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Abstract

Parking lot runoff retention ponds (PLRRP) receive significant chemical input, but the biological 

effects of parking lot runoff are not well understood. We used the Japanese medaka (Oryzias 

latipes) as a model to study the toxicity of water and sediment samples from a PLRRP in 

Morehead City, NC. Medaka exposed in ovo to a dilution series of PLRRP water had increased 

odds of death before hatching, but not teratogenesis or delayed hatching. Next, we adapted a long-

amplicon quantitative PCR (LA-QPCR) assay for DNA damage for use with the Japanese medaka. 

We employed LA-QPCR to test the hypotheses that PLRRP water and sediments would cause 

nuclear and mitochondrial DNA damage with and without full-spectrum, natural solar radiation. 

Fluoranthene with and without natural sunlight was a positive control for phototoxic polycyclic 

aromatic hydrocarbon-induced DNA damage. Fluoranthene exposure did not result in detectable 

DNA damage by itself, but in combination with sunlight caused significant DNA damage to both 

genomes. PLRRP samples caused DNA damage to both genomes, and this was not increased by 

sunlight exposure, suggesting the DNA damage was unlikely the result of PAH phototoxicity. We 

report for the first time that PLRRP-associated pollutants cause both nuclear and mitochondrial 

DNA damage, and that fluoranthene-mediated phototoxicity results in similar levels of damage to 

the nuclear and mitochondrial genomes. These effects may be especially significant in sensitive 

marine ecosystems.
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1. INTRODUCTION

Increasing urbanization is changing the way that water moves within watersheds and may 

concentrate nonpoint source pollution(Bay et al., 2003; Van Metre et al., 2000). Specifically, 

expanding impervious land cover leads pollutants to accumulate in major water bodies 

(Borden et al., 2002; Davis et al., 2001; Hwang and Foster, 2006; Karlsson et al., 2010; 

Weinstein et al., 2010a). Furthermore, coal tar-based sealcoat, used to protect asphalt 

parking lots, acts as a source of contaminants such as polycyclic aromatic hydrocarbons 

(PAHs). Van Metre and Mahler (2010) found that coal tar-based sealcoat was a major source 

of PAHs in 40 US lakes and Weinstein et al. (2010b) found that commercial runoff ponds 

were contaminated with levels of PAHs that exceed threshold effect concentrations, 

potential effect concentrations, and preliminary remediation goals by 10–90%. Watts et al. 

(2010) and Mahler et al. (2012) reported that use of coal tar-based sealcoat was the source of 

large increases of PAHs in run-off from parking lots.

Parking lot runoff retention ponds (PLRRP) are a stormwater control measure used to reduce 

peak flow volume to the watershed and are commonly used in strip malls (National 

Research Council, 2009). However, PLRRP have no filtering or treatment features and 

routinely contain complex mixtures of metals, salts, PAHs, heterocyclic aromatic 

compounds and other organic constituents (Bartlett et al., 2012; Gobel et al., 2007; 

McQueen et al., 2010; Wium-Andersen et al., 2011). This impaired water quality is of 

concern as contaminated PLRRPs routinely overflow, sending constituents into the 

surrounding ecosystems (Mahler et al., 2012; Wilson, 2011), and exposure to PLRRP 

samples causes toxicity in several aquatic species (Bommarito et al., 2010a; Bommarito et 

al., 2010b; McQueen et al., 2010). This source of pollution may be especially relevant in 

coast areas, which contain sensitive marine species. As yet, few studies have examined 

effects of PLRRP-derived samples on developing embryos, although PLRRP contaminants 

such as PAHs are well-known fish teratogens (Billiard et al., 2008) and early life stages of 

many organisms are particularly sensitive to contaminant exposure (Makri et al., 2004; 

McKim, 1977; Rand et al., 1995).

Similarly, while DNA damage is an important endpoint in ecotoxicology (Theodorakis, 

2001), little is known regarding the potential for PLRRP to cause genotoxicity. The 

mitochondrial genome is increasingly recognized as the target of many environmental 

genotoxicants (Meyer et al., 2013), and there is evidence that PAHs, well-known 

genotoxicants (IARC, 1983), accumulate in the mitochondria and may cause more DNA 

damage in the mitochondrial as compared to the nuclear genome (Allen and Coombs, 1980; 

Backer and Weinstein, 1980). PAHs can be toxic via photo-induced toxicity, in which 

ultraviolet light increases the toxicity of PAHs by up to three orders of magnitude (Arfsten 

et al., 1996; Larson and Berenbaum, 1988). This photo-induced toxicity has been associated 

with nuclear DNA damage (Toyooka and Ibuki, 2007), but DNA damage has not been 

compared between genomes following photo-induced PAH toxicity. Given the evidence that 

PAHs accumulate in mitochondria, we hypothesized that damage would be greater in the 

mitochondrial genome. Although PAH phototoxicity is dramatic in laboratory studies, its 

ecological relevance is debated (McDonald and Chapman, 2002). We hypothesized that 

PLRRP might represent an example of ecologically relevant genotoxic phototoxicity.

Colton et al. Page 2

Mar Environ Res. Author manuscript; available in PMC 2015 January 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Cyprus Bay Shopping Center in Morehead City, NC is a shopping center containing several 

major retail stores and approximately 25 local stores approximately 4 km upstream of where 

the Newport river flows into the Atlantic Ocean. The mall consists of 16,000 m2 of flat roof 

and paved parking area. Six PLRRPs, which are exposed to full sunlight and surrounded by 

grass edges, are located in the complex. The ponds are all directly connected to the parking 

lots and receive water through drains built into the pavement. The lots are treated with coal 

tar-based sealcoat, which was renewed in the late winter/early spring of 2009.

We report the results of two experiments designed to characterize early life stage toxicity 

from exposure to PLRRP samples from the Cyprus Bay Shopping Center. First, we exposed 

Japanese medaka (Oryzias latipes) in ovo to a dilution series of PLRRP water and assessed 

several outcomes including teratogenesis, hatching, and mortality. Second, we adapted the 

long amplicon quantitative PCR (LA-QPCR) assay for use with the medaka to study 

mitochondrial and nuclear DNA damage resulting from exposure to PLRRP water and 

sediments, and explored the role of phototoxicity in the mechanism of this toxicity.

2. MATERIALS AND METHODS

2.1 Parking lot runoff retention pond (PLRRP) sample collection

We collected PLRRP samples from a retention pond located on the northern edge of the 

Staples parking lot at the Cyprus Bay Shopping Center in Morehead City, North Carolina 

(34.7° N; 76.8° W). PLRRP samples were collected for the development study on January 

15th, 2010; for the first DNA damage trial on September 20th, 2010; and for the second 

DNA damage trial on September 14th, 2011. There were no major (>0.2 cm) rain events for 

at least one week prior to each collecting trip, according to records from the National 

Oceanic and Atmospheric Administration (NOAA) station in Morehead City. Each 

individual PLRRP sample was taken from the pond with a pre-cleaned, 4L brown glass 

bottle. The water was first distributed so as to capture flocculent precipitates (“turbid 

water”). The container was filled (without leaving head room), and the water was covered 

and cooled as described by US Environmental Protection Agency (EPA) protocol (2002). 

Water was transported to Duke University, Durham, NC and stored in the dark at 4 °C until 

use.

2.2 Embryo collection

Orange-red (OR) outbred-medaka (Oryzias latipes) were maintained at the Duke University 

Aquatic Research Facility under standard recirculating water conditions following approved 

animal care and maintenance protocols (Duke University Institutional Animal Care and Use 

Committee). Fish were maintained at ~25°C and pH ~7.4 under a constant 16:8 light:dark 

cycle. Dry food (Otohime B1, Reed Mariculture, Campbell, CA) was fed several times per 

day via automated feeders with once daily supplementation of newly-hatched Artemia 

nauplii. Embryos were collected from this colony, and only embryos of stages 7–9 (i.e. <6h 

post fertilization (Iwamatsu, 2004)) were used (OECD, 1998).
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2.3 Developmental toxicity experiment

The experiment was initiated over a two-day interval. PLRRP water was isolated from the 

first PLRRP sample by allowing sediments and organic material to settle out and pulling 

liquid from the top of the jar. Four dilutions of PLRRP water in embryo rearing medium 

(ERM: 17.1 mM NaCl; 272 μMCaCl2 * 2H2O, 402 μM KCl, and 661 μM MgSO4 * 7H2O 

(Kirchen and West, 1976)) were made using a 2-factor dilution scale (i.e 100%, 50%, 25%, 

and 12.5%) and are referred to as 1X, 0.5X, 0.25X, and 0.125X, respectively. Controls 

consisted of embryos incubated in ERM alone (i.e. 0X). For each treatment, duplicates of 24 

embryos were placed, individually, in separate wells of 24-well plastic plates (BD Falcon, 

Franklin Lake, NJ).

PLRRP water pH, hardness, and dissolved oxygen (DO) were all measured and were 

suitable for morphological testing according to OECD guidelines (OECD, 1998). Similar 

measures were made on ERM. For mixtures of PLRRP water and ERM, the hardness and 

DO were calculated on a dilution scale.

As organic molecules sorb to plastic, the plates were first filled with 2 mL of their respective 

concentrations for three days prior to the experiment. When the experiment was initiated, the 

trays were emptied and each well was filled with 1 mL of respective dilution. Solutions were 

renewed on day seven. The plates were incubated in an environmental chamber at 25 ± 0.5° 

C on a 16:8 h light:dark cycle.

2.3.1 Teratogenesis, hatching, and mortality—We examined eggs for teratogenesis 

such as cranial-skeletal malformations, yolk-sac or pericardial edema, heart malformations, 

failure to inflate the swim bladder, and other gross deformities. To quantify the timing of 

organogenesis and hatching, seven stages of development were selected from the 40 stages 

described by Iwamatsu (2004), each 24 h apart in normal development: 25, 29, 32, 34, 36, 

38, and 40. Each day, the stage of development and hatching of each embryo was identified 

with the aid of a Nikon SMZ 1500 dissecting microscope. Mortality was recorded as any 

egg with a brown, opaque shell or any embryo with heart but no heartbeat. Eggs that did not 

hatch by day 14 were considered dead. Hatching was defined as complete emergence from 

the chorion. After hatching, eleuthero-embryos were monitored for swimming activity and 

developmental abnormalities. The experiment was terminated on day 14 (OECD, 1998).

2.4 LA-QPCR development

To measure DNA damage in the nuclear and mitochondrial genomes, we adapted the LA-

QPCR assay to medaka and normalizing to mitochondrial and nuclear DNA copy number as 

described by Rooney et al. (2014, in press). The long amplicon quantitative PCR (LA-

QPCR) assay enables direct comparison of lesion frequency across the mitochondrial and 

nuclear genomes. LA-QPCR detects any DNA damage that inhibits the DNA polymerase, 

thus giving a relatively comprehensive quantification of genotoxicity. The LA-QPCR assay 

works by comparing amplification of a long section of sample DNA to amplification of 

control DNA; DNA lesions that block or slow the progression of DNA polymerase reduce 

amplification, and this reduced amplification can be converted mathematically to a number 

of lesions (sites of damage) per 10 kb (Ayala-Torres et al., 2000). A detailed summary of the 
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benefits and limitations of this assay can be found in Meyer (2010), and details of the LA-

QPCR assay development for medaka are presented in Supporting Information.

2.4.1 LA-QPCR optimization—LA-QPCR conditions were optimized as described by 

Meyer (2010) and are detailed in Table 1. Primers for the short and long nuclear targets were 

designed to amplify the DNA polymerase B gene. High transcriptional activity for this gene 

was confirmed using the University of Tokyo Genome Project Browser (http://

utgenome.org/medaka/). Therefore, this assay will be useful in future studies of DNA repair 

where transcription-coupled repair is likely to be important. Primers for the short and long 

mitochondrial targets were designed to avoid the D-loop gene sequence and are shown 

schematically in Supporting Information. The primers and conditions for the short products 

have been described (Rooney et al., 2014, in press), and permit quantification of relative 

copy number of the mitochondrial and nuclear genomes, but not detection of DNA damage. 

DNA damage is detected by amplification of long products, with normalization to the short 

products (Hunter et al., 2010).

2.4.2 LA-QPCR validation—To confirm optimization of the assay, we exposed purified 

medaka DNA to 5, 10, and 20 J/m2 UVC radiation as described (Bess et al., 2012) using a 

UVX digital radiometer and an ultraviolet lamp with peak emission at 254 nm (UVLMS-38 

EL Series 3UV Lamp, UVP, Upland, CA, USA). There is a dose-dependent increase in 

damage when the assay is optimized.

2.5 DNA damage experiment

Two separate trials (one using the second PLRRP sample and the latter using the third 

PLRRP sample) of this experiment were conducted using medaka eleuthero-embryos that 

had hatched within 24 hours. This life stage was chosen because of its sensitivity and 

tendency to swim at the surface and be exposed to sunlight. For each exposure, embryos 

were maintained in ERM under a constant 16:8 light:dark cycle until hatched (9 days).

A 3 × 2 factorial design (control medium, positive control fluoranthene (FLU), PLRRP (with 

sediments); +/− sunlight) was used. Three replicates of each treatment (FLU, PLRRP, and 

control; +/− sunlight) were performed resulting in 18 exposures per trial. Solutions of FLU 

were made by diluting 10g/L DMSO stock solution (Absolute Standards, Inc.) to 10 μg/L in 

ERM. The concentration was chosen based on previous studies (Barron et al., 2005; Meyer 

and Di Giulio, 2003). The PLRRP sample was disturbed for use in the experiment so that 

exposures included settled, flocculent sediments and water. Sediments were included in the 

DNA damage analysis because our hypothesis concerned the toxicity of PAHs, which are 

predominantly hydrophobic. Furthermore, we identified high levels of PAH in sediments 

from the PLRRP site in previous unpublished work (see Supporting Information for detail). 

ERM was used as the control solution.

We randomly deposited 15 eleuthero-embryos into autoclaved beakers containing 100 mL of 

designated solution. Fish loading was less than 0.015 g/L. The beakers were incubated in an 

environmental chamber at 25± 0.5° C on a 16:8 h light:dark cycle for 20h. After this time, 

all solutions were replaced with 100mL of ERM to remove photomodified chemicals. Three 

replicates of each solution were exposed to natural sunlight for three hours at an average 
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irradiance of 726 W/m2 (based on NOAA measurements in the nearby Duke Forest on the 

day of exposure [http://www.ncdc.noaa.gov/crn/station.htm?stationId=1347]), amounting to 

a total radiant exposure of 7484 KJ/m2. The remaining replicates of each solution were 

maintained in the environmental chamber with laboratory light for this period.

5.1 DNA extraction and damage analysis—After being exposed to sunlight, 10 fish 

from each of the 18 exposures were randomly removed and flash frozen in an eppendorf 

tube using liquid nitrogen. DNA was extracted with the Genomic-tip 20/G kit (Qiagen Inc., 

Valencia, CA, USA) per Hunter et al. (2010). Mechanical homogenization was identified as 

the method that produced the largest amount of high molecular weight DNA (Supporting 

Information). Samples were mechanically homogenized by adding 0.5 mL of G2 Buffer 

(with RNAse A) to the eppendorf tubes containing 10 mg of frozen fish and blending until 

visually smooth. Then, an additional 1.5mL of G2 Buffer and 100 μL of Proteinase K 

solution were added. The Genomic-tip protocol was followed after this point. DNA 

quantification and DNA damage analysis were performed as described by Hunter et al. 

(2010).

6. Statistical analysis

We constructed a Cox proportional hazards model to compare hatching success and 

mortality between PLRRP treatments and the control group. The Cox model is a semi-

parametric method of longitudinal analysis that takes into account the time to “event” in the 

presence of censoring (Newman, 1995). The resultant “hazard ratio” can be interpreted as an 

odds ratio, where the treatments of interest have a multiplicative effect on the baseline risk 

equal to the hazard ratio. We evaluated the global effect of treatment using the Type III 

maximum likelihood estimates.

The survival model assumes that the survival curve is proportionate between treatments and 

the control group over time. This assumption may be violated when a major change in 

physiologic properties occurs (i.e. hatching). Consequently, we included an interaction term 

to test for differences in the hazard ratio of death pre and post hatching. As interactions are 

poorly powered, we considered α<0.2 statistically significant evidence of a difference in 

hazard ratio pre and post hatch. We also tested the stratified model for linear and sigmoidal 

trend and present the result with the lowest Akaike’s Information Criteria (AIC). The 

proportional hazard assumption was tested in the final, stratified models using the ASSESS 

option in PHREG (SAS version 9.3, Cary, NC).

We fit a generalized linear model to quantify the effects of sunlight, genome, and chemical 

treatment on lesion frequency and included an interaction term between light and each 

chemical treatment. This model can be represented as:

where each β estimates the effect of the independent variable. We also performed global 

tests for treatment and the interaction between treatments and sunlight. All analyses were 

performed using SAS (version 9.3, Cary, NC).
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3. RESULTS

3.1 DEVELOPMENTAL TOXICITY EXPERIMENT

3.1.1 PLRRP water—The pH, hardness, and dissolved oxygen (DO) of the water 

treatments are displayed in Table 2. Hardness and DO results of all treatments were within 

OECD (1998) guidelines.

3.1.2 Teratogenesis, hatching, and mortality—We examined teratogenesis, hatching, 

and mortality differences in embryos raised in a dilutions series of PLRRP water compared 

to control embryos (Table 3). Treatment with PLRRP water did not result in detectable 

differences in teratogenesis (p=0.56). The average times to hatch ranged from 8.2–8.9 days. 

The proportional hazard model did not find a significant effect of dilution level of PLRRP 

water on the timing of embryo development (p=0.42; global effect of treatment).

PLRRP water treatments had lower final survivorship than the control, which had a final 

survivorship of 75%. The 0.125X, 0.25X, and 1X treatments had 58%, 71%, and 58% 

survivorship (respectively). The 0.5X treatment had the lowest survivorship of 46%. The 

hazard ratios of each treatment in the unstratified and stratified by pre and post hatching 

models are presented in Table 4. In the unstratified model, only the 0.5X treatment resulted 

in statistically significant higher mortality. The hazard ratios were all higher in the pre-hatch 

phase as compared to after hatching.

After stratification, the 0.125X, 0.5X and 1X treatments exhibited elevated hazard ratios. 

The dose response structure of these results are presented in Figure 1. The pre-hatching 

model had a significant sigmoidal trend for treatment (p=0.04), but the post hatching model 

had no significant trend for treatment (p=0.45). Mortality was not statistically significantly 

different from the control in any of the treatments after hatching. The global effect of 

treatment was marginally significant pre-hatch (p=0.08) and not significant post-hatch 

(p=0.19).

3.2 DNA Damage from exposure to PLRRP, fluoranthene and sunlight

3.2.2 LA-QPCR validation—To confirm the ability of the assay to detect DNA damage, 

LA-QPCR was performed using DNA damaged by exposure to 5, 10, and 20 J/m2 UVC 

radiation. Lesions/10 kb increased linearly with UVC dose in both nuclear and 

mitochondrial DNA (Figure 2), and the number of lesions detected was in agreement with 

previous experiments using extracted DNA (Jung et al., 2009).

3.2.3 LA-QPCR assay—We used the LA-QPCR assay to test the ability of a pure PAH, 

FLU and/or PLRRP sample (water with sediments), to cause DNA damage in the 

mitochondrial and nuclear genomes, with and without the addition of sunlight. The results 

are detailed in Figure 3.

Treatment (control, PLRRP, or FLU; p=0.031) and sunlight (p=0.005) but not genome 

(p=0.840) had significant main effects. There was also a statistically significant interaction 

between light and chemical treatment (p=0.045).
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The largest amount of lesions resulted from exposure to FLU with full-spectrum natural 

solar radiation (Fig. 3). Notably, FLU by itself caused no detectable DNA damage. Both 

PLRRP treatments resulted in statistically significant damage, regardless of the presence of 

light (p=0.012 with sunlight, p=0.036 in the dark). Neither control treatment was statistically 

different from 0 lesions/10kb (p=0.164 with sunlight, p=0.934 in the dark).

4. DISCUSSION

We describe embryonic mortality and mitochondrial and nuclear DNA damage in Japanese 

medaka after exposure to PLRRP samples. To our knowledge, this is the first time that these 

endpoints have been studied in the context of PLRRP. We also report the adaptation of the 

LA-QPCR assay to Japanese medaka. Finally, we report for the first time that PAH-

mediated phototoxicity resulted in similar levels of DNA damage in the mitochondrial and 

nuclear genomes.

4.1 Developmental toxicity experiment

PLRRP resulted in increased pre-hatching mortality but did not cause significant 

teratogenesis or delayed development. This result extends previous reports of toxicity in 

similar samples (Bommarito et al., 2010a; Bommarito et al., 2010b; McQueen et al., 2010) 

to another organism, and to a life stage that is frequently particularly vulnerable to toxicant 

exposure (Lanphear et al., 2005; McKim, 1977; Rand et al., 1995).

Differences in DO and pH in the test solutions compared to the control have the potential to 

affect the results of this assay, however all treatments were within OECD (1998) guidelines 

for DO and medaka are shown to develop normally between pH of 5.6 and 8.4 (Benoit et al., 

1991; Murano et al., 2007). Additionally, we have found that medaka embryos develop 

normally in a broad range of solutions, including distilled water or full strength seawater (), 

and we do not believe the observed effects to be a result of these differences in solutions.

It was surprising to us that we observed mortality in the absence of significant teratogenesis. 

Previous work has shown similar normal development timing with increased mortality in 

medaka embryos exposed to polycyclic aromatic hydrocarbons (PAHs); however, these 

studies also found an increase in morphological abnormalities (Farwell et al., 2006; 

Gonzalez-Doncel et al., 2008). PLRRPs contain many constituents (Davis et al., 2001; 

Gobel et al., 2007; Weinstein et al., 2010a), including both herbicides and metals, which 

may act antagonistically to conceal any effects on developmental timing. For example, the 

herbicide Thiobencarb delays hatching in medaka (Villalobos et al., 2000), while copper 

accelerates hatching in the Fathead minnow, Pimephales promelas,(Scudder et al., 1988). 

Death is a competing risk in time to hatch analysis, and consequently, our interpretation of 

the time to hatch is limited to medaka that survived to hatch. We hypothesize that delays in 

hatching lead to a greater incidence of mortality and the full effect of contaminants on 

hatching timing is not elucidated in this analysis.

Our dilution series experiment did not show a typical dose response curve. The reason for 

this is not clear, but we note that a lack of dose-response relationship between dilutions and 

mortality has been observed in the past in the context of low-dose, complex mixtures. For 
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example, exposure to intermediate concentrations (10mg/L) of thiobencarb caused increased 

survivorship as compared to lower concentrations (2.5 and 5mg/L) (Villalobos et al., 2000), 

and Scudder et al. (1988) did not find a dose dependent relationship between survivorship of 

the fathead minnow at total copper concentrations between 61μg/L and 338μ/L.

There are several limitations to this study that result from working with a complex and 

incompletely characterized mixture. For example, we cannot be sure of the final 

concentrations of pollutants in the solutions and we cannot characterize how pollutant 

mixtures, pH, or DO interfere with contaminant release or bioavailability. We believe that 

this logistical disadvantage is offset by the environmental realism of working with real-

world samples, and these results provide impetus for future work including quantitative 

analysis of the complex chemical mixtures present in these samples.

4.2 DNA damage experiment

Consistent with a previous study (Stocker et al., 1996), we did not detect DNA damage from 

FLU in the dark. Also consistent with previous work (Toyooka and Ibuki, 2007), combined 

exposure to FLU and natural solar radiation resulted in significant DNA damage. PLRRP 

caused significant DNA damage with sunlight and elevated (though only marginally 

significant p=0.058) without sunlight. Previous work has identified genotoxic effects of 

stormwater runoff (Marsalek et al., 1999). Stormwater runoff is likely to contain many 

DNA-damaging chemicals other than strictly photo-activated genotoxins, including metals 

and pesticides. Our results suggest that photo-activatable PAHs were not the major 

contributors to PLRRP genotoxicity, at least in these samples.

Delivery of PAHs to PLRRPs is episodic, directly associated with precipitation events. The 

water used in these experiments was collected over one week after the last significant 

rainfall events. Because parking lot runoff ponds receive constant, unobstructed sunlight, 

PAHs in PLRRP were likely photomodified before use in these experiments, which may 

explain why no interaction with sunlight was seen.

That no difference was found between genomes for either PLRRP or FLU was surprising, 

since some PAHs accumulate preferentially in mitochondria, and can cause more 

mitochondrial than nuclear DNA damage (Allen and Coombs, 1980; Backer and Weinstein, 

1980). It has been suggested that this results from a combination of accumulation of 

lipophilic PAHs in membrane-rich mitochondria, the capacity of mitochondrial P450s to 

activate parent PAHs, and the absence of the nucleotide excision repair, which handles 

bulky PAH adducts, in mitochondria (Meyer et al., 2013). However, our results, combined 

with other reports of relatively small differences for genotoxic PAHs (eg, Jung et al., 2009; 

Ayala-Torres et al., 2000; reviewed in Meyer at al., 2013), suggest that PAHs’ greater 

toxicity to the mitochondrial genome is dependent on context. Of note, photoactivated FLU-

mediated DNA damage would be largely oxidative in nature, and most oxidative DNA 

damage can be repaired in mtDNA due to the presence of the base excision repair pathway 

in mitochondria (Meyer et al., 2013); thus, in that case, perhaps it is not surprising that there 

was not a genome difference. With respect to the PLRRP results, of course, it is also 

possible that the damage we measured in both genomes derived from chemical constituents 

other than PAHs.
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5. Conclusions

Exposure to PLRRP caused an increase in the odds of early embryo mortality and DNA 

damage in Japanese medaka. PLRRP water is chemically complex and varies with time, and 

is therefore inherently difficult to study. However, the biological effects that we and others 

have reported, coupled with the knowledge that contaminants from these ponds enter larger 

ecosystems, indicate that further study and characterization of the chemistry and toxicity of 

PLRRPs is warranted. The toxicity of PLRRP may be especially significant in sensitive 

marine ecosystems such as Morehead City, NC. As PLRRP are increasingly extensive 

habitats with resident and visiting constituents, these kinds of studies would be valuable in 

informing policy.
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Figure 1. 
Dose response curve of the hazard ratios from 0.125X, 0.25X, 0.5X, and 1X dilution series 

of PLRRP water (A) before hatching and (B) after hatching. Error bars represent 95% 

confidence intervals.
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Figure 2. 
Lesions/10kb in medaka DNA exposed to 5 J/m2, 10 J/m2, and 20 J/m2 of direct UVC 

radiation.
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Figure 3. 
Estimated lesions/10kb (SD) in medaka DNA exposed to control (ERM), fluoranthene 

(FLU), and parking lot runoff retention pond (PLRRP) solutions, ± natural solar radiation 

(light/dark). Error bars represent the standard error of the mean.

*p ≤ 0.05

**p ≤ 0.001
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Table 2

Physical Properties of the Water Samples. The EPA describes 120–124 ppm CaCO3 as between Medium Hard 

and Hard (EPA, 1986).

pH Hardness (ppm CaCO3) Dissolved Oxygen (ppm)

Control 6.00 124 7.4

.125x 7.35 123.5* 7.9*

.25x 7.54 123* 8.4*

.5x 7.79 122* 9.3*

1x 7.96 120 11.2

*
values marked with an asterisk were calculated based on dilution.
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Table 4

Hazard ratio (HR) and 95% confidence intervals (95% CI) for each treatment in the unstratified and stratified 

by pre and post hatching models. P-value for the difference between pre and post hatch hazard ratios.

Unstratified Model Pre-Hatch Post-Hatch Difference

HR (95% CI) HR (95% CI) HR (95% CI) p-value

0.125X 1.54 (0.77, 3.12) 2.84 (1.02, 7.89)* 0.74 (0.26, 2.12) 0.072

0.25X 1.07 (0.51, 2.29) 1.81 (0.61, 5.39) 0.62 (0.20, 1.89) 0.178

0.5X 2.03 (1.04, 3.95)* 3.48 (1.28, 9.44)* 1.12 (0.43, 2.91) 0.107

1X 1.54 (0.77, 3.11) 3.26 (1.19, 8.90)* 0.48 (0.15, 1.62) 0.017

*
p-value<0.05
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