, bullet
shape (e.g., slightly blunted or semipointed) were still considered within the
range of normal. Because amberjack embiryos exposed in buckets were all
imaged within a narrow time window (1 h) and were thus at the same de-
velopmental stage, pericardial areas were measured in lateral images as
a quantitative assessment of edema as desaribed elsewhere (20).

Cardiac function was assessed in >10-s digital video clips of all viable
embryos collected from each replicate exposure. Heart rate was determined
by simply counting the total number of heart beats in a given video dip
played back at half speed. Arrhythmia was assessed by relating the onset of
contraction and relaxation for cardiac chambers to individual video frames,
atd wournting the otsl number of frames for each phase. The actual mean
duration of systole and diastole was determined for amberjack from four
randomly selected videos for control and high-dose treatment groups, Du-
ration of systole and diastole was not determined for yellowfin tuns
because of higher heart rates. For amberjack, heart rate (beat-to-beat)
variability was determined by the number of video frames between the
initiation of contractions for an entire video clip, and calculated as de-
scribed elsewhere {19), measured in 10 randomly selected videos from
each replicate (e g., Movie S1).

Statistical Analysks. Parametric statistical analyses were performed using JMP
{versions 6.0.2 and 80.1 for Macintosh; SAS institute), and dose-response
relationships analyzed by nonlinear models using Prism 6.0b for Macintosh
(GraphPad Software), For nonlinear regressions, ZPAH data were log-
transformed and a normalized-response model was used for occurrence data
(percent with edema or arrhythmia); heart rate data were not normalized.
For parametric analyses, occurrence data (arrhythmia) (Fig. 5D) were ana-
tyzed by one-way ANOVA, If ANOVA was significant Tor effect of treatment
{P < 0,05), means were compared between controls and treatment groups
{exposure concentrations} using Dunnett's post hoc test (o = 0.05) Heart-rate
data (Fig, 55) were analyzed by one-way AMOVA with replicate nested in
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treatment group to assess “tank” effect and to avoid pseudoreplication. if
ANOVA was significant for effect of treatment {P < 0.05), means were
compared between controls and trestment groups (exposure concen-
trations) using Dunnett's test (« = 0.05).

Anslytical Chemistry. PAH concentrations were determined by gas droma-
tography/mass spectrometry (GUMS) by either Columbia Analytical Services
(CAS; bluefin and yeliowfin tuna) or the Northwest Fisheries Science Center
(NWESC; amberjack). The 250-mlL water samples were stabilized with either
hydrochloric acid (CAS samples) or dichloromethane (NWFSC samples), stored
at 4 °C until shipment, and shipped to each analytical laboratory by expe-
dited courier. Samples were then extracted with dichloromethane and
processed for GOMS. Details of semple extraction, cleanup and GO/MS
analysis, including limits of detection, are provided elsewhere (38). PAM
concentrations were determined for each dilution of the dose-response
series. For the bluefin tuna exposure, PAHs were measured in only the
highest concentration and control samples because of sample loss during
shipping between Australia and the United States. Measured PAMs are
provided in Table S1. For consistency with previously published work,
a conventional list of 40 analytes was used for PAM composition figures and
calculations of EPAH. A larger list of 50 analytes was used to provide sup-
plemental £CsofICs values comparable to other ongoing Deepwater Horizon
Natural Resource Damage Assessment (NRDA) studies. Individual PAH mea-
surements for all tests are provided in Dataset 51, HEWAF PAH data were
compared with field sample PAH data generated within the larger NRDA
field sampling program. The NRDA sampling plans, protocols, and raw data
are publicly available through links at www.gu!fspillrestoration.noaa.gow
oil-spillfguif-spiil-data, For comparison with PAH levels in field-collected
water samiples, the source file for all validated Guif water sample PAH values
was obtalned at hiip/54.243.205.138/gulfspilirestoration/gmmatrix/Water_
chem_export.zip. The file Water_chem_export.csv was filtered in Microsoft
Excel using columns “matrix” (water), *chemname” (C1-phenanthreney/
anthracenes), *sampdate” (20100428-20100730), “upperdepth” (greater
than or equal to 0 m), “lower depth” {less than or equal to 200 m), "latitude”
(22725, $29.6), and *longitude” (2-90.6, <-87.09). These filtering criteria
resulted in a list of 548 pelagic water samples from a total of 2,647. The
map locations of water samples can be found at nhttp.//gomex.erma.ncaa,
govierma.htmi#x=-88.258108y=27.0321182=68layers=19129. For compari-
son of overall PAH composition between HEWAFs and field samples (Fig. 1),
a subset of 77 water samples was selected that showed weathering as 2
relative loss of naphthalenes. The SPAH concentrations for these samples
ranged from 2.6-354.4 pgfl, with a mean (x50) of 22.3 + 42.7 g/l and a
median value of 132 pg/l. Water samples from the field that showed
similar PAH concentration and composition (i.e., weathering state) to HEWAF
preps (represented in Fig, 1) were thus in the low end of the range. The data
subset used for this comparison is publically available as a package at
hitp:/f54.243.205 138/guifspilirestoration/PNASMNOAA_WAF_PNAS_2014.zip.
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