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ABSTRACT 

The Exxon Valdez oil spill occurred March 24, 1989, when herring were preparing to spawn in 

Prince William Sound. The herring population experienced an unanticipated, abrupt decline 

three years later, due–in part–to a mortality from infectious and parasitic diseases. Linking the 

oil spill to subsequent population collapse remains controversial. A major insight from years of 

studying the spill is that embryonic herring are profoundly sensitive to crude oil; exposure to 

vanishingly low levels of oil over a brief time early in a herring’s life-cycle can have long-lasting 

health effects, and oil exposure can disturb immune function. Could crude oil exposure during 

early life have compromised their immune system development, thereby increasing the risk of 

major disease outbreak in later life? To address this question, over the past few years we have 

sought to simulate the events surrounding the 1993 herring collapse using 1) experimental 

exposures to environmentally relevant levels of Alaska north slope crude oil, 2) fish from the  

Prince William Sound population and others, and 3) exposing fish in the laboratory to the same  
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pathogens that caused the disease outbreak. To facilitate our investigation into the molecular 

effects of oil exposure on a non-traditional model organism, we sequenced and annotated a 

reference transcriptome for the Pacific herring, and conducted extensive research into a cost-

effective, high-throughput RNA-sequencing library construction method for our samples. To 

that end we compared the effectiveness of two methods for generating sequencing libraries for 

gene expression analysis: 3'-end sequencing and whole transcript sequencing. We found similar 

levels of precision and power for detecting differentially expressed genes with both methods, 

but whole transcript sequencing performed better in non-traditional model species. Next, 

embryonic herring sourced from Prince William Sound, AK were exposed to a range of crude oil 

and transcriptomically interrogated across a detailed time-course, paying particular attention to 

heart and immune system development. We found that crude oil exposure disrupted 

cardiogenesis and caused heart defects in the developing fish, as well as modulated the 

immune system, causing dysregulation of gene expression. Finally, three geographically distinct 

populations of embryonic herring were exposed to low levels of oil, left to recover and grow-up 

in clean seawater, then exposed to pathogens. We found that an overall response to crude oil 

exposure in Pacific herring was determined by geography and not population history, with 

geographical distance playing a large role in molecular and phenotypic response to oil 

exposure. In conclusion, the Exxon Valdez oil spill may have contributed to the subsequent 

collapse of the herring population in Prince William Sound through compromising heart 

development and function in early development, causing long-lasting health effects. The 

research here shows that oil exposure to even low levels of crude oil can disrupt heart and  
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potentially immune system development in embryonic herring, causing dysregulation in key 

genes involved in cardiogenesis, with the added insight that geographical distance plays a large 

role in the response to oil exposure. 
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1 

Introduction 

Genomic mechanisms underlying the collapse and lack of recovery of 

Prince William Sound herring 

The causes of the herring fishery collapse in Prince William Sound, AK (AK-P) in the early 1990’s 

are complicated and controversial, as is the relationship of the population collapse in 1989 to 

one of the  largest environmental disasters of its time, the Exxon Valdez oil spill (Pearson et al. 

1999; Carls, Marty, and Hose 2002; Thorne and Thomas 2008). Prior to the spill, the AK-P 

population was fluctuating in concert with a nearby population from Sitka Sound. Since the 

spill, the two populations remain out of sync, suggesting there are other stressors that are 

dominant to regional oceanographic factors. The AK-P Pacific herring population has been 

affected by two major events in the past 25 years: (1) the Exxon Valdez oil spill in AK-P occurred 

just before spawning in 1989; and (2) a major VHSV outbreak in the winter of 1993- 1994 

(Brown, Norcross, and Short 1996b) and subsequent population collapse. The oil spill severely 

damaged herring embryos in 1989 with likely sublethal effects continuing into 1990 (Carls et al. 

2001). However, no detectable oil remained after 1990 leaving a three- to four-year gap 

between the last of the contaminating oil and the collapse. By the time of the collapse, starting 

in the spring of 1994, VHSV infection in AK-P herring was prominent and remains a limiting 

factor to this day (Marty, Ii, et al. 2003); however, the cause of its persistence remains 

unknown.  
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VHSV is found in northern marine and some freshwater environments worldwide and 

constitutes one of the world’s most serious fish diseases, producing frequent epidemics that 

are associated with mortality that can reach 100% (International Committee on Taxonomy of 

Viruses et al. 2000). Notably, the North American strain of VHSV was first isolated in Pacific 

herring from the AK-P in the spring of 1994, where barely 20% of expected herring returned to 

spawn that year. These fish were lethargic and had many external hemorrhages. The 

unexpectedly low return marked the collapse of the fishery (Meyers et al. 1994). A multi-year 

study (1994-2002) concluded that VHSV was the primary cause in the collapse and lack of 

recovery of the population (Marty et al. 1998b). Although this virus has been linked to high 

mortality in other populations of herring along the eastern North Pacific, it has not been 

associated with a collapse or slow recovery, suggesting that the latent infection and lack of 

population recovery is unique to the AK-P population and putatively associated with the oil 

spill. Recent studies have demonstrated that herring previously naive to VHSV are highly 

susceptible; however, susceptibility decreases as temperature increases (Hershberger et al. 

2013). This inverse relationship between temperature and VHSV severity is likely mediated by 

an enhanced innate immune response at warmer temperatures (Arkush et al. 2006). In addition 

to temperature-dependent resistance to virus susceptibility, variability in resistance to VHSV in 

rainbow trout appears to be a heritable quantitative trait, suggesting genetic differences in 

VHSV susceptibility could exist between individuals, populations and species (Henryon et al. 

2002; Dorson et al. 1995; Quillet et al. 2001). Recently targeted Sanger sequencing showed 

significant allelic differences between AK-P and nearby populations at a locus containing an 

important virus response gene (Roberts et al. 2012), although the cause and functional 
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outcome of this divergence remains untested. Comparative genome-wide gene expression 

analysis may detect further differences in vector competence, but currently this comparison is 

limited by the absence of a high quality reference transcriptome for Pacific herring. 

 

In the years following the oil spill most research has focused on the direct effects of crude oil on 

herring development; however, less is known about how oil interacts with other stressors such 

as exposure to pathogens and disease normally encountered by herring in the wild (Roberts et 

al. 2012; Whitehead 2013). A combination of stressors unique to AK-P could have contributed 

to the collapse of the herring fishery following the oil spill. Support for this hypothesis is found 

in recent discoveries on the negative effects of crude oil on herring development—even at very 

low concentrations (Fig3). Embryonic exposure to contaminating oil at trace levels leads to 

permanently malformed hearts by disrupting intracellular calcium levels in herring heart muscle 

cells (Incardona et al. 2015). In line with this, components of crude oil directly modulate 

calcium homeostasis in immune cells in common carp, suppressing immune function (Reynaud, 

Duchiron, and Deschaux 2003). Crude oil is also a well-known inducer of the aryl hydrocarbon 

(AH) receptor signaling pathway (Nebert et al. 2004). This receptor is a transcription factor, 

highly conserved among vertebrates, that mediates defensive metabolic responses but also the 

toxic activity of many environmental xenobiotics, including soluble two- and three-ring 

polycyclic aromatic hydrocarbons (PAHs) abundant in crude oil (Billiard et al. 2002). While the 

AH receptor is integral in mediating toxicant exposure responses, that is not its only function. 

Studies over the past decade have revealed that the receptor is important for cardiogenesis, 
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hematopoiesis, and regulation of immune responses (Schmidt and Bradfield 1996; Julliard, 

Fechner, and Mezrich 2014). In fact, the AH receptor is tightly regulated in cells. Activation of 

this receptor dampens Type 1 Interferon (IFN-I) innate response to viral infection in human 

primary monocytes (Yamada et al. 2016). The IFN system, a rapid and powerful antiviral 

defense mechanism in vertebrates (Samuel 1991), induces expression in host cells of a number 

of proteins that inhibit the translation of viral RNA. AHR activation in response to PAHs offers a 

plausible mechanism by which exposure to oil modulates an innate immune response to virus. 

However, this receptor’s role in immune response during viral infection is poorly understood in 

fish. I posit that exposure to contaminating oil from the 1989 spill had sub-lethal effects on 

developing fish that subsequently made survivors uniquely susceptible to common epizootics in 

their environment. If true, this would explain how a combination of stressors unique to AK-P 

(oil and virus) could have contributed to the collapse of the herring fishery but not necessarily 

the lack of recovery.  

 

The other outstanding mystery in the AK-P herring population is their unexpected lack of 

recovery following the 1993-1994 collapse. While herring populations can greatly fluctuate in 

size over time, only the AK-P population and another in Hokkaido have failed to recover two 

decades after a crash (unpublished work by John Trochta, University of Washington). What sets 

the AK-P herring apart from the Japan population is the Exxon Valdez oil spill and the VHSV 

outbreak. Pollutants can act as powerful selective forces, driving rapid adaptation, often with 

concomitant physiological costs (Monosson 2012; Hendry, Farrugia, and Kinnison 2008; 
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Gassmann, Carrière, and Tabashnik 2009). For example, populations of killifish within an 

environment contaminated with creosote, which is chemically and toxicologically similar to 

crude oil, have rapidly evolved resistance to the toxic effects of PAHs and related chemicals. 

This resistance is caused by adaptive desensitization of AHR signaling, which is associated with a 

rapid increase in the frequency of a large deletion in the AHR coding region (Reid et al. 2016). 

This may seem paradoxical as PAHs are considered part of the classical adaptive receptor 

response, by which they are eliminated from tissues; however, induction of AHR during early 

development can lead to altered gene expression, developmental deformities, and decreased 

life-expectancy. Some high-molecular weight PAHs found in crude oil are converted to 

carcinogenic intermediates by CYP1A (Phillips 1983). Conversely, AH receptor’s function in 

other physiological processes suggests that global suppression of the receptor in fish from 

polluted sites may have imposed a physiological cost. As evidence of this, the same killifish 

study identified additional population genomic outliers in pollution resistant fish that included 

regions harboring immune response genes (Reid et al. 2016). However, putative selection by 

PAHs for resilience to contaminants in developing embryos has yet unknown impacts on 

immune function later in life. Little is known of the receptor’s role in fish immune function but 

numerous hematopoietic defects have been described in AHR null mouse models, including 

reduced lymphocyte numbers in the spleen, altered hematopoiesis and limited immune 

response to infectious disease (Julliard, Fechner, and Mezrich 2014). It is possible that a similar 

mechanism seen in killifish is at play in the slow recovery of the AK-P herring population, 

suggesting a significant population-level change in immune response. For example, exposure to 

oil during 1989-1990 may have selected for genetic variants with impaired AHR function in 
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developing embryos. Alternatively, (or in addition), exposure to oil in 1989-1990 may have 

impaired immune function, such that the frequency of individuals with impaired immune 

function may have increased within the AK-P population. By 1993, when fish from the 1998-

year class were recruiting into the fishery, this may have enabled an epizootic that contributed 

to the population collapse. Recovery is slow in WA-P because compensatory adaptations for 

immune function are slow, possibly because the collapse significantly eroded the genetic 

diversity that would have been available for subsequent adaptive evolution of immune system 

genes.  

 

Using a combined toolkit of genomics and experimental physiology, I systematically 

characterized the molecular mechanisms related to the collapse of the AK-P herring following 

the Exxon Valdez oil spill and subsequent difficulties in recovery of the population. A large 

portion of the data leveraged to test and generate hypotheses for this dissertation is whole 

transcriptome differential gene expression analysis. For Chapter 1 I comprehensively compared 

two popular methods for generating sequencing libraries using Pacific herring as a 

representative of a non-traditional model organism with limited genomic resources. In Chapter 

2 I created a reference transcriptome for Pacific herring and characterized the molecular impact 

of oil exposure on cardiac and immune function across developmental stages in AK-P herring. In 

Chapter 3 I explored population differences in herring response to oil and virus exposures to 

test hypotheses about evolved differences between populations, and hypotheses about the 
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interactive effects of oil and virus exposures, that could offer insight into the causes and 

consequences of the AK-P collapse.  

 

  



8 

Chapter 1 

3’ RNA sequencing does not increase power or reduce 

costs for gene expression analysis 

 

1.1 Abstract 

Sequencing RNA transcripts for gene expression profiling is a popular and important technique 

with broad utility in biological sciences. We set out to comprehensively compare the two most 

popular methods for generating sequencing libraries for differential gene expression analysis: 

3-end sequencing, which generates libraries from the 3’ end of an RNA transcript; and 

traditional RNA sequencing, which generates libraries from whole RNA transcripts. We include 

three species in our experiment to test whether our findings replicate across genomes and 

genome assemblies. We found similar levels of precision and power to detect differentially 

expressed genes between the two methods. Notably, whole transcript RNA-seq performed 

better in the non-traditional model species included in our study. Overall, we recommended 

whole transcript RNA sequencing for the added benefits of alternative splicing detection, and 

gene-body variant detection. 

 

1.2 Introduction  
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High-throughput RNA sequencing is widely used in biological research as a powerful tool for 

quantifying gene expression. The transcriptome reflects the state of gene expression at a 

cellular level, and is highly dynamic and responsive to external perturbations, which makes it an 

ideal quantitative molecular phenotype for a variety of biological questions. For example, how 

does expression change in response to environmental stressors? What cellular processes are 

important for acclimating to seasonal weather patterns? What genes are involved in the shift 

between vegetative and reproductive growth? Many basic and applied research hypotheses can 

be tested and validated using RNAseq, however, many questions and assumptions about 

RNAseq have not been adequately explored. One of the first questions a researcher needs to 

answer is: what type of RNAseq library construction should I choose? 

 

The first step in RNAseq library construction is converting mRNA into cDNA libraries compatible 

for high-throughput sequencing platforms. Reverse transcription is primed with the addition of 

either random single-stranded hexamers–hybridizing along the length of the mRNA molecule–

or through oligo d(T) primers–targeting the 3’ polyadenylated tail of the mRNA. This step is 

called first strand synthesis, where the single-stranded mRNA molecule is paired with a 

complementary DNA (cDNA) strand. For the purposes of this dissertation, I refer to the two 

priming methods as whole transcript (WT) for random primers, and 3’ for libraries constructed 

with an oligo d(T) primer.  

 

While both WT and 3’ libraries can accurately identify actively expressed genes (using strand-

specific priming methods), their outputs permit and require different downstream applications. 
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WT libraries sequence across the full-length of a transcript, making it possible to quantify 

alternative splicing of transcripts at a single locus. 3’ libraries can only distinguish among 

transcript families that have different 3’UTRs. However, expression-level estimates from WT 

libraries show a transcript length bias where longer transcripts are sequenced at a higher read 

count relative to their expression. This can lead to biases for downstream analyses, e.g., Gene 

Ontology (GO) enrichment that need a length-bias correction (Mandelboum et al. 2019). 3’ 

libraries do not have a transcript-length bias because priming with a poly-A primer guarantees 

that only a single library molecule is made per transcript molecule. 

 

Various authors have reasoned that either WT or 3’ libraries are inherently superior for 

differential gene expression analysis, based on arguments of cost, statistical power, and ease of 

down-stream analysis (Lohman, Weber, and Bolnick 2016; Xiong et al. 2017; Tandonnet and 

Torres 2017; Ma et al. 2019). Previous studies have found conflicting results when testing the 

difference in power between WT and 3’ (Table 1.1). For example, Tandonnet and Torres 2017 

tested two treatments in a non-traditional model insect species (New World screw-worm fly) 

and detected 150 more DE contigs with 3’ than with WT (Tandonnet and Torres 2017). 

However, they were unable to confidently annotate most of these contigs to gene models 

because they arose from 3’ UTR regions. The authors suggested that 3’ may have more power 

than WT for the same sequencing depth/cost but would be most appropriate for organisms 

with high-quality reference genomes. Xiong et al. 2017 tested three treatments (including 

untreated control) in a human commercial cell line and detected 15 percent more genes with 

WT libraries than 3’ libraries (Xiong et al. 2017). However they stated that WT libraries were 
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more expensive and so experiments using 3’ could afford greater numbers of biological 

replicates. Ma et al. 2019 tested two treatments in a single system and detected between 58-72 

percent more DE genes with WT libraries than 3’ libraries depending on read depth (Ma et al. 

2019). While WT libraries did suffer from a length bias, they stated that WT libraries were likely 

better for non-model organisms. 

 

 

Table 1.1: Summary of previous peer-reviewed research explicitly comparing RNA-seq 
priming methods. 
 

We propose that many of the arguments in these papers are based on misconceptions about 

the relative advantages of the two priming methods for RNAseq: 1) Library construction costs: 

Several authors have stated that 3’ libraries are less expensive (Lohman, Weber, and Bolnick 

2016; Xiong et al. 2017). 2) Sequencing costs: authors have argued that 3’ libraries can be 

sequenced to lower depth without sacrificing precision or statistical power, thus reducing costs 

(Lohman, Weber, and Bolnick 2016). Neither of these issues actually favors 3’ libraries in 

general. While price differences certainly exist between commercial library construction kits, 

the difference between WT and 3’ library protocols is the type of oligo used to initiate reverse 

transcription, which has little to no difference in material costs (Townsley et al. 2015).  
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The issue of sequencing costs differences between WT and 3’ libraries is a more subtle topic. 

Sequencing mRNA using WT can result in multiple library molecules primed and sequenced 

from the same mRNA molecule. Therefore, it is possible that the same mRNA molecule will be 

counted multiple times (e.g. two fragments from the same mRNA are sequenced). The two 

reads from the same mRNA molecule do not provide independent estimates of the expression 

of the corresponding transcript, so the second read is useless for quantification and a waste of 

resources. If quantification software is unable to determine that the second read is actually 

from the same mRNA molecule as the first and double-counts the molecule, this is effectively 

pseudoreplication and will lead to elevated false positive rates under models that assume a 

Poisson process (e.g., edgeR, DESeq2 ). The 3’ procedure is not subject to this issue because 

only a single library molecule can be reverse transcribed per transcript so no reads are wasted; 

every new read counts a new mRNA molecule. However, this “double-counting” of mRNA 

molecules is actually extremely uncommon in most WT experiments, unless the input RNA 

quantities are exceptionally small, and sequencing depth is exceptionally high. For example, a 

typical RNAseq library preparation protocol recommends starting with approximately 50ng of 

mRNA. If the average gene length of a study organism is 2kb, such as in Eukaryotes (Lynch and 

Marinov 2015), then a single sample would contain 46 billion mRNA molecules (The average 

molecular weight of a RNA base is 321.47 g/mol, so an average transcript will have a molecular 

weight of 643 Kg/mol. 50ng / 643Kg/mol * 6.022e23 = 46 billion molecules, calculations from: 

https://nebiocalculator.neb.com/#!/ssrnaamt, accessed September 1, 2021). RNAseq libraries 

are generally sequenced to a depth of 1-20 million reads. Since 3’ libraries sequence either 0 or 

1 read per mRNA molecule, with 20 million sequenced reads, ≈ 0.04% of the original mRNA 
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molecules will be sequenced. With WT libraries, if mRNA molecules are broken into 300nt 

fragments, there will be approximately 300 billion fragments, of which ≈ 0.007% will be 

sequenced. For any given mRNA molecule that has one read sequenced, the chance of a second 

being sequenced is also ≈ 0.007% for an mRNA molecule broken into 2 fragments, or up to ≈ 

0.07% for an mRNA molecule broken into 11 fragments. This may well happen a few times in an 

RNAseq sample, but the vast majority of mRNA molecules will be represented by only a single 

sequenced read in WT libraries. Therefore, the effect of pseudoreplication in WT RNAseq is 

extremely low, and unlikely to affect analytical pipelines. 

 

It is true that longer transcripts will have a higher probability of being counted (at least 1 time) 

than shorter transcripts in a WT library, meaning that longer transcripts will be measured with 

more precision by WT libraries and shorter transcripts will be measured with more precision 

with 3’ libraries. For the shorter transcripts, 3’ libraries could be sequenced to lower depth than 

WT libraries and achieve equal precision. For example, a transcript of 50% the average 

transcript length (formally, a weighted average where transcript lengths are weighted by their 

expression) could be measured equally by a 3’ library sequenced to 50% the depth of an 

equivalent WT library. However this would come at the cost of much less precision for longer 

transcripts in the same library. A transcript of 2x the average transcript length would then 

receive only 25% of the read counts as the equivalent WT library. Also, the lack of length-bias 

does not mean that 3’ libraries measure each transcript with equal precision – higher expressed 

transcripts will still be measured with more precision by either protocol, and transcripts vary by 

many orders of magnitude in expression level but only by several fold in length, meaning that 
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the contribution to heteroskedasticity of transcript length in WT libraries is not especially 

important relative to other factors. 

 

While the analytical results above suggest that WT should not have higher costs or lower 

statistical power than 3’ libraries, we aimed to test this result experimentally. One possible 

confounding factor could be the relative abilities to correctly map and annotate RNAseq reads 

from each method, which depends on genome size and annotation quality, and varies among 

species. We therefore designed a study to carefully measure the differences in statistical power 

between experiments using WT vs 3’ libraries across three species with qualitatively different 

genomic and transcriptomic resources. Notably, unlike previous studies comparing WT and 3’ 

sequencing methods, we isolated the technical variation inherent to the RNAseq measurement 

process from the biological variation in order to make the comparisons more precise. We find 

no basis in the common assumption that WT libraries generate pseudoreplication of fragments, 

increasing type 1 error. Furthermore, 3’ libraries do not suffer from the same length bias as WT 

libraries which are more likely to over-represent longer transcripts. Finally, we find a small 

advantage in WT library’s ability to detect DE genes, most prominent in our non-traditional 

model system, suggesting WT is a better option for non-traditional model organisms that are 

perhaps lacking in genome assembly and annotation quality and completeness compared to 

more traditional model species. 

 

1.3 Methods 

1.3.1 Experimental Design 



15 

We designed an experiment to quantify the effect of each library priming method on our ability 

to detect differentially expressed genes in 3 species. In the simplest experiment with two 

treatment groups, differential expression is tested by comparing a t-statistic, calculated as the 

ratio between an estimated change in expression divided by its standard error, to a null 

distribution. The library priming method could affect the power to detect differentially 

expressed genes by altering either the numerator (estimated effect size) or the denominator 

(within-group variance) of this ratio. If effect sizes are measured as log-fold-changes, it is 

unlikely that the two priming methods will differ in the estimated effect sizes (beyond sampling 

error) because longer genes should have proportionally more reads in both treatment groups 

with WT libraries. However, if pseudoreplication occurs in WT libraries, the within-group 

variance may be larger, leading to lower power. Therefore, our experiment was designed to 

compare the within-group variances of expression estimates between WT and 3’ libraries. 

 

In a typical RNAseq experiment, biological replicates of each treatment group are used to test 

the effect of a treatment on expression by measuring the within-group variance. Previous 

experimental comparisons of WT and 3’ libraries have compared the results of experiments 

where some biological replicates are measured with WT libraries and others with 3’ libraries 

(Lohman, Weber, and Bolnick 2016; Xiong et al. 2017; Tandonnet and Torres 2017; Ma et al. 

2019). However, in such experiments, testing whether the within-group variation (denominator 

of the t-statistics) is greater for WT than for 3’ libraries is under-powered because within-group 

variance is composed of both biological variation in mRNA levels among samples and 

measurement error in estimating mRNA levels inherent to the RNAseq process itself (including 
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Poisson sampling error, any random error introduced during the library preparation process 

itself, and any random error in read mapping or counting). 

 

We therefore used an experimental design to directly compare the magnitudes of 

measurement error inherent to WT and 3’ libraries. Rather than collecting multiple biological 

replicates from two treatment groups, we created a single sample from each of two treatments 

by pooling multiple samples together to get sufficient mRNA. We then split each pool into 

multiple identical RNA samples and used each to build either a WT or a 3’ library (Figure 1.1). 

Therefore, all variation in expression estimates from libraries created from the same pool is 

entirely technical in origin and we can directly compare the magnitudes of the among-sample 

(within-pool) variance for each gene between libraries made with each priming method. 

 

Below, we describe the detection of “significant” differences in expression between the two 

biological samples of each species as “differentially expressed genes”, or DEG. Note that we are 

not claiming that these lists of genes are biologically interesting in any sense outside of this 

experiment because the treatments applied to each species are not biologically replicated. 

Nevertheless, the analysis of differences between the two groups of technical replicates is 

exactly the same as if they had been biological replicates, and since all genes will differ to some 

extent in expression between the two pools, we can use this design to evaluate the effect of 

priming method on statistical power. 
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Figure 1.1: Graphical representation of experimental design to compare the magnitudes of 
technical noise in 3’ and WT libraries. A) 3 biological replicates per species were combined into a common 

pool then split into 6 equimolar technical replicates per library construction method (WT or 3’). B) Each technical 

replicate was individually fragmented by high temperature (95◦C) and magnesium (Mg) ions and then first strand 

cDNA was synthesized either with poly-A (3’) or random hexamer (WT) primers. 3’ libraries are therefore 3’ biased 

and generate sequence only in the 3’ UTR or 3’ CDS. WT libraries are less biased along the mRNA molecule 

 

1.3.2 Biological Samples 

Three species were selected for testing RNAseq library priming methods: Arabidopsis 

(Arabidopsis thaliana), Maize (Zea mays spp. mays), and Pacific herring (Clupea pallasii). We 

used genetically homozygous genotypes of Arabidopsis (Col-0) and Maize (B73), and samples 

from a single wild population (Puget Sound, WA) of Pacific herring. The treatment groups for 

each species were as follows: Arabidopsis samples were collected at two different times of day; 

Maize samples were taken from two different growing temperatures; and Pacific herring 

samples were immediately late-stage (pre-hatch) embryos that had been exposed to crude oil 

and control (no oil) treatments during embryogenesis. Male and female adult Pacific herring 
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gonads were collected from Puget Sound, WA by the Washington Department of Fish and 

Wildlife in 2017, and gametes were combined in the lab to form embryos for exposure 

experiments. 

 

1.3.3 mRNA extraction and creating technical replicates 

All samples were stored at -80 ◦C. Tissue samples were homogenized using stainless steel beads 

in the SPEX Geno/Grinder (Metuchen, NJ, USA) at 1200 RPM for 1 minute. Pacific herring 

samples required a second round of homogenization at the same settings. Ground lysates were 

suspended in 200ul of Lysis binding buffer (Townsley et al. 2015), incubated at room 

temperature for 10 minutes, centrifuged for 10 minutes at 13,000rpm, and the supernatant, 

referred to as cleared lysate, was retained. 

 

The cleared lysate for each treatment group was combined to create a single mRNA pool with 

sufficient mRNA content to be subsequently divided into 6 200µl identical samples of mRNA to 

create 6 technical replicates per treatment group. mRNA was extracted separately from each 

technical replicate using oligo (dT)25 beads (DYNABEADS directTM) to enrich for 

polyadenylated mRNA. 

 

1.3.4 RNA-seq library prep 

We prepared strand specific RNA-seq libraries using the BRaD-seq protocol (Townsley et al. 

2015), and used 14 cycles of PCR at the enrichment phase. Library preparations for all species 

and for both priming methods were identical, except for the primer used for first strand cDNA 
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synthesis. In this study we use a 3’ priming method (3’) to refer to libraries made with an oligo 

dT primer–which primes mRNA transcripts from the 3’ end–and whole transcript (WT) to refer 

to libraries made using a random hexamer to prime fragments from along the length of the 

transcript. For 3’ libraries, we used the primer: 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTTTTTTTTTTTTTTTTTT, and for WT libraries, we 

used GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNN, where N represents a random 

nucleotide as suggested in (Townsley et al. 2015). Finished libraries were quantified using the 

Quant-iTTM PicoGreen dsDNA high sensitivity kit, and normalized to 1ng/ul. We took 2ng per 

library and multiplexed the 36 samples for sequencing. The libraries were sequenced in 2 lanes 

of an Illumina HiSeq X platform, generating a mean of 6.1 million paired reads per sample. Raw 

reads were quality checked with FastQC v.0.11.5 (Andrews 2010). Low quality reads (q<20), 

adapters, and reads less than 25-bp were removed using Trimmomatic v.0.36 (Bolger, Lohse, 

and Usadel 2014). 

 

1.3.5 Genomic resources 

Assembled reference genomes, and gene transfer format (GTF) files were downloaded from 

NCBI (https://www.ncbi.nlm.nih.gov/sra) (O’Leary et al. 2016). We used the Arabidopsis 

accession number GCF 000001735.4 version T AIR10.1; the maize accession number GCF 

000005005.2 version B73 RefGen v4. Pacific herring does not yet have an assembled genome, 

therefore we used the reference genome from a closely related species, Clupea harengus 

(Atlantic herring), accession number GCA 900700415.1 version Ch v2.0.2. The genomes varied 

in size and assembly and annotation quality. Arabidopsis has the highest quality assembly and 
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annotation and smallest genome, maize has the largest genome, and herring has the lowest 

quality assembly and annotation (Table 1.2). 

 

 

Table 1.2: Summary data of reference genome quality for each species used in this study. 
Source of the reference genomes is NCBI (ncbi.nlm.nih.gov\sra). 

 

1.3.6 RNA read mapping, quantification 

Trimmed reads were mapped to reference genomes with Hisat2 (Kim, Langmead, and Salzberg 

2015) using default settings. The featureCounts function from Subread (Liao, Smyth, and Shi 

2013) was used to count transcript features from all samples, and sum the counts to the gene 

level. 

 

1.3.7 Differential expression pipeline 

We developed a pipeline to detect differential expression that would account for variation in 

read depth across individuals, and bootstrapped the analyses to determine whether the results 

were consistent. Our pipeline was designed to reflect common experimental methods used in 

RNA-seq projects. 
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Samples with low total read counts (less than 100k reads), were removed from analysis. Since 

the remaining samples still varied in read counts, we randomly downsampled without 

replacement to the sample with the lowest number of mapped reads. All analyses were 

repeated 5 times with different downsampled datasets. After down-sampling, WT and 3’ 

libraries of each species were processed independently through our differential expression 

pipeline. The downsampled gene count data were normalized using the weighted trimmed 

mean of M-values (TMM), using the calcNormFactors function in edgeR (Robinson, McCarthy, 

and Smyth 2010). The voom function (Robinson, McCarthy, and Smyth 2010; Law et al. 2014) in 

the limma package (Ritchie et al. 2015) was used to convert read counts to log2-counts per 

million (log2CPM), and estimate mean-variance trends to account for heteroscedasticity when 

testing for differential expression between the mRNA pools. The lmFit function from limma was 

used to fit a model using the pool ID as a predictor variable. The ebayes function was used to 

perform an empirical bayes shrinkage, and estimate an adjusted P-value after correcting for 

multiple testing using Benjamini-Hochberg correction.  

 

1.4 Results 

We sequenced the multiplexed library on two lanes of Illumina HiSeq X platform using 150 bp 

paired-end reads. Previous work has shown that read length (50, 100, 150 bp) has no effect on 

the detection of differentially expressed genes (Chhangawala et al. 2015). The mean number of 

reads, trimming results, and mapping rate to the reference genome varied by species and 

library prep method (Table 1.3). Overall, 3’ libraries had more raw reads prior to trimming in 
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Arabidopsis and Maize, but fewer in Pacific Herring. Since this effect would necessarily go away 

if all libraries were of the same type (because the total number of reads per lane is constant), 

we excluded variation in raw read counts in downstream analysis by down-sampling all libraries 

to the same total read number. For all three species, an average of 27% 3’ raw reads were 

trimmed (removed due to low quality), while 7% were trimmed in WT. Expression quantified 

using featureCounts resulted in approximately 15k, 18k, and 8k genes with greater than 5 reads 

in more than half of individuals identified in maize, arabidopsis, and Pacific herring respectively 

(Table 1.4). 

 

 

Table 1.3: Sequencing results for the number of raw, processed, and percent of uniquely 
mapped reads for each RNA-seq method and sample condition. 
 

To explore if WT or 3’ libraries differed significantly in either estimates of treatment effects, or 

precision (within-group standard errors of estimated expression), we first assessed whether the 

estimates of treatment effects differed between WT and 3’ libraries. The difference in 

estimated logFC was not biased above or below zero for either low or high expressed genes 

(Figure 2A), or for short of long genes (Figure 2B). We next assessed whether the standard error 
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of effect size estimates was larger for WT libraries than 3’ libraries. Standard errors trended 

lower for higher expressed genes with both library types, but there was no significant 

difference between library types in standard error at any expression level (Figure 1.2C). 

However, standard errors were lower for WT libraries for longer transcripts and higher for 

shorter transcripts (Figure 1.2D). This corresponded with greater read counts for transcripts 

with lengths ≈ 1800bp in WT libraries, and lower read counts for shorter transcripts (Figure 

1.2E). Putting this all together we found no average difference in statistical power for 

discovering differentially expressed genes between WT and 3’ libraries as a function of 

expression level (Figure 1.3A). Instead, power was higher for longer genes and lower for shorter 

genes, as expected (Figure 1.3B). This means that the distribution of transcript lengths as a 

function of expression levels determines whether WT or 3’ libraries are likely to discover more 

differentially expressed genes. For all three species that we studied, WT libraries found 1-5% 

more differentially expressed genes than 3’ libraries (Table 1.4), with the advantage of WT over 

3’ most evident in herring. 

 

 

Table 1.4: Summary of results from analysis for each species and primer. Total number of 

analyzable genes (genes with 5 or more reads in half of individuals), DE = total number of differentially expressed 
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genes and %DE = the percent of total differentially expressed genes divided by the total number of analyzable 

genes. Differential expression threshold was genes below an FDR level of 0.05. 

 

 

Figure 1.2: Standard errors but not effect sizes differ between WT and 3’ libraries as a 
function of gene length but not gene expression. A,B) Estimated log-foldchanges (LFC) were similar 

between WT and 3’ libraries across genes as a function of the A) gene’s expression (measured as log2 counts per 

million, log2 CPM, by the 3’ library), B) or transcript length. Estimated standard errors were similar for the two 

library types as a function of C) expression level, log2 CPM), but lower for WT libraries for D) longer genes and 

higher for shorter genes. Each analysis was done separately for each species. Each point in each plot is a single 

gene, and the smooth curves were generated by the geom smooth function of ggplot2. X and Y-axes were 

truncated for visualization. 
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Figure 1.3: Differential expression analyses of WT libraries have higher power for longer 
genes, but not for higher-expressed genes than 3’ libraries.  A) Absolute values of t-statistics were 

higher on average for longer genes and lower for shorter genes using WT libraries, but did not differ between 

library priming methods as a function of the B) expression of each gene (measured as log2 counts per million, log2 

CPM, by the 3’ library. Each point in each plot is a single gene, and the smooth curves were generated by the geom 

smooth function of ggplot2. X and Y-axes were truncated for visualization. 

 

1.5 Discussion 

Our analysis and experimental results show that there is no overall benefit of 3’ over WT 

libraries for expression quantification by RNAseq. WT libraries need not be more expensive 

than 3’ libraries if comparable kits are available, and WT libraries do not tend to suffer from 

pseudoreplication or require more sequencing depth to achieve the same precision in 

expression quantification on average. However, length bias does impact the discovery of 
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differentially expressed genes, such that longer transcripts are more likely to be discovered by 

WT libraries, and shorter transcripts are more likely to be discovered by 3’ libraries. If 

researchers knew beforehand which transcripts were of most interest, this could factor into the 

decision between WT and 3’ libraries. But in general, if all transcripts are equally of interest, 

there is no clear winner between WT and 3’ for differential expression analyses. However, WT 

libraries do have several advantages over 3’ libraries beyond the simple assessment of 

differential expression at each gene locus. First, mRNA fragments are sequenced from across 

the entire exonic region of a transcript, which increases the chances of annotating reads 

(especially in non-traditional model species with low reference genome annotation and 

assembly quality), as well as alternative splicing and variant detection. The main advantage of 

3’ libraries is that they are not subject to the length bias of WT, which can impact downstream 

analysis such as gene set enrichment (Oshlack and Wakefield 2009; Mandelboum et al. 2019; 

“[No Title]” n.d.; Mi et al. 2012; Siepel et al. 2005). However, expression level also impacts the 

probability of detecting differential expression for both priming methods, and likely causes a 

much greater variation in power across genes than variation in length, so this issue is not 

limited to WT libraries. 

 

Why then have most studies found that WT libraries have more statistical power to detect 

differentially expressed genes? We also found a similar result, although the difference is small 

(≈ 1%−5% more genes). The largest difference in numbers of differential gene expression 

between priming methods in our study was observed in herring. Pacific Herring is the only non-

traditional model species in this study. With limited genomic resources, we mapped our 
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RNAseq reads to the publicly available Atlantic herring genome assembly. While mapping rates 

were slightly improved for herring 3’ reads, herring WT libraries quantified over 1,000 

additional expressed genes relative to 3’ libraries (Table 1.3). This may be partially explained by 

the observation that 3’ UTRs, where priming occurs for 3’ library generation, are less conserved 

at the sequence level than protein coding sequences (Siepel et al. 2005). A common alternative 

for species without a reference is to assemble a transcriptome from the same RNAseq reads 

used for the differential expression analysis. However, this decision precludes using 3’ priming 

methods which only retain the 3’ end of gene transcripts (Tandonnet and Torres 2017). 

Therefore, WT is a better option for non-traditional model organisms lacking genomic 

resources. Although further experiments and analysis are necessary to pinpoint the source of 

increased statistical power inherent in WT libraries, our analysis demystifies the issue of 

psuedoreplication in WT priming methods and informs a general strategy for applying the wide-

ranging utility of RNAseq in biological research. 
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Chapter 2 

Uncovering the molecular mechanisms of trace levels of 

crude oil exposure on heart development in Pacific 

herring embryos 

  

2.1   Abstract 

Exposure to polycyclic aromatic hydrocarbons (PAHs) present in crude oil has been linked to 

cardiotoxicity in developing fish embryos. While the impact of PAHs on the developing heart 

has been well documented, the effects of sublethal concentrations and trace amounts of crude 

oil on heart development in embryos remain unclear. The aim of this study was to examine the 

short-term acute and long-term delayed toxicity of trace amounts of crude oil to Pacific herring 

embryos. To accomplish this, the morphology of the developing ventricle was used as a 

sensitive concentration-dependent phenotype. We detected significant cardiac injury at tissue 

concentrations at and above 64.5 ng/g TPAH. We detected oil-induced gene expression 

perturbations at concentrations as low as 13.4 ng/g, and at developmental times as early as 2 

days post fertilization. The study systematically pinpointed dose-dependent genes and 

pathways involved in cardiogenesis and ventricle function from transcriptomic data, including a 

detailed transcriptomic time-series of early herring development. Though exposure ended 

three days prior to hatch, the expression of cardiac genes continued to be perturbed by 
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exposure for more than two months post-hatch. The study also expanded the scope of oil-

induced developmental toxicity by characterizing the impacts of PAHs on immune system 

molecular pathways. The results of this study confirm that crude oil-induced cardiotoxicity is 

the canonical embryonic injury phenotype in Pacific herring. Perturbations in key cardiac-

related genes and pathways responding to trace oil levels and time-points preceding 

organogenesis indicate early embryonic oil exposure sets the stage for larval cardiotoxicity. 

Notably, we observed significant dysregulation of wnt11, an inducer of cardiomyocyte 

specification, as well as heart proliferative genes, bmp2b, bmp4, in oil-exposed two day old 

embryos. We identify perturbed gene expression related to intracellular calcium homeostasis, 

inflammation and the heart injury response—initiating events that are upstream of the 

disrupted ventricular development that lingers after oil exposure. Overall, this study provides 

new insights into the molecular mechanisms whereby oil exposures perturb early life 

development in fish. 

  

2.2   Introduction 

The industrialized world is currently dependent on fossil fuel hydrocarbons. To meet global 

demand, exploration, extraction, transport, refinement and consumption of crude oil in 

offshore and nearshore marine environments increases the risks of accidental spills (National 

Academies of Sciences, Engineering, and Medicine. Oil in the Sea IV: Inputs, Fates, and Effects 

2022). The effects of crude oil (petroleum) spills into the marine environment include habitat 

degradation and fouling, lethal and sublethal toxicity across all trophic levels and closure to 

fisheries. The long-term effects of oil spills on the environment from accidents such as the 



30 

Exxon Valdez are well studied, and more recent oil spill accidents such as the Deepwater 

Horizon explosion in 2010 have led to a surge of new research and literature on oil spill science 

(W. H. Pearson et al. 1999; Dubansky et al. 2013; Kujawinski et al. 2020). 

  

Our understanding of the impacts of oil spills into marine environments is informed by 

experimental laboratory and field studies (Anderson et al. 1974). While crude oil is a complex 

mixture composed primarily of hydrocarbons, it has been shown that polycyclic aromatic 

hydrocarbons (PAHs), a minor fraction of hydrocarbons, have high water solubility and can 

bioconcentrate in animals exposed to crude oil (Meador et al. 1995). While the vulnerability of 

organisms depends on the species, life-stage, and toxic mechanisms involved, exposure to PAHs 

during embryogenesis across a wide range of teleost species results in similar cardiac 

developmental abnormalities, with severity of these impairments increasing with increasing 

PAH concentration (Incardona et al. 2013). 

  

Oil exposure during a sensitive developmental window may result in delayed or persistent 

physiological responses or even mortality. Mechanisms that underlie perturbation during 

vulnerable early life stages are poorly understood. Additionally, molecular initiating events that 

link PAH exposure to cardiac organogenesis also remain poorly understood. As herring are 

exquisitely sensitive to oil-induced cardiac injury during embryogenesis, even in trace amounts, 

subsequently the lowest exposure with no effect has not been determined (Incardona et al. 

2013, 2015). 
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Beyond the canonical embryo heart injury syndrome, less is understood about persistent 

physiological effects in novel pathways affected by early-life oil exposure. Oil exposure may 

impact multiple systems—including skeletal, immune, energy, neural, and hepatorenal (Xu et 

al. 2016; Khursigara, Johansen, and Esbaugh 2018; Bonatesta et al. 2022; Arkoosh et al. 1998). 

Some of these effects may be initiated if exposure coincides with the development of the 

corresponding organ. Transcriptomic approaches are useful for providing hypotheses for 

mechanisms that underlie these exposure outcomes, and as-yet-undiscovered perturbations to 

health and performance. For instance, AHR ligands, such as PAHs, modulate immune expression 

in fish (Segner et al. 2021). However it is unclear whether immunotoxicity is directly mediated 

through activation of the AHR pathway or through other signaling pathways. While the 

molecular and morphological events that underlie teleost cardiogenesis are well understood, 

little is known about how the immune system develops and matures in Pacific herring, and it is 

not clear how exposure to oil might disrupt this development and increase susceptibility to 

environmental pathogens later in life. 

 

The present study aims to investigate the effects of crude oil exposure on Pacific herring 

development. Herring spawn in intertidal and shallow subtidal marine habitats, nearshore 

breeding grounds that are susceptible to oil marine spills (Hay 1985). They serve as an ideal 

model system due to their high sensitivity to contaminating crude oil during development and 

prominence in the literature on hydrocarbon toxicology (Hose et al. 1996; Brown, Norcross, and 

Short 1996a). Our study design involves examining the short-term acute and long-term delayed 

toxicity in Pacific herring embryos exposed to trace amounts of crude oil along a concentration 
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response gradient through embryonic, larval, and early juvenile stages of development. The 

objectives of the study focus on cardiac morphogenic processes in the developing ventricle, 

assembling a high-quality transcriptome to understand molecular mechanisms and identify 

potential toxicity phenotypes, quantifying and characterizing gene responses in cardiogenesis 

and ventricle function in embryos exposed to field relevant, very low-dose range of crude oil, 

and defining the transcriptional arc of innate immune system development. 

  

2.3   Methods 

2.3.1 Animal Care 

Pacific herring (Clupea pallasii) were collected near Cedar Bay in Prince William Sound, Alaska. 

Collection of ripe herring by gill net occurred on May 9th in 2018. Ovaries and testes were 

dissected and stored in humidified whirl packs or petri dishes prior to transport to the 

Marrowstone Field Station (USGS Western Fisheries Research Center, Nordland, WA). 

Fertilizations were performed in water tables at the Marrowstone Field Station as described 

elsewhere (Griffin et al. 1998). Briefly, polyvinyl alcohol with Ca2+ and Mg2+ -free seawater was 

used to prevent clumping of eggs which were evenly distributed onto 24 sheets of 1 mm nylon 

mesh, each of which could hold 10-20 grams of embryos. At least 5 males were used for 

fertilization and gametes were evenly distributed amongst the egg-covered sheets. Fertilized 

eggs were left undisturbed for 1 hour and then transferred to 1.2 m diameter tanks with 

filtered seawater overnight for 8-12 hours. Fertilization rates were then assessed 

microscopically and oil exposure occurred on batches with rates above 75%. Crude oil exposure 

occurred between 1- and 10-days post fertilization (dpf) in filtered seawater at ambient 
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temperature. Temperature was recorded twice an hour in a downstream tank from the 

exposure system by a Hobo Water Temp Pro v2 sensor (Onset). Animal care and use was 

evaluated and approved by the Western Fisheries Research Center IACUC (protocol# 2008-51). 

  

2.3.2 Oil Exposure 

Prior to exposures, Alaskan North Slope crude oil (ANSCO) was weathered by heating to 60°C in 

a water bath until the volume decreased by 10%. The exposure system (SINTEF, Trondheim, 

Norway) produced a continuous flow-through of dispersed oil droplets as described in (Nordtug 

et al. 2011). It consisted of 24 10-L tanks with individual flow-through of filtered seawater (360 

µL/min flow rate) at ambient temperature and ANSCO effluent (60 µL/hr injection rate). ANSCO 

effluent entered the system through a dispersion generator which produced microdroplets of 

oil which were pumped into a 2 L reservoir that was gravity-fed to a series of solenoid valves 

which controlled the ratios of effluent to filtered seawater into the exposure tanks. Six 

concentrations were generated ranging from 0.01 (no oil) to 3.5 µg/L ∑PAHs. Exposure 

experiments were conducted with four replicate exposure tanks per oil concentration. Fertilized 

eggs adhered to Nitrex sheets were distributed amongst the tanks (1 per tank) and monitored 

several times daily until 10 dpf at which time oil injection stopped. 

 

2.3.3 Analysis of PAHs 

Water samples were collected mid-water column and analyzed for 58 PAH analytes as 

described previously (Sloan et al. 2005). Briefly, PAH separations were conducted on a 60 m DB-
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5 chromatography (GC) capillary column before detection on an electron impact mass 

spectrometer (MS) in selected-ion monitoring mode. Concentrations below the detection limit 

were reported as <LOQ (less than the limit of quantification). TPAH values were calculated from 

detected values only. For body burdens of TPAHs, 100 embryos at 1.5, 2, 3, 4, 10 dpf (n=4) were 

collected from each Nitrex sheet and stored at -80°C. Samples were analyzed for 49 PAH 

analytes utilizing liquid extraction prior to normal phase solid phase extraction (LE-SPE) as 

described elsewhere (Sørensen et al. 2016). Blank corrections were conducted for tissue PAHs 

when the blank value was higher than the detection limit (included: naphthalene, 

methylnaphthalenes, C3-BT, C2-PHE, and C2-PYR). Available PAH concentrations for water and 

tissue were screened for near-zero and near-LOQ values. PAHs were excluded from further 

analysis when high dose treatments (3.42 µg/L TPAHs) had >75% of detections below the LOQ. 

 

2.3.4 Cardiovascular Imaging 

At 10 dpf and hatch (12-14 dpf), 20 embryos/larvae from each tank (n=4) were immobilized 

with 0.01% MS 0.222 and mounted laterally in petri dishes with methyl cellulose or 1.5% 

agarose gels with slots molded by glass capillary tubes. Seawater was maintained between 9°C 

by a microscope stage chiller. For each larva, 10 second videos focusing on the atrium and 

ventricle were taken with Unibrain Fire-i400 1394 cameras (San Ramon, CA) at the highest 

magnification (6-8x) on Nikon SMZ-800 stereomicroscopes (Irvine, CA). BTV Pro software 

(Bensoftware.com) was used for imaging. To avoid confounding time-of-day with treatment 

effects, all treatment replicates were imaged evenly across an 8-hour period. Heart videos were 
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blinded for treatment and randomly analyzed for function and morphology using ImageJ 

software (NIH). Prior to measurements, video was assessed for appropriate quality and contrast 

and excluded if morphology of interest was not visible. At 10 dpf pericardial area, an indicator 

of edema, was measured by drawing a perimeter around the pericardium with the yolk as the 

posterior end. For larvae at hatch, posterior ventricle outgrowth was measured. Posterior 

ventricle outgrowth was measured by drawing a perimeter within the ventricle at diastole 

starting at the posterior side of the atrioventricular (AV) valve to the apex of the ventricle to 

assess ballooning of the ventricle beyond the AV valve (Figure 2.3). Linear regressions were 

performed to compare posterior ventricle outgrowth at hatch with increasing tissue 

concentration of TPAHs. A two-way ANOVA using R Studio (base package; version 1.4.1717) was 

used to determine the effect of body burden TPAHs with ventricle outgrowth area (mm2). 

When oil effects were present, a Tukey’s post hoc test was used to compare means between 

treatments. 

 

2.3.5 Transcriptome Assembly and Annotation 

Currently, no complete reference transcriptome exists for Pacific herring. We built a high-

quality, annotated reference transcriptome using Pacific Biosciences Iso-Seq technology to 

provide a template to test hypotheses related to molecularimpacts of oil exposure. Whole 

embryo and larva RNA from 5 developmental stages (4 dpf, 8 dpf, 33 dph, 61 dph) and seven 

tissues (gill, brain, heart, kidney, liver, gonad, skeletal muscle) from a single adult female were 

isolated with the RNeasy Plus Micro Kit (Qiagen), quantified by fluorometry with a Qubit (RNA 
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Broad Range Assay Kit, Molecular Probes) and quality assessed with a 2100 Agilent Bioanalyser 

(RNA Nanochip, Agilent Technologies). First-strand cDNA synthesis was performed with the 

TeloPrime Full-Length cDNA Amplification Kit (Lexogen) using the cap-dependent linker ligation 

method. cDNAs were quantified for each sample and equimolar concentrations were combined 

into a single pool prior to library prep. Single Molecule Real Time (SMRT) bell libraries were 

prepared by UC Davis DNA Technologies Core with the SMRTbell Express Template Prep Kit 2.0 

(Pacific Biosciences). Sequencing was completed on the Sequel II System on a single SMRT Cell 

8M. Polished Circular Consensus reads were demultiplexed, refined, and clustered into high 

quality reads representing isoform-specific transcripts using the Pacific Biosciences IsoSeq 

v3.1.1 default parameters. For de novo transcript annotation, we employed the dammit 

pipeline (Scott et al. 2019). Briefly, gene models are built with Transdecoder (Haas, 

https://github.com/TransDecoder/TransDecoder), which were annotated based on evidence 

from four protein databases (Pfam-A, Rfam, OrthoDB, Uniref90) and the reference genome 

from Clupea harengus, accession number GCA 900700415.1 version Ch v2.0.2. We then used 

the Benchmarking Universal Single-Copy Orthologs (BUSCO v3) software to compare the gene 

content in our de novo transcriptome with a lineage-specific data set (Actinopterygii; (Simão et 

al. 2015)). The complete isoform-aware assembled transcriptome consists of a total of 180,175 

transcripts, a contig N50 of 3,663, BUSCO completeness score of 95%, and 75% of the 

transcripts annotated with gene IDs. 

 

2.3.6 RNA Sequencing 
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Two pools of embryos (~30 embryos per pool) were sampled from each of 4 replicate tanks per 

treatment, beginning at 2 dpf and every other day until 10 dpf, for 5 embryonic time-points. 

After oil exposure, three treatment groups (Control, Medium Low, and Medium High) were 

followed for long-term assessment. Included treatment tanks (n=4) were combined and 

randomly split into 2 grow-out tanks with clean seawater. Larva were sampled at time of hatch 

(1 dph) and followed up at 50, 64, and 78 dph. Similar to embryos, 3 pools (~30 larva per pool) 

of larva were sampled from each of 2 replicate tanks at 1 dph (n=30) per treatment.  Single 

larva were used for subsequent post-hatch samples. All post-hatch samples were sampled in 

sets of 3 per treatment tank (n=2 x 3). Pacific herring samples were stored at -80°C prior to 

homogenization using 1.4 mm ceramic beads (Genaxxon Bioscience) on a TissueLyser (Qiagen). 

Ground lysates were suspended in 200 µl of Lysis binding buffer (Townsley et al. 2015), 

incubated at room temperature for 10 minutes, centrifuged for 10 minutes at 13,000 rpm, and 

the supernatant was retained. mRNA was extracted separately from each sample using oligo 

(dT) 25 beads (DYNABEADS directTM) to enrich for polyadenylated mRNA. Strand specific RNA-

seq libraries were prepared using the BRaD-seq protocol (Townsley et al. 2015), and used 14 

cycles of PCR at the enrichment phase. Library preparations for all populations were identical. A 

random hexamer was used to prime fragments from along the length of the transcript: 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNN, where N represents a random 

nucleotide (Townsley et al., 2015). Finished libraries were quantified using the Quant-iTTM 

PicoGreen dsDNA high sensitivity kit (ThermoFisher), and normalized to 1ng/µl. We used 2ng 

per library and multiplexed up to 96 samples for sequencing. The libraries were sequenced in 4 

lanes of an Illumina HiSeq X platform (Illumina, Inc.), generating an average of 10.8 million 
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paired reads per sample. Raw reads were quality checked with FastQC v.0.11.5 (Andrews 2010). 

Low quality reads (q<20), adapters, and reads less than 25-bp were removed using 

Trimmomatic v.0.36 (Bolger, Lohse, and Usadel 2014). 

 

2.3.7 Read Mapping and Quantification 

Trimmed reads were mapped to a reference transcriptome and mapped reads quantified with 

Salmon v 1.3.0 (Patro et al. 2017) using the reference transcriptome (section 2.3.5) as an index 

in mapping-based mode. Average mapping rate for all paired-end read samples was 70.92%. 

The length-scaled TPM function in tximport was used to sum the transcript counts to the gene 

level (Soneson, Love, and Robinson 2015). The gene count data were normalized using the 

weighted trimmed mean of M-values (TMM) and converted to log2-counts per million 

(log2CPM) using the limma R package (Law et al. 2014; Ritchie et al. 2015). 

  

2.3.8 Differential Expression Analysis 

We transformed read counts to stabilize the variance so that it was independent of the mean 

(where the variance neither increases systematically nor decreases systematically), according to 

Rocke et al. (Rocke et al., 2015). This was accomplished by regressing the gene-and-treatment 

variance on the gene-and-treatment mean for all samples. Once the mean variance relationship 

was defined, we estimated a transformation to the counts for which the slope was near zero 

(0.09e-8) which, practically speaking, stabilizes the variance, and applied this transformation 

across all gene counts. Low-abundance transcripts were filtered using the function filterByExpr 
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where the minimum number of counts per transcript per day per treatment was set to 35 and 

the minimum sum of counts within a treatment was 500 (Robinson and Oshlack 2010). The set 

minimum number of counts per transcript was determined by the smallest value that best 

normalized total read counts (library sizes) across all samples. Counts were further normalized 

using CalcNormFactors, method=TMM. Normalized counts by sample were first graphed using 

multidimensional scaling (MDS) to visually identify primary sources of variance. The 96 well 

plate the sample was on for library prep (batch effect) was found to be a significant source of 

variance across the. Due to this plate effect we chose to run a linear model in R with plate as 

the random effect. lm(Count ~ Time * Oil + (1 | plate)). The linear model was set up with 

embryonic developmental time (2, 4, 6, 8, 10 dpf) as a factor, oil treatment a cofactor 

(expressed as mean total PAHs per dry weight at day 10 per treatment), while plate effect was a 

random effect in the model. All p-values were corrected with the False Discovery rate (FDR) 

algorithm. Using this output we were able to select gene sets that have a significant 

developmental time effect, oil dose effect, and time by dose interaction effect. Differentially 

expressed genes in oil-exposed embryos, relative to unoiled control embryos, were defined as 

having higher or lower levels of expression (FDR <0.1). Individual genes were categorized across 

development based on their dose-response at each time-point. This was achieved by calculating 

the slope of the regression at each time-point for genes with a significant oil-dose by time 

interaction effect (FDR<0.1), comparing absolute slope values across time-points within each 

gene, then assigning a gene to a time-point based on the slope with the greatest value (i.e., 

largest dose response). Limma’s function removeBatchEffect was used to remove the library 

plate effect for all visual representation of the data (Limma; Ritchie et al., 2015). Further 
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visualizations utilized the pheatmap package (Kolde and Vilo 2015) in R to generate heat maps, 

the factoextra package (Kassambara and Mundt, 2020) to generate PCA plots, and the 

ggballoonplot package v. 0.6.0 to generate figure 2.5A and figure 2.7. 

  

2.3.9 Gene Coexpression Network Analysis 

Weighted-gene correlation network analysis (WGCNA) was used to identify highly co-expressed 

clusters of genes (modules) within the post-hatch (1, 50, 64, 78 dph) herring whole-

transcriptome data (Langfelder and Horvath 2008). Normalized counts were passed on to the 

WGCNA (v1.71) package in R. Standard WGCNA analysis was performed on each dataset 

following the steps outlined in the WGCNA tutorials with recommended parameter settings. 

The power-law soft-threshold was estimated using the pickSoftThreshold function in the online 

FAQ, as has become the standard in most studies. To find modules highly correlated to the oil 

dose response, the correlation coefficient for all module eigengenes was calculated using 

Pearson’s correlation. Modules with adjusted p values less than 0.1 were kept for enrichment 

analysis. 

  

2.3.10  Functional Gene Enrichment Analysis 

Gene functional enrichment analysis was performed with ShinyGO V0.77 (Ge, Jung, and Yao 

2020) using the Gene Ontology (GO) resource, and the Kyoto Encyclopedia Genes and Genomes 

(KEGG) pathways database. Terms with FDR-corrected p values of < 0.1 were considered 

significantly enriched within modules. 
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Figure 2.1: Comparison of crude oil concentrations across molecular and morphometric 

toxicity indicators during Pacific herring development. A) Schematic depicting experimental design 

showing length of exposure, time of hatching, and period of imaging/tissue collection for oil exposure experiment. 

E2-E10 represents embryo developmental time-points included in this study, and H1-H78 represents post-hatch 

time-points. Experimental design consisted of 6 treatment groups (Control-High) with corresponding water PAH 

concentrations at the onset of herring exposures (ug/L). Three treatment groups (Control, Med-Low, Med-High) 

were carried through to juvenile stage. B) The uptake of TPAH tissue concentrations across oil levels measured at 

the final day of exposure (E10). C) Evidence of oil microdroplets adhering to herring chorion, imaged at 5 dpf. 

 

2.4   Results and Discussion 

2.4.1 Measured PAH concentrations in exposure water and herring tissue 

The Exxon Valdez oil spill released 37,000 metric tons of Alaskan North Slope crude oil (ANSCO) 

into Prince William Sound, AK in 1989 during the annual Pacific herring spawn event. Water 

column exposure shortly after the spill ranged from 0-42 ppb (μg/L). In this study, Pacific 

herring embryos were continuously exposed at the low end of environmentally relevant 
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concentrations of ANSCO across a serial dose range of TPAH concentrations of 0.06 ± 0.004 

μg/L (low dose),  0.15 ± 0.006 μg/L (medium low dose), 0.53 ± 0.02 μg/L (medium dose), 1.42 ± 

0.09 μg/L (medium high dose), and 3.42 ± 0.05 μg/L (high dose), with clean seawater controls at 

0.01 ± 0.0009 μg/L (Table 2.1). The embryonic exposure began at 1 dpf and ended shortly after 

the end of organogenesis at 10 dpf, just prior to hatch (Figure 1.1). By the end of exposure (day 

10), embryos accumulated 13.4 ± 1.6, 27.5 ± 2.0, 238 ± 27, 64.5 ± 3.0, 105.0 ± 11.9, and 171.9 ± 

15.0 ng/g TPAHs across low to high dose, respectively (Table 2.1). After oil exposure, all 

embryos hatched and were grown out in clean seawater for 78 days post-hatch (dph) to 

monitor lingering physiological effects of the oil. This dose range captures concentrations in 

PWS nearshore herring spawning habitats in 1989 and 1990. PAH body burdens were measured 

within the highest crude oil concentration treatment at 6 time-points throughout 

embryogenesis. TPAHs in fish tissue increased to a maximum of 696.2 ng/g at 4 dpf before 

decreasing to 171.9 ng/g at 10 dpf (Figure 2.2). This suggests effective PAH metabolism and 

elimination is initiated after 4 dpf, similar to what has been observed in other species such as 

Atlantic cod and haddock (Sørensen et al. 2017). 

  

Oil Dose Water Embryo Tissue 

Control 0.01 ± 0.0009 2.7 ± 0.7 

Low 0.06 ± 0.004 13.4 ± 1.6 

Medium Low 0.15 ± 0.006 27.5 ± 2.0 
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Medium 0.53 ± 0.02 64.5 ± 3.0 

Medium High 1.42 ± 0.09 105.0 ± 11.9 

High 3.42 ± 0.05 171.9 ± 15.0 

Table 2.1: TPAH concentrations of aqueous (µg/L) and embryo concentrations (ng/g wet wt.) 

at 10 dpf for Pacific herring. Data presented as mean ± SEM (n=4). 

  

 

Figure 2.2: The uptake of TPAHs over the course of exposure (high dose only). Between 24 and 96 

hours post fertilization (hpf) TPAHs rapidly accumulate, peak at 696.2 ng/g at 96 hpf, then decline to 171.9 ng/g by 

240 hpf. 

  

2.4.2 Morphological phenotypes associated with crude oil exposure 

The developing heart is the primary target organ for crude oil toxicity in the developing fish 

embryo. Even sublethal low-dose concentrations can disrupt cardiogenesis and lead to heart 

failure. Pericardial edema is routinely used to assess cardiotoxicity during embryonic crude oil 

exposures of fish. The trace oil exposures used in this study, even at the highest cumulative 

tissue concentrations (171.9 ng/g), were too low to induce significant edema. Developmentally 
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downstream of edema incidence is an emerging target of crude oil toxicity in the developing 

heart, ventricular ballooning, the posterior outgrowth of the ventricle during larvagenesis. 

Anatomically, the ventricle begins to protrude ventrally to the atrium as an outgrowth or 

“ballooning”. In contrast to edema, we observed a post-oil exposure dose-dependent decrease 

in ventricular ballooning at 1 dph, beginning with the medium dose (Figure 2.3). From the 

lowest to highest dose, percent reduction in the ventricular outgrowth was 3.7, 2.8, 15.1, 17.1, 

45.9%, respectively. Ventricle ballooning was responsive to oil exposure, with significant 

reduction beginning at the medium dose relative to no oil control. Recent research has shown 

that oil perturbed ventricular ballooning recovers in later larval stages but transitions to dose-

dependent trabeculation with indications of abnormal growth of cardiomyocytes in juveniles 

(Incardona et al. 2021). These morphological disruptions may be causally connected to the 

later-in-life cardiac hypertrophy and reduction in cardio-respiratory performance (Incardona et 

al. 2015).  
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Figure 2.3: Posterior ventricular outgrowth, or ballooning, at hatch for oil-exposed Pacific 

herring. Oil effect by exposure level is depicted as a reduction of ventricular ballooning. Lateral images (right 

panel) were taken for whole body morphology at 2x magnification. Right insets present ballooning (solid magenta 

line) within the context of a Pacific herring atrium (yellow hash line) and ventricle (magenta hash line) at 8x 

magnification. Ventricular ballooning varied and was negatively correlated in an increasing dose-dependent 

manner (significant oil effect marked by asterisk if p<0.05). Ventricular outgrowth (ballooning) measurements 

listed below doses were averaged (mm2) across 4 replicates accompanied by standard deviation in parenthesis. 

  

2.4.3 Developmental Atlas of Gene Expression 

To understand the molecular mechanisms underlying the oil injury response in Pacific herring 

embryos and larvae, we used RNA sequencing to evaluate whole animal transcriptional 

response. In order to delineate the effects of oil perturbation on gene expression patterns 

throughout developmental stage and oil dose, we established a developmental framework for 

studying the temporal dynamics of gene expression (Figure 2.4). Across 10 timepoints spanning 

embryogenesis we detected 23,353 genes with a significant main effect of developmental time 
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on expression (FDR<0.05). These developmental genes represent 74.7% of the annotated genes 

that were included in the analysis. The heatmap in Figure 2.4A visualizes changes in gene 

expression throughout development. Gene expression was organized by time of peak 

expression. The bimodal distribution (Figure 2.4A top panel) reflects developmental genes with 

pronounced expression differences between early and late stage embryos. Genes that have 

highest expression in embryogenesis (peak expression at 2 dpf: Module A in Figure 2.4A) are 

enriched for the KEGG pathway RNA transport and protein synthesis. Genes in mid to early 

embryogenesis (peak expression at 4 dpf: Module B in Figure 2.4A) are enriched for KEGG 

pathways DNA replication. Genes in middle-to-late embryogenesis (peak expression at 6 dpf: 

Module C, Figure 2.4A) are enriched for KEGG pathways involved in Cell differentiation and 

Energy production. Dynamic organ growth continues into 8 dpf (peak expression: Module D, 

Figure 2.4A) with genes enriched for the KEGG pathway Branched-chain amino acid 

metabolism, which is commonly metabolized in skeletal and cardiac muscle (Lu et al. 2007). In 

addition, genes enriching the KEGG Extracellular matrix receptor signaling pathway were 

observed at 8 dpf. The extracellular matrix is composed of macromolecules acting as a scaffold 

during organ morphogenesis, particularly the growing heart (Garcia-Puig et al. 2019). The final 

timepoint in this analysis is 10 dpf (peak expression at 10 dpf: Module E, Figure 2.4A), two days 

before hatch. Gene that are enriched for the KEGG pathway Oxidative phosphorylation define 

this late embryo period. The Ox-Phos pathway includes the production of ATP by oxidation of 

metabolic fuels in the mitochondria, particularly to maintain the highly oxidative metabolic 

capabilities of muscle tissues in the heart. This Atlas sets a baseline of normal gene expression 
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patterns across time that provide context for understanding how oil exposure may perturb 

development during these sensitive early life stages. 

  

2.4.4 Effects of oil on developmental gene expression 

Considering the 5 core temporal modules of developmental gene expression (modules A, B, C, 

D, and E; Figure 2.4A), we visualized trajectories of expression change through developmental 

time for each module (through principal component space), and tested for perturbations by oil 

exposure. An oil effect was considered for genes showing a significant oil by developmental 

time interaction (FDR <0.1). Module C was significantly enriched for genes with a significant oil 

x time interaction (p-value=0.019, Fold Enrichment=1.32), where perturbation by oil was most 

apparent at 4 dpf, especially at the highest doses (Figure 2.4B). Module C genes were 

particularly perturbed by oil exposure during the earliest developmental times (2 dpf and 4 dpf; 

Figure 2.4B). Module C genes were enriched for a number of GO terms, including Angiogenesis, 

and Compound catabolic processes, which is involved in the process that breaks down PAHs.   

However, overrepresentation analysis of functional pathways showed the strongest enrichment 

for the GO Biological Process Cardiac muscle myosin thick filament assembly (Figure 2.4C), 

which correlates to early-stage circulatory-dependent morphogenesis, particularly 

cardiogenesis (England and Loughna 2013). This supports previous findings on an enrichment of 

cardiac related genes at 6 dpf in oil exposed herring embryos (Incardona et al. 2021). The 

current observation strongly suggests that a sensitive developmental time for cardiogenesis 

occurs between 4 and 6 dpf in herring. Genes in Module C that were significantly differentially 

expressed starting at the medium dose relative to controls (p<0.05) include those associated 
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with xenobiotic response, angiogenesis, and innate immune function cyp1a, cyp1b1, si:ch73-

334d15.2, pdap1, respectively (Hsu et al. 2021; Kramer et al. 2020). 

  

            

Figure 2.4: Development and oil response genes involved in Pacific herring embryogenesis. A) 

Top panel represents frequency of genes clustering by developmental time-point: 2-10 dpf. Heatmap visualizes 

changes in gene expression throughout development. The mean TMM was calculated from 6-8 biological replicates 

and was mean-centered normalized (yellow is upregulated, teal is downregulated). Rows were ordered by peak 

expression for 23,353 genes with a significant main effect of time on expression (FDR<0.05) obtained from five 

time-points (2,4,6,8,10 dpf). The time course is divided into five modules (A-E) corresponding to days of peak 

expression (e.g., module A is composed of genes showing peak expression at 2 dpf). B) Principal Component 

Analysis (PCA) of the subset of Module C genes (55) from Figure 2.3A heatmap with a significant oil dose response 
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by time interaction effect. Arrows indicate direction of developmental time. No oil controls is blue line, followed by 

darkening gray for increasing doses. Gene expression differed between medium-high and high dose at day 4 only 

(p<0.05; ANOVA). Heatmap visualizes the same Module C genes and expression levels across oil exposure from 

PCA, normalized to no oil controls and ordered by their baseline peak expression from Figure 2.3 A. Arrows 

indicates those genes with a significant dose-response at day 4 in the medium-high and high dose (from top: 

pdap1, cyp1a, cyp1b1, si:ch73-334d15.2). C) Word cloud of Gene functional pathway analysis from Module C genes 

to identify meaningful functions related to oil-impacted developmental processes. 

  

2.4.5 Oil-induced changes in cardiac gene expression during embryonic and larval 

development 

To further illustrate how oil exposure perturbs early development, we categorized all dose-

response genes (2306 genes, FDR<0.1) by the developmental time-point at which it had the 

largest estimated dose response from the linear regression model (see methods). While some 

genes had similarly large dose responses across serial time-points (e.g., cyp1a), due to the 

dynamic temporal effect of embryogenesis, most genes have a singularly prominent dose 

response at a single time-point. KEGG pathway enrichment analysis was performed on these 

stage-specific dose-response genes (Figure 2.5A). We also manually curated three sets of genes 

for functional enrichment analysis: genes involved in cardiovascular system development and 

function, genes involved in innate immune system development and function, and genes 

involved in PAH metabolism (listed as Cardiogenesis*, Innate Immunogenic*, and Xenobiotic 

Metabolism*, in Figure 2.5A) 
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Figure 2.5: Enrichment of functional pathways for embryonic stage-specific oil dose response 

genes with a focus on cardiogenesis gene set. A) Dose response genes grouped into developmental time 

were tested for overrepresentation of KEGG pathways. Included are the seven functional domains, including three 

manually curated gene panels (Cardiogenesis*, Innate Immunogenic*, Xenobiotic*), that are most significantly 

enriched among all dose response genes (2,306). The x-axis presents the five developmental time-points during oil 

exposure, and the y-axis shows the name of KEGG pathways. The size of circles corresponds to the number of dose 

response genes with a given module (Fold Enrichment), and the different colors indicate significance levels 

(Enrichment FDR). B) Heatmap visualization of the significant dose response genes in the manually curated 

Cardiogenesis* gene panel. Expression represents fold change (yellow upregulated, teal downregulated) relative to 

no oil controls within each time-point. Gene rows are ordered by time of peak expression. 

 

Notably, prior to organogenesis in the fish at day 2, there are a number of genes involved in 

early cardiogenesis with a significant dose response. Among genes with a significant and 

prominent oil dose-response at 2 dpf are those involved with cardiomyocyte proliferation, 

cardiac hypertrophy and fibrosis, and angiogenesis, including itga6a, fbxo32, serpine2, ror2, 

tp53illb and fzd6 (Kramer et al. 2020; Zhou et al. 2020; Dogra et al. 2017). Within the manually 

curated list labeled Cardiogenesis, a subset of genes were significantly (p<0.05) differentially 

upregulated at 2 dpf (cacna1c, wnt11, tbx3a, and fzd10) (Figure 2.5B). Both wnt11 and fzd10 
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form a complex involved in the Planar Cell Polarity Signaling pathway , which is crucial for 

cardiomyocyte migration and heart shape during ventricular outgrowth (Merks et al. 2018; 

Panáková, Werdich, and Macrae 2010; Galli et al. 2014). Of particular interest are expression 

patterns which reflect the negative concentration-dependent reduction in posterior ventricle 

outgrowth, beginning at the medium dose (64.5 ng/g). Cardiac-related genes significantly 

downregulated beginning at the same medium dose at 2 dpf include actc1c, smad7, sox9, 

gnai2b, serpine2, pla2g4ab, bmp2b, bmp4, and il1b (Figure 2.5B). actc1c is cardiac-specific and 

mutations in its human ortholog are involved in hypertrophic cardiomyopathy, linking reduced 

expression with the observed reduced ventricular outgrowth. While pla2g4ab and gnai2b 

encode phospholipase Cβ enzymes, which promote the release of intracellular calcium, playing 

a prominent role in cardiovascular signaling (Thai et al. 2010; Lyon and Tesmer 2013; Zuberi, 

Birnbaumer, and Tinker 2008). At the medium high and high dose, day 2 is notable for 

differentially downregulated genes involved in endocardial cushion morphogenesis, bmp2b, 

bmp4, smad7, sox9, and tbx3a (Asai et al. 2010; de Pater et al. 2012; Pogoda and Meyer 2002). 

Bmp signaling from the myocardium mediates endocardial proliferation. Under normal 

development, endocardial cells acquire chamber- and region-specific cellular shapes 

contributing to constriction of cardiac cushions at the atrioventricular canal, chamber 

ballooning, and eventually, two distinct cardiac chambers: a ventricle and atrium (de Pater et al. 

2012). What is observed in the manually curated list is supported by the pathway in Figure 2.5A 

labeled Heart Development, representing, among others, the Heart Primordium Pathway 

(Zebrafish Anatomy Ontology, TAO:0000028). The heart primordium consists of a bilateral field 

of myocardial precursor cells that eventually form a heart cone (Tu and Chi 2012). Together, 
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these genes and pathways suggest that oil exposure prior to a functioning heart may still 

contribute to the embryonic cardiac injury phenotype and specifically reduced posterior 

ventricular outgrowth (Figure 2.3). 

  

Day 4 represents the early stages of cardiomyocyte proliferation and heart formation in herring. 

We explored the different pathways and genes involved in heart development at the 4 dpf as 

well as the effects of oil exposure on gene expression and potential inflammation and injury 

response in cardiomyocytes. Indeed, genes in this still early time-point in cardiogenesis are 

enriched in two pathways, Cardiogenesis* (ppp2r2ab, zgc:101810, zmp:0000001082), and the 

Zebrafish Anatomy Ontology term Muscle (TAO:0005145), listed in Figure 2.5A under the 

heading Heart Development. Genes enriched in this pathway are the heart specific nxk2.5, 

rbfox1l, myod1, and jam2a (Lubbers and Mohler 2016; Veerkamp et al. 2013; Gunawan et al. 

2019; Ye et al. 2015; Gao et al. 2016; Kobayashi et al. 2020; Jiao, Xu, and Du 2021). Linking the 

first two time-points in early development, serpine2 was significantly differentially 

downregulated at the high oil dose at 2 dpf and differentially upregulated at 4 dpf. This gene, 

along with serpine1, plays a key role in fibrosis and the injury response pathway, particularly 

cardiac remodeling (Figure 2.5B & Figure 2.6) (Münch et al. 2017). Notably, tnfaip8l2b was a 

significantly down-regulated gene at 4 dpf across all doses (low-high). It is understudied in fish 

but is notable as both highly expressed in cardiomyocytes in mammals and as a regulator of 

inflammation and lipid biosynthesis (Münch et al. 2017; Li et al. 2018). jak2a was significantly 

repressed across all three doses at 4 dpf. Interestingly, JAK-STAT is a proinflammatory pathway 

that impairs the post-heart repair and reprogramming process, while in vitro pharmacological 
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inhibition of JAK2 enhances reprogramming efficiency (Hashimoto et al. 2019). Day four post 

fertilization embryos appear to be responding to inflammation and possible myocardial injury, 

as a result of oil exposure (Figure 2.6). This could result from PAHs binding to the ligand-

activated transcription factor AHR, which could trigger oxidative stress via upregulation of the 

cytochrome p450 metabolizing enzymes and the release of superoxide, in turn evoking 

inflammation response molecules in cardiomyocytes. Similar to 2 dpf, endocardial cushion 

morphogenic genes were significantly differentially suppressed at 4 dpf starting at medium 

dose (gata5, snai1b, tbx3a, and bmp16). However, actc1a, actc1c, and kcnma1a, which are also 

involved in atrioventricular development (Gauvrit et al. 2022), were significantly upregulated. 

The expression of these genes is influenced by voltage-gated calcium channel genes, including 

ryr1b which was significantly upregulated at 4 dpf in the medium and high dose, and camk1b 

which disrupts RY1 protein receptor function (Gauvrit et al. 2022; Hirata et al. 2007; Berchtold 

et al. 2016) and is significantly downregulated at high dose.  

  

Gene expression was measured in 6 dpf embryos at a point at which the heart in herring 

embryos has a regular beat. Genes associated with heart development unique to 6 dpf were 

identified in GO enrichment analysis under Cardiac Muscle Myosin Thick Filament Assembly 

(Muscle Contraction, Figure 2.5A). Gene expression perturbations that were sustained 

throughout the remainder of development were initiated at 6 dpf, including genes involved in 

Heart Development (GO enrichment of Angiogenesis Involved in Coronary Vascular 

Morphogenesis) and Muscle Contraction (GO enrichment of Voltage-gated Potassium Channel 

Activity). Two genes involved in regulation of voltage-gated calcium channel activity had 
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significant increased expression at medium dose relative to controls (cacna1c, cacnb3a). The 

dihydropyridine receptor, encoded by cacna1c and cacnb3a, is a calcium channel protein found 

in the membrane of cardiomyocytes. The dihydropyridine and ryanodine (encoded by ryr1/2) 

receptors are critical for excitation-contraction (E-C) coupling and cardiac muscle function (Tiitu 

and Vornanen 2003). Voltage-dependent activation of the dihydropyridine receptor proteins 

initiate calcium ion release from the sarcoplasmic reticulum via ryanodine receptor channels. 

Earlier studies with Pacific herring embryos showed that exposure to crude oil resulted in 

reduced contractility at 7 dpf with tissue TPAH about 3.5 times higher than the highest dose 

here (Incardona et al. 2009). There is a positive association with the number of dihydropyridine 

receptors and myocardial contractile strength, and while heart rates and receptors were not 

measured in these fish, the potential for increased contractile strength suggests a 

compensatory response to reduced heart rates (Rottbauer et al. 2001). In any event, the 

inhibitory effects of PAHs on calcium ion channels leads to abnormal excitation–contraction 

coupling as a result of altered calcium homeostasis. 

  

Genes regulating contractility (KEGG pathway Adrenergic signaling in cardiomyocytes) were 

significantly enriched at 8dpf (Muscle Contraction, Figure 2.5A). Adrenergic signaling in 

cardiomyocytes KEGG pathway was continually significantly enriched into early larval-stage (10 

dpf - 1 dph) as well (Figure 2.5A). Moreover, inspection of individual dose response genes 

associated with this pathway show genes involved in phosphatase regulatory and calcium 

channel activity (ppp2r2bb, ppp2r2ca, cacna1c, atp1a3a, cacnb4b). Chronic stimulation of these 

genes induces cardiomyocyte hypertrophy and apoptosis in humans (Rouillard et al. 2016). 
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Genes down-regulated starting at the medium dose in 8 dpf embryos included cacng6a which is 

involved in calcium flux, and pip5k1ca which is a lipid kinase; both of these affect cardiac 

contractility (Ameen et al. 2022; Shankar et al. 2021). adamts14 was also significantly 

downregulated at medium-high and high doses. Though function is not specifically known in 

fish, paralogs in mammals (e.g., Adamts9) affect cardiac and aortic development. Our data 

suggest that these genes play a critical role in the complex process of herring embryonic heart 

development, and their dysregulation by oil exposures can lead to congenital heart defects. 

  

On the final day of embryonic oil exposure we identified perturbation of genes associated with 

the Apelin Signaling pathway and their impact on the oil-induced phenotype, as well as genes 

and pathways associated with contractility and ventricular outgrowth. The Apelin Signaling 

pathway (Muscle Contraction, Figure 2.5A) is functionally relevant for cardiac hypertrophy and 

ventricular ballooning seen in early larval fish (Qi et al. 2022), and this pathway is enriched 

among oil responsive genes at 10 dpf, 2 days prior to the dose-dependent reduction in the 

degree of ventricular ballooning (observed at 1 dph) (Figure 2.3). A troponin gene (tnnc2b) from 

this pathway was significantly differentially downregulated at medium-high dose. This gene acts 

upstream of muscle conduction (Tsedeke et al. 2021). A p53 gene (tp53i11b) from this pathway 

was differentially downregulated medium-high and high dose at 10 dpf. Reduced 

downregulation of this ortholog in humans is associated with aortic valve dysfunction (Padang 

et al. 2015). Additional down-regulated genes at 10 dpf in at least one of the medium, medium-

high and high doses include hand2 and gata5, both transcription factors that promote the 

expansion of cardiac ventricles, the latter of which functions downstream of bmp2 
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(Schoenebeck and Yelon 2007), also significantly repressed in 10 dpf embryos. hand2 and 

bmp2b zebrafish mutants have reduced cardiomyocytes and in mammals produce ventricular 

hypoplasia (McFadden et al. 2005). Finally, fgf24 is significantly differentially suppressed at the 

high dose. This fibroblast growth factor gene is believed to be functionally similar to fgf8, a 

gene in mutant zebrafish that leads to a severe reduction in cardiomyocyte production, 

particularly in ventricular tissue (Padang et al. 2015; Reifers et al. 2000). Throughout 

embryogenesis, genes perturbed by oil exposure enriched cardiac pathways associated with 

contraction and conduction. Notably, there was a trend toward a greater number of contractile 

genes becoming dysregulated as oil-exposed embryos advanced through development. This 

supports the idea that these genes are implicated in heart shape formation and a 

concentration-dependent reduction in ventricular outgrowth. 

 

 
Figure 2.6: Model summarizing the pathway for low-concentration crude oil toxicity during 

herring early development. Molecular and cellular initiating events linked (black arrow) to cardiovascular 
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system developmental perturbations following exposure to trace concentrations of crude oil during 

embryogenesis, inferred from transcriptomic responses to oil exposure at multiple timepoints during development 

(timeline in days post-fertilization indicated by gray arrow). 

  

We explored the persistent effects of crude oil exposure on larval herring heart development, 

identifying the molecular mechanisms linked to calcium signaling and contraction important for 

proper heart function and growth, and linking embryonic morphological defects to persistent 

molecular perturbations in the maturing heart. After hatching in clean seawater, and the 

metabolism and excretion of tissue PAHs, the ventricles of larval herring hearts exhibited a 

concentration-dependent reduction in growth (Figure 2.3). Cardiomyocyte proliferation is 

dependent on intracellular calcium signaling and contraction, which was likely inhibited during 

early cardiogenesis in the embryo by the bioconcentration of contaminating tissue PAHs. Two 

oil exposure levels of herring were grown out in clean seawater, no oil control treatment group 

and the medium high (105.0 ng/g) treatment group. To characterize the molecular mechanisms 

underpinning delayed ventricular ballooning, gene expression was measured at the time of the 

disrupted heart morphology assessment (Figure 2.3, day 1 post hatch). To further assess the 

persistent effects of crude oil exposure during embryogenesis, periodical sampling of larval 

transcriptomes was continued to the end of larvagenesis: 50, 64, and 78 days post-hatch (dph). 

Gene expression analysis for all larval fish was performed using weighted gene co-expression 

network analysis (WGCNA). Co-expressed gene modules that were significantly affected by oil 

exposure were functionally characterized by KEGG enrichment analysis (Figure 2.7). The 

Adrenergic Signaling in Cardiomyocytes KEGG pathway was first enriched among genes 

perturbed by oil exposure at 8 dpf, and this pathway continued to be significantly enriched 

among oil-perturbed gene modules in post hatch larval fish, underscoring the importance of 
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calcium signaling and contraction in PAH-induced cardiotoxicity (Circulatory System, Figure 2.7). 

Between 64 and 82 days after the initiation of oil exposure (50-68 dph), larva are approaching 

metamorphosis. Previous reports indicated that similarly late-stage larval herring exposed as 

embryos to 140 ng/g dose of tissue TPAHs exhibited abnormal trabeculation – the formation of 

spongy myocardium and a precursor to cardiac hypertrophy (overgrowth) (Incardona et al. 

2021). At 50 dph, but not 64 dph, an oil-perturbed gene co-expression module was enriched for 

Vascular Smooth Muscle Contraction and ECM-receptor interaction KEGG pathways (Circulatory 

System, Figure 2.7). Similar to cardiomyocytes, vascular smooth muscle contraction is initiated 

with an influx of calcium. In addition, formation of fibrotic tissue, a sign of injury to the heart, 

can result in remodeling of the heart’s extracellular matrix (Beffagna 2019). Larval herring 

approach metamorphosis into juveniles around 78 dph, the final time-point in this study. At this 

late stage, long after oil exposure, we find co-expression modules still perturbed from 

exposures that are enriched the heart-related pathway Cardiac Muscle Contraction (Circulatory 

System, Figure 2.7). Notably this pathway contains genes which regulate cardiomyocyte action 

potential, excitation-contraction coupling, and contractility in the heart. Previous studies, using 

much higher doses of crude oil (620 ng/g TPAHs), resulted in bradycardia (slow heart rate) in 

herring embryos, and reduced swim performance in juveniles (Incardona et al., 2009). The time 

series transcriptome data presented here link embryonic morphological defects from this and 

previous research to persistent molecular signals in the maturing heart, and at a fraction of the 

dose. Remarkably, the impact of a fleeting exposure during embryogenesis on cardiac function 

is supported by perturbed gene expression that persists until at least late-larval stages. This 

finding is reinforced by previous studies linking embryonic and larval exposure to reduced 
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survival and fitness in adults across fish species, including zebrafish, pink salmon and mahi 

larvae (Mager et al. 2014; Heintz 2007; Hicken et al. 2011). 

 

 
Figure 2.7: Biological function of oil-dose response genes post oil exposure. KEGG pathway 

analysis was performed on gene modules identified through WGCNA (p value <0.1) to identify functions related to 

long-term perturbation of developmental processes. The x-axis spans herring larvagenesis from post-hatch day 1 

to early juvenile stage h78, and the y-axis shows the name of the top 24 enriched KEGG pathways. The size of 

circles corresponds to the number of dose response genes with a given module (Fold Enrichment), and the 

different colors indicate significance levels (Enrichment FDR). 

  

2.4.6 The Arc of Innate Immune Development and Oil-induced changes in gene expression 
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We used a manually curated set of genes to characterize the temporal dynamics of immune 

system development and function through embryogenesis and larval stages. Within this context 

we then tested how oil exposure may perturb early life immune function. To this end we 

establish a robust framework to study innate immune system development by focusing on a 

manually curated set of 1,744 immunogenic genes and characterizing their expression from 

embryogenesis to hatch and through larvagenesis up until early stage juveniles (from 2 dpf - 90 

dpf). After characterizing the transcriptional arc of innate immune system development in 

Pacific herring, we pinpoint the modulatory impacts of PAHs on these pathways. Transcriptional 

analysis of the initiation and development of the innate immune system was determined by 

ordering genes by their peak expression across nine time-points (Figure 2.8). Samples were 

taken at four time-points after hatch to provide information about transcriptional changes up 

until when the immune system is expected to have matured (larval through to metamorphosis 

stages). The heatmap reveals two major developmental clusters representing immune system 

genes that peak in expression during embryogenesis (2-10 dpf) and those that peak after hatch 

during larval stages (1-78 dph) (Figure 2.8). Principal Component Analysis (PCA) of immune 

system gene expression also clearly distinguished embryo and larval stages (Figure 2.8, upper 

panel). The differences between early and late immune-related genes can be explained by the 

onset of hatch, as a number of critical transitions occur during embryo and larva development. 

In teleost fishes the first line of defense against invading pathogens is the physical barrier of the 

chorion. A week after shedding the protective chorion herring begin feeding, further 

intensifying interactions between the developing immune system and the environment. Among 

immune system genes with peak expression in early embryogenesis, overrepresentation 
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analysis of KEGG pathways showed the strongest enrichment at 2 and 4 dpf for the Wnt, FoxO, 

MAPK, and MTOR signaling pathways, which are non-specific multi-functional pathways 

involved in normal development and organismal growth. In contrast, among immune system 

genes with peak expression post-hatch, significantly enriched KEGG pathways include Bacterial 

Infection, MAPK Signaling, NOD-like Receptor Signaling, and the C-type Lectin Receptor 

Signaling, pointing to the emergence of the innate immune system after hatch. Together, these 

patterns suggest that much of the maturation of innate immune function occurs at hatch and 

continues into late-larval/early juvenile stage fish. 
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Figure 2.8: Innate Immune system temporal expression during herring development. Top panel 

PCA represents the variance of gene expression for the manually curated panel of innate immune genes (1,744). 

Colors represent developmental time-points for individual no-oil control samples. PC1 captures variance between 

embryos and larval fish. Bottom panel heatmap visualizes individual genes in the innate immune gene panel 

throughout development. The mean TMM was calculated from 6-8 biological replicates for no-oil controls and was 

mean-centered normalized. Rows were ordered by peak expression across nine developmental time-points. 
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2.4.7 Oil-induced changes in innate immune gene expression during embryonic and larval 

development 

Patterns of transcriptional response to PAHs point to an initial and late embryonic stage 

immune response to contaminating oil. The manually curated gene set, labeled Innate 

Immunogenic * in figure 2.5A, was significantly enriched among genes perturbed by oil 

exposure at 2 dpf and 10 dpf, bracketing early and late embryogenesis. During development 

post-hatch, co-expressed gene modules that were perturbed by oil exposure at 1 dph were 

enriched for Pathogen (Infectious Disease: Bacterial) and Immune System KEGG pathways, with 

the Immune System pathway also significantly enriched among oil-perturbed genes at 50 dph 

(late-larval stage). Genes enriched in the Innate Immunogenic pathway at 2 dpf were associated 

with Wnt and BMP signaling, and protein biogenesis, which are all implicated in growth and 

development. Interestingly, the majority of the genes enriched in the Innate Immunogenic 

pathway at 10 dpf were also associated with the cardiovascular system–particularly the Apelin 

Signaling pathway, suggesting a mechanistic link between oil-induced perturbation of cardiac 

and immune development. 

  

Much of the innate immune system oil-induced perturbation occurs at, which is coincidentally 

after oil exposure (Figure 2.8). At 1 dph genes are enriched in two parent KEGG pathways, 

Pathogen (Infectious Disease: Bacterial) and Immune System (Toll-, RIG-, and NOD-like Receptor 

Signaling, and Cytosolic DNA-sensing pathways). Immune system development is a dynamic 

process, and as early as 4 dpf, NOD-like receptor genes, map1lc3c reach peak expression in 

normally developing fish. However, as pathway enrichment analysis suggests, Toll-Rig, and 
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NOD-like receptor signaling pathways, hallmarks of innate immune function, are not fully 

developed until after hatch. While persistent molecular perturbations in cardiac genes lasted 

until at least 78 dph, the molecular immunological response to PAH exposure did not last after 

1 dph. We can speculate that this was largely due to a mismatch between the embryo oil 

exposure period (embryo) and the early larva critical window of development of innate immune 

system development. The immune system is a dynamic and highly integrated organ with the 

ability to discriminate ‘self’ and ‘non-self’, attack pathogens, and engage in organ development 

and tissue homeostasis and repair. It is becoming increasingly apparent that there is significant 

cross-talk between the innate immune and cardiovascular systems. For example, an auto-

immunological component to cardiac conduction drives some rhythm pathologies in humans 

(Lazzerini et al. 2018). Whether this cross-talk is common across vertebrates or if there is a link 

between cardiotoxicity and immunotoxicity in crude oil exposure remains largely unknown.  

 

2.4.8 Oil-induced changes in xenobiotic metabolism gene expression during embryonic and 

larval development 

We examined the induction of cytochrome P4501A and other xenobiotic response genes during 

the embryonic development of Pacific herring in response to oil exposure, finding a dose-

dependent increase in gene expression at 2-4 dpf and a varied expression of Phase 1 and 2 

genes across developmental time-points. Expression of the cyp1a enzyme is induced as part of 

a broader activation of xenobiotic metabolism pathways initiated by the binding of PAHs to the 

AHR. Induction of cyp1a in response to oil first detected as early as 2 dpf, with expression 

peaking at 4 dpf. This induction correlated with increasing PAH tissue concentrations (Figure 
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2.2). To further characterize the defensive xenobiotic response in developing herring, we 

evaluated the transcriptional changes of 34 xenobiotic response genes, including cyp1a, with a 

significant dose response during embryogenesis. The same methods were used to categorize 

this gene set into developmental time-points as was done for the Cardiogenesis and 

Immunogenic curated pathways. (Figure 2.5A, Xenobiotic Metabolism*). Overall, differentially 

expressed genes were primarily Phase1 metabolism genes (e.g., cytochrome P450s, aldehyde 

dehydrogenases) or those that control Phase 1 xenobiotic metabolism (e.g., ahrr and aip). The 

Xenobiotic Metabolism pathway was significantly enriched among genes perturbed by oil 

exposure at 2, 4, 6, and 10 dpf. Xenobiotic gene expression varied between developmental time 

points (Figure 2.9), with more genes eliciting a linear dose response to increasing 

concentrations of TPAHs in the middle (4 dpf) of embryonic development and at the same time 

that PAH uptake was rapidly increasing (Figure 2.3). By late embryogenesis (8, 10 dpf), 

xenobiotic metabolism gene induction was less pronounced, presumably as the embryo’s 

capacity to metabolize and excrete xenobiotics increases, leading to lower TPAH concentrations 

by 10 dpf (Figure 2.9). The largest set of oil-responsive genes enriched for Xenobiotic 

Metabolism* was at 2 dpf, which is very early in development and only 1 day after initiation of 

oil exposure (Figure 2.5A). Xenobiotic Metabolism* genes that were oil-responsive at 2 dpf 

were primarily composed of Phase 1 and two Phase 2 genes sulfation genes, sult6b1, sult1st6. 

Seven of the nine genes that were oil-responsive by 4 dpf are members of the cytochrome P450 

superfamily (cyp26c1, cyp1a, cyp2y3, cyp2r1, cyp1a1, cyp2g1, cyp1c1) with the two exceptions 

being aldh1a3, an aldehyde dehydrogenase, and aip, a regulator of xenobiotic metabolism. 

Xenobiotic Metabolism* genes that were oil-responsive at 6 dpf were primarily phase 2 genes: 
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three aldehyde dehydrogenases (aldh7a1, akr1a1b, aldh1a3), two methyltransferase genes 

(comtd1, hnmt) and a sulfation gene (sqor). In later embryogenesis and the final day of oil 

exposure, oil-responsive genes at 10 dpf included both phase 1 and 2 xenobiotic metabolism 

genes, and two regulators of xenobiotic metabolism, aip and ahrra. A fuller representation of 

genes in the xenobiotic pathway by 10 dpf suggests that metabolism has matured relative to 

earlier time-points. By hatch, Pacific herring have the ability to induce phase 1 and 2 enzymatic 

reactions and metabolize xenobiotics like PAHs. This results in more water-soluble metabolites 

for excretion. 

  

 
Figure 2.9: Temporal dynamics of fold change in mRNA expression for xenobiotic response 

genes. A) Heatmap of the xenobiotic response gene panel with a significant oil dose by developmental time 

interaction at five developmental time points (2, 4, 6, 8, and 10 dpf). Gene expression is normalized to within day 

controls. Within each time point concentrations of TPAHs increase from left to right. 
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2.4.9 Conclusion 

It is apparent that sublethal concentrations of PAHs cause subtle changes in heart morphology 

with potential downstream physiological consequences for cardiorespiratory performance. The 

aim of this study was to examine the short-term acute and long-term delayed toxicity of 

embryos exposed to even lower trace amounts of crude oil than have previously been 

published. To accomplish this, we focused on the developing ventricle as an exquisitely 

sensitive concentration-dependent phenotype. We systematically pinpointed genes and 

pathways involved in cardiogenesis and ventricle function from transcriptomic data, including a 

detailed time-series. We expanded the scope of oil-induced developmental toxicity by 

characterizing the modulatory impacts of PAHs on immune system functional pathways and 

identified a potential critical and largely unexplored window of innate immune development in 

Pacific herring. Finally, we detailed the full xenobiotic response to contaminating PAHs during 

herring embryogenesis. Our analysis and findings confirm that crude oil-induced cardiotoxicity 

is the canonical embryonic injury phenotype in Pacific herring. Perturbations in key cardiac-

related genes responding to trace oil levels and time-points preceding organogenesis indicate 

early embryonic oil exposure sets the stage for larval cardiotoxicity. Future oil exposure 

research should aim to bridge the understudied developmental gap at hatch between late 

embryogenesis and early larvagenesis.  
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Chapter 3 

Population contrasts in global gene expression during 

oil exposure and subsequent virus challenge 

 

3.1 Abstract 

The Pacific herring (Clupea pallasi) fishery in Prince William Sound (PWS) collapsed three years 

after the 1989 Exxon Valdez Oil Spill and has failed to rebound. While disease epizootics were 

likely major contributing factors to the PWS collapse, and possibly to the lack of recovery, 

nearby herring populations unaffected by the spill have remained relatively healthy despite the 

presence of disease vectors. This suggests that the oil spill was a contributing factor to the PWS 

collapse, perhaps through interactive effects between oil and virus. Herring larvae are 

exquisitely sensitive to contaminating crude oil, but linking the oil spill to a population-level 

collapse and lack of recovery remains controversial. Recent research into modeling multi-

stressor impacts have enriched our understanding of the complex interactions between 

ecological factors that may govern herring population dynamics. A multiple environmental 

stressor scenario where oil acted as an interactive contributor to the collapse and slow recovery 

is plausible, where oil exposure could link to delayed mortality and reduced recruitment at the 

population level. We posit that oil may have acted as a strong genotypic selective agent with 

tradeoffs on immune system function. Alternatively, sublethal embryonic exposure to oil at the 

time of the spill may have impaired immune system development and amplified later-in-life 
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susceptibility to disease in PWS herring. To test these hypotheses, we evaluated how extremely 

low levels of crude oil affects the heart and immune system in three populations of Pacific 

herring, including fish from PWS (descendants of the Exxon Valdez oil spill), a nearby reference 

population in Sitka Sound (AK) without an oil spill history, and a more geographically distant 

reference population (from Puget Sound, WA). Fish were serially exposed to crude oil as 

embryos, raised in clean seawater until metamorphosis, then challenged with viral hemorrhagic 

septicemia virus (VHSV). We measured larval cardiac morphology and analyzed global gene 

expression in the embryos during oil exposure, and examined gene expression throughout the 

subsequent virus challenge. Oil at very low doses caused impairment of cardiovascular system 

development, where the Alaska populations were more sensitive than the WA population. 

Transcriptomics provided further insight into population variation in gene expression, and 

population variation in their transcriptional response to oil. Notably, a significant set of oil-

responsive genes unique to the geographically distant Washington population were enriched 

for immunoglobulin A as well as cardiac contraction pathways. Brief embryo exposure to oil did 

not affect the lethal effects of acute VHSV exposure in later life, but populations varied in their 

molecular immune response to virus. Although populations varied in their response to oil, our 

results do not support the hypothesis of a unique evolved response to oil or virus exposure in 

PWS fish.  

 

3.2 Introduction 

Oil spills have major ecological consequences and lead to marine ecosystem disruption. The  

Exxon Valdez oil spill (EVOS) was the largest single oil spill of its time in US coastal waters, and 
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occurred about 2 weeks before the peak of herring spawning in Prince William Sound, AK (AK-P) 

(Pearson et al. 1999). This unprecedented disaster, coupled with the collapse of the fishery 

three years later, fueled research into the long-term and sublethal effects of oil on herring 

populations. Prior to the Exxon Valdez, it was thought that herring chorions acted as a physical 

barrier to the developing embryo, limiting impacts on the population from crude oil to acute 

mortalities resulting from direct contact. We now know that developing herring are vulnerable 

and highly sensitive to crude oil, and that PAHs act as developmental toxins (Cherr, Fairbairn, 

and Whitehead 2017). Furthermore, we have learned that while exposure to oil in early 

development may not be immediately fatal to herring, even vanishingly small amounts impedes 

growth and development and may have lifelong fitness consequences (Incardona et al. 2015). 

Finally, advances in modeling multi-stressors and both direct and indirect biotic interactions 

have complicated our understanding of the impacts of interactive effects on herring 

populations (Muradian et al. 2017).  

 

The causes of the AK-P herring fishery collapse remain controversial 30 years later (Pearson et 

al. 2012). Unexpectedly, the fishery declined 75% from 1993 to 1994, strongly suggesting 

external factors. In recent years, a disease epizootic has been advanced as a direct contributor 

to the collapse (Marty, Quinn, et al. 2003; Marty et al. 1998a). Additional drivers potentially 

acting in concert include poor nutrition, and over-harvesting of the fishery. At the event of the 

collapse, crude oil was no longer detectable in AK-P waters. However, the timing of the oil spill 

is conspicuous, and its role in a slow recovery of the AK-P fishery remains unexplored. Forage 

fish undergo natural fluctuations in population size over time, but the prolonged depressed 
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state is a unique feature of the AK-P herring fishery, including no large recruitment in the past 

three decades. Predator pressure, resource competition, trace exposure to lingering oil and 

continued disease cycles, similar to the epizootic that initiated the collapse, are plausible 

explanations for why the AK-P herring population has failed to recover, but the root cause is 

unknown.  

 

Pollutants can act as powerful selective agents, inducing rapid adaptation that in turn can incur 

fitness trade-offs (Whitehead et al. 2017). In particular, previous work by has shown how 

exposure to hydrocarbons, similar to those seen in crude oil, acted as a powerful selective force 

for survivorship during early development in a nearshore forage fish (Reid et al. 2016). Favored 

were genetic variants with impaired function of the aryl hydrocarbon receptor (AHR) signaling 

pathway. Normal AHR signaling interacts with immune system signaling, such that impairments 

in AHR function could come at the cost of normal immune system function. Indeed, the authors 

found evidence for subsequent selection on immune system genes in this population. We posit 

that contaminating oil in 1989, and perhaps lingering oil in subsequent years, acted as a strong 

selective agent on developing herring, with trade-offs related to impaired immune function, the 

consequences of which may have contributed to their subsequent decline and/or lack of 

recovery. We test two hypotheses 1) Oil exposure caused genotype-selective mortality, where 

surviving adults and their offspring had compromised immune function (adaptive selection 

hypothesis) thereby increasing vulnerability to epizootic disease. 2) Oil exposure during early 

life impaired fish immune system development such that adults were more susceptible to 

disease (physiological/developmental perturbation hypothesis).  
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We compared three populations so that we could distinguish the influence of neutral genetic 

drift from non-neutral processes (e.g., natural selection) that may have contributed to 

population differences, particularly for Prince William Sound fish. In addition to the population 

with an oil spill history, our focal population (AK-P), we chose two reference populations, one 

geographically nearby population (AK-S) and one geographically distant (WA-P), to assess 

variation due to neutral genetic drift (Figure 3.1). Both reference populations were without a 

history of oil spill, epizootic disease, or population collapse, allowing us to distinguish non-

neutral drivers unique to the AK-P population. In a series of laboratory-based experiments, we 

exposed herring embryos from all three populations to the same source crude oil from the 

Exxon Valdez during embryogenesis, transferred the survivors to clean water pre-hatch and 

reared them through metamorphosis to juveniles, and exposed juveniles to a viral pathogen 

that is endemic to the Pacific northwest (viral hemorrhagic septicemia virus; VHSV). Cardiotoxic 

effects of crude oil during embryo exposure occur for every fish species tested and are 

particularly well-studied in Pacific herring (Incardona et al. 2013). We quantified larval cardiac 

morphology and function (heart chamber measurements) following embryonic oil exposure, 

and compared sensitivity between populations. We then tested responses of juvenile herring to 

VHSV challenge and compared those between populations and between fish that had been 

exposed to oil or not during embryogenesis. We tracked genome-wide gene expression through 

development, and in response to embryonic oil exposure, for each population to test for 

conserved and evolutionarily diverged molecular responses to oil, cardiotoxic responses, and 

responses that would indicate perturbation of immune system development.  
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Outcomes from laboratory-based experiments will differentiate the following hypotheses and 

their alternatives and are as follows. For adaptive hypotheses, our null hypothesis is that 

population varaition in responses to oil are governed by random-neutral differentiation, in 

which case we would expect the WA population would be most distinct from the two AK 

populations. (H1.0: null expectation). Our alternative hypothesis is that natural selection 

following the EVOS oil spill and/or the VHSV epizootic caused population differentiation in 

sensitivityi to oil and/or virus, in which case we would expect the AK-P population to be most 

distinct in their responses compared to AK-S and WA fish. This scenario ties the oil spill to the 

collapse and continued susceptibility of AK-P herring to disease epizootics (H1.1 adaptive 

selection). Our second hypothesis is that oil exposure during development has persistent 

impacts on disease susceptibility in later life, where our null expectation is that embryonic 

exposure to oil has no effect on sensitivity to later-in-life VHSV challenge (H2.0 null 

expectation). If we observe a similar oil-induced response to virus challenge across all three 

populations relative to no oil controls, this would indicate that oil exposures during 

development modulate herring immune system maturation and function; this could have 

contributed to the disease-associated collapse of the AK-P fishery (H2.1: physiological impact).  

 

3.3 Methods 

3.3.1 Animal Care 

Pacific herring (Clupea pallasii) were collected near Krestof Island in Sitka Sound, Alaska (AK-S), 

Cedar Bay in Prince William Sound, Alaska (AK-P), and Cherry Point in Puget Sound, Washington 
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(WA-P) (Figure 3.1, top right panel). Collection of ripe herring by gill net occurred on April 9th for 

AK-S, April 12th for AK-P, and May 9th for WA-P in 2018. Ovaries and testes were dissected and 

stored in humidified whirl packs or petri dishes prior to transport to the Marrowstone Field 

Station (USGS Western Fisheries Research Center, Nordland, WA) for the Alaska sites and within 

an hour after transport for CP (# Females used: SS-16, PWS-11, CP-10).  

 

Fertilizations were performed in water tables at the Marrowstone Field Station as described 

elsewhere (Griffin et al., 1998). Eggs were evenly distributed onto 24 sheets of 1 mm nylon 

mesh, each of which could hold 10-20 grams of embryos. At least 5 males were used for 

fertilization and gametes were evenly distributed amongst the egg-covered sheets. Fertilized 

eggs were left undisturbed for 1 hour and then transferred to 1.2 m diameter tanks with 

filtered seawater overnight for 8-12 hours. Fertilization rates were then assessed 

microscopically and oil exposure occurred on batches with rates above 75%. For the 

experiments reported here, fertilization rates were 85%, 85%, and 96% for AK-S, AK-P, and WA-

P fish, respectively. Fertilizations were performed the day after gonad dissection for each 

population, and crude oil exposure was initiated 1 day post fertilization (dpf) and continued 

until 10 dpf. Exposures were in filtered seawater at ambient temperatures which were 9.2 ± 

0.2, 9.3 ± 0.2, and 10.8 ± 0.3°C during the AK-S, AK-P, and WA-P exposures, respectively. 

Temperature was recorded twice an hour in a downstream tank from the exposure system by a 

Hobo Water Temp Pro v2 sensor (Onset). Animal care and use was evaluated and approved by 

the Western Fisheries Research Center IACUC (protocol# 2008-51).  
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3.3.2 Oil Exposure 

Prior to exposures, Alaskan North Slope crude oil (ANSCO) was weathered by heating to 60°C in 

a water bath until the volume decreased by 10%. The exposure system (SINTEF, Trondheim, 

Norway) produced a continuous flow-through of dispersed oil droplets as described in Nordtug 

et al., (2011), which allowed for precisely controlled and highly comparable exposures for each 

population. The system consisted of 24 10-L tanks with individual flow-through of filtered 

seawater (360 µL/min flow rate) at ambient temperature and ANSCO effluent (60 µL/hr 

injection rate). ANSCO effluent entered the system through a dispersion generator that 

produced microdroplets of oil which were pumped into a 2 L reservoir that was gravity-fed to a 

series of solenoid valves which controlled the ratios of effluent to filtered seawater into the 

exposure tanks. Six concentrations were generated ranging from 0.01 (no oil) to 3.5 µg/L 

∑PAHs. Exposure experiments were conducted with four replicate exposure tanks per oil 

concentration. Fertilized eggs adhered to Nitrex sheets were distributed amongst the tanks (1 

per tank) and monitored several times daily until 10 dpf at which time oil injection stopped 

(Figure 3.1). Exposure dates for each population were 4/10/18-4/20/18 for AK-S, 4/13/18-

4/23/18 for AK-P, and 5/11/18-5/21/18 for WA-P. During the overlapping exposure days for AK-

S and AK-P (4/13/18 – 4/20/18), there were two Nitrex sheets with adhered eggs per tank. 

 

3.3.3 Analysis of PAHs  

Water samples were collected mid-water column by siphoning 100-mL into 125-mL amber 

bottles with 20 mL of dichloromethane for stabilization (HPLC-grade, Burdick & Jackson, 

Muskegon, MI). Samples were analyzed for 58 PAH analytes as described elsewhere (Sloan et 



76 

al., 2014). Briefly, samples were extracted with methylene chloride using an accelerated solvent 

extractor for tissue or separatory funnels for water samples. Highly polar compounds and lipids 

were removed from PAH extracts with silica/aluminum columns and size-exclusion high-

performance liquid chromatography, respectively. PAH separations were conducted on a 60 m 

DB-5 chromatography (GC) capillary column before detection on an electron impact mass 

spectrometer (MS) in selected-ion monitoring mode. Concentrations below the detection limit 

were reported as <LOQ (less than the limit of quantification). TPAH values were calculated from 

detected values only. For body burdens of TPAHs, four replicate pools of 100 embryos each 

were collected from each oil exposure treatment at 10 dpf and stored in 2 mL cryotubes at -

80°C. Samples were analyzed for 49 PAH analytes utilizing liquid extraction prior to normal 

phase solid phase extraction (LE-SPE) as described elsewhere (Sørensen et al., 2016) (Figure 3.1, 

bottom right panel). 

 

3.3.4 Cardiovascular Imaging 

At hatch (12-14 dpf), 20 larvae from each of four replicate tanks were immobilized with 0.01% 

MS 0.222 and mounted laterally in petri dishes with methyl cellulose or 1.5% agarose gels with 

slots molded by glass capillary tubes. Seawater was maintained between 9-11.5°C depending on 

current ambient temperature of source tanks by a microscope stage chiller. Ten second videos 

focusing on the atrium and ventricle were taken with Unibrain Fire-i400 1394 cameras (San 

Ramon, CA) at the highest magnification (6-8x) on Nikon SMZ-800 stereomicroscopes (Irvine, 

CA). BTV Pro software (Bensoftware.com) was used for imaging. Treatments were imaged 

randomly throughout an 8-hour period.   
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Heart videos were blinded for treatment and randomly analyzed for function and morphology 

using ImageJ software (NIH). Prior to measurements, video was assessed for appropriate quality 

and contrast and excluded if morphology of interest was not visible. For larvae at hatch, atrium 

and ventricle areas during systole and diastole were measured. Atrial and ventricle chamber 

areas were measured by drawing around the perimeter during systole and diastole three times 

for each embryo and larva. 

 

3.3.5 VHSV Challenge and mx1 gene expression 

Juvenile herring exposed to VHSV from all three populations (AK-S, AK-P, WA-P) were the 

survivors of embryonic exposure to oil at each of two concentrations: (un-oiled controls - 0.01 

µg/L, and medium-high oil - 1.42-1.67 µg/L). The relative susceptibilities to VHSV caused by 

each of these treatments, including a no virus control for each oil treatment, were evaluated 

using triplicate tanks, with each tank containing 70 herring. 3 mL of stock VHSV (batch 2019BB, 

titer 2.4x108 PFU/mL) were added to the treatment tanks to realize 2.66x 103 PFU/mL. Supply 

water was shut off and the air turned up during the 2 hr VHSV exposure period. Unexposed 

control treatments were exposed to an analogous volume of carrier solution in lieu of VHSV. 

VHSV tissue titer was measured from freshly dead fish (from kidney and spleen).  

 

For mx1 gene expression analysis, four replicate fish per treatment were subsampled from the 

triplicate tanks on days 0 and 5 post VHSV exposure (n= 4 per time point). Total RNA was 

extracted by homogenizing samples in TRIzol (5% v/v, ThermoFisher Scientific) and then 
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purified with an RNeasy 96 Kit (Qiagen). RNA concentrations and purities were measured 

fluorometrically using a Qubit™ RNA Broad Range kit (ThermoFisher Scientific). Superscript IV 

(Thermofisher) with oligo dt(20) primers was used to synthesize cDNA. Reverse transcriptase 

quantitative polymerase chain reaction (qPCR) was performed on a CFX96 Touch Real-Time PCR 

Detection System (BioRad) with SYBR® Green master mix (Life Technologies). Gene-specific RT-

qPCR primers were designed using Primer3 (http://bioinfo.ut.ee/primer3/) and synthesized by 

Integrated DNA Technologies, Inc. Herring-specific target sequences for primer design were 

identified by BLAST searches based on sequences from either an Atlantic haddock 

(Melanogrammus aeglefinus) embryonic transcriptome (Sørhus et al., 2017, 2016) or the coding 

region of zebrafish genes (National Center for Biotechnology Information online database). The 

herring genes identified by this approach were annotated using BLAST-based sequence 

alignments. Target (mx1) and reference genes (ef1a, mtm1, and wdtc1) were selected based on 

a lack of oil exposure treatment effect from the previously published Atlantic haddock 

embryonic and larval transcriptomes (Sørhus et al., 2017). For mx1 expression, normalized Ct 

values (dCt) and relative fold-change values were calculated using the Comparative Ct method 

using the geometric mean of the three reference genes (Schmittgen and Livak, 2008). A two-

way ANOVA using R Studio (base package; version 1.4.1717) was used to evaluate the effect of 

oil, population, virus, and all pairwise and three-way interaction terms. When significant main 

or interaction effects were detected, a Tukey’s post hoc test was used to compare means 

between treatments. 

 

3.3.6 RNA Sequencing 
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Two pools of embryos (~30 embryos per pool) were sampled from each of 4 replicate tanks per 

treatment, at 4, 6, and 10 dpf for three embryonic time-points. Pacific herring samples were 

stored at -80°C prior to homogenization using 1.4 mm ceramic beads (Genaxxon Bioscience) on 

a TissueLyser (Qiagen). Ground lysates were suspended in 200 µl of Lysis binding buffer 

(Townsley et al., 2015), incubated at room temperature for 10 minutes, centrifuged for 10 

minutes at 13,000 rpm, and the supernatant was retained. mRNA was extracted separately 

from each sample using oligo (dT) 25 beads (DYNABEADS directTM) to enrich polyadenylated 

mRNA. Strand specific RNA-seq libraries were prepared using the BRaD-seq protocol (Townsley 

et al., 2015), and used 14 cycles of PCR at the enrichment phase. Library preparations for all 

populations were identical. A random hexamer was used to prime fragments from along the 

length of the transcript:  

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNN,  

where N represents a random nucleotide (Townsley et al., 2015). Finished libraries were 

quantified using the Quant-iTTM PicoGreen dsDNA high sensitivity kit (ThermoFisher), and 

normalized to 1ng/µl. We used 2ng per library and multiplexed up to 96 samples for 

sequencing. The libraries were sequenced in 4 lanes of an Illumina HiSeq X platform (Illumina, 

Inc.), generating 10.8 million paired reads per sample. Raw reads were quality checked with 

FastQC v.0.11.5 (Andrews 2018). Low quality reads (q<20), adapters, and reads less than 25-bp 

were removed using Trimmomatic v.0.36 (Bolger et al., 2014). 

 

3.3.7 Read Mapping and Quantification 

Trimmed reads were mapped to a reference transcriptome and mapped reads quantified with 
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Salmon v 1.3.0 (Patro et al., 2017) using the reference transcriptome (section 2.3.5) as an index 

in mapping-based mode. Average mapping rate for all paired-end read samples was 70.92%. 

The length-scaled TPM function in tximport was used to sum the transcript counts to the gene 

level (Soneson et al., 2015).  

 

3.3.8 Differential Expression Analysis 

We transformed read counts to stabilize the variance so that it was independent of the mean 

(where the variance neither increases systematically nor decreases systematically), according to 

Rocke et al. (Rocke et al., 2015). This was accomplished by regressing the gene-and-treatment 

variance on the gene-and-treatment mean for all samples. Once the mean variance relationship 

was defined, we estimated a transformation to the counts for which the slope was near zero 

(0.09e-8) which, practically speaking, stabilizes the variance, and applied this transformation 

across all gene counts. Low-abundance transcripts were filtered using the function filterByExpr 

where the minimum number of counts per transcript per day per treatment was set to 35 and 

the minimum sum of counts within a treatment was 500 (Robinson and Oshlack 2010). Counts 

were further normalized using CalcNormFactors, method=TMM. Normalized RNA-seq counts by 

sample were first graphed using multidimensional scaling (MDS) to visually identify primary 

sources of variance. The 96 well plate in which the sample library was prepared was found to 

be a significant source of variance across the dataset (batch effect). Therefore, a linear model 

(lm() function in RStudio Version 1.1.463) was used to evaluate the effect of population and oil 

treatment, with plate effect as a random effect in the model: lm(Count ~ Population * Oil + (1 | 

Plate)). For each developmental stage (day post fertilization), the linear model was set up with 
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population (AK-P, AK-S, WA-P) as a factor, oil exposure as a cofactor (expressed mean total 

PAHs per dry weight at 10 dpf per treatment), while plate effect was a random effect in the 

model. All p values were corrected with the False Discovery Rate (FDR) algorithm. Using this 

output we were able to select gene lists that have a significant population effect, and/or oil 

dose effect.  

 

Differentially expressed genes in oil-exposed embryos, relative to unoiled control embryos, 

were defined as having higher or lower levels of expression (FDR <0.1). Individual genes were 

categorized across populations based on their dose-response at each time-point. This was 

achieved by calculating the slope of the regression at each in each population for genes with a 

significant oil-dose by population interaction effect (FDR<0.1), comparing a gene’s absolute 

slope values across populations, then assigning a gene to a population based on the slope with 

the greatest value (i.e., largest dose response). Limma’s function removeBatchEffect was used 

to remove the library plate effect for all visual representation of the data (Limma; Ritchie et al., 

2015). Further visualizations utilized the pheatmap package (Kolde and Kolde, 2018) in R to 

generate heat maps, the factoextra package (Kassambara and Mundt, 2020) to generate PCA 

plots, and the ggballoonplot package to generate figure 2.3A and figure 2.4.  

 

3.3.9 Functional Gene Enrichment Analysis 

Gene functional enrichment analysis was performed with ShinyGO V0.76 (Ge, Jung, and Yao 

2020) using the Gene Ontology (GO) resource, and the Kyoto Encyclopedia Genes and Genomes 
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(KEGG) pathways database. Terms with FDR-corrected p values of < 0.1 were considered 

significantly enriched within pathways. 

 

 

Figure 3.1: Map of sampling locations, experimental design schematic, and TPAH 
concentrations in embryo tissue. A) Schematic depicting experimental design showing length of exposure, 

time of hatching, and period of imaging/tissue collection/sample collecting for embryonic oil exposure and juvenile 

VHSV challenge experiments. Across all concentration gradients (Control-High dose), ANSCO was administered to 

the three populations as a continuous flow-through of dispersed oil droplets from 1 dpf - 10 dpf. Surviving fish 

from two oil treatments (Control and Medium-High) were hatched in clean seawater (~12 dpf) and grown-out 

through the juvenile stage, at which time they were exposed to either VHSV or no virus control.  B) Map of 

sampling locations in Southern Alaska and Puget Sound of the three populations (AK-P Prince William Sound, AK-S 

Sitka Sound, WA-P Puget Sound). C) Embryo concentrations of TPAHs of ANSCO measured at the end of the 

exposure period (10 dpf) for each population (AK-P, AK-S, WA-P). Data is presented as mean ± SEM (n=4). 

 

3.4 Results 

3.4.1 Patterns of population variation 

Individuals for this study were collected from Prince William Sound, AK, Sitka Sound, AK, and 

Puget Sound, WA, AK-P, AK-S, WA-P, respectively. Moderate population genetic structure exists 

between representative samples from the Alaska populations and geographically distant 
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Washington population. Pairwise FST was calculated using low-coverage (~1.5x) whole genome 

sequence data collected from ~50 individuals from each of the three focal populations 

(unpublished data). The FST between the two Alaska populations (AK-S vs AK-P= 0.0084) was 

lower than FST between Washington and each of the Alaska populations (WA-P vs AK-P = 

0.0108, WA-P vs AK-S = 0.0096). This pattern of genetic differentiation is consistent with 

isolation by distance, where the more geographically isolated population (Washington) was 

more genetically distinct. This pattern of presumably neutral genetic variation sets the context 

for our null expectation of population variation in other traits (e.g., molecular and physiological 

responses to oil). If traits of the Alaska populations are more similar to each other than 

compared to the WA population, this would be consistent with neutral expectations. In 

contrast, if for example traits of the AK-P population are most different from the other two 

populations, then this would reject neutral expectations. The pattern for genes that vary in 

expression among populations (excluding genes that show an oil treatment effect) highlights 

WA-P as an outlier, consistent with our null expectation, which is to be expected since the 

majority of gene expression variation is predicted to evolve by random-neutral processes 

(Figure 3.2 and Figure 3.4, right panel) (Whitehead and Crawford 2006). In the absence of key 

external stressors of oil and pathogens, we establish a null hypothesis, that of neutral genetic 

drift, as the main driver of variation in gene expression among these populations. Under this 

hypothesis, we would expect the AK-P and AK-S populations to also be most similar for traits 

such as sensitivity to oil exposure and virus challenge, including the underlying molecular 

responses. 
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Figure 3.2: Population variation in gene expression. Principal Components Analysis represents the 

variation in population specific gene expression for genes significant for a main effect of population (FDR<0.001), 

excluding genes with a main effect of oil and a significant oil x population interaction effect (FDR>0.1). Circles 

represent treatment means for 10 dpf samples, and colors represent population assignment. PC1 discriminates 

transcriptional variation between the two Alaska populations (AK-P, AK-S; purple and orange, respectively) and the 

Washington population (WA-P; blue).  

 

3.4.2 Oil exposure effects on developing heart morphology 

Cardiovascular morphology was assessed at hatch, several days after oil exposure had 

terminated. At this stage, the atrium is superior to the ventricle along the midline and the 

ventricle is beginning to balloon or extend posteriorly (see Figure 3.3 inset for depiction). 

Embryonic crude oil exposure caused concentration-dependent changes to cardiac morphology, 

most conspicuously on the size of the posterior ventricular outgrowth (PVO). These effects 

mirror those detected at a similar TPAH dose range (Incardona et al. 2021), but varied by source 
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population. WA-P larvae were the least affected by embryonic exposure with a lowest observed 

effect concentration (LOEC) on PVO area of 153.1 ng/g TPAHs (high dose) in comparison to AK-P 

and AK-S larvae (64.5 ng/g TPAH and 67.8 ng/g TPAH, both medium doses, respectively) (Figure 

3.3). Development of ventricular ballooning was highly sensitive to crude oil exposure, 

particularly for AK-P and AK-S larvae which experienced 20 and 16% decreases in PVO areas, 

respectively, at the 0.53 µg/L TPAH aqueous concentration (medium dose). Overall, the Alaska 

populations (AK-P and AK-S) show similarly elevated sensitivity to oil-induced cardiotoxicity 

compared to the Washington population (WA-P). 

 

 

Figure 3.3: Posterior ventricular outgrowth (PVO) area at hatch, indicative of ventricular 
ballooning, in response to embryonic oil exposure for Sitka Sound (AK-S), Prince William 
Sound (AK-P), and Washington (WA-P) larvae. Oil effect by population (Pop) is depicted in a table within 

the figure (significant oil effect if p<0.05). PVO area varied by population (p<0.0001) and an interaction between 

population and oil (p<0.0001). Linear regression outcomes for dose response are depicted in a table within the 

figure. Points outlined in red indicate a significant difference (p<0.05) from the control (Tukey’s post-hoc). Data are 

presented as mean ± SEM (n=20 larvae/4 tanks). The inset depicts the PVO within the context of a Pacific herring 

atrium (A), ventricle (V), atrioventricular valve (AV), and bulbous arteriosus (BA). 
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3.4.3 Gene expression: conserved population response to oil 

Genome-wide whole animal transcriptome profiling is important for uncovering molecular 

mechanisms underlying the long-term impacts to herring health and fitness from embryonic 

exposure to crude oil. We first isolate the genes responsive to oil doses that are common across 

populations to provide insight into conserved core mechanisms. The number of genes involved 

in a conserved dose response to embryonic oil exposure across source populations increased 

with dose and time. The number of genes showing a transcriptional response in the herring 

embryo increased with dose, and increased from early to later developmental days. The 

number of genes showing a dose-response at 4 dpf, 6 dpf, and 10 dpf was 16, 19, and 1695, 

respectively (FDR<0.1) (Figure 3.4, left panel). At 4 dpf, genes that are differentially regulated 

during oil exposure were enriched for the KEGG pathway Metabolism of Xenobiotics by 

Cytochrome P450 (KEGG Enrichment FDR: 0.003, Fold Enrichment: 6.2), which contained 

cyp1a1, cyp1b1, and ugt1b5. cyp1a1 is a widely used biomarker for phase 1 xenobiotic 

metabolism, including PAHs. Like cyp1a1, cyp1b1 also belongs to the phase 1 family of 

xenobiotic genes. ugt1b5 encodes a phase 2 enzyme. As expected, these genes, as well as two 

additional xenobiotic metabolism genes (cyp1c1 and cyp1a2), were induced for both oil 

exposure levels (Medium Low, Medium High). The conserved oil dose response at day 6 was 

largely characterized by an upregulated transcriptional response of a battery of xenobiotic 

response genes including, cyp1a, cyp1a1, cyp1a2, cyp1c1, cyp1b1, ahrra, ugt1b5, and sult6b1 

the latter of which is a newly recognized sulfotransferase involved in benz(a)anthracene 

metabolism. The dose response at 10 dpf is characterized by significantly greater transcriptional 

perturbation (1695 genes) than earlier time-points. The 1695 genes with a conserved oil dose 
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response were divided into up- and down-regulated genes (726 and 696, respectively) for 

functional enrichment analysis. There was no significant enrichment of KEGG pathways in 10 

dpf induced genes. Endocytosis, however, was significantly enriched in genes with reduced 

expression relative to controls (KEGG Enrichment FDR: 0.004, Fold Enrichment: 1.3). The 

endocytosis pathway is responsible for the transport of exogenous nutrients, proteins and 

ligands into the cytoplasm. Additional key upregulate genes remain those involved in xenobiotic 

metabolism (cyp1a1, cyp1a2, cyp1c1, cyp1b1, cyp39a1, ahrra, ugt1a1, ugt1b5, and sult6b1).  

 

A targeted analysis of oil-induced transcriptional response explored cardiac-related differential 

gene expression. A manually curated gene-set was selected for its involvement in heart 

development, function, and injury-repair response (Cardiogenesis panel). Enrichment analysis 

was conducted on those genes with a significant dose-response for each developmental time-

point (conserved oil response and unique oil response). Among the genes with a conserved 

dose response across all populations at 4 and 6 dpf, none of the genes from the Cardiogenesis 

panel were present. Among genes significant for a conserved dose response at 10 dpf, 31 

belonged the Cardiogenesis panel. However, Cardiogenesis was not statistically significantly 

enriched at 10 dpf. This gene panel, however, was significantly enriched at 6 dpf for genes with 

a population-dependent response to oil exposure (p= 0.07, fold enrichment= 1.75). 

 

3.4.4 Gene Expression: Population-Specific Response to Oil 

Differences in gene expression in response to oil exposure distinguish the Washington from 
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Alaska populations (Figure 3.4 middle panel). In contrast to the conserved response to oil 

exposure among the population, more genes showed a population-dependent response to oil 

exposure at earlier time-points (4 dpf) relative to later developmental time-points (6, 10 dpf). 

To find which genes are unique to each population, we correlated expression patterns across oil 

doses for each gene. WA-P contains the most genes with a unique dose response relative to the 

two Alaska populations (AK-P, AK-S) at every time-point (4 dpf: 91%, 6 dpf: 80%, 10 dpf: 74%). 

Functional enrichment analysis was used to identify molecular mechanisms that distinguish the 

molecular response of the Washington population from the Alaska populations. The Intestinal 

Immune Network for IgA Production pathway is significantly enriched for the WA-P specific 

dose-response at 4 dpf (KEGG Enrichment FDR: 0.03, Fold Enrichment: 11.19). Immunoglobulins 

are abundant in the fish mucosal system, acting as a first line of defense against disease 

(Mashoof and Criscitiello 2016). To gain further insights into the Washington population’s 

response to oil we used the Enrichr database for functional enrichment analysis (Kuleshov et al. 

2016) (FishEnrichr; Phenotype AutoRIF Predicted Z score). We found that the Cardiac muscle 

cell action potential pathway was enriched among population-dependent oil-responsive genes  

at 4 dpf (Phenotype.AutoRIF.Predicted FDR: 0.04, Fold Enrichment: 3.5; 13 genes). These early 

developmental cardiac genes were all down-regulated by oil exposure in the medium-high dose 

in the WA-P population. In contrast, only a minority of these genes were down-regulated at 

medium-high dose in both Alaskan populations. The KEGG Cardiac muscle contraction pathway 

was enriched among population-dependent oil-responsive genes at 6 dpf (Enrichment FDR: 

0.07, Fold Enrichment: 7.36). Expression of genes in this pathway were all down-regulated at 

the high dose in the Washington population. Enrichr identified the same pathway, Cardiac 
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muscle cell action potential, as significantly enriched among population-dependent oil-

responsive genes at day 4 and the same set of 14 genes within this pathway were all down-

regulated at the high dose in WA-P. (Phenotype.AutoRIF.Predicted FDR: 0.04, Fold Enrichment: 

3.6). No significant pathways at 10 dpf were enriched for the WA-P unique oil dose-response. 

Overall, these patterns cannot reject the null hypothesis that random-neutral drift is 

responsible for population variation in their response to oil.  

 

Expression patterns of population-dependent oil responsive genes from in the manually 

curated Cardiogenesis panel were correlated among the two Alaska populations (AK-P, -S) with 

WA-P as an outlier. This agrees with the larger set of genes significant for a population-

dependent oil response (Figure 3.4). Furthermore, all nine genes (tpm4a, actc1c, actr3, ednraa, 

myl4, cxcl12b, tpm1, tpm3, cxcl12a) enriching the Cardiogenesis panel at 6 dpf were down-

regulated at every oil level relative to controls (with the exception of cxcl12b, which was down-

regulated at the highest dose only). 
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Figure 3.4: Fold change in gene expression for left panel) genes with a conserved dose 

response across populations, middle panel) genes with a significant dose by population 

interaction, and right panel) population variation (asterisk indicates this panel excludes genes 

with a dose response or interaction) at three developmental time-points (4, 6, 10 dpf) for 

three Pacific herring populations (WA-P, AK-P, AK-S). For each heatmap, the concentration of TPAHs 

increases from left to right, with only two doses (medium-low and medium-high) shown for 4 dpf. The mean 

trimmed mean of M values (TMM) was calculated from 6-8 biological replicates and was mean-centered 

normalized (yellow is upregulated, teal is downregulated). FDR was set to <0.1 for A and B and <0.001 for C.  

 

3.4.5 Gene Expression: analysis of immune system pathways 

Similar to the cardiac gene panel, a manually curated gene-set was selected for involvement in 

innate immune development and function. There was no enrichment of genes belonging to the 

manually curated Immunogenic panel with a significant dose response conserved across all 
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populations during the first two timepoints (4 dpf and 6 dpf). There were 173 Immunogenic 

panel genes with a conserved dose response at 10 dpf, the final day of oil exposure and 3 days 

prior to hatch. However, similar to the Cardiogenesis gene panel the Immunogenic gene panel 

was not enriched in genes showing a conserved response to oil exposure. For the population-

dependent response to oil exposure, every developmental time-point contained genes from the 

Immunogenic gene panel, with an increasing abundance of genes as embryogenesis progressed 

(4,6,10 dpf). However, only at 6 dpf were Immunogenic panel genes significantly enriched (p= 

0.03, fold enrichment= +1.37, N = 37 genes). WA-P had a unique expression profile for 89% of 

the genes in this list relative to the two Alaska populations, two of which, cxcl12a and arf2b, 

were also unique to WA-P at 4 dpf, linking the two time-points.  
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Figure 3.5: Gene expression of cardiac pathways and immune system panel. Heatmap visualizes 

genes enriching the manually curated cardiac and innate immune system gene panels at 6 dpf. Hypergeometric 

means testing was used to determine enrichment for manually curated gene panels. 6 dpf was the only time-point 

reaching statistical significance (p= 0.03, fold enrichment= +1.37). Days 4 and 10 were not significant and are not 

shown.  

 

3.4.6 Effects of Embryonic Oil Exposure on Sensitivity to Virus Challenge 

Pacific herring were similarly susceptible to VHSV across populations and oil doses measured by 

viral shedding and viral persistence (data not shown), and cumulative mortality (Figure 3.6). 

Cumulative mortalities were significantly greater in all populations and treatments that were 

VHSV-challenged relative to no virus controls (Figure 3.6 A, B, and C). Additionally, populations 
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previously exposed as embryos to oil did not differ in cumulative mortality as juveniles during 

virus challenge (Figure 3.6D). Among controls (no virus), VSHV was not isolated from spleen and 

viral shedding was not detected (data not shown). 

  

Quantitative expression of mx1, an interferon-inducible viral response gene, significantly 

distinguishes the Washington population (WA-P) from the 2 Alaskan populations (AK-P, AK-S). 

This pattern of population varaition is consistent with random-neutral expectations (Figure 3.6). 

The induction of the mx1 gene has previously been closely associated with VHSV-exposed 

Pacific herring (Hershberger et al. 2013), and is an biological indicator of virus infection. In our 

experiments, mx1 expression was significantly upregulated in the WA-P population in both the 

oil and no-oil treatment groups during VHSV challenge relative to the pre-virus control 

treatment group (two-way ANOVA effect of virus only p<0.0001), demonstrating that 

embryonic oil exposure had no effect on mx1 expression during juvenile VHSV exposure for the 

WA-P population (Figure 3.6E). While mx1 was upregulated in the oil-virus treatment group for 

the Alaskan populations (AK-P, AK-S), mx1 was not induced in virus challenged fish in the 

unoiled exposure group (no oil-virus). This indicates that oil imposed a mediating effect on mx1 

expression during VHSV exposure in the Alaska populations only (two-way ANOVA effect of 

virus, oil, and virus-oil interaction p<0.0001). This suggests population variation in immune 

responses to VHSV exposure, but where those differences do not manifest as variable 

sensitivity to acute virus-induced mortality. 
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Figure 3.6: Survival of VHSV challenged juvenile Pacific herring, with and without embryonic 
exposure to oil. 
 A) AK-P, B) AK-S, and C) WA-P populations. D) Comparison of survival curves among populations. We only include 

the respective oil + virus treatments for each population. Bars indicate standard deviation. Data represent 

percentages corresponding to the means of arcsine-transformed proportions from triplicate treatment tanks. 

There were no significant differences between day 20 means between oil and no oil virus challenged fish (Tukey’s 

HSD). E) Fold change in myxovirus (Influenza) Resistance Dynamin Like GTPase 1 (mx1) gene expression of herring 

juveniles for 3 populations, AK-P, AK-S, WA-P before and after VHSV exposure. Data represents mean fold-change 

relative to controls normalized to the geometric mean of three reference genes (See Methods). On the x-axes, pre-

virus represents no virus control samples and post-virus represents virus exposed samples. Virus exposed samples 

were taken at experimental day 5 to measure a viral response before significant mortalities began. Left and right 

panels show no oil and oil exposure groups, respectively, before and during virus exposure. Significant differences 

(p<0.05) between populations after ANOVA and Tukey’s post hoc analysis is indicated by an asterisk (n=4).  
 

3.5 Discussion 
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The causes of the Prince William Sound Pacific herring fishery collapse in 1993-1994 remain 

controversial, and the reasons for their lack of recovery remain a mystery. The Exxon Valdez oil 

spill occurred three to four years prior to the collapse. While contaminating crude oil from the 

Exxon Valdez spill was largely absent from surface waters at the time of the collapse, the 

coincidence of events is conspicuous. Disease epizootics likely contributed to the collapse, and 

subsequent recurring outbreaks may be reasons for the lack of recovery (Marty 2008). Notably, 

closely related populations outside of AK-P were unaffected by the oil spill and did not 

experience a dramatic population decline at the time despite the presence of virus. We tested 

hypotheses about mechanistic connections between oil exposure and disease susceptibility, 

and whether these impacts may have resulted in evolutionary outcomes.  

 

We designed experiments to test two hypotheses and their alternatives. Our first hypothesis 

was Adaptive selection. If adaptive selection happened then we would predict that oil exposure 

caused genotype-selective mortality, where surviving adults and their offspring had 

compromised immune function. We found no unique difference in the AK-P population’s 

response to embryonic oil exposure and/or pathogen challenge relative to the two reference 

populations. We identified, however, variation among populations and in population response 

to oil that is consistent with random-neutral drift. Virus titers and mortality curves were similar 

across populations. However, the molecular immune response to virus infection varied among 

populations, again in a pattern that was consistent with random-neutral drift. We therefore 

conclude that the effect of divergent genetic background, as a function of random-neutral drift 
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caused by isolation-by-distance, accounts for population differences in sensitivity to oil, and the 

molecular responses that underlie them.  

  

Our second hypothesis was Physiological impact. If oil exposure perturbed immune system 

development and function, then we would predict that oil exposure during early life impaired 

fish immune system development such that adults were more susceptible to disease. We found 

that exposure to crude oil during early embryogenesis does not compromise the ability of 

juveiles to survive VHSV exposure, and that populations were equally susceptible VHSV-induced 

mortality. However, since much of the immune system develops and matures after hatch, and 

oil exposures were confined to pre-hatch, it is plausible that oil exposure after hatch may 

perturb immune system development in ways that we could not detect. Additional studies, 

including additional windows of exposure during critical developmental periods, are necessary 

to fully test our oil-immune interaction hypothesis. 

 

3.5.1 Patterns of population variation 

The general patterns of population variation represented in Figure 3.2 is consistent with 

random neutral divergence caused by isolation-by-distance. Under a neutral drift model, the 

variation in a trait should be more similar among closely related populations than among more 

distantly related ones (Orr and Allen Orr 1998; Whitehead and Crawford 2006). The 

comparative population approach used here to identify oil-dose response genes depends on 

first accounting for the variation of neutral genetic drift apparent between geographically 

nearby and more distant populations. If population differences in traits are caused by random-
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neutral drift, then we would expect that the geographically most distant population (WA-P in 

our experiment) would be most different. Alternatively, if environmental changes in PWS have 

driven evolved differences through natural selection, then we would expect traits of AK-P fish 

to differ relative to the two reference populations (AK-S and WA-P). We found that the two 

Alaska populations were most similar in their sensitivity to oil and virus exposure and the WA-P 

population was most different. We therefore conclude that EVOS oil-induced natural selection 

did not account for population variation in the traits that we measured.  

 

3.5.2 Dose response heart morphometrics 

To test the hypothesis of oil spill-induced natural selection in the AK-P population, we 

measured population variation in the developing heart, the canonical target of oil-induced 

injury in fish embryos. While embryos from AK-S, AK-P and WA-P all experienced cardiotoxicity 

in response to embryonic oil exposure, the severity of this toxicity differed. In accord with our 

null hypothesis (neutral drift) the Alaska populations (AK-P and AK-S) were most similar in their 

response to oil, and the Washington population (WA-P) most distinct. In addition to a similar 

response to oil exposure, the Alaska populations as a group were more sensitive to TPAHs, 

while the Washington population was relatively unaffected at similar doses (Figure 3.3). Within 

the Alaska populations, AK-P larvae exhibited a concentration-dependent oil-induced reduction 

in outgrowth of the posterior ventricle (Figure 3.3). Similar cardiotoxicity outcomes in response 

to similar oil concentration ranges has been observed in other studies (Incardona et al. 2021). 

The oil exposure levels used in our experiments were comparatively low relative to previous 

studies, and the heart injury phenotype observed here was mild for all populations, especially 
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WA-P. However, the concentration-dependent reduction in posterior ventricle outgrowth 

(particularly evident in the Alaska populations) has been shown to result in pathological 

remodeling of the ventricle and reduced cardiac performance in juveniles (Incardona et al. 

2021). Our experimental design does not distinguish between neutral genetic drift and local 

adaptation in the Washington population as an explanation for its distinctive response.  

 

3.5.3 Gene expression: conserved population response to oil 

We extend the conventional indicators of abnormal heart development in early life stage 

herring following embryonic oil exposure to developmental patterns of genome-wide gene 

expression. Oil-perturbed gene expression and functional pathways can complement traditional 

injury assessments in the aftermath of oil spills, particularly in fish that appear grossly normal 

after exposure to sub-lethal doses of oil. Genes and pathways with a shared dose-dependent 

response to PAHs can even prove to be more sensitive diagnostic markers for embryonic oil-

induced injury than morphometric or physiological endpoints that tend to be difficult to 

measure (Edmunds et al. 2015). Even at the trace levels of oil used in this study, a conserved 

response to oil exposure was measured at the earliest developmental time-point for 27 genes. 

Gene expression varied between developmental time points, with more genes eliciting a 

conserved dose response to increasing concentrations of TPAHs across populations in late (10 

dpf) than early (4, 6 dpf) embryogenesis. Early developmental time-points (4, 6 dpf) were 

characterized by an upregulated set xenobiotic metabolism genes. However, at 10 dpf, genes 

enriched in the Endocytosis pathway were down-regulated. Endocytic subcellular organelles 

shuttle ligands and nutrients across the cell membrane and into intracellular compartments. 
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The enrichment of this pathway for downregulated genes could indicate that PAH metabolism 

is not as prevalent as in earlier time-points. At 4 dpf, the xenobiotic response is most prevalent, 

as PAHs accumulate and the development of metabolic capacity increases, leading to lower 

levels of PAH body burdens by 10 dpf. This is further supported by the 10 dpf specific induction 

of aryl-hydrocarbon receptor repressor (ahrra), a negative regulator of the AHR transcription 

factor in xenobiotic metabolism (Jenny et al. 2009).  

 

3.5.4 Gene expression: population-specific response to oil 

The reduced sensitivity to concentration-dependent ventricle outgrowth distinguishes the 

geographically distant and genetically distinct Washington population from the two Alaska 

populations. This distinction was reflected in genes significant for a population-by-dose 

response interaction effect (referred to here as population-specific dose response genes) where 

WA-P had more perturbed genes with higher fold change than both Alaska populations. In 

contrast to conserved dose-response genes, more genes elicited a dose-response earlier rather 

than later, at 4 dpf relative to 6 and 10 dpf. It appears that population transcriptional variation 

in response to oil converges over developmental time. This would also explain why there are 

relatively more conserved dose-response genes in late embryogenesis. It is clear from Figure 

3.4, middle panel, that the WA-P population is remarkably different from the Alaska 

populations in their dose response across all developmental time-points. Correlated gene 

expression between populations confirms that WA-P is an outlier in its dose-response relative 

to the Alaska populations throughout embryogenesis. Intriguingly, the Intestinal Immune 



100 

Network for IgA Production pathway is significantly enriched for the WA-P specific dose-

response at 4 dpf (KEGG Enrichment FDR: 0.03, Fold Enrichment: 11.19). At 4 dpf, herring are 

not feeding nor do they have a digestive system. However, immunoglobulin A plays a dominant 

role in mucosal immunity in fish, functioning as a neutralizing antibody on mucosal surfaces for 

toxins and viruses (Mashoof and Criscitiello 2016). WA-P is further distinguished from the two 

Alaska populations at 6 dpf by a unique set of oil-responsive genes significantly enriched for the 

KEGG Cardiac Muscle Contraction pathway, including three tropomyosin genes, tpm1, tpm3, 

and tpm4a, (Enrichment FDR: 0.07, Fold Enrichment: 5.59). Expression patterns varied across 

populations but all three genes were consistently downregulated across doses in WA-P. All 

three tropomyosins play a critical role in heart development. For example, tpm1 knock-down in 

zebrafish causes ventricular trabeculae formation, increased apoptosis, and disrupted action 

potentials (Shih et al. 2015; England et al. 2017). Fewer genes had a significant population-

dependent dose response at 10 dpf, and no pathways were significantly enriched for 

population-dependent oil-responsive genes at 10 dpf. These results suggest that the 

mechanism of reduced sensitivity to oil-induced cardiotoxicity in WA-P herring is related to 

increased resilience of their cardiac developmental pathways following exposures. 

Overall, the outlier status of the WA-P population suggests neutral drift accounts for most of 

the population specific variation in response to embryonic oil exposure throughout 

embryogenesis. However, this does not rule out variation in gene expression resulting from 

natural selection in the Puget Sound WA region. While we cannot directly test for local 

adaptation in this population, given the nature of our population contrasts, it is intriguing to 

note that the WA-P samples (gametes) used in this study come from an historically distressed 
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stock located near Cherry Point in northern Puget Sound, WA. Cherry Point in Puget Sound is 

genetically distinct from other Washington herring, as well as from nearby British Columbia 

herring, and recruitment in this stock has fallen to extremely low levels since 1993, similar to 

AK-P (Kurt et al. 2012). Herring spawning success in these habitats is subject to environmental 

quality including hydrocarbons from vehicle combustion emissions and urban runoff. It is 

plausible that WA-P (Cherry Point) fish have a distinct xenobiotic metabolism physiology 

relative to the Alaska populations, so the opportunity to incur heart injury after PAH exposure is 

reduced and therefore protective.  

 

3.5.5 Manually curated gene panels 

We manually curated two genes panels to lend molecular support to physiological targets of oil 

injury. Genes included in the manually curated Cardiogenesis panel were selected for their 

involvement in heart development, function, or injury-repair response, likely underlying oil-

induced heart injury in developing fish. We also curated a set of genes involved in innate 

immune system development and function. We hypothesized that early life exposure to oil 

impacts immune system development that would persist to affect later-life immune function, 

which may affect sensitivity to disease. This would provide a link between the EVOS oil spill and 

later VHSV-associated population collapse in PWS. These manually curated gene panel were not 

significantly enriched for genes with a population-conserved response to oil throughout 

embryogenesis. As is evident from figure 3.2, left panel, the few genes with a conserved dose 

response at 4 and 6 dpf were mostly those involved in the xenobiotic response. There was also 
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no enrichment of panel genes among those genes showing a conserved oil response at 10 dpf. 

However, the much larger subset of 10 dpf conserved dose response genes were enriched a 

single KEGG pathway, Endocytosis. In contrast, genes with a population-dependent response to 

oil exposure were significantly enriched in both gene panels at 6 dpf. As expected, for a 

majority of these genes, their expression patterns distinguished Washington fish from the two 

Alaska populations.  

 

For the Cardiogenesis gene panel at 6 dpf, with the exception of cxcl12b which was 

downregulated at high dose only, every gene was down-regulated at every oil level relative to 

controls for WA-P. In contrast, gene expression was either slightly upregulated (AK-P) across 

most doses or slightly downregulated (AK-S). The long-term effect of oil induced cardiotoxicity 

visibly present in herring embryos results in an initial stage of reduced ventricle size (Incardona 

et al. 2021). During later larval stages pathological remodeling of the heart in these affected fish 

leads to ventricular hypertrophy, a relative increase in cardiomyocyte number and size 

(Incardona et al. 2021). If genes involved in cardiomyocyte proliferation are down-regulated in 

the WA-P population beginning in early embryogenesis, one may speculate that this may 

contribute to reduced oil-induced hypertrophy in those fish.  

 

The immunogenic manually curated gene panel was enriched among population-dependent oil 

responsive genes at 6 dpf only. For the majority of these genes, WA-P showed a markedly 
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unique expression pattern relative to the two Alaska populations with a majority of genes for 

this population down-regulated across a majority of the doses.  

 

3.5.6 Oil dose response virus challenge 

The role of AhR in mediating immune function is well established. It has been demonstrated 

that AhR ligands, including environmental toxicants, bind AHR and alter both adaptive and 

innate immune development and function (Song et al. 2020; Quintana 2013). Impairments in 

AHR function could come at the cost of normal immune system function. Exposure to the 1989 

Exxon Valdez oil spill could have been a strong selective force on the WA-P population. We 

tested responses to pathogen challenged juvenile herring for all three populations across two 

oil levels (medium-low and high) and no oil controls. All three populations were similarly 

susceptible to VHSV exposure across all measurements. Notably, unlike heart morphometrics 

and molecular indicators of cardiotoxicity, WA-P did not exhibit increased sensitivity to immune 

challenge from VHSV relative to the Alaska populations (Figure 3.6D). This suggests that 

population variation in historical exposure to oil or virus dose not affect sensitivity to VHSV 

mortality, nor does variation in genetic background. Additionally, oil exposure during early 

embryogenesis did not affect cumulative mortality to VHSV exposure as juveniles (Figure 3.6A, 

B, C). We are cautious to conclude that oil exposure during early life does not affect later-life 

sensitivity to pathogens. This is because our window of exposure was prior to much immune 

system development, such that exposures during other periods of immune system 

development could be consequential for later disease susceptibility. Furthermore, we tested for 
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only innate immune responses, where adaptive immune responses could have been modulated 

by oil exposure. And we tested only acute mortality in response to one pathogen, where other 

aspects of sensitivity, and in response to other pathogens, could be perturbed by oil.  Further 

experiments are necessary to fully explore the hypothesis that early life exposure to oil may 

affect later-life sensitivity to disease.  

 

Expression of the mx1 gene, an interferon-inducible viral response gene (Hershberger et al. 

2013), was different between the WA-P population compared to the two Alaskan populations. 

This pattern of population variation is consistent with the influence of random-neutral genetic 

drift caused by isolation-by-distance (Figure 3.6E), though we cannot rule out the influence of 

natural selection driving this divergence in the Washington population. Independent of 

previous oil exposure, WA-P, relative to both Alaska populations, is uniquely responsive to virus 

infection as measured by mx1 expression. While this did not translate into decreased mortality 

for the WA-P population, we can speculate that a less virulent pathogen than VHSV may result 

in increased survivorship curves for WA-P. The mediating effect of embryonic oil exposure on 

mx1 expression in the Alaska populations alone suggests that they have immune systems 

uniquely sensitive to contaminating PAHs. Additionally, why mx1 was not induced by virus in 

these populations for fish that hadn’t been exposed to oil in early life (control treatment group) 

is unclear. mx1 induction is a reliable marker for virus exposure in Pacific herring (Hershberger 

et al. 2013). However, this is the first time to our knowledge that fish from Prince William 

Sound, AK, and Sitka Sound, AK, have been used in such a study. Additional studies that 

examine a detailed time-course of mx1 expression following virus challenge may provide 
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additional insights about population differences in immune response dynamics.  

 

In summary, these results demonstrate that random neutral genetic drift caused by isolation-

by-distance contributes to population variation in sensitivity to oil, and the molecular response 

to oil exposure, in Pacific herring. Oil at very low doses causes cardiac impairment in fish, where 

Alaska populations are more sensitive than fish from Washington. The key mechanism 

distinguishing Alaska from the Washington populations is a greater sensitivity to oil-induced 

perturbations of ventricular ballooning during embryogenesis. However, brief embryo oil 

exposure does not modulate the lethal effects of acute VHSV exposure. Populations are equally 

sensitive to lethal effects of VHSV, but, virus-induced expression of mx1, a marker of innate 

immune response, does differ between populations, as does the modulating effect of early life 

oil exposure. This indicates that oil may have a subtle immunomodulatory effects in the Alaska 

populations. Shifting the window of oil exposure to later in development may perturb key 

immune developmental pathways that would in turn impact the immune response to disease in 

Pacific herring. To test this future studies could shift the oil exposure window to larvagenesis 

followed by VHSV challenge. Furthermore, a similar experimental design, instead focusing on 

the WA-P population, would be useful in determining whether their unique response to oil is 

the result of random genetic drift or natural selection.  
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