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ABSTRACT 

Vibrio parahaemolyticus is a Gram-negative, halophilic bacterium that causes 

foodborne illness in humans and has become a major public health concern in recent 

years.  This organism is ubiquitous to coastal and marine environments around the 

world, where fluctuations in salinity are frequent.  In addition, as a gut pathogen 

causing gastrointestinal infections in humans, this bacterium encounters additional 

stresses in the forms of the host immune response.  To thrive in such fluctuating 

environments, V. parahaemolyticus has evolved adaptive strategies such as the uptake 

and synthesis of protective molecules termed compatible solutes.  The genome of V. 

parahaemolyticus contains putative gene clusters for de novo synthesis and transport 

of compatible solutes.  The role and full understanding of these specialized genomic 

features in the overall osmotic stress tolerance of V. parahaemolyticus is currently 

unresolved.  We hypothesized that the synthesis and transport systems are essential for 

V. parahaemolyticus growth and survival under osmotic stress conditions. 

In order to investigate the functionality of these systems in the osmotic stress 

tolerance of V. parahaemolyticus, we divided the research project in three parts: (1) 

Examine the role of the ectoine (1, 4, 5, 6-tetrahydro-2-methyl-4-pyrimidine 

carboxylic acid) and glycine betaine (N, N, N‐trimethylglycine) synthesis systems in 

the NaCl stress response, (2) Determine the role of the four putative Betaine-

Carnitine-Choline transporter (BCCT) homologues in the NaCl stress response, and 

(3) Determine the role of two ProXWV (ProU1 and ProU2) homologues in the NaCl 

stress response. 

Using a combination of different experimental approaches, we examined the 

functionality of these putative osmotically-controlled systems under conditions that 

mimicked the increase in NaCl in both defined and complex media.  



 xiv 

The role of the two synthesis systems in the NaCl stress response. We 

demonstrated that V. parahaemolyticus had an extended salt tolerance range up to 

10.5% NaCl in complex media and a 6% NaCl tolerance in defined M9 minimal 

media.  We demonstrated that exogenously supplied compatible solutes or their 

precursors in the media relieved the growth constraint caused by high NaCl.  By using 

proton Nuclear Magnetic Resonance spectroscopy (
1
H-NMR) analysis, we determined 

for the first time the profile of compatible solutes synthesized and accumulated by this 

organism.  Furthermore, we showed that V. parahaemolyticus cells could perform de 

novo synthesis of ectoine and glutamate in a NaCl-dependent manner.  

By comparative growth analysis in defined media amended to high osmolarity 

containing exogenously supplied compatible solutes or their precursors, we ranked the 

most effective compatible solutes in V. parahaemolyticus in the following order: 

glycine betaine > choline > proline>glutamate > ectoine.  Interestingly, we showed 

that V. parahaemolyticus could use glutamate or proline as a sole carbon source, but 

not ectoine and glycine betaine suggesting that the latter are bona fide compatible 

solutes.  By expression analysis of the ectoine (ectA) and betaine (betA) biosynthesis 

genes we determined that both systems were constitutively expressed at a basal level, 

but up-regulated upon NaCl upshock.  The expression of the ectA gene, however, was 

markedly more induced by NaCl upshock than that of the betA under all the conditions 

examined.  

To examine the essentiality of the biosynthesis systems in V. parahaemolyticus 

at high osmolarity, comparative growth analysis was performed between V. 

parahaemolyticus wild-type (WT) and mutant harboring deletion mutations in the 

glycine betaine synthesis (∆betA), the ectoine synthesis system (∆ectB), and both 

systems (∆betA∆ectB).  Growth in media of high osmolarity lacking compatible 

solutes revealed that ∆ectB and ∆betA∆ectB strains were defective compared to the 

WT and ∆betA.  Furthermore, this result indicated that the ectoine synthesis was 

critical for growth at high osmolarity.  Interestingly, the ∆betA strain could not grow 

in high osmolarity media supplied with choline suggesting that choline was toxic to 
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∆betA.  Irrespective of the mutant strains, growth at high osmolarity was rescued to 

the wild-type level in the presence of glycine betaine.  Finally, we performed a 

phylogenetic survey of the synthesis systems among the members of the genus Vibrio 

and showed the predominance of both systems in these species. 

 The role of the four putative BCCT homologues in the NaCl stress response. 

To test the hypothesis that the four Betaine-Carnitine-Choline Transporters (BCCTs) 

are functional, we examined the role of these systems at high osmolarity.  Expression 

analysis of the four BCCTs subjected to NaCl upshock showed that three of the 

BCCTs, VP1456, VP1905 and VPA0356 were induced.  We constructed in-frame 

single deletion mutations in all four BCCTs and revealed a behavior similar to wild-

type demonstrating redundancy of the systems.  However, a triple mutant 

∆VP1456∆VP1723∆VP1905 was defective in glycine betaine and ectoine uptake.  

Using E. coli MHK13, a betaine synthesis and compatible solute transporter negative 

strain, we examined the transport specificity of each BCCT in this background.  All 

four BCCTs could transport glycine betaine, but VP1456 had the most diverse 

substrate transport ability, up-taking glycine betaine, proline, ectoine, and choline.   

The role of two ProU homologues in the NaCl stress response. The two ProU 

transporters identified in V. parahaemolyticus are predicted from bioinformatics to 

function as compatible solute transporters [3].  A proU1 mutant was previously 

constructed and showed no distinguishable phenotype compared to the wild-type 

under high osmolarity [3].  To further understand the role of these systems, we 

investigated the role of the ProU systems in the osmotic stress tolerance of V. 

parahaemolyticus.  We showed that these systems were transcriptionally induced by 

NaCl upshock.  We created several strains carrying deletion mutations in the ProU 

systems and showed that the ∆proU1∆proU2 strain exhibited significant growth defect 

at high osmolarity relative to the wild-type; this result suggested the possibility of 

additional roles for the ProU systems.  Furthermore, we demonstrated that the ability 

to uptake glycine betaine was retained in both wild-type and ∆proU1∆proU2 strains at 

high osmolarity, suggesting that the ProU transport systems are not essential for the 
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uptake of glycine betaine.  Growth in the presence of choline, ectoine, and proline 

resulted in a slighter reduction in the lag phase in the ∆proU1∆proU2 compared to the 

wild-type strain.  

In summary, our study demonstrated that the putative transporter and synthesis 

systems found in V. parahaemolyticus are transcriptionally induced by NaCl.  We 

demonstrated that these systems are functional and used for biosynthesis and uptake of 

compatible solutes.  We determined for the first time the profile of compatible solutes 

synthesized and accumulated by this species.  Overall, our results indicated that V. 

parahaemolyticus derives osmotic stress protection via the use of the compatible 

solute biosynthesis and transport systems present in the genome. 
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 Chapter 1

INTRODUCTION 

Vibrio parahaemolyticus 

Vibrio parahaemolyticus is a Gram-negative, rod-shaped, halophilic bacterium 

that belongs to the Vibrionaceae family [4, 5, 6; 88]. Members of this family 

encompass species inhabiting a wide range of aquatic ecosystems [6; 88, 7-10]. V. 

parahaemolyticus is commonly found at the interface of fresh and sea waters, and in 

sea water, as free living organisms or in associations with fish, and other marine 

species [7, 9, 10].  In the marine environment, the prevalence of V. parahaemolyticus 

is linearly dependent on both high temperature and salinity [11-13]. As a result, these 

bacteria are typically absent during the winter months, but are found in great numbers 

during the warmer months where they are detected in oysters destined for 

consumption [7-9, 14-19].  

Vibrio parahaemolyticus colonization of oysters has been associated with 

gastrointestinal illness in humans, especially when infected oysters are consumed raw 

or undercooked. In most cases, these infections are self-limiting in healthy individuals, 

but can cause serious health complications in immune-compromised subjects. In 

recent years, V. parahaemolyticus infections have drastically increased making V. 

parahaemolyticus the leading cause of bacterial seafood-borne illness in the US, and a 

major public health concern [11, 20-23].  Besides, V. parahaemolyticus colonization 

of oysters also exerts a huge economic toll to the oyster industries in the US [23, 24]. 
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An intriguing aspect of the physiology of V. parahaemolyticus is its 

remarkable adaptation to diverse environments inherent to its ubiquitous lifestyle both 

as a marine organism where it faces nutrient availability and salinity fluctuations, and 

as an intestinal human pathogen exposed to in vivo immune pressure [10, 18, 24-28]. 

Therefore, to thrive in such fluctuating environments these bacteria must possess 

strategies to cope with shifts in osmotic stress, one of the most common stresses in 

marine environments [29-31]. 

Typically, bacterial growth and survival in salinity fluctuations requires the 

maintenance of an intracellular concentration of solutes equal or slightly higher than 

that of the extracellular milieu in order to maintain a positive turgor pressure [30]. 

Thus, during situations where the osmolarity of the extracellular milieu drastically 

increases or drops, bacteria detect these changes and respond swiftly to prevent death 

by plasmolysis during osmotic upshock or cytolysis during osmotic downshock 

conditions [29-31]. The ultimate goal of these adaptive responses is the restoration of 

the cell volume, an intracellular osmotic equilibrium, and a positive turgor pressure-

the driving force for normal cell growth and division [30, 32-35].  

Two near universal strategies exist to cope with the sudden change in the 

osmotic pressure in the external environment of the cell; accumulation of K
+
 ions in 

the cytoplasm and/or the uptake/synthesis of compatible solutes [30, 32, 35-37]. 

Osmotic Stress Strategies 

The accumulation of potassium. Bacteria physiological response to the 

sudden increase in the osmolarity of the environment is the accumulation of K
+
 ions in 

the cytoplasm, coupled with the accumulation of a counter ion such as glutamate. The 

concomitant accumulation of K
+
 ions and glutamate has been observed in Escherichia 
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coli and many bacteria as a primary response during the early phase of osmotic stress 

[30, 32, 35, 36, 38-45]. 

In most cases, this early response alone is sufficient to provide temporary relief 

against low and moderate osmotic stresses [41, 43]. However, as the osmolarity of the 

external environment steadily increases and extend in duration, the accumulation of 

high K
+ 

alone becomes insufficient to counteract osmotic stress constraint. Moreover, 

the accumulation of extremely high levels of K
+
 in the cytoplasm further exacerbates 

the normal functionality of cellular enzymes [30, 36, 43].  Therefore, bacteria often 

resort to a second and more sustainable strategy that is the accumulation of compatible 

solutes, achieved via de novo synthesis and uptake [30, 31, 36, 43, 46-48]. 

Although for the majority of bacteria the K
+
 strategy is only a transient 

response, aerobic Archaean of the order Halobacteriales and certain extremophiles 

inhabiting extremely high salinity environments have evolved to function only under 

high potassium content in their cytoplasm, the so-called salt-in strategy[29, 32, 37, 

49].  This parallel evolutionary strategy emanates mainly from the makeup of their 

proteins that contains a high proportion of acidic amino acids over basic residues, 

making these proteins highly charged [29, 32, 35, 49].  The salt-in strategy also offers 

little flexibility in the presence to constant salinity fluctuations [29, 32, 49]. But new 

evidences now suggest that the osmoadaptive strategies among these specialized salt-

in taxa are even more complex than initially implied, with subset of the 

Halobacteriales genera using additional strategies such as the compatible solute 

strategy described below [50]. 

The accumulation of compatible solutes.  The second strategy used by most 

bacteria to counteract osmotic stress is the accumulation of compatible solutes (CS). 
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Compatible solutes are low molecular weight organic compounds, soluble in water, 

that do not carry any charge at physiological pH (Zwitterion) [51]. These compounds 

are accumulated to high intracellular concentration by most bacteria to protect against 

osmotic stress [30, 31, 47, 52-61].  

A great structural diversity exists among these compounds as they are typically 

found throughout the three kingdoms of life [51, 62]. Some of the representatives 

include but not limited to compounds such as trehalose, free amino acids (proline, 

glutamate, glutamine), and amino acid derivatives (glycine betaine and ectoine) [46, 

51].  Depending on the species, these compounds can be used strictly as compatible 

solutes, or as both compatible solutes and carbon and/or nitrogen sources [51, 56, 63, 

64].  

Glycine betaine (N, N, N-trimethylglycine) is one of the most efficient 

compatible solutes used by a wide range of species [65-68]. Besides, compatible 

solutes also protect against other stressors such as temperature, pH, high pressure, 

cold, and desiccation depending on the species [52, 53, 55, 66, 69-73]. 

The mechanisms by which compatible solutes protect against osmotic stress 

are not yet clearly understood; however, several models have been proposed that 

suggest that these compounds are preferentially excluded from the protein domain, 

thus preserving the functionality of cellular enzymes [74, 75, 76-82]. 
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Figure 1 Schematic representation of the CS pathways in V. parahaemolytcus.  
Compatible solutes accumulation is achieved either via uptake by 

osmotically-controlled transporters (BCCT and PrU), or de novo 

synthesis.  V. parahaemolytcus genome contains gene clusters for de 

novo synthesis of ectoine (VP1719-VP1720) and glycine betaine 

(VPA112-VP114).  Additional putative genes of interest that can be 

utilized to synthesis precursors and relevant amino acids are also shown 

in the figure. Compatible solutes are shown in green and precursors 

molecules in red. Gene locus tags are shown in blue  
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Synthesis Systems 

One way by which compatible solutes are accumulated in the cytoplasm is via 

de novo synthesis by biosynthesis gene clusters present in the genome.  Some of the 

pathways used for the synthesis of compatible solutes include but not limited to the 

trehalose, glycine betaine, and ectoine biosynthesis systems [43, 51, 64, 69, 83, 84]. 

The trehalose biosynthesis pathway.  In E. coli, genes encoding the trehalose 

biosynthesis pathway form a single OtsBA operon [84].  This pathway uses UDP-

glucose or glucose-6-Phosphate as a precursor molecule to synthesize trehalose in a 

two-step reaction in which the glucosyltransferase enzyme (trehalose-6-phosphate 

synthase) encoded by the otsA catalyzes the conversion of the precursors to trehalose-

6-phosphate, while the trehalose-6-phosphate phosphatase (encoded by the otsB gene) 

carries out the subsequent dephosphorylation of trehalose-6-phosphate to generate 

trehalose.  

Vibrio parahaemolyticus RIMD 2210633 genome does not contain trehalose 

biosynthetic gene clusters, but contains in chromosome I gene encoding a PTS system 

trehalose (maltose)-specific transporter subunits IIBC (VP0710) responsible of the 

import of trehalose (or maltose) into the cell, and its later conversion into trehalose-6-

phoshate [85-89].  In the genome, the trehalose-specific PTS transporter is flanked 

upstream by a trehalose repressor gene treR (VP0709) and downstream by a gene 

encoding a trehalose-6-phosphate hydrolase or TreC (VP0711) capable of the 

conversion of trehalose-6-phosphate into glucose and glucose-6-phosphate.  

The ectoine biosynthesis pathway.  This pathway contains genes involved in 

the synthesis of the ectoine [3, 48, 90].  Biosynthesis genes governing this pathway 
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cluster in an ectABC or ectABC-aspk operon depending on the species and use aspartic 

acid or related molecules as precursors [47, 48, 63, 71, 91]. 

Ectoine biosynthesis is a multi-step pathway.  At the outset of the process, an 

enzyme called aspartokinase encoded by the aspk gene catalyzes the phosphorylation 

of the L-aspartic acid to L-4-aspartyl-phosphate in a reaction that requires an input of 

ATP.  Next, the aspartate-semi aldehyde dehydrogenase converts the L-4-aspartyl 

phosphate to L-aspartate-β-semi aldehyde in the presence of NADPH with the release 

of NADP
+
 and phosphate.  The generated L-aspartate-β-semi aldehyde is located at the 

junction of many amino acid biosynthesis pathways (methionine, lysine, and 

threonine) (Fig. 1).  

In order to move down the ectoine biosynthesis pathway, a diaminobutyrate-2-

oxoglutarate transaminase enzyme (EctB) must catalyze the transamination of L-

aspartate-β-semi aldehyde to L-2, 4-diaminobutyrate in the presence of L-glutamate 

with the release of 2-oxoglutarate.  The transamination step is directly followed by the 

acetylation of L-2, 4-diaminobutyrate (DABA) to Nγ-acetyl-L-2, 4-diaminobutyrate in 

the presence of the Acetyl-CoA catalyzed by L-2, 4-diaminobutyric acid 

acetyltransferase (EctA).  Finally, the L-ectoine synthase (EctC) catalyzes the 

cyclization of Nγ-acetyl-L-2, 4-diaminobutyrate to generate L-ectoine with the release 

of a water molecule.  

A subset of ectoine-producing bacteria possesses an additional gene (ectD) that 

encodes an ectoine hydroxylase enzyme responsible of the conversion of ectoine to 

hydroxyectoine [44, 48, 63, 69, 75, 83, 91-93].  V. parahaemolyticus contains 

ectABCaspk ectoine- biosynthetic gene cluster located in chromosome I [3, 94]. 
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The glycine betaine biosynthesis pathway.  The canonical glycine betaine 

biosynthesis pathway uses choline as a precursor in a two-step oxidation reaction via 

betaine aldehyde as intermediate.  In V. parahaemolyticus and other Gram-negative 

bacteria such as E. coli, the genes governing this pathway are organized in a betIBA 

operon [3, 95-97];  the betA gene encodes a choline dehydrogenase that catalyzes the 

conversion of choline to betaine aldehyde, while the betB gene encodes a betaine 

aldehyde dehydrogenase enzyme responsible for the conversion of betaine aldehyde to 

glycine betaine (Fig. 1) [3, 30, 95-97].  The betI gene, however, encodes a 

transcriptional repressor that preforms regulatory functions [43, 95, 96].  The 

conversion of betaine aldehyde to glycine betaine (the second step of the process) is 

mostly conserved between bacteria, mammals and plants and uses the betaine 

aldehyde dehydrogenase enzyme, while the first step of the process in not always 

conserved [98].  For instance, Arthrobacter pascens and A. globoformis two Gram-

positive soil bacteria use choline oxidase instead choline dehydrogenase to carry out 

the conversion of choline to betaine aldehyde; higher plants use the choline 

monooxygenase enzyme to catalyze the first reaction of the pathway [99-105].  

Aside from the canonical pathway mentioned above, there exist other 

variations in the biosynthesis of glycine betaine found in nature. One such alternative 

strategy is the synthesis of glycine betaine from glycine that utilizes a three-step series 

of methylation reactions catalyzed by two methyltransferase enzymes, glycine-

sarcosine methyltransferase (GSMT) and sarcosine-dimethylglycine methyltransferase 

(SDM), two enzymes with partially overlapping substrate specificity [106 , 107, 108]. 

This pathway is used by the extreme halophytic phototrophic bacteria such 
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Halorhodospira halochloris, Methanohalophilus portuclensis and several others [106, 

107, 108].  

Finally, glycine betaine can also be synthesized from the degradation of 

carnitine, and this pathway has been described in many bacteria [109, 110].  The key 

enzyme in this pathway is the carnitine dehydrogenase that converts carnitine to 3-

dehydrocarnitine, which is then subsequently broken down to glycine betaine and 

beyond [110, 111].  The genes governing the synthesis of glycine betaine from glycine 

and carnitine are absent in V. parahaemolyticus [3, 85, 94]. 

Osmoregulated Transporters 

Another means by which bacteria accumulate compatible solutes is through 

osmotically-controlled transporters, namely the Betaine-Carnitine-Choline Transporter 

(BCCT) systems and the ATP-Binding Cassette (ABC) family of transporters also 

known as the ProU transport systems. These specialized transporters scavenge 

compatible solutes from the external environment during osmotic stress. 

Betaine-Carnitine-Choline Transporters (BCCTs).  Members of this group 

belong to the single-component family of secondary transporters that use proton or 

sodium-motive force to translocate substrates across the membrane [112, 113].  These 

transporters display certain distinguishing features such as the transport of molecules 

with quaternary ammonium groups, and encode a protein of 500 amino acid residues 

on average, organized in 12 putative transmembrane α-helices [113, 114].  In addition, 

they possess a conserved stretch of tryptophan residues located in the transmembrane 

domain eight (TM8) believed to be involved in the binding of substrate [114-116]. 

BCCT proteins have been widely studied in many bacteria such as in Escherichia coli 

(BetT), Vibrio cholerae (opuD), Pseudomonas aeruginosa (BetT1 and BetT3), 
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Corynebacterium glutamicum (BetP), and B. subtilis (OpuD and OpuE) and shown to 

carry out uptake of compatible solutes at high osmolarity [54, 58, 114, 116, 117]. V. 

parahaemolyticus genome possesses four putative BCCTs scattered in both 

chromosomes [3]. 

ATP-Binding Cassette (ABC) Transporters.  The ABC family of transporters 

also known as ProU transport systems, named for the ability of these proteins to 

uptake proline.  ProU transport systems constitute are multicomponent transporters 

that use energy released from ATP hydrolysis to transport substrates across the 

membrane.  These proteins are organized in three separate proteins components 

encoded by genes organized in proXWX operon that includes a periplasmic-binding 

protein component (ProX), a transmembrane component or permease (ProW), and a 

nucleotide-binding component or ATPase (ProV) [118-120].  Additional signature 

motifs include a Q-loop, an H-loop/switch region, a Walker A motif/P-loop, D-loop, 

and a Walker B motif [119].  Together the Walker A, Walker B, Q-loop, D-loop, and 

H-loop constitutes the nucleotide binding site/ ATP binding site (chemical binding 

site) of these proteins.  Some of these proteins uptake very specific substrates, while 

others uptake structurally diverse compounds [119]. 

The roles of the ProU transporters in the uptake of compatible solutes during 

osmotic stress have been widely investigated [116, 118, 121-124].  V. 

parahaemolyticus genome contains two osmoregulated ProU transport systems located 

in each chromosome whose function is unknown (Fig. 2) [3, 94]. 
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Figure 2 Organization of the ProU transport systems in V. parahaemolyticus. 

The ProU1 transport system (located on the positive strand of the DNA) 

is arranged in VP1726-VP1728 operon. It is flanked on the left by 

VP1725 (hypothetical protein), VP1724 (DNA polymerase III subunit 

epsilon, and VP1723 (BCCT), and on the right by VP1729 (thermostable 

hemolysin delta-VPH) and VP1730 (long-chain-fatty-acid-CoA ligase). 

The ProU2 transport system (located on the negative strand) is arranged 

in VPA1109-VPA1111 operon. It is flanked on the left by VPA1108 

(NAD (P) H-flavin reductase) and VPA1107 (hypothetical protein), and 

on the right by the glycine betaine biosynthesis gene clusters (VPA1112-

VPA1114). The color green denotes the ProU1 operon, and the red the 

ProU2 operon. Both operons are boxed in the figures. 
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Background and Significance 

Vibrio parahaemolyticus is a halophilic marine organism that causes 

gastroenteritis in humans.  This bacterium was first described in Japan in the1950s 

during a large outbreak associated with the consumption of raw seafood [4, 5, 10, 125, 

126].  In the early 1990s, a highly virulent O3:K6 serogroup of V. parahaemolyticus 

emerged in India causing large numbers of hospitalizations and this specific serogroup 

has since spread worldwide [18, 22, 127, 128].   

In recent years, V. parahaemolyticus has risen to prominence becoming the 

leading cause of bacterial seafood-borne gastroenteritis infections in the US, especially 

during the summer months [12, 13, 20].  One of the main characteristics of V. 

parahaemolyticus is its remarkable ability to survive and thrive in diverse ecosystems 

marked by abiotic stresses [11, 13, 129].  These stresses are often encountered during 

fluctuations in salinity, temperature, and nutrient depletion.  

The correlation between the rise in temperature and salinity of the oceans and 

V. parahaemolyticus prevalence have been known for some time, but an understanding 

of the mechanisms driving the ubiquity of this organism are currently lacking [12, 13, 

127].  Moreover, the mechanisms that allow V. parahaemolyticus to survive and thrive 

in the presence of high salinity fluctuations remain largely unknown.  In many 

bacterial species, the synthesis and transport of compatible solutes have been shown to 

provide protection against osmotic stress [30, 43, 55, 130-137].  Furthermore, recent 

studies have begun to examine extreme halophiles and the role compatible solutes 

such as ectoine and hydroxyectoine play in the extreme environment these organisms 
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are found [71, 83, 92, 93l].  Very little is known about the role compatible solute 

synthesis and transporter systems play in the fitness and survival of V. 

parahaemolyticus and Vibrio species in general [3, 54].  This work was undertaken to 

fill in this gap in our knowledge of this important marine organism. 

Previously, it was found that V. parahaemolyticus genome contains multiple 

putative synthesis and transport systems compared to closely related species such as V. 

cholerae and Vibrio vulnificus [3].  These systems are used by bacteria to synthesis 

and scavenge compatible solutes under high osmolarity, which ultimately enhances 

their survival under stress.  Preliminary findings have also suggested a correlation 

between the presence of these systems and the adaptation of V. parahaemolyticus to 

many stress conditions; for instance, V. parahaemolyticus exhibited higher NaCl 

tolerance and could grow at lower temperature in high NaCl concentrations than 

species with fewer systems [3].  However, whether these numerous systems work in 

synergy or individually to protect V. parahaemolyticus against NaCl stresses have yet 

to be examined.  We hypothesized that the presence of two synthesis and six transport 

systems provides V. parahaemolyticus with a particular advantage under osmotic 

stress conditions.  A thorough examination of these systems in V. parahaemolyticus 

will provide insight into their physiological significance in osmoadaptation with 

respect to the diverse ecological niches where these bacteria are found. In addition to 

addressing the basic research questions aforementioned, the information gained from 

this study may provide a better understanding of the following aspects related to V. 

parahaemolyticus: 
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Vibrio parahaemolyticus, the oyster industry, and public health 

Vibrio parahaemolyticus is the leading cause of bacterial seafood-borne 

gastroenteritis infection in the US [138].  Several outbreaks associated with this 

pathogen have been documented in the US since 1997[138, 139].  V. 

parahaemolyticus proliferates during the warmer months of the year when the 

temperature and salinity are elevated [140].  Most infections occurred as result of 

consumption of raw or undercooked and contaminated seafood such as oysters; it is 

estimated that approximately 4,500 cases/year occur in the US (CDC);however, the 

exact number could be much higher due to the lack of unified reporting policy across 

the states.  Besides, V. parahaemolyticus contamination of oysters exerts a huge 

economical toll to the oyster industry.  The current strategies used by oyster harvesters 

to substantially reduce vibrio’s contamination in oysters and ensure oyster safety rely 

on consumer education and on postharvest processing methods [17].  Postharvest 

processing methods use an array of techniques such as quick freezing, frozen storage, 

high hydrostatic pressure, mild heat, or low dose gamma irradiation [15, 17].  

Although these techniques have been widely used by oyster harvesters with relative 

success, the high cost associated with their implementation has widened the discord 

between the FDA and the oyster industry.  Additionally, some customers have 

complained about the organoleptic impact of these invasive treatments in oysters.  

Thus, the results from the study of osmotic stress tolerance in V. parahaemolyticus 

could further our current understanding of the relationships of vibrio proliferation in 

oysters during the warmer months, where temperature and salinity are elevated.  

Furthermore, the knowledge gained may also help the oyster industry develop new and 

cost efficient postharvest strategies. 
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Vibrio parahaemolyticus and in vivo stress tolerance 

As a gastrointestinal pathogen, V. parahaemolyticus is subjected to a myriad of 

host eradication strategies whose goals are to eliminate, stop, or circumvent the 

infection.  Among the stresses encountered by V. parahaemolyticus in the human body 

are bile and acid stresses, antimicrobial peptides, and reactive oxygen species, among 

others [141, 142, 143].  The knowledge gained from the study of these systems could 

lend support towards understanding whether or not the numerous compatible and 

transporter systems found in V. parahaemolyticus are part of the “arsenal” that allow 

this organism to cope with the stresses encountered during the course of the infection 

in human.  Already in Listeria monocytogenes, the presence of numerous 

osmoregulatory systems has been shown to play a critical role in the pathogenicity of 

this species [53, 57]. 

Vibrio parahaemolyticus and biotechnology 

From a biotechnological standpoint, the studies of the two synthesis systems 

within a single organism carries potential biotechnological implications; compatible 

solutes, owing to their ability to preserve cellular molecules against heat, cold, 

dehydration, salinity, and other abiotic stresses are widely used in biotechnology 

[144].  Some of the applications involve their use in cosmetic to make skin lotion, in 

molecular biology as DNA stabilizer, in pharmaceutical industry, and in agriculture to 

create genetically modified stress-tolerant crops [69, 99, 100, 103, 144].  

Consequently, their wide use in biotechnology has resulted in the development of 

optimized industrial approaches [145].  However, most of the current bioprocesses 

produce only one compatible solute at a time [91, 144, 146].  The ability to optimize 
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the production of multiple compatible solutes from a single organism has very 

attractive biotechnological applications. 
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Dissertation Work 

This research work was undertaken to address the as-yet unanswered questions 

related to the complex physiology of V. parahaemolyticus, especially the mechanisms 

that control growth and survival in high salinity environments.  

Vibrio parahaemolyticus is a bacterium predominant in marine and estuarine 

environments around the world, ecosystems exposed to constant fluctuations in 

salinity.  Additionally, as a gut pathogen causing gastroenteritis illness in human 

hosts, this bacterium encounters additional stresses in the form of antimicrobial 

peptides, acid stresses, and oxygen reactive species.  

The full understanding of the mechanisms that drive the ubiquity of these 

organisms in these fluctuating ecosystems, especially in relation to salinity remains 

poorly understood.  To investigate these questions, different research avenues have 

been proposed and are currently being pursued in our laboratory to look into the 

mechanisms that control the physiology and ecology of this important marine 

organism.  One of those research avenues has focused on the investigation of the 

mechanisms that allow V. parahaemolyticus to cope with constant salinity fluctuations 

in the environment.  

Bioinformatics appraisal of the genomic features of V. parahaemolyticus and 

other Vibrionaceae had previously identified the genomic features of interest [3, 85, 

94].  Furthermore, ensuing studies have provided additional information on the 

possible contribution of these systems in V. parahaemolyticus ability to grow and 

survive over a broad range of salinity conditions relative to closely related species [3].  

Furthering on those preliminary studies, we set to broaden the study to the 

mechanisms of osmoadaptation in V. parahaemolyticus by examining the functionality 

of the compatible solute synthesis and transport systems. 
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We hypothesized that the presence of two putative compatible solute synthesis 

systems and six transport systems is important for V. parahaemolyticus growth and 

survival under osmotic stress conditions.  

We devised an experimental strategy that included conditions that mimicked 

NaCl shifts to look into the cues that induced these systems.  Furthermore, we 

employed molecular and evolutionary genetic approaches to examine the 

functionality, the distribution and evolutionary relatedness of these systems. 

Interestingly, we provided experimental support that demonstrated the 

functionality of these systems under NaCl-induced conditions, and also the type of 

compatible solutes synthesized or transported.  

Finally, we laid out the foundation and provided insights for future directions 

to be pursued to gain a complete understanding of these systems. 

In chapter 2, we investigated the roles of the ectoine and betaine synthesis 

systems and showed that they are functional.  Furthermore, we created synthesis 

systems single and multiple deletion strains and demonstrated that the ectoine 

synthesis was critical for growth under high salinity conditions.  We examined the 

expression of the synthesis genes under normal and upshock conditions and showed 

that these genes were osmotically induced.  Moreover, we determined the most 

effective compatible solutes used by V. parahaemolyticus. 

In chapter 3, we examined the role of the four putative osmoregulated Betaine-

Carnitine-Choline transporter (BCCT) homologues in the osmotic stress tolerance of 

V. parahaemolyticus.  We showed that three out of four BCCTs were markedly 

induced upon NaCl upshock, indicating that high osmolarity was the trigger for 

induction of these systems.  We created single in-frame deletions of these systems and 
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showed by comparative growth analysis that they are functionally redundant. 

Furthering on these results, we created two triple BCCT mutants and showed that 

these systems are involved in the uptake of compatible solutes at high osmolarity.  We 

cloned individual BCCTs into an inducible vector and transformed a compatible solute 

synthesis system-and uptake-deficient E. coli MKH13 strain and determined their 

substrate specificity in this background.  We demonstrated herein that the four BCCT 

are involved in the uptake of compatible solutes, but VP1456 was a broad-range 

transporter.  Finally, we determined the affinity of these transporters for glycine 

betaine and showed that VP1456 was again the most efficient of all. 

In chapter 4, we investigated the functionality of the two putative 

osmoregulated ProU (ABC transporters) in V. parahaemolyticus.  We showed that, as 

seen with the four BCCTs, the two ProU single mutants were also functionally 

redundant.  We created a double ProU mutant, lacking both systems, and noticed 

extended lag phase relative to the wild-type strain at high osmolarity in defined media; 

this phenotype suggested the possibility of additional roles for the ProU other than the 

uptake of compatible solutes.  Interestingly, growth of the double ProU mutant in high 

osmolarity in the presence of exogenously supplied compatible solutes resulted in a 

somewhat reduced in the lag phase compared to the wild-type, suggesting that these 

systems are involved in uptake of compatible solutes.  Conversely, growth of the 

double ProU mutant in the presence of glycine betaine resulted in an identical 

reduction in the lag phase as in the wild-type, which suggested that these systems are 

not involved in the uptake of glycine betaine. 

Overall, this dissertation work furthered the current understanding of the role 

of the synthesis and transport systems in V. parahaemolyticus ability to withstand 
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constant salinity fluctuation in the marine ecosystems.  We determined for the first 

time the profile of the compatible solute accumulated by this species, and most of all 

showed that NaCl was the trigger for induction of these systems.  Future research will 

be needed to tie together the data generated herein, especially with respect to 

understanding how these systems sense, regulate, and orchestrate the overall 

osmoadaptation strategy in this organism. 



 21 

 Chapter 2

THE BIOSYNTHESIS OF THE OSMOPROTECTANT ECTOINE BUT NOT 

GLYCINE BETAINE IS CRITICAL FOR THE SURVIVAL OF 

OSMOTICALLY STRESSED VIBRIO PARAHAEMOLYTICUS 

Introduction 

Vibrio parahaemolyticus is a halophile that is abundant in the aquatic 

environment and has been isolated from the water column, sediment and in association 

with crustaceans, mollusks, fish and planktonic copepods [7-9].  In the marine and 

estuarine environments, V. parahaemolyticus must navigate changing salinities, 

temperatures and nutrient limitations and is known to proliferate during the warmer 

months of the year when the salinity and temperature are elevated [4, 8, 147, 148].  V. 

parahaemolyticus levels in marine and estuarine waters are linearly dependent on both 

salinity and water temperature, and in winter months the bacterium is rarely isolated 

from the water column and is typically only found in small numbers in sediment [4, 8, 

16]. 

Global climate change has resulted in the overall increase in ocean 

temperatures as well as the acidification of these waters, which impacts the 

distribution of marine species [149-153].  In recent years, outbreaks of V. 

parahaemolyticus have been documented as far north as Alaska and this northward 

migration trend has been mainly attributed to the rise in ocean temperature [139, 148, 

154].  Interestingly, it was demonstrated that growth in differing NaCl concentrations 

alters the susceptibility of V. parahaemolyticus to other environmental stresses [155].  
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It has been documented that growth of V. parahaemolyticus in 3% NaCl compared to 

1% NaCl increased survival under both inorganic (HCl) and organic (acetic acid) acid 

conditions.  In addition, at 42°C and -20°C, growth of V. parahaemolyticus in 1% 

NaCl compared to 3% NaCl had a detrimental effect [155].  It has also been suggested 

that temperature may play a role in virulence gene regulation [156].  V. 

parahaemolyticus is of significant medical importance as it is the leading cause of 

seafood-associated bacterial gastroenteritis worldwide [20, 27, 138].   

Generally, the bacterium infects the host through the gastrointestinal tract, 

where it encounters stress conditions such as low pH, bile salts, antimicrobial peptides, 

and low salinity as well as challenges from the host immune system.  Most infections 

of V. parahaemolyticus occur as a result of consumption of raw or undercooked 

contaminated seafood.  Bioinformatics analysis has shown that the V. 

parahaemolyticus genome contains two compatible solute biosynthesis gene clusters; 

ectoine (encoded by ectABCaspK) and glycine betaine (encoded by betIBA) [3, 94, 

157].  In addition to these synthesis systems, the genome encodes two putative 

glutamine synthetase genes (VP0121 and VP1781), a glutamate synthetase gene 

(VPA0765) and a glutamate synthase gene cluster (VP0481-VP0484), as well as a 

putative bifunctional proline dehydrogenase/pyrroline-5-carboxylate dehydrogenase 

that can perform the reversible reaction of proline to glutamate.  Six putative 

compatible solute transporters including four betaine-carnitine-choline transporters 

(BCCTs) and two ProXWV (also known as ProU) transporters are contained also 

within the genome [3, 94].   

In many Proteobacteria, the response to osmotic stress has two phases; the first 

is the short term response resulting in the accumulation of K
+
.  The second (prolonged 
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strategy) is the synthesis and/or accumulation of compatible solutes that can be 

amassed in high concentrations without disturbing vital cellular functions [62]. 

Compatible solutes include but are not limited to trehalose, glycerol, mannitol free 

amino acids such as glutamate, glutamine, and proline, and their derivatives betaine, 

glycine betaine, and ectoine [31, 47, 51, 62, 130, 158].  It has been proposed that most 

bacteria use the trimethylammonium compound glycine betaine (N, N, N-

trimethylglycine) as their preferred compatible solute [33, 51, 130]. However, one of 

the most widespread compatible solutes is ectoine (1, 4, 5, 6-tetrahydro-2-methyl-4-

pyrimidinecarboxylic acid) [31, 33, 47, 51, 130, 158].  Ectoine is the only compatible 

solute synthesized in V. cholerae and V. fischeri, and in V. cholerae it was shown to 

play a role in osmotolerance [159].  

Previously, we demonstrated using comparative physiological analysis that V. 

parahaemolyticus compared with V. vulnificus YJ016, V. cholerae N16961 and V. 

fischeri ES114, which all contain fewer compatible solutes systems had a growth 

advantage under different salinity concentrations and temperatures [3].  We showed 

using one dimension nuclear magnetic resonance (
1
H-NMR) that at high salinity V. 

parahaemolyticus is capable of de novo synthesis of ectoine whereas a ∆ectB strain 

was not [3].   

In this study, we examined the role of compatible solute synthesis in the V. 

parahaemolyticus NaCl tolerance response and determined the compatible solutes 

synthesized and utilized to greatest effect by this bacterium.  It was determined using 

1
H-NMR analysis the major compatible solutes synthesized by V. parahaemolyticus 

when cells were osmotically challenged.  We examined whether V. parahaemolyticus 

could synthesize both ectoine and glycine betaine in the presence of their precursors 
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aspartic acid and choline, respectively.  It was established the conditions under which 

the ectoine and glycine betaine biosynthesis genes are expressed and whether NaCl 

induces expression.  Using a molecular genetic approach, constructed deletions in each 

of the biosynthesis systems were examined for their effect on growth and survival. 

Materials and Methods 

Bacterial strains, plasmids, and growth conditions 

Bacterial strains and plasmids used in this work are listed in Table 1.  Vibrio 

parahaemolyticus RIMD2210633 serotype O3:K6[85] and generated mutants were 

routinely grown at 37°C with aeration in Luria-Bertani (LB) broth (Fisher Scientific, 

Fair Lawn, NJ) with 3% NaCl (w/v), or in M9 minimal medium containing 47.8 mM 

Na2HPO4, 22 mM KH2PO4, 18.7 mM NH4Cl, 8.6 mM NaCl (Sigma-Aldrich, USA) 

supplemented with 2 mM MgSO4, 0.1 mM CaCl2, and 0.4% (w/v) glucose as a sole 

carbon source designated M9G with 3% NaCl (w/v).  To recreate conditions of 

elevated osmotic strength, LB and M9G media were prepared with increasing 

concentrations of NaCl ranging from 1% to 11% NaCl (w/v).  Compatible solutes or 

their precursors were added to growth media at the following concentrations: glycine 

betaine 100 µM, ectoine 100 µM, choline 1000 µM, aspartic acid 1000 µM, glutamate 

1000 µM, glutamine 1000 µM and proline 1000 µM (Sigma-Aldrich, USA).  

Escherichia coli DH5 pir used in this study was grown in LB media containing 1% 

NaCl at 37°C under aerobic condition and E. coli 2155, an auxotroph for 

diaminopimelic acid (DAP), was grown at 37°C in LB 1% NaCl broth supplemented 

with 0.3 mM DAP.  All antibiotics were used at the following concentrations: 
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Ampicillin (Amp), 100 µg/ml; Chloramphenicol (Cm), 25 µg/ml; and Streptomycin 

(Str), 200 µg/ml. 

Growth analysis 

Growth analysis of V. parahaemolyticus RIMD2210633 and mutants was 

performed in a 96-well Tecan Sunrise microplate reader (Tecan US Inc., Durham, NC) 

in LB or M9G media adjusted to a desired NaCl concentrations and in the absence or 

presence of compatible solutes or their precursors.  Briefly, pre-cultures of V. 

parahaemolyticus were grown overnight in LB or M9G media and 2% of inoculum of 

stationary phase cells were used to inoculate fresh media and grown for 5 h at 37°C 

with aeration.  A 2.5% inoculum was subsequently used to inoculate a 96-well 

microliter plate filled with 200 l/well of media adjusted to different NaCl 

concentrations.  Bacterial growth was monitored hourly by measuring the optical 

densities (OD595) for a period of 24 h or longer.  All measurements were done in 

triplicate using at least two biological replicates.  The data obtained were then 

computed statistically and plotted as average of means using Origin 8.5 software 

program (Origin Lab Corporation, MA, USA). 

Nuclear magnetic resonance spectroscopy (NMR) analysis 

Cellular extracts of V. parahaemolyticus RIMD2210633 were prepared for 

NMR analysis, as previously described [3, 159].  In brief, V. parahaemolyticus was 

cultured to logarithmic or stationary phase at 37°C in M9G supplemented to a NaCl 

concentration as indicated.  Bacterial cells were then pelleted by centrifugation for 10 

min at 1000 xg, and the cell pellets were washed once with fresh media of equal 

salinity.  Cells were then lysed by freeze-thaw cycles three times in dry ice and 
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subsequently suspended in 750 l of ethanol.  After centrifugation at 4000 xg, ethanol 

extracts free of cellular debris were transferred into clean tubes and ethanol was 

removed by evaporation in a Savant SpeedVac concentrator (Thermo Scientific, 

Waltham, MA) for ~4 h.  The resulting dried pellet material was suspended in 500 l 

of deuterium oxide (D2O) solvent (Cambridge Isotope Laboratories Inc., Andover, 

MA), and insoluble material was removed by centrifugation.  The suspended organic 

materials were transferred into a 5 mm NMR tube (Wilmad LabGlass, Vineland, NJ) 

and 
1
H-NMR spectral data were obtained by running samples in a Bruker Avance 400 

NMR spectrometer at 400 MHz.  Acquired 
1
H-NMR spectra were processed and 

analyzed by ACD/NMR Processor Academic Edition software version 12.01 

(ACD/Labs, Canada). 

RNA isolation and cDNA synthesis 

Vibrio parahaemolyticus RIMD2210633 Wild-type was grown overnight at 

37°C with aeration in LB or M9G media containing 3% NaCl (w/v).  A 2% aliquot of 

the overnight culture was then used to inoculate fresh LB or M9G 3% NaCl (w/v) and 

allowed to grow for 4 h (log phase) or 10 h (stationary phase).  Cells were grown in 

LB 3% NaCl (w/v) or M9G 3% NaCl (w/v) media to either log or stationary phase, 

and subjected to osmotic upshock conditions in 6% NaCl (w/v) for 30 min at 37°C.  

For all conditions examined, total RNA was isolated by adding two volumes of 

RNAprotect Bacteria Reagent (Qiagen) to the cell culture according to the 

manufacturer’s instructions.  Isolated RNA was quantified by Nanodrop 

spectrophotometer (Thermo Scientific, Waltham, MA) and examined by gel 

electrophoresis on 0.8% agarose to assess quality.  RNA was treated with DNase kit 

(Invitrogen) to remove any genomic DNA contaminant as per the manufacturer's 
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protocol.  The first-strand cDNA synthesis reaction was initiated with 500 ng of 

purified RNA as a template in a reaction primed with 200 ng of random hexamers, 

according to the manufacturer’s protocol (Superscript II reverse transcriptase kit, 

Invitrogen). 

Gene expression analysis 

Transcriptional analysis was performed to assess the expression levels of 

ectoine and glycine betaine synthesis genes of V. parahaemolyticus RIMD2210633 in 

response to both high NaCl concentrations and different growth phases (log and 

stationary phase cells).  Reverse Transcriptase-PCR gene-specific primers were 

designed to amplify a 250-270-bp region of ectA and betA genes (Table 2).  RT-PCR 

assays were then performed on cDNA diluted to 1:25 and 1:125.  To assure equal 

loading of the cDNA template in the RT-PCR reaction and to correct for sampling 

errors, the expression level of each gene was compared to the level of 16S rRNA 

control.  Following RT-PCR amplification, the expression levels of the genes tested 

were assayed by running the samples on 1.8% agarose gel.  RT-PCR cycling 

conditions used in these experiments were as follows: 95°C/3 min one cycle; followed 

by 94°C/30 sec, 55°C/30 sec, 72°C/1 min for 29 cycles; and 72°C/5 min last cycle.  To 

quantify expression levels of ectA and betA genes after NaCl upshock quantitative 

real-time PCR (QPCR) was performed.  QPCR analysis was performed in a 20 µl 

reaction to assess the fold change in expression levels of ectA and betA transcripts 

after salt upshock in log and stationary phase cultures of V. parahaemolyticus; diluted 

cDNA template was mixed with HotStart-IT SYBR green qPCR master mix (USB, 

Santa Clara, CA) in a 96-well plate and the Q PCR analysis performed using an 

Applied Biosystems 7500 fast real-time PCR system (Foster City, CA).  The following 



 28 

cycling conditions were used for the real-time PCR assay: 95°C/2 min one cycle; 

followed by 95°C/10 sec; 60°C/30 sec for 40 cycles.  At the completion of the assay, 

the generated threshold cycle (CT) mean values were normalized across the samples 

with the 16S rRNA control, and the gene expression levels relative to culture grown in 

3% NaCl for 4 h was performed using the ∆∆CT method[160-162].  Two technical 

replicates and at least two biological replicates were performed for all assays.  The 

significance of the different treatments was statistically computed using an unpaired 

Student’s t test. 

Mutant construction 

A mutant harboring an in-frame non-polar deletion in the choline 

dehydrogenase gene (betA) of V. parahaemolyticus was constructed by Splicing by 

Overlap Extension (SOE) PCR and homologous recombination [163, 164].  The 1746-

bp gene sequence for choline dehydrogenase encoded by vpa1112 (betA) located on 

the chromosome II of V. parahaemolyticus was retrieved from the NCBI GenBank 

(reference sequence: NC_004605.1).  SOE PCR primers along with screening primers 

were then designed and analyzed using Primer Quest from Integrated DNA 

Technologies (IDT, USA) (Table 2).  The VPA1112A primer was designed to include 

an XbaI restriction site at the 5’-end, while the VPA1112B primer was modified at the 

5’-end by addition of 18-nucleotides tag.  The VPA1112C primer was modified at the 

5’-end to include a complementary sequence of the 18 nucleotides tag.  Finally, the 

VPA1112D primer was designed to include a SacI restriction site at the 5’-end (Table 

2).  For SOE PCR amplification, V. parahaemolyticus RIMD2210633 genomic DNA 

was used as a template.  Two rounds of PCR amplifications [ 95°C/5 min; 94°C/30 sec 

(94°C/30 sec, 51°C/30 sec, 72°C/2 min) x 29 cycles; 72°C/10 min] were performed 
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first using primer pairs VPA1112A/VPA1112B and VPA1112C/ VPA1112D 

generating products AB of 379-bp and CD of 334-bp.  In the subsequent PCR 

amplification, primer pair VPA1112A/VPA1112D was used to generate a product 

(betA-AD) of 713-bp in size containing at the 5’ and 3’ends restriction sites for XbaI 

and SacI, respectively.  The purified betA-AD truncated DNA fragment was 

subcloned into the pJET1.2 vector (Fermentas, Glen Burnie, MD).  The resulting 

recombinant plasmid pΔbetA was then transformed into E. coli DH5α-pir strain and 

cloned into a suicide vector pDS132[165].  The recombinant plasmid pDS132ΔbetA 

was subsequently used to transform E. coli β2155 λpir DAP auxotroph strain, which 

was conjugated into V. parahaemolyticus using a contact-dependent biparental mating 

by cross-streaking the two strains on LB agar with 1% NaCl 0.3 mM DAP.  Following 

a series of selections on chloramphenicol and sucrose plates, the recombinant clones 

that underwent double crossover (betA) were selected for the phenotype sucrose 

resistant (SacB
r
 ) chloramphenicol sensitive (Cm

s
 ), and confirmed by colony PCR and 

DNA sequencing.  Similarly, ectBbetA, devoid of both betA and ectB genes, was 

constructed by conjugating E. coli β2155 λpir pDS132ΔectB [3] with V. 

parahaemolyticus mutant strain betA using the same protocol.  The generated 

ectBbetA was confirmed by PCR and DNA sequencing. 

Phylogenetic tree construction 

Detection of homologous protein sequences from compatible solute 

biosynthesis pathways was performed using EctA (VP1722) and BetA (VPA1112) 

sequences as templates in searches performed with the BLASTP program at the 

National Center for Biotechnology Information (NCBI) 

(www.ncbi.nlm.nih.gov/BLAST).  Sequences with minimum E values of 0.0001 
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without filtering were identified.  We constructed a phylogenetic tree based on three 

housekeeping genes of all Vibrionaceae species whose genome sequence is complete.  

The three housekeeping genes used were RNA polymerase subunit beta (rpoB), malate 

dehydrogenase (mdh), both present on chromosome I, and dihydrorotase (pyrC) 

present on chromosome II.  Phylogenetic analysis was performed using complete 

concatenated sequences aligned by ClustalW 2.0 and the neighbor-Joining (NJ) 

method for tree construction as implemented in MEGA 5[166].  The Bootstrap values 

for NJ trees were obtained after 1000 generations and MEGA 5 tree viewer was used 

to visualize the trees and calculate confidence values [166].  The locus tags for each of 

the genes examined are as follows: rpoB:  VSAL_I2866, VHA_000316, YP_131518, 

V12G01_00020, VAA_00351, VIBR0546_19107, VIBC2010_11541, VC0328, 

VIC_000047, VcycZ_010100012493, VF_2414, VFA_003646, VME_32530, 

VIBHAR_00225, VII00023_15976, VII_003403, VINI7043_00277, 

VordA3_010100006710, ZP_05946651, VPMS16_1850, VP2922, 

VrotD_010100000953, VIS19158_14047, VISI1226_14532, AND4_18793, 

VEJY3_14765, VEA_002173, MED222_00572, VIBRN418_07985, VCJ_000034, 

VS_2963, VT1337_16523, VV3159.  mdh:  VSAL_I0359, VHA_002058, 

PBPRA0391, V12G01_12048, VAA_01685, VIBR0546_19297, VIBC2010_15622, 

VC_0432, VIC_004828, VcycZ_010100009988, VF_0276, VFA_000332, 

VME_16640, VIBHAR_00795, VII00023_17031, VII_003296, VINI7043_19588, 

VordA3_010100015387, VIA_003995, VPMS16_415, VP0325, 

VrotD_010100003320, VIS19158_04331, VISI1226_19579, AND4_18426, 

VEJY3_01590, VEx25_0219, MED222_17215, VIBRN418_11585, VCJ_000156, 

VS_0358, VT1337_16653, VV0467.  pyrC: VSAL_II0468, ZP_06053391, 
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PBPRA2405, V12G01_05941, VAA_00972, VIBR0546_14415, VIBC2010_09342, 

VCA0925, VIC_003248, VcycZ_010100004852, VF_A0412, VFA_003087, 

VME_35630, VIBHAR_05227, VII00023_05282, VII_000508, VINI7043_04290, 

VordA3_010100001797, ZP_05943435, VPMS16_875, VPA0408, 

VrotD_010100021328, VIS19158_18031, VISI1226_03785, AND4_06254, 

VEJY3_22466, VEA_001337, ZP_01062853, VIBRN418_08787, VCJ_003244, 

VS_II0272, VT1337_19727, VVA0407. 

Results 

Vibrio parahaemolyticus has a higher salt tolerance in complex media 

We wanted to determine the role of nutrient availability in salt stress tolerance 

of V. parahaemolyticus.  To examine this, growth of V. parahaemolyticus was 

analyzed in the presence of increasing NaCl concentrations (3%-11%) in LB media at 

37°C with aeration (Fig. 3A).  It was found that under these conditions V. 

parahaemolyticus can grow in up to 10.5% NaCl (w/v).  Next, we examined the NaCl 

tolerance range of V. parahaemolyticus in M9G containing 3 to 9% NaCl (w/v) at 

37°C with aeration (Fig. 3B).  Under these conditions in M9G, where compatible 

solutes and their precursors were not exogenously present, V. parahaemolyticus could 

grow at an upper maximum of 6% NaCl, but with an extended lag phase of ~5 h (Fig. 

3B).  This extended lag phase was reduced to 2.5 h or less when ectoine, glycine 

betaine or their precursor aspartic acid or choline was exogenously supplied (Fig. 3C).  

These data showed that V. parahaemolyticus cells had a broad salt stress tolerance 

range when grown in complex media compared with defined media.  In addition, these 

data suggested that V. parahaemolyticus can synthesize both ectoine and glycine 
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betaine since the addition of their precursors to the media reduced the lag phase in 

M9G 6% NaCl. 

Vibrio parahaemolyticus synthesizes ectoine and glutamate de novo 

The major compatible solutes synthesized by stationary phase V. 

parahaemolyticus cells was investigated by proton NMR (
1
H-NMR) at 400 MHZ in 

the presence of Deuterium Oxide as solvent (D2O).  From cells grown in M9G 1% 

NaCl, no known major compatible solutes were found to be present (Fig. 4A).  Protons 

peaks corresponding to alanine and other organic compounds were noted, which are 

likely metabolic products produced in these stationary phase cells (Fig. 4A).  In M9G 

3% and 6% NaCl, protons peaks corresponding to ectoine and glutamate, as illustrated 

by their chemical shift values expressed in ppm, were identified (Fig. 4B and 4C).  It 

appears also that in M9G 6% NaCl the intensity and peak size increased for ectoine 

and decreased for glutamate, suggesting that ectoine is produced in a NaCl-dependent 

manner.  Also, an examination of exponential phase V. parahaemolyticus cells was 

performed by 
1
H-NMR and a similar pattern was found for all three conditions (Fig. 

5). 

We determined whether the reduction in the lag phase seen when cells were 

grown in the presence of choline or aspartic acid was due to conversion of these two 

precursors to glycine betaine and ectoine, respectively and not the result of these 

compounds being used as carbon and energy sources (Fig. 3C).  To examine this, V. 

parahaemolyticus was cultured in M9G 6% NaCl supplemented with 1mM of choline 

or aspartic acid, and the presence of glycine betaine and ectoine was evaluated by 
1
H-

NMR.  It was found that both glycine betaine and ectoine were synthesized in the 

presence of their respective precursors (Fig. 6A and 6B).  To address the question of 
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whether V. parahaemolyticus can simultaneously synthesize both ectoine and glycine 

betaine, V. parahaemolyticus cells were grown in M9G 6% NaCl supplemented with 1 

mM of choline and 1 mM of aspartic acid.  By 
1
H-NMR analysis, it was shown that V. 

parahaemolyticus was able to synthesize both compatible solutes, however, the 

normalized intensity of the proton peaks corresponding to glycine betaine were much 

larger than that of the ectoine peaks, suggesting that more glycine betaine was 

produced than ectoine (Fig. 7).  

To examine whether compatible solutes or their precursors can be used as sole 

carbon and energy sources, V. parahaemolyticus cells were grown in M9 1% NaCl 

media supplemented with glycine betaine, choline, ectoine, aspartic acid, proline, 

glutamate or glutamine as the sole carbon source.  We found that glutamate, aspartic 

acid, and proline could be used as sole carbon sources.  After an 18 h lag phase V. 

parahaemolyticus grew poorly in M9 1% NaCl media supplemented with glutamine.  

There was no detectable growth from cultures containing choline, ectoine, or glycine 

betaine as carbon sources.  This indicates that ectoine and glycine betaine are bona 

fide compatible solutes, and choline is used solely as a precursor for glycine betaine 

synthesis (Fig. 8). 

Ectoine synthesis gene ectA is highly induced by NaCl upshock 

To determine whether there is differential expression of the ectoine and glycine 

betaine synthesis genes, we examined expression of ectA and betA genes from cells 

grown under different salinity conditions.  First, we examined expression from log and 

stationary phase cells grown in LB 3% NaCl (Fig. 9A).  Reverse transcriptase PCR 

(RT-PCR) and quantitative Real-time PCR (qPCR) were utilized to determine the 

transcript levels of ectA and betA.  It was found that both genes were more highly 
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expressed in log phase cells compared to stationary phase cells in LB media (Fig. 9A).  

Then, we examined expression of these genes under the same conditions after a 30 

min upshock in 6% NaCl.  The ectA gene showed increased expression in log and 

stationary phase cells after NaCl upshock.  The betA gene also showed increased 

expression after NaCl upshock in log phase cells, but not in stationary phase cells (Fig. 

9A). 

Next, the expression pattern of ectA and betA genes was examined in log and 

stationary phase cells grown in M9G 3% NaCl (Fig. 9B).  It was found that in defined 

media, the expression level of ectA gene was up-regulated in log phase compared to 

stationary phase cells, whereas betA gene showed low levels of expression in log 

phase and stationary phase cells.  Similarly, we found differential expression under the 

same conditions after a 30 min upshock in 6% NaCl.  Both ectA and betA genes 

showed increased expression after the NaCl upshock during log phase growth, with 

the ectA gene showing the higher level of expression.  In stationary phase cells after 

the 30 min upshock in 6% NaCl only the ectA gene was expressed (Fig. 9B). 

Using qPCR we quantified these expression patterns and demonstrated that the 

ectA gene was significantly more induced under all conditions examined (Fig. 9C and 

9D).  For example, ectA gene showed approximately 200-fold and 60-fold change in 

expression after NaCl up shock in complex LB and defined media, respectively (Fig. 

8C and 8D).  Whereas, under the same conditions, betA gene showed a 14-fold and 

1.75-fold change.  Together, these results demonstrated that the expression of both 

genes were growth phase-dependent and induced by NaCl (Fig. 9C and 9D). 
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Ectoine synthesis is essential for growth in high salt in defined media 

We determined whether synthesis of both ectoine and glycine betaine was 

critical for V. parahaemolyticus growth under osmotic stress.  To achieve this, first 

betA, ectB, ∆ectB∆betA deletion strains were constructed (Fig. 10A and 10B). 

Then, betA strain (defective in glycine betaine synthesis), ectB strain (defective in 

ectoine synthesis), and ∆ectB∆betA strain (defective in both glycine betaine and 

ectoine synthesis) were examined.  Growth of the wild-type strain was then compared 

with that of the ∆betA in M9G 6% NaCl media and both strains were comparable (Fig. 

11A).  However, when betA was cultured in the presence of the precursor choline, no 

growth occurred indicating that choline was toxic to the cell, and further examination 

of these cultures determined that choline accumulation was bacteriostatic (Fig. 12).  

To investigate whether this bacteriostatic effect was due to internal 

accumulation of choline, 
1
H-NMR analysis was performed; ∆betA cells were grown to 

exponential phase in M9G 6% NaCl, pelleted, suspended in M9G 6% NaCl 

supplemented with 1 mM choline for 1 h, and analyzed by 
1
H-NMR.  Our results 

indicated that choline had accumulated internally in the betA mutant cells, but no 

choline was present in wild-type cells grown under the same conditions (Fig. 10).  In 

M9G 6% NaCl supplemented with glycine betaine, the ∆betA strain grew better than 

wild-type, which was demonstrated by a reduction in the lag phase from ~5 h to ≤1 h 

(Fig. 11A).  In the same media supplemented with either ectoine or aspartic acid 

∆betA strain also had a reduced lag phase, but not to the same extent as glycine betaine 

did (Fig. 11A).  Overall, these data suggest that the betaine synthesis system is not 

essential for growth in high salt in defined media.  However, glycine betaine is a more 

effective compatible solute than ectoine in V. parahaemolyticus. 
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We examined the role of the ectoine synthesis system in the growth of V. 

parahaemolyticus under high salt and in defined media.  A deletion mutation was 

constructed previously in the ectB gene, which knocked out the synthesis system [3].  

This deletion mutant grew similar to wild-type in M9G 3% NaCl demonstrating that 

there is no overall growth defect.  However, it was found that, unlike the betA, the 

ectB strain could not grow in M9G 6% NaCl, suggesting that ectoine synthesis is 

essential (Fig. 11B).  We investigated the importance of both synthesis systems by 

examining the growth of ΔectBΔbetA under the same growth conditions described 

above; the double mutant grew similar to wild-type in M9G 3% NaCl, but showed no 

growth in M9G plus 6% NaCl (Fig. 11C).  The ability of different compatible solutes 

(glycine betaine, ectoine, proline, glutamate, glutamine) and their precursors (aspartic 

acid and choline) to rescue growth of the double mutant in M9G 6% NaCl was tested 

(Fig. 11C).  It was found that in the presence of glycine betaine (open circles), proline 

(closed squares), ectoine (open squares), or glutamate (closed triangle) the double 

mutant strain grew (Fig. 11C).  The compatible solutes demonstrated the following 

effectiveness as determined by lag phase time reduction and overall final optical 

density (OD595): glycine betaine>proline>ectoine >glutamate.  In the presence of 

ectoine there was a slight defect in ∆ectB∆betA since the mutant did not show the 

same reduction in the lag phase as the ∆ectB strain (Fig. 11C).  In summary, under the 

conditions examined herein, our data show that the ectoine synthesis system is 

essential for growth under osmotic stress conditions and ectoine, glycine betaine and 

proline are effective compatible solutes used by this species. 
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Ectoine and betaine synthesis systems are predominant in Vibrios 

Of the 33 species of the family Vibrionaceae whose complete genome 

sequences are available in the NCBI genome database, we identified the ectoine 

cluster alone in 7 species, the glycine betaine cluster alone in 5 species, both gene 

clusters in 20 species and neither gene cluster in 1 species (Fig. 13).  Depending on the 

species, the ectoine synthesis system could be present in either chromosome I or II, 

although for most species it was present in chromosome II.  Only in V. 

parahaemolyticus, V. alginolyticus and V. harveyi was it contained in chromosome I 

where it was always adjacent to a BCCT transporter.  The ectoine genes were present 

amongst all strains of a given species with the exception of V. harveyi HY01 and two 

strains of V. splendidus.  In V. harveyi HY01, the genes appear to be deleted as we 

found partial sequence of aspK and a homologue of the BCCT transporter encoded by 

VP1723 in the expected location in the genome as is present in V. parahaemolyticus.  

The two strains of V. splendidus have incomplete genome sequences so we cannot 

speculate on their absence.  In cases where it could be determined from the genome 

sequence, the glycine betaine gene cluster was always present on chromosome II.  The 

genes were present in all representatives of the species.  We reconstructed the 

evolutionary history based on three housekeeping genes, rpoB, mdh and pyrC of the 

33 species examined.  Onto this tree we mapped the distribution of ectoine and betaine 

biosynthesis gene clusters.  The predominant distribution is the presence of both 

systems in most species.  This is true for the most divergent species within the group 

analyzed, Photobacterium angustum and Grimontia hollisae, which strongly suggests 

that both systems are ancestral (Fig. 13).  The presence of only the ectoine system in 

both V. cholerae and V. mimicus, but the presence of both synthesis systems in their 

close relative V. furnissii suggests that deletion of the betaine synthesis system 
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occurred in the last common ancestor to give rise to these species.  A similar 

evolutionary scenario can be proposed for the presence of only the ectoine system in 

V. ichthyoenteri, Vibrio sp N418 and V. scophthalmi.  It is of interest to note that V. 

fischeri also only contains the ectoine system, but its closest relative on the tree V. 

salmonicida contains neither the ectoine nor betaine synthesis systems.  This is the 

only species examined within this family that contained neither system.  Interrogation 

of the genome sequence of V. salmonicida did uncover a potential proline synthesis 

system, ProAB and ProI, which would allow the conversion of glutamate to proline for 

use as a compatible solute. 

Discussion 

Synthesis and accumulation of compatible solutes are widely used by bacteria 

as strategies to relieve the growth constraint imposed by increased osmolarity[33, 57, 

58, 62, 130, 167].  This study showed that the addition of exogenous compatible 

solutes and their precursors to M9G 6% NaCl resulted in the reduction of the lag phase 

growth, indicating that V. parahaemolyticus is able to transport, accumulate, and 

synthesize compatible solutes (Fig. 3).  Using 
1
H-NMR analysis we showed that 

ectoine and glutamate were synthesized in M9G 6% NaCl.  The role of glutamate in 

osmotic stress has been described, for example in E. coli it acts as a K
+
 counter anion 

during the early stage of NaCl stress [38, 43].  The moderate halophile Halobacillus 

halophilus, under moderate salinities, accumulates glutamate and glutamine to adjust 

turgor[168]. 

In this organism one of the major roles of glutamate is to induce proline 

synthesis at high salinity [46].  However, in V. parahaemolyticus, the accumulation of 

glutamate is not sufficient for long-term survival since the ectA mutant cannot grow in 
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defined media under high NaCl stress, but the betA mutant can, indicating that ectoine 

is the main compatible solute synthesized de novo.  We examined the NMR profile of 

wild-type cells grown in the presence of equal concentration of the precursors aspartic 

acid and choline and found that both ectoine and glycine betaine can be synthesized 

simultaneously.  We demonstrated that ectoine and glycine betaine are bona fide 

compatible solutes, that along with choline cannot be used as sole carbon and energy 

sources, whereas glutamate, aspartic acid, proline and, to a much lesser extent, 

glutamine can be used as sole carbon sources.  The use of choline and glycine betaine 

as sole carbon sources in Pseudomonas aeruginosa has been documented and is 

facilitated in this species by the presence of high affinity choline and glycine betaine 

transporters [117, 169].  This species can also use these substrates as effective 

compatible solute, but cannot synthesize them de novo.  V. parahaemolyticus can 

synthesize ectoine, and glycine betaine from choline, and does so quite effectively, but 

cannot uses these compounds as sole carbon sources.  Our data showed that V. 

parahaemolyticus can use proline as a sole carbon source and an effective compatible 

solute, but it cannot synthesize it de novo.  Since V. parahaemolyticus contains at least 

six putative compatible solute transporters, uptake of proline may be an important 

osmotic tolerance strategy for this organism, which needs to be examined further [3, 

155]. We showed that both ectA and betA genes are constitutively expressed in LB and 

M9 media, and both are more highly expressed in log phase cells compared to 

stationary phase cells.  Although we did find that the NaCl upshock induces 

expression of both genes in all conditions examined, it was found that the ectA gene 

was always more highly expressed than betA.  Together with the growth assay and 
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NMR analyses, these data demonstrated that ectoine synthesis is critical for growth 

under osmotic stress conditions.  

The contribution of both V. parahaemolyticus synthesis systems to high salt 

stress survival was examined via the use of in-frame single and double deletion 

mutants.  These data indicated that the glycine betaine synthesis system was not 

essential for growth under osmotic stress conditions.  We found that the ∆ectB strain 

did not grow under high NaCl stress conditions, indicating that this system is essential.  

To determine if there was any cumulative effect in deletion of both ectB and betA, we 

examined the double mutant and found that the addition of glycine betaine restored 

growth similar to wild-type levels.  We also found that the addition of proline was 

highly effective in rescuing the double mutant indicating that this is a powerful 

osmotic tolerance solute in this species.  Glutamate could rescue the double mutant 

somewhat, but the data suggest that this solute is likely not an important compatible 

solute for this organism.  Overall, these data indicated that glycine betaine, proline, 

ectoine and, to a much lesser extent, glutamate can act as compatible solutes in V. 

parahaemolyticus.   

Previously, it was suggested that the ability to synthesize ectoine is specific for 

halophilic bacteria, and our analysis suggested it is essential for moderate halophile 

survival [62, 144].  In our analysis of the distribution of EctA and BetA among the 

family Vibrionaceae, we found that of 33 species examined 20 species contained both 

systems with nearly 70% containing the ectoine system.  This percentage of ectoine 

synthesis ability was much higher than within the Gamma-Proteobacteria in general.  

Of 284 species examined 43% contained the ectoine synthesis genes.  Since we found 

that most species examined encoded both systems and the two most divergent species 
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within the family (P. angustum and G. hollisae) further suggests that both systems are 

ancestral and important for these diverse marine organisms. 
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Figure 3 V. parahaemolyticus WT in LB3-11% NaCl (A), M9G3-9% NaCl 

(w/v) (B), and M9G 6% NaClCS or precursors (C). Symbols: Panel 

A.  () 3% NaCl; () 6% NaCl; () 9% NaCl; () 10.5 % NaCl; () 

11% NaCl; Panel B. () 3% NaCl; () 5.5% NaCl; () 6% NaCl; () 

9% NaCl; Panel C: () 6% NaCl; () glycine betaine added; () 

choline added; () aspartic acid added; () ectoine added. Values 

represent the mean optical densities (OD595) from triplicate technical 

replicates and at least two biological replicates, and error bars show the 

standard deviations and may be obscured by symbols. 
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Figure 4 400-MHz 
1
H-NMR of stationary phase V. parahaemolyticus cells in 

M9G 1, 3, and 6% NaCl. The spectral peaks were recorded for cells 

grown in M9G 1% NaCl (A), M9G 3% NaCl (B), and M9G 6% NaCl 

(C).  The chemical environments of each type of proton or chemical 

shifts (δ) are expressed in ppm in the figure.  The spectral peaks 

corresponding to the different compounds are labeled with the names of 

the compounds. 
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Figure 5 400-MHz 
1
H-NMR of log phase V.parahaemolyticus cells in M9G 1, 3, 

and 6% NaCl. The spectral peaks were recorded for cells grown in log 

phase in M9G 1% NaCl (A), M9G 3% NaCl (B), and M9G 6% NaCl (C).  

The chemical environments of each type of proton or chemical shifts (δ) 

are expressed in ppm in the figure.  The spectral peaks corresponding to 

the different compounds are labeled with the names of the compounds. 
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Figure 6 400-MHz 
1
H-NMR of V. parahaemolyticus WT in (A) M9G 6% 

NaCl+Aspartic acid (B) and M9G 6% NaCl+Choline. The spectral 

peaks were recorded for cells grown in (A) M9G 6% NaCl+Aspartic acid 

and (B) M9G 6% NaCl+Choline. The chemical environments of each 

type of proton or chemical shifts (δ) are expressed in ppm in the figure. 

The spectral peaks corresponding to the different compounds are labeled 

with the names of the compounds 
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Figure 7 400-MHz 
1
H-NMR of V. parahaemolyticus in M9G 6% + Choline 

Aspartic acid. The spectral peaks were recorded for V. parahaemolyticus 

grown in M9G 6% NaCl supplemented with aspartic acid and choline. 

The chemical environments of each type of proton or chemical shifts (δ) 

are expressed in ppm in the figure. The spectral peaks corresponding to 

the different compounds detected are labeled with the names of the 

compounds. 

 

Figure 8 Growth of V. parahaemolyticus in M9 1% NaCl containing 20 mM of 

CS or precursors as sole carbon sources.  Symbols: () glucose; () 

glutamate; () aspartic acid; () proline; () glutamine.  Some of the 

following symbols that represent no growth may be obscured; () no 

glucose; () choline; () glycine betaine; () ectoine. 
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Figure 9 Expression analysis of ectA and betA genes.  RT-PCR of ectA and betA 

genes from V. parahaemolyticus cells grown to log or stationary phase in 

LB (A) or M9G (B) and subjected to 30 min upshock in 6% NaCl.  The 

cDNA templates were diluted 1:25 and 1:125 as indicate by triangles. 

The 16S rRNA control is shown for each sample.  (C) qPCR of ectA and 

betA from cells grown to log or stationary phase in LB and subjected to 

30 min upshock in 6% NaCl.  (D) qPCR of ectA and betA from cells 

grown to log or stationary phase in M9G and subjected to 30 min 

upshock in 6% NaCl.  Bars represent the expression of the indicated 

genes normalized to 16S rRNA and are relative to those of log-phase 

cells.  Error bars indicate standard deviations.  P values were calculated 

using an unpaired Student's t-test with a 95% confidence interval. 

Asterisks denote significant differences as follows: *, P < 0.05; **, P < 

0.02. 
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Figure 10 PCR confirmation of V. parahaemolyticus RIMD2210633 WT and 

ΔbetA and ΔectBΔbetA.  Mutants were by generated by Splicing by 

Overlap Extension (SOE) PCR and homologous recombination.  (A) 

ΔbetA (single mutant). (B) ΔectBΔbetA (double mutant).  Legend.  MW: 

Molecular weight 1kb ladder (Invitrogen); bet AD: WT betA (AD) 

fragment; bet FL: WT betA flanking (FL); bet AD*: truncated betA 

fragment; bet FL*: truncated betA flanking fragment; Ect AD*: truncated 

ectB AD fragment; Ect FL* truncated ectB flanking fragment.  (*): 

Truncated. 

  

ΔectABCΔbetAWT betAΔbetAWT betA

B. ΔectABCΔbetA

MW
MW

A. ΔbetA
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Figure 11 Growth of ΔbetA (A), ΔectB (B), and ΔbetAΔectB (C) strains in M9G 

6% NaCl in the presence or absence of CS or their precursors.  Panel 
A: () WT; () ΔbetA; () ΔbetA with choline added; () ΔbetA with 

ectoine added; () ΔbetA with glycine betaine added; () ΔbetA with 

aspartic acid added. Panel B: () WT; () ΔectB; () ΔectB with 

choline added; () ΔectB with aspartic acid added; () ΔectB with 

glycine betaine added; () ΔectB with ectoine added. Panel C: () 

ΔbetAΔectB with proline added; () ΔbetAΔectB with ectoine added; 

() ΔbetAΔectB with glycine betaine added; () ΔbetAΔectB ;() 

ΔbetAΔectB with glutamate added; () ΔbetAΔectB with choline added; 

() ΔbetAΔectB with aspartic acid.  Values represent the mean optical 

densities at 595 nm from triplicate technical replicates and at least two 

biological replicates, and error bars show the standard deviations. 
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Figure 12 400-MHz 
1
H-NMR spectroscopy of V. parahaemolyticus ∆betA strain 

in M9G 6% NaCl+Choline.  The spectral peaks were recorded for cells 

grown in M9G 1% NaCl overnight, washed and suspended in M9G 6% 

NaCl+Choline.  The uptake assay for carried for 1 hour at 37˚C with 

aeration (250 rpm).  Cells were collected and processed for 
1
H-NMR.  

(A) Choline control (SIGMA); (B) ∆betA in M9G 6% NaCl+Choline.  

The chemical environments of each type of proton or chemical shifts (δ) 

are expressed in ppm in the figure.  The spectral peaks corresponding to 

the different compounds are labeled with the names of the compounds. 
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Figure 13 Phylogenetic tree based on the concatenated sequences of three 

housekeeping genes, rpoB, mdh, and pyrC, for 33 species from the 

family Vibrionaceae.  Almost all the species shown in the tree are 

Vibrio species.  The evolutionary history was inferred using the 

neighbor-joining method [170].  The bootstrap consensus tree inferred 

from 1,000 replicates is taken to represent the evolutionary history of the 

taxa analyzed.  The percentages of replicate trees in which the associated 

taxa clustered together in the bootstrap test (1,000 replicates) are shown 

next to the branches.  The tree is drawn to scale, with branch lengths in 

the same units as those of the evolutionary distances used to infer the 

phylogenetic tree.  The evolutionary distances were computed using the 

Jukes-Cantor method and are in the units of the number of base 

substitutions per site.  All positions containing gaps and missing data 

were eliminated.  Evolutionary analyses were conducted in MEGA5 

[166].  E, ectoine cluster; B, betaine cluster; B1 and E1, chromosome 1; 

B2 and E2, chromosome 2. 
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 Bacterial strains and plasmids used in this study Table 1

Strains  Genotypes Reference 

V. parahaemolyticus  

RIMD2210633 

ΔbetA 

ΔectBΔbetA 

ΔectB 

 

O3:K6 clinical isolate 

RIMD2210633 ΔbetA (VPA1112) 

RIMD2210633ΔbetA (VPA1112) ΔectB (VPA1721) 

RIMD2210633 ΔectB (VPA1721) 

 

[85] 

This study 

This study 

[85] 

Escherichia coli 

DH5α-λpir 

 

DH5α λpir ΔbetA 

DH5α λpir ΔbetA 

β2155 DAP 

 

 

β2155 DAP-ΔbetA 

β2155 DAP-ΔbetA 

 

λpirϕ80dlacZΔM15Δ(lacZYA-argF)U169recA1 

hsdR17 deoR thi-1 supE44 gyrA96 relA1 

DH5α λpir containing pDS132ΔbetA 

DH5α λpir containing pΔbetA 

Donor for bacterial conjugation; thr1004 pro thi strA 

hsdS lacZΔM15 (F′ lacZΔM15 lacTRQJΔ36 proA
+
 

proB
+
) ΔdapA Erm

r
 pirRP4 (Km

r
 from SM10) 

β2155 harboring pDS132ΔbetA 

β2155 harboring pDS132ΔectB 

 

 

 

 

 

 

 

This study 

This study 

This study 

Plasmids 

pJET1.2 

pΔbetA 

pDS132 

 

pDS132ΔbetA 

pDS132ΔectB 

 

General cloning vector, Amp
R
 

betA mutant cloned into pJET1.2 

Suicide vector for conjugal transfer and integration: 

R6K γori mobRP4 sacB Cm
r
. 

pDS132 harboring truncated betA gene 

pDS132 harboring truncated ectB gene 

 

 

This study 

[165]  

 

This study 

[85]  
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 Primers pairs used in this study Table 2

Target Primer
a
           Sequence (53’)

b
 Product (bp)

c
 

VPA1112 

 

 

 

 

 

VPA1112A  

VPA1112B 

 

VPA1112C 

VPA1112D  

 

 

VPA1112FL-F 

VPA1112FL-R 

TCTAGACCACGTACAGCAAGAGATCT 

cagctgagatctggtaccTTTCATTTTGTGTCTCCTA 

 

ggtaccagatctcagctgTCTTAATCTTTAAAAACTG 

GAGCTCTCGTTGGCATCCAGTTACC 

 

 

AACCGTATTTATCGAC 

TTCCAGGTCAGCAAAGCTC 

SOE AB: 379 

 

SOE CD: 334 

 

 

SOE AD: 713 

VPr001  

 

 

VPA1112  

 

VP1721  

VPr001RT-F 

VPr001RT-R 

 

VPA1112RT-F 

VPA1112RT-R 

 

VP1721RT-F 

VP1721RT-R 

ACCGCCTGGGGAGTACGGTC 

TTGCGCTCGTTGCGGGACTT 

 

AAAGAGGCGGGCTATCCAGAAACT 

TTTCTCAAATTCAACGCCGACCGC 

 

CCAATGGCGGTTGTACTGCTGAAA 

TCACCGTGAATACACTCGATGCCA 

234 

 

 

264 

 

269 

 
a
: At the end of the primer designations, F stands for forward and R stands for reverse.  

b
: Lowercase bold letters indicate complementary sequence tags.  

c
:SOE AB product of SOE PCR using VPA1112A and VPA1112B primers; SOE CD 

product of SOE PCR using VPA1112C and VPA1112D primers; SOE AD product of 

SOE PCR using VP1112FL-F and VP1112FL-R primers.  F: Forward; R: Reverse; 

RT: Reverse Transcriptase. 
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 Chapter 3

DECIPHERING THE ROLE OF MULTIPLE BETAINE-CHOLINE-

CARNITINE TRANSPORTER (BCCT) HOMOLOGUES IN THE 

HALOPHILE VIBRIO PARAHAEMOLYTICUS 

Introduction 

Vibrio parahaemolyticus is a Gram-negative, halophile bacterium that belongs 

to the Vibrionaceae family of bacteria that includes species inhabiting a wide range of 

aquatic ecosystems [6].  These bacteria are commonly found at the interface of fresh 

and sea waters, and in sea water, as free living organisms or in associations with fish, 

and other marine species [5, 7-10, 19, 171].  V. parahaemolyticus is an etiological 

agent of bacterial seafood borne gastroenteritis infection in humans. In recent years 

there has been an increase in the incidence of V. parahaemolyticus infections 

worldwide, mostly during the warmer summer months [13, 20-23, 128, 140, 172-174, 

175 , 176, 177]. 

Infection by V. parahaemolyticus usually occurs via consumption of 

contaminated, undercooked seafood, particularly oysters [23, 24, 27, 178-180].  While 

in healthy individuals the infection is self-limiting, with remission usually occurring 

within days, in individuals with underlining medical conditions it can lead to serious 

health complications and even death.  In addition to health-related issues, V. 

parahaemolyticus also causes huge economic losses annually to the oyster industries 

[23, 24]. 
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Vibrio parahaemolyticus encounters constant fluctuations in nutrient 

availability and salinity and, as an intestinal pathogen, this bacterium faces additional 

stresses related to the in vivo pressures in the form of bile salts, pH and antimicrobial 

peptides stresses [4, 8, 25, 26]. 

Salinity shifts in the external environment pose tremendous osmotic challenges 

to bacteria that must respond swiftly to equate their intracellular osmotic potential 

with that of the external environment in order to maintain a positive turgor pressure 

required for normal growth [61, 67, 73].  This is typically achieved via two strategies 

namely the accumulation of inorganic ions such as potassium ions (K
+
) concomitant to 

the counter ion glutamate, and the accumulation of low-molecular weight organic 

compounds, termed compatible solutes [29-32, 36, 37, 41, 61, 62]. The accumulation 

of compatible solutes is achieved either by de novo synthesis or via uptake from the 

environment by specific transporters [33, 65, 83, 113, 124, 181-184].  Transport of 

compatible solutes is a strategy that is widespread among distinct evolutionary taxa of 

bacteria and has a lower energetic cost to the cell [29, 32, 67, 68].  Some important 

compatible solutes used by bacteria include but not limited to trehalose, free amino 

acids (glutamate, glutamine, and proline), and their derivatives glycine betaine and 

ectoine[31, 47, 51, 62, 64, 158]. 

Vibrio parahaemolyticus possesses the genetic information for both the 

synthesis and transport of compatible solutes [3, 94, 157].  We previously described 

the presence of six putative compatible solute transporter systems and two synthesis 

systems within V. parahaemolyticus genome [3, 94, 157].  The two compatible solute 

biosynthesis gene clusters encode the ectABCaspK required for ectoine and the betIBA 

for glycine betaine biosynthesis.  A study by Naughton and colleagues using one 
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dimension nuclear proton magnetic resonance (
1
H-NMR) demonstrated that at high 

salinity V. parahaemolyticus is capable of de novo synthesis of ectoine,  whereas a 

ectB knockout (impaired in L-2,4-diaminobutyric acid acetyltransferase) was not[3].  

In V. parahaemolyticus, both ectoine and glycine betaine are bona fide compatible 

solutes (that is they cannot be used as carbon source), and the most effective 

compatible solutes/precursors in V. parahaemolyticus are in the order: betaine > 

choline > proline= glutamate > ectoine [90].  Expression analysis showed that the ectA 

and betA biosynthesis genes were more highly expressed in logarithmic phase cells 

and both were induced by NaCl upshock [90]. 

Four of the six transport systems identified in V. parahaemolyticus belong to 

the Betaine-Carnitine-Choline transporter (BCCT) family, and the remaining two 

represent the members of the ATP-Binding Cassette (ABC) transporters  also known 

as ProU component systems; ProU1 is located in chromosome I and ProU2 is located 

in chromosome II [3].  Three out of four BCCTs (VP1456, VP1723, and VP1905) are 

located in chromosome I, while VPA0356 is the only BCCT found in chromosome II 

[3]. 

The Betaine-Carnitine-Choline transporter (BCCT) family uses proton or 

sodium-motive force to translocate substrates across the membrane [113].  These 

proteins displayed certain distinguishing features such as the transport of quaternary 

ammonium molecules, and encode an average protein of 500 amino acid residues in 

size organized in 12 putative transmembrane α-helices [114, 116].  Furthermore, they 

possess a conserved stretch of tryptophan in their transmembrane domain (TM8) 

believed to be involved in the binding of substrates [114]. 
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The Studies of the roles of the BCCTs in osmotolerance have been conducted 

mostly in Gram-positive and a handful of Gram-negative bacteria [54, 57, 95, 114, 

116, 117, 185].  For example, in Corynebacterium glutanicum and Bacillus subtilis, 

the BCCTs transporters (BetP and OpuD) were shown to uptake glycine betaine at 

high osmolarity [114, 116]. Studies in E. coli demonstrated that the BCCT transporter, 

BetT, mediated high affinity uptake of choline [95].  In Vibrio cholerae, OpuD 

(VC1279), the only BCCT present in this species, was shown to play a role in the 

uptake of glycine betaine at high osmolarity [54].  In Pseudomonas aeruginosa, an 

organism that contains three BCCTs, BetT3 was demonstrated to function as the major 

choline transporter under hyperosmolar conditions [117]. 

The function of each of the four BCCTs in V. parahaemolyticus is currently 

unresolved.  To address this, we examined the role of VP1456, VP1723, VP1905, and 

VPA0356 in the osmotic stress response of this species by using deletion mutations 

and heterologous expression analyses.  Furthermore, the expression pattern of each of 

the transporters after high salt upshock was also examined. 

Materials and Methods 

Bacterial strains, plasmids, and growth conditions 

Bacterial strains and plasmids used in this study are listed in Table 3.  A 

clinical isolate of the O3:K6 of V. parahaemolyticus strain RIMD2210633 

streptomycin-resistant (Str
R
) was used as wild-type [85, 155].  Using this strain as a 

background, several derivative mutant strains harboring either a single or multiple in-

frame deletions in their BCCT genes were constructed.  Unless otherwise stated, all 

strains were routinely cultured aerobically (250 rpm) at 37°C either in complex Luria-
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Bertani (LB) medium (Fisher Scientific, Fair Lawn, NJ) or defined M9 salts base 

minimal medium (47.8 mM Na2HPO4, 22 mM KH2PO4, 18.7 mM NH4Cl, 8.6 mM 

NaCl; Sigma) supplemented with 2 mM MgSO4, 0.1 mM CaCl2, and 0.4% glucose 

(w/v) final concentration as sole carbon source designated M9G.  Genetic 

manipulations used Escherichia coli strains MKH13, DH5α λpir, and the 

diaminopimelic acid (DAP) auxotroph β2155 λpir.  E. coli β2155 was grown in media 

supplemented with 0.3 mM DAP (Sigma Aldrich).  The following antibiotics were 

used: ampicillin (100 μg/ml), chloramphenicol (25 μg/ml), and streptomycin (200 

μg/ml).  Solutions of compatible solutes (Sigma) were prepared, sterilized by filtration 

with a 0.2 µm filter (Corning, NY), and added to the growth media at the following 

concentrations unless otherwise stated: 100 µM betaine, 1000 µM choline, 100 µM 

ectoine, 1000 µM proline, 1000 µM glutamic acid, or 1000 µM L-carnitine, or 1000 

µM aspartic acid. 

Bacterial growth analysis 

Growth analysis of V. parahaemolyticus and deletion mutant strains was 

carried out from cultures grown to exponential phase. A single bacterial colony was 

used to inoculate M9 salts minimal medium containing 0.4% (w/v) glucose containing 

1% (w/v) NaCl (M9G 1% NaCl), and grown overnight at 37ºC.  A 2% inoculum of the 

overnight culture was subsequently used to inoculate an isosmotic M9G media, and 

grown at 37ºC to logarithmic phase for 5 h to an optical density (OD600) of ~1.  A 

2.5% aliquot of the 5 h pre-culture was used to inoculate a 96-well microtiter plate 

containing 200 µl of M9G media with 6% NaCl in the absence or presence of 

compatible solutes.  Growth analysis was carried out at 37ºC with intermittent shaking 

for 24 h using a Tecan Sunrise microplate reader (Tecan US Inc).  Samples were 
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tested in triplicate wells from at least two biological replicates.  The hourly optical 

densities (OD595) of bacterial growth cultures were measured in the course of the 24 h 

period. Graphing and statistical analyses of the data were performed using Prism 5 as 

averages of means of two biological replicates. 

Mutant construction 

Vibrio parahaemolyticus RIMD2210633 strains harboring a single or multiple 

in-frame deletions in the BCCT genes were constructed by Splicing by Overlap 

Extension (SOE) Polymerase Chain Reaction (PCR) and homologous recombination 

[163, 164].  SOE PCR primers listed in Table 4 were designed to create deletions that 

removed most of the gene sequence of VP1456, VP1723, VP1905, and VPA0356 

using methods previously described [3, 90, 155].  Briefly, using V. parahaemolyticus 

RIMD2210633 genomic DNA as template, two PCR products (AB and CD) flanking 

the region of the BCCT gene to be deleted were generated using SOE A and B and 

SOE C and D primer pairs in the first PCR reaction and are listed in Table 4.  In the 

second PCR reaction, the generated fragments of the first round PCR were spliced 

together to create a truncated version of the gene AD via their overlapping 

complementary tag sequences using SOE A and D primer pairs.  The resultant 

fragment was ligated into the suicide vector pDS132 [165] and transformed into an E. 

coli 2155, a DAP auxotroph.  The recombinant pDS132 plasmid containing the 

truncated AD fragment was subsequently introduced into a V. parahaemolyticus 

background by conjugation and homologous recombination.  The positive colonies 

resulting from homologous recombination to replace the wild-type gene with a 

truncated version were subsequently screened on selective agar plates and confirmed 

by PCR and DNA sequencing. 
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Cloning of BCCT genes in pBAD33 vector and transformation of E. coli MKH13  

To clone the individual BCCT genes (VP1456, VP1723, VP1905, and 

VPA0356), V. parahaemolyticus RIMD2210633 genomic DNA was used as template 

for PCR amplification of each gene.  Specific PCR primers were designed to amplify 

the full-length BCCT fragment containing ~60-100 base pairs (bp) located upstream of 

the BCCT gene containing the ribosome binding site (Table 4).  Using a Hot Start 

High Fidelity polymerase kit (Qiagen), an average fragment of ~1500 bp in length was 

generated from each gene by PCR.  For the four BCCT genes studied herein, the 

following set of primer pairs containing restriction enzyme sites for downstream 

cloning steps listed in Table 4 were utilized: VP1456F/VP1456R 

(XbaI/HindIII);VP1723F/ VP1723R (XbaI/SphI), VP1905F/ VP1905R (KpnI/PstI), 

and VPA0356F/ VPA0356R (XbaI/HindIII).  The generated PCR product was excised 

from agarose gels, gel-eluted (Qiagen), and sub-cloned into a pJET1.2 blunt end 

vector using the CloneJET PCR cloning kit (Thermo Fisher Scientific).  A 

recombinant pJET1.2 plasmid containing individual BCCT gene was later transformed 

into E. coli DH5α strain and plated onto LB1% NaCl agar containing 100 μg/ml 

ampicillin.  The positive colonies were screened by colony PCR and restricted by 

double digestion, and ligated into an arabinose-inducible pBAD33 vector also 

restricted with the same enzymes.  The resulting pBAD33-BCCT recombinant 

plasmids were subsequently used to transform a compatible solute synthesis-and 

transporter-deficient E. coli MKH13 strain [135] and streaked onto LB 1% NaCl agar 
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plate containing 25 µg/ml chloramphenicol.  The chloramphenicol positive colonies 

were selected from the plate, screened by colony PCR, and confirmed by sequencing. 

Functional complementation in E. coli MKH13 strain 

The transport properties of V. parahaemolyticus BCCTs (VP1456, VP1905, 

VP1723 and VPA0356) were assayed using the heterologously expressed loci in E. 

coli MKH13.  The E. coli MKH13 strain is a derivative of E. coli MC4100 (genotype 

F
-
, araD139  (argF-lac) U169 rpsL150 relA1 deoC1 ptsF25 rbsR flbB5301); the 

large argF-lac deletion  (argF-lac) 169 includes the betTIBA locus, and thus this 

strain cannot convert choline to glycine betaine nor transport choline [135, 186, 187]. 

Besides, the E. coli MKH13 genome contains deletions of genes encoding PutP, ProP, 

and ProU transport systems, making it unable to transport proline, glycine betaine, or 

choline [135, 186, 187].  Functional complementation experiments of E. coli MKH13 

harboring either the empty pBAD33 plasmid vector or pBAD33 containing the BCCT 

gene were achieved by growing cells overnight in M9G adjusted to 1% NaCl in the 

presence of 25 µg/ml chloramphenicol (Thermo Fisher Scientific).  A 2.5% inoculum 

from these overnight cultures (OD600 ~1.0) was used to inoculate 96-well micro-plate 

filled with 200 µl of M9G adjusted to 4% NaCl with or without 500 µM of compatible 

solute. The arabinose promoter of pBAD33 vector was induced by the addition of 

arabinose to a final concentration of 0.05% (w/v).  Bacterial growth was carried out at 

37ºC and the OD595 measured hourly for a period of 24 h.  For each condition tested, 

the sample was assayed in triplicate wells with at least two biological replicates. 



 62 

Determination of the affinity of the BCCTs for glycine betaine 

To determine the affinity of each BCCT transporter for glycine betaine, growth 

analyses of E. coli MKH13 recombinant strains were performed in the presence of 

limiting glycine betaine concentrations (0, 5, 25, 50, 75,100, 125, and 150 µM) as 

previously described [188].  A 2.5% inoculum of overnight cultures of E. coli MKH13 

strains grown in M9G 1% NaCl (OD600~1.0) was used to inoculate a M9G 4% NaCl 

media containing 0.05% arabinose and supplemented with different concentrations of 

glycine betaine.  Data collected in the course of 24 h were used to calculate the 

specific growth rates  ( h
-1

) of the E. coli MKH13 recombinant strains for a given 

glycine betaine concentration using a nonlinear Monod’s regression.  The maximum 

specific growth rate max (h
-1

), and the saturation constant (Ks), which denotes the 

substrate concentration [S] when =max/2 (µM), were empirically determined by 

fitting the specific growth rates  (h
-1

) as a function of glycine betaine concentration 

[S] in µM.  The Eadie Hofstee linear regression plot was generated by fitting the 

specific growth rates data  (h
-1

) against individual  specific growth rates  (h
-1

) 

divided by each glycine betaine concentration [S] expressed in µM ([S] µM / h
-1

). 

Using the Eadie Hofstee plot the following parameters of the bacterial growth kinetics 

were also deduced: (1) the maximum specific growth rate (max) deduced as the y axis 

intercept, (2) the max/Ks from the x axis intercept, and finally (3) the negative slope, 

which equates to the saturation constant Ks. 

Extraction and identification of compatible solutes by 
1
H-NMR  

Proton Nuclear Magnetic Resonance (
1
H-NMR) spectroscopy was performed 

on cellular extracts of V. parahaemolyticus RIMD2210633 and E. coli MKH13 

pBCCT strains.  For V. parahaemolyticus RIMD2210633 and isogenic mutants, 
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proton NMR experiments, a single bacterial colony was used to inoculate 50 ml LB 

media of specified salinity.  The culture was grown to stationary phase overnight at 

37˚C with aeration to an OD600 ~1.  The resulting cells were harvested by 

centrifugation for 10 min at 1000 xg and washed once with media of equal salinity.  In 

the case of 
1
H-NMR experiments examining ectoine and choline uptake in E. coli 

MKH13 pVp1456, a single colony was used to inoculate M9G 1%  NaCl media and 

grown at 37˚C aerobically to an OD600 of ~1.0.  The cells were pelleted, washed once 

with M9G 1% NaCl media, and then subjected to an osmotic upshock in M9G 4% 

NaCl containing ectoine or choline for 1 h.  Cells were recovered by centrifugation 

and the pellet washed once with M9G 4% NaCl media.  From this point forward, cell 

pellets from V. parahaemolyticus RIMD2210633 wild-type and E. coli MKH13 

pBCCT cells
 
were similarly processed.  The pelleted cells were lysed by a series of 

freeze-thaw cycles (three times) in dry ice, and cellular extracts were solubilized in 

750 l ethanol.  After a 10 min centrifugation at 4000 xg, ethanol fraction containing 

organic compounds free of cellular debris was transferred into a clean tube.  Ethanol 

was removed via evaporation in a rotary evaporator.  The resulting dried organic 

materials were subsequently dissolved in 500 l of deuterium oxide (D2O) solvent 

(Cambridge Isotope Laboratories, Inc) and insoluble materials removed by 

centrifugation.  Organic compounds (compatible solutes) dissolved in D2O were 

transferred into a 5 mm NMR tube (Wilmad Lab Glass) and 
1
H-NMR spectral data 

were recorded with Bruker Advance AVIII 400 MHz NMR spectrometer equipped 

with a Bruker BBFO probe.  The spectrometer was run on Bruker Topspin software. 

Acquired 
1
H-NMR spectra were processed using ACD/Lab processing software 

academic edition (Advanced Chemistry Development, Inc). 
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Isolation of RNA and gene expression analysis 

RNA isolation and VP1456, VP1723, VP1905, and VPA0356 gene expression 

analysis under optimal and NaCl upshock growth conditions were carried out using V. 

parahaemolyticus cultures grown to either logarithmic (log) or stationary phase.  A 

single bacterial colony was used to inoculate LB media adjusted to 3% NaCl, and 

grown aerobically overnight at 37ºC.  The resulting culture was diluted 1:50 in LB 3% 

NaCl media and grown at 37ºC to logarithmic (4 h) or stationary (10 h) phase.  

Osmotic upshock experiments were performed on logarithmic or stationary phase 

cultures harvested by centrifugation at 1000 xg for 10 min, and transferred into a 

media with 6% or 9% (w/v) NaCl final concentrations.  The osmotic upshock 

experiment was carried out for 30 min at 37ºC with shaking.  Total RNA was isolated 

from different bacterial growth conditions using the RNAprotect Bacteria reagent and 

RNeasy mini kit (Qiagen) following the recommended protocol.  Isolated RNA was 

quantified by Nanodrop spectrophotometer (Thermo Fisher Scientific) and examined 

by gel electrophoresis on 0.8% agarose to assess quality.  The first strand cDNA 

synthesis was carried out from 500 ng of total RNA as template in a reaction primed 

with 200 ng of random hexamers (Invitrogen) using Superscript II Reverse 

Transcriptase (Invitrogen).  The expression analysis of the BCCT genes was assayed 

using synthesized cDNA diluted to 1:125 as template by Reverse Transcriptase (RT) 

PCR and real-time PCR.  Real-time PCR utilized the Hot Start-IT SYBR green qPCR 

master mix reagent (USB, Santa Clara, CA) and BCCT gene-specific primer pairs 

listed in Table 4 was carried out on an Applied Biosystems (ABI) 7500 Fast real-time 

PCR system (Foster City, CA).  The threshold cycle (CT) values were determined 

using the 7500 Software v2.0 (ABI) and the relative quantification of gene expression 

was calculated by the 2
-ΔΔCT

 method [161, 162] with normalization across samples 
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using 16S rRNA transcript levels.  Real-time PCR was performed with duplicate wells 

per sample and repeated with at least two biological replicates.  The significance of the 

different treatments was statistically computed using an unpaired Student’s t-test. 

Amino acid alignment of the betaine-carnitine-choline transporters 

BCCT amino acid sequences were retrieved from The National Center for 

Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/) using 

their designated locus tags.  EMBOSS Water-Pairwise Protein Sequence Alignment 

from the European Molecular Biology Laboratory (EMBL) and the European 

Bioinformatics Institute (EBI) was used for multiple sequence alignment and 

determination of percentages amino acid identity.  The locus tags for the BCCTs and 

ProUs are listed.  BCCT: VP1456, VP1723, VP1905, and VPA0356.  

Statistical analysis  

An unpaired student’s t-test was used to compare the means between two treatments 

(treated and untreated).  A one-way analysis of variance (one-way ANOVA) followed 

by a Bonferroni's multiple comparison posttest was used to analyze multiple groups.  

The significance of the data was computed as P-values and represented by the asterisk. 

*, P<0.05; **, P<0.01; ***, P<0.001.  Graphing and statistical analyses of the data 

was performed using Prism 5 software. 
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Results 

Four BCCTs homologues are present in V. parahaemolyticus  

We previously demonstrated by 
1
H-NMR analysis that V. parahaemolyticus 

can accumulate glycine betaine, choline, proline, ectoine and glutamate, but we did 

not identify the transporters involved[90].  Bioinformatics analysis identified four 

single-component BCCT transporters in V. parahaemolyticus RIMD2210633, ORFs 

VP1456, VP1723, VP1905, and VPA0356 [3, 94].  All four transporters are common 

to V. parahaemolyticus since they are present in all available sequenced genomes.  

Three of the four BCCT of V. parahaemolyticus shared between 50 and 80% identity 

at the amino acid level to each other, VP1456, VP1723 and VP1905.  VP1456 and 

VP1905 sharing the highest sequence identity of 80% to each other.  VPA0356 shared 

the lowest sequence identity with the other three (between 29 to 30%).  Of the four 

BCCTs examined, VP1456 yielded the highest amino acid identity with the E. coli 

BCCT ProP at 44%.  The percentage of identity at the amino acid level among the four 

BCCTs VP1456, VP1723, VP1905, and VPA0356 with the single V. cholerae BCCT 

OpuD (VC1279) was also determined.  The OpuD (VC1279) of V. cholerae was 

previously shown to be involved in the uptake of glycine betaine in this species [54].  

VP1905 shared the highest amino acid identity with VC1279 at 82% identity 

withVP1456 next at 68%, then VP1723 at 49% and lastly VPA0356 at 29%.% (Table 

5).  Bioinformatics data demonstrated highly variable proteins, which may suggest 

possible substrate transport differences.   

V. parahaemolyticus accumulation of glycine betaine is NaCl-dependent 

To examine whether the accumulation of compatible solutes by V. 

parahaemolyticus cells during growth in LB media was NaCl-dependent, 
1
H-NMR 
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analysis was performed; V. parahaemolyticus cultures were grown in LB at 1%, 3%, 

and 6% NaCl.  It was found that V. parahaemolyticus accumulated glycine betaine 

starting at salinity of 3% NaCl and above, but not at 1% NaCl (Fig. 14 A-D).  To 

ensure that glycine betaine was not synthesized internally, but was transported into the 

cell from the media, we performed a similar experiment using a V. parahaemolyticus 

∆ectB∆betA double knockout previously described [90].  We found that the 

∆ectB∆betA double knockout accumulated glycine betaine in LB 6%NaCl.  These 

results indicate that glycine betaine is transported into the cell at high NaCl 

concentrations (Fig. 14D). 

VP1456, VP1905, and VPA0356 are induced by NaCl upshock 

To address the question of whether the four putative BCCT genes found in V. 

parahaemolyticus are induced by NaCl upshock, QPCR analysis was performed on V. 

parahaemolyticus cultures grown to logarithmic and stationary phases in LB 3% NaCl 

and subjected to 6% and 9% (w/v) NaCl upshock. It was found under these conditions 

that VP1456, VP1905, and VPA0356 were up-regulated upon NaCl upshock, while 

VP1723 was either unchanged or down-regulated (Fig. 15A-B).  For instance, 

logarithmic phase expression analyses upon upshock in 6% NaCl gave the following 

fold induction 4, 3.8, and 5.5-fold increase for VP1456, VP1905, and VPA0356, 

respectively.  Logarithmic phase expression analyses at 9% NaCl upshock gave fold 

change increases of 5 for VP1456, 3.2 for VP1905, and 3.3 for VPA0356 gene; the 

VP1723 was unchanged.  Similarly, expression analysis of stationary phase cells 

subjected to 6% NaCl upshock yielded similar expression trends as described above 

for VP1905 and VPA0356 with a 6.5, 5.5, and 7 Log2 fold increases. The VP1723 was 

unchanged after 6% NaCl upshock, but showed a 2.5 Log2 fold decrease after a 9% 
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NaCl upshock.  Overall, these data demonstrated induction of VP1456, VP1905, and 

VPA0356 from log and stationary phase cells after NaCl upshock. 

BCCT are functionally redundant in V. parahaemolyticus 

To examine the question of whether the four BCCTs present in V. 

parahaemolyticus are essentials, in-frame single deletions of each of the genes were 

constructed (Fig.16A-D).  Growth analysis of each single mutant with that of V. 

parahaemolyticus wild-type in M9G 6% NaCl media was examined in the absence or 

presence of compatible solutes or their precursors.  No noticeable growth difference 

was found between the wild-type and the single mutant strains, indicating a functional 

redundancy (Fig.15A-H).  We next constructed two V. parahaemolyticus triple BCCT 

mutants, ∆VP1456∆VP1723∆VPA0356 and ∆VP1456∆VP1723∆VP1905.  Several 

attempts were made to create a quadruple mutant strain, devoid of all the four BCCT 

genes by using each of the triple BCCT mutant strains, but were unsuccessful each 

time; it appears that the presence of at least one BCCT protein is required for this 

species to carry out its physiological function.  All mutants were tested under optimal 

growth conditions in complex LB 3% NaCl and in M9G 3% NaCl and were found to 

grow similar to the wild-type (Fig. 17).  

The two triple mutant strains were then compared to the wild-type in M9G 6% 

NaCl media in the absence or presence of compatible solutes (glycine betaine, ectoine, 

proline, and the glycine betaine precursor choline).  Growth analyses of the wild-type 

and both triple mutants in M9G 6% NaCl media lacking compatible solutes yielded 

similar growth patterns indicating no overall defect in the mutants (Fig. 18A-H).  In 

M9G 6% NaCl media supplemented with 100 μM glycine betaine, the lag time for WT 

was reduced from ~7 h to 2 h, whereas for ∆VP1456∆VP1723∆VPA0356 strain the 
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lag time was reduced from ~7 h to 4 h.  This result indicates that glycine betaine is still 

transported into the cell but not at the same level as the wild-type, suggesting that at 

least one of the BCCTs VP1456, VP1723, or VP0356 may be required for maximum 

uptake but none of the three are essential for uptake (Fig. 18A).  Interestingly, for the 

second triple mutant ∆VP1456∆VP1723∆VP1905 growth under the same conditions 

barely showed a reduction in the lag time, indicating that glycine betaine uptake is 

very weak; this result suggests that at least one if not all three BCCTs VP1456, 

VP1723, and VP1905 are important glycine betaine transporters (Fig. 18B).  

Comparison of growth data of the wild-type with the two triple mutants in 

M9G 6% NaCl media supplemented with 1000 M proline or choline yielded a 

reduction in the lag time for all three strains, but not to the same extent as for glycine 

betaine (Fig. 18C-18F).  In addition, the wild-type strain showed a greater reduction in 

lag phase than either of the triple mutants indicating that these BCCTs may be 

required for proline and choline uptake. Comparison of growth in M9G 6%  NaCl 

media supplemented with 100 M ectoine, yielded no reduction of the lag time for the 

triple BCCT mutants compared to the wild-type (Fig. 18G and 18H).  This result 

suggests that neither VP1905 nor VPA0356 is involved in ectoine uptake.  Taken 

together, the growth analysis data demonstrate that VP1456, VP1723, and VP1905 are 

likely involved in glycine betaine, proline, and choline transport in V. 

parahaemolyticus. 

BCCTs are compatible solute transporters 

To examine the transport specificity of each BCCT in relation to a given 

compatible substrate, functional complementation analyses of E. coli MKH13 

harboring individual BCCTs were performed.  The E. coli MKH13 strain is a putPA, 
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proP, and proU mutant in an MC4100 background and is thus unable to transport 

proline, glycine betaine and choline, nor convert choline to glycine betaine.  Each 

BCCT gene was cloned, transformed into E. coli MKH13, and grown in M9G 4% 

NaCl media in the presence of compatible solutes.  Under these conditions, only E. 

coli MKH13 strains transformed with functional BCCTs were able to grow in high 

NaCl concentrations (Fig. 19A-D).  It was found that E. coli MKH13 complemented 

with pVP1456, pVP1723, pVP1905, or pVPA0356 grew in the presence of glycine 

betaine (Fig. 19A).  In the presence of proline, E. coli MKH13 pVP1456 or pVP1723 

grew significantly better than the control indicating that these BCCTs can transport 

proline (Fig. 19B), which was also suggested by the triple mutant analysis.  VP1905 

and VPA0356 do not appear to be involved in proline transport.  Only E. coli MKH13 

pVP1456 grew significantly better than the negative control in the presence of ectoine 

(Fig. 19C), while VPA0356 was the only transporter of glutamate (Fig. 19D). 

To determine whether any of the BCCTs uptake choline, we performed
 1

H-

NMR analyses since choline is toxic to E. coli MKH13 lacking betIBAsince it cannot 

convert choline to glycine betaine [97].  Purposely, E. coli MKH13 transformed with 

individual BCCTs were grown in M9G 1% NaCl to early exponential phase and then 

switched  in M9G 4% NaCl supplemented with 1000 M choline for 1 h before 
1
H-

NMR analyses were carried out on these cells.  It was found that E. coli MKH13 cells 

transformed with VP1456 (but not VP1723, VP1905, or VPA0356) accumulated 

choline intracellularly (Fig. 21A).  
1
H-NMR uptake analyses of E. coli MKH13 

recombinant cells containing individual BCCT in M9G 4% NaCl supplemented with 

1000 M ectoine also demonstrated accumulation of ectoine only in VP1456 
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transformed cells (Fig. 21B). Together, these data demonstrate that VP1456 is a 

transporter for both choline and ectoine. 

VP1456 and VP1905 transport glycine betaine with high efficiency 

Glycine betaine is one of the most commonly used compatible solutes among a 

wide range of evolutionary distinct groups of bacteria.  To examine whether the four 

BCCTs found in V. parahaemolyticus take up glycine betaine with high or low 

efficiency, growth analyses of individual BCCT transformed into compatible solute 

synthesis-and transporter-deficient E. coli MKH13 in the presence of limiting 

concentrations of glycine betaine was performed, as previously described[188].  Using 

Monod’s nonlinear regression and the Eadie Hofstee linear plots, the parameters of 

bacterial growth kinetics in glycine betaine limiting concentrations were empirically 

determined and the binding affinities of each BCCT inferred.  It was found that 

VP1456 transported glycine betaine with high an affinity of Ks=5.9±1.8 M, VP1723 

with affinity of Ks =14.0 ±5.0 M, and VP1905 with an affinity of Ks =8.4±0.9 M 

(Fig. 20A-D).  Based on these data it was concluded that the BCCT binding affinities 

for glycine betaine were in the descending order: VP1456>VP1905>VP1723. 

Discussion 

The uptake and/or synthesis of compatible solutes are paramount to the growth 

and survival of bacteria under high salinity conditions [30, 31, 47, 54, 58, 60, 61, 131, 

158].  V. parahaemolyticus inhabits a wide range of ecosystems subjected to constant 

shifts in salinity.  In this study, we investigated the specific role of the four betaine-

carnitine-choline transporters (BCCTs) and showed by amino acid sequence 

comparisons that three out of four BCCTs (VP1456, VP1723, and VP1905) shared 



 72 

high amino acid sequence identity with the OpuD of V. cholerae.  We found that 

VPA0356 only shared around 30% amino acid identity.  Moreover, we demonstrated 

in this study that all four BCCTs can accumulate glycine betaine. 

To examine whether the BCCT genes found in V. parahaemolyticus were 

inducible by NaCl, expression analysis of each gene was carried out by quantitative 

real-time PCR on cells subjected to NaCl upshock.  The data revealed that three out of 

four genes, VP1456, VP1905, and VPA0356, were induced by NaCl upshock over a 

wide range of salinity conditions examined.  Interestingly, VP1723 showed reduced 

expression at high salinity suggesting that this is not a trigger for expression but is 

induced by other factors such as the presence of compatible solutes.  In fact, it has 

been shown that certain BCCTs are not induced at the level of transcription but at the 

level of activity when compatible solutes are supplemented in the media under high 

salinity [117]. 

To further investigate the function of the four BCCTs in the uptake of 

compatible solutes, single in-frame deletion mutations were created but found to be 

functionally redundant.  We were unable to construct a quadruple mutant, thus we 

constructed two different BCCT triple mutants and examined these mutants at high 

salinity.  A promising phenotype emerged in the ∆VP1456∆VP1723∆VP1905 triple 

knockout, which showed uptake of glycine betaine was nearly completely lost, 

suggesting that at least one of the above BCCTs was important for uptake.  

Interestingly, in both ∆VP1456∆VP1723∆VP1905 and ∆VP1456∆VP1723∆VPA0356 

triple knockouts no uptake of ectoine was noted suggesting that at least one of these 

transporters is required for uptake.  To more closely examine the contribution of 

individual BCCTs in the uptake of compatible solutes, we performed functional 
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complementation in the E. coli MKH13 compatible solute synthesis-and transporter-

deficient strain with each BCCT [135, 186, 187].  This strain is defective in glycine 

betaine biosynthesis from choline and in transport of glycine betaine, choline and 

proline into the cell.  From these assays, we found that all four BCCTs could transport 

glycine betaine with varying degrees of efficiency.  VP1723 could uptake proline and 

glycine betaine, while VP1905 could only transport glycine betaine.  VPA0356 

transported glutamate and glycine betaine.  Finally, VP1456 transported not only 

glycine betaine, but also proline and ectoine, which was suggested by the triple mutant 

growth analysis studies.  Since E. coli MHK13 cannot convert choline to glycine 

betaine [97], we examined uptake of choline by the BCCT transporters using 
1
H-NMR 

analysis by exposing exponential phase cells to choline for an hour.  We found that 

only E. coli MKH13 complemented with VP1456 could transport choline into the cell. 

These data suggest that VP1456 has a diverse substrate range. 

Glycine betaine is among the most abundant compatible solutes present in the 

environment; we sought to investigate the affinity of each BCCT to glycine betaine by 

growth analysis in media of high osmolarity with limiting concentrations of glycine 

betaine.  This analysis demonstrated that VP1456, V1905, and VP1723 were the main 

glycine betaine transporters in this species with  respective affinities of K
s
 of 5.9 ± 1.8 

M for VP1456, K
s
 of 8.4 ± 0.9 M for VP1905, and K

s 
of 14.0 ± 5.0 M for VP1723.  

These affinity constants are in the range of what have been previously described [114, 

116, 183]. 

 

In this study, we undertook the examination of the four putative betaine-

carnitine-choline transporters in V. parahaemolyticus, with a focus on their role in the 

uptake of compatible solutes during growth at high salinity.  Using a combination of 
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technical approaches, we showed that the BCCT are functional and involved in the 

uptake of compatible solutes at high osmolarity.  We demonstrated that the expression 

of three BCCTs was induced by high NaCl.  Furthermore, in-frame deletion mutations 

in these systems demonstrated a functional redundancy.  
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Figure 14 1
H-NMR of V. parahaemolyticus WT and ∆ect∆bet in LB media.  (A) 

WT in LB 1% NaCl; (B) WT in LB 3% NaCl; (C) WT in LB 6% NaCl; 

(D) ∆ect∆bet in LB 6% NaCl. GB: Glycine betaine. Experiments were 

repeated with two biological replicates. 
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Figure 15 Expression analysis of BCCT genes in V. parahaemolyticus following 

NaCl upshock in LB media.  Cultures were grown in LB media 3% 

NaCl to log phase 4 h (A) or stationary phase 10 h (B) and then subjected 

to 6% and 9% NaCl upshock.  At least two biological replicates were 

used. Changes in expression levels are relative to expression levels in 

either log phase (A) or stationary phase cultures (B) cells not subjected to 

osmotic upshock.  Data were statistically analyzed using an unpaired 

student’s t-test with a 95% confidence interval.  The P values are shown 

as asterisks and denote the significant difference between upshocked 

samples relative to untreated control.  The error bars indicate mean ± 

standard error. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. 
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Figure 16 PCR confirmation gels of V. parahaemolyticus RIMD2210633 wild-

type (WT) and BCCT deletion bands.  ∆VP1456, ∆VP1723, ∆VP1905, 

and ∆VPA0356 created by SOE PCR and homologous recombination. 

Legend. (A): VP1456 WT and ∆VP1456; (B): VP1723 WT and 

∆VP1723; (C): VP1905 WT and ∆VP190; (D): VPA0356 WT and 

∆VPA0356.  Mw: 1kb molecular weight ladder (Fermentas); FL: WT 

flanking band generated with SOE flanking primers; AD: AD WT band 

generated with SOE A and SOE D primers; FL*: truncated flanking band 

generated with SOE flanking primers; AD*: AD truncated band 

generated with SOE A and SOE D primers.  
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Figure 17 Growth analysis of V. parahaemolyticus WT and single ∆BCCTs in 

M9G 3% NaCl. A. (): WT; (): ∆VP1456; B. (): WT; (): 

∆VP1723; C. (): WT; (): ∆VP1905; D. (): WT; (): ∆VPA0356. 
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Figure 18 Growth analyses of V. parahaemolyticus and triple ∆BCCTs in M9G 

6% NaCl CS. Strains were grown in M9G 1% NaCl overnight and then 

inoculated in M9G 6% NaCl CS for 24 h are shown in graphs A-H.  

Each assays were performed in triplicate and data are shown as the 

pooled data from two biological replicates 
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Figure 19 Functional complementation of BCCT in E. coli MKH13.  E. coli 

MKH13 strains harboring either an empty pBAD33 vector or a pBAD33-

BCCT recombinant plasmid were grown in M9G 4% NaCl  CS.  For 

each condition tested, the sample was assayed in triplicate from at least 

two biological replicates and compatible solute uptake was assessed 

relative to empty vector controls.  A.  M9G 4% NaCl+500 M Glycine 

betaine; B.  M9G 4% NaCl+500 M Proline; C.  M9G 4% NaCl+500 

M Ectoine; D.  M9 G 4% NaCl+500 M Glutamate.  The P values were 

calculated using one-way analysis of variance (one-way ANOVA) 

followed by a Bonferroni's multiple comparison posttest.  The error bars 

represent mean ± standard error. ***, P ≤ 0.001. 
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Figure 20 Determination of the affinity of BCCTs for glycine betaine.  E. coli 

MKH13 pBCCT recombinant strains were M9G 4% NaCl containing 

varying concentrations of glycine betaine (0, 5, 25, 50, 75,100, 125, and 

150 M).  Measured OD595 were converted in specific growth rates  

(expressed in h-1) and plotted against the glycine betaine concentration in 

a nonlinear Monod regression.  A corroborative Eadie Hofstee plot was 

also fitted.  Each experimental condition was tested in triplicate wells and 

the assay repeated with at least two independent biological replicates.  

The affinity Ks (saturation constant) and max (maximal specific growth 

rate) were deduced from the plots.   
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Figure 21  
1
H-NMR of E. coli MKH13 pVP1456 strain in (A) M9G 4% 

NaCl+Choline and (B) M9G 4% NaCl+Ectoine.  
1
H-NMR spectra 

were acquired with a Bruker AVANCE III-400 MHz NMR Spectrometer 

and the data processed with ACD/Labs software.  Chemical shifts () are 

expressed in ppm.  Experiments were performed at least twice with two 

biological replicates.  The initials: E: Ectoine peaks; Ch: Choline peaks. 
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 Bacterial strains and plasmids used in this study Table 3

Strain or Plasmid 

Genotypes Reference 

Strains   

V. parahaemolyticus    

RIMD2210633 

SOY1456 (∆VP1456) 

SOY1723 (∆VP1723) 

SOY1905 (∆VP1905) 

SOYA0356 (∆VPA0356) 

SOYBCCT12  

SOYBCCT124 

SOYBCCT123 

∆ect ∆bet 

WT O3:K6 clinical isolate StrR 

WT with a VP1456 deletion 

WT with a VP1723 deletion 

WT with a VP1905 deletion 

WT with a VPA0356 deletion 

WT with ∆VP1456∆VP1723  

WT with ∆VP1456∆VP1723∆VPA0356  

WT with ∆VP1456∆VP1723∆VP1905 

WT with ectoine  and betaine synthesis deleted. 

[85] 

This study This 

study This study 

This study 

This study 

This study 

This study 

This study 

[90] 

Escherichia coli   

DH5α-λpir λpir φ80dlacZΔM15 Δ (lacZYA-argF) U169 recA1 

hsdR17 deoR thi-1 supE44 gyrA96 relA1. 

 

pJΔVP1456 (DH5α-λpir) 

pJΔVP1723 (DH5α-λpir) 

pJΔVP1905 (DH5α-λpir) 

pJΔVPA0356 (DH5α-λpir) 

pJET-ΔVP1456 transformed into E. coli DH5α-λpir 

pJET-ΔVP1723 transformed into E. coli DH5α-λpir 

 pJET-ΔVP1905 transformed into E. coli DH5α-λpir 

pJET-ΔVPA0356 transformed into E. coli DH5α-λpir 

This study 

This study 

This study 

This study 

   

β2155 DAP auxotroph Donor for bacterial conjugation; thr1004 pro thi strA 

hsdS lacZΔM15 (F′ lacZΔM15 lacTRQJΔ36 proA+ 

proB+) ΔdapA Ermr pirRP4 (Kmr from SM10). 

 

pDS1ΔVP1456  (β2155) 

pDSΔVP1723   (β2155) 

pDSΔVP1905  (β2155) 

pDSΔVPA035 (β2155) 

pDSΔVP1456 transformed into E. coli β2155 

pDSΔVP1723 transformed into E. coli β2155 

pDSΔVP1905 transformed into E. coli β2155 

pDSΔVPA0356 transformed into E. coli β2155 

 

This study 

This study 

This study 

This study 

MKH13 MC4100 (ΔbetTIBA) 

Δ(putPA)101Δ(proP)2Δ(proU),SpR 

[135] 

pBAVP1456 (MKH13) 

pBAVP1723 (MKH13) 

pBAVP1905  (MKH13) 

pBAVPA0356 (MKH13) 

pBAVP1456 transformed into MKH13 

pBAVP1723 transformed into MKH13 

pBAVP1905 transformed into MKH13 

pBAVPA0356 transformed into MKH13 

This study 

This study 

This study 

This study 

Plasmids   

pDS132 R6K γori mobRP4 sacB Cmr; suicide vector for 

conjugal transfer and integration. 

 

pDS∆VP1456 

pDS∆VP1723 

pDS∆V1905 

pDS∆VPA0356 

∆VP1456 cloned into pDS132 suicide vector 

∆VP1723cloned into pDS132 suicide vector 

∆V1905 cloned into pDS132 suicide vector 

∆V1905 cloned into pDS132 suicide vector 

 

This study 

This study 

This study 

This study 

pJET1.2 General cloning vector (Fermentas), AmpR  

pJE∆VP1456 

pJE∆VP1723 

pJE∆VP1905 

pJE∆VPA0356 

∆VP1456 cloned into pJET1.2vector 

∆VP1723 cloned into pJET1.2 vector 

∆VP1905 cloned into pJET1.2 vector 

∆VPA0356 cloned into pJET1.2 vector 

This study 

This study 

This study 

This study 

pBAD33 Expression vector,  AraC, CmR [189]  

pBAVP1456  

pBAVP1723 

pBAVP1905 

pBAVPA0356 

VP1456 cloned into pBAD33 

VP1723 cloned into pBAD33  

VP1905 cloned into pBAD33  

VPA0356 cloned into pBAD33 

This study 

This study 

This study 

This study 
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 Primers used in this study Table 4

Cloning primers 

Target Primer Name Sequence (5’3’) 

VP1456 (BCCT1) VP1456F (XbaI) 

VP1456R (Hind III) 

TCTAGATCTTGTGAGTTGAAGACACTTG 

AAGCTTAAAAATGCCGAGCAATGAAT 

VP1723 (BCCT2) VP1723F (XbaI) 

VP1723R (SphI) 

TCTAGAAACTTGTGCTTGGTGATGTG 

GAGCTCACGGCACACTTTCGCATG 

VP1905 (BCCT3) VP1905F (Kpnl) 

VP1905R(Pstl) 

GAGAGGTACCGATCTTCCGCTTTCAC 

GAGACTGCAGAGCAGGGTGCTGGCTTC 

VPA0356 (BCCT4) VPA0356F (XbaI) 

VPA0356R (Hind III) 

TCTAGAAGCGGCTTTTTGAACATCCT 

AAGCTTCCAATTAAGGGCTCTTTGCAT 

SOE PCR primers   

VP1456 VP1456A (XbaI) 

VP1456B 

TCTAGAATCAATGGGGACAGCGATAA 

cagctgagatctggtaccCGAAGCGAATTTTATCACCAA 

 

 

VP1456C  

VP1456D (SacI) 

ggtaccagatctcagctgCGTACCGAACTTTCCGCTTA 

GAGCTCCAACCATTTTCGCGTTTGTTC 

 VP1456FLF 

VP1456FL-R 

GTCGATTACAATGGCGGATT 

GTGGCACATTGTGAATGCTC 

VP1723 VP1723A (XbaI) 

VP1723B  

TCTAGAACGATATGGTCTGCCAGCTT 

cagctgagatctggtaccGGGACGTTTAATCCCACCAT 

 VP1723C  

VP1723D (SacI) 

ggtaccagatctcagctgGGTCTAATGGATGAACCTCGTC 

GAGCTCCCAATTTCTGGATAAAGCACCC 

 VP1273FL-F 

VP11723FL-R 

TGCGCTTTTAAACACCATTG 

ATGTCCAACGGAGGACAATC 

VP1905 VP1905A (XbaI) 

VP1905B 

TCTAGAGAGGAACGATGACAAAGGGTA 

cagctgagatctggtaccCGAGCCAAGACATGAATGAA 

 VP1905C 

VP1905D (SacI) 

ggtaccagatctcagctgATGTTTGATGTGCTGCCATTT 

GAGCTCTTGATCGATTATTGACGCTCTG 

 VP1905FL-F 

VP1905FL-R 

AATAGCGCGGATGATCTGAC 

TTGAATGCGCTTGCAATATC 

VPA0356 VPA0356A (XbaI) 

VPA0356B  

TCTAGACTTGATGTGAGGGGAAATGC 

cagctgagatctggtaccTGTGTCGATGTCTGGTTTCG 

 VP0356C  

VP0356D (SacI) 

ggtaccagatctcagctgATCATTTCGGTGCTGTTCTTG 

GAGCTCTTTGCATTTTATGGGGTTGG 

 VPA0356FL-F 

VPA0356FL-R 

GCCCACTTCAAACTGTCGTT 

CTCGATTCGATGTCATTCCA 

RT-QPCR primers Primer Name Sequence (5’3’) 

VP1456 VP1456RT-F 

VP1456RT-R 

GTTCGGTCTTGCGACTTCTC 

CCCATCGCAGTATCAAAGGT 

VP1723 VP1723RT-F 

VP1723RT-R 

AACAAAGGGTTGCCACTGAC 

TTCAAACCTGTTGCTGCTTG 

VP1905 VP1905RT-F 

VP1905RT-R 

TGGACGGTATTCTACTGGGC 

CGCCTAACTCGCCTACTTTG 

VPA0356 VPA0356RT-F 

VPA0356RT-R 

CAAGGCGTAGGCCGCATGGT 

ACCGCCCACGATGCTGAACC 

Underlined sequences: restriction enzymes sites; Abbreviations: F: Forward; R: 

Reverse; RT: Reverse Transcriptase; Italicized sequence (bold): complementary tag 

sequences.  
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 Amino acid identity of the betaine-carnitine-choline transporters. V. Table 5

parahaemolyticus VP1456, VP1723, VP1905, andVPA0356, V. cholerae 

OpuD (VC1279), and Escherichia coli BCCT (ProP, PutP, and BetT) 

were compared 

 

 

    

% Identity 

    

ORF VP1456 VP1723 VP1905 VPA0356 VC1279 ProP PutP BetT 

VP1456 100 50.5 67.8 30 67.8 43.5 25.5 37.5 

VP1723 50.5 100 52.7 29.6 49.1 26.8 27.5 35.2 

VP1905 67.8 52.7 100 30.5 81.8 38.2 23.7 35.3 

VPA0356 30 29.6 30.5 100 30.5 36.8 58.3 30 

 1 
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 Chapter 4

THE ROLE OF THE PROU COMPONENT SYSTEMS IN THE OSMOTIC 

STRESS TOLORANCE OF THE HALOPHILE VIBRIO 

PARAHAEMOLYTICUS 

Introduction 

Vibrio parahaemolyticus is a Gram-negative, halophilic bacterium, ubiquitous 

in brackish and salt waters around the world [7-9].  The prevalence of this bacterium 

in the marine environment has been shown to rely on both high temperature and 

salinity, two parameters that control the numbers and proliferation of V. 

parahaemolyticus in oysters destined for consumption [11, 12, 14-18].  Consequently, 

V. parahaemolyticus causes gastrointestinal illness in humans when infected oysters 

are consumed raw or undercooked, and has become a public health concern in recent 

years [20-23, 172]. 

The propensity of V. parahaemolyticus to thrive and survive in a wide range of 

host ecologies and salinity fluctuations has led to the identification of homologues of 

osmoregulated proteins predicted to play a role in the growth and survival of this 

species under high salinity conditions [3, 85, 94].  Two synthesis systems (ectoine and 

betaine), four betaine-carnitine-choline transporters (BCCTs), and two ATP-Binding 

Cassette (ABC) transporters have been described in V. parahaemolyticus [3, 85, 94]. 

Previous examination of the roles of the synthesis systems in V. parahaemolyticus 

demonstrated their role in synthesis of compatible solutes in high salinity [3, 90]. 

Furthermore, it was demonstrated that addition of ectoine, glycine betaine and proline 
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in media of high osmolarity resulted in their transport into the cell presumably by 

uncharacterized osmo-regulated transporters resulting in protection [90]. 

Typically, a sudden increase in the osmolarity of the external environment, 

also known as osmotic stress, elicits in most bacteria a set of adaptive responses, 

aimed at controlling cellular volume and restoring homoeostasis; the uptake and 

synthesis of low molecular weight organic compounds termed compatible solutes have 

been shown to be among some of the strategies used by most bacteria [29-32, 35, 37, 

41, 51, 61, 64, 75].  In bacteria these responses are carried out via specific membrane-

embedded transporters such as the Betaine-Carnitine-Choline Transporter (BCCT) and 

ATP-Binding Cassette (ABC) family of transporters, and by the biosynthesis systems 

[33, 113, 124, 131]. 

The ATP-Binding Cassette (ABC) transporters, also known as ProU 

transporters, constitute a vast family of carriers that couples the energy generated by 

ATP hydrolysis with the uptake of substrates across the cell membrane [119, 136]. 

They are organized in three separate proteins (multicomponent systems) encoded by 

genes organized in operon (the proXWX operon) that includes a periplasmic binding 

protein component (ProX), a transmembrane component or permease (ProW), and a 

nucleotide-binding component or ATPase (ProV).  Additional signature motifs 

common to these transporters include a Q-loop, an H-loop/switch region, a Walker A 

motif/P-loop, and a Walker B motif [119].  Some of these proteins uptake very 

specific substrates, while others undiscriminatingly uptake structurally diverse 

compounds [119].  Bioinformatics analysis of V. parahaemolyticus genome previously 

identified two ProU transporters [3, 94].  The ProU1 (locus tag: VP1726-VP1728) 

located on chromosome I is homologous to the ProU encoded by ProXWV operon of 
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Escherichia coli, and the ProU2 (locus tag: VPA1109-VPA1111) located in 

chromosome II shows homology to that of Pseudomonas syringae [3, 94]. 

The role of the ProUs in the osmotolerance of V. parahaemolyticus remains 

currently unknown, though a ProU1 mutant was previously constructed and showed 

no distinguishable phenotype compared to the wild-type in media of high osmolarity 

[3]. In Gram-negative and -positive bacteria possessing homologous systems, the roles 

of the ProU in osmotic stress tolerance have been extensively studied.  For instance, in 

E. coli and Salmonella typhimurium the ProU transporters were shown to be 

osmotically stimulated and mediated uptake of glycine betaine, proline betaine, 

choline, dimethylsulfoniopropionate (DMSP) and other compounds [43 , 58, 124, 134, 

135, 190, 191 ].  Unlike the ProU system of E. coli, the ProU of P.aeruginosa encoded 

by cbcXWV operon was shown to be involved primarily in the transport of choline 

[117].  Likewise, in Bacillus subtilis, a Gram-positive bacterium, three 

multicomponent transporters (OpuA, OpuB, and OpuC) have been shown to play a 

role in osmotolerance [192].  Recently, a study examining induction of osmotic-stress-

dependent genes in Vibrio vulnificus, a close relative of V. parahaemolyticus, 

demonstrated significant up-regulation of the proU genes reaching up to 3- to 4.7-fold 

increase under hyperosmotic stress [193]. 

In this study, we undertook the examination of the two putative osmoregulated 

ATP-binding cassette (ABC) transporters of V. parahaemolyticus with focus on their 

roles in the uptake of compatible solutes during growth in media of high osmolarity. 

We demonstrated that the proU genes are induced by NaCl. Moreover, we provided 

evidence that indicated a role of the ProUs in the uptake of choline, ectoine, and 

proline.  We created in-frame deletion mutations in the two proU genes and showed 
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that the double ProU mutant exhibited an extended lag phase at high osmolarity.  This 

phenotype may imply the possibility of additional role for the ProU systems. 

Materials and Methods 

Bacterial strains, plasmids, and growth conditions 

Bacterial strains and plasmids used in these studies are listed in Table 6.  A 

clinical isolate of Vibrio parahaemolyticus RIMD2210633, O3:K6 serotype was used 

for growth analyses and construction of the mutants [85, 155].  V. parahaemolyticus 

RIMD2210633 wild-type and related mutant strains were routinely grown under 

aerobic conditions (250 rpm) at 37°C in complex Luria-Bertani (LB) broth (Fisher 

Scientific, Fair Lawn, NJ) or in defined M9 salts defined medium supplied with 0.4% 

(w/v) glucose as sole carbon source.  Growth analysis in the presence the of 

compatible solutes was performed in defined M9 salts medium  amended with 6 % 

(w/v) NaCl and energized with 0.4% glucose as sole carbon source.  Growth on plates 

was carried out on LB containing 1.5% agar and adjusted to a final NaCl concentration 

as indicated.  When deemed necessary, the following antibiotics were added to the 

media to a final concentration: 200 μg/ml streptomycin (Fisher Scientific), 100 μg/ml 

ampicillin, and 25 μg/ml chloramphenicol.  Escherichia coli strains, including the 

DH5α λpir, and β2155 λpir DAP auxotroph were routinely cultured at 37°C in either 

LB or M9 minimal media adjusted to a NaCl final concentration as indicated. 

Throughout the text the M9 minimal medium containing 0.4% glucose as carbon 

source was designated M9G, followed by the NaCl concentration in percentage (w/v). 
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Bacterial growth analysis 

Vibrio parahaemolyticus wild-type and derivative mutant strains used for the 

examination of compatible solute uptake were grown in defined M9 minimal media 

containing 0.4% glucose as carbon source.  A single bacterial colony was used to 

inoculate 5 ml of M9 minimal media containing 1%, 3% NaCl and grown overnight at 

37ºC under aerobic conditions.  An aliquot from the overnight culture was 

subsequently used to inoculate M9 media of equal salinity and grown aerobically for 5 

h at 37ºC.  The resulting culture was inoculated at 2.5% (v/v) final dilution into wells 

of a 96-well microtiter plate filled with 200 µl of defined M9 salts minimal media 

adjusted to 6% NaCl, and in the absence or presence of exogenously supplied 

compatible solutes/precursors.  Growth analysis was carried out at 37°C for 24 h using 

a Tecan Sunrise microplate reader (Tecan US Inc.).  The hourly optical densities 

(OD595) measured in the course of a 24 h period were processed and plotted as average 

of means ± standard errors of means (SEM) using experimental data from at least two 

biological replicates. 

RNA extraction and real-time PCR analysis 

RNA materials were isolated from V. parahaemolyticus RIMD2210633 wild-

type cultures grown to both logarithmic (4 h) and stationary (10 h) phase cultures in 

complex (LB) and defined M9 media under non upshock (3% NaCl) and NaCl 

upshock conditions (6 and 9% NaCl) using RNeasy mini kit (Qiagen).  Following the 

elution step, the isolated total RNA was subjected to DNase treatment with Turbo 

DNA-free kit (Invitrogen) to remove DNA contaminants, and quantified with a 

NanoDrop spectrophotometer (Thermo Fisher Scientific).  The first strand cDNA was 

synthesized with 500 ng of RNA template using Superscript II reverse transcriptase 
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(Invitrogen) in the presence of 200 ng of random hexamer primers (Invitrogen). 

Reverse Transcriptase (RT)-PCR and Quantitative real-time PCR were used to 

quantifiy fold change in gene expression following NaCl upshock; the assay was 

performed with diluted cDNA as template in a reaction tube containing proU-gene-

specific primers (Table 7) and Hot Start-IT SYBR Green qPCR Master Mix reagent 

(USB).  The amplification was carried out with an Applied Biosystems 7500 Fast real-

time PCR system (Foster City, CA).  The threshold cycle (CT) values determined 

using the 7500 Software v2.0 (ABI) were normalized to 16S rRNA control level using 

ΔΔCT method [160-162].  The transcript levels relative to culture grown in 3% NaCl 

were plotted as average of means ± SEM from at least two biological replicates. 

Mutant construction 

Splicing by Overlap extension Polymerase Chain Reaction (SOE PCR) and 

homologous recombination were used to create in-frame deletions in the proU genes 

as previously described [3, 90, 155].  V. parahaemolyticus RIMD2210633 wild-type 

genomic DNA template and SOE primers listed in Table 7 were used in the SOE PCR 

amplification to create a truncated proU2 PCR fragment of 750 bp in size by removing 

~1,150 bp nucleotides from the wild-type proU2 gene (1,900 bp).  The truncated 

proU2 fragment was subsequently cloned into a pDS132 suicide vector[165], 

transformed in E. coli β2155 λpir DAP auxotroph, and mobilized into a recipient V. 

parahaemolyticus RIMD2210633 wild-type strain by contact-dependent conjugation. 

Following a series of selections using selective markers and homologous 

recombination, the truncated proU2 fragment was integrated into chromosome II of 

the recipient V. parahaemolyticus RIMD2210633 strain.  The generated V. 

parahaemolyticus RIMD2210633 mutant strain harboring a truncated version of the 
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proU2 gene was designated ∆proU2.  To create the double mutant ∆proU1∆proU2 

strain, V. parahaemolyticus RIMD2210633 ∆proU2 strain was used as background, 

and a previously created ∆proU1 strain [3] inserted into the ∆proU2 background by 

conjugation and homologous recombination.  All the created deletions were confirmed 

by PCR and sequencing. 

Amino acid alignment and conserved domain search 

Protein sequences were retrieved from the National Center for Biotechnology 

Information (NCBI) website (http://www.ncbi.nlm.nih.gov) using their designated 

locus tags.  EMBOSS Water-Pairwise Protein Sequence Alignment from the European 

Molecular Biology Laboratory (EMBL) and the European Bioinformatics Institute 

(EBI) was used for multiple sequence alignment and determination of percentages 

amino acid identity.  Search for specific conserved domains within the ATP-binding 

components (ProV) of ProU1 and ProU2 proteins was performed using NCBI's 

interface online tool for searching the Conserved Domain Database (NCBI).  The 

locus tags for the ProUs are listed in parentheses.  ProU1 operon (VP1726-VP1728) 

located in chromosome I contains ProV (VP1726), ProW (VP1727), and ProX 

(VP1728).  ProU2 operon (VPA1109-VPA1111) located in chromosome II contains 

ProV (VPA1109), ProW (VPA1110), and ProX (VPA1111). 

Statistical analysis 

An unpaired student’s t-test was used to compare the means between two 

treatments (treated and untreated).  The significance of the data was computed as P-

values and represented by the asterisk. *, P<0.05; **, P<0.01; ***, P<0.001.  

Graphing and statistical analyses of the data was performed using Prism 5. 
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Results 

ProU homologues present in V. parahaemolyticus are unrelated 

Previously, two ProU transporters were identified on the genome of V. 

parahaemolyticus RIMD2210633, VP1726-VP1728 (ProXWV) on chromosome I and 

VPA1109-VPA1111 (ProXWV) on chromosome II, which we designated ProU1 and 

ProU2, respectively [3].  In order to determine the degree of relatedness between the 

two ProUs of V. parahaemolyticus amino acid alignment of ProX, ProW, and ProV 

subunits was performed.  It was found that the different subunits shared amino acid 

identities of 21.5 % for ProX, 42.4% for ProW, and 39.6 % for ProV between each 

other (Table 8).  These data show that the ProUs of V. parahaemolyticus 

RIMD2210633 are unrelated. BLAST homology searches determined that ProU1 is 

more closely related to ProU from E. coli and ProU2 shows homology to ProU in P. 

syringae. 

The ProU systems are induced by NaCl upshock in log phase cells 

Vibrio parahaemolyticus possesses two putative osmotically-controlled ProU 

transport systems whose activating cues have not been previously determined.  To 

examine whether the ProU transporter genes are constitutively expressed or induced 

by high osmolarity, RT-PCR and qPCR analyses of cDNA synthesized from log and 

stationary phase cultures of V. parahaemolyticus in LB before and after NaCl upshock 

were performed.  Both ProU systems are constitutively expressed in LB 3% NaCl 

(Fig. 22A).  It was found that the level of VP1726 (ProU1) transcript was down-

regulated by -1.9 log2 fold in log phase during 6% NaCl upshock but up-regulated by 

3.3 log2 fold (P<0.001) during 9% NaCl upshock in log phase (Fig. 22B). VP1726 was 

down-regulated in stationary phase at both NaCl concentrations (Fig. 22B). 
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Expression of VPA1111 (ProU2) was significantly (P<0.001) up-regulated in log 

phase cells by 5 and 3.8 log2 fold during 6% and 9% NaCl upshock (Fig. 22C).  In 

stationary phase cells, VPA1111 expression was significantly down-regulated during 

both 6% and 9% NaCl upshock (Fig. 22C).  Overall, these results indicated that ProU 

systems were constitutively expressed and were up-regulated by NaCl upshock in log 

phase cells. 

The ProU systems of V. parahaemolyticus are functionally redundant 

Previously, a V. parahaemolyticus ∆proU1 strain was constructed and showed 

no distinguishable phenotype compared to the WT under high osmolarity [3].  In order 

to expand the examination of the role of the ProU systems from V. parahaemolyticus, 

a second ∆proU2 strain was created by deleting VPA1109 (Fig. 23).  Like the 

previously created V. parahaemolyticus ∆proU1 strain, ∆proU2 showed no 

distinguishable phenotype compared to WT in media of high osmolarity in the absence 

or presence of exogenously supplied compatible solutes, indicating  that these systems 

are functionally redundant under the conditions examined.   

∆proU1∆proU2 has a defect in high osmolarity in defined medium 

To further examine the redundancy observed in the single mutants, a V 

parahaemolyticus ∆proU1∆proU2 strain was constructed (Fig. 23).  The 

∆proU1∆proU2 strain was assessed for growth under optimal M9G 3% NaCl and LB 

media 3%, 6%, 9% and 11% NaCl (Fig. 24E and F).  Under these conditions, both the 

double mutant and the wild-type (WT) strains grew similar to one another with no 

apparent overall growth defect observed for the mutant.  We then performed a 

comparative growth analysis of WT and ∆proU1∆proU2 in M9G 6% NaCl with and 
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without compatible solutes.  For these assays, WT and mutant were grown overnight 

in M9G 3% NaCl and then inoculated into M9G 6% NaCl.  We found that the 

∆proU1∆proU2 strain had an extended lag phase of ~11 h, twice that of the WT (Fig. 

24).  The extended lag time observed in the ∆proU1∆proU2 strain indicates that this 

strain has a defect in high osmolarity in defined medium.  

Compatible solutes reduced lag phase of ∆proU1∆proU2 strain at high osmolarity 

Comparative growth analyses was performed in M9G 6% NaCl in the presence 

of glycine betaine (Fig. 24A), proline (Fig. 24B), choline (Fig. 24C), and ectoine (Fig. 

24D).  The uptake of glycine betaine was similar for both WT and ∆proU1∆proU2 

(Fig. 24A) with a reduction of the lag phase for both to 2 h, which indicates that the 

defect in the mutant is NaCl stress related.  The uptake of glycine betaine in the 

mutant is as expected since we have shown that the four BCCT transporters are 

involved in this process and this result indicates that neither of the ProUs is required 

for the uptake of glycine betaine.  The uptake of proline, choline and ectoine was also 

found in the double mutant with a reduction in the lag phase but in all cases it was 

never to the same level as WT lag phase reduction (Fig. 24B, C, and D).  These data 

suggest that for proline, choline and ectoine, the ProU systems are not essential for 

uptake but one or more of these systems likely have the ability to uptake these 

compatible solutes.  

Discussion 

In an attempt to elucidate the physiological significance of the two putative 

osmoregulatory ATP-Binding Cassette (ABC) transporters of V. parahaemolyticus, we 

investigated the role of these systems in the osmotic stress tolerance in media of high 
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osmolarity.  We demonstrated that the ProU transporters were inducible by NaCl 

upshock in log phase cells; this result is in agreement with osmoregulated transporters 

behavior in both E. coli and Salmonella species where the transcription of the proU 

genes was shown to be stimulated in response to increases in external osmolarity [190, 

194].  A double mutant ΔproU1ΔproU2 was created and exhibited an extended lag 

time (11 h) compared to WT in M9G 6% NaCl but not in M9G 3% or LB 3, 6, 9% 

NaCl.  These data suggested that the ProU systems may be involved in something 

other than compatible solute uptake.  In fact, additional roles for the ProU systems and 

other osmoregulated transporters (BCCTs) have been previously described [167, 195-

197].  For example, in E. coli the ProP protein was shown to play a role in 

osmosensing, while the BetP of C. glutanicum was shown to act both as osmosensor 

and osmoregulator [198, 199].  The OpuA of Lactobacillus lactis, an ABC type 

transporter, was found to play a role in sensing changes in osmolarity in this species 

and this function was mainly attributed to the presence of two the Cystathionine β-

synthetase (CBS) domains arranged in tandem and located the in C-terminal portion of 

this protein [118, 200-202].  Likewise, in Pseudomonas species the presence of the 

CBS domains was found to be important for osmoregulatory function of the OpuC 

[123].  Thus, it is possible that the extended lag time exhibited by the double proU 

mutant in this study could be due to a defect in osmosensing.  In support of this, we 

identified within the sequence of the ATP binding component (ProV) a pair of CBS 

domains in ProU1 located between amino acids 284 and 391, and one CBS domain in 

the ATPase subunit of the ProU2 between 334 and 386 amino acids (Fig. 25A-B).  

These CBS domains were deleted during the creation of ΔproU1ΔproU2 strain. 
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The osmotic stress tolerance of V. parahaemolyticus was examined in this 

study, focusing on the role of the proU transport systems.  We showed that the ProU 

systems in V. parahaemolyticus are unrelated to each other, and are induced by NaCl.  

A ΔproU1ΔproU2 was constructed and showed extended lag phase in high osmolarity 

in defined medium.  This phenotype raises the possibility of additional roles for the 

ProU systems.  Furthermore, the Cystathionine β-synthetase (CBS) domains in 

association with the ProV subunits of the ProU1 and ProU2 described in this study 

raised additional questions on how this V. parahaemolyticus senses in osmolarity.  
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Figure 22 RT-QPCR expression analysis of the ProU systems.  Cultures were 

grown in LB broth containing 3% NaCl to log or stationary phase and 

subjected to 30 min NaCl upshock.  Total RNA was extracted from the 

NaCl upshocked cells and cDNA synthesized.  A.  RT-PCR analysis of 

VP1726 and VPA1111 in LB 3% NaCl.  B. ProU1 QPCR analysis.  C.  

ProU2 QPCR analysis. QPCR data are plotted relative to untreated cells 

grown in LB 3% NaCl with two biological replicates.  An unpaired 

Student’s t-test was used to compare the means between two treatments 

(treated and untreated).  The significance of the data was computed as P-

values and represented by the asterisk sign. *, P<0.05; **, P<0.01; ***, 

P<0.001. 
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Figure 23 PCR gel confirmation of V. parahaemolyticus WT and ∆proU 

knockouts.  SOE PCR and homologous recombination were used to 

create the deletions.  Legend. lane 1: 1kb molecular weight marker 

(Invitrogen); (A) V. parahaemolyticus WT containing in lane 2: a proU1 

WT  band (3,200 bp) and in lane 3: a proU2 WT band (1,900 bp); (B):V. 

parahaemolyticus ΔproU2 harboring in lane 4: a truncated proU2 band 

(750 bp) and in lane 5: an intact proU2 WT band (1,900 bp); (C): V. 

parahaemolyticus ΔproU1 harboring in lane 6: an intact proU1 WT band 

(3,200 bp) and in lane 7: a proU1 truncated band (700 bp); (D): V. 

parahaemolyticus ΔproU2 ΔproU1 harboring in lane 8: a proU2 

truncated band (750 bp) and in lane 9: a proU1 truncated band (700 

bp).bp: base pair. 
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Figure 24 Growth analyses of V.parahaemolyticus WT and ΔproU2ΔproU1.  A. 

M9G 6% NaCl+Glycine betaine; B.  M9G 6% NaCl+Proline; C.  M9G 

6%NaCl+Choline; D.  M9G 6% NaCl+Ectoine; E.  M9G 3% NaCl. F.  

LB 3, 6, 9, 10.5, 11% (w/v) NaCl.  Analyses were performed in triplicate 

per condition, and the data are shown as pooled of two biological 

replicates. 
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Figure 25 Conserved domains of the ProV subunits of the ProU systems.  NCBI 

Conserved Domain (CDD) Database for the functional annotation of 

proteins was used for CDD search [203-205].A.  ATP-binding subunit 

ProV (VP1726) of ProU1.B.  ATP-binding subunit ProV (VPA1109) of 

ProU2. 
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 Bacterial strains and plasmids used in this study Table 6

Strain or Plasmid Genotypes Reference 

Strains   

Vibrio 

parahaemolyticus 
  

RIMD2210633 O3:K6 clinical isolate [3] 

ΔproU1 RIMD2210633 harboring proU1(VP1726-1728) deletion  [3] 

ΔproU2 RIMD2210633 harboring proU2 (VPA1109) deletion This study 

ΔproU1ΔproU2 RIMD2210633 harboring proU1 and proU2 deletions This study 

Escherichia coli   

MKH13 E. coli MC4100, ΔputPA, ΔproP, ΔproU, Sp
R
 [135] 

pDS-132- 

ΔproU1β2155 
E. coli β2155 strain harboring pDS-132- ΔproU1 [3] 

Plasmids   

pJET1.2 General cloning vector, Amp
R
 Fermentas 

pDS132 Suicide vector for allelic exchange, sacB, Cm
R
 [165]  

pDS132- ΔproU1 Deleted proU1 SOE product cloned into pDS132  

pDS132- ΔproU2 

 
Deleted proU2 SOE product cloned into pDS132 This study 

 

  



 103 

 Primers used in this study Table 7

SOE-PCR primers 

Target Primer name Sequence (5’ 3’) 

VPA1109 VPA1109A GCATGCTGCCATTGCCGCACCAATC 

 
VPA1109B CAGCTGAGATCTGGTACCGTCCATTAAGCCTCCT 

 
VPA1109C GGTACCAGATCTCAGCTGGCTTAGTTGAGATAAACGT 

 VPA1109D GAGCTCCTTCAACGGTCATTGGAC 

 
VPA1109FL-F CATTGTACCGGGACT 

 VPA1109FL-R AGCAGATATGTACAACACC 

qPCR primers   

VP1726 VP726F GCATCGTTTCTCTCGACTCC 

 VP1726R TGCTCATCGACTACTGGCAC 

   

VPA1111 VPA1111F ATCGTTACCTGGTTCGATGC 

 VPA1111R TTCCTTGGTAACTGGATGCC 

   

VPr001 (16S rRNA) VPr001F ACCGCCTGGGGAGTACGGTC 

 VPr001R TTGCGCTCGTTGCGGGACTT 

VP0325(mdh) VP0325F GGCGTTGTTGAGTGTGCTTA 

 VP0325R ACACCAATGTTGATGTCGCCA 

Underlined sequences: restriction enzymes sites; Abbreviations: F: Forward; R: 

Reverse; RT: Reverse Transcriptase.  
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 Amino acid identity of ProU systems of V. parahaemolyticus.  The Table 8

amino acid sequences of the ProU components were retrieved from The 

National Center for Biotechnology Information (NCBI) website and 

aligned using EMBOSS Water-Pairwise Protein Sequence Alignment 

(EMBL-EBI).  The percentage identity between the different subunits 

was deduced from the alignments.  The locus tags for the different 

subunit are listed in parentheses. 

 
  

ProU1 (Chromosome 1) % Identity ProU2 (Chromosome 2)

ProX (VP1728) 21.5 ProX (VPA1111)

ProW (VP1727) 42.4 ProW (VPA1110)

ProV (VP1726) 39.6 ProV (VPA1109)
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 Chapter 5

CONCLUSION AND FUTURE DIRECTIONS 

Vibrio parahaemolyticus growth and survival in high salinity conditions was 

examined in this study.  We focused on the roles of the putative osmoregulated 

systems that included two synthesis systems (ectoine and betaine) and six transporters 

(four BCCTs and two ProUs).  We demonstrated that the ectoine and betaine synthesis 

systems are functional and used by V. parahaemolyticus to synthesize compatible 

solutes at high osmolarity.  Moreover, we showed that these systems are NaCl-

inducible, but the ectoine system (not the betaine synthesis) was critical for growth at 

high osmolarity.  We demonstrated that growth in complex media extended the 

salinity range of V. parahaemolyticus.  We examined the role of the four betaine-

carnitine-choline transporters in the osmotic stress tolerance of V. parahaemolyticus 

and demonstrated their functionality and role in the uptake of compatible solutes at 

high osmolarity.  We demonstrated that the four betaine-carnitine-choline transporters 

had a diversified range in the uptake of the compatible solutes; however, VP1456 had 

the most extended substrate range, up-taking glycine betaine, ectoine, proline, and 

choline.  Examination of the two ProU component systems revealed that they are also 

induced by NaCl upshock and involved in the uptake of compatible solutes.  

Interestingly, the proU double knockout exhibited an extended lag phase at high 

osmolarity in defined media, implying the possibility of additional roles for the ProU 

systems. 
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Altogether, this study demonstrated the functionality of the synthesis and 

transport systems in V. parahaemolyticus and showed that their function was NaCl-

dependent, a behavior reminiscent of osmoregulated systems.  

Despite these interesting results, many questions still remain unanswered.  For 

instance, we still do not know how this organism senses changes in the osmolarity and 

orchestrates the overall osmoadaptation response.  The regulation of these different 

systems is also currently unknown.  Future studies will be needed to address these 

questions. So far, our bioinformatics analyses of the ProU systems have revealed the 

presence of two Cystathionine β-Synthetase (CBS) domains in association with the 

ProV subunit of the ProU1 and one CBS with the ProV of the ProU2.  The presence of 

these modules has been associated with osmosensory and osmoregulatory functions in 

a number of bacterial species.  Therefore, it would be interesting to investigate 

whether these domains are used by V. parahaemolyticus to sense changes in 

osmolarity.  One way to examine the roles of these domains in osmosensing would be 

to clone and purify individual CBS proteins, followed by point mutation analyses to 

determine critical residues. 

We had previously used a different route in the attempt to answer the same 

question (osmosensing) by examining the role of two components EnvZ/OmpR in the 

ability of V. parahaemolyticus to sense changes in salinity.  Purposely, V. 

parahaemolyticus strains harboring a deletion in either the ompR gene (∆ompR) or in 

both envZ and ompR genes (∆envZ∆ompR) were created.  An Initial assessment of 

their functionality relative to V. parahaemolyticus wild-type in media of high 

osmolarity showed no distinguishable phenotype.  These results raised additional 

questions on how this organism senses changes in osmolarity and relays the osmotic 
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signal.  It is possible that the mechanisms by which V. parahaemolyticus senses and 

responds to the changes in external osmolarity are either independent of the 

EnvZ/OmpR two-component system, solely dependent of the ProU systems, or 

perhaps even more complex and occurring via an as-yet unknown mechanism.  Future 

studies will be needed to fully elucidate these questions fundamental to the ubiquitous 

lifestyle of this important marine organism. 

Finally, we have shown throughout this document that NaCl was the trigger for 

induction of most of the synthesis and transport system genes in V. parahaemolyticus.  

However, we have no knowledge of the mechanisms that control the transcription of 

these systems.  Preliminary data of the alignment of the 200 nucleotide sequences 

(DNA) located upstream of the start codon of the four betaine-carnitine-choline 

transporters and the two ProU component systems have revealed very disparate 

patterns with very low degree of sequence conservations.  Moreover, two of the BCCT 

genes (VP1456 and VP1723) start with alternate start codons GTG, while the other 

two (VP1905 and VPA0356) start with the ATG codons.  Furthermore, promoter 

prediction analyses of these sequences found -10 and -35 sequence motifs 

corresponding to sigma 70, sigma 38 and sigma 32.  Further investigations of the 

upstream regions of these genes using primer extension analysis could help determine 

the transcription start site and the different transciption factors involved.  
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Appendix A 

CONSERVED MOTIFS OF THE PROV SUBUNITS OF THE PROUS 

The ATP-binding subunits (ProV) amino acid sequences of V. 

parahaemolyticus RIMD2210633 locus tags VPA1726 (395 residues) and VPA1109 

(394 residues), Pseudomonas syringae pv. tomato DC3000 locus tag PSPTO_0462  

(392 residues), E. coli K-12 MG1655 locus tag b2677 (400 residues), and 

Sinorhizobium meliloti 2011 locus tag SM2011_c02739 (349 residues) were aligned 

with NPS@: Network Protein Sequence Analysis [206].  The residues conserved for 

90 % or more are represented by upper-case letters (~105 is 25.86 %); residues 

conserved for 50 % and less than 90 % are represented by lower-case letters (108 is 

26.60 %); residues conserved less than 50 % are denoted by the white space (173 is 

42.61 %); IV conserved positions are shown by (!) (5 is 1.23 %); LM conserved 

positions ($) (5 is 1.23 %); FY conserved positions (%) (0 is 0.00 %); NDQEBZ 

conserved positions (#): 10 is 2.46 %.  The following motifs are highlighted in yellow 

(bold): (a) Walker A/P-loop (GLSGSGKS) that forms a loop that binds to the alpha 

and β-phosphates of di-and tri-nucleotides; (b) Q-loop/lid motif (MVFQ) that contains 

an invariant Gln that is thought to be the attacking nucleophile in ATP hydrolysis; (c) 

Walker B motif (ILLMDE) thought to coordinate the Mg2
+ 

ion or polarize the 

attacking water molecule in ATP hydrolysis like the switch region. This motif also 

contains four aliphatic residues followed by two negatively charged residues; (d) D-

loop motif (SALD) contains an invariant Asp; (e) H-loop/switch region (VFISHDL) 

contains an invariant Histdine (His) that is thought to polarize the attacking water 

molecule during ATP hydrolysis.  Together Walker A, Walker B, Q-loop, D-loop, and 

H-loop form the nucleotide binding site/ ATP binding site (chemical binding site).  The 

ATPase multiple sequence alignment also contains additional conserved domains: (1) 

Two CBS domains for E. coli positions 284 and 391; (2) Two CBS for V. 
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parahaemolyticus (ProU1) positions 284 and 391; (3) One CBS domain for V. 

parahaemolyticus (ProU2) positions 340 and 393. 
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Figure 26 Sequence alignment of the ProV subunits of the ProU systems. V. 

parahaemolyticus VP1726 (ProU1) and VPA1109 (ProU2), P. syringae 

pv. tomato DC3000 (PSPTO_0462), E. coli K-12 MG1655 (b2677), and 

Sinorhizobium meliloti 2011 (SM2011_c02739).   

  

                                10        20        30        40        50        60 

                                |         |         |         |         |         | 

VPA1109                -MDAITIENLDVVFGQQQSQALALLDQGKSRQEIIDETGQVVGVDNVSLTVKRGEICVLM 

PSPTO_0462             -MSIIKFDKVDVIFSKDPREALKLLDEGLTRDQILKKTGQIVGVENASLDIEKGEICVLM 

VP1726                 MDPILEVKGLYKVFGEAPERAFSLIEKGVDKDDIFEQTGLTVGVNDVSLTINEGEIFVIM 

b2677                  MAIKLEIKNLYKIFGEHPQRAFKYIEQGLSKEQILEKTGLSLGVKDASLAIEEGEIFVIM 

SM2011_c02739          MSDAVVFKNVDIIFGKNPQLAVQMVDQGKTRDEIGAATGLVLGVAGASLTINEGEILVLM 

Consensus              m da  fknvd !Fgk p  A  l #qGktr##I   TGlvvGV  aSLt! eGEI VlM 

 

                               70        80        90       100       110       120 

                                |         |         |         |         |         | 

VPA1109                GLSGSGKSSLLRTVNGLNDISRGSLKIQDGDDMVELANCNEQTLRHLRTHRVSMVFQKFA 

PSPTO_0462             GLSGSGKSSLLRCINGLNTVSRGSLFVEHEGSQINIANCSAAELKMMRTKRIAMVFQKFA 

VP1726                 GLSGSGKSTLVRLLNRLIEPTKGSVYLKG----IDIAHISEEELREVRRNNISMVFQNFA 

b2677                  GLSGSGKSTMVRLLNRLIEPTRGQVLIDG----VDIAKISDAELREVRRKKIAMVFQSFA 

SM2011_c02739          GLSGSGKSTLLRAVNGLAPVVRGEVEVKTANGSLNPYRCNAKSLRDFRMHTVSMVFQQFA 

Consensus              GLSGSGKSt$lR vNgL  v rGsv v       # a cna  Lr  R h !sMVFQ FA 

 

                              130       140       150       160       170       180 

                                |         |         |         |         |         | 

VPA1109                LMPWLTVLDNVAFGLEMQGIGKAERRAKAREQLEMVGLSEWESKFPHELSGGMQQRVGLA 

PSPTO_0462             LMPWLTVRENISFGLEMQGRPEKERRKLVDEKLELVGLTQWRNKKPDELSGGMQQRVGLA 

VP1726                 LMPHMSVIENAAFGLELAGVDVTARHESALSALQRVGLDTYAESFPDELSGGMKQRVGLA 

b2677                  LMPHMTVLDNTAFGMELAGINAEERREKALDALRQVGLENYAHSYPDELSGGMRQRVGLA 

SM2011_c02739          LLPWRTVADNVGFGLELAGVADAERRKRVGEQLELVNLAKWADRKVNELSGGMQQRVGLA 

Consensus              L$Pw tV #Nv FG$E$aG   aeRrk v eqLelVgL  wa  kp ELSGGMqQRVGLA 

 

                              190       200       210       220       230       240 

                                |         |         |         |         |         | 

VPA1109                RAFAMDTDILLMDEPFSALDPLIRAQLQDELILLQEKLNKTILFVSHDLDEALKIGNNIA 

PSPTO_0462             RALAMDADILLMDEPFSALDPLIRQGLQDELLALQSKLSKTIVFVSHDLDEALKLGSRIA 

VP1726                 RALACDPDILLMDEAFSALDPLIRSEMQDELIRLQNDDKRTIVFISHDLDEAMRIGDRIA 

b2677                  RALAINPDILLMDEAFSALDPLIRTEMQDELVKLQAKHQRTIVFISHDLDEAMRIGDRIA 

SM2011_c02739          RAFATGAPILLMDEPFSALDPLIRTRLQDELLEFQRRLKKTIIFVSHDLDEAFRIGNRIA 

Consensus              RAfA dadILLMDEpFSALDPLIR  $QDELl lQ kl kTI F!SHDLDEA riGnrIA 

 

                              250       260       270       280       290       300 

                                |         |         |         |         |         | 

VPA1109                IMESGKLIQHGKPEQIILAPETDYVADFVAHTNPLNVLKGRSLMKSSDALVREKE----- 

PSPTO_0462             IMKDGRIVQYSVPEQIVLNPADEYVRTFVAHTNPLNVLCGRSLMRTVDECTQVNG----- 

VP1726                 IMQNGEVVQVGTPDEILHNPANDYVEAFFRGVNVASVLTVKDIARKKPAAVFKKSEHDGP 

b2677                  IMQNGEVVQVGTPDEILNNPANDYVRTFFRGVDISQVFSAKDIARRTPNGLIRKTPGFGP 

SM2011_c02739          IMEGGRIIQCGTPQEIVKKPANQYVADFVQHMNPITMLTAKDVMQTGVGRAAASTGV--- 

Consensus              IMe Gri!Q gtP##Iv  Pan#YVadFv h #p  vl  kd m t               

 

                              310       320       330       340       350       360 

                                |         |         |         |         |         | 

VPA1109                ----RVLICPDKEIWVTQESKGLSLPNSEQSLIQWVSESSNLDDVES--NSLVQVSPNIS 

PSPTO_0462             ----SVCLDPSGDSWLDLAEGNVIKGARQGAAPLDLQNWTPGQDVGTLDRRPTLVHSNIG 

VP1726                 GSAMQILMDHDRDYGIVVDKSSRYSGIVSLDSLRLAHKENRSLASAQLEDDVTLQPDQSV 

b2677                  RSALKLLQDEDREYGYVIERGNKFVGAVSIDSLKTALTQQQGLDAALIDAPLAVDAQTPL 

SM2011_c02739          -SATARPTTPLVDILDAMSRQPGSIGVVDNGSVVGTIDAQNIVEGLTRHRNKG------- 

Consensus               sa      p  #i         s g v   s        n  d  t  r           

 

                              370       380       390       400 

                                |         |         |         | 

VPA1109                MREAIELKQRSNQPLLLVEDDKLVGVLSDHELYDALLGNFKSEQVA 

PSPTO_0462             MRDALQIRYQTGNKLVLQDGEKVVGILGDTELYHALLGKNHG---- 

VP1726                 NDILGVVASVPYAVPVVDEQGTYFGVVTKSRLLQTLDKD------- 

b2677ProV              SELLSHVGQAPCAVPVVDEDQQYVGIISKGMLLRALDREGVNNG-- 

SM2011_c02739          ---------------------------------------------- 

Consensus                                     vg      l  al                         
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Appendix B 

MODELING PREDICTION OF 3D STRUCTURE OF THE PROX  

The ProU component systems have been shown to uptake proline, glycine 

betaine and related molecules in a wide range of bacterial species.  Our examination of 

the role of two ProUs in V. parahaemolyticus suggested that they are involved in the 

uptake of proline, but not glycine betaine.  The lack of glycine betaine uptake by the 

ProU component systems observed in this study is perplexing, given what has been 

widely reported in the literature.  In an attempt to get preliminary insight on the 

binding site of these proteins, we performed a modeling homology prediction of the 

periplasmic ligand-binding protein (ProX) of ProU1 and ProU2 present in V. 

parahaemolyticus.  We utilized 3D protein homology modeling tool from SWISS-

MODEL Workspace (a fully automated protein structure homology-modeling server, 

accessible via the ExPASy web server, or from the program Deepview [Swiss Pdb-

Viewer]).  Different steps as implemented by SWISS-MODEL Workspace were used 

for 3D modeling process.  First, template search was performed with amino acid 

sequences of periplasmic-binding protein (ProX) targets of ProU1 (VP1728) and 

ProU2 (VPA1111) proteins using BLAST search [207] against the primary amino acid 

sequences contained in the SWISS-MODEL Template Library (SMTL).  A total of 10 

templates was found for VP1728 and 14 templates for VPA1109.  An initial HHblits 

profile was built using the procedure outlined in [208], followed by one iteration of 

HHblits against NR20.  The obtained profile was then searched against all profiles of 

the SMTL.  A total of 262 templates was found for VP1728 (ProU1) and 383 for 

VPA1109 (ProU2).  Next, template selection was performed using the quality of 

target-template alignment.  The templates with the highest alignment quality were then 

selected for model building, which was carried out based on the target-template 

alignment using Promod [209].  Coordinates which were conserved between the target 
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and the template were copied from the template to the model.  In case Promod was 

unable to build a model, models were built with MODELLER as a fallback [210-212].  

Estimation of the quality of the model was assessed using the QMEAN scoring 

function [213].  Ligand modeling was subsequently performed by transferring ligands 

present in the template structure and copied to the model following specific 

criteria[214].  Finally, oligomeric state conservation for homo-oligomeric structure of 

the target protein was predicted based on the analysis of pairwise interfaces of the 

identified template structures using a QscoreOligomer.  
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Figure 27 Modeling 3D prediction of the ProX subunits of the ProU systems.  

3D modeling predictions of ProU1 and ProU2 of V. parahaemolyticus 

were achieved using amino acids sequences of ProU1 (VP1728) and 

ProU2 (VPA1111) as targets.  Template searches with Blast and HHBlits 

were performed against the SWISS-MODEL template library SMTL; 

selected templates were automatically aligned based on the percentage 

amino identity and used to predict the model of the target proteins.  A.  

Template protein (ProX) (PDB id: 1r9l.1) of E. coli [1] used for 3D 

structure prediction of the target VP1728 (ProU1).  B.  Template protein 

(ChoX) (PDB id: 2rin.1) from S. meliloti [2] used for 3D structure 

prediction of the target VPA1111 (ProU2). 

  

A

B

Template: ProX from E.coli (PDB id: 1r9l.1) [1] Target ProX (VP1728) 

Template: ChoX from S. meliloti (PDB id: 2rin.1) [2] Target ProX (VPA111) 
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Appendix C 

1
H-NMR PROFILES OF COMPOUNDS USED AS CONTROLS 

Controls used for 
1
H-NMR analyses were prepared using chemical compounds 

purchased from SIGMA.  Control compounds (proline, glutamate, choline, glycine 

betaine, and ectoine) were prepared and adjusted to a working concentration of 500 

M.  These compounds were then individually dissolved in ethanol.  After an 

evaporation step to remove ethanol, the resulting dried material was dissolved in D2O 

slovent.  
1
H-NMR data were acquired with a Bruker AVANCE III-400 MHz 

spectrophotometer and processed using the ACD/Labs processing software.   
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Figure 28 1
H-NMR analysis of Proline.  A working concentration of 500 M 

Proline (SIGMA) dissolved in D2O was used as control.  1H-NMR was 

acquired with a Bruker AVANCE III-400 MHz NMR Spectrometer and 

processed with the ACD/Labs processing software.  The chemical shifts 

() are expressed in ppm in the figure.  Peaks corresponding to the 

compound of interest are shown in the figure. 

 

  

Proline (Control) 
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Figure 29 1
H-NMR analysis of Glutamate.  A working concentration of 500 M 

of Glutamate (SIGMA) dissolved in D2O was prepared and used as 

control.  
1
H-NMR analysis was acquired with a Bruker AVANCE III-400 

MHz NMR Spectrometer and processed with the ACD/Labs processing 

software.  The chemical shifts () are expressed in ppm in the figure.  

Peaks corresponding to the compound of interest are shown in the figure. 

  

Glutamate (Control) 
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Figure 30 1
H-NMR analysis of Choline.  A working concentration of 500 M of 

Choline (SIGMA) dissolved in D2O was prepared and used as control.  
1
H-NMR analysis was acquired with a Bruker AVANCE III-400 MHz 

NMR Spectrometer and processed with the ACD/Labs processing 

software.  The chemical shifts () are expressed in ppm in the figure.  

Peaks corresponding to the compound of interest are shown in the figure. 

  

Choline (Control) 
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Figure 31 1
H-NMR analysis of Glycine betaine.  A working concentration of 500 

M of Glycine betaine (SIGMA) dissolved in D2O was prepared and 

used as control.  
1
H-NMR analysis was acquired with a Bruker AVANCE 

III-400 MHz NMR Spectrometer and processed with the ACD/Labs 

processing software.  The chemical shifts () are expressed in ppm in the 

figure.  Peaks corresponding to the compound of interest are shown in the 

figure. 

  

Glycine betaine (Control) 
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Figure 32 1
H-NMR analysis of Ectoine.  A working concentration of 500 M of 

Ectoine (SIGMA) dissolved in D2O was prepared and used as control.  
1
H-NMR analysis was acquired with a Bruker AVANCE III-400 MHz 

NMR Spectrometer and processed with the ACD/Labs processing 

software.  The chemical shifts () are expressed in ppm in the figure.  

Peaks corresponding to ectoine are labeled in the figure. 
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