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ABSTRACT

Existing regulatory circuitries govern backbone and acquired host association factors in
the human pathogen Vibrio parahaemolyticus.
By
Jennifer C. Mahoney
University of New Hampshire, May 2011

Vibrio parahaemolyticus is a poorly characterized human gastrointestinal
pathogen whose virulence mechanisms are not well understood. Though closely related
to Vibrio cholerae, V. parahaemolyticus infections are inflammatory and utilize virulence
traits that are unique from the Cholera toxins yet remain poorly characterized. Vibrio
spp. in general share an extensive core genome dedicated to environmental survival and
unique, often horizontally acquired, gene content that is reserved for species specific
lifestyles. This diversity has resulted in a genus of highly specialized bacteria partaking
in dramatically different lifestyles ranging from symbiosis to pathogenesis. We propose
that a comparative genomic and transcriptomic analysis of a conserved host association
regulon (GacA) in the closely related V.fischeri(symbiont) and V. parahaemolyticus
(pathogen), to exploit key lifestyle differences will expose genes that are unique to
pathogenesis. In this study we identified a small, core regulon that is GacA activated
comprised mostly of genes involved in central metabolism. Unique gene content in the
V. parahaemolyticus GacA regulon contained both backbone and horizontally acquired
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elements that were activated or repressed in a highly selective fashion. Temperature was
an important cue in virulence gene activation as determined through phenotypic and
transcriptional assays and acted with GacA in an additive fashion. Specifically,
expression of the classic virulence marker tdh was enhanced in a GacA mutant at 37°C;
however the mutant was defective at initiating an infection in mice potentially
discounting the relevance of TDH in disease. Though TDH is currently accepted as a
clinical identifier, further work may be necessary to confirm a genuine correlation with
disease causing strains. In addition, comparative genomics revealed a significant
reorganization of the GacA regulon in V. parahaemolyticus suggesting that its control has
been uncoupled from quorum sensing circuitry unlike in other characterized regulons.
The GacA regulon of V. parahaemolyticus has undergone subtle regulatory changes
resulting in GacA repression of select horizontally acquired elements and may serve as an
ideal model of the evolution of regulatory networks and the emergence of novel virulence
mechanisms.

CHAPTER I

INTRODUCTION

The family Vibrionaceae is comprised of a diverse group of aquatic organisms
participating in a variety of lifestyles. Dual chromosomes and evidence of extensive
horizontal gene transfer (HGT) in Vibrio have facilitated the expansion of this group to
include related species that occupy unique niches (Okada et al. 2005, Kirkup et al. 2010).
A core "Vibrio" genome allows members of this genus to survive in a general aquatic
ecosystem including estuarine environments of moderate salinity. Occupation by specific
species of more defined niches such as the light organ of a squid, deep-sea hydrothermal
vents, or the gut of a human is thought to be attributed to the horizontal acquisition of
symbiosis genes or virulence genes respectively (Ruby et al. 2005, Makino et al. 2003).
Genomic Plasticity within Vibrionaceae
Although Vibrios share a common evolutionary past, genomic flexibility has
permitted the acquisition of a number of HGT elements that have shaped distinct species
(Kirkup et al. 2010). Viruses that target bacterial cells known as bacteriophage can
transport virulence genes from one bacterial host to another, thereby conferring enhanced
pathogenicity. In Vibrio cholerae for example, the Cholera Toxin genes (ctxAB)
required for virulence, were acquired horizontally in a filamentous phage (Davis et al. 20
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03). Integrons, super-integrons, integrative conjugative elements, transposons, and
plasmid bound genes can all be introduced by bacterial mating or conjugative transfer.
Evidence of these mobile elements can be seen throughout the Vibrio genomes including
super-integrons found in both V cholerae and V. parahaemolyticus, and may contribute
to multi-drug resistance (Rowe-Magnus et al. 2001). Natural competence is rare among
bacteria; however, Vibrio spp. are able to take up naked DNA from the environment
when in the presence of chitin. This unique ability provides additional opportunities for
enhanced host association through the acquisition of new DNA (Meibom et al. 2005,
Yamamoto et al. 2010).
Management of horizontally acquired elements
Once acquired, new DNA must be integrated into existing regulatory networks to
ensure proper expression in coordination with the rest of the genome. Although a variety
of unique regulatory mechanisms exist that direct the expression of ancient genes, the
mechanisms that regulate newly acquired DNA are less clear (Lercher et al. 2008).
Evidence exists to implicate the temperature-sensitive histone-like nucleoid-structuring
protein (H-NS) as a predominant regulatory mechanism for both existing and horizontal
genes (Dorman 2004, Banos et al. 2009, White-Ziegler et al. 2009). H-NS is a globally
acting repressor that appears to target and "police" the expression of new DNA (Atlung et
al. 1997). Upon exposure to a signal, such as increased temperature, H-NS silencing is
relieved and the transcription of virulence genes is activated (White-Ziegler et al. 1998,
Stoebel et al. 2008).
In addition to H-NS silencing, host factor 1 (Hfq), a sRNA chaperone protein,
helps to facilitate communication between the core and variable genomes of several
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gastrointestinal pathogens including Salmonella Typhimurium (Chao et al. 2010). For
example, the horizontally acquired Salmonella Pathogenicity Island-1 encodes an Hfq
target sRNA (InvR) that acts with Hfq to transcriptionally repress the OmpD porin gene
found in the core genome (Pfeiffer et al. 2007, Chao et al. 2010). Additionally, Hfqdependent sRNAs within the core may interact with transcripts of newly acquired genes
to promote their integration into existing regulatory networks (Chao et al. 2010). In this
way, Hfq may help to facilitate harmonious communication and coordinated gene
expression of core and acquired genes.
Distinct Lifestyles of V. fischeri and V. parahaemolyticus
The continuous influx of new genetic elements and ongoing genomic
reorganization in Vibrio spp. has resulted in a genus marked by unique species with
distinctive lifestyles. For example, some Vibrio spp. such as Vibrio fischeri associate
with their hosts in a symbiotic manner (Guerrero-Ferreira et al. 2010). Specifically,
Vibrio fischeri, a bioluminescent marine bacterium, forms a stable, beneficial association
with the Hawaiian Bobtail squid, Euprymna scolopes (Lee et al. 1994). Initiation of this
symbiosis requires V. fischeri to successfully evade a gauntlet of natural host defenses
much like a pathogen (Davidson et al. 2004). Once a small population of cells is able to
migrate through the pores and into the highly specialized light organ, morphological
changes are induced in the host and all other bacteria are excluded (Nyholm et al. 2003).
Successful colonization, growth in the light organ and host signaling/association are all
under the control of the GacS/A global regulator (Whistler et al. 2007).

In contrast, Vibrio parahaemolyticus is a known human pathogen that causes
inflammatory gastrointestinal illness. It is acquired through ingestion of raw or
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undercooked shellfish, typically oysters, and accounts for the majority of seafood borne
illnesses in the U.S. (FDA 2001). Once ingested, V. parahaemolyticus must survive host
immunity, fluctuations in nutrient availability and competition from other organisms.
Successful colonization and pathogenicity in this organism is controlled by the GacA
global regulator much like the host association capabilities of V fischeri (Chapter III).

The GacS/GacA global regulator
Given their large-scale influence on both backbone and acquired genes, conserved
global regulators such as the two-component GacS/A system may play a role in the
regulation of horizontally acquired elements. The membrane bound sensor (GacS) and
its cognate response regulator (GacA) act globally to relieve CsrA mediated repression of
transcripts. When GacS/A is activated, it triggers the production of the sRNA's csrB/C
which competitively bind CsrA relieving repression of transcripts and allowing
translation to proceed (Figure 1.1) (Lapouge et al. 2008).
The GacS/GacA global regulator plays a known role in bacterial host association
and pathogenicity of Vibrio spp. and other gram negative pathogens (Table 1.1. and
Figure 4.1). In Pseudomonas aeruginosa for example, the GacA/GacS regulator is
responsible for multihost virulence contributing to acute infections in both vertebrate and
non-vertebrate hosts (Rahme et al. 2000) as well as chronic infections in a murine model.
Interestingly, host colonization and invasion in the human gastrointestinal pathogens
enteropathogenic Escherichia coli (Bhatt et al. 2009) and Salmonella Typhimurium
(Mizusaki et al. 2008) are both dependent on GacS/A mediated activation of virulence
genes embedded in horizontally acquired elements (BarA/UvrY in Escherichia coli and
BarA/SirA in Salmonella Typhimurium). In Vibrio cholerae and Vibrio vulnificus,
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mutations in GacS/GacA (VarS/VarA in Vibrio cholerae) results in decreased production
of virulence factors such as the Cholera Toxin, proteases and cytotoxic proteins and
ultimately attenuation of virulence in mice (Wong et al. 1998, Jang et al. 2010, Gauthier
et al. 2010). In addition to pathogenic interactions, GacS/A is an important regulator of
general host-microbe interactions including symbiotic relationships. Vibrio fischeri for
example, requires GacA to establish a beneficial association with its squid host,
Euprymna scolopes. Specifically, a GacA mutant in this organism is unable to initiate
and maintain an infection of the light organ, possibly as a result of defective production
of the specific symbiosis factor bioluminescence (lux) (Whistler et al. 2003). This
highlights that GacS/GacA is an important regulator not only of pathogenic associations,
but of host-microbe interactions in general. Given that host specificity and association
traits are often the result of horizontally acquired genes, it is reasonable to consider the
GacS/A system as a potential regulatory control mechanism of newly acquired host
association genes.
Unique and Shared Characteristics of Distinct Host Associations within Vibrio
Despite the unique outcome of their respective host associations, V fischeri and
V. parahaemolyticus share several interesting similarities in gene content and host
environment. For example, the light organ of the squid is lined with polarized epithelial
cells whose brush borders resemble those of the human gastrointestinal tract. Once
colonized with V.fischeri,predictable changes to the host microvillar surfaces mimic
those seen in pathogenic infections of the human gut (Lamarcq et al. 1998) and may be
the result of either host or bacterial induced B-actin reorganization (Lamarcq et al. 1998,
Aktories et al. 2011). Indeed both V.fischeriand V. parahaemolyticus contain a toxin
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termed RTX (repeats in toxin) that is involved in the reorganization of B-actin in human
gut epithelial cells (Ruby et al. 2005, Makino et al. 2003). This well characterized toxin
has known roles in virulence in V cholerae and V. vulnificus making its presence in the
non-pathogenic V fischeri all the more note-worthy (Fullner et al. 2000, Liu et al. 2007).
In fact, RTX is only one of several toxin genes found in V fischeri. Others include
hemolysin genes, CNF (cytotoxic necrotizing factor), ace (accessory cholera enterotoxin),
and zot (Zonula occludens toxin) highlighting that, if functional, these "toxins" are more
likely related to host-association rather than virulence per se (Ruby et al. 2005). In
addition, pathogenic infections are typically marked by an immediate morphologic
response to the presence of the pathogen such as membrane ruffling in Salmonella
Typhimurium (Finlay et al. 1991) and the attachment and effacement of host brush
borders in Escherichia coli (Finlay et al. 1992). Alterations to the squid light organ are
not as immediate and tend to be observable over several days of colonization. These
slower changes are akin to commensal associations and chronic infections of the human
gut and their study may shed light on the contribution of single species colonization in a
host (Lamarcq et al. 1998).

Despite similarities seen in V fischeri and gut pathogens including V.
parahaemolyticus, V fischeri ultimately forms a beneficial relationship with its host.
Historically, unique genes acquired horizontally have been theorized to confer distinctive
host association properties such as symbiosis or pathogenesis. However, the presence of
several toxins in V.fischeriand its resultant lack of virulence have forced us to consider
alternative possibilities. Conserved core genes may play more of a role in host species
specificity than previously thought, or perhaps gene content alone may not be enough to
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explain differing lifestyles. It is possible that unique gene regulation or global regulatory
patterns of core genes may account for specific, highly specialized lifestyles. Ultimately,
it may not be what they have but how they use it that defines the outcome of Vibrio host
associations.

Objectives and Goals

Chapter I: What defines virulence in Vibrio parahaemolyticus?

Hypothesis: In addition to unique genome content, specific regulatory responses of core
and acquired genes to host cues are required for virulence.

Approach: Compared known pathogenic strains of V. parahaemolyticus to
environmental isolates in a suite of virulence-associated phenotypes at both
environmental and human host temperatures (28°C and 37°C respectively) to identify
group specific trends.

Chapter 2: Do the novel virulence mechanisms of V. parahaemolyticus represent an
evolutionary re-wiring of the conserved GacA pathway?

Hypothesis: Virulence mediated by both core and horizontally acquired genes in V.
parahaemolyticus is dependent upon the GacS/GacA pathway.

Approach: A mutation in gacA was generated and examined for defects in virulence
associated phenotypes consistent with gacA mutations in other organisms. In addition,
microarray analysis was performed at both 28°C and 37°C to examine this regulon at
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both environmental and human host temperatures and comparatively with previously
characterized gacA regulons.

Chapter 3: Are horizontally acquired elements incorporated into existing
regulatory networks that have known roles in host association in Vibrio spp.?

Hypothesis: Comparative analysis of the GacA host association regulons in a pathogen
and symbiont (V parahaemolyticus and Vfischeri) will reveal lifestyle specific gene
content and regulatory patterns.

Approach: Microarray analysis of wild type and a gacA mutant regulons was performed
in both organisms (V. parahaemolyticus at human body temperature 37° and Vfischeri at
28°C, as close to squid temperature (23°C) as can be maintained in the laboratory). A
core "Vibrio" genome was identified as was unique gene content in each organism under
GacS/GacA control. The potential for a gene(s) to have been acquired through horizontal
gene transfer was assessed informatically based on %GC content, dinucleotide bias and
the presence of mobility genes.
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Table 1.1. Summary of GacA regulons in other bacteria
Organism
Vibrio
fischeri
c
cholerae
harveyi
^vulnificus
Erwinia
carotorva
chrysanthemi
'sSalmonella
Escherichia
coli
Legionella
pneumophila
fl
Pseudomonads
Pseudomonas
aeruginosa

Altered
Host
Quorum
Motility Iron Protease Biofilm Associatior Sensing8 Cytotoxicity

X

X

X

X
X (T3SS)
X (T3SS)
X

-

X
X

X
X (T3SS)

X

X

X

X
-

X

X

X

X

X

X
X

X

X

X

X
X

X
X
X

X*

X

-

X
X
X (T3SS)

X

X

X

X

Blank spaces denote "not evaluated"
- not influenced by GacA
X influenced by GacA
a
A GacA mutant of Vibrio fischeri had a very modest (and not considered biologically
relevant) influence on AHL signal production, though microarrays show a general
integration of GacA with Quorum Sensing.
Adapted from bWhistler et al. 2003 and Chapter IV, cWong et al. 1998, Jang et al.
2010 and Tsou 2011, dHenke et al. 2004 and Lenz et al. 2005, 'Gauthier et al. 2010
f
Lapouge et al. 2008, gGoodier et al. 2001 hBhatt et al. 2009.
'Summary of the following species: chlororaphis (aureofaciens),entomophila,
fluorescens, marginalis syringae pv.,syringae, syringae pv. Tomato, tolaasii,
viridiflava
* APPENDIX II
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Figure 1.1. Model of GacA mediated translational regulation (adapted from Ballok 2007).
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CHAPTER II

COMPARISON OF THE PATHOGENIC POTENTIALS OF ENVIRONMENTAL
AND CLINICAL VIBRIO PARAHAEMOLYTICUS STRAINS INDICATES A ROLE
FOR TEMPERATURE REGULATION IN VIRULENCE

Although the presence of pathogenic Vibrio spp. in estuarine environments of
northern New England has been known for some time (Bartley et al. 1971, O'Neil et al.
1990), their virulence and the relative threat they may pose to human health has yet to be
evaluated. In this study, the virulence potential of 33 Vibrio parahaemolyticus isolates
collected from the Great Bay Estuary of New Hampshire was assessed in comparison to
that of clinical strains. The environmental isolates lack thermostable direct hemolysin
(TDH) and TDH related hemolysin (TRH), which are encoded by tdh and trh,
respectively. Though not hemolytic, they do possess putative virulence factors, such type
III secretion system 1, and are highly cytotoxic to human gastrointestinal cells. The
expression of known and putative virulence-associated traits, including hemolysin,
protease, motility, biofilm formation, and cytotoxicity, by clinical reference isolates
correlated with increased temperature from 28°C to 37°C. In contrast, the environmental
isolates did not induce their putative virulence-associated traits in response to a
temperature of 37°C. We further identified a significant correlation between hemolytic
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activity and growth phase among clinical strains, whereby hemolysin production
decreases with increasing cell density. The introduction of a tdhv.gfp promoter fusion
into the environmental strains revealed that they regulate this virulence-associated gene
appropriately in response to temperature, indicating that their existing regulatory
mechanisms are primed to manage newly acquired virulence genes.
Despite relatively cool water temperatures, estuarine environments in northern
New England are a known niche for pathogenic species of the genus Vibrio (Bartley et al.
1971, O'Neil et al. 1990, Striplin et al. 2008). Shellfish beds within these habitats serve
both as a natural reservoir where Vibrio spp. accumulate and as vectors for human
infection. Recent outbreaks of Vibrio parahaemolyticus in NewYork, New Jersey,
Connecticut, Washington, and Alaska highlight the importance of further research to
understand the resident strains in these potentially significant habitats for this emergent
pathogen (CDC 2006, McLaughlin et al. 2005, Nolan et al. 1984).
Infections by V. parahaemolyticus are often acquired through the ingestion of raw
or undercooked shellfish, including oysters. Upon colonization of the intestine, the
products of the hemolysin genes (tdh and trh, encoding thermostable direct hemolysin
[TDH] and TDH-related hemolysin) are believed to rapidly induce inflammatory
gastroenteritis (Honda et al. 1993, Raimondi et al. 1995, Shiraih et al. 1990). Recently, a
more infectious pandemic serotype (03 :K6) emerged that is often identified by the
presence of the ORF8 gene (Hurley et al. 2006). Not all strains of V. parahaemolyticus
are human pathogens. Historically, acquisition by horizontal gene transfer (HGT) of the
tdh gene within Vibrio pathogenicity island-7 (VPaI-7) (Makino et al. 2003) and/or the
trh gene within the recently identified Vp-PAITH3996 (Okada 2009) has been credited
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with the transition from non-infectious environmental to human pathogenic clinical
strain. However, V. parahaemolyticus remains pathogenic even in the absence of these
two thermostable hemolysins, indicating that other virulence traits exist (Nishibuchi et al.
1992, Park et al. 2000, Xu et al. 1994). Furthermore, recent outbreaks have been caused
by strains lacking tdh and/or trh (Garcia 2009). Although other virulence factors have
been investigated, including type III secretion systems 1 and 2 (T3SS1 and T3SS2) and
biofilm formation, the understanding of virulence remains incomplete (Hurley et al. 2006,
Tamayo et al. 2010). Moreover, the contribution to pathogenicity of conserved virulenceassociated factors present in a wide range of bacterial pathogens (e.g., protease,
siderophore, and motility), the ability to regulate newly acquired virulence factors, and
the capacity to adjust to a human host environment have yet to be revealed.
In order to assess the virulence potential of environmental V. parahaemolyticus
isolates lacking the characteristic tdh/trh hemolysin genes, we examined their ability to
express alternative, conserved virulence-associated factors at environmentally relevant
and human body temperatures. The "environmental" strains in this study were isolated
from environmental samples and have further been defined by the absence of either tdh or
trh, whereas "clinical" strains were isolated either from patients or from the environment
during an outbreak and harbor tdh and/or trh genes. Among the clinical strains examined,
we found a strong correlation of the production of potential virulence-associated factors
with human body temperature and an inverse correlation of hemolysin with cell density.
In contrast, the environmental strains do not express their conserved virulence-associated
traits in response to body temperature, but many of the environmental isolates were
highly cytotoxic to human gastrointestinal cells. In addition, the environmental isolates
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lack the tdh gene but were able to express this gene's promoter appropriately in response
to a temperature of 37°C. Although these environmental isolates are unlikely to cause a
human infection, they do represent a population of bacteria whose existing regulatory
networks can appropriately control newly acquired virulence genes.

MATERIALS AND METHODS
Bacterial strains and culture conditions. Thirty-three environmental strains of
Vibrio parahaemolyticus isolated from New Hampshire's Great Bay Estuary from May
through December 2007 (Striplin et al. 2008) were used in this study, along with an
additional two strains from other sources (Table 2.1). All New Hampshire isolates were
negative for both tdh and trh based on multiplex PCR analysis (Panicker et al. 2004,
Striplin et al. 2008). The presence of various other proposed virulence genes, including
T3SS2 apparatus gene vscC2 and effector vopP, a putative DNA methyltransferase, a
homolog of the Escherichia coli cytotoxic necrotizing factor vopC, and a homolog of
V.cholerae pathogenicity island gene VPA1376, was determined by PCR with published
methods (4). A prepandemicraTz-positivestrain, BB22, was used as a reference, and nine
clinical strains from outbreaks worldwide were used for comparison (Table 2.1).
Bacteria were grown in heart infusion (HI) medium at a pH of 7.3 (Fluka, Buchs,
Switzerland) at 28°C, a temperature often used to cultivate many environmental
Vibrio spp., and 37°C, human body temperature, for all phenotypic assays. Uniform
growth patterns were observed for environmental and clinical strains grown in rich
medium, as determined from growth curves in HI medium at 28°C and 37°C using a
Tecan infinite M200 plate reader (Mannedorf, Switzerland) for 24 h. For experiments
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measuring tdh promoter activity, plasmid pVCWIOCI was maintained by the addition of
chloramphenicol (CHL) at a final concentration of 25 ug/ml. Triparental matings were
performed on super optimal broth (SOB) plates containing 2% Bactotryptone, 0.5% yeast
extract, 10 mM NaCl, 2.5 mM KC1, 10 mM MgC12, 10 mM MgS04, and 1.5% agar at
37°C for 12 h, and outgrowth was performed on HI-CHL at 28°C. For quantitative
hemolysin assays conducted in conditioned broth, strain BB22 was grown to an optical
density at 600 nm (OD600) of 1.0, the cells pelleted by centrifugation and discarded, and
the cleared broth filter sterilized. Strains were inoculated into a 1:1 mix of rich HI
medium and BB22 cell-free supernatant.
Characterization of virulence-associated phenotypes. All phenotypic
characterization assays were conducted a minimum of three times. Plate assays were
conducted for motility, protease, and siderophore in cultures grown in HI with shaking
and then standardized to an OD600 of 0.5 prior to inoculation. Throughout our phenotypic
characterization experiments, the OD600 was often determined from 150ul of culture in a
96-well plate, and the value converted to a standard OD600 per ml based on an empirically
determined conversion factor so that our data would be comparable to those of other
studies. Motility was measured using 25-ml soft agar plates containing 10 g tryptone, 20
g NaCl, and 3.35 g Bacto agar per liter as previously described (Jaques 2006). The plates
were inoculated with 2 ul of each isolate in triplicate. After 24 h, the diameter of the zone
of bacterial migration was measured in millimeters. Protease production was assessed
with HI plates to which 4 g/liter sterilized skim milk was added following autoclaving
and cooling to 50°C. The plates were inoculated in triplicate with 5ul of each isolate. A
positive result was indicated by a clearing around the inoculum after 24 h. Siderophore
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production was determined from cultures spotted onto artiflcial-seawater-based chrome
azurol S (CAS) agar buffered with 100 mM PIPES [piperazine-Af,Ar-bis(2-ethanesulfonic
acid)], pH 6.8 (Payne 1994). A positive result was indicated by an orange halo around
siderophore-producing cells. Hemolytic activity was determined qualitatively using
Wagatsuma agar (Miyamoto et al. 1969). Cultures were grown either to mid-log or
overnight, and 5ul amounts were spotted on the plates in triplicate. Plates were examined
at 24 h, and a betahemolytic clearing around the colony indicated a positive result.
Biofilm assays were performed according to a standard protocol (O'Toole et al.
1999), with slight modifications. Strains were inoculated into 200 ul of HI medium per
well of a polystyrene microplate (Costar, St. Louis, MO) and grown for 4h at either 28°C
or 37°C with shaking at 200 rpm. Four hours was empirically determined to be the point
at which biofilm could be reliably measured without biofilm "clumps" releasing from the
glass tube and introducing significant variation. The OD595 was determined for baseline
optical density. The cultures were then expelled from the plate, which was washed twice
with 200 ul of distilled water per well. The plates were allowed to dry, and then the cells
were fixed at 80°C for 30 min. Following staining with 0.1% crystal violet for 20 min,
the wells were destained with 200 ul 95% ethanol. The OD595 was measured, and the
biofilm quantified as absorbance normalized to the cell density of the initial culture
(OD6oo)- When cultures were grown for more than 4 h, the biofilm production was so
great that clumped cells were sometimes expelled with the medium, making biofilm
measurements highly variable.
A quantitative hemolysin assay was adapted from a previously published assay
(Fan et al. 2001). In brief, 150 ul amounts of cultures taken throughout the growth cycle
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were combined with 800 ul of a blood mix of 40 ml of IX phosphate-buffered saline
(PBS) plus 500 ul defibrinated sheep blood (Northeast Laboratories Services, Winslow,
ME), and cells were pelleted by centrifugation at 9,000 rpm (6,605Xg) for 4 min. The
tubes were incubated for 18 h, and the cell wall debris removed by centrifugation at
13,000 rpm. The amount of heme present in cleared cell lysate as determined by the
OD415 was used as a measure of red blood cell lysis and normalized to the bacterial cell
density (OD6oo)In order to determine the potential role of late-growth-phase extracellular or cellassociated proteases in the degradation of hemolysins, we performed a time course
hemolysin assay with exposure to either late-phase cell-free supernatant or sonicated
whole cells. Strain MDOH-03-17282-Vp was grown to an OD600 value of 1.0, when
hemolysin is optimally produced, and an OD600 value of 2.5, when hemolysin activity
was substantially decreased. The cells were pelleted, and the supernatants were purified
with a 0.2um polyethersulfone filter (VWR, West Chester, Pennsylvania). The cell pellet
was then sonicated in 1 ml of sterile IX PBS to release cell-associated proteases. The
supernatant or sonicated cells were then combined with 1 ml of extracted hemolysin, and
hemolytic activity against blood mix was assayed as described above every 30 min for 3
h. as a control, cell-free hemolysin was also incubated in HI.
Cytotoxicity assays were developed using a human gastrointestinal epithelial cell
line (CaCo-2) grown in Eagle's minimal essential medium (Mediatech, Inc., Herndon,
VA) modified with HEPES (J.T.Baker, Mumbai, India) and supplemented with 0.7%
Leibovitz's L-15 (Mediatech, Inc., Herndon, VA), 0.03% L-glutamine (Lonza, Basel,
Switzerland), 0.08% sodium bicarbonate (J.T.Baker,Phillipsburg, NJ), 1% nonessential
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amino acids (Thermo Scientific HyClone,Logan, UT), 10% fetal bovine serum (Lonza,
Basel, Switzerland), and 1% penicillin-streptomycin-amphotericin B (100X) (Lonza,
Basel, Switzerland) at a pH of 7.0 with no CO2. Preliminary experiments were conducted
to determine the optimal multiplicity of infection (MOI), using strain BB22 as a positive
control, because it was previously determined to be highly cytotoxic (L. L. McCarter,
personal communication), and HI broth as a negative control. Exposure to each V
parahaemolyticus strain, grown overnight with shaking at an MOI of 100, was
carried out in triplicate in a 384-well plate. Following incubation for at least 5 hours at
37°C with no CO2, the relative cytotoxicity was measured by lactate dehydrogenase
release, quantified by using a Cytotox-Fluor cytotoxicity assay, following the
manufacturer's protocols (Promega, Madison, WI), and read on a Tecan Infinite M200
plate reader. The experiment was conducted four times. Each experiment had low withinexperiment variability, and the data from one representative experiment are presented.
Analysis of significance of differences in cytotoxicity and correlations of
phenotypes with temperature using replicate experiments were conducted by oneway
analysis of variance (ANOVA) using the statistical software SPSS (SPSS, Inc., Chicago,
IL).
Expression of tdh. To measure tdh gene expression, a tdhv.gfp promoter fusion
was generated by splicing-by-overlap extension (SOE)-PCR following published
protocols (Horton 1990), using the Expand long template PCR system (Roche Applied
Science, Indianapolis, IN). The outer forward primer (tdhFl, TATGTCGACCAGATT
TCTCGCTTGTGC) was designed to the tdh gene (VPA1314) from the RIMD2210633
published sequence. The outer reverse primer (gfpRl, TATCTGCAGGTTGTACAGT
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TCATCCATGC) was designed to the gfp gene from pQBI63 (Quantum Biotechnology,
Montreal, Canada). Internal forward and reverse SOE primers were designed to fuse the
gfp gene to the tdh promoter at its ribosomal binding site, ensuring correct spacing of the
gene within the transcript (tdhSOEF6, AAGTTATTAATCAATTCAGAGGAG
GAGAATACTAATGGC, andtdhSOER6, GCCATTAGTATTCTCCTCCTCTGAATTG
ATTAATAACTT). The first PCR amplicons were generated with primers tdhFl and
tdhSOER6 using strain BB22 as a template and with tdhSOEF6 and gfpRl using
pVSV102 as a template for gfp (Dunn 2006), and the second round of SOE was
performed with the outer primers (tdhFl and fgpRl) only. The amplicon was
directionally cloned into the low-copy-number plasmid pVSV105 (Dunn 2006) so that
expression was driven by the native tdh promoter only. The newly generated construct
(pVCWIOCI) was then introduced into strains BB22, DAL1094, MDOH-03-17282-Vp,
MDOH-04-5M732, KE9967, Gl, G91, and G145 by conjugation.
The expression of the tdh gene was determined throughout the growth cycle of
each strain inoculated in quadruplicate into 150ul HI-CHL in the wells of a clear-bottom
black polystyrene microplate (Costar, St. Louis, MO) and grown at either 28°C or 37°C
for 24 h. At each time point, the OD600 was used to determine cell growth, and tdh
expression was determined by emission at a wavelength of 515 nm following excitation
at a wavelength of 480 nm using a Tecan Infinite M200 plate reader with a manual gain
of 175. The background fluorescence produced by reference strain BB22 was subtracted
from each value, and the fluorescence normalized to the OD600. Upon determination of
the induction profile of gfp in each strain, a single post-induction time point (OD600 = 1)
was chosen for direct comparison between strains at each temperature.
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