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Abstract
Benzo[a]pyrene (BaP) is a known genotoxicant that affects both mitochondrial and nuclear DNA
(mtDNA, nDNA). Here, we examined mtDNA and nDNA damage in the Atlantic killifish (Fundulus
heteroclitus) from a highly contaminated Superfund site (Elizabeth River, VA, USA) and from a
reference site (King’s Creek, VA, USA) that were dosed with 10 mg/kg BaP. Using the long amplicon
quantitative PCR technique, we observed similar increases in mitochondrial and nuclear DNA
damage in King’s Creek fish treated with BaP. Killifish from the Elizabeth River showed high levels
of basal nDNA and mtDNA damage compared to fish from the reference site, but the level of damage
induced due to BaP treatment was much lower in Elizabeth River killifish compared to King’s Creek
fish. Laboratory-reared offspring from both populations showed increased BaP-induced damage in
mtDNA, relative to nDNA. Similar to the adult experiment, the Elizabeth River larvae had higher
levels of basal DNA damage than those from the reference site, but were less impacted by BaP
exposure. Measurements of oxidative DNA damage (8-oxo-deoxyguanine by LC-MS/MS) showed
no differences among treatment groups, suggesting that the majority of DNA damage is from covalent
binding of BaP metabolites to DNA. This study shows for the first time that mitochondria can be an
important target of BaP toxicity in fish, indicating that BaP exposures could have important energetic
consequences. Results also suggest that multi-generational exposures in the wild may lead to
adaptations that dampen DNA damage arising from BaP exposure.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are released into the environment as byproducts of
incomplete combustion. These compounds can enter into aquatic ecosystems from
anthropogenic sources such as urban runoff, fuel exhaust, and oil shipping and refineries
(Latimer and Zheng, 2003). PAHs have been increasing in the aquatic ecosystem in parallel
with the rapid urbanization since the 1970s (Van Metre et al., 2000; Van Metre and Mahler,
2005). Thus, the need to understand how these chemicals may affect aquatic systems is gaining
in importance.

Several studies in mammalian models indicate that mitochondria are major targets of PAH
toxicity within the cell. These studies have shown that PAHs localize to the mitochondria and
are correlated with a decrease in ATP production (Zhu et al., 1995), loss of mitochondrial
membrane potential and changes in mitochondrial morphology (Li et al., 2003; Xia et al.,
2004), and induction of the mitochondria-dependent apoptotic pathway (Ko et al., 2004; Huc
et al., 2006).

Mitochondria are responsible for the majority of cellular energy production in eukaryotes. In
addition, mitochondria are involved in cellular calcium homeostasis, cell signaling, and
apoptosis (Wallace, 1999; Duchen, 2004). As a result, disruption of normal mitochondrial
function has been linked with a variety of diseases in mammalian systems, including humans
(Chan, 2006). Thousands of mitochondria can exist in each eukaryotic cell, and within each
mitochondrion, several copies of the mitochondrial genome are present. These circular
chromosomes are believed to be especially prone to damage (Wallace, 1999; Izzotti, 2009).
Their proximity to the electron transport chain, where reactive oxygen species are constantly
produced, makes mitochondrial DNA (mtDNA) susceptible to oxidative damage. In addition,
DNA repair activity in the mitochondria is less efficient than nuclear DNA (nDNA) repair
(Shadel and Clayton, 1997). Base excision repair (BER) has been observed in the mitochondria,
but nucleotide excision repair (NER) has not been detected in the mitochondria yet (Berneburg
et al., 2006; Van Houten et al., 2006; Maynard et al., 2009). Therefore, mtDNA may be more
affected by bulky adducts, such as those formed by PAH-metabolites, than nDNA. Finally,
mtDNA is considered structurally less protected from damage than the more compact DNA-
histone complex formed in the nucleus (Suliman et al., 2004). In mammals, mtDNA is
especially susceptible to damage from stable adduct formation by the dihydrodiol-epoxide
metabolite of benzo[a]pyrene (BaP), a well-studied PAH (Backer and Weinstein, 1980;
Niranjan et al., 1985). Furthermore, Graziewicz et al. (2004) showed that mtDNA replication
is hindered by adducts formed from BaP and benzo[c]phenanthrene epoxides in vitro. Almost
nothing is known in terms of the role of xenobiotics, including PAHs, in the integrity and
function of fish mtDNA. Since fish are generally efficient in metabolizing PAHs (van der Oost
et al., 2003), it is plausible that reactive metabolite formation is elevated in these organisms.
Therefore, fish may be quite vulnerable to both mtDNA and nDNA damage formed by bulky
adducts as well as oxidative adducts, such as 8-hydoroxyguanosine (8-Oxo-dG), generated by
PAHs.

The Elizabeth River, located in Portsmouth, Virginia, is a tributary of the James River in the
Chesapeake Bay watershed. The sediment, groundwater, and soil at the Atlantic Wood
Industries Superfund site on the southern branch of the Elizabeth River are heavily
contaminated with PAHs (EPA, 2007; Hartwell and Hameedi, 2007). This site has been listed
as a National Priorities Superfund site since 1990 (EPA, 1995). Total PAH concentrations at
the site can be as high as 500 µg/g dry sediment, with BaP being one of the most prevalent
PAHs, accounting for about 11 % of total PAHs (Vogelbein et al., 2008). These concentrations
suggest that the Atlantic Wood Industries Superfund site is comparable to some of the most
PAH-contaminated rivers/estuaries in the world (Walker et al., 2004).
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Atlantic killifish (Fundulus heteroclitus) at this site show increased liver tumor formation
(Vogelbein et al., 1990; Vogelbein et al., 1999). They also show refractory cytochrome P450
1A (CYP1A) expression and activity (Van Veld and Westbrook, 1995; Meyer et al., 2003b).
Compared to fish from reference sites, these fish show resistance to developmental toxicity
from the sediment collected at the site (Ownby et al., 2002; Meyer et al., 2003b; Wassenberg
and Di Giulio, 2004). Interestingly, this population shows greater sensitivity to hypoxia (Meyer
and Di Giulio, 2003), upregulated antioxidant defense (Meyer et al., 2003a; Bacanskas et al.,
2004), and higher expression levels of enzymes involved in glycolytic energy metabolism
(Meyer et al., 2005). Such reports indicate that there may be alterations in mitochondrial
structure and/or function in this population. This could have important ecological implications.
Fish mitochondria are already exposed to higher levels of oxidative stress, most likely due to
higher conversion of oxygen to H2O2 and episodes of environmental and physiological hypoxia
(Abele and Puntarulo, 2004). However fish generally have lower mitochondrial antioxidant
activity than terrestrial vertebrates (Wilhelm Filho, 2007). Added oxidative stress may result
in reduced bioenergetic fitness and subsequently, may result in reduced survival of these fish.

In this study, we hypothesized that treatment with BaP would induce damage in killifish
mtDNA to a greater extent than in nDNA. We also hypothesized that Superfund site fish dosed
with BaP would show little increase in DNA damage due to adaptation to PAHs. To test our
hypotheses we compared the basal DNA damage levels, as well as changes in DNA damage
levels in response to BaP for both mtDNA and nDNA of adult killifish collected from Elizabeth
River and a reference site, and laboratory-reared progeny from these populations. In addition,
we evaluated the amount of oxidative DNA damage in the two populations of fish with or
without BaP treatment.

2. Materials and Methods
2.1. Fish care

Adult killifish were captured using baited minnow traps from the Atlantic Wood Superfund
site at the Elizabeth River in Portsmouth, VA (36°48’27.4” N, 76°17’36.1” W) on July 18,
2006. Fish were caught on the same day from King’s Creek, a tributary of the Severn River in
Gloucester County, VA (37°17’52.4”N, 76°25’31.4”W). After capture, fish were transported
to the Duke University Ecotoxicology Laboratory and maintained as described previously
(Matson et al., 2008). Fish were depurated in the laboratory for at least four weeks before adult
and larval experiments were conducted.

Fish were manually spawned and eggs were incubated on plates with wet filter paper at 27°C.
After 14 days, fish were hatched by the addition of 25 ppt artificial sea water (ASW, Instant
Ocean®, Aquarium Systems, Forster & Smith, Rhinelander, WI, USA) and gentle shaking for
about 30 minutes. Larvae were kept in 2-liter beakers in 25 ppt ASW and fed brine shrimp
daily until initiation of the experiment.

2.2. BaP treatment and DNA isolation
For the adult exposure experiment, male fish from both populations were moved to individual
aerated tanks with 3 L of 25 ppt artificial seawater (Instant Ocean®, Aquarium Systems, Forster
& Smith, Rhinelander, WI, USA) 24 hours before treatment. Ten fish from each population
were injected intraperitoneally with BaP dissolved in corn oil. 10 mg/kg of the chemical was
injected with an injection volume of 5 µL/g wet weight. This dose was selected as it is high
enough to increase the level of proteins that are involved in the metabolism of BaP, but low
enough not to show any signs of cellular or organismal level of toxicity. Additionally, ten male
fish from each population were injected with 5 µL/g wet weight of corn oil as an experimental
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control. The fish were fed Tetramin® Tropical Fish Food (Tetra Systems, Blacksburg, VA,
USA) everyday and sacrificed 72 hours post-treatment.

In the larval experiment, 7 day post hatch (dph) larvae (10–12 from each population per
treatment) were exposed to BaP individually in 20-mL scintillation vials containing 10 mL
artificial sea water. The water was dosed with equal volumes of DMSO (dimethyl sulfoxide,
Sigma-Aldrich, St. Louis, MO, USA) containing BaP (Sigma-Aldrich) to final concentrations
of 0, 50, 100, and 200 µg/L BaP. The solvent concentrations did not exceed 0.03 % for all
treatments. Larvae were sacrificed 5 days post-treatment.

After sacrifice, individual tissues (brain, liver, muscle) from adults and whole individual larvae
were flash frozen in 20% glycerol and stored in −80°C until further analysis. Tissues were later
ground in liquid nitrogen, and total DNA was extracted with Genomic-tip 20/G (Qiagen Inc.,
Valencia, CA, USA) according to the manufacturer’s protocol.

2.3. Long amplicon quantitative PCR
Long amplicon quantitative PCR (LA-QPCR) is a method that indirectly measures general
structural DNA damage. When extremely long PCR targets (~ 10 kB) are amplified in control
and experimental groups, DNA templates with lesions and/or structural alterations hinder DNA
polymerase activity. Quantification of amplification product allows one to calculate lesion
frequency in the target genome. With different primers, one can simultaneously measure both
mtDNA and nDNA in the same sample.

LA-QPCR was performed as described previously (Santos et al., 2006; Jung et al., 2009).
Briefly, 10 ng DNA was amplified with rTth polymerase (Applied Biosystems, Foster City,
CA, USA) using primers for long mitochondrial and nuclear targets as described by Jung et al.
(2009). Small mtDNA and nDNA targets were amplified simultaneously for normalization.
PicoGreen dye (Invitrogen, Carlsbad, CA, USA) was used to quantify the template and PCR
product, and relative amplifications were converted to relative lesion frequency per 10 kB
DNA.

2.4. 8-oxo-dG analysis
For DNA adduct analysis, additional adult male killifish were treated with either BaP or corn
oil (vehicle control) as described above. At 72 hours post-treatment, fish livers were harvested,
flash frozen in liquid nitrogen, and kept at −80°C until further analysis. For liver samples
weighing less than 100 mg, livers from two individuals were pooled to ensure that enough
DNA could be isolated. For isolation of DNA, 2,2,6,6-tetramethyl-piperidinoxyl (TEMPO, 20
mM final concentration, Sigma-Aldrich) was added to all solutions. Frozen tissues were thawed
at 4°C and homogenized in PBS with a Polytron® (Kinematica, Lucerne, Switzerland). After
centrifugation at 1700×g for 10 min, the nuclear pellets were incubated in lysis buffer (Qiagen.
Valencia, CA, USA) overnight at 4°C with proteinase K (Applied Biosystems, Foster City,
CA, USA). Protein was precipitated with protein precipitation solution and centrifugation at
2000×g for 10 min. The DNA and RNA in the supernatant were precipitated by mixing with
isopropanol for subsequent centrifugation at 2000×g for 5 min at 4°C. The DNA/RNA pellet
was washed with 70% ice cold ethanol and centrifuged at 2000×g for 3 min at 4°C. After air
drying, it was resuspended in cell lysis solution and incubated with Ribonuclease A (Qiagen)
for 30 min at 37°C. The enzyme was precipitated with protein precipitation solution (Qiagen)
followed by DNA precipitation by propanol and washing with 70% ethanol as described above.
The washed and dried DNA was resuspended in sterilized double distilled water. DNA
concentration was measured using a NanoDrop (Thermo Scientific, Wilmington, DE, USA)
and DNA was stored at −80°C until assayed.
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For enzymatic hydrolysis, 50 µg DNA was mixed with 50 µl of 80 mM Tris-HCl, 20 mM
MgCl2 buffer (pH 7) and appropriate standards ([15N5]8-Oxo-dG internal standard (Cambridge
Isotope Laboratories, Andover, MA, USA) for all samples and 8-Oxo-dG analyte standard
(Sigma-Aldrich) for positive controls). The hydrolysis was started by addition of 32 U DNAse
I (Sigma-Aldrich) and incubation at 37°C for 15 min. 3.4 mU phosphodiesterase I (Sigma-
Aldrich) and 2.5 U alkaline phosphatase (Sigma-Aldrich) were then added and the samples
were incubated again at 37°C for 60 min. The final volume of each sample containing all
reagents and internal standard was 300 µl. The samples went through an enzyme removal
process by centrifugal filtration using pre-washed Centricon YM-10 microcentrifuge filters
(Millipore, Bedford, MA, USA).

Samples of hydrolyzed DNA were chromatographed on an Agilent 1200 HPLC system with
an automated fraction collector to separate 8-oxo-dG from matrix. Separation was performed
on an Ultrasphere ODS C18 4.6 × 250 mm 5 µm column (Beckman, Fullerton, CA) using a
gradient of 10 mM ammonium formate in water (adjusted to pH 4.3 with formic acid) and
methanol. Methanol composition was held at 7% from 0 to 22 min, then increased linearly to
80% in 1 min, was held at 80% for 6 min to elute TEMPO, decreased to 7% in 1 min, and held
at 7% for 6 min for column re-equilibration. A 275-µL aliquot of sample was injected, and the
flow rate was 1 mL per min. The column oven, autosampler tray, and fraction collector chamber
temperatures were maintained at 30°C, 4°C and 4°C, respectively. The retention time of 8-
oxo-dG, which was determined by using 2’-deoxyguanosine (dG) as a retention time marker
and multiplying its retention time by 1.5, was ~18 min. Fractions containing 8-oxo-dG were
automatically collected from 1.5 min before until 1.5 min after its predicted retention time.
The fraction collection tubes were placed in a SpeedVac concentrator (ThermoFinnigan, San
Jose, CA) and evaporated to dryness. Sample residue was transferred to autosampler vials via
2×130 µL washings with 50:50::water:methanol, evaporated to dryness in a SpeedVac
concentrator, and finally redissolved in 20 µL HPLC grade water for subsequent analysis by
LC-MS/MS. The dG amount in each sample was determined during fraction collection by
comparison with dG calibration standards using UV detection at 264 nm.

The quantitative analysis of 8-oxo-dG was performed with an Acquity UPLC (Waters, Milford,
MA) coupled to a TSQ-Quantum Ultra triple-quadrupole mass analyzer (ThermoFinnigan)
using heat assisted electrospray ionization (HESI) in positive mode. Separation was performed
on a 2.1 × 100 mm HSS T3 C18, 1.8 µm column (Waters, Milford MA) with gradient elution
at a flow rate of 200 µL per min using 0.1% acetic acid in water and methanol. Methanol
composition started at 1% and increased linearly to 5% B in 2 min, was held at 5% for 8 min,
increased linearly to 80% in 2 min, held at 80% for 2 min, decreased to 1% in 1 min, then held
at 1% for 4 min for column re-equilibration. The retention time of 8-oxo-dG was 9 min, and
the total run time was 20 min. The analyte and internal standard were detected in selected
reaction monitoring mode (SRM), monitoring the transitions of m/z 284.1 to 168.05 and m/z
289.1 to 173.05 for 8-oxo-dG and [15N5]8-Oxo-dG, respectively. The electrospray conditions
were as follows: positive mode, spray voltage of 3000 V, vaporizer (HESI) temperature of
250°C, sheath gas flow rate 35 (arbitrary units), auxiliary gas flow rate 30 (arbitrary units),
capillary temperature of 285°C, and collision energy of 12 eV.

2.5. Statistics
Statistical analyses were performed with SPSS, version 15 for Windows (SPSS Inc., Chicago,
IL, USA). Normality was checked for all data sets using the Shapiro-Wilk test. Student’s t-test
and analysis of variance (ANOVA) with Fisher’s Protected Least-Significant Differences
(LSD) were used where appropriate (α = 0.05).
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3. Results
3.1. Basal DNA damage in King’s Creek and Elizabeth River population

There was a significant overall difference in the basal lesion frequency levels in the mtDNA
(Figure 1A) and nDNA (Figure 1B) of liver, brain, and muscle between King’s Creek and
Elizabeth River fish (p = 0.003). Three-way ANOVA was performed to test the effect of
population, genome type, and tissue type. Significant differences were seen between the
populations (p < 0.001). Highest lesion frequencies were seen in the liver and brain mtDNA
of Elizabeth River population. Within the Elizabeth River population, higher lesion frequencies
were observed in the mitochondria than in the nucleus, but the difference was not significant
(p = 0.071). Additionally, there was no difference among tissue types (p = 0.860). Among the
tissues, the liver and brain mitochondria basal lesion frequencies were significantly different
between the populations (p = 0.009 and p = 0.005 respectively) according to Student’s t-test.

3.2 DNA damage in response to BaP in adults
When treated with BaP, there was also an overall significance among treatment groups (p =
0.014) (Figure 2). Population was a significant factor influencing the differences (p = 0.002),
and the two populations had significantly different responses to BaP treatment (p = 0.002).
BaP-treated King’s Creek fish showed significant increases in DNA damage in both genome
types in muscle and brain compared to the control fish, but there were no differences in DNA
damage in Elizabeth River killifish in any of the tissues. Specifically, King’s Creek fish
demonstrated two to seven fold increases in DNA damage when treated with BaP. However,
Elizabeth River fish showed less than a two-fold increase in damage in the BaP treated group
compared to the control group.

3.3. DNA damage in response to BaP in larvae
When larvae from the two sites were compared, the lesion frequencies of both mtDNA (Figure
3A) and nDNA (Figure 3B) were significantly increased by BaP treatment (p < 0.001). This
increase was dose-dependent (p = 0.001). There was significantly higher damage in the mtDNA
compared to the nDNA (p = 0.002), and population also had a significant effect on the
differences (p < 0.001). However, there was no significant interaction between any of the
independent variables. Post-hoc analysis showed that all treatment groups except the Elizabeth
River control group were significantly different from the King’s Creek control group (p ≤ 0.05).

3.4. 8-oxo-dG analysis
To further investigate the nature of the DNA damage detected with the LA-QPCR method, we
performed LC-MS/MS analysis on adult male killifish dosed with BaP to investigate the
presence of 8-oxo-dG, a biomarker of oxidative DNA damage. There were no significant
differences in 8-oxo-dG frequency among the groups (p = 0.304) (Figure 4). Neither treatment
nor population had significant effects (p = 0.834 and p = 0.173 respectively). This result
indicates that oxidative DNA damage may not be the major form of DNA damage.

4. Discussion
We examined basal levels of DNA damage, as well as the effect of BaP treatment on nDNA
and mtDNA damage in killifish from the Elizabeth River Superfund site and a reference site.
The Elizabeth River population had higher levels of DNA damage compared to the reference
population both in the adults brought to the laboratory and in the F1 generation reared in the
laboratory. These differences were seen in both mtDNA and nDNA. Our previous results on
field-caught samples using the same DNA damage detection method showed similar results as
the current study in that significantly higher levels of mtDNA and nDNA damage were seen
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in the liver of the Elizabeth River fish compared to the reference fish (Jung et al., 2009).
Using 32P-post labeling analysis, Rose et al (2000) found DNA adducts in spleen, liver, and
anterior kidney in adult killifish collected from the Elizabeth River.

An interesting distinction between the previous studies and this study is that, previous studies
assessed the damage levels right after field capture, whereas in this study, fish from both
populations were reared in the laboratory for at least four weeks for depuration purposes.
Therefore, the fish from the Elizabeth River appear to retain substantial levels of DNA damage
well after removal from contaminant exposure. Generally, bulky adducts formed by covalent
binding of PAH-metabolites are repaired by NER. Studies using mammalian cell cultures show
that even though BaP-adducts can be readily repaired, different types of PAH-adducts as well
as different co-exposures with other chemicals can affect repair efficiencies (Maier et al.,
2002; Lagerqvist et al., 2008). Elizabeth River fish are exposed to a complex mixture of PAHs
that can form various bulky adducts. Future studies will explore how such exposure history
can affect the efficiency of DNA repair in these populations.

F1 generation Elizabeth River killifish reared in the laboratory still had higher levels of DNA
damage in the control group when compared to the King’s Creek fish. Wills et al (2009)
reported that F1 generation fish from the Elizabeth River population exhibited slower
metabolism of PAHs and that these fish seem to retain the parent compound much longer than
F1 fish from the reference site. Given these data, it is plausible to infer that what we see in this
study in terms of DNA damage is due to the fact that the Elizabeth River killifish are still
retaining PAHs their body, and there is a possibility that there was maternal transfer of the
chemicals into the eggs in the Elizabeth River fish.

In response to BaP treatment, King’s Creek fish showed expected increases in DNA damage
in all tissues regardless of the genome type. There was a 2-fold to 7-fold increase in the level
of DNA damage depending on the tissue type and the source of DNA. It is notable that the
muscle and brain showed higher relative BaP-induced DNA damage than the liver. In contrast
to the reference site population, there were no significant differences in DNA damage estimates
for BaP-treated and control Elizabeth River fish with BaP-treated group showing less than 1.5-
increase compared to the control group. It should be noted that, although the relative damage
due to BaP-treatment is different, the actual levels of DNA damage in the Elizabeth River
population, whether BaP-treated or not, are comparable to the BaP-treated King’s Creek fish.
Interestingly, a similar trend was seen in the experiment with the F1 generation. F1 fish from
both King’s Creek and Elizabeth River had significantly higher levels of DNA damage in
response to BaP (p < 0.001). However, the magnitude of increase was different in the two
populations. Elizabeth River F1 fish had between 1.1 and 5.7 fold increase in lesion frequencies
in response to BaP treatment, whereas the fold increase in the King’s Creek population was
from 18.2 to 76.9. This indicates that, although the F1 fish from both populations showed higher
level of lesion formation with BaP treatment in larvae compared to the adults, the Superfund
site larvae fish appear to exhibit some protection from further DNA damage by BaP treatment.
This protection may be caused by slower metabolism of BaP into reactive metabolites due to
the refractory CYP1A induction of the F1 generation seen in previous studies (Meyer and Di
Giulio, 2002; Meyer et al., 2002).

A previous study with killifish adapted to a site with high concentrations of dioxin-like
compounds also observed that adapted fish had reduced DNA adduct formation compared to
reference site fish when treated with BaP (Nacci et al., 2002). The authors suggested that
constant exposure to aryl hydrocarbon receptor (AhR) agonists would result in a refractory
AhR pathway, and therefore reduced metabolism of such compounds. As a result, there would
be reduced DNA adduct formation in these fish when exposed to chemicals that are metabolized
via the AhR pathway. This would result in reduced DNA damage from treatment with
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genotoxins that are activated through the AhR pathway. However, due to constant exposure to
these chemicals, there would still be higher levels of DNA damage in situ. Analysis of PAH
metabolism in the F1 generation of Elizabeth River fish supports this hypothesis (Wills et al.,
2009).

McFarland et al. (1999) found that brown bullhead (Ameiurus nebulosus) from sites heavily
contaminated with PAHs had refractory CYP1A activity, as well as decreased DNA single
strand breakage in comparison to fish at sites where chronic exposure to PAH began more
recently. The authors argued that there might be increased DNA repair and cell turnover rates
in the population with a longer exposure history. This may explain our data in which the
Elizabeth River population exhibits no difference in DNA damage following BaP treatment,
although the time frame of 72 hrs may be inadequate for this to occur. However, this does not
explain the high damage level in the Elizabeth River population “depurated” in lab.
Nevertheless, it would be interesting to explore whether there are inherent differences in
response to DNA damaging agents and whether these differences are dependent on the AhR-
pathway.

There was no difference between the two populations in the abundance of the 8-oxo-dG adduct
following BaP exposure. This indicates that the majority of the relative increase in DNA
damage we see in BaP-dosed fish is due to covalent binding of BaP metabolites with DNA,
rather than from oxidative damage due to reactive oxidative metabolite formation. This was
supported by our preliminary analysis of the BPDE-dG adduct measurements in King’s Creek
fish treated with BaP (data not shown). Previous studies have shown that Elizabeth River fish
have a higher antioxidant capacity than reference fish (Meyer et al., 2003a; Bacanskas et al.,
2004). However, this does not seem to play a role in BaP-DNA adduct formation in these fish.
Nevertheless, whether oxidative DNA damage is caused by exposure to complex mixture has
not been explored. Further analysis using more sensitive techniques will allow us to determine
the extent of oxidative DNA damage that occur in the Elizabeth River killifish.

One question that we wanted to explore was whether there were differences in the damage
level of mtDNA and nDNA in response to BaP treatment. On the organism level, loss of
mitochondrial integrity would translate to decreased energy production, and therefore
decreased energy allocation on growth and reproduction. (Kooijman and Bedaux, 1996;
Woodford et al., 1998). Unlike nDNA, which less than 5% is actively transcribed, the entire
mtDNA is continuously involved in transcription. Therefore, damage in the mtDNA can result
in deleterious functional consequences (Copeland et al., 2002; Stuart and Brown, 2006;
Kroemer, 2006), as well as organismal level consequences (Brandon et al., 2006). In this study,
we observed at least equal or higher levels of DNA damage in the mitochondria as in the nucleus
in response to BaP treatment both in adults and in larvae. Therefore, we can speculate that the
integrity of mtDNA is affected by BaP treatment and that this may have implications for normal
mitochondrial function and other cellular functions in which mitochondria are involved. In
addition, Elizabeth River control groups in both adults and larvae showed higher levels of
mtDNA damage. This implies that the Superfund site fish population may be chronically
dealing with a lower energy budget compared to reference site fish, which may affect their
general well being in addition to more severe toxic effects.

It should be noted that our results are in agreement with our previous study with killifish (Jung
et al., 2009), but contradict previous results from mammalian studies. Studies in mammalian
models have shown that there is as much as 50 to 500 times higher BaP adduct formation in
mtDNA than in nDNA (Allen and Coombs, 1980; Backer and Weinstein, 1980; Sawyer and
Van Houten, 1999a). Although there were no statistically significant differences between the
genome types in BaP-induced damage in adults, we did observe higher basal levels of damage
in the mtDNA compared to nDNA in both adult and in F1 larvae. Mitochondria have no capacity
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for NER that can remove bulky adducts caused by PAHs (Shadel and Clayton, 1997; Sawyer
and Van Houten, 1999b). Although it is debatable whether fish have lower NER capability
compared to their mammalian counterparts (Regan et al., 1982; Weimer et al., 2000; Willett
et al., 2001; David et al., 2004; Notch and Mayer, 2009), it may be that there is universally
reduced NER in the fish nucleus, and that the damages that we detected in both genomes were
due largely to bulky adducts. However, it remains to be seen whether mitochondria are more
efficient in DNA repair against oxidative damage and have a different adduct profile from
nDNA.

Of the three tissues examined, the difference in response to BaP in the two populations was
most pronounced in the brain. The BaP-treat King’s Creek fish had the highest fold increase
in comparison to the control group of the same population (4.9 fold increase in mtDNA and
5.7 fold increase in nDNA). Although little is known concerning BaP metabolism in brain
tissue of fish, Ericson et al. (1999) showed that BaP adducts in the brain of juvenile northern
pike (Esox lucius) are not much higher, but are more persistent relative to other tissues. In
addition, CYP1A proteins have been identified in localized areas such as the globus pallidus
in the rat brain (Kapitulnik et al., 1987; Strobel et al., 2001). This indicates that there may be
higher rate of BaP metabolism in specific areas of the brain. Neurological effects of PAHs have
been gaining in research attention recently (Saunders et al., 2006; McCallister et al., 2008;
Gesto et al., 2009; Perera et al., 2009). High levels of DNA damage in the brain could have
long-term behavioral effects, such as foraging behavior as well as flight response from
predators, likely decreasing survival. Further investigation may increase our understanding of
whether exposure to BaP and other chemicals may affect important behavioral aspects in
aquatic animals.

In conclusion, killifish from the Elizabeth River Superfund site show high levels of basal
nuclear and mitochondrial DNA damage compared to fish from the reference site, even after
several weeks of depuration. However, the level of damage induced due to BaP treatment was
comparable to the corn oil-treated group of the same population as well as the BaP-treated
group of the killifish from a relatively unpolluted site. This same trend is seen in the F1 larvae
of the Superfund site population that were hatched in the laboratory. Our results indicate that
mitochondria are important targets of BaP toxicity in teleosts. Additional studies are needed
to determine the consequences of this mtDNA damage in terms of mitochondrial protein
production, aerobic metabolism, and organismal fitness.
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Figure 1. Basal DNA damage in adult killifish from King’s Creek and Elizabeth River Superfund
Site
Comparison of the basal level of DNA damage in both the mitochondria (A) and the nucleus
(B) between the two populations show that Atlantic Wood fish have higher levels of DNA
damage than fish from King’s Creek (p < 0.001). Three-way ANOVA on population, genome
type, and tissue type showed that only population was a significant factor (p < 0.001). Error
bars represent standard error of means.
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Figure 2. DNA damage in response to BaP treatment in adults from King’s Creek and Atlantic
Wood Superfund Site
DNA damage in response to i.p. injection of corn oil or 10 mg/kg BaP treatment were measured
in liver (A), muscle (B), and brain (C) of adult killifish. BaP-treated group in the King’s Creek
population exhibited higher levels of DNA damage compared to the control group (p < 0.001).
No differences were seen in the Elizabeth River population. Open bars indicate mtDNA, and
closed bars indicate nDNA. * indicates significant difference (p < 0.05) compared to the control
group. Error bars represent standard error of means.
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Figure 3. DNA damage levels in larval killifish from King’s Creek and Atlantic Wood Superfund
Site
There is an overall significant difference in response BaP treatment (p < 0.001). BaP treatment
induced higher rates of DNA damage in the mitochondria (A) compared to the nucleus (B)
(p = 0.002). Fish from the Superfund site exhibited higher basal levels of DNA damage and
were less affected by BaP treatment compared to reference site fish (p < 0.001). * indicates
significant difference (p < 0.05) compared to the King’s Creek control group according to
Fisher’s LSD. Error bars represent standard error of means.
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Figure 4. 8-oxo-dG adduct levels in adult killifish liver treated with BaP
8-oxo-dG adduct levels did not differ between treated groups (p = 0.304). Error bars represent
standard error of means.
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