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Abstract
In recent years, a type VI secretion system (T6SS) has been discovered and
characterized in many pathogens. However, many of the components of the secretion
system have not been properly characterized. One of these subunits is the tssG gene
(BB0800). Previous research has not determined a function or role for the highly
conserved gene. We have studied the type VI secretion system in Bordetella
bronchiseptica strain RB50, focusing specifically on tssG. We created recombinant TssG
and introduced it to cultured macrophages. We then analyzed the media for cytotoxicity
and the RNA present in the macrophages at varying time points to study the effect of
TssG on the immune system. We determined cytotoxicity of TssG relative to RB50 based
on the levels of LDH in the media following exposure to TssG. We concluded that TssG
was not enough to cause cytotoxicity in cultured macrophages. We next analyzed RNA
from the exposed cultured macrophages using RT-qPCR and compared the levels of IL1β, IFN-γ, IL-4, IL-17, and IL-10. qPCR indicated that TssG downregulates the levels of
IL-1β and IL-4 and upregulates the levels of IL-10. This change in cytokine production
indicates that TssG acts on the immune system to limit inflammation as well as prevent
the involvement of the adaptive immune response. Together, our data indicates that TssG
is able to elicit an immune response from cultured macrophages and may play a role in
the virulence of the type VI secretion system. However, further research and experiments
must be conducted to confirm this role.
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Introduction
The genus Bordetella contains species that are Gram-negative coccobacilli and
cause diseases of the respiratory tract. Of the genus Bordetella, there are three classical
species: B. bronchiseptica, B. pertussis, and B. parapertussis. B. pertussis and B.
parapertussis are the causative agents of whooping cough in humans, a highly
contagious, acute respiratory illness1. B. bronchiseptica however does not typically cause
disease in humans, but does cause chronic respiratory infections for a wide range of
mammalian species2. B. bronchiseptica is of particular interest to this project because of
the existence of a type VI secretion system3.
Bacterial secretion systems release virulence factors into the surrounding medium
or translocate them into the target host cell4. These systems are widespread in bacteria
and allow them to infect eukaryotic cells and survive or replicate within them4. In recent
years, a new secretion system, the type VI secretion system (T6SS) has been discovered
and has been characterized in several pathogens4. (Figure 1)

Figure 1: The type VI secretion system locus in B. bronchiseptica strain RB50 (Weyrich et al 2012)

Research has suggested that the T6SS mimics machinery used by bacteriophage
to puncture the target cell membrane and translocate effector proteins into the cell5. A
few components have been partially characterized, including an IcmF homologue, the
ATPase ClpV, a secreted valine-glycine repeat protein (VgrG), and hemolysin
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coregulated protein (Hcp)6,7. The structural similarities of Hcp and VgrG to components
of viral injection machineries indicates that they do not act as classical secreted effectors
but are rather structural components of T6SSs that might be released into cells upon
mechanical shearing5. However, many more components of the T6SS are undefined.
There are thirteen subunits that make up the core apparatus of the T6SS that are
highly conserved and seem to be required for the function of the T6SS8. Of the thirteen
conserved genes, there are a few resulting proteins for which no function has been
discerned8. One such protein is the TssG protein, annotated in the RB50 genome as
BB0800. TssG is highly conserved across many bacteria (Figure 2).

Figure 2: tssG is highly conserved among pathogenic bacteria. (A) BLAST results with a graphical overview and the pairwise
sequence alignment. Red color indicates a highly conserved region. Length shows the length of the sequence that is conserved. (B)
This phylogenetic tree shows how closely related the BB0800 sequences are across species of bacteria. (work was compiled by Dr.
Jihye Park)
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Figure 2: tssG is highly conserved among pathogenic bacteria. (A) BLAST results with a graphical overview and the pairwise
sequence alignment. Red color indicates a highly conserved region. Length shows the length of the sequence that is conserved. (B)
This phylogenetic tree shows how closely related the BB0800 sequences are across species of bacteria. (work was compiled by Dr.
Jihye Park)

Basic Local Alignment Search Tool (BLAST) was used for calculating sequence
similarity, based on local alignments of the chosen protein sequence (BB0800) against
non-redundant protein sequences database9. Figure 2A shows the BLAST output with a
graphical overview and the pairwise sequence alignment. The bit score gives an
indication of how good the alignment is; the higher the score, the better the alignment9.
The E-value gives an indication of the statistical significance of the alignment; the lower
E-value, the more significant9. Most of the aligned sequences in the figure show high bit
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scores (>248), high query coverage (>80%), low E-value (<1e-80), and high % identity
(>64%), suggesting that BB0800 is highly conserved across bacteria. Figure 2B is a
phylogenetic tree based on protein sequences from BLAST results with 1,000 bootstrap.
Bootstrap values indicate how consistently the phylogenetic tree was constructed based
on given protein sequences. For the classical Bordetella branches, they cluster together
100% of the time, indicating that they are closely related to one another. Also, the tree
indicates that the classical species of Bordetella are closely related to Bordetella petrii
and Achromobacter bacteria. In addition, this tree shows BB0800 is highly conserved
across many different species of bacteria.
Although the sequence is widespread, nothing is known about the function of the
tssG gene. It has been predicted that TssG is not anchored to the membrane but is instead
a soluble cytoplasmic protein10. Regardless of the specific function of TssG, the T6SS in
B. bronchiseptica has been shown to affect bacterial virulence in vivo, as well as affect
the immune response of macrophage cells3. In addition, T6SSs are able to kill
neighboring, non-immune bacterial cells through the secretion of anti-bacterial proteins10.
This ability contributes to the pathogenesis of the T6SS bacteria by allowing them to
outcompete nearby bacterial cells and colonize their niche.
In the lungs where Bordetella colonizes, an important type of resident cells is the
alveolar macrophages. Macrophages play important roles in immune response, such as
ingesting and processing foreign materials11. When macrophages sense a pathogen, they
produce cytokines and chemokines to attract other immune cells to the area. The type of
cytokines produced tells the other immune cells how to act in response to the threat. In
this project, we will look specifically at five types of immune responses: the initial pro-
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inflammatory response (IL-1β), the Type 1 response (IFN-γ), the Type 2 response (IL-12
& IL-4), the Type 17 response (IL-17), and the anti-inflammatory response (IL-10).
The initial pro-inflammatory response in regulated by the interleukin-1 (IL-1)
family. IL-1 family members are made by and act on innate immune cells to enhance
their survival and function12. In addition, they serve as a crucial links in translating innate
immune responses into the appropriate adaptive immune responses; specifically the
differentiation of TH17 cells12. The IL-1 family comprises 11 members: IL-1α, IL-1β, IL1 receptor antagonist (IL-1Ra), IL-18, IL-33 and IL-1F5–IL-1F1012. The major
interleukin involved in the pro-inflammatory response is IL-1β. IL‑1β is secreted and
circulates systemically, is mainly produced by monocytes and macrophages, and is
important for the induction of fever12.
The Type 1 immune response is generally characterized by the presence of
interferons (IFNs). Interferons can be separated into two classes, Type I IFNs are potent
antiviral immunoregulators, whereas Type II IFNs enhance antibacterial immunity13.
IFN-γ is a Type II IFN and is crucial for immunity against intracellular pathogens and for
tumor control14. Upregulation of IFN-γ contributes to macrophage activation by
increasing phagocytosis and priming the production of proinflammatory cytokines and
potent antimicrobials14.
The Type 2 immune response is associated with the influx of interleukin 12 (IL12). IL-12 is a heterodimeric pro-inflammatory cytokine that induces the production of
interferon-gamma (IFN-γ), favors the differentiation of T helper 1 (TH1) cells, and forms
a link between innate resistance and adaptive immunity15. Another important cytokine in
the Type 2 response is interleukin 4 (IL-4). IL-4 was first identified as a cytokine that is
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instrumental in the generation of T helper 2 (TH2) responses, which are key in the defense
against extracellular pathogens15. The Type 17 response is categorized by the presence of
interleukin-17 (IL-17). IL-17 plays a part in the cascade of immune response by
stimulating cytokine production16. IL-17 also helps stimulate immune defenses in the
lungs, which is the colonization site for Bordetella17. The final immune response studied
is the anti-inflammatory response of interleukin-10 (IL-10). In general, IL-10 limits the
immune response to pathogens and prevents damage to the host18.
For this project, we are interested in identifying putative effector proteins that
may play a role in the observed killing of macrophages and the stimulation of cytokines.
Specifically, we are interested in investigating the specific function of tssG and its
influence on the immune system. To do this, we will try to knock out tssG to determine if
it is necessary for T6SS virulence, and make recombinant protein to determine if TssG
alone is sufficient to kill or elicit an immune response in cultured macrophages.

7
Materials and Methods
Bacterial Culture
B. bronchiseptica strain RB5019 was cultured in Stainer-Scholte media20 to midlog phage shaking overnight at 37°C. Genomic DNA was extracted from 5mL cultures
using the QIAamp DNA Blood Mini Kit (Qiagen). BL21 cells were cultured in Luria
Bertani liquid media to mid-log phase shaking overnight at 37°C.

Construction of RB50∆ tssG (BB0800) strain
The inframe deletion construct for BB0800 (tssG) was designed using a
previously described strategy21. A PCR product containing 5’ BamHI and 3’ EcoRI
restriction sites with 366 bp upstream of the 5' end of tssG was made using RB50
genomic DNA (see Table 1). A second PCR product, containing 677 bp downstream of
tssG and flanked by 5’ EcoRI and 3’ BamHI sites (see Table 1), was also amplified. PCR
reaction conditions were optimized by using a gradient of annealing temperatures from
58o-64oC. The fragments of the appropriate sizes were gel extracted with the E.Z.N.A.
Kit (OMEGA), digested with EcoRI (New England Biolabs), and ligated overnight using
T4 ligase (New England Biolabs) on ice. The resulting ligation mixture was used as
template and amplified by PCR with the 5′ F and 3′ R primers (see Table 1). The
amplified construct was then ligated into the pJET vector (Thermo Scientific) for
sequencing.
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Expression of tssG protein
Recombinant TssG protein was generated by cloning a PCR-amplified transcript,
containing tssG flanked by 5’NcoI and 3’XhoI sites, into pET-28b (Novagen). This tags
the protein with C terminal 6X His residues. 50mL cultures of BL21 cells transformed
with the expression construct were grown at 37°C to an OD600 of 0.5. 100µM IPTG was
added, and cells were induced for 3 hours, shaking at 37°C. The bacteria were pelleted by
centrifugation at 10,000 x g for 10 min and resuspended in lysis buffer with 1 mM
PMSF22. The cells were sonicated and centrifuged to remove debris. The supernatant was
loaded onto the 1mL Ni-NTA column (Qiagen). The column was treated with wash
buffer, and the protein was eluted with 100mM imidazole suspended in column buffer.
Protein was quantified using BCA assay (BioRad).

Lactate Dehydrogenase Release Cytotoxicity Assay
RAW 264.7 cells (ATCC #TIB-71) were cultured in Dulbecco's modified Eagle's
medium (DMEM, Difco) supplemented with 10% fetal bovine serum and 1% penicillinstreptomycin. The cells were grown to 75% confluency in 5% CO2 at 37°C in 96-well
plates (BD Bioscience). The media was then replaced with RPMI medium lacking phenol
red (Difco) with 5% fetal bovine serum for 3 hours prior to the experiment. 100µg
recombinant TssG protein or RB50 diluted in RPMI at multiplicities of infection (MOI)
of 1 were used to treat the macrophages. The plates were centrifuged at 500rpm for 10
minutes and incubated in 5% CO2 at 37°C for 2 and 4 hours. The cell culture supernatants
were harvested. Lactate dehydrogenase (LDH) levels were measured according to the
manufacturer’s instructions using the Cytotox 96 kit (Promega).

9
Cell Culture and RNA Extraction
RAW 264.7 macrophages (ATCC #TIB-71) were seeded at a density of 2 x 106
cells per well in 6-well flat bottom tissue culture treated plates (BD Falcon) and grown in
Dulbecco's modified Eagle's medium (DMEM, Difco) supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin. The RAW 264.7 cells were incubated in
5% CO2 at 37°C for 3 hours to allow the cells to attach to the tissue culture dish. 100
µg/ml of purified recombinant TssG protein were added to the well, leaving the zero time
point as an uninoculated control. All plates were spun at 500 rpm for 10 minutes to
promote contact with the protein. Each plate was then incubated for 2, 4, and 6 hours
respectively. At each time point, the media was removed and stored for TCA
precipitation. Cell lysate was harvested in 1mL Trizol for RNA extraction. Trizol
extraction was performed according to previously established methods23. The extracted
nucleic acid was treated with RNase free DNAse I (Ambion) for 20 minutes at 37°C to
remove DNA contamination and then the concentration of RNA was measured by
Nanodrop.

RT-qPCR
1µg of RNA from each sample was used to synthesize cDNA using the
Superscript III First Strand Synthesis System (Invitrogen) according to manufacturer’s
instructions. The resulting cDNA was used as a template for qPCR. SYBR GreenER
(Invitrogen) master mix was used with various primers (see Table 1) and ROX as a
passive reference dye. 2 µl cDNA and 23 µl master mix were added to each well of a 96well optical reaction plate (Denville), and each plate was run using an Applied
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Biosystems 7300 Real-Time PCR System. All samples in addition to no-template
controls and no-reverse transcriptase control were with three biological replicates in
duplicate. The data were analyzed using the ΔΔCt method, and expression of all genes
was normalized to the murine GAPDH reference gene23. The data are mean increases
relative to samples harvested after 0 hours treatment.
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Results
Is tssG necessary for virulence in B. bronchiseptica strain RB50?
First, we wanted to determine if tssG is necessary for virulence in the B.
bronchiseptica strain RB50. To accomplish this, we attempted to construct a mutant with
tssG knocked out. The strategy was to purify genomic DNA and use it as a template to
amplify the desired fragments. We then would excise the desired fragments and ligate
them together to form one construct. The construct would then be placed into the pJET
vector for sequencing, amplification, and safekeeping. The construct could then be cut
out of pJET and ligated into the pSS4245 allelic exchange vector for mating. The
pSS4245 plasmid would then be mated into RB50 and used to get the "deletion construct"

A

Figure 3: Strategy for the construction of tssG KO. (A) allelic exchange design for the tssG knockout (compiled by Xuqing
Zhang). (B) 5’ and 3’ components of tssG knockout. Blue boxes indicate excised regions. (C) PCR of the ligated construct.
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Figure 3: Strategy for the construction of tssG KO. (A) allelic exchange design for the tssG knockout (compiled by Xuqing
Zhang). (B) 5’ and 3’ components of tssG knockout. Blue boxes indicate excised regions. (C) PCR of the ligated construct.

to recombine into the genome, knocking out tssG. Figure 3 shows the design of the
allelic exchange, the PCR of the 5’ and 3’ components of the construct, and the PCR of
the ligated fragments. We successfully completed the creation of the 5’ and 3’ fragments
according to plan (Figure 3B); however, we had issues amplifying and ligating the
fragments together prior to ligation into the pJET vector. A second round of PCR was
attempted to ligate the two fragments together to create one construct. The PCR was run,
but gel purification showed that no viable constructs were obtained (Figure 3C). The
issues will be discussed in the next section.

Expression of Recombinant tssG
We next focused on the effect TssG has on the immune system. To accomplish
this however, we needed to first express recombinant TssG to use in our experiments. To
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do this, we generated a
recombinant TssG
protein by cloning a
PCR-amplified
transcript containing
tssG into a plasmid
(pET-28b). BL21 cells
were transformed with
the plasmid expression
construct and grown.
The cells were then
induced with IPTG. The
bacteria were pelleted
after 3 hours and TssG
was purified using a
Nickel column. The
protein was then
Figure 4: Expression and purification of tssG. (A) Induction of tssG by IPTG.
(Kalyan Dewan, unpublished) (B) Purification of tssG with a Nickel column. (Kalyan
Dewan, unpublished) (C) Purity of TssG final product

quantified using a BCA
assay. Figure 4 below

illustrates the steps to this process. The gel in Figure 4C indicates that the recombinant
TssG is about 60-70% pure. The initial concentration of the protein was 2.89 mg/mL, and
each subsequent lane was a 1:2 dilution. This is an important detail, as we will have to
factor this in to our future analysis.
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TssG is not sufficient to cause cytotoxicity of cultured macrophages
A substance is considered cytotoxic if its presence is toxic to other cells. To
measure cytotoxicity, there are a number of methods one could use. One of the most
common ways to determine cytotoxicity is by evaluating membrane integrity. Membrane
integrity can be assessed by monitoring the passage of substances that are normally
sequestered inside cells to the outside. One of these substances is lactate dehydrogenase
(LDH). LDH is an enzyme present in a wide variety of organisms and catalyzes the
conversion of Pyruvate to L-Lactate24. This enzyme is commonly found within muscle
cells. Since LDH functions inside the cell during glycolysis, its presence in media
indicates low membrane integrity. In an LDH cytotoxicity assay, we measure LDH
products after termination of the enzymatic reaction with an inhibitor using a microplate
reader25. We can then relate the levels of LDH in the media to overall cytotoxicity. Figure
5 shows the % cytotoxicity calculated based on the levels of LDH in the media after 2
and 4 hours.

Figure 5: Cytotoxicity of tssG.
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As shown in Figure 5, TssG alone is not adequate to cause cytotoxicity of
cultured macrophages. There is some natural cell death that occurs in culture, and
“normal” levels of LDH release are indicated by the % cytotoxicity of the media control.
At 2 hours of incubation, TssG alone and RB50 MOI 10 seem to have increased
cytotoxicity as compared to the control, while RB50 MOI 1 has slightly reduced levels of
macrophage killing compared to the media control. However, there are large error bars
for media control, TssG, and RB50 MOI 10, which indicate that the results are not
statistically significant. The data accumulated at 4 hours has much smaller error bars and
therefore much higher reliability. The LDH assay indicates that at 4 hours, the presence
of TssG alone is less effective than both RB50 MOI 1 and RB50 MOI 10 at killing the
macrophages. Interestingly, more cells were killed in the media control than with TssG
alone. This could indicate a possible protective function of TssG alone to the cultured
macrophages to be discussed in the next section.

TssG is sufficient to alter the cytokine response of cultured macrophage cells
After determining that TssG alone is not able to kill macrophages, we wanted to
determine what effect, if any, it had on the immune response. RAW 246.7 macrophages
were grown in media, and then 100 µg/ml TssG was added. The zero time point was left
as an uninoculated control. At 2, 4, and 6 hours the media was removed and RNA was
extracted from the harvested cell lysate. cDNA was synthesized from 1 µg of RNA and
used as a template for qPCR. Expression levels relative to t=0 for each of the five
interleukins tested were determined and analyzed using the ΔΔCt method. Figure 6 shows
the relative fold change.
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Figure 6: Expression of interleukin genes in response to tssG. (A) Upregulation of IL-10. (B) Downregulation of IL-4.
(C) Downregulation of IL-1β.

The interleukins we tested were IL-10, IL-4, IL-1β, IFN-γ, and IL-17α. However,
IFN-γ, and IL-17α were not detectable in the qPCR. Because of this, we were not able to
make any discoveries about the transcriptional changes of IFN-γ and IL-17α. The reasons
behind this lack of data will be discussed in the next section. We were able to obtain
results for IL-10, IL-4, and IL-1β however. Figure 6A shows an increase in the
transcription of IL-10. The graph also clearly illustrates an upward trend, indicating that
the production of IL-10 increases the longer TssG is present. Figure 6B also indicates a
change in interleukin production. The graph in Figure 6B illustrates that the presence of
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TssG downregulates IL-4 production. There is a large error bar for the 2-hour time point,
rendering this data point relatively unreliable. Examining the 4 and 6-hour time points
only, there is a visible trend where the levels of IL-4 decrease with longer contact with
TssG. The relative fold change for IL-1β (as shown in Figure 6C) is slightly less defined.
Overall there seems to be a downregulation in the levels of IL-1β after exposure to TssG.
The data point at 2-hours has a large error bar and is relatively unreliable, however both
the 4-hour and 6-hour time points show clear downregulation. It is also interesting to note
that the levels of IL-1β were more severely downregulated after 4 hours than after 6
hours. This will be discussed further in the next section.
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Discussion
The type VI secretion system is a novel mechanism with numerous implications
for understanding bacterial pathogenesis. A number of prominent Gram-negative
bacteria, such as Vibrio cholerae, Pseudomonas, Salmonella, and Escherichia coli use the
type VI secretion system to transport virulent proteins across the bacterial envelope7. The
type VI secretion system includes a wide variety of proteins, some of which share
structural features with the cell-puncturing device of the T4 bacteriophage, and may be
used in a similar fashion by bacteria to puncture host cell membranes and insert the T6SS
apparatus into the host cytosol7. Not only is the type VI secretion system virulent towards
eukaryotic cells, but type VI secretion systems are also able to kill neighboring bacterial
cells. Bacteria with type VI secretion systems do this by secreting anti-bacterial proteins
directly into the periplasm of the target cells upon cell-to-cell contact10.
Of the three classic Bordetella strains that have been sequenced, B. bronchiseptica
strain RB50, B. parapertussis strain 12822 and B. pertussis strain Tahoma I, RB50 is the
only strain whose T6SS is predicted to be functional. RB50 is also the only one of these
strains known to be cytotoxic to macrophages; B. pertussis and B. parapertussis have
been shown to be non-cytotoxic for up to six hours in vitro3. We chose to study tssG
because it is so highly conserved across species of bacteria, but no significant function
has been defined.
In an attempt to determine if tssG is necessary for virulence in B. bronchiseptica,
we wanted to create a mutant strain with an inframe deletion of tssG. The basic premise
of the knockout construction is to construct a fragment to the “left” and “right” of the
tssG gene and inserting a restriction enzyme site in its place. This new construct has the
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upstream and downstream genes untouched and inframe, but eliminates the central
coding region of tssG. The construct is amplified by PCR and ligated into the pSS4245
allelic exchange vector. This plasmid would then be mated with RB50 to get the
“deletion construct” to recombine into the genome, knocking out tssG.
However, we had some problems ligating the fragments of the knockout
constructs together. If we had been able to obtain the entire knockout construct, we would
then ligate the construct into the pJET vector for safekeeping prior to ligation into the
pSS4245 allelic exchange vector. With this knockout, we would have been able to
discern the importance of tssG to the type VI secretion system. Since tssG is highly
conserved, we can infer it has an important role in the virulence of B. bronchiseptica
strain RB50. However, there is no current research that points to a specific role. With this
knockout, we would have been able to directly test what impact tssG has on the type VI
secretion system.
Since TssG is predicted to be a highly conserved protein sequence of the type VI
secretion system, we wanted to determine if it was cytotoxic or immunogenic. First, we
wanted to determine if TssG was able to cause cytotoxicity of macrophages. We
performed an LDH assay to determine cytotoxicity. We tested four samples, TssG, RB50
MOI 1, RB50 MOI 10, and a media control. MOI refers to “multiplicity of infection”,
which is the ratio of the bacteria to the macrophage cells. For example, a MOI of 1
indicates there was a ratio of 1 bacterium to 1 macrophage in culture. At lower MOIs,
only a fraction of the cells are initially infected while the remainder will continue to grow
as noninfected cells26. By increasing the MOI, we increase the likelihood that the
macrophage will come into contact with the bacteria and the ensuing infection process
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will be simultaneous26. We chose to test a MOI of 1 and a MOI of 10 to ensure the
macrophages came in contact with RB50 as well as assess the changes in immune
response. The results of the LDH assay indicate that TssG alone is unable to induce
cytotoxicity of macrophages. LDH levels were assessed at two time points: 2 hours
incubation and 4 hours incubation. The results obtained after 2 hours incubation were
highly variable and are unreliable results. After 4 hours however, the results show that the
presence of TssG alone is less effective than RB50 and both MOIs at killing the
macrophages. Interestingly, not only was TssG less effective than RB50 but it was also
less effective than the media control. This could indicate a possible protective function of
TssG alone to the cultured macrophages. However, it should also be noted that the error
bars are overlapping for TssG alone and media control, so this difference is not especially
statistically significant. Regardless, the results of the LDH cytotoxicity assay indicate that
TssG is not sufficient to cause cytotoxicity of cultured macrophages.
Although we discerned that TssG is not cytotoxic, the question of TssG’s
immunogenic properties still remained. We next wanted to determine the effect TssG had
on the immune system. In B. bronchiseptica strain RB50, the type VI secretion system
promotes an altered immune response in macrophages3. This type of response prevents
the host from utilizing the more specific adaptive immunity against the colonization of
the pathogen. When analyzing the effects of TssG on immune response, qPCR indicated
that TssG downregulates IL-4 production, which is a key component of the Type 2
immune response. One of the functions of the Type 2 response is to help link the innate
Type 1 immune response to adaptive immunity. For a host, control of an infection is
achieved only when adaptive immunity is induced15. However, pathogens with a type VI
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secretion system survive better when the adaptive immunity is not activated, so by
favoring the Type 1 response and downregulating IL-4 and the Type 2 immune response,
bacteria can prevent the host from conducting a more targeted immune response against
them.
The results of the qPCR also reveal that TssG downregulates the levels of IL-1β,
a key component of the pro-inflammatory response. The pro-inflammatory response is
generally associated with the IL-1 family and each cytokine has specific roles in the
response. As stated previously, IL-1β is mainly produced by monocytes and macrophages
and is responsible for the induction of fever12. By downregulating IL-1β, bacteria are able
to reduce the incidence of fever, which can be very harmful to an invading pathogen.
In addition to downregulating IL-4 and IL-1β production, qPCR also indicated
that TssG upregulates IL-10. As stated previously, IL-10 is central to the antiinflammatory response and helps limit the damage inflammation inflicts on its host. As
an invading pathogen, B. bronchiseptica strain RB50 does not survive well where
inflammation is prevalent, since too much inflammation will kill the pathogen and its
potential hosts. By upregulating IL-10, RB50 is able to reduce the amount of
inflammation that occurs in its host, evade the innate immune response, and ensure there
are viable host cells for infection to persist.
It should be noted however that no data was obtained for of IFN-γ and IL-17α.
When the qPCR was conducted, there were no detectable levels of IFN-γ or IL-17α at
any time point. Each of these interleukins were run concurrently with one of the
interleukins that did produce detectable fold changes, indicating that the problem more
likely lies with the primers used for IFN-γ and IL-17α than with any other component.
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Without the data from these interleukins, we are unable to complete a full picture of the
immune response elicited by TssG.
These preliminary results however do indicate that TssG has some kind of effect
on the immune response in macrophages. Yet, this evidence is not sufficient enough to
indicate a specific function of TssG. This data determines that TssG is immunogenic, but
not cytotoxic. Since TssG is not cytotoxic, we can not inference a function. Because of
this, it is possible that TssG could be an effector protein, but it is also possible that TssG
may simply be a structural component of the type VI secretion system that elicits an
immune response when introduced to a host.
However, one factor that may skew our results is the use of cultured macrophages
instead of macrophages isolated from mice. The cultured macrophage cells we have are
not perfect matches to resident cells from the mice, but we use them to model the normal
response. However, no model is flawless and by using cultured macrophages we could
see discrepancies in the in vitro versus the in vivo response to tssG. Additionally, the
recombinant TssG we generated was not 100% pure, so it is possible that the observed
immune response could be attributed to contamination.
Investigating the specific functions of each component of the type VI secretion
system is an interesting area for future research. Some experimental future directions
include investigating the Type 2 response further, finish constructing the knockout of
tssG to examine its role in the type VI secretion system, and determine what interactions
TssG has with known conserved components. Once the specific function of TssG and the
many other components of the type VI secretion system have been discovered, we will be
better able to understand how Bordetella infects its host. We can then use this knowledge
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to create more effective vaccines for whooping cough and other Gram Negative bacteria
with the type VI secretion system.
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Tables
Table 1: Primer Sequences
Primer Name

Sequence (5’-3’)

Reference

tssG KO 5’F BamHI

GAGCGACCTGGACGAAACGGATCC

This work

tssG KO 5’R-EcoRI

AAGGGCAGCTGGATCTTGGAATTCGC

This work

tssG KO 3’F-EcoRI

CCATCTGAACGTGGACATCAGAATTCA

This work

tssG KO 3’R-BamHI

GCGTACTCGGTATTGGTGAAGGGATCCGAA

This work

qPCR Il4F

CCCCAGCTAGTTGTCATCCTG

PrimerBank ID
226874825c1

qPCR Il4R

CAAGTGATTTTTGTCGCATCCG

PrimerBank ID
226874825c1

qPCR Il17aF

TTTAACTCCCTTGGCGCAAAA

PrimerBank ID
6754324a1

qPCR Il17aR

CTTTCCCTCCGCATTGACAC

PrimerBank ID
6754324a1

qPCR Il1bF

GAAATGCCACCTTTTGACAGTG

PrimerBank ID
118130747c1

qPCR Il1bR

TGGATGCTCTCATCAGGACAG

PrimerBank ID
118130747c1

qPCR Il10F

CTTACTGACTGGCATGAGGATCA

PrimerBank ID
291575143c1

qPCR Il10R

GCAGCTCTAGGAGCATGTGG

PrimerBank ID
291575143c1

qPCR Il12aF

TGCCTTGGTAGCATCTATGAGG

PrimerBank ID
226874944c3

qPCR Il12aR

CGCAGAGTCTCGCCATTATGAT

PrimerBank ID
226874944c3

qPCR IfngF

ACAGCAAGGCGAAAAAGGATG

PrimerBank ID
145966741c2

qPCR IfngR

TGGTGGACCACTCGGATGA

PrimerBank ID
145966741c2
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