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ABSTRACT 

PHYLOGEOGRAPHIC GENETIC DIVERSITY IN THE WHITE SUCKER 
HEPATITIS B VIRUS 

Cynthia R. Adams, M.S. 

George Mason University, 2017 

Thesis Director: Dr. Robert B. Jonas 

 

Hepatitis B viruses belong to a family of partially double stranded DNA viruses 

that infect a range of organisms with host responses that vary from mild to chronic 

infection and carcinogenesis. The white sucker hepatitis B virus (WSHBV) was first 

described in the freshwater teleost, white sucker (Catostomus commersonii) in 2015 and 

unofficially classified as a parahepadnavirus in 2017. At present, the significance of 

WSHBV infection to the health of white sucker is unknown. To date, no other 

parahepadnavirus genetic diversity or association with fish health has been studied. Here, 

we investigate patterns of genetic diversity and identify geographically associated 

variation among WSHBV genomes from white sucker  inhabiting tributaries of Lake 

Michigan, Lake Superior, and Lake Erie, and Alberta, Canada. We previously identified 

13 WSHBV positive white suckers via a Nanostring codeset targeting viral core RNA. 

Here we identify an additional 22 virus positive fish using a qPCR method that detects 
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viral DNA extracted from plasma and liver tissue. Subsequently, 28 WSHBV genomes 

were sequenced using a circular long range amplicon sequencing (CLAS) method that 

consisted of long-range PCR followed by amplicon sequencing using the Illumina MiSeq. 

The CLAS method was effective for genome sequencing; however, we observed 

inconsistencies in sequencing success of the 627 bp atypical region within WSHBV. The 

WSHBV genome and ORFs isolated here clustered together by geography similar to that 

observed with geographically separated human hepatitis B virus genotypes. Although the 

WSHBV genomes do not meet the criteria used to define subgenotypes of other 

hepadnaviruses, we suggest the use of the ratio of nonsynonymous/synonymous 

mutations (Ka/Ks) in the surface protein and total Dxy to differentiate subgenotypes. 

Between the five viral subgenotypes, Alberta 1522, Alberta 1538, St. Louis, Swan Creek, 

and Lake Michigan the Ka/Ks was ≥ 0.572 and the Dxy was ≥ 0.00683. Similar to other 

hepadnaviruses, variability between subgenotypes was concentrated in the PreS and 

spacer domain that is associated with immune epitopes and host specificity. This study of 

WSHBV genetic diversity should facilitate the development of molecular markers for 

future identification of genotypes and provide evidence in future investigations of 

possible differential disease outcomes. 
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CHAPTER ONE: INTRODUCTION 

The first hepadnavirus discovered in fish was the white sucker hepatitis B virus 

(WSHBV), observed in liver of the freshwater teleost, white sucker (Catostomus 

commersonii) in 2015 (1). Since that discovery, other fish hepadnaviruses have been 

discovered (2, 3) and classified (2). At present, WSHBV is unofficially classified as a 

parahepadnavirus; this new genus is comprised of WSHBV and a coho salmon 

hepadnavirus (2). The next most recent ancestor is shared with the well described ortho- 

and avihepadnaviruses infecting mammals and birds respectively and the more recently 

discovered herpetohepadnaviruses and metahepadnaviruses infecting amphibians and fish 

respectively (2). A novel clade of capsid free nackednaviruses (2) are phylogenetic 

neighbors to hepadnaviruses, but most notably lack a lipid envelope (2).  Hepadnaviruses 

are enveloped partially double stranded DNA viruses that are hepatotropic in humans and 

birds, but also infect other organs throughout the infection cycle (4–8). Fish hepatitis 

B-like viruses discovered through data mining of next generation sequencing data have 

also been identified in non-hepatic fish tissues (2, 3).   

Hepadnaviral genomes are approximately 3,000-3,300 base pairs (bp) in length 

(reviewed in (9)). The WSHBV genome is 3,542 bp, making it the largest of the yet 

discovered hepadnaviruses. Previously described hepadnaviruses have three to four 

overlapping canonical open reading frames (ORFs) encoding proteins. The Pre-C/C ORF 
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(C) encodes the nucleocapsid protein, the Pre-S/S ORF (S) encodes the envelope 

proteins, the polymerase ORF (P) encodes the polymerase/reverse transcriptase 

polyprotein, and the X ORF encodes the regulatory trans-activating protein. 

Hepadnaviruses express different lengths of S proteins; depending on genome 

organization, they can express up to three S ORFs, a PreS1/S (large), a PreS2/S 

(medium), and S (small).  A functional X ORF is unique to orthohepadnaviruses, 

although a vestigial X protein has been found in duck hepadnaviruses (10). The 

functional X protein is associated with pathogenesis of hepadnavirus-induced 

hepatocellular carcinoma (HCC) in humans, woodchucks, and ground squirrels (11, 12). 

Although WSHBV and other fish hepatitis B like viruses do not have the X protein, 

neoplasia may be facilitated by other viral, host, or environmental factors. In WSHBV, a 

627 bp atypical region lies between the P and C ORFs where the X ORF is typically 

found (Figure 1). Within this region a single forward small ORF (smORF) overlaps the P 

ORF. The smORF may play a range of roles in cellular tropism, host tropism, and 

interactions with the host and environment.  It could also provide some similar 

functionality to an X-ORF. Alternatively, the larger core protein found in 

avihepadnaviruses and WSHBV may have similar functions as the X-ORF as proposed 

for avihepadnaviruses (13).  
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Figure 1. WSHBV Genome Organization. 
Conserved domains and motifs are highlighted within Core, Polymerase and Surface ORFs. Within the Polymerase, TP 
is the terminal protein, RT is the Reverse transcriptase domain, and RH is the RNase H domain. DR1 and 2 are direct 
repeats and dr1 and dr2 are an alternative set of direct repeats. 
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Orthohepadnaviruses have been extensively studied because of their association 

with human diseases such as liver cirrhosis and hepatocellular carcinoma while 

avihepadnaviruses typically cause transient or chronic liver infections (14). As of July 

2017, about 2.9% of the world’s population was infected with HBV (15). Infants infected 

within their first year of life are the most likely to develop chronic infections with 80-

90% becoming chronically infected (15). The likelihood of chronic infection drops to 20-

50% if children are infected before the age of 6, and drops further to less than 5% when 

adults are infected (15). Of adults who are chronically infected, 20-30% will develop 

cirrhosis and/or liver cancer (15). Virulence can be affected by host specific factors, 

environmental factors, and viral biology factors.  Orthohepadnavirus virulence depends 

on the age of acquisition, route of infection, immune competence, and environmental 

factors including: alcohol intake, iron overload, and exposure to aflatoxin (16). Viral 

quasispecies also influence virus clearance, but in the case of orthohepadnaviruses, the 8 

defined genotypes are also differentially associated with liver disease. The 8 genotypes 

are phylogeographically clustered (9, 16) and each genotype is characterized by a 

difference in prevalence, transmission, replication rate, serological profile, and clinical 

outcome (16–18). These 8 genotypes are characterized by nucleotide sequence inter-

group divergence of >8% in the full genome and >4% in S gene (16). None of these 

factors and associations has been studied in fishes. 

Further study of genotypes has revealed adaptive mutations to occur most 

frequently within the overlapping P and S ORFs.  More specifically, these changes are 

observed within the PreS domain of S and the spacer domain within P. The surface and 
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polymerase proteins are encoded by separate overlapping reading frames. This causes the 

genes to be under functional constraints (19–22), though it is unclear whether the genes 

are evolving independently (20, 23), or are driven by selective constraints on a single 

gene, which would reduce the likelihood of selection on the other gene (19, 21, 22). 

Adaptive evolution drives most of these nonsynonymous mutations, in particular within 

the Pre-S domain of S and corresponding spacer of P are strongly selected during 

genotypic differentiation (19). This corresponds with other findings of selective 

constraints on the Pre-S and spacer domains (2, 20, 22, 24), supported by ω, the ratio of 

non-synonymous to synonymous substitutions (dN/dS) (20, 25) and also the McDonald 

Kreitman test (19). This region is associated with host specialization of viral entry in both 

ortho and avihepadnaviruses (19, 23, 26). The recently described nackednaviruses lack 

this domain, perhaps allowing them to be generalists and it has been proposed that the 

domain evolved through overprinting perhaps by bacteria, whereby conserving the 

reverse-transcriptase domain of P and allowing adaptive evolution of the PreS/Spacer 

domains (2).  

Phylodynamics, the study of the interaction of evolutionary and ecological 

processes including immune and epidemiological factors (27) is elucidating how the host, 

environment, and viral biology affect pathogenicity (28). Understanding genotype 

evolution and genotype associated disease outcomes help to develop a more complete 

phylodynamic understanding of hepadnaviruses. Although little is known about the 

infection process or immune competence of WSHBV in white suckers, a number of 

environmental factors are known to affect white sucker health, and are associated with 
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the development of skin and liver lesions (29). White suckers are sentinel species in the 

Great Lakes, where tumors and other deformities are used to monitor the environmental 

factors such as parasite load, legacy chemicals, and chemicals of emerging concern (30–

32). Tumors and other deformities are defined as a beneficial use impairment in the Great 

Lakes Water Quality Agreement (33), and are subsequently used in the Great Lakes 

Restoration Initiative Action Plan in determining strategies for improving Great Lakes 

environmental conditions (34). The effect of WSHBV on white sucker health is 

unknown. Here, we present a component of phylodynamic analysis by identifying 

geographic and genetic patterns of genome diversity within white sucker hepatitis B 

viruses found in white sucker from the Great Lakes Region and Alberta, Canada using 

quantitative PCR (qPCR) and next generation sequencing methods. Understanding 

genetic diversity among WSHBV strains will contribute to the long term understanding 

of WSHBV phylodynamics, particularly in the context of skin and liver neoplasia in 

white suckers. The molecular methods developed and applied here can be used hereafter 

to determine viral prevalence within a given population and facilitate a better 

understanding of WSHBV and white sucker disease ecology.  

Hypothesis 

If there are geographic and genetic patterns in genome diversity between the 

white sucker hepatitis B viruses, then each viral type will be differentially associated with 

liver and skin pathology in white sucker. In order to test this, we needed to identify virus 

positive fish, sequence viral genomes from fish from different sampling sites, identify 

geographically related genetic diversity and phylogeography, and identify viral 
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association with pathology. We sought to develop a method to noninvasively identify 

white suckers that were infected by WSHBV and subsequently sequence full genomes of 

WSHBV from infected individuals. Our goal was to use plasma samples for the detection 

and sequencing of circulating viral DNA. Second, we sought to identify if there were 

genotypes of WSHBV and if populations or genotypes are geographically associated with 

specific mutations of the WSHBV genome. Finally, we sought to identify if WSHBV was 

associated with the observation of liver and skin neoplasia. 
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CHAPTER TWO: METHODS 

Sampling and Extractions 

White sucker liver tissue and plasma samples (n=208) were collected from seven 

areas of concern in the Great Lakes Basin between 2010 and 2012 (Figure 2)(30–32). 

These samples were selected for analysis in this study. Samples were stored at -80°C 

until extraction. An additional 11 samples from Alberta, Canada were kindly provided by 

Jim Sherry of Environment Canada. Plasma was extracted using the DNeasy Blood and 

Tissue Kit (Qiagen, Valencia, CA) following the manufacturer’s instructions for 

nucleated blood. DNA from Root River liver tissues preserved in ethanol was extracted 

using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) following the 

manufacturer’s instructions. DNA was also extracted using the DNeasy Blood and Tissue 

Kit, but with a Qiagen user developed protocol 

(http://www.qiagen.com/us/resources/download.aspx?id=7684840d-96bd-47a6-9d84-

80cae16bf0e7&lang=EN&ver=3).  
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Figure 2. Sampling Locations of White Sucker in the Great Lakes. 

 

Quantitative PCR and Nanostring 

Extracted DNA from plasma and liver tissue was screened for the presence of 

WSHBV using quantitative PCR (qPCR). Primers for qPCR were designed using Primer3 

in Geneious (v. 9.0.1, Biomatters, Auckland NZ) to amplify a 115 bp fragment of the RT 

domain of the P ORF and S domain of S ORF. The primers ccHepB_4F 

(5’ GACCTTAGTGAGGCGTTCTAT 3’) and ccHepB_4R 

(5’ CAACTCCCATAGCCGCTTTA 3’) were used at a concentration of 0.3µM in a 

reaction mixture of 1X SYBR Green PCR Master Mix (Applied Biosystems, Foster City, 
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CA), 2µl of DNA, and nuclease-free water to bring the reaction volume to 10 µl. 

Standards were made using the sample RR173 (Accession # NC_027922), and run in 10 

fold serial dilutions ranging from 108 copies to 1 copy. Reactions were run on the ABI 

Viia7 (Applied Biosystems, Foster City, CA) using the conditions of 2 minutes at 50°C, 

10 minutes at 95°C, followed by 40 cycles of 15 seconds at 95°C, 1 minute at 60°C. 

Results from runs were acceptable with an r2 value ≥ .998 and efficiency between 99.9% 

and 100.7%. A melt curve analysis was also performed to confirm a single product with 

conditions of 15s at 95°C and cooling at a rate of 1.6 °C /s, followed by 1 minute at 60°C 

and 15s at 95°C. The product melt temperature based on the standard was 78.020 +/- 

0.13479. Data from the Nanostring run previously described in Hahn et al., 2015 (1) was 

used to identify WSHBV RNA transcript copy number in 169 liver samples 

corresponding to 158 of the plasma samples being screened by qPCR. 

Long Range PCR and Next Generation Sequencing 

A total of 35 virus positive plasma (n=19) and liver (n=16) samples were 

subjected to long-range PCR (lrPCR) with primers 1265R 

(5’ CACCACCAGTAACACGACGA 3’) and 1488F 

(5’ TGGTATCTGATGGCCTGGGA 3’). Primers were designed using Primer3 in 

Geneious (v. 9.0.1, Biomatters, Auckland NZ) to amplify an approximately 3,319 bp 

product of the published WSHBV genome (Accession# NC_027922). The Takara 

PrimeSTAR GXL DNA Polymerase (Takara Bio, Otsu, Shiga, Japan) kit was used for 

long range amplification. Reactions contained 1X PrimeSTAR GXL Buffer, 250 μM 

dNTP Mixture, 0.15 µM forward and reverse primers, 1.25U of PrimeSTAR GXL DNA 
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Polymerase, 2.5 µl of template DNA and water to 25 µl. The cycling profile consisted of 

30 cycles of 10s at 98°C, 10s at 57°C, and 5 minutes at 68°C. In order to increase the 

quantity of amplified product, 1ul of product from the lrPCR reaction was used as 

template for an additional 25 µl reaction containing the same components as before. This 

lrPCR reaction was carried out for 30 cycles of 10s at 98°C, 10s at 60°C, and 5 minutes 

at 68°C. The lrPCR amplicon products were confirmed using gel electrophoresis 

containing 1% I.D.NA agarose (FMC Bioproducts, Rockland, ME) and stained with 

GelRed (Phenix, Candler, NC). A subset of samples was also run on a DNA 1000 Agilent 

Bioanalyzer chip (Agilent, Santa Clara, CA) for increased resolution of the amplicon 

product.   

Long-range PCR products from plasma samples (n=19) and ethanol preserved 

livers (n=2) were verified visually as having a product (19 of 21 samples) and were 

quantified using the Qubit 2.0 Fluorometer with the Qubit dsDNA HS Assay Kit 

(Invitrogen, Carlsbad, CA). Direct lrPCR product was normalized to 0.2ng/µl using 10 

mM Tris-HCl, pH 8.5. Visually verified lrPCR products from liver samples preserved in 

RNAlater ® (Ambion, Carlsbad, CA) from the Sheboygan River (14 of 20 samples) were 

cleaned prior to quantification using a 3X Kapa Beads (Kapa Biosystems, Wilmington, 

MA) clean up. Long-range PCR amplicons were quantified as described above. Average 

size distribution of Sheboygan River samples was determined using the Agilent 

BioAnalyzer (Agilent, Santa Clara, CA). For these Sheboygan River samples, amplicons 

spanning the long-range primer sites as well as for the ‘noncoding region’ were amplified 

separately for each sample using the primer sets 1019F and 1520R or 2526F and 3295R 



12 
 

respectively (described in Hahn et al., 2015 (1)). Long-range PCR amplicons and the 

additional two sets of amplicons were normalized in 10 mM Tris-HCl, pH 8.5 and pooled 

at a 4:1:1 nM ratio. All products were normalized to 0.2 ng/µl.  

Normalized lrPCR was utilized as a template to establish the CLAS workflow. 

Long-range PCR product from each sample was used as starting material in a Illumina 

Nextera XT library preparation  that was performed following the Nextera XT Library 

Preparation Reference Guide (CT# 15031942 v01) using the Nextera XT Library 

Preparation Kit (Illumina, San Diego, CA). Three samples were additionally processed 

using the KAPA HyperPlus Library Prep Kit (Roche, Basel, Switzerland). Final libraries 

were analyzed for size and quality using the Agilent BioAnalyzer with the accompanying 

DNA 1000 Kit (Agilent, Santa Clara, CA). Libraries were quantified using the Qubit HS 

Assay Kit (Invitrogen, Carlsbad, CA) and normalized to 4nM using 10mM Tris, pH 8.5. 

Libraries were pooled and run on the Illumina MiSeq at a concentration of 10 pM with a 

5% PhiX spike with run parameters of 1x150.  

Bioinformatics 

MiSeq reads were imported into CLC Genomics Workbench (v. 8.5.1). Reads 

were trimmed using 0.5 error probability and a maximum of 3 ambiguous nucleotides. 

Reads under 15 bases (10% of the average read length) after trimming were discarded. 

De-novo assembly was unable to produce contigs over 300 bp. Reads were mapped to the 

previously described WSHBV (Accession# NC_027922) requiring 75% of the length of 

the read to be at least 90% similar to the reference. A double pass local realignment was 

also performed. The consensus sequence of the mapped and locally-realigned sequences 
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was extracted using quality scores, a noise threshold of 0.5, and a minimum nucleotide 

count of 2. 

Coverage of samples was analyzed to ensure recommended >15X coverage (35) 

of the full genome.  Seven samples had <15X viral genome coverage in the atypical 

region of WSHBV (2536-3180). Each side of the region was flanked by reads that 

matched 75% of the reference genome, and 25% into the atypical region that did not 

match this region.  In order to bioinformatically investigate possible alternative genome 

forms in which no atypical region occurs three approaches were taken. For all 

approaches, reads were selected for WSHBV by removing reads mapping to the white 

sucker transcriptome and reads mapping to contigs from initial de-novo assembly 

attempts that were blast hits for proponibacterium and rhizobacterium. Alternate 

genomes were then explored first by de-novo assembly of reads in CLC Genomics 

Workbench with an automatic word and bubble size. All resulting WSHBV contigs were 

the equivalent of portions of the genome between 3180-2510bp. We then took the 

approach of mapping reads to a sequence of WSHBV with N’s in place of nucleotides 

from 2510-3180, requiring only 50% of the reads to map 50% of the time. Reads 

mapping from nucleotide positions 2000-3500 were extracted and subject to a de-novo 

assembly with automatic word and bubble size. This resulted in no contigs that 

overlapped with the atypical region or produced alternative genomes. All reads from the 

full reference assembly were also extracted and reassembled de-novo, finding only one 

possible alternative contig in which nucleotide positions 3181-1357 were continuous 

before the insertion of 1704-1722 and then switching to 2390-2530. Minimal overlap 
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between reads and low coverage suggested this was a bioinformatically generated 

artefact. As such, we finally examined the read drop-off points around both 2510 and 

3180 in samples with little to no coverage in the region. We used reads mapped to the 

reference with 50% of the read being 50% identical and formed consensus sequences of 

highly represented alternatives on both sides. All of the portions of the reads internal to 

2510-3180 matched alternative regions of the genome. Multiple attempts were made to 

use sequences from either end to build alternative genomes, but there was no clear single 

or small set of alternatives, and no evidence of the possible terminal redundant sequences 

from either set of repeats that could bring together double stranded linear DNA within 

this set (5’ AAAATGGT 3’ or 5’ AGTACTACT 3’). The most common sequence within 

the chimeric sequences was the set DR1/DR2 12bp direct repeats (Figure 1). However, 

there was no sequence predominant on either side leading to a definitive alternative 

genome. As such, 3X coverage by Sanger sequencing was used to confirm presence and 

sequence of the atypical region in these 7 low coverage samples using primers 2526F and 

3295R (1). An additional two samples required added coverage of the region between the 

lrPCR primers, for which 1019F and 1520R were used (1). A MUSCLE alignment was 

used to build a consensus sequence with the exported consensus sequence from CLC 

Genomics Workbench and the Sanger sequences in Geneious v. 9.0.1 (Biomatters, 

Auckland NZ). 

We then aligned the 27 complete genome sequences using a MUSCLE alignment 

in Geneious v. 9.0.1 (Biomatters, Auckland NZ). Of the 27 sequences reported here, 10 

had insertions or deletions (INDELS) in the alignment. To confirm the presence of 
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INDELS rather than a low quality base that was lost, a consensus sequence from read 

mappings was generated using a noise threshold of 0.3 and a minimum nucleotide count 

of 2. A MUSCLE alignment with 8 iterations was performed between original consensus 

sequences and those with the lower noise threshold setting.  

Read Analysis 

Mapping and coverage analysis were performed in CLC Genomics Workbench 

and plotted using SigmaPlot v.13 (Systat Software Inc.). The 14 Sheboygan liver samples 

were not used in coverage analyses because they had been spiked with amplicons, 

whereby creating coverage biases. Five of the liver samples sequenced with spiked 

amplicons were not used in any further analyses due to the majority of mapping reads 

occurring between within the expected amplicon sites. We also sequenced the sample 

previously published, RR173 (Accession# NC_027922), using the MiSeq method, but did 

not use the duplicates of the identical sequence in downstream analysis.  

Phylogenetics 

The set of 28 sequences was tested for use with coalescent theory models using 

TempEst (36), which indicated insufficient temporal signal to proceed with BEAST 

molecular clock analysis. A larger sample set with a wider range of collection times for 

multiple subgenotypes would improve accuracy and allow for identification of adequate 

internal calibrations for evolutionary age estimation of this intra-genotype data (37) 

required for this analysis. When we included CSKV, another parahepadnavirus (2), it was 

found to be dissimilar enough that resolution within the intra-genotype tree was lost. 

Intra-genotype evolves on a genealogical time scale rather than a longer phylogenetic 
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scale suggesting that studying intraspecific data with inter-specific data could be 

misleading (37). Bayesian phylogeny was therefore constructed in MrBayes v3.2.6 using 

three datasets of intra-genotype data only from the WSHBV genomes sequenced here.  

We analyzed genome sequences, protein sequences, and a partitioned dataset containing 

genome nucleotide sequences and concatenated protein coding sequences. Model testing 

in MEGA6 was used to identify the best nucleotide and protein models based on BIC 

score, which were HKY+G for genomes, JTT for the C and S ORFs, and JTT+G for the P 

ORF and concatenated protein sequences. Each of the three MrBayes analyses consisted 

of 1,000,000 MCMC generations, 6 chains, 4 independent runs, and 6 swaps. The 

temperature was set to 0.05 for genomes, 0.7 for individual proteins, and 0.07 for the 

partitioned dataset. The final trees were modeled in FigTree v 1.4.3 

(http://tree.bio.ed.ac.uk/software/figtree/ ) and edited in Adobe Illustrator CC 2015.  

Variant Analysis 

Populations were defined using sampling location in coordination with Bayesian 

trees, the measure of nucleotide diversity π (nucleotide diversity), and the genetic 

distance between populations, Dxy, calculated in DNAsp (38). Fst is another commonly 

used measure of population differentiation, but it requires an average heterozygosity 

value. In some instances we had a single representative genome from a geographic 

location. Therefore,   Dxy was used instead of Fst. Geneious was used to identify SNPs 

occurring between populations. Informative SNP sites were also confirmed in DNAsp. 

Variable sites by population were identified as transitions or transversions (ts or tv) and 

as synonymous or nonsynonymous substitutions (dN or dS) using Geneious and DNAsp. 
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The overall transition to transversion ratio, R (ts/tv) for each ORF was calculated using 

consensus sequences of each defined population under the Kimura 2 parameter model in 

MEGA7(39) .  In addition to defined population specific SNPs, the high variance within 

the Canada samples (π=0.01864) versus the diversity within all Great Lakes samples 

(π=0.00892) prompted us to record only nonsynonymous SNPs that were present in both 

Canada samples.  Circos was used to generate circular figures (40) indicating SNP 

locations.  

Sites under selection were then identified using concatenated protein coding 

sequences from the consensus sequences of each of the populations with recommended 

codon substitution models (41, 42) M0, 1, 2, 3, 7, and 8 using PAML (43) with a codon 

frequency of 3x4 and a user defined Bayesian input tree. Omega and nonsynonymous 

changes can be modeled under different selection models, rather than simply the M0 

model used for the analysis of overall genes in which all sites were subject to the same 

assumptions. Using more parameterized models may provide better more descriptive 

results, though conclusive interpretation is limited with a small number of highly similar 

sequences. We proceeded with testing of the significance of codon models in order to 

determine whether other models would be better at identifying lineage or site specific 

selection in this set of WSHBV codons. Model 1(M1) allows for variable selective 

pressure, but no positive selection. Model 2 (M2) allows for variable selective pressure 

with positive selection among sites. Model 3 (M3) allows variable selective pressure 

among sites. M7 allows beta distributed variable selective pressure. Finally, M8 allows 

for a beta distributed selective pressure with positive selection. By comparing models, it 
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is possible to determine which assumptions best describe the dataset. Comparing M2 and 

M1, using the likelihood ratio test (LRT), it can be determined if there is variable 

selective pressure with certain sites under selection. Comparison of M3 and M0 identifies 

whether the selective pressure is uniform across codons. Comparison of M7 and M8 

identifies if a beta distribution of variable sites fits the dataset and whether they are under 

positive selection.  

Sites under selection were identified using Model 8 and the Bayes Empirical 

Bayes (BEB) and were considered significant with a probability >99%. All sites under 

selection, including those not significant fell within the overlapping portion of the S and 

P ORFs. The highest variability was also observed between WSHBV population SNPs 

derived from Geneious and DNAsp in the S and P ORF overlap. To further analyze this 

region, we extracted consensus sequences for each population, made a Bayesian input 

tree, used a 3x4 codon frequency model, and tested the M 0,1,2,3,7, and 8 codon 

substitution models. A χ2 (chi-square) test was used to determine significance between 

codon models. Using these models in PAML, we also calculated the ts/tv rate ratio (κ) for 

the full CPS and for the overlapping S-P. In order to get a general sense of evolution the 

ω (dN/dS ratio), was calculated for each protein between populations using PAML and 

codon model 0.  
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CHAPTER THREE: RESULTS 

 Quantitative PCR and Nanostring 

A qPCR method was effectively developed. This method is specific for a 115 bp 

region of the polymerase and surface coding DNA region of WSHBV (Figure 14, 

page 42). The r2 of the standards for all reactions was 0.9925(Figure 3), although each 

reaction individually had an r2 value ≥ 0.998. The efficiency of combined runs was 

100.52% (Figure 3), and for individual reactions ranged from 99.9%-100.7%. The 

dynamic range of the assay was between 100-108 copies per reaction (Figure 4).This 

method identified 19 of 219 plasma samples as virus positive (8.7%). Virus positive fish 

were identified at 6 of the 7 sites, with the Detroit River being the only of the sites with 

no detected WSHBV. Of the subset of 158 fish screened by both qPCR and Nanostring, 

both methods identified the same 13 fish as virus positive (8.2%). As this qPCR assay is a 

measure of DNA presence through synthesis whereas the Nanostring assay is a measure 

of core RNA through hybridization, the copy numbers are not expected to be the same; 

however, relative abundance in both sample types is proportional (Figure 5).  
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Figure 3. qPCR Assay Performance. 
Assay performance measured by cycle number (CT) versus copy number of 4 runs of qPCR with a single linear 
regression. 

 

 
Figure 4. Dynamic Range of qPCR. 
Observed copy number versus expected copy number for standard curves from 4 qPCR runs. 
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Figure 5. Comparison of detection of hepatic expression of WSHBV and viral presence in plasma. 
Hepatic expression was measured by Nanostring and plasma WSHBV DNA copy number by qPCR.  

 

In the case of 20 samples from the Sheboygan River, a comparison of viral copy 

number from plasma samples and viral core transcript number from liver samples 

identified no correlation by linear, exponential, or logarithmic regression between plasma 

and liver copy numbers (Figure 6). However, a correlation of ρ=0.627 (p<0.001) using 

Pearson and ρ=0.753 (p<0.001) using Spearman were observed between liver and plasma 

copy number. In 7/20 samples (35%) WSHBV was detected in both liver and plasma; of 

this set, the lower threshold for detection of WSHBV in the plasma is the presence of 117 

copies in the liver (Table 1, Figure 6). Despite evidence of correlation, liver copy number 

above 117 did not always indicate detection in the plasma (Figure 6). Notably, when 

WSHBV was detected in the liver, it was always detected in the plasma. The reverse was 

not true. 



22 
 

 

 
Figure 6. Liver qPCR Copy Number versus Plasma qPCR Copy Number. 

 

In 4/20 cases (25%), copy number exceeded the 117 copy threshold and was not 

detected in the plasma (Table 1). Of the 20 samples, 14 were virus positive in the liver 

(70%), making 7/14 (50%) virus positive in the liver and plasma. Of the 7 samples for 

which liver and plasma were positive for WSHBV, 71.4% had notable liver pathology 

(hepatocellular carcinoma, bile duct proliferation, neoplasia, and altered foci). In the 7 

samples only positive by liver qPCR, 43% had liver pathology. We observed liver 

pathology in 50% (3) of the 6 fish for which WSHBV was not detected. There was 
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therefore no strong indication of an association between WSHBV detection and liver 

pathology.  

 

Table 1. Sheboygan Plasma and Liver qPCR Copy Number. 
Sample Name Plasma Copy 

Number 
Liver Copy Number 

GL12-1 0 0 
GL12-10 0 0 
GL12-12 0 0 
GL12-15 0 1 
GL12-11 0 2 
GL12-18 0 5 
GL12-19 0 8 
GL12-5 0 15 
GL12-2 0 16 
GL12-8 0 93 

GL12-14 0 183 
GL12-17 0 78,840 
GL12-6 0 1,025,608 

GL12-20 2 554 
GL12-9 4 118 
GL12-4 5 34,187 

GL12-13 63 1,199,890 
GL12-3 556 1,877,081 
GL12-7 846 2,685,258 

GL12-16 15,200 2,759,609 
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Long Range PCR and Next Generation Sequencing 

Predicting successful lrPCR amplification and full genome sequencing from 

initial gel imaging and qPCR copy number was not possible. Products from lrPCR of 

plasma samples did not produce a consistent 3,319 bp band as anticipated by primer 

design, but rather showed multiple different banding patterns (Figure 7). After the first 

round of amplification at 57°C, 9 of 19 plasma samples (47.4%) showed a visible band in 

the 3kilo-bp range. Following the second round of amplification at 60°C, 17 of 19 

samples (89.5%) showed bands, but not with a distinct banding pattern (Figure 7).  

 

 
Figure 7. WSHBV Long-range PCR Product.  
A subset of liver (L) and plasma (P) samples were run out on the BioAnalyzer showing no distinct banding pattern.  
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Of these samples, 9 produced a single smear >10kb, 5 produced a somewhat smeared 

banded product without the large product >10kb, and 3 produced distinct bands that in 

some instances included the expected 3.5kb band. The 3 products that had the cleanest 

bands after the second PCR were samples that had not shown any amplification in the 

first round of lrPCR, and were also those that had ≤5% of MiSeq reads mapping to the 

reference (Table 2). These samples were not used in subsequent analyses because they 

had <15X coverage for >20% of the genome. Of the other 14 products, 2 samples, GL3-

57 and GL5-8 had 18% and 76% of reads mapping respectively, yielding >15X coverage 

for >80% of the genome despite having a relatively low copy number (Table 2).  The 

other 12 samples, for which MiSeq reads mapped to the reference at ≥84%, were also the 

samples that had the highest transcript count by Nanostring and RT-PCR. High titer 

plasma was more likely to have high coverage (Figure 8). The median mapping of all 

plasma samples was 96.32%.  
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Figure 8. Relationship of quantity of WSHBV detected by qPCR to Illumina MiSeq percent reads mapping.  
Red data points indicate plasma samples while grey data points indicate liver samples. 

 

Long-range amplification of DNA extracted from liver samples preserved in 

ethanol (n=2) and RNAlater (n=14) resulted in amplicons in the 3 kb range more 

consistently, though the identity of these products is not clear based on band size alone. 

The majority of the samples (13/16) had faint smears ≥10kb, but produced a fainter smear 

than plasma samples. Three RNAlater preserved samples were not used in downstream 

analysis because of ≤6.5% reads mapping and ≥48% of the genome with less than 15X 

coverage. The liver samples had a much lower median percentage of reads mapping at 

76.12%. It was again true that liver samples with a higher copy number by qPCR were 

more likely to be sequenced fully, though low copy number was not a direct indicator of 
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genome sequencing ability (Figure 8). The previously sequenced ethanol preserved liver 

sample, RR173 (NC_027922), was sequenced for method validation. The MiSeq method 

yielded the same sequence for the genome, except for between the lrPCR primer binding 

sites. In the RR173 MiSeq dataset, we identified three nucleotide transitions between C 

and T at 1310, 1384, and 1400. Sanger sequencing re-confirmed the published genome 

sequence, with no visible indication of multiple bases at those positions. Although there 

was lower coverage between the primers, RR173 reads did not meet the determined 

criteria of <15X coverage used for resequencing. 

Of the total 35 WSHBV positive liver and plasma samples, 17% (6/36) were 

rejected because of <15X coverage for >20% of the genome. Of the 83% (29/35) that 

were fully sequenced, 18 plasma and non-amplicon spiked liver samples were used for 

coverage analysis. Mapping coverage was between 5,264X and 133,512X, with a median 

of 53,167X. The range of total reads per sample ranged from 1,037,823 to 4,585,006 with 

a median of total reads per sample at 1,888,684 for non-amplicon-spiked samples. 

Coverage was not even across genomes (Figure 9). Plasma samples followed three 

coverage patterns: a) coverage was high from about 535-2315 before dropping very low 

through the noncoding region and then having low level coverage around the core region 

around 3205-535; b) coverage was very high between the lrPCR primer binding sites and 

dropped off in surrounding areas, with particularly low coverage from 2315-3205, and 

again moderate coverage from 3205-535; c) very low coverage between the primer 

binding sites with high coverage to either side of the primer binding sites, with coverage 

slowly dropping off to very low around 2665-3109 after which moderate coverage 



29 
 

resumed through 667 before increasing again. For the liver samples not spiked with 

amplicons, coverage was relatively even across the whole genome except between the 

primer binding sites. The median coverage of pattern A was 43,288 reads, pattern B was 

14,300 reads, and pattern C was 71,276 (Table 3). The cause of the drop-off in coverage 

in the atypical region in plasma samples is unknown, but the GC content in this region is 

also significantly lower, at 34% versus 42% of the rest of the genome (Figure 9).  

Unmapped reads mapped primarily to Proponibacterium acnes for plasma samples, and 

to the Cyprinus carpio genome for liver samples.  

 

Table 3. Coverage Pattern Median and Range.  
Samples contributing to pattern A: CAN1522, GL2B-12, GL2B-13, GL2B-8, GL6-10, GL6-5. Samples contributing to 
pattern B: GL2A-41, GL3-57, GL6-1, GL6-15, GL6-18, GL6-8. Samples contributing to pattern C: CAN1538, GL16A-
27, GL3-44, GL5-8, GL6-12. Samples contributing to the Liver pattern: RR173 and RR154. 
 

Coverage Pattern Median Range 

A 43,288 0-360,784 

B 14,300 0-681,182 

C 69,087 1-595,897 

Liver 74,795  9-239,540 
 

 

 



30 
 

 
Figure 9. WSHBV Coverage Analysis. 
The outer-most rings depicted in grey represent the three major gene products encoded by WSHBV. The next 
innermost brown ring is a positional reference. Coverage patterns are the following four rings, representing coverage 
patterns for Plasma A, B, then C and then Liver. Coverage is represented as percentage of reads. The inner ring plots 
the GC content of the genome in brown and the AT content in blue. 
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In troubleshooting the low coverage of the atypical region, we considered the 

possibility of library prep as a contributor to coverage bias. The Nextera XT library prep 

kit we used shears DNA using Tn5 transposase, an enzyme with GC bias (44). We 

considered that the lower GC content in the atypical region may have biased the amount 

of shearing. However, the transposase bias is not strong enough to suggest that the GC 

bias would have led to no coverage in the region. We used the KAPA Hyper Plus library 

prep system to test the effect of the library prep on coverage of the variable region for 

comparison in the absence of this bias. Although coverage patterns varied somewhat 

between library prep types, the atypical region still had little to no coverage in some 

plasma samples (Figure 10).The drop-off in coverage could be a result of chimeric 

sequence formation during PCR, secondary structure preventing read through, or a true 

infinite number of alternative viral forms. Chimeric forms could form during the 50 

degree step during lrPCR by use of direct repeats (DR) as primers, and additionally 

rebinding over long palindromic sequences (Table 4, Table 5). The reason for low 

coverage was not clear, so in order to avoid potential lack of sequencing of the region in 

the Sheboygan liver samples, all were spiked in with amplicons covering the atypical 

region and between the primer binding sites.  
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Figure 10. Comparison of the Kapa HyperPlus library prep kit and the Nextera XT library prep kit by average 
coverage in three samples across the WSHBV genome.  

 

Table 4. Palindromic Sequences within a single strand of WSHBV.  
These sequences are palindromes of themselves, where the matching minus strand sequence at the same location is the 
same as the segment of the reverse plus strand. 

Position Sequence Tm (°C) 
467-477 TTTGGCCAAA 27.3 
660-669 AAGAAAGAA 12 
1675-1784 TGCTGTCGT 30.5 
2173-2188 TATCAAAGAAACTAT 32.2 
2257-2266 GTTTGTTTG 16.6 
2523-2536 GTGCTCACTCGTG 45.3 
2681-2690 ATAACAATA 4.8 
2889-2898 CTGAAAGTC 18.4 
3165-3178 ATGCACATCTCAT  37.7 
3442-3452 ATCATATGAT 12.5 



33 
 

Table 5. Palindromic Sequences in different genome locations in opposite strands.  
The column 5’-3’ represents the sequence location on the positive strand, whereas the column 3’-5’ represents the 
sequence location on the minus strand. The palindromic sequence itself is presented in the 5’-3’ direction.   

5’-3’ 3’-5’ 5’-3’ Sequence Tm (°C) 

421-431 516-506 TCTTTTACTGC 27.6 

1649-1658 3113-3104 TCACATTCCA 26.2 

2506-2516 2705-2695 CTTACATTTTC 21.3 

2578-2587 3120-3111 AATTGCATCA 23.6 

2598-2607 3103-3097 TAATGATTAA 10.1 

 
 

No sample with a qPCR liver copy number <15.68 copies or qPCR plasma copy 

number <191.69 copies could be fully sequenced using the lrPCR method alone (Table 

2). Of the dataset, 51% of genomes were sequenced fully using lrPCR and MiSeq 

sequencing alone, 26% were sequenced using additional Sanger sequencing, and 23% 

were not fully sequenced. Therefore, the method worked efficiently for sequencing 77% 

of the genomes.  

Phylogenetic Trees and Diversity 

The WSHBV genomes share greater than 96.8% identity (96.8-100%; median 

99.5%), and concatenated protein sequences share greater than 96.9% identity (96.9-

100%; median 99.6%). Individual protein sequences have the lowest percentage of 

differences in the P ORF, followed by the S, and then C (Table 6). Nucleotide diversity 

was the greatest in the S ORF (Table 6). Although nucleotide differences were less than 

those required for orthohepadnaviral genotype demarcation, WSHBV genotypes and 
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subgenotypes may require different demarcation criteria. The low divergence of the 

sequences is evident in the phylogenetic trees, where branch lengths were generally short 

and only well supported in some cases (Figure 11, Figure 12, Figure 13).  The 

phylogenetic trees for individual genomes, individual proteins, and the Spacer/PreS 

domains support similarly structured trees in which the Canadian samples were most 

distantly related to the group of Great Lakes samples.  

 

Table 6. Nucleotide Diversity calculated by Percent Differences in Pairwise Identity. 

 
Core Polymerase Surface Genome 

Max % Nucleotide Differences 2.2 3.5 3.3 3.3 
Max % Amino Acid Differences 1.9 4.6 4  
%Nucleotide diversity π (JC) 0.601 1.294 1.163 1.19 

 
 

Within the Great Lakes samples, the most distinctive clades were between the St. 

Louis River/Lake Superior samples (GL2A, GL2B, GL16A) and the group including all 

Lake Michigan samples (GL6-Milwaukee River, GL5-Fox River, GL12-Sheboygan 

River) and the Swan Creek/Lake Erie sample (GL3). Within the Lake Michigan and Lake 

Erie clade, the Swan Creek sample from Lake Erie (GL3-57) always forms a distinctly 

longer branch near or within the Lake Michigan clade (Figure 11, Figure 12, Figure 13). 

The single Fox River sample (GL5-8) forms a separate grouping with Sheboygan River 

sample GL12-13 within genome analysis (Figure 11), but is differentiated in considering 

individual proteins, and the Pres/Spacer region (Figure 12, Figure 13). Although the 

Milwaukee River and Root River genomes appear to form marginally differentiated 



35 
 

clades from the Sheboygan River samples, the posterior probability indicates that most of 

these branches collapse to form one population (Figure 11). In addition, there is 

intermixing of the sites within these clades, for example GL12-2 (Figure 11). The protein 

sequence analysis provides even less distinction between the groups (Figure 12). The 

Lake Michigan samples, from GL6, GL12, and the Root River indicate that there is not 

enough distinction to consider genotypes as being specific to a tributary alone.  
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Figure 11. Bayesian Genome Tree.  
Branches are labeled with posterior probability and color coded by sampling location.  
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Figure 12. Bayesian Tree weighing C, P, and S Nucleotide and Amino Acid Sequences. 
Branches are labelled with posterior probabilities and are color coded by sampling location. 
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Figure 13. Bayesian Tree of the Spacer domain of P and PreS of S. 
 Consensus sequences for each geographic variant were used. Branches are labelled with posterior probabilities. 
 

 

In order to investigate the possibility of establishing subgenotypes, we examined 

genome nucleotide diversity (π) within a population and average nucleotide substitution 

per site (Dxy) values between sampling sites. For these analyses, we grouped the Root 

River samples with the GL6 samples because of the similarity of the genome and protein 

coding sequences and geographic proximity (Figure 12, Figure 13). The π of the entire 

sample set is 0.0119. The π value for GL12 is 0.00129, for GL6 is 0.00108 (Lake 
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Michigan is 0.00250), and for GL2 is 0.00537. This suggests that GL2 sequences were 

more divergent from one another than samples within Lake Michigan or either GL12 or 

GL6. The diversity within each of these populations is still relatively low compared to 

that of the entire sample set. The absolute pairwise divergence, Dxy, between sampling 

locations ranged from 0.00203 between GL12 and GL6 to 0.03276 between Canada-1522 

and GL3-57 (Table 7). The average Dxy was 0.021552 (SD+/- 0.009624). Consistent 

with the phylogenetic tree, GL2 consistently was more divergent from the other Great 

Lakes samples, and Canadian samples were even more different from the Great Lakes 

samples (Table 7). The low divergence between and within samples from the Milwaukee 

River, Root River, and Sheboygan River provided further evidence supporting collapsing 

sequences into a consensus for variant analyses as a Lake Michigan subgenotype. The 

individuals from the Fox River and Swan Creek were kept separate in SNP and PAML 

analysis in order to illustrate and understand the overall WSHBV inter-subgenotype 

variance, especially given observed protein coding variation (Figure 12, Figure 13). 

However, we ultimately grouped the Fox River sample with other Lake Michigan 

samples to create a Lake Michigan subgenotype. Subgenotypes were defined by Ka/Ks ≥ 

0.572 and Dxy ≥ 0.00683, resulting in subgenotypes of: Alberta 1522, Alberta 1538, St. 

Louis, Swan Creek, and Lake Michigan.  
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Table 7. Dxy Values between Viral Populations by Sampling Site. 
Dxy was calculated using the Jukes-Cantor method in DNAsp. 

Population GL2 GL5 GL3 GL6 GL12 CAN1522 CAN1538 
GL2 - 

      GL5 0.02542 - 
     GL3 0.02717 0.00909 - 

    GL6 0.02579 0.00681 0.00766 - 
   GL12 0.02529 0.00572 0.00683 0.00203 - 

  CAN1522 0.03128 0.03055 0.0335 0.03261 0.03226 - 
 CAN1538 0.02732 0.02703 0.02937 0.02835 0.02777 0.01887 - 

 
 

Variant Analysis 

A total of 215 polymorphic sites were identified, of which 131 were parsimony 

informative sites and 86 were sites of nonsynonymous mutations. Of the parsimony 

informative sites, 55 SNPs and 2 INDELs were identified as being variable relative to 

sampling location (Figure 14). Although sites of polymorphism were scattered 

throughout the genome, with some regions of apparent clustering, some of these regions 

of the genome were more prone to transversions and nonsynonymous mutations (Figure 

14). Additionally, only the region from positions 788-812 had SNPs distinguishing each 

geographic variant. The Nanostring codeset binding site contains two SNPs, but this is 

unlikely to affect the assay because of the lower specificity of a hybridization reaction. 

The qPCR primer binding sites were conserved. While two SNPs occurred within the 

amplified region, this would not affect a SYBR based assay in which product size is the 

critical measurement. 
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Of the 50 parsimony informative SNPs, 17 of 55 were transversions (30.9%), 

whereas the other 38 were transitions (69.1%) (Figure 14). Under the Kimura 2-

parameter model (45), the genome Ti/Tv ratio (R) was 2.42 indicating transitional bias. 

The P ORF R was similar at 2.18, while the S ORF R was much lower at 0.87 indicating 

a bias to transversions. The raw substitution probability of certain nucleotide changes 

varied between genomes and coding regions (Figure 15). The single parsimony 

informative SNP that occurred in the coding region of the C ORF was a transversion 

(Figure 14). Of the seven SNPs in the S ORF, three were transversions (Figure 14). 

Within the P ORF, five of 21 SNPs were transversions (Figure 14). 
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Figure 14. Polymorphic Sites between Geographic Variants. 
The grey outer rings represent the protein coding regions of WSHBV and are highlighted with nonsynonymous 
mutations. These mutations correspond with the SNPs highlighted by the inner rings, which are representative of 
geographic sampling site. Small numbering around the positional reference ring also corresponds with these SNPs and 
shows whether changes are transitions or transversions. 
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Figure 15. Transitions and Transversions in WSHBV. 
Transversions are boxed in orange. A-G/G-A and C-T/T-C transitions were the most probable within genomes, ORFs, 
and the atypical region. 
 

 

The remaining 26 SNPs occurred in the atypical region, of which 8 were 

transversions. Within the atypical region, an A-G transition were 50% probable to be the 

nucleotide change, whereas within the genome, a C-T change was most likely at about 

24% (Figure 15). The most common transition in P was T-C (20%), in S was G-A (20%), 

and in C was G-A (35%) (Figure 15). Of the 17 geographically specific transversions, 10 
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corresponded to nonsynonymous mutations. An additional 23 of the SNPs were 

nonsynonymous mutations. A total of 33 of 55 SNPs were nonsynonymous missense 

mutations (60%). Although 40 additional synonymous and nonsynonymous SNPs, were 

identified using the Geneious variant caller, these sites were not considered for 

geographic variants because changes were unique to individual samples. These unique 

nucleotide changes may represent within host changes rather than population level 

changes. In these cases, SNPs may offer viral advantages that may be selected for from 

viral quasispecies because of colonization ability rather than  adaptation (46). Of the 40 

additional sites, 23 were unique to samples collected in Canada, 6 were unique to Swan 

Creek, 1 was unique to the Fox River, and the remaining 10 were a mix of individuals 

from the other sites. When the 10 INDEL sites originally discovered were re-examined, 9 

were recovered as real and occurred in 8 sequences in 3 positions (Table 8). These were 

all within the atypical region, and therefore did not lead to frame shifts. 
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Table 8. Insertions and Deletions in WSHBV. 

Sequence INDEL NT 
Position 

IN/DEL Reference NT Sequence NT 

GL3-57 2542 INS - T 
GL6-15 2542 INS - T 
CAN1522 3074 DEL A - 
CAN1538 3074 DEL A - 
GL2A-41 3074 DEL A - 
GL2B-8 3074 DEL A - 
GL2B-13 3074 DEL A - 
GL16A-27 3074 DEL A - 
CAN1538 3184 INS - C 

 
 

Polymorphisms of the 3 major hepadnaviral proteins suggest that similar to other 

hepadnaviruses, the surface gene is undergoing the most selective pressure. The ratio of 

nonsynonymous vs. synonymous mutations (Ka/Ks) and ω, the ratio of the rate of 

nonsynonymous to synonymous mutations (dN/dS) were highest in the surface gene. 

Both measures can be used as indicators of selective pressures at the protein coding level. 

They differ in that Ka/Ks is estimated between samples or populations and does not 

consider biases over evolutionary history, often missing selection when few sites are 

under selection because of an overestimation of Ks. The Nei-Gojobori method used by 

DNAsp to estimate Ka/Ks is also biased in that it assumes nucleotide substitutions at 
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equal rates. Omega is the rate at which mutations are accumulated over a phylogenetic 

tree topology. Omega was calculated using a codon model 0 (M0), which assumes 

uniform selective pressure among sites and within a given Bayesian tree. The ω model 

also allows for correction of base substitution biases of the given sequences. The results 

of Ka/Ks and ω are on the same scale, where a Ka/Ks ratio or ω of 1 indicates neutral 

mutations, less than 1 indicates purifying selection, and greater than 1 indicates 

diversifying positive selection. The range of Ka/Ks ratios between geographically defined 

populations identified that ratios for C were less than for P, which were less than for S 

(Table 9, Table 10). In the surface gene, the Ka/Ks, ranges from 0.223 to 1.221 between 

geographic populations (Table 9), representing all types of selection, and the ω was 

0.68477 (Table 11), suggesting purifying selection. The P had the next highest estimated 

Ka/Ks ratios, ranging from 0.100 to 0.359 (Table 10), and was also undergoing purifying 

selection measured by ω (Table 11). The C showed least evidence of adaptive evolution 

with a Ka/Ks that ranged only from 0 to 0.147 (Table 9) and had an ω of 0.05415(Table 

11). We also analyzed the conserved P ω under M0. The conserved P is the region that 

includes functionally important portions of P and is considered conserved among 

hepadnaviruses (2). Analysis suggested it was conserved more than both the S and full P 

of WSHBV.  
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Table 9. Ratio of the number of nonsynonymous and synonymous mutations (Ka/Ks) for C and S. 
Population GL2 GL5 GL3 GL6 GL12 CAN1522 CAN1538 

 GL2 x 0.044 0.04 0.044 0.048 0.073 0.11 Core 
GL5 0.898 x 0 0.008 0 0.097 0.224 

 GL3 0.9 0.653 x 0.008 0 0.087 0.126 
 GL6 0.732 0.211 0.79 x 0.025 0.088 0.126 
 GL12 0.722 0.242 0.911 0.223 x 0.097 0.147 
 CAN1522 1.121 0.929 0.694 0.613 0.641 x 0 
 CAN1538 0.572 0.831 0.694 0.547 0.572 1.221 x Surface 

          
 

Table 10. Ratio of the number of nonsynonymous and synonymous mutations (Ka/Ks) for P. 
Population GL2 GL5 GL3 GL6 GL12 CAN1522 CAN1538 

 GL2 x 
       GL5 0.195 x 

      GL3 0.224 0.254 x 
     GL6 0.224 0.1 0.336 x 

    GL12 0.184 0.105 0.359 0.075 x 
   CAN1522 0.272 0.222 0.217 0.194 0.195 x 

  CAN1538 0.271 0.205 0.238 0.195 0.195 0.312 x Polymerase 
 

 

Table 11. Omega (dN/dS ratio) and Kappa (ts/tv) of C, P, and S.  
Values were calculated using one omega (M0) codon model with codon frequency of F3x4. 

 Gene 
ω 

 (dN/dS) 
κ 

(ts/tv) 
C 0.05415 2.07887 
P 0.28626 3.34439 
S 0.68477 3.44133 

Conserved P 0.09197 3.00442 
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We first examined concatenated C-P-S (CPS) sequences to test selective pressures 

of WSHBV. Certain regions of the surface and polymerase protein coding regions were 

under greater selective pressure, as informed by M3 codon selection in PAML during 

concatenated CPS analysis (Table 12). Sites undergoing selective pressure were 

identified by the Bayes Empirical Bayes (BEB) method under the M8 codon model, as 

suggested by developers  (47). The M8 Codon selection model of concatenated CPS 

identified a single BEB significant site (P>99%) under selection at nucleotide positions 

788-790 changing amino acid 207 of the polymerase gene, and differentiated the Canada 

samples, St. Louis River samples, and Swan Creek sample. Nonsignificant BEB variance 

was also detected within the P and S during concatenated CPS analysis. The indicated 

possibility of selection within the overlapping P and S ORFs along with knowledge of 

high variability within this region in other hepadnaviruses prompted further examination 

by codon model testing of the overlapping region. Further analysis of the overlapping 

region of P and S in PAML identified nonsynonymous amino acid changes occurred most 

frequently in the spacer region of P (Table 13). Within the S/P overlap, we also identified 

a geographic signature most discernible at nucleotide positions highlighted from 788-803 

(Figure 14), which includes the BEB significant positions. This region may be used in 

future studies to rapidly identify genotype or subgenotype by PCR or qPCR.  
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Table 12. Concatenated CPS ML Model Analysis. 

 
 

Table 13. Nonsynonymous codon position changes to Polymerase (P) and Surface (S) genes in the spacer region 
of P and pre-S region of S. 

  p1/s3 p2/s1 p3/s2 Total Sites 
Percent of total nt sites 

with dN changes 
Polymerase 21 6 0 27 1.45 

Surface 2 3 5 10 0.96 
Spacer 17 3 3 23 4.13 

RT-S 1 1 2 4 0.83 
 

 

Of all of the P nonsynonymous mutations, 67% were within the spacer, and of the S 

mutations, 70% were in the nucleotide range of the spacer. Comparatively, only 7.4% of 

P mutations occurred within the RT-S overlap whereas 30% of S mutations occurred in 

RT-S overlap.  

Within the spacer, there were a total of 23 nonsynonymous nucleotide 

substitutions changing 25 amino acids (Table 13). These positions were consistent with 

those highlighted by SNP analysis in the region (Figure 14). These observed amino acid 

changes were most likely to change the polymerase protein, and in particular changing 

the codon position 1 of the polymerase and 3 of the surface (p1/s3) accounting for only 
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two changes to S. Surface protein amino acid changes were most likely to occur via p3/s2 

substitutions overall, but were equally likely to occur through p2/s1 mutations in the 

spacer (Table 13). The p2/s1 mutations were expected to occur least frequently because 

they change amino acids in both proteins (20), but they were no less likely than p3/s2 

mutations.  

WSHBV does not have the immunodominant a-determinant region, where p2/s1 

mutations cluster in orthohepadnaviruses (20). In WSHBV the p2/s1 mutations that 

change both P and S occurred at nt positions 789, 843, and 1509. The p2/s1 mutations 

that change P only occurred at 846, 1845, and 1857. Although nucleotide substitution 

models can detect neutral models of evolution, they can not necessarily detect natural 

selection or adaptive evolution (42). Selection was detected under models 2, 3, and 8 for 

the P gene by LRT with a chi-square (χ2) significance level of p < 0.001 (Table 14). For 

the S gene, only M3 detecting variable selective pressure among sites was significant 

with 0.05>p>0.025 between Great Lakes Samples (Table 14), and p<0.001 with the other 

parahepadnavirus CSKV (Table 15). This does not preclude S from undergoing selection 

between the Great Lakes samples, because the likelihood ratios test has limited power for 

highly similar sequences, and maximum likelihood models are more reliable with larger 

sample sets (42). 
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Table 14. Model Testing with the S-P overlap in Great Lakes Samples. 

 
 

Table 15. Model Testing with the S-P overlap in Parahepadnaviruses 
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Finally, we also calculated simply the percent nucleotide differences between 

CPS sequences and between the spacer in reading frame (RF) +2, corresponding to P, and 

in RF +3, corresponding to S. The spacer region within P showed the highest variability 

as indicated by the alternative analysis. When determining genotypes, subgenotypes, and 

strains, this putative immunodominant region may deserve particular consideration. 

 

Table 16. Percent Amino Acid Differences within the Spacer. 

 
CPS Spacer (RF +2) Spacer (RF +3) 

Max % Amino Acid 
Differences 3.6 11.6 3.8 

 
 

Regulatory Elements 

 Regions with similarity to functional regions in other hepadnaviruses were 

identified to be conserved among all viral strains. A single set of direct repeats is required 

in ortho- and avihepadnaviruses for viral replication (12, 48). Ortho- and avihepadnaviral 

replication is also dependent on an the encapsidation signal, a secondary structure with 

specific nucleotide sequence, which falls between the direct repeats (12, 48). Two sets of 

12bp direct repeats were identified within the atypical region, one set at positions 2519 

and 3186 with the sequence 5’ CCATGTGCTCAC 3’, and the other at positions 2890 

and 3126 with the sequence 5’ TGAAAGTCCATT 3’ (Table 17, Figure 1). The function 

of these repeats is unknown in WSHBV. Other fish hepadnaviruses such as the baby 

whale nackednavirus and the rainwater killfish nackednavirus also have multiple sets of 

direct repeats (2). The noncanonical polyadenylation signal TATAAA found in other 
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hepadnaviruses and identified as the functional signal in WSHBV (1) was also conserved 

at position 3211 (Table 17, Figure 1).  
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Additional elements crucial to functionality of other hepadnaviruses were 

conserved, including the components of the reverse transcriptase (RT): the active site, 

nucleic acid binding sites, and nucleoside triphosphate (NTP) binding site (Table 17, 

Figure 1). In addition, conserved motifs among all hepadnaviruses (2) that occur within 

the P ORF were also conserved among subgenotypes (Table 17). This includes the GLY 

residue, the substitution of which is associated with orthohepadnaviral vaccine escape 

(49) and the YMDD motif of the reverse transcriptase domain that is conserved among 

other reverse transcribing viruses (2). In addition, Core Motif I and Core Motif II  

conserved in hepadnaviruses (3) were fully conserved throughout all subgenotypes, and 

Core Motif III was conserved in amino acids conserved across the family, but was 

variable from a T to A in position 160 between the Great Lakes and Canada samples 

(Table 17).   

Disease Outcomes 

No significant correlation was observed between qPCR detected copy number and 

liver or skin pathology (Table 18). Age was not determined to be associated with viral 

copy number (Figure 16). There was no association between the WSHBV Type, liver 

neoplasia and WSHBV qPCR plasma copy number (p=0.775). Interestingly, the sample 

with the highest copy number in both the liver and in the plasma at over 2 million copies 

in the liver and over 15,000 copies in the plasma, was also the only one of the tested 

Sheboygan River fish that was found to have hepatic cell carcinoma. 
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Table 18. Logistic Regression Analysis of qPCR Copy Number versus Pathology. 
Pathology Outcome Regression Coefficient χ2 P 

Liver Neoplasia 0.000000643 171.085 0.441 
Skin/Fin-Red, Erosion 0.000000502 171.207 0.438 

Skin/Fin-Parasites 0.00000438 170.434 0.455 
Skin/Fin-Melanistic 0.00000103 170.972 0.443 

Skin/Fin-Raised 0.000000429 171.321 0.436 
 

 

 
Figure 16. Relationship of white sucker age with detected WSHBV copies in plasma by qPCR. 
The r2 for the data is 0.0002657. Error bars represent standard error. 

 

Age and plasma WSHBV were evaluated by multiple regression for association 

with hepatic tumor development (Table 19). Only age significantly associated with liver 

neoplasia (p<0.05) (Table 19).  
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Table 19. Linear Regression of the relationship of Age and qPCR Copy Number with Liver Neoplasia. 
 Estimate Std Error z value P 

Age 2.8213 0.9156 3.081 0.00206 
Plasma qPCR -0.5559 0.7837 -709 0.47812 

Age and Plasma qPCR 0.2496 0.2891 0.863 0.38789 
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CHAPTER FOUR: DISCUSSION 

We developed a method to non-lethally quantify WSHBV in white sucker plasma.  

The method of using circular long amplicon sequencing (CLAS) to sequence genomes 

provides a way to genetically characterize WSHBV. CLAS is a process in which lrPCR is 

used to amplify circular genomes that are subsequently sheared manually or 

enzymatically, and sequenced using next generation sequencing. The CLAS method is a 

cost effective, efficient workflow for the resequencing of circular viral genomes. Using 

lrPCR over probe-based, solution-based, and microarray-based target capture methods 

provides a low cost solution with high target specificity while allowing for low input 

quantity (50). The CLAS method allowed us to rapidly sequence 28 WSHBV genomes 

from which we were able to define subgenotypes.  

Methodology 

Detection of WSHBV particles in plasma via qPCR and of corresponding viral 

expression or replication in the liver by Nanostring indicates the robust detection ability 

of both methods.  Although we only detected virus in 11.4% of the sampled fish, sample 

size and type, sampling location, and viral biology may play a role in viral prevalence. In 

the set of white sucker from the Sheboygan River, viral DNA was detected in 85% of 

liver samples and 36% of plasma samples. Of the liver samples in which we detected 

viral DNA, 41% were also virus positive in the plasma.  In orthohepadnaviruses, it is not 
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uncommon to observe no viral DNA in plasma while maintaining infection within the 

liver (51, 52). In a study of 7 humans infected by human HBV, 6 (86%) had viral DNA 

detected in the liver, and of these 6 patients, only 2 (28% of the total, 33% of liver 

positive) had quantifiable viral DNA in the plasma (52). While an intention of this 

method was to non-lethally screen fish for virus, liver tissue is required for a robust 

measure. 

Viral DNA load detectable in plasma is dependent on infection stage (4, 6), viral 

load at infection (52), and immune response and clearance (53). Virus in an early 

replicative phase may not be at a budding stage of the life cycle (4, 54) Immune clearance 

may also remove virions from circulation (53). For duck HBV, active replication is first 

detected in the liver, and subsequently, the competent packaged relaxed circular (rcDNA) 

is detectable in serum and later other organs including the pancreas and kidney (6–8). In 

woodchuck HBVs, infection is first observed in the lymphatic system, specifically bone 

marrow, before disseminating to the liver and then spleen, peripheral blood lymphocytes, 

and lymph nodes (4). HBVs are detectable in serum after an initial lag time The innate 

immune system responds to viral infection after a lag time, kicking in at time of detection 

in serum (55). In the therapeutic response to human HBV, viral DNA levels decline first 

in serum and then in liver, where residual HBV DNA replication may be quiescent or 

occur at a rate exceeded by cellular turnover so viral genome load effectively decreases 

over time (52). These responses may in part explain the observations in WSHBV.  

It is possible that viral biology may explain some of the differences in detection 

and sequencing ability between liver and plasma samples. During the hepadnaviral life 
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cycle, there are several intermediate replicative stages which persist in blood and infected 

tissues and organs. In the case of human serum infected with HBV, the most prominent 

viral forms are a spherical form and a filamentous form of the viral surface antigen which 

lack a nucleocapsid/core protein and viral DNA (56–58). Full virions that have a surface 

antigen, envelope, internal nucleocapsid, viral core antigen, viral DNA, and reverse 

transcriptase, are present at much lower concentrations (57). In the encapsidated 

infectious virion, common genome forms are partially double stranded relaxed circular 

DNA (rcDNA) or double stranded linear DNA (dslDNA). Relaxed circular DNA is the 

prominent infectious form and consists of a full length minus strand which is circular but 

not covalently closed, and a partial plus strand. Mammalian plus strands are only 

approximately 55-85% of the length of the minus strand with heterogeneous 3’ ends (59–

61), while avian HBV plus strands are nearly full length (48, 60). In the relaxed circular 

form, the plus strand of WSHBV is of unknown length, as is the case with other fish 

hepadnaviruses. If WSHBV is like other HBVs, the atypical region is where WSHBV 

would likely be at least partially single stranded (Figure 1). The 3’ end of the atypical 

region of WSHBV would also be expected to contain the nicked site where the minus 

strand of rcDNA is circularized by a non-covalent bond and the epsilon stem loop used to 

promote transcription.  Human and duck HBV genomes are commonly amplified using 

primers located at the nicked minus strand (62, 63). This allows PCR to overcome the 

100,000-fold less efficient amplification through the nicked site and the partially single 

stranded gap region (62, 63). In WSHBV the possible single stranded nature, possible 



61 
 

nicked site, and potential for a secondary structure may account for some of the loss of 

coverage in the atypical region of WSHBV.   

The alternate dslDNA form may also contribute to lrPCR and sequencing 

anomalies. Double stranded linear DNA is full length double stranded DNA that is 

infectious and can be used in the viral life cycle similarly to rcDNA (64).The dslDNA 

form is formed 5-20% of the time during improper strand translocation during replication 

(reviewed in (48)). The dslDNA can circularize by using a nine nucleotide redundancy on 

the minus strand that occurs during replication (64). The dslDNA is also suggested to be 

part of a mechanism of integration into the host genome, but there is currently no 

evidence of endogenization of WSHBV (1). If the dslDNA is present in white sucker 

plasma and hepatocytes, lrPCR products could also be products of amplifying partial 

genomes, chimeric products of these partial genomes, or circularized dslDNA bound by 

the terminal redundancy. WSHBV lacks an encapsidation signal homologous to other 

hepadnaviruses near the direct repeats. It is unclear if the virus is able to replicate using 

the same mechanisms and form dslDNA. However, if WSHBV uses the same priming 

and strand translocation strategy as other HBVs, it would be unlikely that the atypical 

region would be excluded as a sequencing target. If the mechanism is different, then 

dslDNA could account for some of the variability in coverage and lrPCR amplification 

ability. Functional in vitro expression studies beyond the scope of this work are necessary 

to determine replicative mechanisms. 

Neither rcDNA nor dslDNA have a full genome length double stranded DNA, as 

found in the covalently closed circular DNA (cccDNA) form found in infected cell 
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nuclei. The completely double stranded cccDNA that is formed in the cellular nucleus 

and is required for full transcription, is most likely to be observed in plasma if 

hepatocytes are damaged by inflammation or necrosis and leaking cccDNA (6). In the 

case of leaking hepatocytes, detection and amplification of any of the three given forms 

of viral DNA would occur, allowing for sequencing coverage of the whole atypical 

region, though not with equal sequencing probability. Our lrPCR and sequencing data 

provide evidence that we are not dealing with simple cccDNA architecture. The 

amplified region by qPCR should not be affected by the rc-, dsl-, or ccc- DNA forms.  

The variable size of lrPCR products and inconsistent sequencing coverage of viral 

genomes that we observed may also occur because of presence of multimeric episomal 

DNA or occur as a result of alternative splicing. Multimeric episomal DNA forms 7-12kb 

intact multimers of the full HBV genome in size and has been found in few cases of 

woodchuck, chimpanzee, and human HBVs (4, 5, 65). This has been detected in multiple 

tissues, and therefore could contribute to some of the larger lrPCR products observed in 

liver samples, but the observation is not enough to fully explain incomplete genome 

sequencing of plasma samples. The mechanism of multimeric sequence formation in vivo 

is not described. It is possible that chimeric sequences are created during PCR by the 

annealing of partial or whole genomes with annealing preferentially occurring within 

direct repeat regions or palindromic regions, especially at low temperatures.  

Alternative splicing could also account for the sequencing coverage variability, as 

spliced HBV variants are known to occur within viral populations at all stages of 

replication. Spliced variants have been reported in liver and in serum. Some variants 
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encode alternative proteins, some are associated with different genotypes (66), some are 

associated with more productive infection (67), and some are associated with advanced 

disease such as hepatocellular carcinoma (66, 68). Splice variants most commonly splice 

out around 1kb in the PreS and S (69–71), with the number of variants varying based on 

duration of infection, sample type, and antiviral treatment (70). Alternative splicing 

within S could affect the qPCR primer binding sites and therefore detection ability. 

However, it is evolutionarily unfavorable for the virus to splice this functionally 

important reverse transcriptase domain of P. This is not the genomic region in which we 

observe CLAS sequencing difficulty, but alternative splicing within or near the atypical 

region cannot be precluded from possible explanations for the drop off in coverage in 

genomes from plasma.  

Alternatively spliced viral forms are packaged into virions with associated 

proteins, though not all are fully replication competent. These forms may be detected and 

sequenced in liver and plasma. Within the atypical region, there are 4 GT donor splice 

sites within the 5’ end and 2 conserved AG acceptor splice sites on the 3’ end, which 

could be used with the common polypyrimadine tracts in the region and a presently 

unidentified branch sites to signal splicing (71). If splicing occurs in this region, 

intermediate products could be precursors to proteins with X-protein like properties or 

play an entirely different functional role. 

Viral life cycle forms may not be the only reason for differences in detection 

between liver and plasma samples and for difficultly in sequencing through the atypical 

region. Observed changes in detection and sequencing ability could be due to different 
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storage mediums and sampling technique of liver and plasma samples, freeze-thaw 

cycles, or secondary metabolites present in plasma versus liver, which could all affect 

viral integrity. For example, detection of WSHBV by qPCR in plasma samples may be 

inhibited by heparin, an anticoagulant and known PCR inhibitor used during blood 

collection. Plasma was not stored in any fixative, while liver sample nucleic acids were 

preserved by RNAlater ® and ethanol. Nucleic acid degradation and secondary structure 

within the atypical region could be differentially affected by heparin or preservative, 

especially in the presence of freeze-thaw cycles. Alternatively, different genotypes could 

produce different levels of different viral genome intermediates, skewing detection 

ability. Only the Root River samples of the Lake Michigan subgenotype were used to 

examine coverage in liver samples. Without a plasma comparison for the same samples, 

we are unable to conclusively identify if genotypes produce different viral genotypes.  

However, plasma samples within the same subgenotype defined here indicate the sample 

type rather than intermediates contributed more significantly to sequencing ability. 

Research to characterize the atypical region for single stranded nature and secondary 

structure and research to determine the replication mechanism of WSHBV will better 

explain the variability observed.  

Subgenotype Identification 

 The 57 highlighted sites that were variable between populations, specifically the 

33 nonsynonymous mutations and INDELS could be used as starting points to further 

study if these sites are under selection, whether they are exposed regions of the genome 

during DNA or protein folding, or if they make a functional change on the protein level. 
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DNA transitions (between purine bases or between pyrimidine bases) are generated more 

easily because of tautomeric shifts and deamination of cytosines. In tautomeric shifts, 

purines and pyrimidines can bond with the wrong partner, but right type. Deamination of 

cytosine is the most common point mutation (C to T shift), which is what is observed in 

the highest frequency in the C ORF and within genomes. The core and atypical region 

were the least likely to have transversion mutations. This could have to do with the 

importance of core conservation to WSHBV life cycle. If the atypical region is single 

stranded, then transversions would be less likely to be detected by DNA repair 

machinery. However, secondary structure that may assist in viral replication in the region 

may require compensatory mutations in order to retain functionality whereby selecting 

for transitions. Additionally, if single stranded, only the minus strand of the atypical 

region is synthesized within the capsid by the sloppy polymerase that has no proofreading 

ability. If similar to other HBVs, the remaining plus strand covering the atypical region 

would be synthesized by the viral polymerase. However during completion of the partial 

plus strand within the host nucleus, DNA repair may occur, whereby reducing the 

likelihood of transversions. 

Both biological properties of hepadnaviruses and host systems contribute to viral 

genome variation, though neither factor alone is enough to explain patterns in genetic 

diversity (17). Geographically differentiated viral strains are not unique to WSHBV, as 

orthohepadnaviruses have been discovered worldwide, and are currently divided into 8 

genotypes clustered by geographic location (9, 16, 72). These 8 genotypes are 

characterized by genome inter-group divergence of >8% in the full genome and >4% in S 
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gene (16). Genetic variation between the 8 genotypes is geographically distributed and 

further exemplified by phenotype, as the different genotypes show a difference in 

prevalence, transmission, replication rate, serological profile, and clinical outcomes (16–

18). WSHBV do not meet the same criteria as human HBVs to classify genotypes. 

Genome nucleotide differences were <4% and the polymerase gene varied more than the 

surface (3.5% nucleotide differences versus 3.3%). Despite this, there were clear 

nucleotide and amino acid distinctions between five viral WSHBV subgenotypes of 

Alberta 1522, Alberta 1538, St. Louis, Swan Creek and Lake Michigan. Subgenotypes 

varied with a Ka/Ks ≥ 0.572 and a Dxy ≥ 0.00683. In addition these subgenotypes were 

geographically separated. 

Within these subgenotypes, the highest variability was observed between the 

spacer domain of P and PreS of S. Even though hepatitis B genes are transcribed from 

overlapping reading frames, the overlapping gene regions don’t evolve significantly more 

slowly (17), rather selective constraints operate on single genes (21). The observed 

putative protein coding changes between WSHBV subgenotypes were similar with other 

hepadnaviruses. The core protein is the most highly conserved in all hepadnaviruses 

including among human HBV genotypes (73). Under appropriate codon models, both the 

surface and polymerase proteins of WSHBV were undergoing adaptive evolution, 

consistent with the large scale study of HBV D genotypes (24).The surface protein as a 

whole is typically the most variable, having the highest nucleotide substitution rate and ω 

(24, 74). The surface protein is also important in modulating host immune response 

(reviewed in (75)). In particular, the spacer region of P, which overlaps with S following 



67 
 

the P terminal protein domain, is typically the most variable (24, 76). The spacer has the 

highest concentration of nonsynonymous mutations in the P and S, contributing to P and 

S mutations such that both proteins undergo adaptive evolution, similarly to other 

hepadnaviruses (20, 24, 77).  

The adaptive role of the spacer, whether it evolved S traits by overprinting (2) or 

otherwise, could be significant in WSHBV. Geographically isolated subgenotypes show 

selection in P and S. This region also contains a geographically associated range of SNPs. 

Overprinting or a bacterial insertion of the Pre/S spacer in WSHBV may have occurred 

centuries to millennia ago, leaving remnants of conserved bacterial domains of 

topoisomerase II and FstK translocase. We suggest that the variance between 

subgenotypes in this region is indicative of viral fine tuning; allowing WSHBV adapts to 

host genetic and environmental variability, specifically host specific transcription factors, 

immune response, or cytoplasmic conditions affecting P activity. Mutations in p2/s1 and 

p3/s2 of the spacer were equivalent in number, which is perhaps a result of low sample 

size, or is suggestive of fine tuning playing a more significant role in the P by changing 

p1/s3. In other HBVs, P acts in the cytoplasm of the host cell, where it may also act in 

WSHBV, indicating selective pressures within host cell cytoplasm. Future studies of 

WSHBV action may benefit from specific examination of P activity and localization in 

order to determine factors influencing how WSHBV is evolving to match the host and 

environment. The sites of variation provide starting points to investigate how these 

functionally independent adaptions are constrained. The p1/s3 mutations may be driven 

by each other and other mutations within the region or elsewhere in the genome. 
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Although these adaptions are functionally independent, they may be compensatory to 

mutations at other sites in the genome (78), whereby at this time point we may be 

observing specific compensatory mutations between WSHBVs from different sites. 

Although PCR error could impact sequence variation between subgenotypes, PCR 

derived mutations would be random, so mutations or INDELS shared by a substantial 

virus subgenotype are not likely to be PCR derived (79). Our methodology in 

determining geographically relevant SNPs shared by multiple individuals within a 

subgenotype or a genome position with a SNP shared by different subgenotypes allowed 

us to minimize analyzing PCR errors. 

Some of the viral subgenotype SNPs may be explained by host and environmental 

factors specific to geographic location. Fishes of different water bodies are exposed to a 

number of different stressors such as varying levels of contaminants (30, 31, 80) and/or 

different temporal, flow, and oxygen conditions. These varying environmental conditions 

can affect the host and the host viral response. White suckers live in pods, especially 

when young and during the day to avoid predators (81). White suckers migrate to spawn, 

moving between creeks, rivers, and lakes, traveling distances recorded of up to 40 river 

kilometers (rkm) (82). However, they typically return to preferred, restricted habitats, 

where they reside for over 9 months of the year (82). Each pod may have different 

inherent or adapted responses to general environmental conditions and/or to viral 

infection which would affect viral selection and long term genotype development. Certain 

portions of the C, P, and S are recognized and targeted by different immune molecules 

such as cytotoxic T lymphocytes and interferon gamma, and these responses can vary 
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among closely related individuals (55). Immune escape and chronic infection may be in 

part driven by cytotoxic T cell recognition occurring in HBV regions without protective 

values that are prone to viral mutations, allowing for viral adaption to host conditions 

(55). Regions of high variability, especially the spacer of P and PreS and the atypical 

region could play a role in WSHBV host adaption by selecting for transcription factors as 

well as allowing immune evasion. In addition, the immune response to viral infection 

may vary between white sucker pods, or occur at different levels depending on point in 

the infection cycle, white sucker age at infection, and chronicity of infection (55). 

Elevated immune response leads to more rapid HBV generation, whereby increasing the 

viral evolutionary rate (24). Increased viral evolution could play a role in selection of 

subgenotypes in white sucker populations. Immune responses to the virus whether 

because of host (white sucker) biology or external stressors influencing immune 

responses likely play a significant role in inducing viral genome changes for the entire 

pod, possibly affecting disease outcomes.  Specific pods may be predisposed to certain 

subgenotypes because of host or geographically related environmental conditions which 

could interplay in different proportions to drive viral selection. 

Fish Health 

We found no association of liver and skin neoplasms with WSHBV presence. 

However, the study was limited in scope to small numbers of archived fishes from 

specific sampling dates. In addition, knowledge about the WSHBV infection process and 

tissue tropism remains undefined. Therefore, epidemiological conclusions have limited 

decisive power. In orthohepadnaviruses, chronic HBV infection increases the risk of 
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developing HCC (92, 93), though the mechanisms are not yet understood. Current 

suggested mechanisms include HBV viral DNA integration into hepatocyte 

chromosomes, the X protein and associated  interactions, transactivation by short surface 

genes, inflammation and regeneration of hepatocytes caused by infection, or cirrhosis 

associated with infection (92). The mode of transmission and age of acquisition 

differentially affect the percent of chronically infected individuals and therefore also the 

prevalence of HCC and cirrhosis (93). At present, we don’t know the mode of 

transmission of WSHBV and whether fish are chronically infected and/or transiently 

infected. It is therefore difficult to draw conclusions about whether WSHBV is able to 

cause liver or skin neoplasia. 

In addressing subgenotypes and transmission, it will also be critical to consider 

that white suckers are used as baitfish in the United States and Canada (94, 95). Although 

they are not considered food or sport fish, their popularity within the top 6 baitfish used 

in the United States will need to be considered in further disease prevalence assessments. 

Genotyping and genotype markers may be useful in the future in monitoring the spread 

and epidemiology of WSHBV as was done with the viral disease, viral hemorrhagic 

septicemia, in the Great Lakes (96). However, as discovered in developing an 

understanding of viral hemorrhagic septicemia spread and introduction in the Great 

Lakes, it was also discovered that the destination and numbers of baitfish used are not 

well regulated or documented (96). It is also currently undocumented whether WSHBV 

can be passed through the gastrointestinal tract of birds of prey, whereby complicating 
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the web of transmission further. Once more is known about the basics of WSHBV 

infection, these issues may need to be addressed.  

White suckers in the Great Lakes have been exposed to different toxic chemicals 

and chemicals of emerging concern, as well as different naturally occurring 

environmental conditions (34). Chemical exposure has historically been studied in 

correlation with parasite load, liver neoplasia and bile duct proliferation in white sucker 

(29, 31, 80). It is possible that WSHBV also contributes to the development of liver 

neoplasms and carcinogenesis, as has been observed in orthohepadnaviruses even though 

we were unable to establish a correlation in this study. Additionally, in white suckers, 

commonly observed bile duct neoplasia could also be affected by WSHBV, as previously 

observed bile duct neoplasia is a multifactorial disease that cannot be explained solely on 

basis of exposure to environmental carcinogens (29). WSHBV could alternatively be a 

transient infection like in avihepadnaviruses. 

If WSHBV is able to cause chronic infection and subsequent liver neoplasms and 

carcinogenesis in white suckers it is of critical importance to understand the mechanism 

by which this occurs. One aspect of the phylodynamic understanding of the subject is 

investigating the geographically isolated SNPs in the WSHBV genome, which may be 

driven by the interplay of both host and environmental conditions. Although chemical 

exposure levels have gone down because of tremendous clean-up efforts in the Great 

Lakes, it is highly probable that historical exposure of white sucker to these contaminants 

has induced transgenerational epigenetic changes (83, 84). Transgenerational epigenetic 

changes in other organisms occur not only in response to chemicals, but also in response 
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to habitat conditions such as nutrient level and oxygen level (84). These changes may 

affect the organismal basal state of being, and also affect host ability to respond to new 

stressors or re-exposure to contaminants (85). Studying the phylodynamics that are 

affected by host, environment, and virus is practical, if not necessary in this case. 

Subsequently, careful design of biomarkers for detecting host stressors including 

chemical exposure and viral response in these populations is warranted. 

Future studies will need to consider intra- and inter- host population dynamics, in 

addition to understanding the biology of WSHBV infection. Some white suckers may be 

more susceptible to infection and/or disease progression due to environmental exposures 

and host genetics. In particular, exposures and epigenetic changes may affect WSHBV 

localization to the liver which may be largely dependent on low expression of the major 

histocompatibility complex – class I (MHC-class I) molecules and WSHBV replication 

competence in hepatocytes. Expression and replication of orthohepadnaviruses have been 

found to be regulated in part by CD8 T cells that are virus-specific (55).  The CD8 T cells 

are stimulated by  MHC-class I compounds, which are typically expressed in low levels 

in hepatocytes (55). In order for MHC – class I peptide concentrations to reach those 

stimulating CD8 T cells in other antigen presenting cells, a 100 fold increase in 

concentration must occur (55). If MHC – class I or CD8 T cells are affected significantly 

by environmental and host changes, such as by a higher/lower level of MHC – class I 

expression or by a weak T-cell response, host viral clearance may be affected. Weak 

response by CD8 T cells would be of high concern for disease progression because 

preferential apoptosis of CD8 T cells within the liver allows for viral persistence (55). 
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Changes in other HBV response related genes such as interferon gamma should also be 

considered. HBVs are also known to use transcription factors localized to hepatocytes 

(86), and have a preference for hepatic tRNAs (21). Mutations in hepatocytes or different 

levels of tRNAs between white sucker populations could be a factor in driving WSHBV 

genome subgenotype selection. 

Chemical exposures and viral infection can also affect the dynamics of cell 

regulation. HBeAg is a strong immunogen and major target of host immune clearance 

mechanisms (18). Elevated immune reaction to orthohepadnaviruses accelerates mature 

hepatocyte death and replenishment and shortens HBV generation time (87). Hepatocyte 

replacement is of particular relevance in chronic HBV infection, in which large masses of 

necrotic tissue occur (12). In order to maintain liver mass, hepatocyte replacement would 

need to occur. Certain toxic chemical exposures inhibit hepatocyte proliferation (12). 

Therefore, it could be that rather than operating primarily under the preferred mechanism 

of cell division, hepatocyte progenitor cells mature into hepatocytes in order to replace 

lost tissue mass. In teleosts, bile predunctular epithelial cells are comparable to 

hepatocyte progenitor cells, and are found in hepatic tubules of teleost liver (88). These 

cells may only be active in massive necrosis in mammals but are always active in fishes 

because of the unlobed nature of the fish liver (88). If white suckers are using primarily 

hepatocyte progenitor cells to replace liver mass, they are more likely to contribute to 

altered foci of hepatocytes which can be pre-neoplastic, in some cases giving rise to 

HCC, though the newly formed progenitor cells are virus resistant (89). Mitotic cell 

division on the other hand is more likely to give rise to normal hepatocytes which are 
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resistant to HBV infection (12). With that regard, viral transcription is also suppressed 

during the mitotic cell cycle, and more dividing cells lose HBV copies with each 

additional division (89, 90). In WSHBV, the virus could alternatively be removed from 

the liver as part of the inflammatory response (90), which is indicated by declining DNA 

viral load in the liver and serum. Despite the possibility for full viral clearance in white 

sucker hepatocytes likely by a combination of hepatocyte regeneration or inflammatory 

response (90), persistent and chronic infections may still occur by mechanisms similar to 

orthohepadnaviruses. During hepatocyte regeneration, chronic infections may persist due 

to the lymphoid system acting as a disease reservoir (91) or small, sometimes 

undetectable amounts of cccDNA which persists weeks and months after other markers 

disappear (4, 90).  

Conclusions 

WSHBV has subgenotypes that are associated with geographic location. We 

developed a robust qPCR assay to nonlethally detect WSHBV DNA in plasma. We also 

fully sequenced 28 genomes of WSHBV using the CLAS method developed here. The 

CLAS method uses a workflow of lrPCR on a circular target and next generation 

sequencing. Genome and C, P, and S ORF sequence heterogeneity allowed us to classify 

five new subgenotypes, which are associated with the geographic origin of the viral 

sample. We were unable to identify an association between geographically and 

genetically defined subgenotype and liver and skin neoplasia in white suckers.  

The subgenotypes described here provide a starting point for genetic study of 

WSHBV viral genome differentiation. Genotypes in human hepadnaviruses are not 
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determined by genetic diversity alone, even though species are demarcated by these 

measures (97). Specific mutations have been identified to be associated with genotypes 

(97). Functional studies are required to address the significance of mutations identified 

here. Once more is known about WSHBV biology, it will be conducive to study the 

relationship of infection with host responses to environmental exposure, the host basal 

immune system, the viral replication rate, and the host seroconversion rate. 

Understanding the host response to WSHBV is of particular importance in white sucker 

biomarker development and overall health assessments. Future work will be required to 

incorporate the phylogenetic diversity of the viruses presented here into the 

phylodynamic framework of WSHBV including host dynamics and ecological processes. 
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