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Abstract:
Vibrio parahaemolyticus is a Gram-negative bacterial pathogen found in contaminated
shellfish that causes a self-limiting gastroenteritis. It employs multiple virulence factors in
its infection of humans, including two type III secretion systems, which translocate
effector proteins into the host cell cytosol. The transcriptional control of type III secretion
1 is through the AraC regulator ExsA, which is functionally homologous to those found in
Yersinia spp. and Pseudomonas aeruginosa. Both a distal and proximal promoter were
identified that could activate transcription of the exsA gene. In silico analysis and in vitro
experiments identified a novel motif within ExsA dependent promoters that is needed to
activate transcription of type III secretion system 1 genes vp1687 but not exsD. Using
transcriptional fusions, we were able to show that exsA and the genes it regulates are
active under conditions known to activate type III secretion. In conclusion, we found that
exsA is active during in vitro reporter assays, and ExsA dependent promoters are
differentially regulated in secreting conditions.
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Chapter 1 – Introduction:
1.1 Vibrio parahaemolyticus:
Vibrio belongs to a genus of curved rod-shaped Gram-negative bacteria that are
highly motile, typically inhabit salt water and are halophillic. Most notably, this genus
contains three significant human pathogens, V. cholerae, V. vulnificus, and V.
parahaemolyticus, and the remaining species being highly zoonotic and infecting marine
life1. V. parahaemolyticus itself is a facultative aerobe, and contains both a sheathed
polar flagella and lateral flagella, which help propel the bacteria and allow it to swarm2.
Typically, these pathogens are further classified into serogroups based on their somatic
(O) and capsular (K) antigens1.
1.1.1 Biology:
In 1950, Vibrio parahaemolyticus was first discovered in Japan by Tsunesaburo
during a large outbreak of foodborne illness transmitted by improper cooking and
handling of seafood3. While virulent V. parahaemolyticus typically causes acute diarrhea
after consumption of improperly cooked seafood, wound associated infections with V.
parahaemolyticus has been known to cause life threatening septicemia4. Since its
discovery, this pathogen has been found to be the leading cause of seafood borne
gastrointestinal illness in Japan and the United States of America with more than twenty
serovars currently in circulation around the world5.
The first sequenced strain was associated with high rates of illness, and came
from a clinical isolate found in a Japanese traveler with diarrhea carrying antigens
O3:K6, which traced back to Kolkata, India6. This was the first pandemic strain
sequenced and this serotype has now been found globally disseminated, known as
RIMD22106337. Genomic analysis found that it contains two chromosomes, which is
common to Vibrio spp. with 4832 ORFs and a G+C% of 45.4%. Although most of the
essential genes are located on chromosome 1, some metabolic genes are found on
1

chromosome 2. In comparison to V. cholera, chromosome 2 is also much larger in V.
parahaemolyticus indicating a significant evolutionary divergence between the two
species3. Specifically, this O3:K6 RIMD2210633 strain contains several unique virulence
determinants, including thermostable haemolysin (Tdh), a urease, several adhesins, and
two type III secretion systems (T3SS)1,8.
Vibrio isolates are typically cultured in the presence of high salt and in alkaline
conditions resembling their native halophillic environment. In the laboratory, alkaline
peptone water, salt polymixin broth and alternate protein broth can be used to selectively
culture V. parahaemolyticus1. Additionally thiosulphate citrate bile salts sucrose agar,
which is a selective and differential media, can be used to differentiate V.
parahaemolyticus and V. cholerae through biochemical changes1. Wagatsuma agar, a
diagnostic medium was also developed through the use of buffered blood agar, which
allows for the rapid typing of pathogenic V. parahaemolyticus based of its haemolytic
properties mediated by Tdh9.
1.1.2 Clinical Pathophysiology:
Infection with V. parahaemolyticus is typically accompanied by an acute selflimiting diarrheal illness, where antibiotics are often not needed. In many cases, the
pathogen colonizes the host gut and causes damage to the intestinal epithelium through
its virulence factors which include two T3SSs and associated haemolysins (Tdh and
Trh)2. During most acute infections, duodenal and rectal sections show an acute
inflammation of the enterocytes, edema and the infiltration of neutrophils10. The
pathophysiology of this infection is highly distinct from that of V. cholerae, due to lack of
accumulation of water in the intestinal lumen of the individuals2. This is also
mechanistically different, as typical strains of V. cholerae do not have a T3SS, with the
exception of some non O:1/O:139 el tor strains1,2.
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1.1.3 Virulence Determinants:
As previously stated, V. parahaemolyticus is distinct in its pathogenicity than that
of V. cholerae and this is for a few reasons. V. parahaemolyticus contains two distinct
T3SSs and thermostable haemolysins, but lacks the V. cholerae specific AB5 cholera
toxin1,3,4. Thermostable direct haemolysin and Tdh related haemolysin are two major
virulence factors of V. parahaemolyticus and are known for their haemolysis in vivo and
their lysis of human erythrocytes in saline medium2. Furthermore, these factors are
known to cause the Kanagawa Phenomenon (KP) in which a ring of haemolysis is
formed on Wagatsuma agar, which is reportedly correlated with gastroenteritis9,11. Tdh
works by binding to cell membranes and forming a pore, which releases colloids in
RBCs but can also cause shifts in intracellular Ca2+ and Cl- concentrations12. Finally,
there is also sometimes a related thermolabile haemolysin that is found, which has
similar properties to Tdh but also shows lecithin-dependent phospholipase activity13.
V. parahaemolyticus also contains two T3SSs: T3SS1 and T3SS2, which are
encoded on chromosome 1 and chromosome 2 respectively. Of the two, T3SS1 will form
the focus of my thesis, which induces autophagy and cytotoxicity of host cells, while
T3SS2 is known for its enterotoxicity, cytotoxicity and role in intracellular replication of
the pathogen1,2. These T3SSs are bacterial translocation machinery that are formed by
multi-subunit complexes and allow effectors or virulence proteins to be translocated
directly into the host cytosol. On chromosome 1, the T3SS1 gene cluster is comprised of
42 genes in 11 predicted operons located 1.77 to 1.81 Mbp from the origin of
replication3. Of the genes in the T3SS1 gene cluster, 30 are predicted to be similar to the
Ysc family T3SSs found in Yersinia spp. and Pseudomonas aeruginosa3,14. In the middle
of this cluster are 12 genes that code for effector proteins and their chaperones, with the
terminus region coding for 4 regulators and a pilot lipoprotein14. Furthermore, this system
is found in almost all clinical and all environmental strains of V. parahaemolyticus15,16.
3

The high sequence homology of this system to other Vibrio spp., along with G+C%
comparable to the rest of the genome also suggest that these genes were ancestrally
acquired and have been evolutionarily conserved1. To this date, four effectors have
been found to be secreted by this system, VopQ/VepA, VopS, VPA450 and
VopR/VP1683, which together cause oncosis in epithelial cell lines such as HeLa2,17–19.
T3SS2 is a more recently characterized Hrp2 family T3SS encoded by the VPPAI pathogenicity island found on chromosome 2 located 1.38 to 1.47 Mbp from the
origin of replication, which is found primarily in clinical isolates and in several other Vibrio
spp3,4. This observation correlates well with the fact that T3SS1 is found in both KP+/KPstrains, while T3SS2 is found in almost all KP+ strains, which typically cause human
illness16. The lower G+C content in these regions than the genomic average, lack of
conservation to any other T3SSs found in most other genera and the uniqueness in
Vibrio spp. suggest this system was recently acquired through lateral gene transfer16.
This system has been found to cause pathology in mouse, rabbit and porcine models of
infection as well as causing cytotoxicity in Caco-2 and HCT cell lines1,2,20. So far, T3SS2
has been found to translocate seven effectors: VopC, VopT, VopZ, VopA/P, VopV,
VopL, and VPA13802,18.
1.2 Bacterial Protein Translocation and Secretion is Crucial to Cell Survival:
Proteins are not only found isolated in the bacterial cytosol, but are found
anchored into membranes, in vesicles, and secreted into the extracellular milieu.
Because of these distinct and sometimes distal cellular locations, bacteria have evolved
an efficient way of transporting proteins in these places for function. The ability of
bacteria to translocate these proteins efficiently across membranes is vital for survival
and allows them to maintain their shape, replicate and acquire nutrients from their
surroundings for growth21. It has been suggested that between 25-30% of bacterial
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proteins are moved through at least one membrane to their functional locations,
illustrating the importance of protein translocation22.
Bacteria have evolved to use these systems to transport proteins needed for the
formation of the peptidoglycan cell wall, porins and ionic transporters. Together, these
important proteins are needed to maintain the cellular integrity of the bacterial cell
through maintenance of ionic gradients, osmotic balance and sheer stress, as well as
functionally contribute to bacterial fitness through colonization, invasion and growth in
certain environments22. However, while bacteria have evolved to translocate proteins for
survival, some bacteria have acquired the ability to use these secretion systems to
specifically colonize the host and cause pathology in some instances.
Since there are specific differences in cellular physiology between mycobacteria,
Gram-positive and Gram-negative bacteria, each has developed their own independent
systems to efficiently traffic proteins to their intended locations, although sharing a
similar housekeeping general secretory pathway (GSP)21,23. Some of these unique
systems include the ESX secretion system found in Mycobacterium tuberculosis, and the
Sec dependent and independent systems found in Gram-positive and Gram-negative
bacteria22. Together these systems are crucial to maintaining bacterial fitness and
competition against other cells in their environment.
1.2.1 General Secretion Pathways:
Although Gram-positive, Gram-negative and mycobacteria possess specialized
secretion systems, they all share a similar general secretion pathway (GSP) using the
SecYEG system (Sec) and Twin arginine transport (tat) pathway of protein
translocation23. The Sec system is formed by an hour glass shaped heterotrimeric
channel formed by SecYEG subunits in the inner membrane and an associated ATPase
motor domain SecA, along with accessory proteins SecDFYajC22–24. This system is also
found to be highly conserved between domains and homologs can be found similarly in
5

the endoplasmic reticulum in eukaryotes and in the cytoplasmic membrane in archaea25.
Furthermore, the Sec system allows for ribosomes to dock directly at the membrane and
translate protein with an N-terminus signal peptide directly across membranes through
the signal recognition particle (SRP) pathway, or independent of ribosomal docking
unfolded by the SecB chaperone in an ATP dependent manner26–29.
The other main housekeeping system found in prokaryotic cells is the tat pathway
that is formed by the TatABC proteins that allows for translocation of native folded
proteins across the inner membrane30. TatA serves as the channel proteins and interacts
with TatC docking proteins, while TatB chaperones carry the secreted protein towards
the pore30. This is similar to Sec secreted proteins, which contain a unique N-terminus
signal peptide31,32. This system is unique from Sec though, as it does not require ATP for
translocation, but works with the proton gradient found between the cytosol and the
extracellular environment33,34. While the Sec and tat systems are predominantly used by
bacteria for housekeeping purposes, outside of the GSP, bacteria have developed
unique systems that have evolved to translocate proteins into neighbouring bacterial
cells, as well as eukaryotic cells. These systems are evolutionarily unique in their
development and contain many homologs that have diverged from their original roles35.
1.2.2 Gram-negative Secretion Systems:
Physiologically, Gram-negative bacteria contain both an inner and outer
membrane, so protein translocation into the extracellular environment must transverse
both membranes. While the GSP alone is able to translocate proteins into the
periplasmic space, translocation into the extracellular space and into target host cells is
mostly mediated through unique secretion systems22. These secretion systems can be
single membrane spanning or double membrane spanning, however in either case must
traverse the OM35. Commonly, these secretion systems are further classified into two
main groups based on their reliance of Sec to mediate the translocation of effector
6

proteins: The Sec-dependent secretion systems containing type II and type V secretion
systems and the Sec-independent secretion systems containing type I, III, IV, and VI
secretion systems.
1.2.2.1 Sec-Dependent Secretion Systems:
Gram-negative bacteria contain two different Sec-dependent secretion systems:
A type II and a type V secretion system. Type II secretion systems are double
membrane spanning systems found in various Gram-negative bacteria, allowing
secretion of periplasmic proteins directly into the extracellular environment. Type II
secretion systems are typically composed of 12-15 components from the Gsp protein
family, consisting of 4 main parts: an OM complex, a pseudopilus, an IM platform and a
cytosolic ATPase. When inactive, the pseudopilus remains confined in the periplasmic
space, and is formed by secretion of components into the IM by SecYEG36. Substrates
of this system are initially translocated into the periplasmic space by tat or unfolded by
SecYEG transporters37. During secretion, the pseudopilus has been hypothesized to act
as a piston and push the substrate through the secretin channel and through the OM38.
V. cholerae uses this mechanism to secrete its AB5 Cholera toxin into the extracellular
milieu during infection39.
Additionally, a single membrane spanning secretion system type V secretion
system or auto transporter exists. This system is unique as both substrate and secretion
pore are fused in the form of a single peptide, driving its own secretion through the OM40.
The final protein may or may not be cleaved from its channel component and forms the
major virulence system in pathogens such as Neisseria gonorrhea35. In many cases,
these proteins tend to be mainly virulence factors, but can promote adhesion and biofilm
formation40. Minor systems such as the chaperone-usher pathway also exist to assemble
and form multi-subunit appendages like pili and fimbriae and curli proteins, which are
functional amyloids allowing bacteria to protect themselves in hostile environments35.
7

1.2.2.2 Sec-independent Secretion Systems:
In Gram-negative bacteria, there are 4 different double membrane spanning
secretion systems that allow for direct translocation of protein from the cytosol into the
extracellular environment or host cytosol, these include: type I, III, IV, VI secretion
systems. Type I secretion systems are the simplest ABC transporters, which are closely
related to the RND family of MDR efflux pumps and contain 3 main components: the
inner membrane complex, membrane fusion pore, and outer membrane protein
channel35. Substrates of this system are recognized by a glycine-rich motif located in the
C-terminus of the protein41. This allows substrates to bind to the inner membrane
complex and translocate through the membrane fusion pore through ATP hydrolysis,
which causes outer membrane protein channel to open and release the protein42.
Type IV secretion systems are more complex and resemble the conjugative
machinery used to transfer DNA from one cell to another and are unique as they can
transport either DNA and/or protein35. Ancestrally, the type IV secretions system
structural proteins resemble the pilus assembly proteins and allows the translocation of
effector proteins and DNA. Contributions of the type IV secretion system in bacterial
pathogenesis have not been fully elucidated thus far, but has been characterized to be
involved with the virulence of Helicobacter pylori, Bordetella pertussis, and Legionella
pneumophelia35. This system typically consists of 12 structural proteins, with multiple
ATPases and glycosylases, which allow for the formation of the pilus extending out of
the OM into the extracellular environment, serving as a conduit for transfer of proteins
into neighbouring or host cells43,44.
The type VI secretion systems are the most recently discovered secretion system
which translocate proteins directly into the host cytosol, and mechanistically resembles
the method of cell puncture mediated by bacteriophage35. This system has the ability to
translocate toxic effector proteins into eukaryotic and prokaryotic cells that play a vital
8

role in fitness and is found in many Vibrio spp45–47. Structurally, this system consists of
two main complexes: an inner core resembling type IV secretion system and a tail
complex evolutionary related to bacteriophage tails48. The mechanism of this system is
thought to resemble phage transduction, whereby contraction of the tails leads to the
translocation of the inner core, which punctures the host membrane and allows the
translocation of effectors48.
The final double membrane spanning Sec-independent secretion system is the
T3SS, which relies on the formation of a needle structure and translocates proteins
directly into the host cytosol15. Because of the importance of this system in the work of
this thesis, the T3SS will be detailed further in the Section 1.3.
1.2.3 Gram-positive and Mycobacterial Secretion Systems:
Due to the lack of an OM, Gram-positive bacteria have developed a distinct
method to secrete proteins needed for the formation of pili and glycoproteins. Like
Mycobacterium, Gram-positive bacteria also have a modified version of the SecYEG
system found in E. coli, using a distinct SRP pathway due to their lack of a SecB
homolog49. Additionally, the SRP pathway of protein translocation in Streptococcus
pyogenes is dispensable, unlike E. coli49. Together, these systems work to translocate
proteins through the membrane, where outer membrane anchored sortases allow for the
formation of membrane anchored nutrient acquisition proteins, while fusing anchoring
proteins to the envelope of spores50,51. Furthermore, other distinct systems exist for the
formation of pilus and s-layers52,53. Some species of Gram-positive bacteria have also
recently been found to possess a type VII secretion systems similar to Mycobacterium
and loss of this system in Staphylococcus aureus affected overall abscess formation and
persistence54. Moreover, specific pathogenic Gram-positive bacteria such as Clostridium
difficile have evolved independent systems to secrete exotoxins using unique viral
derived systems from bacteriophages55.
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Mycobacterium are physiologically unique as well, in that they have an extremely
hydrophobic and impermeable cell wall formed from mycolic acids. Although
Mycobacterium also possess a general secretion pathway, through a homologs of the E.
coli Sec pathway, they lack a SecB homolog which is presumably unique to
Mycobacterium30. Additionally, Mycobacterium also possess a tat system, which is
required for full virulence in a mouse model, although its role in contributing to
pathogenesis has not been entirely clarified56. Interestingly, mycobacterial genomes
have been found to encode up to five unique type VII secretion systems. With the most
notable being the ESX1 and ESX5 systems, which contribute to virulence and cell to cell
migration, while ESX3 is used for iron and zinc uptake, with unknown roles for ESX2 and
ESX457. Of their secreted proteins, most of the secreted effectors in Mycobacterium
have been classified into the ESAT-6 Group which show little homology to one another.
These genes are encoded by the pathogenic RD1 region, which is also found to be
conserved in some high G+C% Gram-positive bacteria57,58.
1.2.4 Secretion Systems Found in Vibrio parahaemolyticus:
V. parahaemolyticus is an interesting organism as it contains multiple secretion
systems, which not only promote its environmental survival but mediate its pathogenicity.
As written in earlier sections, there are not only two unique T3SSs in V.
parahaemolyticus that contribute to virulence, but two additional type VI secretion
systems (T6SS) to its fitness in the environment. These two T3SSs although crucial to
the pathogenicity of the bacteria, work independently of each other and are not found in
all isolates3,14,20. While T3SS1 resembles the Ysc family of T3SSs and is found in all
isolates, environmental and clinical, T3SS2 is more similar to the Hrp2 family and tends
to be found only in clinical isolates1. The two T6SSs found however, are more recent
discoveries and their contributions to pathogenesis are not fully understood at this
moment3,47. While T6SS2 has been shown to induce autophagy in macrophages through
10

its effectors, it does not seem to contribute to cytotoxicity during infection59. T6SS1
however, has been found to enhance the environmental fitness of V. parahaemolyticus
in marine environments specifically through bacterial killing47. Together these secretion
systems allow the bacterium to mediate bacterial competition or virulence in their
different environments.
1.3 Type III Secretion Systems:
It has been predicted that over 25 species of Gram-negative bacteria which
interact with other organisms either as pathogens or symbionts are equipped with a
unique protein export system60. This system allows docked bacteria to deliver effector
proteins directly into the cytosol of the recipient through an injectisome called the type III
secretion system61. The evolutionary development of this machinery shows considerable
resemblance to a degenerate flagellum, with a highly conserved structure between
bacterial species and may ultimately share a common ancestor62. Phylogenic studies
have found seven distinct structural families and evolutionary trees propose that these
systems have been horizontally distributed among bacteria (Table 1)62. Of the seven
families, only three reside in most free-living animal pathogens: Inv-Mxi-SPI-1, Ssa-Esc
and Ysc15. For the purpose of simplicity and clarity to my thesis references to genes will
be from the Ysc family and their homologs unless otherwise noted.
1.3.1 Basal Body and Needle Filament:
The most important structure of the T3SS is the needle structure (Figure 1)
containing the basal body and needle filament, from which there are eight core proteins
that share significant similarity to flagellar components62. The assembly of this needle
structure is both multistep and dynamic, requiring the complete formation of the basal
body before the formation of the needle filament 63. The basal body of the needle
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Table 1. Injectisome Families and Species in Which They Are Found In
Injectisome Family64
Ysc
Inv-Mxi-SPI-1

Species
Yersinia spp., Pseudomonas aeruginosa,
Vibrio parahaemolyticus
Salmonella enterica, Chromobacterium
violaceum, Shigella flexneri

Ssa-Esc

EPEC, EHEC, Salmonella enterica,

Hrp-1

Pseudomonas syringae

Hrp-2

Burkholderia pseudomallei, Xanthomonas
campestris, Vibrio parahaemolyticus

Chlamydiales

Chlamydia spp.

Rhizobium

Rhizobium spp.

Adapted from Büttner, D 2013.
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structure is formed by the assembly of a symmetrical multi-ringed structure that spans
the bacterial envelope, traversing both the IM and the OM15. Effectively the basal body
contains a neck region sandwiched between two inner and two outer rings that form the
secretin. The inner rings are built using two proteins which are part of the YscJ and
YscD families respectively, while the outer ring and neck is formed by YscC family and
the associated YscW lipoprotein anchored in the OM15,63. Within the cytoplasm, there is
a platform of proteins formed from the YscQ family of proteins, which helps recruit the
ATPase (YscN) to the basal body of the needle structure. Further studies of the YscN
homolog in P. syringae found that it overall forms a twin hexamer ring with six-fold
symmetry66. This ATPase not only exports proteins through the needle, but serves to
detach effectors from their associated chaperones67.
Attached to the OM ring is the needle – a hollow needle like tube which is formed
from the polymerization YscF proteins in a helical fashion, creating a tube with a 2nm or
~25Å internal diameter as measured through EM68,69. These filamentous needles are
then capped at the end by a tip protein from the LcrV family, which forms part of the final
translocon machinery that shuttles the effectors directly into the host cytosol70.
Remarkably because of the different physical constraints of these secretion systems in
their hosts, plant pathogens contain a Hrp pilus instead of a needle, allowing these
bacteria to colonize in their preferred niches71,72.
1.3.2 Assembly and Synthesis:
Full assembly of the needle structure occurs in a coordinated stepwise process,
although much debates surround whether the process is from the outside in or inside
out. Evidence suggests that this begins with the secretion of base and inner membrane
apparatus proteins before the assembly of the final base structure73. In Salmonella, it
has been observed that this involves the assembly of the export apparatus first, followed
by the formation of the inner ring, then the outer ring and neck with the help of the pilotin
14

lipoprotein (YscW/InvH)74. Further studies have found that although the inner and outer
ring assemblies can be synthesized independently, their stability in the absence of the
other is compromised, suggesting that these components must be rapidly linked69. Once
this basal substructure is formed, the recruitment of cytosolic components must occur,
and has been proposed that the sorting platform and the ATPase for the needle
structure are recruited preassembled75.
With the assembly of the cytoplasmic subunits finished, the needle itself can act
limitedly in a substrate specific fashion by recognizing and exporting inner rod and
needle components for the final formation of the T3SS injectisome68. This has been
proposed to be mediated by YscP in an hierarchical fashion, allowing the initial secretion
of needle and inner rod proteins, then transitioning to export of the tip protein and the
translocases, and finally the late substrates (effectors)68. The regulation of the needle
length and the substrate switch has not been elucidated thus far, but a few models are
proposed. In the cup model, the needle and the hook proteins are hypothesized to
accumulate in the cavity of the basal body, with their final volume determining the hook
length15,76. This model suggests that the release of hook proteins in the cavity
corresponds to a transition to making filament proteins76. The ruler model is another
model that has been proposed as a model of needle length in Y. enterocolitica. In this
model YscP is suggested to act as a ruler and when extended in the needle, causes a
switch in the recruitment of substrates to the needle apparatus77,78. A complementary
mechanism proposed involves the autocatalytic protease activity of YscU, which
interacts with YscP and when its protease domain is mutated, allows only the
translocation of effectors but not protein translocases79. How this occurs has not been
completely proven, although truncations in the length of YscP change the length of the
needle, which does not agree overall with observations about the heterogeneity of
needle lengths in wild-type complexes78.
15

1.3.3 Translocon:
The last steps of T3SS mediated delivery of effector proteins involves
translocation through the host membrane mediated by translocases inserted into the
membrane63. These protein translocases are not highly conserved among species at the
amino acid level, but all form transmembrane helices, which allows them to bind and
transverse host lipid membranes80,81. Translocases belonging to the YopB and YopD
family of proteins are hypothesized to mediate this, however mechanisms have not been
elucidated thus far, but is known to be dependent on the tip protein LcrV82. Most models
propose that LcrV forms a hydrophilic platform or assembly for the hydrophobic
translocators. This further implies that the injectisome may be able to recognize and
coordinate the sequential export of components and effectors; switching between
components when certain checkpoints are met63.
1.3.4 Activation and Substrate Regulation:
T3SSs are used by bacteria to deliver effectors into adjacent host cells in a
pathogenic or symbiotic manner, however this all requires a signal before protein
secretion and formation of the components can occur63. This signal although poorly
understood, is proposed as being contact with target cells, and has been routinely
simulated through divalent ion chelation, bile salts, membrane bound cholesterol and the
use of Congo red dye15,63. How cell contact derives a signal is unknown, but it has been
routinely suggested that the needle tip proteins have some involvement in this process.
In this case, the signal must be transduced into the bacterial cytosol, most likely
mediated by conformational changes of the needle structure83,84. Furthermore, with the
proposed hierarchical secretion of translocases before effectors, there may be some
kind of sorting platform that times the export of substrates through the needle75,85. An
alternative two step model has been proposed based off of observations that effectors
can be bound to the surface of Yersinia or artificially deposited and still be able to
16

translocate them into eukaryotic cells, however this has not been seen in other bacteria
containing a T3SS63.
1.3.5 Chaperones:
Effectors of the T3SS can be secreted with or without chaperones if they contain
a T3SS signaling sequence, which consists of an enrichment in serine and threonine
residues, with the depletion of charged and hydrophobic residues in the first 20-25
amino acids86. However, there are also some T3SS effectors that have a second signal
sequence that binds them to specific chaperones which can occur between the 25th and
100th residues87,88. These chaperone proteins often lack significant sequence
conservation between different T3SS containing bacteria, but share a structural similarity
of being small (~14-16kDa) and having an acidic pI (pI ~4-5)15,89. Based on their
structure substrate specificity, chaperones can be further classified as either being class
I or class II (multicargo vs. single) for their cargo recognition90.
In the cytosol, these chaperones interact with their substrates by the formation of
a homodimer with a large hydrophobic groove that accommodates N-terminus region of
the effector91,92. Recent characterization of the Y. pseudotuberculosis T3SS chaperone
SycE has revealed a compact globular dimer, which has a novel fold containing two
hydrophobic surface patches that directly interact with T3SS effector proteins91. This
complex when bound to an effector effectively causes the effector domain to become
non-globular, which complements the theory that substrates are secreted at least
partially folded73. Additionally, non-chaperone dependent effectors are typically found to
be degraded rapidly in the bacterial cytoplasm, suggesting that the chaperones also
protect effectors from being destroyed by proteasomal degradation93. However, the
mechanisms of substrate recognition are still poorly understood, but these chaperoneeffector complexes are most likely recognized by the sorting platform or through affinity
to the sorting platform, leading to a secretion hierarchy63.
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1.3.6 Effectors:
T3SS effectors have a host of activities once translocated into the cytosol of a
target cell. The effectors are highly divergent between species and many are unique to
each of the species of bacteria that secrete them. As stated in the section above, these
effectors must contain a T3SS secretion signal, with or without a chaperone binding
region86,94. This binding region found in some effectors contains a b-strand motif, which
allows these proteins to associate and interact with Class I chaperones that can
enhance their secretion or prevent their degredation95. Of the known effectors of the
T3SS, over 100 are found to have a large repertoire of bioactive function, including
modulating and modifying host cell functions, such as MAPK, NF-kB and GTP binding
proteins15.
Once translocated and refolded in the host cell, T3SS effectors are not limited to
modifying host cellular pathways by just second messenger signaling, but protein
phosphorylation/dephosphorylation and cytoskeletal changes as well63. Some of these
T3SS effectors are able to manipulate signaling pathways by being partial homologs to
host proteins, such as guanine nucleoside exchange factors or GTPase activating
proteins, which modify host second messenger signaling through GPCR mimicry96,97. Yet
other effectors are able to manipulate host pathways through changes in acetylation,
ubiquitination, and ADP ribosylation of host proteins, modifying their native function and
activity98,99. There are also some T3SS effectors able to change the phosphosignalling
occurring in the host cell as well, by either acting as a kinase or a phosphatase, which
can affect signaling pathways such as NF-kB or actin nucleation of the cytoskeleton100.
Finally, some effectors that manipulate the host cell signaling pathways act directly by
degrading host proteins, which allow for intracellular movement and escape from host
detection methods101. Although this general description of effector function is not a
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comprehensive list of all their functions, it gives an idea of the plethora of effects that can
be asserted by the bacteria’s arsenal during infection. Together, these effectors are able
to cause a change in host cell activity, either individually or in synchrony, leading to
gross changes in host homeostasis.
1.3.7 Contributions to Pathogenesis:
Bacteria containing T3SSs cause a multitude of pathologies in healthy and sick
humans, these include infections from pathogenic Yersinia, Salmonella, Escherichia,
Pseudomonas, Shigella and Vibrio spp102. These pathologies are a direct result of the
ability of these bacteria to invade certain tissues and translocate effector proteins
through their T3SSs into host cells. Together, T3SS effector proteins not only cause
direct cytotoxicity but can also disrupt tight junctions to help promote their spread within
the body103. Because of their ability to work alone or together, T3SS effector proteins can
be used for a myriad of functions, including adherence, invasion and colonization, as
seen in enteropathogenic E. coli (EPEC). This is mainly through the T3SS locus of
enterocyte effacement effectors Tir, Map, EspB, EspF and EspG104. Other pathogenic
bacteria such as Salmonella, have different effector proteins that work together to cause
the subversion of trafficking processes within a cell, which ensure their survival and
systemic dissemination105,106.
Furthermore, there are some T3SS effector proteins can be used to directly
evade immune detection by avoiding phagocytosis through manipulating actin
cytoskeletal rearrangements and autophagy102. This prevents immune recognition and
immune cell recruitment, as seen in S. flexneri through its T3SS effector IcsB102,107.
Finally, many T3SS effector proteins can manipulate survival and death pathways,
including activating the inflammasome of host cells, inhibiting NF-kB signaling and direct
activation of Caspase 1 and IL-1b108. Although T3SS often do not work in isolation, their
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effects on host cells are strong; in many cases their absence completely abrogates the
phenotypes of infection and attenuates the virulence of the pathogen102. Their
correlations between in vitro phenotypes and animal models also recapitulate the
symptoms of human infection quite strongly, showing a strong relationship between
T3SSs and pathogenesis109.
1.3.8 Vibrio parahaemolyticus Type III Secretion Systems Are Crucial to Virulence:
As mentioned in sections above, T3SSs in V. parahaemolyticus has been
explained to be vital to its pathogenicity. Its presence and absence in isolates often
determines its virulence and its role as a significant human pathogen17. Each T3SS’s
effect on host cells is mediated by the unique effectors that they translocate, as well as
the locations where each system seems to be activated in vivo. Typically, while T3SS1 is
not active in the intestinal lumen and exhibits its cytotoxic effects once disseminated
inside the host, T3SS2 is active only within the intestinal lumen and mediates
enterotoxicity110. Therefore, while these two T3SSs are crucial to V. parahaemolyticus
virulence, they are not necessarily dependent on one another, although when present
together correlate with stronger pathogenicity.
The study of each T3SS’s contribution to virulence has been made possible
through several different animal models available that characterize each T3SS in V.
parahaemolyticus independently. For T3SS1, the most notable model are the
intrapulmonary and intraperitoneal mouse models, which show T3SS1 is crucial
mediating bacteremia and sepsis110,111. The study of T3SS2 however, has a few different
models, including an orogastric piglet model and mouse gavage model, which introduce
bacteria directly into the gastric tract110,112. Others include the ex vivo ligated rabbit ileal
loop model, which measure the infiltration of liquid into the ileal lumen18,113. This model
however has a few criticisms, which include its long incubation time, lack of intestinal
flow of contents, and being a section of the intestine that might not be representative of
20

the tissue involved during the infection of the human host20. Finally, other models of V.
parahaemolyticus virulence exist as well, including the zebrafish and Caenorhabditis
elegans models, which are also used in some cases114,115.
1.3.8.1 T3SS1 Secreted Effectors Cause Cytotoxicity:
T3SS1 and T3SS2 both secrete unique effectors into the host cytosol through
their individual secretion apparatuses and serve unique roles in each system’s
pathogenesis (Figure 2A). In T3SS1, the coordination of its four effectors (mentioned
earlier) leads to the cell rounding and cytotoxicity in HeLa cells1,2. VopQ firstly, is
considered to be an activator of JNK, p38 and MAPK in cells, also interacting with
subunit C of V-ATPase leading to the secretion of IL-8 along with disrupting ion
homeostasis116. VopS has two roles causing the inhibition of NF-kB signaling and
preventing actin aggregation through AMPylation of Rho family GTPases, resulting in the
rounding of cells, which also prevents the phagocytosis of infected cells by
macrophages96,117. Finally, VPA450 causes the disruption of actin and the cytoskeleton,
through converting PI(4,5)P2 to PIP4 and leads to membrane blebbing, further
deteriorating membrane integrity and causing cell lysis118. The role of VopR however,
has not been elucidated thus far, but has a phosphatidylinositol binding domain and is
hypothesized to play a role in promoting refolding of T3SS1 effectors and is highly
conserved in both plant and animal pathogens119.
1.3.8.2 T3SS2 Secreted Effectors Cause Enterotoxicity:
T3SS2 however, is a much more complicated system than T3SS1 and plays a
multifaceted role in enterotoxicity120. T3SS2 effectors are known specifically for causing
enterotoxicity in Caco-2 and HCT intestinal cell lines, in a manner that is different to
T3SS120 (Figure 2B). Three of the seven T3SS2 effectors affect the actin cytoskeleton of
the host, including the well characterized VopC – one of its effectors, showing
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considerable homology to cytotoxic necrotizing factor (CNF) found in Yersinia,
Bordetella, and pathogenic E. coli121. This effector allows for intracellular invasion of V.
parahaemolyticus
phagocytosis

of

through
the

transaminidase/transglutaminase

bacteria

through

CDC42

and

Rac

activity,

causing

mediated

actin

rearrangements121,122. This has been similarly found in a VopC homolog found in non
O:1/O:139 el tor strains of V. cholerae, overall changing the paradigm that Vibrio are
exclusively extracellular pathogens121. Furthermore, this effector has been demonstrated
to allow for the intracellular survival of ~1.5% of bacteria, which is comparable to the
intracellular pathogen S. flexneri121. VopL is another effector that is able to modulate
host actin response, mainly through its WH2 domains, which act as nucleation sites for
actin polymerization independent of host factors123,124. Finally, VopV is known to cause
the accumulation of F-actin and is crucial to the rabbit ileal loop model, however how this
contributes to overall toxicity is unknown and has similar activity in non O:1/O:139 el tor
V. cholerae125.
The remaining effectors of T3SS2 play different roles in infection by subverting
cellular signaling pathways in the host, including nF-kB, TAK1 and MAPK. VopA/P is
similar to YopJ of Yersinia, which inhibits nF-kB and MAPK, but in V. parahaemolyticus
VopA/P only inhibits the MAPK pathway by acetylation of its activation loops, blocking its
activation by upstream kinases3,126. VopZ is another effector that affects nF-kB and
MAPK, but instead exerts its function at TAK1, which is an upstream activating kinase127.
The effector VopT which is similar to ExoS and ExoT found in P. aeruginosa, uses its
adenosine diphosphate ribosyltransferase (ADPRT) activity to modify Rab proteins
causing cytotoxicity in Caco-2 and HCT-8 cells2,98. Finally, the last effector is VPA1380,
a unique effector that resembles Ibe in pathogenic E. coli and OspB in S. flexneri.101.
This effector is characterized by an IP6 activated cysteine protease domain, which
resembles MARTYX and CGT toxins, causing toxicity in yeast101.
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1.4 Type III Secretion System Transcriptional Regulation:
T3SSs are not only tightly regulated in terms of assembly of the needle structure,
but also in their transcriptional regulation. In many bacteria harbouring a T3SS, the
regulons encoding regulatory, structural and effector proteins are often tightly controlled
by a single master regulator15,128. This master regulator often acts as a single entry point
or converging point for signals to initiate the formation of the T3SS and expression of its
effectors under the right environmental conditions. In V. parahaemolyticus both T3SSs
are controlled by AraC/XylR family transcriptional regulators, T3SS1 being controlled
through the master regulator ExsA14 and T3SS2 being controlled through its master
regulator VtrB129.
1.4.1 Many Type III Secretion System Regulators Belong to the AraC/XylR Family
of Transcriptional Regulators:
Of these T3SS master regulators, most belong to a class of transcriptional
activators known as the AraC/XylR family (Table 2). This family of transcriptional
regulators is known mainly for its ligand dependent regulation of sugar and
alkylbenzoate catabolism, but they also serve as major virulence regulators. AraC
regulators are one of the largest TF families and with more than 10000 AraC
homologs128. Structurally, these TFs contain a conserved two domain structure
consisting of a C-terminus helix turn helix (CTD HTH) motif and an N-terminus domain
(NTD) needed for dimerization and ligand binding (Figure 3A)130,131. However, the
regulation of these TF are quite varied, with some requiring a ligand for activation, while
others do not. Likewise, V. parahaemolyticus and P. aeruginosa use a protein ligand
ExsD to prevent ExsA - the TF from binding to DNA regions14,132,133, which is different
than most AraC regulators.
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Table 2. AraC Regulators Act as Master Regulators in a Number of T3SS
Containing Bacteria
T3SS Regulator

Species

Family

LcrF/VirF134

Yersinia

Ysc

ExsA135

P. aeruginosa

Ysc

HrpXv136

Xanthomonas

Hrp-1

MxiE137

Shigella

Inv-Mxi-SPI-1

HilC/D138

Salmonella

Inv-Mxi-SPI-1
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Source
Cornelis, G. et
al. 1989
Frank, D et al.
1991
Wenglenik, K
et al. 1996
Kane, C et al.
2002
Lucas, R et al.
2001

Figure 3. AraC "Lightswitch" Model
A) AraC contains a C-terminus DNA binding domain and a N-terminus dimerization
domain, which binds arabinose. Although this two domain structure with a flexible linker
is found in all AraC regulators, while not all are ligand dependent. B) In the absence of
arabinose, AraC binds to a proximal I1 half site and a distal O2 half site, which causes the
DNA to loop and prevent transcription of the araBAD operon. C) In the presence of
arabinose, an allosteric change occurs in AraC, allowing AraC to dimerize at half sites I1
and I2, which removes the DNA loop, allowing transcription of the araBAD operon128.
Image reproduced with the permission of Ref.128 2011 Cell Press (Appendix).
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The mechanism of activation that this family of TFs uses is quite unique and was
first elucidated by Shleif et al., where they mapped the molecular mechanisms of the
AraC regulon activation, needed for arabinose metabolism. Using many techniques, they
proposed a “light switch” model to explain how AraC binds to DNA in the presence of its
arabinose ligand131. In their model, steady state finds that AraC is bound at a distal half
site O2 and a proximal half site I1 causing DNA bending and the formation of a loop
blocking transcription (Figure 3B)131. However, in the presence of its ligand arabinose,
AraC is able to undergo an allosteric change and have higher affinity for the I2 site, this
dimerized AraC bound at I1 and I2 is then able to open the DNA loop and activate
transcription (Figure 3C)131,139.
More recently, using atomic force microscopy, this model has been further
examined and characterized using XylR, and found that its dimerization kinetics are
unique to that of AraC because of its NTD, which shows more resemblances to
LacI/GalR repressors140. Because of this, XylR is different from AraC in that DNA looping
actually facilitates the recruitment of RNA polymerase enhancing transcription of
divergent promoters. It is interesting to note that because AraC activates the expression
of XylR, there is no inherent repressive mechanism for XylR regulated operons131,140.
This result may call for a reclassification of these protein families due to the unique
differences between AraC and XylR, but overall shows their contributions to
transcriptional activation through changing DNA topography.
1.4.2 Regulation of T3SS1 and T3SS2 in V. parahaemolyticus:
Regulation of T3SSs is usually through a complex signaling mechanism, which
includes the transcription and activation of a master regulator. In T3SS1, the structural,
regulatory and effector/virulence proteins are controlled by the AraC/XylR regulator ExsA
which is homologous to that of ExsA in P. aeruginosa and LcrF/VirF in Yersinia14,141. The
mechanism of activation of ExsA will be further described in later sections, but this TF
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essentially causes the recruitment of RNA polymerase to initiate transcription. The
regulation of T3SS2 however is through a two/three component regulatory signaling
cascade mediated by VtrAB, which senses bile salts and upregulates transcription of
T3SS2 structural, regulatory and effector genes129. These regulators are similar to the
ones found in ToxR regulation of V. cholerae pathogenicity and cause a sequential
upregulation of regulators, where VtrA activates transcription of VtrB, which then
activates T3SS2 associated genes129. VtrA, which is similar to V. cholerae ToxR129, is an
integral membrane protein that encodes an N-terminus cytosolic domain containing an
OmpR like DNA binding motif129.
1.4.3 Homologs LcrF, VirF and ExsA:
Not only do Yersinia, P. aeruginosa and T3SS1 of V. parahaemolyticus all belong
to the Ysc family of T3SSs, but they all share a similar mechanism of activation through
a single AraC family TF14. This master regulator is known to bind at all the structural,
regulatory and effector gene operons and stimulate their transcription in Yersinia spp.
(LcrF/VirF), P. aeruginosa (ExsA) and V. parahamoelyticus (ExsA)141. These regulatory
proteins all contain the prototypical AraC TF domains, including the CTD HTH and the
NTD used for dimerization, however slightly diverge in their mechanisms of regulation of
T3SSs128. The most detailed T3SS regulation model proposed is found in P. aeruginosa,
and consists of a 4 protein regulator cascade utilizing ExsACDE. Under normal
conditions, ExsA has been proposed to be sequestered in the cytosol by ExsD, along
with its anti-inhibitor ExsC by ExsE142. However, in low calcium concentration or cell
contact, ExsE is secreted through the T3SS, allowing ExsC to inhibit ExsD, freeing ExsA
to bind to its regulons, which suggests a steady state number of needles may need to
exist132,141–144. This system has been also identified and found in V. parahaemolyticus
and has been proposed in Yersinia, although Yersinia homologs to ExsCE have not
been found to this date145.
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Although LcrF, VirF and ExsA proteins are not highly conserved between each
other (only 45% identity and 65% similarity between P. aeruginosa and V.
parahaemolyticus)14, they are all known to bind to a unique consensus sequence that
has been characterized by Yahr and colleagues extensively in P. aeruginosa. Initially, it
was found that all ExsA-dependent promoters contain a unique Sigma70 like structure
with atypical spacing, containing both a -10 and “-35” like site146. This atypical ~22bp
spacing, rather than the typical 12-17bp between the -10 and extended “-35” region
ultimately prevents Sigma70 binding properly146. Instead, in ExsA-dependent promoters
this “-35” site acts as a direct contact for ExsA to exclusively recruit Sigma70 (Figure
4A)146. Further studies later also found that in a prototypical ExsA-dependent promoter
there are two additional independent binding sites, known as a site 1 and site 2. Only
when these sites bound by a dimerized pair of ExsA, Sigma70 and RNA polymerase are
then recruited to initiate transcription (Figure 4B)147. These sites are each unique in that
site 2 contains a polyA region, while site 1 contains a conserved GnC binding region
followed by the “-35” like region and do not dimerize at a specific conserved consensus
sequences147. Most notably, LcrF and ExsA have also been shown to have different
binding kinetics and while LcrF typically binds as a preformed dimer with higher bending
capacities; ExsA is sequentially recruited to promoter regions and it is this affinity for
dimerizing that separates the two147.
More recently, two V. parahaemolyticus ExsA-dependent regulons have been
found to contain a unique TTTAGn4TT region ahead of the traditional site 1 and 2 that
also binds ExsA148. This suggests that there may be a third region in ExsA dependent
promoters in V. parahaemolyticus that can affect how those genes are activated and
transcribed148. Although this motif is unique to V. parahaemolyticus, and is not found in
any of the P. aeruginosa ExsA regulons, it is seen in Yersinia, appearing often as an
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isolated or inverted repeat in VirF operons149. Identifying the importance of this unique
feature in T3SS1 regulons may show that the mechanism of regulation by ExsA in V.
parahaemolyticus may be a hybrid of both species given its lack of conservation
between Yersinia spp., P. aeruginosa and V. parahaemolyticus150.
1.4.4 Regulation of exsA in V. parahaemolyticus:
Because the converging point of signaling mainly occurs at exsA, regulation of
this gene has to be carefully controlled, since the final step to activate T3SS1 is for fully
functional ExsA protein to activate gene transcription downstream through the activation
of the ExsACDE cascade. In this delicate balance, there is heavy transcriptional control
of exsA expression in V. parahaemolyticus, through global regulators including histone
like proteins and quorum sensing regulators (Table 3). First examined by Kodama et al.,
exsA was found to be controlled by the global transcriptional repressor H-NS, which
represses A-T rich regions of the genome, and when deleted resulted in higher
transcriptional activity of T3SS114. Later, Sun et al. found that H-NS was able to repress
not only T3SS1, but T3SS2, Vp-PAI and T6SS1/2, which are all horizontally acquired
virulence systems151. There is also another global transcriptional regulator H-U that has
been found to positively influence T3SS1 expression without binding to the promoter of
exsA, however deletion studies showed growth related phenotypes which may not allow
for proper comparison152.
Additionally, T3SS1 is highly regulated by cell density through quorum sensing
mechanisms, first characterized by Bassler and more recently by McCarter. They found
using transcriptional reporter fusions that exsA transcription was highly regulated by the
V. parahaemolyticus homolog to LuxR known as OpaR, which controls colony opacity,
swarming and many other functions153. Furthermore, OpaR was found to directly bind to
the promoter of exsA and in addition contained eight individual binding sites, showing
tight control of T3SS1 in response to high cell density154. Although OpaR itself is a
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Table 3. exsA is Controlled by a Number of Regulators
Regulator

Action

Function

OpaR154

Repression

Quorum Sensing
Regulator

H-NS14

Repression

Global Regulator

H-U152

Activation

Global Regulator
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Source
Burke, A et al.
2015
Kodama, T et al.
2010
Phan, N et al.
2015

repressor that binds to its regulons at high cell density repressing transcription, at low
cell densities it is AphA that actually inhibits the transcription of OpaR which derepresses
those regulons155. Together these converging signals control the transcription T3SS1
genes in V. parahaemolyticus through activation or repression of exsA transcription.
1.5 Research Question and Hypothesis:
The question(s) that will be addressed in this thesis are around the similarities of
T3SS regulation, specifically T3SS1 of V. parahaemolyticus and P. aeruginosa. While a
lot of information around characterizes the regulation of T3SS in P. aeruginosa,
specifically through ExsA, the knowledge is not so deep in V. parahaemolyticus.
Because of the low conservation in homology and identity of V. parahaemolyticus ExsA
to other T3SS regulators such as P. aeruginosa ExsA and Yersinia LcrF/VirF, it can be
speculated that while gross T3SS phenotypes between these bacteria may be similar,
the underlying detailed molecular mechanisms of activation may be quite unique.
1.6 Objectives:
The objectives for this master’s thesis are to characterize the exsABD gene
cluster and the activity of the transcriptional promoter of exsA in various mutants,
environmental conditions and identify possible regulatory mechanisms. Additionally, the
goal is to determine systematically, how ExsA-dependent operons may be differentially
regulated in secreting conditions. Furthermore, the hope is to create a tool that will be
able to probe across the genome for exsA dependent promoters outside of the T3SS1
gene cluster, in addition to examining the enrichment of certain T3SS1 promoters during
different times of secretion and infection.
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Chapter 2 – Materials and Methods:
2.1 Growth of Strains:
The strains used in this study are indicated in Table 2. Bacteria were routinely
grown in LB – Miller formulation (10g/L tryptone, 5g/L yeast extract, 10g/L NaCl in dH2O
– Sigma-Aldrich L3522) shaking at 200rpm with temperature maintained at 37°C.
Antibiotics used for E. coli were supplemented to media when appropriate to a final
concentration of 50µg/mL kanamycin (Kan50), 30µg/mL chloramphenicol (Cm30), and
100µg/mL ampicillin (Amp100). For V. parahaemolyticus, final concentration for
kanamycin was used at 100µg/mL (Kan100) and chloramphenicol at 2.5µg/mL (Cm2.5).
Bacteria were also grown statically on LB agar (Sigma-Aldrich), MacConkey agar (50g/L
dH2O – Sigma-Aldrich M7408) at 37°C overnight.
2.2 Isolation of Plasmid DNA:
Plasmid DNA was isolated from bacterial strains grown overnight in LB with
appropriate antibiotics, and harvested using a QIAprep Spin Miniprep Kit (Qiagen) or
HiSpeed Plasmid MIDI Kit (Qiagen), following manufacturer indicated instructions.
2.3 Isolation of Genomic DNA for PCR:
Template genomic DNA was isolated from V. parahaemolyticus for PCR, by boil
lysis. A single colony grown overnight on LB agar was resuspended in 100µL phosphate
buffered saline (PBS); 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4 and
briefly incubated at 95°C for 10 minutes. After boiling, the mixture was centrifuged at
13200g for 1 min, diluted 1:10 in dH2O and used as template for PCR.
2.4 exsB/exsA Reverse Transcription PCR Co-Transcription Mapping:
V. parahaemolyticus was diluted in secretion medium (LB + 5mM EGTA+ 15mM
MgSO4) and placed in a 30°C shaking incubator at 250rpm for 2h, as these conditions
allow for maximal activation of T3SS1 shown by Sarty et al156. Cells were collected by
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Table 4. Strains and Plasmids Utilized in this Study
Strain
Vibrio
parahaemolyticus
O3:K6 RIMD22106333

Description

Source

Wild-type Vibrio parahaemolyticus,
T3SS1, T3SS2, Tdh positive. AmpR.

Makino, K et al., 2003

DvscN1156

Non Functional T3SS1, wild-type
RIMD2210633 derivative

Sarty, D et al., 2012

DvscN1/DvscN2156

Non Functional T3SS1 and T3SS2
wild-type RIMD2210633 derivative

Sarty, D et al., 2012

DiscR

iscR deletion mutant, wild-type
RIMD2210633 derivative

This study

Vp exsA-FLAG

exsA-FLAG replaced in Vibrio
parahaemolyticus, Wild-type
RIMD2210633 derivative

This study

DH5al

E. coli cloning strain

Invitrogen

DH5alpir157

E. coli cloning strain permissive for Pir
dependent R6K origin Plasmid

Platt R et al., 2000

Plasmid

Description
Vector containing promoterless
luxCDABE operon, KanR
Pir dependent suicide plasmid
containing SacB, CmR
High copy number subcloning vector,
for blue and white screening, AmpR
RP4 based conjugal helper plasmid,
KanR

Source
MacRitchie, D et al.,
2008

pexsA-lux161

exsA promoter in pJW15

Liu, A et al., 2015

pexsB-lux161

exsB promoter in pJW15

Liu, A et al., 2015

pexsD-lux161

exsD Promoter in pJW15

Liu, A et al., 2015

pexsD Truncated lux

Truncated exsD Promoter in pJW15

This study

prplN-lux161

rplN promoter in pJW15

Liu, A et al., 2015

pvp1687-lux

vp1687 promoter in pJW15

This study

pvp1687 box1 lux

vp1687 promoter box 1 mutant in
pJW15

This study

pJW15 Lux158
pRE112159
pBluescript II SK
pEVS104160
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Edwards, R et al., 1998
Stratagene
Stabb, E et al., 2002

pvp1687 box2 lux
pvp1687 box3 lux
pRE112 DiscR
pRE112 exsA-FLAG

vp1687 promoter box 2 mutant in
pJW15
vp1687 promoter box 3 mutant in
pJW15
DiscR allelic exchange construct in
pRE112
exsA-FLAG allelic exchange construct
in pRE112
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This study
This study
This study
This study

Table 5. Oligonucleotides Utilized in this Study
Primer

NT337
NT339
AL383
AL384
AL385
AL386
AL397
AL398
AL399
AL400
AL403
AL404
AL406
AL412
AL413
AL414
AL415
AL416
NT391
NT392

Sequence

Restriction
Enzyme

CC[GAATTC]AATCGGTTACATTTAATTAGCGC
CC[GGATCC]CGTTTCTGTGTTTAGTTGGCCTG
CC[GAGCTC]TATTGGCTCAGCAGCCCGAGCA
CC[GAATTC]AAGTTTCATACCACACCGTATCC
CC[GAATTC]GTAAACGTCCGCTCTTAGCGGTCAGC
CC[GGTACC]GCGTAGCTTAGTCACTGCAACGCGG
CC[GAATTC]GCGTGCTGACATAGAAACAGTCCT
GC[GGATCC]GACTGAGCGCATCCAGTCAATAAC
TCCGTTCAGAGCCAAGCGAATGTAT
CTGCGATAGCAAGGCATAGAGGACT
TA[GAGCTC]ATGAGTCATCGGGACAGTTGG
GGCG[AAGCTT]GTGTGCGTGCAATAAG
TA[GGTACC] TCAGCACACCTTCACTCAACAGC
TT[GAATTC]GTGATGAGCAAGTCGCCATCGCGA
CC[GAATTC]TGAAATGACTTATGACTAAAATTTT CTGACT
ATT[GGATCC]TGCGTCACAATGCTGTCAGGA
TT[GAATTC]AAGGCGAAGATGTAATCTTCACTC
AA[GGATCC]ATCAGCTGCGTCCAGCATACTT
TT[GGTACC]AGCGATGGTGAAACAACTCAGTGA
TTC[GGATCC]ATCCGTCATCAAAGCGGTAATAAATCCATTAG
Restriction Sites are indicated in [Square Brackets]
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EcoRI
BamHI
SacI
EcoRI
EcoRI
KpnI
EcoRI
BamHI
N/A
N/A
SacI
HindIII
KpnI
EcoRI
EcoRI
BamHI
EcoRI
BamHI
KpnI
BamHI

centrifugation at 2500g for 10 minutes and total RNA was harvested using RNEasy Kit
(Qiagen) as per manufacturer’s instructions. Total RNA was then digested with RNase
Free-DNase (Qiagen) for 10 min and column purified. Briefly, 2ug of RNA plus primer
AL400 (0.1µM) was denatured at 65°C for 5 minutes to remove secondary structures
and cooled to 4°C in a thermocycler. First strand cDNA was then synthesized using
Omniscript RT (Qiagen) for 90 minutes at 37°C. RT+/- and appropriate genomic control
reactions were diluted 1:20 in dH2O and PCR reactions were performed with primers
AL399/AL400 using Taq Polymerase (NEB) for 30 cycles. PCR reactions were analyzed
on a 1% (w/v) agarose gel stained with 0.5µg/mL ethidium bromide.
2.5 Luciferase Reporter Assays:
The luciferase assay predominantly utilized in this study is derived from the
plasmid encoded luxCDABE operon from Photohadbus luminescens (Figure 5A). In this
operon, luxAB encode the luciferase enzyme, which catalyzes bioluminescence through
NADPH dependent oxidation of flavin mononucleotide and a long chain aldehyde fatty
acid162. While, luxCDE encode the fatty acid reductase which produces the long chain
aldehyde fatty acid intermediate used as a substrate for luxAB. Because of the nature of
luciferase being able to only undergo a single turnover163, half-life of this reporter
remains short making this assay highly sensitive and useful to probe gene transcription
in real time. The pJW15 plasmid used throughout this study contains a promoterless
version of the luxCDABE cassette with its endogenous RBS, which allows for promoters
of interest to be cloned in the MCS ahead of the operon and be examined for
transcriptional activation (Figure 5A).
2.5.1 Constructing Promoter lux Fusions:
Constructing

transcriptional

fusions

began

by

PCR

amplifying

V.

parahaemolyticus promoter regions with gDNA as a template using Phusion DNA
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polymerase (NEB). The exsB and exsA promoters were amplified using primer pairs
AL397/AL398 and NT337/NT339, which contained engineered EcoRI and BamHI
restriction endonuclease sites. The empty promoterless luxCDABE vector pJW15
(Figure 5A) was initially isolated from DH5a using a miniprep kit and digested with EcoRI
and BamHI (NEB) along with the relevant PCR amplified products. EcoRI and BamHI
digested pJW15 was visualized and gel extracted from a 1.0% agarose gel stained with
0.5µg/mL ethidium bromide using the QIAEX II kit (Qiagen), while digested amplicons
were column purified using a QIAQuick PCR purification kit (Qiagen). An aliquot of both
insert and vector were visualized again on 1.0% agarose to ensure size. A 3:1 ratio of
insert to vector was mixed into a ligation reaction with T4 ligase (NEB), which was
allowed to incubate for 16h at 16°C. Each ligation mixture was then heat-shocked into
chemically competent DH5a, recovered for 1h in 1mL LB shaking at 200rpm and 37°C
and grown on Kan50 LB agar at 37°C overnight. Resultant transformed E. coli colonies
were screened through colony PCR using Taq DNA polymerase (NEB), then confirmed
by restriction digestion and sequencing (McGill University and Genome Quebec
Innovation Centre, Montreal, Canada).
DH5a containing the correct plasmid construct were grown overnight in Kan50
LB and plasmid DNA was isolated using a miniprep kit and transferred into V.
parahaemolyticus.

Prior

to

transformation,

V.

parahaemolyticus

was

made

electrocompetent by harvesting chilled mid-log phase bacteria (OD595 ~0.4-0.6) by
centrifugation at 5000g for 15 minutes, followed a wash in PBS and 2x washes in
electrocompetent buffer (0.5M sucrose, 10% (v/v) glycerol). 2µl of plasmid DNA was
incubated with 50µL of electrocompetent V. parahaemolyticus and undergone
electrotransformed using the Bio-Rad Gene Pulser Xcell System (0.2cm Cuvette, 2.5kV,
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25µF, 200W). Following electroporation, cells were immediately recovered for 1h in 1mL
LB shaking at 200rpm and 37°C and plated on Kan100 LB agar overnight at 37°C.
Transcriptional fusions containing exsD and rplN promoters were generated by
the technique outlined above. However, exsD full, exsD truncated, and rplN were
amplified by primer pairs AL412/AL414, AL413/AL414, AL415/AL416, which contained
EcoRI and BamHI restriction sites. These fragments were cloned into pJW15 to
generate

pexsD,

pexsD

Truncated,

and

prplN

lux

and

introduced

into

V.

parahaemolyticus.
A transcriptional fusion containing the promoter region of vp1687 was also
generated by the technique outlined above. Primers NT391/NT392 were used to amplify
the vp1687 promoter region, which contained KpnI and BamHI restriction sites. This
fragment was cloned into pJW15 to generate pvp1687 lux and introduced into V.
parahaemolyticus.
2.5.2 vp1687 Promoter Mutant lux Fusions:
To clone vp1687 promoter mutants, a modified strategy of the above was used.
Initially, mutant fragments using the wild-type backbone were designed in silico and
synthetic DNA was in the form of gBlocks (IDT) was ordered (Figure 6). Mutant
fragments were then amplified using NT391/NT392 with the mutant gBlocks fragments
vp1687 Box 1, vp1687 Box 2 and vp1687 Box 3 as templates. Amplified fragments were
then digested with KpnI and BamHI and cloned into pJW15, plasmids were then
sequenced to ensure correct sequence. Resultant plasmids were then introduced into V.
parahaemolyticus.
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Wild-type
CCGGTACCAGCGATGGTGAAACAACTCAGTGAGCGGAAAATGACGTCACC
AGAGTAGGGCATCACCGCCAAATCAATCGAACACAAAGCTCAGCACATTGCTGAGCTTTG
TTGTTTTCAAACGTCTTAAAACGAAAAAAATCCGACCATCTTTAGCATATTAATCGCGCC
GAATGATGAAAAATAACAGCATCAAAACGGCTCTGGGTCACTCTGTTTTCATGACTCGTC
TGCCGAATTCGTAACAAGCACTATAGGATTATTCATTCAAATGGCTAATGGATTTATTAC
CGCTTTGATGACGGATGGATCCGAGCTCGG
Box 3 Mutations
CCGGTACCAGCGATGGTGAAACAACTCAGTGAGCGGAAAATGACGTCACC
AGAGTAGGGCATCACCGCCAAATCAATCGAACACAAAGCTCAGCACATTGCTGAGCTTTG
TTGTTTTCAAACGTCTTAAAACGAAAAAAATCCGACCATCTCCCCCATACCAATCGCGCC
GAATGATGAAAAATAACAGCATCAAAACGGCTCTGGGTCACTCTGTTTTCATGACTCGTC
TGCCGAATTCGTAACAAGCACTATAGGATTATTCATTCAAATGGCTAATGGATTTATTAC
CGCTTTGATGACGGATGGATCCGAGCTCGG
Box 2 Mutations
CCGGTACCAGCGATGGTGAAACAACTCAGTGAGCGGAAAATGACGTCACC
AGAGTAGGGCATCACCGCCAAATCAATCGAACACAAAGCTCAGCACATTGCTGAGCTTTG
TTGTTTTCAAACGTCTTAAAACGAAAAAAATCCGACCATCTTTAGCATATTAATCGCGCC
GAATGATGAACCCTCCCAGCATCAAAACGGCTCTGGGTCACTCTGTTTTCATGACTCGTC
TGCCGAATTCGTAACAAGCACTATAGGATTATTCATTCAAATGGCTAATGGATTTATTAC
CGCTTTGATGACGGATGGATCCGAGCTCGG
Box 1 Mutation
CCGGTACCAGCGATGGTGAAACAACTCAGTGAGCGGAAAATGACGTCACC
AGAGTAGGGCATCACCGCCAAATCAATCGAACACAAAGCTCAGCACATTGCTGAGCTTTG
TTGTTTTCAAACGTCTTAAAACGAAAAAAATCCGACCATCTTTAGCATATTAATCGCGCC
GAATGATGAAAAATAACAGCATCAAAATTTTTCTGGGTCACTCTGTTTTCATGACTCGTC
TGCCGAATTCGTAACAAGCACTATAGGATTATTCATTCAAATGGCTAATGGATTTATTAC
CGCTTTGATGACGGATGGATCCGAGCTCGG

Figure 6. Wild-type vp1687 Promoter and Mutant Promoters gBlocks Fragments
314bp gBlock fragments containing the entire length of Wild-type vp1687 promoter were
ordered with the corresponding mutations in predicted ExsA binding regions also
containing KpnI and BamHI restriction endonuclease sites. BOLD regions indicate the
areas mutated different from Wild-type found in each variant.
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2.5.3 Luciferase Reporter Assay:
Each strain being investigated was initially streak purified on LB agar and a
single colony was inoculated into 5mL Kan100 LB and grown shaking overnight at 37°C.
Resulting cultures were then diluted 1:5 in LB and OD595 was measured using the
Biophotometer Plus (Eppendorf) which was used to equalize the number of bacteria
being used in each assay.
Assayed strains were then inoculated into prewarmed LB or secreting medium
(LB + 5mM EGTA + 15mM MgSO4) at 30°C to an OD595 of 0.025. These starting
conditions were used as they result in maximal T3SS1 activation and secretion in Wildtype V. parahaemolyticus shown by Sarty et al156. Each culture was briefly vortexed and
1mL was measured for OD595 using the Biophotomerter Plus (Eppendorf) and 200µL
aliquoted

in

triplicate

white-walled/clear-bottomed

96-wellplates

(Costar).

Bioluminescence was captured as counts per second (CPS) and measured from the 96well plate using a Victor XLight 2030 Luminescence Reader at an exposure of 1s/well
(Perkin Elmer).
The resulting CPS values were normalized to the OD595 measurements to a
final value of CPS/OD595 and graphed then analyzed using Prism 6 Graphpad. Unless
otherwise noted, all graphs show average values of three independent experiments
measured in triplicate.
2.5.4 Statistical Analysis:
To determine statistical significance between time points, conditions and
promoters, a Two-way ANOVA with a Tukey post hoc analysis was performed using
Prism 6 Graphpad. A p-value of less than 0.05 was considered statistically significant.
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2.6 Generation of Isogenic DiscR Mutant:
The Wild-type V. parahaemolyticus in-frame DiscR deletion mutant was
generated by homologous recombination to remove the iscR gene from chromosome 1,
leaving the first and last 3 amino acid codons. Initially an 800bp upstream (Fragment A)
and 1189bp downstream (Fragment B) flanking regions of iscR were amplified from
gDNA using PCR and Phusion polymerase (NEB). Fragment A was amplified with
primers AL383/AL384, which contained SacI and EcoRI restriction sites, while Fragment
B was amplified with Primers AL385/AL386, which contained EcoRI and KpnI restriction
sites respectively. PCR products were purified using Qiagen PCR cleanup kits before
being digested by EcoRI (NEB) and ligated together with T4 DNA ligase (NEB)
overnight. The ligated hybrid fragment was then amplified through PCR using primers
AL383/AL386 and digested with SacI (NEB) and KpnI (NEB) before being column
purified using QIAquick PCR Purification Kit (Qiagen). The suicide vector backbone
pRE112 was initially isolated by Miniprep (Qiagen) and digested with SacI and KpnI,
then visualized in 1.0% agarose gel and extracted using QIAEX II Kit (Qiagen). The
insert and backbone were ligated as previously described above using T4 DNA ligase in
molar equal overnight at 16°C. The resulting product was heat shocked into DH5alpir,
recovered in LB for 1h and selected on Cm30 LB agar at 37°C overnight. E. coli
transformants were screen via colony PCR using Taq Polymerase, followed by digestion
of plasmid.
To introduce the suicide plasmid into V. parahaemolyticus, an overnight culture of
pRE112- DiscR containing DH5alpir were then mated together with overnight cultures of
pEVS104 (E. coli conjugal helper) and Wild-type V. parahaemolyticus. 100uL of each
strain was taken out and centrifuged at 13200g for 1 minute and resuspended in 10uL
LB before being spotted on to a LB agar plate and incubated overnight at 28°C.
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Afterwards, the spotted bacteria were resuspended in 750uL of LB and serial diluted 10X
before being spread plate on Cm2.5 LB-S (10g tryptone, 5g yeast, 20g NaCl, adjusted to
pH=8.0 with 1M HCl) agar. Agar plates were incubated at room temperature for 24 hours
to select for V. parahaemolyticus strains that had undergone homologous recombination
with the suicide plasmid. Putative V. parahaemolyticus integrant colonies were streak
purified on LB agar and counter selected on LB sucrose agar (50g/L sucrose) at room
temperature, then replica spotted on Cm2.5 LB agar.
Colonies that showed positive growth on sucrose and no growth on Cm2.5 were
confirmed for the deletion via PCR band shift using primers AL383/AL386. These
primers amplify both flanking regions and the iscR ORF resulting in a 2.5kbp band in
wild-type V. parahaemolyticus, and 2kbp if the gene is deleted. Colonies that showed a
~500bp deletion of the iscR ORF were then confirmed for the EcoRI scar left from the
replaced allele and sequence verified (McGill University and Genome Quebec
Innovation Centre, Montreal, Canada).
2.7 Generation of Wild-type Epitope Tagged exsA-FLAG V. parahaemolyticus:
The wild-type V. parahaemolyticus containing a chromosomally encoded Cterminus FLAG tagged exsA was generated through homologous recombination to
replace exsA with an epitope tagged version. Initially the 1200bp upstream portion of
exsA was amplified from gDNA using primers AL403/AL404, while the downstream
fragment was designed in silico and synthesized as a gBlock (IDT) (Figure 7). Both
fragments were initially subcloned into pBluescript KS II, transformed into DH5a,
selected on Amp100 LB agar and confirmed through digestion with SacI and KpnI then
by sanger sequencing (McGill University and Genome Quebec Innovation Centre,
Montreal, Canada). The resultant 2kbp insert extracted by restriction digest with SacI
and KpnI and gel purified using the QIAEX II Kit (Qiagen), then ligated into pRE112 cut
by SacI and KpnI. The insert and backbone were ligated as described previously using
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AAGCTTTTGCTGACGAGCAAAATGAGCATTGTCGACGTGGCAATGGAAGCGGGATTTTCCAGCCAATCTTAC
TTTACTCAAAGCTATCGACGTCGCTTTGGTACTACGCCAAGTAAGGTCCGTTCCGGTGATGAGCAAGTCGCC
ATCGCGAATGACTACAAGGACGATGACGACAAGTGAAATGACTTATGACTAAAATTTTCTGACTAATTTTGA
AAGTCACCGACGGACATAAAATTCTATTATGTTCAGCGTAAGAACGAATAATTCAAATTTATTACATCCCTT
TCATTCTGGAGTGTTCGAAAGGGATGCGGAGAAGAACACAAATGAAAAAGCAGCATTGGCGACGCCGTTCGC
TTTTTCCTGACAGCATTGTGACGCAAAGGAAAGTCACTGTTTTGCAAAGAGGAGCACGATATGAGAGTGCGT
CTCAGCCATTACAGGATCTCAATGTTGTCCACGTGAATCACCGACAGCTGTTGAGTGAAGGTGTGCTGAATG
ACGACCAGTTATCGTTGTTGCAACGCTTGTTGGACAGAAGTGTGGTGGACAGTTTGTGCGCCAGCCAATTGG
TGAAAACGTATTTGAGATTGGGTACATCGATTGACCGTTTTGCCATGCGTCTGTTTTTAGAAATTGGCGCTC
AGTTAAGTGACAGTCAACGAGTGGCGACCTTTGGTACCGT

Figure 7. gBlocks Fragment Used to Create exsA-FLAG
A 688bp gBlock fragment containing the exsA internal HindIII and KpnI restriction site
was ordered. This fragment contained the C-terminus region of the exsA gene including
the stop codon and part of the exsD promoter and ORF. The FLAG epitope tag coding
sequence was placed ahead of the endogenous stop codon. This fragment was initially
subcloned into pBluescript KS II and sequence verified. BOLD region indicates the
location of the C-terminus FLAG epitope tag within the C-terminus region.
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T4 DNA ligase in molar equal overnight at 16°C. The resulting product was heat shocked
into DH5alpir, then recovered in LB for 1h and selected on Cm30 LB agar at 37°C
overnight. E. coli transformants were screened via colony PCR using Taq polymerase,
followed by digestion of plasmid.
To introduce the suicide plasmid into V. parahaemolyticus, an overnight culture
pRE112- exsA-FLAG containing DH5alpir were then mated together with overnight
cultures of pEVS104 (E. coli conjugal helper) and wild-type V. parahaemolyticus
overnight at 28°C. 100µL of each strain was taken out and centrifuged at 13200g for 1
minute and resuspended in 10µL LB before being spotted on to a LB agar plate and
incubated overnight at 28°C. Afterwards, the spotted bacteria were resuspended in
750µL of LB and serial diluted 10X before being spread plate on Cm2.5 LB-S agar.
Plates were then incubated at room temperature for 24 hours to select for for V.
parahaemolyticus strains that had undergone homologous recombination with the
suicide plasmid. Putative V. parahaemolyticus integrant colonies were streak purified on
LB agar and counter selected on LB sucrose agar (50g/L) at room temperature, then
replica spotted on Cm2.5 LB agar.
Colonies that showed positive growth on sucrose and no growth on Cm2.5 were
confirmed for the replacement of alleles via PCR sequencing using primers
AL404/AL406 (McGill University and Genome Quebec Innovation Centre, Montreal,
Canada). This was done instead of PCR band shift confirmation methods as the
amplicon containing the FLAG epitope tagged exsA results in a 24bp elongation, which
is not easily visualized by 1% agarose.
2.8 in vitro Secretion Assays:
Bacteria were grown overnight shaking in LB at 37°C and 200rpm. Bacterial
cultures were then diluted to an OD595 of 0.025 in secreting medium (LB + 5mM EGTA
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+ 15mM MgSO4) and grown shaking for 4 hours at 30°C and 250rpm. As outlined in
previous sections, these conditions were used as previous examination by Sarty et al.
showed maximal activation and secretion from T3SS1156. Culture supernatants were
collected by centrifugation at 2500g for 10min, then passed through a 0.22µm PVDF
filter (Millipore) to remove cells. Secreted proteins were then precipitated from 2.8mL of
clarified supernatant in 10% TCA for 1h on ice. Precipitated proteins were centrifuged at
13200g for 10min and further washed in ice cold acetone, incubated overnight at 80°C
then resuspended in 25µL of 2X ESB (0.0625M tris-HCl (pH 6.8), 1% (w/v) SDS, 10%
glycerol, 2% 2-mercaptoethanol, 0.001% bromophenol blue) and heat denatured at 95°C
for 10min.
2.9 SDS-PAGE:
Proteins samples were separated by 10-12% acrylamide SDS-PAGE as
described by Laemmli164. The electrode buffer consisted of 25mM tris, 192mM glycine,
0.1% (w/v) sodium dodecyl sulphate (SDS). Electrophoresis was carried out using the
mini-protean system (1h, 125V) (Bio-Rad). Proteins were then visualized using
Coomassie G-250 colloidal staining.
2.10 Western Blotting:
Proteins were first separated through SDS-PAGE then transferred to 0.22µm
PVDF (Bio-Rad), using a Trans-Blot – Turbo transfer apparatus (Bio-Rad; 7min 1.3A
<25V) in 1X transfer buffer (Bio-Rad) as per manufacturer’s instructions. Subsequently
after transfer, the membrane was washed in 3X in tris-buffered saline containing 0.15%
(w/v) Tween-20 (TBS-T = 145mM NaCl, 100mM tris-HCl, pH=7.4), followed by blocking
for 1h in 5% (w/v) skim milk TBS-T. Following blocking, the membrane was washed 3X
for 5 minutes in TBS-T and incubated in primary antibody (Table 6) diluted in TBS-T for
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Table 6. Antibodies Used in this Study
Antibody

Dilution Source

Mouse Anti-FLAG

1:5000

Sigma-Aldrich

Mouse Anti-RNA Polymerase (RpoD)

1:5000

Santa Cruz Biotechnology

Goat Anti-Mouse HRP

1:5000

Rockland Immunochemicals
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1h. Following incubation in primary antibody, the membrane was then washed 3X for 5
minutes in TBS-T, and incubated in secondary antibody (Table 6) diluted in TBS-T for
1h. After incubation with secondary antibody, the membrane was washed 3x in TBS-T
and saturated with Clarity ECL Western Blotting Substrate (Bio-Rad) as per indicated
instructions. Images were captured using the VersaDoc MP 5000 Imaging System (BioRad).
2.10 HeLa Cytotoxicity Assays:
Cytotoxicity assays were performed using HeLa cell infections with strains of V.
parahaemolyticus and measured by colourimetric absorbance. HeLa cells were initially
seeded into 12 well plates (Costar) at a density of 105cell/mL in DMEM (Gibco)
containing 10% fetal bovine serum and grown overnight at 37°C in 5% CO2. V.
parahaemolyticus being assayed were grown overnight in LB shaking at 37°C. V.
parahaemolyticus strains were then diluted to ensure a multiplicity of infection (MOI) of
10 bacteria per HeLa cell in phenol red and serum free DMEM (Gibco). Bacteria were
then added to HeLa cells washed 3X in PBS and incubated for 3h at 37°C and 5% CO2.
Bacterial counts were confirmed with 10-fold serial dilution plating on LB agar.
Following this incubation, plates were centrifuged at 200g for 5 min and 500µL of
clarified supernatant was extracted from each well. Using a lactate acid dehydrogenase
kit (Pierce), which measures cytotoxicity from LDH release in ruptured cells, 50µL of this
clarified supernatant was assayed in triplicate as per indicated instructions to determine
cytotoxicity. Colourimetric measurements were read at 490nm with background
absorbance at 680nm subtracted on the Victor X5 (Perkin Elmer) at an exposure of
1s/well. %cytotoxicity was then calculated using the formula below:
=

#$%&'()&*+,- .,-/& − #11&2+3' 4%3*+,*&3/5 63*+'3- − 7,'8&+ 4%3*+,*&3/5 63*+'3×100
7,'8&+ 9,$()/) 63*+'3- − 7,'8&+ 4%3*+,*&3/5 63*+'3-
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2.11 Bioinformatics analysis of ExsA-Dependent T3SS1 Promoters:
Bioinformatics analysis of ExsA dependent promoters begun first with aligning all
11

predicted

T3SS1

parahaemolyticus

related

RIMD2210633

promoter

regions

of

the

(http://www.genome.jp/)

KEGG
genome

accessible
using

V.

Multiple

Sequence Comparison by Log Expectation (MUSCLE) found on the European Molecular
Biology Laboratory – European Bioinformatics Institute website (www.ebi.ac.uk/Tools).
Initially, a region of V. parahaemolyticus T3SS1 promoters containing the predicted P.
aeruginosa conserved ExsA binding motif and an extended portion upstream containing
the TTTAGn4TT region as seen by Zhou et al. was used as a starting point for our
alignments148. MUSCLE aligned sequences were then visualized using Jalview and
annotated165.
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Chapter 3 – Results:
3.1 Characterizing exsA and exsB Transcriptional Activity in Low Calcium
Secreting Conditions:
3.1.1 Transcription of exsA Can Occur at its Proximal Promoter or at a Distal
Promoter Ahead of exsB:
The T3SS1 of V. parahaemolyticus belongs to the Ysc family of T3SS, as such it
should be able to be induced in vitro through chelating calcium in its media. Previously in
the laboratory, Sarty et al. found that T3SS1 of V. parahaemolyticus like Yersinia spp.
and P. aeruginosa could be stimulated in secreting conditions by the selective chelation
of calcium in medium by using EGTA and supplementing with MgSO4156. This was
further investigated to be correlated with an increase in exsA expression in the exact
same conditions, suggesting exsA transcriptional activity was directly regulated by these
secreting conditions161. Initially examining the gene locus of exsA it was found that exsB
was directly upstream and was in the same orientation as exsA. It had also been found
previously through primer extension studies that exsB and exsA each have individual
promoter elements upstream to initiate transcription separately151 (Figure 8A), which was
similar to V. harveyi. This similar layout seen in V. harveyi found that exsA could be
transcribed from its own promoter, or part of a cistron containing exsB from the upstream
promoter153. Therefore, the question was asked if exsB and exsA could be transcribed
together as part of a longer transcript, although the intergenic region between the genes
is rather large. With this in mind, investigating whether this phenomenon in V. harveyi
also held true in V. parahaemolyticus became the objective through characterizing the
transcriptional origins of exsA.

52

A
)

B
)
F
igu
re 8. D
iag
ram o
f exsA Gene Locus and Ad
jacen
t Genes in V
.
pa
rahaemo
ly
t
icus
A
) exsAisloca
tedinagenec
lus
t
e
rcon
ta
in
ingT3SS1regu
la
to
rsexsD,exsCandexsE
(no
tshown
)
.Knowntransc
r
ip
t
ionfac
to
rsregu
la
t
ingth
isreg
iona
reind
ica
tedunde
rnea
th
.
ind
ingtoups
t
reamo
f
ExsAin
f
luencesthet
ransc
r
ipt
iono
fi
tsnega
t
iveregu
la
to
rexsDbyb
i
ts p
romo
te
r and ac
t
iva
t
ingi
ts t
ransc
r
ip
t
ion
, fo
rm
ing a nega
t
ive feedbackloop
.
T
ransc
r
ip
t
ions
ta
r
ts
i
tes a
reiden
t
i
f
ied w
i
th ben
ta
r
rows andtheleng
th o
fthe mRNA
leade
rbe
tweenandthes
ta
r
tcodona
reind
ica
tedinBLUE.RED reg
ionind
ica
tesa
rea
amp
l
i
f
iedbyp
r
ime
rs AL399
/400toexam
inethep
resenceo
facot
ransc
r
ip
tcon
ta
in
ing
exsB and exsA.B
) RNAf
rom bac
te
r
iainducedinsec
re
t
ingcond
i
t
ionsfo
r2
.5h we
re
iso
la
ted and cDNA was made us
ingreve
rset
ransc
r
ip
tase us
ing p
r
ime
r AL400
. The
resu
l
t
ingcDNA wasamp
l
i
f
ied w
i
thp
r
ime
rs AL399
/AL400tocon
f
i
rmthep
resenceo
fa
cot
ransc
r
ip
t
. RT
-con
t
ro
l wasusedtoe
l
im
ina
tegDNAcon
tam
ina
t
ionandgDNAcon
t
ro
l
wasusedtoshowp
r
ime
re
f
f
ic
iency
. PCRreac
t
ions we
rerunona1%aga
rosege
land
v
isua
l
izedus
inge
th
id
iumb
rom
ide
. A1kbp DNAladde
rand DNAleng
ths a
reind
ica
ted
onthele
f
t
.(
Imagestakenf
romL
iue
ta
l
.2015
)Imagesrep
roduced w
i
ththepe
rm
iss
ion
o
fRe
f
.1612015F
ron
t
ie
rs Med
ia
.

53

To examine the possibility of a co-transcript, a similar method of evaluation as
Waters et al. 2010 was followed and primers were designed to amplify an internal region
of exsB and exsA leading to PCR amplicons that could only exist if an mRNA transcript
contained both ORFs (Figure 8B). Using these two primers, RNA was harvested after
bacteria were induced in secreting conditions (LB + EGTA + MgSO4) for 2.5 h. After
isolating the RNA, first strand cDNA synthesis was primed with the specific primer AL400
for further PCR using primers AL399/AL400, along with appropriate controls to rule out
gDNA contamination and show primer efficiency. It was found in the RT-PCR that exsB
and exsA could in fact be transcribed from the genome as part of a co-transcript (Figure
8).
3.1.2 exsA Promoter Activity is Elevated in Secreting Conditions:
Initially examining at the exsA promoter, a time course of its expression profile in
secreting conditions was needed, so the exsA promoter was cloned into pJW15. Upon
introduction of the plasmid into V. parahaemolyticus, there was light emitted from
colonies when grown on agar (data not shown) in comparison to the vector control,
showing the presence of an active promoter region cloned ahead of the lux cassette.
This suggested that there is a level of basal activity of the promoter when grown in LB
itself.
Since previously in the laboratory it had shown that the exsA promoter activity
was elevated in secreting conditions161, this time course was performed to act as a
reference for baseline of activity for future experiments. After subculturing overnight
cultures into fresh secreting and non-secreting media at 30°C and shaking at 250rpm,
bacterial luminescence was measured as a result of the exsA promoter activating
transcription of the luxCDABE cassette. These measurements were taken at 30 minute
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intervals measuring both counts per second (CPS) and optical density (OD595) during a
4h time course.
The exsA-lux fusion reported low activity in first 30 min of the assay before
proceeding to increase rapidly in both of the experimental conditions. However, in the
secreting conditions, exsA promoter eventually exhibited higher activity than the nonsecreting conditions after 90min. This continued to increase to its maximum at 150min
before reaching a plateau and finally decreasing. During this time, the exsA promoter
exhibited ~20,000 units of activity more than in secreting conditions than non-secreting
conditions (Figure 9A). When compared to the growth curves for the cultures, it could be
seen that the elevation in promoter activity occurs during the entry into logarithmic phase
(Figure 9B). In both conditions, the empty vector pJW15 did not produce light and
showed similar growth, showing that these different conditions did not affect bacterial
growth and background bioluminescence.
3.1.3 exsB Promoter Activity is Elevated in Secreting Conditions:
Since ExsB acts as a pilot lipoprotein to help assemble the T3SS secretin into the
outer membrane, examining if this gene also showed elevated transcription during
secretion would be sensible. To investigate exsB promoter activity in secreting
conditions, a region encompassing the promoter of exsB was amplified and cloned into
the

MCS

of

pJW15.

Similarly,

when

this

plasmid

was

introduced

into

V.

parahaemolyticus, there was a basal expression of light on LB agar, suggesting that this
promoter also has basal activity on LB (data not shown).
Given the response of the exsA promoter to secreting conditions, it was
hypothesized that this gene should respond to the secreting conditions similarly. So after
subculturing overnight cultures and vector controls into fresh secreting and non-
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A)

B)

Figure 9. exsA Promoter Activity is Elevated in Secreting Conditions
Wild-type gDNA was used as a template to amplify the promoter region of exsA. PCR
products were cloned into the MCS of pJW15 containing a promoterless luxCDABE
cassette using EcoRI and BamHI (Figure 5A). A) Wild-type cells harbouring the lux
plasmid were grown in secreting (+) or non-secreting (-) conditions at 30°C shaking at
250rpm for 4h, with CPS and OD595 read every 30 minutes. Mean CPS/OD595 of three
individual experiments measured in triplicate are shown, with ±SEM. **p<0.01,
****p<0.0001. B) A representative growth curve of all strains during the 4h time course is
shown as a representation of one experiment. (Images adapted from Liu et al. 2015)
Images reproduced with the permission of Ref.161 2015 Frontiers Media.
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secreting media at 30°C and shaking at 250rpm, bacterial luminescence was measured
as a result of the exsB promoter. These measurements were also taken at 30 minute
intervals measuring both counts per second (CPS) and optical density (OD595) during a
4h time course.
Surprisingly, the activation profile of exsB was distinct than that of exsA, with
early activity of exsB ~5000 units higher than that of exsA (Figure 10A). The exsB
promoter additionally did not show the same level of basal induction in non-secreting
conditions as exsA during the time course and remained relatively steady throughout the
4h time course. Even in secreting conditions, exsB did not show similar patterns to exsA,
peaking at a maximum of ~28,000 units rather than ~50,000 units, although showing
maximal expression at 150min which was similar to exsA.
3.1.4 T3SS1 Activity is Not Required for exsA or exsB Gene Expression:
For both V. parahaemolyticus and P. aeruginosa, the secretion of ExsE is
needed to fully activate the T3SS1 operons 14,142,143. In V. parahaemolyticus, ExsE
interacts with ExsC within the cytoplasm during non-secreting conditions or its basal
state, which allows ExsD to sequester ExsA and prevent transcription of T3SS1 related
operons 141 . To assess whether this holds true for transcriptional regulators and
structural regulators of T3SS1 in V. parahaemolyticus, pexsA-lux and pexsB-lux was
introduced into DvscN1 (T3SS1) and DvscN1/2 (T3SS1/2) deficient strains in which the
relevant T3SS ATPase was deleted, preventing the secretion of effectors. These strains
were then examined in secreting and non-secreting conditions and it was found that
functional secretion was not a prerequisite for exsB and exsA activation (Figure 11). To
ensure that inactivation of the secretion system did not change the expression profile, a
concurrent time course (data not shown) was also performed, where no change
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A)

B)

Figure 10. exsB Promoter Activity is Elevated in Secreting Conditions.
Wild-type gDNA was used as a template to amplify the promoter region of exsB. PCR
products were cloned into the MCS of pJW15 EcoRI and BamHI (Figure 5A). A) Wildtype cells harbouring the lux plasmid were grown in secreting (+) or non-secreting (-)
conditions at 30°C shaking at 250rpm for 4h, with CPS and OD595 read every 30
minutes. Mean CPS/OD595 of three individual experiments measured in triplicate are
shown, with ±SEM. **p<0.01, ****p<0.0001. B) A representative growth curve of all
strains during the 4h time course is shown as a representation of one experiment.
(Images adapted from Liu et al. 2015) Images reproduced with the permission of
Ref.161 2015 Frontiers Media.
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A)

B)

Figure 11. exsB and exsA Promoter Activation Does Not Need a Functional T3SS
Wild-type, T3SS1 and T3SS1/2 deficient cells harbouring A) pexsB-lux and B) pexsA-lux
were grown in secreting and non-secreting conditions at 30°C v. 37°C for 2.5h shaking
at 250rpm. OD595 and CPS were read from each culture and mean CPS/OD595 of
three individual experiments measured in triplicate are shown, with ±SEM. (Image from
Liu et al. 2015) Images reproduced with the permission of Ref.161 2015 Frontiers Media.
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in profile was found when compared to wild-type bacterium. Overall this shows that exsA
regulation is independent of secretion, and these secreting conditions cause a signaling
event above the ExsACDE cascade.
3.1.5 T3SS1 Secretion and exsA Promoter Activity is Different at 30°C vs. 37°C:
Typically, in vitro secretion assays for Yersinia and P. aeruginosa are done at
physiological temperature, which mimics the internal temperatures of host tissues where
they infect. This suggests that there may be a temperature dependence in T3SS
activation, although this has not been extensively examined as to why in V.
parahaemolyticus.

It has been postulated that in P. aeruginosa this is due to self-

trimerization of ExsD in vitro at 30°C, preventing their inhibition of ExsA166. Since V.
parahaemolyticus is commonly found in estuarine waters ranging from 15°C to 30°C4,
investigating if there are any differences in secretion between the two temperatures
would be important, since human infection occurs at 37°C.

After examining exsA

promoter activity in V. parahaemolyticus at 30°C vs. 37°C at 150min, it was observed
that at 37°C there was a statistically significant decrease in promoter activity in
comparison to 30°C. This was found to be true in both secreting and non-secreting
conditions, suggesting that thermoregulation of T3SS1 could occur upstream of exsA
(Figure 12A).
To correlate this data with actual secretion of T3SS1 effectors, protein from
clarified supernatants of cultures in secreting or non-secreting conditions were
precipitated after 4h at both 30°C and 37°C. Using those precipitated cultures
supernatants, a 10% acrylamide SDS-PAGE was performed to assess total secreted
proteins in the two temperatures. After staining the gel with Coomassie G-250 it was
found that the most abundant secretion occurred at 30°C, rather than 37°C (Figure 12B).
Specifically, the secretion of 2 effectors, VPA450 and VopQ were found secreted
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substantially lower at 37°C. This is intriguing as typically cytotoxicity assays and human
infections occur at 37°C, suggesting that only a minimal amount of effectors may need to
be secreted to exert host cell cytotoxicity.
3.2 IscR Does Not Affect T3SS1 Activity:
3.2.1 PCR Confirmation of iscR Deletion:
The reason that chelation of calcium and supplementation of magnesium
supports T3SS1 secretion is something that has never been fully elucidated. Some
hypothesize that this selective chelation of calcium mimics the host cytoplasm, which is
normally low in calcium, but to this day there is no understanding why this occurs. In V.
parahaemolyticus, there have been attempts to understand the mechanics of this
phenotype, with most recent research suggesting that it is in fact the chelation of divalent
iron by EGTA that mediates activity of T3SS1167. This is further supported by the fact
that deletion of the iron sulphur cluster regulator gene or iscR results in a lack of Yop
secretion and cytotoxicity by Yersinia168. This lack of secretion and cytotoxicity was
found to be due to IscR binding upstream of yscW and lcrF, activating expression of
T3SS associated genes168. Thus with these pieces of information, an isogenic deletion
mutant of the iscR homolog in V. parahaemolyticus was created via allelic replacement
and assessed to determine if T3SS1 was affected by a deletion of iscR. From 5
screened clones which removed the plasmid backbone, 3 contained the deletion event
(Figure 13A), of which 2 fragments were selected to check for the EcoRI scar left from
the cloning process (Figure 13B). Following confirmation of these deletions and digests,
amplicons were confirmed via Sanger sequencing.
3.2.2 IscR Does Not Affect Total Secretion:
Initially to see if the deletion of iscR had a gross effect on T3SS1, a secretion
assay on wild-type, DiscR, DvscN1 (T3SS1 deficient) cultures was performed in
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secreting and non-secreting conditions. OD595 normalized TCA precipitated clarified
culture supernatants were then run on 10% SDS-PAGE and visualized using Coomassie
G-250 staining. Unexpectedly, it was observed that deletion of iscR had no substantial
effect on T3SS1 effect secretion, although VcrV (Lane 7 – top band) – the tip protein
seemed to be expressed higher in the mutants than the wild-type bacteria (Figure 14).
3.2.3 IscR Does Not Affect Cytotoxicity:
Because the secretion assay is a qualitative assay that does not have the
sensitivity to minute changes in T3SS1 function, further examination was needed to see
if there was a deficit in cytotoxicity, as this assay is more relevant to in vivo conditions.
Using HeLa cells seeded to a density of 105 cells/mL, which show cytotoxicity against
wild-type bacteria, cells were infected at an MOI of 10 to determine their relative
cytotoxicity against control strains. Comparing against wild-type and DvscN1 strains, it
was found that deletion of iscR did not have any different effect on how cytotoxic the
bacteria were to HeLa cells (Figure 15).
3.3 Some ExsA Dependent Promoters Are Sensitive to Mutations to Functional
Motifs:
3.3.1 ExsA Dependent Promoters Have 3 Functional Motifs:
Previous work from King et al. found that the AraC regulators in Yersinia and V.
parahaemolyticus were both able to bind to the P. aeruginosa exoT promoter, which
contained the prototypical ExsA site 1 and site 2147. Furthermore, both Yersinia LcrF and
V. parahaemolyticus ExsA could each activate the exoT promoter of P. aeruginosa in
vivo147. These ExsA binding sites were shown to have direct contact at a GnC motif
containing a degenerate Sigma70 “-35” like site, along a polyA site146,147. Additionally,
Zhou et al. found that some T3SS1 promoters in V. parahaemolyticus also had a unique
motif that specifically bound ExsA in electron mobility shift assay148. This binding site
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Figure 15. DiscR Did Not Show Any Reduction in Cytotoxicity
HeLa cells seeded in 12-well plates were infected with Wild-type, T3SS1 deficient and
DiscR cells at an MOI of 10 in phenol red free DMEM, at 37°C and 5%CO2 for 4h.
Clarified supernatant was extracted and an LDH assay was performed to measure
cytotoxicity. Background LDH release by HeLa cells and V. parahaemolyticus was
subtracted from raw values. Values for three individual experiments measured in
triplicate were normalized and shown with ±SEM.
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contained a TTTAGn4TT motif upstream of the traditional ExsA binding region which was
unique to V. parahaemolyticus, and was found in two ExsA dependent promoters
vp1687 and vp1668148. Although this motif is unique when compared to operons in P.
aeruginosa, earlier studies conducted by Watiau et al. found that VirF in Yersinia bound
to a similar consensus region that is found either in isolation or in inverted repeats149.
This feature was quite interesting, because no one at this point had compared
the consensus sequence of both P. aeruginosa and Yersinia to V. parahaemolyticus. So
further examination of the presence of this upstream region in other V. parahaemolyticus
ExsA dependent promoters was well warranted. Using the known ExsA binding sites
from P. aeruginosa as an anchor and the TTTAGn4TT motif found upstream, T3SS1
promoters were visually scanned for the presence of this extra region. Using MUSCLE
alignment on the EBI website, 11 ~75bp promoter sequences were aligned with not only
the traditional ExsA binding sites, but the upstream motif as well. These alignments were
then visualized and compared using Jalview (Figure 16).
Interestingly, many of the 11 predicted T3SS1 operons had a combination of the
ExsA Box 1 and Box 2 binding sites common with P. aeruginosa, but also the
TTTAGn4TT or Box 3 motif found in VirF dependent promoters. It was also observed that
the Box 3 region could extend further in some cases with an additional GAAA. In some
cases, the spacing between these three motifs or boxes were also not conserved and
were quite variable. While there was very good conservation of motifs in most of the
promoters, it was interesting to note that vp1682 which encodes the transcript for the
T3SS1 effector VopQ and its chaperone, did not show a high level of conservation. This
was exaggerated by a seemingly non-conserved Box 1 region of vp1699 and vp1701,
which looked to contain DNA sequences resembling the Box 3 and Box 2 sites. This
may be from the result of some penalty in the alignment that move the predicted
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consensus change sites out of their place to match better at other sites, as vp1682 is
known to be ExsA-dependent148. The findings of this sequences and discovery of it in
many T3SS1 promoters further posed the question if these operons were possibly
differentially regulated, such that operons may be organized by a hierarchy of
transcription.
3.3.2 exsD Promoter Activity is Elevated in Secreting Conditions:
Initially, to show that ExsA-dependent promoters were also elevated in secreting
conditions, and directly show that this condition causes activation of T3SS1, exsD
(vp1698) promoter activity was chosen to be assessed in secreting conditions. To
investigate this promoter, an amplified region of DNA containing the promoter region of
exsD including part of the ORF of exsA was cloned into pJW15. This is because part of
the predicted exsD containing the box 3 region of the promoter lies within the ORF of
exsA. Additionally, to show that the changes in promoter activity were unique to T3SS1
activation and not an artifact of other signaling such as stress, the promoter of rplN was
cloned into pJW15. The genes expressed by this promoter control many housekeeping
genes, which includes secY, which is why it was decided to be used as an unrelated
promoter instead of an empty vector control. To correlate the temporal activation profiles
of exsD with exsA and exsB, a 4h time course was chosen, measuring bioluminescence
and OD595 as previously done with exsA and exsB.
As expected, the control rplN promoter did not show the same promoter activity
throughout the time course as a T3SS1 associated gene (Figure 17), furthermore it did
not show a pattern of activation similar to exsD which validated the use of it as an
unrelated control. Interestingly however, exsD showed promoter activation in both
secreting and non-secreting conditions. This was compounded with the observation that
exsD promoter activity in our secreting conditions peaked at an earlier time point of
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Figure 17. exsD Promoter Activity is Elevated in Secreting Conditions
Wild-type gDNA was used as a template to amplify the promoter region of exsD and
rplN. PCR products were cloned into the MCS of pJW15 EcoRI and BamHI (Figure 5A).
Wild-type cells harbouring the lux plasmid were grown in secreting (+) or non-secreting () conditions at 30°C shaking at 250rpm for 4h, with CPS and OD595 read every 30
minutes. Mean CPS/OD595 of three individual experiments measured in triplicate are
shown, with ±SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (Images adapted from
Liu et al. 2015) Images reproduced with the permission of Ref.161 2015 Frontiers Media.
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120min rather than 150-180min in non-secreting conditions. Furthermore, the difference
between the two conditions was only about ~10,000 units, which showed that the fold
change in promoter activation was rather low.
3.3.3 Full Length exsD Promoter is Not Needed for Full Activity in Secreting
Conditions:
To initially examine the relative contributions of the three functional motifs found
in the alignment of T3SS1 related operons, the exsD promoter was truncated to remove
box 3 with its activity and assayed in secreting and non-secreting conditions. For this, a
primer that specifically amplified a region that did not contain the predicted TTTAGn4TT
region was used and the amplicon was cloned it into the MCS of pJW15 (Figure 18A).
Deletion of this region was speculated to be enough to see a change if it contributed to
the ability of ExsA to activate the promoter, as mutations in this region T3SS1 promoters
vp1668 and vp1687 diminished binding of ExsA141.
After performing a time course for 4h in both secreting and non-secreting
conditions, it was surprisingly found that in the case of exsD, there was no reliance on
the predicted Box 3 region of its promoter. This suggests that ExsA may in fact not bind
to Box 3 or require that site in the promoter for full activation (Figure 18B). The time
course for both the full length and truncated promoters further showed almost
superimposable promoter activation profiles throughout the time course. This showed
that in the case of exsD there was no absolute requirement for all three functional motifs
to be present for full activation.
3.3.4 exsD Promoter Does Not Show Temperature Dependence:
As there was no difference in promoter activities of full length and truncated exsD
promoter activity throughout our time course in secreting and non-secreting conditions,
the direct relationship of temperature to the activity of ExsA dependent promoters was
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assessed. Previously, it was examined that both the activity of the exsA promoter and
T3SS1 effector secretion were different at 30°C vs. 37°C. It was found that exsA
promoter activity was significantly lower along with secretion of effectors VopQ and
VPA450 (Figure 12). Because of the observation that in P. aeruginosa ExsD selftrimerizes in vitro which inhibits its ability to bind ExsA, thus allows free ExsA to freely
bind to its regulons166, this was examined to see if it held true to V. parahaemolyticus. To
test this hypothesis, both full and truncated exsD promoters were placed in secreting
and non-secreting conditions at 30°C vs. 37°C and bioluminescence was measured at
120min. Unexpectedly, there was no difference in activity found in the promoters
between temperature, condition and promoter length (Figure 19).
3.3.5 vp1687 Promoter Activity is Elevated in Secreting Conditions:
Because of the lack of activity in the truncation of the exsD promoter, it was
decided to look at another promoter, specifically vp1687 because of the previous data
from Zhou that showed it is sensitive to mutations in its Box 3 or TTTAGn4TT motif148.
This promoter encodes for the transcript that contains both the T3SS1 effector VopS and
its associated chaperone. To initially look for differences, a PCR amplified fragment
containing the wild-type vp1687 promoter region was cloned into pJW15 and its activity
measured in a 4h time course in secreting and non-secreting conditions, similarly to
previous experiments using the rplN control.
Surprisingly, vp1687 showed a completely different temporal activation profile
than exsD and this was interesting, because not only did its peak activity occur at a later
time point at 180min instead of 120min, but the separation of activity between secreting
and on inducing conditions at its peak was ~35,000 units (Figure 20). Furthermore,
because of this large separation between the two conditions, there was almost a 3-fold
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Figure 19. exsD Promoter Shows No Evidence of Temperature Dependence
Wild-type cells containing the exsD and exsD Truncated lux reporter fusion were grown
in secreting (+) and non-secreting (-) conditions at 30°C v. 37°C for 2.5h shaking at
250rpm. OD595 and CPS were read from each culture and mean CPS/OD595 of three
individual experiments measured in triplicate are shown, with ±SEM. (n=3)
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Figure 20. vp1687 Promoter is Elevated in Secreting Conditions
Wild-type gDNA was used as a template to amplify the promoter region of vp1687. PCR
products were cloned into the MCS of pJW15 using KpnI and BamHI (Figure 5A). Wildtype cells harbouring the lux plasmid were grown in secreting (+) or non-secreting (-)
conditions at 30°C shaking at 250rpm for 4h, with CPS and OD595 read every 30
minutes. Mean CPS/OD595 of three individual experiments measured in triplicate are
shown, with ±SEM. (n=3) **p<0.01, ****p<0.0001.
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increase

of promoter activity of vp1687 in secreting conditions as compared to non-

secreting conditions indicating tighter regulation of this promoter.
3.3.6 vp1687 Promoter is Sensitive to Mutations in Predicted ExsA Binding Motifs:
With primary evidence from Zhou, that ExsA binding is sensitive to mutations in
the Box 3 or TTTAGn4TT region of vp1687, it was decided to do analysis on the
individual motifs involved in ExsA dependent regulation of vp1687. Initially, mutations on
select sites were determined using the promoter alignments, with the mutations on Box 3
being identical to the published results from Zhou et al. for consistency. Using gBlocks
synthetic DNA, mutant promoters were designed with mutations in their ExsA binding
domains, including Box 3, Box 2 and Box 1, then amplified by PCR and cloned into
pJW15. Prior knowledge of the importance on the contributions of Box 1 and Box 2 from
previous work from King et al. on the activity of the exoT promoter in P. aeruginosa147,
along with the binding data from Zhou et al.141, suggested there may be some
differences in promoter activation. Thus it was hypothesized that promoter activity would
be somewhat different in V. parahaemolyticus with the Box 3 mutation, as there is no
evidence of anything resembling a Box 3 motif in P. aeruginosa T3SS promoters.
After assaying the vp1687 promoter mutants in secreting and non-secreting
conditions for 3h and comparing them to wild-type, a startling result was found that was
completely new. As seen in the graphs, the vp1687 promoter needed all three of its
functional motifs for complete activation, and mutations in each of three regions
significantly reduced promoter activity (Figure 21). As expected, Box 1 mutations
abolished any activity, while Box 2 or the polyA region had a significant contribution to
promoter activity. Box 3 however, was the most significant finding, as it severely
disabled the activity of the promoter, although still allowed a slight induction of activity in
secreting conditions.
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3.4 Single Copy Chromosomal exsA-FLAG Retains its Wild-type Phenotype:
3.4.1 V. parahaemolyticus exsA-FLAG Expresses ExsA-FLAG:
With the observation that individual ExsA dependent promoters have different
peak activation kinetics in secreting conditions, a tool was created that could be able to
not only probe protein related changes in ExsA, but their binding enrichments at certain
site at certain sites during T3SS1 activation. A particular technique that could be
advantageous would be ChIP or chromatin immunoprecipitation, which takes advantage
of the ability of DNA binding proteins to be crosslinked to the DNA they are bound to.
Then using unique primers, different promoters can be analyzed together based on the
selective enrichment of certain regulons. This is especially useful for complementing the
data in the luciferase reporters without more expensive techniques such as RNA-Seq or
traditional qRT-PCR which have already been done before. These RNA based
techniques can be problematic as bacterial RNA tends to be short lived (~5-10min for E.
coli) as compared to eukaryotic transcripts (several hours)169,170, which makes DNA
based promoter analysis a better approach in this context.
A FLAG epitope tag was decided to be placed on the C-terminus of ExsA in
single copy on the chromosome through allelic replacement, similar to the procedure
done to create the isogenic DiscR mutant. Because of previous work done by Zhou et
al. on the binding characteristics of ExsA and ExsD using an HA-tag141, it was expected
that a C-terminus epitope tag would not change the activity of the protein. To accomplish
this, using an internal restriction site in the ORF of exsA, a fragment of the exsA gene
was amplified and subcloned into pBluescript. Blue-white selected colonies containing
the insert were digested and the a gBlock fragment containing the remaining portion of
the exsA gene with an in frame FLAG tag was subcloned for a full exsA-FLAG insert
(Figure 7). With this fully constructed insert, this fragment was ligated it into the suicide
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vector pRE112, transformed into DH5alpir and then conjugated it into wild-type V.
parahaemolyticus. After selecting on chloramphenicol for the first recombination event,
and counter selecting the bacteria on sucrose LB agar, chloramphenicol sensitive strains
were screened for the correct insert via PCR and sanger sequencing.
After confirming the presence of the correct sequence, it was important to make
sure that the new fusion protein was being expressed by the bacterium in secreting
conditions, so bacteria were induced similar to the secretion assay. Whole cell lysates
were harvested at 3h post induction and separated by 10% SDS-PAGE. After
transferring the proteins onto PVDF and incubating with both primary and secondary
antibodies, the fusion protein was visualized with Clarity ECL. Using CesT-FLAG as a
control, it was found that in V. parahaemolyticus exsA-FLAG strains, the protein was
indeed expressed and at the right molecular weight of 34kDa (Figure 22).
RpoD/Sigma70 was used a loading control to ensure even loading in each well.
3.4.2 Secretion and Cytotoxicity is Not Changed with the Addition of FLAG:
To ensure that this new strain retained its wild-type activity of T3SS1, a secretion
assay was conducted on wild-type, DvscN1, and exsA-FLAG cultures in secreting and
non-secreting conditions. Using TCA precipitated clarified supernatants normalized by
OD595, samples were run on 10% SDS page and then Coomassie G-250 stained. It
was found that indeed the new strain kept its wild-type T3SS1 activity in the in vitro
assay (Figure 23).
Finally, to ensure that the bacterium remained cytotoxic, a cytotoxicity assay was
performed on HeLa cells, similar to section 3.2.3. Using overnight seeded HeLa cells
seeded to a density of 105 cells/mL, cells were infected to an MOI of 10 for 4h before
being centrifuged, supernatants were then extracted and assayed for LDH release.
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Congruent with the secretion assay, there was no change found in cytotoxicity of the V.
parahaemolyticus containing the in-frame fusion protein against HeLa cells (Figure 24).
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Figure 24. V. parahaemolyticus exsA-FLAG Retained its Wild-type Cytotoxicity
HeLa cells seeded in 12-well plates were infected with Wild-type, T3SS1 deficient and
exsA-FLAG cells at an MOI of 10 in phenol red free DMEM, at 37°C and 5%CO2 for 4h.
Clarified supernatant was extracted and an LDH assay was performed to measure
cytotoxicity. Values for three individual experiments measured in triplicate were
normalized and shown with ±SEM.
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Chapter 4 – Discussion:
4.1 Characterizing the exsA Promoter and its Regulation:
The first observation that T3SS1 is controlled through ExsA was first discovered
by Zhou et al. in 2008, then further expanded by Kodama et al. in 2010 to show its
similarity in regulation to P. aeruginosa14,148. Most recently in 2014, Sun et al. showed
through primer extension studies that exsB and exsA had their own individual promoters
located directly upstream of each gene151. The primary objectives with that knowledge
was to further characterize the individual promoters of T3SS1 regulators and their
possible regulation in V. parahaemolyticus. This was done using luciferase reporter
fusions to examine their temporal activation profiles in secreting conditions and possible
environmental regulators.
When comparing the gene locus containing exsA, there is a striking similarity in
the layout between V. parahaemolyticus and V. harveyi, suggesting that they could
possibly share some common characteristics, such as the influence of quorum sensing
regulators. Initially published by Waters and Bassler, exsA in V. harveyi was found to
have two promoters that could contribute to its transcription. This included the one
proximal to itself as well as the promoter ahead of exsB, which is adjacent to exsA in the
same direction of transcription153. In V. parahaemolyticus, this is true as well as primer
extension studies found transcription initiation at both exsB and exsA151, but did not
further explore the possibility of a co-transcript containing both exsB and exsA. To
determine if this co-transcript could exist in V. parahaemolyticus as well, an RT-PCR
strategy was used to determine that exsA could be transcribed by both its proximal
promoter and a distal location ahead of exsB (Figure 8B). This suggested to that the
activation of each promoter could contribute to the overall regulation of exsA, which
prompted the examination of both the promoter of exsA and exsB in secreting conditions
to determine their activation profiles.
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Initially, the focus was to characterize the promoter activity of exsA in secreting
conditions using luciferase transcriptional fusions, which would give real time measures
of the promoter activity at those genes. The use of this strategy has been used
previously with other T3SS containing bacteria such as EPEC171, as well as other Vibrio
spp.153, which makes the system not only robust but also reproducible. Transcriptional
fusions began with first cloning the exsA promoter into the lux and assaying the
response of the promoter in conditions that promote the expression of T3SS1 genes,
which were previously determined in the laboratory156. The temporal profile of exsA in
secreting conditions revealed many things, firstly that exsA still had strong basal
induction in non-secreting medium (Figure 9A). This observation combined with the low
initial OD595 of 0.025 used to begin the secretion assay, which was shown to be crucial
for robust T3SS1 actiation156 by Sarty et al. suggests that initial cell density may play a
regulatory role in gene activity. This was interesting as previous studies by Waters and
Burke found heavy influence of quorum sensing in the repression of exsA in both V.
harveyi and V. parahaemolyticus, which could explain the induction of exsA promoter
activity beginning in early log phase as cell density remains low (Figure 9B)153,154.
In addition, although exsA in secreting conditions showed a higher level of
expression than in non-secreting conditions, the fold change was rather low, never really
eclipsing 2-fold induction. This is not surprising as data from Nydam et al. shows that
even at the mRNA level through RNA-seq and qRT-PCR, there is not a large fold
change in available transcripts172. Furthermore, the lack of robust fold change in
secreting vs. non-secreting conditions suggests that although an abundance of
transcription of exsA occurs in non-secreting conditions, there may be additional
regulators at play that prevent activation of T3SS1. Likewise there may also be a certain
threshold of exsA abundance that allows for the cascading activation of T3SS1 operons
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as suggested by Livny et al173. This could be because of the influence of small RNAs,
which could affect the translation of the mRNA product, which has been shown to affect
the translation of some T3SS1 effectors174. This would complement the threshold model
by Livney et al. quite well, as stability of these transcripts would allow them to be
translated to more ExsA protein, which could be more important than the actual fold
change of mRNA transcripts.
To examine the possible contribution of the exsB promoter, its activity was also
characterized in secreting conditions and found to have an activation profile unique and
different than that of exsA. Since there was no real information on the promoter activity
of exsB outside of the RNA-Seq data that showed that it was upregulated moderately
during infection172, there was no direct comparison for the secreting conditions. Using a
transcriptional reporter fusion, exsB promoter activity was probed in vitro. It was found
that in comparison to exsA in non-secreting conditions, where there was still a robust
induction of promoter activity, exsB stayed relatively stable throughout the 4h time
course (Figure 10A). Furthermore, although exsB has been shown to be affected by
quorum sensing repression, there does not seem to be a growth phase dependent
change in activity in any of the conditions. This may not be too surprising as exsA is
controlled by OpaR at eight predicted sites, while exsB contains only one site154.
Additionally, it was also found that although promoter activity was maximal at 180min –
identical to exsA, it neither had the same peak activity or temporal activation profile,
suggesting that these two genes may be regulated differently.
Together these observations suggest that the initial production of exsA
transcripts may be through the distal exsB promoter to establish a basal steady state
number of T3SSs, but at later time points the proximal exsA promoter drives full
expression of T3SS1 for virulence. This is in contrast to the data presented by Waters,
as their data showed that in V. harveyi drives exsA transcription through the distal exsB
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promoter, rather than the proximal promoter153. However, their data is hard to interpret,
as they performed an endpoint measurement, rather than a time course, thus their time
point could have possibly lead to show that exsB had more activity. To examine the
transcriptional profile of these two regions in conjunction during T3SS1 activation, an
attempt to clone both the promoters into the lux reporter was made, but failed to be
established in V. parahaemolyticus, possibly due in part to the exsB ORF in multi copy,
straining cell wall structure through its activity as a pilot lipoprotein.
With the observation that a hindered secretion precludes full activation of T3SS1
operons in V. parahaemolyticus through accumulation of ExsE in the cytosol143, this was
also assayed to see if it was necessary for full activation of exsB and exsA promoters.
Using T3SS null strains harbouring exsB and exsA lux reporter plasmids, it was found
that activation occurred exactly the same, regardless of having a functional secretion
system or not (Figure 11). This observation also showed that the secreting conditions
were not activating exsA and T3SS1 through a secretion feedforward mechanism from
the possible structural change of the secretion apparatus, but suggests a possible
upstream signaling cascade could be mediating the induction of promoter activity in
these conditions.
The observation of conditions that cause the most robust secretion of T3SS
effectors in P. aeruginosa occurs at 30°C possibly due to ExsD self trimerization166.
Likewise, secretion assays and promoter activation assays in the laboratory are often
conducted at 30°C, as it results in robust secretion of T3SS1 effector proteins. To
address if there are actually any difference in the activity at in vitro temperatures or at
physiological temperature, exsA promoter activity was examined at both 30°C vs. 37°C
and found to be decreased (Figure 12A). Not only that, but T3SS1 effectors VopQ and
VPA450 were found in less abundance, when secretion assays were performed at 37°C
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rather than 30°C (Figure 12B). This would be congruent with the fact that V.
parahaemolyticus typically inhabits temperate waters between 15-30°C. However, this is
not consistent with the observation that V. parahaemolyticus is cytotoxic to HeLa cells
during in vitro infections, which are held at 37°C. Additionally, humans are not
considered the main host for V. parahaemolyticus in nature, suggesting that their
intended host may thermoregulate at a different temperature. Alternatively, the
difference between secretion and promoter activity that was noted at these different
temperatures may not actually be relevant. To address this possibility, previous studies
using different isolates of V. parahaemolyticus both environmental and clinical have
found functional differences in cytotoxicity against Caco-2 cells at 28°C vs. 37°C175.
Their findings showed that clinical strains tend not to show any temperature
dependence, while many environmental strains are more cytotoxic at 28°C175. It should
be noted that although these studies found a temperature dependence in cytoxicity,
there was no evidence on which virulence factor was the main contributor. Therefore,
their experiments do not specifically isolate T3SS1 as the temperature sensitive
virulence factor.
Finally, observations from Gode-Potratz et al. suggested that the main cause of
EGTA mediated T3SS1 activation occurred through the chelation of divalent iron and not
calcium, although Sarty et al. showed repletion of calcium in secreting medium is able to
inhibit T3SS1 activation156,167. There was also additional data from Miller et al. showing
the role of the iron sulphur cluster regulator IscR in regulation of Y. pseudotuberculosis
T3SS168, which suggested that V. parahaemolyticus could possibly be similarly
influenced. To address this question, an isogenic DiscR mutant was created and a
secretion assay performed, as well as cytotoxicity assay finding no substantial difference
in the activity of T3SS1 in these strains, showing that IscR may not contribute to T3SS1
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activity (Figure 14&15). This however does not rule out the possibility that iron may
somehow regulate T3SS1 in V. parahaemolyticus as there are other iron responsive
regulators affecting T3SS expression, which is seen in Fur regulation of Salmonella SPI1 through HilD176. Control of T3SS1 by a regulator such as Fur would further confirm the
notion that T3SS1, which is found all strains, contributes to bacterial fitness through
nutrient acquisition rather than an intentional pathogenicity in humans.
4.2 ExsA Dependent Operons Are Differentially Regulated:
Initial

characterizing

of

Ysc-Family

T3SS

AraC

regulators

began

with

understanding how LcrF and ExsA worked to activate transcription in Yersinia and P.
aeruginosa. Binding characteristics were initially determined for VirF by Watiau and
Cornelis in the early 1990’s, showing that VirF bound to a specific region of DNA on
T3SS promoters on the Yersinia virulence plasmid149. This was followed by Hovey and
Frank discovering the functional homolog in P. aeruginosa in 1995, which lead to further
characterization by Yahr and colleagues, examining its binding contacts and
mechanisms146,147,177.

More

recently,

the

ExsA

homolog

was

found

in

V.

parahaemolyticus and characterized by Zhou et al. in 2008, examining the regions of
DNA that it bound, along with its functional characteristics with homologs of the other P.
aeruginosa T3SS regulators, ExsCDE141,148. Because of the similarities of V.
parahaemolyticus to P. aeruginosa, it is commonly used as a reference, however this is
not completely translatable, as these experiments will show.
The goal of this aspect of the work was to further elucidate the similarities of
ExsA dependent regulation of T3SS1 promoters in V. parahaemolyticus to the well
characterized ones in P. aeruginosa. To accomplish this, alignments of all T3SS1
promoters were conducted and visualized to look for similarities (Figure 16). This began
with searching for ~60-80bp fragments of promoter regions that contained typical ExsA
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binding domains found in P. aeruginosa ExsA regulons and the TTTAGn4TT motif. Using
this approach was deemed efficient, as studies by King et al.
noted that ExsA from V. parahaemolyticus could functionally complement P.
aeruginosa147. Furthermore in those studies it was also sensitive to mutations to the
exact same areas of the promoter regions as its counterpart147. This visualization of
T3SS1 operons allowed examination of the regulatory regions for similarities and
differences, which was noticed right away. In the alignments it was discovered that many
of the T3SS1 promoters had an extra region upstream of the polyA or Box 2 region of P.
aeruginosa promoters. This TTTAGn4TT or Box 3 region was a unique region up until
now and was only really characterized in two V. parahaemolyticus promoters vp1687
and vp1668148. With the alignment, this unique regulatory region was expanded to be
found in many of the other T3SS1 promoters, with vary amounts of conservation
between different promoters. This unique consensus site so far, has only been found in
VirF regulated genes on the Yersinia pYV virulence plasmid in isolated or inverted
repeats149. This is quite different to V. parahaemolyticus as mainly isolated repeats of
this consensus are seen, which made a case of to explore. Furthermore, although first
found in Yersinia, the contributions of this binding site to promoter activation has never
been assessed.
To see the functional roles of these ExsA dependent promoter elements, a
subtractive approach was used to characterize individual elements. The first promoter
used to examine these regions was wild-type exsD as its transcriptional regulation is
reliant on ExsA protein binding to its promoter region14,141. Initial characterization
examining exsD transcription using the lux reporter fusions found a distinct temporal
activation profile, showing maximal activation of the exsD promoter occurred before the
maximal activation of the exsA promoter (Figure 17). Furthermore, in non-secreting
conditions exsD still showed high amounts of transcriptional activity, suggesting that
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exsD may either have higher affinity to the ExsA protein. Alternatively, it may be
activated strongly under normal conditions to maintain a homeostatic balance, as it is the
negative regulator of ExsA. This furthermore is complemented by the RNA-seq data from
Nydam et al., as in all conditions they tested exsD activity remained elevated, including
LB-S172.
With the temporal profiles for wild-type exsD characterized, possible changes to
the promoter were proposed to examine the possible regulatory regions which were
recognized in the alignments. This began with creating a truncation of the exsD promoter
which removed the predicted Box 3 element and cloning it into the lux reporter to look at
transcriptional activity. Initial characterization of this truncated promoter fragment as
compared to the full regulatory region yielded no changes in temporal activation (Figure
18) or temperature dependence (Figure 19), which suggested a few things. Firstly, that
at least in the context of exsD, there is no functional requirement for the Box 3 region
that we predicted. Secondly, that observation that ExsD trimerization, at 30°C vs. 37°C
in vitro for P. aeruginosa which prevents ExsD inhibition of ExsA does not hold true for
V. parahaemolyticus166. Finally, the lack of change in 30°C vs. 37°C shows that if there is
any thermoregulation of T3SS1 in V. parahaemolyticus, it most likely occurs upstream of
exsA.
At first glance, it would be easy to disregard the truncation data as there was no
visible phenotype, however a further look at the region deleted would reveal a possible
secondary motif that is found in some other T3SS1 regulons, which extends to Box 3
region. These extra bases found in some promoters extends the TTTAGn4TT by 4
bases, adding a GAAA to some promoters, which itself could be important to activation.
Furthermore, another issue with the exsD promoter is that part of its predicted Box 3
region lies within part of the ORF for exsA, which may cause it to be degenerate or
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nonfunctional, as it would interfere with the normal transcription of exsA. This overall
suggested that exsD may not be regulated the same way as other ExsA-dependent
promoters and exposes the possibility that certain T3SS1 genes may be under tighter
regulation than others.
As the exsD promoter did not show any sensitivity to the loss of the predicted
TTTAGn4TT motif, vp1687 which is the promoter for the operon containing vopS and its
chaperone was examined instead. This promoter was chosen for its ability to bind to
ExsA at its Box 3 region shown by Zhou et al. and during mutation analysis could be
mutated to remove binding by changing its Box 3 to CCCCCATACC148. To characterize
this promoter initially, the wild-type promoter was cloned into the lux reporter and its
activation profile examined in secreting conditions. In contrast to exsD, vp1687 showed
tighter regulation of its activation, which was completely opposite to exsD that showed
significant activation even in non-secreting conditions (Figure 20). It also showed peak
activity at a much later time point than exsD, which was a formidable comparison,
because it reinforced that there may be different peak activation characteristics arising
from the possible binding kinetics of ExsA to these two regulons.
Because of the large difference in activation between the secreting and nonsecreting conditions, the vp1687 promoter was a good choice for our promoter mutation
experiments. Promoter mutants for all three regions were first designed and cloned into
the lux reporter, using previous data from Zhou and King on binding contacts as a
reference147,148. It is important to note that these experiments were designed to look at
gross changes in phenotypes, which is why each of the regions mutated were done with
multiple substitutions to give the highest possibility for a loss of function. Of the 3
mutations, Box 3 was mutated exactly to the same sequence used by Zhou, as it served
as a good control due to their observation that ExsA is unable to bind to that mutated
region148. The other two regions were mutated by changing the polyA region into a
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region containing polyC, and Box 1 was mutated to remove any possibility of a GnC
sequence to precede the degenerate “-35” box. When the activity of each of these
mutations alongside wild-type vp1687 were probed, it was found that all three boxes
contributed to the full activation of vp1687 (Figure 21).
Of particular interest was that the loss of activity in the Box 3 mutant, which
showed that a loss of binding found by Zhou et al., translated to a direct loss of function
of the this particular promoter148. In addition, the diminished promoter function found in
the Box 1 and Box 2 regions, agreed with earlier findings in that these regions were
indispensable for full activation of T3SS regulons in P. aeruginosa, through direct
contact of ExsA to DNA147. The finding that V. parahaemolyticus, has a functional
requirement of this Box 3 region in some promoter elements but not others, suggests
that activation of individual promoters is not homogenous. Furthermore, the TTTAGn4TT
motif which has been found in VirF promoters and V. parahaemolyticus T3SS1
promoters, suggests that V. parahaemolyticus T3SS1 regulation occurs possibly as a
hybrid of both systems of Yersinia and P. aeruginosa. Moreover, since the finding of this
TTTAGn4TT region in Yersinia in the early 1990s, there has not been any further
information on the possible regulatory role played by this element, which opens the
doors to further investigation in our pathogen. Further examination to this relationship
could possibly find that functionally, while V. parahaemolyticus may be under a similar
signaling cascade as P. aeruginosa through ExsACDE, but molecular activation of ExsA
dependent operons may resemble what is seen in Yersinia.
With the contrasting observations from the temporal activation profiles of exsD
and vp1687 promoters in the lux reporters, a tool was created that could examine the
peak activation kinetics of all T3SS1 promoters at the same time was created. To
accomplish this, an epitope tagged exsA in a wild-type V. parahaemolyticus background
was generated. This involved replacing wild-type exsA with a C-Terminus FLAG tagged
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version through allelic replacement using a suicide plasmid. This was accomplished
through conjugation of the plasmid, followed by chloramphenicol selection, then sucrose
counter selection. After showing that this new strain retained its wild-type phenotype
(Figure 22&23), this strain can not only be used to probe protein related changes of
ExsA, but the binding kinetics of ExsA to T3SS1 promoters. By replacing the wild-type
exsA allele with an epitope tagged version, a system was created that would allow the
use of ChIP, which would involve crosslinking DNA bound ExsA and examining the
enrichment of certain T3SS1 operons through qPCR. It would be expected that tool
could be used to not only show that exsD and vp1687 promoter activity are different in
the lux reporters, but that this is directly related to the enrichment of ExsA binding to the
DNA.
4.3 Concluding Remarks:
The predominant goal of this work was to characterize the exsA promoter and its
regulation in secreting conditions, for a better understanding of the regulatory
mechanisms behind its expression. Using RT-PCR, it was able to be shown that like V.
harveyi, V. parahaemolyticus is able to transcribe exsA from both a proximal promoter
and a distal exsB promoter153. Furthermore, from experiments using lux reporter fusions
observations showed that although exsB and exsA both have distinct activation kinetics,
they are both induced in secreting conditions starting from a low initial inoculum.
Additionally, through examination of these promoters in different conditions, it was found
that although exsB and exsA promoter activity is independent of a functional T3SS1,
temperature influences both the activation of the exsA promoter and secretion of T3SS1
effectors.
As the secreting conditions in these experiments rely on the selective chelation of
divalent ions with magnesium supplementation, the possible role of divalent iron as a
signaling molecule was examined. With observations from Gode-Potratz et al. and Miller
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et al. on the influence of iron on T3SS activation in V. parahaemolyticus and Yersinia,
the contribution of iscR on T3SS1 activation was examined. Although there was no
distinct phenotype found when an isogenic mutant was generated, these results do not
disprove the involvement of iron as a T3SS1 activator as there are many other iron
sensing genes encoded by bacteria, such as Fur which could contribute to the
expression of T3SS1.
Finally, the results from the examination of T3SS1 operons found functional
requirements for certain motifs in T3SS1 promoters, but further characterization needs to
be performed to really understand what contributions are being made. By aligning all
known T3SS1 promoters and visualizing their consensus regions, a novel motif found in
the T3SS1 promoters of V. parahaemolyticus was illustrated but not in P. aeruginosa.
This motif which resembles an inverted repeat previously found in Yersinia VirF regulons
was assessed for its importance in activation T3SS1 promoters. Using lux reporter
fusions, it was showed that while the vp1687 promoter shows sensitivity to mutations in
Box 3, a truncation of the predicted Box 3 region does not change activity in exsD.
These experiments were also able to show that these two promoters also have a
different pattern of activation kinetics, which supports the future use of the exsA-FLAG
V. parahaemolyticus for ChIP. With these results, there are many different aspects of
T3SS1 regulation that can be examined in V. parahaemolyticus in the future to
characterize the molecular mechanisms of activating ExsA regulons and T3SS1.
4.4 Future Directions:
Further study into the promoter of exsA will have to be done to paint a better
picture of what is going on in T3SS1 activating conditions. Although this data shows that
there is an indeed an induction of promoter activity in secreting conditions, it does not
fully characterize where within the promoter are the elements acting to activate exsA
transcription. Knowledge of the exsA promoter at this time has found that a majority of
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the transcription factors acting on it bind downstream of the transcriptional start site, this
includes the repression mediated by OpaR and H-NS151,154. Because the intergenic
space between exsB and exsA is around ~800bp, with the transcriptional start site
440bp (Figure 8) ahead of the start codon, there is more than 300bp of intergenic space
ahead of the transcriptional start site of the exsA promoter that could bind transcriptional
regulators. Therefore, to show that this region could possibly be where regulation is
occurring independent of OpaR and H-NS, a region containing only the transcriptional
start site and upstream region should be cloned into pJW15 and examined for activity.
Furthermore, to complement this data, truncations of the upstream regions of full length
exsA promoter towards the transcriptional start site would be very important to see if
basal promoter activity is supported by a constitutively active promoter. These assays
would allow us to understand if the transcriptional control at the exsA promoter is from
gene activation, or de-repression of a constitutively active promoter through inhibition of
repressors.
Recently, there have been significant strides in the study of translational
regulators of genes in bacteria through sRNAs or RNA secondary structure. These
control the expression of genes by either activating or repressing their translation by
ribosomes. Evidence of their contributions to T3SS are strong, including work in P.
aeruginosa showing that exsA needs the aid of a RNA helicase for strong translation178.
Furthermore, although Yersinia yscW and lcrF are transcribed together, a RNA
thermometer located between the two genes only allows translation of lcrF at 37°C179. In
V. parahaemolyticus, the contributions of these regulators is not well characterized,
however some evidence of translational control of T3SS1 control exists. In Vibrio spp.
there has been a lot of work in the field of sRNAs from Feng on quorum sensing
regulated qrr sRNAs which act indirectly on OpaR repression180. Other sRNAs are also
known to contribute to a plethora of signaling, from stress to nutritional changes in the
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environment. Earliest study of sRNA regulation of T3SS1 in V. parahaemolyticus was
first studied by Nakano et al. in 2008, showing that deletion of the sRNA chaperone hfq
resulted in significant reduction in expression of Tdh, VopC, VopT and VopS181. This was
then further characterized by Tanabe et al. in 2015, finding that sRNA mediated
repression of vopS translation resulted from the binding of glucose regulated sRNA Spot
42174. When this sRNA bound to the ribosome binding site of vopS mRNA transcripts, it
prevented the expression of it and its chaperone by blocking ribosome acess174.
To better understand not only the transcriptional regulation but translation
regulation of exsA a different reporter system could be used to examine the expression
of exsA transcripts. This would involve using possibly a monocistronic reporter, that does
not require assistance to fold or the requirement of active metabolism like any number of
fluorescence proteins, GFP, RFP etc. Using this reporter would require the fusion of the
first few amino acids of the reporter to the gene and promoter, which would allow the
translation of the reporter from the endogenous ribosome binding sites of the gene.
Furthermore, the advantage of using this system would allow use both plasmid based
reporters, or for more representative results, a reporter that sits within the chromosome
at the site of the gene itself through allelic replacement182. Not only does moving this
system on the chromosome create a cleaner construct, but having a single protein
reporter allows this new reporting strain to be highly useful to do mutagenesis
experiments such as tn5 transposon mutagenesis and screen for regulators of both
transcription and translation.
Another approach that could be taken if the chromosomal translational reporter
was not feasible, would be a DNA pull down assay. This would complement the
promoter truncation data quite well, as biotinylated DNA probes could be shortened to
the range of the responsive elements found in those experiments. By growing up
bacteria in secreting conditions and harvesting their lysates, biotinylated DNA probes
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would be incubated with lysates and immunoprecipitated, allowing DNA binding proteins
to bind to the probes and be isolated. To examine the protein bound DNA, SDS-PAGE
would be performed and gels stained, visualizing the DNA binding proteins bound to
those DNA regions. After examining the gels for proteins bound to the DNA probes,
those bands could be excised and further characterized by mass spectroscopy. The
downside of this technique is that it only probes for transcriptional regulators, thus if the
control of exsA expression was more towards translation regulation through RNA
interactions, this method would be biased against those results.
With the finding that ExsA dependent promoters in V. parahaemolyticus are
differentially regulated than that of P. aeruginosa, there are many opportunities to bridge
the gap of knowledge. First of all, with the observation that exsD is highly activated in
non-secreting conditions, while vp1687 is not, suggests that exsD promoter activity may
not be heavily dependent on the ExsACDE secretion feedforward mechanism. Testing
the reliance of this regulatory cascade on these two promoters can be done relatively
rapidly by moving both exsD and vp1687 lux reporter plasmids into secretion deficient
background strains and assaying them in secreting conditions. If this were to be true, it
would be expected that exsD would show similar activation kinetics in both conditions,
regardless of ExsE secretion from the cytosol.
In P. aeruginosa, ExsA is also known to cause DNA bending in its promoters to
allow for the dimerization and recruitment of Sigma70 to activate transcription147. To
examine if the Box 3 region contributes anything extra to DNA bending in V.
parahaemolyticus, a circular permutation assay would need to be conducted. This assay
relies on the observation that bent DNA migrates through acrylamide gels at slower rate
and by varying the location of the bent in a known length of DNA, mathematics then can
be used to figure out the angle of the bend caused by the binding of ExsA to its
promoters or certain promoters. Using this method, different mutant promoter fragments
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could be examined for their ability not only bind ExsA, but bend the DNA in a way that
allows for efficient activation of transcription. Additionally, it may be important to examine
the Box 3 region in promoters regions again, as the observation in Yersinia finds that this
element can also be present as an inverted repeat in some cases149. This would be
especially important for divergent ExsA-dependent promoters which may benefit from
DNA bending that brings two sections closer together. Thus looking for the presences of
repeats of this element could be crucial in unravelling its importance as a regulatory
element of ExsA dependent promoters.
Finally, with the evidence presented that there is indeed differential activation
kinetics for different ExsA dependent promoters in the lux reporter assays, this should be
examined to see if this holds true in an in vitro infection model. This would take
advantage of the FLAG tagged exsA on the chromosome that retains its wild-type
phenotypes, which would make an effective candidate for ChIP analysis, comparing the
in vitro secretion assays to and an in vitro infection model. By doing such a method,
there is no restriction to probing just one promoter at a time, but all T3SS1 promoters at
the same time using qPCR to measure enrichments of certain promoters during different
times of infection or secretion. Together, these directions will lead to a better
understanding of not only the expression of exsA – the master regulator of T3SS1 in V.
parahaemolyticus, but the intricacies of activating type III secretion, which further
contribute to the coordination of pathogenicity in T3SS containing bacteria.
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