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Abstract

Several locations in the Elizabeth River, VA, USA are highly contaminated with polycyclic
aromatic hydrocarbons (PAHSs), due to the release of creosote mixtures from wood treatment
facilities. Interestingly, some populations of Atlantic killifish (Fundulus heteroclitus) inhabiting
the Elizabeth River (ER) are resistant to PAH-induced teratogenesis. However, evolutionary
resistance to PAHSs due to chronic PAH exposure is associated with reduced fitness and increased
susceptibility to other environmental stressors in at least one PAH-resistant ER Killifish population.
More specifically, wild-caught and first generation PAH-resistant juvenile killifish have altered
metabolic demands when compared to non-resistant fish. Herein, we investigated this association
further by examining a previously under-studied population captured from the creosote-
contaminated site Republic Creosoting (Rep). We assessed PAH toxicity and effects on energy
metabolism in Rep Killifish in comparison with killifish from the reference site Kings Creek (KC).
Following exposures to simple and complex PAH mixtures, Rep killifish exhibited several
phenotypes associated with PAH resistance including decreased incidences of developmental
cardiovascular deformities and recalcitrant cytochrome P450 1A (CYP1A) activity. We evaluated
bioenergetics in killifish embryos throughout development and found elevated basal oxygen
consumption rates in Rep embryos relative to KC embryos. Furthermore, juvenile F1 Rep fish had
significantly lower maximal metabolic rates and aerobic scopes than KC juveniles. These results
suggest that populations of killifish that have adapted or evolved to withstand the toxicity
associated with PAHs consequently have altered energetic metabolism or demands. Such
consequences could result in an enhanced vulnerability to other environmental and anthropogenic
stressors in PAH-resistant killifish.
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Introduction

Since the 19t century, when one of the first-recognized occurrences of pollution-driven
evolution manifested as altered wing coloration of moth populations (Bowater 1914; Cook
and Saccheri 2013), there have been many incidences of rapid organismal evolution in
response to chronic exposure to anthropogenic pollutants (Fox 1995; Hendry 2013). Evolved
resistance to pesticides is now seemingly a common trait in many insect species including
the frequently-targeted disease vectors such as mosquitos (e.g. members of the Culex genus)
(Hemingway et al. 2004) and widespread, highly adaptable agricultural pests such as the
green peach aphid (Myzus persicae) (Silva et al. 2012). Additionally, abiotic stressors
stemming from climate change (e.g. increases in temperature, changes in ocean pH, and
hypoxia) can also affect organismal fitness and may drive evolution (Lohbeck et al. 2012;
Kelly and Hofmann 2013; Pespeni et al. 2013; Stillman and Paganini 2015). Mechanisms
and tradeoffs of evolutionary responses to pollutants may include limited organismal
plasticity and a reduced capacity to respond to other abiotic stressors. This has become an
increasingly important area of research.

At several sites along the Elizabeth River (VA, USA), exposure to decades of creosote
pollution from wood treatment facilities has resulted in evolved resistance of a native fish,
Fundulus heteroclitus (Atlantic Killifish), to the toxic effects associated with its chemical
components (Clark et al. 2013). Creosote, a complex mixture often utilized during wood
preservation processes, is primarily made up of a class of ubiquitous compounds known as
polycyclic aromatic hydrocarbons (PAHs). These compounds come in a variety of forms,
many of which display varying degrees and mechanisms of toxicity (National Toxicology
Program, 2012). In fish species, including Atlantic killifish, exposures to PAHs during
embryonic development results in cardiovascular deformities similar to those seen after
exposures to dioxin-like compounds and halogenated aromatic compounds (Billiard et al.
1999; Incardona et al. 2004; Wassenberg and Di Giulio 2004a).

Specific populations of killifish inhabiting highly contaminated sites in the Elizabeth River
are genetically distinct from populations that live in uncontaminated regions (Mulvey et al.
2002; Mulvey et al. 2003; Wills et al. 2010). Although killifish are one of the most
genetically diverse vertebrate species and can live in a variety of ecological conditions,
populations found at PAH-contaminated and other dioxin-like compound-contaminated sites
all share genetic mutations localized to genes involved in metabolism of these compounds
(Reid et al. 2016). Populations at contaminated sites have evolved to withstand the acute
toxicity normally observed after exposures to creosote. Incidences of cardiovascular
deformities as well as the characteristic induction of the Phase | metabolic enzyme
cytochrome P4501A (CYP1A) are reduced in PAH resistant Killifish after PAH exposures
during embryonic development (Meyer et al. 2002; Ownby et al. 2002; Wassenberg and Di
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Giulio 2004a; Clark et al. 2013; Brown et al. 2016a); for example, Brown et al. (2016a)
found that a statistically significant induction of cardiovascular deformities was not seen in a
PAH-resistant population of killifish until exposure levels reached 100 times higher than
what was required to induce a similar magnitude of deformities in a non-resistant
population.

Killifish collected from the Atlantic Wood Industries Superfund site (AW) in the Elizabeth
River display the phenotypes of PAH resistance as described above (Jung and Di Giulio
2010; Clark et al. 2013). The wood treatment facility located there primarily utilized
creosote during operations and although it was closed and placed on the National Priorities
List in 1990, the surrounding area is still highly contaminated with high molecular weight
PAHSs (Di Giulio and Clark 2015). Although resistance similar to that seen in AW Kkillifish is
beneficial for acute exposures to PAH mixtures, our previous work has shown that there are
fitness-related consequences of the adaptation at both early and later life stages. For
example, reduced aerobic scope, behavioral changes, and increased susceptibility to other
anthropogenic and environmental stressors are all associated with PAH resistance in these
fish (Brown et al. 2016a, 2016b; Meyer and Di Giulio, 2003).

Historically, AW fish have served as a unique model to investigate mechanisms and costs of
PAH toxicity. However, with the closing of the Atlantic Wood Industries Superfund Site for
remediation, there was a need to identify a new population of killifish that are similarly
resistant to the toxicological effects of PAHs and would not be affected, genetically or
physically, by remediation activities. Other populations of contaminant-resistant Atlantic
killifish have been found along the eastern seaboard and in a related species, Fundulus
grandis, in the Gulf of Mexico (Nacci et al. 2010; Oziolor et al. 2014; Bugel et al. 2010).
These groups have also shown that contaminant resistance can result in fitness costs
including decreased tolerance to additional biotic and abiotic stressors and impaired immune
and reproductive function (Nacci et al. 2009; Oziolor et al. 2016; Bugel et al. 2010;
Frederick et al. 2006). Further, several other populations of Killifish inhabiting differentially
contaminated sites along the Elizabeth River exhibit varying degrees of PAH resistance in
correlation with the level of pollution at those respective sites (Clark et al. 2013; Di Giulio
and Clark 2015). Therefore, our goals for this study were to more thoroughly examine a
second population of Elizabeth River killifish from another highly contaminated site for
PAH resistance and identify consequences of this type of adaptation in laboratory-reared
offspring.

Republic (Rep), currently the most highly PAH-contaminated and accessible study site in the
Elizabeth River and located approximately 2 miles upstream of the AW site, is also polluted
with creosote due to the activities of a Republic Creosoting Incorporated wood treatment
facility (Mogelbein and Unger 2008; Clark et al. 2013). Analyses of sediment samples for a
suite of low and high molecular weight PAHs with GCMS demonstrate that the Rep site
contains approximately 113,886 ng tPAH/g dry sediment, a value over 200 times higher than
the reference site Kings Creek (KC; 526 + 624 ng tPAH/g dry sediment) (Mogelbein and
Unger 2008; Clark et al. 2013); the total PAH content of sediment found at Elizabeth River
sites is associated with the PAH resistance seen in local killifish populations, with highly
adapted populations found at highly contaminated sites (Clark et al. 2013; Jayasundara et al.
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in review). Additionally, Clark et al. (2013) partially characterized the Rep population and
demonstrated that they show similar levels of developmental resistance to PAHSs as displayed
by AW fish.

The first objective of this study was to characterize the level of PAH resistance shown by
killifish captured at the creosote-contaminated Rep site. This involved exposing wild-caught
adults and laboratory-reared first generation killifish embryos to individual PAHs or PAH
mixtures and assessing them for the distinctive responses normally seen in non-adapted
populations after PAH exposures. As hypothesized, results demonstrate that Rep killifish
from two generations and two life stages displayed PAH-resistant phenotypes similar to
those of AW killifish.

Energy metabolism is biologically important for all living species and at any life stage.
Based on the results from the first objective and previous work that has shown alterations in
energy metabolism in PAH resistant fish (Brown et al. 2016b; Oziolor et al. 2016;
Jayasundara et al. /n review), our second objective was to test the hypothesis that PAH
resistant fish have altered bioenergetic phenotypes during multiple life stages. Our results
confirm that evolution of PAH resistance and early-life or chronic exposures to PAHs may
alter the bioenergetic function of adapted killifish populations during embryonic
development as well as juvenile stages. These bioenergetic consequences could potentially
result in increased vulnerability of these fish to additional biotic and abiotic stressors in their
natural environment and may have population- and ecosystem-level consequences.

Materials and Methods

Fish Collection, Care, and Handling

Chemicals

Wild Fundulus heteroclitus were collected from the Rep (36°47'39.65” N, 76°17°31.94” W)
and KC (37°18716.2” N, 76°24'58.9” W) sites in the summer of 2015 (Commonwealth of
Virginia Marine Resources Commission Scientific Collection Permit # 15-003). Fish were
maintained in the laboratory in approximately 15ppt artificial seawater (ASW) (Instant
Ocean, Foster & Smith, Rhinelander, WI, USA), at 25-28°C with a 14:10 light:dark cycle
and were fed Aquamax Fingerling Starter 300 fish feed (PMI Nutritional International, LLC,
Brentwood, MO, USA). Adults were kept in clean water for at least one month before
handling occurred.

Eggs and sperm from reproductive-aged FO males and females were collected manually and
placed in 400 mL beakers. After mixing with sperm, the eggs were given one hour to
complete fertilization after which they were washed with a 0.3% hydrogen peroxide (VWR
International, Radnor, PA, USA)-20ppt ASW solution. All embryos were kept in an
incubator at 28°C until use.

Benzo[&]pyrene (BaP), fluoranthene (FL), B-naphthoflavone (BNF), ethoxyresorufin,
protease inhibitor, magnesium sulfate (MgSQy,), potassium chloride (KCI), Tris-HCI,
ethylenediaminetetraacetic acid (EDTA), NADPH, NADH, dithiothreitol (DTT), antimycin
A, rotenone, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and dimethyl
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sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Corn oil and
sucrose were purchased from VWR International (Radnor, PA, USA). HEPES was
purchased from Acros Organics (Thermo Fisher Scientific, Waltham, MA, USA). Tris-base
was purchased from Omni Pur (EMD Millipore, Darmstadt, Germany). BaP (1 mg/mL) and
FL (10 mg/mL) stocks were prepared in DMSO. BNF solutions were prepared in corn oil.

Atlantic Wood Industries sediment was previously collected and processed in order to
extract and characterize an aqueous solution containing a complex PAH mixture, hereafter
known as Atlantic Wood sediment extract (AWSE) which was used during experimentation.
For complete collection and extraction methods and analytical characterization, see Clark et
al. (2013).

A schematic of all of the methods described below can be found in Figure 1. The Duke
University Institutional Animal Care and Use Committee approved all of the ~. heteroclitus
care, handling, and techniques used during this work (Protocol # A184-13-07).

FO Generation Intraperitoneal Injections, Liver Dissections, and Liver Microsomal EROD

Assay

Reproductive age male FO £ heteroclitus from KC and Rep populations were submerged in
15 ppt ice water until loss of equilibrium. Only male fish were chosen to prevent effects on
CYP1A activity due to sex as found in Meyer et al. (2002). Fish were injected
intraperitoneally with 5 uL/g wet weight fish of either a corn oil carrier or a 50 mg/kg BNF
solution, in accordance with Meyer et al. (2003). Fish were then placed in recovery tanks,
allowed to re-equilibrate, and were kept in conditions described above until sacrifice. The
livers of each fish were removed 48 hours after injections, flash frozen in liquid nitrogen,
and stored at -80°C until analysis. Six fish per population were injected for each treatment.

Microsomal fractions were isolated as described in Jung and Di Giulio (2010) with
modification. Specifically, isolated livers were weighed, minced, and then rinsed with ice-
cold washing solution (0.15 M KCI, 10 mM DTT, pH 7.4) until the solution remained clear.
Each liver was then transferred to a 2 mL microcentrifuge tube in 4X volume of
homogenization buffer (0.25 M sucrose, 0.1 M Tris-HCI, 1 mM EDTA, 10 mM DTT, pH
7.4) plus protease inhibitor (1 UL for every 1 mL homogenization buffer) with an
approximately equal volume of 1 mm blending beads (SKU: ZROB10). Samples were
placed in a bullet blender (Next Advance, Inc., Averill Park, NY, USA) and blended at high
speed for three, 1 minute pulses, or until fully homogenized. The homogenate was
transferred to an ultracentrifuge tube and centrifuged at 10,000 g for 20 minutes at 4°C. The
top fatty layer was discarded and the supernatant was transferred to a new ultracentrifuge
tube. The supernatant was spun at 100,000 g for 60 minutes at 4° C. The supernatant was
discarded, and the microsomal pellet was washed with 1-3 mL of microsomal pellet washing
solution (0.15 M Tris-base, 10 mM DTT, pH 8.0) until the solution remained clear. The
pellet was resuspended in microsomal resuspension buffer (0.25 M sucrose, 1 mM EDTA,
0.1 M Tris-HCI in 20% glycerol, pH 7.4), of approximately 1 mL per gram of liver tissue.
The microsomal suspension was then aliquoted, flash frozen, and stored at -80°C until
thawed for protein quantification and the EROD assay.
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For protein quantification, one aliquot of microsomal solution was diluted to 1:10 in DI
water and quantified with the Pierce™ BCA Protein Assay Kit as per manufacturer's
protocol for microplate procedure (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Microsomal CYP1A activity was then quantified via the EROD assay, as described in Jung
and Di Giulio (2010). First, 50 pg of the microsomal fraction from each sample were loaded
in a 96-well microplate (in duplicate) and freshly prepared, ice cold cofactor buffer (102 uM
NADPH, 120 uyM NADH, 5 mM MgSQOy, into 100 mM HEPES, pH 8.0) was added to bring
the volume to 100 pL. Afterwards, 100 uL of 2.5 uM 7-ethoxyresorufin in cofactor buffer
was then added to each well and fluorescence was measured at 530/590 nM. The results
were calculated against the standard curve of known concentrations of resorufin stock to
report activity (pmoles resorufin/mg protein/minute).

F1 Generation Embryo Exposures, EROD Activity Assay, and Cardiac Deformity Screening

At 24 hpf, embryos were screened for deformities and healthy embryos were dosed
individually with 10 mL dosing solution in glass scintillation vials (Wheaton, Millville, NJ,
USA). Treatments for both KC and Rep embryos included the 20 ppt ASW control, 1%, 3%,
and 5% (v/v) AWSE solutions, along with a 10% (v/v) AWSE solution for Rep embryos
only. Exposures of 10% AWSE result in mass mortality in KC embryos and therefore were
not used for that population. Additionally, embryos were dosed with a simple mixture of 100
pg/mL BaP and 500 pg/mL FL (100/500 BaP+FL), a synergistically toxic combination of an
AhR agonist and CYP1A inhibitor, respectively (Wassenberg and Di Giulio 2004b), and a
0.1% (v/v) DMSO control solution. All dosing solutions were supplemented to contain 21
pg/L ethoxyresorufin for the ethoxyresorufin-o-deethylase (EROD) assay. After dosing,
embryos were kept at 28°C until assessment. Three experimental replicates of these
procedures took place with a total n of 33-35 embryaos for each treatment.

At 96 hpf (4 dpf) embryos were removed from vials and EROD activity was measured
according to the protocols described in Matson et al. (2008). Although embryos had begun
to display deformities depending on treatment group, there did not appear to be any resulting
developmental delays. All embryos had small, but visible urinary bladders, as is necessary to
conduct the EROD assay and appropriate for stages 28 and 29 of £ heteroclitus embryonic
development (Armstrong and Child 1965). All EROD values for KC and Rep treatments
were expressed as a percent of the KC 20 ppt ASW control group response. After
measurements were recorded, embryos were placed back into their respective vials and
stored in 28°C incubators until 144 hpf (6 dpf) when cardiac deformity screenings were
performed. Under a light microscope, cardiac abnormalities were recorded in a blind
assessment. As described in Matson et al. (2008), deformities were scored either as a 0
(normal), 1 (moderate deformity) or 2 (severe deformity). The primary deformities seen,
also described in Clark et al. (2010), were heart elongation, or the “stringy heart” phenotype,
misalignment of the atrium and ventricle, slowed heartbeat, and limited blood flow. As
stated above, there were visible deformities resulting from treatment at that time, but
development did not appear to be affected, although in some cases, embryos treated with
higher concentrations of AWSE (i.e. 5% and 10% AWSE treatments) tended to be slightly
smaller in size. There was visible circulation and pigmentation in all surviving embryos
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which indicated that they were approaching stage 31 of embryonic development (Armstrong
and Child 1965).

F1 Generation Embryonic Bioenergetic Assessment

KC and Rep embryos were collected and dosed at 24 hpf similarly to the methods described
above, but with only two treatments: 20 ppt ASW Control and 1% (v/v) AWSE. Using the
Seahorse Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA),
basal respiration, reported as oxygen consumption rate (OCR), was measured for individual
embryos at time points of 24 hpf, 48 hpf, 72 hpf, 96 hpf, and 120 hpf (methods adapted from
Stackley et al. 2011). With the exception of the 24 hpf time point, embryos were removed
from the dosing solutions at the designated time and placed into individual wells filled with
750 uL of a 20 ppt ASW solution. Basal respiration measurements were recorded for one
minute every five minutes for approximately 1.5 hours. The sample size per plate was 5
embryos per treatment per population and 2-3 plates were run for each time point. At the 24
hpf time point, only KC and Rep embryos from the 20 ppt ASW treatment groups were
tested. A total of 2 plates were run with a sample size per plate of 11 embryos per
population. Embryos were only used if there were no apparent developmental deformities.

Additionally, beginning at 24 hpf, KC and Rep embryos were placed in individual wells and
the OCR was measured for one minute, five times per hour for 12 hours (until 36 hpf). These
measurements created a time course to further examine the significant developmental
changes in basal OCR that were seen from 24 hpf to 48 hpf. The sample size per plate was
11 embryos per treatment per population and 4 plates were run for each.

F1 Generation Juvenile Respirometry and Tissue-Specific Bioenergetics Assessment

KC and Rep embryos were collected as described above and incubated at 28°C on dampened
filter paper until hatching (14 dpf). These embryos were not exposed to PAH mixtures
during development. Larvae were raised in groups of 15-20 per 9 L tanks at 28°C and
approximately 15 ppt salinity in an Aquatic Habitats™ (Apopka, FL, USA) system and were
fed once per day with freshly hatched Artemia franciscana (Brine Shrimp Direct, Ogden,
Utah, USA) and once per day with Zeigler Adult Zebrafish Diet (Zeigler Bros., Inc.,
Gardners, PA, USA). No measurements of hatching or survival were taken during
development. Approximately six months post fertilization, the juveniles were collected and
tested for whole-organism basal and maximal metabolic rates using a Swim Tunnel
Respirometer (Loligo Systems, Denmark) with methods adapted from Jayasundara et al.
(2015). Briefly, live fish were placed into the respirometer chamber and allowed to acclimate
for a period of 1 hour. Four basal respiratory measurements were taken during which water
flow to the chamber was closed for a period of 5 minutes and oxygen concentration of the
water was recorded in pmol/L. After the 5 minute period, water flow was restored and the
chamber was reoxygenated for a period of 10 minutes. To assess the maximal metabolic rate,
fish were removed from the chambers and were chased in a separate tank for 15-20 minutes,
until exhaustion. Immediately following the chasing period, fish were placed back in the
respiratory chambers, water flow was shut off, and the oxygen concentration of the water
was measured once every minute for 5 minutes. The lowest basal measurement recorded and
highest maximal measurement recorded were used during calculations of basal and maximal
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metabolic rates, respectively. The weight of each fish was also recorded to correct for size
during calculations. KC killifish had an average weight of 0.47 g and Rep killifish had an
average weight of 0.39 g. Afterward, juveniles were given a 1 week recovery period before
sacrifice and dissection of hearts and brains. Metabolic rates in those whole, live tissues
were measured in accordance with the methods of Jayasundara et al. (2015) using the
Seahorse Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA).
During tissue-specific metabolic measurements, FCCP at a concentration of 5 pM was
utilized as an uncoupling agent to induce maximal respiration. Afterwards, a combination of
antimycin A and rotenone at concentrations of 0.044 mM and 0.044 mM, respectively, was
utilized to inhibit the activities of mitochondrial Complex 111 and I, respectively, essentially
inhibiting mitochondrial respiration in the tissues. A total of 15 juvenile killifish per
population were utilized during these experiments.

Data Analysis

Results

All analyses were performed using GraphPad Prism 6 (GraphPad Prism, Inc., La Jolla, CA),
Statview version 5.0.1 (SAS Institute Inc., Cary, NC), and the Fisher's Exact Test online
calculator (DanielSloper.com). Individual embryos, livers, hearts, and brains were the units
of replication. The embryo EROD activity assay, cardiac deformity screening, embryonic
bioenergetic assessments, and juvenile bioenergetics assessments were all replicated and
therefore were tested for batch effects prior to combining the replicates into one data set.
Although there was a significant difference seen with one replicate of the embryonic cardiac
deformity screening, the removal of this group did not alter the results. We considered this to
be an adequate rationale for recombining all three experimental groups for further statistical
analyses.

The cardiac deformity screening data were analyzed non-parametrically using Fisher's Exact
Test (2x3 contingency tables) for effects by population and treatments. Significance was
Bonferroni corrected for multiple comparisons. The 24 hpf embryonic bioenergetic
assessment and whole-organism respirometry data were analyzed using an unpaired t-test.
All other data sets were analyzed using a 2-way analysis of variance (ANOVA) and post hoc
Fisher's LSD. Statistical significance was accepted at p<0.05 for all tests that were not
corrected for multiple comparisons.

FO Generation Liver Microsomal EROD Activity

KC adults injected with 50 mg/kg BNF had significantly elevated levels of EROD activity
(72.3 £ 15.9 pmol resorufin/min/mg protein; p<0.0001), while Rep adults injected with the
same concentrations of BNF did not (7.1 £ 4.9 pmol resorufin/min/mg protein) when
compared with the KC corn oil control (3.1 £ 4.8 pmol resorufin/min/mg protein) (Figure 2).

F1 Generation Embryo EROD Activity

As expected from previous studies (Clark et al. 2013; Brown et al. 2016a), KC embryos
were prone to both induction of CYP1A and cardiovascular teratogenesis after exposures to
simple and complex PAH mixtures compared to ASW or DMSO controls. EROD activity
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peaked with the 1% AWSE treatment and declined with increasing treatment concentrations
as embryos developed severe deformities. All PAH treatments induced a significant increase
in EROD activity (p<0.0001) compared to controls (Figure 3). CYP1A inductions for BaP
+FL and 1%, 3%, and 5% AWSE treatment groups were 5.9, 23.6, 11.8, and 11.5 fold
higher, respectively, than inductions in the KC ASW control group.

Rep embryos also displayed significant increases in EROD activity for several exposures,
however the inductions in activity were 2.5-5 times lower than in KC fish depending on
treatment. Additionally, these inductions were not associated with significantly different
deformity score distributions in those groups. In Rep embryos, the 10% AWSE treatment
induced the highest level of EROD activity (7.5 times higher than the KC ASW control
group; p<0.0001) and the 1%, 3%, and 5% AWSE treatments also significantly induced
EROD activity, but to a lesser extent (4.8, 4.2, and 4.3 times higher, respectively, than the
KC ASW control group; all p<0.008). Treatment with the simple mixture of BaP+FL
resulted in no significant increase in EROD activity (Figure 3).

F1 Generation Embryo Cardiovascular Deformity Screening

In order to accurately represent these results, the data were analyzed in the context of
distribution of score frequencies (i.e. were the incidences of twos, ones, and zeros found
after one treatment differently distributed than the incidences of twos, ones, and zeros found
after another treatment). Figure 4 concisely displays these data as an average of the scores
found after each treatment which can be more easily compared to past data published with
similar methods (Clark et al. 2013; Brown et al. 2016a). For an in-depth portrayal of score
distributions, reference Figure Al.

Within the KC population, the distribution of deformity score frequencies differed
significantly between the BaP+FL, 3% AWSE, 5% AWSE (all p<0.0001), and 1% AWSE
(p<0.0005) and both the control groups (ASW and DMSQO). There were no significant
differences between the distributions of deformity score frequencies for any of the Rep
treatments groups when compared with the Rep control groups. Comparisons were also
made for treatment groups between the two populations. The KC distributions of score
frequencies significantly differed from the Rep distributions after treatment with BaP+FL,
3% AWSE, 5% AWSE (all p<0.0001), and 1% AWSE (p<0.0005), but not in either of the
control groups.

F1 Generation Embryo Bioenergetic Assessment

Across all points measured within the 24-36 hpf time course, Rep embryos had increased
basal OCR when compared with KC embryos (Figure 5a). Although the only individual time
point when Rep embryos had statistically different OCRs than KC embryos was at 24 hpf
(p<0.05), completion of a 2-way ANOVA revealed that population and time were both
statistically significant factors (p<0.005 and p<0.0001, respectively). This trend was also
observed during the 24 hpf-120 hpf series (Figure 5b-e). The only time point when the
untreated (ASW control) Rep embryos significantly differed from untreated KC embryos
was at 48 hpf (p<0.05), although statistical significance was also almost achieved at 24 hpf
(p<0.06).
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Treatment with 1% AWSE did not significantly increase the basal OCR of either population
when compared to their respective ASW control groups except in Rep embryos at 72 hpf.
However, Rep embryos treated with 1% AWSE had significantly or trending higher basal
OCR values at 48 hpf, 72 hpf, 96 hpf, and 120 hpf (p<0.05, p<0.003, and p<0.03, p=0.11
respectively) when compared with the ASW control KC embryos.

F1 Generation Juvenile Respirometry and Bioenergetic Assessment

Whole-organism basal metabolic rates of Rep and KC juvenile fish were not significantly
different (Figure 6a). However, Rep fish did have a significantly lower maximal metabolic
rate (p<0.05) which translated to a significantly lower aerobic scope (p<0.05) (Figure 6b and
6c, respectively). There were no significant differences found in any of the bioenergetic
parameters measured between the two populations during ex vivo assessments of heart and
brain bioenergetics possibly due to the large variability between plate replicates (data not
shown).

Discussion

Characterization of Killifish from Rep Site as PAH-Resistant

PAH resistance in Rep killifish was evident during multiple life stages and across two
generations. Adult wild-caught (FO) Rep killifish were recalcitrant to hepatic microsomal
CYP1A activity after injections of BNF, a model PAH and AhR agonist (Figure 2).
Similarly, F1 Rep embryos had a reduced CYP1A response to simple and complex mixtures
of PAHs compared to KC embryos (Figure 3). Rep embryos did not show significant
induction of EROD activity after exposures to a simple PAH mixture of BaP and FL, but
there was induction after exposures to the complex, creosote-contaminated sediment extract.
This could be because the primary PAH constituents of the complex PAH mixture AWSE are
high molecular weight AhR agonists whereas the simple mixture contained a higher ratio of
CYP1A inhibitor to AhR agonist (Clark et al. 2013); the addition of a CYP1A inhibitor (e.g.
FL) into an exposure with an AhR agonist (e.g. BaP) reduces the CYP1A activity of the
agonist, potentially to levels that allow PAH-resistant embryos to display recalcitrance
(Wassenberg and Di Giulio 2004b).

However, the CYP1A induction seen after exposures of Rep embryos to AWSE was a
different response than that of F1 embryos from the AW population of PAH-resistant
killifish. Clark et al. (2013) found that there was no significant induction of EROD activity
in AW embryos after any treatment, including 10% AWSE. One possible explanation for this
difference may be that there are higher migration rates at the Rep site which reintroduces
non-resistant Killifish into the gene pool, therefore, the killifish found at that site are not as
resistant to PAH toxicity. Alternatively, creosoting activities at the Rep site were stopped two
decades prior to activity at the AW Industries site which might have altered the composition
of PAHSs found in the sediment at the Rep site and subsequently altered the response of Rep
embryos to the AW sediment-based extract. Current work is underway to analyze sediment
and porewater extracts taken from the Republic site for toxicity. A more detailed comparison
of results from this study and those that utilized similar methods to assess PAH-resistance in
AW Kkillifish can be found in Table Al.
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Rep embryos displayed a complete recalcitrance to the cardiovascular deformities normally
associated with PAH exposures, even after treatments with 10% AWSE, a level that is lethal
for KC embryos (Figure 4, Figure Al). This phenotype was similar to the response of the
AW Kkillifish population (Clark et al. 2013). The KC population predictably displayed
deformity score frequency distributions significantly different than those of KC control
groups and every Rep treatment group (Wassenberg and Di Giulio 2004a; Clark et al. 2010;
Wills et al. 2010; Clark et al. 2013). Specifically, moderate to severe cardiac deformities
were observed in KC embryos with increasing concentrations of AWSE, in a dose-dependent
manner. For example, treatment with 1% AWSE resulted in mostly normal and moderately
deformed embryos with only a few severely deformed embryos. However, treatment with
5% AWSE resulted in almost all severely deformed embryos.

Previous studies have noted that EROD activity and physiological deformities are associated,
although our results support the observation that the relationship between PAH-induced
EROD activity and cardiovascular deformities /7 ovois not linearly predictable (Whyte et al.
2000; Wassenberg et al. 2002; Incardona et al. 2005; Incardona et al. 2006). In KC embryos,
there was reduced EROD activity after exposures to 3% and 5% AWSE compared to 1%
AWSE, but a higher incidence of the most severe cardiovascular deformities in the 3% and
5% treated embryos. This can be explained by a loss of localization of the fluorescence in
the urinary bladder due to increased incidence of severe deformities, as described in Wills et
al. (2010), which manifested as decreased EROD activity measurements. Additionally, the
binary mixture of BaP+FL produced higher incidences of severe cardiovascular deformities
than 1% AWSE in KC embryos, but did not induce a higher response in CYP1A activity.
This was expected due to CYP1A inhibition by FL, as described earlier (Wassenberg and Di
Giulio 2004b). In Rep embryos, cardiovascular deformities did not track with EROD activity
either, although for this population EROD activity overestimated the risk of teratogenesis
whereas EROD activity underestimated the risk of teratogenesis in KC embryos. More
specifically, Rep embryos that appeared normal during deformity analysis had significantly
elevated EROD activity.

Based on the results presented above, we concluded that the Rep population of killifish can
be characterized as PAH-resistant. Although CYP1A activity was induced in AWSE dosed
Rep F1 embryos, this was not the case in the PAH-resistant AW embryos; CYP1A induction
was diminished and often significantly lower than that of KC embryos. Further, in both the
liver microsomal EROD assay as well as during the cardiovascular deformity screening, Rep
embryos displayed complete recalcitrance to the effects normally associated with PAH
exposure and toxicity, clearly demonstrating that Rep killifish display PAH-resistant
phenotypes across multiple life stages and generations. Therefore, we further tested this
population for potential bioenergetic consequences of this evolved adaptation, the outcomes
of which are discussed below.

Bioenergetic Consequences of PAH Resistance

Herein, we report the energetic profiling of F1 Atlantic killifish from embryonic and juvenile
(approximately 6 months post fertilization) life stages, both of which are critical windows
for survival to adulthood. These data include basal respiration rates of embryos exposed to
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clean conditions or non-teratogenic doses of a complex PAH mixture throughout
development. During the 24-36 hpf respirometric time course (Figure 5a), a significant
increase in basal respiration was measured over time for both populations of killifish. The
spike in OCR from 24-26 hpf coincides with the timing of the transition from blastula to
gastrula phases, a point at which the midblastula transition occurs and rapid RNA synthesis
and mitochondrial biogenesis begin (Armstrong and Child 1965; Dawid et al. 1985; Stackley
et al. 2011). Interestingly, the OCRs for later time points (48, 72, 96, and 120 hpf) remain
relatively constant, around 350-400 pmol O,/min for KC embryos and 400-450 pmol
O,/min for Rep embryos (Figure 5b-f). This plateau is surprising because these
developmental stages encompass organodifferentiation, angiogenesis, the onset of
cardiovascular function, brain region differentiation, increased mitochondrial content of
cells, and increased frequency of body movements (Armstrong and Child 1965; Stackley et
al. 2011). This is in contrast to the work conducted by Stackley et al. (2011) who found that
basal respiration in zebrafish embryos increased linearly with time and progressing
development. Further studies are needed to assess respiration later in embryonic
development (up to 14 dpf) and into larval phases in order to characterize the increased
energy demand and dependence on oxidative phosphorylation expected to result from later
developmental stages and hatching (Stackley et al. 2011)..

In both the 12-hour time course and the measurements taken every 24 hours, there was a
trend of increased respiration in Rep embryos compared to KC embryos (Figure 5). As seen
clearly from 24-36 hpf, the difference varied with time, but this trend persisted at every time
point tested. This is consistent with results found in Oziolor et al. (2016) which showed that
larvae from one population of non-resistant Gulf Killifish had a significantly lower basal
OCR than two contaminant-resistant populations and one other non-resistant population.
This difference in basal respiration could be a result of several changes within Rep embryos
including, but not limited to a) an increased demand for ATP production and/or b) inefficient
oxidative phosphorylation due to damaged mitochondria or perturbed mitochondrial
processes associated with chronic PAH exposure (Jung and Di Giulio 2010; Meyer et al.
2013; Du et al. 2015; Du et al. 2016). Here, we assume that an increased OCR is a negative
consequence because this increase means that the embryos are respiring closer to their upper
or maximal limit of respiration. Once that limit is reached, the organism can no longer
aerobically respond to alterations in its environment. However, we cannot exclude potential
benefits from this raise in OCR or that Rep embryos have higher maximal respiratory limits
than KC embryos, which was not measured here, although data discussed later from our
juvenile studies does not support that claim. Optimization of the killifish embryo Seahorse
XF Analyzer protocol for the use of pharmacological agents such as those already used in
zebrafish embryos (Stackley et al. 2011; Massarsky et al. 2015) would allow for further
evaluation of the various parameters of energy metabolism (e.g. proton leak, spare capacity,
ATP turnover, etc.) that could play a role in the differences observed between PAH-resistant
and non-resistant populations.

Treatment with 1% AWSE did not have a statistically significant effect on respiration rates
of killifish embryos from either population when compared to their own controls, but
potentially could still have a biologically significant effect. It is likely that major differences
in oxygen consumption rate in embryos are only seen after PAH exposures that also cause
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teratogenic effects and therefore were not seen in this study; we purposefully chose embryos
that were not visibly deformed during these assays. However, it is clear that treatment with
1% AWSE did increase the OCRs of the Rep embryos because of the increased differences
seen between those embryos and the KC control embryos. At 48, 72, and 96 hpf, Rep
embryos treated with 1% AWSE had significantly higher basal OCR values than KC control
embryos. This is in contrast to Rep control embryos, which were only significantly different
than KC control embryos at 48 hpf. This is supported by work conducted in zebrafish which
found that exposures to individual PAHs and PAH mixtures resulted in increased resting
metabolic rates in adults (Gerger et al. 2014; Gerger and Weber 2015). We hypothesize that
the significant increase in basal OCR of Rep embryos treated with 1% AWSE was due in
part because there is a difference in OCR between the populations and in part to an increase
in OCR after PAH exposures, although the differences are not statistically significant at
p<0.05.

Previous results have shown that AWSE treatments did not affect AW killifish during larval
mobility, habituation, and novel tank/anxiety behavior assays, or swimming performance
tests that measured critical swimming speeds compared to KC killifish (Brown et al. 20164a;
Brown et al. 2016b /in press). Du et al. (2015, 2016) also showed that AW killifish, but not
KC killifish, were resistant to the effects of BaP exposure on oxidative phosphorylation.
However, current data suggest that embryonic OCR of KC and Rep embryos were affected
almost equivalently by exposures to AWSE. Although OCR in AW embryos have never been
tested previously, our embryonic data are in direct contrast with existing juvenile AW
killifish data- 5 month old AW killifish basal oxygen consumption rate was not significantly
altered by acute exposures to AWSE (Brown et al. 2016b /n press)- suggesting an
ontogenetic shift in mitochondrial response to PAHs in these fish.

In addition to alterations in embryonic OCR, we also observed differences in whole-
organismal respiration in Rep F1 juvenile killifish (Figure 6), which indicates that changes
in metabolic function is potentially a lifelong consequence of PAH resistance and/or chronic
PAH exposure, not a phenotype seen only at certain phases of development. The resting
metabolic rate for Rep killifish was not significantly different than that of KC killifish,
suggesting that PAH resistance does not impact the organism's ability to meet minimal
requirements for metabolic demands (Davoodi and Claireaux 2007), which contrasts our
embryonic data. The embryos used during our measures of basal OCR were not deformed
and likely had a better chance of survival to larval and juvenile stages than deformed
embryos. Our results assert that in Rep killifish the increase in basal OCR we see during
embryonic development shifts during another phase of development, but there is the
possibility that embryos that had the highest basal OCRs did not survive to juvenile stages
and therefore the Rep juvenile resting metabolic rate was not significantly different from
KC.

However, the maximal metabolic rate for Rep killifish was significantly lower than that of
KC fish which resulted in a significantly decreased aerobic scope in Rep killifish. As
hypothesized by Davoodi and Claireaux (2007), this suggests that Rep killifish have an
altered ability to utilize energy resources when faced with high energy demands which could
result in reduced metabolic flexibility in stressful situations. This could have important

Ecotoxicology. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lindberg et al.

Summary

Page 14

implications for PAH-resistant killifish if they are faced with taxing scenarios and need to
mobilize energy resources in order to respond to altered environmental conditions or other
stressors. If this decrease in maximal metabolic rate is also present in Rep embryos, which
already have an increased basal OCR and potentially a limited aerobic scope, their
respiratory capacity would be even further restricted by this upper bound. Additionally,
several physiological functions, including reproduction, growth, and immune responses,
could be limited by energetic restraints that appear to result from evolved PAH resistance
(Jayasundara et al. /n review).

Further optimization of methodology will be needed to assess whether altered mitochondrial
function of heart or brain tissues contribute to the whole-organism-level metabolic changes
observed in Rep killifish. During ex vivo bioenergetic experimentation, there was variability
within population, both KC and Rep, and tissue type in all metabolic parameters (i.e.
mitochondrial respiration, reserve capacity, non-mitochondrial respiration) measured, to the
extent that in some cases trends seen in initial experimentation reversed in subsequent
experimental groups. This could be due to inter-individual variability in organ size which
affected dosing of pharmacological agents used during testing (Jayasundara et al. 2015) or
there is simply no significant difference in either tissue type between the two populations.
As of now, we cannot claim that the significant differences in whole-organism aerobic
metabolism should be attributed to metabolic shifts in heart or brain tissue. However, future
work will be dedicated to reexamining bioenergetic differences between killifish populations
in heart, brain, and gonadal tissues.

The goal of this study was to examine two populations of killifish directly removed from
their natural environments for differences in tolerance to contaminant exposure and energy
metabolism. However, one of the lasting questions that arises from this work and other work
with contaminant-resistant killifish populations is whether the alterations we see in PAH-
resistant populations are due to chronic PAH exposures, genetic evolution, or both. From
these results and others in Rep, AW, and other ER populations (Brown et al. 2016b;
Jayasundara et al. /n review), we hypothesize that the bioenergetic consequences we found
are inherited traits that did not arise from direct or chronic PAH exposures. On the other
hand, it is possible that removal of these fish from constant chronic exposure (i.e. their
natural environmental conditions) or other unknown environmental pressures was the
primary cause of the observed changes. All current work points to these consequences as an
adaptive response to PAHSs, but chronic exposure could potentially exacerbate or placate the
effects of evolutionary resistance.

Several assays spanning two generations support our conclusion that killifish residing at the
creosote-contaminated Republic Creosoting Inc. site constitute a PAH-resistant population.
These fish demonstrated recalcitrance of CYP1A induction and absence of the usual suite of
developmental deformities after PAH exposures, although the adaptive response of Rep
killifish was slightly less striking than the population of killifish previously found at the
Atlantic Wood Industries Superfund site. The Rep population of Killifish also had markedly
different measurements of aerobic metabolism, observed in two life stages, than a non-
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resistant population of Killifish. Rep F1 killifish had higher oxygen consumption rates
throughout embryonic development as well as lowered aerobic scopes, or reduced metabolic
plasticity, at 6 months of age (Davoodi and Claireaux 2007). These results suggest that
populations of killifish that have evolved to withstand the toxicity associated with PAHs and
inhabit PAH-contaminated ecosystems may consequently have altered energy demands or
metabolic abilities. Such consequences could result in an enhanced vulnerability to other
environmental and anthropogenic stressors in PAH-resistant killifish. The rapid evolution of
certain traits that suppress physiological PAH toxicity appear to be beneficial in closed-
system scenarios and laboratory settings. However, with increasing frequency and severity of
environmental stressors such as climate change, these adaptations could result in the
increased susceptibility and vulnerability of populations of this ecologically important fish
species.
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Fig. 1.

Sc%ematic of the methodology used in this study. Wild-caught males were utilized for the
liver microsomal EROD assay and were also bred with wild-caught females to obtain the F1
generation. F1 embryos were either exposed at 24 hpf to PAH mixtures and utilized during
the embryo EROD, deformity scoring, and/or bioenergetics assessments or raised under
normal conditions for 6 months. These 6 month old juvenile fish were then utilized for
whole-organism metabolic testing and then sacrificed for tissue bioenergetics testing
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Fig. 2.

Fogliver microsomal EROD activity. KC killifish injected with BNF had significantly
induced liver microsomal CYP1A activity. Rep killifish injected with BNF did not display a
significantly different change in fluorescence when compared with the KC corn oil-injected
controls or Rep corn oil-injected controls. Error bars represent mean + SEM. Values marked
by * are statistically different than the KC corn oil treatment group at p<0.0001 (2-way
ANOVA, Fisher's LSD)
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Fig. 3.

In ovo EROD activity of KC and Rep embryos at 4 dpf. Error bars represent mean + SEM.
Statistical significance (2-way ANOVA, Fisher's LSD) of p<0.01 is denoted by * and
p<0.0001 is denoted by # when compared against the KC ASW control group
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Fig. 4.
Cardiovascular deformity score averages at 6 dpf. Error bars represent mean + SEM. Bars

marked with different letters are significantly different from each other after corrections for
multiple comparisons (Fisher's Exact Test)
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Fig. 5.

Basal OCR of Rep and KC embryos exposed to control conditions (ASW) or 1% (v/v)
AWSE during development. Filled black circles represent untreated (ASW control) KC
embryos, open black circles represent treated (1% AWSE) KC embryos, closed gray squares
represent untreated Rep embryos, and open gray squares represent treated Rep embryos.
Error bars represent mean + SEM. (a) 12-hour time course of basal OCR values from 24-36
hpf. Both time and population were significant factors (p<0.0001 and p<0.002, respectively).
Rep groups marked with * are significantly different than KC groups at p<0.05 (2-way
ANOVA). (b-e) Measurements of basal OCR in untreated and treated (1% AWSE) Rep and
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KC embryos at 24, 48, 72, 96, and 120 hpf, respectively. Values marked by different letters
are significantly different than each other at p<0.05 (unpaired t-test or 2-way ANOVA)
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F1 juvenile respirometry measurements. (a) Resting metabolic rates (RMO2) of KC and Rep
killifish normalized to body weight. (b) Maximal metabolic rates (MMO2) of KC and Rep
killifish normalized to body weight. (c) Calculated aerobic scope (MMO2-RMO2) of KC
and Rep killifish. Error bars represent mean = SEM. Rep groups marked with # are
statistically different than the corresponding KC groups at p<0.05 (unpaired t-test)
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