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Reliable experimental early life stage chronic toxicity data for fish are limited and further data are needed for
polyaromatic hydrocarbons to establish environmental quality objectives and compare with toxicity model
predictions. Efforts are underway to develop a zebrafish embryo toxicity test guideline to reduce, refine
and replace the use of vertebrates in animal testing. An adaptation of this method which includes embryo lethal
and sub-lethal developmental endpoints after a 5-day exposure as well as larval survival and growth endpoints
during a subsequent 25-day test period is described using phenanthrene as a model test substance. To deliver
well controlled exposure concentrations, a passive dosing system consisting of silicone coated vials and
silicone O-rings was employed. Acute results indicated that edema and spinal curvature were themost sensitive
sub-lethal effects observed and in many cases preceded observed mortality. The 30-day LC/EC10 for larval
survival and growth was 40 and 67 μg/L respectively. Concentrations shown to cause adverse effects in this
study are in the range of previous studies that have investigated the chronic effects of phenanthrene on fish.
Further, results indicate that predicted water quality objectives for phenanthrene derived using the target lipid
model are protective of early life stage effects on zebrafish. Based on these results the predicted water quality
objectives for phenanthrene derived using the target lipid model (10 μg/L) would be protective of early life
stage effects on zebrafish.


© 2013 Elsevier B.V. All rights reserved.

1. Introduction


An environmental assessment of complex petroleum substances,
(e.g. kerosene, fuel oil) often begins with the evaluation of the fate
and effects of constituent hydrocarbons (King et al., 1996; Foster et
al., 2005; Van de Meent et al., 2010). These evaluations are conducted
to support decision-making in the event of a chemical release into the
environment. One important class of hydrocarbons that are known to be
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important contributors for predicting the aquatic toxicity of petroleum
substances are polyaromatic hydrocarbons (French-McCay, 2002;
McGrath and Di Toro, 2009; Redman et al., 2012).


Poorly water soluble compounds can be challenging to maintain
consistent concentrations and therefore to investigate in longer term
toxicity tests. Traditional static/semi-static exposure methods used
in the past often exhibit significant losses (i.e. sorption, degradation,
volatilization) that complicate data interpretation (Basu et al., 2001;
Smith et al., 2010). Providing a reliable means to chronically expose
aquatic organisms with less chemical concentration fluctuation and
loss would improve the reliability of toxicity test data used to sup-
port hazard assessment and better facilitate comparison with toxic-
ity model predictions such as derived using the target lipid model
(TLM) (McGrath and Di Toro, 2009; Redman et al., 2012).
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Fig. 1. 300 ml customized flow-through chamber labeled with port functionality.
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Recently, novel passive dosing techniques are increasingly being
applied with Hydrophobic Organic Compounds (HOCs) to deliver and
maintain concentrations in aquatic tests (Smith et al., 2010; Brown et
al., 2001; Kiparissis et al., 2003; Mayer and Holmstrup, 2008; Turcotte
et al., 2011a). Chemical partitioning from a solvent solution into a Poly-
dimethylsiloxane (PDMS) reservoir has been conveniently used to
“load” the test system. Subsequent partitioning from the loaded PDMS
phase into the aqueous testmedia enables test organisms to be constant-
ly exposed despite potential loss processes (e,g, sorption, biodegradation,
biotransformation) that occur in the test system. In addition to improving
control of test chemical exposure, this technique has the ability to de-
crease chemical use and costs associated with test design.


In this study, the toxicity of phenanthrene to zebrafish (Danio rerio)
early life stages (ELS) was investigated for 30 days Post Fertilization
(PF). The objectives of this study were to: 1) demonstrate the ability of
passive dosing to maintain constant, exposure concentrations, 2) apply
the passive dosing technique to investigate the chronic toxicity of
phenanthrene as a model polyaromatic hydrocarbon to ELSs of
zebrafish, 3) assess relative sensitivity of embryo and larval chronic ef-
fect endpoints, and 4) compare chronic effect concentrations for phen-
anthrene obtained in this study to other fish ELS studies reported in
literature as well as TLM predicted water quality objectives that are
intended to be protective for chronic effects.


2. Methods and materials


2.1. Chemicals and materials


Twenty-twomL GC vials were purchased fromMicroLiter Analytical
Supplies, Inc. (Suwanee, Georgia). Silicone O-rings were obtained from
O-rings West (Seattle, WA). Low VOC silicone resin conformal coating
1-2620 was purchased from Dow Corning (Midland MI). Phenanthrene
(purity N97%), was obtained from TCI America (Portland OR). Stock
phenanthrene solutionsweremade inmethanol (HPLC grade) obtained
from J.T. Baker (Phillipsburg, NJ). Hexane (HPLC grade) used in the
preparation of PDMS vial coatings was purchased from J.T. Baker
(Phillipsburg, NJ). Paramecium and brine shrimp (Artemia nauplii)
used for feeding larval zebrafish were purchased from Z-FIN (Portland,
OR) and Argent Foods (Salt Lake City, UT), respectively.


2.2. Loading PDMS coated silicone vials


Passive dosing vials were prepared using a method similar to
Smith et al. (Smith et al., 2010) for acute phase exposures (days 0–5).
A 0.5 mL aliquot of PDMS was pipetted into 22-mL GC vials with a pos-
itive displacement pipette and mixed with hexane at a 1:3 ratio. Vials
were placed on a vial roller for 24 h with no cap then placed in an
oven at 110 °C for 2 h. The silicone was then washed 3 times with
2-mL methanol in a closed vial to remove impurities from the silicone.
The silicone was then washed 3 times with 2-mL deionized water in
closed vials. All vials were then dried at 110 °C for 1 h and then kept
at room temperature. A stock solution of a phenanthrene in methanol
was prepared prior to dilution into 3 test concentrations ranging from
600 to 6900 mg/L. Approximately 10 mL of each dosing solution was
added to each vial. This was repeated for each test concentration.
Clean methanol was transferred to control vials. Vials were closed
with teflon coated airtight screw caps to prevent evaporation. Phenan-
threnewas allowed to partition from themethanol solution into the sil-
icone coated vial for 72 h. The dosed silicone was then cleaned 3 times
with 3–5 mLdeionizedwater andwipedwith lint-free tissue to remove
residual methanol/free material from the silicone coating. Vials were
then filled with no headspace using test media and allowed to shake
on an orbital shaker at 400 rpm for at least 16 h. The test media for
the acute phase was prepared using Instant Ocean® sea salt, 60 μg/mL
stock salts as described in (Westerfield, 2001).

2.3. Loading PDMS silicone O-rings


Similar to the method above, silicone O-rings (1 g each) were load-
edwith phenanthrene as a dosing source for larval exposures. Two hun-
dred silicone O-rings were placed into an Erlenmeyer flask and rinsed
once overnight with ethylacetate. O-rings were then rinsed 3 times
with methanol for a total of 24 h contact time per rinse. Finally, the
O-rings were rinsed three times with deionized water with a total con-
tact time per rinse of 24 h. O-rings were dried at 110 °C for one hour
and then kept at room temperature until needed. A stock of methanol/
phenanthrene solutionwas prepared in a 2-L volumetricflask prior to di-
lution into appropriate test concentrations using 250-mL volumetric
flasks. Each test solutionwas then transferred into a 250-mL erlenmeyer
flask. Clean methanol was transferred to a control flask. Forty-two
O-rings were added to each concentration and control solution. Phenan-
threne was allowed to partition from the methanol solution into the sil-
icone O-rings for 72 h. O-ringswere removed from the flask and cleaned
as previously described for vials. Each concentration of O-rings were
then activated by inserting into a 1 L Erlenmeyer flask filled with test
water and allowed to shake on an orbital shaker at 400 rpm for at least
16 h. O-rings of each concentrationwere then inserted into their respec-
tive mixing vessel and customized flow through test chambers. Flow
through chambers (300 mL) were used during chronic exposure. Cham-
bers contained three individual ports (Fig. 1); two ports were located on
top, one which served as an out-flow port and the other strictly for feed-
ing purposes. One port was located on bottom and served as the in-flow
port. This design allowed for continuous flowwith optimummixing. The
out-flow port was partially blocked with steel mesh to prevent larvae
from swimming out of exposure chamber. Test media (moderately
hard reconstituted water) for the chronic phase (days 5–30) was pre-
pared according to (American Public Health Association et al., 2005)
(NaHCO3, 12 mg/L; CaSO4 2H2O, 60 mg/L; MgSO4, 60 mg/L; KCl,
4 mg/L; water hardness, 80–100 mg CaCO3/L; Alkalinity, 60 mg
CaCO3/L; pH 7.4–7.8).


2.4. PDMS coated vial/silicone O-ring loading calculations


The release of phenanthrene from a methanol solution to PDMS
coated vials/O-rings and then to the aqueous phase was predicted
by applying Eqs. (1) to (2):


CPDMS ¼
Cmethanol


Kmethanol:PDMS
ð1Þ
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Cwater ¼
CPDMS


KPDMS:water
ð2Þ


where Cmethanol, CPDMS and Cwater is the phenanthrene concentration
in the methanol stock solution, PDMS and water, respectively and
Kmeoh:PDMS and KPDMS:water are the corresponding partition coeffi-
cients between these phases.


Substituting Eq. (1) into (2) yields:


Cwater ¼
Cmethanol


Kmethanol:water
ð3Þ


where Kmeoh:water is the partition coefficient of phenanthrene be-
tweenmethanol and water and is estimated by SPARC Performs Auto-
mated Reasoning in Chemistry (SPARC) at 28 °C (http://archemcalc.
com/sparc). The above equations are valid providing phenanthrene
is not significantly depleted in the methanol and PDMS phases during
each dosing step.


2.5. Maintenance of D. rerio culture and spawning procedures


An outbred strain of wild type zebrafish genotyped by Charles River
Laboratories International, Inc. (Wilmington, MA), obtained from Aquat-
ic Research Organisms (Hampton, NH), were used in this study. Twenty
four adult fish of the same age were held at a ratio of 2 males per female
andmaintained in a 30-liter flow-through customized breeding trap po-
sitioned inside a 132-liter aquariumwith constant mechanical filtration.
Oxygen concentrationwas held above 80% saturation. Culture conditions
were 12:12 light/dark photoperiod with an intensity between 400 and
800 lx and water temperature of 28 ± 1 °C. The bottom of the breeding
trap consisted of 2 mm wire mesh to allow eggs to fall through to pre-
vent cannibalization by adult fish.


Zebrafish spawning and fertilization took place within 30 min
after the onset of light. After this period eggs were collected and im-
mediately rinsed with water, transferred to a 125 × 65 mm crystalli-
zation dish filled with reconstituted water and examined for viability
before use in toxicity testing.


2.6. Experimental test design


In the first test phase embryos were exposed to three concentra-
tions (nominally 35, 122, 405 μg/L) and a control for 5 days. These
concentrations were selected based on initial range finding studies.
Embryos were exposed in 22-ml GC vials that had been coated with

Fig. 2. A. Conceptual design of recirculating flow-through test system used for larval zebrafis
the main dosing reservoir; aqueous concentrations obtained from these vessels are split in
(300 ml customized, glass flow through exposure chambers) each containing three supple
each effluent is re-circulated back to the respective mixing vessel. Arrows indicate flow dire
tem used for larval toxicity tests: (1) 4 L mixing vessels containing phenanthrene-dosed O-
vessels are split into 4 different channels with a glass manifold and pumped (2) throug
containing three supplemental passive dosing O-rings (figure 2.C.).

108 μmof PDMS. Embryoswere sequentially added to each vial, capped
with teflon coated screw caps and placed into an environmental cham-
ber at 28 ± 1 °C. Microscopic observations were performed in 24-hour
intervals. Lethal (coagulation, lack of heartbeat) and sub-lethal
(pericardial and yolk sac edemas, spinal curvature, hatching time) end-
points included those defined in the OECD FET draft guideline (OECD,
2006). The OECD FET draft guideline (OECD, 2006) referenced within
the manuscript provides justification for using twenty single embryos.
Exposing one embryo per vial allowed us the opportunity to observe
the same embryo through the first 5 days of development and also
prevented the impact of dead embryos and fungal formation on the sur-
vival of other embryos.


This design also allowed sufficient numbers of surviving embryos
to be transferred to replicate flow-through chambers to monitor fur-
ther effects on larval survival and growth. The acute test duration was
based primarily on previous work suggesting zebrafish develop the
ability to feed exogenously on day 5 (Belanger et al., 2010).


In the second test phase (days 5–30), embryos that hatched into
larval fish as well as any un-hatched embryos exposed in vials were
transferred into 300-ml customized flow-through exposure chambers
dosed to nominal concentrations. Depending on treatment related
mortality individuals were divided into as many as four different
flow-through chambers each with up to 5 fish per replicate concentra-
tion. Four-liter mixing vessels containing 30, 1.0 g O-rings for each con-
centration were prepared. Three, 1.0 g O-rings were also added to each
customized flow through chamber. Control systems were set up using
O-rings dosed with clean methanol. Fig. 2A provides a conceptual
model for the recirculating flow-through test system. While Fig. 2B
and C illustrates the recirculating flow through system which provided
a 5 ml/min flow rate. Mixing vessels supersaturated with oxygen, were
exchanged every seven days ± 1 day with a new set of O-rings to
ensure optimal water quality, decrease test material loss due to
bio-fouling and limit possible PDMS depletion.


Upon transfer to the flow through chambers, fish were fed Para-
mecium multimicronucleatumn. Larval fish were fed Artemia nauplii
starting at 12 days. Paramecium and brine shrimp were fed ad libitum,
twice daily throughout the experiment. During the feeding period, flow
was turned off. After approximately 20 min of feeding, the flow-
through system was re-started and flushed into a drainage basin for
10 min. After 10 min of flushing with test media all mixing vessels
were filled and supersaturated with oxygen before starting flow
recirculation. During the second phase, starting on day 6, fish were ob-
served daily for immobility, lack of respiratory movement and lack of
reaction to mechanical stimulus (OECD, 1992). To evaluate potential

h toxicity tests: (1) 4 L mixing vessels containing phenanthrene-dosed O-rings serve as
to 4 different channels with a glass manifold (2) and pumped (3) through 4 replicates
mental passive dosing O-rings (4). After flowing sequentially through each chamber
ction. Figure 2B. Experimental Photo-representation of recirculating flow through sys-
rings served as the main dosing reservoir; aqueous concentrations obtained from these
h 4 replicates (300 ml customized, glass flow through exposure chambers) (3) each
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Fig. 3. Comparison of phenanthrene exposure concentrations in water obtained using passive dosing with PDMS coated vials and O-rings. The 1:1 predicted line shows the agree-
ment between the model predicted (Eq. 3, with partition coefficient derived from SPARC), and observed concentrations. Each point represents the mean concentration and standard
deviation of three replicates.


955J.D. Butler et al. / Science of the Total Environment 463–464 (2013) 952–958

larval growth effects, surviving fish were measured (total length) at
study termination. The greater volume provided by the flow through
system helped dilute the potentially elevated levels of ammonia, nitrite
and nitrate as well as overcome oxygen depletion due to addition of
paramecium to the test chamber and fecal egestion of larval fish.

Table 1
Summary of phenanthrene effects on zebrafish embryo/larvae. N = 20.


Lethal
endpoints


Mean
exposure
concentration
(μg/L) ± SD


Percent mortality


24 h
(%)


48 h
(%)


72 h
(%)


96 h
(%)


120 h
(%)


144 hb,c


(%)


Mortalitya 0 ± 0 0 0 0 5 5 5
32 ± 4 0 0 0 0 0 0


105 ± 17 0 0 5 25 25 60⁎


423 ± 41 5 5 10 10 40⁎ 95⁎


Sub-lethal
endpoints


Percentage of remaining embryos effected


Pericardial
edema


0 ± 0 0 0 0 0 0 †


32 ± 4 0 0 0 0 0 †


105 ± 17 65⁎ 100⁎ 100⁎ 27⁎ 0 †


423 ± 41 95⁎ 100⁎ 100⁎ 0 0 †

2.7. Sampling and GC-FID-HS analysis


During the acute phase of the study 2 mL was pipetted from 10
vials for a total sample volume of 20 mL for each exposure concentra-
tion and control. During the chronic phase of the experiment 20 mL
samples were taken from the mixing vessel or the outflow just prior
to the water re-entering the mixing vessel. A 1:1 dilution scheme
containing 1 part test water to 1 part moderately hard reconstituted
diluent water (NaHCO3, 12 mg/L; CaSO4 2H2O, 60 mg/L; MgSO4,
60 mg/L; KCl, 4 mg/L; water hardness, 80–100 mg CaCO3/L; Alkalinity,
60 mg CaCO3/L; pH 7.4–7.8) was used for analysis. Phenanthrene anal-
ysiswas performed using automated static headspace gas chromatogra-
phy with flame ionization detection (HS-GC-FID) using a Perkin Elmer
Autosystem XL gas chromatograph with a 30 mm × 0.53 mm id,
1.5 μm film DB-5 (J&W Scientific) analytical column. The transfer line
of a Perkin–Elmer TurboMatrix 40 Trap Headspace Sampler was
connected directly to the analytical column. Samples and standards
were equilibrated for 45 min at 90 °C. The needle and transfer lines
were held at 175 °C, the pressurization time was 3 min. The injector
temperature was 50 °C and column pressure was 28 psi. The FID was
set at 275 °C and the oven temperature was held at 40 °C for 1 min
and then ramped up to 275 °C at 20 °C/min. Data were acquired and
processed using Perkin Elmer TotalChromWorkstation software (version

Fig. 4.Measured aqueous concentrations throughout test duration. Each symbol repre-
sents the mean of three replicates plus the standard deviation. The nominally predicted
concentrations were obtained by dividing the methanol spiking concentration used to
load the silicone O-rings by the methanol–water partition coefficient for the test com-
pound that was calculated using SPARC. The concentration reported for each com-
pound in the legend represents the 30 day mean value for each treatment investigated.

6.3.1). Analysis of standards resulted in a linear response over the calibra-
tion range (9.8–245.3 μg/L).


2.8. Statistical methodology


Acute and chronic endpoint effect concentrations were calculated
using either probit transformations (Finney, 1971) in SAS (SAS, nd) or
a linear model using the Benchmark Dose method (United States
Environmental Protection Agency (USEPA), 2010). The T-test with
Bonferroni adjustment (Bland, 1995) or Fisher's Exact Test (Finney,
1948; Pearson and Hartley, 1962) using TOXSTAT (WEST Inc. and
Gulley, 1994) software was used to determine significant differences
from the Control.

Yolk sac
edema


0 ± 0 0 0 0 0 0 †


32 ± 4 0 0 0 0 0 †


105 ± 17 0 100⁎ 0 0 0 †


423 ± 41 89⁎ 100⁎ 0 0 0 †


Tail
curvature


0 ± 0 0 0 0 0 0 0
32 ± 4 0 0 0 0 0 0


105 ± 17 5 5 5 7 7 13
423 ± 41 5 5 22⁎ 56⁎ 58⁎ 100⁎


Sub-lethal
endpoints


Percentage of total number of embryos


Hatching
time


0 ± 0 0 0 40 100 100 100
32 ± 4 0 0 45 100 100 100


105 ± 17 0 0 5⁎ 50⁎ 75 75
423 ± 41 0 0 15 85 85 85


⁎ Statistically Significant from controls at a p value of 0.05.
a Mortality is defined as coagulation during the first 48 h of the test, and thereafter


by a lack of heartbeat.
b Column was not included in effect concentration determination. Comlum was only


included for visual clarity of steep increase in mortality between 120 and 144 h.
c Microscopic observations were not performed.







Fig. 5.Most sensitive sub-lethal effects observed throughout exposures. Row 1, pictures B and C showedema in the pericard and yolk sac region at 48 h post fertilization (pf), these can be
compared to the control (row 1, A). Row 2, pictures E and F show tail curvature and pericardial edema at 120 h pf, these can be compared to the control at 120 h pf (row 2, D).
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3. Results and discussion


3.1. Method development


In an attempt to clarify the dosing methodology, samples were
taken from coated vials and 1.0 g O-rings prepared as previously
discussed, in 40 mL Volatile Organic Acid (VOA) vials with no headspace
at test temperature 28 ± 1 °C. This allowed analytical verification of
aqueous concentrations as well as comparison of the two passive dosing
devices. Data demonstrates a good linear correlation between predicted
and measured values over a 5 day test period with both passive dosing
devices (Fig. 3). There was no significant difference in the dosing devices
as concentrations remained constant throughout the exposure duration.
For the definitive test, it was hypothesized thatwhile vialsmay provide a
quicker kinetic release of phenanthrene into the aqueous phase due to a
decreased PDMS thickness, theO-ringwould provide greatermass of test
compound for delivery into the aqueous phase for longer duration,
flow-through tests and therefore be less vulnerable to depletion through
loss processes. As such, coated vialswere used in thefirst phasewith em-
bryos involving static exposures while O-rings were utilized in the sec-
ond flow-through test phase.


3.2. Analytical confirmation of exposure concentrations in toxicity test


During the first test phase, phenanthrene concentrations were an-
alytically confirmed at test start and then again on day 5 prior to the
addition of larval fish to the customized flow through test chamber.
While fish were in exposure chambers, measurements were taken
from each new and corresponding old mixing vessel (every 5–7 days)
(Fig. 4). Test substance analysis in the high exposure level (423 μg/L)
was terminated due to complete mortality on day 12. As shown within
Fig. 4 data from all three exposure levels are in good agreement with
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Fig. 6. Cumulative zebrafish embryo-larval mortality over 30 days. Each data point re-
flects a change in percentmortality for a specific concentration on the day itwas observed.

model predicted concentrations (Eq. 3) Further the data show no
more than 20% loss throughout the entirety of the study in any of the
exposure levels.

3.3. Acute effects of phenanthrene on zebrafish embryos


Similar to recent studies investigating the acute toxicity of phen-
anthrene to zebrafish, (Incardona et al., 2004, 2005; Billiard et al.,
2008; Wolińska et al., 2011) sub-lethal (pericardial edema, yolk sac
edema and spinal curvature) and lethal effects were observed. These
data are displayed within Table 1. Pericardial edemawas themost sensi-
tive sub-lethal effect andwas observed in the twohighest concentrations
after 24 h. Fig. 5 shows a phenotypic representation of all sub-lethal side
effects observed during the acute phase of the experiment.


Sub-lethal effects were often observed prior to treatment related
mortality in both a time anddose response fashion. However, in some in-
stances sub-lethal effects, mainly pericardial and yolk sac edema were
observed to decrease over time which suggests potential reversibility
in these endpoints. After 120 h, mortality at the high exposure concen-
tration of 423 μg/L was observed to be significantly different from the
control (p = 0.05). At the end of the acute phase of the experiment
(120 h) the EC10 and EC50 values with their 95% confidence intervals
were 189 μg/L (49–274) and 386 μg/L (300–536) respectively, based
on spinal curvature which was the only sub-lethal effect remaining at
120 h. Although the OECD draft guideline followed for the acute period
of exposure (OECD, 2006) does not recommend scoring severity of
sub-lethal endpoints, a means by which this could be performed would
be useful in determining side effect severity. A LC50 value could not be
calculated at this time period (LC50 N 423 μg/L). However, the TLM pre-
dicted a phenanthrene LC50 for zebrafish of 510 μg/L (McGrath and Di
Toro, 2009) which is not inconsistent with our results. These findings
are also consistent with a recent study that reported the 96 h no effect
concentration for phenanthrene of 870 μg/L based on nominal exposure
concentrations (Wolińska et al., 2011).

Table 2
Summary of phenanthrene effects on zebrafish larvae.


Mean measured
exposure concentration
(μg/L) ± SD


% larval
mortality
(days 6–30)


% cumulative
mortality
(days 0–30)


30 day larval fish
length (cm) ± SD


0 ± 0 5 5 1.19 ± 0.14
32 ± 4 5 5 1.15 ± 0.11
105 ± 17 35⁎ 60⁎ 1.01 ± 0.06⁎


423 ± 41 60⁎ 100⁎ N/A


⁎ Statistically different than control at p = 0.05.
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Fig. 7. A. Mortality to larval life stage of zebrafish exposure (days 6–30). There were no
mortalities observed for the control exposure during this time period. B. Cumulative
zebrafish mortality throughout 30 days of exposure. C. Mean measured total length
(cm) of remaining larval fish measured at study termination. Error bars represent the
standard deviation of the mean between all fish measured for that concentration. The
meanmeasured concentration of 105 (μg/L) produced a statistically significant difference
from controls (*) at a p value of 0.05. There was complete mortality observed in the high
exposure concentration of 423 (μg/L), no fish were measured for this concentration.
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3.4. Chronic effects of phenanthrene on embryos


It is interesting to note that the 144 h LC50 for survival decreased
from the 120 h LC50 of N 423 μg/L to 160 μg/L (Table 1 and Fig. 6).
Further effects on survival were observed in the high exposure group
with one mortality on day 7 and one mortality in the low exposure
group on day 21. Increased mortality was observed on days 5 and 6 in
the high and mid exposure groups. These data suggest that the most

Table 3
Comparison of fish ELS toxicity studies with phenanthrene as the exposure compound.


Study Exposure


Call et al. (1986) Semistatic/renewal
Hooftman and Evers-de Ruiter (1992) Semistatic/renewal
Passino-Reader et al. (1995) Semistatic/renewal
Jee et al. (2004) Semistatic/renewal
Rhodes et al. (2005) Semistatic/renewal
Turcotte et al. (2011a, 2011b) = Passive dosing
Current Study Passive dosing/flow-through

sensitive time point based upon lethality for zebrafish ELS development
to phenanthrene is within the first 6 days post-fertilization. Once fish
mature past the elutheroembryo stage of development further toxicity
appears limited. Data presented within Table 2 and Fig. 7A and B shows
mortality during the chronic phase of the experiment (days 6–30, based
on observations) relative to cumulative mortality observed during the
entire 30 day exposure. Furthermore, statistically significant growth dif-
ferences were observed in themid exposure group (105 μg/L) at test ter-
mination (Fig. 7C). Due to complete mortality growth measurements
were not collected for the high exposure concentration.


3.5. Utility of passive dosing design


This study demonstrates the utility of the passive dosing design
for achieving and maintaining constant aqueous concentration over
the 30 day chronic test period with little loss. The aqueous phase con-
centrations were in reasonable agreement with predicted values and
constant exposure was maintained within 20% throughout the test for
the three test concentrations used. A key criterion for successful ap-
plication of the passive dosing system used in this study was ensuring
the mass of phenanthrene dissolved into methanol was much greater
than that partitioned into the PDMS O-rings which in turn was much
greater than that partitioned into the aqueous phase. This ensured
that the test systems were not depleted and served as a constant dos-
ing source (methanol:PDMS; PDMS:water).


3.6. Comparative toxicity


Fish early life stage test data for phenanthrene from the literature
were compiled for comparison to the current study. Data from five
earlier studies utilizing semi-static renewal and one study using pas-
sive dosing methods (Call et al., 1986; Hooftman and Evers-de Ruiter,
1992; Passino-Reader et al., 1995; Rhodes et al., 2005; Roex et al.,
2002; Turcotte et al., 2011b; Van Leeuwen et al., 1990; Jee et al.,
2004) are provided in Table 3. These studies bracket effect concentra-
tions reported in the present study. The study performed by Hooftman
and Eves-de Ruiter (Hooftman and Evers-de Ruiter, 1992) bestmatched
the duration of our test. These authors observed survival and growth to
be the most sensitive parameters with a reported 42 day No Observed
Effect Concentration (NOEC) of 56 μg/L which is within a factor of two
of the reported NOEC in the current study of 32 μg/L. The NOEC in this
study is slightly lower and may reflect the more well defined, constant
exposure provided by the passive dosing system as suggested in previ-
ous studies (Kiparissis et al., 2003).


Themost sensitive acute (days 0–5) early life stage sub-lethal end-
point appeared to be pericardial edema (Table 1). These data align with
cumulativemortality data (Table 2). However, this endpointwas shown
to exhibit reversibility in that at 120 h none of the surviving larvaewere
observed to have pericardial edema. Spinal curvature, did not appear
until 72 h post treatment, but affected 58% of the remaining embryos
in the high concentration at 120 h. Growth and survival were observed
to be the most sensitive larval (days 5–30) life stage endpoint in our
study. The resulting 30 day NOEC for this study was 32 μg/L.


The NOEC of 32 μg/L determined in this study as well as NOECs
observedin earlier studies can be compared to the hazard concentration

Method Species Results


Oncorhynchus mykiss 90 day NOEC survival/growth: 5 μg/L
Danio rerio 42 day NOEC survival/growth: 56 μg/L
Oncorhynchus mykiss 60 day NOEC weight: 44 μg/L
Paralichthys olivaceus 28 day NOEC weight: 89 μg/L
Orzias latipes 17 day NOEC deformation: N200 μg/L
Orzias latipes 17 day EC10 embryo development: 50 μg/L
Danio rerio 30 day NOEC survival/growth: 32 μg/L
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(HC5) of 10.4 μg/L for phenanthrene reported by McGrath and DiToro
(French-McCay, 2002). These results indicate the predicted HC5 is
below the chronic effect concentrations reported in six out of the
seven earlier studies. In the 90 day rainbow trout study reported by
Call et al. (Call et al., 1986) the reportedNOEC of 5 μg/L iswithin a factor
of two below the predicted HC5 value and potentially within the repro-
ducibility of the experimentally derived NOEC reported.


3.7. Conclusions


Passive dosing provides an innovative method for maintaining
aqueous exposure concentrations of poorly water soluble compounds.
Using phenanthrene the validity of this approach was demonstrated
by keeping aqueous concentrations within 20% of initial values during
a 30-day fish ELS test. Most of the observed toxicity from phenanthrene
occurred within the first 6 days of zebrafish development. Chronic ef-
fect concentrations derived from this study for zebrafishwere compara-
ble to earlier literature data on other test species under similar test
durations. Although more experimental data are needed, the results in
this exposure suggest the possibility of a shortened ELS test. Further
chronic data are needed to assess the protectiveness of the predicted
HC5 derived from the TLM for additional test compounds and species.
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ABSTRACT: Aromatic hydrocarbons (AH) are known to impair fish early life stages (ELS). However, poorly defined exposures
often confound ELS-test interpretation. Passive dosing (PD) overcomes these challenges by delivering consistent, controlled
exposures. The objectives of this study were to apply PD to obtain 5 d acute embryo lethality and developmental data and 30 d
chronic embryo−larval survival and growth-effects data using zebrafish with different AHs; to analyze study and literature toxicity
data using target-lipid (TLM) and chemical-activity (CA) models; and to extend PD to a mixture and test the assumption of AH
additivity. PD maintained targeted exposures over a concentration range of 6 orders of magnitude. AH toxicity increased with log
Kow up to pyrene (5.2). Pericardial edema was the most sensitive sublethal effect that often preceded embryo mortality, although
some AHs did not produce developmental effects at concentrations causing mortality. Cumulative embryo−larval mortality was
more sensitive than larval growth, with acute-to-chronic ratios of <10. More-hydrophobic AHs did not exhibit toxicity at aqueous
saturation. The relationship and utility of the TLM−CA models for characterizing fish ELS toxicity is discussed. Application of
these models indicated that concentration addition provided a conservative basis for predicting ELS effects for the mixture
investigated.


■ INTRODUCTION


A key concern with aquatic exposures to aromatic hydro-
carbons (AHs) is adverse effects on fish early life stages (ELS).
In addition to reductions in embryo survival, AHs as well as
crude oils or refined petroleum substances can produce
developmental abnormalities including yolk sac and pericardial
edemas and cardiovascular, spinal, and craniofacial deformities
via different mechanisms.1−10


A limitation of past ELS studies is the lack of exposure
measurements, i.e., tests based on nominal concentra-
tions.1,3,5,7,11−14 Furthermore, even in toxicity studies in
which analytical confirmation was performed, rapid declines
in AH exposures due to loss processes,15,16 use of cosolvents,17


or test concentrations in excess of aqueous solubility18


complicate interpretation and increase uncertainty in hazard
assessment. Passive-dosing (PD) techniques overcome these
challenges by delivering well-controlled, solvent-free exposures
in toxicity tests.19−26 PD methods involve introducing AHs to
an inert polymer, e.g., silicone, which is then added to the
aqueous media. The loaded polymer then serves as a reservoir
to buffer AH losses based on partitioning from the polymer to
the test media.
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Because it is not possible to conduct toxicity studies on all
possible AH structures, toxicity data on individual AHs have
been used to develop predictive models.27 Once calibrated
using reliable empirical data, such models can then be used for
effect characterization of untested AHs or AH mixtures while
reducing vertebrate testing.28 The target-lipid model (TLM)
has been used to derive environmental-quality objectives in
water, soils, and sediments for AH substances29−31 and has also
been applied to assess AH mixture toxicity at historically
contaminated sites and oil spills using an additive-toxic-unit
(TU) model.32−34 This framework has also been used to
predict oil toxicity in lab tests and to perform environmental-
risk assessments for petroleum substances.35,36 A second
framework for AH-effect assessment relies on the use of the
chemical activity (CA) concept.37,38 Using CA as an alternative
exposure metric, AH toxicity data are expressed in units that
have shown to span a narrow range between 0.01 to 0.1.39 A
further advantage of this approach is that the toxicity of AH
mixtures can also be evaluated by simply summing CA of the
components.40−43


The objectives of this study were to apply PD to obtain
acute- and chronic-effect data for zebrafish ELS with selected
AHs; to compare toxicity data on single AHs from this study
and literature to TLM and CA frameworks; and to extend PD
to a simple, defined mixture and test the assumption of AH
additivity. Zebrafish were selected due to their small size, low
cost, high fecundity, transparent embryos (which facilitates
visual identification of developmental abnormalities), and
growing use in standardized testing and research.44−46


■ MATERIALS AND METHODS
Test Materials. Silicone, i.e., polydimethylsiloxane


(PDMS), O-rings (0.39 and 1.0 g) were obtained from O-
rings West (Seattle, WA). Naphthalene, 1-methylnaphthalene,
biphenyl, phenanthrene, 1-methylphenanthrene, 1,2,3,4,5,6,7,8,-
octahydrophenanthrene, bicyclohexyl, pyrene, perhydropyrene,
benzo(a)pyrene, and pyrene were purchased from suppliers.
Perhydrophenanthrene was synthesized internally by the
catalytic hydrogenation of phenanthrene. Stock AH solutions
were prepared in methanol (HPLC grade) obtained from J.T.
Baker (Phillipsburg, NJ). An overview of substances used in this
study including suppliers, purities, and relevant physicochem-
ical properties estimated using SPARC47 are provided in Table
S1.
Test Organisms. An outbred strain of zebrafish genotyped


by Charles River Laboratories International, Inc. (Wilmington,
MA) and obtained from Aquatic Research Organisms
(Hampton, NH) was used in this study (documentation
available upon request). Embryos were obtained from a
breeding culture previously described.21 Spawning and
fertilization occurred within 30 min after the onset of light.
Eggs were collected and immediately rinsed with water,
transferred to a crystallization dish, and examined for viability
before use in toxicity testing.
Determination of Partition Coefficients. Passive dosing


was used to generate and maintain test-substance aqueous
concentrations. To accurately calculate predicted final water
concentrations, experimentally derived partition coefficients for
ten compounds (Tables S1 and S2) were determined by
loading three separate 20 mL glass vials, each with four 0.39 g
O-rings, with 10 mL of a known AH concentration in
methanol. After 72 h of equilibration on a vial roller at 28
°C, the methanol solution was poured off, and an aliquot was


diluted 1:20 with acetone and analyzed. A pair of O-rings from
each vial were extracted four times each with 10 mL of acetone
on a wrist-action shaker for 1 h. An aliquot of each extract was
then analyzed. The remaining two O-rings were rinsed with
glass-distilled water, wiped dry with lint-free tissue paper, and
then added to a 20 mL glass vial containing reconstituted water
(see below) on an orbital shaker at 400 rpm for 24 h at 28 °C.
Partition coefficients between methanol and PDMS
(KMeOH/PDMS) and between PDMS and water (KPDMS/water)
were calculated based on analysis of test-substance concen-
trations in each phase.


Toxicity-Test Dosing. O-rings served as the PD source for
embryo−larval exposures. Methods detailed by Butler et al.21


were employed to load test substances from the methanol−AH
solution into O-rings and subsequently dose the aqueous phase.
Methanol alone was equilibrated with O-rings used in the
control replicates. Nominal concentrations of each compound
were predicted by dividing methanol concentrations by the AH
specific methanol−water partition coefficient (see the Results
section). Predicted concentrations were then compared to
measured concentrations to assess the accuracy and main-
tenance of targeted exposures. Test systems were designed to
ensure that the mass of chemical absorbed into the O-rings was
sufficient to prevent significant depletion following the
subsequent dosing of aqueous test media (Appendix A).


Acute Toxicity Tests. Embryos were exposed individually
to naphthalene, 1-methylnaphthalene, biphenyl, phenanthrene,
pyrene, 1,2,3,4,5,6,7,8-octahydrophenanthrene, benzo(a)-
pyrene, and chrysene. Each test consisted of five concentrations
and a control except for benzo(a)pyrene and chrysene, which
were investigated only at the respective solubility limits.
Embryos were exposed in 20 mL headspace vials with a 0.39
g O-ring resting on the bottom. Vials were then capped with
Teflon coated screw caps and placed into an environmental
chamber at 28 ± 1 °C. A total of 20 replicates with one embryo
per vial comprised each treatment. In-vial microscopic
observations were performed at 24 h intervals. Lethal
(coagulation, lack of heartbeat) and sublethal (pericardial and
yolk-sac edemas and tail curvature) end points included those
defined in the OECD (2006) FET draft guideline up to 5 days
post fertilization (dpf).48 The photoperiod was set to a 12:12
light−dark cycle with a light intensity of 250 l×. Test media for
the acute tests was prepared using Instant Ocean sea salt and 60
μg/mL stock salts.49 Water-quality parameters (dissolved
oxygen, temperature, conductivity, and pH) were monitored
and maintained within test-guideline requirements. For all
acute-toxicity tests, the dissolved oxygen was ≥80%, pH ranged
from 7.2 to 7.6, conductivity was 130−150 μS/cm, and
temperature ranged from 25.8 to 26.4 °C. Duplicate samples
for analytical confirmation of AH exposures were taken for each
treatment at test start and termination.


Chronic-Individual-Compound and Mixture-Toxicity
Tests. Embryos and larvae were exposed for 30 d to five AHs
individually (1-methylnaphthalene, phenanthrene, 1, 2, 3, 4, 5,
6, 7, 8-octahydrophenanthrene, chrysene, and benzo(a)pyrene).
Tests with the first three substances consisted of three
concentrations and a control, and the remaining two substances
were performed as limit tests at test-media saturation. A
separate test was performed using a mixture of seven AHs and
three hydrogenated analogs (Table S1) with three treatment
concentrations and a control. Half of the compounds included
in the mixture test were included in single-compound
experiments, and the remainder of the test compounds were
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not tested individually. These exposures, therefore, represent a
test of the predictive-toxicity model derived from single
compound tests for the estimation of the contribution of
untested components to the resulting mixture toxicity (see the
Data Analysis section). Moderately hard reconstituted water
was used as the test media from day 5 through 30 of each
chronic test.50 Water-quality parameters (dissolved oxygen,
temperature, conductivity, and pH) were monitored and
maintained within test-guideline requirements. For all
chronic-toxicity tests, the dissolved oxygen was ≥80%, pH
ranged from 7.4 to 7.8, conductivity was 320−375 μS/cm, and
temperature ranged from 25.1 to 26.1 °C.
Embryos were initially exposed in vials for 5 d, as described


for acute experiments. Upon 5 dpf, embryos that hatched into
larval fish as well as any unhatched embryos exposed in vials
were transferred into four replicate 300 mL flow-through
chambers, described previously by Butler et al.21 and depicted
in Figure S1, each with up to five fish per chamber (i.e., fewer
larvae were used in treatments with earlier embryo mortality).
Mixing vessels (4 L) containing 30 loaded O-rings (1.3 each)
were prepared for passively dosing each treatment. Each
individual flow-through chamber was also supplemented with
three 1.3 g loaded O-rings to buffer potential losses in this
recirculating system. The test-media flow (5 mL/min) through
each chamber was supplied by a peristaltic pump. Mixing
vessels were supersaturated with oxygen to >20 mg/L for
ensuring adequate oxygen concentrations during exposures and
exchanged every 5−7 d with a new set of loaded O-rings to
avoid biofouling and O-ring depletion. Upon transfer to flow-
through chambers, fish were fed Paramecium multimicronuclea-
tumn.51 Starting at 12 dpf, the diet was supplemented with
Artemia nauplii. Larvae were fed ad libitum and twice daily
throughout the test. The photoperiod was set to a 12:12 light−
dark cycle with a light intensity of 250 l×.
For each chronic test, aqueous samples were collected for


AH analysis from each treatment and control at test start and
on day 5 prior to the addition of larval fish to the flow-through
chamber. While larval fish were held in flow-through chambers,
subsequent water samples were taken for AH analysis from
each new and corresponding old mixing vessel at least once
every 5−7 d. Chronic-test end points for the first 5 days
included those described for the acute test. Beginning on day 6,
hatched larvae were observed daily for immobility, lack of
respiratory movement, and reaction to mechanical stimulus per
the OECD guideline.52 To evaluate potential larval growth
effects, total lengths of surviving larvae were measured at test
termination.
Test-Substance Analysis for Exposure Confirmation. A


pair of 40 mL glass vials were collected at each sampling point
for quantifying AH exposures. Analysis for naphthalene,
biphenyl, phenanthrene, and 1-methylnaphthalene in water
was performed using static-headspace gas chromatography with
flame-ionization detection (HS-GC−FID) using a PerkinElmer
Autosystem XL gas chromatograph. Analysis of octahydrophe-
nanthrene was performed by HS-GC−FID modified with a trap
accessory to provide additional sensitivity. Pyrene, benzo(a)-
pyrene, chrysene, and all mixture components were analyzed by
automated direct immersion (DI) solid-phase microextraction
(SPME) coupled with gas chromatography with mass selective
detection (GC−MSD).
Water samples were collected in duplicate in glass volatile


organic analysis (VOA) vials at each sampling point to quantify
AH exposure concentrations. Aliquots were transferred to ca.


20 mL glass, septum-sealed vials for either headspace or direct-
immersion SPME along with the internal standard.
The HS-GC−FID was equipped with a 30 mm × 0.53 mm


id, 1.5 μm film DB-5 analytical column (J&W Scientific), which
was connected directly to the transfer line of a PerkinElmer
TurboMatrix 40 Trap Headspace Sampler. For octahydrophe-
nanthrene analysis, a sorbent trap containing fused silica beads
and Carbopack C was placed in-line of the headspace sampler.
All water samples for headspace analysis and standards spiked
into water were equilibrated for 45 m at 90 °C. The needle and
transfer-line temperatures were both 175 °C, and the
pressurization time was 3 m. The injector temperature was
50 °C, and column pressure was 28 psi. The FID was 275 °C,
and the oven temperature was held at 40 °C for 1 m and then
ramped up to 275 °C at 20 °C/min. Data were acquired and
processed using PerkinElmer TotalChrom Workstation soft-
ware.
A direct-immersion solid-phase microextraction (DI-SPME)


autosampler was coupled with an Agilent 6890N gas chromato-
graph and an Agilent 5975 mass-selective detector operated in
the selective-ion-monitoring mode (SIM). The analytical
column was a 25 m × 0.2 mm id, 0.33 μm DB-5MS (J&W
Scientific) capillary column. The GC−MSD system was
equipped with a Gerstel CIS 4 inlet and interfaced with a
Gerstel MPS 2 autosampler operated in the DI-SPME mode
using a 7 μm PDMS fiber (Supelco) with a 90 min extraction
time at 30 °C. The SPME fiber was automatically desorbed for
5 min at 300 °C. The GC oven temperature was programmed
from 50 °C for 5 mto 340 °C at 12 °C/min. After an initial 25
psi pressure pulse for 1 min, the helium carrier-gas pressure was
set at 13.8 psi, corresponding to a constant flow of
approximately 0.8 mL/m for the duration of the run. Standards
analysis for both methods resulted in a linear response over
concentration ranges bracketing the respective water concen-
trations.


TLM and CA Model Frameworks. The TLM describes the
LC50 of a nonionic chemical using the relationship:


= =
K K


LC
CTLBB


LC
CTLBB


50
TLW


50
TLW (1)


where
LC50= lethal (or effective) concentration in water causing


50% response (mmol/Lwater);
CTLBB = critical target lipid body burden corresponding to


the acute effect (mmol/kglipid); and
KTLW = target lipid water partition coefficient (kglipid/Lwater).
A linear free-energy relationship is used to estimate the target


lipid−water partition coefficient from the octanol−water
partition coefficient. Following the rearrangement of eq 1 and
the substitution of the correlation between KTLW and Kow,, LC50
is expressed as


= − + ΔKlog LC log(CTLBB) 0.94 log50 ow c (2)


The TLM indicates that toxicity depends on both the
sensitivity of the species, as defined by the CTLBB, and the
partitioning properties of the test substance. The Δc term is a
correction that accounts for partitioning differences not
accounted for by Kow and has been empirically derived for
various functional groups by fitting eq 2 to toxicity data for a
large array of chemicals. In the case of mono- and poly-AHs, Δc
= −0.109 and −0.352, respectively.29
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In the chemical-activity (CA) framework, toxicity is defined
as a fractional solubility of the test substance relative to the
reference liquid state:37


=
S


LA
LC


50
50


L (3)


where
LA50= lethal (or effective) activity in water causing 50%


response (unitless); and
SL = aqueous solubility of the subcooled liquid (mmol/


Lwater).
For hydrocarbons, SL can also be estimated from Kow.


53


= −S Klog 3.54 1.10 logL ow (4)


Substituting this relationship into eq 3 and solving for LA50
yields


= + − Klog LC log(LA ) 3.54 1.10 log50 50 ow (5)


Equating eqs 2 and 5 shows the predicted relationship
between the TLM and CA frameworks:


= + − + ΔKlog LA log(CTLBB) 0.16 log 3.5450 ow c


(6)


Thus, LA50 depends on the species and end-point-specific
CTLBB and is predicted to be positively correlated to
substance log Kow as modulated by chemical-class-specific


correction factors that account for substance partitioning to
target lipid.


Data Analysis. Acute (5 d LC50) and chronic (30 d EC10)
effect concentrations were calculated by probit analysis using
SAS.54,55 The t test with Bonferroni adjustment56 or Fisher’s
Exact Test57,58 using TOXSTAT59 software was used to
determine significant differences from the control. The logistic
equation was used was used to fit dose−response zebrafish-
mortality data using a least-squares regression method included
in the GraphPad Prism 5.0 software.60


Empirical LC50 data were adjusted on the basis of the TLM
prescribed class corrections (e.g., log LC50 − Δc by rearranging
eq 2) and then fit by linear regression using eq 2 to derive the
CTLBB that characterizes the acute sensitivity of zebrafish
embryos.29 This relationship was further extended to predict
chronic toxicity by subtracting the empirically derived mean log
of the acute-to-chronic ratio (ACR). For the mixture test,
exposure concentrations for each substance were converted
into toxic units (TUs) by dividing the targeted-exposure
concentration of each component by the TLM-derived acute-
or chronic-effect concentration. Summed TUs (∑TUs) were
then compared with observed effects to assess concordance
with concentration addition. Test concentrations were selected
so that each compound contributed about equally to TUs, and
three treatment levels plus a control were selected to provide
∑TUs bracketing unity, which corresponds to treatment levels
above and below the appropriate effect level (LC50 for acute


Figure 1. Measured aqueous concentrations in chronic tests. Each symbol represents the mean of two replicates plus the standard deviation (often
not visible due to low variability). Solid lines denote predicted nominal concentrations. Concentrations reported for each compound at the bottom
of plot is the 30 day mean value. Analysis of the high treatment level in 1-methylnaphthalene and phenanthrene tests (A,B) was terminated before 30
d due to complete mortality.
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and LC10 for chronic). The ∑CA was used as an alternate
exposure metric for evaluating mixture toxicity by dividing
exposures for individual mixture components by the corre-
sponding subcooled liquid aqueous solubility (Table S1) and
then summing the CA of all mixture components.


■ RESULTS AND DISCUSSION


Partition Coefficients. Measured AH partition coefficients
are summarized in Table S2. Values for log KMeOH/PDMS ranged
between −0.070 to 1.41, and log KPDMS/water varied from 2.98 to
5.16. Experimental KMeOH/water values were found to correlate to
the octanol−water partition coefficient:


= × +


= =


K K


r n


log 0.825 log 0.390


0.96, 10


mMeOH/water OW


2 (7)


This relationship is consistent with KMeOH/water values
reported by Smith et al.61 (Figure S2). Equation 7 was used
to estimate KMeOH/water for the remaining AHs for which
measured partition coefficients were not determined.
Analytical Confirmation of Test Concentrations. To


evaluate the ability of PD to deliver and maintain exposure
concentrations, predicted nominal concentrations were com-
pared to analytically determined concentrations in test media.
Results indicated excellent agreement between targeted and
measured concentrations across test compounds that span a
wide range of physicochemical properties and exposure
treatments spanning over 6 orders of magnitude (0.1 to
19 436 μg/L) (Figure S3 and Table S3). These results indicate
that the equilibration periods selected for dosing O-rings and
water were sufficient to achieve equilibrium. The mean ratio of
predicted to observed concentrations across all tests was 1.29 ±
0.66, with n = 70 (Table S3). PD maintained exposures with a
mean percent difference in measured concentrations of 9 ± 6%
between the start and end of 5 d embryo tests (Table S4).
Figure 1 further illustrates the fidelity of exposures for chronic
tests over 30 d (Figure 1A−D).
Acute Exposures. No control mortality was observed in


any test. Most test substances showed statistically significant
sublethal developmental effects on embryos. Pericardial edema
was the most sensitive developmental effect noted and often
preceded mortality, but this was not always the case as several
AHs did not exhibit developmental effects at exposure
concentrations causing mortality (Table S5). LC50s for 5 d
tests are reported in Table 1, and concentration−responses for
embryo mortality are shown in Figure S4. Where sufficient


concentration−responses were observed, EC50s for sublethal
effects were also calculated (Table S6). However, reliable
estimates were in some cases not possible due to reduced
sample sizes from embryo mortalities during test exposures.
With the exception of biphenyl and naphthalene, where the
most sensitive 2 d developmental effect EC50 values were 2- or
3-fold lower than the 5 d LC50, respectively. EC50s were similar
to LC50 estimates (phenanthrene and pyrene) or higher for the
remaining compounds (Table 1).
The 5 d LC50 for zebrafish, recently reported as using PD for


phenanthrene by Vergauwen,24 of 310 μg/L is in close
agreement with the value of 334 μg/L obtained in this study.
These authors also report that after 5 d of exposure to
phenanthrene at 362 μg/L, 100 and 70% of surviving embryos
exhibited tail curvature or pericardial or yolk-sac edemas,
respectively, which seems consistent with the 2 d EC50 of 415
μg/L for these end points reported in Table 1. A range of other
sublethal effects were also investigated in this study, and swim-
bladder inflation was reported to be the most sensitive end
point, with a 5 d EC50 of 59 μg/L. These authors noted that
this is a common sublethal effect observed for many substances
in different classes and varying modes of action. This end point,
which may reflect either a delay or lack of swim-bladder
inflation, was not evaluated in the present study. Direct
comparison of developmental fish-embryo abnormalities
observed in this work to those in other literature is difficult
given the uncertainty in exposure concentrations, varying
exposure durations, alternative fish species, and different
sublethal end points investigated in earlier studies.
In contrast, these authors report sublethal effects on swim


bladders and other morphological effects on developing
embryos at 6-fold-lower exposure concentrations than we
observed. These results suggest the potential differences in the
interlab reproducibility of lethal versus sublethal embryo end
points, even when PD methods are used.
No acute or sublethal effects were noted at the highest,


single-limit concentration tested for chrysene and benzo(a)-
pyrene (Tables 1 and S5). The lack of acute effects reported for
these two substances is consistent with the findings of Seiler et
al. (2014),22 who also showed that zebrafish-embryo mortality
during 2 d tests was not significantly different from controls at
the highest concentration attainable using a PD-test design.
Furthermore, pyrene was the most-hydrophobic AH compound
tested by Seiler that caused embryo mortality consistent with
the findings of this study (Table 1).
The 2−5 d LC50s (Tables 1 and S7) were fit to the TLM


using eq 2 to derive CTLBB estimates. The CTLBBs for


Table 1. Summary of Zebrafish Embryo−Larval Acute-, Sublethal-, and Chronic-Toxicity End Points


test substance
2 to 4 d EC50 embryo
development (μg/L)c


5 d LC50 embryo
mortality (μg/L)


slope
parameterd


30 d LC10 embryo−larval
survival (μg/L)


30 d EC10 larval
growth (μg/L)


acute-to-
chronic ratio3


naphthalene 2343 (2372−2358) 6309 (5888−6760) 2.73 NT NT CNC
1-methylnaphthalene >1716 1013 (1182−1703) 1.88 141 (136−144) >277 7.2
biphenyl 973 (971−976) 1548 (1148−2290) 2.04 NT NT CNC
phenanthrene 415 (CNC) 334 (184−1493) 1.57 44 (22−65) 88 7.6
1,2,3,4,5,6,7,8 -
octahydrophenanthrene


>682 52 (39−80) 0.76 9 (CNC-13) >88 5.8


pyrene 91 (34−147) 96 (87−102) 3.16 NT NT CNC
chrysene >1.4 >1.4 N/A >1.4 >1.4 N/A
benzo(a)pyrene >1.7 >1.7 N/A >1.7 >1.7 N/A
aValues in parentheses indicate confidence intervals. bNT, not tested; N/A, not applicable, as no effects were observed at the maximum
concentration tested; CNC, could not calculate because chronic testing was not performed. cSlope parameter of logistic equation that define lines
plotted in Figure S4. dAcute-to-chronic ratio calculated as 5 d LC50 divided by lowest 30 d chronic value.
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zebrafish were estimated to be 158 ± 6 and 81 ± 10 μmol per g
of octanol, respectively. These values fall within the range of 24
to 500 μmol per g of octanol reported previously for different
test species and acute end points.29 Additional acute zebrafish
toxicity data for AHs and other nonpolar organic chemicals,
including aliphatic hydrocarbons and alcohols, halogenated
solvents, and oxygen- and sulfur-containing AHs, were
compiled from the literature (Table S7). Data for 2−5 d test
exposures are plotted separately in Figure 2A,B along with the


TLM model derived from our study data. Literature data based
on conventional dosing techniques (i.e., semistatic, static, flow-
through test substance renewals, etc.) include both nominal
(unfilled) and measured (filled symbols) exposures. Tests
showing no acute effects at the highest-exposure concentration
investigated are shown as a plus symbol. The relationship
between subcooled solubility and log Kow described earlier is
used to generate the dashed lines corresponding to CAs of 0.01,
0.1, and 1.0 on these figures.
Figure 2 indicates that acute LC50s, adjusted using the


relevant TLM class-correction factor to express results in terms
of baseline toxicity, for water-soluble substances with log Kow <


3 fall within approximately a factor of 3 above or below the
TLM prediction, with LA50s generally within the 0.01 to 1.0
range. However, as the log Kow increases, available literature
data shows more scatter that likely reflects the greater
uncertainty in the actual exposure concentrations associated
with conventional dosing methods of sparingly soluble and
sometimes volatile test substances. In fact, some tests indicate
LA50s that are above the theoretical limit of unity, thus
questioning test reliability. In a recent study that investigated
algal toxicity to 50 organic chemicals ranging in log Kow from 1
to 5 and expected to act via baseline toxicity, LA50s fell within a
similar range of 0.1 to 1.0 and increased with log Kow consistent
with the zebrafish data in this study (Figure 2) and predictions
from eq 6.62


Further comparison of acute zebrafish toxicity data included
in Table S7 for nitrogen-containing AHs to the TLM
frameworks indicates that toxicity is systematically under-
estimated by an order of magnitude (Figure S5). Previous work
on benthic invertebrates has shown that nitrogen-containing
heterocyclic AHs can exhibit greater toxicity than the
corresponding homocyclic AHs.63 However, if the correction
term in eq 1 is adjusted to account for differential partitioning
of this compound class to target lipid, revised TLM predictions
are in good agreement with empirical data (Figure S5). This
provides an example of how interrogating toxicity data sets
using the TLM framework can lead to improved models for
toxicity prediction.


Chronic Exposures and ACRs. Less than 10% control
mortality was observed in all chronic exposures. Cumulative
embryo and larval mortality over 30 days was used to estimate
LC10 values (Table 1). Mortality showed a similar temporal
trend across substances. Once fish matured past the
elutheroembryo developmental stage (days 5−7), most fish
survived (Figure S6). Furthermore, on the basis of measured
lengths of surviving larvae at test termination, no effects on
larval growth were observed for 1-methylnaphthalene and
octahydrophenanthrene. For phenanthrene, although a statisti-
cally significant 12% reduction in growth was observed at 105
μg/L, cumulative embryo−larval survival was a more sensitive
end point than larval growth. The acute sublethal embryo
developmental end points evaluated in this study appeared less-
sensitive than the chronic-test end points (Table 1). Consistent
with acute toxicity results, chronic values decreased with
increasing log Kow (Table 1). The ACRs calculated from these
tests (5.8 to 7.6) fall within the range of values (1 to 13)
reported previously for AHs with other test species29 as well as
data compiled for a broader class of nonpolar organic chemicals
(median ACR = 4.4; range 1−30, n = 19).64 No chronic effects
were observed for chrysene and benzo(a)pyrene at mean
measured exposure concentrations of 1.4 and 1.7 μg/L, which
appears to be the limit of saturation in this test system. These
exposures are close to the reported aqueous solubilities of 1.6
and 1.5 μg/L, respectively.65


To gain further insights on the chronic effects of AHs to fish
ELS, three data sets generated from testing multiple AH
compounds were compiled from the literature (Table S8).
Literature chronic values are plotted for comparison with our
study data (red symbols) in Figure 3. Unfilled symbols denote
test data in which chronic effects were not observed at the
maximum-exposure concentration tested. The chronic TLM
line was derived from the relationship from our acute data after
dividing by the mean acute to chronic ratio of 6.9 (Table 1).
This is equivalent to assuming a CTLBB for chronic effects by


Figure 2. Zebrafish LC50s as a function of substance log Kow. Empirical
data are adjusted using reported class-specific correction factors (e.g.,
log LC50 − Δc by rearranging eq 2) to allow direct comparison to the
target-lipid model shown as the solid line; dashed lines indicate
approximate chemical activities corresponding to 0.01, 0.1, and 1.0
from bottom to top, respectively; literature data based on conventional
dosing techniques (i.e., semistatic, static, flow-through test-substance
renewals, etc.) including both nominal (unfilled) and measured (filled
symbols) exposures. Data from this study are represented as filled red
squares. Data points denoted as “+” indicate that no acute toxicity was
observed at the maximum concentration indicated; (a) 2 d LC50s; (b)
4 and 5 d LC50s; data in this plot are provided in Table S7.
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the application of the median ACR determined in the present
study of 81/6.9 = 12 μmol per g of octanol. To facilitate the
comparison of effects data in terms of CA, dashed lines ranging
0.001 to 0.1 are also shown.
The first data set was obtained from a recent review


summarizing unpublished chronic zebrafish ELS tests per-
formed using static renewals with conventional dosing
methods.66 Like our chronic tests, both survival and growth
end points were investigated. Although results were expressed
in terms of mean measured exposure concentrations, significant
declines in exposure were noted, thereby introducing
uncertainty in the chronic values reported. Results from this
study are shown as gray symbols in Figure 3 and decrease with
increasing log Kow consistent with TLM predictions until 5.5,
above which three of the four AHs exhibit no chronic effects on
the basis of either end point. Both the chrysene and the
benzo(a)pyrene that were evaluated in this study was not
chronically toxic in 42 d tests at mean concentrations of 0.9 and
4 μg/L, respectively, in support of our study findings. In
contrast, benzo(k)fluoranthene was reported to cause chronic
effects on growth and survival at mean concentrations of 0.62
and 0.17 μg/L, respectively (Table S8). Furthermore, for all
AHs that exhibited chronic effects, larval growth appeared more


sensitive in these studies than survival in contrast to our
findings (cf., squares and diamonds in Figure 3).
A pair of recent studies have also investigated ELS toxicity to


a different fish species (Japanese medaka) using PD for a range
of parent and alkylated AHs.20,27 Previous work has shown that
the acute CTLBB for this species is 127 ± 57 μmol per g of
octanol, suggesting a similar sensitivity to zebrafish.29 Given the
limited use of PD to characterize ELS toxicity with AHs, we
have compared results from these studies to zebrafish data
derived in this study. In both studies, toxicity was expressed in
terms of a 17 d EC50 that incorporated several embryo-
pathology end points that were scored to provide an effect
index. In the first study, phenanthrene and corresponding
methyl, ethyl, and dimethyl homologues were tested. All test
compounds were found to produce EC50s at concentrations
below aqueous solubility limits. In the second study, chrysene
and benz(a)anthracene and six alkylated homologues were
investigated. All compounds except chrysene were found to
produce sublethal effects on embryos at the solubility limit,
including benzo(a)pyrene (Table S8 and Figure 3), but only
retene (i.e., 1-methyl-7-isopropylphenanthrene), which served
as the positive control), benzo(a)anthracene, and 7-methyl
benzoanthracene yielded sufficient concentration responses
below the solubility limit to allow EC50s to be calculated.
Furthermore, none of these compounds except the positive
control reduced embryo−larval survival after 17 d to exposures
corresponding to the solubility limit. Other studies have
reported similar findings. For example, no significant differ-
ences in either survival or hatching success from the control
were reported for rainbow trout eggs exposed 36 dpf to
measured concentrations of benzo(a)pyrene up to 3 μg/L,
although developmental effects were noted.67


EC50s for medaka embryo pathology also decrease with
increasing log Kow. The zebrafish chronic TLM prediction is
shown to be protective (i.e., data points fall above model line)
for this end point (Figure 3). Furthermore, chronic effects
generally corresponded to CA > 0.01. In a number of tests,
chronic effects were not observed at CA > 0.1. This suggests
that the lack of chronic effects can be attributed to more than
insufficient chemical activity resulting from solubility con-
straints. One alternative explanation is that toxicokinetics may
limit internal residues and preclude the potential toxicity of
AHs.9 While this may help explain a lack of effects observed in
short-term exposures, this hypothesis seems less-plausible for
chronic exposures with which equilibrium with tissues would be
achieved. A second explanation to account for no chronic
effects at elevated CA is that biotransformation processes may
limit exposure of higher log Kow AHs or related metabolites in
embryo and larvae tissues to concentrations that do not invoke
chronic effects. Biotransformation rates in fish have been shown


Figure 3. Chronic-effect values for aromatic hydrocarbons as a
function of substance log Kow. Empirical data are adjusted using
reported class-specific correction factors (e.g., log LC50 − Δc by
rearranging eq 2) to allow direct comparison to the target-lipid model
shown as the solid line; dashed lines indicate approximate chemical
activities corresponding to 0.001, 0.01, and 0.1 from bottom to top,
respectively; data in this plot are provided in Table S8.


Table 2. Acute and Chronic Effects Observed during 30 Days of Exposure to a Defined Mixture of Aromatic and Saturated
Cyclic Hydrocarbons


acute exposure 5 d embryo acute effects chronic exposure 30 d ELS chronic effects


toxic units chemical activity PE (%) TC (%) mortality (%) toxic units chemical activity mortality (%) length ± SD (cm)


0 0 0 0 0 0 0 5 1.57 ± 0.22
0.10 0.015 0 26a 0 0.47 0.016 5 1.59 ± 0.12
0.46 0.151 26a 35a 5 3.76 0.171 30a 1.46 ± 0.10
1.21 0.309 35a 7 30* 10.52 0.374 90a 1.75 ± 0.35


aStatistically significant (p = 0.05). PE, pericardial edema; TC, tail curvature; for embryo developmental end points, the percentage refers to the
proportion of the test population affected that were alive.
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to increase with AH hydrophobicity.68,69 Furthermore,
biotransformation processes may also help explain why certain
hydrophobic AHs exhibit chronic toxicity at much-lower CAs.
For certain AHs, specific metabolites may be produced that
enhance chronic effects. Recent bioconcentration studies of
benzo(a)anthracene with zebrafish embryos have documented
the formation of a polar metabolite that might help explain the
high chronic toxicity reported (Table S8).70 However,
uncertainties in exposure concentrations in available ELS
toxicity studies with benzo(a)anthracene warrant further
research to determine if previously reported chronic values
can in fact be replicated using controlled exposures with PD
methods.
Further investigation is also needed to assess the chronic


effects of 4+ ring AHs on reproductive end points. In one
study,71 no effects on zebrafish survival were reported after a 56
d exposure to benzo(a)pyrene at two treatment levels with
mean reported concentrations of 1.63 ± 0.32 and 3.35 ± 0.91
μg/L consistent with other studies (Table S8) . However, a
statistically significant 50% reduction in egg production was
observed after 49 d in both treatments. Altered transcription of
genes important in regulating reproduction was also demon-
strated and hypothesized as an underlying mechanism of
benzo(a)pyrene reproductive toxicity.
Mixture Exposures. The effects on zebrafish ELS are


summarized in Table 2. Cumulative embryo−larval mortality
exhibited the same trend over time as individual compound
tests (Figure S6). Measured exposure concentrations (Table
S9A) were translated into both ∑TUs (Table S9B) and ∑CA
(Table S9C) as alternative exposure metrics. Sublethal embryo
effects were observed after 5 days in the lowest treatment
group, corresponding to 0.1 acute ∑TUs. However, statistically
significant effects on survival after 5 d were only observed at the
highest treatment, in which a 30% embryo mortality
corresponded to an acute ∑TU value of 1.2 (Table 2). This
observed mortality is less than predicted on the basis of
concentration addition of mixture components (i.e., 50%
response predicted at ∑TU = 1) but within the typical
variability noted previously on the basis of the application of
the additive model (∼2-fold).29
This treatment corresponds to an estimated 5 d EA30 of


0.319. However, if the CA contribution of the two nonaromatic
hydrocarbons (perhydrophenanthrene and perhydropyrene),
which have estimated log Kow values of 6.76 and 7.54, are
ignored, the 5 d EA30 is reduced to 0.033. This estimate is
similar to the PD-test results of Seiler,22 who derived 2 d LA50s
of 0.059 to 0.087 by comparing observed zebrafish mortality at
the maximum chemical activity achievable for different AHs.22


These results suggest that these compounds do not contribute
to acute ELS effects at CA of 0.09 and 0.18, respectively (Table
S9C).
Cumulative mortality was the most sensitive end point when


exposures were extended to 30 d to include the larval stage.
Although fish length was quantified at test termination, no
effects on growth were observed (Table 2). If the mixture
components are additive, a chronic ∑TU value of 1 should
correspond to 10% mortality because the LC10 served as the
chronic-effect end point. After adjustment for control perform-
ance, 0 and 25% mortality was observed at chronic∑TU values
of 0.54 and 3.76, respectively, which bracket the expected value
of unity (Table 2). Assuming that the mixture components
contribute additively to toxicity, the TLM appears to provide a


reasonable basis for estimating the chronic effects of the
mixture investigated.
If the mixture test is expressed in terms of ∑CA, the LA10


would fall within the range of 0.016 to 0.171 (Table 2), which
corresponds to CAs associated with chronic effects for
individual AHs (c.f. Figure 3). Unlike those from acute tests,
these results suggest that the two more-hydrophobic non-
aromatic test substances contributed to observed chronic
effects. The relative contribution of these two components to
chronic ∑TU and ∑CA values at the low- and mid-dose
treatments ranged from 56 to 79% and 86−95%, respectively
(Table S9).
This analysis highlights the comparative use of ∑TU and


∑CA as exposure metrics for interpreting mixture-toxicity
studies. The use of ∑TU provides the advantage of allowing
differences in species and end-point sensitivity to be explicitly
taken into account. Furthermore, because the expression of
toxicity results in terms of CA, even for a given test organism
and the end point, is not chemical-independent, the use of
∑TU is hypothesized to provide a more precise exposure
parameter for predicting toxicity across mixtures with different
compositions.
This study also demonstrates the utility of PD in maintaining


constant exposures that allow reliable chronic fish ELS-effect
data to be developed for individual AHs and related mixtures.
Although we investigated several sublethal embryo devel-
opmental effects that were included in a draft test protocol,
these end points are not included in the final OCED test
guidelines.72 Future research is therefore needed to better
understand the interlaboratory precision of various sublethal
embryo end points, including the impairment of swim-bladder
inflation and the relationship of these effects to chronic effects
on survival, growth, and reproduction, which serve as the key
end points used in chemicals management.73 This work also
describes the linkage between TLM and CA models and
illustrates how both frameworks can be practically applied to
characterize the acute and chronic toxicity of individual
substances and mixtures. Additional effort is needed to
objectively compare the relative performance of ∑TU and
∑CA as exposure metrics for predicting AH-mixture toxicity.
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