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Chemical contaminants in estuaries may interfere with an organism’s ability to ward 
against parasites and disease which can shape patterns of genetic diversity in populations, 
including at the Major Histocompatibility Complex (MHC) which helps recognize 
foreign pathogens. Here, we examine genetic variation in the MHC, in microsatellite 
repeats, and in mitochondrial control region (D-Loop) sequences to assess relationships 
between a tumor-causing pathogen known as X-cell disease, juvenile English sole 
(Parophrys vetulus), and contaminants in the San Francisco Estuary (SFE), CA. 
Functional molecular analysis was used to compare fish regionally and by infection 
status. Supertypes analysis showed no difference in supertype distributions regionally or 
by infection status, nor was there evidence of differentiation at microsatellite loci and D- 
loop. These results suggest contaminant distributions may be more fine-grained than 
patterns of English sole movement in SF Bay, possibly explaining the incidence of 
tumorous individuals throughout the bay.

I certify that the Abstract is a correct representation of the content of this thesis.
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Introduction

Estuaries are important nursery grounds for fish although they are often heavily 

altered by anthropogenic effects such as habitat loss and pollution (Nichols et al 1986, 

Boehlert and Mundy 1988, Lotze et al 2006). Juvenile fish are particularly vulnerable to 

contamination (Arkoosh et al 1998, Arkoohs et al 2001, Moles and Norcross 1998). Non- 

lethal contamination effects range from chronic physiological stress to adaptive 

evolutionary responses such as genetic and allelic differences (Moles and Norcross 1998, 

Meyer et al 2003, Guinand et al 2013, Nacci et al 1999, Nacci et al 2002). Pollution can 

work in tandem with selective forces such as parasites and disease to shape fish 

population variation (Arkoosh et al 1998, Arkoosh et al 2001, Cohen 2002, Cohen et al 

2006, Nacci et al 2009). Longer-term impacts of pollution and disease may be evaluated 

at the population genetic level by choosing candidate genes that are broadly responsive to 

immune challenges and involved in individual fitness (Hoffmann and Willi 2008). 

Multiple studies show varied patterns of genetic diversity in candidate loci among 

populations of estuarine killifish in highly contaminated regions of the eastern US coast 

(Burnett et al 2007, Cohen et al 2006, Whitehead et al 2017).

As one of the most genetically diverse gene complexes, the MHC mediates 

pathogen recognition in vertebrates and is influenced by evolutionary forces such as 

pathogens and contaminants in direct and indirect ways. Diversity in this gene complex is 

an important part of mediating mate choice (Milinski et al 2008, Eizaguirre et al 2009) 

and reproductive success (Eizaguirre et al 2009). These genes encode proteins that 

present antigens to T-cells to initiate a specific immune response to a pathogen. Healthy 

populations exposed to a wider array of pathogens may have more diverse MHC class IIB 

alleles (Wegner et al 2003), including some conferring resistance to pathogens (Zhang et 

al 2006). Contaminant and parasite prevalence have been associated with functional 

patterns of variation in the antigen-binding region of MHC in estuarine killifish (Cohen 

2002, Cohen et al 2006). Cohen (2002) observed that a highly parasitized population
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from a heavily PCB-eontaminated site showed amino acid substitutions in a different 

pocket of the MHC binding region compared to populations from reference sites. This 

suggests rapid MHC profile changes related to contaminant exposure.

The MHC is a well-studied system with well-developed analytical tools that can 

be applied to non-model organisms. Through the study of model organisms, X-ray 

crystallography of bound peptides (Brown et al 1993, Ono et al 1992) along with in silico 

predictions of peptide function (Wang et al 2008, Tian et al 2009), important functional 

regions of the MHC sequence have been established. An approach to MHC analysis is to 

find which codons are under selection using the ratio of nonsynonymous to synonymous 

substitutions while accounting for recombination in the MHC (Wilson and McVean 2006, 

Delport et al 2010). A complementary analysis groups multiple MHC alleles into 

supertypes based on shared chemical properties of amino acids at codons under selection 

(Doytchinova and Flower 2005) into functionally and biologically important classes 

(Spurgin and Richardson 2010).

MHC supertypes are associated with resistance or vulnerability to diseases and 

parasites across multiple vertebrate taxa (Buczek et al 2016, Meyer-Lucht et al 2010, 

Schwensow et al 2007, Savage and Zamudio 2016, Sepil et al 2013). Different supertypes 

in a population can be linked to either resistance or vulnerability to parasitic infections 

(Schwensow et al 2007, Sepil et al 2013). MHC supertypes were associated with reduced 

parasitic helminth infections in two populations of wild mouse possums (Meyer-Lucht et 

al 2010). Savage and Zamudio (2016) found particular supertypes and alleles were 

associated with fungal resistance in natural populations of frogs. Supertype analysis was 

more effective at discerning parasite-resistance/vulnerability relationships than as noted 

by Schwensow et al (2007).

Suppressed or altered immune-system responses to contaminants can increase risk 

of disease (Payne and Fancey 1989, Nakayama et al 2008, as reviewed in Cuesta et al 

2011). Juvenile flatfish are particularly vulnerable to contaminated environments since
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they feed on benthic organisms and live in close contact with contaminated sediments 

(Adams 2002). Japanese flounder (Paralichthys olivaceus) exposed to polycyclic 

aromatic hydrocarbons (PAHs) experienced downregulation of adaptive immune system 

genes (Nakayama et al 2008). Juvenile Chinook salmon in the Puget Sound, WA, caught 

in an urban estuary contained higher concentrations of PAHs and polychlorinated 

biphenyls (PCBs), and were more susceptible to the marine pathogen Vibrio anguillarium 

(Arkoosh et al 1998). A survey of X-cell disease in multiple flatfish species off the Palos 

Verdes shelf, CA, found a decrease in the number of species affected related to reduced 

surface sediment contaminants (Cross 1983).

The San Francisco Estuary (SFE) contains varied levels of persistent 

contaminants, with higher concentrations of PAHs and methylmercury, some of the top 

contaminants of concern in the SFE, in South Bay than in the North Bay (Oros and Ross 

2004, Conaway et al 2003). Studies in the SFE of topsmelt (Greenfield and Allen 2013, 

Greenfield et al 2013) found a correlation between sediment and fish tissue 

contamination and a decline in contaminants in fish northwards from South San 

Francisco Bay to Suisun Bay. Previous studies used English sole as a bioindicator of 

contaminant effects (Myers et al 2003, 2008, Rice 2000, Arkoosh et al 1996), with 

physiological impacts including altered immune system response as seen in other flatfish 

species (Grinwis et al 2000, Mondon et al 2000). It is reasonable to suspect that there are 

differences in bioaccumulation of contaminants in English sole resembling other species 

of fish in the SFE, since juvenile English sole settle and mature in these two differently 

contaminated areas for a few months before migrating out of the bay (Baxter et al. 1999, 

Fish et al. 2013).

Juvenile English sole in the SFE are commonly affected by skin tumors caused by 

X-cell parasitic protozoans (Lee and Cohen 2015) classified recently as Xcellia 

pleuronecti (Freeman et al 2017). One or multiple tumors appear in the first months of a 

juvenile fish’s life as smooth discolored bumps and develop into large wart-like lumps
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0.5 - 5 cm in greatest dimension and 0.5 - 1.5 cm in thickness (Wellings et al 1976). The 

disease may be connected to benzo(a)pyrene and sewage outfalls (Stich et al 1977, Cross 

1983) though this has not been definitively established (Stich et al 1977, Miwa et al. 

2009). Incidence rates of X-cell disease in other species of flatfish in other regions range 

from 13% to 37% (Campana 1983, Nagasawa et al 2012). In the San Francisco Estuary, 

infection rates ranged from 3 to 28% depending on the season and location (Cooper and 

Keller 1969). Differences in incidence rates of X-cell disease could be due to the spatial 

variation of chemical contaminant levels in the environment.

English sole showed growth rate differences between infected and uninfected fish 

in SFE, suggesting there may be subpopulations (Cooper and Keller 1969). Infected fish 

were bom later, yet grew to the same size as uninfected fish by the first year. They 

suggest that there may be a subgroup of fish that was vulnerable to the disease (Cooper 

and Keller 1969).

Neutral and functional loci can help detect different effects of selection since 

functional loci would be expected to show different levels of divergence between 

populations compared to neutral loci which could indicate adaptation to local 

environmental conditions (Kirk and Freeland 2011). Microsatellite primers developed for 

English sole (Winans et al 2014) used in a study that found population structure in 

English sole populations in Puget Sound (Gutierrez et al 2012) are being used to test for 

population differentiation in this study. Additionally, in this study the mitochondrial D- 

Loop will be sequenced because using neutral genetic markers from different genomes 

can detect finer scale geographic population differentiation. This was demonstrated by 

Hoarau et al (2004), using the D-Loop marker which detected differentiation between 

European plaice populations within the European continental shelf whereas nuclear 

microsatellite markers did not.
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Here, we examine the impact of X-cell disease on the neutral and adaptive genetic 

variation of English sole in the SFE. We assess MHC IIB functional diversity using 

supertypes, and compare their distributions among regions (i.e. southern and northern 

regions) and infection status. Also, we use microsatellites and the D-Loop to investigate 

the population structure and genetic diversity of English sole within the SFE and to 

compare to variation in the functional MHC genes. Our study will address the following 

questions: 1) Is the pathogen in the SFE the same disease in other regions of the world?

2) Were there neutral population differences between fish caught in different regions and 

between infected/uninfected fish? 3) Were any supertypes associated with resistance or 

vulnerability to X-cell disease and did this differ among sample sites with different levels 

of contamination? We expect that there will be neutral population differences and 

functional supertype differences (both in frequency of supertypes and presence of certain 

supertypes) between infected and uninfected fish.

Methods

Sampling. Methods^

Fish were collected by the California Department of Fish and Wildlife (CDFW) 

from three sites in San Pablo Bay (Northern region) and five sites in South San Francisco 

Bay (Southern Region) from March to September 2014 (Table 1, Figure 1). Levels of 

location-specific PAH sediment levels from 2009-2014 from the Contaminant Data 

Download and Display (CD3) database (San Francisco Estuary Institute 2014) for sites 

close to where fish were caught (Table 1). Juvenile English sole were measured, 

examined for signs of X-cell disease, and preserved in 95% ethanol for genetic analysis.

Molecular Methodsj

DNA was extracted from muscle tissue and tumors using a Nucleospin Tissue kit 

(Machery-Nagel Inc, Bethlehem, PA, USA). The extracted DNA was diluted to
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concentrations of approximately 100 ng/p-1 for PCR. DNA from tumor tissue was 

extracted from three different tumors from three different P. vetulus individuals; two 

from the northern region and one from the southern region and one sand sole 

(Psettichthys melanostictus). PCR was used to amplify a portion of the 18S of the X-cell 

tumor protozoan, P. vetulus microsatellites, D-Loop and a portion of the MHC IIDB 

region ranging from the end of intron I, the complete exon 2 and the beginning of intron

2. Products were visualized on a 1.8% agarose gel. Sanger sequencing using ABI 

BigDye Terminator v3.1 (Applied Biosystems, ABI, Foster City, USA) and sizing of 

microsatellite PCR products were done on an ABI 3130 genetic analyzer (Applied 

Biosystems, ABI, Foster City, USA) in the shared molecular lab facilities at the Estuarine 

Ocean Science Center in Tiburon, California.

The 18s locus was amplified from DNA extracted from tumors using primers 

390Xf and H-R3M (Freeman et al. 2011). PCR reactions (20 |u.L) consisted of 10 ng 

DNA template, IX PEII buffer, 25 pM of dNTPs, 2 mM of MgCh, 0.5 pM of each 

primer, 1 unit of Taq polymerase (New England Biolabs, NEB, Ipswich, MA, USA) and 

milliQ water. Thermal cycling conditions were an initial denaturing step of 94° C for 60 s 

then 94°C for 60 s, 60°C for 60 s, 72° for 60 s for 35 cycles with a 72°C terminal 

extension for 10 min.

A portion of the D-loop was amplified using primers L-Pro-1 and H-DL-C-1 

(Ostellari et al. 1996). Total PCR reactions (10 pL) consisted of 10 ng of DNA tempate, 1 

unit of Taq, 0.5 pM of each primer, 3.125 pM of MgCh, 0.6 pM of DNTPs, IX PEII 

buffer and milliQ water. Thermal cycling conditions were an initial denaturing step of 

94°C for 4 min then 92°C for 60 s, 48°C for 60 s, 72°C for 60 s for 30 cycles with a 72°C 

terminal extension period of five min.

Three microsatellite primers Pve 20, Pve 31 and Pve 36 (Winans et al 2013) were 

used. The PCR reaction volume for all three microsatellite markers was 10 pL. For 

microsatellite marker Pve 20 this consisted of 20 ng DNA template, 1 unit of Taq, 0.5
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pM of each primer, 0.2 pM of DNTPs, 1.75 mM of MgCh, IX PEII buffer and milliQ 

water up to the final volume. For Pve 31 and 36, 20 ng of DNA template, 1 unit of Taq, 

0.2 pM of each primer, 0.2 pM of DNTPs, 1.75 mM of MgCl2, IX PEII buffer and 

milliQ water. Thermal cycling conditions were an initial denaturing step of 95°C for 120 

s, then 35 cycles of 95°C for 30 s, 60°C for 30 s, 72° C for 30 s followed by a holding 

period at 60° C for 50 min. Products were diluted at a ratio of 1:10 and sized.

Portions of intron 1, 2 and the entire exon 2 of the MHC IIDB were amplified 

using primers designed for this study from MHC IIB sequences from three different 

species of flatfish; stone flounder (Karieus bicoloratus), spotted halibut ( Verasper 

variegatus), olive flounder (Paralitchthys olivaceus) (Zhang et al 2006, Li et al 2011, 

Jiang et al 2013). Sequences were aligned in Geneious v.7.1.7 (Kearse et al. 2012). The 

Primer3 program v.2.3.4 (Untergasser et al 2012), embedded within Geneious, was used 

to design primers ESMHC 27F and ESMHC 459R (Table 3). Total PCR reaction (25 pi) 

consisted of 10 ng DNA template, 1 unit of Taq, 0.4 pM of each primer, 1.6 pM MgCk, 

0.2 mM DNTPs, lOx PEII buffer and milliQ water. Thermal cycling conditions were an 

initial denaturing step of 94°C for 10 min then 30 cycles of 94°C for 60s, 60°C for 60s, 

72°C for 90s with a final extension time of 72°C for 10 min.

Often bands of base pair sizes were amplified and only bands of expected length 

(800 bp to 1 kb) were excised and purified. This product was cloned using the pGEM-T 

Easy Vector System (Promega, Madison, WI, USA). A second set of primers was 

designed to isolate PCR product of the correct size (Table 3). This primer set was used in 

a reconditioning PCR reaction to reduce PCR artifacts as described by Lenz and Becker 

(2008) and to reduce the number of bands from the original PCR reaction. Reaction 

conditions for the reconditioning PCR were the same as the first, except 1:10 diluted PCR 

product from the original PCR reaction was substituted for DNA template. Thermal 

cycling conditions were the same with the exception that only 10 cycles were run. This 

reconditioning PCR usually produced single bands (double bands of very similar base
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pair sizes were present for some individuals). The products were cloned and for each 

individual, 8 colonies were amplified and a minimum of four clones of 500 bp were 

sequenced.

Data Analysis Methodsj

Molecular pathogen analysis:

All sequence data including 18s from tumors, D-Loop and MHC IIB from fish 

were aligned and edited in Geneious. Other tumor sequences found in GenBank were 

used in the phylogenetic analysis. PAUP* version 4.0al42 (Swofford 2002) was used to 

produce a maximum likelihood tree. Model selection was done using PAUP*. Search 

was performed using a heuristic search with a stepwise addition using 1000 replicates. 

MrBayes version 3.2 (Ronquist et al 2012) was used to produce a Bayesian phylogenetic 

tree using two runs of 2000000 generations and sample frequency set at 500.

Mitochondrial Control Region (D-Loop) analysis:

Haplotype and nucleotide diversity statistics and neutrality tests were done in 

DNAsp v.5.10.01 (Librado and Rozas 2009). Tajima’s D and Fu’s F statistic was 

estimated and compared in DNAsp and Arlequin v.3.5.2.2 (Excoffier and Lischer 2010). 

Pairwise Fst values between fish caught in San Pablo Bay and South San Francisco Bay 

were calculated. Fstand Jost’s D were calculated as between infected tumorous fish and 

uninfected non-tumorous fish were calculated using both Genepop v.4.2 (Raymond and 

Rousset 1995, Rousset 2008) and Arlequin to measure differentiation between groups. 

Jost’s D was calculated using SMOGD (Crawford 2010). One thousand bootstrap 

replicates were performed in SMOGD.

Microsatellite analysis:

Microsatellite data was scored with Genemapper v.3.7 (Applied Biosystems, 

Foster City, CA, USA) Individual fish were grouped by bay region and by infection
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status. Differences between groups were calculated using Fst using GenAlEx v.6.503 

(Peakall and Smouse 2006, 2012).

MHC molecular methods:

MHC IIB sequences were edited and aligned by eye in Geneious. Alleles were 

considered confirmed if an allele wasd found in more than one individual or in separate, 

independent PCRs. Sequences that were a few base pairs different from a confirmed 

allele were subjected to a binomial probability mass function (Cummings et al.2010) to 

determine if these similar sequences were created by PCR artifacts.

Non-synonymous (dN) and synonymous (dS) substitution rates were obtained 

using all codons in the alignment and in Nei-Gojobori estimates in the program MEGA 

v7.0.21 with ten thousand bootstrap replicates (Kumar et al 2016). A one-tailed codon- 

based Z test of selection was used to test specifically for significant positive selection (dN 

> dS). The analysis was repeated using only peptide binding region (PBR) codons 

determined by Bondinas (2007) and codons under positive selection as determined by 

four programs: OmegaMap (Wilson and McVean 2006), Mixed Effects Models of 

Evolution (MEME) (Murrell et al 2012), Fast Unconstrained Bayesian AppRoximation 

(FUBAR) (Murrell et al 2013) and CodeML in the PAML package (Yang 2007). Only 

codons under positive selection in three out of the four analyses were used. Finally, dN 

and dS values were determined for sites not under selection.

OmegaMap was used to determine which exon 2 codons were under positive 

selection. To test for convergence, OmegaMap was run three times for fish caught in San 

Pablo and South San Francisco Bay. Following Wilson and McVean (2006), 750,000 

Markov-chain Monte Carlo iterations were run in each simulation and thinned every 10 

iterations. The first 75000 iterations were discarded as “burn-in." Priors were specified 

according to Wilson (2006).
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Tests for selection with MEME and FUBAR were performed using the 

DataMonkey server (Delport et al 2010). Genetic Algorithm Recombination Detection 

(GARD) (Kosakovsky Pond et al 2006) was performed using the Datamonkey web server 

to detect presence of recombination. GARD trees were used in MEME and FUBAR 

analyses. Only codon sites that had a significance level of <0.05 in MEME and > 0.95 in 

FUBAR were considered as positively selected sites.

CodeML was run in PAML using a neighbor joining tree to determine which 

codons were under positive selection. While recombination can create many false 

positives in these types of analyses, it is less likely to become an issue with a fewer 

number of recombination events (fewer than three recombination events in the history of 

a sample of 10 sequences) (Anisimova et al. 2003). Based on previous GARD analysis, 

there was only one predicted recombination breakpoint. The LRT statistic (2A£) was 

calculated between models 1 (Mia -neutral) and 2 (M2a -selection) and 7 (M7 beta) and 

8 (M8 beta&co) to test which model was significant using a chi-squared test (Yang 2007).

Positively selected sites were aligned and z-scores based on the physiochemical 

properties of the amino acids were assigned and added to a data matrix per Doytchinova 

and Flower (2005). Four hierarchical clustering methods (Ward’s method, Euclidean, 

Cosine and Pearson’s correlation coefficient) used in other supertype studies (Monzon- 

Argiiello et al 2014, Ellison et al 2012) contained within the PAST v3.0 software package 

(Hammer et al 2001) were used to determine supertypes. A thousand bootstrap 

replications were done. Groupings of alleles that were found in all 4 analyses or three out 

of four analyses were conservatively considered a supertype. The same data matrix was 

applied to a Discriminant Analysis of Principal Components (DAPC) using the adegenet 

R package (Jombart 2008) in the R programming environment (R core team 2013). 

Program parameters and inputs were followed according to Jombart and Collins (2016).

Every individual with confirmed alleles was assigned to one or more supertypes. 

Individuals of a particular supertype were counted for each region (north bay and south
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bay) and for infection status (tumorous or non-tumorous). This information was further 

broken down into how many infected individuals with a certain supertype were present in 

each region. These numbers were put into a contingency table and compared using a 

two-tailed Fisher’s exact test. This was done for supertype groupings for both the 

hierarchical clustering method and the DAPC clustering method. The number of infected 

and uninfected individuals from San Pablo Bay and South San Francisco Bay were 

compared for each supertype using a two-tailed Fisher’s exact test.

Results

X-cell Pathogen Phylogenetic Analysis

Four X-cell 18S sequences were obtained from three English sole and one sand 

sole from the San Francisco Estuary. Three sequences came from the northern bay while 

the remaining sequence came from the southern bay. All four 18S sequences were 

approximately 1.1 kbp long and differed from each other by one to two nucleotides.

The four sequences were aligned with all available X-cell sequences from tumors 

of six other species of benthic fish that were available through NCBI Genbank; Atlantic 

cod (Gadus morhua) (Accession no.: GU296508), emerald rockcod (Trematomus 

bernacchii) (KF911018), European dab (Limanda limanda) (EU878172), flathead 

flounder {Hippogl os so ides dubius) (AB112470), northern black flounder 

{Pseudopleuronectes obscurus) (GU296509) and the yellowfm goby (Acanthogobius 

flavimanus) (AB451874). Partial 18S sequence from Parvilucifera infectans (AF133909) 

was used as an outgroup based on a phylogenetic tree comparing X-cell organisms to 

other protozoans (Freeman et al.2011). Model selection in PAUP indicated that the Tm + 

G model was the best fit for the data.

The maximum likelihood and Bayesian phylogenetic tree had similar topology 

(FIGURE 2 and FIGURE 3) X-cell sequences from the four San Francisco Bay tumor 

samples formed a well-supported monophyletic group with X-cell sequences from the
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flathead flounder and northern black flounder. The sequence from the yellowfin goby 

also clustered with the other sequences from the Pacific Ocean. On the other hand, the 

European dab formed a monophyletic group with the emerald cod, and the Atlantic cod 

was most basal. Bootstrap values were above 95 for all groups except for a monophyletic 

group consisting of the flathead flounder, English sole and the sand sole tumor samples 

(FIGURE 2). The topology closely resembles the phylogeny presented by Freeman et al 

2011, and suggests that X-cell protozoans in San Francisco Bay are closely related to 

those that occurred in Japan.

Mitochondrial Control Regwn (D-Loop) Analysis

A 456 bp piece of mitochondrial control region was sequenced from 37 

individuals. From these 37 individuals 21 unique haplotypes were found. The most 

common haplotype was found in 15 individuals, two haplotypes were found in two 

individuals and the rest of the haplotypes were singletons. Similar negative values of 

Tajima’s D, Fu and Li’s D and F and Fu’s F statistic were obtained for all groups, 

although some values were not significant (TABLE 4).

Pairwise Fst values were generated using Arlequin between different regions and 

between infected and uninfected fish (TABLE 5). Jost’s D values were also calculated 

between fish from different regions and infected/uninfected fish (TABLE 5). There was 

no significant differentiation between regions and between infection status, both for Fst 

and Jost’s D (TABLE 5).

Microsatellite Analysis

Three microsatellite loci were sized for 56 individuals. Originally, five 

microsatellite loci were to be used but two loci were dropped from analysis since they did 

not amplify in many individuals across both regions and infection status. For the three 

microsatellites 3.6% of individuals had missing data for Pve 20, 14% for Pve 31, 16% for
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Pve 36. This suggests population differentiation between SFE populations because a 

subset of samples may have a mutation preventing amplification. Results from work by 

Winans et. al (2013) was used to compare number of alleles and expected and observed 

heterozygosity from a population of fish from Whidbey Island to SF Bay populations 

(TABLE 6).

Much like the D-Loop data, Fst and Dest calculated for microsatellite data supports 

the lack of differentiation between regions and infection status (TABLE 7). However,

Dest values for Pve 20 and Pve 36 between San Pablo Bay and South Bay showed weak 

differentiation (TABLE 7).

MHC Analysis

A total of 168 unique nucleotide sequences were obtained from 82 individuals. 46 

alleles were confirmed in more than one individual or the same nucleotide sequence was 

obtained from a second independent PCR for the same individual. Individuals had 

between one and four alleles indicating that at least two loci were amplified. All exon 2 

sequences showed similarity to other flatfish MHC sequences available in Genbank. No 

indels or stop codons were found in the translated amino acid sequences. Exon 2 

consisted of 270 base pairs. 63 of the 270 sites were variable (23.3%). Nucleotide 

diversity per site (71) was 0.093 (S.D. = 0.002). The average number of nucleotide 

differences (k) was 25.2.

Selection

22 positively selected sites (PSS) were found using OmegaMap (codons with 

Bayesian posterior probabilities greater than 95%) (TABLE 8). FUBAR analysis found 

18 codons under selection (codons with > 95% probability) and MEME analysis found 13 

codons under selection (codons with < 5% probability) (TABLE 9). GARD analysis done 

before FUBAR and MEME analyses found one potential recombination breakpoint at the 

149th nucleotide position. CodeML analysis found 25 codons under selection (TABLE 9).
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Supertypes

Clustering analysis was done using consensus between four multivariate 

clustering algorithms in the program PAST. Supertypes were defined as groups of alleles 

that are consistent across all four algorithms. If a grouping was not consistent across all 

four methods, the alleles were grouped according to a majority of the clustering 

algorithms. A total of eight supertypes were determined using multiple clustering 

algorithms. Six supertypes were found consistently across all clustering algorithms and 

two were found consistently across three of the four clustering algorithms (FIGURE 4).

A second clustering method was used to evaluate the consistency of the first 

method. DAPC was used within the Adegenet R package and found five supertype 

clusters. To find the optimal number of clusters, Bayesian Information Criterion (BIC) 

values were compared for different values of k, the number of clusters being evaluated, 

and the lowest BIC value was found for k = 5 (BIC = 220.338) (Figure Al). To determine 

the optimal of principal components to keep for the principal component analysis, an A- 

score optimization test was used per Jombart and Collins (2016) which showed that eight 

principal components was the optimal number to keep (Figure A2). For the discriminant 

analysis, all eigenvalues were kept as recommended by Jombart and Collins (2016) for 

smaller number of clusters. Both an assignment plot and a scatter plot were generated 

(Figure A3 and A4).

Supertype Frequency

All individuals with confirmed MHC IIB alleles were assigned supertypes based 

on the allele(s) found for each individual. Supertype groupings was in PAST and repeated 

for supertype groups found using the DAPC algorithm.
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For the supertype groupings done in PAST, supertype two was the most common 

while supertype five and eight were least frequently found. (FIGURE 5 and FIGURE 6). 

Supertypes were compared between regions and infection status (FIGURE 7 and 

FIGURE 8). However, none of these comparisons were significant using Fisher’s exact 

tests (TABLE 8).

The same physiochemical data matrix was analyzed using a DAPC algorithm 

implemented in the adegenet R-package. This analysis produced five supertypes. Only 

one supertype (supertype E) had the same alleles clustered together as supertype four 

found in the PAST program. All other supertypes contained different groups of alleles 

compared to the clustering found in the PAST program analysis. Supertype D was the 

most prevalent supertype (FIGURE 9 and 10) in both regions and among both infected 

and uninfected individuals. There was no significant difference in the number of 

individuals with a particular supertype across regions, infection status and infection status 

within each region. Odds ratios, lower/upper confidence intervals, phi coefficient of 

correlation and significance was calculated for each supertype (TABLE 10).

All supertypes were found in both regions and among infected and uninfected fish 

except for supertypes five and eight using the PAST method, though this result was not 

significant. The two methods of determining supertypes were not congruent except for 

supertype 4 using the PAST method and supertype E from the DAPC method. The alleles 

clustered in this supertype were consistent between the two methods. This supertype was 

also found the least frequently compared to other supertypes. Supertype 2 using the 

PAST method and supertype D using the DAPC method was the most frequently found in 

both regions and between infected and uninfected individuals.
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Discussion

X-Cell Pathogen in. San Francisco Bay

Phylogenetic analysis using 18S clearly identifies the tumor pathogen as Xcellia 

pleuronecti. Based on the similar topology between the X-cell phylogeny published by 

Freeman et al (2011) and the one here, it is certain that the X-cell pathogen found in 

English sole (and one sand sole) in the SFE is the pathogen found in multiple flatfish 

species in the western Pacific Ocean, namely the pathogen found in flathead flounder and 

northern black flounder known as Xcellia pleuronecti. Previously there has been no 

indication that X-cell disease infected other flatfish species within the SFE until the 

infected sand sole was found, which implies that the X-cell disease found in the San 

Francisco Estuary is capable of infecting multiple species of flatfish as seen elsewhere 

(Wellings et al 1976).

Sequencing the 18s locus from other tumor samples where the pathogen is found 

along the eastern Pacific coast (Wellings et al 1976, Stich et al 1977) would provide more 

information about the actual distribution of the disease, which currently is limited by 

sampling effort (Freeman et al 2017). Freeman et al (2011) suggested that the X-cell 

protozoan re-enters the benthic substrate from infected fish to be picked up again by new 

fish. Currently eDNA surveys have found no trace of the X-cell pathogen with one 

exception (Freeman et al 2017). A phylogeographic study of X-cell disease testing 

isolation by distance across different regions would provide information on how the 

pathogen may have evolved and spread to different regions.

Population differentiation in San Francisco Estuary_

Microsatellite data and D-Loop data indicated that there were no neutral genetic 

differences between fish caught in different regions and between infected and uninfected 

fish. Lack of subdivision by region indicates that different environmental conditions 

between South San Francisco Bay and San Pablo Bay that could affect juvenile survival
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do not cause any sorting of juvenile individuals or at least in ways that are not clear.

There have not been any studies done on physiological differences between juvenile 

English sole in one region of the bay and the other. Previous work on adult starry 

flounder found reproductive differences between individuals in two differently 

contaminated regions of the SFE (Spies and Rice 1988). This study also found no 

subpopulation division between infected and uninfected individuals as previously thought 

by Cooper and Keller (1969). The lack of differentiation between different regions and 

infection status suggests that there one genetic stock of juveniles in the SFE.

The three microsatellite loci used were some of the most polymorphic 

microsatellite loci (Winans et al 2014) and in San Francisco more alleles were found than 

in the Whidbey Island fish sampled (see TABLE 6). The high level of polymorphism 

found in these microsatellite loci may increase error in estimating allele frequencies, 

particularly with smaller sample sizes (Kalinowski 2005, Gomez-Uchida and Banks

2005, Ruzzante 1998). Using more loci may be more informative (Selkoe and Toonen

2006, Kalinowski 2002, Ruzzante 1998). To address the issue the mitochondrial D-Loop 

data was used to confirm a lack of population differentiation.

Like the microsatellite results, the D-Loop marker data indicated no 

differentiation between different populations. The mitochondrial D-Loop can provide a 

finer resolution of regional genetic differences as seen in the European dab (Hoarau et al 

2004). This work was done between different regions of the Atlantic coast and along the 

continental shelf. There was no different conclusion from the microsatellite data but 

perhaps mitochondrial data may be useful in a more widespread geographic study of 

English sole.

Nevertheless, a study of English sole in Puget Sound (Gutierrez et al 2012) found 

genetic differentiation among sampled populations in a study area similar in size to the 

current study. Perhaps differentiation between fish caught within Puget Sound makes 

sense because an acoustic tagging study found tagged adult English sole exhibited
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feeding site fidelity (Moser et al 2013). Moser et al (2013) bring up the possibility of 

spawning site fidelity which could lead to genetic differentiation within the area. 

Spawning site fidelity hasn’t been demonstrated in English sole but has been established 

for the North Sea plaice (Pleuronectes platessa) (Hunter et al 2003). Other studies of 

flatfish have found strong population structure (Hoarau et al 2004, 100km, Kotoulas et al 

1995, 33 km Crivello et al 2004). The same microsatellite study by Gutierrez et al (2012) 

also found differentiation between fish sampled within Puget Sound and fish sampled 

outside of the Sound in Gray’s Harbor, WA. The Puget Sound population may be a 

distinct genetic stock since tagging data has shown that there is little exchange between 

English sole found in Puget Sound and offshore (Stewart 2007).

Currently, there is no published D-Loop data for English sole so this dataset could 

help determine if there are different genetic stocks of English sole, especially genetic 

differences found using microsatellites in the Washington region by Gutierrez et al 

(2012). English sole distribution ranges from southern California to Alaska and is 

currently being assessed as a single stock unit (Waples et al 2008, Stewart 2007) even 

though there are two separate fisheries (Stewart 2007). More genetic data can be used to 

better inform fisheries management decisions (Reiss et al 2009, Waples et al 2008).

English Sole MHC IIB

The MHC IIB locus was highly polymorphic in the juvenile English sole 

population in the San Francisco Estuary. At the same time, high genetic diversity in 

mitochondrial and microsatellite markers, and high stock estimates (Stewart 2007) are 

indicative of a large population off the coast of the SFE. Other species of fish with large 

effective population sizes and low genetic differentiation have also found high allelic 

diversity at MHC IIB loci (Wegner et al 2012, Faulks and Ostman 2016).

The exon II region of the MHC IIB locus is under strong positive selection. 

Multiple positively selected sites were found that closely matched or were adjacent to
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antigen binding sites noted by Bondinas et al (2007). High dN/dS ratios were found at 

positively selected sites as well as for the entire exon indicate positive selection. These 

ratios are comparable to ones found in a plaice study by Wegner et al (2012) which found 

a dN/dS ratio of 4.08. The higher dN/dS in the plaice study may be due to the high 

number of alleles present and the high number of singleton MHC IIB alleles, whereas 

here nearly all alleles were found in multiple individuals and singleton alleles (found in 

one individual or in just one PCR) were not used. Comparisons of next gen sequencing 

methods compared to the more traditional Sanger sequencing/cloning methods used here 

have shown that Sanger sequencing/cloning methods can underestimate MHC diversity 

(Oomen et al 2013). This study provides a conservative estimate of MHC diversity, 

higher frequency alleles and selective pressure on the MHC in fish in the San Francisco 

Estuary.

MHC IIB Supertvpe Distribution

There was no significant difference in the number of individuals with a particular 

supertype between regions, suggesting that parasite communities that affect juvenile 

English sole are similar in both regions since all supertypes were present at both regions. 

We expected that certain supertypes would be more prevalent in one region than the other 

since there was a finding of MHC differences and parasite community differences (Cohen

2002). Habitat differences can drive parasite diversity and in turn MHC diversity 

(Wegner et al 2003, Eizaguirre et al 2010, Eizaguirre and Lenz 2010).

This study is one of the first to use the DAPC analysis on the MHC IIB genes of a 

fish species and found a discrepancy between the number of supertypes categorized by 

the hierarchical clustering method and the number found using the DAPC analysis. 

Previous supertype studies have focused on using either a hierarchical clustering method 

(Desmet 2015, Monzon-Argiiello et al 2014, Ellison et al 2012, Meyer-Luncht et al 2010, 

Schwensow et al 2007) or the DAPC method (Sepil et al 2013, Buczek et al 2016, Savage 

and Zamudio 2016). Establishing a standard clustering method for future MHC studies
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will be important in consistency across multiple studies, though studies have been 

moving away from hierarchical clustering. Here, there was no difference in the 

conclusions reached by using one method over the other which leads us to be confident in 

the conclusions reached.

Coirelation Between Supertvpes and Disease

While this study did not find a correlation between any allele or supertype and 

resistance or susceptibility to this disease, we examined juvenile fish in relation to only 

one disease. Adult fish most likely face a much different suite of immunological 

challenges, especially considering that juveniles migrate from an estuarine environment 

to a nearshore environment, and then deep-water environment. As a fish develops, it 

undergoes multiple hormonal changes that can affect the immune system (Harris and Bird 

2000). The parasite-MHC interactions are not static and each organism is influencing 

selection of the other. Temporal sampling and different life stage sampling could provide 

valuable insight into selection on the MHC.

There is also uncertainty about how the disease affects juvenile fish in the San 

Francisco Estuary. X-cell disease was used because it was easily identifiable and because 

of various associations between the disease and higher incidences in more urbanized 

estuaries (Wellings et al 1976, Campana 1983, Nagasawa and Nishiuchi 2012). A study 

on a closed brackish-water lake by Nagasawa and Nishiuchi (2012) found that infected 

tagged fish were never recovered, although Freeman et al (2011) argues that tumors 

simply fall off. It is unknown if the number of tumors found on a fish and the location of 

the tumors affect survivability or fitness. A fish with one tumor may survive compared to 

a fish with multiple tumors. Intensity of the infection (in either number or size of tumors) 

and association with certain supertypes needs to be further investigated.

Fish species with varying life history dispersal patterns could be integrating 

signals of exposure to contaminants differently and should be considered for future MHC
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studies. Species-dependent sensitivity to contaminants has been demonstrated (Ellesat et 

al 2011). Species residing for longer periods in the bay that have been used in previous 

contaminant studies such as surfperch, jacksmelt and starry flounder (Greenfield et al 

2005, Greenfield and Allen 2013, Spies and Rice 1988) would be ideal candidates. 

Primers developed for this study can be used to track MHC selection and diversity in 

other species of flatfish like starry flounder, which use the estuaries as nurseries and have 

been afflicted by X-cell disease in other regions (Stitch et al 1977). Using different 

species of fish is important in assessing the effects of contaminants on fish with different 

life histories.

Future studies should focus on integrating other contaminated and reference sites. 

Here, San Pablo Bay (North Bay) was used as a reference site, however, in the past it was 

polluted by industries in the surrounding areas (Cooper and Keller 1969, Homberger et al 

1999), making a true reference site difficult to find in the SFE. Finding a true reference 

site can be difficult since non-urbanized, non-industrialized sites may still become 

contaminated through past usage (Homberger et al 1999) and oceanographic processes 

(Emmett et al 2000). Regions such as Puget Sound also have large contrasts in sediment 

contamination (Brown et al 1998) as well as sedentary, resident populations of English 

sole (Day 1976). Since English sole have such a large range, future studies evaluating 

genetic impacts from contaminants at neutral and functional loci across a wider 

geographic region would benefit from broad surveys of contamination in all northeast 

Pacific estuaries.

There may be alternative explanations as to why no contaminant-based patterns of 

population differentiation were found. Some studies have also not found genetic patterns 

based on contaminant habitat differences (Whitehead et al 2003, Crispo et al 2017) 

although this work was focused on contaminant exposure in freshwater species in upper 

and lower watersheds. Other studies found no evidence of immunosuppression in 

populations exposed to high levels of contaminants (Nacci et al 2009, Blanar, Curtis and
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Chan 2005), which suggest adaptation to high levels of contaminants. Here, neutral and 

MHC markers did not correlate to the contaminant gradient in the SFE, however, other 

gene complexes are influenced by contaminants (Calves et al 2013, Marchand et al

2003). Other contaminants that are also prevalent in SFE, (e.g., heavy metals, other 

endocrine disruptors), should be examined because these contaminants can affect 

organisms’ physiological health (Ferrante et al 2017, Stewart et al 2013, Oberdorster and 

Cheek 2001).

Conclusionv

There were close relationships between the X-cell disease present in San Francisco Bay 

and Japanese flathead flounder and northern black flounder samples, confirming the 

identity of the SFE pathogen as Xcellia pleuronecti. The neutral markers used in this 

study showed no population differentiation between fish caught in different regions as 

well as between infected and uninfected fish. We found no differences in supertypes 

found in different region and between infected and uninfected fish, but we did find fewer 

supertypes when using a DAPC clustering method to assign supertypes compared to 

using hierarchical methods. This first study of MHC variation in the English sole 

provides baseline data for future genetic studies. This estuarine comparison of 

immunogenetic variation using supertype MHC analysis on commercial fish impacted by 

a known pathogen provides a basis for additional work, using the methods and analytical 

comparisons provided here. Extension of this first study to a larger suite of comparisons 

among contaminated and reference sites, for this and other vulnerable estuarine species 

should be carried out to further evaluate the status of vulnerable species.



23

References:

Adams, S.M. (2002). Biological indicators o f aquatic ecosystem stress. American 
Fisheries Society.

Angell, C.L., Miller, B.S., & Wellings, S.R. Epizootiology of tumors in a population of 
juvenile English sole (Parophrys vetulus) from Puget Sound, Washington. Journal o f  the 
Fisheries Board o f  Canada. 32 (10), 1723-1732 (1975).

Anisimova, M., Nielsen, R., & Yang, Z. (2003). Effect of recombination on the accuracy 
of the likelihood method for detecting positive selection at amino acid sites. Genetics, 
164(3), 1229-1236.

Arkoosh, M.R., Casillas, E., Huffman, P., Clemons, E., Evered, J., Stein, J.E., Varanasi. 
(1998). Increased susceptibility of juvenile Chinook salmon from a contaminated estuary 
to Vibrio anguilarum. Transactions o f the American Fisheries Society. 127, 360-374.

Arkoosh, M. R., Clemons, E., Huffman, P., Kagley, A. N., Casillas, E., Adams, N., ... & 
Stein, J. E. (2001). Increased susceptibility of juvenile chinook salmon to vibriosis after 
exposure to chlorinated and aromatic compounds found in contaminated urban estuaries. 
Journal o f Aquatic Animal Health, 13(3), 257-268.

Arkoosh, M. R., Clemons, E., Huffman, P., Sanborn, H. R., Casillas, E., & Stein, J. E. 
(1996). Leukoproliferative response of splenocytes from English sole (Pleuronectes 
vetulus) exposed to chemical contaminants. Environmental Toxicology and Chemistry, 
15(7), 1154-1162.

Baxter R, Hieb, K., DeLeon, S., Fleming, K., & Orsi, J. (1999). Report on the 1980-1995 
fish, shrimp, and crab sampling in the San Francisco Estuary, California. J. Orsi editor. 
IEP Technical Report, 63.

Blanar, C. A., Curtis, M. A., & Chan, H. M. (2005). Growth, nutritional composition, and 
hematology of Arctic charr (Salvelinus alpinus) exposed to toxaphene and tapeworm 
(Diphyllobothrium dendriticum) larvae. Archives o f Environmental Contamination and 
Toxicology, 48(3), 397-404.

Brown, J. H., Jardetzky, T. S., Gorga, J. C., Stem, L. J., Urban, R. G., Strominger, J. L., 
& Wiley, D. C. (1993). Three-dimensional structure of the human class II 
histocompatibility antigen HLA-DR1. Nature, 364(6432), 33-39.

Brown, D. W., McCain, B. B., Homess, B. H., Sloan, C. A., Tilbury, K. L., Pierce, S. M., 
... & Krahn, M. M. (1998). Status, correlations and temporal trends of chemical



24

contaminants in fish and sediment from selected sites on the Pacific coast of the USA. 
Marine Pollution Bulletin, 57(1-2), 67-85.

Boehlert, G. W., & Mundy, B. C. (1988). Roles of behavioral and physical factors in 
larval and juvenile fish recruitment to estuarine nursery areas. In American Fisheries 
Society Symposium (Vol. 3, No. 5, pp. 1-67).

Bondinas, G.P., Moustakas, A.K., Papadopoulos, G.K. (2007). The spectrum of HLA-DQ 
and HLA-DR alleles, 2006: a listing correlating sequence and structure with function. 
Immunogenetics, 59, 539-553.

Buczek, M., Okarma, H., Demiaszkiewicz, A. W., & Radwan, J. (2016). MHC, parasites 
and antler development in red deer: no support for the Hamilton & Zuk hypothesis. 
Journal o f  Evolutionary Biology, 29(3), 617-632.

Burnett, K. G., Bain, L. J., Baldwin, W. S., Callard, G. V., Cohen, S., Di Giulio, R. T .,... 
& Karchner, S. I. (2007). Fundulus as the premier teleost model in environmental 
biology: opportunities for new insights using genomics. Comparative Biochemistry and 
Physiology Part D: Genomics andProteomics, 2(4), 257-286.

Calves, I., Lavergne, E., Meistertzheim, A. L., Charrier, G., Henrique, C., Guinand, B .,... 
& Laroche, J. (2013). Genetic structure of European flounder Platichthys flesus: effects 
of both the southern limit of the species' range and chemical stress. Marine Ecology 
Progress Series, 472,257-273.

Campana, S.E. (1983). Mortality of starry flounder (Platichthys stellatus) with skin 
tumors. Canadian Journal o f Fisheries and Aquatic Sciences. 40 (2), 200-207.

Cizkova, D., Gouy de Bellocq, J., Baird, S.J.E., Pialek, J. Bryja, J. (2011). Genetic 
structure and contrasting selection patter at two major histocompatibility complex genes 
in wild house mouse populations. Heredity. 106, 727-740.

Crivello, J. F., Danila, D. J., Lorda, E., Keser, M., & Roseman, E. F. (2004). The genetic 
stock structure of larval and juvenile winter flounder larvae in Connecticut waters of 
eastern Long Island Sound and estimations of larval entrainment. Journal o f  Fish 
Biology, 65(1), 62-76.

Cohen, S. (2002). Strong positive selection and habitat-specific amino acid substitution 
patterns in MHC from an estuarine fish under intense pollution stress. Molecular Biology 
and Evolution, 19(11), 1870-1880.



25

Cohen, S., Tirindelli, J., Gomez-Chiarri, M., & Nacci, D. (2006). Functional implications 
of major histocompatibility (MH) variation using estuarine fish populations. Integrative 
and Comparative Biology, 46(6), 1016-1029.

Conaway, C. H., Squire, S., Mason, R. P., & Flegal, A. R. (2003). Mercury speciation in 
the San Francisco Bay estuary. Marine Chemistry, 80(2), 199-225.

Cooper, R. C., & Keller, C. A. (1969). Epizootiology of papillomas in English sole, 
Parophrys vetulus. National Cancer Institute Monograph, 31, 173-185.

Crawford, N.G. (2010). SMOGD: software for the measurement of genetic diversity. 
Molecular Ecology Resources, 10, 556-557.

Crispo, E., Tunna, H. R., Hussain, N., Rodriguez, S. S., Pavey, S. A., Jackson, L. J., & 
Rogers, S. M. (2017). The evolution of the major histocompatibility complex in upstream 
versus downstream river populations of the longnose dace. Ecology and Evolution, 7(10), 
3297-3311.

Cross, J. N. (1983). Tumors in fish collected on the Palos Verdes shelf. Southern 
California Coastal Water Research Project Biennial Report, 1984.

Cuesta, A., Meseguer, J., & Esteban, M. A. (2011). Immunotoxicological effects of 
environmental contaminants in teleost fish reared for aquaculture. Pesticides in the 
Modern World-Risks and Benefits, 241-266.

Cummings, S. M., McMullan, M., Joyce, D. A., & Van Oosterhout, C. (2010). Solutions 
for PCR, cloning and sequencing errors in population genetic analysis. Conservation 
Genetics, 11(3), 1095-1097.

Day, D. E. (1976). Homing behavior and population stratification in central Puget Sound 
English sole (Parophrys vetulus). Journal o f the Fisheries Board o f  Canada, 33(2), 278- 
282.

Delport, W., Poon, A. F., Frost, S. D., & Pond, S. L. K. (2010). Datamonkey 2010: a 
suite of phylogenetic analysis tools for evolutionary biology. Bioinformatics, 26(19), 
2455-2457.

Desmet, D. N. (2015). Founding fish: gene duplication contributes to immunological 
diversity in bottlenecked populations o f introduced rainwater killifish (Masters thesis,
San Francisco State University).



26

Doytchinova, I. A., & Flower, D. R. (2005). In silico identification of supertypes for class 
II MHCs. The Journal o f Immunology, 174(11), 7085-7095.

Eizaguirre, C., & Lenz, T. L. (2010). Major histocompatibility complex polymorphism: 
dynamics and consequences of parasite-mediated local adaptation in fishes. Journal o f  
Fish Biology, 77(9), 2023-2047.

Eizaguirre, C., Lenz, T. L., Sommerfeld, R. D., Harrod, C., Kalbe, M., & Milinski, M.
(2011). Parasite diversity, patterns of MHC II variation and olfactory based mate choice 
in diverging three-spined stickleback ecotypes. Evolutionary Ecology, 25(3), 605-622.

Eizaguirre, C., Yeates, S. E., Lenz, T. L., Kalbe, M., & Milinski, M. (2009). MHC-based 
mate choice combines good genes and maintenance of MHC polymorphism. Molecular 
Ecology, 75(15), 3316-3329.

Ellesat, K. S., Yazdani, M., Holth, T. F., & Hylland, K. (2011). Species-dependent 
sensitivity to contaminants: an approach using primary hepatocyte cultures with three 
marine fish species. Marine Environmental Research, 72(4), 216-224.

Ellison, A., Allainguillaume, J., Girdwood, S., Pachebat, J., Peat, K. M., Wright, P., & 
Consuegra, S. (2012). Maintaining functional major histocompatibility complex diversity 
under inbreeding: the case of a selfing vertebrate. Proceedings o f  the Royal Society o f  
London B: Biological Sciences, 279(1749), 5004-5013.

Emmett, R., Llanso, R , Newton, J., Thom, R., Homberger, M., Morgan, C .,... & 
Fishman, P. (2000). Geographic signatures of North American west coast estuaries. 
Estuaries, 23(6), 765-792.

Excoffier, L. and H.E. L. Lischer (2010) Arlequin suite ver 3.5: A new series of programs 
to perform population genetics analyses under Linux and Windows. Molecular Ecology 
Resources. 10: 564-567.

Faulks, L. K., & Ostman, O. (2016). Adaptive major histocompatibility complex (MHC) 
and neutral genetic variation in two native Baltic Sea fishes (perch Perea fluviatilis and 
zander Sander lucioperca) with comparisons to an introduced and disease susceptible 
population in Australia (P. fluviatilis): assessing the risk of disease epidemics. Journal o f  
Fish Biology, 55(4), 1564-1583.

Ferrante, M., Pappalardo, A. M., Ferrito, V., Pulvirenti, V., Fruciano, C., Grasso, A .,... & 
Copat, C. (2017). Bioaccumulation of metals and biomarkers of environmental stress in 
Parablennius sanguinolentus (Pallas, 1814) sampled along the Italian coast. Marine 
Pollution Bulletin.



27

Fish, M., Messineo, J., & Hieb, K. (2013). 2011 Bay Study Fishes Annual Status and 
Trends Report for the San Francisco Estuary. IEP Newsletter, 2(5(1), 30-45.

Freeman, M. A., Eydal, M., Yoshimizu, M., Watanabe, K., Shinn, A. P., Miura, K., & 
Ogawa, K. (2011). Molecular identification and transmission studies of X-cell parasites 
from Atlantic cod Gadus morhua (Gadiformes: Gadidae) and the northern black flounder 
Pseudopleuronectes obscurus (Pleuronectiformes: Pleuronectidae). Parasites & Vectors,
4(1), 15.

Freeman, M. A., Fuss, J., Kristmundsson, A., Bjorbaekmo, M. F., Mangot, J. F., del 
Campo, J . , ... & Bass, D. (2017). X-Cells Are Globally Distributed, Genetically 
Divergent Fish Parasites Related to Perkinsids and Dinoflagellates. Current Biology.

Garcia-Boronat, M., Diez-Rivero, C. M., Reinherz, E. L., & Reche, P. A. (2008). PVS: a 
web server for protein sequence variability analysis tuned to facilitate conserved epitope 
discovery. Nucleic acids research, 36(suppl_2), W35-W41.

Gomez-Uchida, D., & Banks, M. A. (2005). Microsatellite analyses of spatial genetic 
structure in darkblotched rockfish (S ebastes crameri): Is pooling samples safe? Canadian 
Journal o f Fisheries and Aquatic Sciences, 62(8), 1874-1886.

Greenfield, B. K., Davis, J.A., Fairey, R., Roberts, C., Crane, D.B., Ichikawa, I., & 
Petreas, M. (2003). Contaminant Concentrations in Fish from San Francisco Bay, 2000. 
RMP Technical Report: SFEI Contribution 77. San Francisco Estuary Institue, Oakland, 
CA.

Greenfield, B. K., & Allen, R. M. (2013). Polychlorinated biphenyl spatial patterns in 
San Francisco Bay forage fish. Chemosphere, 90(5), 1693-1703.

Greenfield, B. K., Davis, J. A., Fairey, R., Roberts, C., Crane, D., & Ichikawa, G. (2005). 
Seasonal, interannual, and long-term variation in sport fish contamination, San Francisco 
Bay. Science o f the Total Environment, 336(1), 25-43.

Grinwis, G. C. M., Vethaak, A. D., Wester, P. W., & Vos, J. G. (2000). Toxicology of 
environmental chemicals in the flounder (Platichthys flesus) with emphasis on the 
immune system: field, semi-field (mesocosm) and laboratory studies. Toxicology Letters, 
112, 289-301.

Guinand, B., Fustier, M. A., Labonne, M., Jourdain, E., Calves, I., Quiniou, L .,... & 
Laroche, J. (2013). Genetic structure and heterozygosity-fitness correlation in young-of-



28

the-year sole (Solea solea L.) inhabiting three contaminated West-European estuaries. 
Journal o f Sea RSesearch, 80, 35-49.

Gutierrez, E. S., Winans, G. A., Baker, J., & Cope, A. (2012). A Genetic Survey of 
English Sole Populations in the Salish Sea.

Hale, M. L., Burg, T. M., & Steeves, T. E. (2012). Sampling for microsatellite-based 
population genetic studies: 25 to 30 individuals per population is enough to accurately 
estimate allele frequencies. PloS one, 7(9), e45170.

Halldorsdottir, K., & Amason, E. (2015). Trans-species polymorphism at antimicrobial 
innate immunity cathelicidin genes of Atlantic cod and related species. PeerJ, 3, e976.

Hammer, 0 ., Harper, D. A. T., & Ryan, P. D. (2001). PAST: Paleontological Statistics 
Software Package for Education and Data Analysis Palaeontol. Electronica 4: 1-9.

Harris, J., & Bird, D. J. (2000). Modulation of the fish immune system by hormones. 
Veterinary Immunology and Immunopathology, 77(3), 163-176.

Hoarau, G., Rijnsdorp, A. D., Van der Veer, H. W., Stam, W. T., & Olsen, J. L. (2002). 
Population structure of plaice (Pleuronectes platessa L.) in northern Europe: 
microsatellites revealed large-scale spatial and temporal homogeneity. Molecular 
Ecology, 11(7), 1165-1176.

Hoarau, G., Piquet, A. T., Van der Veer, H. W., Rijnsdorp, A. D., Stam, W. T., & Olsen, 
J. L. (2004). Population structure of plaice (Pleuronectes platessa L.) in northern Europe: 
a comparison of resolving power between microsatellites and mitochondrial DNA data. 
Journal o f  Sea Research, 51(3), 183-190.

Hoffmann, A. A., & Willi, Y. (2008). Detecting genetic responses to environmental 
change. Nature Reviews Genetics, 9(6), 421-432.

Homberger, M. I., Luoma, S. N., van Geen, A., Fuller, C., & Anima, R. (1999). 
Historical trends of metals in the sediments of San Francisco Bay, California. Marine 
Chemistry, 64( 1-2), 39-55.

Hunter, E., Metcalfe, J. D., & Reynolds, J. D. (2003). Migration route and spawning area 
fidelity by North Sea plaice. Proceedings o f  the Royal Society o f London B: Biological 
Sciences, 270(1529), 2097-2103.



29

Jiang, J., Li, C., Zhang, Q., & Wang, X. (2013). Cloning and characterization of major 
histocompatibility complex class II genes in the stone flounder Kareius bicoloratus 
(Pleuronectidae). Genetics and Molecular Research: GMR, 12(4), 5820.

Jombart, T. (2008). adegenet: a R package for the multivariate analysis of genetic 
markers. Bioinformatics, 24(11), 1403-1405.

Jombart, T., & Ahmed, I. (2011). adegenet 1.3-1: new tools for the analysis of genome- 
wide SNP data. Bioinformatics, 27(21), 3070-3071.

Jombart, T., & Collins, C. (2015). A tutorial for discriminant analysis of principal 
components (DAPC) using adegenet 2.0. 0. London: Imperial College London, MRC 
Centre for Outbreak Analysis and Modelling.

Kabat, E. A., Wu, T. T., & Bilofsky, H. (1977). Unusual distributions of amino acids in 
complementarity-determining (hypervariable) segments of heavy and light chains of 
immunoglobulins and their possible roles in specificity of antibody-combining sites. 
Journal o f  Biological Chemistry, 252(19), 6609-6616.

Kalinowski, S. T. (2002). How many alleles per locus should be used to estimate genetic 
distances? Heredity, SS(1), 62-65.

Kalinowski, S. T. (2005). Do polymorphic loci require large sample sizes to estimate 
genetic distances? Heredity, 94(1), 33.

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S., 
Cooper, A., Markowitz, S., Duran, C., Thierer, T., Ashton, B., Mentjies, P., &
Drummond, A. (2012). Geneious Basic: an integrated and extendable desktop software 
platform for the organization and analysis of sequence data. Bioinformatics, 25(12), 
1647-1649.

Kirk, H., & Freeland, J. R. (2011). Applications and implications of neutral versus non
neutral markers in molecular ecology. International Journal o f Molecular Sciences,
72(6), 3966-3988.

Kotoulas, G., Bonhomme, F., & Borsa, P. (1995). Genetic structure of the common sole 
Solea vulgaris at different geographic scales. Marine Biology, 122(3), 361-375.

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: Molecular Evolutionary Genetics 
Analysis version 7.0 for bigger datasets. Molecular Biology and Evolution, 33(1), 1870- 
1874.



30

Lee, C. and Cohen, S. (2015, February). X-cell tumors in juvenile English sole 
(Parophrys vetulus) and immunogenetic variation. Student presentation at the meeting of 
the Northern California Parasitologists, San Francisco, CA.

Luengen, A. C., Foslund, H. M., & Greenfield, B. K. (2016). Decline in methylmercury 
in museum-preserved bivalves from San Francisco Bay, California. Science o f the Total 
Environment, 572, 782-793.

Lenz, T. L., & Becker, S. (2008). Simple approach to reduce PCR artifact formation leads 
to reliable genotyping of MHC and other highly polymorphic loci—Implications for 
evolutionary analysis. Gene, 427(1), 117-123.

Li, H., Jiang, L., Han, J., Su, H., Yang, Q., & He, C. (2011). Major histocompatibility 
complex class IIA and IIB genes of the spotted halibut Verasper variegatus: genomic 
structure, molecular polymorphism, and expression analysis. Fish Physiology and 
Biochemistry, 57(4), 767-780.

Librado, P., & Rozas, J. (2009). DnaSP v5: a software for comprehensive analysis of 
DNA polymorphism data. Bioinformatics, 25(11), 1451-1452.

Lillie, M., Grueber, C. E., Sutton, J. T., Howitt, R., Bishop, P. J., Gleeson, D., & Belov,
K. (2015). Selection on MHC class II supertypes in the New Zealand endemic 
Hochstetter’s frog. BMC Evolutionary Biology, 75(1), 63.

Lotze, H. K., Lenihan, H. S., Bourque, B. J., Bradbury, R. H., Cooke, R. G., Kay, M. C., 
... & Jackson, J. B. (2006). Depletion, degradation, and recovery potential of estuaries 
and coastal seas. Science, 372(5781), 1806-1809.

Marchand, J., Tanguy, A., Laroche, J., Quiniou, L., & Moraga, D. (2003). Responses of 
European flounder Platichthys flesus populations to contamination in different estuaries 
along the Atlantic coast of France. Marine Ecology Progress Series, 260, 273-284.

Meyer, J. N., Smith, J. D., Winston, G. W., & Di Giulio, R. T. (2003). Antioxidant 
defenses in killifish (Fundulus heteroclitus) exposed to contaminated sediments and 
model prooxidants: short-term and heritable responses. Aquatic Toxicology, 65(A), 377- 
395.

Meyer-Lucht, Y., Otten, C., Piittker, T., Pardini, R., Metzger, J. P., & Sommer, S. (2010). 
Variety matters: adaptive genetic diversity and parasite load in two mouse opossums 
from the Brazilian Atlantic forest. Conservation Genetics, 77(5), 2001-2013.



31

Milinski, M., Griffiths, S., Wegner, K. M., Reusch, T. B., Haas-Assenbaum, A., & 
Boehm, T. (2005). Mate choice decisions of stickleback females predictably modified by 
MHC peptide ligands. Proceedings o f the National Academy o f  Sciences o f the United 
States o f America, 102(12), 4414-4418.

Miller, B.S., & Wellings, S.R. Epizootiology of tumors on flathead sole (Hippoglossoides 
elassodon) in East Sound, Orcas Island, Washington. Transactions o f the American 
Fisheries Society. 100 (2), 247-266 (1971).

Miwa, S., & Kamaishi, T. (2009). X-cells in pseudotumors of yellowfm goby 
Acanthogobius flavimanus: a protistan organism distinct from that in flathead flounder 
Hippoglossoides dubius. Diseases o f Aquatic Organisms, <55(1), 53.

Moles, A., & Norcross, B. L. (1998). Effects of oil-laden sediments on growth and health 
of juvenile flatfishes. Canadian Journal o f  Fisheries and Aquatic Sciences, 55(3), 605- 
610.
Mondon, J. A., Duda, S., & Nowak, B. F. (2000). Immune response of greenback 
flounder Rhombosolea tapirina after exposure to contaminated marine sediment and diet. 
Marine Environmental Research, 50(1), 443-450.

Monzon-Argiiello, C., De Leaniz, C. G., Gajardo, G., & Consuegra, S. (2014). Eco- 
immunology of fish invasions: the role of MHC variation. Immunogenetics, 66(6), 393- 
402.

Moser, M. L„ Myers, M. S., West, J. E„ O'Neill, S. M„ & Burke, B. J. (2013). English 
Sole spawning migration and evidence for feeding site fidelity in Puget Sound, USA, 
with implications for contaminant exposure. Northwest Science, 87(4), 317-325.

Murrell, B., Wertheim, J. O., Moola, S., Weighill, T., Scheffler, K., & Pond, S. L. K.
(2012). Detecting individual sites subject to episodic diversifying selection. PLoS Genet, 
8(1), e l002764.

Murrell, B., Moola, S., Mabona, A., Weighill, T., Sheward, D., Pond, S. L. K., & 
Scheffler, K. (2013). FUBAR: a fast, unconstrained bayesian approximation for inferring 
selection. Molecular Biology and Evolution, mst030.

Myers, M. S., Johnson, L. L., & Collier, T. K. (2003). Establishing the causal relationship 
between polycyclic aromatic hydrocarbon (PAH) exposure and hepatic neoplasms and 
neoplasia-related liver lesions in English sole (Pleuronectes vetulus). Human and 
Ecological Risk Assessment, 9(1), 67-94.



32

Myers, M. S., Anulacion, B. F., French, B. L., Reichert, W. L., Laetz, C. A., Buzitis, J . , ... 
& Collier, T. K. (2008). Improved flatfish health following remediation of a PAH- 
contaminated site in Eagle Harbor, Washington. Aquatic Toxicology, 55(4), 277-288.

Nacci, D. E., Champlin, D., Coiro, L., McKinney, R., & Jayaraman, S. (2002). Predicting 
the occurrence of genetic adaptation to dioxinlike compounds in populations of the 
estuarine fish Fundulus heteroclitus. Environmental Toxicology and Chemistry, 21(1), 
1525-1532.

Nacci, D., Coiro, L., Champlin, D., Jayaraman, S., McKinney, R., Gleason, T. R ., ... & 
Cooper, K. R. (1999). Adaptations of wild populations of the estuarine fish Fundulus 
heteroclitus to persistent environmental contaminants. Marine Biology, 134(1), 9-17.

Nacci, D., Huber, M., Champlin, D., Jayaraman, S., Cohen, S., Gauger, E .,... & Gomez- 
Chiarri, M. (2009). Evolution of tolerance to PCBs and susceptibility to a bacterial 
pathogen (Vibrio harveyi) in Atlantic killifish (Fundulus heteroclitus) from New Bedford 
(MA, USA) harbor. Environmental Pollution, 157(3), 857-864.

Nagasawa, K., & Nishiuchi, S. (2012). Prevalence of skin pseudotumors in starry 
flounder (Platichthys stellatus) and pleuronectid hybrids in a brackish-water lake, 
Hokkaido, Japan. Biosphere Science, 57, 9-14.

Nakayama, K., Kitamura, S. I., Murakami, Y., Song, J. Y., Jung, S. J., Oh, M. J., Iwata, 
H., & Tanabe, S. (2008). Toxicogenomic analysis of immune system-related genes in 
Japanese flounder (Paralichthys olivaceus) exposed to heavy oil. Marine Pollution 
Bulletin, 57(6), 445-452.

Nichols, F. H., Cloem, J. E., Luoma, S. N., & Peterson, D. H. (f 986). The modification 
of an estuary. Science (Washington), 257(4738), 567-573.

Moles, A., & Norcross, B. L. (1998). Effects of oil-laden sediments on growth and health 
of juvenile flatfishes. Canadian Journal o f  Fisheries and Aquatic Sciences, 55(3), 605- 
610.

Oberdorster, E., & Cheek, A. O. (2001). Gender benders at the beach: endocrine 
disruption in marine and estuarine organisms. Environmental Toxicology and Chemistry, 
20( 1), 23-36.

Ono, H., Klein, D., Vincek, V., Figueroa, F., O'hUigin, C., Tichy, H., & Klein, J. (1992). 
Major histocompatibility complex class II genes of zebrafish. Proceedings o f  the 
National Academy o f Sciences, 59(24), 11886-11890.



33

Oomen, R. A., Gillett, R. M., & Kyle, C. J. (2013). Comparison of 454 pyrosequencing 
methods for characterizing the major histocompatibility complex of nonmodel species 
and the advantages of ultra-deep coverage. Molecular Ecology Resources, 75(1), 103- 
116.

Oros, D. R., & Ross, J. R. (2004). Polycyclic aromatic hydrocarbons in San Francisco 
Estuary sediments. Marine Chemistry, 86(3), 169-184.

Ostellari, L., Bargelloni, L., Penzo, E., Patamello, P., & Patamello, T. (1996). 
Optimization of single-strand conformation polymorphism and sequence analysis of the 
mitochondrial control region in Pagellus bogaraveo (Sparidae, Teleostei): rationalized 
tools in fish population biology. Animal Genetics, 27(6), 423-427.

Payne, J. F., & Fancey, L. F. (1989). Effect of polycyclic aromatic hydrocarbons on 
immune responses in fish: Change in melanomacrophage centers in flounder 
(Pseudopleuronectes americanus) exposed to hydrocarbon-contaminated sediments. 
Marine Environmental Research, 28(1), 431-435.

Peakall, R. O. D., & Smouse, P. E. (2006). GENALEX 6: genetic analysis in Excel. 
Population genetic software for teaching and research. Molecular Ecology Resources, 
(5(1), 288-295.

Peakall, R., & Smouse, P. E. (2012). GenAlEx 6.5: genetic analysis in Excel. Population 
genetic software for teaching and research -an update. Bioinformatics 28, 2537e2539.

Kosakovsky Pond S.L., Posada, D., Gravenor, M. B., Woelk, C. H., & Frost, S. D. 
(2006). GARD: a genetic algorithm for recombination detection. Bioinformatics, 22(24), 
3096-3098.

Pritchard, J. K , Stephens, M., & Donnelly, P. (2000). Inference of population structure 
using multilocus genotype data. Genetics, 155(2), 945-959.

Raymond M. & Rousset F, 1995. GENEPOP (version 1.2): population genetics software 
for exact tests and ecumenicism. J. Heredity, 86:248-249

R Core Team (2013). R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-proiect.org/.

Reiss, H., Hoarau, G., Dickey-Collas, M., & Wolff, W. J. (2009). Genetic population 
structure of marine fish: mismatch between biological and fisheries management units. 
Fish and Fisheries, 10(4), 361-395.

http://www.R-proiect.org/


34

Rice, C. A., Myers, M. S., Willis, M. L., French, B. L., & Casillas, E. (2000). From 
sediment bioassay to fish biomarker—connecting the dots using simple trophic 
relationships. Marine Environmental Research, 50(1), 527-533.

Reid, D. P., Pongsomboon, S., Jackson, T., McGowan, C., Murphy, C., Martin- 
Robichaud, D., & Reith, M. (2005). Microsatellite analysis indicates an absence of 
population structure among Hippoglossus hippoglossus in the north-west Atlantic. 
Journal o f  Fish Biology, 67(2), 570-576.

Ronquist, F., Teslenko, M., Van Der Mark, P., Ayres, D. L., Darling, A., Hohna, S .,... & 
Huelsenbeck, J. P. (2012). MrBayes 3.2: efficient Bayesian phylogenetic inference and 
model choice across a large model space. Systematic Biology, 61(3), 539-542.

Rousset, F., 2008. Genepop'007: a complete reimplementation of the Genepop software 
for Windows and Linux. Mol. Ecol. Resources 8: 103-106.

Ruzzante, D. E. (1998). A comparison of several measures of genetic distance and 
population structure with microsatellite data: bias and sampling variance. Canadian 
Journal o f Fisheries and Aquatic Sciences, 55(1), 1-14.

San Francisco Estuary Institute. (2014). Contaminant Data Display and Download 
[Graphical data set]. Retrieved from http://www.sfei.org/tools/wqt

Savage, A. E., & Zamudio, K. R. (2016). Adaptive tolerance to a pathogenic fungus 
drives major histocompatibility complex evolution in natural amphibian populations. In 
Proc. R. Soc. B (Vol. 283, No. 1827, p. 20153115). The Royal Society.

Schwensow, N , Fietz, J., Dausmann, K. H., & Sommer, S. (2007). Neutral versus 
adaptive genetic variation in parasite resistance: importance of major histocompatibility 
complex supertypes in a free-ranging primate. Heredity, 99(3), 265-277.

Selkoe, K. A., & Toonen, R. J. (2006). Microsatellites for ecologists: a practical guide to 
using and evaluating microsatellite markers. Ecology Letters, 9(5), 615-629.

Sepil, I., Lachish, S., Hinks, A. E., & Sheldon, B. C. (2013). Mhc supertypes confer both 
qualitative and quantitative resistance to avian malaria infections in a wild bird 
population. Proceedings o f the Royal Society o f London B: Biological Sciences, 
250(1759), 20130134.

http://www.sfei.org/tools/wqt


35

Spies, R. B., & Rice, D. W. (1988). Effects of organic contaminants on reproduction of 
the starry flounder Platichthys stellatus in San Francisco Bay. Marine Biology, 98(2), 
191-200.

Spurgin, L. G., & Richardson, D. S. (2010). How pathogens drive genetic diversity: 
MHC, mechanisms and misunderstandings. Proceedings o f the Royal Society o f  London 
B: Biological Sciences, retrieved from
http://rspb.royalsocietypublishing.org/content/early/2010/01/12/rspb.2009.2084.short.

Stewart, A. R., Luoma, S. N., Elrick, K. A., Carter, J. L., & van der Wegen, M. (2013). 
Influence of estuarine processes on spatiotemporal variation in bioavailable selenium. 
Marine Ecology Progress Series, 492, 41-56.

Stewart, I. J. (2007). Updated US English sole stock assessment: Status of the resource in 
2007. Portland: Pacific Fisheries Management Council.

Stich, H. F., Acton, A. B., Dunn, B. P., Oishi, K., Yamazaki, F., Harada, T., & Peters, N. 
(1977). Geographic variations in tumor prevalence among marine fish populations. 
International Journal o f  Cancer, 20(5), 780-79 l.Wegner, K. M., Reusch, T. B. H., & 
Kalbe, M. (2003). Multiple parasites are driving major histocompatibility complex 
polymorphism in the wild. Journal o f Evolutionary Biology, 16(2), 224-232.

Swofford, D. L. (2002). PAUP* version 4.0. Phylogenetic analysis using parsimony (and 
other methods).

Tian, F., Yang, L., Lv, F., Yang, Q., & Zhou, P. (2009). In silico quantitative prediction 
of peptides binding affinity to human MHC molecule: an intuitive quantitative structure- 
activity relationship approach. Amino Acids, 36(3), 535.

Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M and Rozen SG. 
Primer3—new capabilities and interfaces. Nucleic Acids Res. 2012 Aug 1 ;40(15): el 15.

Wang, P., Sidney, J., Dow, C., Mothe, B., Sette, A., & Peters, B. (2008). A systematic 
assessment of MHC class II peptide binding predictions and evaluation of a consensus 
approach. PLoS Computational Biology, 4(4), e l000048.

Waples, R. S., Punt, A. E., & Cope, J. M. (2008). Integrating genetic data into 
management of marine resources: how can we do it better? Fish and Fisheries, 9(4), 423- 
449.

http://rspb.royalsocietypublishing.org/content/early/2010/01/12/rspb.2009.2084.short


36

Was, A., Gosling, E., & Hoarau, G. (2010). Microsatellite analysis of plaice 
(Pleuronectes platessa L.) in the NE Atlantic: weak genetic structuring in a milieu of high 
gene flow. Marine Biology, 157(3), 447-462.

Wegner, K. M., Reusch, T. B. H., & Kalbe, M. (2003). Multiple parasites are driving 
major histocompatibility complex polymorphism in the wild. Journal o f Evolutionary 
Biology, 16(2), 224-232.

Wegner, K. M., Shama, L. N., Kellnreitner, F., & Pockberger, M. (2012). Diversity of 
immune genes and associated gill microbes of European plaice Pleuronectes platessa. 
Estuarine, Coastal and Shelf Science, 108, 87-96.

Wellings, S. R., McCain, B. B., & Miller, B. S. (1976). Epidermal papillomas in 
pleuronectidae of Puget Sound, Washington. In Tumors in Aquatic Animals (pp. 55-74). 
Karger Publishers.

Whitehead, A., Anderson, S. L., Kuivila, K. M., L Roach, J., & May, B. (2003). Genetic 
variation among interconnected populations of Catostomus occidentalis: implications for 
distinguishing impacts of contaminants from biogeographical structuring. Molecular 
Ecology, 72(10), 2817-2833.

Whitehead, A., Clark, B. W., Reid, N. M., Hahn, M. E., & Nacci, D. (2017). When 
evolution is the solution to pollution: Key principles, and lessons from rapid repeated 
adaptation of killifish (Fundulus heteroclitus) populations. Evolutionary Applications.

Wilson, D. J., & McVean, G. (2006). Estimating diversifying selection and functional 
constraint in the presence of recombination. Genetics, 172(3), 1411-1425.

Winans, G. A., Baker, J. D., & Lance, S. L. (2014). Twenty-five novel microsatellite 
markers for English sole, Parophrys vetulus. Conservation Genetics Resources, 6(2), 417- 
419.

Xu, T. J., Chen, S. L., Ji, X. S., & Tian, Y. S. (2008). MHC polymorphism and disease 
resistance to Vibrio anguillarum in 12 selective Japanese flounder (Paralichthys 
olivaceus) families. Fish & Shellfish Immunology, 25(3), 213-221.

Yang, Z. (2007). PAML 4: a program package for phylogenetic analysis by maximum 
likelihood. Moleuclar Biology and Evolution, 2 4 ,1586-1591.

Zhang, Y. X., Chen, S. L„ Liu, Y. G„ Sha, Z. X., & Liu, Z. J. (2006). Major 
histocompatibility complex class IIB allele polymorphism and its association with



resistance/susceptibility to Vibrio anguillarum in Japanese flounder (Paralichthys 
olivaceus). Marine Biotechnology, 8(6), 600-610.



38

List of Tables:

Table 1: Region and infection status of fish samples.Percent infected fish are indicated inside parentheses. Gray shaded 
sites -South, non-shaded -North. Sum total of PAHs measured in ug/kw dry weight. Sum total of PAHs date came from 
SFEI SF Bay Regional Monitoring Program (RMP)from years 2009 to 2014. Most recent measurements were used for 
total PAH from sampling sites closest to where fish were collected from. Station code are from SF Bay RMP.

CDFW Fish Collection SFEI RMP Sediment Data

Site Coordinates Number of Individuals (% Infected) Total PAHs (ug/kg dw) Station
Code

Collection
Date

San Pablo Bay 
(North)

318 38° 1* 17.00"N, 122° 
20’ 42.00"W

5 (20%) 1333.2 SPB002S 08-10-
2014

319 38° 2’ 25.00"N, 122° 
17 8.00"'W

39 (64%) 337.1 SPB110S 04-19-
2012

320 38° 4' 12.00"N, 122° 
19' 2.00"'W

16 (69%) 622.1 SPB046S 08-10-
2014

South San 
Francisco Bay 

(South)

106 37° 42' 7.00"N, 122° 
22’ 0.00"W

21 (67%) 5295.6 CB112S 08-23-
2011

109 37° 44* 21.00"N, 122° 
21* 12.00"W

4(50%) 43046.9 CB044S 09-16-
2009

110 37° 47' 19.00"N, 122° 
21’ 33.00"W

1 (100%) 1970.3 BC11 08-06-
2014

MSI 37° 30’ 24.72"N, 122° 
7  13.85"W

26 (50%) 2766.8 LSB015S 09-14-
2009
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Table 2: Number of fish used in each part of study. Bolded number in parentheses -number of tumored fish in each 
subregion, Italicized number in parentheses -number of non-tumored fish in each subregion. Bolded percentages inside 
second set of parentheses indicate percent infected fish.

Total Extractions 
(Tumor/Ato tumor)

MHC Sequences 
(Tumor/Wo

tumor)

Microsatellites
(Tumor/Ao

tumor)

D-Loop
Sequences

(Tumor/TVo
tumor)

North Bay 60 (33/27; (55%) 40 (21/79) (53%) 32 (14/75) (44%) 21 (12/9) (57%)

South Bay 52 (32/20) (62%) 42 (23/79) (55%) 23 (12/77) (52%) 16 (9/7) (56%)

Table 3: MHC IIB primer sets used. Primer set in blue was used in first PCR reaction, orange was used in second.

Primer Primer Sequence (5’ -  3’) Product Size (bp)

ESMHC 27F CCT CTT CTT CAT CAC TGT CTG C -900 bp

ESMHC 459R GG GAC TTC CTG TCC GTC TC

ESMHC 7F TCT CTG ACT CTG TTT TGT TGT CTG —500 bp

ESMHC 330R GTG AGT GTG TGT GTG TGT GT
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TABLE 4: Polymorphism statistics for D-Loop data. Each group of individuals based on where they were caught (north or 
south bay) and whether they were infected or not (Tumorous and Non-tumorous) were examined separately and together 
as a whole (Overall). N: sample size, h: number of haplotypes, hd: haplotype diversity, n: nucleotide diversity, k: average 
number of nucleotide differences, D: Fu and Li’s D* statistic, F: Fu and Li’s F* statistic, Fs: Fu’s Fs statistic. * indicate 
significant test statistics (p < 0.05).

n h hd 71 K Tajima’s D D F Fs

North 21 13 0.83  ±  0.09 0.005  ± 0.001 2.23  ±  1.64 - 1 . 83 * - 2.41 - 2 . 6 1 * - 8 . 4 4 *

South 16 9 0.86  ± 0.08 0.005  ± 0.001 2.31  ±  1.78 - 1.38 -1.95 - 2.06 -3.35*

Tumorous 21 11 0.74  ± 0.11 0.004  ±  0.009 1.57  ± 0.95 - 1.50 -1.49 - 1.73 - 7.31

Non-
Tumorous

16 13 0.95  ±  0.05 0.007 ±0.001 3.25  ± 3.12 - 1.60 - 1.66 - 1.89 - 8.48

Overall 37 21 0.84 ±0.06 0.005  ±  0.001 2.27 ± 1.62 - 1.77 -2.38 -2.57* -18.36
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TABLE 5: D-loop Fst and Dest comparisons. Fst and Dest values calculated for comparison between location (north bay and 
south bay) in blue and infection status (Tumorous and Non-Tumorous) in orange for mitochondrial control region (D- 
Loop) data.

Fst Significance Dest Variance

North Bay VS South Bay -0.00470 0.43164 ± 0 .0159 -0.033 0.001

Tumorous VS Non-Tumorous 0.02433 0.16600 ±0.0116 -0.011 0.002
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Table 6: Genetic variation of three microsatellite loci by different regions and infection status. Na -number of alleles, H exp 
-expected heterozygosity, H0bs -observed heterozygosity. Whidbey Island data from Winans et al. (2013).

Pve
20

Pve
31

Pve
36

Na Hexp Hobs Na Hexp Hobs Na Hexp Hobs

North Bay 28 0.966 0.581 17 0.919 0.645 21 0.959 0.885

South Bay 17 0.929 0.682 11 0.877 0.625 18 0.960 0.875

Infected 23 0.965 0.625 13 0.909 0.476 22 0.956 0.900

Uninfecte
d

23 0.950 0.621 17 0.913 0.769 22 0.967 0.864

All 29 0.958 0.623 17 0.905 0.638 26 0.964 0.881

Whidbey 19 0.435 0.933 16 0.913 0.897 19 0.783 0.922
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Table 7: Microsatellite Fst and Dest comparisons. Pairwise Fst and Dest values calculated for comparisons between location 
(North and South) and infection status (Tumorous and Non-Tumorous) for data from three microsatellites.

Loci Fst Significance Dest Significance

North Bay 
VS 

South Bay

Overall 0.016 0.218 0.047 0.277

Pve 20 0.017 0.132 0.177 0.141

Pve 31 0.012 0.570 -0.065 0.635

Pve 36 0.017 0.185 0.148 0.207

Infected
VS

Uninfected

Overall 0.011 0.823 -0.086 0.834

Pve 20 0.011 0.715 -0.124 0.729

Pve 31 0.010 0.733 -0.098 0.753

Pve 36 0.013 0.527 -0.021 0.517
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Table 8: Summary of MHC dN/dS analysis. ABS are antigen binding site codons as noted in Bondinas et al (2007). PSS 
are positively selected codons found in three of four analyses (OmegaMap, FUBAR, MEME, and codeML). Z-test value is 
within parentheses for probability. One tailed test Z-test was performed testing dN > dS (positive selection).

dN dS dN/dS Prob. (Z-test)

Overall 0.114 ±0.021 0.057 ±0.017 2.00 0.007 (2.51)

ABS 

(Bondinas 2007)

PBR 0.379 ±0.065 0.166 ±0.081 2.28 0.005 (2.63)

Non-PBR 0.057 ±0.017 0.034 ±0.015 1.60 0.156(1.02)

PSS PSS 0.484 ±0.061 0.122 ±0.052 3.97 0.000 (4.81)

Non-PS S 0.017 ±0.007 0.036 ±0.016 0.47 1.000 (-1.25)
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Table 9: Positively selected codon sites (PSS) as determined by OmegaMap, FUBAR, MEME, and codeML analyses. 
PSS in bold were found in all 4 analyses, underlined PSS were found in 3 analyses and italicized PSS were found in 2 
analyses. PSS used in supertype analyses were found in at least two of the four analyses used.

Analysis Positively Selected Sites (PSS)

OmegaMap 5, 6, 7, 8, 9, 25, 65, 66, 67, 68, 69, 70, 77, 78, 79, 80, 81_, 82, 83, 84, 85, 86

FUBAR 5, 7, 23, 25, 28, 33, 34, 44, 50, 53, 58, 64, 65, 67, 70, 73, 77, 85

MEME 28,44, 50, 53, 58, 65, 66, 67, 70, 73, 77, 81, 86

codeML 5, 7, 9, 23, 25, 28, 33, 34, 35, 44, 50, 53, 58, 64, 65, 66, 67, 70, 73, 77, 80, 81, 83, 85, 
M

PSS Sites: 5, 7, 9, 23, 25, 28, 33, 34, 44, 50, 53, 58, 64, 65, 66, 67, 70, 73, 77, 50 ,81, 55, 55, 86
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Table 10: Odds ratio and significance of PAST supertypes. Dashes represent supertypes which odds ratios could not be 
calculated because some values were zero.

Supertype Odds Ratio Lower/Upper Cl Phi Significance

1 0.125 0.0078/1.9985 -0.47 0.2424

2 3 0.6762/13.309 0.27 0.2723

3 1.25 0.118/13.2407 0.05 1

4 0.083 0.0055/1.2568 -0.54 0.1026

5 - - 0.6 0.1964

6 1.2 0.2157/6.6758 0.05 1

7 2 0.2706/14.7843 0.16 0.6267

8 - " 0.29 1



Table 11 Odds ratio and significance of DAPC supertypes.

Supertype Odds Ratio Lower/Upper Cl Phi Significance

A 0.9545 0.1965/4.6377 -0.01 1.000

B 0.4000 0.0405/3.9552 -0.22 0.5921

C 0.2500 0.0313/1.9989 -0.32 0.3213

D 2.3472 0.6902/7.982 0.21 0.2271

E 0.0833 0.0055/1.2568 -0.54 0.1026
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List of Figures:

Figure 1: Sampling stations. Purple dots indicate northern sites (San Pablo Bay), orange 
dots indicate southern sites (South SF Bay).
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Figure 2: X-cell 18s sequence Bayesian Tree. Reference sequences for X-cell sequences 
from outside SFE were obtained from Genbank. Accession numbers are listed next to 
species name which X-cell tumor was obtained from.
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Parvilucifera infectans (AF133909) 

Gadus morhua (GU296508)

Trematomus bernacchii (KF911018)

Limanda limanda (EU878172)

Acanthogobius flavimanus (AB451874)

--------------------------------- Pseudopteuronectes obscurus (GU296509)

Hippoglossoides dubius (AB112470)

----------------------------- Parophrys vetulus (San Pablo Bay)

297

----------------------------- Parophrys vetulus (South Bay)

Parophrys vetulus 2 (San Pablo Bay)

Psettichthys melanostictus (San Pablo Bay)

Figure 3: X-cell organism 18s parsimony tree with bootstrap values. Reference 
sequences for X-cell sequences from outside SFE were obtained from Genbank. 
Accession numbers are listed next to species name which X-cell tumor was obtained 
from.
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$ $ s

Figure 4: Supertype cluster denedrogram obtained using Ward’s algorithm. Alleles 
clustered in shades of blue were groupings that were found consistently across all four 
clustering algorithms. Alleles clustering into groupings shaded in yellow were groups that 
were found consistently across three clustering algorithms.
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Figure 5: PAST clustering method regional supertype frequenecy. Number of individuals 
with a particular supertype from either North or South San Francisco Bay using the PAST 
analysis.
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Figure 6: PAST clustering method infection status supertype frequenecy. Number of 
tumorous or non-tumorous individuals with a particular supertype using the PAST 
analysis.
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Figure 7: PAST clustering method South Bay supertype frequency by infection status.
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Figure 8: PAST clustering method North Bay supertype frequency by infection status.
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Figure 9: DAPC clustering method regional supertype frequency.
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Figure 10: DAPC clustering method infection status supertype frequency.
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Appendices:

Value of BIC 
versus number of clusters

Number of dusters

Figure A l: BIC value versus number of clusters. Optimal number of clusters to use in 
discriminant analysis of principal components. Optimal number of clusters indicated by lowest 
Bayesian Information Criterion (BIC).



56

a-score optimisation - spline interpolation

Number of retained PCs

Figure A2: A-score optimization. Optimum number of principal components to keep in the 
discriminant analysis of principal components (PC). The optimum number is indicated by the red 
dot.
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Figure A3: Assignment plot of alleles to supertype cluster. Plus signs indicate the cluster 
which the allele was assigned. Yellow to red shading indicates the magnitutde an allele 
belonged in a cluster.
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Figure A4: Scatter plot of alleles assigned to supertype clusters. Each dot indicates an 
allele.


