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Abstract

Listeria monocytogenes (Lm) is an intracellular bacterial pathogen that causes a severe
invasive disease in humans. Upon infection, Lm must sense its presence within a host and
upregulate bacterial genes necessary for productive infection. One of the Lm factors involved in
this response is VirR, the response regulator component of a two-component regulatory system.
VirR is necessary for in vivo virulence and Lm innate resistance to antimicrobial peptides. We
found VirR function depends on the presence of an ABC-transporter that we have named VirAB.
Deletion of virAB led to a decrease in transcription of VirR-regulated genes. The ΔvirAB mutant
also exhibited similar defects in intracellular spread and in vivo virulence to a ΔvirR strain. To
investigate the role of VirAB in antimicrobial resistance, we determined the sensitivity of ΔvirAB
bacteria to nisin and bacitracin. We found that expression of VirAB was necessary for nisin
resistance, but not resistance to bacitracin. We propose that VirAB is a sensor required for VirR
signaling during host infection and exposure to nisin.
Since exposure to serum and blood has been shown to upregulate virulence genes in
Lm, we performed a transposon mutagenesis screen to identify genes involved in Lm serum
sensing. The genes identified from this screen included virR, virA, and the VirR-regulated
operon dltABCD. We show that VirR and DltABCD are required for the upregulation of the
principle Lm virulence determinants LLO and ActA in response to growth in serum, and that this
induction primarily takes place post-transcriptionally.
Clearance of Lm infection is primarily mediated by CD8+ T cells. Of the thousands of
potential T cell antigens produced by Lm, protective CD8+ T cells appear to target only a few
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secreted proteins. Despite decades of study as a model pathogen for cell-mediated immunity,
only a handful of Lm-specific CD8+ T cell antigens have been identified from a single mouse
haplotype. Here we describe the generation and validation of a system to identify which surface
and secreted Lm proteins are T cell antigens for any mammalian host. This information could be
used in the future to inform immunotherapies based on modified Lm strains.
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Chapter 1 : Introduction to Listeria monocytogenes virulence and
immunity

Listeriosis as a clinical disease and public health concern
Listeria monocytogenes (Lm) is a Gram-positive rod-shaped bacterium that is commonly
found in soil. Lm is also a facultative intracellular pathogen that is the causative agent of the
invasive disease listeriosis. Listeriosis is a food-borne illness that has a case fatality rate of 2030% (1). As such, Lm is a major concern as a food contaminant, and is treated with zero
tolerance by the Food and Drug Administration, meaning that any detectable level of Lm in
ready-to-eat foods triggers a recall (2). Lm are very hardy bacteria, able to withstand levels of
acidic stress, heat, and refrigeration that kill or restrict the growth of other common food-borne
pathogens such as Salmonella sp. and pathogenic Escherichia coli (3). Once ingested, Lm is
able to invade the intestinal epithelium and in most immunocompetent individuals causes a selflimiting gastroenteritis. In the elderly or immunocompromised, however, the bacteria can break
free of immune surveillance and disseminate to distal organ sites (4).
Lm can replicate in or translocate through intestinal cells, allowing them to disseminate
further into the host. Once the bacteria have passed this host barrier, they are able to spread via
the blood and lymphatic system to secondary sites: primarily the liver, but also the spleen and
mesenteric lymph nodes. In the liver, Lm is able to replicate to high numbers in infected
hepatocytes and Kupffer cells (macrophages). During advanced disease, Lm also begins to
seed the blood from the liver and spread to more distal organ sites. Bacteremia is a hallmark of
invasive listeriosis and consists of both Lm bacteria inside of infected leukocytes as well as
extracellular bacteria in the blood. In these dangerous cases, Lm can cross the blood-brain
barrier leading to the lethal complications of meningitis and encephalitis. Listeriosis is also a
significant concern for pregnant women, as the bacteria can cross the placental barrier and
infect the developing fetus, leading to miscarriage or septic abortion (4).
The specific route of Lm dissemination between organs is poorly understood. Many
features of dissemination in human disease, including the long, often greater than 4-week
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incubation time between ingestion and spread to secondary sites are not recapitulated in animal
models (4). One open question is how Lm is able to spread from the blood into the central
nervous system (CNS). Multiple routes are possible, including passage of infected immune cells
across the blood-brain barrier, direct invasion of endothelial cells making up the blood-brain
barrier by extracellular Lm, cell-to-cell spread from infected cells into brain endothelial cells, and
retrograde transport of Lm into the CNS via infected neurons (5). The routes that involve Lm
intracellular replication and spread: translocation of infected cells and cell-to-cell spread into
endothelial cells are supported by data from experiments involving mice treated with
intravenous gentamicin. Gentamicin treatment specifically killed extracellular Lm, but the mice
were still susceptible to brain infection. This study also showed that populations of infected
monocytes entered the brain from the blood (6). However, recent work showing that an
interaction between the internalin family protein InlF on the Lm cell wall and surface vimentin on
brain microvascular endothelial cells can facilitate bacterial entry is more consistent with a direct
invasion model (7). Retrograde transport is observed in Lm infections of ruminants (8). It is likely
that multiple routes of brain invasion could occur during Lm infection, as Lm infection leads to
different forms of brain disease in humans (4). Ultimately, more studies on how Lm
disseminates through the body, as well as the bacterial factors involved in this process, are
needed to better understand the disease listeriosis.

Lm intracellular pathogenesis
After decades of study as a model intracellular pathogen, the molecular details of the Lm
intracellular lifestyle have been well described (Figure 1.1). An Lm intracellular infection in nonprofessional phagocytic host cells begins with bacteria adhering to the host cell through
interactions of members of the internalin family of cell wall-anchored proteins (9). The more than
27 proteins that make up the internalin family contain leucine-rich repeat domains that bind host
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cell surface receptors to induce endocytosis in non-professional phagocytic cells. Two of the
most important internalins for Lm pathogenesis are InlA and InlB, which bind E-cadherin (10,
11) and the Met receptor tyrosine kinase (12), respectively.

Figure 1.1: Intracellular lifestyle of Lm. To infect a host cell, Lm attaches to cell surface
receptors and induces endocytosis. The bacteria then lyse the endosomal compartment to enter
the host cell cytosol. Once in the cytosol Lm replicates and nucleates actin to allow motility and
spread into neighboring host cells. Virulence factors required for each step of the infection process
are indicated. Figure modified from (18).

Once inside the endosomal compartment, Lm uses the cholesterol-dependent poreforming toxin listeriolysin O (LLO) as well as a phosphoinositol-specific phosopholipase C (PIPLC) to rupture the endosomal membrane and escape into the host cell cytosol (13, 14). The
bacteria then begin to replicate in the host cytosol and decorate their cell surface with the
protein ActA. ActA is a virulence factor that interacts with host proteins to nucleate actin fiber
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assembly (15, 16). During growth in the host cytosol, ActA is primarily localized to a single cell
pole, leading to asymmetric actin polymerization around the bacterium (17). Actin
polymerization generates a motile force that pushes the bacteria through the cytosol and into
the cell membrane forming a pseudopod-like structure that extends into a neighboring cell (18).
The host cell membranes pinch off, leading to Lm inside of a double membrane-bound vacuole
inside of the neighboring cell.
Lm then uses LLO, PI-PLC, and a phosphatidylcholine-specific phospholipase C (PCPLC) to escape from this membranous compartment and begin replicating in the new host cell
cytosol (19-21). This actin-based spread allows Lm to disseminate through an organ without
encountering the extracellular environment. Lm are thus able to avoid elements of the host’s
immune system, including antibodies and complement, and maximize the amount of time that
the bacteria spend in their preferred replicative niche, the host cell cytosol.
To undergo a productive infection, Lm must coordinate the regulation of hundreds of
genes, allowing a switch from its environmental lifestyle to the intracellular infection lifestyle. Lm
does this through the action of several transcriptional regulators, including PrfA, σB, and VirR.
PrfA is a catabolite activator protein family member that is responsible for transcription of
several Lm virulence factor genes, including the genes encoding the factors discussed above
(22). PrfA activation has been shown to occur upon entry into host cells (23). Activation allows
PrfA to bind PrfA-box regulatory sequences upstream of virulence genes, inducing transcription
(24).
σB is an alternative sigma factor common to Gram-positive bacteria that is generally
involved in the response to stress. In Lm, the σB regulon consists of over 150 genes (25). The
genes controlled by σB are involved in resistance to acid, salt, and other chemical stressors (2628). Interestingly, the σB regulon overlaps with the PrfA regulon (29). σB is directly involved in
the transcription of internalin family members inlA and inlB (30), as well as bsh, which encodes
a bile salt hydrolase necessary for Lm survival in the intestinal tract (31). All three of these
5

genes are also regulated by PrfA. Furthermore, σB is required for the transcription of prfA from
one of its three promoters. This overlapping regulation with PrfA seems to serve as a
modulating force on PrfA activity, increasing PrfA expression during intestinal transit and
decreasing it during intracellular infection (32).
VirR, the response regulator protein of the VirRS two-component system, was named as
such since VirR signaling is necessary for in vivo virulence (33). VirRS regulates several genes
known to be required for Lm resistance to cell envelope stress, including the dltABCD operon
that is responsible for D-alanylation of teichoic acids (34). Lm strains lacking dltABCD are
attenuated in mouse models of listeriosis (35). However, the virulence defect of a ΔdltABCD
strain is not as severe as a ΔvirR mutation in the same genetic background (33). Thus, the
precise mechanism(s) of the VirR contribution to Lm virulence has yet to be described, but likely
involves the additive effects of multiple VirR-regulated factors.
Lm virulence gene expression has also been shown to be regulated at a posttranscriptional level. Many of the major virulence factor genes including hly (the gene that
encodes LLO) (36) and actA (37) are transcribed with 5’ untranslated regions (UTRs). The
UTRs have been shown to enhance translation of these virulence factors and have been used
to increase production of recombinant proteins expressed in Lm. YjbH, a regulator involved in
redox stress, is necessary for the 5’ UTR-mediated translation enhancement of ActA (38). The
mechanistic details of the ActA and LLO translational enhancements are not yet understood,
although other Lm 5’ UTRs have been shown to be involved in mRNA stability and ribosome
access (39).

Host sensing by Lm
While deletion of prfA, σB and virR severely attenuate Lm virulence, it is important for Lm
to be able to induce the activity of the proteins encoded by these genes under the correct
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conditions. Studies have shown that bacteria harboring a mutation in PrfA that leads to its
constitutive activation (PrfA*) are at a distinct disadvantage when growing outside of a host.
PrfA* strains grow slower than wild-type bacteria due to misregulation of the sugar
phosphotransferase system and the resulting inability to effectively uptake sugars (40). These
observations illustrate that to survive in diverse environments, Lm must be able to sense its
surroundings, most critically when bacteria infect a host, and modulate expression of virulence
genes accordingly.
Many different activating host signals have been described for PrfA. This makes sense
given that PrfA is the central regulator of Lm virulence genes, and therefore PrfA activity would
ideally need to be activated in response to diverse host signals. One of the first reported means
of PrfA host sensing was temperature (41). The prfA transcript contains a 114 nucleotide 5’
UTR. At 30⁰C, the UTR adopts a conformation that occludes the ribosome binding sequence on
the mRNA, inhibiting translation. At 37⁰C, the UTR conformation shifts, allowing ribosome
binding and relieving the inhibition (42). Metabolic signals are also used by Lm to identify
localization within a host and regulate PrfA activity. Sugars that are transported by the
phosphoenolpyruvate phosphotransfer system (PTS) are more common during environmental
growth. These sugars include cellobiose and glucose and have been shown to repress PrfA
activity (43). On the other hand, carbohydrates that are in large supply inside host cells, such as
glycerol, upregulate transcription of prfA and PrfA-regulated genes (44, 45). Branched-chain
amino acids (BCAA), which in their free form are found at very low concentrations inside of host
cells, have been shown to decrease the activity of PrfA (46). Under low concentrations of BCAA,
the regulator CodY binds a target site at the 5’ end of the prfA coding region, leading to
increased transcription; higher concentrations of BCAA abolish this binding (47). Conversely, Lglutamine, an amino acid found at 200 µM to millimolar concentrations in mammalian serum and
cells, positively regulates virulence genes when used as the sole nitrogen source for Lm
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growing in minimal media. Furthermore, Lm lacking glnPQ, the high affinity importer for Lglutamine, exhibit attenuated virulence during in vivo infection (48).
Recently, PrfA activity has been shown to be dependent on the presence of glutathione.
Reduced glutathione is generally not encountered outside of the reducing environment of the
host cell cytosol. Upon Lm infection, the glutathione concentration increases inside of the
bacterial cell and glutathione binds to the allosteric activation site of PrfA inducing its activation.
While some of the glutathione required for PrfA activation can come from the host through a
glutathione transporter, the majority is produced by the Lm bifunctional glutathione synthase
GshF (49). GshF expression is strongly induced upon entry into host cells leading to the
production of reduced glutathione, which can bind to an allosteric site on PrfA and coordinate its
activation. Furthermore, the signal that upregulates GshF levels has been proposed to be hostderived glutathione that enters the bacterium through the glutathione transporter, however this
has not been shown directly (38, 49).
As would be expected for a stress-responsive sigma factor, σB does not directly sense
the host environment, but rather is activated in response to stressful conditions encountered
within the host, such as acid and bile salts encountered during transit through the digestive
tract. In many Gram-positive bacteria, including Lm, stress sensing is accomplished by a protein
complex called the stressosome (50). In Lm, sensing by the stressosome begins a signaling
cascade that eventually inhibits RsbW, an inhibitor of σB function, leading to a derepression of
σB activity. This in turn activates a feed-forward loop, where the derepressed σB activates
transcription of its own operon, leading to increased σB concentration and transcription of
downstream stress-responsive genes (51).
It is known that transcription of VirR-regulated genes is induced during in vivo infection
(25), but the signal that triggers this transcription has not been elucidated. It has been reported
that addition of acetate to Lm growth media induces the transcription of VirR-regulated dltABCD,
but acetate is unlikely to be the physiologic trigger as this activation bypasses the VirS sensor
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kinase (33). It is possible that the VirR regulatory system senses some marker of cell wall
stress, since VirR homologues in other Firmicutes have been shown to upregulate downstream
genes in response to cationic antimicrobial agents such as bacitracin or nisin. However, growth
of Lm in the presence of nisin did not lead to marked increase in dltABCD transcription (52).

The adaptive immune response to Lm
Since Lm is an intracellular pathogen and is able to spread from cell-to-cell without
entering the extracellular milieu, humoral immunity is largely unable to control Lm infections.
Instead, Lm is efficiently cleared by a cell-mediated immune response. Lm has been studied for
more than five decades as a model for understanding cell-mediated immunity to intracellular
pathogens. In the intravenous mouse infection model of Lm, bacterial burdens peak around 72
hours post-infection. Subsequently, numbers of bacteria in organs begin to quickly decline as
they are eliminated through the action of innate immune cells including macrophages and
monocytes (53).
However, innate immune cells are not sufficient to achieve sterilizing immunity to Lm.
This is best illustrated during Lm infections in severe combined immunodeficiency (SCID) mice
that lack B and T cells. These mice are initially able to control Lm replication, but are unable to
eliminate the pathogen, leading to a chronic infection (54). Early experiments in Lm immunology
showed that T cells are responsible for the elimination of Lm in mouse models of infection (55),
and subsequent knockout experiments showed that while both cytotoxic and helper T cells
contribute to Lm clearance, the majority of immune clearance is through cytotoxic T cells (56).
Cytotoxic T cells express the cell surface marker CD8, as opposed to helper T cells, which
display the cell surface marker CD4. CD8+ T cells are critical for Lm clearance because they are
able to surveil host cells for intracellular infections. CD8+ T cells detect intracellular pathogens
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by recognizing antigens displayed by major histocompatibility complex (MHC) class I molecules
on the surface of infected cells (Figure 1.2).

Figure 1.2: Schematic of MHC Class I antigen presentation during Lm infection. Proteins
produced by Lm are cleaved into peptides by the proteasome in the host cell cytosol. These
peptides are then transported into the ER and loaded onto MHC class I molecules. These
loaded complexes are then transported onto the cell surface where they can be recognized by
activated CD8+ T cells. Figure modified from (53).

During Lm infection, the bacteria infect an antigen presenting cell (APC) such as a
dendritic cell or macrophage. This infection stimulates toll-like receptors leading to an
upregulation of costimulatory molecules on the surface of the APC. Peptides generated from the
pathogen are loaded onto MHC class I molecules and displayed on the APC surface. The
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activated APC then migrates to a lymphatic site such as the spleen or lymph nodes where it can
interact with naïve CD8+ T cells. Naive T cells, recognizing their cognate antigen as well as
costimulatory signals from the APC, become activated T cells and begin to proliferate (53). In
mouse infections with Lm, activated CD8+ T cells reach their peak numbers 7 days after
infection (57). These activated CD8+ T cells can then interact with infected cells throughout the
body. When an activated CD8+ T cell recognizes its cognate peptide-MHC complex, it responds
with its effector functions. CD8+ T cells secrete lytic granules that contain perforin and granzyme
to kill the infected cell, eliminating the Lm replicative niche, as well as pro-inflammatory
cytokines including interferon gamma (IFNγ) that lead to the activation and recruitment of
macrophages that can eliminate the exposed bacteria (53).
MHC class I antigens are short peptides 8-11 amino acid residues in length. These
peptides are primarily generated by proteolytic degradation of intracellular proteins by the
proteasome or the products of abortive translation by the ribosome. Once these peptides are
generated, they are transported into the endoplasmic reticulum by the transporter associated
with antigen processing (TAP). These peptides are then loaded onto MHC class I molecules
and the entire complex is transported to the cell surface (58). The MHC class I complex consists
of a heterodimer of the α chain and β-2 microglobulin (β2M). The α chain includes a
transmembrane helix that anchors the MHC complex on the cell surface. The 1 and 2 domains
of the α chain form a groove that holds the presented peptide and allows for extracellular
contact along the peptide length (59, 60). The MHC complexes are routinely turned over by the
cell. Thus, the peptides presented by MHC molecules on the surface of an APC provide a
snapshot of the proteins inside of the cell over time.
Three genes encode the peptide-presenting α chain of MHC class I. Each of these is
combined with β2M to produce a different MHC class I receptor on the surface of the cell. The
genes encoding the α chain are the most polymorphic genes found in mammals, with thousands
of different alleles circulating in humans. Thus, most studies of CD8+ T cell antigens use inbred
11

mice so that only three different MHC receptors will be present in the study population. While
general structural rules govern the characteristics of peptides that can be loaded onto MHC
class I molecules, each allele has its own distinct peptide affinities, making the task of predicting
or identifying CD8+ T cell antigens very difficult. Thus, despite decades of study as a model
pathogen to understand CD8+ T cell immunity, only four CD8+ T cell antigens have been
definitively identified from Lm. All of these were identified in the Balb/c mouse background. One
of these peptides originates from LLO (residues 91-99) (61). Two more are from the p60
autolysin (residues 217-225 and 449-457) (62, 63), and the fourth is derived from a PrfAregulated zinc metalloprotease, Mpl (residues 84-92) (Figure 1.2) (64). Together, CD8+ T cells
specific for these four antigens make up about 20% of activated T cells during a Lm infection in
Balb/c mice (65).
After a Lm infection has been cleared, 5-10% of Lm-specific CD8+ T cells remain as
long-lasting memory T cells that provide immunity to subsequent Lm infection. The recall
response to Lm has been shown to involve a rapid expansion of memory CD8+ T cells that limits
pathogen burden to a small fraction of that seen in a primary infection (66). Compared to naïve
mice, mice previously immunized with a sublethal dose of Lm were found to have over 104-fold
fewer bacteria in the spleen and 105-fold fewer bacteria in the liver at 72 hours post-challenge
with a lethal dose of Lm (67). This protective effect can also be mediated by specific CD8+ T cell
antigens. Immunization with LLO91-99 or p60217-225 peptides has also been shown to protect
Balb/c mice from subsequent infection with Lm (68, 69).
Due to its ability to induce strong, long-lived CD8+ T cell immunity, Lm is being
investigated as a potential vaccine vector to produce T cell vaccines against other intracellular
pathogens and cancer. Vaccines based on attenuated Lm for cervical cancer have already
shown promise in early clinical trials, and are moving forward to Phase III (70). Thus, basic
science discoveries regarding the immune response to Lm have the potential to inform products
in the clinic.
12

Dissertation Structure
In Chapter 2 we will describe new observations of the regulator VirR and its role in
virulence. We show that VirR has a previously unrecognized role in cell-to-cell spread as
measured in a plaquing assay. We also investigate the role of an ABC transporter that we have
named VirAB. Deletion of VirAB leads to similar defects in plaquing, in vivo virulence and
resistance to nisin as seen in the ΔvirR mutant strain. These data, coupled with the observation
that the ΔvirAB strain is deficient in the expression of VirR-regulated genes anrAB and dltABCD
suggests that VirAB may function as a sensor upstream of VirR activity, similarly to orthologues
in other Firmicutes. However, we did observe that, unlike VirR, VirAB was not required for
resistance to the antimicrobial peptide bacitracin, suggesting more complex regulatory
interactions than those found in other Firmicutes.
Chapter 3 concerns Lm sensing of host serum and the gene expression response to
serum. We show that growth of Lm in serum leads to the increased expression of LLO and
ActA. We performed a screen to identify regulators of this serum effect. From this screen, we
identify VirR and the VirR-regulated proteins DltABCD as necessary for the upregulation of ActA
and LLO in response to serum. However, deletion of dltABCD or virR had no effect on actA or
hly mRNA levels, suggesting that this regulation takes place at a post-transcriptional level. We
also show that the VirR regulation of ActA and LLO, while robust and repeatable for years, can
no longer be detected and discuss possible reasons for this change.
In Chapter 4 we used a modification of the Antigen Lead Acquisition System (ATLAS) to
identify new CD8+ T cell antigens from Lm. We discuss the preparation and cloning of a library
of secreted and cell-surface localized proteins to be used for screening. We show using a B3Z T
cell hybridoma assay that this library is capable of expressing and delivering Lm proteins to the
MHC class I presentation pathway. A subset of the library was then used to screen for known
antigens in the Balb/c mouse background to show that this method is capable of identifying T
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cell antigens from Lm. We then performed a screen of T cells isolated from the C57BL/6 mouse
background using the Lm ATLAS library. From this screen, we identified InlC as a potential
novel CD8+ T cell antigen in this mouse background.
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Chapter 2 : The role of the VirABRS regulon in virulence and innate
resistance to antimicrobial peptides

This chapter has been submitted as the manuscript: The VirAB ABC transporter is required for
VirR regulation of Listeria monocytogenes virulence and resistance to nisin. It is currently under
revision for publication in Infection and Immunity.

Experiments were designed by Daniel Grubaugh and Dr. Darren E. Higgins. In vivo mouse
experiments were performed by Daniel Grubaugh and Dr. Yan Zhou. Dr. Pallab Ghosh
conducted confocal microscopy. RNA sequencing was performed by the Harvard Biopolymer
Facility. Bacterial strains were generated by Dr. James M. Regeimbal and Daniel Grubaugh. All
other work performed by Daniel Grubaugh.

Introduction
Listeria monocytogenes (Lm) is a Gram-positive bacterium commonly found in the soil.
Lm is also a facultative intracellular pathogen that can infect humans through ingestion of
contaminated foods. Infections by Lm can lead to listeriosis, a severe invasive disease that can
be life-threatening. In untreated cases of listeriosis, Lm can spread to distal organs such as the
brain or the placenta leading to meningoencephalitis or septic abortion (4). During infection of a
mammalian host, Lm alters the expression of numerous genes, downregulating factors that are
important for environmental growth, such as flagellin, and upregulating many virulence factors
that are necessary for host cell invasion and intracellular growth (25, 71). Three transcriptional
regulators have been shown to control virulence in Lm: PrfA, σB, and VirR. PrfA is the central
virulence regulator for Lm pathogenesis (22). PrfA activates transcription of critical virulence
factors, including the pore-forming cytolysin listeriolysin O (LLO) that allows Lm to escape the
host phagosome and enter the cytosol and the actin motility-inducing ActA surface protein that
allows Lm to spread from cell to cell without encountering the extracellular milieu (72). σB is an
alternative sigma factor that regulates Lm gene expression in response to stress. Gene
regulation by σB interplays with that of PrfA and has been shown to be important for virulence
(25, 32). Of these three transcriptional regulators, VirR is the least characterized.
VirR is the response regulator component of a two-component system (TCS) (33). A
TCS consists of a sensor histidine kinase and a response regulator that are generally cotranscribed (73). Most sensor histidine kinases contain an extracellular sensing domain that
binds a product outside of the bacterial cell. When this receptor is engaged, the sensor kinase
phosphorylates a histidine residue on its kinase core domain. The response regulator then
engages this phosphorylated residue and acts as a phosphatase to transfer the phosphate to
itself. The response regulator then undergoes a conformational shift allowing it to perform
downstream functions, often acting as a transcription factor to modify expression of genes within

16

its regulon (74). VirR was initially discovered in a transposon mutagenesis screen to identify Lm
mutants that exhibited reduced virulence in a mouse model of infection. This study also
identified VirS as the cognate sensor kinase for VirR and used microarray analysis to establish
the VirR transcriptional regulon (33). Expression of VirR and many of the VirR-regulated genes
are strongly induced during in vivo infection, suggesting that VirR is involved in Lm sensing of
the host cell environment (75). In general, VirR has been shown to regulate transcription of
genes that are involved in defense against cell envelope stress. Among the most highly VirRregulated genes is the dltABCD operon, the products of which are responsible for incorporating
D-alanine into lipoteichoic acid, a modification which helps counteract cationic antimicrobial
peptides (CAMPs) by increasing the overall cell surface charge (34, 35). Other VirR-regulated
factors include MprF, a protein that lysinylates phospholipids in the Lm cell membrane to
prevent CAMP binding (76) and AnrAB, an ATP-binding cassette (ABC) transporter believed to
be involved in detoxification of antimicrobials (77). Furthermore, mutants of VirR have been
shown to be sensitive to several cell envelope-targeting antimicrobials, including those used in
food preservation (52). It has been shown through sequence analysis that VirR belongs to a
family of homologous TCSs, typified by BceRS of Bacillus subtilis (78), which are conserved
throughout the Firmicutes phylum (79, 80). The sensor kinases of these TCSs lack the
extracellular sensor domains that would generally be used for engaging a ligand. Instead, it has
been shown that ligand sensing is accomplished by an ABC transporter that is generally
encoded by genes located close to the associated TCS genes in the genome. The ABC
transporter in these systems forms a cell-surface complex that activates the sensor kinase,
causing phosphorylation of the response regulator (81, 82). Thus, expression of genes
regulated by the response regulator is dependent upon the action of the ABC transporter (83).
It has been proposed that VirR signaling functions in this manner (79), but the involvement of an
ABC transporter in VirR signaling has yet to be shown.
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Recently, the Lm strains most commonly used for virulence studies were compared for
differences in general genetic and virulence characteristics (84). This study showed that the
commonly used Lm strain EGD, the only Lm strain used to date for studies of the role of VirR in
Lm virulence, contains a mutation in the prfA gene. The authors demonstrated that this mutation
led to a PrfA protein that was constitutively activated (PrfA*). As a consequence, many Lm
virulence factors in the EGD strain were expressed at high levels regardless of whether the
bacteria were actively infecting host cells. Since we were interested in the role of VirR for host
sensing and virulence, we performed additional studies on VirR using the Lm 10403S strain, a
widely used strain of Lm that does not harbor a PrfA* mutation. Here, we describe a VirRassociated ABC transporter that we have designated VirAB. We demonstrated that the VirAB
transporter is necessary for Lm virulence in a similar manner as VirR and that VirAB contributes
to a previously underappreciated role of VirR for Lm cell-to-cell spread during intracellular
infection.

10403S ΔvirR is deficient in plaque formation
We initially sought to determine the virulence characteristics of a ΔvirR mutant using a
Lm strain lacking a PrfA* mutation. To this end, we generated an in-frame deletion mutant of the
virR gene within Lm 10403S and used the ΔvirR deletion mutant strain to perform plaquing
assays in L2 mouse fibroblast cells. The 10403S ΔvirR strain produced plaques that averaged
77% of the diameter of those produced by the parental 10403S strain, indicating a potential
defect in intracellular growth or cell-to-cell spread (Figure 2.1).
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Figure 2.1: Plaque formation by Lm 10403S-derived strains. L2 murine fibroblasts were infected
with approximately 5 × 104 CFU of the indicated strains. The infected cells were washed and overlaid
with 0.7% agarose in DMEM media containing gentamicin. Seventy-two hours later, cultured cells were
stained with neutral red to allow for visualization of plaques. Wells were photographed and plaque sizes
were measured using Adobe Photoshop. Images are representative of the plaque sizes observed.
Numbers indicate average percentage plaque sizes ±SD normalized to 10403S from three independent
experiments measuring >10 plaques/experiment. * indicates a significant difference from 10403S, p <
0.001 (Two-tailed t test).
The 10403S ΔvirR plaquing defect could be partially complemented by expressing VirR
from the pLOV::virR vector integrated at the tRNAArg phage integration site. This observation is
in contrast to previous studies of the VirR response regulator, which showed no defect in
intracellular growth or actin tail formation for a ΔvirR mutant (33). However, since those studies
used a Lm EGD-derived ΔvirR mutant, it is likely that any role of VirR in cell-to-cell spread would
have gone undetected due to the PrfA*-mediated overproduction of virulence factors, including
ActA and LLO, within the mutant strain.

Delineation of the VirR regulon
Since deficiencies in plaque formation are often attributable to misregulation of key Lm
virulence factors, we hypothesized that the 10403S ΔvirR plaquing phenotype may be due to a
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previously unrecognized role of VirR for transcriptional regulation of Lm virulence determinants.
To investigate this hypothesis, we performed RNA sequencing (RNAseq) on RNA extracted
from 10403S and the 10403S ΔvirR mutant grown in LB broth. We did not observe any effects
on transcription of PrfA-regulated genes by deleting virR. Indeed, the VirR regulon that we
identified in 10403S was very similar to the published regulon identified in EGD (Table 2.1). As
previously shown, genes involved in resistance to cationic antimicrobials including the dltABCD
operon, the anrAB ABC transporter, and the mprF gene were transcriptionally downregulated in
the 10403S ΔvirR strain. Also, consistent with previously published data, the small hypothetical
proteins encoded by lmo0604, lmo2156, and lmo2177 were among the most strongly
differentially regulated transcripts in the ΔvirR mutant strain. In addition to these previously
known elements of the VirR regulon, we also identified 6 loci that were not previously reported
as differentially expressed in the absence of VirR (33). Most prominent among these was the
rli32 (lmos24) small RNA (sRNA), whose transcription was downregulated over 70-fold in the
10403S ΔvirR mutant. The involvement of a sRNA in the VirR regulon is of interest, as sRNAs
similar to rli32 have been shown to have effects on post-transcriptional regulation of Lm gene
product expression (85, 86). Any VirR-mediated changes in Lm gene expression that occurred
post-transcriptionally through the action of rli32 would not have been identified in our RNAseq
analysis. We also identified two small hypothetical ORFs: lmo0833 and lmo0325 that were
transcriptionally downregulated 7 and 4-fold, respectively, in 10403S ΔvirR. Furthermore, we
found small but significant increases in transcription of the predicted ORF lmo0791 and the
pentose phosphate transporter subunit encoded by lmo2708.
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Table 2.1: Genes significantly differentially regulated at least two-fold in 10403S ΔvirR
relative to 10403S
Gene or locusa Description
Fold change p value (FDR corrected)
dltA
D-alanylation of teichoic acid
-64.68
3.55x10-234
dltB
D-alanylation of teichoic acid
-72.29
9.88x10-211
dltC
D-alanylation of teichoic acid
-78.31
5.98x10-216
dltD
D-alanylation of teichoic acid
-62.55
1.34x10-228
lmo0325
transcriptional regulator
-4.09
1.76x10-13
lmo0604
predicted protein
-28.23
4.13x10-42
lmo0791
predicted protein
2
8.12x10-09
lmo0833
hypothetical protein
-6.65
6.56x10-10
mprF
lysinylation of phospholipids
-2.07
1.39x10-12
lmo1744
NAD-dependent epimerase-like protein
2.3
1.24x10-09
anrA
ABC transporter
-52.05
3.62x10-156
anrB
ABC transporter
-51.23
1.19x10-91
lmo2156
hypothetical protein
-194.23
5.14x10-146
lmo2177
hypothetical membrane protein
-23.49
1.31x10-160
lmo2439
hypothetical protein
-4.76
4.63x10-30
lmo2708
PTS transporter subunit
4.03
7.55x10-03
rli32
small RNA
-74.61
1.72x10-110
a
Bold gene or locus names indicate features previously shown to be regulated by VirR

In contrast to the prior report on the VirR regulon in strain EGD, we did not observe
transcriptional downregulation of the downstream genes in the virR operon, including virS. We
believe that this discrepancy may arise from polar effects of the virR::Tn917 transposon
insertion strain that was used for the microarray analysis in that study (33). However, we did
observe a small (two-fold) increase in transcription of lmo1744 and a significant but less than
two-fold increase in transcription of lmo1743. The lmo1744 locus is annotated as a hypothetical
NAD-dependent epimerase, but its function has not been directly studied. Interestingly, the
operon encoding GraRS, the S. aureus homologues of VirRS contains graX, the gene encoding
a protein that was initially annotated as an NAD-dependent epimerase, but has since been
shown to be involved in signal transduction between the sensor ABC transporter VraFG and the
GraS kinase (81).
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Figure 2.2: Schematic representation of the genomic context of virR and its homologues
in Staphylococcus aureus and Bacillus subtilis. Dotted lines indicate homologous genes
across species. Histidine kinase and response regulator genes are shown in black, ABC
transporter genes are shown in light grey, and NAD-dependent epimerase-like genes are shown
in dark grey. Genes with unknown function in TCS signaling are shown in white. All genes are
represented to scale. Proposed gene names are shown in parentheses.

The Lm virR operon structure is of interest, as many of the genes in the operon share
significant sequence similarity to genes involved in VirR homologue signaling in other Firmicutes
species (Figure 2.2). Some of the best studied of these systems are the BceRS system of
Bacillus subtilis (78) and the GraXRS system of Staphylococcus aureus (81). Like the VirRS
system, these TCSs are involved in cell envelope stress and resistance to antimicrobial agents.
Like VirS, BceS and GraS lack the large extracellular loop that many TCS sensor kinases use
for substrate binding. Instead, the sensor kinase in these systems binds to and senses through
the associated ABC transporters: BceAB in B. subtilis and VraFG in S. aureus. Lm has two ABC
transporters with significant sequence homology to these proteins: AnrAB and the putative
transporter encoded by lmo1746-lmo1747. Previous studies discovered lm.G_1771, the
identical ABC transporter permease in Lm serotype 4b strain G, and found that it had a role in
regulation of biofilm formation (87, 88). They also showed via microarray that lm.G_1771
regulates anrAB and dltABCD, members of the VirR regulon (89). However, the specifics of this
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regulation are different from what has been observed for VirR. Specifically, while a deletion of
VirR in 10403S and EGD resulted in a strong downregulation of dltABCD and anrAB, the
lm.G_1771 deletion resulted in a downregulation of dltABCD but an upregulation of anrAB.
Despite these strain differences, we hypothesized that the lmo1746-lmo1747 encoded
transporter is fulfilling a signaling role for VirRS, and have proposed the name VirAB for this Lm
ABC transporter (Figure 2.2).

VirAB is required for transcription of the VirR-regulated genes anrB and
dltD
In order to test whether VirAB is necessary for VirR signaling, we generated an in-frame
deletion mutant of the 10403S virAB genes. This gave us the first opportunity to test deletions of
VirR and VirAB in the same strain background. We hypothesized that VirR-regulated genes
should be transcriptionally downregulated in the absence of the VirAB transporter. We isolated
RNA from Lm 10403S and the ΔvirR and ΔvirAB mutants that had been grown in broth culture.
qRT-PCR was then used to quantify the relative mRNA levels of the highly VirR-regulated
genes anrB and dltD. We found anrB transcript levels were almost 10-fold reduced in the ΔvirR
and ΔvirAB mutant strains relative to 10403S (Figure 2.3A).
Transcript levels of dltD relative to 10403S were more than 10-fold lower in the ΔvirR
strain and also significantly reduced in the ΔvirAB strain, albeit to not as great of an extent as
observed in the ΔvirR mutant compared to 10403S (Figure 2.3B). Although transcription of dltD
in 10403S ΔvirR was 10-fold less than in 10403S, transcription of dltD in 10403S ΔvirAB was
3.5-fold lower relative to 10403S. These data show that virAB is necessary for optimal gene
regulation by VirR.
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Figure 2.3: Quantification of VirR-regulated gene transcription. RNA was isolated from cultures
of 10403S, 10403S ΔvirR, and 10403S ΔvirAB. Primers specific for anrB (A) and dltD (B) were used
to perform quantitative Reverse Transcription PCR (qRT-PCR) on cDNA generated from the isolated
RNA. Relative quantification of mRNA levels was achieved using the ΔΔCt method normalized to
16S rRNA and the amplification factor for each set of primers was corrected for measured primer
efficiency. Data presented is the average of three biological replicates (±SD). *, p < 0.02; n.s., p >
0.05 (Two-tailed t test).

The 10403S ΔvirAB mutant exhibits a similar plaquing defect as the 10403S
ΔvirR mutant
To investigate a potential role of VirAB in Lm pathogenesis, we initially performed
plaquing assays in cultured L2 fibroblast cells. We found that the ΔvirAB mutant had a 24%
reduction in plaque diameter, a similar defect to that of the ΔvirR strain (Table 2.2).

Table 2.2: Plaque formation by 10403S-derived strains
Strain
Plaque Diameter (% of 10403S) ±SD
10403S
100 ± 6
10403S ΔvirR
77 ± 6 a
10403S ΔvirAB
76 ± 4 a
10403S ΔvirABR
78 ± 7 a
10403S ΔvirR pLOV::virR
89 ± 5 a
10403S ΔvirAB pLOV::virAB
99 ± 7 a
a
Statistically significant difference from 10403S p < 0.001 (Unpaired t test)
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This defect could be complemented by expressing VirAB in trans from the integrated
pLOV::virAB vector. We also produced an in-frame triple mutant spanning the virABR genes.
This strain demonstrated a similar (22%) plaquing defect as the individual ΔvirAB and ΔvirR
strains. Taken together, these data show that VirAB is necessary for optimal intracellular
infection by Lm and suggest that VirABR work together in the same signaling pathway.

VirAB is necessary for 10403S resistance to nisin, but not bacitracin
Since VirR and its homologues are known to be involved in cell envelope stress
responses and resistance to antimicrobial agents, we were interested in the role of VirAB in
antimicrobial resistance. A previous paper on lm.G_1771, the virB homolog from strain 4b G,
reported a sensitivity to some antimicrobials, but the extent of this sensitivity was not reported
(88). Thus, we determined the minimum inhibitory concentration (MIC) of two cell wall-targeting
antimicrobial agents: bacitracin and nisin. Both of these antibiotics interfere with peptidoglycan
synthesis by binding to the lipid carrier of peptidoglycan subunits. Nisin prevents the export of
the loaded lipid II molecule across the bacterial cell membrane (90), while bacitracin inhibits
recycling of the bactoprenol lipid carrier after delivery of the peptidoglycan subunit (91). We
grew Lm 10403S and the ΔvirR, ΔvirAB deletion mutants in media containing serial dilutions of
the two antimicrobial agents. We also generated and analyzed an in-frame deletion mutant of
the anrB gene, as anrB is regulated by VirR and has been shown to be critical for Lm innate
resistance to both nisin and bacitracin. We found that growth of the ΔvirR, ΔvirAB, and ΔanrB
deletion strains to be inhibited at nisin concentrations approximately 16-fold lower than the MIC
of the 10403S parental strain (Table 2.3).
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Table 2.3: Minimum inhibitory concentration (MIC) of nisin and bacitracin
Strain
Median MIC nisin (µg/mL)
Median MIC bacitracin (µg/mL)
10403S
3.12
125
10403S ΔvirR
0.195 a
0.49 a
10403S ΔvirAB
0.195 a
62.5
10403S ΔanrB
0.146 a
0.49 a
10403S ΔvirR pLOV::virR
6.25
62.5
10403S ΔvirAB pLOV::virAB
3.12
125
a
Statistically significant difference from 10403S p < 0.05 (Post-hoc Dunn’s multiple
comparisons test after Kruskal-Wallis test p < 0.0001)

The sensitivity to nisin could be complemented, with the 10403S ΔvirAB pLOV::virAB
strain having a MIC of nisin that was indistinguishable from 10403S and the MIC of nisin for
10403S ΔvirR pLOV::virR was two-fold higher than 10403S. In analyzing the MIC of bacitracin,
we found that the MIC for the ΔvirR and ΔanrB deletion strains was approximately 255-fold
lower than for 10403S. However, the MIC of bacitracin for the ΔvirAB mutant was only 2-fold
lower than for 10403S, but not statistically significant. These data suggest that while VirAB is
critical for Lm resistance to nisin, it is not required for Lm resistance to bacitracin.

The 10403S ΔvirAB mutant is attenuated during in vivo infection
To determine whether VirAB is necessary for Lm virulence, we infected Balb/c mice
intravenously with 2 × 104 colony forming units (CFU) of 10403S or the ΔvirR, ΔvirAB, and
ΔvirABR deletion strains. Consistent with previous reports, the ΔvirR strain was defective in
colonization of both the liver and spleen, exhibiting 60-fold fewer bacteria than the 10403S
parental strain in the spleen (Figure 2.4A) and 180-fold fewer bacteria in the liver (Figure 2.4B).
The ΔvirAB mutant strain exhibited a similar virulence defect as 10403S ΔvirR with 60-fold less
bacteria in the spleen and 140-fold less bacteria in the liver.
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Figure 2.4: In vivo virulence of 10403S-derived strains. Eight to ten week old Balb/c mice
were infected via tail vein injection with 2 × 104 CFU of the indicated strains. Seventy-two hours
after infection (A) spleens and (B) livers were harvested. Harvested organs were homogenized
and dilutions plated to allow enumeration of bacteria from each organ. Each point represents
the CFU value for an individual mouse. Horizontal lines indicate the median CFU for each
strain. The data are compiled from two separate infection experiments with five mice per group.
* and # , significant difference using a Kruskal-Wallis test (p < 0.0001) with a post-hoc Dunn’s
multiple comparisons test . *, significant difference from 10403S (p < 0.01). #, significant
difference from 10403S ΔvirAB (p < 0.005).

The ΔvirABR triple mutant also exhibited a significant virulence defect, although the
median bacterial burdens were higher than either the ΔvirR or ΔvirAB deletion strains. The
ΔvirAB virulence defect could be partially rescued by expression of VirAB in trans from the
integrated pLOV::virAB vector. However, the pLOV::virR vector failed to significantly
complement the ΔvirR virulence defect in vivo. As this complementation strain only partially
rescued the ΔvirR plaquing defect (Figure 2.1), we suspect that this failure may be due to
insufficient expression of VirR from the complementing vector or deleterious effects on Lm
infection from overexpression of VirR. Taken together, these data suggest that the VirAB ABC
transporter is required for VirR function in its role for Lm pathogenesis.
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In vitro characterization of 10403S ΔvirR and 10403S ΔvirAB virulence.
Having established a role for VirAB in VirR regulation of antimicrobial resistance and in
vivo virulence, we next sought to understand what was leading to the in vivo virulence and
plaquing defects observed for the ΔvirR and ΔvirAB mutant strains. We first determined whether
the virulence defects of the ΔvirR and ΔvirAB strains were attributable to an inherently slower
growth rate of the mutant strains relative to 10403S. We measured the growth of these strains in
BHI broth and found no difference in growth rate between the deletion strains and 10403S
(Figure 2.5A). We next compared the ability of the ΔvirR and ΔvirAB mutant strains to replicate
inside of host cells. We performed intracellular infections with the ΔvirR and ΔvirAB mutant
strains in the L2 murine fibroblast cell line (Figure 2.5B) and in cultured C57BL/6 bone marrowderived macrophages (BMM) (Figure S2.1). We observed no statistically significant difference in
intracellular growth between the mutant strains and 10403S in both cell types. These data
suggest that the plaquing defect observed for the ΔvirR and ΔvirAB mutants is not caused by a
deficiency in growth, escape from the primary phagosome, or intracellular replication.
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Figure 2.5: In vitro characterization of 10403S-derived strains. (A) Growth of 10403S-derived
strains in BHI broth. The cultures were grown shaking at 37oC for 7 hours. OD600 was measured at 30
minute intervals. Data represents the average ±SD of three experiments. (B) Intracellular growth in L2
murine fibroblasts. Fibroblasts were infected at an MOI of 50. At 2-hour time points post-infection, L2
cells were lysed in 1% Triton X-100 and bacteria were enumerated by plating dilutions of lysates. Data
presented is the average ±SD of three experiments performed in duplicate. (C) Western blot of surface
ActA recovered from intracellular bacteria. BMM were infected at an MOI of 10. Blots were probed with
antibodies to ActA and p60. Numbers represent the quantification of ActA by densitometry, normalized
to p60, and is shown as a percentage of 10403S. Western blots presented are representative of three
experiments. (D-E) Association of intracellular Lm with F-actin and actin tails. L2 fibroblasts were
infected at an MOI of 50. Six hours post-infection, cells were fixed, permeabilized and stained with antiLm antibodies, phalloidin, and DAPI and imaged with a confocal microscope. (D) Thirteen fields
containing 18-169 bacteria each were analyzed per strain. Data is presented as the percentage of
bacteria colocalized with F-actin in each field. Bar indicates the mean. (E) Actin tail lengths. Data
represent >75 measurements per strain, with mean tail length indicated by a horizontal bar. Bacteria
without actin tails were not counted in this analysis. p values calculated using a one-way ANOVA (p <
0.0001) with Tukey’s multiple comparison’s test.
29

Since defects in Lm plaquing are often attributable to a reduced ability of bacteria to
spread from cell-to-cell during intracellular infection, we were interested to determine if VirR may
be involved in regulation of ActA expression. While we did not observe a decrease in actA
transcript levels in the ΔvirR mutant from our RNAseq analysis, expression of ActA has been
shown to be regulated post-transcriptionally (37). We therefore extracted surface proteins from
10403S, 10403S ΔvirR, and 10403S ΔvirAB bacteria isolated from infected BMM and performed
Western blot analysis for ActA and the constitutively expressed p60 autolysin. These
experiments showed that surface ActA protein levels were similar in the ΔvirR and ΔvirAB
mutant strains as for 10403S (Figure 2.5C), indicating that VirR and VirAB do not significantly
regulate the expression of surface ActA during intracellular infection.
We then determined whether the ΔvirR and ΔvirAB mutants exhibit defects in actinbased motility in host cells. We infected L2 cells with either 10403S, 10403S ΔvirR, or 10403S
ΔvirAB. Six hours post-infection, L2 cells were fixed with paraformaldehyde, permeabilized, and
stained with anti-Lm antibodies and fluorescent phalloidin to visualize F-actin filaments (Figure
S2.2). We determined that while all three Lm strains associated with F-actin to a similar extent
(Figure 2.5D), the mean lengths of the actin comet tails of the ΔvirR and ΔvirAB mutant strains
(3.0 µm and 3.8 µm, respectively) were significantly shorter than those of the 10403S strain (4.8
µm) (Figure 2.5E). Since actin tail length has been shown to correlate with the rate of actinbased motility (92), these data suggest that the ΔvirR and ΔvirAB mutants are defective in cellto-cell spread due to an average slower movement rate of intracellular bacteria.

Discussion
In this chapter, we have shown a previously unrecognized intracellular infection defect
(plaque formation defect) for a ΔvirR mutant of Lm 10403S (Figure 2.1) and have also shown
that the virAB genes, encoding a putative ABC transporter, are necessary for optimal
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intracellular infection and virulence (Table 2.2 and Figure 2.4). However, the ΔvirR and ΔvirAB
mutants did not exhibit any defects in extracellular and intracellular growth or production of
surface ActA during intracellular infection (Figure 2.5). This suggested that the plaquing defect
of the ΔvirR and ΔvirAB mutants is not attributable to an inability to grow inside of host cells or a
defect in vacuolar escape upon invasion. Instead, fluorescence microscopy analyses indicated
that these mutants exhibit a measureable defect in actin tail length, suggesting that the small
plaque phenotype is a consequence of a deficiency in the rate of actin-based motility and cellto-cell spread. Because the level of surface ActA expressed by the ΔvirR and ΔvirAB mutants
during intracellular infection was similar to Lm 10403S, the observed defect in actin tail length
may be due to alterations of bacterial cell surface characteristics in the ΔvirR and ΔvirAB strains
that affect optimal actin-based motility. Since transcription of mprF and dltABCD are
downregulated in the ΔvirR mutant, the overall cell surface charge may be more negative than
that of 10403S. This difference in bacterial cell surface charge could affect the charged
interactions of ActA with host proteins that are necessary for actin-based motility (93, 94).
Alternatively, previous work has shown that mutations that inhibit teichoic acid galactosylation in
Lm leads to reduced cell-to-cell spread and a defect in plaquing (95). Although the exact
mechanism is not fully known, these mutants exhibited a thicker, disorganized cell surface that
could interfere with the ability of ActA to access and bind host cell factors (95). It is possible that
a lack of D-alanylation of teichoic acids in the ΔvirR and ΔvirAB mutants has a similar effect.
We used RNAseq analysis to determine the Lm 10403S VirR regulon (Table 2.1). Most
of the loci identified as highly downregulated in the ΔvirR mutant by RNAseq were also
previously identified by microarray analysis (33). These genes included the dltABCD operon and
the anrAB transporter that are both involved in Lm innate resistance to CAMPs. We confirmed
using qRT-PCR that dltD and anrB transcripts were similarly downregulated in the ΔvirAB
mutant (Figure 2.3). Our RNAseq data also allowed us to identify novel members of the VirR
regulon (Table 2.1). While most of the new loci were hypothetical proteins with less than 10-fold
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differential regulation relative to 10403S, the rli32 sRNA was strongly regulated (~75-fold) by
VirR. The function of the rli32 sRNA has yet to be investigated, but its regulation by VirR
suggests that it may have roles in virulence and/or resistance to cell envelope stress that
warrant further study. Furthermore, we did not observe a role for VirR in the upregulation of
downstream genes in the virR operon, in contrast to a prior microarray analysis (33), which is
likely due to technical limitations of the initial microarray study. Taken together, these data
expand our current understanding of the roles of VirR and now VirAB in Lm gene regulation.
To further understand the relationship between VirR and VirAB, we determined the
sensitivity of ΔvirR and ΔvirAB mutant strains to the antimicrobial agents nisin and bacitracin.
We found that deletion of VirR, VirAB, and AnrB each significantly reduced the MIC of nisin
relative to 10403S, further linking the action of VirAB to VirR signaling (Table 2.3). It is of note
that our study showed a much stronger effect of deletion of anrB on nisin sensitivity than
previous reports on the AnrAB transporter (77). While we cannot directly explain this
discrepancy, it may be due to differences in the Lm background strains or the experimental
protocols used. In the case of bacitracin, we found in keeping with prior data, that VirR and AnrB
were required for Lm resistance to bacitracin (77). However, the MIC of bacitracin for the ΔvirAB
strain was not significantly different from 10403S, indicating that VirAB is dispensable for
bacitracin resistance. This finding suggests that under bacitracin stress, VirR signaling and thus
anrAB expression occurs in a VirAB-independent manner.
Going forward, we are interested in determining the differential roles of the two Lm
BceAB ABC transporter homologues, VirAB and AnrAB, in resistance to antimicrobial agents.
While VirAB and AnrAB share significant sequence similarity and both are necessary for
resistance to at least some antimicrobial agents, it is evident that they have evolved divergent
roles in Lm resistance to cell envelope stress. In 10403S, AnrAB expression is dependent on
the presence of VirAB and VirR (Table 2.1 and Figure 2.3). Thus, we speculate that AnrAB likely
performs a role downstream of VirAB, perhaps acting as a pump to directly export antimicrobial
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agents or as an alternate transporter of bactoprenol, as has been suggested for BceAB (96).
This form of regulation would be similar to a phenomenon seen in S. aureus, where in some
experimental conditions VraFG and GraRS can control expression of VraDE which in turn
provides resistance to bacitracin. How the regulation of this system may work in the Lm 4b G
strain where deletion of virB increases anrAB expression is as yet unclear (89). Studies of
VirAB, VirRS, and AnrAB deletions will have to be performed in several strains in order to
understand general coordinate regulation between these factors in Lm.
We also determined the virulence phenotype of the ΔvirAB mutant and found that it
exhibited an ~2-log reduction of CFU in the spleens and livers of infected mice (Figure 2.4),
similar to the ΔvirR mutant. Furthermore, the ΔvirABR strain exhibited a virulence defect that
was not significantly different (p > 0.05) from either the ΔvirAB or ΔvirR mutants. The lack of an
additive effect on virulence from the deletion of virAB and virR supports the premise that VirAB
and VirR function in the same signaling pathway with respect to virulence. However, the
mechanisms governing the ΔvirR and ΔvirAB virulence defects in vivo remain somewhat
unclear. While the cell-to-cell spread defects exhibited by the ΔvirR and ΔvirAB mutant strains
(Figure 2.1, Table 2.2) may contribute to the overall virulence defect phenotype in vivo, we do
not expect the level of reduction in cell-to-cell spread efficiency alone accounts for the ~2-log
reduction of bacterial burdens in organs during infection in mice (Figure 2.4). One possibility is
that the ΔvirR and ΔvirAB mutants are more susceptible to innate immune defenses than the
10403S parental strain. Previous studies of GraS, the S. aureus VirS homolog, have shown that
the ΔgraS strain is highly susceptible to human defensin proteins (97). It is likely that the ΔvirR
and ΔvirAB mutants share a similar sensitivity. Such sensitivity could potentiate killing by
activated innate immune cells such as macrophages and neutrophils in vivo.
Based on our data, we propose a model where VirABRS form a four-component system
in which the VirAB transporter serves as the direct sensor of stress caused by host-derived
factors or antimicrobial agents such as nisin (Figure 2.6). The VirAB transporter then interacts
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with the VirS sensor kinase allowing for activation of VirR. Once activated, VirR can induce
transcription of downstream genes necessary for pathogenesis and innate resistance to
antimicrobial agents.

Figure 2.6: Model of VirABRS signaling in L. monocytogenes. Nisin and unknown hostderived signals are sensed by VirAB. Through an interaction with VirS, VirR signaling is
activated, allowing for the transcription of downstream VirR-regulated genes. The Lm
response to bacitracin also depends on the action of VirR, but through a VirAB-independent
mechanism. The VirAB-independent response to bacitracin could also function through an
alternative ABC transporter or in a VirS-independent manner.
In the case of bacitracin resistance, VirAB is not necessary, but downstream VirRactivated genes including anrB are required for resistance. VirAB-independent activation of VirR
could come from a number of sources. One possibility is that basal expression of a different
ABC transporter, perhaps AnrAB, performs a similar role as VirAB under different stress
conditions. Alternatively, VirR could be activated in a VirS-independent manner. Crosstalk is
occasionally observed in TCSs (98), and it is possible that one of the other 14 Lm histidine
kinases (99) could be activating VirR under bacitracin stress. Also, it has been shown
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that VirS-independent activation of VirR-regulated genes can be achieved in vitro by growing
Lm with acetate as a carbon source (33).
Since regulatory systems similar to VirABRS are widespread throughout Firmicutes, it
has been proposed that ABC transporters like VirAB would be effective targets for antimicrobial
therapy (77). Inhibitors of ABC transporters could be used to sensitize pathogenic bacteria to
antibiotics that they would otherwise display resistance. Our results show that targeted inhibitors
of VirAB could have a similar effect in Lm and furthermore would likely interfere with Lm cell-tocell spread and virulence. In conclusion, this report identifies VirAB as a new sensor required for
Lm pathogenesis. The requirement for VirABRS in Lm virulence serves to enhance the
paradigm that in addition to direct sensing of the host environment through temperature (41) or
host-derived molecules (48, 49), pathogens like Lm have evolved to interpret stresses induced
by host defenses as signals to undergo transcriptional changes necessary for productive
infection.

Materials and Methods
Bacterial strains. All strains used in this study are listed in Table S2.1 in the
supplemental material. Escherichia coli strains were grown in lysogeny (aka Luria-Bertani) broth
(LB). Lm strains were grown in brain-heart infusion medium (BHI) (Difco, Detroit, MI) or LB
where indicated. Bacterial stocks of strains were stored at -80⁰C in BHI supplemented with 20%
glycerol. The following antibiotics were used at the listed final concentrations: streptomycin 100
µg/mL, chloramphenicol 7.5 µg/mL (Lm) or 20 µg/mL (E. coli), gentamicin 5 to 30 µg/mL,
ampicillin 100 µg/mL (Sigma-Aldrich, St. Louis, MO).
Cell culture. Bone marrow-derived macrophages (BMM) were isolated as described
previously (19). Briefly, 8-12 week old C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME)
were euthanized and femurs removed. Bone marrow was then flushed from the femurs with
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Dulbecco’s Modified Eagle’s Medium (DMEM) (Mediatech, Manassas, VA) supplemented with
10% fetal bovine serum (FBS) (HyClone, Logan, UT), 4.5 g/L glucose, 2 mM glutamine, 1 mM
sodium pyruvate, and 100 µg/mL penicillin-streptomycin (P-S). Cells were then cultured in
DMEM supplemented with 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate, 100 µg/mL P-S,
55 µM β-mercaptoethanol, and 30% L-cell conditioned medium in 150 mm non-tissue-culturetreated petri dishes (Nalge Nunc International, Rochester, NY). On day 3, fresh BMM medium
was added to the cultures. On day 6, media was removed from the cells and BMM were
harvested. BMM were then plated in antibiotic-free medium 18-24 hours prior to experiments as
indicated. Mouse L2 fibroblasts were grown in RPMI 1640 (Mediatech, Manassas, VA)
supplemented with 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate and 100 µg/mL P-S. All
cells were cultured at 37⁰C in a 5% CO2 atmosphere.
Plasmid and strain construction. All plasmids used in this study are listed in Table
S2.1 and all primers used in this study are listed in Table S2.2 in the supplemental material. Inframe deletion alleles were produced using splicing by overlap extension PCR as described
previously (100). The resulting PCR products were ligated into pKSV7 (101) using the PstI/SalI
sites in the case of ΔvirR, ΔvirAB, and ΔvirABR to generate pKSV7 ΔvirR, pKSV7 ΔvirAB, and
pKSV7 ΔvirABR, respectively . In the case of ΔanrB, PCR products were ligated into pCON1
(102) using HindIII and SalI sites to generate pCON1 ΔanrB. The pKSV7-based plasmids were
electroporated into 10403S and allelic exchange was performed as described previously (101)
to generate strains DH-L2111, DH-L2113, and DH-L2115, respectively. pCON1 ΔanrB was
electroporated into E. coli SM10 and then introduced into 10403S through conjugation as
described previously (103, 104). Allelic exchange was then performed in the same manner as
for the other strains to generate strain DH-L2116. Complementing vectors were constructed by
amplifying the virR and virAB open reading frames and ligating the PCR products into pLOV
(105) using SalI/KpnI restriction sites to generate pLOV::virR and pLOV::virAB respectively.
These plasmids were electroporated into E. coli SM10 and then introduced into DH-L2111 and
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DH-L2113 via conjugation to produce strains DH-L2112 and DH-L2114. PCR reactions were
performed using PfuTurbo DNA Polymerase AD according to the manufacturer’s instructions.
Plaquing analysis. 2 × 106 L2 mouse fibroblasts were seeded per well of a 6-well plate
and grown in RPMI 10% serum 18-24 hours. The indicated Lm strains were grown for 18-24
hours in BHI with streptomycin at 30⁰C without shaking. Two microliters of a 1:10 dilution of the
18-24 hour bacterial culture was added to the L2 cells in RPMI medium. The infected L2 cells
were incubated for 1 hour at 37⁰C in a tissue culture incubator. Infected cells were then washed
two times in PBS and overlaid with DMEM containing 5% serum and 0.7% agarose. Cells were
then incubated for 3 days to allow plaques to form and a second overlay of agarose and DMEM
containing 200 µg/mL neutral red and 12 mM HCl was added. Twenty-four hours later, plaques
were imaged and the relative plaque diameters were measured using Adobe Photoshop.
Gene expression analysis by RNA sequencing. Indicated strains were grown in BHI
with streptomycin for 20 hours at 37⁰C shaking. Bacteria were then washed with PBS and
diluted 1:100 into LB with streptomycin. Bacteria were grown for 3.5 hours at 37⁰C shaking and
samples were pelleted. RNA was extracted from samples using a FastPrep RNApro solution
and lysing matrix B (MP Biomedicals, Santa Ana, CA) according to the manufacturer’s
instructions. The isolated RNA was submitted to the Harvard Medical School Biopolymers
Facility for ribosomal RNA reduction, library preparation, and sequencing. Ribosomal RNA was
removed from the samples using the Ribo-Zero™ rRNA Removal kit for Gram-positive bacteria
(Illumina, San Diego, CA). Samples were prepared for strand specific RNA sequencing using
the PrepX RNA-Seq Library Kit (Wafergen, Fremont, CA) according to manufacturer’s
instructions. Samples were multiplexed and run in duplicate on two separate lanes of a flow cell
using an Illumina HiSeq 2500. Data was analyzed using the CLC Bio Genomics Workbench
version 7.5.1. Reads were mapped to the Lm 10403S (NC_017544.1) and EGD-e
(NC_003210.1) genomes. Only reads that mapped to non-rRNA features were counted to
account for variation in rRNA reduction effectiveness between samples. Differential expression
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was determined using the “Exact Test” for two-group comparisons (106) as implemented in CLC
Genomics Workbench. Differential expression data presented includes all features significantly
(p < 0.01) differentially expressed at least 2-fold. Multiple hypothesis testing was corrected for
by using false discovery rate (FDR).
MIC determination. Minimum inhibitory concentrations (MIC) of nisin and bacitracin
were determined as described previously (107). Briefly, serial two-fold dilutions of the antibiotic
of interest were made in 100 µL of BHI with streptomycin in a 96-well microtiter plate. An
indicated Lm strain was then added to each well in 100 µL of BHI with streptomycin at a final
concentration of 105 CFU/mL. Plates were incubated for 20 hours at 37⁰C and then the optical
density at 600 nm (OD600) was read using a SpectraMax spectrophotometer (Molecular Devices,
Sunnyvale, CA). MIC was defined as the minimum concentration of antibiotic that led to no
detectable growth of the strain. Data presented are averages of three separate experiments
performed in duplicate.
In vivo virulence analysis. In vivo infections were performed as described previously
(13). Briefly, the indicated strains were grown 16-18 hours at 30⁰C in BHI with streptomycin
without shaking. Eight to ten week old female Balb/c mice (The Jackson Laboratory, Bar Harbor,
ME) were injected intravenously with 1.7 × 104 to 2.4 × 104 CFU of each strain. Seventy-two
hours after infection, the mice were sacrificed and livers and spleens were homogenized in 5
mL of PBS. Bacterial burdens in each organ were enumerated by plating dilutions of the organ
homogenates on LB agar with streptomycin plates and incubating the plates for 48 hours at
37⁰C. All animal studies were performed according to IACUC regulations.
Gene expression analysis by quantitative PCR. Cultures of the indicated strains were
grown for 20 hours in BHI with streptomycin at 37⁰C shaking. The following day, the cultures
were diluted 1:100 into fresh BHI containing streptomycin and incubated at 37⁰C shaking until
the OD600=0.4-0.6. The cultures were collected by centrifugation and RNA was isolated using a
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FastPrep RNApro solution and lysing matrix B (MP Biomedicals, Santa Ana, CA) according to
the manufacturer’s instructions. The isolated RNA was then reverse transcribed and amplified
using a Step One Plus thermocycler (Applied Biosystems, Waltham, MA) and QuantiTect™
SYBR Green RT-PCR kit (Qiagen, Valencia, CA).
In vitro growth analysis. Twenty-hour cultures of the indicated strains were diluted 1:50
into BHI in triplicate flasks and grown with shaking at 37⁰C. The OD600 was measured at 30
minute intervals and averaged across the triplicate samples.
Intracellular growth analysis. The indicated strains were grown for 20 hours in BHI
with streptomycin at 30⁰C without shaking. 5 × 105 host cells, either C57BL/6 mouse bone
marrow-derived macrophages (BMM) or L2 mouse fibroblast cells were seeded into each well of
a 24-well plate and incubated in appropriate media for 20 hours. After incubation, the bacteria
were collected by centrifugation, washed twice with phosphate-buffered saline (PBS), and
added to the host cells in Dulbecco’s Modified Eagle’s medium (DMEM) at the indicated MOI.
One hour after infection, infected cells were washed with PBS and DMEM containing 5 µg/mL
gentamicin was added to the infected cells. At the indicated time intervals, bacteria were
collected by lysing host cells in PBS containing 1% Triton X-100. Dilutions of the lysates were
then plated on BHI agar with streptomycin plates and incubated 18-24 hours at 37⁰C to
enumerate CFU.
Intracellular ActA expression analysis. The indicated Lm strains were grown for 20
hours in BHI with streptomycin at 30⁰C without shaking. 1 × 106 BMM were seeded into each
well of a 12-well plate and grown in BMM growth media for 20 hours in a tissue culture incubator
at 37⁰C. The BMM media was then removed and replaced with fresh BMM media containing 1
× 107 CFU Lm. One hour after infection, the media was removed, the infected cells were
washed twice with PBS and fresh BMM media plus 5 µg/mL gentamicin was added back. Four
hours after infection, media was removed and the infected cells were lysed with SDS sample
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buffer. The resulting lysates were heated at 95⁰C to extract surface proteins and then run on an
8% SDS-PAGE gel. The gels were blotted onto PVDF membranes and probed with anti-ActA
(rabbit polyclonal) and anti-p60 (mouse monoclonal, Adipogen, San Diego, CA) antibodies.
Blots were washed in Tris-buffered saline with Tween (TBST) and then re-probed with antirabbit or anti-mouse antibodies conjugated to horseradish peroxidase (Cell Signaling
Technologies, Danvers, MA). The blots were then incubated in SuperSignal™ West Pico
chemiluminescent substrate (ThermoFisher, Waltham, MA) and imaged using an Amersham
600 Imager (GE, Boston, MA).
Confocal microscopy of infected cells. L2 mouse fibroblast cells were seeded in
RPMI at 7.5 × 105/well in a 6-well plate containing a cover slip and incubated for 20 hours in a
tissue culture incubator at 37⁰C. Lm strains were grown at 30⁰C without shaking for 20 hours in
BHI with streptomycin. Cultures were washed in PBS and L2 cells were infected with bacteria at
an MOI of 50. One hour post-infection, L2 cells were washed with PBS and fresh RPMI with 5
µg/ml gentamicin was added to each well. Six hours post-infection, coverslips were washed with
PBS and fixed in 4% paraformaldehyde for 15 minutes at room temperature (25°C). Coverslips
were washed with PBS and permeabilized with 0.5% Triton X-100 for 5 minutes and prepared
for fluorescence microscopy. Coverslips were blocked with 3% (w/v) BSA in PBS and were
incubated with rabbit polyclonal antibody against Lm (BD Difco, Franklin Lakes, NJ). Coverslips
were then rinsed with PBS and treated with Alexa Fluor® 647 conjugated donkey anti-rabbit IgG
antibody (Jackson ImmunoResearch, West Grove, PA) and Alexa Fluor® 488 Phalloidin
(Molecular Probes, Eugene, OR) together with DAPI for labeling nuclei. Specimens were
mounted for microscopy using PermaFluor™ mounting medium (Thermo Fisher, Waltham, MA)
and analyzed by fluorescence microscopy. Confocal images were acquired with a FluoView
FV1000 microscope (Olympus, Tokyo, Japan) with a 60X oil immersion objective lens and
processed with FluoView software (Olympus, Tokyo, Japan). NIH ImageJ software was used to
quantify the number of Lm, the number of Lm associated with F-actin, and the length of each F40

actin comet tail in each image. F-actin tails were defined as being phalloidin-positive and greater
than 1 µm in length.
Accession number. RNAseq data is available in the Gene Expression Omnibus
database under the series record GSE98373.
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Chapter 3 : Effects of serum on the expression of virulence factors in
Listeria monocytogenes
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Introduction
While years of work have established the dynamics of actin-based motility between
adjacent cells, how Lm disseminates between major organs and the bacterial factors involved is
an open question in the field. However, it is clear that dissemination requires bacterial spread
through the blood and lymphatic system to reach terminal infection sites such as the brain and
developing fetus. Thus, we became interested in understanding how Lm can sense its presence
in the blood.
Previous work has shown that maximal PrfA-regulated gene expression does not occur
until the bacteria escape the phagosome into the host cell cytosol (23, 49). Despite this, PrfAregulated genes are required and expressed by Lm in many extracytosolic environments. For
instance, the PrfA-regulated bsh gene encodes a bile salt hydrolase that is necessary for
bacterial survival outside of host cells as the bacteria pass through the stomach and intestine
(31). Also, InlA which is required for intestinal invasion is one of the canonical PrfA-regulated
virulence factors (11). Both of these factors appear to be upregulated during intestinal infection
through the action of σB (25, 108). Furthermore, expression of LLO is required in the endosomal
compartment to allow Lm to escape into the host cell cytosol. Previous work has shown that the
allosteric activation of PrfA is dispensable for Lm escape from the phagosome, but that the
presence of the PrfA protein is required for escape (109). These observations, combined with
evidence that the ActA and LLO promoters are differentially transcribed in the endosome show
a separation in regulation between these two central virulence factors, and suggest additional
levels of PrfA-mediated host sensing are active outside of the host cell cytosol (110).
Previous microarray studies showed that growth of Lm in the presence of blood leads to
the increased expression of PrfA-regulated genes (25). We hypothesized that this upregulation
may represent an adaptation by Lm to growth in blood or other extracellular environments within
the host. In particular, we speculated that such a sensing pathway might be necessary for
dissemination through the blood or for aiding reinvasion by bacteria that have been released
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into an extracellular environment due to lysis of a host cell. Recent work showed that Lglutamine, which is found in high concentrations in serum, can induce expression of PrfAregulated genes and that the glutamine transporter GlnPQ was necessary for virulence. These
observations suggest that L-glutamine serves as a signal to the bacterium that it is within a host.
However, a direct role for L-glutamine or GlnPQ in serum sensing has not been shown (48).
Therefore, we set out to understand what signals allow Lm to sense its location in blood and
which bacterial factors are involved in this sensing.
Previous work from a postdoctoral fellow in the lab attempted to identify the molecule in
serum that activated Lm virulence gene expression. He performed chromatographic
fractionation of serum and isolated fractions that could activate the expression of a GFP reporter
fused to the promoter and 5’ UTR of actA. Unfortunately, his experiments showed that the
molecule responsible is tightly bound to serum albumin and could not be purified away. Serum
albumin itself did not induce virulence gene expression, and was in the activating fraction to
such an extent that mass spectrometry was unable to identify the actual signal. Thus, we
instead began a genetic screening approach to identify factors from Lm that might be
responsible for serum sensing in order to better understand this process.
Here we describe the results of our transposon screen to identify what we described as
“serum blind” mutants, that is, strains that failed to upregulate expression of an ActA reporter
when grown in the presence of serum. We also use RNAseq and quantitative mass
spectrometry to delineate the Lm response to growth in serum. Through Western blotting and
qRT-PCR we show that the two-component regulator VirR and the DltABCD complex that it
regulates are necessary for upregulation of ActA and LLO in serum, and that this effect occurs
at a post-transcriptional level.
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Serum upregulates expression of Lm virulence factors ActA and LLO
We wanted to directly test the upregulation of PrfA-regulated gene expression at the
protein level by Western blot of the central virulence factors LLO and ActA. We grew cultures of
Lm in media supplemented with serum at different time points after inoculation. We saw that the
culture that had been grown in the presence of serum for 4 hours exhibited a 16-fold increase in
LLO and ActA expression relative to the culture grown in LB medium, but we did not observe an
increase in these proteins’ expression in the cultures grown with shorter serum contact times
(Figure 3.1).

Figure 3.1: Expression of virulence factors LLO and ActA in Lm grown with serum. Cultures
of Lm 10403S were grown in LB + streptomycin media. Cultures were supplemented with 15%
FBS at 0, 2, or 3 hours post-inoculation. Four hours after inoculation, total protein was run via
SDS-PAGE, and Western blotting was performed for LLO and ActA. The housekeeping sigma
factor RpoD was probed as a loading control. Times indicate number of hours that the culture
grew in the presence of FBS.
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Screen to identify determinants of the serum response
A former postdoctoral fellow in the lab performed a screen to identify factors involved in
the upregulation of ActA in the presence of serum. He generated DH-L1998, a strain of 10403S
in which the promoter and 5’UTR of actA was fused to gfp at the native locus (Figure 3.2A). This
strain therefore is ΔactA, but genetically capable of expressing plcB. Conditions that would
normally lead to an upregulation of ActA in this strain would produce GFP. He was able to
detect GFP production in this strain fluorescence imaging of colonies when this strain was
grown in the presence of serum.

Figure 3.2: A) Schematic of the PactA-gfp reporter construct in strain DH-L1998. A gfp
reporter is fused to the actA promoter and 5’UTR at the native actA locus. The reporter construct
does not interfere with the plcB gene sequence. B) Screening strategy to identify serum-blind
mutants. The DH-L1998 library was plated on LB agar containing 15% FBS. Colonies were
screened using a Typhoon fluorescence scanner and GFP- colonies were picked for further
study.
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We then transformed the pJZ037 plasmid which contains the Mariner transposon into
this strain to generate an insertion library. We plated the library on LB agar medium
supplemented with 15% FBS and used a Typhoon fluorescence scanner to visualize GFP
expression in the colonies on the plates. Colonies that were GFP- harbored an insertion that
prevented the upregulation of ActA and were picked for further study (Figure 3.2B). In total we
screened approximately 20,000 colonies, and found 30 GFP- hits. Among these hits were loci
that we expected to see disrupted, including prfA and gshF which are both required for ActA
transcription as well as transposons inserted in the GFP construct itself (Table 3.1). We also
found hits in metabolic genes including atpB, atpH, and clpX. We inferred that the GFPcharacter of these strains in response to serum may have been a result of a generalized defect
that slowed growth and prevented proper protein expression.

Table 3.1: Genes identified in serum screen
Locus
PactA-gfp
lmo1268
lmo2770
lmo2535
lmo0200
lmo1271
lmo0973
lmo1079
lmo2057
lmo2287
lmo2531
lmo0031
lmo1747
lmo1374

Number of Insertions
3
3
3
2
2
2
2
1
1
1
1
1
1
1

lmo1395
lmo1663
lmo1620
lmo2532
lmo1745
lmo0201

1
1
1
1
1
1

Annotation
Screening Construct
clpX
gshF
atpB
prfA
sipZ
dltB
Hypothetical protein
ctaB, protoheme IX farnesyl transferase
Tape measure protein
atpA
purr
virA
branched-chain alpha-keto acid dehydrogenase
complex
transcriptional regulator
asnB
pepV
atpH
virR
plcA
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Some of our other hits had no currently known role in ActA regulation, including a heme
farnesyl transferase, which could be involved in adaptation to blood, and pepV, a dipeptidase.
Of particular interest to us were the hits in loci virR and virA. We had seen a role for these
proteins in sensing cell stress and the host environment, but not for regulation of ActA
expression inside of host cells. However, we reasoned that the serum sensing pathway for ActA
upregulation could be partially distinct from the intracellular pathway. Furthermore, a gene
downstream of VirR signaling, dltB, was hit twice. Thus, we singled out VirR from our hits for
further study.

Delineation of the serum-dependent VirR regulon using RNAseq
Given the role of VirR in serum expression of our ActA reporter strain, we hypothesized
that VirR, a transcriptional regulator, might increase the production of actA mRNA upon serum
exposure. To test this, we compared RNAseq data from 10403S and 10403S ΔvirR grown in the
presence of serum. Interestingly, we did not see a significant difference in the expression of
ActA or any PrfA-regulated gene between the two strains. Overall, the VirR regulon in serum
(Table 3.2) appeared to be very similar to the VirR regulon that was observed when the bacteria
were grown in LB media (Table 2.1). Expression of dltABCD and anrAB were both strongly
repressed in the ΔvirR mutant strain, as well as the hypothetical proteins lmo0604, lmo2156,
lmo2177 and the rli32 small RNA. However, growth in serum did lead to changes in the VirR
regulon. One noticeable difference is the 2-3 fold downregulation of two operons: lmo0425-0429
and lmo2796-2801. These operons both encode PTS sugar transporters. This is of interest as
PTS components and the sensing of PTS-transported sugars have been shown to regulate PrfA
expression. We also noted that the PrfA-regulated genes hly, actA, plcA, inlA, and inlC showed
a statistically significant decrease in transcription in the ΔvirR mutant grown in serum, although
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the degree of downregulation was minor (<2-fold) (Table S3.1). This minor effect was not seen
in Lm grown in LB.

Table 3.2: Loci differentially regulated at least two-fold in serum between 10403S and
10403S ΔvirR
Feature IDa
dltA
dltB
dltC
dltD
lmo0023
lmo0325
lmo0425
lmo0426
lmo0427
lmo0428
lmo0429
lmo0604
lmo0833
rpsD
anrA
anrB
lmo2156
lmo2177
lmo2439
lmo2796
lmo2797
lmo2798
lmo2799
lmo2800
lmo2801

Annotation
Fold Change p value (FDR corrected)
D-alanylation of teichoic acid
-39.46
1.40x10-188
D-alanylation of teichoic acid
-40.23
2.96x10-171
D-alanylation of teichoic acid
-51.82
1.21x10-214
D-alanylation of teichoic acid
-46.63
1.12x10-191
PTS fructose transporter subunit IIC
-2.17
1.08x10-03
transcriptional regulator
-4.02
1.09x10-07
transcriptional antiterminator BglG
-3.65
8.07x10-18
PTS fructose transporter subunit IIA
-2.27
1.68x10-07
PTS fructose transporter subunit IIB
-2.15
7.71x10-06
PTS fructose transporter subunit IIC
-2.39
3.53x10-07
sugar hydrolase
-2.42
8.51x10-15
predicted protein
-7.32
1.25x10-05
hypothetical protein
-5.23
8.19x10-06
30S ribosomal protein S4
2.29
8.27x10-04
ABC transporter
-24.75
3.21x10-77
ABC transporter
-25.65
8.40x10-95
hypothetical protein
-76.40
1.89x10-70
hypothetical membrane protein
-17.22
1.57x10-87
hypothetical protein
-2.34
6.78x10-05
transcriptional regulator
-2.17
6.84x10-12
PTS mannitol transporter subunit IIA
-2.20
2.01x10-08
phosphatase
-2.45
1.40x10-10
PTS mannitol transporter subunit IIBC -3.03
8.98x10-13
dehydrogenase
-2.83
8.50x10-12
N-acetylmannosamine-6-phosphate 2- -3.01
5.3 x10-11
epimerase
rli32
small RNA
-67.30
6.89x10-147
a
Genes overlapping with the regulon identified in LB are indicated in bold.

RNAseq reveals the genome-wide transcriptional response to growth in serum
Our RNAseq data also allowed us to investigate the changes in transcription between
Lm 10403S grown in LB medium and LB medium supplemented with FBS. We found, in
agreement with previous microarray studies, that a large segment of the Lm transcriptome was
significantly differentially regulated in response to growth in the presence of serum.
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Interestingly, most of the differential transcription was due to upregulation of transcription rather
than downregulation (Figure 3.3).
In order to understand the function of the large number of genes whose expression
changes in response to serum, we used the PANTHER (111) and GO::TermFinder (112)
servers to identify enriched biological processes among the loci significantly upregulated more
than 5-fold. While the use of Gene Ontology (GO) terms have limitations, they are useful here to
illustrate the particular character of the transcriptional response to serum.

Figure 3.3: Volcano plot of differential transcription in the presence of serum. Dark
colored dots indicate GO term associated with that particular gene. Light green dots indicate
genes that are not annotated as PTS components but are found in an operon that contains PTS
components. The dotted lines indicate the 5-fold cutoff for assigning GO terms.

One of the most significantly enriched biological processes was pathogenesis. This was
due to an upregulation of the PrfA-regulated factors hly, actA, plcA, plcB, inlA, inlC, and mpl, as
well as prfA itself. The other most highly upregulated function was PTS sugar transport.
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Although not included in the GO term analysis, we also highlighted as “PTS related” a number
of unannotated genes that are found in the same operons as PTS components, as many of
these were highly upregulated as well. The PTS sugar transporters have been shown to be
intertwined with virulence in Lm. Sugars imported by this system have been shown to have a
repressive effect on PrfA activity. Furthermore, many of these genes have been shown to be
regulated by CodY (113). Since CodY also activates PrfA transcription, it is possible that the
PrfA-dependent virulence upregulation seen in serum may be due to CodY activation (Figure
3.3).
The other enriched biological processes dealt with the adaptation of Lm to growth in
blood. Some cobalamin synthesis genes were upregulated, likely as a response to heme. Also,
the most highly downregulated genes are involved in the transport and response to iron. This is
likely a response to excess iron conditions found in the blood, as transcription of the Lm Fe2+
exporter, frvA (114) was also highly induced in these conditions (Table S3.2).

VirR regulates LLO and ActA expression post-transcriptionally
We then grew 10403S and 10403S ΔvirR to mid-log phase in the presence and absence
of serum, and then extracted total protein to perform Western blotting for ActA. We found that
the ΔvirR strain failed to upregulate ActA in response to serum (Figure 3.4A). Since LLO is also
upregulated in the presence of serum, we performed Western blots using an antibody against
LLO. Similarly, we found that expression of VirR was necessary for the induction of LLO
expression in response to serum (Figure 3.4B).
We looked at the serum induction in transcription of actA and hly, the genes encoding
ActA and LLO respectively, in the ΔvirR mutant using qRT-PCR. As expected, in 10403S,
transcription of these genes was induced (~5-fold for actA and ~3-fold for hly) in response to
serum (Figure 3.4C). However, deletion of virR had no effect on transcript levels of either gene,
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with the ΔvirR mutant showing equivalent induction of transcription as 10403S. Taken together,
these data show that VirR is necessary for a post-transcriptional increase in ActA and LLO
expression in response to serum.

Figure 3.4: Analysis of ActA and LLO serum upregulation in the ΔvirR mutant strain. Wildtype and ΔvirR strains were grown in LB or LB with 15% FBS to mid-log phase. A,B)Total protein
was extracted and Western blotting was performed to analyze A)LLO and B) ActA relative to the
RpoD loading control. Blots are representative of at least three independent experiments. C) RNA
was extracted and primers specific for actA and hly were used to perform qRT-PCR. Relative
mRNA levels were quantified using the ΔΔCt method normalized to 16S rRNA. Data represents
the average of three independent experiments.

DltABCD is necessary for LLO and ActA post-transcriptional serum induction
The dltABCD operon encodes proteins that function to modify Lm teichoic acids through
the incorporation of D-alanine. This modification results in a cell surface with an increased
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positive charge, leading to increased resistance against cationic antimicrobial peptides. Given
that in Lm, expression of dltABCD is controlled by VirR and that we identified two insertions in
dltB in our screen for serum-blind mutants, we tested the role of DltABCD in ActA and LLO
induction in serum.
We grew 10403S ΔdltABCD alongside 10403S with and without serum and analyzed
protein levels of ActA and LLO. We found DltABCD, similar to VirR, was necessary for the
upregulation of ActA and LLO protein levels in response to serum (Figure 3.5A). Our qRT-PCR
data on actA and hly showed no role for DltABCD on the levels of mRNA of these genes, again
suggesting that the upregulation of ActA and LLO in serum is mediated by post-transcriptional
effects (Figure 3.5B).

Figure 3.5: Analysis of ActA and LLO serum upregulation in the ΔdltABCD mutant strain.
Wild-type and ΔdltABCD strains were grown to mid-log phase in LB or LB supplemented with 15%
FBS. A)Total protein was extracted and Western blotting was performed to analyze LLO and ActA
relative to the RpoD loading control. Blots are representative of at least three independent
experiments. B) RNA was extracted and primers specific for actA, hly, and 16S rRNA were used to
perform qRT-PCR. Relative mRNA levels were normalized to 16S rRNA and quantified using the
53 independent experiments.
ΔΔCt method. Data represents the average of three

VirR no longer controls the LLO and ActA serum response
Through many experiments over a period of three years, we observed the role of VirR
for the increased expression of LLO and ActA in response to serum. However, beginning in
early 2016, we consistently failed to see a role for VirR in ActA and LLO expression (Figure 3.6).
We do not have a sufficient explanation for the discrepancy between these observations. We
were able to rule out an acquired mutation in the ΔvirR strain by remaking this strain and testing
its ActA expression in response to serum. We found that these newly made ΔvirR mutants also
upregulated ActA in response to serum to the same degree as the 10403S parental strain.
Furthermore, we observed that the original transposon insertions in lmo1745 and lmo1747
identified in our initial screen no longer exhibited a defect in PactA-gfp upregulation in serumsupplemented media.

Figure 3.6: Analysis of ActA and LLO serum upregulation in the ΔvirR mutant strain post2016. Wild-type and ΔvirR strains were grown in LB or LB with 15% FBS to mid-log phase. Total
protein was extracted and Western blotting was performed to analyze LLO and ActA relative to
the RpoD loading control. Blots are representative of at least three independent experiments.
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We also attempted to understand whether the change in phenotype was due to
differences in media or other conditions in the lab relative to our previous work. These
experiments were numerous and are summarized in Table 3.3. Ultimately, the exact reason for
the change in phenotype is unknown.

Table 3.3: List of attempted solutions to recover ΔvirR phenotype
Potential Explanation
Using incorrect strain
Change in serum quality due to aging
Change in an LB media component

Strain has picked up a mutation

Issue with water

Glassware contains contaminant

Attempted Solution
Verified ΔvirR by PCR
Tried serum from two alternate sources
Tried LB from two alternate sources
Tried animal-free LB
Repeated experiment using BHI medium
Tested original glycerol stocks of ΔvirR
Tested virR::Himar1 and virAB::Himar1
Tested remade ΔvirR strain
ΔdltABCD strain has also lost phenotype
Checked with facilities
Made media with purchased sterile water
Tried pre-made LB broth from VWR
Used disposable sterile plastic flasks

Discussion
Here we have shown that growth of Lm in the presence of serum leads to major changes
in Lm gene expression. Using RNAseq, we demonstrate that the differentially regulated genes
include many metabolic genes, primarily involved in iron, heme, and carbohydrate utilization,
that adapt the bacteria to their new nutritional environment. These gene expression changes
also likely serve to counter toxic effects of iron in blood. Furthermore, transcription of most of
the Lm canonical PrfA-regulated virulence factors is increased in the presence of serum,
potentially through a derepression of CodY on PrfA (Figure 3.3). We showed using Western
blotting that protein levels of LLO and ActA are strongly induced in response to serum and
performed a screen to identify Lm factors that are necessary for the upregulation of ActA (Figure
3.2). From this screen, we found hits in the response regulator gene virR, its upstream signaling
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partner, virA, and the VirR-regulated operon dltABCD. We found that VirR and DltABCD were
necessary, at least under certain conditions, for the upregulation of Lm virulence factors, and
that the VirR-dependent component of this upregulation takes place at a post-transcriptional
level (Figure 3.4).
The upregulation that we see in response to serum appears to come from two different
sources. The first is the likely PrfA-dependent transcriptional upregulation that we detected by
RNAseq and qRT-PCR, whereas the second is the VirR-dependent post-transcriptional effect
that we saw via Western blot. While the ΔvirR and ΔdltABCD strains failed to fully upregulate
ActA and LLO in response to serum, they showed no defect in the upregulation of the mRNA for
these genes. The mechanism behind the post-transcriptional effect of serum on these genes
remains unclear. Previous experiments showed the same effects of serum and VirR on
expression of the PactA-gfp reporter in the DH-L1998 strain that were observed for ActA in
10403S, indicating that the post-transcriptional activation of ActA does not involve mRNA
sequences or protein domains in the coding region of ActA. This result suggests that the
mechanism of post-transcriptional control involves the 5’ UTR of the actA gene, as it is the only
element of actA present in this reporter besides the PactA promoter. As hly also contains a 5’
UTR, this could be true for both genes. Further experiments measuring LLO and ActA serum
response in their respective Δ5’ UTR strains will be needed to test this hypothesis. Going
forward, we are investigating what proportion of the entire Lm response to serum takes place
through post-transcriptional regulation. We will perform quantitative mass spectrometry on Lm
grown in the presence and absence of serum. When combined with our RNAseq data, this will
give us an understanding of the proteome-wide post-transcriptional gene expression changes
that take place when Lm is grown in the presence of serum.
The most pressing concern about this work is our lack of understanding as to what led to
the loss of the ΔvirR serum phenotype. This phenotype had been robust and repeatable from
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2012 when the initial serum screen was performed, through 2015. Then it completely
disappeared in early 2016. To the extent possible, we have ruled out mutations in the strain
itself as the source of the change by retesting the original transposon insertions and by
remaking the ΔvirR strain. We also tested a number of different growth conditions including
different sources of LB media, serum, and water to try and reproduce the phenotype, but were
unable to do so (Table 3.3). At this point, our best understanding of the problem is that multiple
pathways feed into the induction of ActA and LLO expression during growth in serum. Our
previous results may indicate a period in which some facet of our growth conditions was
suppressing VirR-independent mechanisms of ActA and LLO upregulation. For example, we
know that PrfA-regulated genes are induced transcriptionally in response to serum. It is possible
that the media we used from 2012 to 2015 may have contained higher concentrations of
metabolic signals like BCAs and PTS sugars that suppress PrfA activity. In these repressing
conditions, the post-transcriptional upregulation may have been more apparent. This repression
could have been released in different media, leading to a strong PrfA-dependent upregulation of
ActA and LLO in serum, even in the absence of VirR. However, without access to the exact
conditions that allowed us to observe the VirR phenotype, this speculation cannot be tested.
Another path forward may be to test some of the other hits from our screen to see
whether they still exhibit defects in PactA-gfp serum induction, or whether they have lost this
phenotype as well. It may also be worthwhile to test the role of known virulence regulators such
as CodY and GlnPQ in the serum effect. Alternatively, future work in the lab could include a
repeat of the serum screen, to see if the screen identifies a different set of genes under
conditions where VirR does not play a role in ActA or LLO expression.
How DltABCD might be involved in the response to serum is an open question of
considerable interest to us. The dltABCD operon encodes a suite of enzymes involved in Dalanylation of teichoic acids, none of which are known to have a regulatory function for gene
expression. However, we saw that deletion of this operon leads to reduced ActA and LLO
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expression in serum (Figure 3.5). One possibility is that the role of DltABCD and VirR in the
serum response is indirect. That is, D-alanylation of Lm teichoic acids might be necessary in
order to bind the factor in serum that signals Lm to upregulate virulence genes. Alternatively, a
gene in the dltABCD operon may have an unrecognized gene regulatory role. Should we be
able to solve our issues with the virR and dltABCD serum phenotype, we would like to
investigate these functions more.
Overall, it is paradoxical to consider an intracellular pathogen adapting to growth in the
blood. However, there are many instances where it would be advantageous for Lm to adapt to
dealing with the extracellular milieu. One possibility is that Lm could end up outside of host cells
by rupturing the cell membrane if the bacteria replicate to high numbers in the cytosol or the cell
is lysed through immune surveillance. In this case, the bacteria would need to be able to sense
that they are still in a host but not in an intracellular environment so that PrfA-regulated genes
continue being expressed. Also, recent work is increasing the appreciation that while
intracellular infection is necessary for Lm virulence, extracellular stages of Lm infection are also
important during pathogenesis. For example, experiments have shown that Lm replicates to
large numbers extracellularly in the gall bladder in mouse models of infection (115). This
replication allows Lm to seed the feces, and thus may be important for transmission. Other work
has shown that a large proportion of Lm bacteria replicate extracellularly during the intestinal
phase of infection. Future work is needed to identify the factors necessary for sensing these
extracellular host environments.

Materials and Methods
Bacterial strains. All strains used in this study are listed in Table S3.3 in the
supplemental material. Escherichia coli strains were grown in lysogeny (aka Luria-Bertani) broth
(LB). Lm strains were grown in brain-heart infusion medium (BHI) (Difco, Detroit, MI) or LB
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where indicated. Bacterial stocks of strains were stored at -80⁰C in BHI supplemented with 20%
glycerol. The following antibiotics were used at the listed final concentrations: streptomycin 100
µg/mL, chloramphenicol 7.5 µg/mL (Lm) or 20 µg/mL (E. coli), ampicillin 100 µg/mL (SigmaAldrich, St. Louis, MO).
Serum growth Western blots. The indicated Lm strains were grown for 20 hours in BHI
with streptomycin at 37⁰C with shaking. A sample of the culture was centrifuged, washed once
with PBS and diluted 1:100 into LB or LB supplemented with 15% FBS. These cultures were
grown for 3.5 hours to mid-exponential phase. Samples of these cultures were incubated with 3
mg/mL lysozyme in PBS for 1 hour at 37⁰C then were heated at 95⁰C in SDS sample buffer and
run on an 4-20% SDS-PAGE gel. The gels were blotted onto PVDF membranes and probed
with anti-ActA (rabbit polyclonal), anti-LLO (rabbit polyclonal, Abcam), or anti-RpoD (rabbit
polyclonal) antibodies. Blots were washed in Tris-buffered saline with Tween (TBST) and then
re-probed with anti-rabbit or anti-mouse antibodies conjugated to horseradish peroxidase (Cell
Signaling Technologies, Danvers, MA). The blots were then incubated in SuperSignal™ West
Pico chemiluminescent substrate (ThermoFisher, Waltham, MA) and imaged using an
Amersham 600 Imager (GE, Boston, MA).
Gene expression analysis by quantitative PCR. Cultures of the indicated strains were
grown for 20 hours in BHI with streptomycin at 37⁰C shaking. The following day, culture
samples were washed once with PBS and diluted 1:100 into fresh LB or LB supplemented with
15% FBS containing streptomycin and incubated at 37⁰C shaking for 3.5 hours. The cultures
were collected by centrifugation and RNA was isolated using a FastPrep RNApro solution and
lysing matrix B (MP Biomedicals, Santa Ana, CA) according to the manufacturer’s instructions.
The isolated RNA was then reverse transcribed and amplified using a Step One Plus
thermocycler (Applied Biosystems, Waltham, MA) and QuantiTect™ SYBR Green RT-PCR kit
(Qiagen, Valencia, CA). Primers used are listed in Table S3.4 in the supplemental material.
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Gene expression analysis by RNA sequencing. Indicated strains were grown in BHI
with streptomycin for 20 hours at 37⁰C shaking. Bacteria were then washed with PBS and
diluted 1:100 into LB or LB supplemented with 15% FBS. Bacteria were grown for 3.5 hours at
37⁰C shaking and samples were pelleted. RNA was extracted from samples using a FastPrep
RNApro solution and lysing matrix B (MP Biomedicals, Santa Ana, CA) according to the
manufacturer’s instructions. The isolated RNA was submitted to the Harvard Medical School
Biopolymers Facility for ribosomal RNA reduction, library preparation, and sequencing.
Ribosomal RNA was removed from the samples using the Ribo-Zero™ rRNA Removal kit for
Gram-positive bacteria (Illumina, San Diego, CA). Samples were prepared for strand specific
RNA sequencing using the PrepX RNA-Seq Library Kit (Wafergen, Fremont, CA) according to
manufacturer’s instructions. Samples were multiplexed and run in duplicate on two separate
lanes of a flow cell using an Illumina HiSeq 2500. Data was analyzed using the CLC Bio
Genomics Workbench version 7.5.1. Reads were mapped to the Lm 10403S (NC_017544.1)
and EGD-e (NC_003210.1) genomes. Only reads that mapped to non-rRNA features were
counted to account for variation in rRNA reduction effectiveness between samples. Differential
expression was determined using the “Exact Test” for two-group comparisons (106) as
implemented in CLC Genomics Workbench. Differential expression data presented includes all
features significantly (p < 0.01) differentially expressed at least 2-fold. Multiple hypothesis
testing was corrected for by using false discovery rate (FDR).
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Chapter 4 : Generation and validation of an expression library for
discovery of novel CD8+ T cell antigens from Listeria monocytogenes

Contributions: High-throughput primer design for the Lm ATLAS library was performed by Dr.
Dana Boyd. Experiments were designed by Daniel Grubaugh and Dr. Darren E. Higgins. Other
work was performed by Daniel Grubaugh.

Introduction
Listeria monocytogenes (Lm) is a Gram-positive facultative intracellular pathogen that is
the causative agent of the invasive illness listeriosis. Anti-listerial immunity is provided primarily
by antigen-specific T cells. Both CD4+ and CD8+ T cells have a role in protective immunity to Lm
infection, however, CD8+ cells provide the bulk of the protection. Despite decades of study as a
model of T cell immunity, only a handful of antigenic peptides that CD8+ T cells recognize to
mediate this protection have been identified and mapped in Lm (53). Identification of T cell
antigens, particularly in complex pathogens such as Lm is a challenging process. Of the
thousands of possible peptides that can be derived from the pathogen’s proteome, the CD8+ T
cell response appears to target only a tiny minority. Whether or not a particular peptide can
serve as a CD8+ T cell antigen is driven by a number of factors. The peptide must be correctly
generated by the proteasome and able to bind MHC class I. Then, the peptide-MHC complex
must be able to bind the T cell receptor on a CD8+ T cell. If the potential antigenic peptide is too
similar to peptides generated from self proteins, it is unlikely that the peptide can be an effective
antigen.
The known CD8+ T cell antigens: LLO91-99, p60217-225, p60449-457, and Mpl84-92 were
discovered using targeted approaches. Peptides that activated LLO91-99 and p60217-225 specific T
cells were identified by elution of peptide from peptide-MHC complexes on the surface of
infected cells. These peptides were then split into fractions using high pressure liquid
chromatography (HPLC) and used to stimulate Lm-specific T cell lines. The peptide antigen was
then identified from the activating fraction by mass spectrometry (61, 62). While this approach
was successful, it is limited in that it can generally only identify very dominant antigenic
epitopes. However, the identification of these antigens enabled the researchers to identify motifs
that allowed for the binding of these antigens to the MHC molecule from which they were eluted
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(116). Using this motif, the researchers then interrogated peptides that fit this motif from several
virulence-associated genes, identifying the p60449-457 and Mpl84-92 antigenic peptides (63, 64).
The motif approach, while successful, is difficult to apply to identify antigens in Lm from
multiple mouse backgrounds or in human populations. The motifs identified using the LLO91-99
and p60217-225 epitopes are only applicable to one of the three MHC class I molecules found in
Balb/c mice. For example, despite the immunodominance of the LLO91-99 peptide in the Balb/c
mouse background, LLO does not seem to be at all antigenic in the C57BL/6 mouse
background (117). While general rules govern the kinds of peptides that can be incorporated
onto MHC Class I and families of MHC molecules with similar binding patterns exist, each allele
of the molecule ultimately has its own potential to bind peptides (58). Sophisticated
computational methods have been developed to identify peptides that might bind to a diversity
of MHC class I molecules (118, 119). However, MHC binding is only one factor that predicts a
peptide’s antigenicity. Thus, the use of these algorithms in antigen identification would require
the testing of a large number of peptides; an expensive process that would prevent the
examination of any significant fraction of the Lm proteome.
Instead, in recent years, ORF-based approaches to identifying antigens have become
popular. These screens use T cell restimulation by entire ORFs, rather than peptides as the
readout for positive hits (120). This approach has two major advantages. First, these methods
more closely mimic the route of natural T cell presentation, rather than focusing only on MHC
binding. Second, identifying antigenic ORFs is more likely to be applicable across a diverse
population. This is especially important if the antigens are to be used to design a subunit
vaccine. While each individual may be recognizing different peptides due to having their own set
of MHC class I molecules, there may be proteins that are common antigens across the
population. Thus, these shared proteins would be excellent candidates for inclusion in a
vaccine.
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Many different ORF-based strategies have been developed to identify antigenic proteins
for use in vaccines and immunotherapies (121). The strategy we used for Lm is a modification
of the AnTigen Lead Acquisition System™ (ATLAS) technology developed by previous
members of the Higgins lab. ATLAS uses an ordered library of E. coli clones, each expressing a
different protein from the pathogen of interest. Each clone also expresses a version of LLO that
has been modified to remove its N-terminal signal sequence such that it accumulates in the E.
coli cytoplasm (cLLO). These clones are then added to antigen presenting cells (APC) cultured
from the host of interest (Figure 4.1A). The bacteria are phagocytosed by the APCs and
degraded in the phagolysosome. Once the bacterial membrane has been ruptured, the cLLO
lyses the lysosomal membrane, allowing the potential antigen access to the MHC class I
processing pathway (122) (Figure 4.1B). T cells isolated from hosts infected with the pathogen
of interest are then added to the pulsed APCs. If the T cells encounter an antigenic protein, they
will become activated, secreting IFNγ that can be detected using an enzyme-linked
immunosorbance assay (ELISA). Once an ATLAS library has been constructed, it can be used
to identify antigens from multiple patients or mouse genetic backgrounds simply by using
different matched sets of donor T cells and APCs.
The ATLAS system has been successfully used to identify CD4+ and CD8+ T cell
antigens in Chlamydia trachomatis (123, 124) and Herpes Simplex 2 (125, 126) virus as well as
CD4+ antigens from Streptococcus pneumoniae (127). Recently, work has started to use ATLAS
as a method to identify cancer antigens. Given this success, we looked to using ATLAS to
identify new T cell antigens in Lm. Here we describe the construction of an ATLAS library for
Lm, as well as its validation using the ovalbumin model antigen. We also report several screens
performed with a subsection of the library that identified known Lm antigens from Balb/c mice
and revealed InlC as a potential antigen in the C57BL/6 background. We finish with a discussion
of planned improvements to the ATLAS library to improve its ability to identify T cell antigens
from Lm.
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Figure 4.1: Screening strategy for the Lm ATLAS library. A) An induced, fixed aliquot of the
library is added to macrophages in a 96 well plate and incubated to allow for antigen presentation. T
cells from an Lm-infected mouse are then added to the plate and incubated for 16 hours.
Supernatants of the library screen are then assayed for IFN-γ by ELISA. Wells with IFN-γ
concentrations above background contain antigenic proteins. Modified from (148). B) Schematic of
antigen delivery by ATLAS library bacteria. Bacteria are phagocytosed by APCs and lysed in the
phagolysosome. Lysis releases cPFO, rupturing the phagolysosome and delivering the library clone
protein into the APC cytosol where it can access the MHC class I presentation pathway. Modified
from (122).
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Generation of an Lm ATLAS Library
The entire Lm genome consists of about 2900 genes, too many to easily build a library
against. We decided to limit our library to proteins which likely access the MHC class I
presentation pathway in the host cell cytosol. All currently identified Lm CD8+ T cell antigens are
derived from Lm secreted proteins. Previous work has shown that access to the host cell cytosol
is critical for a particular antigen to provide protection from Lm infection. Using recombinant
antigens derived from lymphocytic choriomeningitis virus (LCMV) nucleoprotein, studies showed
that a robust CD8+ T cell response could be generated against these proteins whether they
were expressed in the Lm cytoplasm or secreted into the host cell cytosol. However, if mice
were vaccinated with the nucleoprotein epitope, the vaccination failed to protect from
subsequent infection with Lm expressing the cytoplasmic version of this epitope. The
vaccination did protect against bacteria secreting these proteins, as then the antigens would
have access to the MHC class I processing pathway in the infected host cell cytosol (128, 129).
Whether Lm cell surface proteins can serve as protective CD8+ T cell antigens during Lm
infection is less clear. Work from another group identified a previously unknown CD8+ T cell
antigen in the ActA protein in the Balb/c background. Similar to the cytosolic antigens
discussed earlier, a CD8+ T cell response could be generated against ActA, but these cells
failed to protect against subsequent infection with wild-type Lm. Mice vaccinated with ActA
showed protection against an Lm strain that had been modified to secrete ActA rather than
express it on the cell surface (117, 130). However, due to the unique role ActA plays in Lm
pathogenesis, it is unclear whether these observations with ActA are generalizable to Lm
surface proteins in general. Specifically, since ActA on the Lm surface is bound by many host
proteins, it is possible that the binding of these proteins rather than cell surface localization was
the important factor in blocking ActA access to the MHC class I presentation pathway.
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We searched the literature and identified all the proteins that have been identified,
through bioinformatics or biochemical methods, to be secreted freely by Lm or localized to the
bacterial surface (131-133). This generated a list of 353 ORFs to put into the library. With the
help of a collaborator, we used the Primer3 software to design primers to amplify all of these
ORFs from Lm genomic DNA while removing N-terminal secretion signals and the stop codon.
These 350 ORFs were then cloned into the pDESTSL8 vector using the Gateway®
recombinase cloning system (Figure 4.2A). This expression vector places each ORF under the
control of a T7-inducible promoter and modifies the ORF with an N-terminal His-tag and a Cterminal SIINFEKL sequence (Figure 4.2B). The SIINFEKL peptide is an ovalbumin-derived H2Kb-restricted antigenic determinant that has been used extensively to study MHC class I antigen
presentation. We then transformed each plasmid into a modified E. coli strain we called DHE2141. This strain is based on the commercially available BL21(Ai) strain which expresses T7
RNA polymerase under the control of an arabinose-inducible promoter. This strain also
constitutively expresses a modified cytoplasmic-localized perfringolysin (cPFO438Y) as
opposed to the cLLO that is generally used in ATLAS libraries (Figure 4.1B). PFO is a poreforming toxin similar to LLO derived from Clostridium perfringens that should not activate Lmspecific T cells. The 438Y mutation reduces this protein’s cytoxicity, allowing it to be used in the
assay without lysing the APCs (134).
Of the original 350 ORFs intended to be in the library, we ended with a library
expressing 267 ORFs. The ORFs that dropped out during the process could be traced to
difficulty in cloning the genes into the pDESTSL8 vector or errors during library construction.
Interestingly, members of the internalin gene family in particular seemed difficult to clone into
pDESTSL8. Expression of the final library was induced by growth in the presence of Larabinose. Multiple aliquots of the induced library were frozen and used in subsequent
experiments.
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Figure 4.2: Cloning strategy used to produce the Lm ATLAS library. A) Predicted secreted and
surface-exposed ORFs were amplified from Lm genomic DNA. A second round of PCR introduced attB
sites onto each ORF. Gateway™ BP clonase was used to move each ORF into the pDONR221 vector.
We then used Gateway™ LR clonase to insert each ORF into the final pDESTSL8 vector. These
vectors were transformed into DH-E2141 to generate an ordered expression library for antigen
screening. B) Schematic of pDESTSL8. ORFs cloned into this vector are expressed under the control of
a T7 promoter. They are produced with an N-terminal 6X His-tag and a C-terminal SIINFEKL sequence.
Modified from (148).
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Validation of the Lm ATLAS library
To validate the expression of our induced library we performed a B3Z T cell assay. The
B3Z T cell hybridoma line was derived from CD8+ T cells that recognize the SIINFEKL peptide
bound to MHC. These T cells were fused to an immortalized cell line that contains the lacZ gene
under the control of a nuclear factor of activated T cells (NF-AT)-dependent promoter. Thus, T
cell activation in this cell line leads to the production of LacZ which can be quantified by enzyme
activity.
The B3Z assay is particularly useful for validating the library as SIINFEKL is fused to the
C-terminus of each protein in the library, so that the antigen can only be detected if the fulllength protein is produced. We pulsed C57BL/6-derived BMMs with an aliquot of our induced
frozen library for 2 hours. This allowed the APCs time to process and present the SIINFEKL
peptide. We then fixed the APCs and added B3Z T cells. After allowing the APCs to present to
the T cells, we lysed the cells and added Chlorophenol red-β-D-galactopyranoside (CPRG), a
substrate that is converted into a red product by LacZ, allowing us to quantify expression of the
library via colorimetric readout.
We found that 92% of the library induced B3Z activation to at least 2 standard deviations
above the mean absorbance of negative controls (Figure 4.3). Previous work has shown that
this level of activation in B3Z cells is sufficient for downstream antigen discovery. Thus, we were
able to use the frozen stocks of our library, knowing that each aliquot had the same level of
induction for performing the screens.
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Figure 4.3: Validation of library expression using a B3Z T cell hybridoma assay. An
induced, fixed aliquot of the library was pulsed onto C57BL/6-derived BMM. These APCs were
then incubated with B3Z cells for 16 hours. Cells were then lysed and LacZ was quantified by
adding CPRG to the lysate, and CPRG conversion was measured by absorbance. Data is
presented as a percentage of the absorbance of a SIINFEKL peptide positive control. Red line
indicates two standard deviations above the average value of the negative controls.

Screening the Lm ATLAS library in Balb/c mice
To begin testing the library in the context of actual screens, we organized a single plate
with a number of different antigens including the known LLO, p60, and ActA antigens. We also
included two clones expressing Cap1 on this plate. Cap1 is an antigenic protein derived from
Chlamydia trachomatis that can serve as a negative control in our screen, since these mice will
not have been exposed to Chlamydia (135). Two other wells on the plate did not contain a
library clone, but instead had LLO91-99 peptide, a known antigen in the Balb/c background, to
serve as a positive control. We immunized Balb/c mice with 103 CFU (0.1 LD50) Lm via tail vein
injection. At seven days post-infection, the peak of the T cell response, we sacrificed the mice
and used magnetic activated cell sorting (MACS) to isolate CD8+ cells. We added an induced
aliquot of the library to Balb/c-derived BMM and incubated for 2h to allow for processing and
presentation. We then added T cells and incubated them with the pulsed APCs for 16 hours. We
harvested supernatants from each well and used an ELISA to quantify IFN-γ as a readout for T
cell activation.
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We found that in each screen, while the LLO91-99 positive controls strongly induced T cell
activity, the response to the induced library clones was relatively muted (Figure 4.4A, C, E).
However, we were able to detect certain clones that activated T cells above background,
although we experienced variability in the antigens found in each run of the screen. We set a
cutoff for IFN-γ production greater than two standard deviations above the mean of the plate
(excluding the peptide controls).
From this, we were able to detect T cell activation by the clones containing the gene for
p60 (iap) and LLO (hly) in two of the three screens (Figure 4.4B and F). We also saw T cell
activation by the actA clone in one of the three screens (Figure 4.4F). In a particular screen we
did not observe activation by any of the known Lm CD8+ T cell antigens. Instead, six ORFs that
were not observed in the other screens were detected above background (Figure 4.4D). The
clones that induced IFN-γ to the greatest extent were two hypothetical secreted proteins with
78% sequence identity: Lmo2808 and Lmo2809. Despite our difficulties in getting consistent
results from library screens, these results do indicate that the Lm ATLAS approach is at least
capable of identifying known Lm antigens.
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Figure 4.4: Screens of a subset of the Lm ATLASlibrary performed in the Balb/c mouse
background. Mice were vaccinated with 0.1 LD50 Lm 10403S. Seven days later, the mice were
sacrificed and CD8+ cells isolated from harvested spleens. T cells were incubated with BMM pulsed
with the library and supernatants were assayed for IFN-γ using ELISA. Each pair of graphs (A and B, C
and D, E and F) present the results of a single experiment. Left side graphs (A, C, E) include data from
LLO91-99 peptide used as a positive control. The red line on the right side graphs (B, D, F) indicates 2
standard deviations above the plate mean concentration of IFN-γ. Selected clones above this line are
labeled.
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Screening a partial Lm library in the C57BL/6 mouse background
Since C57BL/6 is the mouse strain most commonly used in biomedical research, we
decided to perform ATLAS screens with the selected library using T cells and APCs derived
from these mice. There are no currently known Lm antigens in the C57BL/6 mouse background,
so we replaced the LLO91-99 peptide in our screening plate with library clones. After screening
the library 3 times we found responses from clones expressing InlC and p60 in two separate
screens (Figure 4.5). InlC is a PrfA-regulated member of the internalin family that has been
shown to play a role in Lm cell-to-cell spread. Unlike many internalins, InlC is not a surfacelocalized protein, but rather is secreted freely into the host cell cytosol during infection. In one
screen (Figure 4.5A), we observed a response to Lmo2445, another secreted member of the
internalin family, about which less is known. While again the screen results were somewhat
inconsistent, these results suggest that p60 and InlC may be the targets of CD8+ T cells during
Lm infection of C57BL/6 mice.
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Figure 4.5: Screens of a subset of the Lm ATLAS library performed in the C57BL/6 mouse
background. Mice were vaccinated with 0.1 LD50 Lm 10403S. Seven days later, the mice were
sacrificed and splenic CD8+ cells isolated. T cells were incubated with BMM pulsed with the
library and supernatants were assayed for IFN-γ using ELISA. Each graph presents data from
an individual experiment. The red line indicates 2 standard deviations above the plate mean
concentration of IFN-γ. Clones above this line are labeled.

Discussion
In this chapter we have described the construction of an ATLAS library for the
identification of new CD8+ T cell antigens (Figure 4.1, Figure 4.2). This library contains the
majority of secreted and cell surface expressed genes in the Lm strain 10403S (Table S4.2).
The difficulty that we experienced in cloning some of the Lm genes into E. coli may be due to
the sequence being in some way toxic to E. coli. However, the majority of the missing clones
are due to errors made during the cloning process. Moving forward, we plan to finish cloning as
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many of these ORFs into the library as possible. Also, there is valuable information that could
be learned from building an ATLAS library that encompasses the entire Lm ORFeome, provided
that we have optimized the screen and it is working reliably. Previous work has shown that while
they cannot provide protection against Lm infection, a CD8+ T cell response can be primed
against proteins restricted to the Lm cytoplasm (128, 129). An ATLAS screen of the complete
10403S ORFeome would allow us to identify Lm cytosolic proteins that serve as CD8+ T cell
antigens and allow us to ask about the degree to which CD8+ responses are primed against
non-protective antigens during infection.
We then tested the library’s ability to detect T cell responses by using it to activate B3Z T
cell hybridomas. We also used a subset of the library to screen for antigens in the Balb/c mouse
background from which the currently known CD8+ antigens had been discovered. We found that
the vast majority of clones in the ATLAS library were able to activate the B3Z cells in our assay
suggesting that the potential antigenic proteins were being expressed and delivered properly in
the screen (Figure 4.3). Despite this, our screens of CD8+ cells isolated from Balb/c mice only
identified the known antigens in p60, LLO, and ActA in one or two of the three independent
screens (Figure 4.4). It is unlikely that this represents a real variation in antigen specificity, as
we saw a robust response to the LLO91-99 peptide from the T cells in each screen. When they
were observed, the level of IFN-γ production that we saw for the known antigens in our screen
ranged from about 40% of peptide control to less than 10%. Furthermore, we observed T cell
activation induced by clones expressing proteins that have not been previously identified as
antigens in this mouse background, including EssA and hypothetical proteins Lmo2808 and
Lmo2809. While these proteins may be actual antigens, the fact that each was only identified a
single time suggests that they may just as likely be the result of noise in the assay itself. The
discrepancy between the results of the B3Z assay and the pilot screen likely comes down to the
percentage of T cells that are activated in the two assays. All B3Z cells are specific for the OVAderived peptide SIINFEKL, whereas only 17% and 4% of T cells respond to LLO and p60,
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respectively (65). This results in the dynamic range for detecting activation being lowered when
the library is used to screen endogenous T cells. Thus, we likely need to modify the approach to
better identify antigens from Lm. We are currently working to screen the Lm ATLAS library using
T cells isolated from mice that have been infected with a sublethal dose of Lm and then boosted
with a second higher, sublethal dose. This prime-boost approach would likely help increase the
proportion of T cells that are Lm specific, increasing the signal of true antigens relative to
background.
The difficulty we experienced in using ATLAS to identify new T cell antigens in Lm
relative to previous ATLAS screens with C. trachomatis and S. pneumoniae may relate to the
cytolysin we used in the study. The ATLAS platform was designed around the ability of LLO to
deliver proteins to the macrophage cytosol. LLO is known to have a strong degree of specificity
for rupturing the host endolysosomal membrane, rather than the plasma membrane (136). This
allows delivery of proteins to the host cytosol while reducing overall cytotoxicity. However, LLO
has been shown to be antigenic in the Balb/c background, and its immunogenic nature suggests
that this may be common to many different hosts (137). We therefore employed a modified
version of PFO to deliver antigens in our screening library. Unfortunately, this toxin has
disadvantages relative to LLO for use in ATLAS. First, cPFO438Y has a lower activity of lysing
the phagosomal membrane than LLO, thus, it is less able to deliver protein cargo to the cytosol
of phagocytes (134). Second, cPFO438Y, despite its modifications, was more toxic to the
macrophage APCs than LLO. These two combined factors likely led to the large difference
between the activation by peptide and our library clones.
One way to solve this problem would be to use a different cytolysin to build the library.
We could use a modified version of LLO, LLO92F, which contains a mutation that disrupts the
LLO91-99 peptide that is antigenic in Balb/c mice, but does not reduce pore-forming activity of
LLO (138). This toxin would likely allow us to deliver more protein without cytotoxicity,
increasing signal. However, the modified LLO would only avoid antigenicity in mouse
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backgrounds that express the H-2Kd MHC class I molecule. Since we plan to eventually use
ATLAS to identify antigens in a wide variety of mammalian hosts, including human patients, this
method may be too restrictive. Instead we are beginning to assess the use of alternative poreforming toxins to deliver proteins in the ATLAS system. These options include other members of
the cholesterol-dependent cytolysin family such as streptolysin O.
An alternative option would be to attempt to increase the sensitivity of the ATLAS
platform for identifying antigens from Lm. To do this, we could try alternative readouts to antiIFN-γ ELISA. One option would be to use ELISPOT instead of ELISA. This technique reads the
IFN-γ secretion of individual T cells and is therefore more adept at identifying the response of a
small number of T cells. ATLAS screens have also recently been performed using the Meso
Scale Discovery system (MSD). This platform offers improved sensitivity over both ELISA and
ELISPOT methods, and would also allow us to test multiple cytokines at once, not just IFN-γ.
Despite the challenges we will deal with going forward with the Lm ATLAS library, we
were able to identify InlC as a potential novel antigen in the C57BL/6 mouse background (Figure
4.5). We plan to confirm the antigenicity of InlC. We can express and purify InlC from the DHE2141 library clone. We plan to deliver the purified protein to the cytosol of APCs using LLO or
another delivery method and test whether it can induce IFN-γ production from C57BL/6 CD8+ T
cells. Since InlC is secreted, we are interested in learning whether vaccination with the protein
can provide protection from subsequent infection with Lm. If InlC does provide protection, then it
will be the first protective Lm antigen discovered in the C57BL/6 mouse background. This is
significant because Lm infection of C57BL/6 has been used for decades as a model for studying
cytotoxic T cell immune responses. However, all of these studies have used Lm expressing
recombinant ovalbumin to track the antigen-specific responses. Once we had located the
antigenic epitope we could confirm many of these studies’ conclusions using a natural antigen
to see whether we make the same observations. On the other hand, if we can confirm the
antigenicity of InlC and it does not provide protection from Lm, then InlC will be the first native
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non-protective secreted antigen discovered from Lm. We would be interested in understanding
why a secreted antigen that is presented and generates a T cell response would fail to provide
protection against Lm infection. This line of inquiry could lead to new understandings about the
biology of Lm infection.
Once we have optimized the library and screening procedure, there are a number of
important questions the ATLAS technique will allow us to answer. One aspect we would be
interested in studying is the hierarchy of immunodominance among CD8+ T cell epitopes in a
complex pathogen like Lm. In particular, we would like to understand how the elimination of an
immunodominant CD8+ antigen affects the immune response to subdominant antigens. We
hypothesize that eliminating dominant antigens such as LLO91-99 and p60217-225 would increase
the CD8+ response to subdominant antigens, but the degree to which this takes place is
unclear. It is unknown whether such an increase would affect all subdominant antigens or only a
small subset. We would like to investigate this effect for its potential to inform cancer
immunotherapies that are currently being developed based on recombinant attenuated Lm. If
eliminating dominant antigens boosts the response against other antigens, we could use ATLAS
to identify Lm proteins that are commonly found to be immunodominant antigens in patients that
have received this therapy and then delete or mutate these proteins in subsequent versions of
the vector. This could help to focus the immune response onto the recombinant cancer antigen
and away from the vector, potentially increasing its utility in treating disease.

Materials and Methods
Bacterial strains. All strains used in this study are listed in Table S4.3 in the
supplemental material. Escherichia coli strains were grown in lysogeny (aka Luria-Bertani) broth
(LB). Lm strains were grown in brain-heart infusion medium (BHI) (Difco, Detroit, MI). Bacterial
stocks of strains were stored at -80⁰C in BHI supplemented with 20% glycerol. The following
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antibiotics were used at the listed final concentrations: streptomycin 100 µg/mL,
chloramphenicol 20 µg/mL, kanamycin 30 µg/mL, and ampicillin 100 µg/mL (Sigma-Aldrich, St.
Louis, MO).
Cell culture. Bone marrow-derived macrophages (BMM) were isolated as previously
described (19). Briefly, femurs were obtained post-mortem from 8-12 week old Balb/c or
C57BL/6 female mice (The Jackson Laboratory, Bar Harbor, ME). Bone marrow was then
flushed from the femurs using Dulbecco’s Modified Eagle’s Medium (DMEM) (Mediatech,
Manassas, VA) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan, UT), 4.5
g/L glucose, 2 mM glutamine, 1 mM sodium pyruvate, and 100 µg/mL penicillin-streptomycin (PS). Cells were then cultured in BMM medium: DMEM supplemented with 10% FBS, 2 mM
glutamine, 1 mM sodium pyruvate, 100 µg/mL P-S, 55 µM β-mercaptoethanol, and 30% L-cell
conditioned medium in 150 mm non-tissue-culture-treated petri dishes (Nalge Nunc
International, Rochester, NY). On day 3, fresh BMM medium was added to the cultures. On day
6, media was removed from the cells and BMM were harvested. BMM were then plated in
medium 18-24 hours prior to experiments as indicated. B3Z T cell hybridomas were grown as
previously described (139) in RPMI 1640 (Mediatech, Manassas, VA) supplemented with 10%
FBS, 2 mM glutamine, 1 mM sodium pyruvate and 100 µg/mL P-S. All cells were cultured at
37⁰C in a 5% CO2 atmosphere.
Construction of DH-E2141. To construct this strain, we used the P1 phage to
transduce the lacIZYA::aph from the TB12 strain (140) into the commercially available BL21(Ai)
strain. BL21(Ai) expresses T7 RNA polymerase under the control of an arabinose-inducible
promoter, allowing for the expression of ORFs from pDESTSL8 by adding arabinose to the
culture. Once the lacIZYA genes had been deleted, we used the pCP20 plasmid expressing the
FLP recombinase (141) to evict the aph gene from the strain and then used P1 phage to
transduce in a recA::aph mutation. The plasmid pACYC184::PFO(438Y) was then transformed
into the strain, resulting in DH-E2141.
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Cloning Lm secreted and surface-expressed ORFs into pDESTSL8. Predicted
secreted and surface-expressed ORFs from Lm were collected via a literature search and were
run through the Phobius web server to identify any secretion signal sequences (142). Primer3
was then used to design primers to amplify each ORF without secretion signal sequences from
Lm gDNA (143, 144). These primers are listed in Table S4.1. PCR reactions were performed
using PfuTurbo DNA Polymerase AD (Agilent, Santa Clara, CA) according to the manufacturer’s
instructions and the products were purified using the QIAquick PCR purification kit (Qiagen,
Hilden, Germany). The purified products were then used as template in a second PCR reaction
with primers nestF and nestR (Table S4.4) to add attB sites to each amplified ORF and the
products were again purified using the QIAquick PCR purification kit. Gateway® (Thermo
Fisher, Waltham, MA) BP clonase was used according to the manufacturer’s instructions to
recombine the ORFs into the pDONR221 vector, and the resulting entry clones were
transformed into chemically competent E. coli Stbl2. These clones were grown in LB +
kanamycin at 37⁰C shaking and then plasmid DNA was extracted using the QIAPrep 96 Plus
miniprep kit (Qiagen, Hilden, Germany). Each ORF was then moved from the plasmid miniprep
into pDESTSL8 using the Gateway® LR recombinase kit and the resulting destination vector
was transformed into Stbl2 and DH-E2141. The resulting strains were stored at -80⁰C arrayed in
deep well 96 well plates in LB medium supplemented with 20% glycerol.
Induction and fixation of the Lm ATLAS library. Library clones were grown for 16
hours in LB + ampicillin and chloramphenicol. These cultures were diluted 1:50 into fresh LB +
ampicillin and chloramphenicol in 1.5mL well 96-well plates and grown shaking at 37⁰C to an
OD600 of 0.14-0.20. Arabinose was added to each well at a 10 mM concentration to induce
expression of the ORF of interest and the bacteria were incubated for 2 hours at 37⁰C shaking.
Bacteria were then pelleted at 3000 × g and resuspended in PBS with 0.5% paraformaldehyde,
washed with PBS, and then pelleted. The library was resuspended at 1 × 109 bacteria/mL in
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RPMI 1640 supplemented with 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate and 100
µg/mL P-S. The library was then separated into plates containing 100 µl aliquots of each clone
and stored at -80⁰C.
B3Z assay of ATLAS library expression. C57BL/6 BMM were seeded into the wells of
96-well plates at a density of 1 × 105 cells/well and incubated for 16 hours at 37⁰C in DMEM +
10% FBS. The following day, 100 µl of induced, fixed library containing 1 × 107 bacteria of a
particular clone was added to each well of the 96 well plates containing BMM. The BMM were
incubated with the bacteria for 2 hours at 37⁰C then fixed in 0.5% paraformaldehyde at 23⁰C for
15 minutes and washed with PBS. B3Z T cell hybridomas were added at a density of 1 × 105
cells/well to each well and incubated 16 hours at 37⁰C. The cells were then lysed using Z buffer
(PBS pH 7.1 + 9 mM MgCl2, 90 µg/mL chlorophenol red β-D-galactopyranoside (CPRG),
0.125% NP-40, 0.1 mM β-mercaptoethanol). T cell activation was measured by absorbance at
570 nm.
Screening the Lm ATLAS library. Lm 10403S was grown 16-18 hours at 30⁰C in BHI
with streptomycin without shaking. Eight to ten week old female Balb/c or C57BL/6 mice (The
Jackson Laboratory, Bar Harbor, ME) were injected intravenously with 1 × 103 (Balb/c) or 1 ×
104 (C57BL/6) CFU of Lm. Six days after infection, BMM derived from the mouse strain of
interest were seeded into the wells of 96-well plates at a density of 1 × 105 cells/well and
incubated for 16 hours at 37⁰C in DMEM. Seven days after infection, 100 µl of induced, fixed
library containing 1 × 107 bacteria of a particular clone was added to each well of the 96 well
plate containing BMM. The BMM were incubated with the bacteria for 2 hours at 37⁰C then fixed
in 0.5% paraformaldehyde at 23⁰C for 15 minutes and washed with PBS.
Concurrently, infected mice were sacrificed and spleens were harvested. Splenocytes
were obtained by passing spleens through a 70 µm filter followed by twice through a 40 µm filter
and suspended in PBS. Splenocytes were then spun down and resuspended in Tris-buffered
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ammonium chloride (17 mM NH4Cl, 100 mM Tris, pH 7.4) and incubated at 37⁰C for 3 minutes
to lyse red blood cells. CD8+ cells were isolated from erythrocyte-free splenocytes using the
magnetic-activated cell sorting (MACS) CD8+ microbead kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions. Isolated T cells were then added at a
density of 1 × 105 cells to each well with the fixed BMM presenting the library. The plates were
incubated for 18 hours at 37⁰C. Supernatants from each well were aspirated and assayed for
IFN-γ by ELISA.
Anti-IFN-γ ELISA. 96 well Immulon® ELISA plates (Thermo Fisher, Waltham, MA) were
coated with 2 µg/mL anti-IFN-γ (BD Biosciences, Franklin Lakes, NJ) and incubated 16 hours at
4⁰C. The plates were washed with PBS + 0.05% Tween 20 and blocked 1 hour in PBS + 10%
FBS at 37⁰C. The plates were washed, samples and standards were added and incubated 16
hours at 4⁰C. Biotinylated anti-IFN-γ (BioLegend, San Diego, CA) was added at 2 µg/mL in PBS
+ 1% FBS to the wells after washing and incubated 1 hour at 23⁰C. Bound antibody was
detected by incubating wells with streptavidin-conjugated horseradish peroxidase for 1 hour at
23⁰C, then adding 3,3',5,5'-tetramethylbenzidine (TMB) substrate solution (ThermoFisher,
Waltham, MA). The plates were allowed to develop at 23⁰C and the reactions were stopped with
1 M H2SO4. Plates were read using a 96 well spectrophotometer at 450 nm and IFN-γ
concentration was calculated from a linear regression of the standard curve.
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Chapter 5 : Discussion and Conclusions

The Role of the VirABRS regulon in virulence and innate resistance to
antimicrobial peptides
In the first data chapter, we investigated the role of VirR, the response regulator
component of the TCS VirRS, in aspects of Lm virulence. Prior to this work, VirR regulation of
virulence had only been studied in the Lm strain EGD, which has been shown to harbor a PrfA*
mutation, leading to overexpression of PrfA-regulated genes in this strain (33, 84). This mutation
could obscure roles for VirR in virulence. Thus, we deleted virR in Lm 10403S, a strain
expressing wild-type PrfA. This ΔvirR strain was deficient in plaque formation, indicating that
this strain is defective in actin-based motility or cell-to-cell spread (Figure 2.1). RNAseq analysis
showed that the VirR regulon in 10403S is similar to the one delineated in studies of EGD,
including the antimicrobial resistance genes dltABCD and anrAB as well as several genes of
unknown function (Table 2.1). This suggests that the role for VirR in cell-to-cell spread is not
mediated by direct transcriptional activation of virulence genes. Contrary to an earlier report, we
did not observe a decrease in expression of the other genes in the virR operon in the ΔvirR
background (33). This result casts doubt on the previous assumption that VirR regulates its own
expression. Our RNAseq experiment identified rli32 as an sRNA whose expression was strongly
influenced by VirR. The presence of rli32 in the VirR regulon implies that VirR may also have a
post-transcriptional regulatory role. Experiments with a deletion mutant of this sRNA will be
necessary to begin to understand its function.
While working with the VirR operon, we hypothesized that the ABC transporter genes
lmo1746-7, encoded directly upstream of virR, were necessary for VirR function (Figure 2.2).
VirRS is a member of a family of TCSs, typified by BceRS from B. subtilis, which are required
for bacterial innate resistance to cationic antimicrobial peptides. The members of this family are
associated with ABC transporters that are necessary for transducing signals to the sensor
kinase and response regulator (79). Given the sequence similarity between lmo1746-7 and
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BceAB, the ABC transporter associated with BceRS, we hypothesized that lmo1746-7 was the
ABC transporter necessary for VirR function and named the genes virAB. Previous work
reported on a deletion of virB in a distantly related Lm strain. They reported that this strain
exhibited sensitivity to certain cationic antimicrobials and found via microarray that VirB was
involved in expression of some VirR-regulated genes, although with significant differences (89).
To test the relationship between VirR and VirAB, we constructed a 10403S ΔvirAB strain,
allowing us to directly compare the roles of these factors in the same Lm parental background.
To confirm the link between VirR and VirAB we measured transcription of the VirRregulated genes anrB and dltD in the ΔvirAB strain (Figure 2.3). The expression of these genes
was strongly downregulated, similar to the ΔvirR mutant, suggesting a genetic interaction
between virAB and virR. In addition, we tested whether the ΔvirAB mutant exhibited similar
virulence and antibiotic resistance phenotypes to the ΔvirR strain. The ΔvirAB strain evinced a
plaquing defect identical to the ΔvirR strain (Table 2.2). When testing the strains for in vivo
virulence, the ΔvirR and ΔvirAB strain each exhibited a roughly hundred-fold virulence defect in
the spleens and livers of infected mice (Figure 2.4). In both of these cases, a mutant strain
containing an in-frame deletion spanning virABR had a similar phenotype to the individual
deletions, suggesting that VirAB and VirR work in the same pathway. We also reported the first
MIC values calculated for nisin and bacitracin in the Lm ΔvirAB strain, showing that deletion of
virR or virAB strongly sensitized Lm to nisin. However, unlike VirR, VirAB had no role in
resistance to bacitracin (Table 2.3).
From these data, we constructed a model in which nisin and some as-yet unidentified
host factor are detected by VirAB, which then activates VirS kinase activity, leading to VirR
activation and downstream transcription (Figure 2.6). However, while VirR and downstream
genes are required for resistance to bacitracin, this signaling occurs in a VirAB-independent
manner. To develop this model further, it will be important to determine how resistance to
bacitracin is regulated. It is possible that VirR may pair with a separate ABC transporter in order
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to sense bacitracin. Experiments testing how different cationic antimicrobials, including
mammalian defensins, affect the transcription of VirR-regulated genes may provide insight into
how the VirR regulon is upregulated in the host. Overall, the work described in this chapter
furthers our understanding of how Lm senses and responds to host localization and the
presence of antibiotics.

Effects of serum on the expression of virulence factors in Listeria
monocytogenes
Chapter 3 of this dissertation presented our work in understanding serum as a signal to
Lm that the bacteria are in a host environment. We showed via Western blot that growing Lm in
the presence of serum is sufficient to induce expression of the Lm virulence factors ActA and
LLO (Figure 3.1). We performed a transposon mutagenesis screen in the PactA-gfp reporter
strain DH-L1998 to identify potential determinants of this serum upregulation (Figure 3.2).
Among the genes in which we found insertions were virR, virA, and the VirR-regulated gene dltB
(Table 3.1). These results strongly suggested that the VirR regulon was involved in serum
upregulation of Lm virulence factors.
We performed RNAseq to identify the VirR regulon in the presence of serum. The
VirR regulon in serum was similar to the one observed when the bacteria were grown in LB, with
the genes that were different between the two exhibiting only a small fold change relative to the
10403S parental strain (Table 3.2). Using our ΔvirR strain, we found that VirR was required for
the upregulation of both ActA and LLO at the protein level in response to serum. However,
deletion of virR had no effect on actA or hly transcript levels, which both still increased in
response to serum, consistent with our RNAseq data (Figure 3.4). These data combined
showed that there existed two separable causes for the upregulation of Lm virulence factors in
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response to serum. The first was a likely PrfA-mediated increase in transcription, while the
second was a VirR-mediated post-transcriptional enhancement of protein expression.
We then observed that DltABCD was also required for the post-transcriptional
upregulation of ActA and LLO during growth in serum (Figure 3.5). How DltABCD might exert
this role is currently unknown. One possibility is that deletion of dltABCD might have an effect
on the expression of VirR or some other regulator, such as a sRNA, that might affect translation
of ActA and LLO. Future experiments testing gene regulation in the 10403S ΔdltABCD strain will
help us understand whether this is the case. Alternatively, DltABCD may be necessary for
serum induction of ActA and LLO through indirect means, in that the host factor in serum that
activates the expression of these genes may require D-alanylation in order to bind the Lm
surface.
Ultimately, our future work on serum induction will revolve around the role of proteins
other than VirR and DltABCD, as these proteins no longer regulate ActA or LLO expression.
The reason for the change is unclear. Despite the variation in the VirR role for serum induction,
the ability of serum to induce virulence gene expression we found to be robust and repeatable.
Thus, the loss of the VirR phenotype may be a consequence of an increase in the
transcriptional effects of serum induction relative to the post-transcriptional VirR effect. Testing
the fold induction of actA and hly transcripts in serum under these new conditions and
comparing it to our previous results will reveal if this increase has, in fact, occurred. Moving
forward, we plan to investigate the basis of the transcriptional upregulation of PrfA-regulated
genes by studying deletions of proteins that regulate PrfA activity including GshF and CodY to
understand their contribution to the serum effect. Understanding how serum affects virulence
gene expression can give insights into dissemination and whole-organism pathogenesis, an
area of Lm biology that is still poorly understood.

87

Generation and validation of an expression library for the discovery of new
CD8+ T cell antigens from Listeria monocytogenes
In Chapter 4 of this dissertation we described the application of an ORF-based approach
to antigen discovery to find new CD8+ T cell antigens from Lm. We modified the ATLAS
platform, which uses an ordered E. coli library in which the proteins of interest from a particular
pathogen are co-expressed with the pore-forming toxin LLO (Figure 4.1). This allows the protein
of interest to be delivered to the cytosol of antigen presenting phagocytes, so that the potential
antigen can access the MHC class I presentation pathway. The library is screened by adding T
cells isolated from hosts infected with the pathogen of interest to APCs pulsed with the library.
Clones that activate T cell secretion of IFN-γ or other factors are considered antigens. Our
modification of this system employed the PFO438Y cytolysin instead of LLO so as not to
erroneously activate T cells isolated from hosts that generate a CD8+ T cell response against
LLO.
We constructed our ATLAS library by selecting and cloning the secreted and surfaceexpressed genes from Lm 10403S into pDESTSL8 for expression in DH-E2141 (Figure 4.2). We
tested expression and presentation of the target proteins in the library using a T cell hybridoma
line specific for the SIINFEKL peptide antigen fused to the C-terminus of each clone (Figure
4.3). We then screened a portion of the library using CD8+ cells isolated from Lm-vaccinated
Balb/c mice. We performed the screen three times and were able to identify the known antigens
p60 and LLO in at least two of the screens (Figure 4.4). We also detected ActA, which has
previously been reported to be a CD8+ antigen, in one of the screens. The variability between
screens was not a consequence of actual variation in antigen priming between mice used in the
screen, as APCs pulsed with LLO91-99 peptide strongly induced IFN-γ production from T cells in
all three experiments. Rather, we hypothesized that the inability of our ATLAS library to
consistently detect known antigens stemmed from an overall low signal from the assay. Any
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proteins that induce strong IFN-γ expression in only a single run of the screen are more likely to
be the product of random chance.
We also performed the Lm ATLAS screen using CD8+ cells from C57BL/6 mice, from
which no Lm CD8+ T cell antigens have yet been identified. In two of our three screens we
detected significant IFN-γ signal elicited by clones expressing InlC and p60 (Figure 4.5). We are
currently working to confirm these as antigens, as they would represent the first antigens
discovered in this commonly used mouse background. We then plan to map the specific epitope
recognized by T cells. The goal of this work would be to identify antigens that can allow us to
track the Lm-specific T cell response in C57BL/6 mice without using Lm strains expressing an
exogenous antigen such as Ova. Since the vast majority of knockouts in key innate and
adaptive immune response genes are generated in C57BL/6 mice, these antigens could form
the basis of tools to interrogate immune responses in a more natural infection model.
Our future work with the Lm ATLAS library will primarily center on improving the quality
and breadth of the screening technique. We plan to add many more clones to the library in order
to interrogate a larger fraction of the Lm proteome. More importantly, we are working to improve
the ability of the library to consistently recognize antigens. This includes testing different toxins
for protein delivery as well as more sensitive readouts to increase the signal from our screen.
Consistent results with our library in Balb/c and C57BL/6 mice will allow us to begin screens in
other priority targets including outbred mice and human patients. The ability to study the Lm
antigen-specific immune response in humans would be important for understanding immunity to
intracellular pathogens in humans.

Potential applications and conclusions
We expect that some of these data may eventually be relevant to use in the clinic,
particularly in improving cancer immunotherapies based on recombinant Lm vectors. One of the
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primary challenges to using Lm vectors to treat patients is the danger of the vector itself causing
life-threatening disease. Generally, these vectors have been attenuated by deletion or in vivo
deactivation of ActA, internalins, or PrfA. These modifications interrupt the intracellular infection
process of Lm. Our data showed that ΔvirR and ΔvirAB strains exhibited a similar degree of
virulence defect to a ΔactA strain in mouse intravenous models of infection. However, the
intracellular infection defect, as measured by plaquing and intracellular growth assays was
much less severe. This shows that deletions in the VirR regulatory pathway reduce virulence
through a largely unrelated mechanism, most likely increased sensitivity to host innate immunity
and impaired sensing of host extracellular environments. Therefore, deletions in the VirR
pathway on their own or combined with current modifications may result in improved attenuated
Lm strains. Furthermore, the potential role of this pathway in sensing extracellular host
environments may be particularly relevant, as extracellular Lm replication inside of patients is a
major concern for employing Lm-based therapy (145, 146).
The Lm ATLAS library may also be a useful tool for refining Lm-based therapy as
currently no Lm antigens have been identified from human patients. The Lm ATLAS library
could be used to detect common Lm antigens among patients, allowing tracking of the T cell
response to the bacterial vector as well as the recombinant antigen. Common antigenic Lm
proteins could also be modified or deleted to help direct the T cell response towards the
recombinant protein instead of Lm.
Taken together, the data presented in this dissertation regarding VirABRS demonstrate
that these proteins sit at an important regulatory point controlling both virulence and
antimicrobial resistance in Lm. Increased understanding of the role of these proteins gives
important insights into fighting the disease listeriosis, and expands the overall knowledge of
these ABC transporter-TCS systems that are critical and conserved throughout phylum
Firmicutes. The Lm ATLAS screen represents a new tool in understanding host immunity to Lm
infection. Improvements on this screen will allow for the rapid identification of Lm antigens from
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humans, informing clinical work and basic scientific understandings of immunity to intracellular
bacteria.
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Appendix: Supplemental Material
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Figure S2.1: Intracellular growth of L. monocytogenes in bone marrow-derived
macrophages (BMM). 5 × 105 BMM were infected with the indicated strains at an MOI of 1.
One hour post-infection, the infected cells were washed and media containing gentamicin
was added. At 2-hour time points post-infection, BMM were lysed in 1% Triton X-100 and
bacteria were enumerated by plating dilutions of lysates on agar medium. Data presented is
the average ±SD of three experiments performed in duplicate.

Figure S2.2: Confocal imaging of infected L2 fibroblasts. L2 fibroblasts were seeded onto
glass coverslips and infected with (A) 10403S, (B) 10403S ΔvirR, or (C) 10403S ΔvirAB at an
MOI of 50. One hour post-infection, the infected L2 cells were washed and media containing
gentamicin was added to kill extracellular bacteria. Six hours post-infection, cells were fixed,
permeabilized and stained with anti-Lm antibodies, phalloidin, and DAPI and imaged in multiple
planes using a confocal microscope. Representative confocal images of infected L2 fibroblasts
are shown.
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Table S2.1: Strains and Plasmids used in Chapter 2
Strain or Plasmid
10403S
DH-L2111
DH-L2113
DH-L2115
DH-L2112
DH-L2114
DH-L2116
pKSV7
pLOV
pCON1
pKSV7::ΔvirR
pKSV7::ΔvirAB
pKSV7::ΔvirABR
pCON1::ΔanrB
pLOV::virR
pLOV::virAB

Strain genotype or Plasmid Description
Parental strain for Lm studies
10403S ΔvirR
10403S ΔvirAB
10403S ΔvirABR
10403S ΔvirR pLOV::virR
10403S ΔvirAB pLOV::virAB
10403S ΔanrB
Allelic exchange vector for Lm
Integrating overexpression vector for Lm
Allelic exchange vector for Lm
Allelic exchange vector for the in-frame deletion of
virR in 10403S
Allelic exchange vector for the in-frame deletion of
virAB in 10403S
Allelic exchange vector for the in-frame deletion of
virABR in 10403S
Allelic exchange vector for the in-frame deletion of
anrB in 10403S
Integrating vector to overexpress virR
Integrating vector to overexpress virAB

Reference
(13)
This study
This study
This study
This study
This study
This study
(103)
(105)
(101)
This study
This study
This study
This study
This study
This study

Table S2.2: Primers used in Chapter 2
Primer
deltavirR1
deltavirR2
deltavirR3
deltavirR4
deltavirAB1
deltavirAB2
deltavirAB3
deltavirAB4
deltavirABR1
deltavirABR2
deltavirABR3
deltavirABR4
deltaanrB1
deltaanrB2

Sequencea
AACTGCAGTCATACAATTGTATCGGAATCAGAATATAATCGTATC
GG
GTTTTTTCGTCATTCAATCATATATCCTTGTACGATATATACCTTT
ACCATTTCTAGTG
CACTAGAAATGGTAAAGGTATATATCGTACAAGGATATATGATT
GAATGACGAAAAAAC
AAGTCGACTTTAAATCATTAAAAACAAAACCAGC
AACTGCAGTTGCGAGTATATTTCCAACCGTTGTTTTTCC
GCCAATTACTTTTTATTGGCCATCACCGCCTTTAGCACTG
TTTCCATTGTATTCC
GGAATACAATGGAAACAGTGCTAAAGGCGGTGATGGCCAA
TAAAAAGTAATTGGC
AAGTCGACAGTCTTCTTTTGCTAATTGGAATAAAGCACTC
AACTGCAGTTGCGAGTATATTTCCAACCGTTGTTTTTCC
GTTTTTTCGTCATTCAATCATATATCCTTGCGCCTTTAGCACT
GTTTCCATTGTATTCC
GGAATACAATGGAAACAGTGCTAAAGGCGCAAGGATATAT
GATTGAATGACGAAAAAAC
AAGTCGACTTTAAATCATTAAAAACAAAACCAGCTTCGGTAGCTT
TCGC
CCAAGCTTGGAAACCTGTTACTATCCGAGCAAC
ATCAAATAACGTCATCTGAGTCGC
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Notes
PstI

SalI
PstI

SalI
PstI

SalI
HindIII

Table S2.2 (Continued)
deltaanrB3

GCGACTCAGATGACGTTATTTGATAATAGTTACACAAATATCGTT
TTCGGC
deltaanrB4
AAGTCGACCTAGGATCGGCCTCTAAAAGCAG
pLOVvirRF
AACTGCAGAGGAGGAAAAAATATGGTAAAGGTATATATCGTAGA
AGATG
pLOVvirRR
AAGTCGACTCATTCAATCATATATCCTTGGCC
pLOVvirABF
GGCTGCAGAAGAAGAAAAAATATGGAAACAGTGCTAAAGGCGC
pLOVvirABR
AAGGTACCTTACTTTTTATTGGCCATCACAATTTTGG
16SRTF
ACCCTTGATTTTAGTTGCCAG
16SRTR
TGTGTAGCCCAGGTCATAAG
anrBRTF
CCTCAAAGGAAACGAAGCAC
anrBRTR
TTTATCCGGCGAAGCAAG
dltDRTF
AAAGGGGTTTCTGACCCATC
dltDRTR
GACGTTCAGGCGTGTTTTTC
a
Restriction enzyme cut site underlined if present.

SalI
PstI
SalI
PstI
KpnI
(49)
(49)

Table S3.1: Loci significantly differentially regulated in LB+FBS in 10403S ΔvirR relative
to 10403S
Feature ID

Annotation

Fold change

actA
alsS
dltA
dltB
dltC
dltD
dra
ftsE
ftsX
gbuB

actin polymerizing surface protein
acetolactate synthase
D-alanylation of teichoic acid
D-alanylation of teichoic acid
D-alanylation of teichoic acid
D-alanylation of teichoic acid

-1.92
1.73
-39.46
-40.23
-51.82
-46.63
-1.47
-1.85
-1.55
1.7

p Value (FDR
corrected)
6.55E-09
8.42E-05
1.40E-188
2.96E-171
1.21E-214
1.12E-191
6.01E-03
1.74E-06
8.28E-05
2.08E-05

-1.51
-1.74
-1.68
1.43
-2.17
-1.64
-1.84
-1.89
-4.02
-1.66
-1.63
-1.53
-3.65

5.39E-04
5.07E-04
3.11E-03
2.48E-03
1.08E-03
6.38E-06
3.53E-07
3.53E-07
1.09E-07
5.96E-03
5.38E-03
3.36E-04
8.07E-18

hly
inlA
inlC
ldh
lmo0023
lmo0130
lmo0186
lmo0206
lmo0325
lmo0327
lmo0346
lmo0415
lmo0425

cell division protein
cell division protein
Glycine betaine/carnitine transport permease
protein
LLO precursor
internalin family protein A
internalin family protein B
L-lactate dehydrogenase
PTS fructose transporter subunit IIC
predicted hydrolase
hypothetical protein
hypothetical protein
transcriptional regulator
cell surface protein
triosephosphate isomerase
endo-1,4-beta-xylanase
transcriptional antiterminator BglG
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Table S3.1 (Continued)
lmo0426
lmo0427
lmo0428
lmo0429
lmo0604
lmo0791
lmo0833
lmo1389
lmo1596
lmo1597
mprF
mreB
lmo1728
lmo1730
lmo1744
virR
lmo2096
anrA
anrB
lmo2127
lmo2156
lmo2177
lmo2341
lmo2439
lmo2504
lmo2518
lmo2522
lmo2586
lmo2695
lmo2696
lmo2697
lmo2795
lmo2796
lmo2797
lmo2798
lmo2799
lmo2800
lmo2801
rli32
plcA

PTS fructose transporter subunit IIA
PTS fructose transporter subunit IIB
PTS fructose transporter subunit IIC
sugar hydrolase
predicted protein
predicted protein
hypothetical protein
sugar ABC transporter ATP-binding protein
hypothetical protein
hypothetical protein
rod shape-determining protein
cellobiose phosphorylase
sugar ABC transporter substrate-binding
protein
hypothetical protein
two-component system response regulator
PTS galacticol transporter subunit IIC
ABC transporter
ABC transporter
hypothetical protein
hypothetical protein
hypothetical membrane protein
sugar kinase
hypothetical protein
cell wall-binding protein
LytR family transcriptional regulator
hypothetical protein
formate dehydrogenase subunit alpha
dihydroxyacetone kinase subunit DhaK
dihydroxyacetone kinase
PTS mannose transporter subunit IIA
RpiR family transcription regulator
transcriptional regulator
PTS mannitol transporter subunit IIA
phosphatase
PTS mannitol transporter subunit IIBC
dehydrogenase
N-acetylmannosamine-6-phosphate 2epimerase
small RNA
phospholipase C
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-2.28
-2.15
-2.39
-2.43
-7.32
1.41
-5.23
-1.67
2.29
1.54
-1.55
-1.7
-1.75
-2

1.68E-07
7.71E-06
3.53E-07
8.51E-15
1.25E-05
3.95E-03
8.19E-06
7.31E-05
8.27E-04
6.53E-04
7.41E-05
2.06E-05
3.16E-03
6.24E-06

1.73
-288.07
-1.96
-24.75
-25.65
-1.77
-76.4
-17.22
-1.57
-2.34
-1.47
-1.56
-1.84
-1.77
-1.64
-1.94
-1.63
-1.63
-2.17
-2.2
-2.45
-3.03
-2.83
-3.01

8.82E-04
6.60E-113
4.16E-05
3.21E-77
8.40E-95
1.50E-05
1.89E-70
1.57E-87
7.28E-03
6.78E-05
4.92E-03
1.95E-04
1.16E-04
6.78E-05
1.08E-03
3.81E-06
7.27E-04
2.95E-03
6.84E-12
2.01E-08
1.40E-10
8.98E-13
8.50E-12
5.38E-11

-67.31
-1.7

6.88E-147
1.04E-05

Table S3.2: Loci differentially regulated at least 3-fold in serum
Feature ID
lmo0023
lmo0024
lmo0025
lmo0130
lmo0135
lmo0178
lmo0179
lmo0180
lmo0181
lmo0182
lmo0183
lmo0184
lmo0200
lmo0201
lmo0202
lmo0203
lmo0204
lmo0205
lmo0206
lmo0207
lmo0324
lmo0327
lmo0328
lmo0346
lmo0400
lmo0401
lmo0402
lmo0425
lmo0429
lmo0433
lmo0434
lmo0485
lmo0502
lmo0503
lmo0504
lmo0517
lmo0597
lmo0604
lmo0641
lmo0642
lmo0643
lmo0834
lmo0835
lmo0876
lmo0915
lmo0916
lmo0917

Gene Name

prfA
plcA
hly
mpl
actA
plcB

inlA
inlB

frvA

Fold change
7.22
5.79
4.97
3.74
3.06
3.09
4.93
4.31
6.25
4.47
4.12
3.05
8.6
13.91
8.95
8.23
19.01
18.03
10.93
5.19
3.5
6.89
6.19
3.68
3.95
4.72
3.44
3.84
3.32
4.77
3.15
-3.47
4.61
3.54
3.91
3.72
-3.37
-4.1
18.76
5.36
4.91
5.38
4.57
3.21
4.93
3.15
3.98

FDR p-value
7.70E-15
8.84E-16
5.91E-09
6.21E-44
9.52E-03
1.65E-18
7.64E-20
1.41E-15
8.63E-45
2.92E-22
1.21E-23
5.17E-18
1.26E-37
7.32E-63
1.99E-25
1.36E-38
4.61E-79
1.10E-54
7.40E-54
5.58E-15
7.89E-03
9.48E-24
2.68E-03
1.44E-15
4.09E-12
6.19E-11
3.32E-07
6.02E-18
2.59E-28
1.82E-21
1.38E-07
2.37E-03
1.23E-12
1.28E-04
3.73E-09
1.93E-15
2.77E-14
1.51E-14
3.76E-15
8.07E-18
2.80E-27
3.99E-07
3.07E-08
7.33E-07
1.68E-21
1.04E-07
4.01E-18
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Table S3.2 (Continued)
lmo0937
lmo1007
lmo1131
lmo1132
lmo1144
lmo1145
lmo1146
lmo1147
lmo1150
lmo1151
lmo1152
lmo1153
lmo1155
lmo1156
lmo1159
lmo1160
lmo1161
lmo1190
lmo1191
lmo1192
lmo1193
lmo1194
lmo1195
lmo1196
lmo1197
lmo1198
lmo1199
lmo1200
lmo1389
lmo1516
lmo1517
lmo1587
lmo1588
lmo1589
lmo1590
lmo1591
lmo1728
lmo1729
lmo1730
lmo1731
lmo1732
lmo1733
lmo1734
lmo1764
lmo1765
lmo1768
lmo1770
lmo1771
lmo1772
lmo1786
lmo1879

cydD
cydC

pduA
pduB
pduC

pduL
eutJ
cbiA
cobD
cbiC
cbiD
cbiE
cbiF
cbiG
cbiH
cbiJ
nrgA
argF
argD
argB
argJ
argC

gltD
purD
purH
purF
purL
purS
purC
inlC
cspD

-3.24
-6.28
-5.06
-4.52
3.02
3.64
3.65
3.13
3.15
28.25
13.06
8.49
4.17
4.78
4.17
3.01
4.06
7.16
8.19
5.33
6.93
6.91
5.34
4.7
4.68
3.86
3.9
3.25
3.25
-4.33
-4.07
-3.7
-4
-3.28
-5.52
-6.56
4.15
5.26
5.77
4.21
3.42
3.67
3.06
3.01
3.21
4.22
3.27
3.58
3.17
5.28
3.96

4.04E-13
2.03E-05
8.61E-04
2.10E-03
2.58E-06
3.67E-13
1.46E-12
2.02E-05
1.49E-11
1.06E-04
5.66E-10
3.12E-09
1.52E-03
3.57E-06
5.19E-06
5.16E-04
5.73E-04
1.92E-13
1.79E-12
6.08E-05
1.82E-13
1.71E-13
3.38E-09
3.70E-08
1.26E-07
3.12E-05
8.93E-11
1.50E-06
1.36E-27
9.33E-15
2.99E-16
2.70E-11
1.06E-11
3.64E-06
1.94E-09
1.79E-10
9.96E-16
8.88E-09
5.15E-26
5.67E-08
1.04E-06
6.84E-08
1.51E-08
2.54E-19
4.66E-20
4.35E-17
1.02E-08
4.02E-10
2.65E-08
1.18E-21
1.94E-10
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Table S3.2 (Continued)
lmo1883
lmo1960
lmo1993
lmo1995
lmo2087
lmo2088
lmo2090
lmo2091
lmo2093
lmo2094
lmo2096
lmo2097
lmo2098
lmo2099
lmo2101
lmo2102
lmo2104
lmo2104a
lmo2105
lmo2121
lmo2122
lmo2123
lmo2124
lmo2125
lmo2126
lmo2133
lmo2135
lmo2159
lmo2160
lmo2161
lmo2162
lmo2163
lmo2181
lmo2186
lmo2213
lmo2230
lmo2270
lmo2361
lmo2584
lmo2585
lmo2586
lmo2659
lmo2660
lmo2661
lmo2662
lmo2663
lmo2664
lmo2665
lmo2666
lmo2667
lmo2668

fhuC
pdp
dra

argG
argH

pdxS

malA

comK

3.89
-5.6
3.31
3.21
-3.33
-3.81
-3.47
-3.79
6.18
12.06
10.23
7.96
7.05
10.55
5.71
6.39
-17.91
-10.78
-8.78
9.85
13.01
13
12.09
16.01
4.51
3.58
4.73
4.3
4.05
5.86
5.03
4.22
-6.51
-16.42
-4.61
-4.16
-4.01
-3.84
5.37
6.9
8.33
10.39
16.42
17.36
21.13
23.88
13.14
14.74
8.63
8.27
6.61

8.69E-12
1.79E-04
5.05E-34
1.24E-24
7.29E-19
1.16E-20
3.35E-08
1.07E-13
5.62E-12
1.68E-26
1.00E-47
9.56E-27
4.90E-25
1.40E-32
8.64E-23
6.32E-22
6.00E-09
8.49E-07
9.90E-06
2.98E-36
1.94E-48
1.71E-48
3.74E-38
4.84E-62
4.46E-21
1.37E-03
8.14E-04
1.84E-30
1.78E-32
2.48E-37
3.54E-32
1.22E-22
1.99E-03
1.44E-03
8.30E-06
6.43E-05
2.36E-03
9.46E-14
2.18E-17
3.09E-23
6.09E-42
5.10E-32
4.80E-78
1.11E-43
1.03E-58
1.69E-147
7.10E-71
7.19E-89
4.27E-64
2.22E-51
2.83E-47
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Table S3.2 (Continued)
lmo2683
lmo2695
lmo2696
lmo2697
lmo2771
lmo2772
lmo2773
lmo2796
lmo2797
lmo2798
lmo2799
lmo2800
lmo2801
lmo2815
lmo2816
lmo2817
lmo2818
lmo2819
lmos05
lmos06
lmos95
lmot17
lmot52

fabG

SRP
tRNA-Arg
tRNA-Tyr

-3.55
3.23
4.58
4.13
-3.59
-3.26
-3.6
4.72
4.6
5.87
11.68
9.95
6.83
3.27
4.38
4.26
5.27
4.25
13.49
3.1
3.85
-3.11
-4.48

1.56E-04
3.07E-17
1.57E-23
5.28E-26
0
0
0
2.76E-38
1.26E-25
1.75E-31
3.24E-45
7.78E-43
4.20E-26
1.43E-07
6.42E-16
7.67E-23
7.22E-23
4.04E-13
1.76E-34
5.95E-04
1.02E-03
4.00E-06
3.51E-03

Table S3.3: Strains and plasmids used in Chapter 3.
Strain or Plasmid
10403S
DH-L2111
DH-L2054
DH-L1998
pKSV7::1998

Strain genotype or Plasmid Description
Parental strain for Lm studies
10403S ΔvirR
10403S ΔdltABCD
10403S PactA-actA 5’UTR-gfp reporter strain
Allelic exchange vector for the generation of DHL1998

Reference
(13)
Chapter 2
(147)
This study
This study

Table S3.4: Primers used in Chapter 3.
Primer
16SRTF
16SRTR

Sequence
ACCCTTGATTTTAGTTGCCAG
TGTGTAGCCCAGGTCATAAG

actARNAfor

GAGCAGCCAAGCGAGG
GGTCTGCTTTGTTCGTATTTTTCAC
CATCTCCGCCTGCAAGTC
CACTGCATCTCCGTGGTATAC

actARNArev
hlyRNAfor
hlyRNArev
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Notes
(49)
(49)

Table S4.1: Primers used to clone the Lm ATLAS expression library
Locus

Name F

Sequence F

LMRG_00016

00016F

LMRG_00021

a

a

Name R

Sequence R

GAGGACAGCGGGAATG

00016R

GTCGTTTTTTATTTGTTTCACTT

00021aF

ATGAATAGTAATGAACCATTTATAAAA

00021aR

ACCTGGGAAAACTGCGGCTGT

00021bF

GGAGCTGGGAATGTCACGGTT

00021bR

TGCCACTAGTGTGTAGCCTGG

00021cF

GGTACATTTGGTGCGGCGAAT

00021cR

TCTTAATTTTTTACTTCCGACTG

LMRG_00023

00023F

GAGAGCACAACCGCAA

00023R

GACTGTTTTTTTCTTTCGTTT

LMRG_00025

00025aF

GCAGATGAAACAACGGTTT

00025aR

CAGTCTTGATAGCGTGGAAAGTC

00025bF

CTAGGAACGATGGACGGTGTT

00025bR

TTCATTTTTCGCATAGCTTACTTCTGC

00025cF

ACCTCTAATTTCCAGACCGCG

00025cR

TTGGTTCGTTTTTGGTTTT

LMRG_00046

00046F

GGTTGTGGCAATAACGAC

00046R

CTGTGCTTTTACAAATTCTGC

LMRG_00054

00054F

ATGATCGGACCAGGAAGTAT

00054R

CGGGCGCAGATCTT

LMRG_00058

00058F

GCGGAAACAAAAAAGGA

00058R

GAAAATTTTCCCTGTTTGG

LMRG_00085

00085F

AGTGCATTATCCGCACG

00085R

TTTTTCGTCTTCGTGTGC

LMRG_00087

00087F

GCTACTACATATAAAATGACGACAA

00087R

TTTTAAATTTGCTACTCGGC

LMRG_00088

00088F

ATGCAATATAAAATAAAAGAAATGC

00088R

TAAATATTTAATAAAGAAATACTTTTC

LMRG_00101

00101F

AAACATGTGGGCGATGAT

00101R

ATTCGGCACAATTAAATCTG

LMRG_00102

00102aF

CAAGGTAATAATGATGTTAAAGCA

00102aR

CATTTGCCCGGTTGTGAAGTC

00102bF

GAAGGTAATACAAGTGAAGTAGAGACT

00102bR

TGCTTTTTTTCTCCAAATATAA

00102F

CAAGGTAATAATGATGTTAAAGCA

00102R

TGCTTTTTTTCTCCAAATATAA

LMRG_00107

00107F

CAAAAATACCAATTTTCAAAGTC

00107R

TTTCACCATTCTTGAATCTGT

LMRG_00126

00126aF

AACACGAGCAACGGG

00126aR

TGGCTGCGTCACGGTTCC

00126bF

GATGCTTTGATTGCACCTGCTACT

00126bR

TTTACTAGCACGTGCTTTTTT

00126F

AACACGAGCAACGGG

00126R

TTTACTAGCACGTGCTTTTTT

LMRG_00127

00127F

AAAGTACAAGCGGAGACTATCA

00127R

TTTCTGTGCCCTTAAATTAGC

LMRG_00130

00130F

GAGGATGAAGGTGAACAAAC

00130R

TTTTTGACTATCCAATAATTCG

LMRG_00133

00133F

CAAAATCAACACAAAGATGAA

00133R

TTTATACATACTTTCAATTACAGGTTT

LMRG_00135

00135F

CAATCTAGCTTAAAAGAAGCG

00135R

CTTTAGAAAATCTTGTAATGCTTTT

LMRG_00145

00145F

CAAGGTGATACAGCTAGTTGG

00145R

TTTAGTTTCACGCTCCCAT

LMRG_00158

00158F

ATTCCCAAGAATACAGCGA

00158R

CTTCGATTTATTCATCTCCTTC

LMRG_00162

00162F

ATGACAGAAGAATTTGTGAACA

00162R

AAAATAAATACTTCCTGCTTCAG

LMRG_00191

00191F

AATGAAAAAATAACCAAAGACA

00191R

TTTATATTTCCCTGCGACTT

LMRG_00195

00195F

GAAGAAACGAATATTGTAAA

00195R

AGATTTACTTTTTCTAAAAATTAGCA

LMRG_00197

00197F

ACAAATTCTACTAATCAATCTGACC

00197R

AAATGGATCGAAGTAAGTGTATT

LMRG_00198

00198F

GACAAAAAAGAGACAAAAGAAA

00198R

TTTAGAACCTTTTTCGACATAG

LMRG_00207

00207F

ATGCAAATAAAAGAATTAGCTGA

00207R

CTTGTTCTTGGCATAAATGG

LMRG_00221

00221F

ATGGTACAAATAACAAAAGGTAAA

00221R

TTGTTTTTCTACAACGTGTACG

LMRG_00222

00222F

GAATTCAAAAGTAAACAAGAGCA

00222R

TTTATTTAAGAAACCATAAATATCA

LMRG_00223

00223F

AGTTCTTCGGATAAAGACTCAA

00223R

TTTACCAGTAATTTGTTTTACAGC

LMRG_00227

00227F

TTTTTCCAAGTCAAGTATTATCAA

00227R

AAGCGCTTTCATACAACTGT

LMRG_00231

00231F

AAGGCTGTAGAAACAGGAAA

00231R

TGGTCGAGGCGCAT
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LMRG_00232

00232F

AATACGGATAAAGCGACAAG

00232R

CCGAATTTCTTCCCTCAC

LMRG_00233

00233F

GGAGATTTTGCTTCAGCTG

00233R

AACTGCTGGTGTATCGCTTA

LMRG_00234

00234F

ACAGAAAATAGTAGTTTTTCCGTAA

00234R

TTTTTCATTTTCCTGTTTTTTC

LMRG_00242

00242F

ATGGCACAAACATCCACTAT

00242R

AATAATACCTTGAGAAATCATTG

LMRG_00258

00258F

GCTGAAACTGATACAAGCAA

00258R

TGGCTCAGGAATCAAAACT

LMRG_00264

00264F

GCTCCAACAATCGCATC

00264R

TACGCGACCGAAGCC

LMRG_00267

00267F

GTAACTTCTGAGGGGGATTC

00267R

AACTCCTGGCGCGTC

LMRG_00268

00268F

GCAGAAGGAGATGTTGGCTA

00268R

TTTTTCTTGTTTGTTTCTTCG

LMRG_00269

00269aF

GCAGAAAATGAGCCTACTGA

00269aR

AGCGTTTGGTGTCGCTGTTCC

00269bF

GCGGGGATGACACCGACT

00269bR

CGGAGCATCCGTCAA

00269F

GCAGAAAATGAGCCTACTGA

00269R

CGGAGCATCCGTCAA

LMRG_00284

00284F

ATGAATACAGGTAAAATGATTGAA

00284R

TTTTTCGATTTTAATATCTCCG

LMRG_00293

00293F

GAAGAAAATATTAGTATAAAAGCCG

00293R

GCTATGTTTTCTTTTCCGG

LMRG_00300

00300F

GGTGGGACAGAAGATAAAGC

00300R

TTTTAGTTCAAATGATTTTTTAACA

LMRG_00310

00310aF

GGAGCAGAAGAAAACCAAA

00310aR

GAAATCATCTTCATCTTGTAAAGTCGC

00310bF

ACCGATGTGGACTCGACGC

00310bR

GCGCGGCAAATTTCATCCCG

00310cF

GATATAAGCAAAACAGTATTGACAGGC

00310cR

TTTGGCACTTTTTCTTCTAAG

LMRG_00331

00331F

TTTAAAGATCCTAACTTCTTGGC

00331R

TTTATCTTCGTCTCGTAATGG

LMRG_00359

00359F

CAACAGATGATACCAAAACCA

00359R

TTTATCCTCTCGGTCGATT

LMRG_00368

00368F

CCATTACCTCCATTTGTGTT

00368R

AGTTGGTTCAATCAGTGCG

LMRG_00377

00377F

ATGACAGAAGAAAAAGGAATTT

00377R

TAAAACTAGCTCATCTAAAATATT

LMRG_00390

00390F

GCAGACCTGGAACCTCC

00390R

LMRG_00414

00414F

TTTGAAAATACAAGTAGCGCT

00414R

TTTCATTGCTCTATTACCCG
TATTTTCTTCTTAATAAATAGTATAACA
GC

LMRG_00415

00415F

ATGTGTGGAATCGTTGGATA

00415R

TTCTACTGTGACACTTTTAGCTAAG

LMRG_00420

00420F

AATCCAATTACTGGGTCAGC

00420R

GCTATGCTTTTGCTTTTTAC

LMRG_00433

00433F

AAATCAATGGATGTTACTGAAA

00433R

TTCCGCCACGATTG

LMRG_00443

00443F

GGGCAGAAAAATCATCAAAC

00443R

GTTACTTGAAGTGCTCGCTC

LMRG_00455

00455F

ACAGTGTCTACTTCCTTTAAACC

00455R

TTTACCGCCATTATGCG

LMRG_00456

00456F

GGTGGAGGTTCAGACAGTAG

00456R

TTTATCTCTCTCTTCTTTTAAAATTTG

LMRG_00466

00466F

TATAGAGACAACCTTGTAGAAATGA

00466R

CTTCATAGCCTCTGATGCA

LMRG_00479

00479F

TCAAGGGTAGAACCAAAAAA

00479R

GTTCATGCCACCCATAAA

LMRG_00484

00484F

ATGACAGTAGAAAAATGGAACG

00484R

TTTACTTGCTTCGATTTGGA

LMRG_00502

00502F

GAGGATACGCCTGAGAAAG

00502R

GTTTGCTGCTTTGAATCC

LMRG_00516

00516F

ATGGCATATTCATTTAAATTACC

00516R

CACCTCCATTAGTAATAATTCTGG

LMRG_00523

00523F

CCACAATTTTATTATGATTAT

00523R

TTGCCATATTTGAAAAGTAACA

LMRG_00530

00530F

AATAATGATAATGAAAAAGATCAAGA

00530R

TTTAATTGGAAACGGTGC

LMRG_00535

00535F

AATACGGAAGTAAAAGAGACAA

00535R

GTTATTCTTTTCAAGAACAGCC

LMRG_00538

00538F

AAAGCAGCTGAAACAACTAA

00538R

ATATTTAAATGCTTTTTTGTCCA
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LMRG_00540

00540F

00540R

TTTAAGTTCATCGCCGAG

00542F

ATGCCAAAAGAAATACTTCC
ATGAGAAATTTAAAAGATAGAGTACTC
A

LMRG_00542

00542R

AAGCGTTATTTTAATTTGCTG

LMRG_00550

00550F

GTGAAAAAACGAGTATTGATTATG

00550R

CTTAGCCTCCTCCATTAATTG

LMRG_00567

00567F

ATGTTGATTCCATCCTATTTG

00567R

CGCAAGTTCTTCGGTCA

LMRG_00570

00570F

AACAATTACGAGATGAACGAA

00570R

TTGTTTAGAAACTACTTGCTCG

LMRG_00579

00579F

GAAATAGTCTATTCGCTTACAAATC

00579R

TTTTCGTTTTCTTAGTAAAATAGC

LMRG_00603

00603F

GTGGAAAGAGAAGAATTAAAAGA

00603R

CGACTTGATTATTTTTGCAA

LMRG_00651

00651F

AATAAAACGGGGGAGTATG

00651R

ATGGTTAACATCGTTCTCAG

LMRG_00661

00661F

GTGGGTGTCATTGCATCT

00661R

CTTTTTATCGATTAATTCTTGTTTC

LMRG_00662

00662F

GCTGGTCTAGAGGACGG

00662R

CCAGATGATGGATTGAACGT

LMRG_00713

00713F

AGCGCATATACAAAACTTGG

00713R

CTTATATAAAGCTTTGATGCCA

LMRG_00714

00714F

GTGAAAGGAACGACATCAGA

00714R

TTCACTGTATTCTTCCAAAACTT

LMRG_00739

00739F

GCAGAAGAGGTAGCGGAC

00739R

TTTTTTACGCGCAATCATA

LMRG_00740

00740F

GCAGAGCAACCTGGATTA

00740R

TTTTTTCCTAGAAACAAACCA

LMRG_00741

00741F

TTTAGCTGGGCTAAAGGTG

00741R

TTTGTTCATGACGCTAGTTAAC

LMRG_00753

00753F

GGAAGCGACTATTCAGAGG

00753R

CTGATTTGCTAGTTGAATTGTG

LMRG_00755

00755F

TTGTTCGATAACACAGATAGTTT

00755R

AAGTGATTTTACTGTATTAACGACG

LMRG_00756

00756F

TTTATTGCAAGACGTTACATG

00756R

TTTCTTAGCTTTCTTTGGTTTT

LMRG_00783

00783F

GATGAAACAAAAGCCACG

00783R

ATTTTTATGCGTTAAAATTTTAGCAA

LMRG_00784

00784F

CAAAAAGGTGACAATAAACAA

00784R

ATGTTTTAAATATTCTTCAATGATTT

LMRG_00790

00790F

TGCTCGGAGGAAAAAGA

00790R

AAAAGATTTAGTTGGTGTATTAATT

LMRG_00791

00791F

AAGACACAAATACAATATGAAAAAA

00791R

AGGGCTCGTTGTTTTTGTTA

LMRG_00793

00793F

GAAAAACTAGACCATCAAAAAGA

00793R

AAAGATACATTTTTCTTCCAATTT

LMRG_00794

00794F

TCAAGTACATTATCCACTCTTAGG

00794R

ATTTTGTTCAATTCTAAAACGC

LMRG_00795

00795F

CCAAACATAGTATCACAAAGTAAA

00795R

TTTTTTCTCAGAAACATTTCC

LMRG_00831

00831F

GACCCTTCACAAAATACAGA

00831R

TTTTTCTTTCTTTTGTTCTTCT

LMRG_00840

00840F

GCTTGTGGTTCGAGCA

00840R

AGGTTTTTCTGGAACTTTAATG

00840F

GCTTGTGGTTCGAGCA

00840R

AGGTTTTTCTGGAACTTTAATG

LMRG_00847

00847F

00847R

TTCGGCATCTGAACTAGAAT

LMRG_00851

00851F

TTGACAGAACTCGGTGATAA
TCTCTAATTTTTAAATCTAGTACAGAGA
A

00851R

TTTAGCGTATTCTACTGCTCTT

LMRG_00865

00865F

TTGACAGAACTCGGTGATAA

00865R

TTTCACTCGTTTTCTTCTTGT

LMRG_00878

00878F

TTACCAGGACTTGGAGGC

00878R

GTTTTTACCTTCAAAGTAATTATTTTTT

LMRG_00884

00884F

CCAGCCAGACGGAAGAT

00884R

TTTTAGTTCAATTTTACCAGTTTC

LMRG_00890

00890aF

GTTCAAATCGTGCAAGGG

00890aR

AGCACCGTCCATAATACCACC

00890bF

GGACAGAAACTAAATGACAAGAGC

00890bR

ATTTTCGGTTTGTTCTGATT

00890F

GTTCAAATCGTGCAAGGG

00890R

ATTTTCGGTTTGTTCTGATT

LMRG_00891

00891F

ATGACTTACGAATTACCTAAATTACC

00891R

TTTAGCTGCGTCAAAGC

LMRG_00896

00896F

GCTGTTATAAAAACAGATGCAG

00896R

GTTAGATGTAGTCGTTGAACTTGT
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LMRG_00926

00926F

ATGAGCAAAATTATCGGAAT

00926R

TTTGTTTTCTTTGTCGTCGT

LMRG_00947

00947F

CAGTCAGAAGAAAAAGCAGAA

00947R

ATAAAGATATGCTTTTTTTAGTTGTT

LMRG_00994

00994F

CAAAATAGTGATTCGAAAAAAA

00994R

TTTGGCTAAACCATCATGGA

LMRG_00998

00998F

GGGGATGACAAGCAAGTAA

00998R

CTTCACCAAGGCTTTTGC

LMRG_01002

01002F

GTGGAAGATCAATATTTTGGT

01002R

TTTTGCGGCATCTACTTT

LMRG_01008

01008F

GCAGTATTCAAACTTAGTCCAC

01008R

CTTAACTGGTACTAAAAGTGTAAACG

LMRG_01009

01009F

ATCAAGTATTATAAAGAATCAAAAGAAA

01009R

TTTGGGAATATTGCCTTC

LMRG_01014

01014aF

GTGAGAAAATTTGTCTATCAGTTC

01014aR

GATCGTAAGTTCGGCGCAAC

01014bF

GTGCGTAATGAGACTTCTCCTG

01014bR

GATAGTTGGAACTAATTGTTTTTC

LMRG_01030

01030F

GCGACGGATGACGC

01030R

TTTTGTTCCAACGATTGG

LMRG_01050

01050F

AGCGATAATAAAAAAGAAACC

01050R

CTCTGAAACCTCTCCACTTACT

LMRG_01060

01060F

GCACCAAAAGAAACCACA

01060R

TTTCTTAAGAGTTATTTCTTTATTT

LMRG_01081

01081F

ATGGCAAATAAAACTGATTTAG

01081R

TTTAACAGCTTCTTTAAGCG

LMRG_01106

01106F

GCTTGTGGAGATAACAAATC

01106R

GTTGGACGCAAGTAACTTCT

LMRG_01112

01112F

ATGGACTCACTAGAAGAAAAAAC

01112R

TTCATTTTCTTCTATTAATAGTTGT

LMRG_01115

01115F

ATGGTGCAATCAGCCA

01115R

TTTAGTTAAATAACCATAACCTTCT

LMRG_01175

01175F

GCCTCCACTTCATGGATT

01175R

GCTATTTTTTTGCTTTTTAAGTC

LMRG_01176

01176F

GGAGATCTAAAAGCAAAAGCT

01176R

ATTAACCGTAAGTACCCAATCA

LMRG_01185

01185F

GCAACAATTATGCATAAACTGG

01185R

TTTTTCCACCTCTTCTATTAGTTC

LMRG_01188

01188aF

TTGCAAATTACGGGAGAA

01188aR

GCCGTCACTTGCGATAGCC

01188bF

CCTAATGAAACAAGCGGGAAAATTTTG

01188bR

ATTGAGCAAATCACCGATAC

01188F

TTGCAAATTACGGGAGAA

01188R

ATTGAGCAAATCACCGATAC

LMRG_01201

01201F

TCAAAACCTGGTGGGAC

01201R

TTGTAGTTTTTTTAAATAATCC

LMRG_01206

01206F

AAATCAGTAGAGAAAAATACAGCC

01206R

TTTAATAATAAAATTTTGCGT

LMRG_01211

01211F

CATGTCTCAGTATTACCAAGC

01211R

TTTTTTTCGGCTTAAAATAGC

LMRG_01213

01213F

AAATGGCAACCTACTATTCTTC

01213R

TTTTAGCAATAAACTGCCTATG

LMRG_01218

01218F

ATGGCAAAAGATATTAAATTTAGTG

01218R

CATCATGCCGCCCAT

LMRG_01219

01219F

TTGTTAAAACCATTAGGAGATCGT

01219R

TTATTTAGTAATTGCTAAAATGTCACT

LMRG_01225

01225F

AGCTATGCTTTAGCGCG

01225R

CATTGTTTTATTTAAAAATTGGC

LMRG_01230

01230F

GCGGAAGAAAAAGCAGC

01230R

ATAATTAGTTCCACTTATATCCATATC

LMRG_01231

01231F

GCAGAAGTGCCTGCTTTA

01231R

CACTGTAATCATGACTTCACTTG

LMRG_01236

01236F

TCTCCAACATCTTCAAATGG

01236R

ATATCTTCTATAAACAAATAACCCG

LMRG_01240

01240F

AAAAAAGCGGTTGGGA

01240R

TTTTTCTTCTAAAAATTCGCT

LMRG_01244

01244F

GTTGTTTCGCAACATTTCTT

01244R

TCCTTTTTTCTGCTTTGC

LMRG_01256

01256F

ATGAGTGATTTATTTACTACAATCAAAG

01256R

TTTATTCACTGCTTGCGC

LMRG_01260

01260F

ACTAGGTTGACGGTGAAAAA

01260R

TTTCGACTCCGGTTTTATC

LMRG_01273

01273F

AATAATAATAACGCCACGACTT

01273R

TGTGCTTTTGGAAGGTACTT

LMRG_01279

01279F

GGTGGCGGAAAAGATACTAG

01279R

TTTAGTATATTTTTGCGTTACGTT
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LMRG_01296

01296F

GATGAGAGCGATACAAAAGC

01296R

ATAATTAAGACCTTCTTTTAATGCTT

LMRG_01301

01301aF

AAATCGGTGGGAGATATTTC

01301aR

GTCAGCAGTCGAAGTCATAAGTGT

01301bF

GTGACTTATGTAGTTACCGCAGTA

01301bR

TGTATCAGCAACGGTCACAGTAAT

01301cF

ACAGATGACGGCACTCCGG

01301cR

TTTGCGTCTAATAAGAACGAG

LMRG_01310

01310F

ATGGCTAACATTACAGCTCAA

01310R

TTTTTTCACTTGGCTCATTAC

LMRG_01311

01311F

GCAAGTAATAAAGTAGCCATTTC

01311R

GTTACTAATGGTTCCTTCGATT

LMRG_01313

01313F

GCGGCAAAAATCAATAGC

01313R

ATATTTTTTATATGCTGCATCA

LMRG_01314

01314F

CATGCCGAAAAGACTAAACC

01314R

ATTTTCTTCTGTAGTAACTTGATTTTC

LMRG_01318

01318F

TCCGGTTCTAGCAGTTCTG

01318R

GGAAGCTGTATCAGTTGTAATG

LMRG_01365

01365F

AAAACGTTAAAATCAACTTCC

01365R

GAAATTAGATTGTTCTGCTGC

LMRG_01382

01382F

AAGTTTACATCAAGTCAAATCG

01382R

TTCTCCATATAAATACATCATTCTT

LMRG_01387

01387F

ATGTTACAACAATACGAAAGAGTT

01387R

TTTTTCATCTTTATAATCAGGAACT

LMRG_01396

01396F

ATGAAACGAATTGCAATTTT

01396R

AATCGACAAAATTGATGCTAG

LMRG_01423

01423F

GATCGTGAGAATGCTTCG

01423R

TTGGCCTCCAGTCGT

LMRG_01441

01441F

AGACCTCAACAAAAACGTCA

01441R

TTTGTTGTCTTCTACAACTTCAG

LMRG_01449

01449F

AATTCCGTTGTCGTCAAA

01449R

ATTAGAGAAGTAATTAGATAGGCCG

LMRG_01452

01452F

CAACACGCTTCGTCAAA

01452R

AAAATCATCACTTAATTCTTGAA

LMRG_01459

01459F

TATTTTTATTTCAACTCAGAACC

01459R

TCTTTCCTGATTTTTTACAGAC

LMRG_01471

01471F

AAATCGCAACTAGAACCAAA

01471R

ATTATTTTTCGTAATATGCTCTTCT

LMRG_01494

01494F

AAAGAGGAGCCAGAAGCA

01494R

ATATTGTTCTTTTGAATAATCTGC

LMRG_01513

01513F

GATCAAAAAGAATCGCAAGA

01513R

ACTATTGTTGCTAGGTGTATATTTTT

LMRG_01535

01535F

ATGCAAAGAGAATATTTAAAGGG

01535R

TTCACTCTCTCCTTTTTCCG

LMRG_01536

01536F

ATGGGAAATGAAATCACAAA

01536R

TGCTCCGCTGGCTG

LMRG_01545

01545aF

ATGAGCGATGGATCAGTAGT

01545aR

GAGCAACGTACCGCTACTTGC

01545bF

GAATGGGCGCCAGTTTTGGCA

01545bR

ACCTTCTCCACCGCGTTGAC

01545cF

GAACAGTTGTCTGCGTTGTGG

01545cR

TAGCCCCTTTCCGTAAAAT

LMRG_01552

01552F

GATGATTCAAAAATTGTAAGAAT

01552R

CTTCGTTATTTTGTGTTCCA

LMRG_01613

01613F

GGTGGCGGCGGAGAT

01613R

TTTAGATGAATCGCTATCACTG

LMRG_01615

01615F

GAGGCAGCAGGAACAAA

01615R

TTTTACTTCTAACGCTTTATTAGG

LMRG_01629

01629F

ATGGAAAAGCTATTAGAAGTTAAAG

01629R

TTCTACCTCTACCCCTTTCG

LMRG_01636

01636F

TCAGATTCCAAATCCGAC

01636R

TTTAGTCAAGTATGTTTCTTTGTAAG

LMRG_01646

01646F

GCACTTAAGGATGGAACCTA

01646R

TTTAAAAATCGCACGTCTTT

LMRG_01647

01647F

GCTGATTCTCGTCTGAAAGA

01647R

ACTCAATCTTTTACGTTTTAATCG

LMRG_01648

01648F

GCTCAAAAGCCTGAACAA

01648R

ATTGTCATAAAGCATCTTTTCC

LMRG_01651

01651F

AAAATTGGTATGGAACTGTATGA

01651R

TTTTGTTACTAATTTTCCTTGAA

LMRG_01653

01653aF

GATAGTCAAGAAAGGGATGG

01653aR

TCCAGCTGGTGCATACGTGAA

01653bF

GATGGGGATACTGACTGGACT

01653bR

ACGTTCGCTGTTATCTGTAATTCC

01653cF

TACAGCGGACTGGCAAATGCC

01653cR

CCTTTTCTTCATAATCACAAAA
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LMRG_01654

01654aF

ACAATGACAGACGATGAAAC

01654aR

TACCCCAGTAGAAAATTCATCCGT

01654bF

GCTGACGCAACGATCGCG

01654bR

GAATTCTGCTCCTGCGATAGC

01654cF

TACAAAGATGGTAAAGAAATCACGGTT

01654cR

ATCATTTATTTTTTTTGATTTTCTC

LMRG_01676

01676F

GCAGTAAAATCCTATTACGTAAA

01676R

TTTTTCAGCTAAATATTTAATTT

LMRG_01697

01697F

ATGAAACTAATTACAATATCTGTTCC

01697R

TACTATGTCTTCTTTCTCTCCGT

LMRG_01708

01708F

ATGGTCTATTTACAAAAGCAAGA

01708R

TAAACTTGGATAAAGCGGAT

LMRG_01726

01726F

GCTGAGTATAAAGTGCAAGATG

01726R

ATCTAAAATTTGTACTTTAACTTGTTTT

LMRG_01730

01730F

AGTAAAACAAAACTCGCAGC

01730R

ATTAGAACTGCTAGTTGTGCTAGA

LMRG_01743

01743F

GACGTGAATACAGACATTCAAA

01743R

GAAGTTAGCTACGCGGC

LMRG_01744

01744F

GATACCATCAATGATATGCAAA

01744R

AATATATGGTGCTGGATCGA

LMRG_01749

01749F

GCATGTGGAAGTGACAGC

01749R

TTTTACGTCAGTTAGTTTACCAGA

LMRG_01777

01777F

ATGTCAAAATTATTTTCAGAATATAA

01777R

TTTCCACGCGCGTGAATAT

LMRG_01778

01778F

GCTTCTGATTTATATCCACTACC

01778R

ATTAATAGTTACATTCCAATCATAAGA

LMRG_01781

01781F

TACATATCAAAACCGGCAA

01781R

ATTTAATAATGTCCAAATGGATG

LMRG_01789

01789F

ATGACAGTTAAAGTTGGTATTAATG

01789R

TTTAGCGATTTTTGCAAAGT

LMRG_01790

01790F

ATGGCTAAAAAAGTTGTAACTGA

01790R

TTTGTCGCTAATAGAAGCAA

LMRG_01793

01793F

ATGTCTATTATTACTGAAGTTTATGCTC

01793R

TTTTTTTAAGTTGTAGAAAGTGTCG

LMRG_01802

01802aF

01802aR

AGCCCCTGTTCCATCGTCC

01802bF

ATGGACGGGGAATATCAC
GTTCCAGTATTAAAAGATGATGGTACA
GTA

01802bR

TTTTTTAATAACTACATGATCAAAA

LMRG_01803

01803F

GATACAGTTCCGTTACCAGC

01803R

TTCTGTAATAGTTACTGGGAAATC

LMRG_01804

01804aF

CAGCCACTACAAGTGGAAGT

01804aR

ACGCTGTGCTCCTGGATAGAA

01804bF

GGGATTGTTGGTTGGTGG

01804bR

TGTTTGTACGATACTTGCAGAACC

01804cF

TCCGCTTTAGAAAATGCCGATGGT

01804cR

TTCTGCAGATGGCATAACC

LMRG_01806

01806F

AGTGGTTCTAGGACGAAACC

01806R

GTGATCAAAAACCCATGC

LMRG_01809

01809F

GTATATTACTTTAAAAATGCCAATCA

01809R

TTTAAGTTTTTCTGCTGCTTT

LMRG_01817

01817F

GGAAATGATACGACAACTGA

01817R

GTTATCCACCTTATTTATCTCATCT

LMRG_01823

01823F

ATGAGTTTACCAAAAGACTTATT

01823R

ATCTAATACTTTTTCGTAATCGT

LMRG_01828

01828F

CAAATAAATAATAGTGAACTCAAA

01828R

TTTGTAAGTTATTTCACTAACGA

LMRG_01831

01831F

TCCTCAGATAAAGCTTCA

01831R

TTTATCAACTGGGACAACAG

LMRG_01832

01832F

TGTAGCTCCCCTAAATCTGA

01832R

TTGAGCGCTACTTAAATATAATTT

LMRG_01838

01838F

ATGAAATTAAAAGAAGGAATATTTTT

01838R

TTTTCTCACAGTACTATAAGAAGTTG

LMRG_01852

01852aF

GCACCAACAGATGTAGTAAA

01852aR

TGCCCAATCAGAGATGCTTTTG

01852bF

ACCGATTCAACTGTTACCTATGTTTAT

01852bR

GCTGTTTTTCTTAGAGATAGAGTAAA

LMRG_01859

01859F

GCATGTGGAGGGAAAGA

01859R

TTTGCCTTCTTCAGCTTTT

LMRG_01877

01877aF

GCAACGAATGATGTTATTGA

01877aR

GGAAGTGAAAGTATAGGTTACGCC

01877bF

AGCTTGACCATTGCAGTTAGCC

01877bR

TTTTTTCTTTTTCCAGATAACT

LMRG_01886

01886F

AAGCAACCAAACCTATACTTG

01886R

ATCTTCTTTAAACCCAACCTC

LMRG_01889

01889F

GATGAAGAGAAATTAAATAAAGAAA

01889R

TTTATTTTCCCTCCATCTCC
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LMRG_01890

01890F

ATGACAGTAATGACCATTTTTG

01890R

ACTCCCTTTAAGTTCTAATTTCTTT

LMRG_01891

01891F

GATGAAGAGAAATTAAATAAAGAAA

01891R

ATTACTTTCACTTCCTCTTTCTG

LMRG_01902

01902F

ATGACGATTTTAAATGAAATCC

01902R

ATGAAATTCATCGGTAACAGT

LMRG_01942

01942F

GCAGAAGCACCAAATGTAA

01942R

ATTAAACCAACCTTTTACACCA

LMRG_01982

01982F

GCAAGCGCTGAAACAA

01982R

TTTTTTACGTTTCCTAAGTAATAACA

LMRG_01987

01987F

CAACGCCAAGAAGTGTTT

01987R

TTTAATTGAGAAGATAACCATTTCT

LMRG_02026

02026F

ACGTATATCGCATATCAACTTG

02026R

TTTATCGGATGAATCAGTTG

LMRG_02028

02028F

AAAAACGGCATTGTGAAATA

02028R

TTTACTAGGGAAATATTTATTCTCTAA

LMRG_02041

02041F

ATGAAAACAATCAACTCAGTAGAC

02041R

TTCTAATGGAGCTTTTCCTAAG

LMRG_02049

02049F

GAGCCGACTAAAAAAGAAGC

02049R

ATCTACTTTTTCTATTCCCCA

LMRG_02050

02050F

AACACGACTTATCCAAAAGC

02050R

LMRG_02052

02052F

AAAAAGCAACAGCCGC

02052R

TTTCTCGCCCCATAAAA
CTTTTCTTCATATTGAAGAGATGAAACG
C

LMRG_02070

02070F

AAAGTTTCTTCTGATACCGTAGA

02070R

CTTACGGTCTTTTTTTTGTCC

LMRG_02102

02102F

ATGGAACAAGCAAGTTTTGT

02102R

TTCAGCCAATCCTTCTTTC

LMRG_02116

02116F

GGGACAACCCTTGCTC

02116R

TTTGCTTGTTTTTAAATCTTCA

LMRG_02131

02131F

GAAACAGGAGGTAGCAGAAC

02131R

ACTATTGATGTCGATAGCTTTAA

LMRG_02134

02134F

TCAAACACCGAAAACGAA

02134R

TTTGTTTAGCCGGATGATT

LMRG_02140

02140F

GTGGCTCAAGTACAATATTACG

02140R

ACGTTTTGAGAACTGAGGTG

LMRG_02161

02161F

ACAGTTAAAGGTCCTAAAGGTG

02161R

TTTACCAGTTTTACCTTCTTTACG

LMRG_02175

02175F

ATGCCAAAATTAAGCTTACTTAAA

02175R

TGCGAGCACCTCCTCTA

LMRG_02181

02181F

AATTCTAGTAAAGAAACAAAGAGTGA

02181R

TTTTTTTAGCGTGTCCATCT

LMRG_02182

02182F

GACGACAGCAGCAAGG

02182R

TTCAGCTTCTACTAGGTTGTACA

LMRG_02184

02184F

AAAGCGAATGAACCGG

02184R

GGAAGAGATAATCGGATCA

LMRG_02187

02187F

AAAACGGATAAAATTACTGCG

02187R

AGGACTAACATAATAGTCATTACTTTTC

LMRG_02198

02198F

ATGGCAAAAGAAAAATTTGA

02198R

TTTGCTGATGTTAGAAACAAC

LMRG_02226

02226F

TCGGATGAGAAGTCTGGTTA

02226R

AACGATTCCTAGAACAGTTAATAG

LMRG_02232

02232F

AGCGCTTCCGAAATAGAG

02232R

TTTAAAACTTGTAGTTAACTTTTTCC

LMRG_02238

02238F

GAAGTAATCGTTAGCGCAGA

02238R

CTTAATTGTTAATTTCTGACCAA

LMRG_02246

02246F

GCCGATGTAACAAATACAGT

02246R

TAGTTGTTTTTTCTTTTTTCGG

LMRG_02258

02258F

CCTATAAAAGCAAGTGCAGA

02258R

TTCTTTACGACGGCGC

LMRG_02265

02265aF

AAAGAAAATGGGAATGACG

02265aR

TCCTGAAATAGTGCTATCAAAAGGGAT

02265bF

AACGAAACTTGGGCTGGTAGC

02265bR

CATACCTGCTACTTCACCAATTAC

02265cF

ACACAAACCTTCAAAGTGCCACTT

02265cR

AGCATCCCATGCATCCCCTAC

02265dF

GCTAATGTAACAGTGGCAGGA

02265dR

CTGATAGTTTTTCTTTCTCCCT

LMRG_02272

02272F

ACTAGCCAAAAAAATACTACATCA

02272R

CTTTAAGTTAGGACTTTTTCTATTTTG

LMRG_02282

02282F

TGTGGTGGTGGGAACA

02282R

TTCTTGAAGCACCCCG

LMRG_02304

02304F

GCAACAGATTACGGGAGC

02304R

ACTTTTGCGTCCAAATGTAA

LMRG_02305

02305F

CAAAAAGAAACAACAGCAACT

02305R

TAATAAGTGACCTTTTTTTCGA
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LMRG_02330

02330F

GATGGAAGTAAATTGAGTTTTT

02330R

GGCGTTCTTTTTATTGTAAAAC

LMRG_02335

02335aF

02335aR

ATTAACTGGTGACGCAACAAACTC

02335bF

AGAGACGATGCTTATGCTATT
ATCGAAATGGAAGAATTAATTGTTGAT
GGA

02335bR

TCCCTCGCTTGAAAGTGGTAAG

02335cF

AGCCGCACAGCGAGCGAA

02335cR

GACCGCTTTGGCATCACTTAGG

02335dF

ACTCCCGTATCTACATTTGATAATATG

02335dR

TTTGCTCTCCTCCAATTCA

02336aF

AAGGAGGCAAGGTATAATCTT

02336aR

TGTTGTGCTTGTAACGCTTTGCAT

02336bF

GTTTCAGCAGTAGATACGGAAGCT

02336bR

CTTTTGATAAACGTACAGTTGTAA

02354aF

GCAGAGCCAAAACGG

02354aR

GCGCTTAGTCGAAGTCGTTGT

02354bF

TGGGATGATACTGCCAAGGCG

02354bR

ATTTATTAACAACCAAGGACCC

LMRG_02367

02367F

ATGGCATTTGAAGAGAATTT

02367R

TTCTGCTGGTGCTACAGG

LMRG_02368

02368F

ATGTTTGAAGTGAATGATACAACT

02368R

ACGGAACAAAAAACCCATAT

LMRG_02378

02378F

ATGACAAAGATATGGATTGACG

02378R

TCTTTTTCCTGTATTAACTTCTGTT

LMRG_02379

02379aF

GATACAGTTCCCATTCAGATTT

02379aR

AACAGCTTGAGCCGCGCC

02379bF

GATGCGCAACGTTACATGGCA

02379bR

ACTTCTCTTCCGCAAAACAT

LMRG_02384

02384F

GGCTCTGGCGCTAGTT

02384R

TTCCGTTAAATATAGTTTAGAAAGA

LMRG_02397

02397F

AATGACAATGAAAAATCTACGA

02397R

CTTCTCCACCCGAATAAACT

LMRG_02398

02398F

GGATGCGGTACTAGCAAC

02398R

TTTTATTGTTTTTTGCAAGG

LMRG_02404

02404F

GCAACGAGTTATGGTTCTCA

02404R

TTTGCGCTTCAGCAGA

LMRG_02405

02405F

GCAACTAATTATGGGTCCG

02405R

TTTTCTTCTAAGTGCAATTAAGC

LMRG_02416

02416aF

ATGGACAACTCGCAAACC

02416aR

TCCCGGAGTTGCAAAGTCGAC

LMRG_02336

LMRG_02354

02416bF

AAGGCAGTACCTGTAATTGTAGCG

02416bR

TTGATTTTTTCTTTTAGCTTTAGA

LMRG_02425

02425F

ACTGATCCAATTACATCAGAATC

02425R

CTTTCTTTTCTTACCTCCTTTTT

LMRG_02442

02442F

GGTGACTTGACGGTACTTAA

02442R

CTTCCCTGCGTCATCC

LMRG_02446

02446F

ACAAACAACAAAGATACCGC

02446R

TTTTGCGGAAATATCACC

LMRG_02447

02447F

ATGACAGAATCAAAATTTCCT

02447R

GTCGATATCTTTACCATTTGTTT

LMRG_02473

02473F

ATGGCTAGAAAGTACGAAATT

02473R

TGCTTCTTCTTTAATTACCATATG

LMRG_02476

02476F

GCATGTAGTTTTAATGATGATAAG

02476R

ATCGTCTTGTTCTGTTTGAAG

LMRG_02481

02481F

TCGTGGTGGTTATCGG

02481R

TGTTTCTCCCTTCCAATACG

LMRG_02488

02488F

GCGGATTCAGATAGCTATTTA

02488R

TTCAAAAACATTGCGCG

LMRG_02496

02496F

ATGCCTGCTGTAATTGGT

02496R

TCCAAGATAATCACTACTTTCTAGA

LMRG_02498

02498F

ATGTTAGAACGTTATACTCGTAAAGA

02498R

TAATCCTAAACGATCAAAAATT

LMRG_02506

02506F

ATGAAAAGAGCGCTTATTAGTG

02506R

ATGTTTGAAGTGTCGTACATG

LMRG_02514

02514F

AAACTTGACTCAAACGATAAAG

02514R

ATCGTAAATGTGAGCAGTTG

LMRG_02519

02519F

GATGCAGAAGAACAGGCTC

02519R

CTTAATAATATATTCGATGCCG

LMRG_02533

02533F

AGTGAATCTAAAGAGGACCAGT

02533R

TTGCTTAGCGATTTCGTC

LMRG_02541

02541F

TGTGGTGGGTCAAAGGAT

02541R

TTTTTTAAGAAGGGTTTCTACTTG

LMRG_02555

02555F

ATTAACTATTTAAGCGAACAAGC

02555R

TTTTCTGACCGTATACAAAACC

LMRG_02565

02565F

AAAGAGGTTGTTGATAGTAAGTATACC

02565R

ATTTTTCTTGTAGGTTTCCTTAA
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LMRG_02579

02579F

AATGCGAAATTTGCAGAG

02579R

TGTAGTTGTTTTTGCTGCTT

LMRG_02582

02582F

AAGGGACAACCTGATTACG

02582R

TTCACCCGCCTTTTCT

LMRG_02586

02586F

GGAGGAGGCAGTGACGATA

02586R

GAATGCAGGTACTACAGACCC

LMRG_02600

02600F

GCTGCACCAACTATAAAAGTG

02600R

TTTTCCGATAGAATAAGAGGAG

LMRG_02612

02612F

GCGGTGATTGAACACCC

02612R

TTTTGTTTGACGTTTTTTGC

LMRG_02615

02615F

AAAAATAGTGGCTCCGTAAC

02615R

GCTTGGAGCACCAGGA

LMRG_02623

02623F

TATTCGCTTAATAACTGGAATAAG

02623R

GTTGAATTTATTGTTTTTTATGATG

LMRG_02624

02624F

AAGGATGCATCTGCATTCA

02624R

TTCGATTGGATTATCTACTTTATT

LMRG_02625

02625F

GATTCTGTCGGGGAAGAA

02625R

GTTAACCCCAACTGCTTCC

LMRG_02626

02626F

GCGACAGATAGCGAAGATT

02626R

ATTATTTTTTCTTAATTGAATAATTTTG

LMRG_02627

02627F

AATGCCTGTTGTGATGAATA

02627R

TTCATTTGTTTTTTTAGACCAA

LMRG_02628

02628F

AAAATAAGCGTATGGAAAGATG

02628R

CTCTTCGTTCGCAATCC

LMRG_02629

02629F

GGGGATAAAGAAGAAACG

02629R

TTTTGAAACTTCTTTATAGCCTT

LMRG_02638

02638F

ATGGCTACAACCATGCG

02638R

TCTACTTTCGTCTGTGCGTT

LMRG_02639

02639F

ACTAAACAAGTGTTGACGCTC

02639R

CTCTTTTTGTTTCGAATTCTCT

LMRG_02645

02645F

ATGACAATTGCAAATTCAATC

02645R

ATCTTCAAAATTATAAAGCGG

LMRG_02646

02646F

GTGGAGGTTCGGGCA

02646R

TTTCACTTTGATTGTTTTGC

LMRG_02647

02647F

AGTCATGGGATGAAAGCTC

02647R

AATGTTAGTAGTTTTTTTTCGTAAGA

LMRG_02650

02650aF

TTGTTAGATGTTAATAATTTTGAGT

02650aR

GATAGTACCTTCGCCGACAGC

LMRG_02651

02650bF

CCTTTATCCGCAGAAGCACAAGCA

02650bR

AATATTTGTGATTTCGTCAGTT

02651aF

TTGTCAGGACATTCAGGAC

02651aR

CTGAGATAACTGCGAGCTACC

02651bF

CGTATGGAACGTGTGGTTCGT

02651bR

CTCAGTCTTTTCAGCGGC

LMRG_02654

02654F

ATGGCAATTAAATCTATATCAAAA

02654R

AGATTCTTTCTTCTTGAACCC

LMRG_02690

02690F

CAAAAAGATGATGAGGTTGAA

02690R

TTTAGAAATTAATTTGATTTCTTTTT

LMRG_02692

02692aF

ACAGAGTTAGATAATATCATTGATGG

02692aR

GTCTCCACTTGTATGAGTACTTGG

02692bF

TCGGCGGATTACGAGGTTGTT

02692bR

GAGTCCGTTTTGTAGTTCGGC

02692cF

ATCCAAGTGAAGTTAGAGCAAGAC

02692cR

TGAGGATTTTTTTCTAAGGTATAA

LMRG_02694

02694F

AAAAAAGCTAGCAAAATGCT

02694R

TTTTTCGTCGAGCAATTC

LMRG_02699

02699F

GGCGATAAAGGGGAAAG

02699R

ATTTTTTTCAATCCACTTGTAG

LMRG_02700

02700F

GCACCAATTGGATCAGC

02700R

TTTACTACTTGCAAGCGGA

LMRG_02740

02740F

GATACTCACGATACAAATAATATTGC

02740R

TTTCTTTTTAAATAATAGTAACGGG

LMRG_02746

02746F

GGCGGTGGCAGTAGTAG

02746R

TTTAAATCCCATTGTTTTGTT

LMRG_02751

02751F

GAAGGAACTAAAAACGATATCA

02751R

GTTTAATACTTTGACAGTCACCA

LMRG_02787

02787F

AACCGTTCGGAGGGCTAT

02787R

TTTCCGGTACATCTTAAACTC

LMRG_02797

02797F

TTGAGTACGTACGATTTAGCAC

02797R

TAAGTTACGTACAAATGCTTGAA

LMRG_02811

02811F

ATGAACAAACTGATTGATGAAA

02811R

ACGAATTTCTTTAATACGAGC

LMRG_02823

02823aF

AATTACGATTCTTTTAATCACCA

02823aR

TACAGTACCATCTGGAAGAGTCAA

02823bF

CACTTACTGGGAGTCGGAGTT

02823bR

TTTACGGAAAAGACGTAGTAAA
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LMRG_02825

02825F

ATGGGTTCTGGAACAAAAGTA

02825R

ATTCTTGATAGGTTGTGTAACTG

LMRG_02843

02843F

ATGGATAATAAACTAGAATTTACAACG

02843R

TTTTTTCTTCTTCTTTGCTAGC

LMRG_02851

02851F

GCAGAGATTGGACAACCA

02851R

TTTTACTTTGATTGTTTTGCG

LMRG_02867

02867F

AAGACTGAATCACCATCAGC

02867R

TTTTCGAAGATAAGAAATACCC

LMRG_02879

02879F

AAAACGGATGATGGTGTC

02879R

TTTCATATATTTTTTCATGTAAAGC

LMRG_02884

02884F

ATTCCTAAACATACAGCAAATG

02884R

ATCATTTTGCTCTTGTAGTGG

LMRG_02885

02885F

ATTCCCAAACATACGGC

02885R

CTTCGATTTATTCATCTCTTCC

LMRG_02909

02909aF

GCTTCCATTGATCCGG

02909aR

AAGTGCGCTGCCTTGTTTGGC

02909bF

GCGATTGATCGTGGACCCCTT

02909bR

TTGCTTTTTAGCACTTAGGTT

02949F

GAACCATCAACGAGTAAATC

02949R

CTTTGTTACGGCAATGC

LMRG_02949
a

Sequences presented without the 5’ adaptor sequences:

Table S4.2: Contents of the Lm ATLAS Library
Clone name
LMRG_00016
LMRG_00021a
LMRG_00021b
LMRG_00021c
LMRG_00023
LMRG_00025a
LMRG_00025b
LMRG_00025c
LMRG_00046
LMRG_00054
LMRG_00058
LMRG_00085
LMRG_00087
LMRG_00088
LMRG_00101
LMRG_00102
LMRG_00102a
LMRG_00102b
LMRG_00107
LMRG_00126
LMRG_00126a
LMRG_00126b
LMRG_00127
LMRG_00130
LMRG_00133
LMRG_00135
LMRG_00145

Locus Tag
lmo0324
lmo0327
lmo0327
lmo0327
lmo0331
lmo0333
lmo0333
lmo0333
lmo0355
lmo0362
lmo0366
lmo0392
lmo0394
lmo0395
lmo0408
lmo0409
lmo0409
lmo0409
lmo0415
lmo0433
lmo0433
lmo0433
lmo0434
lmo0438
lmo0441
lmo0443
lmo0453

In library
Y
Y
N
Y
N
Y
Y
Y
Y
Y
N
Y
N
Y
Y
N
Y
N
Y
N
N
Y
Y
Y
Y
Y
Y
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Gene name

tatAY

inlF
inlF
inlF
inlA
inlA
inlA
inlB

Table S4.2(Continued)
LMRG_00158
LMRG_00162
LMRG_00191
LMRG_00195
LMRG_00197
LMRG_00198
LMRG_00207
LMRG_00221
LMRG_00222
LMRG_00223
LMRG_00227
LMRG_00231
LMRG_00232
LMRG_00233
LMRG_00234
LMRG_00242
LMRG_00258
LMRG_00264
LMRG_00267
LMRG_00268
LMRG_00269
LMRG_00269a
LMRG_00269b
LMRG_00284
LMRG_00293
LMRG_00300
LMRG_00310a
LMRG_00310b
LMRG_00310c
LMRG_00331
LMRG_00359
LMRG_00368
LMRG_00377
LMRG_00390
LMRG_00414
LMRG_00415
LMRG_00420
LMRG_00433
LMRG_00443
LMRG_00455
LMRG_00456
LMRG_00466
LMRG_00479
LMRG_00484
LMRG_00502

lmo0477
lmo0481
lmo0510
lmo0514
lmo0516
lmo0517
lmo0526
lmo0539
lmo0540
lmo0541
lmo0545
lmo0549
lmo0550
lmo0551
lmo0552
lmo0560
lmo0576
lmo0582
lmo0585
lmo0586
lmo0587
lmo0587
lmo0587
lmo0601
lmo0610
lmo0617
lmo0627
lmo0627
lmo0627
lmo0644
lmo0671
lmo0680
lmo0690
lmo0701
lmo0725
lmo0724
lmo0732
lmo0745
lmo0755
lmo0768
lmo0778
lmo0791
lmo0796
lmo1041

Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
Y
Y
Y
Y
Y
Y
Y
Y
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capA

lacD

iap

flhA
flaA

Table S4.2(Continued)
LMRG_00516
LMRG_00523
LMRG_00530
LMRG_00535
LMRG_00538
LMRG_00540
LMRG_00542
LMRG_00550
LMRG_00567
LMRG_00570
LMRG_00579
LMRG_00603
LMRG_00651
LMRG_00661
LMRG_00662
LMRG_00713
LMRG_00714
LMRG_00739
LMRG_00740
LMRG_00741
LMRG_00753
LMRG_00755
LMRG_00756
LMRG_00783
LMRG_00784
LMRG_00790
LMRG_00791
LMRG_00793
LMRG_00794
LMRG_00795
LMRG_00831
LMRG_00840
LMRG_00840X
LMRG_00847
LMRG_00851
LMRG_00865
LMRG_00878
LMRG_00884
LMRG_00890
LMRG_00890a
LMRG_00890b
LMRG_00891
LMRG_00896
LMRG_00926
LMRG_00947

lmo1054
lmo1061
lmo1068
lmo1073
lmo1076
lmo1078
lmo1080
lmo1088
lmo1125
lmo1128
lmo1136
lmo1205
lmo1215
lmo1216
lmo1264
lmo1265
lmo1289
lmo1290
lmo1291
lmo1303
lmo1305
lmo1306
lmo1333
lmo1334
lmo1340
lmo1341
lmo1343
lmo1344
lmo1345
lmo1379
lmo1388
lmo1388
lmo1395
lmo1399
lmo1413
lmo1426
lmo1432
lmo1438
lmo1438
lmo1438
lmo1439
lmo1444
lmo1473
lmo1800

Y
N
Y
Y
N
N
N
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
N
N
N
N
Y
Y
Y
Y
Y
Y
N
Y
N
N
N
N
N
Y
Y
Y
Y
N
Y
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pdhC

ggaB
tagB

pduL
cbiN

yneA
tkt

comG
comGE
comGD
comGC
oxaA2
tcsA
tcsA

opuCC

sod
prsA
dnaK

Table S4.2(Continued)
LMRG_00994
LMRG_00998
LMRG_01002
LMRG_01008
LMRG_01009
LMRG_01014a
LMRG_01014b
LMRG_01030
LMRG_01050
LMRG_01060
LMRG_01081
LMRG_01088
LMRG_01106
LMRG_01112
LMRG_01115
LMRG_01175
LMRG_01176
LMRG_01185
LMRG_01188
LMRG_01188a
LMRG_01188b
LMRG_01201
LMRG_01206
LMRG_01211
LMRG_01213
LMRG_01218
LMRG_01219
LMRG_01225
LMRG_01230
LMRG_01231
LMRG_01236
LMRG_01240
LMRG_01244
LMRG_01256
LMRG_01260
LMRG_01273
LMRG_01279
LMRG_01296
LMRG_01301a
LMRG_01301b
LMRG_01301c
LMRG_01310
LMRG_01311
LMRG_01313
LMRG_01314

lmo1847
lmo1851
lmo1855
lmo1861
lmo1862
lmo1867
lmo1867
lmo1883
lmo1903
lmo1913
lmo1934
lmo1959
lmo1966
lmo2007
lmo2026
lmo2027
lmo2036
lmo2039
lmo2039
lmo2039
lmo2051
lmo2056
lmo2061
lmo2063
lmo2068
lmo2069
lmo2074
lmo2079
lmo2080
lmo2085
lmo2089
lmo2093
lmo2103
lmo2106
lmo2119
lmo2125
lmo1671
lmo0435
lmo0435
lmo0435
lmo1657
lmo1656
lmo1654
lmo1653

Y
N
Y
Y
N
Y
Y
N
Y
N
Y
N
N
Y
Y
Y
N
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
Y
Y
Y
Y
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hup

murD
pbpB
pbpB
pbpB

groEL
groES

eutD

tsf

Table S4.2(Continued)
LMRG_01318
LMRG_01365
LMRG_01382
LMRG_01387
LMRG_01396
LMRG_01423
LMRG_01441
LMRG_01449
LMRG_01452
LMRG_01459
LMRG_01471
LMRG_01494
LMRG_01513
LMRG_01535
LMRG_01536
LMRG_01545a
LMRG_01545b
LMRG_01545c
LMRG_01552
LMRG_01613
LMRG_01615
LMRG_01629
LMRG_01636
LMRG_01646
LMRG_01647
LMRG_01648
LMRG_01651
LMRG_01653a
LMRG_01653b
LMRG_01653c
LMRG_01654a
LMRG_01654b
LMRG_01654c
LMRG_01676
LMRG_01697
LMRG_01708
LMRG_01726
LMRG_01730
LMRG_01743
LMRG_01744
LMRG_01749
LMRG_01777
LMRG_01778
LMRG_01781
LMRG_01789

lmo1649
lmo1602
lmo1585
lmo1580
lmo1571
lmo1547
lmo1529
lmo1521
lmo1518
lmo1511
lmo1499
lmo2349
lmo2331
lmo2297
lmo2296
lmo2287
lmo2287
lmo2287
lmo2280
lmo2219
lmo2217
lmo2203
lmo2196
lmo2186
lmo2185
lmo2184
lmo2181
lmo2179
lmo2179
lmo2179
lmo2178
lmo2178
lmo2178
lmo2156
lmo2550
lmo2539
lmo2522
lmo2518
lmo2505
lmo2504
lmo2499
lmo2471
lmo2470
lmo2467
lmo2459

N
Y
Y
N
N
Y
N
N
Y
Y
Y
N
N
N
Y
Y
N
Y
N
N
N
N
Y
N
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
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pfkA
mreC

prsA2

oppA

srtB

glyA
lytR
spl

namA

gap

Table S4.2(Continued)
LMRG_01790
LMRG_01793
LMRG_01802a
LMRG_01802b
LMRG_01803
LMRG_01804a
LMRG_01804b
LMRG_01804c
LMRG_01806
LMRG_01809
LMRG_01817
LMRG_01823
LMRG_01828
LMRG_01831
LMRG_01832
LMRG_01838
LMRG_01852a
LMRG_01852b
LMRG_01859
LMRG_01877a
LMRG_01877b
LMRG_01886
LMRG_01889
LMRG_01890
LMRG_01891
LMRG_01902
LMRG_01942
LMRG_01982
LMRG_01987
LMRG_02026
LMRG_02028
LMRG_02041
LMRG_02049
LMRG_02050
LMRG_02052
LMRG_02070
LMRG_02102
LMRG_02116
LMRG_02131
LMRG_02134
LMRG_02140
LMRG_02161
LMRG_02175
LMRG_02181
LMRG_02182

lmo2458
lmo2455
lmo2446
lmo2446
lmo2396
lmo2444
lmo2444
lmo2444
lmo2442
lmo2439
lmo2431
lmo2425
lmo2420
lmo2417
lmo2416
lmo2410

lmo2839
lmo2821
lmo2821
lmo2812
lmo2805
lmo2809
lmo2808
lmo2795
lmo2754
lmo2714
lmo2710
lmo0927
lmo0929
lmo0943
lmo0950
lmo0951
lmo0953
lmo0971
lmo1002
lmo1016
lmo2591
lmo2594
lmo2656
lmo2617
lmo2631
lmo2636
lmo2637

Y
Y
Y
N
N
Y
N
Y
Y
Y
Y
Y
N
Y
N
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
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pgk
eno

inlJ
inlJ

pbp5

srtA

dltD
ptsH
gbuC

rpsL
rplF
rplD

Table S4.2(Continued)
LMRG_02184
LMRG_02187
LMRG_02198
LMRG_02226
LMRG_02232
LMRG_02238
LMRG_02246
LMRG_02258
LMRG_02265a
LMRG_02265b
LMRG_02265c
LMRG_02265d
LMRG_02272
LMRG_02282
LMRG_02304
LMRG_02305
LMRG_02330
LMRG_02335a
LMRG_02335b
LMRG_02335c
LMRG_02335d
LMRG_02336a
LMRG_02336b
LMRG_02354a
LMRG_02354b
LMRG_02367
LMRG_02368
LMRG_02378
LMRG_02379a
LMRG_02379b
LMRG_02384
LMRG_02397
LMRG_02398
LMRG_02404
LMRG_02405
LMRG_02416a
LMRG_02416b
LMRG_02425
LMRG_02442
LMRG_02446
LMRG_02447
LMRG_02473
LMRG_02476
LMRG_02481
LMRG_02488

lmo2639
lmo2642
lmo2653
lmo2681
lmo2686
lmo2691
lmo0821
lmo0835
lmo0842
lmo0842
lmo0842
lmo0842
lmo0849
lmo0859
lmo0880
lmo0881
lmo0082
lmo0086
lmo0086
lmo0086
lmo0086
lmo0087
lmo0087
lmo0105
lmo0105
lmo0118
lmo0119
lmo0129
lmo0130
lmo0130
lmo0135
lmo0152
lmo0153
lmo0159
lmo0160
lmo0171
lmo0171
lmo2854
lmo0013
lmo0017
lmo0019
lmo0044
lmo0047
lmo0052
lmo0058

Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
N
N
Y
Y
Y
Y
Y
Y
Y
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tuf
kdpB

lmaA

spoJ
qoxA
capA
rpsF

essA

Table S4.2(Continued)
LMRG_02496
LMRG_02498
LMRG_02506
LMRG_02514
LMRG_02519
LMRG_02533
LMRG_02541
LMRG_02555
LMRG_02565
LMRG_02579
LMRG_02582
LMRG_02586
LMRG_02600
LMRG_02612
LMRG_02615
LMRG_02623
LMRG_02624
LMRG_02625
LMRG_02626
LMRG_02627
LMRG_02628
LMRG_02629
LMRG_02638
LMRG_02639
LMRG_02645
LMRG_02646
LMRG_02647
LMRG_02650a
LMRG_02650b
LMRG_02651a
LMRG_02651b
LMRG_02654
LMRG_02690
LMRG_02692a
LMRG_02692b
LMRG_02692c
LMRG_02694
LMRG_02699
LMRG_02700
LMRG_02740
LMRG_02746
LMRG_02751
LMRG_02787
LMRG_02797
LMRG_02811

lmo1775
lmo1773
lmo1765
lmo1757
lmo1752
lmo1738
lmo1730
lmo1715
lmo0303
lmo0292
lmo0289
lmo0285
lmo0275
lmo0264
lmo0193
lmo0201
lmo0202
lmo0203
lmo0204
lmo0205
lmo0206
lmo0207
lmo0216
lmo0217
lmo0223
lmo0262
lmo0259
lmo0259
lmo0258
lmo0258
lmo0255
lmo2578
lmo2576
lmo2576
lmo2576
lmo2574
lmo2569
lmo2568
lmo0175
lmo0181
lmo0186
lmo0810
lmo1787

Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
N
Y
Y
N
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
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purE
purB
purH

htrA
yycH
comEC
inlE
plcA
hly
mpl
actA
plcB

divLC
cysK
inlC2
inlG
rpoC
rpoC
rpoB
rpoB

manA
rplS

Table S4.2(Continued)
LMRG_02823a
LMRG_02823b
LMRG_02825
LMRG_02843
LMRG_02851
LMRG_02867
LMRG_02879
LMRG_02884
LMRG_02885
LMRG_02909a
LMRG_02909b
LMRG_02949

lmo1799
lmo1799
lmo1786
lmo0900

N
N
Y
Y
Y
Y
Y
N
Y
Y
N
N

lmo0801
lmo0528
lmo0479
lmo0478
lmo2558
lmo2558
lmo0945

inlC
inlD

ami
ami

Table S4.3: Strains and plasmids used in Chapter 4
Strain or Plasmid
BL21(Ai)
TB12
DH-E2141
pDONR221
pDESTSL8
pCP20

Strain Genotype or Plasmid Description
Arabinose-inducible protein expression
E. coli MG1655 lacIZYA::aph
Strain for Lm ATLAS screening
Donor vector for Gateway™ cloning
Expression vector for ATLAS screening
Plasmid expressing FLP recombinase

References
Invitrogen
(140)
This work
Invitrogen
(148)
(141)

Table S4.4: Other primers used in Chapter 4
Primer
nestF
nestR

Sequence
GGGGACAAGTTTGTACAAAAAAGCAGGCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTAG
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