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ABSTRACT 

Genomic Epidemiology of Vibrio Species in the Coastal Ecosystem 

Humans and marine mammals such as sea otters (Enhydra lutris) are exposed to pathogenic 

Vibrio species through consumption of marine invertebrates and contact with coastal waters. 

Despite the disease threats of vibriosis in humans and marine mammals, One Health focused 

Vibrio spp. comparative epidemiology studies are limited. This dissertation combines often-

disparate approaches of comparative genomics and epidemiology to advance research for 

vibriosis management in three aspects: 1) antimicrobial resistance, 2) virulence detection, and 

3) diagnostic resolution. 

Chapter 1 characterized both phenotypic (n=165) and genomic (n=444) antimicrobial 

resistance patterns of Vibrio spp. isolated between 2000-2019 from coastal Alaska, California, 

and Washington and from various sources including southern sea otters (Enhydra lutris nereis), 

northern sea otters (Enhydra lutris kenyoni), shellfish, and environmental samples. Using 

genomic methods, a previously misidentified species, Vibrio diabolicus, was detected in 

northern and southern sea otters and their coastal environment. Ampicillin resistance was 

common in Vibrio spp. although there was discordance between genotype and phenotype best 

exemplified in V. parahaemolyticus isolates. Discordance was partially explained by allelic 

variation in the beta-lactamase gene blaCARB. This study provides useful insights into 

antimicrobial treatment of vibriosis in sea otters and identifies genotypes associated with 

ampicillin resistance.  

Chapter 2 characterized genetic markers of virulence in Vibrio spp. across isolation sources 

using the Chapter 1 genomic dataset (n=444) along with public domain V. parahaemolyticus 
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genomes (n=126) isolated from humans and shellfish in North America. Vibrio 

parahaemolyticus (n=287) isolated from humans and sea otters were more likely to carry 

virulence factors such as hemolysins and secretion system genes than isolates from 

environmental sources. Despite general genomic diversity of V. parahaemolyticus, genome 

clusters with high similarity were detected which included virulence factor positive genomes 

from both humans and sea otters. V. parahaemolyticus strains with co-occurrence of two 

virulence-related secretion systems were more likely to be isolated from dead southern sea 

otters with septicemia, enteritis, and moderate to severe melena than V. parahaemolyticus 

strains without either secretion system. This study provides evidence that V. parahaemolyticus 

undergoes selection pressures in both humans and otters resulting in apparent expansion of 

virulent strains and provides insights into V. parahaemolyticus pathogenicity in sea otters.  

Chapter 3 assessed the diagnostic resolution of closely related species in the Harveyi clade 

by combining the V. alginolyticus, V. diabolicus, and V. parahaemolyticus genomes from 

Chapter 2 with 150 additional genomes from the public domain. Within public domain 

genomes, 28 V. diabolicus were incorrectly labeled as V. alginolyticus resulting in 10 V. 

diabolicus genomes from human cases. A pangenome-wide association study identified species-

selected gene clusters as well as V. alginolyticus and V. diabolicus virulence-related genes 

associated with either humans or sea otter isolates. Novel associations between putative 

virulence genes or alleles and either human or sea otter hosts were identified that were not 

present in virulence factor databases. These findings suggest V. diabolicus is an overlooked 

pathogen of humans and sea otters due to its close phylogeny with V. alginolyticus and 
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provides additional diagnostic information to better differentiate clinical strains of each species 

in otters and humans. 

This research utilized genomic data for comparative epidemiological investigations of Vibrio 

spp. in both northern and southern sea otters and presents evidence that sea otters are at risk 

for antimicrobial resistant and virulent Vibrio strains, including the first documentation of V. 

diabolicus in sea otters. These chapters provide a baseline for further surveillance and include 

insights to improve the diagnosis and treatment of pathogenic Vibrio spp. in sea otters. 

Additional spatiotemporally linked genomic surveillance of Vibrio spp. in sea otters and humans 

is needed, which could further elucidate the potential for shared transmission routes of virulent 

and antimicrobial resistant vibriosis.  
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INTRODUCTION 

Epidemiological considerations for genomics of marine pathogens 

 
The first ever bacterial genome sequenced in 1995 revolutionized molecular biology and 

eventually ushered in a new age of microbial genomics.1 As the number of microbial genomes 

sequenced have exponentially increased over the last two decades, the need for informed 

genomic comparisons led to the field of genomic epidemiology. Genomic epidemiology expands 

on molecular genetics by combining two previously disparate approaches of genomic phylogeny 

and epidemiologic investigation to better understand disease transmission and manage disease 

outbreaks.2,3 Genomic epidemiology has developed approaches to address challenges in large 

data integration and analyses combining both whole genomes and metadata. Complications in 

applying genomic epidemiology to marine systems are compounded by major differences 

between terrestrial and marine systems.4 Marine systems are often presumed to be more 

taxonomically diverse, have more open population recruitment of wildlife species, contain 

more free-living pathogens, and studies to date have emphasized the importance of different 

anthropogenic impacts compared to terrestrial systems including overharvesting, 

eutrophication, and introduction of microbial species from land-to-sea transfer, global shipping, 

and migration.4  

Vibrio spp. are representative of many of the differences between terrestrial and marine 

systems and provide excellent examples of how genomic epidemiology can be successfully 

applied to marine pathogens. The Vibrio genus is diverse with over 100 species that inhabit 

freshwater, estuarine, and marine habitats globally including at least a dozen species implicated 

in human infections and more attributed to marine wildlife disease.5,6 Pathogenic Vibrio spp. 
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can often survive as free-living microbes including in a viable but non-culturable state when 

environmental conditions are less habitable such as colder water temperatures.7 Population 

distributions of Vibrio spp. also experienced anthropogenic impacts including increased global 

population mixing in the last few decades attributed to increased shipping and human 

migration.8 Starting with the first whole genome sequencing of Vibrio cholerae in 20009 and 

then Vibrio parahaemolyticus in 2003,10 both species have thousands of publicly available 

genomes, although other Vibrio species still have significantly fewer genomic comparisons 

readily available. Despite marine Vibrio spp. being generally understudied compared to 

common terrestrial pathogens, there have been many novel applications of whole genome 

sequencing in Vibrio spp. including utility for epidemiologic investigations.5 The goal of this 

review is to highlight innovative applications of genomic epidemiology for Vibrio spp. 

investigations. 

 

Assessing relatedness 

The foremost goal of genomic epidemiology is to determine relatedness between genomes 

of pathogenic species and use the epidemiologic metadata to make meaningful inferences.1 

Traditional methods of genomic relatedness require alignment of genomes with a reference 

genome to create phylogenetic trees and visualize evolutionary relationships.1 More recent 

alternative methods employ alignment-free pairwise comparisons between genomes by 

randomly sampling variable-length sequence fragments called k-mers to determine the amount 

of sequence similarity between genomes.11–14 Advantages of utilizing k-mers include the ability 

to run faster and larger genomic comparisons and to make de novo comparisons with new 
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genomes which can facilitate real-time surveillance.11,13 Specific tools that use k-mers for 

genomic relatedness include PopPUNK (Population Partitioning Using Nucleotide K-mers) which 

groups closely related isolates and can be beneficial for identifying outbreak-relevant clusters, 

14 and sourmash, which provides quick and useful heatmaps for identifying patterns of genome 

similarity.12,13  

Whole genome sequencing has also greatly improved taxonomic classifications of Vibrio 

spp. The previous standard method of 16s sequencing was often limited to genus level 

resolution whereas whole genome sequencing allowed for species level classification, even for 

closely related sister species such as V. parahaemolyticus and V. alginolyticus.15 High 

intraspecies genomic diversity and closely related species have provided considerable 

difficulties in taxonomic classification of Vibrio spp., but additional whole genome taxonomic 

studies have further elucidated these complex relationships. For example, Vibrio diabolicus first 

detected from a deep-sea annelid,16 was identified as a close relative of V. alginolyticus through 

phylogenomics, which also detected V. diabolicus isolates previously identified as V. 

alginolyticus.17 As potentially novel species have been detected such as the proposed Vibrio 

chemaguriensis,18 iterative improvements to whole genome taxonomy have been crucial in 

properly separating and combining related species; for example, the most recent Vibrio 

taxonomy shows that V. chemaguriensis should not be considered a separate species from V. 

diabolicus.19 

Assessment of genomic relatedness can be applied to epidemiologic studies in novel ways. 

A large-scale phylogenomic analysis of V. parahaemolyticus outbreaks in Shenzhen, China over 

a 17-year period highlights innovative ways in which robust epidemiologic data can provide 
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novel inferences from genomic relatedness.20 Over 3,000 isolates were sequenced with 

accompanying epidemiologic data from three separate surveillance systems: a) outbreak 

surveillance, b) outpatient diarrheal surveillance, and c) food safety surveillance. By clustering 

genomes by spatiotemporal metrics and multi-tiered levels of relatedness determined by the 

number of single nucleotide polymorphisms, this investigation determined that 71% of cases 

were from strain outbreaks occurring within 1-month clusters and that many outbreaks were 

either missed or underreported by the outbreak surveillance system due to related genomes 

from diarrheal outpatients not part of the outbreak surveillance. Some outbreak strains 

persisted 2 to 70 months later before going dormant, suggesting heretofore undiscovered 

reservoirs in marine environments. In fact, this study contained genomes of some pathogenic 

lineages that were stable and recurring for more than 10 years.20 The stability of pathogenic V. 

parahaemolyticus genomes was similarly reported in the Americas.21 

 

Sampling Considerations 

Epidemiological sampling considerations are needed in genomic studies as the power of 

genomic comparisons is limited by the quality of informative metadata1. Because of the duality 

between high intraspecies genomic diversity and the semi-clonal population structure of some 

Vibrio spp., genome sample sets are likely to include redundant genomic information that could 

cause oversampling of clonal groups and under-sampling of rare or emergent strain. In a global 

assessment of V. parahaemolyticus population structure, 469 of 1,103 starting genomes were 

removed to create a “non-redundant” set of strains without clonally related genomes.8 Wildlife 

disease surveillance studies may collect multiple isolates sub-cultured from the same sample to 
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ensure the correct pathogen is captured; similarly, studies may culture multiple tissue samples 

from a diseased host or collect isolates from multiple individuals or species in the same 

population.22,23 Genomic sequencing can be useful to remove redundant isolates from an 

epidemiologic study. For example, two V. parahaemolyticus isolates sub-cultured from the 

same sample could be unique co-occurring strains or redundant sampling. Geographical 

differences in pathogen populations must also be carefully considered, especially when 

comparing across studies. Samples from coastal Asia exhibit a different population structure8 

dominated by clonal groups including CC3 and CC189 20 than populations in coastal North 

America where sequence types ST36 and ST631 are more prominent.24–27  

 

Improved traceability 

Another common utilization of genomics with sufficient accompanying metadata is to 

exploit the finer resolution for improved subtyping and outbreak tracing.1,28 Whole genome 

sequence has become the gold standard over previous molecular subtyping methods such as 

pulse field gel electrophoresis (PFGE) to trace or source-track pathogens and to improve 

diagnostic detection.1 One of the most recognized example of outbreak tracing involves the 

cholera epidemic following the devastating 2010 earthquake in Haiti.29 As Haiti had been 

cholera-free for more than a century, two prevailing hypotheses emerged for the outbreak of 

Vibrio cholerae in Haiti: 1) the climatic hypothesis in which a nonpathogenic strain from coastal 

Haiti evolved into a pathogenic strain, and 2) the human transmission hypothesis in which a 

foreign traveler introduced the pathogenic strain to Haiti.29 A series of phylogeographic 

analyses using whole genome sequencing of Vibrio cholerae from Haiti and Southern Asia 
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strains as well as epidemiologic information helped support the human transmission hypothesis 

through a single-source introduction by Nepalese United Nations relief workers.29–31 

Tracing studies can be beneficial for local as well as global scale studies. One approach for 

global tracing known as “molecular clock”, estimates the rates of evolution within separate 

phylogenomic branches; this approach was used to identify 7 distinct historical waves of global 

cholera transmission and identified the most recent pandemic wave originating in the 1950s 

from the Bay of Bengal.32 Other cross-continental tracing studies have shown the evolution of a 

pathogenic V. parahaemolyticus clonal sequence type 36 originating in Pacific Northwest 

United States as it expanded its transmission to other continents.25,26 On a country scale, the 

combination of outbreak data with comparative genomics identified multiple “farm-to-table” 

transmission events of V. parahaemolyticus in China by connecting closely related isolates from 

production, circulation, and consumption which exhibited single-source radial spread.33 Such 

studies all utilize the improved resolution of whole genome sequencing to provide a more 

informed view on spatiotemporal patterns5. 

Associating epidemiologic data with gene function  

Whole genome sequencing allows for both known and novel gene functions to be assessed 

in relation to host, environmental, or pathogen phenotypic metadata with potential to address 

myriads of questions relating to function.1 Common applications include studies that link 

specific genes or alleles with phenotypes of antimicrobial resistance, biofilm formation, or 

increased virulence and pathogenicity.  

Due to concerns of antimicrobial resistance in marine microbes, especially through land-

to-sea runoff,34 there is a desire for quick, cost-effective, and informative detection of 
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antimicrobial resistance. As whole genome sequencing has become increasingly affordable, 

genomics has become a critical tool for predicting emergence and spread of antimicrobial 

resistance genes.35 Despite the data-rich output of genomic sequencing, further genomic 

epidemiology studies are still needed to improve the associations between phenotypes and 

genotypes and make whole genome sequencing a more practical clinical tool. This is evident for 

Vibrio spp. for which antimicrobial resistant genes do not consistently match their presumed 

phenotypes. In a comparison of phenotypic and genotypic antimicrobial resistance from non-

O1/O139 V. cholerae strains, there was perfect concordance between ampicillin resistance and 

presence of blaCARB genes (12 out of 54 total genomes with blaCARB genes), but extreme 

discordance for genes associated with other drug classes and their supposed phenotypes.36 This 

was exemplified by phenotypic susceptibility to both chloramphenicol and tetracycline despite 

the frequent detection of genes that supposedly confer resistance (tet34 and catB9).36  

Genomic epidemiology studies that further examine function of antimicrobial resistance 

genes will be needed until available databases such as CARD37 and ResFinder38,39 can 

adequately predict the observed phenotypes for marine pathogens as well as they do for 

frequently studied terrestrial pathogens like Salmonella enterica.40  Finer resolution of genotype 

should go beyond gene presence but include point mutations that can result in gain or loss of 

function.41 For example, genes gyrA and parE, which are involved in essential bacterial function, 

can result in quinolone resistance after gaining a point mutation.42 Additionally, databases of 

gene function must continually improve to include genes appropriate for each species, which 

may necessitate identifying species-specific homologs as well as new genes. The most robust 

virulence gene database currently relies heavily on genes from V. cholerae, V. 



 
 

 8 

parahaemolyticus, and Vibrio vulnificus.43,44 Virulence gene patterns in other Vibrio spp. such as 

V. alginolyticus and V. diabolicus will still be in relation to better characterized species like V. 

parahaemolyticus.45 Lowering the percent identity and coverage of gene detection could result 

in detection of more genes  in under-studied species, but will also result in more false positives 

of homologous genes that do not share the same function. 

Machine learning modeling is a powerful tool to assist with functional comparisons and 

is likely to become more common with the availability of affordable and fast computing. 

Machine learning can parse genomic sequences and associated epidemiologic data to identify 

novel data patterns such as mutations in a virulence gene associated with disease. A machine 

modeling method, XGBoost, was recently used to identify single nucleotide polymorphisms in a 

virulence gene porA from extraintestinal (abortive) versus intestinal (non-abortive) 

Campylobacter jejuni strains and identified unique alleles associated with abortion causing 

strains.46 While the porA study exemplifies the utility of machine learning for identifying alleles 

associated with greater disease virulence, the approach can be used to identify genetic loci 

associated with any phenotypic traits or epidemiologic data.47 Future Vibrio genomics studies 

should take advantage of dramatically improving machine learning tools. 

 

Utility of the Pangenome  

Pangenome describes the combination of the core genome, comprised of genes ubiquitous 

to all strains within a given species, and the accessory genome, comprised of genes present in 

less than all genomes. The term pangenome was coined to compare the available independent 

genomes to understand the complete genetic diversity of a bacterial species.48 Genomic 
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phylogenies are frequently based on genetic variation in the core genome alone; however, core 

genome-only analyses neglect a significant amount of information, especially for highly similar 

core genomes which may not have enough genotyping resolution.49 

Pangenomes can be uniquely informative to the life history of a pathogen. Pangenomes can 

be described as “open” or “closed” depending on whether the addition of more genomes will 

result in the addition of new genes not previously detected. When open pangenomes include 

disproportionately large accessory genomes, they can be inferred to have higher rates of 

horizontal gene transfer.50 Vibrio spp. are notoriously diverse with extremely large accessory 

gene pools,27,51–53 and warrant concerns for horizontal gene transfer of genes related to 

colonization, biofilm formation, virulence, or antimicrobial resistance. While small pangenomes 

can provide beneficial descriptive information for under-sequenced emerging species such as V. 

diabolicus,45 larger sample sizes are more likely to represent a true species pangenome and 

provide enough power for genome wide association studies (GWAS).  

To further illustrate the impact of sample size on pangenome analyses, consider the 

differences between a moderately sized pangenome analysis comprising 132 V. 

parahaemolyticus from humans and oysters across North America with a large-scale global 

pangenome comprised of 1,103 V. parahaemolyticus genomes.8,27 In the North America study, 

the gene finding effort was presumed complete but only detected 8,191 unique genes despite a 

large accessory gene pool27. Meanwhile, the global pangenome detected over 40,000 unique 

genes, suggesting that selection bias may have resulted in oversampling related strains in the 

North America study.8,27 In fact, the population structure of both North American and Asian V. 

parahaemolyticus populations have predominant sequence types representing expansion of 
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related pandemic clonal groups, even though the predominant sequence types differ between 

locations.8,20,27 Gene identity cutoffs will also impact the number of unique genes depending on 

whether homologs all called as separate or binned genes. The scope of investigation should also 

be considered when choosing the appropriate sample size for pangenome analyses. For 

example, analysis of a predominant sequence type may not require as large of a sample size as 

a study interested in assessing the population structure.  

Utility of pangenomes have been proposed for a variety of applications including 

characterization of resistomes, or the complete collection of genes in a pangenome which 

encode antimicrobial resistance, mobilomes, or the complete collection of highly mobile genes 

involved in horizontal gene transfer, and virulence factors, as well as improved classification of 

species down to even more refined levels.50 A pangenome analysis of V. alginolyticus genomes 

from the Kiel-Fjord, Germany helped classify a novel ecotype associated with Syngnathus spp. 

pipefish hosts.54 The Kiel-Fjord ecotype had a significantly reduced accessory genome and 

provided evidence that Vibrio spp. can undergo extreme host adaptation. Another study 

utilized the pangenome of 1,727 V. parahaemolyticus to characterize 4 distinct type VI 

secretion systems, providing a much-needed step to improve the diagnostic relevance of the 

type VI secretion systems for virulence.55 Similarly, a pangenome of V. parahaemolyticus 

isolates causing acute hepatopancreatic necrosis disease (AHPND) in cultured shrimp was used 

to identify three separate clades that associated by geographic locations to inform on the most 

plausible origins of international disease introduction.56 

Finally, Pangenome studies can utilize the GWAS approach to identify accessory genes 

associated with epidemiologic metadata. In a study comparing V. parahaemolyticus from ready-
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to-eat foods to those from humans or environmental sampling, genes putatively involved in 

biofilm formation were over-represented in ready-to-eat foods.57 While an increasing number 

of bioinformatics tools are becoming readily available, the ready-to-eat foods study utilized the 

powerful bioinformatics tools Roary for pangenome assembly58 and Scoary for statistical 

comparisons of trait-gene associations.59 Roary is a free tool that drastically decreases the time 

needed to build large-scale pangenomes capable of processing thousands of genomes.58 Scoary 

is also a free tool which can utilize the Roary output and runs a series of Fisher’s exact tests 

comparing presence or absence of a gene with presence or absence of any binary 

environmental, host, or pathogen trait.59 Metadata can also be visualized with Roary created 

pangenomes using the publicly available Phandango to show epidemiologic relationships 

between epidemiologic traits and gene presence.60 

 

Advancements to Vibrio spp. genomic epidemiology 

Through this dissertation research, a One Health approach which combined epidemiology 

and comparative genomics was utilized to improve the collective understanding of Vibrio spp. 

from an understudied host (sea otters) in relation to isolates from shellfish, humans, and 

environmental samples. This dissertation employed whole genome sequencing and sampling 

metadata to characterize the pangenomes of Vibrio spp. isolates collected between 2000-2019 

from northern sea otters in Alaska, southern sea otters and shellfish from California, as well as 

water and sediment sampling from California and Washington. Genomic methods of species 

identification were implemented and contrasted with common clinical methods of MALDI-ToF 

and biochemical testing. 
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In chapter 1, antimicrobial resistance patterns of Vibrio spp. from various sources were 

characterized using both phenotypic antimicrobial susceptibility testing and whole genome 

sequencing. Concordance between phenotypic and genomic methods of antimicrobial 

resistance detection was assessed with a deeper investigation of allelic variation of 

antimicrobial resistance genes associated with improved concordance to resistance 

phenotypes. Additionally, associations between antimicrobial resistance genotypes and 

epidemiologic metadata were examined. 

In chapter 2, genetic markers of virulence of Vibrio spp. were characterized and the 

associations between virulence factors, isolation source, and genomic relatedness were 

explored with the additional comparisons of human and shellfish isolation sources using public 

domain North American V. parahaemolyticus genomes. Pathology of dead sea otters that were 

Vibrio spp. positive were compared to detection of virulence-related genes to determine the 

clinical importance of Vibrio spp. infections in sea otter hosts.  

Finally, chapter 3 utilized pangenomes of three closely related species in the Harveyi clade, 

V. alginolyticus, V. diabolicus, and V. parahaemolyticus to identify genetic markers for improved 

resolution of species identification. Using a GWAS approach, genes useful for identifying host-

adapted human or sea otter clinical strains in the understudied species V. alginolyticus and V. 

diabolicus were detected. 

Assessment of the relatedness between genomes and the metadata that explains the 

patterns observed is one of the most critical goals of genomic epidemiology. The chapters 

presented here collectively determined the relatedness between Vibrio spp. strains from sea 
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otters, humans, and their shared marine environment and food sources using many of the 

timely and informative bioinformatics tools discussed here. The analyses presented addressed 

ways in which genomics can inform common microbiology sampling considerations that will 

continue to impact studies in the budding field of genomic epidemiology. Additionally, each 

chapter informed clinically relevant insights into gene function through associations between 

gene presence and epidemiological data including antimicrobial resistance, virulence, and host-

adaptation to advance the current knowledge on vibriosis for the benefit of both human and 

marine wildlife health.   
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Abstract 

Antimicrobial resistance in Vibrio species is a growing concern that could affect the medical 

treatment of humans and marine mammals. Whole genome sequencing of Vibrio spp. can be 

utilized to screen for antimicrobial resistance genes and allelic variants to provide mechanistic 

insights in ways that PCR screening and phenotypic interpretation cannot. Our goals were to: 1) 

characterize antimicrobial resistance patterns of Vibrio spp. pathogens isolated from southern 

sea otters (Enhydra lutris nereis), northern sea otters (Enhydra lutris kenyoni), and 

environmental samples from the central California coast using whole genome sequencing, and 

2) compare the presence of antimicrobial resistance genes with phenotypic interpretation from 

antibiotic susceptibility testing. Unexpectedly, genomic classification identified an understudied 

species, Vibrio diabolicus, in sea otter and environmental isolates that were previously 

identified as Vibrio alginolyticus. A total of 489 Vibrio spp. isolates were sequenced, and 

frequently detected antimicrobial resistance genes included multidrug efflux pumps and genes 

associated with resistance to ß-lactams and tetracyclines. Genes associated with resistance to 

fluoroquinolones, aminoglycosides, chloramphenicol, and sulfonamides were uncommon. Sea 

otter isolates were phenotypically susceptible to tetracycline despite carrying genes tet34 and 

tet35. Similarly, blaCARB genes were ubiquitous in V. alginolyticus, V. diabolicus, and Vibrio 

parahaemolyticus but ampicillin resistance was observed in only 78.4%, 76.2%, and 33.9% of 

tested isolates, respectively. Discordance between phenotypic and genotypic ampicillin 

resistance for V. parahaemolyticus was partially attributed to allelic variation of the blaCARB 

genes. Tetracyclines and fluoroquinolones, but not ß-lactams, are likely to be effective 

treatments for vibriosis in sea otters.  
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Importance 

Vibriosis (infection with non-cholera Vibrio spp.), is the most common seafood-borne illness 

globally, with major impacts on public health, food security, and wildlife health. Potential 

treatments of antimicrobial resistant Vibrio spp. in humans, aquaculture, and marine wildlife 

rehabilitation are complicated by current diagnostic challenges regarding bacterial species 

identification and interpretation of antimicrobial resistance patterns. Unexpected detection of 

previously misidentified Vibrio diabolicus in sea otters suggests that a broader taxonomic group 

of Vibrio infect sea otters than previously described. We also determined that presence of ß-

lactamase genes alone in sea otter isolates does not necessarily correlate with an ampicillin 

resistant phenotype, likely due to deleterious amino acid substitutions in certain blaCARB alleles. 

Continued monitoring of Vibrio spp. phenotypes and genotypes in sea otters is warranted to 

observe biologically relevant changes in antimicrobial resistance.  
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Introduction 

The Vibrio genus is a diverse group of gram-negative, rod-shaped bacteria with two circular 

chromosomes that inhabit primarily warm, brackish marine, and estuarine environments. There 

are over 100 Vibrio species, including many that impact marine wildlife, and several that are 

implicated in human illness. Vibriosis (infection with non-cholerae Vibrio spp. and marine-

inhabiting non-O1/O139 Vibrio cholerae), accounts for approximately 80,000 human illnesses in 

the United States each year (1). Vibrio parahaemolyticus is the most common bacterial cause of 

shellfish-related illness, resulting in gastroenteritis and sepsis in severe cases. Vibrio 

alginolyticus, one of the top four most reported Vibrio pathogens, is primarily associated with 

wound and ear infections following seawater exposure (1). Vibrio diabolicus, first isolated near 

a deep-sea vent, has since been identified in coastal habitats, is closely related to V. 

alginolyticus, and in some cases has been misclassified as V. alginolyticus (2, 3).  

 Vibrio spp. are frequently detected in benthic invertebrates consumed by marine mammals 

and humans (4–7). Potentially pathogenic Vibrio spp., primarily non-O1/O139 V. cholerae, V. 

parahaemolyticus, and V. alginolyticus, have been found in healthy (8–12), clinically ill, and 

dead marine mammals (13–16) along the North American Pacific coast. Sea otters have been 

proposed as highly sensitive ecological bioindicators; study of disease in these animals can 

highlight the presence of multiple pathogens and contaminants in the near-shore environment 

(17, 18). Unique biological attributes that make sea otters outstanding as environmental 

sentinels include their relatively small near-shore home range and their consumption of high 

volumes of shellfish and benthic invertebrates, including clams, mussels, and other species that 

are also consumed by humans and are important sources of human vibriosis (17, 18). Multiple 
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disease processes with public health importance have been successfully modeled in southern 

sea otters (Enhydra lutris nereis) including Microcystis aeruginosa, Toxoplasma gondii, and 

domoic acid toxicosis (19–21). Vibrio infections in northern sea otters (Enhydra lutris kenyoni) 

from Alaska have been proposed as indicators of climate change, especially V. 

parahaemolyticus, which has begun to be detected with Alaskan coastal water temperatures 

rising past 15C (10). Vibrio infections in sea otters are thought to occur as secondary infections 

or sequelae to traumatic injury which may require effective antimicrobial therapy during 

rehabilitation (8, 16). 

While Vibrio spp. are traditionally susceptible to most clinically relevant antimicrobials 

including tetracyclines, fluoroquinolones, and 3rd generation cephalosporins, there has been an 

increase in the awareness and incidence of antimicrobial resistance (AMR) of Vibrio spp. 

isolates (22, 23). Characterization of AMR in Vibrio spp. from southern sea otters is limited with 

V. cholerae (n=3) isolates interpreted as having clindamycin resistant, tylosin resistant, and 

erythromycin intermediate phenotypes, and V. parahaemolyticus (n=15) isolates interpreted as 

exhibiting variable phenotypes including either ampicillin intermediate and erythromycin, 

cefazolin, clindamycin, and tylosin resistant phenotypes (8). Characterization of antimicrobial 

resistance phenotypes of Vibrio spp. across diverse sources within coastal communities such as 

marine wildlife, marine invertebrates, and environmental samples could help protect human 

health, facilitate assessment of epidemiological patterns and trends, and optimize care for 

stranded marine mammals.  

Studies of AMR in Vibrio spp. typically involve either antimicrobial susceptibility testing to 

determine phenotype, or amplification and genotypic assessment of target antimicrobial 
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resistance genes (5, 24–26). Study designs are often limited by the limited number of antibiotics 

tested, or the number and specificity of the antimicrobial resistance gene primers used. As 

whole genome sequencing becomes more cost-effective, it is increasingly used to detect both 

known and unknown antimicrobial resistance genes and determine allelic variants associated 

with phenotypic resistance (27, 28). However, discordance between genotypic and phenotypic 

AMR predictions is common for Vibrio species. For example, Vibrio spp. from Norway carrying 

ß-lactamase genes were still susceptible to cephalosporins (29).  

Given the multiple gaps in knowledge around antimicrobial resistance patterns of Vibrio 

spp., our objectives were to: 1) improve the phenotypic and genotypic characterization of AMR 

in Vibrio spp. isolated between 2000-2019 in an understudied putative bioindicator species in 

the near-shore environment shared with humans and 2) examine the associations and 

discordance between genome-based detection of antimicrobial resistance genes with the 

phenotypic patterns observed from antibiotic susceptibility testing. We hypothesized that 

Vibrio spp. isolates from sea otters and their environment will carry antimicrobial resistance 

genes with treatment implications for vibriosis and that there will be discordance between 

phenotypic AMR patterns and their putative genetic determinants.  

Materials and Methods 

Sample Collection 

Vibrio spp. isolates stored at -80C at the University of California, Davis - Veterinary Medical 

Teaching Hospital from 2000-2019 were used for whole genome sequencing. Isolates originated 

from previous California-based projects including avian feces from wildlife hospital admissions 
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and wild Larus spp. gulls (9, 30), live-sampled and necropsied southern sea otters (8, 9, 14, 31), 

shellfish samples from Mytilus spp. mussels and pismo clams (Tivela stultorum) (32), water 

samples collected near Big Sur, California, environmental samples (water, sediment, algae, 

seagrass, and kelp swabs) from Elkhorn Slough, California, and 3 water samples from the 

Washington State coastline. Additional Vibrio spp. isolates were collected from live and dead 

northern sea otters in Alaska from 2004-2015 (10, 16).  

 

Whole genome sequencing and genome assembly 

Frozen Vibrio spp. isolates banked on Microbank beads (Pro-Lab Diagnostics, Fisher 

Scientific, Round Rock, TX) were plated on 5% sheep blood agar (Biological Media Services, 

University of California, Davis; Hardy Diagnostics, Santa Maria, CA) at 37C with 5% CO2 for 24 

hours. Isolates were clinically speciated using biochemical testing (API20E, BioMerieux, 

Durham, NC) and a subset of isolates were confirmed by matrix-assisted laser desorption-

ionization mass spectrometry (MALDI-ToF; Bruker Daltonics, Fremont, CA) (33). DNA was 

extracted using the spin column protocol from the QiaAMP UCP Pathogen extraction kit with 

the additional mechanical pre-lysis protocol using small pathogen lysis tubes (Qiagen, Hilden, 

Germany). Due to shipping/manufacturing delays, some extractions were performed using the 

Wizard genomic DNA purification kit (Promega Corporation, Madison, WI). The quality and yield 

of genomic DNA was verified using a 2200 TapeStation with genomic DNA ScreenTape (Agilent 

Technologies, Santa Clara, CA) (34).  

Whole genome sequencing (WGS) was performed by the Weimer laboratory at the 

University of California, Davis as part of the 100K Pathogen Genome Project 
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(http://www.genomes4health.org/) (7, 34–38). Briefly, WGS was performed using Illumina 

HiSeq XTEN with PE 150 plus index read (Illumina, San Diego, CA). Libraries were constructed 

from fragmented DNA (1 g) using the HTP library preparation kit (Kapa Biosystems, 

Wilmington, MA) (33, 39). Adapters and Illumina standards were trimmed from paired-end 

FASTQ files using Trimmomatic (v0.39) (40) to remove TruSeq universal adapters following 

previously described parameters (41) before quality control of reads using FastQC (v0.11.9) 

(42). Genomes were assembled from trimmed reads using Shovill (v1.0.4) (43) and genes were 

annotated with Prokka (v1.14.6) (44).  

Genome quality was assessed using FastQC and CheckM (v1.1.2) (45); genomes with <90% 

genome completeness, >5% contamination, >300 contigs, or <20X estimated genome coverage 

were removed from the analysis. Taxonomic classification to the species level was confirmed 

with Kraken2 (v2.0.8) used with a RefSeq microbial genomes database (downloaded May 5, 

2021) constructed with standard tools and microbe categories followed by Bayesian re-

estimation of Kraken2 hits with Bracken (v2.6.1) (46, 47). An all-against-all genomic similarity 

comparison between pairwise genomes was visualized by MinHash sketches using Sourmash 

(v3.2.3) with a k-mer size of 31 and a genome sketch size of 100,000 k-mers per megabase (48, 

49). Genomes with Jaccard Similarity Index scores equal to 1 were considered genetically near-

identical or identical and were condensed when these isolates arose from the same sample or 

individual host.  

 

Antimicrobial Resistance Gene Detection  

http://www.genomes4health.org/


Antimicrobial resistance of Vibrio spp. from coastal California: discordance  
between genotypic and phenotypic patterns 

29 
 

Contigs from assembled genomes were screened for antimicrobial resistance genes using 

ABRicate (v1.0.1) (T. Seemann, https://github.com/tseemann/abricate) to search the following 

databases downloaded on March 17, 2021: Comprehensive Antibiotic Resistance Database 

(CARD, https://card.mcmaster/ca) (50), ResFinder (51–54), MegaRes (55), NCBI AMRFinder (56), 

and ARG-ANNOT (57). Gene hits were compiled from all databases and minimum cutoffs of 70% 

identity and 70% coverage were used to remove spurious gene hits. Allelic variants of ß-

lactamase genes were called using snippy (v4.6.0, https://github.com/tseemann/snippy) (58) 

with the following reference isolates: BCW_12327 (V. parahaemolyticus, blaCARB-21,  locus tag 

GGOADLPD_00464), BCW_11123 (V. cholerae non-O1/O139, blaCARB-7, locus tag 

EHPCMFLH_03524), and BCW_12271 (V. alginolyticus, blaCARB-42, locus tag KHCBNDJJ_00127, 

ampC, locus tag KHCBNDJJ_00781).  

 

Antimicrobial Susceptibility Testing 

A subset of 165 southern sea otter isolates (V. alginolyticus =37, V. diabolicus =20, V. 

cholerae =46, V. parahaemolyticus =62) were tested for antimicrobial susceptibility using a 

microbroth dilution method based on Clinical Laboratory Standards Institute guidelines (59) 

using a standardized National Antimicrobial Resistance Monitoring System (NARMS Gram 

negative) panel (ThermoFisher Scientific, Sensititre, Waltham, MA). Each panel tested 

susceptibility to the following 13 antibiotics: ampicillin, amoxicillin/clavulanic acid, ceftriaxone, 

ceftiofur, cefoxitin, ciprofloxacin, nalidixic acid, chloramphenicol, sulfisoxazole, 

sulfamethoxazole/trimethoprim, tetracycline, azithromycin, and gentamicin. Each panel 

included positive and negative controls and weekly quality controls were conducted with ATCC 

https://card.mcmaster/ca
https://github.com/tseemann/snippy
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strains of Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Enterococcus 

faecalis.  

Interpretation of the minimum inhibitory concentrations (MIC) were based on Clinical 

Laboratory Standards Institute guidelines for Vibrio spp. using the intermediate and resistant 

breakpoints validated from human sources (59). While no interpretations currently exist for 

isolates from sea otters, a designation of intermediate was used to indicate the observed MIC 

(µg/ml) is associated with an uncertain therapeutic effect, whereas the resistant designation 

was associated with a likelihood of therapeutic failure in human infections. For sulfisoxazole, 

chloramphenicol, and nalidixic acid, the breakpoints have only been validated for V. cholerae 

but were used here as a best estimate for non-cholerae Vibrio spp. (59). No clinical breakpoints 

were available for ceftiofur and ceftriaxone.  

 

Statistical Analysis 

Minimum inhibitory concentrations from antibiotic susceptibility tests were log2 

transformed to linearize the data, and the log2 of the MIC were compared between Vibrio 

species for select antibiotics using Kruskal-Wallis tests and pairwise Wilcoxon rank sum tests 

with a Benjamini and Hochberg correction for significant results. The proportion of isolates 

categorized as intermediate or resistant for each antimicrobial were compared between species 

using univariate logistic regression. Univariate logistic regression was used to investigate the 

presence/absence of antimicrobial resistance genes with categorical variables including Vibrio 

species, and within species comparisons of sex (male, female, unknown), age (adults/aged 
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adults, juveniles/subadults, unknown), year, season, and sample types (environmental, 

southern sea otter, and northern sea otter). 

Presence of antimicrobial resistance genes or specific blaCARB allelic variants were compared 

to antimicrobial susceptibility test susceptible versus intermediate/resistant interpretations 

using Chi-squared tests for a subset of 158 isolates that also passed sequencing quality control 

metrics (35 V. alginolyticus, 44 V. cholerae, 18 V. diabolicus, and 61 V. parahaemolyticus). For 

antimicrobials with MIC below resistant breakpoints, Wilcoxon rank sum tests, were used to 

compare the log2 of the MIC with presence of antimicrobial resistance genes, or alternatively, a 

Chi-squared test was used for antimicrobials with only two MIC values. The above analyses 

were performed in R (v4.0.3). SatScan software (v10.0) was used to investigate spatial patterns 

of antimicrobial resistance gene detection and phenotypic patterns of antibiotic resistance 

based on MIC data. Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used for 

multiple sequence alignment of blaCARB genes across isolates (60). Outputs from Clustal Omega 

were imported to JalView (v.2.11.2.0) for data visualization (61).  

Results 

Species identification and genome similarity 

A total of 489 Vibrio spp. isolates passed quality control metrics and a large majority (410; 

84%) showed consensus between the genomic species identity and the identity assigned using 

phenotypic methods in the clinical laboratory (Supplementary Figure 1.1). The biggest 

discrepancy between clinical and genomic species identification was that the clinic databases 

did not include V. diabolicus, which was clinically identified as either V. alginolyticus (n=54) or 
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V. parahaemolyticus (n=3). Additionally, 11 V. parahaemolyticus genomes were clinically 

identified as V. alginolyticus. Discordance also occurred with species considered nonpathogenic 

to humans including isolates identified as V. ziniensis and V. anguillarum by genomics but 

identified as V. diazotrophicus (n=4) or V. aestuarianus (n=2) respectively in the clinic.  

The all-against-all genome comparative analysis indicated that all genomes appropriately 

clustered by genomic species identification methods, further validating genomic methods as a 

higher resolution method of species identification than clinical methods (Figure 1.1). 

Visualization of the pangenome rarefaction curves for V. alginolyticus (14,907 unique genes), V. 

cholerae (16,569 unique genes), V. diabolicus (15,152 unique genes), and V. parahaemolyticus 

(19,132 unique genes) indicated open pangenomes for all species (Supplemental Figure 1.2). 

Relatively low pairwise genomic similarity within each species indicated considerable within-

species genomic diversity that was supported by the low contribution of the core genome to 

the total pangenome (e.g., 18.7% in V. parahaemolyticus).  

 Pairwise genome similarity comparisons also identified near-identical or identical genomes. 

Genomes were categorized as duplicates (n=45) and excluded from further analysis if another 

near-identical or identical genome a) originated from the same sample with multiple colonies 

sub-cultured, or b) was collected from a different tissue from the same host (Table 1.1). The 

remaining 444 genomes that were used in subsequent analyses consisted of 65 clusters of 

between 2 and 10 near-identical or identical genomes and 244 singleton genomes that were 

different from all other isolates, for a combined 309 unique genome types. 
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Genome clusters were rare in V. alginolyticus and V. diabolicus and occurred in genome 

pairs sampled the same day up to two months apart (Table 1.1). Clusters of similar genomes 

were common in V. cholerae and V. parahaemolyticus, and many arose from spatiotemporally 

localized sampling events of environmental samples, southern sea otter feces, or avian feces. 

Ten out of eleven clusters with five or more genomes contained at least two genomes collected 

from the same location within a month period, with four clusters composed of only 

environmental strains from the same sampling event (Table 1.2). Seven of the eleven clusters 

contained at least one genome from disparate sampling efforts with five clusters from mixed 

isolation sources. One cluster of 8 V. parahaemolyticus genomes ranged from Moss Landing, CA 

to Cayucos, CA and included samples from shellfish (2002), southern sea otters (2002-2006), 

and the environment (2019).  

 

Antimicrobial resistance phenotypes in southern sea otters 

The expected minimum inhibitory concentrations of 8 tested antibiotics differed between 

Vibrio spp., although resistance was only observed for ampicillin and sulfisoxazole; intermediate 

interpretations were also observed for cefoxitin (Figure 1.2). Ampicillin was the most frequently 

observed resistance; V. alginolyticus (78.4%, 95% CI: 62.8, 88.6) and V. diabolicus (75%, 95% CI: 

53.1, 88.8) were 7.1 (95% CI: 2.8,18.2, p<0.001) and 5.9 (95% CI: 1.9,18.3, p=0.002) times more 

likely, respectively, to be resistant to ampicillin than V. parahaemolyticus (33.9%, 95% CI: 23.3, 

46.3), while only one V. cholerae isolate was intermediate to ampicillin. Cefoxitin intermediate 

isolates were 4.7 (95% CI: 1.3-16.5, p =0.02) times more common in V. alginolyticus (24.3%, 
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95% CI: 13.4, 40.1) than V. parahaemolyticus (6.5%, 95% CI: 2.5, 15.4) and were also uncommon 

in V. diabolicus (5.0%, 95% CI: 0.9, 23.6) and V. cholerae (2.2%, 95% CI: 0.4, 11.3). Only 9 

isolates were sulfisoxazole resistant (5 V. alginolyticus, 1 V. cholerae, 1 V. diabolicus, and 2 V. 

parahaemolyticus). Vibrio spp. phenotypes of antimicrobial resistance were not associated with 

southern sea otter age class or sex, nor were there spatial clusters observed. 

No multidrug resistant isolates were detected based on a criterion of phenotypic resistance 

to 3 or more drug classes. However, the sulfisoxazole resistant V. alginolyticus, V. diabolicus, 

and V. parahaemolyticus isolates were also resistant to ampicillin, with 1 V. parahaemolyticus 

isolate also interpreted as intermediate to cefoxitin. Only one northern sea otter isolate (V. 

cholerae) had antimicrobial susceptibility testing results and it was susceptible to amoxicillin-

clavulanic acid, ampicillin, ceftiofur, gentamicin, tetracycline, and trimethoprim-

sulfamethoxazole.  

 

Comparison of genotypic and phenotypic resistance 

Antimicrobial resistance genes detected in Vibrio spp. putatively confer resistance to 

multiple drug classes including ß-lactams, tetracyclines, sulfonamides, fluoroquinolones, and 

chloramphenicol (Table 1.3). Genes associated with multidrug efflux pumps and resistance to ß-

lactams and tetracyclines were frequently detected while genes associated with resistance to 

fluoroquinolones, aminoglycosides, chloramphenicol, and sulfonamides were uncommon. 

However, the frequencies of gene detections were not reliably associated with phenotypic 

antibiotic resistance. 
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Tetracycline resistance genes tet34 and tet35 were ubiquitous in all Vibrio species, although  

southern sea otter isolates with antimicrobial susceptibility testing (n=62) were susceptible to 

tetracycline. All but one tet34 gene had a percent coverage of at least 98.9%, but the percent 

identity was between 75.1-83.9%. For tet35 genes, the percent coverage ranged between 70.8-

100% and the percent identity ranged between 71.7-99.4%. A similar discordance was observed 

between the sulfisoxazole resistance phenotype and genotype; sulfonamide drug class 

resistance genes sul1 and sul2 were detected in a single V. parahaemolyticus isolate from 

shellfish and was not detected in the five sulfisoxazole resistant SSO isolates. The sul1 and sul2 

positive shellfish isolate was also the only isolate to carry the following genes: tetA, blaCMY-2/act, 

aph3-lb, aph6-ld, dfrA1, and floR.  

Fluoroquinolone resistance qnr genes were detected in only 2 V. alginolyticus genomes, 1 V. 

diabolicus genome, and 6 V. cholerae genomes. The fosfomycin-resistance conferring fosA gene 

was rare in Vibrio spp. except in V. diabolicus (40.4%, 95% CI 27.3, 54.9). The chloramphenicol 

resistance gene catB9 was only detected in V. cholerae (11%, 95% CI 6.9, 17.1) although all 

tested V. cholerae isolates were susceptible to chloramphenicol. The peptide resistance gene 

almG was nearly ubiquitous in V. cholerae but absent from the other three Vibrio species. 

Various multiple drug efflux pumps, including the nearly ubiquitous vexAB, were detected but 

were not associated with phenotypic resistance patterns.  

At least one gene that putatively confers ß-lactam resistance was present in all species 

included in this study except V. anguillarum and V. ziniensis, but species differed in the specific 

resistance gene that was present. The genes varG and blaCARB-7 were only detected in V. 

cholerae with the blaCARB-7 gene detected in 11.7% of V. cholerae isolates (95% CI: 7.3, 17.8), but 
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only those from avian feces and environmental sources. The gene varG was detected in 44.7% 

(95% CI: 37.1, 52.8) of V. cholerae isolates, but the presence of varG was not associated with 

the MIC of amoxicillin/clavulanic acid or ampicillin. The blaCARB-42 gene was ubiquitous in V. 

alginolyticus and V. diabolicus isolates, although a blast of the protein-coding sequence from V. 

diabolicus genomes most closely matched a recently discovered allelic variant blaCARB-57 that 

was not yet added to the reference databases (62). The ampC gene, which putatively confers 

resistance to cephalosporins, was detected in 74.5% (95% CI: 60.7, 84.9) of V. alginolyticus and 

78.8% (95% CI: 64.9, 88.5) of V. diabolicus, but presence of ampC was not associated with an 

increased MIC to ß-lactams.  

Allelic variants of the blaCARB gene were present in all V. parahaemolyticus genomes. Either 

blaCARB-18, blaCARB-20, or blaCARB-21, which differ only at amino acid residues 46 and 88 in their 

protein coding region, were present in all ampicillin-resistant isolates (Figure 1.3). Presence of 

additional amino acid substitutions other than AA46 and AA88 in the protein coding region 

occurred in 32.8% (95% CI: 21.6, 46.1) of the V. parahaemolyticus isolates with antimicrobial 

susceptibility testing. Isolates with additional amino acid substitutions were 9.02 times (95% CI: 

2.6, 30.8) more likely to be susceptible to ampicillin than those with blaCARB-18,  blaCARB-20, or 

blaCARB-21 alleles (x2 =14.0 , p<0.001). Presence of additional substitutions did not differ between 

wet (December-May) and dry seasons (June-November), male and female otters, adults and 

juvenile/subadult otters, live versus dead sampling, and spatial distribution. Additional 

substitutions in the translated blaCARB sequence did not significantly differ between 

environmental isolates and southern sea otters, but were 3.4 times (95% CI: 1.3, 9.1) more 

common in northern sea otter isolates compared to southern sea otters (p=0.009).  
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Discussion 

Species identification and genomic similarity 

Because pathogenic Vibrio species are often closely related to more benign species, 

accurate species identification is crucial to assess health threats to humans, seafood, and 

marine wildlife (63, 64). Clinical typing methods, including MALDI-ToF do not accurately identify 

Vibrio spp. and may mischaracterize understudied and emerging pathogens (65). By utilizing 

genomic-based species identification, we differentiated 52 V. diabolicus isolates (49 unique 

genome types) that were previously identified as V. alginolyticus or V. parahaemolyticus. Vibrio 

diabolicus is most closely related to V. alginolyticus, has been detected in diverse sources and 

origins, and due to its recent discovery, has limited numbers of sequenced genomes (2, 3, 66). 

Improved diagnostics for V. diabolicus identification will allow for future studies to investigate 

the pathogenicity and epidemiology in human and marine hosts. Biochemical testing and 

MALDI-ToF identification methods are not currently optimized for V. diabolicus detection due 

to limited data (67). To improve the resolution of MALDI-ToF for V. diabolicus, a custom set of 

reference mass spectra profiles informed by genomics to represent species diversity could be 

added; a custom database approach has been effective to improve species identification in 

other Harveyi clade species (65). The additional V. diabolicus genomes in this data set 

represents the largest publicly available set of V. diabolicus genomes and include the first 

confirmation of northern and southern sea otter infection.  
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Genome distance comparisons confirmed that the Vibrio spp. genomes were appropriately 

binned by species and indicated both high inter- and intra-species genome diversity, as 

expected for Vibrio species (7, 66, 68, 69). The pairwise genomic comparisons also identified 

clusters of near-identical or identical genomes, which can be used to identify potential selection 

bias. Samples were not obtained completely independently, as some isolates were sub-cultured 

from the same sample or multiple tissues from a single host. Selection bias can result in a 

considerably smaller number of independent isolates than the total number of isolates sampled 

due to oversampling of specific strains (70). Interdependent sampling can increase the capture 

likelihood for desired bacterial species. However, statistical adjustments for interdependent 

sampling not informed by genomics could incorrectly treat two genetically distinct strains the 

same as two identical strains. Genomic similarity should be utilized to assess the 

interdependence between samples and choose the appropriate genome set for further 

analyses (70–72).  

Comparisons of genome similarity can also generate hypotheses around sharing of Vibrio 

spp. strains within localized populations, as well as more widespread transmission patterns. 

Intensive sampling events included feces from multiple sea otters or multiple gulls (Larus spp.) 

from the same beach, or collection of environmental samples from multiple locations within 

the same watershed (8, 9). These events were characterized by multiple nearly-identical or 

identical genomes, which may suggest sharing and localized dissemination of specific strains. 

Certain strains of V. parahaemolyticus are primarily detected within specific isolation sources 

and can be localized in outbreak scenarios (7, 73). 
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Other genome clusters were composed of isolates from disparate space-time points 

indicative of long-distance transmission and environmental persistence. Natural processes such 

as ocean currents or human activities such as shipping provide opportunities to disseminate 

highly related strains to geographically distant locations (71, 74). Genomic stability of 

phylogenomic V. parahaemolyticus clusters detected over 10 plus years suggest that a) at least 

some Vibrio lineages can be extremely stable over time and b) related genomes may arise from 

persistent but undetected reservoirs that can appear sporadically in different times and 

locations (73, 75).  

Some genome clusters were comprised of isolates from mixed sources and indicate 

potential for cross-species transmission, with marine wildlife potentially acting as reservoirs. 

Aquatic birds have been proposed as potential reservoirs and vectors for pathogenic Vibrio spp. 

(76–78); sea otters and other marine mammals could represent additional reservoirs that 

should be further investigated. Screening for Vibrio spp. among marine mammals has been 

limited, and very few of these isolates have been sequenced.  

 

Antimicrobial susceptibility in sea otters 

The SSO isolates tested for antimicrobial susceptibility were susceptible to most clinically 

appropriate drugs tested. Ampicillin resistance was the most common drug resistance observed 

even though 100% of the V. cholerae isolates were susceptible to ampicillin. Few isolates were 

characterized as cefoxitin intermediate. Previous V. parahaemolyticus studies in the United 

States reported approximately 50% prevalence of ß-lactam drug resistance or higher, while 
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globally some studies reported as high as 100% prevalence (5, 22, 24, 25). Ampicillin MICs were 

never higher than 16µg/ml (intermediate) in the only previous SSO antimicrobial susceptibility 

study (8). Few studies have reported antimicrobial susceptibility testing for whole genome 

sequenced V. alginolyticus and V. diabolicus (listed as formerly separate species V. antiquarius), 

but both species commonly exhibited ß-lactam drug resistance in a Norwegian environmental 

study (29). Prevalence of ß-lactam resistant V. cholerae appears to be less frequent than the 

other three species, which corresponds with the lack of blaCARB-7 positive and ß-lactam resistant 

V. cholerae SSO isolates in our study (79–81).  

 Presumptive sulfisoxazole resistance was observed infrequently in all 4 Vibrio species, but 

the breakpoint for sulfisoxazole (512 µg/ml) is currently only valid for V. cholerae (59). A slightly 

more lenient breakpoint for sulfisoxazole of 256 µg/ml could be useful given the distribution of 

MIC values and the lack of breakpoints for all Vibrio species, especially those intended to inform 

treatment of stranded marine wildlife. There are inherent reproducibility issues with broth 

microdilution as results are measured in 2-fold dilutions, and small variations in test conditions 

could theoretically impact results despite rigorous quality control (82). While we did not find 

evidence of resistance to additional drug classes beyond ß-lactams and sulfonamides, other 

studies detected resistance to higher class cephalosporins, chloramphenicol, erythromycin, 

fluoroquinolones, tetracyclines, or trimethoprim (25, 83, 84).  

Multiple drug resistant V. parahaemolyticus has previously been reported (85), but was not 

detected in the current study. Multiple drug resistance should be interpreted both in the 

context of clinical appropriateness of each antimicrobial and the number of antimicrobials 

tested. For example, resistance to erythromycin and streptomycin were not assessed in the 
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current study, but a high prevalence of resistance to both has been reported for V. 

parahaemolyticus (84, 86). Human clinical cases of vibriosis in the United States are treated 

with quinolones (56.1%), cephalosporins (24.1%), tetracyclines (23.5%), and penicillins (15.4%), 

although penicillins alone are not typically effective (87). Our data suggest the antibiotics used 

in human infections (quinolones, cephalosporins, and tetracycline) are also good choices to 

treat vibriosis in stranded sea otters.  

 

Host and sample type factors 

Some of the SSO isolates used in this study originated from prior research that found the 

prevalence of V. parahaemolyticus and V. cholerae detection was higher in males than females, 

and in areas with higher density human populations, or higher coastal freshwater outflows (14). 

We did not observe sea otter host factor differences in the presence of antimicrobial resistance 

genes or phenotypic patterns of antimicrobial resistance, nor did we observe spatial clusters of 

genes. While the prevalence of Vibrio spp. may be impacted by sea otter host and 

environmental factors, these factors might not impact the likelihood of antimicrobial resistance 

gene detection as many were ubiquitous across isolates. For V. cholerae, the blaCARB-7 gene was 

detected in avian and environmental V. cholerae isolates only, suggesting potential niche 

adaptation.  

In their potential role as reservoirs for Vibrio spp., wild aquatic birds may transfer 

antimicrobial resistance genes between marine and terrestrial environments (9, 30, 77, 88–90). 

Substitutions to the blaCARB genes of V. parahaemolyticus were more frequently observed in 
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NSO than SSO, and from California environmental isolates. This may indicate that NSO isolates 

are more likely to be susceptible to ampicillin than their Southern counterparts; however, 

additional phenotypic testing is needed to further investigate differences in antimicrobial 

resistance phenotypes between SSO and NSO.  

 

Discordance between AMR genotype and phenotype 

Previous studies that were able to accurately predict antimicrobial resistance phenotypes 

using whole genome sequencing with gene databases utilized bacterial species with known 

mechanisms of resistance and well-validated antimicrobial susceptibility test interpretation (56, 

82, 91). Genotype-phenotype comparison is complicated in Vibrio spp. by extrapolated 

phenotypic interpretations, incomplete databases for Vibrio-specific genes, and gaps in 

knowledge about the genetic mechanisms of resistance, including factors impacting variable 

gene expression (29). Comparison of the blaCARB-7 genotype and ampicillin resistance phenotype 

for V. cholerae could not be performed because no sea otter isolates carried blaCARB-7. 

Previously, 57% of non-O1/O139 V. cholerae isolates characterized as ampicillin intermediate or 

resistant harbored blaCARB-7, suggestive of a partial association between genotype and 

phenotype (79). All V. parahaemolyticus, V. alginolyticus, and V. diabolicus genomes in the 

current study possessed  a copy of a blaCARB family gene, but despite their ubiquity, only 78.4%, 

76.2%, and 33.9% of, V. alginolyticus, V. diabolicus, and V. parahaemolyticus isolates, 

respectively, were ampicillin resistant. In-depth examination of the blaCARB protein sequence 
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from V. parahaemolyticus genomes further elucidates the discordance between blaCARB 

presence and ampicillin susceptibility. 

 The blaCARB-17 gene family was only recently discovered and was thought to be intrinsic to 

the V. parahaemolyticus genome due to its position in the genome and ubiquitous detection in 

Genbank accessions (92). Nomenclature for AMR genes are inconsistent in literature and across 

AMR databases and include allelic variants that can vary by as few as one or two amino acids. In 

this study, 17 different blaCARB genes were detected for V. parahaemolyticus, each with 

different amino acid substitutions in the protein-coding region that may alter gene function or 

antibiotic specificity. Alignment of the blaCARB proteins revealed that rare amino acid 

substitutions partially explain phenotypic ampicillin resistance. Sequences that had a 100% 

match to the protein sequences of blaCARB-18, blaCARB-20, or blaCARB-21 were more likely to be 

ampicillin resistant. Structural analysis of blaCARB-20 confirmed a preference for non-

cephalosporin ß-lactams like ampicillin; this plasticity in amino acid substitutions should 

continue to be monitored for potential functional alterations such as reduced or increased drug 

binding (93). Discordance between antimicrobial-resistant phenotypes and genotypes arise 

from multiple factors, including imprecise phenotypic methodology and differential gene 

expression. The two-component system vbrK/vbrR regulates expression of blaCARB genes and 

type III secretion system genes, which results in greater blaCARB gene expression in the presence 

of ß-lactams (94–96). Future investigations should consider these additional physiological and 

genetic complexities when interpreting the presence or absence of various antimicrobial 

resistance genes. 
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Unexplained discord was noted in the genotype and phenotype for other antimicrobial drug 

classes including sulfonamides, tetracyclines and multi-drug efflux pumps. The discordance 

between the rarity of sul1 and sul2 sulfonamide resistance genes and the variation in MICs 

suggests the presence of other genetic mechanisms that Vibrio spp. can harbor to deal with 

sulfonamide class drugs, including mechanisms to transform sulfonamides through metabolic 

pathways (97). Conversely, tetracycline resistance genes tet34 and tet35 were ubiquitous while 

isolates were phenotypically susceptible. The tet34 gene is dependent on MgCl2, so variable 

MgCl2 concentrations could impact antibiotic susceptibility test results (98). While tet35 works 

as an energy-dependent efflux pump, it may be less effective than other tetracycline efflux 

pumps such as tetA (99). Additionally, the percent identities of tet34 and tet35 in the study 

genomes were relatively low compared to the reference sequence (70-90%), which may 

suggest a less functional or non-functional allelic variant.  

 Antimicrobial resistance can also be mediated through various multidrug resistance efflux 

pumps such as vcmA, which was ubiquitously detected, and is part of the multidrug and toxin 

compound extrusion (MATE) family that is experimentally shown to increase resistance to 

multiple drug classes (100, 101). The major facilitatory superfamily (MFS) includes emrD, which 

can confer resistance to chloramphenicol (101). Resistance-nodulation-division (RND) family 

efflux systems include the vex operons vexRAB, vexCD, vexEF, vexGH, and vexIJK, although the 

importance of each operon is poorly understood (101, 102). In particular, vexB and vexD are 

thought to be most important for multidrug efflux; vexB was nearly ubiquitous in our isolates, 

while vexD was only detected in V. cholerae isolates and a few sea otter V. parahaemolyticus 

isolates. Other efflux pumps such as the vceCAB operon provide multidrug efflux of compounds 
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that are part of the host response, such as the bile acid compound deoxycholate (103, 104). 

While the efflux pumps detected were not associated with increased antibiotic resistance, 

many efflux pumps are not utilized exclusively for antimicrobial resistance and may also be 

important for efflux of virulence factors (101).  

 

Conclusions 

Using whole genome sequencing identification methods with analysis of the entire genome, 

we identified V. diabolicus genomes that were previously misclassified and share many of the 

same antimicrobial resistance genes as known pathogenic species. We characterized the 

genomic antimicrobial resistance patterns of a large sample set of V. alginolyticus, V. cholerae, 

V. diabolicus, and V. parahaemolyticus isolated from southern sea otters in coastal California. 

Antimicrobial resistance of Vibrio spp. has been previously understudied in California, including 

in sea otters, which may act as a reservoir and bioindicator of vibriosis. This study suggests that 

currently used antimicrobial classes of tetracyclines and fluoroquinolones are likely to treat 

vibriosis in sea otters, although ß-lactams may be ineffective. We have also highlighted the 

discordance between phenotypic AMR and putative underlying genetic determinants in Vibrio 

species. Continued surveillance of AMR phenotypes and genotypes are warranted to detect 

biologically relevant changes in antimicrobial resistance of Vibrio species over time. Through 

both phenotypic testing and alignment of blaCARB genes in V. parahaemolyticus, we determined 

that specific allelic variants are more likely to result in ampicillin resistance, and that gene 

detection alone is not sufficient to predict antimicrobial resistance in Vibrio species.   
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Figures 

 

Figure 1.1. All-against-all comparative analysis of the similarity between 489 Vibrio species genomes collected 

between 2000-2019 from various sources in coastal Alaska, California, and Washington confirms genomes 

clustered by their genomic species identification. Within the four most frequently isolated species (labeled), there 

was both large genomic diversity and small clusters of near-identical or identical genomes. Darker blue colors on 

the heatmap indicate higher Jaccard Similarity Index (JSI) values and higher similarity between genomes while 

lighter yellow colors indicate lower similarity between genomes. Genomes are annotated by source from most 

frequent to least frequent: southern sea otters (SSO), environment, avian, northern sea otters (NSO), and shellfish.  
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Figure 1.2. Violin plot of antimicrobial susceptibility testing to 13 antibiotics by microbroth dilution of a subset of 

n=37 V. alginolyticus, n=46 V. cholerae, n= 20 V. diabolicus, and n=62 V. parahaemolyticus isolated from southern 

sea otters off the California coast between 2000-2013. Vibrio species differed in their minimum inhibitory 

concentration to eight different antibiotics based on Kruskal-Wallis p-values less than 0.05. All isolates exhibited a 

minimum inhibitory concentration to tetracycline of <= 4mg/L (not pictured). Dashed lines represent the clinical 

laboratory standards institute’s breakpoints for susceptible (blue), intermediate (orange), and resistant (red) 

interpretations for each antibiotic where available. Sulfisoxazole breakpoints are validated for V. cholerae only. 

 



 
 

 

 

Figure 1.3. Amino acid sequence alignment of translated blaCARB genes from 61 Vibrio parahaemolyticus isolates from southern sea otters in California (2000-

2013) separated by ampicillin susceptibility testing interpretation and compared to 11 reference sequences (top rows) from the Comprehensive Antibiotic 

Resistance Database. All sequences from ampicillin resistant isolates aligned exactly with proteins BlaCARB-18, BlaCARB-20, or BlaCARB-21.  



 
 

 

Figure 1.3 continued. Sequences with at least one additional amino acid substitution were more likely to be susceptible to ampicillin than sequences that 

exactly matched BlaCARB-18, BlaCARB-20, or BlaCARB-21 proteins (OR=9.0 (2.6, 30.8), p<0.001). Isolate IDs on the left column are color coded based on antibiotic 

susceptibility testing as ampicillin susceptible (green, n=20), intermediate (yellow, n=20), or resistant (red, n=21). Ten additional isolates from environmental 

samples, northern sea otters, and southern sea otters collected between 2008-2019 are included (white) to represent the additional variability in blaCARB 

sequences observed across all V. parahaemolyticus isolates sequenced. Amino acid substitutions T46M and R88K which differentiate BlaCARB-18, BlaCARB-20, and 

BlaCARB-21 are highlighted purple while all other amino acid substitutions are highlighted in green. 
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Tables 

Table 1.1. Comparison of the number of genomes in each Vibrio species sampled from various sources in coastal 

Alaska, California, and Washington between 2000 and 2019 before and after removal of duplicates. Pairwise 

analysis of genome similarity was used to identity duplicate genomes when two or more sequenced isolates arose 

from the same sample or host. After removal of duplicate genomes, clusters of near-identical or identical genomes 

from different samples and hosts were still common, especially in V. cholerae and V. parahaemolyticus. Genomes 

that were not closely related to any others were considered singletons. The total unique genomes were composed 

of the sum of singletons and the number of genome clusters. 

Vibrio species 

 

Starting 

Genomes 

Duplicates 

Removed 

Remaining 

Genomes 

Clusters 

(size range) 

Singletons 

 

Unique 

Genomes 

V. alginolyticus 57 2 55 1 (2) 53 54 

V. anguillarum 4 1 3 0 3 3 

V. cholerae 177 14 163 29 (2-10) 68 97 

V. diabolicus 57 5 52 3 (2) 46 49 

V. harveyi 1 0 1 0 1 1 

V. metschnikovii 10 4 6 1 (6) 0 1 

V. parahaemolyticus 179 18 161 30 (2-8) 73 103 

V. ziniensis 4 1 3 1 (3) 0 1 

Total 489 45 444 65 (2-10) 244 309 
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Table 1.2. Table Collection details on genome clusters comprised of five or more genomes from the broader Vibrio 

species sampling efforts in Alaska, California, and Washington from 2000-2019 including the isolation sources and 

notes on localized genome sharing. Sources labeled SSO are isolated from southern sea otters. 

Cluster 
Size 

Species BCW Sample IDs Sources Collection Notes 

10 V. cholerae 11447, 11449, 
11451, 11457, 
11463, 11464, 
11424, 11427, 
11429, 11440 

10 
Environment 

Localized collection May-Jun. 2010 near 
Andrew Molera SP, CA. 

8 V. cholerae 11175, 12267, 
11448, 11459, 
11425, 11432, 
11433, 11435 

1 Avian, 7 
Environment 

Environment localized collection May-Jun. 
2010 near Andrew Molera SP, CA. Avian feces 
collected 2007 from a San Francisco Bay 
wildlife hospital. 

8 V. 
parahaemolyticus 

12103, 12176, 
12180, 12209, 
12276, 12148, 
11036, 11076 

2 
Environment, 
2 Shellfish, 4 
SSO 

Environment localized collection Jun. 2019 in 
Elkhorn Slough, near Moss Landing, CA. 
Shellfish collected 2002 from Monterey Bay. 
SSO collected 2003-2006 from Monterey, CA 
to Cayucos, CA. 

6 V. metschnikovii 11063, 11066, 
11080, 11082, 
11085, 11087 

6 
Environment 

Localized collection Jun. 2019 in Elkhorn 
Slough, near Moss Landing, CA. 

6 V. 
parahaemolyticus 

11034, 11074, 
11166, 11543, 
12166, 12167 

1 
Environment, 
5 SSO 

Environment collected Jun. 2019 in Elkhorn 
Slough, near Moss Landing, CA. SSO sampled 
in 2008 (4) and 2012 between Moss Landing, 
CA and Lucia, CA. 

5 V. cholerae 11098, 11100, 
11188, 11189, 
12147 

5 SSO Localized collection of 4 otters Feb. 2008 near 
Moss Landing, CA. One additional collected 
2006 near Piedras Blancas, CA. 

5 V. cholerae 11117, 11485, 
12246, 12256, 
12258 

4 Avian, 1 
SSO 

Localized collection of 3 avian feces Nov. 2007 
from a San Francisco bay wildlife hospital. 1 
avian feces sampled near Carmel, CA in Aug. 
2007. SSO sampled Oct. 2007 near Moss 
Landing, CA. All isolates from 2007. 

5 V. cholerae 11141, 11157, 
11143, 11483, 
11484 

3 Avian, 2 
SSO 

Localized collection of avian feces Aug.-Sep. 
2007 near Carmel, CA. SSO collected 2008 
near Moss Landing, CA 

5 V. cholerae 11178, 11442, 
11444, 11426, 
11434 

5 
Environment 

Localized collection May-Jun. 2010 near 
Andrew Molera SP, CA. 
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Table 1.2 continued. 

  

 

Cluster 
Size 

Species BCW Sample IDs Sources Collection Notes 

5 V. cholerae 11443, 11445, 
11454, 11456, 
11458 

5 
Environment 

Localized collection May-Jun. 2010 near 
Andrew Molera SP, CA. 

5 V. 
parahaemolyticus 

12127, 12305, 
12325, 12326, 
12327 

5 SSO Localized collection of two SSO Nov.-Dec. 2005 
near Morro Bay, CA.  Remaining three 
collected from 2004-2006 ranging from near 
Pajaro Dunes, CA to near Vandenberg Air 
Force Base, CA.  



 

 
 

Table 1.3. Prevalence of antimicrobial resistance genes in genomes from four different Vibrio spp. collected in Alaska, California, and Washington from 2000-

2019 separated by isolation sources. Not described in the table above are V. anguillarum (n=3), V. harveyi (n=1), V. metschnikovii (n=6), and V. ziniensis (n=3) 

which all carried tet34, tet35, CRP, vexA, vexB, and vexH. In addition, the V. anguillarum genomes carried vcmA, vexF, and vexK (33%); V. harveyi carried blaVHH-

1, vcmA, vexF, and vexK; V. metschnikovii carried vcmA, blaCARB-4, and ugd; and V. ziniensis carried catB9, vceA, vceB, vceR, and vexF. Isolation sources include 

avian feces (Avian), environmental sampling (Environ), northern sea otters (NSO), shellfish (Shell), and southern sea otters (SSO).  

 

  



 

 
 

Table 1.3 (Continued). 
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Supplementary Material 

 

Supplemental Figure 1.1. Alluvial plot comparison of Vibrio species identification as labeled in the microbiology 

clinic versus using genomic methods for 489 isolates collected from various sources in coastal Alaska, California, 

and Washington between 2000-2019. While most isolates were corrected identified in the clinic (84%), the clinic 

methods were not able to identify V. diabolicus isolates. 
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Supplemental Figure 1.2. Rarefaction curves for the pangenomes of A) V. alginolyticus (n=57), B) non-O1/O139 V. 

cholerae (n=177), C) V. diabolicus (n=57), and D) V. parahaemolyticus (n=179) collected from various sources in 

coastal Alaska, California, and Washington between 2000-2019. The total number of discovered genes in each 

pangenome continued to increase as additional genomes were added. E) Pangenome plot of V. parahaemolyticus 

(n=179) highlighting the small proportion of the total gene cluster pool (19,132) comprised of the core genome 

(3,574). Large accessory genomes were also observed for V. alginolyticus, V. cholerae, and V. diabolicus 

pangenomes. Blue blocks indicate the presence of a gene cluster (columns) in their respective genomes (rows).  
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Abstract   

Vibriosis is the most important public health threat from seafood consumption and marine 

recreation. Pathogenic Vibrio spp. employ virulence factors including hemolysins and secretion 

systems frequently detected in human cases, but virulence data in northern and southern sea 

otters (Enhydra lutris keyoni and E. l. nereis, respectively) are limited despite their potential as 

marine bioindicators. Genomic epidemiology was used to characterize virulence factors of 

Vibrio spp. genomes (n=570) including V. alginolyticus (n=55), V. diabolicus (n=52), non-

O1/O139 V. cholerae (n=163), and V. parahaemolyticus (n=287) collected in North America 

(2000-2019). Virulence factors of V. parahaemolyticus were compared between isolation 

sources: bivalves, environment, humans, and southern and northern sea otters. Hemolysins 

(tdh, trh) and type III secretion system 2 (T3SS2) gene prevalences were lowest in 

environmental isolates, while tdh and T3SS2 gene prevalences were higher in human and 

northern sea otter isolates than those from southern sea otters. A hemolysin allele (trh1) was 

detected almost exclusively in human and sea otter isolates. Despite V. parahaemolyticus 

genomic diversity, detected genomic clusters were comprised of highly related and 

tdh+/trh+genomes from non-environmental sources including humans and sea otters. Observed 

pathology in Vibrio spp. positive sea otters frequently included septicemia, enteritis, and 

moderate to severe melena. Co-occurrence of T3SS2 and T6SS1 in V. parahaemolyticus was 

associated with pathological findings and ampicillin susceptible genotypes, suggesting a trade-

off between virulence and antimicrobial resistance. Based on these findings, V. 

parahaemolyticus undergoes selection pressures resulting in apparent expansion of virulent 

strains infecting humans and sea otters.   
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Introduction 

The genus Vibrio is diverse with approximately a dozen species implicated in human illness, 

and even more responsible for disease in marine fish and shellfish. Vibriosis accounts for 

approximately 80,000 human illnesses in the United States each year; symptoms can include 

gastroenteritis, skin and ear infections, and septicemia.1 Species often associated with human 

vibriosis, including V. alginolyticus, non-O1/O139 V. cholerae, and V. parahaemolyticus, are 

frequently isolated from marine environments, yet these environmental isolates are usually 

considered minimally virulent.2–4 

Virulence factors have been characterized to varying extents in pathogenic Vibrio species. 

Vibrio parahaemolyticus is most frequently implicated in vibriosis cases and can carry many well 

characterized virulence factors.5 Two related V. parahaemolyticus toxins, thermostable direct 

hemolysin (tdh) and thermostable direct hemolysin-like (trh), are the primary virulence factors 

known to cause hemolysis and gastroenteritis in humans and other mammalian hosts.6–8 

Human isolates frequently carry either tdh, trh, or both, while environmental isolates rarely 

carry either.4,6,9 Contradictory studies have reported high prevalences of tdh and trh from both 

environmental and shellfish sources.10,11 Other virulence factors were discovered in attempts to 

understand why some environmental strains carry one or both hemolysins while some clinical 

strains are tdh/trh negative.  

Additional V. parahaemolyticus virulence factors associated with pandemic strains include 

type III secretion system 2 (T3SS2), which co-occurs on the same pathogenicity island as tdh and 

trh,12–14 and type VI secretion systems (T6SS), specifically T6SS1 which does not reside on the 



Apparent expansion of virulent Vibrio parahaemolyticus in humans and sea otters 

76 
 

same pathogenicity island.6,15,16 Together T3SS2 and T6SS1 appear to have synergistic effects 

via adhesion (T6SS1) and host enterocytotoxicity (T3SS2), although the exact functions of T6SS1 

are unknown.16,17  

Similar virulence mechanisms may be exhibited in other Vibrio species. Virulence of non-

O1/O139 V. cholerae strains are partially attributable to the presence of T3SS2.18 Additionally, 

T6SS are also common to many gram-negative bacteria and a T6SS has been described for V. 

cholerae.19 Virulence mechanisms of V. alginolyticus and V. diabolicus are poorly characterized 

compared to V. parahaemolyticus, and have largely relied on the detection of V. 

parahaemolyticus virulence factors including T3SS, T6SS, and rarely, homologous tdh or trh 

hemolysins.20–22 

Virulence factors represent key host adaptations that Vibrio spp. utilize for human 

colonization and infection,17,23 but few studies have investigated the role of Vibrio spp. 

virulence factors in pathogenicity to mammals native to marine ecosystems. Vibrio spp. were 

initially considered commensal marine mammal microflora because early reports in cetaceans 

and pinnipeds rarely reported Vibrio-associated pathology.24 Vibrio spp. have since been 

described as opportunistic pathogens in marine mammals, with varied pathologies of 

gastroenteritis, septicemia, abscesses, and pneumonia attributed to Vibrio spp. infections in a 

spotted seal (Phoca largha), California sea lions (Zalophus californianus), harbor seals (Phoca 

vitulina), and northern elephant seals (Mirounga angustirostris). 25,26 Septicemia and 

gastroenteritis have been attributed to Vibrio spp. infections in both northern and southern sea 

otters (E. l. kenyoni and E. l. nereis, respectively); fatal infections  have also been reported in 

southern sea otters.27,28 Although detection of Vibrio spp. virulence factors is more limited in 
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marine mammal hosts, confirmed virulence factors include tdh+ V. parahaemolyticus in 

bottlenose dolphins (Tursiops truncates),29 tdh+/trh+ V. parahaemolyticus in Pacific harbor seals 

(Phoca vitulina richardii),30 and isolation of five tdh+  V. parahaemolyticus strains from northern 

and southern sea otters.27,31  

Due to unique aspects of their biology,28 sea otters may act as bioindicators and natural 

reservoirs for vibriosis.32 Both northern and southern sea otters are frequent carriers of Vibrio 

spp. including V. alginolyticus, non-O1/O139 V. cholerae, and V. parahaemolyticus, and sea 

otters exhibit relatively high site-fidelity to their coastal environment, thus can represent 

localized Vibrio infection risks.27,32–34 Sea otters also consume large volumes of benthic 

invertebrates known to concentrate pathogenic Vibrio spp., providing a shared source of 

infections for humans and sea otters.11,35 Vibrio spp. exposure in sea otters is also associated 

with environmental factors, including exposure to high freshwater outflow and dense coastal 

human populations.36  

Further investigation is needed to determine whether virulence factors of Vibrio spp. are 

also adapted for sea otter hosts and to infer the significance of virulence factor detection for 

sea otter disease. Improved molecular characterization of Vibrio spp. from multiple isolation 

sources is needed to optimize studies of the relatedness and shared transmission pathways of 

environmental, human and sea otter strains, and ultimately the utility of sea otter Vibrio spp. 

surveillance to protect sea otter and public health. Greater characterization of the co-

occurrence of antimicrobial resistant and virulent genotypes from varied isolation sources is 

also needed given concerns of antibiotic efficacy and the potential implications for treatment of 

vibriosis in humans and sea otters.33,37–39 In this study, whole genome sequencing and 
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population genomics with molecular epidemiology approaches were used to characterize 

virulence factors and assess genomic similarity of Vibrio spp. isolates from sea otters, bivalves, 

the coastal environment, and humans. Vibrio parahaemolyticus was emphasized due to the 

importance of this bacterium in human infections, and the broad availability of human-derived 

strains to compare with those from sea otters and bivalves. 

We hypothesized that related and virulent V. parahaemolyticus with shared virulence 

factors and genomic similarity would be detected in sea otters and humans, and that infection 

with virulent strains would be associated with reports of pathology in necropsied sea otters. 

Our aims were to 1) characterize presence of virulence factors in Vibrio spp. isolates based on 

source, 2) determine the genomic similarity and shared virulence factor patterns of V. 

parahaemolyticus isolates from humans and sea otters and 3) assess whether virulence factor 

genotypes are associated with pathology in necropsied sea otters, and 4) given the lack of 

research examining co-occurrence of antimicrobial resistant and virulent genotypes,38,39 

investigate associations between antimicrobial resistance and virulence factors.  

 

Methods 

Sample Collection  

General methods for sample collection and processing follow the methodology described in 

Chapter 1. Briefly, n=444 Vibrio spp. isolates (55 V. alginolyticus, 163 non-O1/O139 V. cholerae, 

52 V. diabolicus, 161 V. parahaemolyticus, 3 V. anguillarum, 1 V. harveyi, 6 V. metschnikovii, 

and 3 V. ziniensis) stored at -80C at the University of California, Davis - Veterinary Medical 



Apparent expansion of virulent Vibrio parahaemolyticus in humans and sea otters 

79 
 

Teaching Hospital were used for whole genome sequencing (WGS). Vibrio spp. isolated during 

2000-2019 in California originated from previous projects including isolates from live-sampled 

and necropsied southern sea otters,31,33,36,40 avian feces,31,41 estuarine environmental samples, 

and bivalves (Mytilus spp. mussels and pismo clams, Tivela stultorum).42 Additional Vibrio spp. 

isolates were collected from live-sampled and necropsied northern sea otters in Alaska from 

2004-2015,27,34 and 3 water samples from coastal Washington state in 2019. Previously 

sequenced V. parahaemolyticus genomes isolated from across the United States and Canada 

(2006-2007) from oysters (n=58) and human clinical sources (n=68) were also included to 

provide additional context, resulting in a total sample of 570 Vibrio spp. genomes, and 287 V. 

parahaemolyticus genomes.2 

 

Whole Genome Sequencing 

Isolates were plated on 5% sheep blood agar (Biological Media Services, University of 

California, Davis; Hardy Diagnostics, Santa Maria, CA) at 37C with 5% CO2 for 24 hours and 

gDNA was extracted from cultures using either the UCP Pathogen extraction kit with pre-lysis 

using Qiagen small lysis tubes (Qiagen, Hilden, Germany) or the Wizard genomic DNA 

purification kit (Promega Corporation, Madison, WI). WGS was performed by the Weimer 

laboratory at the University of California, Davis2,49–53 as part of the 100K Pathogen Genome 

Project (http://www.genomes4health.org/), using Illumina HiSeq XTEN with PE 150 plus index 

reads (Illumina, San Diego, CA) and libraries constructed from 1 mg of gDNA with the HTP 

library preparation kit (Kapa Biosystems, Wilmington, MA).43 Previously assembled V. 
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parahaemolyticus genomes from humans and oysters were re-assembled from public domain 

SRA files using the same pipeline as the newly sequenced genomes.2  

TruSeq universal adapters and Illumina standards were trimmed from paired-end FASTQ 

files using Trimmomatic (v.0.39) under previously published parameters.49,50 Quality of raw 

reads were examined using FastQC (v.0.11.9)44 before assembly with Shovill (v.1.0.4) under 

standard settings45. Species classification was assigned with Bracken (v.2.6.1)46 using the 

database generated from Kraken2 microbes47 and a standard Bracken database formation (k-

mer size = 35, 150 base length reads). Genome quality was assessed using FastQC and CheckM 

(v.1.1.2)48 and all included genomes passed the following metrics: >90% completeness on 

CheckM, <5% contamination of CheckM, <300 contigs, and >20x genome coverage. Prokka 

(v.1.14.6)49 was used for genome annotation with standard use parameters using the assembly 

input from Shovill. For V. parahaemolyticus genomes, genomic similarity was assessed using a 

minhash based approach with Sourmash (v.3.2.3) using a k-mer size of 31 and scaled to 100,000 

k-mers/Mbp.50–52 V. parahaemolyticus genomes were also sequence typed for compatibility 

with the prevailing multilocus sequence typing (MLST) scheme using the bioconda mlst package 

(v2.23.0; T. Seemann, https://github.com/tseemann/mlst).53,54  

 

Virulence Factor and Antimicrobial Resistance Detection 

ABRicate (bioconda v1.0.1; T. Seemann, https:github.com/tseeman/abricate) was used to 

search genomes for virulence factors from the Virulence Factor Database (VFDB file updated 

March 17, 2018)55,56 and for antimicrobial resistance genes from ARG-ANNOT (file updated July 

16,2019)57 with a minimum cutoff of 70% gene identity and 70% gene coverage. Sequence 
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variants of blaCARB, tdh and trh genes were called using snippy (bioconda version 4.6.0)58 with 

gene reference sequences from VFDB for tdh, accession number KP836460 for trh1, and 

accession number KP836463 for trh2.59 Predicted protein sequences for TRH, TDH, and blaCARB 

were compiled from Prokka.  

 

Sea Otter Pathology 

Mortality data gathered from northern and southern sea otter necropsies were used to 

characterize broad associations between Vibrio spp. isolation and sea otter pathology. Evidence 

for septicemia, melena, and enteritis were assessed; possible and probable enteritis was defined 

by observation of gross lesions including intestinal mural thickening and edema, intestinal 

pleating, or mucosal erosion and ulceration. Confirmation of enteritis was determined by 

histopathology. Pathological findings classified as confirmed, probable or possible were 

considered positive. For V. parahaemolyticus isolates collected from various compiled specimens 

in necropsied southern sea otters (n=53), mortality data were used to examine associations 

between the presence/absence of virulence factors and pathological findings recorded at gross 

necropsy.  

 

Statistical Analysis 

Univariate logistic regression was used to investigate associations between the isolate 

source (environment, bivalves, humans, northern sea otters, and southern sea otters) and 

prevalence of various virulence factors in V. parahaemolyticus. For southern sea otter isolates, 

chi-squared analyses, or one-factor (univariate) logistic regression for non-dichotomous 
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categorical variables were used to examine associations between virulence genes and potential 

risk factors including sex (male, female, unknown) and age (adult, juvenile, unknown). Jalview 

(v.2.11.2.0) was used to visualize alignment of virulence factors tdh and trh60 and Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) was used for multiple sequence alignment of tdh 

and trh protein sequences. Antimicrobial resistance gene patterns of southern sea otters, 

northern sea otters, and environmental Vibrio spp. isolates were previously examined (Chapter 

1). Three blacarb alleles (blacarb-18, blacarb-20, and blacarb-21) were associated with resistance to 

ampicillin while alleles with rare non-synonymous substitutions were associated with ampicillin 

susceptibility. Univariate and bivariate logistic regression was used to compare predicted 

ampicillin susceptible genotypes with presence of virulence factors. All other analyses were 

performed in R (4.0.3).  

 

Results and Discussion 

Virulence factors shared between Vibrio spp. 

Virulence factors characterized for all 570 Vibrio spp. genomes included genes that were 

conserved across all tested species (Supplemental Table 2.1). Conserved virulence factors 

included genes involved in adherence (ompU, ilpA), quorum sensing (luxS), regulation (htpB-

hsp60), catalase (katB), and other functions (gmhA and kdsA). Some virulence factors were only 

associated with Harveyi clade species (V. alginolyticus, V. diabolicus, V. harveyi, and V. 

parahaemolyticus), including the thermolabile hemolysin gene (tlh), adherence factor (mam7), 

catalase gene (katA), and T3SS1 genes. In a genomic comparison study using V. alginolyticus, V. 

diabolicus, and V. parahaemolyticus genomes isolated in Colombia, all carried various T3SS1 



Apparent expansion of virulent Vibrio parahaemolyticus in humans and sea otters 

83 
 

genes although V. alginolyticus genomes were missing some T3SS1 genes such as vscU, vcrD, 

vscL, vscO, and vxsC that were present in 100% of the Harveyi clade genomes used in this 

study.61 The gspG gene, which encodes a major pseudopilin protein of the type II secretion 

system (T2SS),62 was nearly ubiquitous across all sampled Vibrio spp., except for lower 

detection in V. alginolyticus (32.7%). The T2SS is present in many pathogenic and non-

pathogenic gram-negative bacteria; its function is  to translocate virulence-related proteins 

across membranes from microbial cells to host cells.62 

 

Virulence factors of V. cholerae 

All V. cholerae isolates carried toxin genes hlyA, rtxB, rtxC, and rtxC and 59.6% carried the 

rtxA gene. The hlyA and rtxA genes code for accessory toxins associated with cytolysis in non-

O1/O139 strains.63,64 Further sequence analysis of rtxA is warranted  as allelic variants 

associated with environmental strains may contain premature stop codons.65 In this study, ace 

and zot toxin genes were found in two avian fecal V. cholerae isolates; these toxins were 

previously associated with intestinal secretion and mucosal permeability in O1/O139 V. 

cholerae strains.64 Additionally, one bivalve and 3 avian V. cholerae isolates carried adherence 

genes (acfA, acfB, acfC, and acfD) necessary for cholera toxin function.66 While these isolates 

were negative for cholera toxin, detection of toxins and adherence genes in avian fecal isolates 

supports growing evidence that aquatic birds may be important vectors for virulent non-

O1/O139 V. cholerae.67–69  
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One V. anguillarum genome and all the V. cholerae genomes carried an additional gene 

involved in quorum sensing (cqsA). The T6SS, which help V. cholerae evade phagocytes and 

enhance intestinal inflammation,19 were also detected in V. cholerae and V. anguillarum 

genomes, while vipB/mglB were the only T6SS genes to be consistently detected in the Harveyi 

clade species as well. Reference sequences for T6SS genes in the VFDB are optimized 

specifically for V. cholerae,56,70 and separate reference genes should be added to optimize T6SS 

detection in other Vibrio species. The T3SS genes were present in nearly half of V. cholerae 

genomes, including all northern sea otter V. cholerae isolates (n=5); these genes may enhance 

virulence and intestinal colonization of non-O1/O139 isolates,18,71 and are linked to 

gastroenteritis in humans.72 Two critical T3SS translocon genes (vopB2 and vopD2), were 

significantly more likely to be detected in environmental isolates, when compared with those 

from southern sea otters (p<0.005, OR 14.3 (95% CI: 5.3, 38.6)), birds (p<0.005, OR 7.2 (95% CI: 

2.9,17.9)), or bivalves (p<0.005, OR 23.9 (95% CI: 4.5,128.1)). The biological rationale behind 

the high observed prevalence of T3SS genes in environmental non-O1/O139 V. cholerae is 

unclear, especially because of the much lower prevalences of T3SS genes reported in other 

environmental non-O1/O139 V. cholerae populations.73,74 Selection bias may have played a role 

in the detection of T3SS translocon genes, as all the environmental V. cholerae isolates were 

collected from a localized site in Big Sur, CA between May and June of 2010, and frequently 

shared high genomic similarity (Chapter 1). Sampling may have occurred when conditions were 

optimized for more virulent strains to outcompete avirulent or low-virulent environmental 

strains.  
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Virulence factors of V. alginolyticus and V. diabolicus 

None of the detected virulence genes were unique to V. alginolyticus or V. diabolicus. The 

clinically relevant tdh and trh hemolysin genes of V. parahaemolyticus were not detected in V. 

alginolyticus nor V. diabolicus. While few previous studies have detected alleles of tdh or trh in 

V. alginolyticus75–77 or V. diabolicus,20 most have failed to detect either.22,61,78,79 Although one 

study of V. alginolyticus isolated from Mexican seafood detected an extremely high prevalence 

of tdh (>86%), samples originated from the same market and included multiple isolates per 

sample.75 Vibrio alginolyticus-associated pathology can include skin and ear infections, 

gastroenteritis, and sepsis in humans and marine wildlife, but V. alginolyticus virulence factors 

are less well characterized when compared with V. parahaemolyticus.21 The role of hemolysins 

in V. diabolicus pathogenesis is even less studied and a large knowledge gap exists regarding 

the potential virulence of V. diabolicus in humans and marine mammals. 20,22,80 Future studies 

should target species-specific alleles and de novo virulence factor discovery for V. alginolyticus 

and V. diabolicus, because the existing virulence factor database relies heavily on 

characterization of V. cholerae and V. parahaemolyticus virulence genes.  

 

Virulence factors of V. parahaemolyticus 

Thermostable hemolysin tdh and thermostable hemolysin-like trh genes were detected in 

39.7% and 57.8% of V. parahaemolyticus isolates, respectively. Homologs of hemolysin complex 

genes (hlyA, hlyB, hlyC, and hlyD) that are common in V. cholerae were also detected in 28.2% 

of V. parahaemolyticus genomes. Homologous T3SS2 genes were detected in both V. cholerae 
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and V. parahaemolyticus isolates, although some T3SS2 genes were only detected in V. 

parahaemolyticus (Supplemental Table 2.1). Three partially homologous variants of the T3SS2 

gene complex (𝛼, 𝛽, and 𝛾) are present in V. parahaemolyticus and are transmitted through 

their respective pathogenicity islands (Vp-PAI). T3SS2𝛼 is associated with tdh+/trh- strains, 

T3SS2𝛽 is associated with tdh-/trh+ strains, while T3SS2𝛾 is a hybrid associated with tdh+/trh+ 

strains.81–84 Only 11 isolates in this study were tdh+/trh-, including all 7 ST3 human isolates. 

While tdh+/trh- T3SS2𝛼 strains are considered the most common pathogenic strains globally, 

the tdh+/trh+ T3SS2𝛾 strains are most frequently linked to human clinical disease within North 

America.81,84 

Known T3SS2 effector genes including vopA/P, vopC, vopL, vopT, and vopZ, were rarely 

detected (4.2-4.5%). However, T3SS2 effectors were characterized from T3SS2𝛼 strains, and are 

still poorly characterized in T3SS2𝛽 and T3SS2𝛾, although some putative homologs have 

recently been identified.81,84,85 Prokka annotations were compared to previously published 

putative vopA/P homolog sequences81 and all but 2 of the T3SS2 carrying V. parahaemolyticus 

had a vopA/P homolog. Thus, the majority of T3SS2 apparatuses in this study were likely to be 

fully functional, despite missed detection by the Virulence Factor Database. The two T3SS2+ 

genomes without a putative vopA/P homolog (BCW_12146, BCW_12151) were also tdh- despite 

carrying the variant of trh (trh1) associated with tdh+/trh+ strains, which may indicate false 

negatives due to contig breaks or deletion of part of a Vp-PAI due to transposases.86 These 

findings suggest that the VFDB55,56 is only suitable for detection of T3SS2𝛼 effectors, and 

further study is needed to identify novel T3SS2 effector homologs and characterize their role in 

virulence.81  
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Genomic Relatedness of Virulence in V. parahaemolyticus 

An all-against-all comparison of V. parahaemolyticus genome relatedness assessed the 

genomic similarity between isolates from various isolation sources (Figure 2.1). Isolates 

collected from sea otters were representative of the breadth of genomic diversity in V. 

parahaemolyticus. Some otter isolates exhibited genomic similarity with isolates from human 

and or bivalve sources originating from other states, suggestive of apparent widespread 

expansion and potentially shared transmission interfaces between hosts. One genomic cluster 

included three southern sea otter isolates from 2003, 2008, and 2012, one northern sea otter 

isolate from 2015, and 18 sequence type 36 (ST36) human strains collected from V. 

parahaemolyticus outbreaks across 10 states between October 2006 and November 2007.2 

Apparent expansion with broad geographical distribution can also occur in strains not 

associated with human infection, as evidenced by detection of ST12 in an oyster from Texas2 

with genomic similarity to 11 additional isolates collected from 2002 to 2019 from mussels (2, 

CA), sediment (2, CA), southern sea otters (6, CA), and a northern sea otter (1, AK).  

Consumption of bivalve mollusks or other seafood could be a shared transmission contact 

interface for sea otter and human infections; some STs like ST12 and those in clonal complex 34 

(CC34 includes ST32, ST34, ST324) are more supportive of this hypothesis than ST36, which was 

not detected in any of the bivalve isolates, although ST36 and other virulent strains may be 

highly specialized to successfully shift from a dormant state to colonization of human or sea 

otter hosts.2,87 In particular, hemolysins and other genes on their associated pathogenicity 
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island may help virulent strains shift from dormancy to host colonization, thus leading to 

proliferation and potential expansion of hemolysin-carrying strains. Within three phylogenetic 

regions of high genomic similarity (red boxes in Figure 2.1), 71 of 87 isolates (81.6%) were 

tdh+/trh+, while only 32 of 199 isolates (16.1%) outside these three regions were tdh+/trh+. A 

similar expansion in hemolysin carrying strains was observed in China, where 99% of strains 

associated with human vibriosis outbreaks (defined as 2 or more cases) were tdh positive.87 

Isolates that were untyped using the MLST scheme were common in environmental (65.5%) 

and southern sea otter (36.8%) sources, and much lower in human isolates (4.4%), indicating 

that the current MLST scheme may not have sufficient resolution to inform population 

dynamics of V. parahaemolyticus from novel isolation sources. One southern sea otter strain 

that was highly related to ST36 was untyped by the MLST scheme, thus the important 

relatedness between this strain and human outbreaks would have been missed using MLST 

alone. While sequence typing with MLST is frequently used to detect clinically relevant V. 

parahaemolyticus strains based on sequence variation in just 7 house-keeping genes,53 core 

genome MLST88 or whole genome phylogeny89 can improve the accuracy of characterization 

over traditional MLST. The use of whole genome sequences to compare the similarity between 

genomes allowed us to identify sea otter strains that were closely related to isolates from 

human cases and better understand the population structure of untyped sea otter strains 

(Figure 2.1).  

The large genomic diversity of V. parahaemolyticus was further corroborated by the 

relatively small size of the core genome within the pangenome (Supplemental Figure 2.1), 

which consisted of 3,559 gene clusters out of 25,491 total gene clusters detected (14%). The 
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genomes derived from human clinical and oyster strains re-analyzed here were previously 

described as creating a closed genome2; however, addition of our isolates from varied isolation 

sources resulted in an open genome. Sampling considerations such as isolation source, location, 

and selection bias should be considered when assessing openness of the pangenome, as some 

genome types may be either missed or overrepresented depending on the study design.  

 

Virulence factors associated with isolation sources in V. parahaemolyticus 

Effectors associated with T3SS2𝛼 (tdh+/trh-) were only detected in human (13.2-14.7%) and 

bivalve genomes (3.4%) except for one southern sea otter genome. Since effectors are poorly 

characterized and are still being discovered in T3SS2𝛽 and T3SS2𝛾, the lack of effectors 

detected by VFDB is unlikely to reflect their actual presence or absence.81,84,90 Genes vopB2 and 

vcrD2 were chosen as representative markers for the presence of T3SS2, as most of the non-

effector T3SS2 genes had the same prevalence as vopB2 (62%), while vcrD2 was present in 

slightly fewer isolates (58.5%) than vopB2. Except for one tdh-/trh-/vopB2+ southern sea otter 

genome, detection of vopB2 consistently coincided with the identification of tdh and/or trh, 83 

thus vopB2 may be a putative biomarker for hemolysin positive strains that is reliable for 

diagnostic screening. Meanwhile, the gene hlyA was only present on a subset of trh+ genomes, 

primarily in genomes with trh⍦ pseudogenes (57 of 57) or trh2 variants (24 of 61), but only in 

one trh1+ genome.  

The relationship between isolation source and virulence factor genome content was 

characterized further for representative virulence factors of hemolysins and secretion systems 
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(Table 2.1). Environmental isolates were least likely to carry tdh or trh. Northern sea otter and 

human isolates were more likely to carry tdh than bivalve and southern sea otter isolates. 

Unexpectedly, trh prevalence did not significantly differ between isolates from humans and 

bivalves. A fine resolution examination of the trh allelic variants (Table 2.2 and Supplemental 

Table 2.2) revealed that trh1 allelic variants were most associated with human isolates and 

were not present in bivalve isolates. Bivalve and northern sea otter isolates were instead 

associated with trh⍦ (tdh+) isolates that may be less virulent due to a presumed non-

functioning trh1 pseudogene,59,91 although the base sequence of ATA (isoleucine) can act as a 

potential start codon in bacterial species. During the discovery of trh2, it was noted that trh1+ 

isolates caused stronger hemolysis and were more associated with human rather than 

environmental sources, although both strains should be considered potentially virulent.92 

Further refinement of trh gene detection to specific alleles may improve genomic 

characterization of virulent and avirulent strains.93 Additionally, variation in the promoter 

region can be just as important as the gene itself.94  

Human and northern sea otter isolates were more likely to carry the T3SS2 genes vopB2 and 

vcrD2 than southern sea otters, although environmental isolates were the least likely to carry 

T3SS2 genes. Our findings corroborate previous evidence which suggests that T3SS2 genes are 

relatively rare in environmental isolates.95 However, environmental strains that carry T3SS2 

genes are a cause for concern as they have been shown to be pathogenic to human cell lines.96 

The hlyA gene was significantly higher in bivalve and northern sea otter isolates than those 

from humans, and the association of hylA with trh2 or trh⍦ suggests hylA may be transmitted 

on a Vp-PAI containing trh2 or trh⍦. A recent study of a rare trh-/tdh- strain (Vp-353) from 
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China claims to be the first to predict the presence of the 𝛼-hemolysin hlyA along with hlyB, 

hlyC, and hlyD using VFDB,97 although analogous proteins of E. coli hlyA hemolysin had already 

been identified in V. parahaemolyticus.98 This study highlights frequent detection of hlyA from 

North American sea otter and bivalve strains. Therefore, hlyA may not be the most reliable 

biomarker for virulent strains in humans, but should be assessed as a potential virulence factor 

in benthic invertebrates and marine mammals. 

The VFDB includes T6SS genes for V. cholerae, although it still detected a vipB/mglB 

homolog associated with V. parahaemolyticus. The T6SS1 markers vipB/mglB were detected 

3.97 (95% CI: 1.58, 9.96) times more frequently in human than environmental isolates. While 

T6SS2 is present in almost all V. parahaemolyticus, some strains associated with increased 

virulence carry a T6SS1 gene cluster on chromosome 1.5,99 T6SS1 is believed to secrete 

bactericidal effectors that help V. parahaemolyticus compete against other bacteria and may 

have a synergistic effect with T3SS2.100  

Prevalences of hlyA, tdh, trh, and T3SS2 genes were higher in northern than southern sea 

otters. In particular, the 𝛼-hemolysin hlyA was present in 76.2% of northern sea otter isolates 

compared to 25.5% of southern sea otter isolates. The habitat of northern sea otters includes 

marine waters that are typically below the 15ºC threshold for V. parahaemolyticus growth.27,101 

While V. parahaemolyticus can survive in a dormant state below 15ºC, colder environmental 

temperatures may act as a selection pressure towards strains suitable for infecting marine 

wildlife hosts, resulting in outbreaks of virulent strains carrying hemolysins and secretion 

systems. There appeared to be a potential sampling bias for northern sea otter isolates towards 

tdh+/trh+ genomes that were related to clonal complex 34 (n=8). The CC34 isolates included two 
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separate potential sea otter outbreaks. Four similar ST34 strains were collected within a five-

kilometer distance near Cordova, AK; one strain was sampled in March 2010 while three 

additional strains were sampled two years later in April of 2012. A separate potential outbreak 

included three ST324 strains sampled within a ten-kilometer distance in July 2013 near Homer, 

AK, although another ST324 strain was detected in November 2009 near Kodiak, AK over 200 

km away. Since both potential outbreaks were preceded by detection of a related strain years 

earlier suggest persistence of certain V. parahaemolyticus sequence types in Alaskan coastal 

ecosystems.  

Climate change could result in broader V. parahaemolyticus expansion in Alaskan coastal 

waters, which are likely to be negatively impacted by rising sea surface temperatures and more 

frequent marine heatwaves.102 Climate change-related extreme weather events have already 

been linked to disease outbreaks of V. parahaemolyticus in Alaska and Canada.103,104 

Interpretation of northern sea otter isolates is limited by the relatively low sample size of 

northern sea otter isolates and a potential sampling bias towards CC34 outbreaks (n=8). 

Examination of virulence factor patterns and genome relatedness revealed that southern 

sea otters carry a diversity of presumed low-virulent and high-virulent V. parahaemolyticus with 

similarity to strains from diverse sources. Southern sea otters appear to be exposed to 

environmental strains that may be common intestinal commensals, as well as pathogenic 

strains from shellfish and humans. Continued surveillance of V. parahaemolyticus in southern 

sea otters can advance our understanding of the environmental determinants and often 

unidentified reservoirs of pathogenic V. parahaemolyticus outbreaks. Even though the majority 

of V. parahaemolyticus in southern sea otters was likely non-pathogenic or low-virulent, the 
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detection of isolates that clustered with some of the most frequent clinical sequence types in 

North America (ST36 and ST631) raises concern that V. parahaemolyticus is a potential 

southern sea otter pathogen. 

 

Southern Sea otter pathology and virulence factors 

Data were available for 24 V. alginolyticus, 12 V. cholerae, 11 V. diabolicus, and 53 V. 

parahaemolyticus isolates obtained from 94 southern sea otters necropsied between 2001-

2012. Vibrio spp. isolates were obtained from the following specimens at necropsy: feces 

(n=38), blood or cardiovascular tissue (n=21), the lower and upper respiratory tract (n=11), 

mammary tissue and external wounds including an abscess (n=10), abdominal fluid or 

abdominal device implants (n=5), gastrointestinal tissues, lymph nodes, or reproductive organs 

(n=3 each), brain (n=2), and bone, liver, neoplasia, or pleural wall laceration (n=1 each). All 

isolates obtained from abdominal fluid or abdominal device implants and lymph nodes were 

obtained from sea otters with a final diagnosis of sepsis. Due to a limited sample of most 

specimen types, pathological findings were pooled for most analyses.  

Enteritis, melena, and sepsis were common pathological findings in southern sea otters 

infected with Vibrio spp. (Table 2.3). Sepsis or systemic bacterial infection was listed as the 

primary cause of death for one V. alginolyticus-positive and 2 V. parahaemolyticus-positive 

southern sea otters. Of the four Vibrio species assessed in this study, V. diabolicus had the 

lowest association with reports of enteritis, moderate to severe melena, and sepsis in Vibrio-

positive, necropsied southern sea otters. Although the pathogenicity of V. diabolicus is 
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unknown, this species is genetically similar to, and has similar virulence factor profiles to V. 

alginolyticus. 

The top 5 primary causes of death among Vibrio spp.-positive sea otters were white shark 

(Carcharodon carcharias) bite wounds (n=22), acanthocephalan peritonitis (n=15), systemic 

protozoal infection (n=10), cardiomyopathy (n=8), and human-caused injuries, such as boat 

strike, gunshot, and net or line entanglement (n=8). Twenty-four isolates (8 V. alginolyticus, 2 V. 

cholerae, 3 V. diabolicus, and 11 V. parahaemolyticus) were obtained from sea otters with 

presumptive or confirmed white shark bite as a cause of death, of which 6 were from acute 

shark bite cases (1 V. alginolyticus, 2 V. cholerae, and 3 V. parahaemolyticus). The 18 Vibrio 

positive otters with subacute shark bites included 8 V. alginolyticus (n=6) or V. diabolicus (n=2) 

isolates from external tissues or deep lacerations(skin wounds, male genitalia, mammary tissue, 

or chest wall laceration). External wounds have been implicated in V. alginolyticus infections in 

humans;1 shark bites may provide a similar route of transmission in sea otters by disrupting skin 

barriers that prevent V. alginolyticus colonization.  

Acanthocephalan peritonitis is commonly associated with bacterial co-infection due to 

intestinal mucosal and mural damage; bacterial co-infections were reported in 61% of fatal 

acanthocephalan peritonitis cases in a recent southern sea otter mortality study, compared to 

only 4% for otters without acanthocephalan peritonitis.28 Fatal acanthocephalan peritonitis was 

associated with 37 Vibrio spp. isolates (21 V. parahaemolyticus, 8 V. alginolyticus, and 4 each 

for V. cholerae and  V. diabolicus). Because acanthocephalan peritonitis is a common cause of 

southern sea otter death, improved understanding of Vibrio spp. co-infection is warranted.  
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Because virulence factor patterns were most variable in V. parahaemolyticus, associations 

between V. parahaemolyticus virulence factors and reported southern sea otter pathology 

were examined (Table 2.4). Enteritis, melena, and sepsis were most prevalent in southern sea 

otters with V. parahaemolyticus isolates carrying both T6SS1 and T3SS2 genes. While enteritis, 

melena, and sepsis are all  associated with Vibrio parahaemolyticus infections in humans,1 it is 

hard to attribute the presence of these conditions specifically to Vibrio parahaemolyticus in sea 

otters based on current knowledge due to confounding from various primary, secondary, 

tertiary, and quaternary causes of death, bacterial co-exposure, the range of specimens 

assessed, and difficulty in assessing etiopathogenesis in carcasses with varying levels of 

autolysis. Mixed bacterial isolates cultures were common, especially for Vibrio spp. in 

combination with Streptococcus spp., E. coli, and Clostridium spp. Primary bacterial infections 

were reported in approximately 12% of sea otter mortalities 28, but bacterial sepsis was 

associated with 59% of the Vibrio spp. positive southern sea otters with mortality data. Future 

sea otter mortality studies should determine the extent to which Vibrio spp. infections are 

associated with sepsis in comparison to other opportunistic bacterial pathogens.  

Due to limited sample sizes, no specific V. parahaemolyticus sequence types could be linked 

to higher risk of pathology in southern sea otters. For example, although ST36 is implicated in 

numerous vibriosis outbreaks in humans in North America, only one isolate similar to human 

ST36 strains had southern sea otter mortality data in the current study. For that animal, the 

primary cause of death was subacute shark bite, but possible enteritis, melena, and sepsis were 

also noted, which could have been attributable to V. parahaemolyticus infection. Further 
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sampling efforts are needed to better assess putative relationships between highly virulent V. 

parahaemolyticus and clinical disease or pathology in southern sea otters. 

 

Northern Sea otter pathology and virulence factors 

Thirty-three isolates (V. parahaemolyticus (n=18), V. alginolyticus and V. diabolicus (n=5 

each), V. cholerae (n=4), and V. anguillarum (n=1)) were collected from various specimens of 27 

necropsied northern sea otters with corresponding mortality data, although the associations 

between presence or absence of enteritis and septicemia were assessed in fewer isolates (n=32 

and 31, respectively). Specimens from which the 33 isolates were obtained included 

gastrointestinal tissues (n=22), tonsil or lymph nodes (n=8), blood (n=2), and feces (n=1). 

Isolates from lymphatic tissues were all associated with a final diagnosis of bacterial sepsis. Co-

infections with Streptococcus spp. were common (24 of 33 isolates). Cause of death in 

Streptococcus spp.-positive sea otters included septicemia (n=4), endocarditis (n=2), and 

meningoencephalitis (n=1). A previous report showed that “Strep syndrome” defined as 

endocarditis, meningoencephalitis, and/or septicemia due to Streptococcus spp., was the most 

frequent cause of northern sea otter mortality between 2002 to 2012.34 In this study, other 

frequently observed causes of death included emaciation (n=5) and gastrointestinal disease 

(n=4). Further study is needed to determine the association of Vibrio spp. infections with 

specific causes of mortality in northern sea otters. 

Possible, probable, or confirmed enteritis was observed in three of the five V. alginolyticus-

positive northern sea otters. Septicemia was a common primary or contributing cause of death 
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(n=4) in V. alginolyticus-positive sea otters; septicemia in these sea otters was complicated by 

mixed bacterial infections, including Streptococcus spp. (n=2) and Erysipelothrix rhusiopathiae 

(n=1). Two necropsied northern sea otters with V. alginolyticus infection had open fractures 

which were a probable route of infection.  

Four out of five V. diabolicus-positive northern sea otters exhibited probable or confirmed 

septicemia, while four exhibited probable or confirmed enteritis. Of the four V. cholerae-

positive necropsied sea otters, two died of septicemia and Streptococcus spp. was also cultured 

from both animals. Enteritis was not reported in V. cholerae-positive northern sea otters. A V. 

anguillarum-positive northern sea otter that died of septicemia, exhibited enteritis at necropsy, 

but was also infected with Streptococcus lutetiensis.  

Two genetically distinct V. parahaemolyticus strains were isolated from a hospitalized 

northern sea otter (July 25th and August 1st, 2005) prior to death (August 5th, 2005). Primary 

cause of death was determined to be acute enteritis associated with V. parahaemolyticus. 

Probable or confirmed enteritis was common in V. parahaemolyticus-positive sea otters (10 of 

16 otters with enteritis data), which corresponds with well-recognized gastrointestinal 

pathology described in human V. parahaemolyticus infections.1 Melena and abnormal feces 

were each observed once from V. parahaemolyticus-positive sea otters. Five of 16 V. 

parahaemolyticus-positive northern sea otters with septicemia data exhibited probable or 

confirmed septicemia. 

Frequencies of V. parahaemolyticus sequence types in sea otters are likely to differ between 

Alaska and California sub-populations; similarly, the population structure of human and oyster-
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sourced V. parahaemolyticus isolates is partially related to their geographical origins.2 In 

addition, differences in prey species between sea otter subspecies may result in differential 

exposure risks to pathogenic strains.35,105 Geographical differences in STs may also impact the 

prevalence of pathology associated with V. parahaemolyticus. Eight of 21 northern sea otter V. 

parahaemolyticus isolates from Alaska were related to clonal complex 34 strains (ST34 and 

ST324) isolated from human clinical and oyster sources, compared to only three of 106 isolates 

for southern sea otters from California. Two other sequence types attributed to human 

outbreaks, ST36 and ST631, were each isolated from a northern sea otter at necropsy; enteritis 

was observed in both sea otters although future study is needed to examine the associations 

between specific sequence types and pathology.  

Virulence in sea otters might also depend on the allelic variants of virulence factors.92 For 

example, the trh1 variant has 84% homology with trh2 and strains carrying trh1 were hemolytic 

in human, rabbit, sheep, and calf erythrocytes, while trh2+ strains exhibited weaker hemolysis 

that was present only in human and rabbit erythrocytes.92 In this study, trh1 positive isolates 

(either full length or truncated) were associated with septicemia in 2 of 3 northern sea otters 

and 5 of 6 southern sea otters. Meanwhile, trh2 isolates were associated with septicemia in 2 of 

6 northern sea otters and 7 of 9 southern sea otters, and trh⍦ isolates were associated with 

septicemia in 3 of 11 northern sea otters and 7 of 11 southern sea otters.  

Traditionally, Vibrio infections in sea otters have been considered opportunistic infections 

that arise secondary to other causes of death.28,31,33,40 Many otters likely carry low to no-

virulence Vibrio spp. or exhibit secondary Vibrio spp. infections from opportunistic infections, 

although preliminary findings from this study suggest that some Vibrio spp. infecting northern 
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and southern sea otters could be virulent pathogens. These findings provide a first look at the 

associations between Vibrio spp. isolation and detection of virulence factors with northern and 

southern sea otter pathology that can inform subsequent efforts to determine disease 

causality. 

 

Fitness Trade-off between virulence and antimicrobial resistance in V. parahaemolyticus 

Antimicrobial resistance patterns were not previously reported for the n=126 human clinical 

and oyster Vibrio spp. genomes 2. In the current study, all human clinical and oyster isolates 

were positive for tet34 and tet35, the multidrug efflux pump genes vexA, vexB, vexF, vexK, and 

vexH, and a variant of the blacarb gene. Rare antimicrobial resistance genes included qnr-S5 

found in one humanisolate, qnrC in three human isolates, fosA in one human and three oyster 

isolates, and vexC in one oyster isolate. Whether human isolates are more likely to carry 

quinolone resistance genes is unknown, but no Vibrio spp. isolates obtained from other sources 

in the current study were positive for qnr genes (Chapter 1). 

Alleles of blacarb predicted to be associated with ampicillin susceptibility were present in 35 

of 68 (51.5%) human-sourced Vibrio isolates, and 15 of 58 (25.9%) oyster-sourced isolates. 

Predicted ampicillin susceptible genotypes across all V. parahaemolyticus isolates were 

positively associated with detection of T3SS2 genes, hemolysins, or the T6SS1 gene vipB/mglB, 

but not with the T3SS1 gene vopB in univariate analyses (Table 2.5). Since T3SS2 and T6SS1 are 

thought to have a synergistic effect on virulence, a multivariate logistic regression model was 

used to examine interactions between vipB/mglB and vopB2 as predictors for ampicillin 
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susceptible genotypes. When examined together in a bivariate logistic regression model, vopB2 

alone was a significant predictor of ampicillin susceptible genotypes (OR 2.47, 95% CI 1.08, 

5.68, p-value = 0.033), but co-occurrence with vipB/mglB modified the effect such that 

concurrent presence of both markers was significantly associated with predicted ampicillin 

susceptibility (OR 12.41, 95% CI 5.29, 29.11, p-value < 0.001). Thus, the genomes with both 

T3SS2 and T6SS1 secretion systems were the most likely to be predicted as ampicillin 

susceptible.  

Translated gene sequences of blacarb are imperfect predictors for ampicillin resistance and 

further study should combine phenotypic and genotypic methods of both AMR and virulence 

detection to better understand the trade-off between the two. Variable gene expression of 

both antimicrobial resistance genes and virulence factor genes may also alter the phenotypic 

patterns that can be observed for both AMR and virulence. Potential trade-offs in fitness occur 

with both increased virulence and increased antibiotic resistance and the relationship between 

the two may depend on the specific genes.106,107 Environmental isolates can be exposed to 

antimicrobials as coastal systems receive effluents from human waste that include 

antimicrobial residues, making coastal waters and sediments likely reservoirs for antimicrobial 

resistance.108,109 Apparent expansion of highly virulent V. parahaemolyticus STs, such as ST36, 

may have occurred inadvertently in ampicillin-susceptible strains, leading to divergent virulent 

but ampicillin-susceptible populations.  
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Conclusions 

This study provides evidence that highly virulent and genomically similar V. 

parahaemolyticus strains can infect both humans and a putative marine bioindicator species, 

sea otters. While sea otters are exposed to diverse V. parahaemolyticus strains with both low 

and high-risk virulence factor profiles, the results presented reveal that virulent V. 

parahaemolyticus strains are broadly associated with similar pathology in sea otters as 

previously described in human cases including enteritis and septicemia. Similar strains in both 

sea otters and humans included internationally expansive sequence types, suggesting apparent 

expansion of virulent V. parahaemolyticus. Future studies can build upon the comparative 

epidemiological approach applied here to provide causal inferences further linking markers of 

virulence to morbidity and mortality of sea otters and humans. As natural hosts occupying 

coastal ecosystems, sea otters may be informative of Vibrio spp. virulence selection that could 

impact human health. Given predicted impacts of climate change on Vibrio spp. infection risks 

and shared transmission contact interfaces for humans and sea otters, the role of sea otters as 

bioindicators of Vibrio spp. infections should be prioritized. This study is the first to characterize 

multiple virulence factors of V. parahaemolyticus isolated from sea otters and suggests that 

apparent expansion of virulent strains impacts both sea otter and human health.  
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Figures 

 

Figure 2.1. All-against-all comparative analysis of the similarity between 287 V. parahaemolyticus genomes 

collected from 2000 through 2019 from various sources across North America. Genomes are annotated by source 

from most frequent to least frequent and by hemolysin gene patterns. Darker blue colors indicate greater 

similarity based on the Jaccard Similarity Index (JSI). Sequence types mentioned in the article are labeled. Three 

regions comprised primarily of tdh+/trh+ genomes are highlighted (red boxes). From bottom left to top right, the 

first region is comprised by a genomic cluster of primarily ST36 isolated only from sea otters and humans. The 

second region is comprised by sequence types included in clonal complex 34 (ST32, ST34, ST324) and includes 

isolates from southern and northern sea otters (SSO and NSO, respectively), bivalves, and a human. The third 

region contains varied typed and untyped strains.  
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Tables 

Table 2.1. Univariate logistic regression models comparing the likelihood of V. parahaemolyticus genomes carrying 

select virulence factors based on isolation source. Isolates were collected from 2000 through 2019 across various 

North American sites. Odds ratios were calculated using environmental isolates as the reference group; isolation 

sources that differed significantly (p<0.05) from environmental isolates are marked with an asterisk (*). The last 

model compares the likelihood of carrying both vopB2 and vipB/mglB between isolation sources. NSO= northern 

sea otter. SSO= southern sea otter.  

Gene Source Pos. Total % OR 95% CI p-value 

hlyA Environment 3 29 10.3 REF REF REF 

 Human 12 68 17.6 1.86  0.48, 7.15 0.368 

 Bivalves 23 62 37.1 5.11  1.39, 18.78 0.014*  

 NSO 16 21 76.2 27.73  5.82, 132.10 <0.001* 

 SSO 27 106 25.5 2.96  0.83, 10.57 0.094 

tdh Environment 2 29 6.9 REF REF REF 

 Human 42 68 61.8 21.81 4.78, 99.44 <0.001* 

 Bivalves 23 62 39.7 7.96 1.73, 36.62 0.008* 

 NSO 14 21 66.7 27 4.94, 147.63 <0.001* 

 SSO 33 106 31.1 6.1 1.37, 27.19  0.018*  

trh Environment 6 29 20.7 REF REF REF 

 Human 43 68 63.2 6.59 2.37, 18.37 <0.001* 

 Bivalves 44 62 71.0 9.37 3.27, 26.85 <0.001* 

 NSO 20 21 95.2 76.67 8.49, 691.95 <0.001* 

 SSO 53 106 50.0 3.83 1.44, 10.17 0.007*  
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Table 2.1 continued. 

Gene Source Pos. Total % OR 95% CI p-value 

vcrD2 Environment 6 29 20.7 REF REF REF 

(T3SS2) Human 50 68 73.5 10.65 3.74, 30.36 <0.001* 

 Bivalves 46 62 74.2 11.02 3.81, 31.92  <0.001* 

 NSO 19 21 90.5 36.42 6.58, 201.67 <0.001* 

 SSO 47 106 44.3 3.05 1.15,  8.11 0.025*   

vopB2 Environment 6 29 20.7 REF REF REF 

(T3SS2) Human 52 68 76.5 12.46 4.32, 35.92  <0.001* 

 Bivalves 46 62 74.2 11.02 3.81, 31.92  <0.001* 

 NSO 20 21 95.2 76.67 8.49, 691.95 <0.001* 

  SSO 54 106 50.9 3.98  1.50, 10.56 0.006* 

vipB/mglB Environment 10 29 34.5 REF REF REF 

(T6SS) Human 43 68 63.2 3.97 1.58, 9.96 0.003* 

 Bivalves 20 62 32.3 0.9 0.36, 2.30 0.833 

 NSO 13 21 61.9 3.09 0.96, 9.92 0.058 

 SSO 43 106 40.6 1.3 0.55, 3.06 0.553 

vopB2 + vipB Environment 1 29 3.4 REF REF REF 

 Human 38 68 55.9 35.47 4.57, 275.51 <0.001* 

 Bivalves 14 62 22.6 8.17 1.02, 65.39 0.048* 

 NSO 13 21 61.9 45.5 5.15, 402.20 <0.001* 

 SSO 16 106 15.1 4.98 0.63, 39.18 0.127 
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Table 2.2. Univariate logistic regression models comparing the associations between three trh gene variants and 

isolation source. Isolates were collected from 2000 through 2019 across various North America sites. Odds ratios 

were calculated using environmental isolates as the reference group and isolation sources that differed 

significantly (p<0.05) from environmental isolates are marked with an asterisk (*). The trh⍦ is presumed to be a 

pseudogene due to the methionine to isoleucine substitution in the translated sequence resulting in loss of the 

traditional start codon (NA = length not applicable). The trh1 allele was most associated with humans while trh⍦ 

was most associated with bivalves and northern sea otters. NSO= northern sea otter. SSO= southern sea otter.  

Gene Length Source Pos. Tot. % OR 95% CI p-value 

trh1 Full Environment 1 29 3.4 REF REF REF 
 

  Human 24 68 35.3 15.27 1.95, 119.32 0.009* 
 

  Bivalves 0 62 0 NA NA NA 
 

  NSO 2 21 9.5 2.95 0.25, 34.85 0.391 
 

  SSO 9 106 8.5 2.60 0.32, 21.39 0.375 

trh⍦ NA Environment 1 29 3.4 REF REF REF 
 

  Human 5 68 7.4 2.22 0.25, 19.89 0.475 
 

  Bivalves 21 62 33.9 14.34 1.83, 112.70 0.011* 
 

  NSO 11 21 52.4 30.80 3.52, 269.63 0.002* 
 

  SSO 18 106 17 5.73 0.73, 44.79 0.096 

trh2 Full Environment 4 29 13.8 REF REF REF 
 

  Human 10 68 14.7 1.08 0.31, 3.76 0.907 
 

  Bivalves 19 62 30.6 2.76 0.84, 9.04 0.093 
 

 NSO 6 21 28.6 2.50 0.61, 10.32 0.205 
 

 SSO 17 106 16 1.19 0.37, 3.87 0.768 
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Table 2.3. Associations between key pathological findings and Vibrio-spp. detection from various tissues in 

southern sea otters from California that were necropsied from 2001 through 2012. Reports of possible or 

confirmed enteritis were pooled as enteritis for analysis. Enteritis, melena, and sepsis were frequently observed in 

Vibrio spp.-positive southern sea otters.  

Species 

 

Enteritis (%) 

 

 

Melena (%) 

Any Severity 

 

Melena (%) 

Mod.-Severe Sepsis (%) 

 

Total 

 
V. alginolyticus 12 (50) 20 (83.3) 12 (50.0) 15 (62.5) 24 

V. cholerae (non-O1) 10 (83.3) 7 (58.3) 5 (41.7) 5 (41.7) 12 

V. diabolicus 4 (36.4) 7 (63.6) 3 (27.3) 3 (27.3) 11 

V. parahaemolyticus 30 (56.6) 35 (66) 22 (41.5) 36 (67.8) 53 
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Table 2.4. Associations between key pathological findings and V. parahaemolyticus detection from various tissues 

in southern sea otters from California that were necropsied from 2001 through 2012. Reports of possible or 

confirmed enteritis were pooled as enteritis for analysis. The top portion of the table (above the thick line) 

includes single factor comparisons; the bottom portion of the table compares pathological findings with the 

putative interaction between T3SS2 (vopB2) and T6SS1 (vipB).  

Virulence  
Gene 

Enteritis (%) Melena (%) Mod. to Severe 
Melena (%) 

Sepsis 

(%) 

Total 

hlyA+ 10 (62.5) 12 (75) 10 (62.5) 10 (62.5) 16 

hlyA- 20 (54.1) 23 (62.2) 12 (32.4) 26 (70.3) 37 

tdh+ 10 (62.5) 14 (87.5) 10 (62.5) 11 (68.8) 16 

tdh- 20 (54.1) 21 (56.8) 12 (32.4) 25 (67.6) 37 

trh+ 16 (66.7) 20 (76.9) 15 (57.7) 19 (73.1) 26 

trh- 14 (51.9) 15 (55.6) 7 (25.9) 17 (63) 27 

vipB+ 12 (57.1) 17 (80.1) 9 (42.9) 16 (76.2) 21 

vipB- 18 (56.3) 18 (56.3) 13 (40.6) 20 (62.5) 32 

vopB2+ 16 (61.5) 20 (76.9) 15 (57.7) 19 (73.1) 26 

vopB2- 14 (51.9) 15 (55.6) 7 (25.9) 17 (63) 27 

vipB+/vopB2+ 5 (62.5) 7 (87.5) 5 (62.5) 7 (87.5) 8 

vipB-/vopB2+ 11 (61.1) 13 (72.2) 10 (55.6) 12 (66.7) 18 

vipB+/vopB2- 7 (53.8) 10 (76.9) 4 (30.8) 9 (65) 13 

vipB-/vopB2- 7 (50) 5 (35.7) 3 (21.4) 8 (57.1) 14 
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Table 2.5. Univariate (above thick line) and bivariate (below thick line) logistic regression models comparing the 

likelihood of blacarb alleles associated with ampicillin-susceptibility in V. parahaemolyticus isolates collected from 

2000 through 2019 across various tissue sources and North American sites based on presence of various virulence 

factors. Ampicillin-resistant blacarb alleles of blacarb-18, blacarb-20, and blacarb-21 were associated with phenotypic 

ampicillin resistance and alleles with non-synonymous substitutions were associated with ampicillin susceptibility 

(Chapter 1). Odds ratios were calculated using virulence factor negative as the reference groups. Virulence factors 

that were significantly associated with an ampicillin-susceptible blacarb genotype) are marked with an asterisk (*). 

The bivariate logistic regression model included an interaction between a T3SS2 marker (vopB2) and a T6SS1 

marker (vipB/mglB). Presence of vopB2 was associated with ampicillin-susceptible blacarb alleles, and this effect was 

modified by the presence of vipB/mglB such that genomes with both T3SS2 and T6SS1 markers were most likely to 

harbor an ampicillin-susceptible blacarb genotype.  

Virulence Factor 

Ampicillin-Susceptible blacarb Alleles (n= 287) 

OR 95% CI p-value 

hlyA+ 1.91 1.13, 3.23 0.015* 

tdh+ 3.04 1.85, 5.01 <0.001* 

trh+ 3.36 1.98, 5.72 <0.001* 

vopB+ (T3SS1) 1.45 0.61, 3.43 0.403 

vcrD2+ (T3SS2) 4.73 2.70, 8.28 <0.001* 

vopB2+ (T3SS2) 4.48 2.52, 7.97 <0.001* 

vipB/mglB+ (T6SS1) 3.04 1.85, 5.00 <0.001* 

vipB-/ vopB2- REF REF REF 

vipB+/ vopB2- 1.36 0.50, 3.67 0.543 

vipB-/ vopB2+ 2.47 1.08, 5.68 0.033* 

vipB+/ vopB2+ 12.41 5.29, 29.11 <0.001* 
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Supplementary Material 

 

 

Supplemental Figure 2.1. The open pangenome of n=287 V. parahaemolyticus genomes collected between 2000-

2019 from various North America locations and isolation sources. A) A rarefaction curve for V. parahaemolyticus 

indicates that more genes were discovered as the number of genomes increased.   
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Supplemental Figure 2.1 continued. 

B) Pangenome plot of V. parahaemolyticus highlights the small core genome (n=3,559 gene clusters) in relation to 

the total gene cluster pool (n=25,491). Various patterns of accessory gene presence were observed indicating a 

large genetic diversity within the sequenced V. parahaemolyticus that is unlikely to represent the full genetic 

diversity of the species.  
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Supplemental Table 2.1. Prevalence of virulence factors by isolation source in Vibrio spp. (n=570) collected 

between 2000-2019 from various sampling locations across North America. Environ= isolates collected from 

environmental sources, primarily seawater and marine sediments. Shell= shellfish from oysters, mussels, and 

clams. NSO = northern sea otters, SSO= southern sea otters.  

  

Avian Environ NSO Bivalves SSO Total Avian Environ NSO Bivalves SSO Total Avian Environ NSO Bivalves SSO Total

(n=0) (n=7) (n=6) (n=3) (n=39) (n=55) (n=1) (n=14) (n=5) (n=12) (n=20) (n=52) (n=50) (n=52) (n=5) (n=12) (n=44) (n=163)

Ace 2 (4) 2 (1.2)

hlyA 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

hlyB, C, D

rtxA 29 (58) 30 (57.7) 5 (100) 6 (50) 27 (61.4) 97 (59.5)

rtxB, C, D 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

tdh

tlh 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

trh

zot 2 (4) 2 (1.2)

acfA,B,C,D 3 (6) 1 (8.3) 4 (2.5)

ompU 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100) 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

ilpA 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100) 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

mam7 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

tcp* 3 (6) 1 (8.3) 4 (2.5)

T2SS gspG 1 (14.3) 3 (50) 14 (35.9) 18 (32.7) 1 (100) 14 (100) 5 (100) 12 (100) 19 (95) 51 (98.1) 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

exsA 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

exsD 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

sycN 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

tyeA 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vcrD 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vcrG 7 (100) 6 (100) 3 (100) 38 (97.4) 54 (98.2) 1 (100) 14 (100) 4 (80) 12 (100) 20 (100) 51 (98.1)

vcrH 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vcrR 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vcrV 7 (100) 6 (100) 3 (100) 38 (97.4) 54 (98.2) 1 (100) 11 (78.6) 4 (80) 9 (75) 17 (85) 42 (80.8)

vecA 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

virG

vopB 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vopD 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vopN 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vopQ 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vopR 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vopS 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

VPA0450

vscB 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscC 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscD, G 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscF, H, I 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscJ 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscK 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscL 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscN 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscO 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscP

vscQ 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscR 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscS 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscT 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscU 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscX 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vscY 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

vxsC 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

Class Gene

Toxin

Adherence

T3SS1

alginolyticus count (%) diabolicus count (%) cholerae count (%)
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harveyi (%) metschnikovii (%) ziniensis (%)

Avian Environ NSO Bivalves SSO Clinical Total Environ NSO Total SSO Environ Environ

(n=1) (n=29) (n=21) (n=62) (n=106) (n=68) (n=287) (n=2) (n=1) (n=3) (n=1) (n=6) (n=3)

Ace

hlyA 3 (10.3) 16 (76.2) 23 (37.1) 27 (25.5) 12 (17.6) 81 (28.2)

hlyB, C, D 3 (10.3) 16 (76.2) 23 (37.1) 27 (25.5) 12 (17.6) 81 (28.2)

rtxA

rtxB, C, D

tdh 2 (6.9) 14 (66.7) 23 (37.1) 33 (31.1) 42 (61.8) 114 (39.7)

tlh 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

trh 6 (20.7) 20 (95.2) 44 (71) 53 (50) 43(63.2) 166 (57.8)

zot

acfA,B,C,D

ompU 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (50) 1 (100) 2 (66.7) 1 (100) 3 (100)

ilpA 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 2 (100) 1 (100) 3 (100) 1 (100) 6 (100) 3 (100)

mam7 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

tcp*

T2SS gspG 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 2 (100) 1 (100) 3 (100) 1 (100) 6 (100) 3 (100)

exsA 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

exsD 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

sycN 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

tyeA 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vcrD 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vcrG 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vcrH 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vcrR 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vcrV 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100)

vecA 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100)

virG 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100)

vopB 1 (100) 26 (89.7) 20 (95.2) 62 (100) 84 (79.2) 67 (98.5) 260 (90.6) 1 (100)

vopD 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100)

vopN 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vopQ 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vopR 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vopS 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100)

VPA0450 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscB 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscC 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscD, G 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscF, H, I 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscJ 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscK 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100)

vscL 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscN 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscO 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscP 1 (100) 29 (100) 21 (100) 62 (100) 104 (98.1) 68 (100) 285 (99.3)

vscQ 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100)

vscR 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscS 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscT 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscU 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscX 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vscY 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

vxsC 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (100)

anguillarum (%)parahaemolyticus count (%)

Gene

Toxin

Adherence

T3SS1

Class
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Avian Environ NSO Bivalves SSO Total Avian Environ NSO Bivalves SSO Total Avian Environ NSO Bivalves SSO Total

(n=0) (n=7) (n=6) (n=3) (n=39) (n=55) (n=1) (n=14) (n=5) (n=12) (n=20) (n=52) (n=50) (n=52) (n=5) (n=12) (n=44) (n=163)

vcrD2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 13 (29.5) 83 (50.9)

vopA/vopP

vopB2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

vopC

vopD2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

vopL 16 (32) 33 (63.5) 4 (80) 2 (16.7) 8 (18.2) 63 (38.7)

vopT

vopZ

VPA1337 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

VPA1340 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

VPA1350 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

VPA1351 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

VPA1352 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

VPA1353 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

VPA1363 7 (14) 5 (9.6) 1 (2.3) 13 (8)

vscC2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

vscJ2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

vscN2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 13 (29.5) 83 (50.9)

vscQ2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

vscR2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 13 (29.5) 83 (50.9)

vscS2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 13 (29.5) 83 (50.9)

vscT2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

vscU2 20 (40) 43 (82.7) 5 (100) 2 (16.7) 11 (25) 81 (49.7)

vtrA 20 (40) 43 (82.7) 4 (80) 2 (16.7) 8 (18.2) 77 (47.2)

cqsA 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

luxS 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100) 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

Motility pilT 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 19 (95) 51 (98.1) 1 (2) 3 (7) 1 (8.3) 5 (3.1)

clpB/vasG 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

hcp-2 1 (7.1) 1 (1.9) 50 (100) 52 (100) 4 (80) 12 (100) 43 (97.7)  161 (98.8)

icmF/vasK 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

vasA, B,C,D,E,H,I, J, L 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

vasF 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

VCA0109/TssE 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

VCA0122 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

vgrG2  41 (82) 39 (75) 3 (60) 8 (66.7) 36 (81.8)  127 (77.9)

vgrG3  41 (82) 37 (71.2) 4 (80) 10 (83.3) 35 (79.5)  127 (77.9)

vipA/mglA 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

vipB/mglB 1 (33.3) 8 (20.5) 9 (16.4) 1 (100) 4 (28.6) 4 (80) 4 (33.3) 8 (40) 21 (40.4) 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

Regulation htpB_hsp60 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100) 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

katA 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100)

katB 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 13 (92.9) 5 (100) 12 (100) 20 (100) 51 (98.1) 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

ddhA 2 (4) 2 (3.8) 1 (2.3) 5 (3.1)

fcl 7 (14) 1 (1.9) 1 (2.3) 9 (5.5)

gmhA 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100) 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

kdsA 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100) 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

lpxC 7 (100) 6 (100) 3 (100) 39 (100) 55 (100) 1 (100) 14 (100) 5 (100) 12 (100) 20 (100) 52 (100) 50 (100) 52 (100) 5 (100) 12 (100) 44 (100) 163 (100)

manB 1 (1.9) 1 (0.6)

rfaD

cap8E 1 (2.6) 1 (1.8)

gmd 1 (2.6) 1 (1.8) 7 (14) 1 (1.9) 1 (2.3) 9 (5.5)

Quorum Sensing

T6SS

Catalase

Other

Class Gene

T3SS2

alginolyticus count (%) diabolicus count (%) cholerae count (%)
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harveyi (%) metschnikovii (%) ziniensis (%)

Avian Environ NSO Bivalves SSO Clinical Total Environ NSO Total SSO Environ Environ

(n=1) (n=29) (n=21) (n=62) (n=106) (n=68) (n=287) (n=2) (n=1) (n=3) (n=1) (n=6) (n=3)

vcrD2 6 (20.7) 19 (90.5) 46 (74.2) 47 (44.3) 50 (73.5) 168 (58.5)

vopA/vopP 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

vopB2 6 (20.7) 20 (95.2) 46 (74.2) 54 (50.9) 52 (76.5) 178 (62)

vopC 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

vopD2 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

vopL 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

vopT 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

vopZ 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

VPA1337 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

VPA1340 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

VPA1350 2 (3.2) 1 (0.9) 10 (14.7) 13 (4.5)

VPA1351 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

VPA1352 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

VPA1353 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

VPA1363

vscC2 6 (20.7) 20 (95.2) 46 (74.2) 54 (50.9) 52 (76.5) 178 (62)

vscJ2 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

vscN2 6 (20.7) 20 (95.2) 46 (74.2) 57 (53.8) 52 (76.5) 181 (63.1)

vscQ2 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

vscR2 6 (20.7) 20 (95.2) 46 (74.2) 54 (50.9) 52 (76.5) 178 (62)

vscS2 6 (20.7) 20 (95.2) 46 (74.2) 54 (50.9) 52 (76.5) 178 (62)

vscT2 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

vscU2 6 (20.7) 20 (95.2) 46 (74.2) 53 (50) 52 (76.5) 178 (62)

vtrA 2 (3.2) 1 (0.9) 9 (13.2) 12 (4.2)

cqsA 1 (100) 1 (33.3)

luxS 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 2 (100) 1 (100) 3 (100) 1 (100) 6 (100) 3 (100)

Motility pilT 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 1 (50) 1 (33.3) 1 (100)

clpB/vasG 2 (100) 1 (100) 3 (100)

hcp-2 2 (100) 1 (100) 3 (100) 3 (100)

icmF/vasK 2 (100) 1 (100) 3 (100)

vasA, B,C,D,E,H,I, J, L 2 (100) 1 (100) 3 (100)

vasF 2 (100) 1 (100) 3 (100)

VCA0109/TssE 2 (100) 1 (100) 3 (100)

VCA0122

vgrG2 1 (50) 1 (100) 2 (66.7)

vgrG3

vipA/mglA 2 (100) 1 (100) 3 (100)

vipB/mglB 10 (34.5) 13 (61.9) 43 (40.6) 46 (67.6) 132 (46) 2 (100) 1 (100) 3 (100) 1 (100)

Regulation htpB_hsp60 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 2 (100) 1 (100) 3 (100) 1 (100) 6 (100) 3 (100)

katA 1 (100) 29 (100) 21 (100) 61 (98.4) 106 (100) 67 (98.5) 285 (99.3) 1 (100)

katB 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 2 (100) 1 (100) 3 (100) 6 (100) 3 (100)

ddhA

fcl 1 (3.4) 5 (23.8) 9 (8.5) 4 (5.9) 26 (9.1)

gmhA 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 2 (100) 1 (100) 3 (100) 1 (100) 6 (100) 3 (100)

kdsA 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 2 (100) 1 (100) 3 (100) 1 (100) 6 (100) 3 (100)

lpxC 1 (100) 29 (100) 21 (100) 62 (100) 106 (100) 68 (100) 287 (100) 2 (100) 1 (100) 3 (100) 1 (100) 6 (100)

manB

rfaD 1 (0.9) 1 (0.3) 2 (100) 1 (100) 3 (100) 1 (100) 3 (100)

cap8E 1 (3.4) 2 (1.9) 5 (1.7)

gmd 2 (6.9) 10 (47.6) 20 (18.9) 25 (3.7) 70 (24.4)

Quorum Sensing

T6SS

Catalase

Other

Class Gene

T3SS2

parahaemolyticus count (%) anguillarum (%)
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Supplemental Table 2.2. Presence of trh variants by isolation source in trh+ V. parahaemolyticus isolates collected 

from 2000-2019 across various North American sites. Human trh+ strains were most likely to carry the full trh1 

gene while shellfish and sea otters of both subspecies were most likely to carry either a pseudogene (trh⍦) or the 

full trh2 gene. NSO = northern sea otter. SSO= southern sea otter.  

trh variant Human Environ. NSO Shellfish SSO Total 

trh1 full (189) 24 1 2 0 9 36 

trh1 153AA 3 0 1 0 4 8 

trh1 52AA 1 0 0 0 4 5 

trh⍦ 5 1 11 21 18 56 

trh2 full 10 4 6 19 17 56 

trh2 65AA 0 0 0 2 0 2 

trh2 174AA 0 0 0 2 1 3 
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Abstract 

The Harveyi clade contains some of the most pathogenic Vibrio species responsible for 

vibriosis in humans and diverse wildlife species from invertebrates to marine mammals. Two 

frequently implicated species are Vibrio parahaemolyticus and Vibrio alginolyticus, although 

another emerging species, Vibrio diabolicus, is closely related to and has been previously 

misidentified as V. alginolyticus. Despite the similarities, genomic comparisons between both 

species are scarce and have been impeded by limited sequence data and discordance between 

classification methods, highlighting the need for more comparative genomic sequencing and 

standardized approaches to enable more reliable diagnostics. In the current study, the reported 

species identities of public domain Harveyi clade genomes were reassessed with genomic 

taxonomic classification and 29 of the 150 genomes reported as V. alginolyticus were identified 

as other species. Reclassification of the reported species identified 28 previously mislabeled V. 

diabolicus genomes (37 total V. diabolicus), including 10 isolates from humans. Genome-wide 

association studies identified species-specific gene clusters for V. alginolyticus and V. diabolicus 

as targets to improve species resolution over current multilocus sequence analysis and typing 

schemes. Genes were identified that associated with isolation from either humans or sea otters 

(Enhydra lutris) and can be utilized to interrogate novel mechanisms of host adaptation and 

virulence or differentiate host specific strains. This study represents the largest published 

genomic comparison between V. diabolicus (n=88), V. alginolyticus (n=163), and V. 

parahaemolyticus (n=287) to date and can inform differentiation of potentially pathogenic 

strains of V. diabolicus and V. alginolyticus from humans and sea otters.  
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Introduction 

The Vibrionaceae family is composed of over 190 species and 51 distinct clades, many of 

which are known to cause disease in marine wildlife or humans.1 The causative agents of 

vibriosis, or non-cholera Vibrio spp. infections, are the leading public health threat from 

consumption of raw and undercooked seafood and recreational use of coastal waters.2 Some of 

the most frequently implicated Vibrio spp. derive from the Harveyi clade, including established 

pathogens of humans, seafood, and marine mammals: Vibrio parahaemolyticus, Vibrio 

alginolyticus, and Vibrio harveyi.3–5 Harveyi clade species outbreaks are also linked to 

environmental factors including temperature; during low temperatures Vibrio spp. can enter a 

viable but non-culturable state and can quickly spread during favorable conditions.2,6 Climate 

changes such as rising sea surface temperatures and more frequent marine heatwaves have 

already enhanced Vibrio spp. expansion and will likely facilitate Vibrio spp. infections in humans 

and marine mammals in the coming decades.7–10  

As the risk of vibriosis increases over time, accurate taxonomic classification of the Harveyi 

clade will be increasingly critical to separate pathogenic and non-pathogenic species in humans, 

aquaculture, and wildlife. Most Harveyi clade classification schemes lack the resolution to 

identify isolates accurately and consistently at the species level. Classification of the Harveyi 

clade is complicated by under-sampling of emerging species, high intraspecies genomic 

diversity, and discordance between species identification methods.4,11 One such under-sampled 

and emerging species is Vibrio diabolicus, whose pathogenicity to humans and marine wildlife is 

poorly studied.11  
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The first characterized V. diabolicus was isolated from a deep-sea hydrothermal vent 

annelid but has since been isolated from at least 2 humans, vertebrate and invertebrate 

seafood including a diseased grouper, and from coastal environments, with a global 

distribution.11–13 While V. diabolicus is under-studied and under-sequenced in comparison to 

closely related V. alginolyticus and V. parahaemolyticus, recent sampling efforts suggest that it 

is ubiquitous in coastal environments and is a putative human and marine animal pathogen.13,14 

Whole genome sequencing of Vibrio spp. uncovered V. diabolicus isolates from northern 

(kenyoni) and southern (nereis) sea otters (Enhydra lutris) which were clinically misidentified 

and which were associated with sea otter pathology (Chp 1 and 2), although the genetic 

mechanisms for pathogenicity and virulence of V. diabolicus are largely unknown. 

Taxonomic classification of V. diabolicus has been difficult in part due to low resolution 

identification methods such as Matrix Assisted Laser Desorption Ionization -Time of Flight 

(MALDI-ToF), and Multi-Locus Sequence Analysis (MLSA) schemes that fail to accurately 

separate V. alginolyticus and V. diabolicus.4,15 MLSA schemes may require frequent updates 

when emerging species are added because they rely on universal primers of “housekeeping” 

genes present in all species in the clade.1,4,16 A recent genomic comparison using over one 

thousand genes for alignment discovered that multiple genomes labeled as V. alginolyticus 

should be reclassified as V. diabolicus, and that the previously separate species Vibrio 

antiquarius is a synonym for V. diabolicus.17 Adding to the taxonomic confusion, the recently 

discovered V. chemaguriensis, which has not been validated by the International Code of 

Nomenclature of Bacteria, is most likely a synonym for V. diabolicus based on the most recently 

proposed Vibrio taxonomy.1,18,19 
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Based on the frequent changes in Harveyi taxonomy that have impacted the classification of 

V. diabolicus within the last decade,1,16,17,20 we hypothesized that public domain genomes 

would include misidentified V. diabolicus isolates. Our first aim was to re-classify publicly 

available genomes and highlight the advantages of a genome-wide method of species 

identification and typing over MLSA and Multi-locus Sequence Typing (MLST) typing for 

differentiating V. diabolicus from closely related species. Second, we utilized species-specific 

genes to identify additional genetic markers that could be useful in future clinical species 

classification efforts between three highly related species, V. alginolyticus, V. diabolicus, and V. 

parahaemolyticus. Finally, we identified host-associated genetic markers for V. alginolyticus 

and V. diabolicus and illustrated how both species have adapted differentially to sea otter and 

human hosts.  

Methods:  

Sample Collection 

Sample collection and processing of Vibrio spp. isolates are previously described (Chapter 1 

and 2). Briefly, n=268 Vibrio spp. isolates (55 V. alginolyticus, 52 V. diabolicus, and 161 V. 

parahaemolyticus) stored at -80C at the University of California, Davis - Veterinary Medical 

Teaching Hospital were collected between 2000-2019 in Alaska, California, and Washington from 

various sources. Most of the isolates were collected across the central coast of California from 

avian feces (n=2),21,22 live-sampled and necropsied southern sea otters (n=165),22–25 bivalves 

(n=19),26 and environmental samples (water, sediment, algae, seagrass, and kelp swabs) from a 

June 2019 investigation of Vibrio spp. in Elkhorn Slough, California (n=47). Additional sampling 
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included live and dead northern sea otters in Alaska from 2004-2015 (n=32),8,27and water 

samples from July 2019 off the coast of Protection Island, Washington (n=3). 

 

Whole genome sequencing and genome assembly 

Isolates were plated on 5% sheep blood agar (Biological Media Services, University of 

California, Davis; Hardy Diagnostics, Santa Maria, CA) at 37C with 5% CO2 for 24 hours. DNA was 

extracted with either the QiaAMP UCP Pathogen extraction kit with mechanical pre-lysis using 

small pathogen lysis tubes (Qiagen, Hilden, Germany) or the Wizard genomic DNA purification kit 

(Promega Corporation, Madison, WI) followed by genomic DNA quality and yield assessment with 

the 2200 TapeStation and genomic DNA ScreenTape (Agilent Technologies, Santa Clara, CA).28 

Whole genome sequencing of V. alginolyticus, V. diabolicus, and V. parahaemolyticus isolates 

was performed as part of the 100K Pathogen Genome Project managed by the Weimer laboratory 

at the University of California, Davis (http://www.genomes4health.org/).28–32 Library 

construction was performed with 1 µg fragmented gDNA using the HTP library preparation kit 

(Kapa Biosystems, Wilmington, MA) followed by WGS performed on Illumina HiSeq XTEN with PE 

150 plus index read (Illumina, San Diego, CA).33,34 Trimming of adapters or Illumina standards was 

performed using Trimmomatic (v0.39),35 and quality of sequencing reads was assessed using 

FastQC (v0.11.9)36 before assembly using Shovill (v1.0.4).37 The quality of assembled genomes 

was assessed using FastQC and CheckM (v1.1.2)38 to ensure >90% completeness, <5% 

contamination, <300 contigs, and >20x genome coverage. Gene annotation was performed using 

Prokka (v1.14.6)39 and genomic species identification was determined using Kraken2 (v2.0.8)40 

with a RefSeq microbial genomes database (downloaded May 5, 2021) and Bracken (v2.6.1).41  

http://www.genomes4health.org/
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The NCBI genome browser was screened on May 18th, 2022 for whole genome sequence SRA 

files with submitted species names within the Harveyi clade using the following search terms: 

{txid717610[Organism:exp] AND "wgs"[Strategy] AND "illumina"[Platform] AND 

"paired"[Layout]}. Samples with inconsistent file formats or lack of SRA availability were 

excluded. A total of 3,442 SRA files were downloaded including those submitted to NCBI as V. 

parahaemolyticus (n=3,147), V. alginolyticus (n=150), and V. diabolicus (n=10). Public domain 

genomes were re-assembled from raw sequencing reads following the same genome assembly 

pipeline. An alluvial plot was constructed to compare the species classification submitted on NCBI 

with the re-assessed genomic species classification across Harveyi clade species using the ggplot2 

R (v4.0.3) package. Public domain genomes with genomic species identities of V. alginolyticus 

(n=108; 49 human, 14 environmental, 9 seafood, 31 pipefish Kiel-Fjord ecotype, and 5 

other/unlabeled), V. diabolicus (n=36; 1 avian, 10 human, 9 environmental, 4 seafood, and 12 

other/unlabeled), or V. parahaemolyticus that was part of a published North American genome 

set from humans (n=68) and oysters (n=58), were included with the genomes from the described 

sampling efforts for further downstream analysis.42 The 7-loci MLST scheme for V. 

parahaemolyticus typing was applied to all three species using the bioconda mlst program 

(v2.23.0; T. Seemann, https://github.com/tseemann/mlst), to assess utility as a MLSA scheme for 

discrimination between all three species.43 

 

Genome and Pangenome Analyses 

A k-mer based (31 k-mer scaled to 100,000 k-mers/Mbp) all-against-all MinHash sketch was 

generated using Sourmash (v3.2.3) to confirm appropriate clustering of genomes by their 

https://github.com/tseemann/mlst
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genomic species classifications.44,45 Genomes that shared a Jaccard Similarity Index score of 

0.9 or higher were considered near identical to identical. A core pangenome analysis was 

performed using Roary (v3.12.0) using the default 95% or higher identification threshold for 

unique gene clusters.46 The core gene phylogeny and pangenome heat map were visualized 

online using Phandango (v1.3.0).47 Genes sharing the same Prokka annotation as the 7 loci of 

the V. parahaemolyticus MLST scheme43 or the 8 loci Vibrio spp. MLSA scheme16 were 

compiled and visualized with the core gene phylogeny online using Phandango. 

 Pangenome-association studies (pan-GWAS) were performed using Scoary v.1.6.16.,48 

which calculates a series of Fisher’s exact tests to identify gene clusters associated with a 

binary phenotype of interest. Specifically, pan-GWAS identified gene clusters associated with 

V. alginolyticus (compared to V. diabolicus and V. parahaemolyticus combined) and genes 

associated with V. diabolicus (compared to V. alginolyticus and V. parahaemolyticus 

combined). From the pan-GWAS, shortened lists of gene clusters that were present in at least 

98% of the target species and present in less than 5% of the remaining species were compiled. 

Additional comparisons within V. alginolyticus or V. diabolicus were performed to identify 

gene clusters associated with human sourced genomes (vs. non-human sourced) and sea 

otter sourced genomes (vs. non-sea otter sourced). Genomic features were considered 

significantly associated with a phenotype based on a naïve p-value and a Benjamini-Hochberg 

adjusted p-value <0.05. Due to the clonality of 31 V. alginolyticus Kiel-Fjord ecotype genomes 

and their significantly smaller genome sizes biasing pan-GWAS analyses, 49 analyses involving 

V. alginolyticus first removed 30 of the 31 Kiel-Fjord ecotype genomes. Scoary outputs were 
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parsed through eggnog-mapper (v2.1.6) to improve the functional annotation of significant 

gene clusters beyond Prokka annotations.50  

 

Results and Discussion 

Reported versus genomic species identification  

Comparison of the reported species identities with genomically determined species 

identities of 3,442 genomes from Harveyi clade species revealed that 77 genomes were 

incorrectly classified (Figure 3.1). V. diabolicus genomes were underreported as 28 out of 37 

genomes that we confirmed as V. diabolicus had been incorrectly classified and were most 

frequently mislabeled as V. alginolyticus. The accuracy of reported species identification was 

lowest for isolates labeled as V. alginolyticus (80.7%; 121 of 150). Genomes reported as V. 

parahaemolyticus were largely correctly identified (98.8%; 3,110 of 3,147) as were the 

collective genomes reported as other Harveyi clade species (95.2%; 138 of 145). Multiple 

causes for incorrect species identification were observed including mixed or contaminated 

sequencing, low coverage, low-quality sequencing, and taxonomic changes post-publication. 

Data entry errors were presumed to be minimal, although there was evidence of 18 

contaminated or mixed species in the examined genomes. Frequent recommendations for 

taxonomic changes within the Harveyi clade have occurred in recent years, highlighting the 

need to revisit previously published genomes that have utilized outdated classification 

methods.1,16,17,20,51 Incorrect species identification can also result from use of lower resolution 

speciation methods such as MLSA, as failure to discriminate between V. alginolyticus and V. 

diabolicus using various MLSA schemes has been previously observed.4,15  
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The correction of species identities greatly improved epidemiologic and ecologic 

interpretations for V. diabolicus, which can now provide a clearer picture of putative routes of 

global dissemination and pathogenic potential. The initial discoveries of V. diabolicus in 1991 

(and synonymy with V. antiquarius in 1999) was from deep sea vents in the East Pacific rise 

region.12,52 The oldest available genome appeared to have been isolated from cured hides of an 

unspecified animal from South Africa in 1973, but no corresponding publication or additional 

information to confirm its origins was available. Assuming it originated from the East Pacific rise 

region, V. diabolicus may have spread both East and West across the Pacific as evidenced by lab 

strains in Japan (1994-1996) and shellfish and sea otters in California (2001-2013). Selection 

bias in sampling efforts may have resulted in missed detection during prior spatiotemporal 

windows, although use of ‘molecular clock’ analyses could prove beneficial to support 

hypotheses for historical V. diabolicus transmission waves. Vibrio diabolicus isolates were first 

detected in Alaska in 2013-2015, suggesting that V. diabolicus may be expanding due to climate 

change into traditionally unsuitable marine environments in a manner similar to V. 

parahaemolyticus.8 Further studies are needed because suitable environmental parameters 

such as temperature and salinity for V. diabolicus growth are not adequately described. 

A genome of V. diabolicus originally identified as V. alginolyticus that was collected from a 

diseased fish in Greece appears to be the first reported strain from Europe, although this strain 

was not included in this study due to no publicly available raw sequencing reads.53 Vibrio 

diabolicus genomes were sequenced from the Eastern United States, United Kingdom, and 

middle east (Amman, Jordan) since at least 2015, including 10 genomes from human clinical 

cases. Vibrio diabolicus infections may be a concern for aquaculture as it has been isolated from 
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shrimp in recent years (2019-2020), although at least one strain of V. diabolicus (Ili) may act as 

a probiotic to protect shrimp from acute hepatopancreatic necrosis disease (AHPND) caused by 

V. parahaemolyticus.54–56  

 

Genomic comparison between V. alginolyticus, V. diabolicus, and V. parahaemolyticus 

Whole genome phylogeny and genomic comparison,44,57 showed that all three species 

separated based on genomic identities, further supporting the validity of the re-assessed 

genomic species identities (Figure 3.2). Of the three species, V. diabolicus and V. alginolyticus 

shared the most genomic similarity, while V. parahaemolyticus and V. alginolyticus were the 

least similar. Vibrio diabolicus was previously shown to be highly related to V. alginolyticus 

based on average nucleotide identity (ANI ~92%), which was close to the threshold for species 

delineation (<95%).17,49 The previously reported Kiel-Fjord ecotype of V. alginolyticus isolated 

from pipefish (Syngnathus typhle) comprised a distinct genomic cluster within the larger V. 

alginolyticus cluster.49,58 Kiel-Fjord ecotype V. alginolyticus genomes were significantly smaller 

with fewer accessory genes than other V. alginolyticus, V. diabolicus, or V. parahaemolyticus 

genomes.  

Isolates from humans and sea otters were represented across the genomic diversity of 

both V. alginolyticus and V. diabolicus. Some sequence types associated with human V. 

parahaemolyticus outbreaks, such as ST3 and ST36, exhibit clonal expansion.42,59–61 Apparent 

expansion of highly related V. parahaemolyticus strains from both sea otters and humans was 

previously detected within our genome set (Chapter 2). Evidence for similar expansion of V. 



Apparent expansion of virulent Vibrio parahaemolyticus in humans and sea otters 

142 
 

alginolyticus or V. diabolicus outside of the Kiel-Fjord ecotype was minimal, although increased 

sequencing of V. alginolyticus and V. diabolicus genomes may further identify highly related 

genomic clusters. The largest genomic cluster of V. alginolyticus included 6 genomes from the 

USA isolated from humans, southern sea otters, and estuarine water. Small genomic clusters of 

V. diabolicus were also observed, including 5 of the 6 Japanese isolates, and 4 of the USA 

estuarine water isolates sampled on the same day.  

Highly related genomes may reflect persistence of clonally expansive strains or could 

represent selection bias due to spatiotemporally localized sampling efforts. Removal of 

redundant genomes could be beneficial for broad population dynamic comparisons to reduce 

the risk of selection bias but may also miss the ability to identify clonal expansion. A recent 

study identified only 469 (of 1103) non-redundant V. parahaemolyticus strains from various 

sources based on a threshold of <2000 core genome single nucleotide polymorphisms,60 which 

indicates that more than half of the genomes were closely related to one or more of the other 

genomes. Future genomic sampling of V. alginolyticus and V. diabolicus should include varied 

locations, especially in Africa and Australia, as sampling to date has been heavily skewed 

towards the United States and Europe. Our dataset included genomes of V. alginolyticus and V. 

diabolicus from a coastal marine mammal (sea otters), which could provide unique insight into 

the dynamics of Vibrio spp. infections in nearshore marine environments, given their potential 

for Vibrio spp. infections and the role of sea otters as sentinels of coastal environment 

health.5,24,27,62,63 
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Pangenome and Species-specific markers 

The shared pangenome of V. alginolyticus, V. diabolicus, and V. parahaemolyticus was 

extremely diverse and comprised a pool of 49,465 gene clusters. The combined pangenome 

analysis of all three species identified separate pangenome regions including a shared core 

genome, core genomes shared between 2 out of 3 species, and species-specific core genomes 

(Figure 3.3). Despite high within-species diversity, there were clear genetic differences between 

the 3 Vibrio species indicating divergent evolution between all three species. There were 643 

gene clusters that were highly associated with V. alginolyticus and 477 gene clusters highly 

associated with V. diabolicus. Species-specific gene clusters could be utilized as markers to 

improve or confirm species identification. Despite utilizing two separate gene annotators, many 

of these gene clusters are annotated as hypothetical proteins, indicative of the lack of 

molecular studies within V. alginolyticus and V. diabolicus. Future studies have potential to 

greatly advance the molecular characterization of both species by interrogating species-specific 

gene clusters. While whole genome methods are capable of the finest species resolution, lower 

resolution methods including MLSA remain popular because they require a limited number of 

loci that can be analyzed using PCR products for potentially lowered costs.1 Presence or 

absence of genes annotated to gene names used in the 7 loci V. parahaemolyticus MLST 

scheme or the 8 loci MLSA scheme were plotted alongside the pangenome phylogeny, which 

revealed that multiple presumed housekeeping genes exhibited sequence divergence at a <95% 

identity between variants, suggesting apparent allelic variation (Figure 3.4). Sequence 

divergence of MLSA and MLST loci occurred both within and between species; in some cases, 

multiple genes with a shared annotation were present in the same genome, which may suggest 
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gene duplication. A commonly utilized genetic marker, recA, had 11 annotated gene products 

with <95% shared identity including an allele of recA that was primarily, but not completely 

restricted to V. alginolyticus. The recA loci is used in multiple MLSA schemes and the V. 

parahaemolyticus MLST scheme,4,43 despite frequently undergoing recombination events that 

can affect its usefulness for species identification and typing.64 Presence of the V. alginolyticus 

associated recA allele in both V. diabolicus and V. parahaemolyticus in this study further reflect 

concerns regarding its consistency as a marker. Other MLSA scheme loci with more than one 

annotated gene included ftsZ, mreB, rpoA, and topA. 

All the V. alginolyticus and V. diabolicus, and 22.6% of the V. parahaemolyticus isolates 

were non-typeable using the V. parahaemolyticus MLST scheme. Most of the MLST loci (dnaE, 

pntA, pyrC, tnaA) could not be typed in any V. alginolyticus or V. diabolicus genomes, while 

recA, dtdS, gyrB exhibited limited utility in both species. A majority of the untyped V. 

parahaemolyticus belonged to genomes from California of either environmental (n=19/29, 

65.5%) or southern sea otter sources (n=39/106, 36.8%) highlighting the need for higher 

resolution methods when working with understudied and underrepresented sampling sources. 

Inaccuracy of MLSA/MLST schemes can arise because they utilize drastically less sequence 

(0.1%) compared to whole genome alignment.64 Novel MLSA and MLST schemes could instead 

utilize a greater number of gene clusters that are both unique to each species and ubiquitous 

within each species.  

 

Host-associated selection  
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Diverse pangenomes with a large accessory gene pool, as observed in this study, are 

frequently attributed to horizontal gene transfer and niche adaptation.65 The previously 

described Kiel-Fjord ecotype provides an extreme example of niche adaptation, with selection 

of a very specific V. alginolyticus genomic profile in pipefish.49,58 Comparisons of V. alginolyticus 

and V. diabolicus genomes isolated from humans and non-humans, and isolates from sea otters 

and non-sea otters were used to examine potential virulence-related niche adaptation in 

mammalian hosts. Human V. alginolyticus genomes were either positively or negatively 

associated with 116 different gene clusters, while sea otter V. alginolyticus were associated 

with 209 gene clusters. No V. diabolicus gene clusters were significantly associated with human 

or sea otter hosts after Benjamini-Hochberg adjustment, but due to the lower sample size of V. 

diabolicus genomes, gene clusters with significant naïve p-values and large effect sizes worthy 

of further investigation were reported. Reports of genomic sequencing of V. diabolicus have 

been extremely limited, although new sequences continue to be published.66–68 Future studies 

can utilize potential source-specific genes as targets to investigate host adaption and virulence. 

Multiple toxin-antitoxin (TA) systems, common in many bacteria species, exhibited a host 

preference for genomes from sea otters. TA systems, of which there are at least 6 described in 

Vibrio spp., have many putative roles which include maintenance of a viable but non-culturable 

state, stabilization of genomic and plasmid DNA, protection from phages, colonization, and 

biofilm formation.69–72 Genes annotated to four distinct TA systems were highly associated with 

V. alginolyticus isolates from sea otters compared to V. alginolyticus isolates from non-otter 

sources (Table 3.1). A similar but non-significant pattern was observed for V. diabolicus  isolates 

from sea otters. TA system genes may be shared via horizontal gene transfer, as evidenced by 
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an environmental strain of V. diabolicus (JBS-8-11-1) carrying a fitness island with 13 TA system 

genes.73 A similar fitness island that allows V. alginolyticus or V. diabolicus to better compete in 

marine mammal hosts could explain the presence of sea otter-associated TA systems. Further 

molecular characterization studies should investigate the host-specific adaptation of Vibrio spp. 

TA system genes and their potential impact on virulence.  

Variants of multiple cold shock protein (csp) genes were also strongly associated with V. 

alginolyticus from sea otters, and a similar but non-significant trend was observed with V. 

diabolicus. Cold shock response is vital to survival in harsh conditions, thus csp genes are 

frequently included in the core genome.74–76 However, non-core csp genes may confer fitness 

that extends beyond cold tolerance. Despite their names, csp genes can have additional 

functions, including regulation of biofilm formation and expression of Type VI Secretion 

Systems.74,76,77 Understudied csp genes of V. alginolyticus and V. diabolicus associated with sea 

otter hosts could have evolved specific functions to improve host specific gut colonization in 

sea otters but not humans, or help commensal Vibrio strains in sea otters survive transitions to 

and from marine environments. 

Variants of the putative virulence factor of V. alginolyticus, apx1B were also associated with 

human or sea otter hosts. The apx1B gene is involved in repeat-in-toxin (rtx) translocation and 

is part of the Type I Secretion System (T1SS).78–80 Almost all V. alginolyticus genomes carried a 

variant of apx1B, but separate variants were associated with isolates from sea otters and 

humans. The host-associated allelic variation of this gene could indicate that Rtx toxin secretion 

is host-adapted to improve gut colonization differentially in humans and sea otters.  
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Finally, a gene involved in biofilm formation, csgG, was associated with V. alginolyticus from 

human sources. The CsgF-CsgG protein complex functions as a secretion channel for curli fibers, 

which promote biofilm formation.81 While csgG is characterized as a V. parahaemolyticus gene, 

this csgG variant cluster was nearly exclusive to V. alginolyticus.  

The two most frequently studied virulence factors of V. parahaemolyticus, the thermostable 

direct hemolysin (tdh) and thermostable direct hemolysin-like hemolysin (trh), have rarely been 

detected from V. alginolyticus or V. diabolicus.82–84 In this study, tdh was not detected in V. 

alginolyticus and V. diabolicus genomes, but one V. diabolicus genome (SRR10099733) carried 

trh. Virulence mechanisms of V. alginolyticus and V. diabolicus are understudied and rely 

heavily on knowledge from V. cholerae and V. parahaemolyticus, especially for annotated genes 

in the virulence factor database.14,82,83,85–87 A genome-wide association study approach, as used 

in this study, has the ability to detect novel or understudied virulence genes and gene variants 

agnostic to what is reported in better characterized species.  

Conclusions 

Following previous work that showed 4 genomes that were initially reported as V. 

alginolyticus were correctly identified as V. diabolicus,17 this study further confirmed that V. 

diabolicus genomes were frequently misclassified as V. alginolyticus and other Vibrio species. 

Vibrio diabolicus has been systematically underreported due to these misclassifications; proper 

identification of V. diabolicus genomes improved upon the limited epidemiologic and ecologic 

interpretations of the species and provided additional evidence that V. diabolicus is an 

overlooked, emerging human pathogen. While MLSA/MLST schemes provide a quick and low-
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cost method to identify species and categorize relatedness between strains, interrogation of an 

8-loci MLSA scheme and the 7-loci V. parahaemolyticus MLST scheme revealed sequence 

divergence of some loci genes, which may lead to a failure to appropriately classify strains. 

Additional species-specific genes and allelic variants identified here provide potential genetic 

markers for generating improved species classification. In addition, genome-wide association 

studies can help identify novel virulence factors or antimicrobial resistance genes in 

understudied marine species such as V. alginolyticus and V. diabolicus without relying on 

databases comprised of genes from related but better characterized species such as V. 

parahaemolyticus. Genome-wide associations were able to identify putative virulence genes 

that help characterize ways in which V. alginolyticus and V. diabolicus have adapted to various 

hosts, including humans and marine bioindicators. Genes putatively related to host-adapted 

virulence in these species worthy of further investigation include TA systems, cold-shock 

proteins, secretion systems, and genes involved in biofilm formation.  

Due to predicted increases in Vibrio spp. infection due to changing climates,9 accurate 

identification of species and classification of high-risk strains is needed to advance human and 

marine wildlife health. Genomic epidemiology analyses and tools presented here can help 

inform species classification and differentiation of virulent strains in poorly characterized Vibrio 

species. In addition, this study represents the largest published genomic comparison for three 

clinically important Vibrio species; V. diabolicus, an emerging potential pathogen of humans 

and marine wildlife, V. alginolyticus, an established but understudied pathogen, and V. 

parahaemolyticus, a relatively well studied cause of human and animal vibriosis.  
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Figures 

 

Figure 3.1. Alluvial diagram comparison between the reported species identities of 332 out of 3,442 NCBI uploaded 

whole genome sequence raw read files and the determined genomic species identities of Harveyi clade Vibrio 

species. *The 3,110 concordant V. parahaemolyticus isolates were not included in the flow chart. The most 

frequent misclassification involved V. diabolicus genomes reported on NCBI as V. alginolyticus.  
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Figure 3.2. All-against-all Comparative analysis of the genomic similarity between V. alginolyticus (n=163), V. 

diabolicus (n=88), and V. parahaemolyticus(n=287) genomes collected from various sources globally. Darker blue 

colors indicated greater similarity between genomes based on the Jaccard Similarity Index. All three species 

appropriately clustered into distinct non-overlapping regions of genomic similarity. The highest similarity between 

species was observed for V. alginolyticus and V. diabolicus. Genomes were labeled based on isolation source and 

continent where the isolate was obtained. Colors on the non-rooted phylogenetic tree indicate species (V. 

alginolyticus; blue, V. diabolicus; red, V. parahaemolyticus; green). 
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Figure 3.3. Combined pangenome for three closely related species V. alginolyticus (n=163), V. diabolicus (n=88), 

and V. parahaemolyticus (n=287) collected from various sources globally. A 95% identity cutoff of the predicted 

amino acid sequences was used, which resulted in an extremely diverse gene pool (49,465 unique gene clusters). 

Species are separated on the heatmap of gene cluster presence by solid black lines while the Kiel-Fjord ecotype 

found in V. alginolyticus from pipefish are separated by dashed black lines. Core gene clusters shared across all 

species, 2 species, or individual species are color-coded at the bottom.  
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Figure 3.4. Heatmaps for presence (blue) or absence (white) of “housekeeping” genes used in MLST and MLSA 

schemes across V. alginolyticus (n=163), V. diabolicus (n=88), and V. parahaemolyticus (n=287) genomes collected 

from various sources globally. A) Heatmap for the genes with annotations matching the 7 loci V. parahaemolyticus 

MLST scheme.43 B) Heatmap for the genes with annotations matching an 8 loci Vibrio spp. MLSA scheme.16  
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Figure 3.4 continued. Dashed black lines separate genes annotated to different loci while columns between dashed 

black lines include all gene variants with annotation to the labeled loci. Genes were segregated into allelic variants 

using a 95% identity cutoff of predicted amino acid sequences. The heatmaps and genome phylogeny were 

visualized and reproduced using Phandango.47   
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Tables 

Table 3.1. Toxin genes from Toxin-Antitoxin (TA) systems in V. alginolyticus and V. diabolicus which were negatively 

associated with human, and/or positively associated with sea otter sources. The TA genes in V. diabolicus were 

significantly associated with sea otters based on the naïve p-value but were not significantly (n.s.) associated after 

Benjamini-Hochberg adjustment due to the relatively small sample size of V. diabolicus genomes, and the large 

number of genes tested.  

 

Gene 
 

Species 
 

Source Comparison 
 

Odds Ratio  

(95% CI) Naïve p 
 

B-H Adjust p 
 

ccdB alginolyticus Human v Non-Human 0.23 (0.11, 0.5)  <0.001 0.028* 

 
alginolyticus Otter v Non-Otter 43 (9.73, 190.07) <0.001 <0.001* 

  diabolicus Otter v Non-Otter 4.5 (1.45, 13.98) 0.012 n.s 

higB alginolyticus Human v Non-Human 0.19 (0.08, 0.42) <0.001 0.016* 

 
alginolyticus Otter v Non-Otter 30.67 (10.58, 88.93) <0.001 <0.001* 

  diabolicus Otter v Non-Otter 7.78 (1.82, 33.21) 0.005 n.s. 

parE group 1160 alginolyticus Human v Non-Human 0.14 (0.06, 0.35) <0.001 0.007* 

 
alginolyticus Otter v Non-Otter 28.31 (10.53, 76.06) <0.001 <0.001* 

  diabolicus Otter v Non-Otter 7.78 (1.82, 33.21) 0.005 n.s 

parE group 6999 alginolyticus Human v Non-Human 0.05 (0.01, 0.42) <0.001 0.025* 

  alginolyticus Otter v Non-Otter 11.98 (4.07, 35.27) <0.001 <0.001* 

parE group 13663 alginolyticus Human v Non-Human 0.18 (0.07, 0.47) <0.001 0.036* 

  alginolyticus Otter v Non-Otter 15.3 (6.26, 37.38) <0.001 <0.001* 

yoeB alginolyticus Human v Non-Human 0.22 (0.10, 0.49) <0.001 0.028* 

 
alginolyticus Otter v Non-Otter 17.73 (7.04, 44.65) <0.001 <0.001* 

  diabolicus Otter v Non-Otter 4.47 (1.36, 14.68) 0.020 n.s 
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CONCLUSION 

 

 The three chapters presented in this dissertation utilize a One Health approach to 

comparative genomic epidemiology of Vibrio spp. infections in sea otters and humans. These 

studies advance the field by informing on the relatedness between Vibrio spp. strains across 

humans, sea otters, and a shared coastal environment. In addition, this dissertation research 

provides epidemiological insights into Vibrio spp. gene functions relating to antimicrobial 

resistance (AMR), virulence, and host-adaptation that can benefit human and wildlife health. 

In chapter 1, Vibrio spp. isolates from sea otters and the coastal ecosystem shared similar 

AMR genes, including genes associated with resistance to ß-lactams, tetracyclines, and less 

frequent detection of genes associated with resistance to fluoroquinolones, aminoglycosides, 

chloramphenicol, and sulfonamides. There was discordance between phenotypic and genomic 

AMR patterns that indicate current Vibrio spp. AMR prediction requires more than gene 

detection, but prediction can be improved through identification of alleles, as exemplified by 

ampicillin resistance in V. parahaemolyticus. The results of chapter 1 suggest that both 

phenotypic and genomic methods in tandem are currently needed to determine the underlying 

mechanisms of Vibrio spp. AMR.  

Chapter 2 characterized the genetic markers of virulence of Vibrio spp. in sea otters, 

humans, bivalves, and the coastal environment. Virulence factors and genomic similarity were 

present in both sea otters and human V. parahaemolyticus infections indicating that strains 

related to human outbreaks also infect sea otters. Genomic similarity between human and sea 

otter Vibrio spp. strains implies both host species have shared transmission contact interfaces 
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for Vibrio spp. infections. Chapter 2 utilized pathological findings in necropsied sea otters to 

further show the potential of Vibrio spp. to cause similar disease in sea otters as in human 

infections.  

A major discovery from the Vibrio spp. sequenced throughout this dissertation was the 

identification of V. diabolicus isolated from sea otters and their coastal ecosystems, which was 

misidentified as V. alginolyticus previously using clinical identification methods. In chapter 3, 

whole genome methods of species identification were used that could differentiate closely 

related Vibrio spp. species and Harveyi clade species incorrectly reported from public domain 

genomes. Whole genome sequencing methods utilized in chapter 3 can improve the 

identification of the closely related V. alginolyticus, V. diabolicus, and V. parahaemolyticus 

species. Compared to multilocus sequence typing, which uses limited loci, a genome-wide 

association approach was used to identify species-specific genetic markers for V. alginolyticus 

and V. diabolicus which can assist in creating quick and fine resolution species identification. 

Currently available virulence gene databases rely heavily on V. parahaemolyticus genes; thus, a 

genome-wide association approach identified genes associated with either human or sea otter 

hosts which did not rely on incomplete databases. Newly identified genes provide a tool for 

future investigations to discover host-adaptations of V. alginolyticus and V. diabolicus that 

improve sea otter and human colonization. 

Current genomic methods of antimicrobial resistance and virulence detection are limited by 

the quality and completeness of available databases. The appropriateness of gene databases to 

predict antimicrobial resistance and virulence of less characterized bacterial species, like Vibrio 

spp., is often unknown. Together these three chapters highlight the limitations of gene 
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databases for inferring the phenotypes of antimicrobial resistance and virulence in Vibrio spp. 

Whole genome approaches used here improve recognition of the current discordance between 

phenotype and genotype. Genomic studies were also shown to be beneficial for investigation of 

allelic variation, synergy of co-occurring genes, and identification of novel markers. This 

dissertation provides proof of concept for combining the One Health approach with genomic 

epidemiology to characterize Vibrio spp. in sea otters and humans in their shared coastal 

ecosystem.  
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