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ABSTRACT 

 

Vibrio parahaemolyticus is endemic in marine ecosystems and is the most common cause 

of bacterial seafood-borne gastroenteritis worldwide. Recent years have shown a dramatic 

increase in global V. parahaemolyticus infections owing to the emergence and spread of the 

pandemic O3:K6 serotype. Further, clinical reporting has shown an expanding poleward range 

resulting from climate change. In the Pacific Northwest (PNW) region of the United States, 

virtually all clinical cases are caused by an endemic serotype (O4:K12) despite an environmental 

abundance of the pandemic O3:K6 serotype. Previous analysis of PNW V. parahaemolyticus 

revealed that O3:K6 strains were virulence-attenuated in a zebrafish model, and subsequent 

genomic analyses revealed that PNW O3:K6 strains carry a novel prophage (NW1) that may be 

associated with avirulent conversion. The purpose of this study was to broaden the understanding 

of where prophage NW1 is maintained in natural reservoirs (e.g., seawater, plankton, and 

oysters) in the PNW through the following objectives: 1) determine the prevalence and 

distribution of prophage NW1 from a collection of 731 environmental PNW V. 

parahaemolyticus strains by polymerase chain reaction (PCR), and 2) analyze draft genomes of 

NW1+ isolates to identify the prophage integration site and determine the genetic consequences 

of integration (e.g., gene gain or gene loss). Results show that the pandemic O3:K6 strain was 

prevalent among the PNW isolates (230/731 or 31.5%), more so than the endemic O4:K12 strain 

(64/731 or 8.8%), and the overwhelming majority of those pandemic isolates harbored the NW1 

prophage (187/230 or 81.3%). Genome analyses confirmed the same integration site and gene 

loss of VP1884 through VP1890 in all sequenced NW1+ isolates (n=17). Interestingly, the 

pandemic O3:K6 NW1+ isolates were relatively abundant in seawater and plankton samples 
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(110/248 or 44.4% and 65/253 or 25.7%, respectively) but absent from oyster samples (0/204). 

This disparity may explain the near absence of clinical O3:K6 cases in this region, although the 

mechanism behind this observation is yet unknown and warrants further study. In summary, 

these results demonstrate that prophage NW1 is prevalent in the PNW environment; the majority 

of O3:K6 isolates carry the prophage. However, this is not a geographically or temporally 

isolated phenomenon, as the prophage was detected in isolates from distant locations over the 

past two decades. Future analyses will involve challenging zebrafish with VP1884-VP1890 

O3:K6 mutants to identify the gene or genes responsible for attenuated virulence. Future 

analyses will also involve challenging oysters with VP1884-VP1890 O3:K6 mutants to identify 

the gene or genes responsible for colonization deficiency. 
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CHAPTER I: INTRODUCTION 

Vibrio parahaemolyticus is endemic to marine ecosystems globally and is the most 

common agent of bacterial seafood-borne illness (Su and Liu, 2007). This bacterium is a gram-

negative halophile found either free-living in the seawater column or associated with abiotic 

surfaces, suspended particulate organic matter (e.g., plankton and detritus), fishes, and bivalves 

(e.g., oysters and clams) (Kaneko and Colwell, 1973; Kramer et al., 2016; Lovell, 2017). The 

species is serologically diverse with more than 80 described serotypes (Ceccarelli et al., 2013). 

The species is also genetically diverse with more than 2,400 described multilocus sequence types 

(Jolley et al., 2018). Infections typically involve self-limiting acute gastroenteritis lasting for an 

average of three days, although life-threatening infections can occur in immunocompromised 

persons (Yeung and Boor, 2004). As V. parahaemolyticus proliferates most abundantly above a 

threshold seawater temperature of 15 °C, infections are historically limited to warmer latitudes 

and warmer months during spring and summer months (Ceccarelli et al., 2013; Paranjpye et al., 

2015). 

V. parahaemolyticus infections have increased in recent years and the seasonal window 

of infection has expanded (Baker-Austin et al., 2013). The most recent data for the United States 

reports 605 cases in 2014 alone (Newton et al., 2012; Centers for Disease Control and 

Prevention, 2016). This spate of infections resulted in 86 hospitalizations and 4 deaths (Centers 

for Disease Control and Prevention, 2016). While some of these infections were caused by 

recreational contact with a body of seawater, interaction with marine wildlife, and handling 

seafood, the most common mode of transmission was ingestion of contaminated seafood 

(Centers for Disease Control and Prevention, 2016). The implications of these trends pose a 

substantial threat to global public health and food security (Su and Liu, 2007). 
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V. parahaemolyticus outbreaks were historically sporadic, small in scale, and caused by 

regionally endemic serotypes such as O4:K8 in Peru (Gil et al., 2007), O1:K9 in Mexico 

(Velazquez-Roman et al., 2014), and O4:K12 in the Pacific Northwest (PNW) region of the 

United States (Martinez-Urtaza et al., 2017). This disease pattern changed in 1996 with a 

dramatic spike in V. parahaemolyticus gastroenteritis in Calcutta, India and among travelers 

returning from Southeast Asia to Japan (Matsumoto et al., 2000). Comparison of isolates from 

these events to those collected before 1996 revealed that a new, genetically distinct O3:K6 clone 

was responsible for the outbreaks (Okuda et al., 1997; Matsumoto et al., 2000). Twenty-four 

genomic regions, acquired by horizontal gene transfer, separate O3:K6 V. parahaemolyticus 

collected before and after 1996. These regions include seven pathogenicity islands (VPaI1-

VPaI7), a filamentous phage f237, two type II secretion systems (T3SS1 and T3SS2), a class 1 

integron, one type VI secretion system (T6SS), and a distinct lipopolysaccharide/capsule 

polysaccharide region (Boyd et al., 2008). VPaI7 is a particularly notable addition as it contains 

a T3SS (T3SS2) and two copies of the thermostable direct hemolysin (tdh), which are both 

associated with virulence in humans (Matz et al., 2011). These additional genetic elements 

clearly enhanced the virulence of this new clone as demonstrated by a marked increase in the 

number of infections in Calcutta between 1995 and 1996 (Okuda et al., 1997). It is likely that 

these additional virulence factors also enhanced the survival of the O3:K6 clone in less than 

hospitable environmental conditions and in competition with other microorganisms during its 

global spread (Boyd et al., 2008; Matz et al., 2011). Specifically, microcosm competition 

experiments revealed enhanced persistence of V. parahaemolyticus strains harboring T3SS2 and 

tdh due to T3SS2-mediated cytotoxicity and facultative parasitism on bacterivorous protists 

(Matz et al., 2011).  
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The emergence of the genetically distinct O3:K6 clone in 1996 was followed by its rapid 

spread throughout Southeast Asia (Matsumoto et al., 2000). Subsequently, in the span of a few 

years, this new highly virulent clone caused outbreaks in Japan, Korea, Peru, Chile, Mexico, 

Brazil, Russia, Mozambique, and the United States (Nair et al., 2007; Velazquez-Roman et al., 

2014). In addition to causing widespread surges of infections, this new clone displaced endemic 

serovars in clinical cases. For instance, endemic O4:K8 and O4:K55 serovars in Trujillo, Peru 

were largely displaced by O3:K6 during the winter of 1997 (Velazquez-Roman et al., 2014). 

Other changes in disease dynamics included the appearance of the O3:K6 serovar in regions 

where V. parahaemolyticus infections in humans were either absent or rare, such as Brazil and 

Mexico (Velazquez-Roman et al., 2014). The rapid global dissemination of this highly virulent 

O3:K6 clone is widely regarded as the emergence of the first V. parahaemolyticus pandemic 

(Matsumoto et al., 2000). 

In light of the global spread of pandemic O3:K6 and its predominance among clinical 

cases in several countries, the epidemiology of V. parahaemolyticus in the PNW region of the 

United States is unusual. In the PNW, virtually all clinical cases are still caused by a locally 

endemic serotype (O4:K12) despite an apparent environmental abundance of the O3:K6 serotype 

(Turner et al., 2013). Even though environmental PNW O3:K6 isolates carry the same virulence 

profiles common to the pandemic O3:K6 type strain RIMD2210633 (e.g., tdh, ToxRS new, and 

T3SS2), they are largely absent from clinical collections in this region (Paranjpye et al., 2012). 

Given that the pandemic serotype is environmentally abundant and codes known virulence 

factors, clinical cases would be expected to reflect environmental abundance through a 

predominant association with O3:K6 V. parahaemolyticus (Velazquez-Roman et al., 2014). This 

near absence of clinical cases despite environmental abundance prompted a study of PNW 
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O3:K6 strains revealing that select environmental isolates were attenuated in a zebrafish model 

(Paranjpye et al., 2013). These findings suggest a change in the presence, location, or regulation 

of the genes associated with the clinical phenotype of O3:K6 V. parahaemolyticus. 

 Horizontal gene transfer (HGT) can impart, enhance, or repress virulence. The 

acquisition of the cholera enterotoxin gene ctxAB in Vibrio cholerae through the filamentous 

cholera toxin phage (CTX) is a notable example of virulence enhancement (Iida et al., 2001). 

Pandemic O3:K6 V. parahaemolyticus has similarly acquired several genetic elements associated 

with virulence, including a T3SS, a T6SS, and seven genomic islands (VPaI1-VPaI7) that encode 

two copies of tdh, an additional T3SS, and numerous genes advantageous to host colonization 

(Boyd et al., 2008). Analysis of O3:K6 genomes from the PNW, however, revealed the presence 

of a novel prophage (NW1) that displaced genes VP1884 through VP1890 including the cold-

shock exoribonuclease RNase R gene (vacB) and the cold-shock protein A gene (cspA) as shown 

in Figure 1. At the time of this investigation, no published instances of bacteriophage integration 

where genes from the host were removed have been found. In V. parahaemolyticus, these 

displaced genes are known to be upregulated during cold stress (Yang et al., 2009; Urmersbach 

et al., 2015) and vacB is required for virulence in some pathogenic Vibrionaceae (Erova et al., 

2008), although this has not been demonstrated for V. parahaemolyticus. The loss of vacB is 

hypothesized to attenuate virulence while the loss of cspA could diminish V. parahaemolyticus 

survival during storage on ice, which is a mandated post-harvest guidance for oysters.  
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Figure 1. A rendering of the integration of prophage NW1 into O3:K6 V. parahaemolyticus. 

Shown above is a portion of the O3:K6 V. parahaemolyticus genome before and after the 

integration of prophage NW1 and the block of seven genes (VP1884-VP1890) displaced by this 

event. Figure produced by Drs. Jeffrey Turner and Daniele Provenzano (unpublished). 

The occurrence of a V. parahaemolyticus O3:K6 ecotype in the PNW that lost the ability 

to cause disease is decidedly unusual. The overall hypothesis of this study is that the acquisition 

of NW1 and subsequent loss of genes associated with virulence and cold-shock survival may 

explain this phenomenon. This overarching hypothesis was investigated through the following 

aims: 1) to assess the prevalence and distribution of prophage NW1 in environmental reservoirs 

and 2) to further characterize and confirm the genomic consequences of prophage NW1 integration 

(i.e., gene loss and gain). We hypothesized that prophage NW1 would be abundant in PNW O3:K6 

isolates, and we hypothesized that the phage undergoes site-specific integration. The rationale for 

undertaking these experiments is that understanding how prophages modulate virulence is 
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paramount to understanding how HGT influences bacterial virulence and evolution. Notable 

examples of prophage acquisition increase virulence, such as the acquisition of a potent cholera 

enterotoxin gene ctxAB through the filamentous cholera toxin phage (CTX) (Iida et al., 2001); the 

opposite is uncommon and warrants further study. The findings of this investigation are significant 

in that they serve to provide a better understanding of V. parahaemolyticus epidemiology in the 

PNW, phage-bacteria interactions, and crucial insight into the virulence mechanisms of V. 

parahaemolyticus. 
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CHAPTER II: REVIEW OF THE LITERATURE 

Classification. V. parahaemolyticus is a halophilic, gram-negative bacterium that 

inhabits estuarine and marine systems worldwide (Lovell, 2017). The genus Vibrio is classified 

under the family Vibrionaceae, order Vibrionales, class Gammaproteobacteria, and phylum 

Proteobacteria (Sakazaki, 1963; Thompson et al., 2013). V. parahaemolyticus was first 

discovered during a food poisoning outbreak in Japan in 1950 (Fujino et al., 1953). The 

bacterium is described as a mesophilic, straight or curved rod that exists either as free-swimming 

cells or associated with submerged abiotic and biotic surfaces (McCarter, 1999; Baffone et al., 

2006; Broberg et al., 2011). At optimal growth conditions, 1-3% salinity, pH 7.6-8.6, and 35-39 

°C, V. parahaemolyticus has a generation time under 20 minutes (Mudoh et al., 2014; Yeung and 

Boor, 2004). However, this species can grow within a temperature range of 10-44 °C, a salinity 

range of 0.5-8%, and a pH range of 5 to 11 (Yeung and Boor, 2004; Odeyemi and Stratev, 2016). 

The majority of V. parahaemolyticus strains isolated from environmental samples are 

nonpathogenic (DePaola et al., 2003). Nonetheless, this bacterium is a significant human 

pathogen and the leading cause of bacterial seafood-borne illness worldwide (Su and Liu, 2007).  

Environmental distribution. V. parahaemolyticus has been isolated from the seawater 

column (Kaneko and Colwell, 1973; Baffone et al., 2006; Martinez-Urtaza et al., 2012; Turner et 

al., 2014), sediment (DePaola et al., 2003; Broberg et al., 2011), zooplankton (Kaneko and 

Colwell, 1973; Baffone et al., 2006; Martinez-Urtaza et al., 2012; Turner et al., 2014), corals 

(Chimetto et al., 2008; Radjasa et al., 2008), oysters and other bivalves (Daniels et al., 2000; 

DePaola et al., 2003), and various types of seafood including shrimp (Daniels et al., 2000; Su 

and Liu, 2007). The bacterium is widely distributed in coastal systems from temperate to tropical 
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latitudes globally (Ghenem et al., 2017) and recent studies have shown a poleward expansion 

owing to climate change (Baker-Austin et al., 2013; 2017). 

The factors that affect V. parahaemolyticus distribution vary regionally. In temperate 

estuaries, for example, environmental prevalence is highly dependent on seawater temperature. 

V. parahaemolyticus is for the most part undetectable by culture-dependent methods in the 

seawater column below 14 °C, but concentrations increase with temperature up to 31 °C (Kaneko 

and Colwell, 1973). The bacterium is less abundant in cooler regions, though exceedance of a 

threshold temperature (12-15 °C) and reduced silicate levels resulting in increased chitin 

production in some plankton species may trigger increases in V. parahaemolyticus densities 

(Paranjpye et al., 2015). High bacterial concentrations in infaunal burrows suggest that V. 

parahaemolyticus may survive unfavorable winter temperatures in marine sediments (Gamble 

and Lovell, 2011). In addition to seawater temperature, other environmental conditions 

influencing V. parahaemolyticus prevalence include salinity, plankton community composition 

and density, dissolved oxygen, and tidal flushing (Kaneko and Colwell, 1973; Turner et al., 

2014).  

Though usually associated with warm, nutrient-rich estuarine systems, V. 

parahaemolyticus has been detected in cooler, oligotrophic offshore zones in close association 

with zooplankton (Martinez-Urtaza et al., 2012). V. parahaemolyticus abundance has been 

shown to increase as populations of chitinous copepods, decapods, and diatoms increase (Turner 

et al., 2014). Specifically, diatom bloom terminations may result in higher V. parahaemolyticus 

concentrations because this species uses type IV pilins MshA and PilA to adhere to the increased 

volume of chitin that accumulates with the growth of some diatom species (Frischkorn et al., 

2013). Similarly to other chitinoclastic bacteria, V. parahaemolyticus adsorbs onto zooplankton 
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to hydrolyze exoskeletal chitin and use the released N-acetylglucosamine as a source of carbon, 

nitrogen, and thereby energy (Kaneko and Colwell, 1975; Lovell, 2017). V. parahaemolyticus is 

therefore purported to associate with zooplankton because they constitute a protective, nutrient-

rich ecological niche (Martinez-Urtaza et al., 2012). 

Filter feeding organisms, most notably oysters, uptake and accumulate biotoxins, 

environmental contaminants, and microorganisms like V. parahaemolyticus (Campàs et al., 

2007; Meujo et al., 2010). Vibrio species have been shown to proliferate in pre-harvest oysters 

with exposure to warm air temperatures at low tide, and failure to transport and store oysters on 

ice can lead to proliferation in post-harvest oysters (Jones et al., 2017; B. J. K. Davis et al., 

2020). Because oysters are commonly consumed raw, contamination poses a serious threat to 

human health. The incidence of V. parahaemolyticus-induced gastroenteritis linked to the 

consumption of raw or undercooked seafood is widespread, well-documented, and a growing 

cause of concern (Daniels et al., 2000; Baker-Austin et al., 2017). 

Symptoms and incidence of infection. Most V. parahaemolyticus infections present as 

self-limiting gastroenteritis involving diarrhea, abdominal pain, nausea, and fever (Yeung and 

Boor, 2004). Though less common, this pathogen is also implicated in wound infections and rare 

cases of septicemia (Daniels et al., 2000). Populations particularly susceptible to infection 

include those who consume raw seafood or have pre-existing medical conditions such as 

alcoholism, liver disease, renal disease, vascular disease, diabetes, or immunodeficiency (Daniels 

et al., 2000; Yeung and Boor, 2004). In the United States, between 1996 and 2010, a total of 

3,460 V. parahaemolyticus infections were reported, averaging 231 illnesses per year (Newton et 

al., 2012). In European countries such as Spain and France, outbreaks of V. parahaemolyticus 

are sporadic, originate from improperly handled or imported seafood, and generally result in 
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fewer illnesses (Su and Liu, 2007). By contrast, V. parahaemolyticus is a significant disease 

burden in Asian countries. Various outbreaks led to 1,028 cases in Taiwan from 1981 to 2003, 

1,794 cases in China between 1991 and 2001, and a staggering 24,373 cases in Japan from 1996 

to 1998 (Su and Liu, 2007). These figures are likely underestimated, as V. parahaemolyticus 

infection is typically not severe enough to require medical intervention, and differences in 

disease surveillance and reporting could account for disparities between nations. Models that 

account for underreporting estimate the annual disease burden in the United States as 35,000 

cases (Scallan et al., 2011). 

Virulence factors. The thermostable direct hemolysin (TDH), a pore-forming toxin, is a 

well-studied virulence factor of V. parahaemolyticus (Li et al., 2019). The central pore of the 

protein forms a channel in the membrane of the target colonic epithelial cell, effluxing seawater 

and ions out of the cell (Cai and Zhang, 2018). TDH exerts a range of biological activities 

including hemolytic activity, enterotoxicity, cytotoxicity, and cardiotoxicity (Cai and Zhang, 

2018). TDH-mediated destruction of red blood cells (i.e., beta-type hemolysis) on Wagatsuma 

blood agar is known as the Kanagawa Phenomenon (KP), and this activity is commonly used to 

identify potentially virulent V. parahaemolyticus isolates (Cai and Zhang, 2018). Though TDH 

has a role in pathogenicity, its absence does not always prevent cytotoxic activity thus indicating 

the presence of other virulence factors (Broberg et al., 2011).  

The TDH-related hemolysin (TRH) is a heat labile toxin that is immunologically similar 

to and shares 70% homology with TDH (Raghunath, 2014). TRH is produced by KP-negative V. 

parahaemolyticus and functions similarly to TDH by activating Ca2+-activated Cl- channels 

resulting in Cl- secretion (Takahashi et al., 2000). Two distinct forms of the trh gene (trh1 and 

trh2) that share 84% homology have been described, though other less common sequence 



                                                
  
   

11 
 

variants have also appeared in other analyses (Nilsson and Turner, 2016). Originally thought to 

be rare in nonclinical V. parahaemolyticus strains, screening of a protected South Carolina 

estuary revealed that 48% of the environmental strains carried tdh and 8.3% carried trh 

(Gutierrez West et al., 2013). An analysis of strains collected from oyster-growing areas in the 

PNW showed similar findings, as tdh and trh were present in 45 and 27% of the environmental 

isolates, respectively (Paranjpye et al., 2012). The high frequency of tdh and trh in 

environmental strains suggests that, in addition to a significant role in virulence, these 

hemolysins may contribute to fitness in the environment (Raghunath, 2014). Specifically, TDH 

was identified as a vital factor for cytotoxicity and survival when challenged with the 

bacterivorous marine flagellate Cafeteria roenbergensis (Matz et al., 2011). 

Secretion systems. Type III secretion systems (T3SS) are needle-like exporters that 

allow bacteria to deliver effector proteins through the cell membrane of a target cell. The 

functions of these effector proteins vary, but they generally induce apoptosis or circumvent host 

defense mechanisms (Cornelis, 2006). The V. parahaemolyticus type strain RIMD2210633 has 

been shown to encode two separate systems, T3SS1 on chromosome 1 and T3SS2 on 

chromosome 2, which both contribute to pathogenicity in humans (Makino et al., 2003; Okada et 

al., 2010). Each is found within a distinct pathogenicity island, with T3SS1 being ancestrally 

acquired and T3SS2 having been acquired more recently through horizontal gene transfer on at 

least two occasions (Broberg et al., 2011). T3SS1 is mainly associated with cytotoxicity, while 

T3SS2 is associated with enterotoxicity (Ham and Orth, 2012). 

The T3SS1 in V. parahaemolyticus contains 30 genes similar to those found in the T3SS 

of other organisms like Pseudomonas aeruginosa and Yersinia enterocolitica and operates 

through four main effector proteins (Ceccarelli et al., 2013). VopQ prevents phagocytosis of the 
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infecting bacterium by the host cell, VopR promotes proper folding of effectors inside the target 

cell, VPA0450 detaches the plasma membrane from the cytoskeleton of the target cell, and VopS 

collapses the actin cytoskeleton of the target cell resulting in cell lysis (Ceccarelli et al., 2013; Li 

et al., 2019). The T3SS1 apparatus is conserved across environmental and clinical strains 

(Paranjpye et al., 2012).  

The T3SS2 encodes seven main effectors: VopC, VopT, VopA/P, VopL, VopV, VopZ, 

and VPA1380 (Li et al., 2019). These effector proteins activate enzymes that critically alter the 

cytoskeleton and manipulate internal cell signaling, which facilitates the invasion of target cells 

and the survival and replication of invading bacterial cells (Zhang et al., 2012; Ceccarelli et al., 

2013; Li et al., 2019). This apparatus is widespread in clinical and environmental isolates and 

associated with pandemic strains (Paranjpye et al., 2012). In addition to evading predation by 

marine protists, V. parahaemolyticus isolates harboring T3SS2 have been shown to be capable of 

killing protists and acquire nutrients released from the resulting cell lysis (Matz et al., 2011). 

Moreover, as T3SS2 clearly lends a fitness advantage in interactions with other aquatic 

microbes; Matz et al. (2011) hypothesized this system promotes survival in the environment and 

contributes to the spread of pandemic strains. 

The type VI secretion system (T6SS) was first described in 2006 in V. cholerae (Pukatzki 

et al., 2006). This apparatus translocates bactericidal effector proteins to target cells and has been 

implicated in virulence in several pathogens including V. parahaemolyticus (Pukatzki et al., 

2006; Salomon et al., 2013). T6SS are composed of an exterior sheath that contracts to move an 

interior tube of Hcp hexamers capped with a VgrG trimer (Hachani et al., 2011; Basler et al., 

2012; Salomon et al., 2013). Two distinct T6SSs have been identified in V. parahaemolyticus 

RIMD 2210633. T6SS1 and T6SS2 are found on chromosomes 1 and 2, respectively, and are 
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differentially regulated through surface and quorum sensing (Salomon et al., 2013; Letchumanan 

et al., 2014). T6SS1, which is most active in warm marine-like conditions, is associated with 

antibacterial activity against other species like V. cholerae and E. coli as well as other V. 

parahaemolyticus strains (Ceccarelli et al., 2013; Salomon et al., 2013). T6SS2 is most active 

under low salt conditions and is involved in adhesion (Ceccarelli et al., 2013). In addition, the 

VgrG2 from T6SS2 in V. parahaemolyticus has been shown to induce autophagy in macrophages 

(Yu et al., 2015). Both forms of the T6SS enhance the fitness of V. parahaemolyticus strains in a 

competitive marine environment (Salomon et al., 2013) and perhaps in the human host. 

Detection. Because V. parahaemolyticus is a widespread agent of gastrointestinal illness, 

the search for more accurate and specific detection methods is ongoing. One early detection 

method based on the Kanagawa phenomenon, or the hemolytic activity displayed by virulent V. 

parahaemolyticus on Wagatsuma blood agar, identifies pathogenic strains yet not all pathogenic 

V. parahaemolyticus strains are reactive (Wang et al., 2015). More recently developed methods 

target genes associated with virulence, such as tdh and trh, to identify pathogenic strains by 

polymerase chain reaction (PCR) (Xiang et al., 2013). However, tdh homologues appear in other 

Vibrionaceae, making specific detection of V. parahaemolyticus with the tdh gene alone 

impossible (Cai and Zhang, 2018). Some V. parahaemolyticus strains can also harbor more than 

one copy of the tdh gene, which can obfuscate quantitative measures (Nishibuchi and Kaper, 

1990). Sequence variation in trh can also complicate detection (Nilsson and Turner, 2016). 

Measures of food safety focus on both pathogenic and non-pathogenic strains through the 

detection of genes that are omnipresent in the species such as the thermolabile hemolysin (tlh) 

and the transcriptional regulator (toxR) (Nishibuchi and Kaper, 1995; McCarthy et al., 1999). 

However, primers traditionally used to detect the tlh gene in V. parahaemolyticus are known to 
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amplify sequence variants in closely related Vibrio species such as Vibrio alginolyticus, Vibrio 

diabolicus, and Vibrio tubiashii (Bachand et al., 2020). Further, V. parahaemolyticus and V. 

alginolyticus share 85% and 86% homology for tlh and toxR, making specific identification with 

these genes unreliable (Li et al., 2016). Recently, a search for an improved species-specific 

marker revealed that a highly conserved gene encoding a β-lactamase unique to V. 

parahaemolyticus, blaCARB-17, is a novel, unique, and reliable detection marker (Li et al., 2016). 

Strain-level identification. Strain-level identification is vital for monitoring and tracking 

strains of foodborne pathogens implicated in outbreaks as well as providing ecological insights 

for a species (Marshall et al., 1999). Serotyping of surface antigens is widely used to 

differentiate strains of V. parahaemolyticus and relies on the O side chain (O surface antigen) 

and K capsule antigen (Chen et al., 2010). Currently 12 O and 65 K serotypes have been 

identified (Chen et al., 2010; Odeyemi and Stratev, 2016). Later and more specific identification 

methods include pulsed-field gel electrophoresis (PFGE), repetitive extragenic palindromic PCR 

(rep-PCR), and multilocus sequence typing (MLST) (González-Escalona et al., 2008; Turner et 

al., 2013; Neoh et al., 2019). A MLST scheme based on seven V. parahaemolyticus 

housekeeping genes revealed the relationships between 62 sequence types (STs) in a 

geographically and serologically diverse isolate collection. Pandemic V. parahaemolyticus 

strains belonged to ST3, and several closely-related variants were identified (González-Escalona 

et al., 2008). These findings show genetic diversity within the V. parahaemolyticus species and 

give insight into the evolution and diversification of pandemic strains (González-Escalona et al., 

2008). 

Antibiotic resistance. Historically, V. parahaemolyticus was susceptible to most first-

line antimicrobials with the exception of ampicillin, to which extensive resistance has now been 
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established (Elmahdi et al., 2016). This ampicillin resistance is geographically and 

environmentally widespread, occurring in both seawater and various seafood in China, Italy, 

Brazil, Mexico, the United States, and several other countries (de Hernández-Díaz et al., 2015; 

Elmahdi et al., 2016). Tetracycline and ciprofloxacin are commonly recommended for treating V. 

parahaemolyticus infection, though some strains have recently developed tetracycline resistance 

(de Hernández-Díaz et al., 2015; Park et al., 2018). Resistance profiles for other commonly used 

antimicrobials (oxytetracycline, streptomycin, clindamycin, tobramycin, carbenicillin, 

amoxicillin, sulfamethoxazole, etc.) vary greatly by geographic and environmental distribution, 

though the widespread occurrence of resistance in light of increasing infection rates is a cause for 

concern (Odeyemi and Stratev, 2016). 

Climate change. The rise of ocean temperatures has expanded the latitudinal range of 

mesophilic bacterial pathogens including Vibrio species (Baker-Austin et al., 2017). In addition, 

changes in long-term seasonal weather patterns (longer, hotter summers and shorter, colder 

winters) have allowed for a prolonged window of infection (Baker-Austin et al., 2013). This 

increased spatial and temporal range has led to V. parahaemolyticus infections at new latitudes 

(Baker-Austin et al., 2017). Meanwhile, locations with histories of V. parahaemolyticus 

outbreaks have experienced dramatic increases in the number of infections. The United States, 

for example, experienced an average of 41 V. parahaemolyticus illnesses annually from 1973 to 

1998 (Daniels et al., 2000). Between 1996 and 2010, this average increased to 231 infections per 

year (Newton et al., 2012). This increasing trend persists in more recent years as well, as 

demonstrated by the 605 infections reported in the United States in 2014 alone (Centers for 

Disease Control and Prevention, 2016).  
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Spread of a pandemic serovar. Outbreaks of V. parahaemolyticus were historically 

caused by diverse, locally endemic serotypes until the emergence of a clonal O3:K6 serovar in 

Calcutta, India in 1996 (Okuda et al., 1997; Chowdhury et al., 2000). This serotype quickly 

spread throughout Southeast Asia before causing outbreaks in Peru, Chile, Mexico, Brazil, and 

the United States (Velazquez-Roman et al., 2014). Such widespread incidence of the O3:K6 

serotype had not been observed before 1996 and marked the emergence of the pandemic V. 

parahaemolyticus O3:K6 serovar that caused a dramatic shift in global disease patterns (Ghenem 

et al., 2017). 

The El Niño Southern Oscillation (ENSO) in 1997 has been proposed to have formed a 

trans-oceanic corridor that permitted V. parahaemolyticus to spread from Asia to the Americas 

(Martinez-Urtaza et al., 2016). ENSO is characterized by the displacement of warm seawater 

moving from west to east in the Pacific Ocean. This seawater mass is likely to provide a more 

hospitable environment than the open ocean, as it is closer to the preferred temperature of enteric 

pathogens and it has been shown to transfer foreign zooplankton populations to Peru and Chile 

(Sánchez et al., 2000). V. parahaemolyticus has been shown to adhere to plankton because this 

association provides protection and nutrients, therefore allowing survival in harsh ocean 

conditions (Kaneko and Colwell, 1975). An alternate hypothesis involves the discharge of ballast 

seawater from cargo ships, as ballast seawater has been shown to carry nutrients that could 

support the propagation of V. parahaemolyticus, and this type of pathogen dissemination has 

been demonstrated in V. cholerae O1 (Martinez-Urtaza et al., 2010). 

Presently, a new V. parahaemolyticus pandemic may be emerging. V. parahaemolyticus 

O4:K12 was identified as the predominant serovar associated with clinical cases in the PNW in 

1989 (Abbott et al., 1989). The dominance of one endemic serotype in clinical cases in a region 
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is typical of V. parahaemolyticus disease patterns before the transcontinental spread of the 

pandemic O3:K6 serovar in 1996 (Martinez-Urtaza et al., 2017). Since that time, however, 

O4:K12 V. parahaemolyticus has undergone a similar global expansion. Outbreaks of this 

serovar were reported in the Atlantic Northeast region of the U.S. in 2012, followed months later 

by an outbreak in Spain (Abanto et al., 2020). O4:K12 was also identified in environmental and 

clinical samples from Peru in 2011 and 2012, respectively (Abanto et al., 2020). Notably, these 

occurrences of O4:K12 outside of the PNW come from distinct lineages and result from multiple 

introduction events dating as far back as the 1990’s (Martinez-Urtaza et al., 2017). An endemic 

variant of O4:K12 V. parahaemolyticus developed in the Atlantic Northeast by 2008 and 

contributes to the local disease burden, but no such environmental reservoir seems to have been 

established in Spain (Martinez-Urtaza et al., 2017). While the exact mechanisms are still 

undetermined, it is hypothesized that, similar to pandemic O3:K6, the release of ballast seawater, 

climate cycles such as El Niño, and global seafood trade could have facilitated the 

transcontinental spread of this highly virulent serovar (Martinez-Urtaza et al., 2017; Abanto et 

al., 2020).  

Horizontal gene transfer. One of the defining aspects of the V. parahaemolyticus 

genome is the acquisition of new genetic material through horizontal gene transfer (Ceccarelli et 

al., 2013) Seven genomic islands (GIs) (VPaI-1 to VPaI-7) have been observed in V. 

parahaemolyticus to date; four (VPaI-1, VPaI4-VPaI6) are unique to pandemic O3:K6 (Hurley et 

al., 2006; Boyd et al., 2008). The incorporation of some of these GIs has given rise to additional 

virulence mechanisms in the O3:K6 V. parahaemolyticus, including potential virulence genes 

such as an M protein, hydrolases, and cytotoxins (Hurley et al., 2006). Putative virulence factors 
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were also acquired in this manner, with VPaI-7, for example, encoding for T3SS2 and two copies 

of tdh (Matz et al., 2011).  

Bacteriophages and prophages. Along with GIs, bacteriophages, or viruses that infect 

bacteria, have also been shown to play a role in the acquisition of new genetic elements. 

Bacteriophage infection involves phage adsorption onto the bacterial cell surface and injection of 

the phage genome into the host cell, triggering either the lytic or lysogenic viral replication cycle 

(Bondy-Denomy and Davidson, 2014). The lytic cycle involves the generation of new phages 

that are released when the host cell lyses, while the lysogenic cycle involves the integration of 

the bacteriophage genome into the bacterial chromosome where it persists as a prophage (Bondy-

Denomy and Davidson, 2014; Gandon, 2016). The now temperate phage (i.e., prophage) 

replicates passively with the host until the lytic cycle is induced by exposure to stress such as UV 

light or mitomycin C (Weinbauer and Suttle, 1996). Changes made to the host genome in this 

manner have been shown to increase both environmental fitness and virulence in marine 

pathogens (Boyd and Brussow, 2002; Garin-Fernandez and Wichels, 2020). Lysogenic 

prophages are an important reservoir of virulence mechanisms and thus play a role in the 

emergence of virulent pathogens (Garin-Fernandez and Wichels, 2020). For example, 

filamentous phage f237 is unique to post-1996 O3:K6 strains and encodes orf8, a putative 

adherence protein that could support adhesion to other microorganisms or to host intestinal cells 

(Nasu et al., 2000; Ceccarelli et al., 2013). Notable instances of the acquisition of new genetic 

elements through bacteriophages generally increase environmental fitness and virulence.   

Summary. V. parahaemolyticus is an ecologically and clinically significant marine 

bacterium. The increasing disease burden, particularly in nations more dependent on seafood as a 

source of protein (e.g., China, Myanmar, Vietnam, and Japan), is a cause for concern. Further, 
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the expanding poleward distribution linked with climate change has increased the risk of 

infection in higher latitude European nations like Norway, Sweden, and Iceland (Baker-Austin et 

al., 2013). A greater understanding of the bacterium’s ecology and virulence could help to 

alleviate disease burden. The emergence and spread of the O3:K6 and O4:K12 serotypes 

prompted numerous studies that advanced understanding, but questions remain. For example, the 

ongoing genetic diversification of these serotypes raises important questions about the role of 

horizontal gene transfer in the evolution and maintenance of virulence in clonal bacterial 

pathogens. 

  



                                                
  
   

20 
 

CHAPTER III: METHODS 

Isolate collection. The V. parahaemolyticus isolates (n=731) used for this study were 

collected previously during a multiyear collaborative study of V. parahaemolyticus ecology 

conducted by NOAA’s Northwest Fisheries Science Center (NWFSC) and the Washington State 

Department of Health (WDOH) (Johnson et al., 2012; Nilsson et al., 2019). The isolates were 

obtained by colleagues (Drs. Rohinee Paranjpye, William Nilsson, and Mark Strom at the NOAA 

NWFSC) from Pacific oyster (Crassostrea gigas), seawater, and plankton samples from Puget 

Sound in Washington. Of the 731 total isolates, 248 were from seawater samples, 253 were from 

plankton samples, and 204 were from oyster samples. Two seawater samples did not have 

collection date information. One sample of an unknown type had collection information. The 

remaining 23 isolates did not have collection or sample type information. Environmental 

metadata (e.g., seawater temperature, salinity, chlorophyll) is available at the NOAA Fisheries 

public access database (Paranjpye, 2017). Isolates preserved in stabs were streaked for isolation 

and grown overnight (20 hours) at approximately 30 °C on lysogeny broth (LB) (Becton 

Dickinson and Company, Franklin Lakes, New Jersey, USA) agar plates. One isolated colony 

from each plate was selected, grown in LB broth overnight at approximately 30 °C with shaking 

at 120 rpm, and frozen cell stocks were prepared (25% final concentration glycerol at -80 °C). 

PCR template preparation. A small aliquot of frozen stock was inoculated into 5 mL of 

LB broth and cultured overnight at approximately 30 °C. Template for PCR amplification was 

prepared by modifying a previously described cell lysate preparation method (Englen and 

Kelley, 2000). For each culture with visible growth, 200 µL were centrifuged for 7 minutes at 

3,000 x g and the supernatant was decanted. Each cell pellet was resuspended in 50 µL 

DNase/RNase-free seawater and heated in a thermocycler (Bio-Rad C1000 Thermocycler, 
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Hercules, California, USA) for 5 minutes at 100 °C. Lysates were centrifuged once again for 7 

minutes at 3,000 x g to pellet cell debris. The supernatant, containing DNA, was transferred to a 

0.2 mL tube, analyzed for degradation and protein contamination (260/280 nm) and quantity 

(ng/µL) using a BioSpectrometer (Eppendorf, Hamburg, Germany), and stored at -20 °C.  

Detection of the NW1 prophage. Primers were designed to detect a conserved open 

reading frame (orf96477) in prophage NW1 (F: 5'- GACATTGGAACGAGACTAGGA C -3', R: 

5'-CCAATGCGTTAGGCTTAAAGC -3'). To summarize, GET_HOMOLOGUES (Contreras-

Moreira and Vinuesa, 2013; Mengoni et al., 2015) was used to carry out a pangenome analysis 

of 22 V. parahaemolyticus genomes using isolate 658, which harbors the NW1 prophage, as a 

reference. Analysis of all homologous gene clusters for NW1+ isolates revealed that orf96477 

was the most conserved open reading frame (ORF) and an appropriate length for a PCR target. A 

BLASTN search against the National Center for Biotechnology Information (NCBI) genome 

database showed no significant matches, indicating that orf96477 was a unique sequence and 

therefore a promising target for a PCR assay. Dr. Jeffrey Turner (TAMU-CC) conducted the 

pangenome analysis and Dr. Boris Ermolinsky (UTRGV) designed the PCR primers. V. 

parahaemolyticus 551, an environmental O3:K6 isolate from the PNW collection, was used as a 

positive control for the assay, as it was previously confirmed through genome sequencing to 

harbor the prophage. The PCR assay was completed with a Qiagen Fast Cycling PCR kit 

(Qiagen, Germantown, MD, USA) under the following cycling conditions: 5-minute hold at 95 

°C, followed by 40 cycles of 96 °C for 5 s to denature DNA, 57 °C for 5 s to anneal primers to 

template, and 68 °C for 16 s for primer extension, followed by a 1-minute final primer extension 

at 72 °C – and a final indefinite storage at 4 °C. Amplification was confirmed through gel 

electrophoresis with 1% agarose gels with an expected amplicon size of 526 bp.  
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Detection of O3:K6 isolates. V. parahaemolyticus O3:K6 isolates were detected using 

an established primer set targeting a unique open reading frame (orf8) of filamentous phage f237 

associated exclusively with pandemic V. parahaemolyticus O3:K6 strains (F: 5′-AGGACG

CAGTTACGCTTGATG-3′, R: 5′-CTAACGCATTGTCCCTTTGTAG-3') (Myers et al., 2007). 

RIMD2210633, the O3:K6 clinical type strain was used as the positive control for orf8 detection. 

Detection of orf8 was completed with a Qiagen Fast Cycling PCR Kit (Qiagen, Germantown, 

MD, USA) under the following cycling conditions: 5-minute hold at 95 °C, followed by 40 

cycles of 96 °C for 5 s to denature DNA, 57 °C for 5 s to anneal primers to template, and 68 °C 

for 16 s for primer extension, followed by a 1-minute final primer extension at 72 °C. 

Amplification was confirmed through gel electrophoresis with 1% agarose gels with an expected 

amplicon size of 368 bp. 

Detection of O4:K12 isolates. V. parahaemolyticus that were not identified as serotype 

O3:K6 (n=497) were tested for the presence of an established marker from a pathogenesis-

related endonuclease (prp) unique to the O4:K12 serotype (F: 5'- CGGCTTGAGTT

TTCGTCATT-3', R: 5'- CCACACCTGCTGGTTATTTAGTTC-3') (Whistler et al., 2015). V. 

parahaemolyticus isolate 846, an environmental isolate from the PNW collection, was used as a 

positive control, as its serotype was confirmed to be O4:K12 in a previous study (Turner et al., 

2013). Detection of prp was completed with GoTaq G2 Hot Start Green Master Mix (Promega, 

Madison, WI, USA) under the following cycling conditions: 2-minute hold at 95 °C, followed by 

30 cycles of 95 °C for 20 s to denature DNA, 53 °C for 20 s to anneal primers to template, and 

72 °C for 37 s for primer extension, followed by a 5-minute final primer extension at 72 °C. 

Amplification was confirmed through gel electrophoresis with 1% agarose gels with an expected 

amplicon size of 609 bp. 
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Statistical analysis. A two-way analysis of variance (ANOVA) with Tukey multiple 

comparisons and Westfall post hoc tests was used to determine significant (p-value<0.05) 

differences between result groups by sample type. Comparisons were made with R version 4.0.2 

(R Core Team, 2020). 

Genome sequencing, assembly, and annotation. To further characterize the isolates 

belonging to the O3:K6 serotype that harbored the NW1 prophage, draft genomes were 

sequenced for eighteen isolates that tested positive for orf8 or NW1. Isolates were cultured 

according to the methods described above. DNA for sequencing was extracted with the Qiagen 

DNeasy UltraClean Microbial Kit (Qiagen, Germantown, MD, USA) according to 

manufacturer’s instructions. Genome sequencing was completed using an Illumina NovaSeq 

instrument with 150 paired-end chemistry and a target coverage of 100X. Sequence libraries 

were prepared with the Nextera XT DNA Library Preparation Kit (Illumina Inc., San Diego, CA, 

USA) using 800 bp size selection. Raw sequence reads were submitted to the NCBI Sequence 

Read Archive. Draft genomes were assembled with the velvet (Zerbino and Birney, 2008), 

SPAdes (Bankevich et al., 2012), and ABySS (Simpson et al., 2009; Jackman et al., 2017) 

assemblers using settings that were optimized for each genome. The quality of the assemblies 

was assessed with QUAST (Gurevich et al., 2013) to determine which assembler produced the 

highest quality assemblies. Draft genomes were initially annotated with RASTk (Brettin et al., 

2015) to facilitate in silico inspection of prophage NW1. The final annotation was completed by 

the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) when the draft genomes were 

submitted to GenBank under BioProject Number PRJNA672209. 

In silico analyses of NW1 prophage. Working with the 18 draft genomes, the presence 

of orf8 (indicative of the O3:K6 serotype) and NW1 (indicative of our novel O3:K6 ecotype) 
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were confirmed in silico with the SEED Viewer BLAST Search tool with default parameters in 

RASTtk (Aziz et al., 2008; Brettin et al., 2015). Further, the integration site of the prophage was 

examined in RASTtk using the Genome Browser tool with default parameters. To investigate the 

occurrence of NW1 outside of the PNW region, standard BLASTN was used to search for the 

entire NW1 sequence in all publicly available Vibrionaceae genomes in the NCBI microbial 

genome database (Altschul et al., 1990). A second in silico search for NW1 was carried out with 

BLASTN  in a group of sequenced lysogenic bacteriophage genomes from the North Sea (Garin-

Fernandez and Wichels, 2020). The size, gene content, and GC content of each prophage was 

investigated with the PHAge Search Tool Enhanced Release (PHASTER) using default 

parameters (Zhou et al., 2011; Arndt et al., 2016). 

Phylogenetic analysis. Phylogenetic relationships between PNW genomes and select 

reference genomes were inferred using the “All Shared Proteins” tree-building workflow from 

the Pathosystems Resource Integration Center (PATRIC) version 3.6.7 (J. J. Davis et al., 2020). 

Specifically, the Phylogenomic Estimation with Progressive Refinement (PEPR) pipeline was 

used to define shared protein families for genome groups with BLASTP and HMMER, then 

MUSCLE was used to generate alignments that were trimmed with Gblocks before generating a 

phylogenetic tree with RAxML (J. J. Davis et al., 2020). Statistical support values were 

generated with 100 runs of the “Rapid” bootstrapping option in RAxML. 
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CHAPTER IV: RESULTS 

Prevalence of NW1, O3:K6, and O4:K12. Amplification of the O3:K6 marker (orf8) 

and the NW1 prophage marker (orf96477) are shown in Figure 2a and amplification of the 

O4:K12 marker (prp) is shown in Figure 2b. Total PCR results are shown in Table 1. In total, 

187 were pandemic O3:K6 isolates that carried prophage NW1 (i.e., orf8+/NW1+), 43 were 

pandemic O3:K6 isolates that did not carry prophage NW1 (i.e., orf8+/NW1-), 3 were non-

pandemic isolates that carried prophage NW1 (i.e., orf8-/NW1+), and 64 were endemic O4:K12 

isolates (i.e., prp+). The remaining 434 isolates tested negative by PCR for all gene targets. Of 

the total collection, 31.5% (230/731) was comprised of pandemic O3:K6 isolates, and 8.8% of 

the collection (64/731) was comprised of endemic O4:K12 isolates. Within the group of O3:K6 

isolates, 81% (187/230) carried prophage NW1.  

 

Table 1. Total PCR results and collection data for all samples. Results of each assay against 

sample collection information if available. *Indicates two water samples with an unknown 

collection date. 

  O3:K6/
NW1+ 

O3:K6/
NW1- 

O4:K12 Unknown 
Serotype/NW1- 

Unknown 
Serotype/NW1+ 

Totals 

Water 110 10 12 115 1 248 

Plankton 65 15 28 143 2 253 

Oyster 0 10 24 170 0 204 

Unknown 
Sample Type 

1 0 0 0 0 1 

Unknown 
Date  

0 0 0 2* 0 2 

Unknown 
Sample Type 
and Date 

11 8 0 4 0 23 

Totals 187 43 64 434 3 731 
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Figure 2. Image of 1% agarose gel electrophoresis showing positive amplification for (A) orf8 

indicative of O3:K6, NW1 and (B) prp indicative of O4:K12 from V. parahaemolyticus from the 

PNW. Isolate 551 was a positive control and showed amplification for both targets, also reflected 

in isolates 668, 670, and 671. Isolate 669 only shows amplification for the O3:K6 marker, 

meaning that it was O3:K6 but did not harbor NW1. Isolate 846 acted as the positive control for 

the O4:K12 marker. Isolate 554 showed amplification for prp and was presumed to be O4:K12. 

Isolate 558 did not amplify and was presumed not to be O4:K12. 
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Distribution of NW1, O3:K6, and O4:K12. The distribution of PNW V. 

parahaemolyticus serotypes by sample type (i.e., seawater, plankton, oyster) is shown in Figure 

3. Excluded from this figure are isolates from result group Unknown Serotype/NW1+ (n=3). The 

PNW collection is composed of approximately equal quantities of each sample type with the 

exception of 24 isolates where the sample source is unknown. The proportions of each serotype 

were similar across seawater and plankton isolates, but O3:K6 NW1+ was entirely absent from 

oyster samples (Figure 3). Statistical analysis by PCR result group revealed that across each 

known sample type (water, plankton, and oyster) there were significantly (p-value<0.01) more 

isolates that tested negative for all PCR targets than the other result groups. V. parahaemolyticus 

ecotype distributions across the sampling period (May to September of 2007) are shown in 

Figure 4. Result group Unknown Serotype/NW1+ (n=3) was excluded, along with results for 

which the collection date was not available (n=25). Presumed Vibrios that tested negative for all 

gene targets were present during each month. O3:K6 isolates without NW1 were present in June 

and August. O3:K6 isolates with NW1 were recovered in August and September. O4:K12 

isolates could be detected in June, July, August, and September. The majority of isolates chosen 

for the PNW collection by collaborators at the NWFSC were collected between July 16th and 

August 15th of 2007. Further, the number of isolates selected for the collection does not represent 

the environmental abundance of V. parahaemolyticus. 
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Figure 3. Spatial distribution of PNW V. parahaemolyticus serotypes by (A) sample type (water n=248, plankton n=253, oyster 

n=204, and unknown n=24) and (B) percent by sample type. Shown above is the distribution of O3:K6/NW1+ in light blue (n=187), 

O3:K6/NW1- in dark blue (n=43), O4:K12 in light green (n=64), and orf8-/NW1-/prp- in dark green (n=434). The proportions of each 

serotype appear to be about equal for seawater and plankton isolates, but O3:K6 NW1+ was entirely absent from oyster samples.  

A. B. 
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Figure 4. Temporal distribution of O3:K6 isolates, O4:K12 isolates, and prophage NW1 in the 

PNW V. parahaemolyticus collection. Shown above is the distribution of O3:K6/NW1+ in light 

blue (n=176), O3:K6/NW1- in dark blue (n=35), O4:K12 in light green (n=64), and orf8-/NW1-

/prp- in dark green (n=428) from May to September of 2007. Result group O3:K6-/NW1+ (n=3) 

was excluded along with results for which the collection date was not available (n=25).  
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Selection of isolates for genome sequencing. A summary of the PCR results for the 18 

sequenced V. parahaemolyticus isolates as well as sample collection information can be found in 

Table 2. Of the 18 sequenced isolates, 9 were taken from seawater samples, 8 were from 

plankton samples, and 1 was from an oyster sample. One sample was taken from Skookum Inlet, 

two from Twanoh State Park, two from Duckabush, one from Hoodsport, three from Quilcene 

Bay, three from Mystery Bay, one from Grays Harbor, one from Nahcotta, one from Scott Point, 

two from the area near the Hama Hama River, and one from Potlatch State Park. Coordinates for 

each site are available at https://www.webapps.nwfsc.noaa.gov/apex/parrdata/inventory/tables/

table/vibrio_parahaemolyticus_survey_washington_20072008. Every sample sight where O3:K6 

isolates and isolates harboring NW1 were identified was represented in this selection. The 

timespan from the first identification of NW1 in the beginning of August to the last at the end of 

September was also represented. Twelve isolates tested positive for orf8 and NW1, indicating 

that they are the O3:K6 serotype harboring prophage NW1. Three isolates (651, 708, and 947) 

tested positive for orf8 but not NW1, indicating that they are O3:K6 and do not carry prophage 

NW1. Three isolates (559, 662, and 786) tested positive for NW1 but negative for orf8, 

indicating that they harbor prophage NW1 but are not O3:K6 serotype. 
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Table 2. PCR-based genotyping of the sequenced V. parahaemolyticus isolates (n=18). 

Amplification of the orf8 gene target identified O3:K6 isolates while amplification of the NW1 

gene target identified isolates possessing prophage NW1. 

 
 
 
 

 

 

 

 

 

 

 

 

 

Genome sequencing, assembly, and annotation. The ABySS assembler produced 

assemblies with fewer contigs and higher N50 values in comparison to SPAdes and velvet, as 

shown in Table 3. A contig is a contiguous segment of the genome assembly generated by an 

assembly algorithm, where smaller values indicate a higher quality assembly composed of fewer 

but longer fragments. An N50 value is determined by ordering the contig lengths in an assembly 

from largest to smallest until 50% of the assembly length is covered. The size of the smallest 

contig in this list becomes the N50 value, where larger values indicate a higher quality assembly 

composed of fewer but longer fragments. For instance, the AbySS assembly for 329 was 

composed of 40 contigs and half of those contigs were larger than 479,069 bp. The general 

Isolate orf8 NW1 Sample Type Location 
329 + + seawater Skookum Inlet 
537 + + seawater Twanoh State Park 
554 + + plankton Duckabush 
559 - + plankton Twanoh State Park 
591 + + plankton Hoodsport 
610 + + seawater Quilcene Bay 
651 + - seawater Mystery Bay 
662 - + seawater Duckabush 
707 + + plankton Quilcene Bay 
708  + - plankton Quilcene Bay 
733 + + seawater Mystery Bay 
737 + + seawater Mystery Bay 
749 + + plankton Grays Harbor 
754 + + seawater Nahcotta 
786 - + plankton Scott Point 
868 + + plankton Hama Hama River 
878 + + seawater Potlatch State Park 
947 + - oyster Hama Hama 
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attributes of the ABySS assemblies can be found in Table 4. ABySS assemblies in general had 

between 38 and 59 contigs, N50 values between 291,500 and 479,000 bp, 43.5% GC content, 

and genome sizes ranging from 5.12 to 5.21 Mbp. Isolate 786 was an outlier with a %GC content 

of 44.8 and a genome size of 5.02 Mbp. 

Table 3. Descriptive attributes of the V. parahaemolyticus genomes assembled with the SPAdes, 

velvet, and ABySS assemblers. 

Isolate SPAdes velvet AbySS 
Contigs N50 Contigs N50 Contigs N50 

329 112 461,916 80 312,697 40 479,069 
537 109 461,909 100 155,682 47 291,600 
554 122 461,916 81 312,697 40 479,069 
559 606 374,096 77 259,691 38 404,394 
591 110 461,915 77 259,755 46 479,069 
610 85 505,937 82 317,911 39 479,076 
651 101 506,588 81 312,697 43 336,918 
662 316 484,983 115 123,875 59 244,610 
707 240 461,916 108 140,998 52 291,507 
708  641 461,916 81 312,585 46 291,507 
733 176 461,916 92 259321 45 360,955 
737 298 461,916 74 259,751 44 349,169 
749 112 461,932 81 243,718 45 387,878 
754 105 401,918 82 259,687 50 313,737 
786 79 1,102,382 59 455,155 37 526,570 
868 544 461,924 97 155,682 45 313,737 
878 134 506,588 78 312,558 48 269,749 
947 162 347975 96 196708 53 246342 
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Table 4. Descriptive attributes of the presumed V. parahaemolyticus genomes assembled with the AbySS assembler, and a summary 

of the genotype information for these isolates.  

 Genome Contigs N50 %GC Size (bp) NW1 orf8 Species and Serotype 
329 40 479,069 45.3 5,204,874 + + O3:K6 V. parahaemolyticus 
537 47 291,600 45.3 5,179,621 + + O3:K6 V. parahaemolyticus 
554 40 479,069 45.3 5,206,160 + + O3:K6 V. parahaemolyticus 
559 38 404,394 45.3 5,198,041 + - V. parahaemolyticus 
591 46 479,069 45.3 5,202,573 + + O3:K6 V. parahaemolyticus 
610 39 479,076 45.3 5,207,950 + + O3:K6 V. parahaemolyticus 
651 43 336,918 45.3 5,200,228 + + O3:K6 V. parahaemolyticus 
662 59 244,610 45.3 5,145,752 + - V. parahaemolyticus 
707 52 291,507 45.3 5,148,289 + + O3:K6 V. parahaemolyticus 
708  46 291,507 45.3 5,201,452 + + O3:K6 V. parahaemolyticus 
733 45 360,955 45.3 5,201,409 + + O3:K6 V. parahaemolyticus 
737 44 349,169 45.3 5,198,416 + + O3:K6 V. parahaemolyticus 
749 45 387,878 45.3 5,198,043 + + O3:K6 V. parahaemolyticus 
754 50 313,737 45.3 5,195,163 + + O3:K6 V. parahaemolyticus 
786 37 526,570 44.8 5,027,175 + - V. diabolicus 
868 45 313,737 45.3 5,201,437 + + O3:K6 V. parahaemolyticus 
878 48 269,749 45.3 5,199,216 + + O3:K6 V. parahaemolyticus 
947 53 246,342 45.3 5,199,106 - + O3:K6 V. parahaemolyticus 
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In silico analyses of NW1 prophage. In contrast to the PCR results, the in silico 

analyses revealed that seventeen of the eighteen isolates harbored prophage NW1 (see Table 4). 

More specifically, NW1 did not amplify in two isolates (651 and 708) but was detected in the 

subsequent in silico BLASTN search, indicating two false negatives from the PCR assay. In all 

seventeen NW1+ assemblies, the VP1884-VP1890 locus was absent. This block of genes codes 

for five hypothetical proteins, a cold shock transcriptional regulator cspA (VP1889), and a 

virulence-associated exoribonuclease vacB (VP1890), all of which are upregulated in response to 

cold stress in V. parahaemolyticus (Urmersbach et al., 2015). Further, the integration site of the 

NW1 prophage was identical for all NW1+ isolates: located between a probable sensor/response 

regulator hybrid protein (VP1883) and an aspartate aminotransferase protein (VP1891). Three 

notable NW1+ isolates exhibited an unknown serotype (not O3:K6 or O4:K12). One of these 

notable isolates, 786, showed only a 97% match for orf8. That isolate was identified as V. 

diabolicus during submission to NCBI. At this time, the other two isolates were identified as V. 

parahaemolyticus. 

Analysis of prophages with PHASTER revealed that the majority of prophage sequences 

(12/17) were identical: 72.3 Kbp in length, 69 protein coding genes, and a 43.86% GC content. 

There was slight variation in the remaining isolates. The NW1 prophage sequences in 737, 754, 

and 868 were 57.5 Kbp in length and encoded 69 proteins with a 43.78% GC content. The NW1 

prophage sequence in 707 was 48 Kbp in length and encoded 59 proteins with a 44.32% GC 

content. The NW1 prophage sequence in 786, which was identified as V. diabolicus, was 59.5 

Kbp in length and encoded 69 proteins with a 43.79% GC content.  

The results of the in silico NCBI database search are shown in Table 5. Percent identity is 

a measure of how similar a query sequence is to a matching sequence or ‘hit’ in the database. 
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Percent query cover indicates how much of the query sequence overlaps, or is covered by, the 

matching sequence. For example, a query sequence and a matching sequence that are perfectly 

identical will have 100% identity and query cover. The NW1 prophage was detected in eight 

publicly available V. parahaemolyticus genomes. Compared to query sequence, obtained from 

PNW NW1+ genome 329, the eight database hits shared greater than 99.0% sequence identity 

and 95% or greater query coverage. The isolates harboring the prophage were collected from a 

range of sources and geographical locations over a 17-year period i.e., 1997 to 2014. Two 

isolates were collected from India, three were collected from China, one was collected in the 

United States, and the collection location was unknown for two of the isolates. Interestingly, half 

of the isolates were collected in a clinical setting, while the other half were collected from 

environmental sources. Four of the isolates were taken from human or stool samples, two were 

from fish samples, and the remaining two were collected from seawater samples. The final in 

silico match was discovered with a separate search in a group of sequenced lysogenic 

bacteriophage genomes collected from seawater samples in the North Sea (Garin-Fernandez and 

Wichels, 2020). This NW1-like match is a well-characterized inducible prophage belonging to 

the Podoviridae virus family, closely related to the Nona33virus genus (Garin-Fernandez and 

Wichels, 2020). 
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Table 5. Identity, accession numbers, collection information, and BLASTN results of V. 

parahaemolyticus isolates in the NCBI Microbial Genome Database that harbor prophage NW1. 

*Indicates a positive hit from a subsequent search for NW1 in a collection of sequenced 

bacteriophages from the North Sea. 

 
Accession Number Sample 

Type 
Location Year % Identity % Query NW1 

Size (bp) 
AZGV01000095.1 seawater unknown 2006 100 100 72,382 
AZGU01000012.1 seawater unknown 2006 100 100 72,382 
AVON01000004.1 stool India 1997 100 100 72,382 
JABCGN010000002.1 fish 

(yellow 
croaker) 

China 2013 99.39 95 68,763 

NNLY01000025.1 fish China 2014 99.54 97 70,210 
AAXPAA010000004.1 human USA 1998 100 100 72,382 
JADQHH010000004.1 stool China 2012 99.51 95 68,763 
AAXOZU010000004.1 human India 1997 99.35 95 68,763 
LR700622.1* seawater North 

Sea 
2014 97.22 65 47,048 

 

Phylogenetic Analyses. The results of the genome-scale phylogenetic analysis of the PNW 

isolates are shown in Figure 5. The isolates harboring the NW1 prophage were diverse in that 

they grouped into four major phylogroups that also exhibited within-group diversity. No 

discernable patterns across sample location or type were observed. Two V. parahaemolyticus 

isolates that harbor prophage NW1 but tested negative for the O3:K6 marker, isolates 559 and 

662, grouped with the rest of the PNW NW1+ isolates. These isolates could be closely related 

O3:K6 serovariants of V. parahaemolyticus. With the exception of 786, which was identified as 

V. diabolicus, all PNW isolates grouped separately from clinical isolates. Isolate 947, an O3:K6 

oyster isolate that did not harbor prophage NW1, grouped separately from NW1+ PNW isolates 

and clinical representative isolates. 
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Figure 5. A maximum likelihood phylogenetic tree of V. parahaemolyticus isolates from the 

PNW (shown in green font) and several clinical representative isolates (shown in blue font). 

Node labels show the bootstrap support values. Branch lengths represent the average number of 

substitutions per site.  
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CHAPTER V: DISCUSSION AND CONCLUSION 

V. parahaemolyticus is a clinically significant human pathogen with an expanding range 

and growing disease burden (Newton et al., 2012; Baker-Austin et al., 2017). The PNW region 

of the United States harbors two serovars implicated in transcontinental pandemics: O4:K12 and 

O3:K6 (Turner et al., 2013). The O4:K12 serotype of V. parahaemolyticus was first identified in 

the PNW in 1989, but spread to cause outbreaks along the Atlantic coasts of the United States 

and Spain in 2012 (Abbott et al., 1989; Abanto et al., 2020). A unique clone of the O3:K6 

serotype originated in India and spread globally in 1996, displacing endemic serovars in terms of 

clinical case load (Okuda et al., 1997; Velazquez-Roman et al., 2014). In the PNW, the endemic 

O4:K12 serovar is still predominant even though the O3:K6 serovar is abundant environmentally 

and was predicted to eclipse O4:K12 in clinical case load (Turner et al., 2013). Comparative 

genomic analysis of O3:K6 isolates taken from the Pacific Northwest revealed the acquisition of 

a novel prophage (prophage NW1) that has displaced eight genes thought responsible for the 

absence of clinical O3:K6 cases in this region (not published). In this study, we analyzed a large 

collection of PNW isolates to determine the distribution of prophage NW1. A subset of this 

collection was sequenced to confirm gene loss and integration site as well as prophage integrity. 

The genetic marker designed to detect prophage NW1 was chosen because it was unique 

to NW1 and conserved across all available NW1+ genomes. A similar rationale was used to 

develop a genetic marker for detecting O3:K6 isolates, that is also based on an open reading 

frame in a prophage (i.e., orf8), although a wider selection of genomes was available to guide the 

design of the orf8 PCR primers (Nasu et al., 2000). Similarly, the genetic marker used to detect 

O4:K12 isolates (i.e., prp) was based on a capsular polysaccharide gene unique to that serovar 

(Myers et al., 2007; Whistler et al., 2015). It was assumed that orf8 (representing O3:K6) and 
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prp (representing O4:K12) would not amplify in the same isolates as they are genes unique to 

each serotype, so O4:K12 isolates were identified in a separate assay. The amplicon size for the 

NW1 marker was selected for adequate resolution with the orf8 marker by gel electrophoresis, as 

demonstrated in Figure 1a. A more robust marker for PCR-based identification that accounts for 

the sequence variation of prophage NW1 will be developed using the 17 NW1+ isolates 

sequenced in this study.  

The PCR-based detection of orf8 and prp revealed the abundance of these serovars in the 

PNW environmental collection. Meanwhile, the PCR-based detection of NW1 revealed the 

occurrence and distribution of prophage NW1. The proportions of orf8 (i.e., pandemic O3:K6) 

and prp (i.e., endemic O4:K12) (31.5% and 8.8%, respectively) are consistent with a previous 

analysis of V. parahaemolyticus population structure in the PNW (Turner et al., 2013). The 

PNW, as shown in Figure 2, is therefore a reservoir for at least two pathogenic serovars of V. 

parahaemolyticus. This region also appears to be a reservoir for an abundance of unknown and 

potentially pathogenic or nonpathogenic serovars. The predominance of environmental O3:K6 

confounds the rare incidence of O3:K6 infections. However, the predominance of prophage 

NW1 (81.3%) among the environmental O3:K6 isolates may explain the unusual epidemiology 

of V. parhaemolyticus in the PNW. After all, a colleague previously reported that an O3:K6 

strain harboring the NW1 prophage was attenuated in zebrafish (Paranjpye et al., 2013). 

V. parahaemolyticus can be found free-living in the seawater column, aggregated onto 

plankton and suspended particulate matter, and in filter-feeding bivalves (McCarter, 1999; 

Baffone et al., 2006; Broberg et al., 2011). Previous reports of V. parahaemolyticus distribution 

show greater concentrations associated with plankton than the surrounding seawater column 

(Turner et al., 2009). For filter-feeding bivalves, such as oysters, feeding on plankton and 
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suspended organic matter can further concentrate the bacterium (Campàs et al., 2007; Meujo et 

al., 2010; Martinez-Urtaza et al., 2012). V. parahaemolyticus can then proliferate in oyster tissue 

when low tide exposes the oysters to ambient temperatures and prevents depuration (Jones et al., 

2017; B. J. K. Davis et al., 2020). In this study, the distribution of prophage NW1 was assessed 

in seawater, plankton, and oysters through the analysis of a large culture collection nearly 

equally distributed between the three sample types: 248 isolates from seawater samples, 253 

isolates from plankton samples, and 204 isolates from Pacific oyster samples. We predicted that 

distribution would show agreement with previous reports (i.e., seawater < plankton < oyster). 

Interestingly, the trend was opposite of this prediction: NW1 was most abundant in seawater 

isolates (44.8%), followed by plankton isolates (26.5%), and completely absent from oyster 

isolates. A previous study examining the same isolate collection showed that the tdh gene, which 

encodes the thermostable direct hemolysin and serves as a genetic marker for the detection of 

virulent O3:K6 strains, exhibited a distribution similar to NW1 (Nilsson et al., 2019). The 

authors postulated that the environmental distribution of virulent tdh+ strains (i.e., seawater > 

plankton > oyster) could explain the rare incidence of O3:K6 infections, as oysters are the 

primary vehicle for transmission. It is possible that NW1+ and/or tdh+ strains are less fit to 

survive when associated with plankton and oysters, but the mechanism for this decreased fitness 

is unknown.  

The acquisition of prophage NW1 is one mechanism that may explain the decreased 

fitness of O3:K6 tdh+ strains in oysters. The insertion of the prophage into the chromosome 

causes the loss of vacB and cspA as shown in Figure 1 through an unusual integration mechanism 

that remains unknown. Both genes are upregulated under cold stress (Urmersbach et al., 2015). 

The cold-shock protein CspA prevents the cold-induced formation of secondary structures that 
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can interfere with translation (Yang et al., 2009). The exoribonuclease RNase R/VacB degrades 

secondary structures in mRNA and has been shown to promote growth, motility, and/or gene 

expression under cold stress in several bacterial species including Shigella flexneri, Aeromonas 

hydrophila, Legionella pneumophila, and Helicobacter pylori (Erova et al., 2008; Lawal et al., 

2011). The absence of these genes is thought to hinder survival under cold stress during post-

harvest storage on ice mandated for oysters. However, all sample types (i.e., seawater, plankton, 

and oyster) were stored on ice prior to the culture of the V. parahaemolyticus isolates that 

comprise the culture collection examined here (Nilsson et al., 2019). Regardless, the absence of 

NW1 among oyster isolates could be explained by the conditions under which the oysters were 

harvested. Nilsson et al. (2019) collected oyster samples at low tide to maximize exposure to 

warm air and sunlight and mimic unsafe harvest conditions. At the time of collection, the tissue 

temperature of these oysters would have been significantly warmer than the surrounding 

seawater. While the increased temperature would be ideal for V. parahaemolyticus growth, it 

would also intensify cold-shock upon exposure to ice. It is possible that a subset of the NW1 

population associated with seawater and plankton survived storage on ice. By contrast, the 

temperature difference between the sun-warmed oysters and the ice may have been too great to 

survive without the benefit of the cspA and vacB cold-shock genes. Even brief exposure to high 

temperatures has been shown to decrease survival in V. parahaemolyticus upon subsequent 

exposure to cold temperatures (Chang et al., 2004). Thus, the acquisition of prophage NW1 and 

the corresponding loss of cold-shock genes may indeed contribute to the unique epidemiology of 

V. parahaemolyticus in the PNW.  

Distribution of V. parahaemolyticus serovars shown in Figure 4 is not necessarily 

representative of seasonality. The isolates in this collection were selected based on temperature 
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at the time of collection. The majority (76%) of these isolates were collected between July 16th 

and August 15th of 2007 to capture the seasonal window of infections. This window coincided 

with a heat wave as shown in Figure 6 as well as a coccolithophorid bloom of Emiliania huxleyi 

(recorded by the Hood Canal Dissolved Oxygen Program, 

https://hoodcanal.washington.edu/documents/document.jsp?id=2072). The detection of V. 

parahaemolyticus harboring NW1 occurred only after these unique conditions. Microbial groups 

that exhibit this bloom or bust dynamic are referred to as ‘conditionally rare’. In particular, some 

members of the Vibrio genus are commonly rare constituents of the bacterioplankton community 

until certain conditions like warmer temperatures or phytoplankton blooms stimulate their 

growth and proliferation (Shade et al., 2014). Previous studies have already established a 

correlation between V. parahaemolyticus growth, temperature, and plankton blooms (e.g., 

Kaneko and Colwell, 1973; Turner et al., 2014), and most infections occur during warmer 

months (Daniels et al., 2000). The findings of this study suggest that O3:K6 strains harboring the 

NW1 prophage may exhibit an even stronger correlation with temperature and plankton 

abundance; however, an isolate collection without a temperature bias would be needed to test 

this hypothesis.  
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Figure 6. Surface water temperature at one sampling site (Hoodsport) from Julian Day 150 (May 

30th) to 297 (October 24th) in 2007. July 15th, 30th, and August 13th (or Julian Days 196, 211, and 

225) show distinct peaks that also coincided with an algae bloom.  

In consideration of Baas Becking’s insightful statement ‘everything is everywhere: but 

the environment selects’ (O’Malley, 2008), we endeavored to gain insight into the global 

distribution of the NW1 prophage. For this purpose, the occurrence of prophage NW1 was 

investigated by a BLASTN search against the global NCBI Microbial Genome Database. The 

search yielded eight matches with at least 95% query cover and 99% identity, as shown in Table 

5. The matches span a period of almost 20 years (1997-2014), at least three countries (India, 

China, and United States), and at least three sample types (seawater, fish, and human clinical 

samples). Although the sample size is small, these eight hits suggest that prophage NW1 is 

distributed globally and present in multiple reservoirs. Half of the hits were detected in clinical 

isolates, and two of these clinical isolates were collected in India in 1997. The occurrence of 

NW1 in clinical isolates indicates that prophage acquisition does not necessarily result in the 
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complete loss of virulence. Rather, virulence may simply be attenuated as previously 

demonstrated by Paranjype et al. (2013) assuming the validity of a zebrafish model of infection 

for V. parahaemolyticus. Meanwhile, the detection of NW1 in isolates obtained from India in 

1997 suggests the prophage was acquired decades ago shortly after the emergence of the 

pandemic O3:K6 serotype in India in1996. 

Genes essential to housekeeping functions are commonly highly conserved across a 

population i.e., they accumulate mutations very slowly. Foreign genetic material acquired 

through horizontal gene transfer, such as a prophage, tend to be less conserved unless the 

sequences enhance fitness. Thus, the conservation of NW1 across the eight NCBI hits was 

unexpected given the 18-year span between the oldest and the most recently collected isolates 

(i.e., 1997-2014). Genome reduction acts as a significant evolutionary driver in prokaryotic 

genomes, where superfluous genetic material is not maintained and degrades over time (Kunin 

and Ouzounis, 2003). NW1 is hypothesized to have undergone such degradation in V. 

parahaemolyticus, but the high sequence similarity in isolates from the time span of collection 

suggest that this may not be the case. Annotation of the NW1 prophage with PHASTER revealed 

the presence of several notable genes coding for head, tail, and portal proteins, a terminase, an 

integrase, attachment sites, and numerous hypothetical proteins. Despite a PHASTER 

completeness score of ‘questionable’, collaborators have shown that NW1 is functional and 

readily transduced into O3:K6 pandemic strains RIMD220633 and VPBAA-239 as well as into 

other Vibrio species (David Silva, personal communication). Further, because NW1 was detected 

in non-O3:K6 serotypes and even outside of the V. parahaemolyticus species (i.e., V. diabolicus), 

it stands to reason that this prophage is viable and capable of infecting closely related Vibrio spp. 

in a range of environmental reservoirs the world over. 
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The phylogenetic tree shown in Figure 5 shows the relatedness of O3:K6 isolates with 

and without the prophage. Isolates harboring the prophage belong to four distinct phylogroups 

and they are clearly set apart from the O3:K6 isolates that do not harbor the prophage. Each of 

these four phylogroups also displayed some level of within-group diversity. The population 

structure of V. parahaemolyticus is understood to be semiclonal in nature and to follow a model 

of clonal expansion where clonal complexes in recombinogenic species spread rapidly and then 

diversify (González-Escalona et al., 2008). Interestingly, the acquisition of the NW1 prophage 

appears to track with the expansion and diversification of a novel ecotype. That the prophage is 

maintained during diversification of this novel ecotype in multiple phylogroups and ecological 

niches suggests that it confers some fitness advantage. Whether prophage acquisition is the 

mechanism that initiated this lineage-splitting event remains to be determined. 

Some limitations were inherent to the design and timeframe in which this study was 

completed. First, the V. parahaemolyticus collection was not strictly representative of the PNW 

population in 2007. While the bloom of a conditionally rare species was captured in detail, 

isolates of varying serotypes possibly harboring NW1 from earlier sampling periods may have 

been overlooked. In addition, the selection of nearly equal isolate counts for each sample type 

(i.e., 248 isolates were from seawater samples, 253 isolates were from plankton samples, and 204 

isolates were from oyster samples) could have obscured how V. parahaemolyticus is partitioned 

in the ecosystem. These limitations could, with appropriate time and funding, be overcome 

through a multiyear study and a more comprehensive sampling regime to capture trends in both 

temporal and ecological distribution. Another limitation in the methodology of this study was the 

use of a single primer set for identifying the O3:K6 pandemic strain. The marker orf8 is 

generally considered reliable and highly specific (Myers et al., 2007), but discrepancies in our 
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PCR results and draft genome assemblies demonstrate that variation in the target sequence has 

impacted its efficacy. False positives, or the amplification of the target sequence in closely 

related variants, and false negatives, or failure to amplify due to sequence variation, impact 

results regarding the distribution of the pandemic serotype and prophage NW1. Multiplex assays 

for the pandemic serotype would lead to more reliable serotype identification, though it may be 

difficult to add another target to an existing assay. Finally, the target sequence used to detect the 

presence of prophage NW1 was developed from conserved genes in only six NW1 sequences. It 

is possible that this small sample size did not capture the full spectrum of sequence variation in 

orf96477, resulting in false negatives that could misrepresent the proportion of PNW V. 

parahaemolyticus that actually harbors the prophage. Repeating the primer design process with a 

larger selection of NW1 sequences would likely produce a more robust and more reliable NW1 

marker. 

While the results of this study are informative, they also uncover more specific questions 

about the implications of prophage NW1 in V. parahaemolyticus. First, the impact of NW1 on 

the ability of V. parahaemolyticus to colonize plankton and oysters should be examined with 

methods similar to Froelich et al. (2008), where the uptake of two competitive V. vulnificus 

strains was compared in both marine aggregates and oysters treated with inoculated marine 

aggregates. The results would provide valuable information about the transmission pathway of V. 

parahaemolyticus from coastal ecosystems to human hosts. For example, the inability of V. 

parahaemolyticus harboring NW1 to colonize either plankton or oysters could explain the 

ecological distribution observed in this study. Moreover, this potential colonization defect could 

break the transmission pathway and prevent strains harboring the prophage from ever reaching 

human hosts. Second, a study of V. parahaemolyticus cold-shock survival preceded by heat 
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stress, as described in Chang et al. (2004), could potentially explain the absence of NW1+ in 

oysters from this collection. Third, virulence-attenuation experiments are underway in a 

zebrafish model to determine the degree of attenuation and to confirm that gene loss resulting 

from the insertion of NW1 is the causative mechanism or whether the phage contributes an 

additive phenotype. Fourth, a phylogenetic analysis of sequence evolution set to a molecular 

clock could yield valuable insight about the timeline of NW1’s acquisition. Whether the 

prophage was acquired before or after the emergence of the pandemic serovar would be 

important to know. Further, results could inform how fast NW1 spread worldwide and the means 

of transmission, notably if movements coincided with major climate anomalies. Finally, the 

development of a more accurate NW1 assay would likely aid in the identification of NW1 in 

publicly available V. parahaemolyticus genomes and show its global distribution more clearly. 

In summary, this study investigated the prevalence and distribution of prophage NW1 in 

the PNW and globally. Results show that a majority of PNW O3:K6 isolates harbor the 

prophage. Results also show that isolates harboring the prophage were only detectable in the 

warmest months, but not in oysters. Based on these results, the absence of O3:K6 infections in 

the PNW may require a two-fold explanation. First, the integration of NW1 is confirmed to 

displace genes necessary for cold-shock survival in V. parahaemolyticus. The inability to survive 

cold-shock during mandated post-harvest oyster storage on ice may break the disease 

transmission chain. Second, while still capable of causing disease, it has been shown previously 

that colonization of zebrafish is attenuated in O3:K6 strains harboring prophage NW1. 

Therefore, any infectious cells that survive storage on ice may cause milder symptoms. Whole-

genome sequencing, annotation, and a worldwide database search identified reservoirs of 

prophage NW1 across several countries and sample types. Closer inspection of the prophage 
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sequence and collaboration with colleagues revealed that the prophage is viable, can complete its 

life cycle, and is capable of transducing into other V. parahaemolyticus serotypes and a closely 

related Vibrio species i.e., V. diabolicus. Because pathogenesis and virulence in V. 

parahaemolyticus and other Vibrios are complex, it is difficult to speculate the implications of 

prophage NW1 for global disease patterns. However, these results begin to explain the unusual 

epidemiology of V. parahaemolyticus in the PNW and may, with further investigation, be 

applicable to other regions and pathogens. 
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