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ABSTRACT

The marine bacterium Vibrio parahaemolyticus has evolved multiple strategies
for adapting to short- and long-term shifts in osmolarity. One such mechanism
involves the uptake and/or biosynthesis of small organic molecules known as
compatible solutes. These compatible solutes act to balance the osmolarity of the cell
without disrupting important biological processes. V. parahaemolyticus is able to
uptake compatible solutes through six transport systems: two ABC type transporters
named ProU1 and ProU2 and four betaine carnitine choline transporters (BCCTs).
Additionally, V. parahaemolyticus can biosynthesize glycine betaine and ectoine.
Ectoine gene expression was previously shown to be regulated by a MarR-type
regulator CosR in V. cholerae. In this study, we identify a CosR homologue (VP1906)
present in all strains of V. parahaemolyticus and characterize its role in the osmotic
stress response through the generation of a cosR deletion strain. Through quantitative
Real-Time PCR (qPCR), we demonstrate that CosR plays a role in regulation of the
ectoine biosynthesis genes as well as bectl (VP0456) and bect3 (VP1905).
Additionally, we show that CosR is able to bind to the promoter regions of these
operons, as well as directly repress transcription of the ectABCaspK operon in vitro.
Taken together, these data suggest that CosR is an important global regulator in the

osmotic stress response of V. parahaemolyticus.
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Chapter 1

INTRODUCTION

1.1 An Introduction to Vibrio

Vibrio species are ubiquitous in the marine and estuarine environments and
includes multiple species that are known human pathogens. Vibrio cholerae, the
causative agent of the disease cholera, V. vulnificus, the cause of vibriosis and
necrotizing fasciitis (Dechet et al., 2008), and V. parahaemolyticus, the leading cause
of global, bacterial seafood borne gastroenteritis (Nair ef al., 2007). Each of these
species benefit from warmer waters due to climate change, gaining longer growing
seasons and colonizing new ecosystems that were previously non-survivable
(McLaughlin et al., 2009; Vezzulli et al., 2016). As such, human infections by Vibrio
species are increasing in frequency in the United States, and have increased by over
50% in 2017, as compared to the previous two years (Fig. 1) (Marder et al., 2017).
Commonly, these infections are a result of food that has been improperly handled and
prepared to an inadequate temperature to ensure the bacteria are killed. The trend in
increased Vibrio infections has continued over the last two decades.

While life-threatening Vibrio infections are uncommon in United States, recent
weather events on the east coast have led to flooding of both sea water and freshwater,
increasing vectors of infection (Rhoads, 2006). Post hurricane Katrina and Rita, levels
of Vibrio spp. were found to be significantly higher in inland lakes than before the

storms hit (Nigro et al., 2011), and two cases of cholera were reported to the CDC



(Balter et al., 2006). Additionally, in the last year, epidemics caused by V. cholerae

have occurred globally, including Yemen, Nigeria, Zimbabwe, and Algeria.
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Figure 1. Incidence of bacterial food poisoning in 2017 as compared to 2014-2016.
While other common food pathogens such as Salmonella, were
associated with fewer diagnosed infections in 2017, the incidence of
Vibrio infections increased by more than 50%, a trend consistent with
data collected over the last two decades. (Marder et al., 2017)

It is important to note that, in spite of the lethality of some species, non-
pathogenic vibrios play a critical role in nutrient cycling, including fixing free nitrogen

and the degradation of chitin the second most abundant polymer (Colwell, 2006).



Additionally, a number of Vibrio species have evolved commensal relationships with

many marine mammals, fish, and shellfish (Colwell, 2006; Romalde ef al., 2014).

1.2 Vibrio parahaemolyticus

Recovered from brackish and marine environments as well as oyster and
human hosts, V. parahaemolyticus is a human pathogen which causes acute
gastroenteritis, the symptoms of which include nausea, diarrhea, headache, and a low
fever. Frequently infecting humans through the consumption of raw seafood, the
infection self-limits, and the patient typically recovers without issue, unless an
underlying health condition is present (Su and Liu, 2007). Since 2000, the United
States has experienced four outbreaks of V. parahaemolyticus in 2006, 2012, 2013,
and 2018; all of which were non-fatal (Balter et al., 2006; Haendiges et al., 2014;
Marder et al., 2017).

V. parahaemolyticus was first identified in 1950 in Japan, after 272 people
became ill, and 20 died, from eating contaminated sardines (FUJINO et al., 1953). In
early 1996, a new serogroup of V. parahaemolyticus was identified during an outbreak
in Calcutta, India (Nair et al., 2007). It was later discovered that 50% to 80% of
recovered strains during the outbreak belong to this emerging group, named the O3:K6
serotype, (Okuda et al., 1997). It is believed that O3:K6 arose before its identification
in Calcutta, possibly as early as 1983 in Japan, where it evolved from a non-
pathogenic strain (Nair et al., 2007). Since the characterization of this serotype, it has
been recovered worldwide and from waters previously thought too cold to support
growth of V. parahaemolyticus, including those around Alaska and Southern Chile

(Gonzalez-Escalona et al., 2005; McLaughlin ef al., 2005).



Pathogenicity in V. parahaemolyticus is modulated by the presence or absence
of a type 3 secretion system (T3SS). Type 3 secretion systems are multicomponent,
extracellular structures that facilitate the secretion and injection of virulence factors
into surrounding cells (Makino et al., 2003; Park et al., 2004). These secretion systems
are further divided into two subtypes. The first of which, T3SS-1, is present in all
isolates and is considered essential for survival by allowing the bacterium to lyse
surrounding cells for nutrients (Burdette et al., 2008). The second subtype T3SS-2 has
been identified in clinical isolates only and is located on a pathogenicity island
(Makino et al., 2003; Meador et al., 2007). Although recent data suggest that the
T2SS-2 systems are present within a novel Tn-7-like transposon that has co-opted a
mini CRISPR-Cas system for mobility (McDonald et al., 2019).

V. parahaemolyticus has to cope with various biotic and abiotic stresses during
its life cycle. Biotic stresses include challenge by host immune response, which can be
coped with through the formation of biofilms, or attack by lytic bacteriophages, which
are ubiquitous in all environments, can be managed by CRISPR-Cas systems
(Costerton et al., 1999; McDonald et al., 2019).

Abiotic stresses include shifting temperatures, pH, and salinities of the
environment (Whitaker et al., 2010). If grown at an optimal salinity of approximately
3% NaCl, V. parahaemolyticus can easily survive variable pH and temperature in the
environment through the upregulation of general stress response genes including cadA,
a decarboxylase, 7poE, an RNA polymerase sigma factor (Merrell and Camilli, 1999;
Whitaker et al., 2010; Haines-Menges et al., 2014).

The larger threat to V. parahaemolyticus is the osmolarity of the environment.

Salinities can range from 3.5 % in the open ocean, to ~1% in hosts, and as high as 6%



in tidal waters. While V. parahaemolyticus is a moderate halophile, salinities above or
below an optimal range can severely hinder the general stress response critical for
responding to shifts in pH and temperature (Whitaker et al., 2010). If the shift in
salinity is brief, the cell can cope via the uptake or release of K+ ions (Csonka, 1989;
Oren, 2008). This is the predominant short-term strategy for many bacteria. However,
as the accumulation of intracellular potassium ions will eventually become toxic to the
bacterium, very few organisms use it as the sole method of osmoadaptation (Roberts,
2004). A second, more sustainable method of adjusting osmolarity is required, which

involves the uptake and biosynthesis of compatible solutes.

1.3 Salt Stress Response in Bacteria

Bacteria encounter a broad range of osmolarities in the environment to which
they must be able to quickly respond. Shifting osmolarity causes a flux of water across
the membrane, either in to or out of the cell, based on the turgor pressure of the cell.
Either of these can lead to cell death. To combat these challenges, bacteria have
evolved two, distinct phases of the osmotic stress response: the short-term, salt-in-the-
cytoplasm response (Galinski and Triiper, 1994) and secondly the long term response
acquisitions of compatible solutes (Kempf and Bremer, 1998) (Fig. 2)

The short-term response was originally characterized in Halobacteriaceae, a
halophilic family of Archaea, that was shown to have the ability to accumulate
intracellular ions to 7 M (Lanyi, 1974; Galinski and Triiper, 1994). In Escherichia
coli, the cell will uptake potassium ions in an attempt to balance the turgor pressure of
the cell (Kempf and Bremer, 1998) (Fig. 2A). However, as the K" accrues in the cell,
the strong positive charge on these cations can damage important molecules and

impede cellular processes. To mitigate this, bacteria begin to synthesize organic



anions, such as glutamate, a measurable increase in which can be seen after one
minute in up-shocked in E. coli (Kempf and Bremer, 1998). This response that is
dependent on the intracellular K* concentration (Kempf and Bremer, 1998).
Potassium and glutamate ions accumulating in the cells is believed to trigger
the conversion to the long-term response mechanism: the uptake and biosynthesis of
compatible solutes (Epstein, 1986; Booth and Higgins, 1990). Compatible solutes are
small, organic compounds that can balance the osmolarity of the cell without
impacting cellular processes or biological molecules, i.e. they do not directly interact
with proteins and nucleic acids, and typically are uncharged (Kempf and Bremer,
1998; Poolman and Glaasker, 1998). In fact, these compounds can support the creation
of protective hydration shells around sensitive proteins and nucleic acids (Yancey,
2004). Furthermore, these compounds can act to increase the free water in the cell,
allowing for continued cell growth and division under adverse environmental

conditions (Cayley et al., 1992; Record et al., 1998).
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Figure 2. A. In many bacteria, the short-term response to increased osmolarity in the
environment involves the uptake of potassium ions. However, as K*
accumulation in the cell can interfere with a number of cellular processes.
This will lead to eventual cell death. B. The long-term response in
involves the uptake and biosynthesis of compatible solutes. V.
parahaemolyticus encodes at least six compatible solute transporters:
ProU1, ProU2, and BCCT1-BCCT4, as well as two compatible solute
biosynthesis operons: glycine betaine and ectoine.



Compatible solutes can be sugars, polyols, and amino acids, or derivatives of
any of these species, as well as quaternary amines (da Costa et al., 1998; Poolman and
Glaasker, 1998). This can include trehalose (sugar), glycerol (polyol), proline,
glutamine (amino acids), carnitine (quaternary amine), ectoine (amino acid

derivative), glycine betaine, and numerous other compounds.

1.3.1 Uptake of Compatible Solutes

Bacteria will preferentially uptake compatible solutes from the environment as
it is energetically favorable to de novo production (Kempf and Bremer, 1998; Ventosa
et al., 1998; Oren, 1999). In order to accomplish this, Bacteria and Archaea have
osmoregulated transporters that are able to acquire specific compatible solutes from
the surrounding environment (Youssef et al., 2014). One such family of transporter is
the betaine-carnitine-choline transporter (BCCT), an integral membrane protein with
12 transmembrane passes (Ziegler ef al., 2010). This transporter was originally
identified in E. coli, where it is known as BetT, and transports choline with high
affinity (Lamark et al., 1991). A second BCCT family protein, CaiT, has been
identified in E. coli, and numerous homologs have been observed in diverse bacterial
genomes such as Vibrio cholerae as well as Gram-positive species such as Bacillus
subtilis (Eichler et al., 1994; Kappes et al., 1996; Peter et al., 1996; Kapthammer et
al., 2005). High osmolarity has been shown to induce the production of BCCTs
(Kappes et al., 1996; Ongagna-Yhombi ef al., 2015). These transporters operate
through one of three forces: (1) sodium-motive-force-driven, (2) proton-motive-force-
driven, or (3) substrate-product antiport (Ziegler et al., 2010). The first two of these
involve the use of a chemical gradient to facilitate the binding and intake of

surrounding compatible solutes. Substrate-product antiport is used very rarely and



relies the substrate exchange to power up-take. Members of the BCCT family of
proteins are able to transport a wide array of substrates including quaternary amines,
sugars, amino acids, and amino acid derivatives, yet any given BCCT will only be able
to transport a small subset of what is theoretically possible (Ziegler et al., 2010;
Ongagna-Yhombi et al., 2015).

In addition to the BCCTs, bacteria can use ATP-Binding Cassette (ABC)
transporters that are osmoregulated and able to facilitate the uptake of compatible
solutes into the cell (Eitinger et al., 2011). ABC transporters are multimeric complexes
characterized by three domains including a transmembrane domain, nucleotide
binding domain, and substrate binding domain. In addition, those which are
osmoregulated, such as OpuC from Pseudomonas syringae have been shown to have
an additional pair of domains known as cystathionine-p-synthase (CBS), which is
critical to osmosensing (Chen and Beattie, 2007). Members of this family uptake
compatible solutes, such as the ProU of E. coli and OpuC of P. syringae (Chen and
Beattie, 2007; Gul and Poolman, 2013).

V. parahaemolyticus has evolved numerous compatible solute transport
systems including two ABC transporters named ProU1 and ProU2, named after a
homolog in E. coli K12 (Naughton et al., 2009). Additionally, V. parahaemolyticus
encodes four BCCTs named BCCT1 (VP1456), BCCT2 (VP1723), BCCT3 (VP1905)
and BCCT4 (VPA0356), each of which transports specific compatible solutes with
different affinities (Naughton et al., 2009; Ongagna-Yhombi et al., 2015). BCCT1 was
shown to transport betaine, proline, choline, and ectoine; BCCT2 was shown to
transport glycine betaine, choline, and proline; and BCCT3 and BCCT4 were shown

to transport glycine betaine (Ongagna-Yhombi et al., 2015).



1.3.2 Biosynthesis of Compatible Solutes

If unable to uptake them from the environment, bacteria biosynthesize a
number of compatible solutes. The most common compatible solute produce by
halophilic phototrophs is glycine betaine (Imhoff, 1986). Production of glycine betaine
is a two-step, oxidation reaction based on precursory choline (a compatible solute in
its own right for some bacterial species). Choline dehydrogenase and betaine-aldehyde
dehydrogenase, encoded by bet4 and betB respectively, are responsible for these
reactions. These genes are in an operon with genes encoding ProU?2 in all Vibrio
species that can biosynthesize glycine betaine (Naughton et al., 2009; Ongagna-
Yhombi and Boyd, 2013; Ongagna-Yhombi et al., 2015).

Aerobic heterotrophs preferentially produce the compatible solute ectoine
(Ventosa et al., 1998). Production of ectoine is true de novo biosynthesis as the
precursor, aspartic acid can be produced by the cell. It is converted into ectoine
through the action of EctA, EctB, and EctC, encoded in a single operon that is
conserved across bacteria (Louis and Galinski, 1997; Kuhlmann and Bremer, 2002).
This operon (ectABC) may also contain an aspartokinase gene (asp) (Vargas et al.,
2008; Lo et al., 2009; Pastor et al., 2010; Schwibbert et al., 2011). Alternatively the
final product of these reactions can be converted into 5-hydroxyectoine through the
activity of an additional enzyme, EctD (Bursy et al., 2007).

In addition to these two compatible solutes, species have been identified that
can produce proline as well as trehalose (Severin ef al., 1992). Trehalose biosynthesis
genes are commonly identified in Gram-positive species belonging to Bacillus and
Actinomycetes (Severin et al., 1992). However, as trehalose is a sugar that can be used
for metabolism, biosynthetic and metabolic pathways must be highly regulated by

osmolarity dependent switches (Kempf and Bremer, 1998).
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V. parahaemolyticus encodes two compatible solute biosynthesis systems
(Naughton et al., 2009). The first biosynthesis cluster present on chromosome 1, is
responsible for the production of ectoine, and is encoded by the ectABCaspK operon
(Naughton ef al., 2009). Ectoine is essential for growth in high salt minimal media,
where no other compatible solutes are available, as it can be produced de novo from
aspartic acid (Ongagna-Yhombi and Boyd, 2013). The second operon, bet/BA, allows
for production of glycine betaine and is present in chromosome 2. These genes are
arranged in an operon with the proVWX genes (ProU2) (Naughton et al., 2009). Both
glycine betaine and ectoine are bona fide compatible solutes in V. parahaemolyticus,
as the bacterium is unable to utilize them as a carbon source (Ongagna-Yhombi and

Boyd, 2013).

1.4 Regulation of Compatible Solute Production and Uptake

As with all bacterial stress responses, the osmotic stress response of bacteria is
a highly regulated process. Regulation occurs at both directly and indirectly and is
modulated by exogenous compatible solutes, proteins, and post-translational

modification.

1.4.1 Indirect Regulation of Compatible solutes

Expression of the ProU (ABC family) transporter is dependent on osmolarity
in E. coli and V. vulnificus. In both species, ProU uptakes glycine betaine with high
affinity, as well as choline in V. vulnificus (Gul and Poolman, 2013; Rao et al., 2013).
In both, this transporter was significantly induced by increased osmolarity (Lucht and
Bremer, 1994; Rao et al., 2013). Additionally, in Salmonella typhimurium, the

regulation of the ProU is based on the accumulation of cytosolic potassium ions, the
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first cellular response to increased osmotic stress (Sutherland ez al., 1986;
Gowrishankar and Manna, 1996). BCCTs are regulated by osmolarity in much the
same way. In V. parahaemolyticus, three of the four BCCT genes (with the exception
BCCT?2) are induced by up-shock into high salt (Ongagna-Yhombi and Boyd, 2013).

Similarly, the biosynthesis operons of many bacteria are under indirect
regulation by factors beyond salinity. In Chromohalobacter, the addition of glycine
betaine to growth media repressed the ectoine genes, as these species preferentially
increased uptake of the exogenous compatible solute (Vargas et al., 2006). The
addition of choline to the growth media of cold-stressed V. anguillarum also repressed
expression of ectoine genes (Ma et al., 2017). Modulation in betIBA levels in E. coli
and Acinetobacter baylyi can be observed with the addition of choline, leading to an
increase in operon expression (Eshoo, 1988; Scholz et al., 2016).

Ectoine and glycine betaine biosynthesis is additionally regulated by salt in the
media. In V. vulnificus, high osmolarity was shown to induce the bet/BA genes (Rao et
al., 2013). Numerous species showed similar regulatory patterns including E. coli, and
A. baylyi, both of which showed increased bet/BA transcript levels in the presence of
increased NaCl (Eshoo, 1988; Scholz et al., 2016). The ectoine genes of V.
parahaemolyticus are induced by increased NaCl, indicative of osmotic regulation

(Ongagna-Yhombi and Boyd, 2013).

1.4.2 Direct regulators of Compatible Solute uptake and biosynthesis

Direct regulation of the compatible solute transporters has been shown in a
number of species. In E. coli the ProU was shown to be regulated by a nucleoid
associated protein, H-NS, which is capable of altering the secondary structure of DNA

(Khodr et al., 2015). Additionally, the betIBAproXWV operon regulated by two
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proteins, LuxR and Betl, which participate in an autoregulatory loop (van Kessel et
al., 2015). In both E. coli and A. baylyi, Betl regulates the betIBA operon (Lamark et
al., 1996; Scholz et al., 2016). Additionally, Betl regulates BetT of E. coli, which is
divergently transcribed from the bet/BA operon (Lamark et al., 1996). Betl is a
member of the TetR family of proteins and is comprised of an N-terminal DNA
binding domain, act as a dimer, and interacts with one or more ligands that can
modulate protein binding (Cuthbertson and Nodwell, 2013).

The regulatory network of the ectoine biosynthesis genes also includes a
number of global and local regulators. Methylomicrobium alcaliphilum 20Z, a
halotolerant methanotroph, encodes EctR1, a regulatory protein shown to bind to the
ectABC promoter and repress transcription of the ectoine biosynthesis genes
(Mustakhimov et al., 2010). Homologues to EctR1 have been identified in a diverse
sampling of halotolerant methanotrophs, all of which seem to function through the
same mechanisms (Reshetnikov et al., 2011). In V. cholerae, regulation of the ectoine
genes is accomplished by CosR, which affects transcription of both the ectoine operon
and a BCCT homolog, OpuD (Shikuma et al., 2013). EctR1 and CosR are both MarR
type regulators (Mustakhimov ef al., 2010; Shikuma ef al., 2013). Regulation of the

ectoine biosynthesis operon in V. parahaemolyticus is unknown.

1.4.3 MarR-type Regulators

Multiple antibiotic resistance, or MarR, type regulators were first identified
and characterized in E. coli, and are important regulators of a number of cellular
responses, typically in response to a change in the external environment (Cohen et al.,
1993; Sulavik et al., 1995; Perera and Grove, 2010). Since the first protein was

identified, over 12,000 have been annotated across diverse bacterial and archaeal
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genomes (Finn et al., 2010; Perera and Grove, 2010). Members of this family usually
function through homodimerization and all contain a conserved helix-turn-helix DNA
binding motif (Alekshun et al., 2001; Hong et al., 2005; Ellison and Miller, 2006;
Chang et al., 2010; Perera and Grove, 2010). MarR complexes interact with ligands in
a variety of ways. Primarily, tight binding of small phenolic compounds to one or both
of the MarR proteins can inhibit dimerization or displace domains that block the DNA
binding domains, thereby abolishing the ability of the complex to bind DNA (Hong et
al., 2005; Saridakis et al., 2008; Chang et al., 2010; Perera and Grove, 2010; Brier et
al., 2012).

DNA binding sites are pseudopalindromic sequences comprised of 16-20 bp
inverted repeats (Perera and Grove, 2010). Individual members of the MarR family
can act as either activators, repressors, or both; the effect of DNA binding on regulated
genes is largely depending on the binding site. Binding close to the promoter of a gene
can inhibit binding of RNA polymerase and transcription factors, inactivating the
target gene (Cohen et al., 1993). However, when MarR-type proteins bind further
upstream of a target gene they can serve to activate transcription of the ORF
(Fiorentino et al., 2007; Di Fiore et al., 2009; Perera and Grove, 2010).

A study in V. cholerae identified a MarR-type regulator that also acts to
modulate the expression of the ectoine operon, as well as a number of other genes.
This protein, named CosR (Compatible Solute Regulator), was found to have a
regulon of approximately 30 genes with wide-ranging functions including biofilm
formation, virulence, and osmotic stress response regulation (Fig. 3, Shikuma et al.,
2013). In the context of the osmotic stress response, CosR repressed the transcription

of the ectoine biosynthesis operon in low salt conditions, and microarray data
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suggested that CosR repressed OpuD, the BCCT homologue that is divergently

transcribed from cosR in V. cholerae (Shikuma et al., 2013).
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Figure 3. Model of CosR regulation in V. cholerae. When this organism is grown in
low salt conditions, CosR was shown to activate genes involved in
biofilm formation. CosR represses genes involved in motility and the
osmotic stress response, specifically the ectoine biosynthesis operon and
the BCCT homolog, OpuD (Shikuma et al., 2013).

Ect operon

1.5 Aims of this Study

Here we characterize the functions of the CosR homologue VP1906 in V.
parahaemolyticus. Using a combination of in vitro and in vivo assays, we demonstrate
that CosR binds the regulatory regions of a number of genes critical to the osmotic
stress response of this bacteria. Specifically, we investigated the role of CosR in the
regulation of the ectABCaspK operon as well as the regulation of the bcct genes. To
accomplish this, we generated a deletion strain, harboring a truncated cosR locus for

use in RNA extraction and quantitative Real-Time (qPCR) to determine difference in
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transcript levels of genes of interest. We purify CosR for use in DNA-binding assays
to demonstrate direct, in vitro interactions between CosR and the promoter regions of
our target operons. This was followed by in situ E. coli GFP-assays. Overall, our data

suggest that CosR is an important regulator in low salt conditions.
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Chapter 2

MATERIALS AND METHODS

2.1 Bioinformatics Analyses

The characterized CosR from V. cholerae was used as a query in a BLAST V.
parahaemolyticus (taxid: 665) genome databases. To determine the conservation of
primary and secondary structures among strains, six diverse strains were aligned with
V. parahaemolyticus CosR and M. alcaliphilum 20Z EctR1 using ClustX and MEGA7
(Thompson et al., 1994; Kumar et al., 2016). Secondary structure was predicted using
Ali2D, and mapped to the multiple sequence alignment (Jones, 1999; Nugent and
Jones, 2009; Zimmermann et al., 2018)

Seed sequences from the V. parahaemolyticus proteins were used as seeds for
BLASTYp analyses: EProV (NP_987105.1), PProX (NP_800621.1), BCCT2
(NP_798102.1), EctA (NP_798101.1), and Betl (NP_800624.1). For each, a
homologous ORF in the strain of interest is considered “presence” of the system, and
lack of homology is considered “absence” of the system.

To predict putative ligand binding sites, a 3-D rendering of the structure of
CosR was generated using the SWISS-MODEL, a homology modelling tool, which
also predicts putative ligand binding sites (Guex et al., 2009; Bienert et al., 2017,

Waterhouse et al., 2018). All programs were run with default settings.

2.2 Bacterial Strains, Plasmids, And Growth Conditions.
All bacterial strains and plasmids used in this study are listed in Table 1. All V.
parahaemolyticus strains were grown aerobically at 37 °C in Luria Bertani (LB) broth,

with a final NaCl concentration adjusted to 1% NaCl or 3% NacCl, as necessary. If
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required, 100 uM ectoine was added to the media. When necessary chloramphenicol

(Cm), kanamycin (Kan) and tetracycline (Tet) were used at a concentration of 12.5

ng/mL, 40 pg/mL, and 6.25 pg/mL, respectively. All E. coli strains were grown with

media containing 1% NaCl. E. coli 2155 Apir strains were grown in LB

supplemented with 0.3 mM diaminopimelic acid (DAP). All nucleic acid

manipulations were confirmed by sequencing.

Table 1. Bacterial strains and plasmids used in this study.

Strain or Plasmid

Genotype/Strain Characteristics

V. parahaemolyticus
RIMD2210633
AcosR
ArpoS

E. coli
DH5a Apir
B2155 Apir
DH5a Apir pDSAcosR
B2155 Apir pDSAcosR
BL21

BL21 pET-CosR

MKH13

MKH13 pBBRCosRpRUPect4
MKH13 pBBRCosRpRUPbcct]
MKH13 pBBRCosRpRUPbcct]

MKH13 pBBRemptypRUPect4

MKH13 pBBRemptypRUPbcct]

MKH13 pBBRemptypRUPbcct]

03:K6 clinical isolate
RIMD2210633 AcosR (VP1906)
RIMD2210633 ArpoS (VP2553)

Alac pir

AdapA:erm pir

DH5a Apir containing pDSAcosR
B2155 containing pDSAcosR

Protein expression strain

BL21 harboring IPTG-inducible, CosR
expression vector

MC4100 derived strain deficient in CS uptake
and biosynthesis genes

MKH13 harboring pBBRCosR and pRUPect4
MKH13 harboring pBBRCosR and pRUPbcctl

MKH13 harboring pBBRCosR and pRUPbcct3
MKH13 harboring pPBBRIMCS empty vector
and pRUPect4

MKH13 harboring pPBBRIMCS empty vector
and pRUPbcctl

MKH13 harboring pPBBRIMCS empty vector
and pRUPbcct3
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Strain or Plasmid

Genotype/Strain Characteristics

Plasmids

pDS132
pDSAcosR
pET-28a (+)
pET-cosR

pRU1064
pRUPectA

pRUPcosR
pRUPbhcct]

pRUPbHcct3
pBBRIMCS
pBBRCosR
pBBRopaR

Suicide plasmid; Cm"; SacB
pDS132 containing a tuncated cosR

Expression vector, LacZ, 6x His-tag; Km'
CosR pET-28a (+) expression vector

GFP Expression Vector, Tet"

pRU1064 containing the promoter region of ectA4
pRU1064 containing the promoter region of
cosR

pRU1064 containing the promoter region of
bectl

pRU1064 containing the promoter region of
bcct3

Lactose inducible expression vector Amp*
pBBRIMCS harboring the cosR CDS
pBBR1MCS harboring the opaR CDS

2.3 Construction of the AcosR mutant

A Gibson Assembly protocol (Gibson et al., 2009; Gibson, 2011) was used to

generate a truncated, non-functional cosR gene, followed by allelic exchange to

generate a cosR (VP1906) deletion mutant in V. parahaemolyticus RIMD2210633.

Primers used are listed in Appendix Table S1. The Gibson assembly was first used to

generate pDSAcosR, the pDS132 plasmid harboring the 993-bp truncated cosR locus

(Fig. 4). pDS132, a suicide vector conferring resistance to chloramphenicol, as well as

sensitivity to sucrose (Philippe ef al., 2004), was linearized with Sacl. A PCR was

performed on V. parahaemolyticus DNA using primers with homology to both

pDS132 and the bacterium. These fragments could then be as assembled with
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linearized pDS132, yielding pDSAcosR. This vector was then transformed into E. coli

DH5a Apir using a CaCl, transformation protocol.
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Figure 4. Workflow for vector construction using Gibson assembly. PCR fragments
are ligated together with a digested plasmid, in this case pDS132, using a
proprietary mix of exonucleases that generate sticky ends on all of the
fragments. After ligation, the assembled vector can be transformed into
E. coli Dh5a for propagation.
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After overnight incubation, pDSAcosR was purified from cultures, and
transformed into E. coli 2155 Apir. The plasmid was then conjugated to V.
parahaemolyticus RIMD2210633 on an agar plate supplemented with DAP. After
overnight growth, the cells were collected and plated onto LB plates with 3% NaCl
(LBS). Single crossovers were identified using colony PCR. A colony positive for the
single crossover was selected and grown aerobically at 37°C without antibiotics. The
culture was serially diluted and plated onto LBS plates containing sucrose. Colonies
were screened using PCR with the VP1906A/D primer pairs. Colonies which were

positive for the truncated, 60-bp cosR were passaged on LBS plates.

2.4 Growth Analysis.

M9-minimal media supplemented with 20mM glucose and 1% NaCl (M9G 1%
NaCl) was inoculated and grown aerobically overnight. The cells from this culture
were pelleted at 11,000xg for 5 min, washed in PBS, and 5 pL added to a 96-well
plate containing 195 pL of M9G with 1% or 3% NaCl.

Cells used in analyses with added ectoine where grown overnight in M9G 1%
NaCl supplemented with 100 uM ectoine. As above, these cells were then pelleted and
suspended in fresh media containing the supplemented ectoine and salt. Growth was
measured over 24 hours at 37°C with periodic shaking. Optical densities were

measured at 595 nm (ODsos) using a Magellan Plate reader.

2.5 RNA Extraction and Quantitative Real-Time PCR.
Cells were grown aerobically at 37 °C, in the applicable media to mid-
exponential phase (ODsoo 0.5). RNA was extracted as previously described (Kalburge

etal.,2017). 1 mL of culture was pelleted, and RNA extracted using Trizol, following
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the manufacturer’s protocol. Total nucleic acid in the sample was then measured using
Nanodrop, after which the samples were treated with DNase, followed by heat
inactivation of the enzyme as per manufacturer’s protocol. Final RNA concentration
was quantified, again using Nanodrop. 500 ng of RNA were used for cDNA synthesis
using SSIV reverse transcriptase, following manufacturer’s protocol.

Synthesized cDNA was diluted 1:25, and PowerUp SYBR master mix was
used for qPCR. Primers were designed to yield amplicons of approximately 150-200
bp and with temperatures optimized for use with qPCR. Primers used in qPCR are
shown in Table S1. Samples were run on QuantStudio 6 RealTime PCR Machine
(Thermo Fisher). qPCR experiments were performed in duplicate with at least two
biological replicates. Expression levels were quantified using cycle threshold (Cr) and
were normalized to 16S rRNA. Differences in gene expression were determined using

the AACt method (Pfaffl ez al., 2018).

2.6 Protein Expression and Purification

A CosR expression vector was constructed using pET-28a (+), an expression
plasmid with an IPTG-inducible promoter and an N-terminal 6x-His tag. This was
accomplished using primers listed in Table S1 to clone the cosR gene into the vector,
which had been linearized using Xhol and Ncol. During cloning, a 6x His-tag was
added to the C-terminal of CosR, allowing for later purification with a NI-NTA
column. This vector was transformed into E. coli BL21 DE3, and protein expression
induced with 0.5 mM IPTG after growth to mid-exponential phase to confirm
production of CosR in this strain. E. coli BL21-cosR was then grown aerobically to an
ODsoo of 0.4, at which point CosR production was induced using IPTG, and allowed

to grow for 24 hours, with aeration. Cells were then harvested and lysed using a

23



microfluidizer. Debris was pelleted through centrifugation at 24,000 x g for 35 mins at
4°C. Clarified supernatant was then loaded onto an IMAC Ni-NTA column
equilibrated with a wash buffer containing 50 mM NaPQO4, 200 mM NacCl,
supplemented with 20 mM imidazole buffer and adjusted to pH 7.4. The flowthrough
was collected and reloaded onto the column The column was washed with 20 CV of
wash buffer with 20 mM imidazole buffer, 20 column volumes (CV) of the wash
buffer with 40 mM imidazole buffer, and 10 CV of the wash buffer with 100 mM
imidazole buffer to remove any remaining contaminants. CosR-His was eluted using
three CVs of elution buffer comprised of 50 mM NaPOs, 200 mM NaCl, 500 mM
imidazole. After elution, the samples were allowed to dialyze overnight at 4°C in
phosphate buffer to remove any imidazole. 20 uL samples of each supernatant,
washes, and elutions, as well as after dialysis were run on an SDS-PAGE gel to

confirm presence of our target protein, and to estimate final protein purity.

2.7 E. coli GFP Reporter Assay.

A GFP-reporter assay was generated using the E. coli strain MKH13 (Haardt et
al., 1995). E. coli MKH13 lacks many of the genes required for compatible solute
uptake and biosynthesis, including betIAB, betT, ProU, and ProP. As such it is unable
to uptake proline, choline, and glycine betaine, nor can it produce glycine betaine from
choline (Haardt et al., 1995). A vector was introduced containing an ectABCaspK
regulatory region:GFP transcriptional fusion (pRUPectA). The cosR gene was then
expressed from an IPTG-inducible promoter in the pPBBRIMCS expression vector
(Fig. 5). Strains were grown over night in LB, washed twice with 1X PBS, then
diluted 1:1000 in M9G 1%NacCl. Expression of cosR was induced with 0.25 mM IPTG

for 20-22 hours. GFP fluorescence was measured with excitation at 385 and emission
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at 509 nm in black, clear-bottom 96-well plates. Specific fluorescence was calculated
for each sample by normalizing fluorescence intensity to OD. This procedure was

repeated for all E. coli expression assays.

IPTG

pBBRcosR

pRUpectA

GFP

E.coli MKH13

Figure 5. E. coli MKH13 GFP-assay. Two plasmids are transformed into this strain. A.
The first, shown here as pPBBRCosR, encodes the ORF of interest under
control of an IPTG-inducible promoter. The addition of IPTG stimulates
production of the protein, which is then free to interact with the second
vector. B. A second vector encodes a GFP CDS under control of a
promoter of interest, in this instance the promoter for the ectoine operon.
Transcription from this promoter will produce the GFP protein, which
will accumulate in the cell and be quantified after 20 hours of growth.

2.8 Electrophoretic Mobility Shift Assay.
DNA fragments were generated from the ectABCaspK promoter region using
the following primer sets: VPectAFwd/RevA, VPectAFwdB/RevB, VPectAFwdC/Rev

(Table S1). The concentration of purified CosR was determined using a Bradford
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reagent standard curve, then diluted to the desired concentrations in 1X PBS. The
protein was incubated with 36 ng of each DNA fragment in a defined binding buffer
(10 mM Tris, 150 mM KCI, 0.5 mM dithiothreitol, 0.1 mM EDTA, 5% polyethylene
glycol [PEG] [pH7.4]) (Carpenter et al., 2016). A low-salt (0.5x TBE), 6% native
acrylamide gel was pre-run for 2 hours at 4° C (200 V) in 0.5 x TBE buffer. Gels were
loaded with the DNA:protein mixtures (10 pL), and run for 2 hours at 4 C (200 V)

Finally, gels were stained in an ethidium bromide bath for 20 min and imaged.

2.9 Biofilm assay

Biofilm assays were conducted as previously described (McDonald et al.,
2018). Briefly, V. parahaemolyticus RIMD2210633 and AcosR strains were grown
statically for 24 hours at 37°C in 96-well polystyrene plates. Following incubation
overnight, cultures were removed, and the wells were washed twice with PBS. Crystal
violet was added to the wells and allowed incubate for 30 mins, staining any
remaining biofilm. The wells were washed once more to remove excess crystal violet,
then photographed. The stained biofilm was suspended in DMSO, diluted 1:10, and
the ODsos quantified on a Tecan Plate Reader. Statistical analysis was performed using

a student’s t-test across two biological replicates.
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Chapter 3

RESULTS

3.1 Insilico analysis of V. parahaemolyticus CosR

Using the CosR previously described in V. cholerae as a seed (Shikuma et al.,
2013), a BLAST search was performed on the genome of V. parahaemolyticus
RIMD2210633. This uncovered a single homologous ORF in the V. parahaemolyticus
genome, VP1906, that displayed 70% amino acid identity to the CosR of V. cholerae.
In following the naming convention of V. cholerae, we have named the protein
encoded by VP1906, CosR. Similar to the gene location in V. cholerae, CosR is
divergently transcribed from bcct3 (VP1905).

To determine whether all V. parahaemolyticus strains encode this ORF,
another BLASTp search was performed using the CosR found in the type strain,
against the V. parahaemolyticus database. Based on this search, we conclude that

CosR is encoded by each of the 874 strains of this species.

3.2 Expression of the Compatible Solute Genes in low salt.

To determine the expression pattern of the ectoine biosynthesis operon in low
salt conditions, V. parahaemolyticus was grown in minimal media supplemented with
glucose (M9G) with optimal salt, 3% NaCl, or low salt, 1% NaCl. Gene expression of
the ect4 and aspK was determined using quantitative Real-Time PCR (qPCR) and
expressed compared in M9G 1% NaCl compared to M9G 3% NaCl using the AACr
method. Expression of ect4 and aspK were found to be 800-fold and 200-fold lower in
MOIG 1% NaCl, respectively suggesting the ectABCaspK biosynthesis operon is

regulated by NaCl concentration (Fig. 6).
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Figure 6. Relative expression of ect4 and aspK in M9G 1% NaCl compared to M9G
3% NaCl in V. parahaemolyticus RIMD2210633. Cells were grown to an
OD of 0.5, RNA extracted, and qPCR was performed using gene specific
primers. Fold changes were calculated using the AACt method and the
data was analyzed with a student’s t-test.

Next, we analyze expression of the BCCT genes in low versus optimal NaCl
conditions. Expression, bcctl, beet3, and bect4 were significantly repressed in low
salt, whereas bcct2 shows no repression (Fig. 7). Overall the data suggest that both ect

and bcct genes are repressed at low salt conditions.
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Figure 7. A. Relative expression of bectl, beet2, beet3, and beet4 in M9G 1% NaCl
compared to M9G 3% NaCl in V. parahaemolyticus RIMD2210633.
Cells were grown to an OD of 0.5, RNA extracted, and qPCR was
performed using gene specific primers. Fold changes were calculated
using the AACt method and the data was analyzed with a student’s t-test.
Depicted is average fold change + 1 standard deviation.

To determine whether BCCT expression is impacted by exogenous ectoine,
expression of these gene from cells grown in M9G 1% NaCl with ectoine was
compared to expression in M9G 1% NaCl. The addition of exogenous ectoine induced

beetl, beet2, and bect3, but not bect4 (Fig. 8).
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Figure 8. Relative expression of bcctl, beet2, beet3, and bect4 in MIG 1% NaCl +
100 uM ectoine relative to M9G 1% NaCl. Cells were grown to an OD of
0.5, RNA extracted, and qPCR was performed using gene specific
primers. Fold changes were calculated using the AACt method and the
data was analyzed with a student’s t-test. Depicted is average fold change
+ 1 standard deviation.

3.3 Growth Analysis of V. parahaemolyticus AcosR

To determine the role of CosR in V. parahaemolyticus, we generated a strain
harboring a truncated cosR locus. A 417-bp region of the cosR genes was deleted,
resulting in a AcosR gene, containing only 60-bp. First, to ensure that the in-frame
deletion did not cause any polar effects, the AcosR strain was grown in LBS and
growth over 24 hours was compared to wild type to confirm that no growth defect
results from the generation of the mutant (Fig. 9A). As the two strains grew
identically, we can be confident that introduction of this truncated ORF had no global

effect on growth, and the strain is viable for further use.
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Figure 9. Growth analyses of V. parahaemolyticus RIMD2210633 and AcosR in A.
LBS, B. M9G 1% NaCl), and C. M9G 1% NaCl supplemented with 100
UM ectoine. As the mutant and wild-type strains grow identically, AcosR
shows no growth defects in any of these media. Growth was analyzed
over 24 hours with periodic shaking; each point shown in the average OD

+ 1 standard deviation.

To determine whether the deletion of CosR lead to a growth defect in low salt

conditions, growth analysis was examined in M9G 1% NaCl and M9G 1% NacCl

supplemented with 100 uM ectoine (Fig. 9B and C). In both growth conditions, AcosR

grew identically to WT, confirming that there is no defect in the mutant strain.

Expression of the ectABCaspK genes is regulated by CosR under low salt conditions.
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CosR of V. cholerae, was shown to repress transcription of the ectoine
biosynthesis operon in low salt conditions (Shikuma et al 2013). To assess the role of
CosR in the regulation of the ectoine biosynthesis operon in V. parahaemolyticus,
wild-type (WT) and AcosR strains were grown in M9G 1% NaCl to an OD of 0.5. The
cells were lysed, RNA was extracted using the Trizol protocol, and cDNA generated.
Using primers specific to ect4 and aspK, qPCR was performed on these samples and
expression of these genes was normalized to 16S rRNA. Expression of the both genes

was significantly increased in AcosR as compared to WT (Fig. 10).
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Figure 10. Ectoine operon expression in AcosR relative to WT. Fold changes were
calculated using the AACt method and the data was analyzed with a
student’s t-test. Expression of the ect4 and aspK increased 1000-fold and
300-fold, respectively, in the AcosR strain. Depicted is average fold
change + 1 standard deviation.

To determine whether this regulation is a result of CosR directly binding to the
promoter region of ectABCaspK, we constructed a GFP-reporter assay. In this assay,
GFP is placed under the control of a promoter of interest, in this case Pect4, and CosR

is expressed ectopically (Fig. 11). If CosR is able to interact with the promoter, it will
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potentially impact the expression of GFP. Relative fluorescence is measured after 20
hours of growth and normalized to OD to obtain specific fluorescence. Specific
fluorescence is then compared to a strain not expressing CosR. After 20 hours of
growth, specific fluorescence was decreased 3.5-fold in the strain expressing CosR
(Fig. 11). This indicates that CosR directly represses transcription of the ectoine

operon, and likely binds directly to the ectoine promoter region.

CosR repression of ectoine transcription in MKH13
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Figure 11. E. coli MKH13 strains harboring pPBBRCosR+pRUPect4 and
pBBRempty+pRUPect4 were grown for 20 hours under inducing
conditions, at which point specific fluorescence was calculated. E. coli
MKH13 pBBRempty+pRUPect4 exhibited significantly higher specific
fluorescence than E. coli MKH13 pBBRCosR+pRUPectA. Statistical
analysis was conducted using a student’s t-test across two replicates.
Depicted is average specific fluorescence + 1 standard deviation.

To confirm that CosR binds directly to the promoter of the ectoine biosynthesis
operon, we conducted electrophoretic mobility shift assays (EMSAs). The promoter
region of the ectABCaspK operon was divided into three regions ranging in size from

106 to 137 bp, and named 1A, 1B, and 1C, respectively (Fig. 12A). These fragments
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were incubated with purified His-CosR and analyzed on a native 6% acrylamide gel in
increasing molar ratios. Shifted bands are indicative of CosR binding to the fragment
of interest, and repeating bands could suggest either the presence of multiple binding
sites, or the binding of multiple monomers. CosR bound to probes 1A and 1B with a
repeating banding pattern, while it did not bind to probe 1C (Fig. 12B). This confirms
that CosR binds directly to the promoter region of this operon, likely acting through
the formation of a multimeric complex, as is common for MarR type regulators
(Alekshun et al., 2001; Hong et al., 2005; Ellison and Miller, 2006; Chang et al.,
2010; Perera and Grove, 2010).
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Figure 12. A. A schematic of the probes used for EMSA. The promoter region of
ectABCaspK was divided into three probes: 1A (125 bp), 1B (137 bp),
and 1C (106 bp). Probes 1A and 1B overlap by 25 bp, probes 1B and 1C
overlap by 20 bp. B. 36 ng of each probe was incubated with purified
His-CosR in varying concentrations from 0 to 0.44 uM. The DNA-
protein mixtures were run on a 6% native polyacrylamide gel for 2 hr,
stained, and imaged.

3.4 Expression of bcctl and bect3 are regulated by CosR in Low Salt Conditions
In addition to regulating the ectoine operon of V. cholerae, microarray data
suggests that CosR is able to repress transcription of OpuD, a BCCT homolog
(Shikuma et al., 2013). To determine whether CosR plays a role in the regulation of
the BCCTs encoded by V. parahaemolyticus, qPCR analysis was performed on cDNA
extracted from WT and AcosR grown in low salt conditions and compared. Expression

of beetl (VP0456) and bect3 (VP1905) were both highly upregulated in the AcosR
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strain, at 156-fold and 35-fold, respectively (Fig. 13). Interestingly, bcct2 (VP1723)
and bcct4 (VPA0356) showed no change in expression (Fig. 13). Taken together, these

data suggest that CosR represses expression of bcctl and bect3, but not beet2 or beet4.

BCCT Expression in AcosR
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Figure 13. Expression of the bcct genes in AcosR compared to WT. Strains were
grown to an OD of 0.5, RNA extracted, and qPCR was performed using
gene specific primers. Fold changes were calculated using the AACt
method and the data was analyzed with a student’s t-test across two
replicates. Depicted is average fold change * 1 standard deviation.

To further investigate the role of CosR in the regulation of bcctl and bect3, we
designed a GFP-reporter assay using the promoter region of each of these genes and
examined expression in the presence of ectopically expressed CosR in E. coli.
Interestingly, there was no significant change in GFP expression of Pbcct] between
the empty vector and CosR-expressing strains (Fig. 14A), suggesting that CosR may
not be the sole low salt regulator of this transporter in V. parahaemolyticus, or that

CosR requires another factor to repress this gene. CosR did significantly decrease the
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level of GFP expression in the Pbcct3 assay, suggesting that it does directly regulate

this gene (Fig. 14B).
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Figure 14. E. coli MKH]13 strains harboring (A.) pBBRCosR+pRUPbcct! and
pBBRempty+pRUPbcct! (B.) pBBRCosR+pRUPbhcct3 and
pBBRempty+pRUPbcct3 were grown for 20 hours under inducing
conditions, at which point specific fluorescence was calculated. E. coli
MKH13 pBBRempty+pRUPbcct! produced significantly more GFP than
E. coli MKH13 pBBRCosR+pRUPbhccti. For each, statistical
significance was calculated using a student’s t-test and the depicted plot
shows the average specific fluorescence + 1 standard deviation.

Next, we performed EMSAs using the promoter regions of bcct! and bect3
(Fig. 15A). When incubated with His-CosR, two shifts appear in this probe, however,

binding of CosR to this region appears to be weaker than other interactions seen, as
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suggested by the intensity of the band. Another EMSA was performed using Pbcct3 to
determine the ability of CosR to bind to this region (Fig. 15B). CosR bound the probe
shifted, which at least two times again suggesting that the regulator may bind as a

dimer.

A.
278 bp bectl
Pbcctl

B.

VP1905

Figure 15. A. The intergenic region immediately upstream of bcctl was used for this
binding analysis. B. A 179 bp intergenic region upstream of bcctl. C. 36
ng of each probe was incubated with purified His-CosR in varying
concentrations from 0 to 0.2 uM.
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3.5 CosR expression is independent of salt concentration and does not
autoregulate

Expression of the ectRI gene encoded by Methylomicrobium alcaliphilum 20Z.,
as well as expression of cosR by V. cholerae, increased in a salinity dependent manner
(Mustakhimov et al., 2010; Shikuma et al., 2013). To determine whether increased
salinity increased cosR transcripts in V. parahaemolyticus, RNA was isolated from
cells grown in optimal and low salt conditions and analyzed via qQPCR with cosR
specific probes. Expression of cosR was not statistically significant (p = 0.08) different

between the two conditions, suggesting cosR is not regulated by salinity (Fig 16).
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Figure 16. Expression of cosR in V. parahaemolyticus RIMD2210633 in M9G 3%
NaCl relative to M9G 1% NacCl. Cells were grown to an OD of 0.5 in the
appropriate media, RNA extracted, and qPCR was performed using gene
specific primers. Fold changes were calculated using the AACt method
and the data was analyzed with a student’s t-test across two replicates.
Depicted is average fold change + 1 standard deviation.

To determine whether cosR expression was dependent on exogenous ectoine,
RNA was extracted in both low and optimal salt conditions. RNA from cells grown
with exogenous ectoine was compared to those grown without additional ectoine. In
low salt conditions, expression of cosR in cells grown with ectoine was 0.86-fold

lower than those grown without (Fig. 17A). When grown in optimal salt conditions,
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cosR expression in media supplemented with ectoine was 1.2-fold higher than in cells
grown without exogenous ectoine (Fig. 17B). Taken together, these data demonstrate
that cosR expression is independent of exogenous ectoine in both low and optimal salt

conditions.
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Figure 17. A. Expression of cosR in V. parahaemolyticus RIMD2210633 in M9G 1%
NaCl with 100 uM ectoine, relative to M9G 1% NaCl. B. Expression of
cosR in V. parahaemolyticus RIMD2210633 in M9G 3% NaCl with 100
UM ectoine, relative to M9G 3% NacCl. Cells were grown to an OD of 0.5
in the appropriate media, RNA extracted, and qPCR was performed using
gene specific primers. Fold changes were calculated using the AACt
method and the data was analyzed with a student’s t-test across two

replicates. Depicted is average fold change * 1 standard deviation.

A common feature of MarR-type regulators is autoregulation, whereby

accumulation of the protein will repress transcription of the gene (Perera and Grove,
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2010). To determine whether CosR participates in an autoregulatory loop, two
additional E. coli GFP-reporter assay strains were constructed: E. coli
pBBRempty+pRUPcosR and E. coli pPBBRCosR+pRUPcosR. Each of these strains
harbor a GFP CDS under the control of the cosR promoter sequence. These strains
were grown for 20 hours in optimal salt minimal media and specific fluorescence
calculated. The strain ectopically expressing CosR demonstrated an average specific
fluorescence of 2812 RFU. A strain containing harboring only empty vector
demonstrated an average specific fluorescence of 4176 RFUs. This difference in GFP

production is not statistically significant (Fig. 18).

Total GFP-Expression in MKH13

Specific Fluorescence
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pBBRempty + pBBRCosR +
pRUPcosR pRUPcosR

Figure 18. E. coli MKH13 strains harboring pPBBRCosR+pRUPcosR and
pBBRempty+pRUPcosR were grown for 20 hours under inducing
conditions, at which point specific fluorescence was calculated.
Statistical significance was calculated using a student’s t-test and the
depicted plot shows the average specific fluorescence + 1 standard
deviation.
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To determine whether the change in GFP expression was caused by CosR, or
other factors in the E. coli strain used, as well as if CosR was able to bind to the CosR
promoter region, we again conducted an EMSA using a 218-bp probe of this region
(Fig. 19AB). CosR was able to bind to this promoter region, though binding began at a

higher molar ratio than the other promoters analyzed in this study (Fig. 19B).

A.
bcct3 397 bp cosR
218 bp i
PcosR

Figure 19. A. A 218 bp intergenic region immediately upstream of cosR was used for
this binding analysis. B. 36 ng of each probe was incubated with purified
His-CosR in varying concentrations from 0 to 0.2 pM.

3.6 CosR represses biofilm formation
Previously, the CosR was shown to induce the formation of biofilm in stress

conditions in V. cholerae (Shikuma et al., 2013). To determine whether CosR plays a
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similar role in V. parahaemolyticus, WT and AcosR strains were grown in LBS. After
24 hours of static growth, the culture was removed, loose cells were removed with
PBS, and biofilm was stained using crystal violet (Fig. 20A). Biofilm was quantified
using ODsos (Fig. 20B) AcosR was found to produce significantly more biofilm than
the WT strain (p < 0.001), suggesting CosR acts as a repressor of biofilm formation in

V. parahaemolyticus in optimal salt conditions.

*k

ODsgs (1:10 Dilution)

WT AcosR

Figure 20. CosR represses biofilm formation in V. parahaemolyticus. Biofilms were
grown statically at 37 °C for 24 hours. Biofilm was stained with crystal
violet, photographed (A), and quantified by determining the ODs9s (B).
CosR produced significantly more biofilm than WT (p < 0.01).

3.7 Distribution of CosR-homologs among the Vibrionaceae

To determine potential targets of CosR regulation in these species, each of the
compatible solute systems of V. parahaemolyticus were used to identify homologous
systems in strains of interest (Table 2). With the exception of V. sonorensis, which
encodes no compatible solute systems, each of the species analyzed was found to

contain at least one BCCT homolog. The majority of species contained at least one
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ProU transporter, with the exception of V. cholerae, V. metoecus, V. mimicus, and

Vibiro sp. RC586, four highly related species. Twenty-eight species encode ectoine

biosynthetic genes, while 25 encode a glycine betaine biosynthetic operon.

Table 2. Compatible solute systems identified in select species of Vibrionaceae.

Transporters Biosynthetic Operons
Species Strain ProUl ProU2 | BCCT | EctABCAspK | BetIBA
[I)/c.zrahaemolyticus RIMD 2210633 + + + + +
V. campbelli ATCC BAALI116 + + + + +
V. jasicida 090810c + + + + +
V. rotiferianus B64D1 + + + + +
V. natriegens ATCC 14048 4 A 4 + +
V. diabolicus FDAARGOS 96 + + + + +
V. alginolyticus 12G01 A A 4 + +
V. alfacsensis CAIM 1831 + + + + +
V. mytili CAIM 528 4 - 4 < +
V. azureus LC2-005 + + + + -
V. sagamiensis NBRC 104589 4 + + - -
V. galatheae S2757 + + + + +
V. sinaloensis DSM 21326 4 4 4 - +
V. pectenicida CAIM 594 + + + - +
V. tubiashii ATCC 19109 4 4 4 < +
ATCC BAA-
V. caribbeanicus 2122 + + + + +
V. ichthyoenteri ATCC 700023 4 - 4 + -
V. panuliri CAIM 703 + - + + -
V. nereis DSM 19584 + s 4 < +
V. ponticus CAIM 1731 + + + + +
V. salilacus DSG-S6 4 4 4 < +
V. sonorensis CAIM 1076 - - - - -
V. fluvialis ATCC 33809 i F + + +
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Species Strain ProUl ProU2 | BCCT | EctABCAspK | BetIBA
V. metschnikovii CIP 69.14 - + + + +
V. ordalii ATCC 33509 + + + + +
A. fischeri ES114 + - + + -
V. metoecus YB5B06 - - A + -
V. mimicus ATCC 33654 - - + + -
V. coralliirubri MARg 4 4 4 = 4
V. spartinae CECT 9026 + + + + +
V. cholerae N16961 - - 4 + -
P. aquimaris CECT 9191 + - + - -
V. lentus S5F79 4 4 4 < +
V. vulnificus YJO16 - + + - +
Vibrio sp. RC586 - = + - -
P. galatheae S2753 + + + + +
P. phosphoreum ANT-2200 4 = + - -

Additionally, seven representative strains were aligned with the EctR1 protein

encoded by Methylomicrobium alcaliphilum 20Z. The DNA-binding domain defined

for EctR1 was labelled, along with all secondary structures, as predicted by Aln2D

software (Fig. 21, Mustakhimov et al., 2010). The high conservation of the HTH DNA

binding domain, as well as of many of the secondary structures suggest that each of

these proteins is likely to function in a similar manner to the CosR described here, as

well as the CosR encoded by V. cholerae.
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Figure 21. Select CosR homologs from seven species were aligned with M.

alcaliphilum 20Z EctR1. The DNA binding, helix-turn-helix domain
defined in EctR1 was annotated for all of the proteins and highlighted in
yellow. Additionally, secondary structure was predicted using Ali2.
Predicted alpha helices are depicted by blue tubes, predicted beta sheets
are depicted by green rectangles. A black line denotes unstructured
regions without a predicted structure. Residues conserved across all
proteins are highlighted in blue.
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Chapter 4

DISCUSSION

4.1 CosR regulates elements of the osmotic stress response in Vibrio
parahaemolyticus

In this study we show that CosR plays a key role in regulating the osmotic
stress response of V. parahaemolyticus (Fig. 22). In low salt conditions, CosR down-
regulates both bcctl and bect3 as well as ectABCaspK, the biosynthetic operon
responsible for the de novo production of ectoine, and genes involved in biofilm
production. For each of these, we have demonstrated that CosR is able to bind to the
promoter sequence in vitro. Finally, through in vivo GFP-assays, we demonstrate that
CosR directly represses transcription at the ectABCaspK promoter. However, direct

repression was not demonstrated in vitro for bectl or bect3.

Low Salinity

BCCT1 BCCT3

aspK ectC ectB  ectA -
Ect operon
Figure 22. A model of the CosR low salt regulon in V. parahaemolyticus. In these
conditions, CosR represses transcription of the ectoine operon, as well as
bceetl, beet3, and genes involved in biofilm formation. Additionally, we

demonstrate that CosR likely represses biofilm formation in optimal salt
conditions.
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This lack of direct repression in our GFP-assay for bcctl and bect3 could be a
result of a number of factors. First, CosR may require other factors in V.
parahaemolyticus to fully repress transcription from these promoters. Likely, these
factors are not present in the E. coli genome, and this may explain the lack of
repression in this in vitro assay. Alternatively, the promoters for the BCCTs may
require the action of an activator. Should that be the case, we will not be able to
meaningfully quantify the extent of repression by CosR using this assay.

These in vitro GFP assays additionally suggest that CosR does not
autoregulate, a common feature of many MarR-type regulators (Perera and Grove,
2010). This is exemplified by a number of members of this family but was first
identified in the MarR encoded by E. coli. This regulator was shown to control both
the marRAB operon as well as the marC gene, which is encoded immediately
upstream of and divergently transcribed from marR (Martin et al., 1995). MarR was
shown to bind twice to two separate palindromic sequences in this intergenic region,
thereby repressing transcription of marRAB and marC (Martin et al., 1995). Other
members of this family that are known to autorepress include the MexR found in
Pseudomonas aeruginosa, and the HpaR repressor of E. coli (Evans et al., 2001;
Galan et al., 2003). However, a number of MarR-type regulators have been shown not
to participate in autoregulation. This includes the mhqR and ohrR genes Bacillus
subtilis (Fuangthong et al., 2001; Towe et al., 2007). We demonstrated that CosR does

not bind to its own promoter region in V. parahaemolyticus.

4.2 CosR is highly conserved and phylogenetically widespread
CosR homologs were identified in an additional 37 species across the

Vibrionaceae. Strains used in this analysis represent highly divergent species, and

48



include members of three major genera: Vibrio, Photobacterium, and Aliivibrio. Each
of the CosR identified in these species was found to share at least 60% amino acid
identity over 100% query cover. In two of these, V. lentus and V. corallirubri, the
CosR-homolog is present downstream of an operon containing the bet/IBAchoXWV
ORFs (Appendix Fig. S1B). This region shows amino acid homology to the
betIBAproVWX operon of V. parahaemolyticus (Appendix Fig. S1D). This gene
rearrangement suggests that CosR may play an important role in the regulation of both
glycine betaine biosynthetic genes, as well as the ChoXW'V transporter immediately
upstream of this ORF (Appendix Fig. S1D).

In addition, each strain analyzed was searched for each of the compatible
solute systems found in V. parahaemolyticus. V. sonorensis was the only strain which
did not show evidence of any compatible solute system homologous to those in V.
parahaemolyticus. This is likely caused by poor or incomplete genome sequencing.

In V. parahaemolyticus, CosR represses the transcription of the ectoine operon,
as well as two compatible solute transporters. The high conservation of this protein
across Vibrio likely indicates that regulation by CosR in this manner will be found in a
number of different species. Taken together these data suggest that CosR is an

important regulator of compatible solute systems in halophiles.

4.3 Future works

This study demonstrates that CosR is an important local regulator of a number
of the compatible solute systems encoded by V. parahaemolyticus. However, we have
yet to investigate the role of CosR in the regulation of the ProU transporters, as well as
the glycine betaine operon. Preliminary expression data suggests that CosR likely

represses transcription of these genes in low salt conditions also, though we have yet
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to demonstrate that CosR is able to bind to these promoters to directly repress
transcription.

In addition, we will establish a DNA binding sequence for CosR in V.
parahaemolyticus. A binding site has been defined for EctR1 in M. alcaliphilum 20Z
using DNase I foot printing (Mustakhimov ef al., 2010). The resulting binding site was
an imperfect inverted repeat sequence that is not found in any of the regions to which
CosR bound in vitro (data not shown). To establish a binding site in Vibrio, similar
experiments will need to be carried out, though a putative binding site may be
predicted as more targets of CosR regulation are discovered in species of interest.

Finally, we will investigate other targets of CosR regulation in V.
parahaemolyticus. Based on microarray data, the CosR of V. cholerae, is able to affect
transcription of at least 34 diverse genes (Shikuma et al., 2013). In addition to genes
involved in the osmotic stress response, other targets include a number of transporters,
cell envelope proteins, amino acid biosynthesis systems, and metabolism, as well as
cell motility and biofilm formation (Shikuma et al., 2013). Preliminary data
demonstrates that CosR may play similar roles in V. parahaemolyticus biofilm
formation, though further experimentation is required to fully understand the role of

this regulator in these systems.
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Appendix

A.1 Primers Used in this study

Table S1. Primers Used in this Study.

Primer

Sequence (5'-3")

Product
size
(bp)

Gibson Assembly
Primers

VP1906A
VP1906B
VP1906C
VP1906D
VP1906FLF
VPI1906FLR

Protein
Purification

CosR Ncol FWD
CosR Xhol REV

EMSA
Pbeetl fwd

Pbcctl rev
beet3 EMSA
FWD 2

Pbcct3 rev
cosR EMSA
FWD 2

PcosR_rev
ectA FwdA
ectA RevA
ectA FwdB
ectA RevB
ectA FwdC
ectA RevC

ACCGCATGCGATATCGAGCTTCAAAGCCCCACTTTTGAAC
TGATGCTGCCGATAATCGAGACCAATACTTCTTCG
GGTCTCGATTATCGGCAGCATCACCAAAC
GTGGAATTCCCGGGAGAGCTCAATCATGAATGGCATCG
CCCATCCAATGCTGTCTTCG
CATGCAAGAACGTGTGGAGT

TGCCCATGGGTTTGGAAAAGTACGAAGAAGTATTGG
TATCTCGAGTTCTGGTTTGGTGATGCTGCC

tagatagagagagagagaga AAACCGCAAACTTCCCGATC
actcattttttcttcctccaCAATCACAAATTTATGCAAAAATGAC

CGCTTTTTGTAATGCAAATTACC
actcattttttcttcctccaCGTTCCTCTCTATTTTTGTATTATTTTTTC

CAAATCTCCACACCATTAATTAG
actcattttttcttcctccaAATTTTTTCATCCAGTCTGTAGG
CCAAGGTGCTGATGTGATCA
CACATTAATCCAGATTAAAACGCAG
CTGCGTTTTAATCTGGATTAATGTG
CCCACTGCATTCTGACTCA

ATGAGTCAGAATGCAGTGGG
GCCACGACGACAAAACTAAC

506

522

1838

474

278

179

218

125

137

106
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Primer

Sequence (5'-3")

Product
size
(bp)

GFP Expression
assay

Pbeetl fwd
Pbcctl rev
Pbcet3 fwd
Pbcct3 rev
PcosR_fwd

PcosR_rev
PectABC GFP
fwd

PectABC GFP
rev

cosR comp FWD
cosR comp REV

gPCR

cosR qPCR F
cosR qPCR R
ectA qPCR F
ectA qPCR R
aspK qPCR F
aspK qPCR R
beetl gPCR F
beetl gPCR R
beet2 qPCR F
beet2 qPCR R
beet3 gPCR F
beet3 qPCR R
beetd gPCR F
beetd qPCR R
16SF

16S R

tagatagagagagagagaga AAACCGCAAACTTCCCGATC
actcattttttcttcctccatCAATCACAAATTTATGCAAAAATGAC
tagatagagagagagagaga AATTTTTTCATCCAGTCTGTAGG
actcattttttcttcctccaCGTTCCTCTCTATTTTTGTATTATTTTTTC
tagatagagagagagagagaCGTTCCTCTCTATTTTTGTATTATTTTTTC
actcattttttcttcctccaAATTTTTTCATCCAGTCTGTAGG

CTCAAGCTTGTAAAGTCGATGCGCCAAC

TATACTAGTATCCTTTGACGTCTAATTAAATTTC
agggaacaaaagcetgggtacTTCCCTACAGACTGGATG
cggecgetctagaactagtgTTATTCTGGTTTGGTGATG

GCAACTGCGACCACGATTTIT
GTGTTCTTGCAGCGGAGTTG
TCGAAAGGGAAGCGCTGAG
AGTGCTGACTTGGCCATGAT
CGATGATTCCATTCGCGACG
GTCATCTCACTGTAGCCCCG
GTTCGGTCTTGCGACTTCTC
CCCATCGCAGTATCAAAGGT
AACAAAGGGTTGCCACTGAC
TTCAAACCTGTTGCTGCTTG
TGGACGGTATTCTACTGGGC
CGCCTAACTCGCCTACTTTG
CAAGGCGTAGGCCGCATGGT
ACCGCCCACGATGCTGAACC
GGACGGGTGAGTAATGCCTA
CTCAGACCAGCTAGGGATCG

278

397

397

514

501

150

125

126

246

167

202

234

193
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A.2 Supplementary Figure 1.

A. V. parahaemolyticus RIMD 2210633
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Figure S1. Genomic context of CosR homologs from select Vibrionaceae strains. A. In
V. parahaemolyticus cosR is divergently transcribed from bcct3 and
found on chromosome 1. This structure is well conserved in many Vibrio
species. B. In V. tasmaniensis a CosR homolog is located on
chromosome 2, downstream of the bet/IBAchoXWV operon. C. A. fischeri
encodes a CosR homolog divergently transcribed from mntH, a Mn(II)
transport protein. D. The betIBAproVWX operon of V. parahaemolyticus
is highly homologous to the bet/IBAchoXWV operon of V. tasmaniensis.
Homology was determined with tBLASTx.
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