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ABSTRACT: Pacific herring (Clupea pallasii), a cornerstone of marine food webs, generally spawn on marine macroalgae in shallow
nearshore areas that are disproportionately at risk from oil spills. Herring embryos are also highly susceptible to toxicity from
chemicals leaching from oil stranded in intertidal and subtidal zones. The water-soluble components of crude oil trigger an adverse
outcome pathway that involves disruption of the physiological functions of cardiomyocytes in the embryonic herring heart. In
previous studies, impaired ionoregulation (calcium and potassium cycling) in response to specific polycyclic aromatic hydrocarbons
(PAHs) corresponds to lethal embryolarval heart failure or subtle chamber malformations at the high and low ends of the PAH
exposure range, respectively. Sublethal cardiotoxicity, which involves an abnormal outgrowth (ballooning) of the cardiac ventricular
chamber soon after hatching, subsequently compromises juvenile heart structure and function, leading to pathological hypertrophy
of the ventricle and reduced individual fitness, measured as cardiorespiratory performance. Previous studies have not established a
threshold for these sublethal and delayed-in-time effects, even with total (∑)PAH exposures as low as 29 ng/g of wet weight (tissue
dose). Here, we extend these earlier findings showing that (1) cyp1a gene expression provides an oil exposure metric that is more
sensitive than typical quantitation of PAHs via GC−MS and (2) heart morphometrics in herring embryos provide a similarly
sensitive measure of toxic response. Early life stage injury to herring (impaired heart development) thus occurs below the
quantitation limits for PAHs in both water and embryonic tissues as a conventional basis for assessing oil-induced losses to coastal
marine ecosystems.
KEYWORDS: petroleum pollution, AOP, NRDA, forage fish, fish embryology, heart development, biomarkers, morphometrics

1. INTRODUCTION
Pacific herring have long been a focal species for studying crude
oil toxicity to marine fish, dating back to the ecosystem-scale
natural injury assessments that followed the 1989 Exxon Valdez
oil spill in Prince William Sound, Alaska.1−5 In the decades since,
studies using oiled gravel effluent methods to generate
controlled chemical leaching established broadly quantitative
exposure−response relationships for biological end points at the
molecular, cellular, organ, and whole animal scales. Delayed-in-
time toxicity has also been a major focus area, whereby sublethal
embryonic abnormalities propagate through hatching and early
larval development, with subsequent reductions in individual
fitness in surviving juveniles.6−8 These herring studies,
combined with similar findings from a wide range of fish species
globally,9−13 identified the heart and cardiovascular system as

the primary target of acute and latent petroleum developmental
toxicity. Importantly, end points that measure cardiac function
or cardiac morphology, which are closely intertwined, show
statistically robust and highly repeatable dose−response
relationships for measures of polycyclic aromatic hydrocarbons
(PAHs) in both exposure waters and embryonic tissues.14−16
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Despite these major leaps forward in understanding how fish
early life stages respond to spilled oil, the exposure dimension of
natural resource injury assessments has changed very little over
the past 30 years. In the early 1990s, environmental levels of
PAHs in Prince William Sound water, sediments, and
organismal tissues were typically quantified by gas chromatog-
raphy/mass spectrometry (GC/MS).2,17−19 Similar methods
were used to characterize exposure following more recent spills,
with examples including the 2002 Prestige spill in Spain,20 the
2007 Hebei Spirit spill in South Korea,11 the 2010 Deepwater
Horizon disaster in the Gulf of Mexico,10,12 and the 2015
Refugio Beach spill in Southern California.21 In the present
study, we explore whether these conventional analytical
methods for PAHs and other petroleum-derived compounds
are sufficiently sensitive to determine thresholds for injury in
fish, particularly “damage” predicated on novel forms of
developmental cardiotoxicity including fitness losses that are
delayed-in-time.

Fertilized herring embryos normally develop to hatch over a
period of about 2 weeks (12−15 days at ∼9−10 °C). The heart
tube forms initially in a lateral orientation and produces irregular
contractions by 4.5 days postfertilization (dpf). A regular
heartbeat is established the following day, and cardiac
organogenesis occurs thereafter (6−10 dpf), whereby the
heart rotates into an anterior-posterior orientation, the
atrioventricular canal becomes clearly demarcated, and the
atrium folds in dorsally at the atrioventricular junction (chamber
looping). The ventricle remains a mostly linear tube until hatch,
whereafter the chamber begins a rapid posterior outgrowth or
ballooning. During the early larval developmental phase, as
ballooning progresses, the simple single-layer myocardium of
the ventricle begins to form inward projections, or trabeculae,
that ultimately make up the inner spongy myocardium of the
mature heart. By juvenile stages, the heart is mostly spongy
myocardium, surrounded by a multilayered compact myocar-
dium. As in zebrafish,22 the overall shape of the heart is
established in late larvae. Thereafter, the proliferative addition of
new cells simply increases the heart size as the animal grows to
adulthood.

Because heart function and form are inseparable during
development, perturbation of cardiomyocyte function in oil-
exposed embryos leads to altered morphogenetic trajectories,
which in turn lead to delayed-in-time impairments at later life
stages. Based on average molecular weights of component
PAHs, crude oil-derived mixtures with total aqueous (∑)PAH
concentrations in the nanomolar range disrupt both K+ and Ca2+

ion fluxes that regulate cardiomyocyte action potentials and
excitation-contraction coupling.23 Consequently, abnormal
contractility leads to altered fluid dynamics within the forming
cardiac chambers, in turn directly and indirectly affecting key cell
shape changes and migrations that further refine the ongoing
shaping of the heart.8,9,24,25 As has been detailed extensively in
zebrafish,26−28 the molecular and cellular pathways that
integrate normal contractile function with morphogenesis have
multiple direct and indirect links with intracellular Ca2+

handling. Consequently, the phenotypic effects of oil exposure
on herring heart development closely mirror the phenotypic
effects of genetic disruption of these pathways in zebrafish.8,24 In
both species, defects in ventricular ballooning and trabeculation
lead to nonlethal impairments of embryolarval heart form and
pathological hypertrophy at later life stages.7,8,29 At the same
time, with complete loss of function for some genes in zebrafish
(e.g., encoding contractile proteins30) or exposure to the higher

end of oil concentrations,6,25,31,32 severe cardiac defects lead to
embryolarval mortality.

For crude oil exposure, this variation in specific end points
depends on the effective PAH dosing for water and tissues. Prior
studies in herring covered a tissue ∑PAH dose range of 29−
8100 ng/g wet weight,6−8 which corresponds to roughly 0.14−
39 μM for the sake of comparison to the aforementioned in vitro
physiological studies. Those rapid, direct effects of crude oil
mixtures on critical cardiomyocyte ion fluxes occurred at a very
low ∑PAH IC50 dose range of 0.17−0.29 μM.23 This falls at the
extreme low end of the embryonic tissue dose range for robust
cardiotoxicity in terms of dysregulating both the form and
function of the developing heart. Across an upper dose range of
∑PAH 620−8100 ng/g, acute exposures during early to middle
stages of cardiac organogenesis (8 dpf) led to a dose-dependent
reduction in heart rate (bradycardia), an increase in heartbeat
irregularity, and a reduction in chamber contractility.6 Tissue
∑PAH concentrations of ≥3000 ng/g (∼14 μM) were lethal to
embryos by the hatching stage. Conversely, exposures to ∑PAH
at concentrations ≤240 ng/g (∼1.2 μM) did not significantly
reduce hatch rates, allowing assessment of downstream impacts
on heart development.7,8 Across this lower dose range of 29−
240 ng/g wet weight, oil exposures produced a robust and dose-
dependent reduction in the degree of ventricular ballooning
measured at hatch.8 The chamber did eventually expand
posteriorly by the 2nd week posthatch, but defects in the
trabeculation process were subsequently evident in larvae at 67
dpf, followed by hypertrophy of the spongy myocardium in early
juveniles at 125 dpf. Consistent with these delayed anatomical
defects, herring embryos that survived a ∑PAH body burden of
29 ng/g (∼0.14 μM) and were subsequently grown out in clean
seawater for 9 months showed subtle alterations in juvenile
ventricular shape and consequent reductions in swimming
performance.7 Consequently, transient and trace exposures to
mixtures containing PAHs trigger a pathological hypertrophic
remodeling of the developing heart, initiated later in life
secondary to delayed ventricular ballooning and defective
trabeculation in planktonic larvae.

We recently observed the same effect on ventricular
ballooning in a distantly related species with a very different
final heart structure, Atlantic haddock.13 This species showed a
similar sensitivity, with an effect at the lowest tested ∑PAH
concentrations of 0.1 and 27 ng/g in water and tissues,
respectively. Importantly, this was observed with a geologically
distinct crude oil (Norwegian Sea Heidrun), using an entirely
different exposure route: whole oil droplets dispersed into the
water column.13 In both herring and haddock, the induction of
mRNA for the PAH-metabolizing enzyme cytochrome P4501A
(CYP1A) was quantified at these low-level exposures. However,
CYP1A plays no role in crude oil cardiotoxicity as demonstrated
by gene knockdown studies in zebrafish, and instead plays a
protective role in detoxification.33,34 Nevertheless, measures of
cyp1amRNA are clearly readily quantifiable exposure metrics for
bioavailable PAHs in tissues.

Across 3 decades of oil spill research on marine forage fish, the
whole-organ developmental impacts observed at the hatching
stage (and later) are readily related to the preceding degree of
cardiac dysfunction caused by oil-derived PAHs. However,
previous studies have not fully characterized the lower end of the
exposure−response range for sublethal cardiotoxicity, with the
goal of establishing a no-effect concentration. Here, we use oiled
gravel preparations from a prior study, further weathering
experimental PAH generator columns to produce even lower
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exposure levels for embryonic herring, that is, spanning the
limits of quantitation (LOQ) for PAHs in water and tissues. We
used the PAH-inducible expression of cyp1a as a tissue-dose
exposure metric and cardiac chamber anatomy at hatch as a
biological effect measure. Compared with the most widely used,
conventional chemical analyses for PAHs in both water and
tissues, the biological measures were more sensitive.

2. MATERIALS AND METHODS
2.1. Production of Herring Embryos. Ripe herring were

captured by the Washington Department of Fish and Wildlife on
April 20, 2017, by gill net from the Cherry Point stock in
northern Puget Sound, WA, and the study carried out at the
United States Geological Survey’s Marrowstone Field Station.
Seawater for all aspects of the study was drawn from 150 m
offshore in high current Admiralty Inlet (remote northern Puget
Sound) at 17 m below mean lower low tide and treated with
sand filtration and UV sterilization. Intact herring were
transported on ice and dissected upon receipt for immediate
fertilization. Testes were dissected from 7 males (21.6 ± 5.9 g
average weight) and ovaries from 17 females (28.4 ± 6.7 g).
Testes were macerated and pooled to provide sperm to fertilize
all the eggs stripped and pooled from the ovaries (483 g of
source tissue from the 17 females) using the poly(vinyl alcohol)
method35 to prevent clumping and control adherence while
evenly distributing onto 16 21 × 24 cm sheets of 1 mm nylon
mesh. Fertilized eggs were incubated overnight by suspension of
mesh sheets in 4 ft diameter flow-through seawater tanks and
assessed for fertilization rates before transfer to column effluent
tanks. Mean fertilization success was ∼90% (n = 16 sheets, 89.4
± 5.6%)
2.2. Oil Exposure. To produce oiled gravel effluents with

relatively low dissolved PAH concentrations, we continued
weathering gravel from an earlier study.8 As described
previously, gravel was coated with Alaska North Slope crude
oil at three dosing levels (0.25, 0.5, and 1.0 g oil/kg gravel) and
loaded into identical PVC columns (∼1000 cm3 of gravel per
column), each plumbed to flow into 114 L glass aquaria in which
herring embryos were exposed. Prior to the current study, the
gravel was used in 20168 to generate effluents at a flow rate of 3.6
L/h for a total of 26 days at 10.5 ± 0.2 °C, then stored at −20 °C
for 1 year. For this study, columns were reactivated and
subsequently weathered for an additional 9 days at 3.6 L/h (9.9
± 0.2 °C) before initiating the exposure reported here.

For exposure, 4 sheets with adherent embryos were randomly
selected from the pool of 16 to suspend in each of the column
effluent tanks (one tank per dosing level, three oil levels plus
clean gravel control). Standpipes kept the steady-state volume of
the exposure tanks at ∼100 L, which were placed within larger
plastic baths plumbed with high flow ambient seawater for
temperature control during incubation. Column flow rates were
targeted for 7.2 L/h and adjusted on a daily basis; final average
flow rates were 6.7 ± 0.3 L/h for control, 7.1 ± 0.2 for 0.25, 6.9 ±
0.8 for 0.5, and 7.2 ± 0.4 for 1.0 g/kg oil. Temperature, pH, and
dissolved oxygen were monitored daily and were (control) 10.0
± 0.3 °C, 7.7 ± 0.3, and 9.3 ± 0.1 mg/L; (0.25 g/kg oil) 9.9 ±
0.2 °C, 7.7 ± 3, and 9.4 ± 0.1 mg/L; (0.5 g/kg oil) 9.9 ± 0.2 °C,
7.7 ± 0.3, and 9.3 ± 0.1 mg/L; and (1.0 g/kg oil) 9.9 ± 0.2 °C,
7.7 ± 0.3, and 9.4 ± 0.1 mg/L, respectively. At 10 dpf (exposure
day 9) embryos were transferred to 760 L hatching tanks with
clean seawater with flow rates of 2−4 L/min. Hatching initiated
the following day (11 dpf) and was considered complete by 16

dpf. Hatching was quantified by counting empty eggshells in
randomly imaged areas of each mesh sheet (n = 8 or 12).
2.3. Analytical Chemistry. 200 mL water samples (one per

treatment) were collected by glass pipet from the center of
aquaria on exposure days 1 and 9, stabilized with 20 mL
dichloromethane and stored at 4 °C until extracted and analyzed
by GC−MS as detailed elsewhere.8,36 For body burden analyses,
100 embryos were randomly selected from the initial fertilized
pool and from each exposure group at 10 dpf (exposure day 9),
flash frozen on liquid nitrogen, and stored at −80 °C. Total mass
of samples averaged 0.122 ± 0.052 g (s. d., N = 5). Subsequent
microscale tissue extraction and GC−MS/MS analysis followed
established methods.37,38 LOQ for PAHs were based on the
GC/MS response areas of calibration standards. For water
analyses, calibration standards range from 0.001 to 3.00 μg/mL.
With instrument injection volumes of 2 μL, the lowest
quantifiable mass was 0.006 ng. With the concentration of
extracts, the actual LOQ was 0.002 μg/L. If a sample analyte was
not detected or had a response area less than that of the lowest
concentration calibration standard, it was reported as less than
the LOQ values (<LOQ). For tissue samples, LOQ values were
divided by a dilution factor of 10. For ∑PAH data and PAH
mixture compositional plots presented, <LOQ values were
treated as zero. Method blank values were not subtracted from
sample values. Complete analytical chemistry data with LOQ
values are reported in Supporting Data set S1.
2.4. Biological Sampling and Measurement of Cardiac

End Points. At 6 and 10 dpf, four replicate samples of 30
embryos were randomly selected from small sections cut from
each of the four mesh sheets for each treatment group. Samples
were flash frozen on liquid nitrogen and stored at −80 °C. Total
RNA was extracted and quantitative real-time reverse-tran-
scriptase PCR (qPCR) performed with primers for cyp1a and
reference genesmtm1, rxrba, and wdtc1, with fold-change values
relative to control calculated using the geometric mean of the
three reference genes as detailed previously.8 At 15 dpf, hatched
larvae were randomly sampled and imaged live exactly as
described previously.8 Measurements of atrial and ventricular
chamber dimensions were obtained from 40 larvae per
treatment group using Fiji (previously ImageJ; https://imagej.
net/).8 Area measures for individual larvae represented the
mean of three measurements taken for each video, from frames
in the beginning, middle, and end sections. Precision of area
measurements was 94.6% as the average standard deviation
across both atrial and ventricular area measures was 5.4% of the
mean values. Average standard deviations for the values from
individual larvae from all treatment groups combined were 12.5
and 26.7% of the mean values for the atrium and posterior
ventricle, respectively.
2.5. Data Analysis. Cardiac morphometric data were

analyzed by ANOVA (α = 0.05) with Dunnett’s post hoc
comparison of means using JMP15 for Macintosh (SAS
Institute) as were the cyp1a qPCR data after log2 transformation.
Dose−response modeling was carried out using Prism 9 for
Macintosh (GraphPad Software) and comparative methods to
identify statistically robust models. Chamber dimension data
from the previously published exposure8 were reanalyzed, while
previously collected cyp1a qPCR data was analyzed de novo
along with data collected for this study.

3. RESULTS
3.1. Relationship between Measured PAH Exposures

and Cytochrome P4501A Induction. In the previous study,
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column effluents from weathering day 16−26 produced mean
∑PAH levels of 1.33, 1.85, and 4.51 μg/L in water (0.25, 0.5,
and 1.0 g oil/kg gravel, respectively) and 64, 140, and 238 ng/g
in embryo tissues,8 all well above LOQ. In the current study, the
LOQ for PAHs in water ranged from 0.0018 to 0.0037 μg/L. For
∑PAH values reported here, analytes that were below the LOQ
were recorded as zero. Control water samples collected on
exposure day 1 had background levels of ∑PAH at 0.079 μg/L
(Figure 1A). The pattern was dominated by naphthalene and

C1−C3 alkyl-naphthalenes with a detection of parent
phenanthrene (P0). The method blank sample contained
∑PAH 0.029 μg/L, with detections of naphthalene, C3-
naphthalene, and phenanthrene comparable to the control
water sample (Supporting Data set S1). For the low exposure
(0.25 g/kg oil dosing), the pattern of individual compounds was
essentially identical to that of control water, as was measured
∑PAH (0.081 vs 0.079 μg/L; Figure 1C). The ∑PAH loading
for the intermediate 0.5 g/kg oil dosing column was also

indistinguishable from the control (0.079 μg/L) but included
detections of parent and alkyl-chrysenes (Figure 1D). Effluent
from the (relatively) high treatment (1.0 g/kg oil) column
showed a ∑PAH of 0.14 μg/L with detections of alkyl-
phenanthrenes/anthracenes, alkylated fluoranthene or pyrene
homologues, and parent and alkylated benzanthracenes/
chrysenes (Figure 1E).

For PAHs in tissues, the LOQ varied between 0.05 and 4.48
ng/g wet weight. In terms of uptake, control embryos had tissue
∑PAH levels of 1.70 ng/g at exposure day 10, with a
compositional pattern of individual compounds that was similar
to control exposure water with naphthalenes in addition to a
trace of C2-chrysene (Figure 1B). Embryos exposed to the 0.25
and 0.5 g/kg oil dosing columns showed similarly indistinguish-
able tissue PAH patterns (Supporting Data set S1), with
corresponding ∑PAH levels of 2.92 and 1.72 ng/g, respectively.
In contrast, embryos exposed to the 1.0 g/kg oil dose had
∑PAH roughly 2 times higher than the intermediate doses at
6.69 ng/g, with a pattern dominated by alkylated naphthalenes,
fluoranthene/pyrenes, and benzanthracenes/chrysenes (Figure
1F and Supporting Data set S1).

Quantitative PCR (qPCR) was used to measure the induction
of cyp1a mRNA in response to the accumulation of PAHs in
tissues during oil exposure. To more readily relate cyp1a
induction to oil dosing, ∑PAH measurements are represented
graphically for both water (Figure 2A) and embryos (Figure
2B). As expected for the normal process of weathering,
measured ∑PAHs in water declined between initiation of
column flow (1 dpf) and exposure end at 10 dpf. Across

Figure 1. PAHs quantified in gravel column effluent and embryos.
Concentrations of PAHs in water (μg/L) measured at exposure start
are shown for (A) control, clean seawater; (C) 0.25 g/kg oil dosing
level; (D) 0.5 g/kg oil dosing level; and (E) 1.0 g/kg oil dosing level.
Concentrations in embryo tissues (ng/g wet weight) measured at
exposure end are shown for only the control (B) and 1.0 g/kg dosing
levels (F). Complete data with compounds detected < LOQ are
provided in Supporting Data set S1. N, naphthalenes; ACY,
acenaphthylene; ACE, acenaphthene; F, fluorene; D, dibenzothio-
phene; P, phenanthrene; ANT, anthracene; FL, fluoranthene; PY,
pyrene; FP, fluoranthenes/pyrenes; BAA, benz[a]anthracene; C,
chrysene; BBF, benzo[b]fluoranthene; BKF, benzo[j]fluoranthene/
benzo[k]fluoranthene; BEP, benzo[e]pyrene; BAP, benzo[a]pyrene;
PER, perylene; IDP, indeno[1,2,3-cd]pyrene; DBA, dibenz[a,h]-
anthracene/dibenz[a,c]anthracene; and BZP, benzo[ghi]perylene.
Parent compound is indicated by a 0 (e.g., N0) while numbers of
additional carbons (e.g., methyl groups) for alkylated homologues are
indicated as N1, N2, etc.

Figure 2. ∑PAH measures related to the induction of cyp1a mRNA.
(A) ∑PAH measures (μg/L) in effluent water at start of exposure (day
1, gray bars) and at end exposure (day 10, black bars). (B) ∑PAH
measures (ng/g wet weight) in embryos at start of exposure (day 1, gray
bar) and at end exposure (day 10, black bars). (C,D) Relative
abundance (fold-change) of cyp1amRNA measured by qPCR at 10 dpf
for the previously published weathering day 16−26 exposure (C) and
current weathering day 35−45 exposure (D). Data points are mean ±
s.e.m. (N = 4), and the line (with adjacent statistics) shows the simple
linear regression on raw data. P value for ANOVA and posthoc
Dunnett’s test indicated for each data point.
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treatments, tissue ∑PAH was generally elevated in all embryo
samples relative to unexposed fertilized embryos at day 1.
Following the prior exposure to the weathering day 16−26
effluents,8 at 10 dpf there was a clear log-linear relationship (r2 =
0.97, P < 0.0001) between levels of cyp1a mRNA and measured
tissue ∑PAH across the dose range of 64−238 ng/g (Figure
2C). For the current exposure, we quantified cyp1amRNA at the
same exposure time point (10 dpf) using the same methods
(Figure 2D). Although we could not measure tissue PAHs above
background for the 0.25 and 0.5 g/kg exposures, there was a very
similar log-linear relationship between the nominal oil loading
and relative abundance of cyp1a mRNA (r2 = 0.91, P < 0.0001).
ANOVA and posthoc means comparisons demonstrated a clear
stepwise concentration−response; the 2-fold induction of cyp1a
mRNA in the 0.25 g/kg exposure was marginally significant (p =
0.07), while the 3.7-fold and 29-fold induction in the 0.5 g/kg (P
= 0.002) and 1.0 g/kg (P < 0.001) exposures were highly
significant. These two cyp1a stimulus−response plots thus
characterize exposures that were both above and below the LOQ
for PAHs, spanning the experiments in the previous (day 16−26
column effluents) and current (day 35−45 effluents) studies,
respectively.
3.2. PAH Tissue Accumulation and cyp1a Induction

Coincide with Heart Chamber Defects. Exposure to
experimental column effluents had no impact on the viability
across all four treatments. Hatch rates by 16 dpf (6 days
postexposure) were 66 ± 8% in controls and 63 ± 10, 68 ± 12,
and 67 ± 13% for the 0.25, 0.5, and 1.0 g/kg doses (ANOVA p =
0.7). Still frames captured from lateral-view digital videos of
larvae (fifth day posthatch) were used to measure the
dimensions of the atrium and posterior balloon portion of the
ventricle at peak diastole (relaxed phase) for each chamber.
Representative tracings of each chamber are shown for
representative larvae from the control (Figure 3A) and 1.0 g/
kg (Figure 3B) exposure groups. In the exposures from
weathering day 16−26, there was a robust dose−response
based on the measured 10 dpf embryo ∑PAH for both increase
in atrial area and decrease in ventricular ballooning (ref 8 ;
replotted in Figure S1). The increase in atrial area fits a linear
model (r2 = 0.70; Figure S1A), while the ventricular ballooning
dose−response was nonlinear and sigmoidal (R2 = 0.93; Figure
S1B). Using cyp1a mRNA abundance as the exposure metric,
nearly identical dose−response relationships (r2 = 0.68 and R2 =
0.93) were evident (Figure S1C,D). The IC50s for inhibition of
ventricular ballooning were ∑PAH 87 ng/g and cyp1a mRNA
abundance of 4.3 (log2 19.8-fold). Based on the linear equation
for the cyp1a-∑PAH dose−response, this level of cyp1a
induction was calculated to equal ∑PAH 103 ng/g. After the
more prolonged weathering in the current exposure, the dose-
dependent decrease in the lateral area of the posterior ventricle
(Figure 3C, amber points) remained with a coincident increase
in the area of the atrium (Figure 3C, fuchsia points). Compared
to controls at 0.0068 ± 0.0012 mm2, the posterior ventricle in
the 1.0 g/kg exposure group was highly significantly reduced (by
38%; 0.0042 ± 0.0015 mm2; p < 0.001). This disruption in
ventricular morphogenesis was also significant for the 0.5 g/kg
dose group (0.0061 ± 0.0017 mm2; p = 0.04; 10% reduction)
and marginal for the 0.25 g/kg dose group (0.0062 ± 0.0015
mm2; p = 0.06). The opposite trend was evident for increase in
size of the atrium (measured laterally), with controls at 0.013 ±
0.001 mm2, and the 0.25, 0.5, and 1.0 g/kg exposures at 0.014 ±
0.002, 0.015 ± 0.002, and 0.017 ± 0.002 mm2, respectively.
Effects of the 0.5 and 1.0 g/kg exposures on the atrial area were

highly significant (p = 0.002 and <0.0001, respectively).
Moreover, there was a linear relationship between the area of
each chamber and the relative abundance of cyp1a mRNA
(Figure 3C, lines). The slopes were highly significant for each
chamber (p < 0.0001), despite relatively low r2 values (0.3).

4. DISCUSSION
Herring and other marine forage fish are keystone species for the
energy flow in coastal ecosystems worldwide. Historically,
natural resource injury assessments following major oil spills
have focused on the health and viability of herring early life
stages in oiled nearshore spawning habitats. Despite these past
efforts, the responsiveness of herring embryos to PAH mixtures
at the very low end of the exposure range has not been
determined. The classical oiled gravel column method was
designed to produce progressively lower waterborne PAH
concentrations, thereby modeling the environmental weathering
of oil stranded on cobble beaches. The oiled gravel columns used
here produced concentrations that ranged from a high of 4.15
μg/L8 down to below the LOQ over a period of 45 days. On the
biological response side, however, developmental cardiotoxicity
remained quantifiable in corresponding embryos. Although

Figure 3. Relationship between cardiac chamber dimensions at hatch
and cyp1a induction at 10 dpf. Representative lateral views of the heart
in hatching stage larvae are shown for the control (A) and the 1.0 g/kg
oil (∑PAH 6.69 ng/g wet weight) dosing level (B). The periphery
bounding the area measures are indicated by the dashed fuchsia line for
the atrium and the dashed amber line for the posterior ventricle. The
unmeasured anterior extent of the ventricle is indicated by the black
dashed line. Still images represent video frames taken from the diastolic
phase of the ventricle. (C) Linear regression plot of atrial (fuchsia
points) and posterior ventricle (amber points) lateral area measures
(mm2) against log2 cyp1amRNA relative abundance measured at 10 dpf
(9 days exposure). Data represent the mean ± SD forN = 40 measures.
P-values above data points represent ANOVA followed by Dunnett’s
post hoc test. Regression line statistics are given below and above the
atrial and ventricular lines, respectively.
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technical limitations precluded the direct measurement of these
extremely low PAH concentrations, the direct mechanistic link
between cell-internal PAH and cyp1a induction forms the basis
for quantifying a tissue dose−response.

As shown previously in Arctic cod embryos,32 for PAH
concentrations above the LOQ, the ∑PAH-cyp1a dose−
response effectively creates a standard curve. Subsequently,
cyp1amRNA levels can be used as the exposure metric for dose−
response studies with toxicity end points such as impaired
ventricular ballooning, as a proxy for direct quantitation of tissue
PAHs. As such, there is close agreement between the above-
LOQ IC50s for impaired ventricular ballooning derived from
measured ∑PAH (87 ng/g) and the cyp1a standard curve (103
ng/g). This approach is further supported at diminishing PAH
concentrations by the alignment of slopes for the above-LOQ
tissue ∑PAH-cyp1a regression line (at 4.3) and the regression
line using the below-LOQ oil loadings (at 4.9). Thus, we have
shown here that cyp1a mRNA expression provides a measurable
dose−response at exposure levels for which GC−MS- and GC−
MS/MS-measured water and tissue ∑PAH levels were
indistinguishable from the background (water and embryos
from the clean gravel treatment). At a cellular level, PAHs bind
and activate the aryl hydrocarbon receptor (AHR), which in
turn activates transcription of cyp1a mRNA.39 In controlled oil
exposure studies, the induction of cyp1a mRNA provides
irrefutable evidence of the presence of PAHs in embryonic
tissue. Its measurement here is also a testament to the exquisite
sensitivity of the methods to quantifying macromolecular
nucleic acids by enzymatic amplification. The stepwise
induction of cyp1a in the below-LOQ exposures reported here
are indicative of a tissue dose−response, irrespective of our
inability to quantify the PAHs driving that response.

Remarkably, in terms of toxicological response, the impact on
ventricular ballooning was highly significant (by ANOVA and
posthoc) at the same dosing levels producing significant cyp1a
mRNA induction. Moreover, the degree of impaired ballooning
had a significant linear relationship with cyp1a induction.
Compared to the sigmoidal dose−response observed with
higher dose exposures, the linear relationship at the extreme left
end of the relationship in this study likely reflects a more mild
and graded disruption of ventricular morphogenesis. Both
elevation of cyp1a mRNA and biological impacts on the
developing heart provided a measurable response at exposure
levels below the current limits of chemical detection. Thus, as
traditionally defined by ∑PAH concentration using conven-
tional GC/MS methods, there does not appear to be a threshold
for developmental abnormalities�that is, any detectable
increase in tissue PAHs above background is likely to produce
critical and lasting heart defects in herring.

As a biological detector of PAHs, the AHR and its target gene
cyp1a are more sensitive than conventional analytical chemistry
in herring. Importantly, the tissue PAH data are as sensitive as is
currently possible. Increasing the sensitivity of the water
measures would require starting with impractically larger water
samples, making extensive modifications to the current methods,
or, for example, developing a new method with high-resolution
mass spectrometry. Data obtained for tissue PAHs with GC−
MS/MS are about 2 orders of magnitude lower than what is
possible on GC−MS,37 especially considering the low sample
weights used here, around 0.1 g. The LOQs for this method
correspond to subparts per billion level on the instrument.
Although the quantitative methods used here differ slightly, the
results from this controlled laboratory exposure are consistent

with findings from field studies documenting in situ PAH
exposure in caged Pacific herring embryos out-planted in the
vicinity of creosote-treated pilings as part of a remediation
project, to track improvements in habitat quality.40 In that case
example, herring embryos showed tissue ∑PAH levels ranging
from 0.6 ng/g at a reference site to 2.7 ng/g proximal to the
pilings, the latter in tandem with an approximately 2-fold
increase in the relative abundance of cyp1a mRNA. This
biomarker response was similarly elevated in herring embryos
from our 0.25 and 0.5 g/kg oil treatments at day 10, which
produced cyp1a increases of 2-fold and 4-fold, respectively,
despite tissue ∑PAH levels that were indistinguishable from
background controls (all at 4−5 ng/g). Thus, in both the
laboratory and the field, herring cyp1a responds to vanishingly
small traces of PAHs (and potentially other unmeasured fossil-
fuel-derived CYP1A inducers) that cannot be quantified by
analytical chemistry. More importantly, our current findings link
modest but significant cyp1a induction to adverse biological
impacts on heart development. This essentially indicates that
any level of cyp1a induction in response to a known petroleum
exposure during the sensitive window of cardiac organogenesis
can be linked to latent reduction in individual fitness from lasting
defects in heart chamber formation, validating previous
suggestions.41 Thus, in the absence of direct measures of
cardiotoxicity, when used with appropriate reference samples,
cyp1a induction alone represents a powerful tool for assessing
the real-world environmental impacts of petroleum pollution in
fish spawning habitats. Nevertheless, many state and Federal
monitoring programs will continue to use traditional PAH
analytical methods. Even with significant modifications to
analytical methods, a major obstacle will continue to be the
pervasiveness of abundant lower molecular weight compounds,
which can be present in even ultrapure grade laboratory solvents.
For laboratories in major metropolitan areas with significant
airborne PAHs, these improvements are at a minimum
impractical and more likely impossible. On the other hand,
the sensitivity of fish embryos as integrators of exposure
demonstrated here in the laboratory and in the field,40,42 for
both exposure and effect biomarkers, reinforces the advantages
of biomonitoring over chemical measurements in environmental
assessments of petroleum pollution impacts. Looking forward, it
may be possible to develop novel, highly sensitive methods for
quantifying PAHs using the PAH-inducible DNA binding/
transcriptional activation function of the AHR as a biosensor.43

We and others have quantified a wide range of cardiotoxicity
end points in oil-exposed embryos across a diversity of fish
species. These metrics include edema accumulation (a measure
of cardiac output), heart rate, heart rhythm, chamber
contractility (measured as fractional shortening), chamber
area-based volumetric cardiac output (a derivative of fractional
shortening), chamber looping (atrioventricular angle), total
chamber area for the atrium and ventricle, and area of the
posterior ventricle (ballooning).6,10,12,25,32,34,44,45 Among this
entire suite of diagnostic indicators, the degree of ventricular
ballooning at the hatch is by far the most sensitive. As shown
here, perturbations to ventricular morphogenesis are on par with
the sensitivity of cyp1a induction in herring. This finding has
implications for determining which oil-sensitive intracardiac
mechanisms are paramount in terms of predicting adverse
outcomes at higher biological scales later in time. A precise
threshold has not been established for impacts on chamber
contractility (driven by Ca2+-dependent myofibrillar actomyo-
sin). However, using edema accumulation as a proxy indicator of

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c04122
Environ. Sci. Technol. 2023, 57, 19214−19222

19219

pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c04122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cardiac output failure, the threshold for contractility defects
appears to be higher.8 Embryos with a ∑PAH body burden of
1.2 μM (238 ng/g) hatched with a near-complete lack of
ventricular ballooning (EC50 = 0.3 μM), whereas the EC50 for
accumulation of edema was 1 μM. While ventricular ballooning
is a complex process that requires the coordination of multiple
Ca2+-regulated mechanisms, the current findings suggest that
impacts on cardiomyocyte cytoskeletal actomyosin and its
attendant role in cell shape changes may be the most important
driver of oil-induced defects in heart development. Importantly,
abnormal expansion of the atrium is nearly as sensitive a measure
of oil exposure. However, detailed analyses of atrial development
in embryos and later life stages are far more challenging due to
chamber structure and anatomical orientation; that is, the
cellularity of the atrium is nearly impossible to assess in
nonmodel species that lack transgenic fluorescent markers for
use in 3-D time-lapse imaging. Nevertheless, the most
parsimonious explanation for the observed atrial enlargement
is dilation in response to elevated pressures arising from reduced
ventricular volume.46,47 To further explore this hypothesis,
future studies of the atrium should address cellular- and
molecular-level responses to petroleum-derived PAHs.

Our results do not necessarily imply that PAHs alone cause
developmental toxicity from oil. As is well-known, the vast
majority of compounds that remain in crude oils after
weathering to remove monoaromatics are insoluble in water.
For those remaining compounds that are somewhat soluble,
there are two determinants for solubility: aromaticity and
polarity.48 Because methods for conventional PAH quantifica-
tion were historically well-established, this purely aromatic
group of compounds was readily associated with the adverse
impacts of oil exposure in fish embryos in the earliest studies,
which ruled out contributions from many other oil compo-
nents.17 Polar compounds could conceivably contribute to early
life stage toxicity, but there have been no rigorous toxicological
screens for potential candidates. Nevertheless, canonical crude
oil toxicity, as characterized by dozens of studies in the years
following the 1989 Exxon Valdez oil spill, must involve a CYP1A
enzyme substrate as indicated by the cyp1a induction observed
here together with previous evidence from cyp1a knockdown in
zebrafish.33 Because the CYP1A enzyme prefers planar aromatic
substrates,49,50 any compound besides PAHs that contributes to
toxicity would have to be closely related in structure, for
example, heterocycles or PAH-related compounds with polar
functional groups. In any event, impaired ventricular ballooning
in herring is (a) an extremely sensitive biological end point with
a strong dose−response relationship to PAH concentrations,
(b) tightly coupled to the presence of PAHs in tissues (detected
either by cyp1a induction or GC−MS/MS), and (c) occurs at
tissue concentrations that match the range of ∑PAH IC50/EC50
measures for the rapid and direct impacts on cardiomyocyte
electrophysiological and contractile functions. This effect of the
crude oil is not specific to herring. Nearly identical effects were
observed recently in Atlantic haddock following embryonic
exposure to a geologically distinct crude oil.13 The thresholds for
these two species are likely to be similar as a lower no-effect
threshold was not reached at a tissue level of 27 ng/g of ∑PAH
in the haddock study. These findings reinforce the central role of
PAHs as major determinants of the developmental toxicity of
crude oil to fish.

Finally, our results have important implications for both risk
and damage assessments in aquatic habitats at risk from
petroleum pollution from a variety of environmental sources

beyond oil spills. For example, identical effects on heart
development were observed in Pacific herring embryos exposed
to highway runoff containing PAHs at similar levels to oiled
gravel effluents.51 The < LOQ ∑PAH threshold for impairment
of heart development in herring suggests that even the low levels
of PAHs associated with urbanized nearshore areas impacted by
nonpoint PAH sources could be limiting local population
productivity.52 In the context of the original controversy
surrounding the immediate impacts of the Exxon Valdez spill
on herring in Prince William Sound and the subsequent collapse
of the population,53 the toxicity of petroleum to developing fish
continues to be underestimated.
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