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Polycyclic aromatic hydrocarbons (PAHs) are widespread environmental
contaminants that occur in complex mixtures. These environmental mixtures can consist
of both parent PAHs and their derivatives. Several parent PAHs are known or suspected
mutagens and/or carcinogens, and a handful of PAH derivatives are known to be more
potent mutagens and/or carcinogens than their parent compounds. However, little data
exists on the developmental toxicity of the majority of parent PAHs, and even less on the
developmental toxicity of PAH derivatives. An understanding of the individual
developmental toxicity of PAHs is vital to the accurate modelling of PAH mixture
effects. Furthermore, for an accurate assessment of mixture effects, an increased

understanding of the diversity of PAH toxicity is needed. This dissertation leverages the
zebrafish model to address these gaps in knowledge.
To characterize the developmental toxicity of a wide range of PAHs in a single
model, 123 PAHs and PAH derivatives were assessed for morphological and
neurobehavioral effects for a range of concentrations between 0.1 and 50 µM, using a
high-throughput early life stage zebrafish assay. Tested compounds included 33 parent,
22 nitrated, 17 oxygenated, 19 hydroxylated, 14 methylated, 16 heterocyclic, and 2
aminated PAHs. Additionally, each PAH was evaluated for AHR activation, by assessing
CYP1A protein expression using whole animal immunohistochemistry. Responses to
PAHs varied in a structurally-dependent manner. High-molecular weight PAHs were
significantly more developmentally toxic than the low-molecular weight PAHs, and
CYP1A expression was detected in 5 distinct tissues, including vasculature, liver, skin,
neuromasts and yolk.
To demonstrate a methodology for using the results of this screening data to test
PAH mixtures, a representative mixture was constructed, termed “Supermix10”, from the
average relative ratios of the ten most abundant PAHs found at the Portland Harbor
Superfund site. Freely dissolved concentrations measured using low density polyethylene
passive sampling devices were used to determine the relative ratios used in mixture
construction. Developmental toxicity of both the individual PAHs and Supermix10 was
determined using the developmental zebrafish model. Sub-mixtures were constructed to
assess the contribution of certain groups in the observed toxicity of the mixture. Mixture
effects fit the concentration addition model suggesting additivity of individual PAH

toxicities for both Supermix10 and the sub-mixture, Supermix3. Additionally, behavioral
effects of developmental exposure were assessed in adults developmentally exposed to
Supermix10 below observed developmental effect levels, indicated decreased habituation
to a startle stimulus and decreased learning behaviors. Tissue specificity of CYP1A1
expression was determined with immunohistochemistry for both the individual PAHs and
Supermix10, and AhR dependence was assessed for Supermix10.
A unique caudal fin phenotype seen in only 4 of 123 PAHs screened suggested an
unusual mechanism of toxicity for those PAHs. The phenotype was characterized by the
growth of a secondary caudal fin perpendicular to the typical fin growth pattern, and
hyperpigmentation at the tip of the tail. Additionally, CYP1A immunohistochemistry
revealed unusual expression in the skin and neuromasts of the exposed animals.
Windowed exposures determined the window of sensitivity for the phenotype was
between 12 and 36 hpf. The role of AHR was investigated using morpholino knocknown
of the three zebrafish isoforms, and it was determined that the phenotype is AHR2
dependent. To further investigate what may be driving the formation of this phenotype,
caudal fin tissue was isolated at 48, 60, 72, and 96 hpf and the transcriptional response to
treatment was determined using RNAseq. Results indicate improper induction of wound
healing and fin regeneration pathways that likely play a role in the formation of the
phenotype.
Overall, the work presented here demonstrates the diverse developmental effects
of PAHs, and the utility of the zebrafish model in revealing and studying these effects of
PAHs and PAH mixtures. The information obtained in these studies has expanded our

understanding of the roles AHR can play in developmental toxicity, and can inform PAH
mixtures studies in the future.
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CHAPTER 1 – INTRODUCTION
PAHs in the Environment and Exposure Pathways
Polycyclic aromatic hydrocarbons (PAHs) are a large and ubiquitous class of
environmental pollutants that have two or more fused aromatic rings in their chemical
structure. They have many natural and anthropogenic sources, and are amenable to a
diverse range of heteroatomic substitutions and functionalizations that may alter their
environmental behavior and biological impact. Sixteen parent PAHs are classified by the
U.S. EPA as priority pollutants and 27 have been quantified for their carcinogenic
potential relative to benzo[a]pyrene by the U.S. EPA (USEPA 2010).
PAHs and their chemical derivatives occur almost exclusively as mixtures in the
environment and are produced by both natural sources and human activity. Unique
fingerprint signatures of PAH mixtures can be used to identify the most likely sources
(Howsam and Jones 1998; Khalili et al. 1995; Tobiszewski and Namieśnik 2012; Yunker
et al. 2002), due to differences in conditions of their production. Natural sources of PAHs
in the environment include oil seeps and deposits, forest fires, and volcanic activity.
However, their greatest overall environmental source is anthropogenic activity (Li et al.
2002; Zhang and Tao 2009). Burning of biomass and fossil fuels contributes to increased
ambient air concentrations of PAHs. Accordingly, the higher rate of exposure of
metropolitan populations to PAHs has been attributed to increased levels of this
combustion activity (Li et al. 2002; Nielsen et al. 1996; Polidori et al. 2010; Rogge et al.
1993). Industrial activity including coal-burning power plants, coal tar facilities,
manufactured gas plants, and wood creosoting sites can additionally be major sites of soil
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and air PAH contamination (Hawthorne et al. 2002; Hyötyläinen and Olkari 1999; Meyer
et al. 1999).
PAH derivatives can include numerous heteroatomic substitutions and/or
functionalizations on or within the PAH ring structure. Common substitutions outside the
ring structure include hydroxylation, oxygenation, nitrosylation, and methylation. PAH
derivatives with substitutions within the ring structure are classified as heterocyclic. The
addition of functional groups and ring substitutions substantially alters the
physicochemical properties of the compounds, and as such, they have distinct
environmental fates and biological effects when compared to their parent compounds.
Although most PAH derivatives are formed from the same processes as their parent
compounds, they can also form through a variety of secondary reactions including
photolysis, atmospheric reactions (e.g. interaction with free radicals), and biological
metabolism (Cochran et al. 2016; Jariyasopit et al. 2014a; Jariyasopit et al. 2014b;
Lundstedt et al. 2007; Miller and Olejnik 2001; Sabate et al. 2001; Shimada and
Guengerich 2006; Wischmann and Steinhart 1997; Xue and Warshawsky 2005).
Routes of Exposure
Humans are exposed to PAHs in a variety of ways, but the greatest route of
exposure is through ingestion, primarily through the ingestion of grilled, charred, or
smoked foods (Bansal and Kim 2015). Air pollution provides additional routes of
exposure to PAHs, especially in large city centers and developing nations. Airborne
PAHs tend to have lower molecular weights and be more volatile. Deposition of airborne
PAHs on vegetables and leafy greens provides a second ingestion-based route of
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exposure (Wickström et al. 1986), and inhalation of polluted air and/or cigarette smoke is
another common source of human exposure (Goldman et al. 2001; Lundstedt et al. 2007;
Ramos and Moorthy 2005; Rodgman et al. 2000).
In addition to these general population exposures, occupational exposure poses
high potential risk for many in the manufacturing and physical labor work force. Among
others, coke oven workers, road pavers, and aluminum smelters to varying degrees have
been shown to have significant occupational exposure to PAHs. Risk from long-term
occupational exposure has primarily been studied in relation to increased cancer rates
(Levin et al. 1995; Simioli et al. 2004).
Health Effects of PAHs
The vast majority of data relating to the health effects of PAHs concern their
carcinogenicity and/or mutagenicity. Following exposure, metabolism of PAHs into more
reactive derivatives aides in the formation of DNA adducts that force mutations in the
genome (Baird et al. 2005; Ostrowski et al. 1999; Tilton et al. 2015; Xue and
Warshawsky 2005). These mutations can result in the development of cancers later in
life, including lung, skin, bladder, and breast cancers (Boffetta et al. 1997; Nebert and
Dalton 2006; Nebert et al. 2004; Rundle et al. 2000).
Aside from their carcinogenicity, the most well-studied health effect of PAHs is
their cardiovascular toxicity. Occupational PAH exposure has been associated with
increased risk of fatal ischemic heart disease (Burstyn et al. 2005), while environmental
exposure to PAHs has been associated with cardiovascular disease (Alshaarawy et al.
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2016; Ranjbar et al. 2015; Xu et al. 2010), peripheral artery disease (Xu et al. 2013),
vascular dysfunction (Ruiz-Vera et al. 2015), and hypertension (Bangia et al. 2015). The
cardiovascular toxicity of PAHs has been similarly observed in rodent (Jules et al. 2012)
and human coronary artery endothelial cell models (Chuang et al. 2012).
Additionally, several studies have focused on the pulmonary effects of PAH
exposure. Exposure to PAHs is correlated with an increased prevalence in asthma and
bronchitis, and decrease in pulmonary function among healthy individuals has been well
established by epidemiological studies (Cakmak et al. 2017; Jung et al. 2014; Padula et
al. 2015; Perera et al. 2009a). In vitro studies of human lung epithelial cell lines have
demonstrated proinflammatory and oxidative stress responses associated with chronic
obstructive pulmonary disease (Koike et al. 2014; Yang et al. 2017).
A variety of other health effects have been observed in relation to PAH exposure.
PAH exposure has been shown to induce neurotoxicity in vitro using human and rat cell
lines (Sarma et al. 2017; Tang et al. 2003), and in vivo using rat models (Saunders et al.
2006). Exposure to PAHs has also been associated with reproductive toxicity in rodents
in the form of ovotoxicity. In humans, PAH-induced ovotoxicity can lead to early
menopause in women (Borman et al. 2000; Mattison and Thorgeirsson 1979) and has
been shown to reduce the expression of cytokine related genes, which can lead to
increased inflammation, a common source of chronic pain (Tang et al. 2012).
There is relatively little data on the effects of developmental exposure to PAHs
when compared to effects of adult exposure. However, the data currently available
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indicate similar outcomes for developmental exposure as seen with adult exposure to
PAHs. Increased developmental PAH exposure in humans has been correlated with
decreased cognitive development (Duarte-Salles et al. 2012; Jedrychowski et al. 2015;
Rauh et al. 2004), increased rates of ADHD (Perera et al. 2014), and a decrease of
childhood IQ by 3.8-4.7 points by the age of 5 (Edwards et al. 2010; Perera et al. 2009b;
Perera et al. 2006), all of which have the potential to affect school performance.
Corroborating the epidemiological data, neurobehavioral effects have been
observed in developmentally exposed rats (Chen et al. 2012; Crepeaux et al. 2012) and
fish (Knecht et al. 2017), and in vitro PAH exposure inhibited neurite outgrowth in
human induced pluripotent stem-cell derived neurons (Ryan et al. 2016). Developmental
exposure to PAHs has also been shown to cause cardiovascular toxicity in fish (Goodale
et al. 2013; Hicken et al. 2011; Incardona et al. 2004; Incardona et al. 2011; Jayasundara
et al. 2014; Knecht et al. 2013; Scott et al. 2011). Perhaps most importantly, there is some
evidence developmental exposures can lead to lifelong cardiovascular and behavioral
effects (Hicken et al. 2011; Knecht et al. 2017). These developmental effects have largely
been attributed at least in part to PAH-induced oxidative stress and AHR-mediated
toxicity, but little data exist to verify these pathways are the sole contributors.
There is also evidence for exclusively developmental effects of PAH exposure.
Changes in birth statistics such as decreased height gain, birth weight, birth length, and
head circumference (Perera et al. 1998; Tang et al. 2006), and increased childhood
obesity rates (Rundle et al. 2012) have been associated with developmental PAH
exposure. Prenatal PAH exposure has also been associated with an increased risk of more
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severe developmental effects in human populations, including neural tube defects,
anencephaly, and spina bifida (Ren et al. 2011). However, there are limited data on the
mechanisms related to these health effects and how these effects occur.
AHR and PAH Metabolism
One of the most well studied mediators of PAH toxicity is the aryl hydrocarbon
receptor (AHR), which mediates the toxicity of several aromatic xenobiotics including
dioxins, PCBs, PBDEs, and biphenyls. The vast majority of studies describing AHR
mediated responses focus on 2,3,7,8-tetrachlorodibenzodioxin (TCDD), the prototypical
AHR ligand.
AHR is a basic helix-loop-helix transcription factor located in the cytosol of a
cell until bound by a ligand. Once bound, AHR translocates to the nucleus and dimerizes
with the AHR nuclear translocator (ARNT). In the nucleus, AHR and ARNT bind to
xenobiotic response elements, which ultimately leads to both the upregulation and
downregulation of a variety of downstream pathways and gene targets. These
downstream targets include pathway regulators that play important roles in metabolism,
carcinogenesis, cardiovascular systems, reproduction, immune regulation, and basic
cellular function including adhesion, migration, proliferation and cell cycle (Kerkvliet
2009; Mulero-Navarro and Fernandez-Salguero 2016; Puga et al. 2009; Sauzeau et al.
2011).
AHR dependent toxicity is known to occur in two ways. First, AHR activation
can directly influence the regulation of a variety of downstream gene targets that can
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adversely affect normal organismal function. An excellent example of this kind of effect
is the craniofacial effects of TCDD, which have been attributed to the AHR dependent
decrease in expression of sox9b, a gene known to be integral to proper craniofacial
development in zebrafish (Xiong et al. 2008). These types of effects can also be observed
with the mammalian ortholog sox9 in a variety of other tissue types.
The second route of AHR dependent toxicity is through the induction of a variety
of detoxification pathways following ligand binding that function to make xenobiotics
more water soluble, and thus easier to eliminate from the system. However, the
functionalization that leads to increased solubility also leads to more reactive compounds,
which can result in a variety of downstream effects including DNA adducts and oxidative
stress (Baird et al. 2005; Tsuji et al. 2011). The same modifications could also produce
compounds with stronger binding affinities for AHR and other signal transduction
pathways (Chlebowski et al. 2017).
PAHs are among the best known examples of this second type of AHR dependent
toxicity. Particularly, benzo[a]pyrene has been demonstrated to induce its own
bioactivation by binding to AHR and inducing phase I metabolism (Baird et al. 2005;
Xue and Warshawsky 2005). Phase I metabolism involves a battery of metabolic genes,
chief among them the cytochrome P450 genes (CYPs). CYPs perform a variety of
functions in most vertebrate systems including the processing and manufacture of
endogenous molecules, but are most notable in PAH metabolism for their xenobiotic
metabolism functions (Nebert and Dalton 2006).
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In PAH metabolism, CYPs add oxygen groups, primarily in the form of epoxides,
which are then reduced to dihydrodiols by epoxide hydrolase. The resulting products can
be further metabolized by CYPs into a variety of epoxide products, including diol
epoxides, which covalently bind to purines and produce DNA adducts. These adducts can
cause mutations in the genome which have the potential to be carcinogenic (Nebert et al.
2004). Another effect of this metabolism is the creation of reactive oxygen species, which
can lead to oxidative stress and damage to cellular structures (Knecht et al. 2013; Senft et
al. 2002). PAHs can be further metabolized through phase II metabolism, which consists
of a variety of genes that conjugate larger, more water soluble groups to the compound,
including glutathione s transferases, epoxide hydrolases, and sulfotransferases (Baird et
al. 2005; Puga et al. 2009).
Zebrafish as a Model Organism
To study the developmental effects of PAHs, the following studies employ the
developmental zebrafish model. Advantageously, zebrafish are the only vertebrate model
organism amenable to high-throughput techniques. Adults produce large clutch sizes,
allowing for easily increased sample size. Embryos develop quickly, with all major
organs developed at 5 days post fertilization (dpf), are transparent, and develop
externally, allowing for external monitoring of developmental processes and organ
development. The embryo’s small size enables exposures to take place in 96-well
polystyrene plates, which reduces waste of test compound and allows for testing of
chemicals that are difficult to obtain or manufacture in large quantities.
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Zebrafish possess high genetic homology with humans, as 70% of human genes
have a zebrafish ortholog, and 82% of human genes that cause disease are present in
zebrafish (Howe et al. 2013). The zebrafish genome has been fully sequenced, allowing
for in-depth interrogation of genetic and transcriptional effects of chemicals, and
zebrafish are amenable to a variety of genetic manipulation and cell culture techniques
including antisense oligos, and fluorescent proteins. Finally, both larval and adult
zebrafish can be effectively used to detect neurobehavioral effects.
The zebrafish model has been used in numerous studies to evaluate the toxicity of
PAHs, PAH derivatives, and PAH containing mixtures. Developmental toxicity and
related molecular pathways were previously assessed for subsets of parent, oxygenated,
and nitrated PAHs (Chlebowski et al. 2017; Goodale et al. 2015; Goodale et al. 2012;
Goodale et al. 2013; Knecht et al. 2013). Zebrafish have also been used to evaluate the
toxicity of environmental mixture extracts (Carls et al. 2008; Chibwe et al. 2015;
Incardona et al. 2004; Incardona et al. 2006; Incardona et al. 2011; Scott et al. 2011;
Titaley et al. 2016). In each of these cases, the embryonic zebrafish model was a sensitive
biological sensor able to distinguish between various mechanisms of toxicity.
Importantly for PAH toxicity studies, zebrafish possess 3 isoforms of AHR
(AHR1A, AHR1B, and AHR2), that have high homology with the human AHR. The
function of AHR2 has been well established as functionally similar to the human AHR
(Hahn 2002) and has been shown to mediate dioxin and dioxin-like developmental
toxicity in zebrafish (Andreasen 2002; Goodale et al. 2012). AHR2 has been further
established as the major mediator of toxicity for several PAHs and other aryl
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hydrocarbons (Billiard et al. 2006; Jayasundara et al. 2014; Timme-Laragy et al. 2007).
AHR1A has been identified as a mediator of toxicity for a smaller number of PAHs
(Goodale et al. 2012). AHR1B appears to primarily bind ligands of AHR2, and is
suspected to have a physiological role, but has no known role in xenobiotic toxicity
(Karchner et al. 2005). Downstream targets of AHR, particularly in relation to xenobiotic
phase I and phase II metabolism, are highly conserved in the zebrafish (Goldstone et al.
2010; Kurogi et al. 2013; Le Fol et al. 2017).
Despite the many distinct advantages of the embryonic zebrafish model, using an
aquatic model to assess PAH toxicity does present several challenges. PAHs are
generally very hydrophobic, and this results in limits to solubility and the maximum
testable concentrations, especially with regard to parent compounds of higher molecular
weights. This intrinsic hydrophobicity also contributes to the sorption of PAHs to
polystyrene exposure plates, which brings uncertainty into the final exposure
concentrations (Chlebowski et al. 2016). Likewise, a lack of body burden and dosimetry
data means that there is little understanding of what final exposure concentrations mean
in terms of delivered dose.
Thesis Objectives
The goal of this dissertation is to leverage the zebrafish model to advance our
understanding of the range of developmental effects resulting from exposure to PAHs and
their derivatives. Pursuant to this, this dissertation focuses on the use of high throughput
data and gene expression analysis to identify potential modes of action resulting from
PAH exposure. This approach is also used to model PAH mixture effects.
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In chapter 2, we explored the range of developmental effects caused by PAH
exposure by determining the developmental toxicity of 123 parent and substituted PAHs.
Following chemical exposure, embryonic zebrafish were assessed for developmental
toxicity using 22 morphological endpoints. Additionally, behavioral effects were assessed
via embryonic and larval photomotor response. CYP1A localization was assessed using
immunohistochemistry to evaluate AHR activation as a potential mechanism of toxicity.
Responses varied widely in our system, from completely inert to acutely toxic, and
produced a larger than expected variety of CYP1A localization patterns. These data
identified a novel phenotype of developmental PAH exposure and allowed grouping of
the tested PAHs into “similar effects” bins for further investigation.
In chapter 3, we investigated how exposure to PAHs in mixtures alters their
developmental toxicity. To accomplish this, the toxicity of a constructed representative
PAH mixture was assessed in the zebrafish model. The mixture was constructed based on
the ratios of the top 10 most common parent PAHs in the Portland Harbor Superfund
Megasite. The 22 morphological endpoints and 2 behavioral endpoints of the
developmental zebrafish model were used to assess the toxicity of the individual PAHs,
and were compared to the developmental toxicity of the mixture. Components potentially
driving mixture toxicity were identified, and submixtures were created with the
hypothesized drivers and inactive components of the mixture. The toxicity of the
submixtures was determined using the developmental zebrafish model. The assumption
of mixture additivity was tested in the embryonic toxicity model, and AHR dependency
of morphological effects was assessed through knockdown with antisense
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oligonucleotides. Results from these studies indicated PAH mixture toxicity is additive.
Long term adult behavioral effects following developmental exposure to the mixture
were also assessed, and results indicated persistent behavioral effects associated with
developmental exposure to the mixture.
In chapter 4, we explored previously unobserved AHR mediated effects of PAHs
by investigating a unique caudal fin phenotype. The phenotype is characterized by a
secondary caudal fin growing perpendicular to the normal caudal fin plane, and was
identified during the toxicity screening in chapter 2. It was characterized by observing its
pattern of growth, required exposure window, timing of phenotype emergence, and
CYP1A tissue localization patterns. The phenotype’s dependency on AHR was assessed
using antisense oligonucleotides. Potential pathways driving the phenotype’s
development were identified using RNAseq, and fin regeneration related pathways were
implicated in driving the response.
These studies emphasize the diversity of PAH developmental effects, even among
those thought to have a common mode of action through AHR. They establish the largest
to date comparative data set in a single model of the developmental toxicity of PAHs,
which can be used as a starting point for assessing PAH mixture toxicity. From this, these
studies propose a framework for these mixture toxicity assessments, and identify new
roles of AHR in developmental pathway regulation. Overall these studies also
demonstrate that further investigation into the toxicological profiles of PAHs and their
derivatives should take into account the diversity of the chemical class.
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Abstract
Polycyclic aromatic hydrocarbons (PAHs) are widespread environmental
contaminants that occur in complex mixtures. Several PAHs are known or suspected
mutagens and/or carcinogens, but developmental toxicity data is lacking for PAHs,
particularly their oxygenated and nitrated derivatives. Such data is necessary to
understand and predict the toxicity of environmental mixtures. 123 PAHs were assessed
for morphological and neurobehavioral effects for a range of concentrations between 0.1
and 50 µM, using a high-throughput early life stage zebrafish assay, including 33 parent,
22 nitrated, 17 oxygenated, 19 hydroxylated, 14 methylated, 16 heterocyclic, and 2
aminated PAHs. Additionally, each PAH was evaluated for AHR activation, by assessing
CYP1A protein expression using whole animal immunohistochemistry (IHC). Responses
to PAHs varied in a structurally-dependent manner. High-molecular weight PAHs were
significantly more developmentally toxic than the low-molecular weight PAHs, and
CYP1A expression was detected in 5 distinct tissues, including vasculature, liver, skin,
neuromasts and yolk.
Introduction
Characterized by two or more fused aromatic rings (Ravindra et al. 2008), PAHs
are produced through pyrogenic (combustion derived), petrogenic (petroleum derived)
and biogenic processes, and can include a variety of heteroatomic substitutions on or
within the ring system. Non-occupational human exposure primarily occurs through the
diet, especially ingestion of smoked and grilled meats and vegetables (Bansal and Kim
2015), through direct or secondhand inhalation of tobacco smoke (Ramos and Moorthy
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2005; Rodgman et al. 2000), inhalation of polluted air, or through contact with
contaminated soils and water (Goldman et al. 2001; Lundstedt et al. 2007). Common
sources of PAHs in the environment include anthropogenic activity like petroleum and
plant based fuel use, and natural sources such as oil seeps, forest fires, and volcanic
emissions (Li et al. 2002; Zhang and Tao 2009). Like the parent compounds, polar PAH
derivatives can form directly through incomplete combustion. However, PAH derivatives
can also be formed through a variety of abiotic and biotic processes, including reactions
with NOx, O3, and OH radicals in the atmosphere (Cochran et al. 2016; Jariyasopit et al.
2014a; Jariyasopit et al. 2014b; Lundstedt et al. 2007), and biotic metabolism (Shailaja et
al. 2006; Xue and Warshawsky 2005). Parent and PAH derivatives are found in complex
mixtures in the environment, but modelling the toxicity of mixtures is impractical without
an understanding of the potential developmental effects of an individual PAH. The most
sensitive life stage to chemical bioactivity is during development when all cellular
networks are active. Therefore, development is a critical period of concern for exposure
to PAHs, which are known to readily cross the placental barrier (Perera et al. 2004;
Zhang et al. 2017).
Growing evidence associates developmental PAH exposure with adverse effects
in early and later life stages. Increased developmental PAH exposure in humans has
been correlated with increased childhood obesity (Rundle et al. 2012) and ADHD rates
(Perera et al. 2014), and decreased IQ (Perera et al. 2009b; Perera et al. 2006), height
gain, birth weight, birth length, and head circumference in epidemiological studies
(Perera et al. 1998). Aryl hydrocarbon receptor (AhR) dependent and independent
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cardiovascular effects, and oxidative stress are well studied components of PAH toxicity
(Burczynski et al. 1999; Incardona et al. 2004; Incardona et al. 2011; Knecht et al. 2013;
Liu et al. 2009; Scott et al. 2011), and recent studies indicate that persistent
neurodevelopmental effects are also important aspects of PAH toxicity (Chen et al. 2012;
Crepeaux et al. 2012; Crepeaux et al. 2013; Incardona et al. 2004; Incardona et al. 2006;
Knecht et al. 2017; Vignet et al. 2014). In light of this, it is clear that PAHs have distinct
bioactivities that cannot be summarized by a single mechanism of action.
Developmental toxicity data and regulations on PAHs have primarily come from
studies of benzo[a]pyrene (B[a]P), and to a lesser extent from the other 27 priority PAHs
designated by the US Environmental Protection Agency (USEPA) (Ostrowski et al. 1999;
USEPA 2010). The 27 PAHs included in the USEPA’s Relative Potency Factor (RPF)
approach were selected based on their known carcinogenic potential relative to B[a]P
(USEPA 2010), and are limited to parent (unsubstituted) compounds. This means that
hundreds of substituted PAHs (e.g. oxygenated, hydroxylated, nitrated, methylated,
alkylated, and heterocyclic) are not represented among the developmental toxicity data.
Additionally, the RPF PAHs include few high molecular weight PAHs, many of which
are known or suspected carcinogens. Therefore, current developmental toxicity data does
not effectively capture the structural variability of substituted PAHs, and likely does not
capture the complete range of PAH developmental toxicity. Efforts to model PAH
toxicity have primarily focused on log Kow as a predictive tool for PAH bioavailability
and bioactivity (Billiard et al. 2008; Boese et al. 1999; Mathew et al. 2008; Sabljic 2001)
with considerably more success for the former than the latter parameter.
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The zebrafish has the distinct advantage of being the only vertebrate model
amenable to high throughput testing of a wide range of PAHs for effects on complex
endpoints, and have demonstrated concordance with a variety of mammalian and in vitro
models for numerous compounds (Boyd et al. 2016; Volz et al. 2015). Zebrafish embryos
develop externally, rapidly and are transparent, enabling quick assessment of
developmental effects, especially organ development and neurobehavioral effects
(Dooley and Zon 2000; Peal et al. 2010). Their small size allows testing of compounds in
small volumes, which is ideal for compounds that are difficult to synthesize or obtain in
large volumes. Zebrafish are also amenable to molecular and cell culture techniques,
making them an ideal model to investigate molecular mechanisms of toxicity. Zebrafish
fully support phase I and phase II detoxification pathways by 5 days post fertilization
(Goldstone et al. 2010; Kurogi et al. 2013; Le Fol et al. 2017), allowing them to reveal
developmental toxicity that is metabolism-dependent. This is particularly useful for
evaluating PAH toxicity, which depends, in most cases, on metabolic activation
(Incardona et al. 2006; Xue and Warshawsky 2005).
This paper represents the most comprehensive in vivo characterization of PAH
and substituted PAH developmental toxicity to date. Morphological and neurobehavioral
effects were assessed for 123 commercially available and custom-synthesized PAH
standards using the embryonic zebrafish model. They included: 33 parent, 22 nitrated, 17
oxygenated, 19 hydroxylated, 14 methylated, 16 heterocyclic, and 2 aminated (potential
metabolites of nitrated PAHs) PAHs. These structures were selected for broad coverage
of environmental and metabolic byproduct prevalence. Hydroxy-PAHs were emphasized
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due to their ready formation as metabolites in fish and humans following PAH exposure,
and by fossil fuel combustion and environmental oxidation (Diamanti-Kandarakis et al.
2009; Luderer et al. 2017; Pulster et al. 2017; Simoneit et al. 2007; Wang et al. 2017).
Furthermore, cytochrome P450, family 1, subfamily A (CYP1A) expression patterns
were characterized for each compound as an indicator for AhR activation. Results were
compared with predicted log Kow values to assess the predictive power of that method.
Methods
Chemicals
Analytical grade standards were obtained from several vendors including:
AccuStandard (New Haven, CT, USA), Alfa Aesar (Tewksbury, MA, USA), Chiron
Chemicals (Hawthorn, Australia), Combi-Blocks (San Diego, CA, USA), Institute for
Reference Materials and Measurements (IRMM) (Geel, Belgium), MRIGlobal (Kansas
City, MO, USA), Santa Cruz Biotechnology (SCB) (Dallas, TX, USA), Sigma-Aldrich
(Saint Louis, MO, USA), Sigma-Aldrich Rare Chemical Library (Sigma-Aldrich RCL)
(Saint Louis, MO, USA), and Toronto Research Chemicals (TRC) (Toronto, ON,
Canada). 3,7-dinitrobenzo[k]fluoranthene and 7-nitrobenzo[k]fluoranthene were
synthesized in-house (Jariyasopit et al. 2014a). In all, standards for 123 PAHs and PAH
derivatives were obtained and dissolved in 100% dimethyl sulfoxide (DMSO) to make
stock solutions (Table 1).
Zebrafish Husbandry
Tropical 5D zebrafish were maintained at the Oregon State University Sinnhuber
Aquatic Research Laboratory (SARL, Corvallis, OR), under a 14:10 hour light/dark
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cycle. Fish were raised in densities of ~500 fish/50-gallon tank at 28°C in recirculating
filtered water supplemented with Instant Ocean salts. Spawning funnels were placed in
tanks the night prior, and the following morning embryos were collected, staged and
maintained in an incubator at 28°C (Kimmel et al. 1995).
Exposures
The chorions of 4 hours post fertilization (hpf) embryos were enzymatically
removed using a custom automated dechorionator and at 6 hpf embryos were placed one
per well in round bottom 96-well plates prefilled with 100 µL EM, using automated
embryo placement systems (Mandrell et al. 2012). A Hewlett Packard D300e chemical
dispenser was used to dispense 100% DMSO stocks into 2 replicate exposure plates.
Final DMSO concentrations were normalized to 1% (vol/vol), and gently shaken by the
chemical dispenser during dispensing. Plates were sealed with parafilm to minimize
evaporation, and shaken overnight at 235 rpm on an orbital shaker at 28°C to enhance
solution uniformity (Truong et al. 2016). Embryos were statically exposed until 120 hpf,
and kept in a 28°C incubator for the duration of the exposure. Two test concentration lists
were used, depending on the stock concentration and the percentage of DMSO tolerable
to developing zebrafish. Exposure concentrations for the 10 mM and 5 mM stock
solutions were: 50, 35.6, 11.2, 5, and 1 µM. Exposure concentrations for the 1 mM stock
solutions were: 5, 3.56, 1.12, 0.5, and 0.1 µM. Compounds with high mortality at the 10
mM stock concentrations were rescreened at the 1 mM stock concentrations.
Concentrations that had visibly precipitated out of solution by the end of the exposure
were excluded from analysis.

31
Developmental Toxicity Screening
At 24 hpf embryos were assessed for mortality, developmental progression,
notochord formation, and spontaneous motion. At 120 hpf, larvae were further assessed
for 18 developmental endpoints: mortality, yolk sac edema, pericardial edema, body axis,
trunk length, caudal fin, pectoral fin, pigmentation, somite, eye, snout, jaw, otolith, brain,
notochord and circulatory malformations, swim bladder presence and inflation, and touch
response. Responses were recorded as a binary absence or presence of an abnormal
morphology for each endpoint. Lowest effect levels (LELs) were calculated for each
endpoint using a binomial test to estimate significance thresholds as previously described
(p<0.05) (Truong et al. 2016).
Embryonic Photomotor Response
Embryonic photomotor response (EPR) was evaluated in 24 hpf embryos using a
custom-built photomotor response assay tool (PRAT) (Noyes et al. 2015). After chemical
exposure, embryos were not exposed to visible light until administration of the EPR test.
The test consisted of: 30 s of darkness (Background); first pulse of intense light; 9 s
darkness (Excitation); second pulse of intense light; 10 s darkness (Refractory). Pixel
changes between video frames were recorded to quantify total movement for each
embryo across the test. Before analysis, wells with adverse effects (including mortality)
observed at 24 hpf were removed. Statistical significance was assessed separately for
each interval (Background, Excitation, and Refractory), using a Kolmogerov-Smirnov
(KS) test (Bonferroni-corrected p value threshold = 0.05) against the vehicle control
animals (Reif et al. 2016).
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Larval Photomotor Response
Larval photomotor response (LPR) was evaluated in 120 hpf larvae with a lightdark cycle and video tracking software (ViewPoint Life Sciences, Lyon, France). There
were a total of 4 light cycles, each light cycle consisting of 3 minutes in the light, and 3
minutes in the dark. Wells with mortality or morbidity were excluded from the data
analysis. Statistical significance was quantified using a KS test (p<0.05) on measured
Area Under the Curve, dividing the dark and light cycles into separate bins, and was
further constrained by a 50%-fold change threshold of significance for hyper or
hypoactivity.
Immunohistochemistry
Immunohistochemistry (IHC) of cytochrome P450, family 1, subfamily A
(CYP1A) protein localization was performed as previously described (Mathew et al.
2006). Briefly, wild type (Tropical 5D) embryos were exposed from 6-120 hpf to the
highest soluble concentration tested that did not cause significant mortality (Table 1).
Two replicates of 8 larvae each were euthanized with tricaine, and fixed overnight in 4%
paraformaldehyde at 4°C. Fixed embryos were permeablized 10 minutes on ice in
0.005% trypsin, rinsed with PBS+Tween 20 (PBST) and post-fixed in 4%
paraformaldehyde for 10 minutes. Larvae were blocked with 10% normal goat serum
(NGS) in PBS+0.5% Triton X-100 (PBSTx) for 1 hour at RT, and incubated overnight in
the primary antibody mouse α fish CYP1A monoclonal antibody (BiosenseLaboratories,
Bergen, Norway) (1:500) in 1% NGS. Larvae were washed in PBST and incubated for 2
hours in secondary antibody (Fluor 594 goat anti-mouse, IgG). Eight embryos per
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treatment group were assessed by epi-fluorescence microscopy using a Zeiss Axiovert
200 M or Keyence BZ-X700 microscope with 10× and 20× objectives and scored for the
presence or absence of fluorescence in specific tissues.
Data Analysis
All statistical analysis was performed using custom code developed in R (Team
2015). The heatmap, bar plots, and pie charts were rendered using the ggplot2 package
for R (Wickham 2009b). Hierarchical clustering analyses were conducted using
Euclidean distance-based dissimilarity matrices using a “bottom-up” approach. The Venn
diagram was created using the online tool “Calculate and draw custom Venn diagrams”
created by the Bioinformatics and Evolutionary Genomics group at the University of
Gent. The log of the octanol-water partitioning coefficient for each chemical was
estimated using EpiSuiteTM KOWWINTM v1.68.
Results
PAH Library
A total of 123 PAHs were selected for testing, including parent compounds and a
selection of oxygenated, hydroxylated, heterocyclic, nitrated, and aminated derivatives.
Selection was primarily based upon obtaining a representative variety of physicochemical
properties, to capture the widest possible variety of developmental effects, while also
selecting environmentally and metabolically relevant parents and derivatives. Selected
compounds contained two to seven fused aromatic rings, which, due to the availability of
standards, was weighted slightly towards the smaller, more water soluble structures (Fig
1). PAHs with three aromatic rings were the most represented, with a total of 40 tested.
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Parent PAHs were represented at every ring number, while PAH derivatives were
commercially limited to compounds with 2-6 aromatic rings at the time of procurement.
Developmental Toxicity Profiles
Embryos were exposed to concentration ranges of each of the 123 PAHs, and
were evaluated for adverse morphological effects and neurobehavioral endpoints across
concentrations. The developmental toxicity profiles (Fig 2) were binned into 6 distinct
groups: 1) Mortality at low concentrations and few other observed morphological effects,
2) Several, severe morphological endpoints at low concentrations, 3) Fewer
morphological endpoints primarily at the two highest concentrations tested, 4) No
morphological abnormalities, but LPR behavior effects, 5) No morphological
abnormalities, but EPR behavior effects, 6) No observed developmental effects. The
largest, Group 4, consists only of those with LPR effects, contained 57 PAHs. The next
largest, Group 2, severe, varied malformations and high mortality at lower
concentrations, contained 25 PAHs. The 18 PAHs of Group 3 affected a handful of nonmortality endpoints, usually at higher concentrations. The 12 PAHs of Group 1 affected
mostly 24 hpf mortality at low concentrations. The 11 PAHs of Group 6 produced no
adverse effects. Most compounds with an altered EPR also had other endpoints affected,
but quinoline only had an observed effect on EPR (Group 5).
PAHs within a class generally sorted into one or two of the above groups. The
majority of PAHs with severe effects (Groups 1 and 2) were oxygenated, hydroxylated,
or heterocyclic derivatives. The only parent compounds in these groups were
dibenzo[a,l]pyrene and dibenzo[a,c]anthracene. Almost half of the unaffected Group 6
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compounds were parent PAHs, the rest a mixture of nitrated and heterocyclic PAHs.
Parent compounds were generally less bioactive than their oxygenated, hydroxylated, or
nitrated derivatives.
Embryonic Photomotor Response (EPR)
Of the tested PAHs, 28 resulted in a significant change in EPR in at least one
phase (Baseline, Excitation or Refractory) (Fig 2). Twelve compounds significantly
affected the EPR in the Baseline phase (2 hyperactive and 10 hypoactive), including 1
aminated, 1 methylated, 2 nitrated, 4 hydroxylated, and 4 oxygenated PAHs. Twenty-five
PAHs significantly changed EPR in the Excitation phase, including 2 aminated, 2
methylated, 3 heterocyclic, 3 nitrated, 5 oxygenated, and 9 hydroxylated PAHs. Of those,
6 were hyperactive and 19 were hypoactive. Hyperactive compounds were either
heterocyclic, hydroxylated or nitrated. Only one compound (dibenzo[a,h]pyrene)
significantly altered EPR in the Refractory period, and it had a hypoactive response in
this period. This was also the only instance of a parent PAH causing a significant effect
in the EPR.
Larval Photomotor Response (LPR)
A total of 97 PAHs induced a significant change in LPR in at least one phase
(light or dark) (Fig 2). Fifty-four PAHs significantly changed LPR in the dark phase,
including 1 aminated, 4 nitrated, 5 heterocyclic, 7 hydroxylated, 9 oxygenated, 10
methylated, and, 16 parent PAHs. Of those, 34 were hyperactive and 20 were hypoactive.
The direction of the LPR effect tended to group based on structure and substitutions.
Fourteen (87 %) parent compounds with an effect on the dark phase were hyperactive, as
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were 5 (71%) hydroxylated compounds, and 6 (60%) of methylated compounds. Two
(50%) nitrated compounds that affected LPR caused hyperactivity in the dark.
Heterocyclic and oxygenated compounds mostly caused hypoactivity, with 8 (66%)
heterocyclic and oxygenated compounds that affected LPR causing hypoactivity.
Eighty-one PAHs significantly altered LPR in the light phase, including 1
aminated, 10 methylated, 10 oxygenated, 11 heterocyclic, 12 nitrated, 13 hydroxylated,
and 24 parent PAHs. Of those, 47 were hyperactive and 34 were hypoactive. Similar
patterns of direction of effect were seen in the light phase as in the dark phase. Sixteen
(66%) parent, 9 (75%) nitrated, 6 (60%) oxygenated, and 8 (62%) of hydroxylated
compounds with effects in the light phase caused hyperactivity. Meanwhile, 9 (82%)
heterocyclic compounds and 5 (50%) methylated compounds caused hypoactivity in the
light.
CYP1A Expression Patterns
The highest concentration tested that did not cause significant mortality for each
PAH was assessed for CYP1A expression patterns with IHC (Table 1). Five different
tissues expressed CYP1A following PAH exposure (Fig 3). Of the 123 PAHs tested, 66
induced CYP1A in at least one tissue type, with most limited to only one tissue (Fig 4a
and b). The majority of the expression patterns were in the vasculature and the liver
(Table 2). CYP1A was also expressed in the yolk, skin and neuromasts. Vasculature
expression was the most common pattern, with 30 PAHs associated with expression of
CYP1A in the vasculature. Additionally, 19 compounds induced observable liver
expression, 18 induced skin expression, 16 induced yolk expression, and 7 induced
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neuromast expression. Neuromast expression was seen solely in conjunction with skin
expression, and this was the second most common co-expression pattern observed. (Fig
4b). Skin expression was observed with PAHs of 5 or more rings, with the notable
exceptions of the 4 ring nitrated derivatives 6-nitrochrysene and 1,6-dinitropyrene.
Selected Comparisons of PAH Subgroups
EPA RPF PAHs
Eighteen of the 27 RPF PAHs used by the USEPA were included in our
developmental toxicity screen: anthracene, anthanthrene, benzo[a]pyrene,
benzo[b]fluoranthene, benzo[g,h,i]perylene, benzo[j]fluoranthene, benzo[k]fluoranthene,
chrysene, dibenz[a,c]anthracene, dibenz[a,h]anthracene, dibenzo[a,h]pyrene,
dibenzo[a,i]pyrene, dibenzo[a,l]pyrene, fluoranthene, indeno[1,2,3-c,d]pyrene,
naphtho[2,3-e]pyrene, phenanthrene, and pyrene. Anthracene and dibenzo[a,i]pyrene
were the only compounds with no observed morphology effects. All other RPF PAHs fit
into one of two categories: LPR effects only (Group 3), or modest non-mortality effects
(Group 4). The most common affected endpoints were pericardial edema, caudal/pectoral
fins and pigmentation. Fifteen (83%) the tested RPF PAHs were associated with
observable CYP1A expression. Six PAHs expressed CYP1A in one tissue type, most
commonly in the skin and vasculature (33% each), followed by liver or yolk expression
(17% each). Six PAHs (33%) expressed CYP1A in two tissue types, most commonly in
the skin (66%), followed by vasculature, neuromasts and liver (33% each). Three RPF
PAHs (17%) expressed CYP1A in three tissues, vasculature, skin and neuromasts.
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Naphthalene
Naphthalene bioactivity was limited to LPR hyperactivity in both the dark and
light phases. The naphthalene derivatives tested included 1 oxygenated, 2 nitrated, 7
hydroxylated, and 8 methylated derivatives. All derivatives except 2,6dimethylnaphthalene had LPR effects in at least one phase. 2,3-dihydroxynaphthalene
was the only derivative with significant effects on EPR. Four derivatives had effects on
mortality or morphology: 1,2-naphthoquinone, 1-hydroxynaphthalene, 2hydroxynaphthalene and 1,5-dihydroxynaphthalene. The primary endpoint affected was 5
dpf mortality. The hydroxylated compounds had effects only at the highest concentrations
tested, and caused yolk sac and pericardial edemas and pectoral fin malformations, while
1,2 naphthoquinone caused mortality at some of the lowest concentrations tested.
Although the majority of naphthalene derivatives did not express CYP1A, some additions
of methyl or hydroxyl functional groups resulted in CYP1A expression.
1-hydroxynaphthalene induced vasculature CYP1A expression, but not
2-hydroxynaphthalene. Both dihydroxynaphthalenes with a hydroxyl group in position 3
induced CYP1A expression, but the position of the second hydroxyl group determined
the tissue (vasculature for 2,3, liver for 1,3). 1,5-dihydroxynaphthalene also resulted in
vasculature instead of liver expression. Similar patterns existed for 1,5dimethylnaphthalene (liver), while methyl groups at the 1,4 positions resulted in
vasculature expression.
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Anthracene
Anthracene and several derivatives, including a carboxylated derivative, a
carbonitrile derivative, 3 quinones, 2 nitrated and 3 methylated derivatives were tested.
Anthracene was not bioactive in any of the developmental toxicity assays and not
associated with expression of CYP1A, however all the tested derivatives were bioactive
in at least one developmental toxicity assay. The primary effect of anthracene derivatives
was on LPR behavior; every derivative except 2-nitroanthracene and
2-ethylanthraquinone affected LPR behavior. The majority of anthracene derivatives did
not induce tissue expression of CYP1A. Anthraquinone did not cause morphological
effects, but the addition of an ethyl group in the 2 position resulted in effects across 15
endpoints, including increased mortality, and yolk expression of CYP1A. 1,4anthraquinone was the most toxic derivative tested, with increased mortality at
concentrations below 10 µM. While inactive in all developmental toxicity assays, 2nitroanthracene did induce CYP1A expression in the yolk. 9-anthracene carboxylic acid
did not induce CYP1A tissue expression, but 9-anthracene carbonitrile was associated
with expression in both liver and yolk. Methylation generally did not affect CYP1A
expression, but 9-methylanthracene was associated with CYP1A expression in both
vasculature and liver.
Phenanthrene
Phenanthrene did not induce mortality or morphology changes, EPR effects, or
CYP1A tissue expression at the concentrations tested, but did induce hyperactivity in the
light period of LPR. One aminated, 1 methylated, 2 oxygenated, 2 nitrated, and 4
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hydroxylated phenanthrenes were screened. Addition of functional groups to
phenanthrene resulted in increased bioactivity, except for 3-nitrophenanthrene, which had
the same toxicity profile as the parent compound. The developmental effects of the
derivatives were primarily characterized by 120 hpf mortality, craniofacial
malformations, and yolk sac and pericardial edema. The majority of derivatives did not
induce CYP1A expression, however 4 phenanthrene derivatives had liver expression, the
most common CYP1A pattern amongst the phenanthrenes. In addition to effects on LPR
in the light, 3,6-dimethylphenanthrene caused hypoactivity in the EPR, and induced
CYP1A expression in the vasculature and the liver.
Pyrene
Unsubstituted pyrene had high LELs (low bioactivity) for several endpoints,
vasculature expression of CYP1A, and significant LPR effects. One aminated, one
oxygenated, one hydroxylated and 5 nitrated derivatives were screened. The
mononitrated derivatives had decreased LELs compared to pyrene, but they affected only
the cumulative ‘any’ endpoints (2-nitropyrene), or the LPR (1-nitropyrene). Compared to
unsubstituted pyrene, exposure to pyrene-4,5-dione, 1,6-dinitropyrene, 1,3-dinitropyrene
and 1-aminopyrene dramatically increased the developmental toxicity across multiple
endpoints, with significant yolk sac and pericardial edemas, and craniofacial, axial, and
fin malformations at lower concentrations. 1-hydroxypyrene and 1,8-dinitropyrene had
very similar patterns of effects to pyrene, but those effects were significant at much lower
concentrations. Pyrene substitutions altered CYP1A expression patterns, but with no clear
trend towards a specific tissue type. In addition to vasculature expression, 1-aminopyrene
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elicited yolk expression and 1,6-dinitropyrene elicited skin CYP1A expression. 2nitropyrene, 1,8-dinitropyrene, and pyrene-4,5-dione were not associated with CYP1A
expression, but 1-nitropyrene and 1,3-dinitropyrene both elicited yolk expression.
1-hydroxypyrene was the only pyrene derivative associated with liver expression.
Discussion
In the environment, human and animal exposure to PAHs occurs as complex
mixtures of parent and substituted structures. A lack of developmental toxicity data for
environmentally relevant, substituted PAHs has hindered the estimation of the hazard
potential of environmental mixtures (Andersson and Achten 2015). Our results establish a
baseline of vertebrate developmental effects associated with exposure to a highly diverse
library of 123, mostly substituted, PAHs. We demonstrated that the relationship between
structure and toxicity was complex and not predictable by generalized descriptors of
physical properties.
No two individual PAH developmental response profiles tested here were
identical, and each substituted class ranged from no detectable adverse effects to severely
toxic across multiple endpoints. The developmental toxicity of a substituted PAH
structure was not predicted by number of rings, parent compound bioactivity, or log Kow
(Figure S1). Furthermore, the bioactivity of 18 of the US EPA’s 27 priority PAHs grossly
under-represented the range of toxic effects that we observed in the 123 PAH library,
emphasizing the shortcomings of focusing on benzo[a]pyrene and parent PAHs for
regulatory purposes. We note that others have recently highlighted similar toxicological
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limitations with the USEPA standardized PAH lists (Andersson and Achten 2015;
Andreasen 2002).
Several morphological endpoints, namely pericardial edema, yolk sac edema, and
craniofacial malformations, were common among a majority of the PAHs with
developmental effects. This is in accord with vertebrate developmental malformations in
response to other strong AhR ligands, the cardiovascular effects of PAHs (Incardona et
al. 2004; Incardona et al. 2006; Incardona et al. 2011; Knecht et al. 2013) and their
AhR2-dependent toxicity patterns, including dioxin-like toxicity and CYP1A expression
patterns (Goodale et al. 2012; Knecht et al. 2013). However, effects not previously
associated with developmental PAH exposure were also frequent, including caudal fin,
pectoral fin, pigmentation, and touch response abnormalities, demonstrating that solely
focusing on cardiovascular effects would ignore other important readouts of hazard
potential.
CYP1A expression in the larval zebrafish vasculature and liver is a recognized
reporter of AhR2 and AhR1A activation respectively (Goodale et al. 2012). Expression of
CYP1A in the skin at 120 hpf was previously observed only in response to nitrated PAHs
(Chlebowski et al. 2017), though skin expression of CYP1A has been observed earlier in
development in response to other AhR2 ligands (Kim et al. 2013). In this study, skin
expression of CYP1A was only associated with high molecular weight (> MW 250), low
solubility (-8.8 < log S < -6.7) PAHs. A possible explanation for this pattern of CYP1A
expression is limited bioavailability, restricting metabolism to the surface of the fish. As
a next step, this hypothesis should be tested by examining the relative potency factor of
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these high MW, low solubility PAHs, measured as transactivation of an AhR2-luciferase
reporter (Larsson et al. 2014; Larsson et al. 2012).
Neuromasts are sensory organs in fish and an important part of the lateral line and
otic sensory system. These components are analagous to the mammalian inner ear (Ton
and Parng 2005). They are not typically associated with expression of the CYP450 gene
family, however, otic expression of CYP1A is known (Incardona et al. 2005a). The ten
compounds associated with neuromast CYP1A expression also had altered larval
photomotor responses (LPRs). This may be indirect evidence of disrupted lateral line
development, previously associated with abnormal larval photomotor and startle response
behaviors (de Esch et al. 2012).
While yolk syncytial layer expression of CYP1A has been previously observed in
zebrafish embryos exposed to PAHs (Chlebowski et al. 2017; Goodale et al. 2015), little
is known about its cause or relevance. CYP450 expression was noted in the yolk
syncytial layer in connection with steroidogenesis earlier in development (Hsu et al.
2002), suggesting that PAH-elicited CYP1A expression is connected to steroid
metabolism in the yolk.
An abnormal embryonic photomotor response (EPR) at 24 hpf is generally highly
predictive of adverse effects at 120 hpf for a variety of chemical classes (Reif et al.
2016). Unexpectedly, of the 123 PAHs tested here, only 28 resulted in an abnormal EPR.
Of the compounds with significant EPR effects, 68% had morphological effects at 24 hpf,
and 75% resulted in morphological effects at 120 hpf, i.e., PAHs with EPR effects

44
comprised only 36% of the structures that elicited morphological effects by 120 hpf.
This, combined with the fact that only 28% of the PAHs had morphological effects at 24
hours, suggested that the developmental window of bioactivity for most PAHs began
after 24 hpf. EPR effects were less likely for PAHs associated with CYP1A expression at
120 hpf (14%) than without (26%). This is consistent with the onset of functional phase I
and II metabolism in the developing zebrafish, and conversion of some PAHs to toxic
metabolites (Elie et al. 2015; Goldstone et al. 2010; van Grevenynghe et al. 2004).
The LPR assay revealed bioactivity for several PAHs that did not affect other
endpoints, highlighting the value of behavioral endpoints in chemical toxicity
assessments. Of the 56 PAHs with significant LPR effects, 16 (29%) had no bioactivity in
any other assay. The compounds in this group spanned the entirety of the PAH library,
and did not have any obvious structural commonalities. LPR effects were equally likely
for PAHs with CYP1A expression at 120 hpf (45%) than PAHs without CYP1A
expression (47%). Previous work with environmental mixtures was concordant with the
hypoactivity observed here, mostly associated with exposure to substituted PAHs
(Perrichon et al. 2016).
The EPR and LPR outcomes suggest that a diverse range of PAH structures can
elicit neurobehavioral effects. A higher incidence of LPR effects than EPR effects, and
indirect evidence of a post 24 hpf window of bioactivity for most PAHs, indicates that the
EPR will likely not be a good predictor of PAH mixture toxicity in future work. Eleven
PAHs were not associated with behavioral or morphological effects. This may have
resulted from solubility limits in the aqueous exposure medium, where the threshold for
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morphological or behavioral effects is higher than the top concentrations tested. This
might also have been the case for the five dissimilar compounds with no morphological
or behavioral effects, but observable CYP1A expression. The CYP1A induction suggests
that the compounds interacted with phase I metabolism, while lack of toxicological
responses suggests that the five were successfully detoxified or below a concentration
threshold for overt toxicity. The remaining six compounds with no associated adverse
effects might similarly have been below the toxic threshold. The exceedingly low
aqueous solubility of these compounds means that a static bath exposure will likely be
unsuccessful for evaluating a toxic threshold and that a direct injection approach should
be adopted.
Body burden studies were not performed in parallel with the 123 different
exposure experiments and therefore the degree to which uptake influenced our results is
unknown. There is additional uncertainty in the actual tested concentration, because
sorptive losses of up to 50% of the analyte have been observed for PAHs in contact with
polystyrene (Chlebowski et al. 2016). These uncertainties complicate the modeling of
PAH toxicity by log Kow, especially because experimental values of log Kow do not exist
for most PAHs. Dosimetry modeling is a clear future research need.
Current and proposed methods of modeling PAH toxicity and regulating PAHs in
the environment are increasingly recognized as inadequate and overly focused on parent
compounds (Andersson and Achten 2015). Benzo[a]pyrene has been used as a reference
for toxicity estimates in many regulatory settings (USEPA 2010). However, in our
assays, benzo[a]pyrene was only somewhat representative of the toxicity of other parent
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compounds, and was far less bioactive than most of the oxygenated and nitrated
substitutes. The carcinogenicity and mutagenicity of alkylated, oxygenated and nitrated
PAHs can often equal that of the 27 EPA RPF PAHs, and there is ongoing concern that
ignoring these derivatives obscure the majors drivers of toxicity in environmental risk
assessment (Andersson and Achten 2015). Our data similarly suggested that substituted
PAHs are often much more developmentally toxic than their parent compounds.
Although log Kow is generally predictive of bioavailability, it was clearly not
predictive of developmental hazard potential for the 123 PAHs here (Figure S1). While
general physical descriptors like log Kow are easy to employ and thus highly tempting to
resort to as a means to predict the hazard potential and fate of contamination scenarios,
results like ours demonstrate that a whole animal biosensor approach is both rapid and far
more informative.
In conclusion, we characterized the toxicity of 123 parent, oxygenated,
hydroxylated, and nitrated PAHs, and identified putative differential AhR dependencies
among them. The developmental zebrafish platform enabled a rapid but comprehensive
evaluation of the hazard potential of these diverse structures at low cost relative to
mammalian models. The results of our somewhat unconventional focus on mostly
substituted PAHs, rather than parent USEPA standards, highlight a clear potential for
more accurate assessments of environmental and human health hazard. The traditional
view of PAHs presenting inherently uniform toxicity, i.e., in the vicinity of B[a]P
bioactivity, has already shifted to more refined structure-activity based assessments, and
the much needed inclusion of substituted PAH species is well underway. Future studies
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incorporating a comprehensive approach to body burden will further refine the
mechanisms driving the differential toxic effects of individual and mixtures of PAHs.
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Table 2.1 PAHs tested alphabetically by class, CAS registration number, supplier, percent purity, working stock concentration
in 100% DMSO, and concentration used for immunohistochemistry evaluations

PAH

Nominal
IHC
Stock
Purity (%)
Concentration
Concentration
(uM)
(mM)

CASRN

Supplier

Acenaphthene
Acenaphthylene
Anthracene

83-32-9
208-96-8
120-12-7

AccuStandard
AccuStandard
AccuStandard

100
99.2
99.6

10
10
10

50
50
50

Anthanthrene
Benzo[a]pyrene

191-26-4
50-32-8

Benzo[b]fluoranthene
Benzo[b]fluorene
Benzo[e]pyrene

205-99-2
243-17-4
192-97-2

AccuStandard
Sigma Aldrich
AccuStandard

100
96
99.2

10
5
10

15.8
50
50

AccuStandard
AccuStandard

96.5
99.9

10
10

50
8.9

Benzo[g,h,i]perylene
Benzo[j]fluoranthene
Benzo[k]fluoranthene

191-24-2
205-82-3
207-08-9

AccuStandard
AccuStandard
AccuStandard

98.9
98.1
100

1
10
10

2.8
50
8.9

Chrysene
Coronene

218-01-9
191-07-1

Dibenz[a,c]anthracene
Dibenz[a,h]anthracene
Dibenzo[a,h]pyrene

215-58-7
53-70-3
189-64-0

AccuStandard
AccuStandard
Sigma Aldrich

99.8
100
97

10
1
10

50
8.9
50

AccuStandard
AccuStandard

99
99.9

1
1

10
10

Dibenzo[a,i]pyrene
Dibenzo[a,k]fluoranthene
Dibenzo[a,l]pyrene

189-55-9
84030-79-5
191-30-0

AccuStandard
Chiron
AccuStandard

99.8
99.9
99

1
1
10

5
10
35.6

Dibenzo[b,k]fluoranthene
Dibenzo[j,l]fluoranthene

205-97-0
203-18-9

Chiron
Chiron

**
**

1
1

10
10

Parent
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AccuStandard
AccuStandard

97.2
99.1

10
10

50
50

AccuStandard
Sigma Aldrich

99.2
99

1
10

10
50

Chiron
Chiron
Chiron

98.8
99.8
99

1
1
10

10
10
10

Chiron
Chiron
AccuStandard

99.8
99.8
99.5

1
1
10

10
10
50

Sigma Aldrich
AccuStandard

99
100

10
10

40
5

1606-67-3
947-73-9

Sigma Aldrich
Sigma Aldrich

97
96

10
10

6.4
6.4

1,2-dimethylnaphthalene

573-98-8

1,4-dimethylnaphthalene
1,5-dimethylnaphthalene
1,6-dimethylnaphthalene

571-58-4
571-61-9
575-43-9

AccuStandard
AccuStandard

94
95.7

10
10

50
50

AccuStandard
AccuStandard

100
100

10
10

50
50

1,8-dimethylnaphthalene
1-methylnaphthalene

569-41-5
90-12-0

2,3-dimethylanthracene
2,6-dimethylnaphthalene
2-methylanthracene

613-06-9
581-42-0
613-12-7

AccuStandard
AccuStandard
AccuStandard

100
99.7
98.9

9.7
15.7
10

50
50
5

2-methylnaphthalene
3,6-dimethylphenanthrene
6-methylchrysene

91-57-6
1576-67-6
1705-85-7

AccuStandard
AccuStandard
AccuStandard

100
100
100

8.7
10
10

50
50
50

AccuStandard
AccuStandard

99.3
98.8

10
10

50
8.9

Fluoranthene

206-44-0

Fluorene
Indeno[1,2,3-c,d]pyrene
Naphthalene

86-73-7
193-39-5
91-20-3

Naphtho[1,2-b]fluoranthene
Naphtho[2,3-b]fluoranthene

111189-32-3
206-06-4

Naphtho[2,3-e]pyrene
Naphtho[2,3-j]fluoranthene
Naphtho[2,3-k]fluoranthene

193-09-9
205-83-4
207-18-1

Phenanthrene
Pyrene
Triphenylene
Aminated

65996-93-2
129-00-0
217-59-4

1-aminopyrene
9-aminophenanthrene
Methylated

58
9-methylanthracene
Retene
Oxygenated

779-02-2
483-65-8

AccuStandard
SCB

100
98

10
10

50
15.8

1,2-naphthoquinone

524-42-5

Sigma Aldrich

97

10

3.5

1,4-anthraquinone
1,4-phenanthrenedione

635-12-1
569-15-3

2-ethylanthraquinone
4H-cyclopenta[def]phenanthren-4-one
5,12-naphthacenequinone

84-51-5
5737-13-3
1090-13-7

Alfa Aesar
Sigma Aldrich
Sigma Aldrich

94
100
98.6

10
10
10

0.5
0.08
11.2

6H-benzo[cd]pyren-6-one
9-anthracene carboxylic acid
9,10-phenanthrenequinone

3074-00-8
723-62-6
84-11-7
486-25-9

Chiron
Sigma Aldrich
IRMM

99.4
97
98.8

10
10
1

0.4
2
2

Sigma Aldrich
Sigma Aldrich

99
99

10
10

50
0.16

Sigma Aldrich
Combi-Blocks
Sigma Aldrich

97.5
95
90

10
10
10

50
50
2

Sigma Aldrich

99.9

Sigma Aldrich
Chiron

98.8
99

10
10
10

50
2
0.4

Sigma Aldrich
Sigma Aldrich

97
100

10
10

0.4
0.08

Sigma Aldrich
Sigma Aldrich

99
97

10
10

2
2

Sigma Aldrich
MRIGlobal
Sigma Aldrich

98.5
>98
>99

10
10
10

2
10
35.6

TRC
Sigma Aldrich

98.0
99.8

10
10

5
5

9-fluorenone
11H-benzo[b]fluoren-11-one
Acenaphthenequinone
Anthraquinone
Benzanthrone
Benzo[c]phenanthrene[1,4]quinone
Perinaphthenone
Pyrene-4,5-dione
Hydroxylated

3074-03-1
82-86-0
84-65-1
82-05-3
109699-80-1
548-39-0
6217-22-7

1,3-dihydroxynaphthalene

132-86-5

1,5-dihydroxynaphthalene
1,6-dihydroxynaphthalene
1-hydroxyindeno[1,2,3-c,d]pyrene

83-56-7
575-44-0
193-39-5

1-hydroxynaphthalene
1-hydroxyphenanthrene
1-hydroxypyrene

90-15-3
2433-56-9
5315-79-7
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Sigma Aldrich
Sigma Aldrich

98
97

5
10

2
2

Sigma Aldrich
TRC

99.0
99.8

10
10

11.2
11.2

MRIGlobal
MRIGlobal
Sigma-Aldrich RCL

99.0
96%
**

10
10
10

11.2
5
11.2

MRIGlobal
MRIGlobal
TRC

98.0
>99
98

10
10
10

1
1
5

Sigma Aldrich
MRIGlobal

92.8
99

10
10

5
2

AccuStandard
AccuStandard
AccuStandard

99.5
99.4
95.2

1
1
1

6.4
3.6
6.4

AccuStandard
Sigma Aldrich

100
98

10
10

64
64

3586-69-4
13177-29-2
607-57-8

AccuStandard
Chiron
AccuStandard

99.8
99
100

10
10
10

64
64
64

581-89-5
789-07-1
NA

AccuStandard
Chiron
In-House

94.2
99.9
94

10
10
10

64
64
64

17117-34-9
892-21-7

Chiron
AccuStandard

99.8
100

1
10

1.14
64

17024-19-0
602-87-9

AccuStandard
AccuStandard

99.8
81.5

10
10

64
64

2,3-dihydroxynaphthalene

92-44-4

2,7-dihydroxynaphthalene
2-hydroxynaphthalene
3-hydroxybenz[a]anthracene

582-17-2
135-19-3
4834-35-9

3-hydroxybenzo[e]pyrene
3-hydroxyfluoranthene

77508-02-2
17798-09-3

3-hydroxyfluorene
3-hydroxyphenanthrene
4-hydroxychrysene

6344-67-8
605-87-8
63019-40-9

4-hydroxyphenanthrene
9-hydroxyphenanthrene
10-hydroxybenzo[a]pyrene
Nitrated

7651-86-7
484-17-3
56892-31-0

1,3-dinitropyrene
1,6-dinitropyrene

75321-20-9
42397-64-8

1,8-dinitropyrene
1-nitronaphthalene
1-nitropyrene

42397-65-9
86-57-7
5522-43-0

2-nitroanthracene
2-nitrofluoranthene
2-nitrofluorene
2-nitronaphthalene
2-nitropyrene
3,7-dinitrobenzo[k]fluoranthene
3-nitrobenzanthrone
3-nitrofluoranthene
3-nitrophenanthrene
5-nitroacenaphthalene
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Sigma Aldrich
AccuStandard

99.18
99.6

10
10

64
64

AccuStandard
In-House

99
98

10
10

64
64

602-60-8
954-46-1
723-62-6

AccuStandard
AccuStandard
Sigma Aldrich

99.2
100
97

10
10
10

64
6.4
50

109041-38-5
4265-25-2

AccuStandard
Sigma Aldrich

99
96

1
10

6.4
50

2-nitrodibenzothiophene
3-nitrodibenzofuran
4H-cyclopenta[lmn]phenanthridine-5,9dione
5,6-benzoquinoline

6639-36-7
5410-97-9

AccuStandard
AccuStandard

100
99.2

10
10

6.4
64

61479-80-9

SCB

95

10

5

85-02-9

AccuStandard

99

8-methylquinoline
Acridine

611-32-5
260-94-6

Carbazole
Chromone
Dibenzofuran

86-74-8
491-38-3
132-64-9

Sigma Aldrich
AccuStandard
AccuStandard

97
99.3
99.7

10
10
10
10

11.2
50
23.4
35.6

Sigma Aldrich
Sigma Aldrich

99
98.6

10
10

2
50

Indole
Quinoline
Thianaphthene
Xanthene

120-72-9
91-22-5
95-15-8

AccuStandard
AccuStandard
Sigma Aldrich

99
96.5
98

10
10
10

50
50
50

92-83-1
90-47-1

AccuStandard
Sigma Aldrich

99
97

10
10

50
2

6-nitrobenzo[a]pyrene

63041-90-7

6-nitrochrysene
7-nitrobenz[a]anthracene
7-nitrobenzo[k]fluoranthene

7496'-02-08
20268-51-3
NA

9-nitroanthracene
9-nitrophenanthrene
9-anthracene carbonitrile
Heterocyclic
2,8-dinitrodibenzothiophene
2-methylbenzofuran

Xanthone
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Figure 2.1 Summary of the PAHs evaluated

62

Figure 2.2 Heirarchically clustered heatmap of lowest effect levels for developmental
toxicity endpoints, and neurobehavioral assays (left 5 columns). “Any Effect” and “Any
Except Mortality” (right 2 columns) are aggregates of all morphological endpoints.
Darker red color denotes decreased lowest concentration of effect, and higher toxicity.
Class of PAH is denoted by color in rightmost column.
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Figure 2.3 Representative images illustrating CYP1A expression patterns (a) None (b)
Vasculature (c) Liver (d) Yolk (e) Skin and Neuromasts (f) Skin
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Figure 2.4 (a) Proportion of PAHs with number of CYP1A expressing tissues. (b) Venn
diagram of number of PAHs observed with specific tissue combinations expressing
CYP1A.
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Table 2.2 Combinations of tissues expressing CYP1A observed for individual PAHs
Tissue Type

Total

Compounds

Liver

13

1,3-dihydroxynaphthalene; 1-hydroxyphenanthrene; 1-hydroxypyrene;
1,5-dimethylnaphthalene; 2,8-dinitrodibenzothiophene;
2-nitrodibenzothiophene; 2-nitrofluorene; 5-nitroacenaphthalene;
3-nitrophenanthrene; 9-nitrophenanthrene; Anthanthrene; Carbazole;
Xanthone

Liver, Skin

1

Benzo[j]fluoranthene

Liver, Vasculature

3

3,6-dimethylphenanthrene; 9-methylanthracene; 11H-benzo[b]fluoren-11-one

Liver, Yolk

2

3-nitrobenzanthrone, 9-anthracene carbonitrile

Neuromast, Skin

3

Benzo[k]fluoranthene; Naphtho[2,3-e]pyrene; Naphtho[2,3-k]fluoranthene

Neuromast, Skin, Vasculature

4

Dibenz[a,h]anthracene; Dibenzo[a,h]pyrene; Dibenzo[a,i]pyrene;
Dibenzo[b,k]fluoranthene;

Skin

4

6-nitrochrysene; 7-nitrobenz[a]anthracene; Benzo[b]fluoranthene;
Dibenz[a,c]anthracene

Skin, Vasculature

5

1,6-dinitropyrene; 1-hydroxyindeno[1,2,3-c,d]pyrene;
3,7-dinitrobenzo[k]fluoranthene; 7-nitrobenzo[k]fluoranthene;
Indeno[1,2,3-c,d]pyrene

Skin, Yolk

1

Benzo[a]pyrene

Vasculature

15

1,4-dimethylnaphthalene; 1,4-phenanthrenedione; 1,5-dihydroxynaphthalene;
2,3-dihydroxynaphthalene; 3-hydroxybenz[a]anthracene; 3-hydroxyfluorene;
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5,12-naphthacenequinone; 6-methylchrysene; 10-hydroxybenzo[a]pyrene;
Benzo[b]fluorine; Chrysene; Coronene; Dibenzofuran; Pyrene; Retene
Vasculature, Yolk

3

1-aminopyrene; 1-hydroxynaphthalene; Fluoranthene

Yolk

10

1,3-dinitropyrene; 1-nitropyrene; 2-ethylanthraquinone; 2-nitroanthracene;
2-nitrofluoranthene; 3-nitrofluoranthene; 8-methylquinoline; Acridine;
Dibenzo[a,l]pyrene; Indole

N/A
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1,2-dimethylnaphthalene; 1,2-naphthoquinone; 1,4-anthraquinone;
1,6-dihydroxynaphthalene; 1,6-dimethylnaphthalene;
1,8-dimethylnaphthalene; 1,8-dinitropyrene; 1-methylnaphthalene;
1-nitronaphthalene; 2,3-dimethylanthracene; 2,6-dimethylnaphthalene;
2,7-dihydroxynaphthalene; 2-hydroxynaphthalene; 2-methylanthracene;
2-methylbenzofuran; 2-methylnaphthalene; 2-nitronaphthalene; 2-nitropyrene;
3-hydroxybenzo[e]pyrene; 3-hydroxyfluoranthene; 3-hydroxyphenanthrene;
3-nitrodibenzofuran; 4H-cyclopenta[def]phenanthren-4-one;
4H-cyclopenta[lmn]phenanthridine-5,9-dione; 4-hydroxychrysene;
4-hydroxyphenanthrene; 6h-benzo[c,d]pyren-6-one; 6-nitrobenzo[a]pyrene;
9,10-phenanthrenequinone; 9-aminophenanthrene;
9-anthracene carboxylic acid; 9-fluorenone; 9-hydroxyphenanthrene;
9-nitroanthracene; Acenaphthene; Acenaphthenequinone; Acenaphthylene;
Anthracene; Anthraquinone; Benzanthrone;
Benzo[c]phenanthrene[1,4]quinone; Benzo[e]pyrene; Benzo[g,h,i]perylene;
Chromone; Dibenzo[j,l]fluoranthene; Fluorene; Naphthalene;
Naphtho[1,2-b]fluoranthene; Naphtho[2,3-b]fluoranthene;
Naphtho[2,3-j]fluoranthene; Perinaphthenone; Phenanthrene;
Pyrene-4,5-dione; Quinoline; Thianaphthene; Triphenylene; Xanthene
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Abstract
Humans and other organisms are exposed to complex mixtures of polycyclic
aromatic hydrocarbons (PAHs) at Superfund sites. Traditional risk assessment and
management practices focus on the additive toxicities of individual PAHs, but this
approach may be misleading due to synergistic or antagonistic effects. One method used
to account for this confounding factor is to directly model the toxicity of the mixture.
Mixture complexity and variability within a site can make this difficult, but the relative
ratios of individual PAHs from common sources are often similar. Construction of
“typical” or sufficiently similar mixtures afford risk assessors and managers a more
practical and refined tool for assessing mixture toxicity. In this study, a mixture, termed
“Supermix10” was constructed from the average relative ratios of the ten most abundant
PAHs found at the Portland Harbor Superfund site based on their freely dissolved
concentrations measured using low density polyethylene passive sampling devices. The
high throughput zebrafish assay was used to determine developmental toxicity of both the
individual PAHs and Supermix10. Sub-mixtures were constructed to assess the
contribution of certain groups in the observed toxicity of the mixture. Mixture effects fit
the concentration addition model suggesting additivity of individual PAH toxicities for
both Supermix10 as well as the sub-mixture, Supermix3. Tissue specificity of CYP1A1
expression was determined with immunohistochemistry for both the individual PAHs and
Supermix10, and AhR dependence was assessed for Supermix10. Additionally, effects of
developmental exposure on adult behavior were assessed for exposures to Supermix10
below observed developmental effect levels. Results indicate decreased habituation to a
startle stimulus and decreased learning behaviors.
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Introduction
In the environment, organisms are exposed almost exclusively to complex
mixtures, rather than individual chemicals. However, the majority of laboratory toxicity
testing has focused on individual chemical toxicities instead of chemical mixtures.
Mixtures of chemicals may exhibit significantly different toxicities than their individual
components for a variety of reasons, including competition for receptors and altered
bioavailability (Carpenter et al., 2002).
Attempts to balance real-world exposures to complex chemical mixtures with
available experimental methods have resulted in three main approaches (van Gestel et al.,
2011). The first method assumes mixture toxicity from individual components’ toxicity.
These are termed component-based approaches and are only appropriate for groups of
chemicals in which the mechanisms of toxicity are well established as either similar or
independent. Component based approaches are therefore limited in scope and are
considered the least comprehensive by the United States EPA (U.S.EPA, 2000).
Conversely, the most comprehensive approach for understanding complex
chemical mixture toxicity is to directly assess the toxicity of whole chemical mixtures
from the site of interest. Both in situ and ex situ whole mixture approaches are financially
and logistically onerous and often not practical for environmental managers or risk
assessors. Furthermore, assuring representativeness of the site of interest can be difficult
as sampling often provides only a snapshot of reality and has the potential to miss
episodic events and underestimate exposure. Perhaps most importantly, whole mixture
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approaches do not allow for the identification of chemicals contributing to the overall
mixture effect or assessment of the mechanisms related to their joint effect.
To combat these practicality issues, the US EPA conceptualized the third
approach—representative, or “sufficiently similar” mixtures, defined as: “A mixture
[where]…its components are not very different and are contained in about the same
proportions as the mixture of concern.” This approach produces a simplified and welldefined mixture that allows for the direct comparison of concentration-response curves of
the mixture with individual components (U.S.EPA, 2000). The foundation of this
approach is a fixed ratio design which assumes that the relative ratios of chemicals from
common sources are similar, and that the ratios are vital to understanding the effects in
the mixture. Here, we present a demonstration of this representative mixture approach by
assessing the toxicity of a surrogate PAH mixture from a Superfund site using the
zebrafish developmental toxicity model.
In the environment, PAHs exist primarily as complex mixtures with ratios
reflective of their sources (Incardona et al., 2006). Historically, PAHs have been a health
concern due to their carcinogenicity and/or mutagenicity but there is growing evidence
for the developmental toxicity of PAHs and PAH mixtures. Epidemiological studies have
found correlations between developmental PAH exposure, adverse birth outcomes, and
long term neurological effects (Perera, 2014, Perera, 2009, Perera, 2006, Perera, 1998). In
vertebrate models, developmental PAH exposures produce cause oxidative stress,
cardiovascular toxicity (Burczynski et al., 1999; Incardona et al., 2004; Incardona et al.,
2011; Knecht et al., 2013), and short term and long term neurodevelopmental effects
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(Incardona et al., 2004; Incardona et al., 2006; Knecht et al., 2017a; Knecht et al., 2017b;
Vignet et al., 2014).
Mechanisms of action for these developmental endpoints can include aryl
hydrocarbon receptor (AhR) dependent and independent mechanisms of toxicity
(Incardona et al., 2005; Jayasundara et al., 2014). However, even when different PAHs
are shown to involve the same pathways, downstream effects of AhR dependent toxicity
have been shown to be structurally-dependent (Goodale et al., 2015). PAHs should
therefore be treated as toxicologically distinct compounds with potentially distinct
mechanisms of action that may not be amenable to component based approaches.
The Portland Harbor Superfund Site (PHSS) is a prime example of a location with
multiple PAH sources resulting in exposure of humans and other organisms to complex
PAH mixtures. The PHSS is located on the Willamette River upstream of its confluence
with the Columbia river in Portland, Oregon (U.S.EPA, 2016). Legacy sources such as
gas manufacturing and creosote operations, and modern day sources such as vehicle
emissions and urban runoff contribute to PAH load in the PHSS (Minick and Anderson,
2017).
To construct a representative, surrogate PAH mixture from the PHSS, low density
polyethylene (LDPE) passive sampling devices (PSDs) were deployed in the surface
water at three locations. Passive sampling devices measure the freely dissolved fraction
of chemicals, which may be considered the bioavailable fraction, and has been shown to
correlate better with bioaccumulation and toxicity than whole-matrix analysis
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(Hawthorne et al., 2007; Mayer et al., 2014). From these measured water concentrations,
a surrogate mixture, termed Supermix10 (SM10), was constructed based on a fixed ratio
design consisting of the ten most abundant PAHs.
To assess mixture toxicity, SM10 was compared to the individual PAH toxicities
in the developmental zebrafish model. Embryonic zebrafish develop rapidly and are
transparent, enabling quick assessment of morphological and neurobehavioral effects
during development. Furthermore, zebrafish are amenable to cell culture techniques
allowing for in vivo characterization of molecular mechanisms of toxicity. Zebrafish
development has high homology with human development, including major organ
development and structure, and the zebrafish genome has high homology to the human
genome, especially in disease-related genes (Truong et al., 2014b). Additionally, AhR
isoforms in zebrafish have high homology with the human AhR (Hahn, 2002). Previous
work has demonstrated that chemical exposures in larval and adult zebrafish can result in
differences in learning and memory during an active avoidance test, and in particular,
previous data has demonstrated developmental exposure to benzo[a]pyrene can result in
long-term learning deficits (Knecht et al., 2017b; Truong et al., 2014b; Xu et al., 2007;
Xu et al., 2012).
Here, we demonstrate the use of a representative mixture approach to understand
the developmental toxicity of a defined PAH mixture from a Superfund site using the
zebrafish developmental toxicity model. The specific objectives of this study were to: 1)
examine the developmental toxicity profiles for individual PAHs and mixtures 2)
quantitatively compare effect levels to determine if joint responses can accurately be
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described by concentration addition 3) examine the role of the AhR in mediating toxicity,
and 4) investigate long-term behavioral consequences of developmental exposure to the
SM10 mixture.
Methods
Study Area and Mixture Construction
The PHSS is located on the Willamette River from river mile 1.8 to 11.2 as
measured upstream of its confluence with the Columbia River in Portland, Oregon. The
PHSS was added to the Superfund National Priorities List in 2000 due to high levels of
PAHs, PCBs, dioxins, and metals in the sediment and overlying water. Low density
polyethylene PSDs were deployed for approximately thirty day periods during the
summer months of 2010 at three different locations in the PHSS (Allan et al., 2010).
Performance reference compounds were used to determine freely dissolved water
concentrations of 33 PAHs. With these concentrations, SM10 was constructed based on
the average PAH ratios of the top ten most abundant PAHs as measured (Table 1).
Zebrafish Husbandry
Tropical 5D zebrafish were maintained at the Sinnhuber Aquatic Research
Laboratory (SARL), at Oregon State University (Corvallis, OR, USA) under a 14:10 hour
light/dark cycle. Fish were raised in densities of ~500 fish/50-gallon tank at 28°C in
recirculating filtered water supplemented with Instant Ocean salts. Spawning funnels
were placed in tanks the night prior, and the following morning embryos were collected,
staged and maintained in plastic petri dishes in an incubator at 28°C (Kimmel et al.,
1995).
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Exposures
To remove potential chemical barrier effects, the chorions of 4 hours post
fertilization (hpf) embryos were enzymatically removed using a custom automated
dechorionator, and at 6 hpf embryos were placed one per well in round bottom 96-well
plates prefilled with 100 µL EM, using automated embryo placement systems (Mandrell
et al. 2012). A Hewlett Packard D300e chemical dispenser was used to dispense 100%
DMSO stock into 4 replicate exposure plates. Final DMSO concentrations were
normalized to 1% (vol/vol), and plates were gently shaken during dispensing. Plates were
sealed to minimize evaporation, wrapped in aluminum foil to block external light, and
shaken overnight on an orbital shaker at 235 rpm at 28°C to enhance solution uniformity
and bioavailability (Truong et al. 2016). Embryos were statically exposed until 120 hpf,
and kept in a 28°C incubator for the duration of the exposure.
Exposure concentrations for the individual PAHs were as follows: 50.0 µM, 35.6
µM, 11.2 µM, 5.00 µM, and 1.00 µM. For the morphology screening experiments,
exposure concentrations for the mixtures were as a percentage of the prepared SM10 or
SM3 stock, and were as follows: 1.0%, 0.91%, 0.81%, 0.72%, 0.63%, 0.53%, 0.44%,
0.34%, 0.25%, 0.16%, and 0.063%. An additional exposure occurred in the case of SM10
with the following percentages: 1.0%, 0.81%, 0.63%, 0.44%, 0.33%, 0.28%, 0.23%,
0.19%, 0.14%, 0.094%, and 0.047%. SM 7 was additionally exposed to the following
concentrations (normalized as SM10 percentage): 2.00%, 1.82%, 1.62%, 1.44%, 1.26%,
1.06%, 0.880%, 0.680%, 0.500%, 0.320% and 0.126%. Exposure concentrations for the
EC50 determinations varied depending on the compound or mixture and were as follows:
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SM10 and SM 3, same as morphology screening experiments; retene, 22 µM, 20 µM, 18
µM, 16 µM, 14 µM, 12 µM, 10 µM, 8.0 µM, 6.0 µM, 4.0 µM, and 2.0 µM; pyrene, 50
µM, 47 µM, 44 µM, 41 µM, 38 µM, 35 µM, 32 µM, 29 µM, 26 µM, 23 µM, and 20 µM.
Developmental Toxicity Screening
At 24 hpf embryos were visually assessed for mortality, developmental
progression, notochord formation, and spontaneous motion. At 120 hpf, larvae were
further assessed for 18 developmental endpoints: mortality, yolk sac edema, pericardial
edema, body axis, trunk length, caudal fin, pectoral fin, pigmentation, somite, eye, snout,
jaw, otolith, brain, notochord and circulatory malformations, swim bladder presence and
inflation, and touch response. Responses were recorded as a binary absence or presence
of an abnormal morphology for each endpoint for each fish. Lowest effect levels (LELs)
were calculated for each endpoint using a binomial test to estimate significance
thresholds as previously described (p<0.05) (Truong et al., 2016).
Embryonic Photomotor Response
Embryonic photomotor response (EPR) was evaluated in 24 hpf embryos using a
custom built photomotor response assay tool (PRAT) (Noyes et al., 2015). After
exposures, embryos were not exposed to light until administration of the EPR test. The
test consisted of: 30 s of darkness (Background); first pulse of intense light; 9 s darkness
(Excitation); second pulse of intense light; 10 s darkness (Refractory). Pixel changes
between video frames were recorded to quantify total movement for each embryo across
the test. Before analysis, wells with adverse effects (including mortality) observed at 24
hpf were removed. Statistical significance was assessed separately for each interval
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(Background, Excitation, and Refractory), using a Kolmogerov-Smirnov (KS) test
(Bonferroni-corrected p value threshold = 0.05) against the vehicle control animals (Reif
et al., 2016).
Larval Photomotor Response
Larval photomotor response (LPR) was evaluated with a light-dark cycle in 120
hpf larvae using the ViewPoint Zebrabox system and video tracking software (ViewPoint
Life Sciences, Lyon, France). There were a total of 4 light cycles, each light cycle
consisting of 3 minutes in the light, and 3 minutes in the dark. Before analysis, wells with
mortality or morbidity were removed. Statistical significance was quantified using a KS
test (p<0.05) on measured Area Under the Curve, dividing the dark and light cycles into
separate bins, and was further constrained by a 50% threshold of significance for hyper or
hypoactivity.
Adult Exposures
For adult studies, 288 embryos were statically exposed to 0.1% SM10 in DMSO
from 6 hpf to 120 hpf as described above. The concentration of 0.1% SM10 was chosen
due to the lack of overt morphological effects at 120 hpf. At 120 hpf, exposed animals
were rinsed with clean water and raised on the lab system as described in zebrafish
husbandry. A subset of ~60 animals were randomly chosen for behavior, respiration, and
learning assessments.
Habituation to an audio startle stimulus was tested in adult fish using the zebrafish
visual imaging system (zVIS) as previously described (Knecht et al., 2017a). Briefly, 48
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adult fish (24 male, 24 female) per treatment group were individually placed into an array
of 8 tanks (12cm x 12cm) filled with 750 mL of fish water. Taps were generated by an
electric solenoid below each tank. Following a 10-minute acclimation period, a total of
ten taps were delivered, with 20s following each tap, after which the distance moved was
quantified for both SM10 and 0.1% DMSO controls.
An active avoidance conditioning test was used to assess learning and
performance differences in SM10 developmentally exposed zebrafish compared to
controls. Custom built shuttleboxes, previously described (Truong et al., 2014a), were
used with a modified protocol (Truong et al., 2014a; Xu et al., 2007) to test for learning
deficiencies. Briefly, zebrafish were conditioned to leave a darkened side (conditioned
stimulus), by using a shock pulse on this “incorrect side”, and swim to the non-shock
blue-lighted, “correct side” compartment within an 8 sec “seek period” to avoid the mild
shock. The shuttlebox test consisted of a 10-minute acclimation period in the dark,
followed by 30 consecutive trials. Each trial consisted of an 8 sec. seek period, initiated
by the conditioned stimulus (CS), a blue LED light. If the fish did not swim to the correct
side before the end of the seek period, or after the seek period was over crossed back to
the incorrect side after it had occupied the correct side, the unconditioned stimulus (US),
a mild shock (2.8V, 500ms duration, at a 1sec interval, for a maximum 16 sec duration),
was administered until the fish returned to the correct side. After each 24 sec trial, there
was a 60 sec inter-trial interval where both sides of the shuttlebox were lighted blue,
before the next trial began. If the zebrafish did not leave the incorrect side for the entire
24 sec trial, for 8 trials in a row, the fish would “fail out” and the test would stop.
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Conversely, if the fish left the incorrect side before the end of the seek period and did not
cross back to the incorrect side for the entire 24 sec trial, the fish received no shock.
Immunohistochemistry
Immunohistochemistry (IHC) of cytochrome P450, family 1, subfamily A
(CYP1A) protein localization was performed as previously described (Mathew et al.,
2006). Briefly, wildtype embryos were exposed from 6 to 120 hpf to 0.43% for the
mixtures, and the highest soluble concentration tested that did not cause significant
mortality for the individuals. Two replicates of 8 larvae each were euthanized with
tricaine, and fixed overnight in 4% paraformaldehyde at 4°C. Fixed embryos were
permeablized 10 minutes on ice in 0.005% trypsin, rinsed with PBS+Tween 20 (PBST)
and post-fixed in 4% paraformaldehyde for 10 minutes. Larvae were blocked with 10%
normal goat serum (NGS) in PBS+0.5% Triton X-100 (PBSTx) for 1 hour at RT, and
incubated overnight in the primary antibody mouse α fish CYP1A monoclonal antibody
(BiosenseLaboratories, Bergen, Norway) (1:500) in 1% NGS. Larvae were washed in
PBST and incubated for 2 hours in secondary antibody (Fluor 594 goat anti-mouse, IgG).
Eight embryos per treatment group were assessed by epi-fluorescence microscopy using a
Keyance BZ-X700 microscope with 10× and 20× objectives and assessed for tissuespecific CYP1A expression patterns.
Morpholino Injections
Embryos were injected at the single cell stage with a fluorescein-tagged
translation-blocking morpholino targeting AHR2 (AhR2-MO,
5’TGTACCGATACCCGCCGACATGGTT3’), splice-blocking morpholinos targeting
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AHR1A (AhR1a-MO, 5’CTTTTGAAGTGACTTTTGGCCCGCA3’), or AHR1B
(AhR1b-MO, 5’ACACAGTCGTCCATGATTACTTTGC3’), or a standard nonsense
control (c-MO, 5’CCTCTTACCTCAGTTACAATTTATA3’) purchased from Gene
Tools (Philomath, Oregon) at a concentration of 0.6 mM. Injection volume was ~2 nl.
Fertilized, normally developing embryos were screened for morpholino incorporation at 4
hpf by fluorescence microscopy, and dechorionated by hand as previously described.
Embryos with evenly incorporated morpholino were exposed to SM10 or individual
PAHs as described above.
Statistics
The statistical software JMP Pro version 13.0.0 was used to calculate EC50 values
for SM10, SM3, pyrene, and retene. Concentration response curves were constructed
with a binomial distribution and logistic regression consisting of 11 concentrations with
n=32 fish at each concentration. Confidence intervals were calculated based on n=4 and
n=3 curves for SM10 and SM3 respectively. Individual concentration response curves
can be found in the supplemental data (Figure S1 and S2). Significance of adult startle
response assay was assessed using a Single Factor Repeated Measure Analysis of
Variance (ANOVA) and a Treatment by Subject ANOVA, with a Tukey Post Hoc Test,
where significance was determined to be p<0.05.
Results and Discussion
The “sufficiently similar” approach to chemical mixtures offers a compromise
between whole mixture and component based approaches. Here, we demonstrate this
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approach by assessing the developmental toxicity of an environmentally relevant PAH
mixture in zebrafish.
Construction of Mixture
Supermix10 (SM10) was constructed from the top 10 most abundant PAHs in the
freely dissolved phase of the water column in the Portland Harbor Superfund site, as
measured by passive sampling devices during the summer of 2010 (Allan et al., 2010).
These 10 PAHs accounted for 87%, by mass, of ∑33 PAH. Additionally, the relative
ratios of these 10 PAHs fell within the range of ratios measured in the Portland Harbor
during 2015 (Minick and Anderson, 2017), demonstrating this mixture’s continuing
environmental representativeness over time. Zebrafish exposure concentrations were
approximately six orders of magnitude higher than environmental levels to ensure
bioactivity was detectable, and to allow more detailed interrogation of pathways of
toxicity involved in the mixture (Table 1).
Developmental Toxicity of Individual PAHs
To assess the potential roles of the 10 components of SM10 in its developmental
toxicity, we defined the developmental toxicity profile for each of the individual
compounds, including morphological and behavioral effects, and the specific tissue
expression of CYP1A. All compounds except 2 methylnaphthalene were bioactive in at
least one assay (Figure 1). The remaining 9 compounds had effects in at least one phase
of the LPR. Retene and benzo[a]anthracene had effects in the excitation phase of EPR,
and retene also had significant effects during the baseline phase. Abnormalities in either
phase have been demonstrated to be highly predictive of morphological effects at 5 dpf
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(Reif et al., 2016). Accordingly, only pyrene, retene and benzo[a]anthracene had specific
morphological effects. The profiles shared several common endpoints, including yolk sac
and pericardial edema, and axial and pectoral fin malformations. Pyrene additionally
caused an abnormal touch response, while retene and benzo[a]anthracene produced
craniofacial malformations. Retene was the most toxic of the 10 compounds, with lower
LELs than the other compounds and significant mortality at 24 and 120hpf. Because
retene is primarily derived from the combustion of wood, this indicates that sources of
PAHs outside of the Superfund site may be important contributors to developmental
toxicity within the Superfund site (Stout and Graan, 2010).
Half of the compounds induced CYP1A expression. All of the compounds that
expressed CYP1A had expression in the vasculature, which is associated with AhR2
mediated toxicity. Fluoranthene additionally had CYP1A expression in the yolk, which
has been previously observed, but the mechanism for this expression pattern remains
unknown (Goodale et al., 2015).
These morphology profiles indicated that pyrene, retene and benzo[a]anthracene
were likely driving mixture toxicity, so a second mixture was constructed of only those 3
constituents in the same ratios as in SM10, called “Supermix3” (SM3). Another mixture
constructed of only the 7 constituents without observed morphology effects was
constructed with the same ratios as SM10, called “Supermix7” (SM7), to assess if there
were effects of the seven together that weren’t observed individually.
Developmental Toxicity of Constructed Mixtures
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Overall, the developmental toxicity of SM10 and SM3 were very similar to each
other and to the collective endpoints of the individual components. However, SM7 had
very few endpoints in common with SM10 and SM3. Additionally, SM7 was not
expected to have effects on morphological endpoints, based on the effects seen
individually, and their relatively low concentrations in the mixture. Significant LPR
effects were observed even at the lowest concentrations tested for all three mixtures, as
might be expected, due to LPR being the most common endpoint across the individual
components. Significant effects were also observed in the excitation period of the EPR
for all three mixtures. While this was expected for SM10 and SM3, because individual
constituents of these mixtures had EPR effects, these effects would not have been
expected in SM7. These results indicate the most robust endpoint for detecting individual
bioactivity and predicting mixture activity in the zebrafish assay is the LPR.
SM10 and SM3 morphology effects correlated well with effects observed in the
individual compounds, with pectoral fin, pericardial and yolk sac edema, and craniofacial
malformations dominating morphological effects at the lower concentrations. However,
despite the fact that the higher mixture concentrations did not exceed those of the
individual PAH exposures, there were several endpoints at these higher concentrations
that only appeared in the mixture exposures, including: caudal fin, swim bladder, trunk,
somites and notochord. While individually SM7’s components did not have morphology
effects (except for the cumulative measure “any effect” for phenanthrene), the mixture
resulted in 120 hpf mortality and yolk sac edema. This underlines the need to consider
mixtures effects in environmental exposure. These results are similar to previous
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findings, which showed that a complex PAH mixture can produce effects on
neurodifferentiation that differ in magnitude and direction from a single PAH (Slotkin et
al., 2017). Interestingly, when compared to SM10, SM3 generally had morphology
effects at higher concentrations, but a higher proportion of the cumulative effects
endpoints were attributable to mortality. This suggests that the seven additional
compounds may play some role in tempering the lethality of SM10, but not the overall
prevalence of the any effect endpoint.
Assessment of Assumption of Additivity
Risk assessment practices for PAHs are based upon individual chemical toxicities,
with the assumption that PAHs have similar mechanisms of action and therefore behave
in an additive manner as mixtures (Altenburger and Greco, 2009). However, it has been
well demonstrated that PAHs have dissimilar mechanisms of action in both their
developmental toxicity and genotoxicity (Incardona et al., 2006; Labib et al., 2016).
Morphological effects of SM10 and SM3 in zebrafish were tested with the additivity
model using the “any effect” endpoint, which is a summation of all individual
morphological endpoints. The cumulative EC50 value of for the “any effect” endpoint in
SM10 was 0.24% with a range of 0.13% to 0.29% in the four replicates. The cumulative
EC50 value of SM3 was higher (0.39%) ranging from 0.28% to 0.60% in the three
replicates. This suggests that the other seven PAHs, though not individually
morphologically toxic, contribute to the overall toxicity of the mixture. However, the
cumulative EC50’s of SM10 and SM3 were not statistically different with 95%
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confidence intervals of 0.098%-0.36% and 0.15%-0.61% for SM10 and SM3
respectively.
The assumption of additivity for both SM10 and SM3 was tested using Equation
1:
∑𝑛𝑛𝑖𝑖=1

𝑐𝑐 𝑖𝑖

𝐸𝐸𝐸𝐸𝐸𝐸 𝑖𝑖

= 1 (1)

In this equation, c is the concentration of the individual component in the ECx of
the mixture (x=50 in this case), EC is the ECx of the individual compound, and i is the ith
component in an n-compound mixture. If mixture toxicity was purely additive, a value of
1 would be expected. Here, the average value was 0.82 for SM10 and SM3 with a
confidence interval of 0.34 to 1.25. While this data suggests potential synergistic action
for these mixtures, it is not statistically different than 1 and therefore we cannot reject the
premise of additivity for these mixtures.
Previous work has demonstrated that concentration addition can yield an
accurate prediction of combination effects with mixtures of PAHs that operate diverse
modes of action (Gonçalves et al., 2008). Here, despite the known diverse modes of
action for PAH developmental toxicity and the disparate individual PAH toxicity profiles
presented in this study, it appears that the concentration addition model is appropriate for
assessing the developmental toxicity of this Superfund PAH mixture when considering
the any effect endpoint. However, the assumption of additivity may not be appropriate for
all PAH mixtures, and warrants further investigation with other mixtures. Additionally,
the additivity model used doesn’t represent the full resolution of the zebrafish model, and
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might not be adequate to fully distinguish the developmental hazard posed by
environmental mixtures.
Adult Effects
After determining that both the individual PAHs and SM10 produced observable
effects in 5 dpf behavioral and morphology assessments, it was of interest to determine if
lifelong effects could be detected in lower concentration developmental exposures.
Zebrafish exposed to 0.1% SM10 from 6 hpf-120 hpf and raised to adulthood in clean
water were evaluated with a variety of behavioral assays.
Developmentally exposed adult zebrafish were assessed for distance moved in
response to successive mechanical taps. Over the course of repeated taps, control fish
increasingly habituate to the stimulus and decrease their total distance moved. In SM10
exposed fish, the response to the first tap was not significantly different compared to
carrier control fish (p=0.48). Both treatment groups significantly habituated to successive
taps starting on the 3rd tap (p<0.001), however the rate of habituation was greater for
control animals than SM10 exposed animals (p<0.001), and SM10 exposed animals
moved significantly greater distances over the course of the test than control animals.
Fish were also assessed for learning by being conditioned to move to the dark side
of a two-chamber box. Developmental SM10 exposure resulted in differences in learning
in adult zebrafish. Fish exposed to SM10 took longer to make their first move to the
correct side, with a higher intercept and lower slope than the DMSO controls (Table 3),
and a significant difference between treatment and control (p=0.005). Additionally,

86
treated fish spent less time overall on the correct side than controls (p=0.001), and were
less likely to learn over the course of the trial.
These results indicate that developmental exposure to SM10 can result in long
term behavioral effects, including a decreased ability to habituate to environmental
stimuli and a decreased learning capacity. This is consistent with previous
epidemiological studies reporting the neurological effects of PAH exposure during
development (Perera et al., 2014; Perera et al., 2009; Perera et al., 2006), and effects on
neurodifferentiation and neurobehavior (Crepeaux et al., 2012; Slotkin et al., 2017).
While it has been previously demonstrated that developmental exposure to chlorpyrifos
can significantly increase overall startle response in adult zebrafish (Eddins et al., 2010),
startle response effects have not been previously observed for adult zebrafish
developmentally exposed to PAHs. However, startle response effects have been observed
in the progeny of zebrafish developmentally exposed to benzo[a]pyrene (Knecht et al.,
2017a).
AHR Dependency
In SM10 and SM3, CYP1A expression was primarily in the vasculature, while in
SM7, there was no appreciable CYP1A tissue expression observed. Knockdown of AhR2
eliminated vasculature expression and produced liver expression in SM3, but in SM10
vasculature expression persisted along with liver expression (Figure 3). Liver expression
has previously been associated with AhR1A dependent PAH toxicity (Goodale et al.,
2012), but has not been previously observed following AhR2 knockdown. Although the
reason for this change in tissue specificity is not completely clear, there are a couple of
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potential explanations. First, it is possible that in the absence of AhR2, AhR1A with a
lower affinity than AhR2 for some or all of the included PAHs becomes the primary
receptor. Additionally, it is possible that PAH metabolism is altered in the absence of
AhR2 in such a way that produces a ligand with a higher affinity for AhR1A. These
hypotheses should be pursued in future work.
Although individually knocking down AHR1A and AHR1B did not have an
appreciable effect on the vasculature expression of CYP1A in SM3 and SM10,
knockdown of all three isoforms eliminated CYP1A expression in SM3. However, in
SM10, while it reduced the intensity of expression patterns overall, knockdown of all
three AHR isoforms did not completely eliminate CYP1A expression. It is possible that
combined, the five AhR active PAHs present in SM10 overpowered the incomplete
knockdown of the receptors.
Limitations
There are several important limitations to the interpretations of the results of this
study. Exposure concentrations in the present study are higher than reported
environmental concentrations in the PHSS by approximately six orders of magnitude
(Allan et al., 2011). Additionally, PAHs are known to sorb to the walls of 96 well
polystyrene exposure plates (Chlebowski et al., 2016), which creates uncertainty in the
actual exposure concentrations of this study. This study is therefore a hazard assessment
and not an assessment of the risk posed by environmentally relevant concentrations.
Further work is also needed to quantify exposure and tissue burden during the course of
study. Finally, replicate concentration response curves were not conducted for pyrene, or
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retene and we assumed a similar range of EC50s for these compounds as the reported
ranges for SM10 and SM3.

Conclusions
At any one time humans and other organisms are exposed to hundreds of
chemicals and therefore understanding the toxicity of mixtures is essential. The
representative mixture approach demonstrated in this study may offer a more
comprehensive and practical alternative to component based and whole mixture
approaches respectively. With this approach, we were able to identify the mixture
components that drive toxicity, provided insight into the potential mechanisms of toxicity
for these mixtures, and show that these environmentally relevant mixtures have
behavioral effects in adult fish. Additionally, the developmental effects caused by these
PAH mixtures appear to behave in an additive manner. However, we also showed that
endpoints caused by chemical mixtures may not be predictable from single chemical
effects alone. Further work is needed to improve understanding of the dosimetry,
pharmacokinetics, and metabolism of this mixture. This work should also be repeated
with other representative chemical mixtures from various locations and matrices
including other classes of chemicals. Data of this kind would allow for comparisons
between representative mixtures and allow for the determination of sufficient similarity
while providing needed additional insight into toxicities of chemical mixtures.
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Table 3.1 Concentrations of individual PAHs at 1% exposure concentrations of
Supermix10, Supermix3, and Supermix7. Ratios reflect average environmental ratios
derived from passive sampling measurements in surface waters of the Portland Harbor
Superfund site during 2010.
PAH
Pyrene
Fluoranthene
Retene
Benzo[a]anthracene
Chrysene
Naphthalene
Phenanthrene
Acenapthene
Fluorene
2-methylnaphthalene

Ratio
1.0
1.0
0.6
0.2
0.2
0.1
0.1
0.1
0.1
0.1

SM10 (µM)
24
24
13
4.2
4.4
5.9
2.9
3.4
3.1
1.7

SM3 (µM)
24
12
4.4
-

SM7 (µM)
48
8.8
12
5.8
6.8
6.2
3.4
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Figure 3.1 Heatmap of Lowest Effect Levels and CYP1A tissue expression for each of the individual components of
SM10 in µM, compared with heatmap of Lowest Effect Concentrations and CYP1A Tissue Expression for SM10 and
SM3 in percent (vol/vol). Heatmaps show 27 endpoints in 24 and 120 hpf zebrafish, and 3 tissue types where CYP1A
expression was detected. Darker green or blue indicates lower concentration and higher potency. Black indicates the
spatial CYP1A expression pattern. Orange bar indicates components of SM 7, red indicates components of SM3 and black
indicates components of SM10.
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Table 3.2 Comparison of the any effect EC50 values (µM) for individual PAHs and the
concentration of the individual PAHs at the EC50 values of SM10 and SM3. *Values
greater than 50uM. - Compound not in mixture.
PAH
Pyrene
Fluoranthene
Retene
Benzo[a]anthracene
Chrysene
Naphthalene
Acenaphthene
Phenanthrene
Fluorene
2-methylnaphthalene

Individual
EC50 (µM)
27
*
5.1
*
*
*
*
*
*
*

SM10 EC50
(µM)
5.9
5.8
3.0
1.0
1.0
1.4
0.81
0.70
0.74
0.41

SM3 EC50
(µM)
9.5
4.9
1.6
-
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Figure 3.2 Distance moved by adult fish in response to a tap every 20 seconds.
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Table 3.3 Performance in the active avoidance test for 3 parameters: Total shocked time, time to accept, and total time on accept
side. Percentages of animals that failed out of the test and were removed from analysis, and successfully learned over the course of
the trials. Intercept and slope of time taken through the course of the test, and differences between vehicle control and SM10 treated
animals. *p<0.05 ANOVA and Tukeys post hoc test.
Time Shocked
Treatment
Vehicle Control
0.1% SM10

Failed Out
0%
2.80%

Learned
42.5%
40%

Intercept, Slope
1.47, -0,041
2.03, -0.032

Diff, p value
0.21, 0.06

Decision Time
Treatment
Vehicle Control
0.1% SM10

Failed Out
0%
2.80%

Learned
35%
22.9%

Intercept, Slope
4.945, -0.067
5.119, -0.013

Diff, p value
0.44, 0.005*

Time on Correct
Side
Treatment
Vehicle Control
0.1% SM10

Failed Out
0%
2.80%

Learned
47.5%
29.2%

Intercept, Slope
18.164, 0.102
17.611, 0.063

Diff, p value
0.55, 0.001*
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Figure 3.3 Representative Images of CYP1A IHC AHR2, 1A and 1B morphants exposed to 0.43% SM10, 0.43% SM3 or 1%
DMSO. Larvae were imaged from right side to better visualize liver expression. Dashed lines indicate eye position.
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Introduction
The aryl hydrocarbon receptor (AHR) is a basic helix-loop-helix transcription
factor conserved among vertebrates, and is known for mediating the toxicity of 2,3,7,8tetrachlorinedibenzodioxin (TCDD) and other planar aromatic compounds (Hahn 2002).
Once bound to a ligand, the AHR translocates to the nucleus and dimerizes with the AHR
nuclear translocator (ARNT). In the nucleus, AHR and ARNT bind to xenobiotic
response elements, which ultimately leads to both the upregulation and downregulation of
a variety of gene targets and downstream pathways (Schmidt and Bradfield 1996). This
includes genes in pathways that play important roles in cardiovascular systems,
reproduction, immune regulation, and development (Carney et al. 2006; Kerkvliet 2009;
Mulero-Navarro and Fernandez-Salguero 2016; Puga et al. 2009; Sauzeau et al. 2011).
The AHR has been shown to mediate the developmental toxicity of a wide range
of xenobiotics including dioxins, PCBs, organochlorines, and PBDEs (Giesy and Kannan
1998; Ng et al. 2010; Wahl et al. 2008). AHR dependent developmental toxicity has
historically been exemplified by the effects of developmental exposure to TCDD, namely
craniofacial malformations and cardiovascular dysfunction (Andreasen 2002; Olson and
McGarrigle 1992), and most planar aromatic compounds elicit similar developmental
toxicity phenotypes. Among these compounds are polycyclic aromatic hydrocarbons
(PAHs), many of which have been shown to cause developmental toxicity in an AHR
dependent manner (Barron et al. 2004; Billiard et al. 2006; Goodale et al. 2013;
Incardona et al. 2005a; Incardona et al. 2005b; Jayasundara et al. 2014; Scott et al. 2011).
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PAHs are common environmental pollutants, comprised of two or more fused
aromatic rings, and can be petrogenic (formed in petroleum) and/or pyrogenic (formed
through incomplete combustion of organic material). Exposure can occur from a variety
of sources, including ingestion of grilled meats and vegetables, cigarette smoke, use of
petroleum products, biomass burning, and forest fires (Bansal and Kim 2015; Li et al.
2002; Zhang and Tao 2009). Historically, PAHs have primarily been studied for their
mutagenicity and/or carcinogenicity, but there is increasing evidence of their
developmental effects. Exposure to PAHs during development has been correlated with
an increase in neurobehavioral disorders (Genkinger et al. 2015; Jedrychowski et al.
2015; Perera et al. 2014), and obesity (Jung et al. 2014; Rundle et al. 2012), decreased
intelligence (Jedrychowski et al. 2015; Perera et al. 2009b), and decreased birth weight
and size (Perera et al. 2005; Perera et al. 1998; Suzuki et al. 2010).
PAHs are capable of crossing the placental barrier and as a result in utero
exposures pose a risk to early human development (Zhang et al. 2017). Previous studies
have demonstrated developmental PAH exposure can result in a variety of effects,
including cardiovascular toxicity and oxidative stress (Chlebowski et al. 2017; Incardona
et al. 2011; Knecht et al. 2013). Although they may possess several mechanisms of
toxicity, PAHs with AHR dependent toxicity generally have similar developmental
effects as TCDD (Incardona et al. 2011; Scott et al. 2011).
The zebrafish is an ideal model for rapidly evaluating developmental toxicity,
identifying unique developmental phenotypes, and linking adverse outcomes with
molecular events to define chemical bioactivity and mechanisms of effect (Bugel et al.

102
2014). Zebrafish have been used extensively to study AHR-related mechanisms for
developmental effects of TCDD (Gassmann et al. 2010; Olson and McGarrigle 1992;
Prasch et al. 2003), and the ability of adult and larval zebrafish to regenerate removed
caudal fin tissue has been useful for interrogating downstream pathways mediated by
AHR (Andreasen et al. 2006; Mathew et al. 2006; Schebesta et al. 2006).
Genome-wide duplication events and subsequent functional partitioning resulted
in 3 co-orthologs of the mammalian AHR in zebrafish: AHR1A, AHR1B, and AHR2.
AHR2 is primarily associated with TCDD induced developmental toxicity and has been
demonstrated to mediate toxicity of several PAHs in a similar manner (Barron et al.
2004; Billiard et al. 2006; Hahn 2002; Jayasundara et al. 2014) The developmental
toxicities of some PAHs have been shown to be AHR1A dependent (Goodale et al.
2015). Meanwhile the function of AHR1B has yet to be understood, although it has
similar binding affinities as AHR2 (Karchner et al. 2005). Regardless of the AHR
isoform mediating toxicity, AHR dependent developmental toxicity in zebrafish is
phenotypically characterized by pericardial and yolk sac edema, and craniofacial
malformations.
Here, we present and characterize an AHR2 dependent developmental phenotype
in the zebrafish caudal fin caused by benzo[k]fluoranthene (BkF), where a secondary
ectopic caudal fin develops perpendicular to the primary fin. To understand this unique
outcome caused by developmental exposure to BkF, we perform exposures to determine
the window of sensitivity, confirm AHR2 dependence using antisense oligonucleotide
knockdown, and assess the molecular pathways involved using RNAseq.
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Methods
Chemicals
Analytical grade standards of benzo[j]fluoranthene (98.1%), benzo[k]fluoranthene
(100%), and dibenzo[a,h]anthracene (99%) were obtained from AccuStandard (New
Haven, CT, USA), and dibenzo[b,k]fluoranthene (unknown purity) was obtained from
Chiron Chemicals (Hawthorn, Australia). In all, standards for four PAHs were obtained
and dissolved in 100% dimethyl sulfoxide (DMSO) to make stock solutions. Stock
solutions of benzo[j]fluoranthene and benzo[k]fluoranthene were prepared in 100%
DMSO at 10 mM, while solubility limits required dibenzo[b,k]fluoranthene and
dibenzo[a,h]anthracene to be prepared at 1 mM.
Zebrafish Husbandry and Developmental Exposures
Tropical 5D zebrafish were maintained at the Sinnhuber Aquatic Research
Laboratory (SARL) at Oregon State University (Corvallis, OR, USA) under a 14:10 hour
light/dark cycle. Fish were raised in densities of ~500 fish/50-gallon tank at 28°C in
recirculating filtered water supplemented with Instant Ocean salts. Spawning funnels
were placed in tanks the night prior, and the following morning embryos were collected,
staged, and maintained in an incubator at 28°C (Kimmel et al. 1995).
The chorions of 4 hours post fertilization (hpf) embryos were enzymatically
removed using a custom automated dechorionator and at 6 hpf embryos were placed one
per well in round bottom 96-well plates prefilled with 100 µL embryo media using
automated embryo placement systems (Mandrell et al. 2012). A Hewlett Packard D300e
chemical dispenser was used to dispense 100% DMSO stocks into 2 replicate exposure
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plates. Final DMSO concentrations were normalized to 1% (vol/vol), and gently shaken
by the chemical dispenser during dispensing. Plates were sealed with Parafilm to
minimize evaporation, wrapped in foil to minimize light exposure, and shaken overnight
at 235 rpm on an orbital shaker at 28°C to enhance solution uniformity (Truong et al.
2016). Embryos were kept in a 28°C incubator for the duration of the 5 day study.
Exposures were either static throughout development or staggered to determine
the window of susceptibility (Figure 4.1A). For static exposures, embryos were exposed
from 6 hpf until 120 hpf. Static screening studies used two test concentration lists
depending upon the stock concentration and the percentage of DMSO tolerable to
developing zebrafish. Exposure concentrations for the 10mM stock solutions were: 50,
35.6, 11.2, 5, and 1 µM. Exposure concentrations for the 1mM stock solutions were: 5,
3.56, 1.12, 0.5, and 0.1 µM. For window of susceptibility and morpholino studies, a
single concentration of 3µM benzo[k]fluoranthene was used. For RNAseq studies, the
exposure concentration was 12µM.
Developmental Toxicity Assessments
At 24 hpf embryos were assessed for mortality, developmental progression,
notochord formation, and spontaneous motion. At 120 hpf, larvae were further assessed
for 18 developmental endpoints: mortality, yolk sac edema, pericardial edema, body axis,
trunk length, caudal fin, pectoral fin, pigmentation, somite, eye, snout, jaw, otolith, brain,
notochord and circulatory malformations, swim bladder presence and inflation, and touch
response. Responses were recorded as a binary absence or presence of an abnormal
morphology for each endpoint. Lowest effect levels (LELs) were calculated for each
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endpoint using a binomial test to estimate significance thresholds as previously described
(p<0.05) (Truong et al. 2016).
Morpholino Microinjections
Embryos were injected at the single cell stage with a fluorescein-tagged
translation-blocking morpholino targeting AHR2, splice-blocking morpholinos targeting
AHR1A or AHR1B, or a standard nonsense control purchased from Gene Tools
(Philomath, Oregon) (Table 1). Injection volume was ~2 nL. Fertilized, normally
developing embryos were screened for morpholino incorporation at 4 hpf by fluorescence
microscopy, and dechorionated by hand as previously described. Embryos with evenly
incorporated morpholino were exposed to benzo[k]fluoranthene as described above.
Immunohistochemistry
Immunohistochemistry (IHC) of cytochrome P450, family 1, subfamily A
(CYP1A) protein localization was performed as previously described (Mathew et al.
2006). Briefly, wildtype embryos were exposed from 6-120 hpf to the highest soluble
concentration tested that did not cause significant mortality (Table 4.1). Two replicates of
8 larvae each were euthanized with tricaine, and fixed overnight in 4% paraformaldehyde
at 4°C. Fixed embryos were permeablized 10 minutes on ice in 0.005% trypsin, rinsed
with PBS+Tween 20 (PBST) and post-fixed in 4% paraformaldehyde for 10 minutes.
Larvae were blocked with 10% normal goat serum (NGS) in PBS+0.5% Triton X-100
(PBSTx) for 1 hour at RT, and incubated overnight in the primary antibody mouse α fish
CYP1A monoclonal antibody (BiosenseLaboratories, Bergen, Norway) (1:500) in 1%
NGS. Larvae were washed in PBST and incubated for 2 hours in secondary antibody
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(Fluor 594 goat anti-mouse, IgG). Eight embryos per treatment group were assessed by
epi-fluorescence microscopy using a Zeiss Axiovert 200 M or Keyence BZ-X700
microscope with 10× and 20× objectives and scored for the presence or absence of
fluorescence in specific tissues.
Tissue Isolation
To collect caudal fin tissue, zebrafish were anesthetized in tricaine and the trunk
was removed at the proximal end of the ventral pigment gap using a glass
microdissection blade. Trunk tissue was collected at 48, 60, 72, and 96 hpf, pooling 50
animals per replicate at each time point. Collected tissue was immediately placed into
RNAzol® RT (Molecular Research Center, Inc., Cincinnati, OH) and frozen at -80℃
until isolation.
RNA Isolation and Sequencing
Four biological replicates per treatment of total RNA were isolated from pooled
groups of 50 individual isolated fin tissue samples using the Zymo Direct-zol RNA
MiniPrep kit (Irvine, CA). Embryos were homogenized in 500 μl RNAzol RT (Molecular
Research Center, Cincinnati, OH) with 0.5 mm zirconium oxide beads using a bullet
blender (Next Advance, Averill Park, NY) for 3 min at speed 8. Samples were stored at
−80°C until RNA isolation. RNA was extracted according to the manufacturer's
protocols. The optional in-column DNase I digestion step was performed for the RNAseq
samples. Total RNA concentration and was determined on a SynergyMX
spectrophotometer using the Gen5 Take3 system (BioTek Instruments, Inc., Winooski,
VT).
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RNA samples were placed in a 96-well RT-PCR plate and shipped overnight on
dry ice to the University of Wisconsin-Madison Biotechnology Center (Madison, WI) for
library preparation and sequencing. RNA integrity was determined using the Aligent
2100 Bioanalyzer. Samples were prepared using the Illumina TruSeq Stranded mRNA
Library Prep Kit. Libraries were randomized across 4 lanes and sequenced with 100bp
single-end reads using the Illumina HiSeq 2500. Sequence files were transferred to the
Pacific Northwest National Laboratory for analysis.
Sequences were filtered based on Illumina quality scores and analyzed for quality
using FastQC analytical software (Babraham Bioinformatics). Read ends were trimmed
using Trimmomatic (Bolger et al. 2014) to exclude low-quality sequences. Salmon (Patro
et al. 2017) was used to map reads to Danio rerio Zv9 ENSEMBL transcripts. Transcript
abundances were aggregated to gene level counts using tximport (Soneson et al. 2015).
Normalization and differential expression across contrasts was performed using DESeq2
(Love et al. 2014) on genes with at least 10 counts in at least 3 samples.
Ensembl BioMart (Durinck et al. 2005) was used to create the transcript-to-gene
mapping key required for tximport to estimate gene expression levels
(http://mar2015.archive.ensembl.org/biomart/martview, Ensembl Genes 79, Zv9 via
Bioconductor (Huber et al. 2015) package biomaRt (Durinck et al. 2009)). For clustering
analyses, the regular-log transformation was applied to the relative gene counts in order
to correct for the heteroscedasticity inherent in RNAseq data (Love et al. 2016). Principle
component analysis was performed in RStudio (RStudio Team 2016) using the base R (R
Core Team 2017) package, stat, and visualized with ggplot2 (Wickham 2009a), ggthemes
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(Arnold 2017), and ggrepel (Slowikowski 2017). matrixStats (Bengtsson 2017) was used
to identify genes that varied most in their expression across samples. Transformed count
values of selected genes were scaled by Z-score, and heatmaps with bidirectional,
hierarchical clustering were produced using ComplexHeatmap (Gu et al. 2016). For
images of the top 50 significant differentially expressed genes (DEGs), a DEG list for
each comparison (p.adj < 0.05) was sorted based on either FDR or absolute log2(fold
change), and the top 50 genes (or all DEGs in cases with fewer than 50) from each
ordered gene list were combined to create a master list of top combined DEGs.
All statistical analysis was performed using custom code developed in R (Team
2015). GO term enrichment analysis was performed on separate upregulated and
downregulated differentially expressed gene sets using topGO (Alexa and Rahnenfuhrer
2010). Excluding compounds with less than 30 significantly differentially expressed
genes (FDR adjusted p-value ≤ 0.05), the 15 terms with the lowest p-value were selected
from each time point and cross-referenced to identify other time points for which that
term was significant. The GO term heatmap was generated using the Broad Institute’s
online tool Morpheus (https://software.broadinstitute.org/morpheus). Venn diagrams
were created using Venny 2.1.0 (Oliveros 2007-2015).
Results and Discussion
Phenotypic Characterization
As discussed in Chapter 2, developmental toxicity screening was previously
performed to evaluate the developmental toxicity of 123 PAHs and PAH derivatives. Of
those PAHs screened, four elicited the development of an ectopic tail that will
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subsequently be referred to as the “x-wing” phenotype: benzo[k]fluoranthene (BkF),
benzo[j]fluorathene, dibenzo[b,k]fluoranthene, and dibenzo[a,h]anthracene. The
compounds that elicited this effect were relatively high molecular weight 5-6 ringed
parent PAHs.
The phenotype is characterized by the development of a secondary, small ectopic
caudal fin perpendicular to the normal caudal fin forming along the dorsoventral axis
(Figure 4.1B). This phenotype is accompanied by hyperpigmentation at the tip of the tail.
The four PAHs that elicited the phenotype were compared for potency and prevalence of
the phenotype (Table 4.2). BkF was selected as the representative compound of this
group for characterization studies due to its high potency and the ability to reach nearly
100% effect. Other than the development of an ectopic caudal fin and in some cases
protruding pectoral fins, animals exposed to up to 50 µM BkF were morphologically
normal.
Windowed acute exposures were performed to determine whether exposure to
BkF caused the x-wing phenotype through perturbation of fin formation within discrete
developmental windows of embryogenesis. The window of exposure that maximally
elicited the x-wing phenotype was exposure from 12-36 hpf (Figure 4.2). Exposures
started after 48 hpf did not elicit the phenotype, and shorter exposure times did not fully
recapitulate the percent effect observed in the standard exposure period.
Embryos were evaluated every 12 hours to determine specifically when the
phenotype emerged. Until 60 hpf, tail fins appeared completely normal. Between 60 and
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72 hpf, a fold emerged in the center of the fin tissue that would extend both towards the
head and away from the central axis of the fish. By 96 hpf, all animals displayed the xwing phenotype, which would then continue to grow in proportion to the growth of the
dorsoventral caudal fin.
AHR Dependency
As previously reported in Chapter 2, BkF induced unusual skin and neuromast
expression of CYP1A at 120 hpf, which indicated a potential role of AHR in the effects
of the compound. It was therefore of interest to investigate if AHR plays a role in the
development of the x-wing phenotype. This was performed using anti-sense oligo
morpholino knockdown of each AHR isoform in the zebrafish (AHR1A, AHR1B,
AHR2). Control morphants displayed 100% effect, while knockdown of AHR1A resulted
in 91.7% effect (Figure 4.3). Meanwhile, knockdown of AHR2 completely prevented
development of the x-wing phenotype (0% effect), and knockdown of AHR1B slightly
ameliorated the effect, with 66.7% of morphants displaying a qualitatively less severe
version of the phenotype. Similarly, while knockdown of AHR1A and AHR1B did not
have any effect on the pattern of CYP1A expression in response to BkF, knockdown of
AHR2 eliminated the expression of CYP1A in the skin, but not the neuromasts (Figure
4.4). These results demonstrate the phenotype’s dependency on AHR2. The known
structural similarity of AHR1B to AHR2 may explain the slight amelioration of effects in
AHR1B morphants (Karchner et al. 2005).
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Transcriptomics
To further investigate what might be driving the development of this phenotype,
tissue samples of the caudal fin region of control and Bkf exposed zebrafish were taken
just above the pigment gap at four time points (48 hpf, 60 hpf, 72 hpf and 90 hpf) and
submitted for high-throughput sequencing. Principal component analysis (PCA) indicated
strong separation between control and BkF exposed samples, and moderate separation of
samples based on time point (see Appendix C). Differential expression comparisons were
done between BkF exposed samples (12 µM) and their time-matched controls.
A total of 11,215 significantly misregulated transcripts (adjusted p-value ≤0.05)
were identified across all time points. The number of significantly misregulated
transcripts increased with age of the fish: 48 hpf, 3753 significant transcripts; 60 hpf,
5558 significant transcripts; 72 hpf, 7052 significant transcripts; 96 hpf, 7991 significant
transcripts. Only 20.3% of the misregulated genes identified were shared across all of the
endpoints (Figure 4.5). The time points that shared the greatest number of misregulated
transcripts were 60 and 72 hpf, and the time points that shared the lowest number of
misregulated transcripts were 48 and 96 hpf. Each pairwise comparison had at least 30%
of their misregulated genes in common.
Clustering of differential expression patterns of the top 50 fold change genes
showed clear differences between control and treated gene counts (Figure 4.6). Across all
time points, the most highly induced transcripts were cytochrome P450s associated with
AHR activation (cyp1a, cyp1b1, cyp1b2, cyp1c2, cyb5a), with fold changes >7 for all
time points, which is consistent with other PAHs with AHR dependent effects (Goodale
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et al. 2013). The most downregulated genes across time points were related to keratin
filament construction (zgc:158846, krtt1c19e), and had fold changes >2 for all endpoints.
Other gene responses associated with typical AHR activation were observed, including
induction of other phase I and II metabolic genes and AHR repressors (e.g. ugt1b1,
cyb5a, foxq1a, gstp2, ahrrb), and suppression of sox9b.
Aside from xenobiotic response and keratin filament construction, the largest fold
changes primarily affected genes regulating cell proliferation and migration. Large
negative fold changes were seen in genes regulating cell growth including igfbp2a, a
growth inhibitory factor shown to regulate cell proliferation (Duan et al. 1999); kera, a
gene involved in apoptosis regulation; and fndc1, which has previously been shown to
inhibit cell proliferation and migration (Das et al. 2016). At the same time, growth factors
were induced, including several fibroblast growth factors (e.g. fgf7, fgf20a, and fgf22),
bone morphogenetic proteins (e.g. bmp8a, bmp16, bmp4, bmp7b, bmp2a, and bmp6), and
matrix metalloproteinases (e.g. mmp13a, mmp11b, mmp17b, and mmp13b). The
induction of these genes is consistent with the tissue growth and remodeling that would
be required to produce the phenotype observed.
Several homeobox genes, which, due to the structural duplication seen in the
phenotype, could reasonably be expected to play a role, were significantly differentially
expressed. Shox2 has been previously associated with AHR-induced cardiotoxicity
(Wang et al. 2013), and was induced by BkF in all time points. Other homeobox genes
were also upregulated (hoxc12b, hoxd13a, hoxc13a, and hoxc11b), and downregulated
(shox, hoxc9a, hoxc3a, hox8a and hoxd10a) across all four timepoints. All of these
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significantly differentially expressed genes had log2 fold changes <1.5. Although it is
plausible these genes are influencing fin tissue patterning, without spatial distribution
information it is difficult to ascertain which, if any of these genes could be involved in
the phenotype.
Wnt signaling genes were differentially expressed in all time points. Wnt5a was
the most induced Wnt gene across all 4 time points. Wnt5b, wnt2b, wnt10a, and wnt11r
were also significantly induced across all 4 time points. The upregulation of wnt5b in
particular is notable, due to its known role in epidermal patterning during fin regeneration
(Wehner and Weidinger 2015).
Gene Ontology Enrichment Analysis
Gene ontology enrichment analysis was used to identify the 15 most upregulated
and downregulated pathways in each time point, which were then crossreferenced for
significance across each of the other time points (Figure 7). The most significantly
upregulated pathway across all time points was cellular response to xenobiotic stimulus,
which mostly contains cytochrome P450s and other phase I metabolism enzymes. This
response is consistent both with the response typically associated with AHR activation,
and the CYP1A expression pattern observed in the IHC images. Several other gene
ontologies related to xenobiotic response were also significantly altered across all four
time points, including upregulation of response to stress and response to external
stimulus, and downregulation of oxidation-reduction processes. Pathways related to cell
redox homeostasis were upregulated in all but the 48 hpf time point. This is consistent
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with an increase in oxidative stress following the initiation of PAH phase I metabolism at
48 hpf (Baird et al. 2005; Goldstone et al. 2010).
Several GO terms related to DNA and RNA functional processes were
downregulated in the caudal fin with exposure to BkF, primarily at 72 and 96 hpf.
Translation was downregulated at 72 hpf, including elongation and formation of the
translation preinitiation complex. As might be expected with BkF, a known mutagen
(USEPA 2010), the mitotic DNA damage checkpoint, which helps ensure DNA damage
has been adequately repaired before cell division, was downregulated. Additionally,
DNA biosynthesis was downregulated in all time points except 48 hpf.
Several other pathways that have previously been identified as downstream
effects of AHR were differentially expressed. As previously reported for other PAHs that
activate AHR (Goodale et al. 2013), ion transport was differentially regulated when
exposed to BkF. ATP hydrolysis coupled proton transport and zinc II ion transmembrane
transport were significantly upregulated pathways in all four time points, while cellular
calcium ion homeostasis was significantly downregulated at 96 hpf. As would be
expected due to the observed increased pigmentation at the tip of the tail at 120 hpf, the
cellular pigmentation GO term was significantly upregulated at 60 and 72 hpf. This
response may be similar to previous work demonstrating AHR ligands stimulate human
melanocytes (Luecke et al. 2010).
Several signaling pathways were significantly downregulated in response to BkF
exposure, all with known roles in axis formation, cell differentiation, apoptosis, or cell
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growth regulation. Wnt signaling, which has documented roles in anterior-posterior and
dorsoventral axes formation, was downregulated in all four time points (ten Berge et al.
2008). The integrin-mediated signaling pathway, which regulates cell survival, apoptosis,
proliferation and differentiation (Moreno-Layseca and Streuli 2014), was also
downregulated across all 4 time points. At 48 hpf, the adenylate cyclase-modulating Gprotein coupled receptor signaling pathway was downregulated. The JNK cascade, which
is modulated by G-protein coupled receptors (Gutkind 1998), was also downregulated at
48, 60 and 96 hpf. These pathways together control apoptosis and cell growth pathways
that could contribute to the development of the x-wing phenotype (Mazars et al. 2001;
Vlahakis et al. 2002). Finally, Notch signaling, which controls anterior-posterior polarity
during somitogenesis (Galceran et al. 2004), embryo polarity, and mesoderm, cell fate,
and left-right asymmetry determination (Levin 2005) was significantly downregulated at
96 hpf. Notably, the Wnt and Notch signaling pathways are known to be involved in fin
regeneration in a spatiotemporal dependent manner (Wehner and Weidinger 2015).
Despite these pathways being downregulated, fin regeneration processes overall were
observed to be significantly upregulated in all 4 time points.
As might be expected with differential expression of the Notch, Wnt, G-protein
coupled receptor, and integrin-regulated signaling pathways, processes involving cell
fate, adhesion and migration were similarly differentially regulated. Regulation of cell
fate specification and cell-cell adhesion were upregulated across all four time points,
suggesting an overall decrease in these processes. However, cell fate commitment
involved in formation of primary germ layer was also upregulated at all time points. This
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combined with the observed upregulation of mesodermal cell differentiation, and
mesoderm and mesenchyme development, which are also observed during regenerative
fin growth, suggests that there is an increase in cell proliferation, migration and
differentiation that is related to fin regeneration-like tissue growth.
Several processes related to neuronal development in general, and lateral line
development specifically, were enriched in the GO term analysis. Hair cell differentiation
was downregulated across all four time points along with the sensory hair cell
development involved in the formation of posterior lateral line neuromasts. This is in
agreement with the observed downregulation in all but the 48 hpf time point of processes
related to the differention of the inner ear receptor cell , which is another sensory hair cell
structure. Notably, cilium assembly, which is required for development of the cilium of
hair cells, was upregulated at 60 and 72 hpf. Embryonic camera-type eye morphogenesis
was downregulated across all four time points, while retina morphogenesis was
upregulated across all four time points. Other, more general neuronal processes were
misregulated, including the downregulation of axonogenesis, brain development, and
neuron fate specification. The differential expression of these processes may also be
related to the effects observed in sensory hair cells, or they may point to more generalized
neuronal damage occurring in the tail in response to exposure to BkF. Wnt and notch
signaling pathways have been implicated in nervous system effects (Lie et al. 2005;
Yamaguchi et al. 2005), and could be partially responsible for these effects.
Muscle development processes were downregulated overall at 72 hpf and 96 hpf.
Cardiac muscle tissue and muscle organ development, and myofibril assembly were
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downregulated at 72 hpf and 96 hpf, muscle structure development was downregulated at
72 hpf, and skeletal muscle fiber development and striated muscle contraction were
downregulated at 96 hpf. Because zebrafish do not have cardiac muscle in their caudal
fins, these results point to a general suppression of muscle development. This is likely a
consequence of the suppression of G protein coupled receptor, Wnt, and Notch signaling
pathways, which are known to be essential regulators of muscle differentiation and
development (Pascoal et al. 2013; von Maltzahn et al. 2012). Additionally, the
downregulation of skeletal muscle fiber development coincides with a downregulation of
skeletal system development at 48, 60, and 72 hpf, which has similarly been linked to
Wnt, Notch, and G-protein coupled receptor signaling pathways (Tu et al. 2007). Overall,
the GO term enrichment analysis suggests that Wnt and Notch signaling mediates an
increase in proliferation and tissue remodeling in the caudal fin similar but not identical
to that observed in fin regeneration. It is plausible that modulation of these processes
leads to the structural duplication of the caudal fin.
Conclusions
In this study, we have identified four PAHs that elicit formation of a unique and
structurally dependent ectopic caudal fin. This phenotype is accompanied by
hyperpigmentation at the tip of the trunk. For BkF we demonstrated that the phenotype is
AHR2 dependent, though it does not display classical developmental phenotypes
typically observed for other AHR2 ligands (i.e pericardial edema and craniofacial
malformations) aside from induction of CYP1A. Isolation of the affected tissue and
subsequent RNAseq analysis identified several pathways that are potentially involved in
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the development of this phenotype, chief among them the Wnt and Notch pathways and
processes related to fin regeneration. Future work should further investigate the
mechanism by which this phenotype is created, and how it differs from canonical AHR2
dependent developmental toxicity.
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Table 4.1 Morpholino sequences and injection concentrations
Morpholino
Control
AHR2
AHR1A
AHR1B

Sequence
5’CCTCTTACCTCAGTTACAATTTATA3’
5’CTTTTGAAGTGACTTTTGGCCCGCA3’
5’ACACAGTCGTCCATGATTACTTTGC3’
5’ACACAGTCGTCCATGATTACTTTGC3’

Concentration
1 mM
1 mM
1.5 mM
0.75 mM
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Figure 4.1 Exposure study paradigm and representative images of x-wing caudal fin
phenotype A) Study paradigm B) Example of x-wing phenotype C) Artist’s rendering of
dorsal and posterior views of x-wing phenotype
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Table 4.2 EC20’s of four PAHs identified with x-wing phenotype
PAH

Structure

EC20 (µM)

Dibenzo[b,k]fluoranthene

3.5

Dibenzo[a,h]anthracene

3.6

Benzo[j]fluoranthene

7.3

Benzo[k]fluoranthene

0.5
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Figure 4.2 Window of sensitivity studies. Percent effect indicates the percentage of
animals exhibiting the x-wing phenotype for the windowed exposure period indicated by
the black bars. Grey phenotype emergence box indicates when the visible phenotype
emerges.
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Figure 4.3 Brightfield representative images of caudal fins of BkF and treated control
and AHR1A, AHR1B, or AHR2 morphant fish at 5 dpf. N=16 per treatment.
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Figure 4.4 CYP1A expression patterns related to BkF, skin expression is AHR2
dependent but expression in neuromast was not dependent on any AHR isoform
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Figure 4.5 Venn diagrams of significantly differentially expressed genes (adjusted pvalue <0.05) A) Across all time points B) Pairwise comparisons
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Figure 4.6 Heatmap of 50 genes with highest fold changes across four timepoints,
hierarchically clustered based on treatment, age, and gene. Color indicates distance from
average gene counts across all samples, with blue indicating lower than average
expression and red indicating higher than average expression.
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Figure 4.7 Heatmap of GO Term Enrichment p-values. Darker color indicates lower p-value. Red indicates significantly enriched
upregulated processes, blue indicates significantly enriched downregulated processes (p ≤ 0.05).
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CHAPTER 5 – DISCUSSION
PAHs and their derivatives occur almost entirely in mixtures in the environment.
The composition of these mixtures varies, sometimes dramatically, depending on where
and how exposures occur (Howsam and Jones 1998; Khalili et al. 1995; Tobiszewski and
Namieśnik 2012; Yunker et al. 2002). In order to effectively estimate human and
environmental health risk for these mixtures, it is imperative to understand their
individual mechanisms of toxicity. The data we have on the toxicity of individual PAHs
suggests there are many potential mechanisms of toxicity initiated by PAHs. Studies have
demonstrated that PAHs are carcinogenic and/or mutagenic (Baird et al. 2005), and to
varying degrees can cause cardiovascular toxicity (Incardona et al. 2011; Ranjbar et al.
2015; Xu et al. 2010), oxidative stress (Knecht et al. 2013; Liu et al. 2009), and
neurobehavioral effects (Crepeaux et al. 2012; Vignet et al. 2014). However, aside from
carcinogenicity comparisons, these studies span many biological models and include only
a small subset of the PAH and PAH derivative universe. This limits direct comparison
between PAHs and the ability to assess the relative risk of PAH mixtures to human and
environmental health.
The objective of this dissertation was to advance our understanding of the range
of PAH developmental toxicity, begin to unravel modes of action for individual PAHs,
and explore how this information might be used in mixtures toxicity testing. In chapter 2,
we used the developmental zebrafish model to produce the most comprehensive
developmental toxicity screen of PAHs in a single model to date. We screened 123 PAHs
and PAH derivatives for morphological and behavioral effects and used CYP1A tissue
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expression patterns to provide a measure of AHR activation. These results enabled PAHs
to be classified based on phenotypic outcomes, and helped expand the range of effects
exposure to PAHs is known to cause.
In Chapter 3, we demonstrated how this phenotypic screening information can be
used to further understand PAH mixture toxicity. A representative mixture was created
using the 10 most abundant PAHs in the bioavailable fraction of the water column in the
Portland Harbor Superfund site, termed Supermix 10. Individual screening data identified
three major drivers of Supermix 10 toxicity, and submixtures constructed of those three
PAHs and of the seven other mixture components confirmed that the observed toxicity of
Supermix 10 could be attributed to the three major drivers identified by the screening
data. The assumption of additivity used in most mixtures modeling was confirmed using
the screening results of the individual PAHs, Supermix 10, and the two submixtures.
Finally, we demonstrated that the developmental toxicity of the mixture was AHR
dependent, which confirmed the results of individual and mixture screening. We also
observed an unusual response of CYP1A expression patterns following AHR2
knockdown, which induced CYP1A expression in the liver.
In chapter 4, we demonstrated how the developmental zebrafish toxicity screening
approach can be used to identify new modes of action of PAHs. During the phenotypic
screening, we identified an unusual caudal fin malformation that develops through
unexplored roles of AHR2 mediated toxicity. This phenotype was determined to be
AHR2 dependent, despite not displaying any of the hallmarks of canonical AHR2
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dependent toxicity, suggesting that there are structurally-dependent downstream effects
of AHR2 that can lead to the formation of this phenotype. Transcriptional profiling was
then used on isolated caudal fin tissue, and Wnt and Notch signaling were identified as
pathways most likely involved in the development of the phenotype.
Overall, these studies show that the effects of PAHs are more varied than we
might have previously expected, and reveal new and unexpected toxicity patterns in
response to developmental PAH exposure. They demonstrate that the role of AHR in
mediating the toxicity of PAHs is potentially more complex than previously thought,
from the unusual responses of CYP1A tissue expression patterns in chapter 2, to the
unexpected response of CYP1A expression following knockdown of AHR2 in chapter 3,
to the AHR2 dependent caudal fin phenotype explored in chapter 4. They also suggest
that there are a variety of possible developmental toxicity phenotypes for PAHs with
AHR independent toxicity, with PAHs that do not induce CYP1A tissue expression
patterns spanning nearly the full spectrum of phenotypic responses.
Together, these studies advance the understanding of the range of developmental
toxicity caused by PAHs and modes of action for their toxicity, and provide a framework
to begin classifying PAHs by phenotypic outcomes. Future work can further explore the
mechanisms of toxicity for these PAH classifications and leverage this data for risk
assessment applications.
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CHAPTER 6 – FUTURE DIRECTIONS
The work presented in this dissertation can lead in many different directions. For
all chapters, additional experiments to establish the dosimetry of these studies would add
greater meaning to the results presented, by helping distinguish between differential
effects caused by dosing differences and differential effects caused by the molecular
effects of the compound. This could include studies investigating body burden, sorption
to plates, and metabolism products of the individual compounds and mixtures.
The data presented in chapter 2 provide a baseline of knowledge that can be
leveraged for a variety of studies. Now that individual developmental bioactivities have
been established, more complex mixtures modelling can be pursued. This could include
developing models of joint toxicity for compounds with different phenotypic outcomes
than each other. The role of AHR could be further investigated using an AHR2 knockout
fish line with compounds that activated AHR. RNAseq studies of representative PAHs
with this line and/or wildtype zebrafish could further explore the role of AHR in the
toxicity of PAHs.
The results presented in chapter 2 demonstrated that photomotor response is one
of the most sensitive endpoints of PAHs, and further investigation into the cause(s) of
this response is warranted. Measurement of different behavioral endpoints like tap
response and free swim behavior could help more finely distinguish types of behavioral
effects amongst the library of PAHs. Additionally, study of neuronal and lateral line
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morphology during and following developmental PAH exposure could reveal more
information about the causes of the behavioral effects of PAHs.
These effects could be further explored in adult growouts of developmentally
exposed fish. This would enable study of lasting effects of PAH exposure on learning,
memory, social behavior, and startle response, which could reveal differential effects
between PAHs that would be relevant to understanding the long-term effects of PAH
mixtures. Grow outs of developmentally exposed fish would also enable study of the
more subtle effects of developmental exposure on cardiovascular health and response to
exercise, which could measured by oxygen consumption.
The mixtures study presented in chapter 3 has answered many questions about
PAH mixtures, and uncovered several more. The unique response observed in the mixture
of liver expression of CYP1A only after the knockdown of AHR2 suggests the potential
of an unusual metabolic effect. Metabolomics of fish exposed to Supermix 10 and/or
Supermix 3 and in silico modelling of AHR2 and AHR1A docking of the mixture
components could help decipher what is causing this phenomenon. Additionally,
transcriptomic profiles of the individual PAHs and the three constructed mixtures
(Supermix 10, 7, and 3) would help reveal some specific differences in mechanism of
toxicity between the mixtures and the individual PAHs.
The mixtures study in chapter 3 also opens up the possibility of using this
approach to environmental mixtures in several different settings. First, the approach can
be used to study PAH mixtures further. It could be used to assess and compare the top
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contributors to PAH mixture toxicity across different contaminated sites, and could be
applied to a wider variety of PAHs, including PAH derivatives to determine if addition of
oxygenated compounds affect the additivity of PAH mixtures. The approach could also
be used with a wider variety of contaminants, like PCBs or pesticides, and could be
performed using different environmental media systems for the basis of the constructed
mixture, like the atmosphere or soils.
The x-wing phenotype presented in chapter 4 has revealed many potential future
studies to further understand downstream targets of AHR, and the development of the
phenotype. The study identified several pathways and gene families that could play a role
in the development of the phenotype, especially those related to fin regeneration. The
perturbation of fin regeneration pathways could be further investigated using the fin
regeneration model in zebrafish [], and the degree of specific genes and signaling
pathway’s involvement could be ascertained through CRISPR-CAS9 knockout of key
genes and/or inhibitors where appropriate, as well as localization experiments using in
situ hybridization, and/or fluorescent reporter zebrafish lines. Additional RNAseq studies
comparing benzo[k]fluoranthene exposed wild type and AHR2 knockout lines could help
to identify candidate pathways that are general responses to benzo[k]fluoranthene
exposure, and are not part of the AHR2 dependent phenotype. Metabolomics studies
could further elucidate if and how metabolites were driving some of the responses.
The neuromast expression of CYP1A, abnormal behavioral responses and
downregulation of lateral line development pathways in response to exposure to
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benzo[k]fluoranthene suggest neuronal damage is an effect of benzo[k]fluoranthene
exposure. Studies on how persistent these effects are, and the nature of the neuronal
damage could begin to identify how PAH exposure might cause the decreased IQ and
increased rates of ADHD observed in epidemiological studies.
Finally, the zebrafish shares many orthologous pathways with other vertebrate
systems. However, phenotypic responses to developmental PAH exposure are likely to
differ between vertebrates for several reasons, including differential functions of
pathways or differences in metabolism and protein structure. It would therefore be of
interest to pursue mechanistic studies of PAH developmental toxicity in other model
organisms to enable comparison of how the systems differ.
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Appendix A – Supplemental Data for Chapter 2
Table A.1 Lowest effect levels for morphological endpoints (uM)
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Table A.2 Direction of significant changes in EPR behavior, for compounds with
significant behavior effects in at least one phase. + indicates hyperactive, - indicates
hypoactive compared to the controls, NA denotes phases that were not significantly
different from controls in all tested concentrations.
Compound
1,3-dinitropyrene
1,4-anthraquinone
1,4-phenanthrenedione
1,8-dinitropyrene
1-aminopyrene
1-hydroxyphenanthrene
1-hydroxypyrene
2,3-dihydroxynaphthalene
2-nitrodibenzothiophene
2-nitrofluorene
3,6-dimethylphenanthrene
3-hydroxybenzo[e]pyrene
3-hydroxyfluoranthene
3-hydroxyphenanthrene
3-nitrobenzanthrone
4-hydroxychrysene
4-hydroxyphenanthrene
5,12-naphthacenequinone
9,10-phenanthrenequinone
9-aminophenanthrene
9-hydroxyphenanthrene
Acenaphthenequinone
Benzanthrone
Dibenzo[a,h]pyrene
Pyrene-4,5-dione
Quinoline
Retene
Thianaphthene

Baseline
+
NA
NA
NA
+
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Excitation
+
NA
+
+
+
NA
NA
+
+

Recovery
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
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Table A.3 Direction of significant changes in LPR behavior, for compounds with
significant behavior effects in at least one phase. + indicates hyperactive, - indicates
hypoactive compared to the controls, NA denotes phases that were not significantly
different from controls in all tested concentrations. “All” phase a comparison activity
across the entire assay.
Compound
1,2-dimethylnaphthalene
1,2-naphthoquinone
1,3-dihydroxynaphthalene
1,3-dinitropyrene
1,4-anthraquinone
1,4-dimethylnaphthalene
1,4-phenanthrenedione
1,5-dihydroxynaphthalene
1,5-dimethylnaphthalene
1,6-dihydroxynaphthalene
1,6-dimethylnaphthalene
1,8-dimethylnaphthalene
1,8-dinitropyrene
10-hydroxybenzo[a]pyrene
1-aminopyrene
1-hydroxyindeno[1,2,3-c,d]pyrene
1-hydroxynaphthalene
1-hydroxypyrene
1-methylnaphthalene
1-nitronaphthalene
1-nitropyrene
2,3-dihydroxynaphthalene
2,3-dimethylanthracene
2,6-dimethylnaphthalene
2,7-dihydroxynaphthalene
2,8-dinitrodibenzothiophene
2-hydroxynaphthalene
2-methylanthracene
2-methylnaphthalene
2-nitrodibenzothiophene
2-nitrofluoranthene
2-nitrofluorene
2-nitronaphthalene
3,6-dimethylphenanthrene

All
+
+
NA
+
+
NA
+
NA
NA
NA
NA
NA
NA
NA
+
NA
+
+
NA
+
NA
NA
NA
NA
NA
NA
NA

Dark
+
+
+
+
NA
+
+
+
NA
NA
NA
+
NA
+
+
NA
+
NA
NA
NA
NA
NA
NA
NA
NA
NA
-

Light
NA
+
+
+
+
NA
+
NA
+
+
+
NA
+
NA
+
NA
+
NA
+
+
+
NA
+
+
+
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3,7-dinitrobenzo[k]fluoranthene
3-hydroxybenz[a]anthracene
3-hydroxybenzo[e]pyrene
3-hydroxyfluorene
3-nitrodibenzofuran
3-nitrophenanthrene
4h-cyclopenta[def]phenanthren-4-one
4H-cyclopenta[lmn]phenanthridine-5,9-dione
4-hydroxyphenanthrene
5,6-benzoquinoline
5-nitroacenaphthalene
6H-benzo[cd]pyren-6-one
6-methylchrysene
6-nitrochrysene
7-nitrobenz[a]anthracene
9-aminophenanthrene
9-anthracene carbonitrile
9-anthracene carboxylic acid
9-fluorenone
9-hydroxyphenanthrene
9-methylanthracene
9-nitroanthracene
9-nitrophenanthrene
acenaphthene
acenaphthenequinone
acenaphthylene
acridine
anthanthrene
anthraquinone
benzanthrone
benzo[a]pyrene
benzo[b]fluoranthene
benzo[b]fluorene
benzo[c]phenanthrene[1,4]dione
benzo[e]pyrene
benzo[g,h,i]perylene
benzo[j]fluoranthene
carbazole
chromone
chrysene
coronene

+
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
+
NA
NA
NA
+
NA
+
NA
NA
+
NA
NA
+
+
+
NA
NA
+
+
+
+
+
NA

+
NA
+
NA
NA
NA
NA
NA
+
+
NA
NA
NA
NA
+
NA
NA
+
+
NA
NA
NA
+
NA
NA
NA
NA
+
+
+
+
+
+

NA
+
+
+
+
+
+
NA
+
+
+
+
+
+
+
+
NA
+
+
+
+
NA
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dibenz[a,h]anthracene
dibenzo[a,h]pyrene
dibenzo[a,l]pyrene
dibenzo[b,k]fluoranthene
fluoranthene
fluorene
indeno[1,2,3-c,d]pyrene
indole
naphthalene
naphtho[1,2-b]fluoranthene
naphtho[2,3-e]pyrene
naphtho[2,3-j]fluoranthene
naphtho[2,3-k]fluoranthene
perinaphthenone
phenanthrene
pyrene
pyrene-4,5-dione
retene
thianaphthene
triphenylene
xanthene
xanthone

NA
+
+
NA
+
+
NA
+
NA
+
NA
NA
NA
+
+
NA
NA
+
-

+
+
NA
+
NA
+
NA
NA
+
+
NA
NA
NA
+
NA
NA
+
+
-

+
+
+
NA
+
+
NA
+
+
NA
+
+
NA
+
NA
+
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Appendix B – Supplemental Data for Chapter 3

Figure B.1 Individual PAH concentration response curves. N=1 replicate experiment
where each point represents n=32 fish.
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Figure B.2 Mixture concentration response curves. N=4 and N=3 replicate
experiments for Supermix10 and Supermix3 respectively. Each point represents
n=32 fish.
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Appendix C – Supplemental Data for Chapter 4

Figure C.1 Principal component analysis of RNAseq samples
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Table C.1 48 hpf significantly differentially expressed transcripts following
exposure to BkF (p ≤ 0.05, FC > 2)
ENSEMBLE ID

Symbol

ENSDARG00000018298

cyp1c2

log2FoldChange
9.05

padj
0

ENSDARG00000026039

cyp1a

8.99

1.76E-229

ENSDARG00000068934

cyp1b1

8.75

0

ENSDARG00000058980

cyp1c1

7.14

5.27E-241

ENSDARG00000059387

fgf7

5.29

2.44E-165

ENSDARG00000070925

EDN3 (1 of 2)

4.81

2.18E-53

ENSDARG00000097080

si:ch73-181m17.1

4.39

3.09E-46

ENSDARG00000091116

pkhd1l1

4.35

7.61E-176

ENSDARG00000097491

ugt1b1

4.11

5.16E-149

ENSDARG00000055643

cyb5a

3.83

0

ENSDARG00000078617

CABZ01048958.1

3.78

1.62E-33

ENSDARG00000089507

ugt1b5

3.72

9.88E-101

ENSDARG00000052618

ahrrb

3.68

1.07E-41

ENSDARG00000005141

camkvb

3.55

1.23E-33

ENSDARG00000010376

SLC5A3 (1 of 2)

3.54

8.21E-28

ENSDARG00000007356

fgf20a

3.47

1.60E-45

ENSDARG00000097716

si:dkey-86k10.8

3.42

3.04E-68

ENSDARG00000074683

CABZ01048960.1

3.40

1.44E-29

ENSDARG00000035677

bmp8a

3.36

2.66E-36

ENSDARG00000076933

aldh1a3

3.29

1.86E-33

ENSDARG00000092704

BX072532.3

3.24

9.73E-28

ENSDARG00000095409

si:ch211-226h7.8

3.11

1.34E-20

ENSDARG00000030896

foxq1a

3.07

1.44E-29

ENSDARG00000019492

shbg

2.94

8.06E-14

ENSDARG00000094120

BX548047.2

2.86

7.69E-15

ENSDARG00000020086

NUAK1 (1 of 2)

2.86

1.77E-60

ENSDARG00000056057

GREM2 (2 of 2)

2.85

7.47E-23

ENSDARG00000079221

si:ch211-162k9.6

2.82

4.96E-15

ENSDARG00000055081

si:dkey-285b23.3

2.80

1.99E-14

ENSDARG00000052949

BX548047.1

2.77

9.95E-13

ENSDARG00000079296

gcga

2.70

2.36E-16

ENSDARG00000036767

2.68

5.08E-18

ENSDARG00000087020

2.67

2.60E-118

ENSDARG00000051876

ush1c

2.64

1.16E-31

ENSDARG00000057338

gstp2

2.64

1.02E-10

ENSDARG00000052626

si:ch211-226h7.7

2.62

6.49E-13

ENSDARG00000056654

gna15.2

2.59

1.16E-20

ENSDARG00000006207

gpx1b

2.59

2.96E-51

ENSDARG00000022570

BX248318.1

2.57

1.37E-11
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ENSDARG00000086826

sult6b1

2.55

6.15E-290

ENSDARG00000088595

CRISPLD2

2.50

9.07E-30

ENSDARG00000061841

tiparp

2.50

3.30E-57

ENSDARG00000070929

sox14

2.49

2.32E-32

ENSDARG00000093365

si:ch211-226h7.3

2.49

2.25E-16

ENSDARG00000045371

prdm14

2.47

1.59E-19

ENSDARG00000026611

socs3b

2.47

1.47E-42

ENSDARG00000079199

megf6a

2.46

1.22E-27

ENSDARG00000075891

sall1b

2.46

9.15E-47

ENSDARG00000061896

slco2a1

2.45

3.49E-15

ENSDARG00000035852

2.43

3.80E-15

ENSDARG00000088371

junbb

2.43

5.54E-19

ENSDARG00000039957

rspo1

2.41

3.37E-56

ENSDARG00000006427

fabp2

2.34

6.33E-17

ENSDARG00000068180

bmp16

2.34

3.61E-13

ENSDARG00000078749

b4galnt3a

2.33

1.50E-10

ENSDARG00000077151

cbln2b

2.32

4.05E-23

ENSDARG00000097991

si:dkey-86k10.14

2.30

7.26E-10

ENSDARG00000074642

BX072532.1

2.29

9.12E-12

ENSDARG00000070546

msgn1

2.29

1.14E-10

ENSDARG00000090530

LAMB3

2.28

4.52E-11

ENSDARG00000094158

si:dkey-285b23.4

2.28

3.17E-09

ENSDARG00000058570

ccl1

2.28

8.75E-11

ENSDARG00000070710

si:dkeyp-41g9.6

2.27

1.01E-10

ENSDARG00000091572

BX005234.1

2.26

2.68E-08

ENSDARG00000090776

SEMA7A (2 of 2)

2.26

1.90E-10

ENSDARG00000037859

il11a

2.24

6.87E-14

ENSDARG00000094815

si:ch73-49p17.1

2.24

7.65E-18

ENSDARG00000038634

CCK (1 of 2)

2.23

4.52E-18

ENSDARG00000042470

s1pr3a

2.20

1.37E-46

ENSDARG00000059369

2.17

3.40E-21

ENSDARG00000055278

cfb

2.15

3.40E-11

ENSDARG00000059340

dlgap2a

2.14

1.97E-12

ENSDARG00000089205

BX927064.1

2.12

2.88E-24

ENSDARG00000016479

ugt5a1

2.12

1.28E-08

ENSDARG00000096156

2.11

4.88E-07

ENSDARG00000040623

fosl2

2.10

2.46E-19

ENSDARG00000043448

itm2ca

2.09

8.94E-32

ENSDARG00000093101

BX005305.7

2.09

2.75E-08

ENSDARG00000017860

rgs5b

2.09

7.88E-12

ENSDARG00000079227

plekhs1

2.08

5.23E-07

ENSDARG00000079290

si:ch211-162k9.5

2.06

2.16E-10

ENSDARG00000022303

hig1

2.06

8.24E-36
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ENSDARG00000092719

si:ch211-226h7.4

2.05

1.38E-08

ENSDARG00000056074

fgf22

2.05

1.76E-09

ENSDARG00000089131

il17rel

2.05

3.06E-07

ENSDARG00000003902

ctsl.1

2.02

1.31E-07

ENSDARG00000036569

bach2a

2.01

6.45E-38

ENSDARG00000091792

akap12a

-2.00

3.02E-11

ENSDARG00000077505

rbp4

-2.03

2.04E-14

ENSDARG00000070331

muc5ac

-2.04

3.17E-12

ENSDARG00000055192

zgc:136930

-2.08

1.25E-07

ENSDARG00000003395

col4a3

-2.09

4.02E-62

ENSDARG00000055172

si:ch211-256m1.8

-2.14

4.01E-09

ENSDARG00000030632

zgc:110191

-2.19

7.70E-20

ENSDARG00000062477

kiaa1549la

-2.21

1.76E-14

ENSDARG00000087375

zgc:66473

-2.24

1.48E-09

ENSDARG00000007490

adrb1

-2.25

6.29E-14

ENSDARG00000075600

si:dkeyp-41f9.3

-2.25

4.47E-14

ENSDARG00000052279

osgn1

-2.26

5.21E-17

ENSDARG00000078962

DUOXA1

-2.27

2.99E-08

ENSDARG00000086805

ccdc129

-2.27

4.64E-15

ENSDARG00000088116

gstm3

-2.33

2.93E-50

ENSDARG00000062688

gpnmb

-2.34

4.35E-15

ENSDARG00000068910

nos1

-2.36

2.31E-09

ENSDARG00000090268

si:dkeyp-113d7.4

-2.43

7.50E-26

ENSDARG00000060345

apod

-2.58

4.95E-16

ENSDARG00000070919

cpne5

-2.65

5.95E-17

ENSDARG00000002847

fndc1

-2.66

1.16E-26

ENSDARG00000052470

igfbp2a

-2.68

3.13E-119

ENSDARG00000056938

kera

-2.70

6.97E-26

ENSDARG00000096762

si:dkey-61p9.11

-2.79

1.21E-15

ENSDARG00000058462

zgc:158846

-2.94

2.10E-14
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Table C.2 60 hpf significantly differentially expressed transcripts following
exposure to BkF (p ≤ 0.05, FC > 2)
ENSEMBLE ID

Symbol

log2FoldChange

ENSDARG00000068934

cyp1b1

8.90

0

ENSDARG00000018298

cyp1c2

8.74

0

ENSDARG00000026039

cyp1a

8.45

7.33E-204

ENSDARG00000058980

cyp1c1

6.01

5.79E-179

ENSDARG00000059387

fgf7

5.39

5.56E-181

ENSDARG00000070925

EDN3 (1 of 2)

4.74

2.19E-52

ENSDARG00000052618

ahrrb

4.43

9.95E-61

ENSDARG00000091116

pkhd1l1

4.42

1.04E-182

ENSDARG00000097491

ugt1b1

4.24

1.14E-159

ENSDARG00000097080

si:ch73-181m17.1

4.20

6.11E-45

ENSDARG00000055643

cyb5a

4.19

0

ENSDARG00000056057

GREM2 (2 of 2)

4.00

3.68E-48

ENSDARG00000089507

ugt1b5

3.96

2.74E-113

ENSDARG00000005141

camkvb

3.78

2.44E-40

ENSDARG00000078617

CABZ01048958.1

3.76

8.07E-35

ENSDARG00000007356

fgf20a

3.70

9.09E-56

ENSDARG00000074683

CABZ01048960.1

3.69

6.01E-38

ENSDARG00000035677

bmp8a

3.67

3.70E-49

ENSDARG00000097716

si:dkey-86k10.8

3.61

3.06E-80

ENSDARG00000076933

aldh1a3

3.51

2.56E-41

ENSDARG00000020086

NUAK1 (1 of 2)

3.47

1.46E-88

ENSDARG00000090530

LAMB3

3.46

8.79E-24

ENSDARG00000010376

SLC5A3 (1 of 2)

3.43

2.27E-27

ENSDARG00000052626

si:ch211-226h7.7

3.18

1.78E-19

ENSDARG00000012395

mmp13a

3.16

9.13E-25

ENSDARG00000078749

b4galnt3a

3.15

5.68E-19

ENSDARG00000039957

rspo1

3.08

6.52E-96

ENSDARG00000055278

cfb

3.06

1.83E-21

3.04

1.72E-23

ENSDARG00000035852

padj

ENSDARG00000022570

BX248318.1

3.02

3.53E-16

ENSDARG00000045371

prdm14

3.02

4.02E-31

ENSDARG00000052895

htra3a

3.01

1.48E-22

3.01

2.44E-18

ENSDARG00000091380
ENSDARG00000087020

3.00

2.58E-150

ENSDARG00000051876

ush1c

2.95

2.34E-41

ENSDARG00000095409

si:ch211-226h7.8

2.95

6.10E-19

ENSDARG00000059369

2.94

2.06E-39

ENSDARG00000037859

il11a

2.84

5.86E-22

ENSDARG00000079296

gcga

2.82

7.27E-17
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ENSDARG00000045548

lepb

2.80

1.11E-15

ENSDARG00000094951

BX072532.5

2.79

4.31E-20

ENSDARG00000057338

gstp2

2.75

7.63E-12

ENSDARG00000026611

socs3b

2.75

8.65E-53

ENSDARG00000070710

si:dkeyp-41g9.6

2.71

1.60E-15

ENSDARG00000089706

BX005410.2

2.71

2.32E-27

ENSDARG00000040623

fosl2

2.66

3.96E-31

ENSDARG00000052329

CD200 (2 of 3)

2.65

9.25E-20

ENSDARG00000056654

gna15.2

2.64

1.69E-25

ENSDARG00000077580

tspeara

2.62

3.47E-24

ENSDARG00000019492

shbg

2.60

5.33E-11

ENSDARG00000069335

BCL6B

2.60

2.89E-60

ENSDARG00000017860

rgs5b

2.59

1.31E-25

ENSDARG00000092719

si:ch211-226h7.4

2.58

6.83E-16

ENSDARG00000003902

ctsl.1

2.57

2.18E-12

ENSDARG00000074150

si:ch211-226h7.5

2.56

2.64E-11

ENSDARG00000056077

dcst1

2.56

1.73E-12

ENSDARG00000094815

si:ch73-49p17.1

2.53

1.04E-21

ENSDARG00000022303

hig1

2.53

3.38E-54

ENSDARG00000086826

sult6b1

2.50

1.25E-279

ENSDARG00000088371

junbb

2.50

2.79E-20

ENSDARG00000030896

foxq1a

2.50

4.62E-20

ENSDARG00000075829

kiss1

2.47

1.68E-10

ENSDARG00000033684

oxgr1a.1

2.47

1.39E-10

2.47

5.20E-11

ENSDARG00000076797
ENSDARG00000097435

si:dkey-31i7.1

2.46

1.51E-10

ENSDARG00000054324

rerglb

2.45

1.49E-54

ENSDARG00000061841

tiparp

2.44

2.76E-55

ENSDARG00000079221

si:ch211-162k9.6

2.44

9.17E-12

ENSDARG00000014031

abcc2

2.42

4.29E-25

ENSDARG00000087359

c3b

2.41

9.96E-12

ENSDARG00000097539

si:ch211-39f2.3

2.41

9.60E-13

ENSDARG00000079199

megf6a

2.39

3.14E-28

ENSDARG00000074642

BX072532.1

2.38

7.53E-15

ENSDARG00000053493

aldh1a2

2.37

1.43E-21

ENSDARG00000008305

hand2

2.36

2.53E-10

ENSDARG00000056324

zgc:123295

2.34

1.22E-53

ENSDARG00000016750

abcc6a

2.33

3.67E-70

ENSDARG00000079765

AL929022.2

2.29

7.02E-26

ENSDARG00000097991

si:dkey-86k10.14

2.29

2.56E-10

2.29

6.91E-09

2.27

1.20E-29

2.26

3.16E-13

ENSDARG00000035632
ENSDARG00000070929
ENSDARG00000036767

sox14
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ENSDARG00000031588

si:dkey-239b22.1

2.25

6.55E-09

ENSDARG00000079227

plekhs1

2.24

2.59E-08

ENSDARG00000093101

BX005305.7

2.23

1.74E-10

ENSDARG00000055705

f5

2.23

2.06E-08

ENSDARG00000092704

BX072532.3

2.22

1.73E-14

ENSDARG00000038025

cbx7a

2.19

1.13E-23

ENSDARG00000093365

si:ch211-226h7.3

2.19

1.08E-13

ENSDARG00000060471

gcnt3

2.17

5.18E-12

ENSDARG00000041382

si:dkey-283b15.2

2.16

9.36E-13

ENSDARG00000079191

CD200 (3 of 3)

2.16

7.81E-16

ENSDARG00000055081

si:dkey-285b23.3

2.16

3.58E-09

ENSDARG00000043448

itm2ca

2.15

6.45E-37

ENSDARG00000003303

stc1

2.09

7.52E-08

ENSDARG00000058730

rdh10a

2.08

1.20E-15

ENSDARG00000070546

msgn1

2.08

3.58E-08

ENSDARG00000071560

dlx4b

2.08

3.89E-35

ENSDARG00000092778

BX072532.4

2.08

1.47E-07

ENSDARG00000092170

apoc1l

2.07

1.22E-16

ENSDARG00000088283

si:ch73-248e21.5

2.06

3.13E-14

ENSDARG00000089131

il17rel

2.04

1.91E-07

ENSDARG00000006220

ugt1a7

2.03

3.69E-25

ENSDARG00000036900

CFI

2.03

1.74E-12

ENSDARG00000075891

sall1b

2.01

6.82E-40

ENSDARG00000069559

muc13a

2.01

3.60E-15

ENSDARG00000055186

ccr9a

2.01

1.42E-10

ENSDARG00000038634

CCK (1 of 2)

2.01

1.77E-15

ENSDARG00000077151

cbln2b

2.00

1.43E-19

ENSDARG00000095002

TNNC2 (2 of 2)

-2.02

3.08E-10

ENSDARG00000087318

zgc:174688

-2.02

1.24E-13

ENSDARG00000097032

si:ch211-256a21.4

-2.03

6.11E-20

ENSDARG00000090292

CABZ01071757.1

-2.03

2.19E-21

ENSDARG00000074772

ccl-c11b

-2.05

2.91E-18

ENSDARG00000002847

fndc1

-2.06

2.21E-16

ENSDARG00000043923

sox9b

-2.08

4.32E-59

ENSDARG00000088116

gstm3

-2.09

1.29E-41

ENSDARG00000036832

cyt1l

-2.09

2.83E-30

ENSDARG00000077216

wu:fc51h05

-2.10

5.96E-11

ENSDARG00000031952

mb

-2.11

1.05E-12

ENSDARG00000077505

rbp4

-2.11

6.65E-16

ENSDARG00000075038

CABZ01058371.1

-2.12

1.03E-25

ENSDARG00000023768

mfsd4a

-2.15

2.97E-24

ENSDARG00000077084

col28a1

-2.16

1.35E-10

ENSDARG00000030632

zgc:110191

-2.20

2.93E-22
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ENSDARG00000060345

apod

-2.21

1.57E-12

ENSDARG00000039579

cfd

-2.21

1.08E-08

ENSDARG00000091792

akap12a

-2.24

1.28E-14

ENSDARG00000097513

si:ch211-84k18.3

-2.24

2.37E-08

ENSDARG00000003395

col4a3

-2.25

2.94E-71

ENSDARG00000028878

vipr1a

-2.26

1.31E-11

ENSDARG00000005943

htra4

-2.32

6.36E-23

ENSDARG00000062632

duox

-2.38

2.32E-10

ENSDARG00000035791

si:busm1-71b9.3

-2.38

7.13E-15

ENSDARG00000036830

KRT23 (1 of 2)

-2.45

7.04E-50

ENSDARG00000086805

ccdc129

-2.48

6.01E-19

ENSDARG00000062688

gpnmb

-2.49

2.73E-17

ENSDARG00000075865

CABZ01076351.1

-2.51

1.17E-11

ENSDARG00000097804

si:ch73-156o22.2

-2.52

1.94E-13

ENSDARG00000007490

adrb1

-2.55

7.16E-17

ENSDARG00000090268

si:dkeyp-113d7.4

-2.55

1.08E-28

ENSDARG00000096381

neu3.4

-2.56

1.16E-10

ENSDARG00000078962

DUOXA1

-2.58

1.13E-10

ENSDARG00000087375

zgc:66473

-2.63

1.52E-13

ENSDARG00000056938

kera

-2.68

1.10E-25

ENSDARG00000052279

osgn1

-2.71

3.24E-24

ENSDARG00000068910

nos1

-2.73

1.36E-12

ENSDARG00000070919

cpne5

-2.74

3.56E-17

ENSDARG00000096762

si:dkey-61p9.11

-2.84

1.04E-16

ENSDARG00000075600

si:dkeyp-41f9.3

-2.96

2.97E-25

ENSDARG00000056248

KRT78

-3.02

1.14E-14

ENSDARG00000052470

igfbp2a

-3.07

1.18E-155

ENSDARG00000055192

zgc:136930

-3.16

2.67E-17

181
Table C.3 72 hpf significantly differentially expressed transcripts following
exposure to BkF (p ≤ 0.05, FC > 2)
ENSEMBLE ID

Symbol

log2FoldChange

ENSDARG00000068934

cyp1b1

8.68

0

ENSDARG00000026039

cyp1a

8.52

6.24E-207

ENSDARG00000018298

cyp1c2

8.40

0

ENSDARG00000058980

cyp1c1

5.65

1.31E-157

ENSDARG00000059387

fgf7

5.61

4.66E-177

ENSDARG00000091116

pkhd1l1

4.82

3.94E-216

ENSDARG00000070925

EDN3 (1 of 2)

4.44

3.99E-46

ENSDARG00000055643

cyb5a

4.40

0

ENSDARG00000052618

ahrrb

4.34

5.26E-61

ENSDARG00000045371

prdm14

4.25

7.80E-57

ENSDARG00000097491

ugt1b1

4.19

1.61E-153

ENSDARG00000045548

lepb

4.16

1.96E-34

ENSDARG00000090530

LAMB3

4.14

2.53E-34

ENSDARG00000097716

si:dkey-86k10.8

3.94

5.98E-93

ENSDARG00000010376

SLC5A3 (1 of 2)

3.79

3.33E-33

ENSDARG00000076933

aldh1a3

3.73

2.30E-45

ENSDARG00000089507

ugt1b5

3.72

2.05E-99

ENSDARG00000056057

GREM2 (2 of 2)

3.68

2.70E-43

ENSDARG00000078617

CABZ01048958.1

3.61

5.77E-33

ENSDARG00000078749

b4galnt3a

3.58

1.85E-25

ENSDARG00000097080

si:ch73-181m17.1

3.51

6.62E-32

ENSDARG00000059369

si:ch1073-15f12.3

3.48

3.07E-55

ENSDARG00000035677

bmp8a

3.46

1.35E-43

ENSDARG00000005141

camkvb

3.43

1.69E-34

ENSDARG00000052895

htra3a

3.42

2.92E-29

ENSDARG00000020086

NUAK1 (1 of 2)

3.41

1.30E-85

ENSDARG00000007356

fgf20a

3.39

1.14E-51

ENSDARG00000037859

il11a

3.38

6.48E-31

ENSDARG00000055278

cfb

3.37

1.85E-25

ENSDARG00000097435

si:dkey-31i7.1

3.37

1.63E-20

3.34

4.16E-19

ENSDARG00000035632

padj

ENSDARG00000074683

CABZ01048960.1

3.34

1.58E-33

ENSDARG00000074150

si:ch211-226h7.5

3.34

4.10E-19

ENSDARG00000052626

si:ch211-226h7.7

3.30

1.03E-21

ENSDARG00000079296

gcga

3.30

3.40E-24

ENSDARG00000094951

BX072532.5

3.26

6.69E-29

ENSDARG00000051876

ush1c

3.25

1.98E-50

ENSDARG00000095409

si:ch211-226h7.8

3.23

1.45E-23

ENSDARG00000069335

BCL6B

3.22

5.05E-90
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ENSDARG00000039957

rspo1

ENSDARG00000091380

3.16

2.64E-105

3.15

2.71E-21

ENSDARG00000012395

mmp13a

3.12

2.02E-24

ENSDARG00000079191

CD200 (3 of 3)

3.08

9.15E-28

ENSDARG00000041382

si:dkey-283b15.2

3.08

2.35E-24

ENSDARG00000092719

si:ch211-226h7.4

3.08

3.34E-24

ENSDARG00000092170

apoc1l

3.02

1.26E-34

ENSDARG00000033684

oxgr1a.1

3.00

1.03E-15

2.99

7.44E-23

2.99

1.21E-43

ENSDARG00000035852
ENSDARG00000079199

megf6a

ENSDARG00000087020

2.98

1.29E-148

ENSDARG00000060471

gcnt3

2.98

1.56E-21

ENSDARG00000040623

fosl2

2.96

1.27E-38

ENSDARG00000026611

socs3b

2.93

4.78E-60

ENSDARG00000089706

BX005410.2

2.93

7.14E-32

ENSDARG00000068580

glis1a

2.90

4.65E-20

ENSDARG00000075829

kiss1

2.89

1.90E-14

ENSDARG00000070929

sox14

2.87

1.66E-41

ENSDARG00000088283

si:ch73-248e21.5

2.82

3.48E-26

ENSDARG00000016750

abcc6a

2.80

2.05E-104

ENSDARG00000053493

aldh1a2

2.79

3.07E-30

ENSDARG00000052329

CD200 (2 of 3)

2.78

1.31E-21

ENSDARG00000097991

si:dkey-86k10.14

2.78

2.70E-16

ENSDARG00000054324

rerglb

2.78

3.08E-73

ENSDARG00000055638

ankrd33aa

2.76

5.63E-21

ENSDARG00000097726

si:ch211-149e23.4

2.72

1.15E-27

ENSDARG00000087832

bcl3

2.69

4.92E-27

ENSDARG00000022570

BX248318.1

2.68

8.53E-13

ENSDARG00000078847

si:dkey-238o13.4

2.66

5.29E-15

ENSDARG00000015273

alpi.1

2.63

1.94E-53

ENSDARG00000091085

lepa

2.63

1.27E-11

ENSDARG00000061419

zmat4b

2.62

1.91E-26

ENSDARG00000093101

BX005305.7

2.59

1.62E-14

ENSDARG00000055081

si:dkey-285b23.3

2.59

5.60E-13

ENSDARG00000003303

stc1

2.57

9.40E-12

ENSDARG00000006220

ugt1a7

2.57

3.15E-39

2.55

3.48E-14

ENSDARG00000059891
ENSDARG00000006526

fn1b

2.55

8.81E-26

ENSDARG00000094158

si:dkey-285b23.4

2.55

1.15E-11

ENSDARG00000056654

gna15.2

2.54

2.22E-24

ENSDARG00000077580

tspeara

2.53

4.44E-21

ENSDARG00000086826

sult6b1

2.49

4.37E-276

ENSDARG00000092521

CR382283.2

2.49

4.01E-25
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ENSDARG00000087359

c3b

2.47

1.71E-12

ENSDARG00000094815

si:ch73-49p17.1

2.45

1.16E-20

ENSDARG00000079221

si:ch211-162k9.6

2.44

1.00E-11

ENSDARG00000061841

tiparp

2.42

2.57E-54

ENSDARG00000092250

BX072532.2

2.42

1.14E-09

ENSDARG00000074642

BX072532.1

2.42

6.88E-16

ENSDARG00000095022

thsd7ba

2.41

6.73E-11

ENSDARG00000074363

TTC9

2.41

8.01E-30

ENSDARG00000022303

hig1

2.40

1.88E-48

ENSDARG00000056324

zgc:123295

2.40

1.43E-54

ENSDARG00000079765

AL929022.2

2.40

1.88E-28

ENSDARG00000088371

junbb

2.38

1.20E-18

ENSDARG00000030896

foxq1a

2.38

1.71E-18

ENSDARG00000008305

hand2

2.37

1.60E-10

ENSDARG00000055186

ccr9a

2.36

4.37E-15

ENSDARG00000071560

dlx4b

2.35

1.37E-41

ENSDARG00000073912

2.35

6.88E-38

ENSDARG00000035768

si:ch211202h22.7
pltp

2.32

1.66E-95

ENSDARG00000014277

vox

2.32

3.89E-20

ENSDARG00000056077

dcst1

2.31

3.44E-10

ENSDARG00000014031

abcc2

2.31

1.28E-22

ENSDARG00000093365

si:ch211-226h7.3

2.30

2.34E-15

2.30

9.93E-10

ENSDARG00000076797
ENSDARG00000034559

srpx2

2.29

1.70E-22

ENSDARG00000036900

CFI

2.27

3.27E-15

ENSDARG00000060434

MAP1B

2.24

1.85E-17

ENSDARG00000057040

tmprss13a

2.24

1.43E-33

ENSDARG00000042816

mmp9

2.23

1.50E-18

ENSDARG00000092704

BX072532.3

2.23

6.82E-15

ENSDARG00000075487

si:ch211-267e7.3

2.22

1.96E-23

ENSDARG00000073970

mctp2b

2.22

2.99E-27

ENSDARG00000089697

nfe2l2b

2.22

5.13E-48

ENSDARG00000077938

cd248b

2.22

3.05E-39

ENSDARG00000040314

psph

2.21

4.12E-31

ENSDARG00000008249

ptchd4

2.21

2.94E-10

ENSDARG00000070683

dkk3b

2.20

4.22E-55

ENSDARG00000007950

itga11b

2.19

2.40E-16

ENSDARG00000074656

ctssb.1

2.18

3.91E-29

ENSDARG00000001452

adam8a

2.18

1.73E-35

ENSDARG00000086028

IGFN1 (3 of 4)

2.16

5.45E-11

ENSDARG00000056795

serpine1

2.16

2.40E-25

ENSDARG00000097539

si:ch211-39f2.3

2.15

1.70E-10
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ENSDARG00000076196

si:ch211-226h7.6

2.15

5.35E-11

ENSDARG00000042470

s1pr3a

2.13

1.93E-58

ENSDARG00000016718

mmp11b

2.13

2.09E-58

ENSDARG00000017489

zgc:123068

2.13

1.20E-23

ENSDARG00000093381

tgm2l

2.13

4.65E-17

ENSDARG00000092778

BX072532.4

2.12

5.43E-08

ENSDARG00000079570

rspo2

2.11

3.96E-23

ENSDARG00000017860

rgs5b

2.09

2.39E-19

ENSDARG00000003902

ctsl.1

2.09

1.73E-08

ENSDARG00000090444

ponzr1

2.08

6.88E-25

ENSDARG00000070491

hpcal4

2.08

1.38E-16

ENSDARG00000074677

frem3

2.08

2.53E-14

ENSDARG00000045316

map7d2b

2.08

9.69E-11

ENSDARG00000055705

f5

2.08

1.72E-07

ENSDARG00000075891

sall1b

2.07

7.40E-45

ENSDARG00000094648

2.06

4.59E-16

ENSDARG00000069559

muc13a

2.06

2.58E-16

ENSDARG00000077151

cbln2b

2.04

1.86E-21

ENSDARG00000070710

si:dkeyp-41g9.6

2.04

3.15E-09

ENSDARG00000086391

cald1

2.04

2.36E-41

ENSDARG00000055226

slc7a7

2.03

9.15E-27

ENSDARG00000033567

fkbp1ab

2.00

1.85E-14

ENSDARG00000026766

bcl2l10

2.00

4.91E-28

ENSDARG00000068180

bmp16

2.00

1.71E-13

ENSDARG00000044827

wnt7aa

-2.00

9.18E-42

ENSDARG00000021720

col7a1

-2.01

1.02E-33

ENSDARG00000092064

si:dkey-117n7.4

-2.02

1.23E-46

ENSDARG00000017624

krt4

-2.03

1.49E-39

ENSDARG00000018351

hpda

-2.03

2.14E-09

ENSDARG00000074772

ccl-c11b

-2.03

3.89E-18

ENSDARG00000075038

CABZ01058371.1

-2.04

8.40E-25

ENSDARG00000032246

tmtopsb

-2.04

3.76E-11

ENSDARG00000087289

zgc:66473

-2.06

2.40E-12

ENSDARG00000077084

col28a1

-2.06

6.93E-10

ENSDARG00000090468

ppp1r3aa

-2.07

5.34E-11

ENSDARG00000068812

tlr7

-2.08

9.87E-14

ENSDARG00000018382

prkcha

-2.09

1.24E-11

ENSDARG00000016695

p2rx1

-2.09

1.52E-43

ENSDARG00000034808

kcnip1b

-2.09

3.61E-17

ENSDARG00000002831

col4a4

-2.10

1.16E-51

ENSDARG00000088116

gstm3

-2.11

1.17E-42

ENSDARG00000092450

si:dkey-173l11.3

-2.12

1.31E-07

ENSDARG00000075865

CABZ01076351.1

-2.12

9.15E-09
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ENSDARG00000004396

b3gnt5b

-2.14

6.10E-11

ENSDARG00000055926

foxi3a

-2.14

1.47E-07

ENSDARG00000074988

-2.15

1.05E-11

ENSDARG00000009550

si:ch211209n20.1
foxi3b

-2.18

1.60E-08

ENSDARG00000052905

zgc:165423

-2.18

3.10E-08

ENSDARG00000028878

vipr1a

-2.19

1.20E-11

ENSDARG00000005943

htra4

-2.22

1.09E-21

ENSDARG00000090292

CABZ01071757.1

-2.23

2.95E-27

ENSDARG00000097032

si:ch211-256a21.4

-2.25

4.22E-24

ENSDARG00000095002

TNNC2 (2 of 2)

-2.28

1.37E-13

ENSDARG00000031952

mb

-2.29

1.72E-15

ENSDARG00000007912

si:ch211-196i2.2

-2.30

4.95E-17

ENSDARG00000043923

sox9b

-2.35

6.36E-75

ENSDARG00000037861

slc2a3b

-2.37

1.90E-22

ENSDARG00000062632

duox

-2.39

1.35E-10

ENSDARG00000078962

DUOXA1

-2.40

1.78E-09

ENSDARG00000074403

PEX5L (2 of 2)

-2.41

7.86E-20

ENSDARG00000030632

zgc:110191

-2.43

2.74E-27

ENSDARG00000077505

rbp4

-2.45

2.38E-21

ENSDARG00000014939

KCNN2

-2.46

4.14E-10

ENSDARG00000097513

si:ch211-84k18.3

-2.48

2.81E-10

ENSDARG00000068910

nos1

-2.51

8.44E-11

ENSDARG00000056938

kera

-2.54

2.06E-23

ENSDARG00000052279

osgn1

-2.58

5.49E-22

ENSDARG00000036832

cyt1l

-2.59

1.23E-46

ENSDARG00000007490

adrb1

-2.60

5.64E-16

ENSDARG00000014091

osr1

-2.62

1.52E-11

ENSDARG00000096762

si:dkey-61p9.11

-2.64

3.96E-15

ENSDARG00000087375

zgc:66473

-2.65

2.64E-14

ENSDARG00000096242

si:ch211-76l23.4

-2.65

1.86E-64

ENSDARG00000090268

si:dkeyp-113d7.4

-2.66

2.84E-31

ENSDARG00000003395

col4a3

-2.68

5.62E-99

ENSDARG00000023768

mfsd4a

-2.75

1.24E-34

ENSDARG00000023151

ucp1

-2.76

6.28E-12

ENSDARG00000036830

KRT23 (1 of 2)

-2.81

5.34E-66

ENSDARG00000070919

cpne5

-2.83

1.00E-18

ENSDARG00000035791

si:busm1-71b9.3

-2.85

2.01E-21

ENSDARG00000086805

ccdc129

-2.90

2.55E-26

ENSDARG00000094990

si:dkey-91f15.1

-2.91

4.54E-17

ENSDARG00000052470

igfbp2a

-3.08

2.90E-156

ENSDARG00000056248

KRT78

-3.25

4.57E-17

ENSDARG00000075600

si:dkeyp-41f9.3

-3.29

1.07E-31
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ENSDARG00000039579

cfd

-3.30

5.86E-19

ENSDARG00000055192

zgc:136930

-3.42

1.99E-20
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Table C.4 96 hpf significantly differentially expressed transcripts following
exposure to BkF (p ≤ 0.05, FC > 2)
ENSEMBL ID

Symbol

ENSDARG00000018298

cyp1c2

9.03

0

ENSDARG00000026039

cyp1a

8.49

2.16E-205

ENSDARG00000068934

cyp1b1

8.27

0

ENSDARG00000059387

fgf7

5.78

2.18E-191

ENSDARG00000058980

cyp1c1

5.44

1.74E-146

ENSDARG00000052618

ahrrb

4.84

1.28E-70

ENSDARG00000091116

pkhd1l1

4.83

1.31E-216

ENSDARG00000045548

lepb

4.78

3.95E-49

ENSDARG00000097491

ugt1b1

4.42

1.12E-169

ENSDARG00000070925

EDN3 (1 of 2)

4.42

1.40E-45

ENSDARG00000056057

GREM2 (2 of 2)

4.24

3.54E-56

ENSDARG00000079296

gcga

4.13

1.32E-39

ENSDARG00000089507

ugt1b5

4.09

1.73E-116

ENSDARG00000055643

cyb5a

4.03

0

ENSDARG00000010376

SLC5A3 (1 of 2)

4.01

4.03E-38

ENSDARG00000087017

PTGR1 (2 of 2)

3.90

2.92E-25

ENSDARG00000055186

ccr9a

3.88

2.92E-38

ENSDARG00000097716

si:dkey-86k10.8

3.76

1.25E-84

ENSDARG00000005141

camkvb

3.75

1.35E-38

ENSDARG00000012395

mmp13a

3.71

1.56E-34

ENSDARG00000059369

si:ch1073-15f12.3

3.71

2.79E-63

ENSDARG00000055638

ankrd33aa

3.65

2.12E-32

ENSDARG00000039957

rspo1

3.64

2.15E-139

ENSDARG00000074150

si:ch211-226h7.5

3.58

4.62E-22

ENSDARG00000097435

si:dkey-31i7.1

3.56

7.46E-23

ENSDARG00000094951

BX072532.5

3.56

2.67E-34

ENSDARG00000089706

BX005410.2

3.50

7.77E-46

ENSDARG00000045371

prdm14

3.49

2.68E-40

ENSDARG00000090530

LAMB3

3.47

6.65E-27

ENSDARG00000033684

oxgr1a.1

3.43

8.37E-21

ENSDARG00000068580

glis1a

3.38

3.64E-26

ENSDARG00000041382

si:dkey-283b15.2

3.38

4.09E-30

ENSDARG00000060471

gcnt3

3.37

2.18E-27

ENSDARG00000052626

si:ch211-226h7.7

3.37

1.20E-22

ENSDARG00000007356

fgf20a

3.36

1.01E-48

3.34

2.48E-24

ENSDARG00000059891

log2FoldChange

padj

ENSDARG00000007950

itga11b

3.31

4.21E-37

ENSDARG00000078847

si:dkey-238o13.4

3.28

2.33E-22

ENSDARG00000074683

CABZ01048960.1

3.27

2.97E-32
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ENSDARG00000053493

aldh1a2

3.27

2.10E-41

ENSDARG00000097726

si:ch211-149e23.4

3.21

1.53E-43

ENSDARG00000092719

si:ch211-226h7.4

3.20

6.77E-26

ENSDARG00000070683

dkk3b

3.20

1.33E-118

ENSDARG00000078617

CABZ01048958.1

3.16

6.24E-26

ENSDARG00000095409

si:ch211-226h7.8

3.13

1.32E-22

ENSDARG00000094815

si:ch73-49p17.1

3.10

1.04E-31

3.10

2.10E-159

ENSDARG00000087020
ENSDARG00000078622

scpp5

3.06

1.65E-18

ENSDARG00000061419

zmat4b

3.03

4.45E-33

ENSDARG00000052895

htra3a

2.98

2.17E-24

ENSDARG00000069335

BCL6B

2.98

3.40E-78

ENSDARG00000078749

b4galnt3a

2.97

1.43E-17

ENSDARG00000092521

CR382283.2

2.96

1.86E-35

ENSDARG00000097991

si:dkey-86k10.14

2.95

8.37E-18

ENSDARG00000073912

2.95

3.96E-61

ENSDARG00000056795

si:ch211202h22.7
serpine1

2.92

1.03E-46

ENSDARG00000056654

gna15.2

2.91

3.27E-32

ENSDARG00000016750

abcc6a

2.91

4.21E-113

ENSDARG00000088283

si:ch73-248e21.5

2.90

3.78E-27

ENSDARG00000008249

ptchd4

2.90

3.15E-17

ENSDARG00000077151

cbln2b

2.90

2.16E-41

ENSDARG00000097080

si:ch73-181m17.1

2.88

7.10E-22

ENSDARG00000030896

foxq1a

2.84

5.35E-26

ENSDARG00000070622

CABZ01064972.1

2.81

3.57E-22

ENSDARG00000015273

alpi.1

2.81

3.33E-61

ENSDARG00000055081

si:dkey-285b23.3

2.79

6.85E-15

ENSDARG00000092170

apoc1l

2.77

7.62E-30

ENSDARG00000088371

junbb

2.76

5.28E-25

ENSDARG00000097527

si:ch73-56d11.3

2.75

1.59E-22

ENSDARG00000022303

hig1

2.74

4.15E-64

ENSDARG00000003902

ctsl.1

2.74

2.51E-14

ENSDARG00000075891

sall1b

2.69

2.65E-74

ENSDARG00000055226

slc7a7

2.69

2.03E-47

ENSDARG00000078280

nkx3-1

2.66

4.25E-34

ENSDARG00000006220

ugt1a7

2.64

2.39E-42

ENSDARG00000076933

aldh1a3

2.61

5.88E-22

ENSDARG00000042470

s1pr3a

2.59

6.92E-83

2.59

1.08E-12

ENSDARG00000076797
ENSDARG00000020086

NUAK1 (1 of 2)

2.58

1.87E-49

ENSDARG00000093546

ms4a17a.2

2.57

1.62E-20

ENSDARG00000061841

tiparp

2.55

2.73E-60
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ENSDARG00000068126

NPPC (1 of 2)

2.55

2.73E-15

ENSDARG00000079199

megf6a

2.55

6.22E-32

ENSDARG00000025921

runx1

2.54

4.47E-11

ENSDARG00000016713

dhrs13l1

2.53

1.70E-49

ENSDARG00000035677

bmp8a

2.52

5.20E-22

ENSDARG00000026611

socs3b

2.49

7.66E-44

ENSDARG00000091380

2.49

2.93E-14

ENSDARG00000091085

lepa

2.47

1.71E-10

ENSDARG00000008305

hand2

2.43

2.09E-11

ENSDARG00000040623

fosl2

2.43

2.46E-26

ENSDARG00000025428

socs3a

2.43

1.63E-19

ENSDARG00000074656

ctssb.1

2.43

6.34E-38

ENSDARG00000057029

htr2a

2.42

8.73E-10

ENSDARG00000093101

BX005305.7

2.42

7.58E-13

ENSDARG00000003303

stc1

2.42

3.52E-10

ENSDARG00000079221

si:ch211-162k9.6

2.41

1.67E-11

ENSDARG00000010276

ptgs2b

2.41

7.76E-21

ENSDARG00000029482

ush2a

2.40

5.66E-14

ENSDARG00000074971

CU638740.1

2.39

3.15E-21

2.37

3.36E-09

ENSDARG00000096156
ENSDARG00000017860

rgs5b

2.36

3.12E-24

ENSDARG00000075985

FP243385.1

2.36

6.44E-10

ENSDARG00000038634

CCK (1 of 2)

2.36

1.28E-21

ENSDARG00000070401

MAL (3 of 3)

2.35

5.89E-32

ENSDARG00000086826

sult6b1

2.35

9.61E-244

ENSDARG00000035632

2.34

1.99E-09

ENSDARG00000054324

rerglb

2.32

7.69E-51

ENSDARG00000095022

thsd7ba

2.31

2.31E-10

2.31

4.79E-09

ENSDARG00000096047
ENSDARG00000088285

CABZ01079296.1

2.30

5.04E-36

ENSDARG00000036912

edn1

2.30

1.74E-18

ENSDARG00000056324

zgc:123295

2.30

6.77E-55

ENSDARG00000070586

ctgfb

2.29

6.36E-20

ENSDARG00000042983

has1

2.29

4.57E-09

ENSDARG00000070389

foxf2b

2.29

1.04E-22

ENSDARG00000092704

BX072532.3

2.29

1.08E-15

ENSDARG00000040314

psph

2.28

3.23E-33

ENSDARG00000036900

CFI

2.28

1.57E-15

ENSDARG00000073970

mctp2b

2.28

1.04E-28

ENSDARG00000069559

muc13a

2.28

6.92E-20

ENSDARG00000070929

sox14

2.27

1.65E-27

ENSDARG00000015797

mmp13b

2.26

2.03E-47

ENSDARG00000089131

il17rel

2.25

3.65E-09
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ENSDARG00000035942

hrh3

2.25

2.88E-11

ENSDARG00000020031

cldn11a

2.24

4.39E-10

ENSDARG00000037859

il11a

2.24

6.44E-15

ENSDARG00000015626

pglyrp6

2.22

1.32E-08

ENSDARG00000074363

TTC9

2.22

3.17E-28

ENSDARG00000051876

ush1c

2.22

2.44E-25

ENSDARG00000068141

tnfsf11

2.22

1.51E-17

ENSDARG00000074642

BX072532.1

2.21

1.50E-13

ENSDARG00000077938

cd248b

2.21

3.48E-39

ENSDARG00000095475

si:ch211-196j1.2

2.21

1.85E-17

ENSDARG00000086391

cald1

2.20

1.72E-48

ENSDARG00000022570

BX248318.1

2.17

1.65E-08

ENSDARG00000094158

si:dkey-285b23.4

2.17

1.06E-08

ENSDARG00000075265

plaua

2.16

8.77E-08

ENSDARG00000074378

junba

2.14

1.52E-09

ENSDARG00000070710

si:dkeyp-41g9.6

2.13

1.63E-10

ENSDARG00000020544

rem1

2.11

1.63E-29

ENSDARG00000042816

mmp9

2.11

8.90E-17

ENSDARG00000087646

RUNX1 (2 of 2)

2.11

8.13E-08

ENSDARG00000093365

si:ch211-226h7.3

2.11

4.79E-13

ENSDARG00000015399

foxf1

2.10

3.57E-49

ENSDARG00000088261

CABZ01052953.2

2.10

2.94E-08

ENSDARG00000076794

STAG3

2.10

2.24E-19

ENSDARG00000088693

dcst2

2.08

1.04E-08

ENSDARG00000068460

OTOG

2.08

5.02E-17

ENSDARG00000016718

mmp11b

2.07

3.47E-55

ENSDARG00000057678

sfrp1b

2.06

3.16E-20

ENSDARG00000055669

NCAM2 (2 of 2)

2.05

3.19E-07

ENSDARG00000076050

TMEM255B

2.04

2.41E-21

ENSDARG00000087832

bcl3

2.04

5.11E-17

ENSDARG00000088988

CABZ01079804.1

2.03

5.77E-07

ENSDARG00000039269

arg2

2.03

2.04E-10

ENSDARG00000070792

lrrc15

2.03

3.46E-16

ENSDARG00000055751

fosb

2.02

6.34E-14

ENSDARG00000068180

bmp16

2.02

2.84E-12

ENSDARG00000019861

fgl2

2.01

6.75E-13

ENSDARG00000077882

wisp2

2.01

1.17E-08

ENSDARG00000086102

NOX4 (1 of 2)

2.01

1.30E-31

ENSDARG00000035891

acana

-2.00

1.88E-12

ENSDARG00000055527

cmn

-2.00

7.16E-20

ENSDARG00000043198

si:rp71-1i20.2

-2.01

1.37E-15

ENSDARG00000040118

zgc:113232

-2.01

1.28E-10

ENSDARG00000011879

foxn1

-2.03

5.60E-14
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ENSDARG00000075865

CABZ01076351.1

-2.05

3.11E-08

ENSDARG00000023151

ucp1

-2.05

5.19E-07

ENSDARG00000034808

kcnip1b

-2.05

5.48E-16

ENSDARG00000093135

si:dkey-117n7.2

-2.07

3.78E-35

ENSDARG00000028878

vipr1a

-2.07

3.05E-10

ENSDARG00000062487

si:dkey-6n6.1

-2.07

5.03E-27

ENSDARG00000086669

edn3b

-2.08

4.18E-09

ENSDARG00000044290

rph3al

-2.08

6.49E-19

ENSDARG00000022689

itgb1b.2

-2.09

5.23E-45

ENSDARG00000020758

tmem178

-2.09

8.99E-16

ENSDARG00000021720

col7a1

-2.09

2.71E-36

-2.10

4.84E-29

ENSDARG00000076332
ENSDARG00000006456

pdgfrl

-2.10

2.07E-23

ENSDARG00000078250

zgc:194398

-2.10

9.22E-49

ENSDARG00000095002

TNNC2 (2 of 2)

-2.10

3.54E-11

ENSDARG00000078518

kazald2

-2.10

4.89E-18

ENSDARG00000042899

si:ch211-163l21.8

-2.10

7.48E-10

ENSDARG00000014321

eng1a

-2.11

3.42E-16

ENSDARG00000090419

CABZ01078499.2

-2.12

8.11E-08

ENSDARG00000018351

hpda

-2.13

2.17E-10

ENSDARG00000068947

si:ch211-264e16.1

-2.13

1.41E-07

ENSDARG00000015073

eng1b

-2.14

4.17E-24

ENSDARG00000075026

mkxb

-2.14

3.67E-11

ENSDARG00000052279

osgn1

-2.17

8.16E-16

ENSDARG00000070873

ccl25b

-2.17

2.30E-21

ENSDARG00000034070

cyp2aa3

-2.17

7.83E-10

ENSDARG00000037861

slc2a3b

-2.19

5.22E-20

ENSDARG00000087289

zgc:66473

-2.19

2.31E-13

ENSDARG00000087641

si:ch73-96b22.1

-2.19

2.69E-20

ENSDARG00000037598

prf1.5

-2.20

5.55E-27

ENSDARG00000090598

pkp1a

-2.20

8.85E-34

ENSDARG00000088411

notum2

-2.21

8.09E-66

ENSDARG00000035562

mpdu1a

-2.22

9.70E-54

ENSDARG00000002847

fndc1

-2.26

9.28E-20

ENSDARG00000078299

-2.29

6.03E-14

ENSDARG00000005716

COLGALT2 (2 of
2)
olfml2ba

-2.30

1.04E-44

ENSDARG00000091378

CABZ01068473.1

-2.32

1.85E-22

ENSDARG00000003395

col4a3

-2.32

8.55E-75

ENSDARG00000094973

wnt16

-2.34

8.03E-11

ENSDARG00000092947

cyt1

-2.35

1.18E-119

ENSDARG00000096381

neu3.4

-2.36

2.88E-09

ENSDARG00000038232

zgc:112964

-2.36

3.22E-11

192
ENSDARG00000002722

ankrd2

-2.38

5.16E-11

ENSDARG00000070331

muc5ac

-2.40

1.14E-16

ENSDARG00000045139

ca7

-2.41

8.80E-11

ENSDARG00000006901

AEBP1 (1 of 2)

-2.41

2.26E-19

ENSDARG00000069983

scinla

-2.44

2.29E-18

ENSDARG00000043923

sox9b

-2.52

2.88E-84

ENSDARG00000016695

p2rx1

-2.52

3.54E-56

ENSDARG00000007490

adrb1

-2.52

6.68E-14

ENSDARG00000091639

scinla

-2.58

4.33E-17

ENSDARG00000068812

tlr7

-2.59

2.74E-20

ENSDARG00000023768

mfsd4a

-2.60

1.74E-28

ENSDARG00000003181

sult1st4

-2.63

3.30E-13

ENSDARG00000076830

si:dkey-65b12.6

-2.63

6.01E-13

ENSDARG00000070919

cpne5

-2.63

8.38E-17

ENSDARG00000092567

si:dkey-61l1.4

-2.65

9.97E-31

ENSDARG00000077505

rbp4

-2.66

3.29E-25

ENSDARG00000078962

DUOXA1

-2.66

1.55E-11

ENSDARG00000074772

ccl-c11b

-2.67

2.19E-26

ENSDARG00000037278

lrata

-2.67

6.20E-20

ENSDARG00000094990

si:dkey-91f15.1

-2.68

1.02E-14

ENSDARG00000017624

krt4

-2.69

3.65E-69

ENSDARG00000036834

zgc:109868

-2.77

1.48E-38

ENSDARG00000056938

kera

-2.77

1.01E-27

ENSDARG00000075600

si:dkeyp-41f9.3

-2.78

1.15E-22

ENSDARG00000086805

ccdc129

-2.85

3.63E-25

ENSDARG00000026403

HEPHL1 (1 of 3)

-2.93

1.05E-25

ENSDARG00000077216

wu:fc51h05

-3.02

3.43E-21

ENSDARG00000087375

zgc:66473

-3.04

3.06E-18

ENSDARG00000035791

si:busm1-71b9.3

-3.05

3.51E-24

ENSDARG00000096762

si:dkey-61p9.11

-3.11

3.79E-20

ENSDARG00000062632

duox

-3.14

6.57E-18

ENSDARG00000069478

slc13a3

-3.15

3.30E-46

ENSDARG00000036830

KRT23 (1 of 2)

-3.15

4.04E-83

ENSDARG00000090268

si:dkeyp-113d7.4

-3.23

3.60E-46

ENSDARG00000056248

KRT78

-3.26

2.58E-17

ENSDARG00000068910

nos1

-3.40

2.28E-19

ENSDARG00000052470

igfbp2a

-3.45

9.17E-172

ENSDARG00000055192

zgc:136930

-3.53

9.83E-22

ENSDARG00000036832

cyt1l

-3.61

1.65E-90

ENSDARG00000039579

cfd

-3.62

9.22E-23

ENSDARG00000096242

si:ch211-76l23.4

-3.90

4.92E-119

