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ABSTRACT

Burkholderia pseudomallei (Bp) is a Gram-negative facultative intracellular pathogen
that causes the disease melioidosis. Bp is endemic to tropical and subtropical regions around the
globe with an expanding reach due to increased awareness and better diagnostics. Melioidosis is
predicted to infect 165,000 people and cause 89,000 deaths annually marking this disease as a
significant threat to public health. The CDC has classified Bp as a Tier 1 select agent due to
potential malicious use and there is currently no licensed vaccine to protect against infection. Bp
has one of the most complex bacterial genomes with ~7.24 mega base-pairs of genetic material
across two highly plastic chromosomes. The genetic determinants encoded on the Bp genome
allow for growth in various environments including many cell types within the human body. Bp
has a complex intracellular lifecycle that starts by attaching to host cells, followed by invasion of
the cytoplasm and replication within, and finally protrusion towards neighboring cells to
continue the spread of infection. Approximately 1,953 genes are differentially regulated in a
stage-specific manner indicating that a sophisticated regulation system is in place to coordinate
intracellular infection. In order for Bp to sustain a productive infection, it relies on tight control
and coordination of virulence factors and metabolic pathways by transcriptional regulators in a
stage specific manner. The following dissertation investigates this hypothesis by characterizing
three yet to be described transcriptional regulators: i) BP1026B _111198; ii) BP1026B 111561;
and iii) BP1026B _112312. Mutants of these transcriptional regulators are attenuated in cell
culture and BALB/c mouse models of infection indicating a role during Bp pathogenesis. To
characterize these transcriptional regulators I have: 1) elucidated the regulation networks using an
RNA-seq strategy; ii) determined the direct DNA binding sequences to discover the genes
directly controlled by each transcriptional regulator with a ChIP-seq approach; and iii)
determined what genes within each regulon contribute to pathogenesis. In addition to the
characterization of three novel transcriptional regulators, two potential vaccine candidates were

tested showing significant promise towards the development of a protective melioidosis vaccine.
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Chapter 1:

Burkholderia pseudomallei, a complex life for a complex pathogen



The first case of melioidosis

In April 1911 a man was admitted to the Rangoon General Hospital after sustaining a
high fever for seven days. The man, approximately 40 years old, had lesions from morphine
injections throughout his body, a temperature fluctuating between 103-104°F, and abnormal
sounds in the lungs. After three days in the hospital the man died and upon post-mortem
examination, uncharacteristic ‘cheesy’ consolidations were found in his lungs (Fig. 1a)"*. The
consolidations within the lungs presented different than tuberculosis and typical pneumonia. A
pure culture of non-motile Gram-negative bacilli was purified and resembled Bacillus mallei
(now called Burkholderia mallei), the causative agent of glanders. While the patient had no
history of contact with horses making this diagnosis odd, the pure culture was injected into a
male guinea pig to confirm glanders by the observation of testicular inflammation. The guinea
pig died within 36 hours and showed no inflammation in the testicles. Further confounding
evidence was that motile Gram-negative bacilli were isolated from the guinea pig suggesting that
what was isolated post-mortem was different than the inoculating strain. The attending
pathologist and surgeon, Whitmore and Krishnaswami, hypothesized that the organism injected
into the guinea pig was in-fact the motile Gram-negative bacilli that was isolated from the lungs
(Fig. 1a), and that the bacilli had lost its motility after several days on artificial agar (Fig. 1b-c).
This hypothesis proved to be correct leading to the conclusion that this infectious agent was
unique from B. mallei (Bm) but caused a glanders-like disease’ . Within two years, Whitmore
had described 38 potential cases” of this new disease that would eventually become known as
melioidosis. Thanks to this work, and the work of many others over the last century, we now
know that melioidosis is caused by the Gram-negative bacillus Burkholderia pseudomallei (Bp),

a truly complex pathogen.



Bp is now well established as a pathogen of humans and animals that is found within the
rhizosphere and ground water of tropical regions throughout the globe’°. Bp has been classified
as a Tier 1 select agent by the Centers for Disease Control and Prevention (CDC) and is a major
public health concern for regions with endemic presence of this organism®. Bm was used to
intentionally infect animals in the effort of transmitting glanders to soldiers during World War I
and World War II". Bm is a clonal derivative of Bp that adapted from evolution within a host
similar to how Mycobacterium leprae and M. tuberculosis evolved from a common ancestor™’.
The observations made by Whitmore and Krishnaswami reflect this fact based on the basic
microbiological test of motility">. The genetic diversity of Bp is much greater than that of Bm
allowing it to live in more diverse environments and potentially leading to more infection in
humans and animals. It is therefore critical that we understand how this pathogen causes disease

so that we can combat infection with Bp.

Epidemiology, global burden, and spread across the globe

Bp found within the environment is likely the source of infection in many cases through

10, 11

ingestion or inoculation of contaminated food or water . Increased environmental surveillance

and standardized environmental sampling protocols have helped identify that Bp is present in the

12-23

environment globally throughout tropical and subtropical regions and this has correlated with

clinical reports®'

. In recent years, this data has been continually updated and curated online
(https://www.melioidosis.info/map.aspx) showing an ever-changing map of presence or absence
of Bp and clinically confirmed melioidosis cases globally (Fig. 2a-b). In addition, there have

been reports of Bp surviving in more extreme environments including distilled water for more

than 16 years, low nutrient soils, and in deserts which suggests that Bp could be present in



obscure areas around the world'”>*?* In 2016, a group predicted the burden of melioidosis and
the distribution of Bp across the globe. They estimated that approximately 165,000 cases of
melioidosis occurred in 2015 in South and East Asia, Pacific islands, Sub-Saharan Africa, East
and North Africa, Latin America, and the Caribbean’. Of these, 89,000 cases are predicted to
result in death, making the global predicted mortality rate in 2015 to be in excess of fifty
percent’. The predicted annual mortality of melioidosis is comparable to other diseases
considered high priority by health organizations including measles (~95,600 deaths annually),
leptospirosis (~50,000 deaths annually), and dengue fever (~12,500 deaths annually)’. They
concluded that melioidosis cases are severely underreported globally, both in countries where Bp
is known to be endemic and countries that the environment suits Bp growth but has yet to be
discovered’.

A hypothesis of the origin of this pathogen was recently made suggesting that Bp
originated in Australia®*. This group analyzed the whole genome sequence of 469 Bp isolates
from 30 countries®. They tracked the movement of Bp from Australia to Southeast Asia, and
subsequent transfer to South and East Asia®*. Genetic variations of Bp have been observed prior
to this study identifying specific gene clusters and overall genetic diversity that is geographically
distributed®>™’. Clusters of Bp isolates in Africa showed strong similarity to ones found in
Central and South America and the temporal occurrence of this relationship was estimated to be
1806 or 1759, correlating to the slave trade between 1650-1850°*. In contemporary times,
transfer of Bp has been documented through the transport of infected animals to regions without
melioidosis™®. The analysis looking at the origin of Bp and its distribution across the globe relied
on the whole genome sequence of Bp. The Bp genome is large and complex including

chromosome I (4.07Mb) and chromosome II (3.17 Mb). As more Bp strains get sequenced we



see more strain diversity that is constantly influenced by horizontal gene transfer, recombination,

39, 40

and mutation”” ™. The large genome and the genetic heterogeneity between strains across the

world could have a role in the variations we see in clinical melioidosis*" *2.

Clinical presentation and treatment of melioidosis

Melioidosis is acquired through inoculation of the skin by Bp, ingestion of Bp
contaminated food or water, or inhalation of Bp'’. More than 50% of melioidosis patients have
diabetes mellitus making this the most important risk factor for disease potentially due to
impaired Bp-specific cellular responses of macrophages and regulatory T cells® . Other risk
factors include alcoholism, chronic kidney disease, liver disease, chronic lung disease, and

10, 43, 44 . .. ..
»> " Infection leads to acute melioidosis in 85% of cases or

exposure to soil in endemic areas
chronic melioidosis, defined by symptomatic infection for greater than 2 months, in 11% of
cases™. In less than 5% of cases symptoms can develop years after exposure to Bp*® with the
longest suspected case occurring 62 years post-exposure’ . Case fatality rates (CFRs) can be in
excess of 70% without treatment™ * and has been as high as 40% with treatment in Thailand,
where there are ~2,000 culture confirmed cases annually®”. The mean incubation period for
melioidosis is nine days (ranging from 1-21 days) but this is highly dependent on the route of
infection™. In cases where aspiration or inhalation of contaminated water is highly likely, the
incubation period is much shorter’'. Clinical manifestations are diverse and range from minor
localized infections to sepsis and death, but also can present with non-specific symptoms making
diagnosis difficult’ ****. Approximately 50% of cases present with bacteremia, pneumonia, or

both>. This can lead to pulmonary abscesses, pleuritis, pericarditis, or a mycotic aneurysm’. A

20 year study in Australia surveying 540 cases of melioidosis identified that 51% of cases



presented with pneumonia, 14% with gastrointestinal tract infection, 13% with skin infection,
11% with unfocused bacteremia, 4% with septic arthritis or osteomyelitis, 3% with central
nervous system infection, and 4% with no central focus of infection™. Of these patients, ~50%
had bacteremia and some of those developed septic shock®. This and other clinical reports
shows how Bp can establish infection in many systems of the human body including, but not
limited to, the gastrointestinal tract, urinary tract, skin, musculoskeletal system, and, in rare cases

3,55
the central nervous system™

. Taken together this further highlights how the large complex
genome of Bp allows it to survive and thrive in many niches.

While diagnosis is extremely difficult and mainly relies on culturing of Bp from blood
specimens’, it is imperative that melioidosis patients get the proper treatment due to intrinsic
resistance to many antibiotics’®. Treatment consists of two phases, an intensive phase therapy
that lasts approximately two to four weeks, and an eradication phase therapy that can last for
more than three months®. Intensive phase therapy is intravenous ceftazidime, meropenem, or
imipenem every six to eight hours for 10-14 days but can last up to four weeks depending on the
severity of infection®. The introduction of ceftazidime in the 1980’s reduced the mortality of
melioidosis in Thailand by half*®. Although, ceftazidime therapy revolutionized the treatment of

.. . . .. 57. 58
melioidosis, some cases of resistance have been reported clinically’”

. Eradication phase
therapy consists of oral sulfamethoxizole-trimethoprim (co-trimoxizole) or amoxicillin-
clavulanate with doxycycline for three to six months®. Bp encodes an efflux pump, BpeEF-OprC
that targets trimethoprim leading to resistance® although clinical presence of co-trimoxizole
resistance is low®. Resistance to current antimicrobial therapy is rare in clinical cases but a

reality that must be accounted for. For this reason many groups have been attempting to develop

a vaccine for prevention of melioidosis.



Development of vaccines against melioidosis

Over the last decade many groups have been working towards developing a vaccine that
elicits protection against infection with Bp. In 2015, the Steering Group on Melioidosis Vaccine
Development (SGMVD) published guidelines for the development of melioidosis vaccines®'.
This included distinctions between what is required of a vaccine for naturally acquired
melioidosis and a vaccine required for biodefense purposes. To summarize, a vaccine to protect
naturally acquired melioidosis will need to protect people with diabetes mellitus from skin
inoculation and therefore the vaccine candidates should be tested in a diabetic mouse model®'. A
vaccine for biodefense purposes will require protection of healthy individuals against inhalation
melioidosis®'. In both cases, the SGMVD indicates that a non-human primate model of infection
will also have to be tested for protection®'. Beyond this, the SGMVD recommends the use of two
mouse models, BALB/c and C57Bl/6 mice for testing of potential melioidosis vaccines®'.
BALB/c and C57Bl/6 mice have different susceptibilities to Bp infection®” . BALB/c mice are
highly susceptible to infection with Bp, exhibiting acute forms of melioidosis, and have been
extensively used to test attenuation of virulence factor mutants®*®’. In general, BALB/c mice
elicit a Th-2 like response during infection and have a weaker Th-1 response, making them
susceptible to Bp infection®. C57Bl/6 mice elicit a strong Th-1 response giving long lasting
protection against Bp infection and have showed signs of a chronic-like melioidosis infection®”
70 Preliminary testing of vaccine candidates has shifted towards the use of C57BI/6 mice in
recent years even though the mouse itself is more resistant to Bp infection’'.

Live attenuated vaccines (LAVs) have included attenuated mutants in metabolic

. . . . 1
functions, stringent response, virulence factors, and double mutants in these processes’'. A



mutant in aspartate-semiadlehyde dehydrogenase (asd) was tested as an LAV strain giving
BALB/c mice protection from acute melioidosis but no protection against chronic infection®. A
purM mutant of Bp was 100% protective for C57Bl/6 mice and ~60% protective for BALB/c
mice for 60 days post challenge’’. Although the asd and purM mutant strains have not been

further developed as LAV strains, they have both been excluded from the select agent list and are

66, 67, 73

valuable tools for the research community . Mutants in rel4 and spoT, required for the

synthesis and degradation of hyperphosphorylated guanosine signaling molecules have also been
tested as an LAV’*. A double mutant of reld and spoT showed ~60% survival of C57Bl/6 mice

for ~55 days post challenge’. More recently, a group has showed success with a double mutant

75,76

of tonB and hcpl in both protection against melioidosis and glanders™ . The TonB complex

(TonB, ExbB, ExbD) is important for energy transduction across the periplasmic space allowing

for iron uptake in iron-limiting conditions’” ™®

and a tonB mutant was shown to be required for
pathogenesis in Bm”’. Hepl forms a hexameric rings of the needle like structure of the virulence
associated type VI secretion system (T6SS-1) of Bp®’. When mutations of tonB and hepl are
combined in LAV strains of Bm and Bp, C57B1/6 mice are protected for 35 and 27 days against

75,76

lethal challenge with their respective pathogen’™ "°. While these candidates have shown promise

to protect against a lethal Bp infection and LAVs produce robust immune responses’> *" ®,
persistence and reversion to virulence is a major concern for LAVs®. This is an even bigger
concern when considering the plasticity of the Bp genome and past instances of mutation during
clinical infection®” **°7-3%,

Groups have been testing other potential melioidosis vaccines as well, including subunits,

outer-membrane vesicles (OMVs), and glycoconjugates’'. Antigens expressed during chronic
g p g

infection were purified and used in a potential subunit vaccine that gave 30% protection of



BALB/c mice for 50 days and this protection was enhanced by the addition of LolC protein or
capsule polysaccharide (CPS) ®. Gram-negative bacteria can secrete OMVs that are non-
infectious and comprised of numerous biologically active proteins®. Bp OMVs have been tested
as a potential vaccine against melioidosis in BALB/c mice giving rise to 100% protection for 21
days®®. Because OMVs are naturally multivalent and non-infectious, they have a high potential
for the future development of a successful vaccine protecting against Bp infection. Currently, the
most progress towards a melioidosis vaccine is through glycoconjugates that have achieved

879 The most recent of the glycoconjugates incorporates CPS that is

various levels of success
conjugated to a non-toxic diphtheria toxin (CRM197) and combined with purified Hepl or
TssM, a deubiquitinase’’. The CPS-CRM197 plus Hepl and the CPS-CRM197 plus TssM
provide 100% and 80% protection to C57BI/6 mice, respectively’'. More striking is the fact that
the majority of the vaccinated mice showed sterile immunity having no detectable levels of Bp
colonization within the lungs, liver, spleens after challenge’'. All potential preclinical vaccines
will need to incorporate a diabetic mouse model, incorporate both BALB/c and C57Bl/6 mouse
models, and eventual add a large animal model before going to clinical trials®'. As there is still

no licensed vaccine to protect against naturally acquired or intentionally released melioidosis,

there is much more work to be accomplished in this area of Burkholderia research.

Mechanisms of Bp pathogenesis

Bp is a facultative intracellular pathogen that has a complex lifecycle and the ability to
adapt to many different host cell environments. Even with broad heterogeneity between Bp
isolates, there are conserved mechanisms that have been studied giving a basic understanding of

the intracellular lifecycle (Fig. 3). The Bp intracellular lifecycle can be broken down into three



discernible stages: i) attachment to host cells gaining entry into the cell via the endocytic
pathway; ii) escape from the vacuole allowing replication within the cytoplasm; and iii) host cell
membrane fusion allowing spread of the infection (Fig. 3). The research community has partially
characterized the mechanisms that Bp uses to navigate this intracellular lifecycle.

Bp first attaches to various host cell types using multiple putative adhesions. CPS and
type IV pili have been implied during attachment of Bp to human pharyngeal epithelial cells’* *°.
A CPS mutant did, however, increase invasion in HeLa and A549 human epithelial cell lines
suggesting other attachment factors exist’®. Autotransporters BoaA and BoaB are involved in the
attachment to human epithelial cells as well but a double mutant of these genes is still able to
invade cells indicating other attachment proteins are present within the Bp genome’’. Recently,
Surface Receptor 1 (SR1) and Surface Receptor 2 (SR2) were identified to be involved in
attachment to multiple cell types including macrophages, epithelial cells, and neuronal cells”™.
Both SR1 and SR2 are required for complete pathogenesis in BALB/c mice and are expressed on

198

the surface of the Bp cell™. After Bp attaches to the host cell, it gains entry through phagocytosis

99, 100

or an unknown mechanism . In the vacuole of the host cell, the type III secretion system

(T3SS-3) is used to escape into the cytoplasm before lysosomal fusion and degradation'®" '**.

Although, Bp encodes three T3SSs, only one has been identified as important for mammalian
virulence while the other two have been implied during plant pathogenesis'>"'°°. Within the cell,
Bp is resistant to oxidative stress using superoxide dismutase (SodC), catalase peroxidase
(KatG), alkyl hydroperoxide reductase (AhpC), DNA starvation and stationary phase protection

107-110

protein (DpsA) . Bp is also able to escape host cell clearance via LC3-assocated

phagocytosis and autophagy. T3SS effector protein BopA has been associated with the escape of

111, 112

early stage LC3-associated phagocytosis and autophagy . Recently, another gene encoding a

10



hypothetical protein, BPSS0015, was identified to avoid late stage clearance by host cell
autophagy’®. A mutant of BPSS0015 was identified to be encapsulated in double membrane
bound vesicles during late stages of infection, indicative of autophagy”®. Taken together, Bp is
able to efficiently attach to host cells via multiple mechanisms, invade the cytoplasm using
T3SS-3, and avoid intracellular defenses using multiple factors allowing the infection to
continue.

Within the cytoplasm of the host cell, Bp has access to the nutrients available and can
transit within the cell using multiple mechanisms. BimA is an autotrasporter that was identified

to be critical for actin-based motility and virulence'*> '

. BIimA uses molecular mimicry, of the
host cell Ena/VASP system, to polymerize host cell actin giving Bp the ability to protrude
towards neighboring cells''*. Bp encodes a lateral flagellar locus on the second chromosome that

can be used for rapid intracellular motility'"*

. When nutrients are depleted or another unknown
signal is received, Bp can fuse the membranes of host cells generating a multinucleated giant cell
(MNGC) using T6SS-1'">"'%. The fusion of host cell membranes is mediated through the VgrG

through several mechanisms''” ''®

. The generation of MNGCs helps Bp spread the infection
without leaving the intracellular milieu (Fig. 4). Many virulence factors have been described and
roles assigned during intracellular pathogenesis. Our group recently identified the Bp
intracellular “TRANSITome’ through the investigation of single-cell transcriptomes of Bp, at
distinct cellular locations during infection: inside the vacuole; replicating in the host cytoplasm;
and during protusion’. This identified 1,953 genes that are differentially regulated in a stage
specific manner during intracellular infection®. This strongly suggests that many more virulence

factors have yet to be described. Furthermore, this indicates that Bp has a sophisticated

regulation system that is used to coordinate intracellular infection.

11



Regulation of virulence

Regulation of the Bp intracellular lifecycle has been partially studied but almost
exclusively focuses on known virulence determinants like T3SS-3, T6SS-1, and BimA. Briefly,
the transcriptional regulator BprP regulates expression of the structural components of T3SS-3
with another transcriptional regulator BsaN''" '*. BsaN has a chaperone, BicA, and BsaN-BicA
regulates expression of T3SS effector and accessory proteins, the two-component sensor-
regulator VirAG (responsible for downstream expression of T6SS-1 and BimA), and BprC, a

transcriptional regulator essential for T6SS-1 expression' !

. Global acting virulence and
metabolism regulator (GvmR) was recently identified to control numerous mechanisms in
virulence and metabolic functions'**. Beyond this, the ‘“TRANSITome’ data revealed that there
are 33 transcriptional regulators that have no known function that are differentially expressed
during intracellular infection in a stage specific manner™.

Herein, I aim to characterize three transcriptional regulators of Bp virulence,

BP1026B 111198, BP1026B 111561, and BP1026B 112312 in chapters two, three, and four,

respectively. My central hypothesis is that in order for Bp to sustain a productive infection it

relies on tight control and coordination of specific virulence factors by various transcriptional
regulators in a stage specific manner. As BP1026B 111198, BP1026B 111561, and
BP1026B 112312 are all differentially regulated during the intracellular infection process, the
genes these transcriptional regulators control will be tied to known or unknown virulence
mechanisms and comprise their regulation networks. Overall, by comprehending the regulation
networks for intracellular infection, we will better understand the dynamics and pathophysiology

of Bp association with the host environment. This can aid in vaccine development or treatment

12



strategies for melioidosis. Beyond the main focus of this dissertation, several promising vaccine

candidates have been identified and are described in chapters five and six.
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Figure 1| Observations from the first case of melioidosis" 2. a) Artist illustration of the lungs
of the first melioidosis patient showing ‘cheesy’ consolidations where Bp was isolated from .
Growth of Bp on an agar slant after 48 hours of growth (b) and one month of growth (c)" 2
These illustrations are from the first publications identifying melioidosis by the pathologist

. . .1.2
Whitmore and the surgeon Krishnaswami ™ ~.
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Figure 2| Global map of the presence or absence of Bp and melioidosis as of July 13, 2020.
a) The global distribution of Bp and melioidosis across the globe. This takes into account
environmental survey data, environmental suitability, clinically confirmed cases, and clinically
suspected cases to assign a consensus of presence of Bp (red) or absence of Bp (green)
throughout the globe. b) Total confirmed cases of melioidosis are represented by blue circles
showing that melioidosis occurs globally. The size of the circle is proportional to the number of
cases (number reported in each circle). These maps were generated on July 13, 2020 at the

following webpage: https://www.melioidosis.info/map.aspx.
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Figure 3| Model of Bp intracellular infection. Bp attaches to host cells and gets internalized via
the endocytic pathway. Following cell entry, Bp gains entry into the cytoplasm using T3SS-3
where it can replicate freely and in some cases enter the nucleus. Bp can move within the
cytoplasm using BimA or its lateral flagella and eventually fuse host cell membranes with T6SS-
1. Bp avoids intracellular defenses like autophagy via various mechanisms. PAS, pre-
autophagasomal structure. This is a modified version of supplemental figure 8 in appendix A

(ref. 98), and was originally constructed by lan McMillan.
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Figure 4| MNGC formation by Bp. a) Overlay image of uninfected RAW264.7 cells that either
express GFP or RFP showing no cell membrane fusion. b) Bp 1026b was used to infect
RAW264.7 cells generating a MNGC in the upper left corner showing the mixing of cell
cytoplasms (yellow, GFP plus RFP). Cell lines were obtained from the laboratory of Jeff Miller

at the University of California-Los Angeles. Infections and images carried out by lan McMillan.
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Abstract

Burkholderia pseudomallei (Bp) is the causative agent of melioidosis, a disease endemic
to the tropics. Melioidosis clinically manifests in various ways ranging from acute skin lesions to
pneumonia and, in rare cases, infection of the central nervous system. Bp can infect various cell
types causing many symptoms making diagnosis difficult. The Bp intracellular lifecycle has been
partially elucidated and is highly complex. Within the present study we have identified a
transcriptional regulator, BP1026B 111198, that is differentially expressed as Bp transits through
host cells. A mutant of BP1026B 111198 was attenuated during RAW264.7 cell infection and in
BALB/c mouse infection. To further characterize the function of this transcriptional regulator,
we endeavored to determine the regulation network controlled by BP1026B_I11198. RNA-seq
analysis showed the global picture of genes controlled by BP1026B 111198 while ChIP-seq
analysis showed that BP1026B 111198 only bound to two specific regions on chromosome II.
We further characterized the genes controlled by BP1026B 111198 and their role during
pathogenesis, identifying several new virulence factors. Taken together, the data presented here
sheds light on a small part of a highly complex regulation network that Bp uses to cause infection

within the host.
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Introduction

Bacteria move through various niches responding and reacting to each specific
environment they encounter. For this to occur, bacterial must transduce environmental prompts
through complex signaling pathways that lead to transcription of specific factors required for
survival in each situation. These networks are highly complex and require the coordination of
many components. The environmental signals that initiate these pathways often require
transcription factors downstream that can increase or decrease RNA polymerase binding to a
promoter regions leading to the activation or repression of an operon/gene'. The transcription
factor function of binding specific DNA sequences is often controlled through interactions with
small ligands, other proteins, and/or by covalent modification'~. Control of transcription factors
can be mediated through several mechanisms including turnover, sequestration, and synthesis
that can also be coordinated by other transcription factors'. Additionally, transcription factors
can bind to several promoter regions while promoters are often controlled by several
transcription factors on a local and/or global scale'. Taken together, this highlights the highly
complex landscape that bacteria use to coordinate a transcriptional response to each environment
they confront. Pathogens, in particular, encounter many environments during the course of an
infection allowing them to cause disease symptoms and various clinical outcomes.

Burkholderia pseudomallei (Bp) is a facultative intracellular pathogen that causes the
disease melioidosis. Bp is endemic in tropical regions with increasing prevalence due to better
diagnostics and rising awareness *'*, and has a predicted global mortality rate of 54 percent'”. Bp
encounters many different environments as it can cause infection in most tissues of the human
body leading to the formation of localized abscesses, bacteremia, septic shock, and sometimes

death'®'”. Bp has a complex intracellular lifecycle that can be broken down into multiple initial
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stages: attachment to the host cell, host cell entry and vacuole escape, cytoplasmic replication,
and protrusion towards neighboring cells allowing the infection to spread'®. In the vacuole, the
Burkholderia secretion apparatus (T3SSgg,), a type III secretion system, must be expressed
allowing entry into the host cell cytoplasm'®. Within the cytoplasm Bp can use its secondary
flagella or polymerize host cell actin using bacterial expressed BimA, to move freely' .
Eventually, Bp will protrude towards neighboring cells and use a virulence-associated type VI
secretion system (T6SS-1) to fuse host cell membranes forming multinucleated giant cells
(MNGCs)*'**. Although we understand the general flow of the Bp intracellular lifecycle, there is
much more we do not know about how this pathogen transits through a host and causes the many
forms of disease we cumulatively call melioidosis.

To cause such a wide array of clinical manifestations and be able to transit through the
intracellular environment with such precision, Bp requires many virulence factors, some of
which are described above, that are encoded on its 7.2Mbp genome. As demonstrated recently,
Bp goes through drastic transcriptional changes, with 1,953 genes showing unique patterns of
expression during the intracellular infection process'®. This finding suggests that Bp has a highly
complex regulatory network that is required to coordinate the differential expression of these
genes during the progression of infection, from the initial stage of attachment to the eventual
protrusion towards neighboring cells. The regulation of Bp virulence mechanisms during
intracellular infection has been studied to a small extent and mainly focuses on the control of
T3SSgs, T6SS-1, and BimA. The transcriptional regulator BprP regulates expression of the
structural components of the T3SSp,, and another transcriptional regulator BsaN>>*°. BsaN with
its chaperone, BicA, regulate expression of type III effectors and accessory proteins, the two-

component sensor-regulator VirAG that is responsible for downstream expression of T6SS-1,
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BimA, and BprC, a transcriptional regulator essential for T6SS-1 expression >>*’. Beyond the
specific control of characterized virulence pathways, the LysR type transcriptional regulator,
globally acting virulence and metabolism regulator (GvmR), was identified to control a broad
network of genes involved in virulence and metabolism, highlighting the tie between a
expression of virulence factors and nutrient limitation within the host**. Here we would like to
add to understanding of Bp virulence regulation by describing a new transcriptional regulator
that is differentially expressed throughout the intracellular lifecycle and required for complete

pathogenesis.
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Results
BP1026B_111198 is differentially regulated as Bp transits through the host cell

To understand how intracellular pathogenesis of Bp is controlled, we first have to identify
transcriptional regulators that control virulence mechanisms during intracellular infection. We
identified BP1026B 111198, a PadR-like transcriptional regulator that is differentially regulated
during the Bp intracellular ‘transitome’'®. BP1026B 111198 is expressed while Bp is initially
internalized within endocytic vesicles and later during infection as Bp spreads toward
neighboring cells (Fig. 1a). In contrast, BP1026B 111198 is significantly down-regulated while
Bp replicates within the cytoplasm (Fig. 1a). Taken together, this suggests that BP1026B 111198

plays a role during the Bp intracellular lifecycle.

A BP1026B_I11198 mutant is defective in plaque formation and intracellular replication

To further investigate the role of BP1026B 111198, an in frame deletion mutant was
created using modified knockout-recombineering®. This mutant was used to infect RAW264.7
cells to monitor MNGC formation and intracellular replication. A mutant of BP1026B_ 111198
showed a significant decrease in its ability to form MNGCs, marked by a 41% decrease in
average MNGC diameter (Fig. 1b). Complementation of BP1026B 111198 recovered this
mutation beyond wildtype levels (Fig. 1b). RAW264.7 cells infected with the BP1026B 111198
mutant also showed a significant decrease in intracellular replication at eight and 24 hours post
infection further suggesting that this transcriptional regulator is important for intracellular
pathogenesis (Fig. 1¢). Complementation of the BP1026B 111198 mutation recovered this defect
allowing wildtype levels of intracellular replication (Fig. 1c). The BP1026B 111198 mutant

showed a similar growth pattern to wildtype Bp in vitro, indicating that the reductions in MNGC
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formation and intracellular replication are due to defects in pathogenesis rather than in vitro

fitness (Fig. 1d).

BP1026B_111198 is required for complete pathogenesis in vivo

Beyond cell culture infection, we wanted to test the importance of BP1026B 111198
during an in vivo infection. BALB/c mice were infected with a lethal dose (4,500CFU/mouse) of
wildtype Bp 1026b and an equivalent dose of the BP1026B 111198 mutant. Within four days of
the initiation of infection, all mice infected with wildtype Bp 1026b showed significant signs of
acute murine melioidosis resulting in 100% lethality (Fig. 2a). In contrast, mice infected with the
BP1026B 111198 mutant survived for the duration of the study, 62 days, indicating that this
transcriptional regulator is not only important for in vitro cell culture infection, but is critical for
in vivo pathogenesis of Bp (Fig. 2a). Even though mice challenged with the BP1026B 111198
mutant showed no clinical symptoms 62 days post infection, there was persistent infection in the
lungs and spleens of the majority of the mice and one mouse showing high levels of infection
within the liver (Fig. 2b). The results taken together thus far strongly indicates that

BP1026B 111198 is a transcriptional regulator controlling Bp pathogenesis.

BP1026B_111198 regulates hypothetical proteins, secondary metabolite biosynthesis,
extracellular matrix, efflux, and type IV secretion

To better understand how BP1026B 111198 controls Bp pathogenesis, we expressed
BP1026B 111198 in trans, and compared the mRNA profile to a corresponding strain with an
empty vector control via RNA-seq analysis (Fig. 3b). Samples were analyzed using

Rockhopper’® and genes with a g-value < 0.01 and a log, fold-change (FC) > 1 or < -1 were
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selected for further analysis (Table S1). There were 88 genes that were up-regulated (log,FC > 1)
in the presence of BP1026B 111198 while 94 genes were down-regulated (log,FC < -1) (Fig. 3).
Genes with a logosFC > 1 or < -1 were analyzed by COG functional predictions revealing an
overabundance (57.1%) of genes annotated as hypothetical proteins, hypothetical RNA
transcripts, or uncharacterized proteins that are controlled by BP1026B 111198 (Fig. 3a). Of
these proteins of unknown function, 54 genes are up-regulated and 50 genes down-regulated by
BP1026B 111198 (Fig. 3a). When we analyze the entire RNA-seq data set (Fig. 3b) using
WoPPER®' some additional pathways that are responsible for secondary metabolite biosynthesis,
components of the extracellular polymeric matrix, multidrug efflux, and type IV secretion appear
to be controlled by BP1026B 111198 (Fig. S1, Fig. S2).

Two nonribosomal peptide synthetase regions that produce the siderophores
malleobactin®® and pyochelin® are up-regulated by BP1026B 111198 in cluster 12 (Fig. S1) and
cluster 7 (Fig. S2), respectively, suggesting the involvement of this regulator in iron acquisition
during infection. BP1026B 111198 also up-regulates the polykeytide synthase cluster producing
another siderophore, malleilactone (Cluster 2, Fig. S2). Malleilactone is involved in the
pathogenesis of Caenorhabditis elegans and Dictyostelium discoideum®. Beyond the control of
secondary metabolite pathways, BP1026B 111198 also down-regulates components of the
extracellular polymeric matrix tied to contact dependent growth inhibition, BcpA (Cluster 18,
Fig. S2)*>*. The genes encoding the RND efflux pump, BpeEF-OprC, responsible for multidrug

efflux and clinical resistance to antimicrobials®® *

, are up-regulated in the presence of
BP1026B 111198 (Cluster 3, Fig. S2). Although, we see low levels of up-regulation of bpeEF-

oprC, we suspect that the up-regulation is indirect and could involve other known regulatory

factors of this pathway including modulation of BpeT and BpeS expression*’. BP1026B_I11198
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also up-regulates a type VI secretion system (T6SS-1) that is required for complete pathogenesis
and allows intercellular spread and MNGC formation (Cluster 15, Fig. S2) 192241 The
regulation of known pathways and the numerous hypothetical proteins indicates that the
BP1026B 111198 regulation network is tied to potential and confirmed pathogenic processes,

emphasizing the role of BP1026B_111198 during pathogenesis.

Specific genes controlled by BP1026B_111198 have potential role during pathogenesis

To further our understanding of this regulation network, we investigated individual genes
that are highly regulated by BP1026B 111198 with a log, FC > 2 or < -2 (Fig. 4a).
BP1026B 10955 and BP1026B_10956 are significantly up-regulated by BP1026B 111198 with
log,FCs of 2.16 and 2.03, respectively (Fig. 4a). These genes encode putative SufC and SufB
subunits of the SufBCD complex responsible for the assembly of iron-sulfur (Fe-S) clusters in
proteins*’. Genes encoding NifU and SufD are additional components of this Fe-S cluster
assembly pathway that are also up-regulated to log,FCs of 1.06 and 1.58 (Table S1). Another
redox related protein, BP1026B 111579, is up-regulated to a log,FC of 2 and encodes a
SCO1/SenC family protein predicted to be involved in the assembly of cytochrome c¢ oxidase
(Fig. 4a).

Interestingly, BP1026B 111198 also up-regulates a putative nitrate transporter,
BP1026B 11020 (narK-1), with a logoFC of 2.09, and a potential Burkholderia specific nitric
oxide forming nitrite reductase, BP1026B 111580 (nirK), with a 1ogoFC of 2.99 (Fig. 4a)*. Other
components involved in nitrogen metabolism, including narG and narK-2, are also up-regulated
(logoFC 1.93 and 1.42) by BP1026B 111198 (Table S1). The regulation of these pathways by

BP1026B 111198 suggests that they play a role in Bp intracellular survival and virulence similar
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to how nitrate transport/reduction and nitrite reduction have been tied to virulence in

. 44, 45
Pseudomonas aeruginosa .

In addition to the control of metabolic pathways,
BP1026B 111198 also up-regulates BP1026B 111736 a type III secretion protein HrpB4 (Fig.
4a).

Many genes that showed large alterations in expression by BP1026B 111198 are
annotated as hypothetical proteins or have no known function (Fig. 3a). BP1026B 11775 is
predicted to be a lipoprotein that shows high amino acid identity to CpaD, a putative pilus
assembly protein, in environmental bacteria and is up-regulated by BP1026B_ 111198 (Fig. 4a). A
GntR family transcriptional regulator, BP1026B 111506 is also up-regulated and could cause
downstream changes in gene expression leading to variations in pathogenesis and/or intracellular
survival (Fig. 4a). BP1026B_ 10528, BP1026B 10950, BP1026B 111464, BP1026B 111581, and

BP1026B 111769 are hypothetical proteins that are up-regulated by BP1026B 111198 while

BP1026B 110722 is a hypothetical protein that is down-regulated (Fig. 4a).

Mutant analysis identifies potential virulence-associated genes controlled by
BP1026B_I11198

To further test the role these genes play in pathogenesis, we targeted mutants present in
the sequence defined transposon mutant library of Bp 1026b for analysis through intracellular
replication in RAW264.7 cells*’. The library lacked transposon insertions in the hypothetical
proteins BP1026B 10528, BP1026B_10950, and BP1026B 111464 suggesting that these genes
could be essential for Bp growth in vitro®. Transposon mutants available in the transposon
library were isolated on media containing kanamycin and each insertion site sequenced

confirmed to ensure that the mutants were correct (data not shown). The transposon insertion in
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BP1026B 111769 was not validated and confirmed to be present in another gene,
BP1026B 112115, a putative diguanylate cyclase. The lack of a second transposon insertion in
BP1026B 111769 suggests that this hypothetical protein is an essential gene for Bp.

Monolayers of RAW264.7 cells were infected with each transposon mutant present in the
library and the level of intracellular replication determined at 24 hours post infection (hpi).
Transposon mutants of BP1026B_ 110722 and BP1026B_ 111580 replicate to wildtype levels (99-
100%) after 24 hours of infection indicating that these genes have no singular pathogenic
function (Fig. 4b-c). In contrast, transposon mutants in BP1026B 110956, BP1026B 11020,
BP1026B 111581, and BP1026B 111736 replicate between 74.9% and 82.6% of wildtype
implying these genes have a small role in pathogenesis (Fig. 4b-c). BP1026B_ 111736 is part of
T3SS-2 that has been previously tied to virulence in S. [lycopersicum but the T3SS-2 mutant
showed wildtype levels of cytotoxicity in THP-1 cells*’. This indicates that BP1026B_II1736
and the T3SS-2 cluster could be involved in intracellular survival but does not reduce the amount
cytotoxicity towards the host. Mutants of BP1026B 10956 and BP1026B 11020, components of
the SUF pathway and nitrate transport/reduction, are also tied to a decrease in pathogenesis
indicating that these genes and pathways are important for Bp intracellular survival (Fig. 4b-c).
Transposon mutants of BP1026B_10955, BP1026B_ 11775, and BP1026B 111506 showed the
greatest decrease in intracellular survival, replicating at 61.7%, 59.3%, and 63.2% of wildtype,
respectively (Fig. 4b-c). Finally, the SCO1/SenC family protein, BP1026B_ 111579, replicates at
120.65% of wildtype indicating that protein is involved in reducing the intracellular survival of
wildtype Bp within host cells (Fig. 4b-c). Transposon mutants showing a major decrease in
intracellular replication were able to replicate at wildtype levels when grown in vitro indicating

that the defects identified during RAW264.7 cell infection are not due to decreased fitness (Fig.
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S3a). This data taken together suggests that BP1026B 111198 indirectly controls several factors

that contribute to the pathogenesis to some extent during Bp intracellular infection (Fig. 4d).

BP1026B_111198 directly binds to two intergenic regions on chromosome II

We have shown that BP1026B 111198 indirectly regulates numerous pathways/genes
previously identified to be involved in virulence and many potential pathways/genes that have
unknown functions during pathogenesis (Fig. 4, Fig. S1, Fig. S2). To determine the direct
regulation network of BP1026B 111198, we used a ChIP-seq strategy as previously described”’
but modified for Burkholderia species. Briefly, a BP1026B_111198-3xTY1 translational fusion
was expressed in Bp, cellular components were cross-linked with paraformaldehyde, DNA
sheared using an M220 focused-ultrasonicator (Covaris), DNA-BP1026B 111198 complexes
enriched via immunoprecipitation with a TY1 specific monoclonal antibody (Diagenode), and
DNA purified for Illumina sequencing to identify regions of direct BP1026B 111198 binding.
BP1026B_II1198-enriched DNA was aligned to the Bp 1026b genome using Bowtie2* and
peaks were called with MACS2* by comparing to an empty vector negative control. All peaks
identified were plotted by genome position on each Bp chromosome revealing two major peaks
located on chromosome II (Fig. 5a-b). When the —log)o of the g-value was compared to the fold-
enrichment of each peak, we see the same two peaks further isolated from the background (Fig.
5¢). These two peaks suggest that BP1026B 111198 binds to two intergenic regions between
divergently transcribed genes (Fig. 6a). Peak 1 is a 227bp sequence in the intergenic region
between levanase, levansucrase precursor, BP1026B 110599-0600, and a Lacl family regulator
protein, BP1026B 110601 (Fig. 6a). Peak 2 is a 508bp region between BP1026B 111006, a

DNA-binding protein, and BP1026B 111007, an oxidoreductase (Fig. 6a). By comparing the
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sequences of each of these peaks using MEME™, a 12bp conserved region was identified (Fig.
5d). The sequence, AAA AGT AXX TTA, has seven and three conserved base pairs separated by
a two base pair spacer and is oriented in the same direction on both peaks suggesting that
transcriptional control from each region will be in the same direction. Accentuating this point,
the RNA-seq data shows that BP1026B 111198 regulates genes in the same orientation by
positively regulating BP1026B 110600 and negatively regulating BP1026B 111006 while
showing no transcriptional control of genes in the opposite orientation, BP1026B 110601 and

BP1026B_I11007 (Fig. 6b-c).

Genes directly controlled by BP1026B_I11198 are important during intracellular infection
To investigate the role BP1026B_ 110600 and BP1026B 111006 play during intracellular
pathogenesis, a RAW264.7 cell intracellular replication assay was carried out. At 24 hours post
infection a transposon mutant of BP1026B 110600, a levansucrase precursor that is up-regulated
by BP1026B 111198, replicated intracellularly at 51.62% of wildtype Bp 1026b (Fig. 6d-e). This
is a drastic decrease indicating that BP1026B 110600 has a role during intracellular pathogenesis.
On the other hand a transposon mutant of BP1026B 111006, a DNA-binding protein that is
down-regulated by BP1026B 111198, showed 82.89% wildtype intracellular replication at 24
hours post infection (Fig. 6d-e). Although a small decrease in the intracellular replication
compared to wildtype, this decrease could be significant considering that BP1026B_I11006 is a
DNA-binding protein and could contribute to downstream effects on other pathways/virulence
mechanisms. Taken together, BP1026B 111198 has direct affect on the positive transcriptional
control of BP1026B 110600 and the negative transcriptional control of BP1026B_111006 leading

to variations in the pathogenesis during RAW264.7 murine macrophage infection (Fig. 6f).
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Discussion

Bacterial transcriptional networks are highly complex, dependent on many variables to
properly function. When bacteria are exposed to a unique environment they sense and respond
through signaling pathways that lead to the expression of proteins/factors that aid in survival.
This is especially true during infection, as pathogenic bacteria encounter various immune
defenses within the host. Pseudomonas aeruginosa (Pa) is a model organism for the study of
biofilms and virulence factors, all of which are controlled by a complex network of transcription
factors and signaling systems’'. Only recently are the subtleties of the Pa transcription factor
regulation network coming to light, highlighted by significant functional crosstalk between
transcription factors and regulation systems > >. Mycobacterium tuberculosis also has a well-
documented, highly complex, regulatory network that it uses to navigate hypoxic
environments™*. To fully understand the pathogenic processes that allow for Bp host colonization
and infection we must understand how these pathways are regulated. Some studies have started

to shed light on the intricacies of Bp virulence regulation®** >

. In the present study, we add
to the knowledge of the Bp regulatory network during intracellular infection through the
identification and characterization of BP1026B_111198.

BP1026B 111198 is differentially expressed during the Bp intracellular lifecycle and is
required for in vitro and in vivo pathogenesis, highlighted by the 100% attenuation of the
BP1026B 111198 mutant in the BALB/c mouse model. These two observations show that Bp
precisely controls pathogenic function within the host. To further understand this contribution to
pathogenesis we identified the genes controlled by BP1026B 111198 using RNA-seq. We

observed that 79.8% of genes differentially regulated in the presence of BP1026B 111198 have

no known function. This is a striking increase from the 26.7% of genes annotated as hypothetical
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within the Bp 1026b genome, suggesting that many pathogenic and survival pathways are yet to
be discovered. The presence of BP1026B 111198 during the later stages of infection coincides
with the expression of T6SS-1 aligning with current understanding of the Bp lifecycle. In
addition, expression of BP1026B 111198 leads to the up-regulation of several secondary
metabolite gene clusters malleobactin®®, pyochelin®®, and malleilactone™, that have been
previously identified to be involved in iron acquisition and pathogenesis. The regulation of these
known virulence mechanisms likely contribute to the attenuation of the BP1026B 111198
mutant, although it we believe that there are other factors that are also involved.

We probed many genes that were regulated by BP1026B_ 111198 to identify contributors
to pathogenesis, including genes that may have a less direct pathogenic function. Although, Fe-S
clusters were first identified in 1962 to be involved during electron transport’’, their function is
diverse and has been implicated in the modulation of gene expression™. Fe-S clusters can
respond to increased oxidative stress, iron levels within the host, or other environmental signals
during infection leading to an adaptive response’”. The up-regulation of genes involved in Fe-S
assembly (BP1026B 10955, BP1026B 10956, NifU, SufD) by BP1026B 111198, could be a
response to the intracellular environment, where iron-limitation, reactive-oxygen-species, and
other environmental cues requires the sensitive nature of an Fe-S regulatory complexes. This
result correlates with previous reports showing up-regulation of Fe-S assembly genes in
Burkholderia mallei, a clonal derivative of Bp, when exposed to sub-inhibitory levels of nitric
oxide®. Genes involved in nitrogen metabolism were also up-regulated, showing that
BP1026B 111198 is partially responsible for a shift in general metabolism during infection. In
addition to this, the BP1026B 11020 mutant showed a reduction during intracellular replication

in RAW264.7 cells.
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Other mutants of genes regulated by BP1026B 111198 that showed reductions in
RAW264.7 pathogenesis have less indication as to their function. BP1026B 111506 is a GntR
family transcriptional regulator that could have many downstream gene expression changes that
contribute to the reduction in virulence while BP1026B 111581 is a hypothetical protein that is
worth further investigation. BP1026B 11775 is a Sec-secreted lipoprotein with cleavage site
located between amino acids 28 and 29 as identified by SignalP5.0 analysis®'. The function of
this interesting protein should be investigated further and could potentially be manipulated as a
novel therapeutic or vaccine target. BP1026B 111736 sits within the second type III secretion
system (T3SS-2) in Bp and encodes SctK, a cytoplasmic structural component of the type III
injectasome®. This protein along with SctQ and SctL are referred to as the ‘sorting platform’ and
play a critical role on the order in which effector proteins are secreted®. Beyond the implications
the specific potential function of BP1026B_ 111736, it has been shown that T3SS-2 is involved in
the pathogenesis of Solanum lycopersicum (tomato) but not mammalian cells*’.

Large numbers of genes/pathways are controlled indirectly through the expression of
BP1026B 111198 as described above. To find the direct DNA binding regions of
BP1026B 111198 we used a ChIP-seq strategy. Through this we identified two major regions of
DNA binding in intergenic regions with divergently transcribed genes. BP1026B_111198 showed
up-regulation of BP1026B_ 110600 and down regulation of BP1026B_111006. Subsequent mutant
analysis of these genes showed a 52% and 83% reduction in wildtype intracellular replication.
BP1026B 110600 encodes a levansucrase precursor, which to our knowledge, has yet to be
described as a virulence factor during infection of mammalian cells. However, in plant
pathogenesis like Pseudomonas syringae, levansucrase is critical for the formation of levans that

64, 65

contribute to exopolysaccaride production™ *°. Because Bp is an incidental host of mammals,
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and freely lives within the environment, the expression of levansucrase could indicate that this
gene is used for adaptation to multiple conditions. BP1026B 111006 is annotated as a DNA
binding protein but further analysis using Phyre2°® predicts structural similarities to an Fe-S
complex containing transcriptional regulator, RrsR®’. We predict that the down-regulation of
BP1026B 111006 by BP1026B 111198 plays a major role in the indirect gene expression changes
that occur in our data set. Although outside of the scope of the present work, this data warrants
further analysis of the regulation network of BP1026B_111006.

Here we show a snapshot of what is going on during intracellular infection through the
lens of the transcriptional regulator BP1026B I11198. We believe that in the intracellular
environment, many transcription factors work in unison to control how Bp responds to specific
environments, allowing for infection to occur. The future study of many of these transcriptional
regulators (i.e. BP1026B 111006 and BP1026B_111506) will increase the resolution of what we
know about the Bp lifecycle and Bp gene expression within the host. Although the data represent
the expression profile of one transcription factor, it is one step towards a better understanding of

the intricacies of Bp intracellular pathogenesis.
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Methods and Materials

Bacterial strains, media and culture conditions Escherichia coli strain EPMax10B (BioRad),
E1869, and E1354 were used for cloning or plasmid mobilization into Bp as described

68.69 Bp 1026b and its select agent regulation excluded analogue, Bp82, were used

previously
where appropriate. Luria-Bertani (LB) medium (Difco) or 1x M9 minimal medium supplemented
with 20 mM glucose (MG) were used to culture all strains. MG media was supplemented with
0.3% glyphosate when appropriate. Experiments involving the manipulation of Bp were
conducted in a CDC-approved and registered facility at the University of Hawai‘i at Manoa or

Colorado State University. All work with the select agent Bp was approved by internal review

and adhere to recommendations set forth in the BMBL, 5™ edition” for BSL3 organisms.

Molecular methods and reagents Molecular methods and reagents were used as described
previously”” ® " 72 An in-frame deletion mutant of BP1026B_II1198 was generated using
lambda-red recombineering with minor modification”. Lambda red genes were PCR amplified
from pKaKal and co-incubated with the knockout fragment of BP1026B 111198 and selection
carried out on glyphosate. For expression of BP1026B 111198 (complementation, RNA-seq,
ChIP-seq), BP1026B 111198 was PCR amplified from Bp 1026b with oligos 2778 (5’-GGT TGC
CTC GCA TAT GTC CCT GCC CCA C) and 2779 (5’-TCG AAG CTT CAA GCC GAC AAC
GAT CTT) digested with Ndel and HindlIlIl and ligated into Ndel/HindIlI-cut pAM3GIQ-3xTY1.
Confirmation of the resulting vector, pAM3GIQ-3xTY1-BP1026B 1198, was carried out by
EcoRV/PhsAl and Ndel/Hindlll digests and the expression of BP1026B 111198 confirmed via

western blot analysis.
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Growth analysis All strains were first grown overnight in LB broth at 37°C, harvested the
following day, diluted to an ODggo of 0.1 in 200ul of fresh LB, and placed into 96 well plate.
Growth curves were carried out at 37°C shaking and data was recorded with the BioTek

ELx808IU plate reader, measurements taken at an ODg3o every 30 minutes.

Cell infection assays Intracellular replication and MNGC formation assays were carried out as
previously described”* with minor modifications. Briefly, RAW264.7 murine macrophages were
seeded for infection at 80-90% confluence on Corning CellBIND culture plates, allowed to
attach overnight, washed twice with 1XPBS, and infected the following day. For intracellular
replication assays, Bp 1026b, the BP1026B_111198 mutant, or the BP1026B 111198 complement
(mutant with pAM3GIQ-3xTY1-BP1026B 111198) were allowed to infect monolayers at an
MOI of 1:1, washed with 1XPBS, and then DMEM supplemented with 10% FBS, 0.1mM IPTG
to drive expression of the complement, 700 pg/mL amikacin and 700 pg/mL kanamycin were
added to kill any extracellular bacteria. At 2, 8, and 24 hours post-infection, infected monolayers
were lysed with 0.2% Triton X-100. Serial dilutions of lysates were plated on LB and colony-
forming units (CFU) per well were determined. MNGC formation assays were carried out as
intracellular replication assays, with the exception that 1.2% low-melt agarose was added to
DMEM after infection allowing the formation of MNGCs. At 24 hours post-infection,
monolayers were fixed with 4% paraformaldehyde, agarose plugs removed, stained with 0.05%
crystal violet, and MNGC diameters measured with the Zeiss Axio Observer D1 and the
AxioVision 64 bit 4.9.1 software. Cell infection assays with mutants from the Bp 1026b::T24

transposon mutant library were carried out as described above although kanamycin was removed
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and 1,500pg/mL amikacin added to remove extracellular bacteria post infection. Monolayers
were lysed at 24 hours post-infection as described above. All transposon mutants tested were

confirmed to be in the gene of interest by sequencing.

Animal studies BALB/c mice between 4 and 6 weeks of age were purchased from Charles River
Laboratory. All infections with Bp strains (wildtype and the BP1026B 111198 mutant) were
administered via the intranasal (i.n.) inoculation route. Mice were anesthetized with 100 mg of
ketamine/kg of body weight plus 10 mg/kg xylazine. The challenge dose (4,500 CFU) of each Bp
strain was suspended in 20 pl of 1XPBS and used to inoculate each mouse via the i.n. route.
Each strain was used to inoculate 5 mice. Animals were monitored for disease symptoms daily
and euthanized at predetermined humane end points. Lungs, liver, and spleen of surviving mice
were harvested, homogenized, serially diluted, and plated on LB to determine bacterial burdens.
Survival characteristics were plotted using Prism software (GraphPad, La Jolla, CA) and

statistical analysis was done by Kaplan-Meier curves.

RNA-seq and ChIP-seq analysis RNA-seq and ChIP-seq analysis were carried out under the
same conditions. Briefly, Bp82 expressing BP1026B 111198 from pAM3GIQ-3xTY1-
BP1026B 111198 was grown overnight and sub-cultured to mid-log phase in
LB+adenine+0.1mM IPTG in triplicate. An empty vector (pAM3GIQ-3xTY1) was used as a
control. Total RNA was harvested using RNeasy Mini Kit (Qiagen) with on-column (Qiagen)
and off-column (Epicentere) DNase digestion steps. RNA samples were sent to Tufts University
Genomics Core (TUCF Genomics) for library preparation and Illumina 50bp single-end reads

were sequenced on the Illumina HiSeq 2500. RNA-seq data was analyzed with Rockhopper".
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ChIP-seq was carried out as previously described with minor modifications™ . Briefly,
ChIP-seq samples were grown identically as RNA-seq samples, harvested, and fixed with 4%
paraformaldehyde, followed by shearing of DNA-protein complexes with the Covaris M220
ultrafocused sonicator. Cell debris was removed and DNA-protein complexes were
immunoprecipitated with anti-TY1-tag monoclonal antibody (Diagenode C15200054) and
secondary antibodies conjugated to magnetic beads (Diagenode C03010022). DNA-protein
complexes were washed, decrosslinked, treated with RNaseA and proteinase K, and purified
with QIAquick PCR purification kit. Immunoprecipitated DNA was sent to TUCF Genomics
where DNA libraries were prepped and 50bp single-end reads were sequenced with the Illumina
HiSeq 2500. ChIP-seq data was aligned to the Bp 1026b genome with Bowtie2*, peaks called

with MACS2*, and consensus binding regions determined with MEME?".

Ethics statement All animal studies described in this manuscript were approved by the
Institutional Animal Care and Use Committee at the University of Hawaii at Manoa (Protocol
No. 10-1073-8), and conducted in compliance with the NIH (National Institutes of Health) Guide

for the Care and Use of Laboratory Animals.

Data availability The datasets and materials generated during the current study are available
from the corresponding author upon reasonable request. Any transfer of select agent materials
needs additional approval from Brad Borlee and the Responsible Official at Colorado State
University. Any select agent transfer must be to a select agent registered facility, approved by

the CDC, and comply with all select agent regulations (selectagents.gov).
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Figure 1| BP1026B_I111198 is differentially regulated during cell infection and critical for
intracellular survival. a) Single cell ‘transitome’ analysis'® shows that BP1026B_II11198 is up-
regulated in the vacuole and protrusion while down-regulated in the cytoplasm during infection
of RAW264.7 cells. Boxes represent three biological replicates and an average (Ave)'. b) A
mutant in BP1026B 111198 shows a reduced ability to form wildtype MNGCs. When the mutant
is complemented it recovers beyond wildtype levels of MNGC size. c¢) The BP1026B 111198
mutant shows a significant reduction in intracellular replication at eight and 24 hours after
infection compared to wildtype Bp 1026b. Complementation of the BP1026B 111198 mutant
recovers the intracellular replication to wildtype levels. d) The BP1026B 111198 mutant and
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complement grow to similar levels of wildtype Bp 1026b in vitro. Data in bar graphs and growth
curve represent means *+ s.e.m and analyzed via unpaired t-test. P values presented are as

follows: ** p<0.01, ****p<0.0001.
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Figure 2| BP1026B_I11198 is attenuated in BALB/c mouse model. a) Mice infected with
wildtype Bp 1026b (n=5) did not survive beyond day four post challenge while mice infected
with the BP1026B 111198 mutant (n=5) were able to survive for the duration of the study (62
days). Mice were challenged with a lethal dose (4,500CFU/mouse) via the intranasal route. b)
Lungs, livers and spleens of the surviving mice were harvested, homogenized, and plated
revealing persistent infection within the lungs of four mice, liver of one mouse, and spleen of

three mice.
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Figure 3| Hypothetical proteins are disproportionately controlled by BP1026B_I11198. a)

Genes with a g-value < 0.01 and a log;FC < -1 or > 1 were analyzed by COG functional

predictions. There are 198 genes that are up-regulated and 94 genes that are down-regulated by

BP1026B 111198. Hypothetical proteins, hypothetical RNA transcripts and uncharacterized

proteins represent 79.8% of the genes controlled by BP1026B 111198. Of these unknown

proteins 68% are up-regulated and 32% are down-regulated. b) Scatter plot showing distribution

of all genes present in RNA-seq analysis
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Figure 4| Genes highly regulated by BP1026B_I11198 show involvement during Bp
intracellular survival. a) Normalized transcripts of genes showing a log, FC <-2 or > 2 in the
presence of BP1026B 111198 compared to an empty vector control. b) Predicted functions of
genes controlled by BP1026B _111198. ¢) Transposon mutants present in the sequence defined
transposon mutant library of Bp 1026b were analyzed for the ability to replicate in RAW264.7
murine macrophages for 24 hours. Intracellular replication represented as a percent of wildtype
24 hours post infection and the average of triplicates represented in (b). d) Schematic diagram
showing genes involved in Bp intracellular survival (replicating <80% wildtype) by indirect
control of BP1026B II1198. Data in bar graphs represent means + s.e.m and analyzed via
unpaired t-test. P values presented are as follows: *p<0.05, ** p<0.01, ***p<0.001,

wx8%p<0.0001.
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Figure 5| ChIP-seq identifies two regions of BP1026B_I11198 binding on chromosome II.
Peaks identified using MACS2* by comparison to an empty vector negative control are plotted
by peak height and genome position on chromosome I (a) and chromosome II (b). b) Two peaks
were identified on chromosome II and are labeled as peak 1 in blue and peak 2 in red. ¢) The two
identified peaks are further isolated from background when compared by statistical (-log;o g-
value) and fold enrichment. Blue box shows peak 1 and red box shows peak 2. d) Potential
binding motif identified by analysis of peak 1 and peak 2 nucleotide sequences by MEME?.

Each peak contains the same orientation of the potential binding motif.
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Figure 6/ BP1026B_I11198 has direct transcriptional control of genes involved in
pathogenesis of RAW264.7 murine macrophages. a) Schematic representation of the direct
regulation network of BP1026B _111198. BP1026B 111198 binds to an intergenic region (peak 1)
between BP1026B 110600 and BP1026B 110601 and an intergenic region (peak 2) between
BP1026B_ 111006 and BP1026B_111007. b) Normalized transcripts of genes surrounding peak 1
identifies that BP1026B 111198 positively regulates BP1026B_110600. c) Normalized transcripts
of genes around peak 2 identify that BP1026B_111198 negatively regulates BP1026B_111006. d)
Infection of RAW264.7 cells by transposon mutants of BP1026B 110600 and BP1026B_111006
compared to wildtype Bp 1026b showing various levels of intracellular replication defect. e)
Annotated function of BP1026B 110600 and BP1026B 111006 and corresponding intracellular

replication when compared to wildtype Bp 1026b. f) Model for the direct regulation network of
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BP1026B_I11198. Data in bar graphs represent means + s.e.m and analyzed via unpaired t-test. P

values presented are as follows: *p<0.05.
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1431508

1503022

DOWN

BP1026B_11329;8P1026B_I1332;BP1026B_I1333;8P1026B_I1334;BP1026B_I1335;8P1026B_11336;8P1026B_I1339;BP1026B_1340;8P1026B_|1342;BP1026B_|1344;8P1026B_I1347;
'10268_11351;BP1026B_11352;8P1026B_11358;BP1026B_I1359;BP1026B_I1360;8P1026B_11361;8P1026B_11363;8P1026B_11364;8P1026B_|1365;BP1026B_I1366;BP1026B_I1367;
BP1026B_11370;8P1026B_I1371;BP1026B_I1372;8P10268_|1373;BP1026B_I1374;8P1026B_I1375;8P1026B_I1376;BP1026B_I1377;8P1026B_|1378;BP1026B_I1379;8P1026B_I1383;
'10268_11388;8P10268_11391;8P10268_11392;8P10268_|1393;BP1026B_[1394;BP1026B_11395;8P10268_11396;8P10268_|11397,8P10268_11398

1711272

1712173

1742675

1744982

1786537

1802986

10268 _11649;8P1026B_11650;8P1026B_|1651;8P1026B_|1658;BP1026B_11663

1872678

1928301

10268_11708;BP1026B_11711;8P1026B_I1712;8P10268_I1713;BP1026B_I1715;BP1026B_11722;BP1026B_I1723;BP1026B_I1724;BP1026B_I1725;BP1026B_I1726;8P1026B_I1727;
10268_11731;8P10268_11732;8P1026B_|1733;8P10268_|1734;BP1026B_11735;BP1026B_11738;8P10268_11739;8P1026B_|1740

2237014

2272171

1026B_12004;BP1026B_I2005;8P1026B_|2006;BP1026B_{2008;BP1026B_I2009;BP1026B_I2011;BP1026B_I2013;BP1026B_I2014;8P1026B_I2015;BP1026B_I2016;BP1026B_{2017;
10268_12018;BP10268_[2019;BP10268_{2020;8P10268_I2021;8P1026B_12022;8P1026B_12023;BP10268_12024;8P10268_12025;8P10268_[2026;BP10268_{2027;8P10268_|2028;
BP1026B_12029;BP1026B_12030;BP1026B_12031;8P10268_12034

2315668

2401162

'1026B_12063;BP1026B_12064;8P1026B_12066;8P1026B_12074;BP1026B_I2080;BP1026B_12082;8P1026B_12083;8P1026B_12085;8P1026B_12087;BP1026B_I2088;BP1026B_12089;
BP1026B_12090;8P1026B_I2091;8P1026B_I2092;8P10268_|2093;BP1026B_I2094;8P1026B_12095;8P10268_I2096;8P1026B_I2097;8P1026B_|2098;BP1026B_12099;8P1026B_I2100;
'1026B_12101;8P1026B_12102;8P1026B_12103;BP1026B_12104;BP1026B_I2105;BP1026B_12106;8P10268_12107;8P1026B_12108;8P1026B_12109;BP1026B_I2110;BP1026B_I2111;
'1026B_12112;BP1026B_I2113;BP1026B_|2114;8P1026B_I2115;8P1026B_|2116;8P1026B_I12119;8P1026B_I2120;BP1026B_I2121;8P1026B_12122;BP1026B_|2124;BP1026B_I2125;
'1026B_12126;BP1026B_12127;8P1026B_12128;BP1026B_12129;BP1026B_I2130;BP1026B_12131;8P1026B_12132;8P1026B_12134;8P1026B_12135;BP1026B_I2137;BP1026B_I2138;
'1026B_12140;BP1026B_I2144;BP1026B_|2145;8P1026B_I2157;8P1026B_|2158;BP1026B_I2159;8P1026B_I2167;BP1026B_|2168;8P1026B_I2170;BP10268_|2172;BP1026B_I2173;
BP1026B 12174

DOWN

2445406

2447447

10268 _12215;8P10268_12217

2997776

3043477

UpP

BP1026B_|2703;BP1026B_I2704;BP1026B_12706;BP10268_12707;8P1026B_12708;8P1026B_12713;BP1026B_I2715;BP1026B_I2718;8P10268_12719;8P1026B_12720;8P1026B_12721;’
'1026B_12722;BP1026B_I2723;BP1026B_|2724;8P1026B_12725;8P1026B_|2730;8P1026B_12731;8P1026B_|2733;BP1026B_|2735;8P1026B_I2736;8P1026B_|2737;8P1026B_I2739;
BP1026B_12740;BP1026B 12741;BP10268 12742

3589655

3612278

up

1026B_13213;BP1026B_3214;BP1026B_|3215;BP1026B_|3223;BP1026B_I3224;BP1026B_13225;BP1026B_|3227;BP1026B_|3228;BP1026B_I3230;BP1026B_I3231;8P1026B_I3232;
10268 _13233;8P10268_13234

3846410

3907946

up

'10268_13480;BP1026B_13482;8P1026B_13484;8P1026B_I3489;BP1026B_I3494;BP1026B_13496;8P1026B_13497;8P1026B_13499;8P10268_I3501;BP1026B_I3504;BP1026B_I3505;
1026B_13506;BP1026B_I3507;BP1026B_I3509;BP1026B_13513;8P1026B_I3515;BP1026B_I3517;8P1026B_I3519;BP1026B_I3520;8P1026B_13523;8P10268_I3524;BP1026B_I3525;
BP1026B_|3526;BP1026B_I3527;BP1026B_13528;BP10268_13529;8P1026B_I3530;8P1026B_|3531;BP1026B_I3532;BP1026B_I3533;BP1026B_13534;BP1026B_I13535;8P1026B_I3536;/
10268 _13537.

up

3940194

3986387

BP1026B_|3569;BP1026B_I3570;BP1026B_13571;BP1026B_13572;BP1026B_I3575;8P1026B_|3577;BP1026B_I3578;BP1026B_I3580;8P1026B_13582;8P1026B_I13583;8P1026B_|3584;’
10268_13585;BP1026B_13592;8P10268 _13593;BP1026B_[3622;BP1026B_13623;8P1026B 13624

4010941

4034609

DOWN

BP1026B_13653;BP10268_I13656;BP1026B_I3658;8P1026B_I3659;BP1026B_I3660;BP1026B_I3661;8P1026B_I3664;BP1026B_I3665;BP1026B_I3666;BP10268_I3669;8P1026B_I3670;
10268_13671;8P10268_[3672;BP10268_I3673

4067419

4077202

up

10268 13701;8P10268 13702;8P10268 13703;8P1026B 13704;BP1026B [3705;BP1026B 13706;8P10268 13707;8P10268 13708;8P10268 13709

61

DOWN




Supplemental Figure 1| WoPPER analysis reveals 21 gene clusters regulated by
BP1026B_II1198 on Bp 1026b chromosome 1. a) Circular schematic of chromosome 1
showing up (yellow) and down (blue) regulated clusters of genes. b) Linear plot showing gene
clusters that are regulated by BP1026B 111198 and the mean of the clusters log, fold change.
Size of the circle represents the number of genes in each cluster; yellow is up-regulated and blue

is down-regulated. c) Table listing each cluster of genes.
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Cluster cﬂ:r;ai.‘:‘m cﬂnfd’;:ms Strand Gene ID Expression

1 135381 148579 - BP1026B 110116;BP1026B_110117;8P1026B 110118;BP1026B_110119;8P1026B _110120,8P1026B_110121;8P1026B_110122;BP1026B_[10124;8P1026B 110126 | DOWN
BP1026B_110291;BP1026B_110292;BP1026B_110294;BP1026B_110296;8P1026B_110298;BP1026B_110300;BP1026B_110301;BP1026B_110304;BP1026B_110305;
BP1026B_110306;BP1026B_110307;8P1026B_110308;BP1026B_110310;8P1026B_110311;8P1026B_110312;BP1026B_110314;8P1026B_110318;BP1026B_110319;

2 350868 455171 - BP1026B_110324;BP1026B_110325;8P1026B_110327;BP1026B_110328;8P1026B_110329;BP1026B_110330;BP1026B_110331;BP1026B_110332;BP1026B_110333; up
BP1026B_110334;BP1026B_110335;BP1026B_110336;BP1026B_110337;BP1026B_110338;BP1026B_110339;BP1026B_110340;BP1026B_110348;BP1026B_110349;
BP1026B_I10350;BP1026B_110356

3 377577 395968 + BP1026B_110309;8P1026B _110313;BP1026B _110315;BP1026B_110316;8P1026B_110317;8P1026B_110320;8P1026B _110321;8P1026B [10322;8P1026B 110323 Up

4 464366 466075 + BP1026B _110362;BP1026B_110363;8P1026B_110364 up

5 542392 546021 + BP10268B_110439;BP1026B_110441;BP1026B_110442;BP1026B_110445 DOWN

6 627250 655441 . BP1026B_I10509;BP1026B_10510;BP1026B_110511;BP1026B_110512;BP1026B_110513;BP1026B_[10514;BP1026B_110525;BP1026B_110526;BP1026B_110527; up
BP1026B_110528;8P1026B_110529;8P1026B_110530;BP1026B_110531;BP1026B_110533

7 800331 820894 . BP1026B_I10645;BP1026B_110646;8P1026B_110647;BP1026B_110648;BP1026B_110649;BP1026B_110650;BP1026B_110651;BP1026B_110652;BP1026B_110653; up
BP1026B_I10654
BP1026B_I10670;BP1026B_110681;BP1026B_110683;BP1026B_110682;BP1026B_110684;BP1026B_I10685;BP1026B_110686;8P1026B_I10690;BP1026B_110691;

8 834697 866695 * BP1026B_110694,BP1026B_110695;8P1026B_110696 DOWN

9 893813 911114 . BP1026B_I10723;BP1026B_110725;BP1026B_110726;BP1026B_110729;BP1026B_110730;BP1026B_110731;BP1026B_110732;BP1026B_I10733;BP1026B_110734; DOWN
BP1026B_110736;BP1026B_110738;8P1026B_110740;BP1026B_110741
BP1026B_110850;BP1026B_110854;8P1026B_110863;BP1026B_110875;8P1026B_110876;8P1026B_110877;BP1026B_110878;8P1026B_110879;BP1026B_110880;

10 1042707 1145759 R BP1026B_110884;BP1026B_l10885;8P1026B_110886;BP1026B_110891;BP1026B_110892;BP1026B_[10898;BP1026B_110899;BP1026B_110907;BP1026B_110911; up
BP1026B_110912;BP1026B_110913;BP1026B_110916;BP1026B_110918;BP1026B_110920;BP1026B_110921;BP1026B_110922;BP1026B_I10930;BP1026B_110932;
BP10268B_110933;BP1026B_110934
BP1026B_I11162;BP1026B_111172;BP1026B_111173;BP1026B_111175;BP1026B_l11176;BP1026B_I11179;BP1026B_111182;BP1026B_I11183;BP1026B_111184;

11 1452134 1507803 + BP1026B_I11185;BP1026B_111186;8P1026B_111187;BP1026B_111188;BP1026B_111189;BP1026B_111190;BP1026B_111191;BP1026B_111192;BP1026B_111193; up
BP1026B_111194;BP1026B_111198;8P1026B_111199;BP1026B_111200;8P1026B_111201;8P1026B_111204;8P1026B_111212

12 1669880 1672481 + BP10268B 111329;BP1026B_111332 Up
BP1026B_I11367;BP1026B_111368;8P1026B_111370;BP1026B_11377;8P1026B_111379;8P1026B_11380;BP1026B_111382;BP1026B_111385;BP1026B_111386;

13 1728917 1775252 - BP1026B_111387;BP1026B_111388;8P1026B_111389;BP1026B_111390;BP1026B_111391;BP1026B_111392;BP1026B_111394;BP1026B_111398;BP1026B_111399; up
BP1026B_I11400

14 1808195 1864242 . BP1026B_I11431;BP1026B_111438;BP1026B_111439;BP1026B_111440;BP1026B_111441;BP1026B_11442;BP1026B_111449;BP1026B_I11452;BP1026B_I11460; up
BP1026B_111464,BP1026B_111469;BP1026B_111470;BP1026B_111472;BP1026B_111471;BP1026B_111473;BP1026B_l11476
BP1026B_I11567;BP1026B_I11568;8P1026B_I11569;BP1026B_111571;8BP1026B_l11572;BP1026B_11574;BP1026B_l11576;BP1026B_I11577;BP1026B_I11578;

15 1985961 2020894 + BP1026B_I11580;BP1026B_l11581;BP1026B_111579;BP1026B_111582;BP1026B_111583;BP1026B_I11584;BP1026B_111585;BP1026B_I11590;BP1026B_I11588; up
BP1026B_111591;BP1026B_111592;BP1026B_111594;BP1026B_111593;BP1026B_I11595;BP1026B_I11596
BP1026B_I11663;BP1026B_111670;8P1026B_111671;BP1026B_111674;BP1026B_111677;8P1026B_I11678;BP1026B_111679;BP1026B_I11681;BP1026B_111682;

16 2092808 2144294 - BP1026B_I11683;BP1026B_111684;8P1026B_111685;BP1026B_11686;BP1026B_111687;8P1026B_111688;BP1026B_111689;8P1026B_111693;BP1026B_111694; up
BP1026B_I11699;BP1026B_I11703;8P1026B_I11704;BP1026B_I11705;BP1026B_I11706;BP1026B_I11707;8BP1026B_l11708;BP1026B_11709;BP1026B_l11710

17 2563238 2616561 . BP1026B_112052;BP1026B_112054;BP1026B_112056;BP1026B_112060;BP1026B_112062;BP1026B_[12063;BP1026B_112068;BP1026B_112076;BP1026B_112077; up
BP1026B_112078;BP1026B_112079;8P1026B_112080;BP1026B_112081;BP1026B_112095;BP1026B_112096;BP1026B_112097;BP1026B_[12098;8P1026B_112101
BP1026B_112207;BP1026B_112209;8P1026B_112210;BP1026B_112211;8P1026B_112213;8P1026B_112214;BP1026B_112217;8P1026B_112218;BP1026B_112220;

18 2741722 2776012 - BP1026B_112222;BP1026B_112223;BP1026B_112224;BP1026B_112225;BP1026B_112226;BP1026B_12227;BP1026B_112229;BP1026B_[12230;BP1026B_112231; | DOWN
BP1026B_112232

19 2760314 2782139 + BP1026B_112216;BP1026B_112221;8P1026B_112228;BP1026B_112233;BP1026B_112235;8P1026B_112236;BP1026B_112238;BP1026B_12239 DOWN
BP1026B_112408;BP1026B_112409;BP1026B_112410;BP1026B_112411;BP1026B_112412;BP1026B_112413;BP1026B_112414;BP1026B_112415;BP1026B_112416;

20 2974712 2988613 B BP1026B_112419;BP1026B_112422 up

21 3131658 3136611 - BP10268B 112531;BP1026B_112535;8P1026B 112536 DOWN
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Supplemental Figure 2| WoPPER analysis reveals 21 gene clusters regulated by
BP1026B_II1198 on Bp 1026b chromosome 2. a) Circular schematic of chromosome 2
showing up (yellow) and down (blue) regulated clusters of genes. b) Linear plot showing gene
clusters that are regulated by BP1026B 111198 and the mean of the clusters log, fold change.
Size of the circle represents the number of genes in each cluster; yellow is up-regulated and blue

is down-regulated. c) Table listing each cluster of genes.
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Supplemental Figure 3| Transposon mutants grow identical to wildtype Bp 1026b in vitro.
a) Mutants controlled by BP1026B 111198 indirectly (identified by RNA-seq) show no growth
defects when grown in LB broth compared to wildtype Bp 1026b (WT). b) A BP1026B_110600
mutant that is directly controlled by BP1026B 111198 shows no defect when grown in LB broth

compared to WT. Growth analysis was done in duplicate and the lines represent means + s.e.m.
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Abstract

Burkholderia psuedomallei (Bp) causes the tropical disease melioidosis that afflicts an
estimated 165,000 people each year. Melioidosis has many clinical presentations and can cause
complications throughout the body making it difficult to diagnose and giving it the nickname
‘the great mimicker’. While originally thought to be localized in Southeast Asia and Northern
Australia, increased awareness and surveillance has extended presence of Bp and melioidosis to
tropical regions throughout the globe. Bp is a facultative intracellular pathogen that transits
through distinct stages during its intracellular lifecycle. This includes attachment to host cells,
invasion through the endocytic pathway, escape from the endosome, replication in the
cytoplasm, protrusion towards neighboring cells, and host cell fusion allowing Bp infection to
spread without exiting the intracellular environment. We previously identified 1,953 genes that
are differentially regulated during the intracellular lifecycle and, in the present study, sought to
characterize BP1026B 111561, a TetR family transcriptional regulator that is up-regulated as Bp
protrudes towards neighboring cells. A mutant of BP1026B 111561 is attenuated in cell culture
infections and in BALB/c mouse infections. We identified genes that are indirectly controlled by
BP1026B 111561 using RNA-seq and genes that are directly controlled through ChIP-seq to
better understand the role of this transcriptional regulator. BP1026B 111561 controls many
pathways important for Bp intracellular survival including direct control of genes in the
shikimate pathway that could be ideal targets for chemotherapeutic drug design to combat

melioidosis.
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Introduction

Burkholderia pseudomallei (Bp) is a Tier 1 select agent that causes the tropical disease
melioidosis'. Melioidosis is predicted to cause ~89,000 deaths annually through a wide array of
clinical manifestations that are often misdiagnosedz’ 3, Acute, chronic, and sometimes latent
forms of melioidosis are often found in patients of endemic areas with the majority of acute cases
presenting with life threatening sepsis’. Pneumonia and localized abscesses are common
presentations although many other nonspecific clinical signs can confound diagnosis making
laboratory tests critical’. Treatment is broken down into an initial intensive phase that consists of
intravenous ceftazidime, meropenem, or imipenum followed by an eradication phase consisting
of either trimethoprim-sulfamethoxazole, or amoxicillin clavulanate and doxycycline’. Although
modern antimicrobial treatment reduced mortality rates by half’, Bp is intrinsically resistant to
antimicrobials through numerous mechanisms and resistance has developed during treatment’™”.
Due to this and lack of a licensed vaccine, the development of novel therapeutic treatments is
critical to reduce the global burden of melioidoisis. Melioidosis is acquired through inhalation,
ingestion, or inoculation from environments containing Bp’. Bp lives freely within the
environment and is associated with the rhizosphere'’. The global distribution of Bp is expanding
due to better diagnostic techniques and environmental surveillance™ ''. Infection is thought of as
opportunistic in immunocompetent humans® and intracellular virulence mechanisms could have
evolved through associations with environmental eukaryotes like Acanthamoeba species'”.

Bp is a facultative intracellular pathogen that can infect many cell types throughout the
human body including, but not limited to, cells of the lungs, liver, spleen, skin, bone/joint,
gastrointestinal organs, and central nervous system'. Bp requires many virulence factors to infect

this variety of cell types. Described and characterized virulence factors include
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15-17

lipopolysaccharide'* '*, capsule polysaccharide'", type III secretion systems (T3SS)'**, type

27 host cell actin polymerization through BimA®® *°, and

VI secretion systems (T6SS)
numerous others'. The roles of these virulence factors have been assigned to specific spatial and
temporal locations during infection. Briefly, Bp attaches to host cells, gets internalized, and uses
the Burkholderia secretion apparatus (T3SSgs) to escape the vacuole to gain entry into the
cytoplasm®'. Within the cytoplasm Bp can replicate and move freely by polymerizing host cell
actin with a type 5 autotransporter BimA through molecular mimickry®® or using its lateral
flagella®™. When bacterial cell density gets high and/or nutrients become limited, Bp fuses host
cells using T6SS-1 to generate mutltinucleated giant cells (MNGCs)**** %’ Recently, our group
identified many genes that were differentially regulated through the Bp intracellular lifecycle
indicating that many other virulence factors, some yet to be described, contribute to Bp
intracellular pathogenesis®’. A refined regulatory system is critical to coordinate the expression
of virulence factors and genes required for intracellular survival. Here, we present data to

understand the role of a transcriptional regulator, BP1026B 111561, and how it is involved in Bp

pathogenesis and intracellular survival.
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Results
Bp ‘transitome’ identifies BP1026B_I11561 as a differentially expressed gene during
intracellular infection

Recently, we reported the Bp ‘transitome’ that identified 1,953 differentially regulated
bacterial genes during intracellular infection of RAW264.7 murine macrophages®’. The number
of genes operating within each intracellular niche indicates to us that a sophisticated mechanism
for gene regulation must exist. Although, many transcriptional regulators are encoded within the
Bp genome, we focused on BP1026B 111561 to understand its role during intracellular
pathogenesis. BP1026B 111561 is a TetR family regulator with 654 ortholog group members
within the Burkholderia genus’'. During intracellular infection, BP1026B 111561 is highly
expressed during the later stages of infection as Bp protrudes towards neighboring cells (Fig. 1a).
This indicates that the function of this transcriptional regulator is during later stages of infection,
although we recognize that the lack of BP1026B 111561 expression is equally as important when
repression is considered. We therefore wanted to test the role that BP1026B 111561 plays in

RAW264.7 murine macrophage pathogenesis.

A BP1026B_I11561 mutant is defective in multinucleated giant cell formation, intracellular
replication, and in vivo pathogenesis

BP1026B 111561 is annotated a TetR transcriptional regulator and is differentially
regulated during the later stages of Bp intracellular infection (Fig. 1a). Because transcriptional
regulators play an important role in many cellular processes, we hypothesized that this
transcriptional regulator will be critical for late stage cell infection. To answer this we generated

an in frame deletion mutant of BP1026B 111561 to test its role during pathogenesis. When

80



infected with the BP1026B 111561 mutant, RAW264.7 cells form smaller diameter
multinucleated giant cells (MNGCs) when compared to cells infected with wild type Bp 1026b
(Fig. 1b). This defect was complemented when BP1026B 111561 was expressed in trans in the
mutant strain. To further characterize the role of BP1026B 111561 during RAW264.7 cell
infection, the amount of intracellular bacteria were determined at various time points. At two,
eight, and twenty-four hours post infection, the BP1026B_ 111561 mutant showed a significant
decrease in intracellular replication when compared to wildtype Bp 1026b (Fig. 1¢). When grown
in LB broth, the BP1026B 111561 mutant and its complement showed comparable growth
kinetics when compared to wildtype Bp 1026b indicating that the defects during intracellular
infection can be tied to pathogenesis rather than fitness (Fig. 1d). Taken together, the data
indicates that BP1026B 111561 is important for intracellular replication and cell-cell spread
during RAW264.7 cell infection.

We wanted to test if the role during pathogenesis carried over to a more complex
infection model. We utilized the highly susceptible BALB/c mouse model to test if the
BP1026B 111561 mutant showed reduced levels of murine melioidosis. BABL/c mice were
infected with 4,500 colony forming units (CFU) of either wildtype Bp 1026b or the
BP1026B 111561 mutant. While all mice infected with wildtype Bp 1026b showed significant
signs of infection and 100% mortality by day four, mice infected with the BP1026B_ 111561
mutant were able to survive for 62 days when the study was terminated (Fig. 2a). Upon study
termination all mice infected with BP1026B_ 111561 were sacrificed and lungs, liver, and spleen
were harvested for bacterial burden analysis. Four mice appeared to have cleared the
BP1026B 111561 mutant and one mouse had persistent infection within the lungs (Fig. 2b). The

transcriptional regulator BP1026B 111561 is not only essential for pathogenesis in RAW264.7
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cells, but is also critical for full pathogenesis in BALB/c mice. To better understand why this
transcriptional regulator is critical for pathogenesis we sought to discover the regulation network

of BP1026B 111561 through RNA-seq analysis.

Hypothetical proteins and secondary metabolites are controlled by BP1026B_I11561

To further investigate the function of this transcriptional regulator, we determined how
expression of BP1026B 111561 changes the transcriptome of Bp 1026b. This will help us
identify the pathways/genes controlled by BP1026B 111561 to shed light on its role during
pathogenesis. BP1026B 111561 was expressed, via pAM3GIQ-3xTY1-BP1026B 111561, under
the same conditions that were used to complement the mutation during infection, followed by
total RNA extraction, and Illumina sequencing. The data was analyzed by Rockhopper™
identifying the overall regulation network of BP1026B 111561 (Fig. 3b, Table S1). We selected
genes with a g-value < 0.01 and a log, fold-change (logoFC) of > 1 or < -1 to analyze further
(Fig. 3a). In total, 42 genes are up-regulated by BP1026B 111561 while 83 genes are down-
regulated (Fig. 3a). When we analyzed these genes by their COG functional groups, 76 are
characterized as hypothetical proteins, hypothetical RNA transcripts, or uncharacterized
conserved proteins highlighting the unknown nature of the pathways/genes controlled by
BP1026B 111561 (Fig. 3a). Of these, 42 are down-regulated and 34 are up-regulated by
BP1026B I11561. Many other general pathways are down regulated by BP1026B 111561
including lipid, carbohydrate, and amino acid metabolism and transport, energy production and
conversion, cell wall/membrane/envelope biogenesis (Fig. 3a). In addition, it appears that
mechanisms of virulence are also down-regulated including COG functional categories of

intracellular trafficking, secretion, and vesicular transport, secondary metabolite biosynthesis,
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transport, and catabolism, and defense mechanisms (Fig. 3a). Although COG functional
predictions can give us a general idea of what known pathways are being controlled by
BP1026B 111561, they are limited because much of the Bp genome has not been characterized.
For another perspective on what genes/pathways are being controlled by
BP1026B_I11561, we analyzed the entire RNA-seq data set using WoPPER™. WoPPER analysis
will allow us to visualize regions of DNA that are being controlled by BP1026B 111561 by
comparing localized strand-separated expression across the entire data set. BP1026B_ 111561
controls 40 gene clusters on chromosome I (Fig. S1) and 50 gene clusters on chromosome II
(Fig. S2). In contrast to the COG analysis, WoPPER identified 53 clusters of genes that are up-
regulated by BP1026B 111561 while 37 clusters of genes are down-regulated (Fig. S1, Fig. S2).
Clusters of known secondary metabolites are controlled by BP1026B 111561 including
malleobactin®®, malleilactone™, pyochelin3 6 and malleipeptin3 % Gene cluster 19 on chromosome
I is up-regulated by BP1026B 111561 and includes the non-ribosomal peptide synthase (NRPS)
malleobactin, a siderophore (Fig. S1). Another siderophore, pyochelin, is located in the up-
regulated gene cluster 15 on chromosome II (Fig. S2). While these gene clusters are important
for iron-acquisition, they are also unnecessary for murine pathogenesis’’. Malleilactone on the
other hand is a siderophore that has been tied to pathogenesis in Caenorhabditis elegans and

338 ‘Malleilactone is up-regulated by BP1026B_II1561 in gene cluster

Dictyostelium discoideum
6 on chromosome II (Fig. S2). Taken together, some of the genes controlled by BP1026B_ 111561
appear to be critical for iron limiting environments. Other secondary metabolite gene clusters are
also controlled by BP1026B I11561. Malleipeptin is down regulated in cluster 37 on
chromosome II by BP1026B 111561 (Fig. S2). Malleipeptin is a lipopeptide encoded by five

genes (BP1026B_111742-111746) and is required for pathogenesis in mice’®. While malleipeptin
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has been linked to bacterial invasion®®, no role during later stages of infection have been
identified. Our data fits into this model because we see up-regulation of BP1026B 111561 during
the later stages of infection indicating down-regulation of malleipeptin (Fig. 1a). In addition to
these secondary metabolites, a polyketide synthase/peptide synthetase cluster of genes around
BP1026B 111265 are down-regulated by BP1026B 111561 (cluster 27, Fig. S2). This cluster of
genes has yet to be characterized but could play a role during Bp intracellular survival®®. The
variation in expression of Bp secondary metabolites suggests that these compounds could be
critical for intracellular infection. While our COG analysis focused on single genes that fit our
criteria (q-value < 0.01 and log,FC of > 1 or < -1), WoPPER analysis does not, and will include
regions of genes with minor changes in expression. Taken together, both sets of analysis help

define a general regulatory role of BP1026B_111561 within the Bp 1026b genome.

BP1026B_II1561 controls genes that have potential roles during intracellular pathogenesis
To better characterize the pathogenic role that BP1026B 111561 plays during
intracellular infection, genes with a log;FC of > 2 or < -2 were targeted for mutant analysis
(Table S1). Twelve of these genes are down-regulated and seven are up-regulated by
BP1016B 111561 (Fig. 4a). These mutants were obtained from the sequence-defined transposon
mutant library of Bp 1026b>” and the T24 transposon insertion was confirmed by sequencing
(data not shown). No transposon mutants with insertions in genes BP1026B 10528 or
BP1026B 111118 were present, indicating that these genes could be essential for Bp growth. To
characterize the pathogenic role these genes have during infection, RAW264.7 murine
macrophages were infected with the transposon mutants and wildtype Bp 1026b followed by

determination of the intracellular bacterial burden. Transposon mutants tested were able to
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replicate at 26.25-101.47% of wildtype over the course of the infection (Fig. 4b-c). Some
mutants,  BP1026B 10452,  BP1026B 110231, BP1026B 110682, @ BP1026B 110683,
BP1026B 110685, and BP1026B_ 110686, showed similar intracellular replication to wildtype Bp
1026b indicating less essential roles during infection (Fig. 4c). Interestingly, genes involved in
fatty acid metabolism, BP1026B 10063 and BP1026B 10064, show 58.41% and 76.99%
wildtype replication, respectively (Fig. 4c). These two genes encode acyl-CoA dehydrogenase
and acetyl-CoA acetyltransferase and are down-regulated by BP1026B 111561 with log,FCs of -
2.5 and -2 (Fig. 4a, Table S1). In addition to this, BP1026B_ 10065, the alpha subunit of the fatty
acid oxidation complex, is also down-regulated by BP1026B 111561 (log,FC -1.5, Table S1).
Taken together, it appears that BP1026B 111561 down-regulates fatty acid metabolism and that
some of the enzymes in this pathway are important for intracellular survival.

BP1026B 10071 encodes a transmembrane regulator protein, PrtR, that is up-regulated
by BP1026B 111561 with a log;FC of 2 (Fig. 4a, Table S1). PrtR sits downstream from an
extracytoplasmic function sigma factor (ECF), BP1026B_10072/prtl, with no known function.
While we see up-regulation of BP1026B 10071, BP1026B 10072 is only slightly up-regulated
by BP1026B_ 111561 with a log,FC of 0.48 (Table S1). A transposon mutant in BP1026B 10071
reduced intracellular replication to 38% of wildtype Bp 1026b, suggesting a role during
intracellular replication and pathogenesis (Fig. 4b-c). BP1026B 11775 is a potential lipoprotein
up-regulated by BP1026B 111561 and a mutant of this gene replicates at 59.29% of wildtype in
RAW264.7 cells (Fig. 4a-c). The function of this lipoprotein is unknown but our results suggest
that it is important for pathogenesis. Genes involved in propanoate metabolism are also
controlled by BP1026B 111561. BP1026B 110229-110232 are highly down-regulated with

log,FCs between -3.2 to -4.2 (Fig. 4a, Table S1). These genes catabolize propanoyl-CoA to
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succinate and pyruvate that can feed into the citric acid cycle™. Mutants of BP1026B_110229,
BP1026B 110230, and BP1026B 110232 showed significant decreases during intracellular
replication (Fig. 4b). Strikingly, the transposon mutant of BP1026B 110232 was reduced to
replicate at 26.25% of wildtype Bp 1026b in RAW26.7 macrophages (Fig. 4b-c).
BP1026B_110681-110686 are also down-regulated by BP1026b 111561 ranging from a
log,FC of -2.02 to -2.77 (Fig. 4a, Table S1). Some of these genes have known function in general
metabolic  pathways linked to BP1026B 110229-110232. BP1026B 110682  encodes
methylmalonate-semialdehyde dehydrogenase and catalyzes the reaction of either
methymalonate semialdehyde to propanoyl-CoA or malonate semialdehyde to acetyl-CoA*. A
transposon mutant in this gene replicates in RAW264.7 cells at 101.5% of wildtype indicating
that its loss can be compensated for during intracellular infection (Fig. 4b-c). BP1026B 110683 is
an AMP-binding protein that is predicted to catalyze the reactions of acetate to acetyl-CoA or
propanoate to propanoyl-CoA*’, and the mutant of this gene replicates at 87.91% of wildtype
(Fig. 4b-c). BP1026B 110684 is 3-hydroxyisobutyrate dehydrogenase that catalyzes the reaction
of hydroxyl isobuterate to methylmalonate semialdehyde that can then be converted to
propanoyl-CoA by BP1026B 110682. Propanoyl-CoA is further degraded by BP1026B_110229-
110232 to succinate and pyruvate*’. More interesting is the fact that BP1026B_I10684 seems to
be important for intracellular survival because its mutant replicates at 60.18% of wildtype in
RAW264.7 cells (Fig. 4b-c). Three genes, BP1026B 110681, BP1026B 110685, and
BP1026B 110686, that are involved in beta-oxidation during fatty acid metabolism are also down
regulated by BP1026B_ 111561 (Fig. 4a). Of these genes BP1026B_110685-110686 show no major
defected when their mutants were tested for intracellular replication while a mutant of

BP1026 110681 replicated at 61.65% of wildtype Bp (Fig. 4b-c). BP1026B 111562 is a
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hypothetical protein that is up-regulated by BP1026B 111561 with a log,FC of 2.11 (Fig. 4a,
Table S1). While a mutant in BP1026B 111562 replicates at 51% of wildtype (Fig. 4b-c), it is
only found in Bp strain 1026b and contains regions of disorder throughout its primary
sequence’’. BP1026B 111736 encodes a type III secretion protein HrpB4 that is up-regulated by
BP1026B 111561 (Fig. 4a) and its mutant is defective in intracellular replication (Fig. 4b-c).
Transposon mutants defective in RAW264.7 cell infection were grown in vitro and showed
similar growth kinetics to wildtype Bp indicating that the defects during intracellular replication
were not due to decreased fitness (Fig. S3a). Taken together, we have identified genes involved
in general metabolic pathways and genes with unproven function that are controlled by

BP1026B 111561 and contribute to pathogenesis in RAW264.7 macrophages (Fig. 4d).

BP1026B_I11561 binds to two regions on chromosome I1

To get a better understanding of the direct role of BP1026B 111561 on transcription, we
used ChIP-seq to define the direct binding sequences within the genome. Briefly,
BP1026B 111561 was expressed from pAM3GIQ-3xTY1-BP1026B 111561 in Bp 82, a select
agent exempt derivative of Bp 1026b, and protein-DNA complexes were fixed using
paraformaldehyde. Cells were lysed, DNA fragments were sheared using an M220 focused
ultrasonicator, and BP1026B_I11561-DNA complexes were immunoprecipitated using an anti-
TY1 monoclonal antibody. After de-crosslinking the BP1026B_I11561-DNA complexes, DNA
was purified and sequenced on an Illumina HiSeq 2500. An empty vector (pAM3GIQ-3xTY1)
was used as a control. Peaks were called with MACS2*' after alignment to the Bp 1026b genome
with Bowtie2*”. Two regions on chromosome II show high levels of enrichment for DNA

sequences bound to BP1026b 111561 while few peaks showed any enrichment on chromosome [
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(Fig. 5a-b). While the peaks on chromosome I are small, we envision that the binding could be
important for specific environmental niches and could involve other transcription factors. The
two large peaks on chromosome II are enriched 5.9 and 6.4 fold in the BP1026B 111561 ChIP
sample compared to the empty vector control and have low false discovery rates (Fig. 5¢). Using
MEME® an 18bp consensus binding sequence was found, TAT XXG AAC TAA CTA GXT,
with 15bp having 100% homology between both peaks (Fig. 5d). We believe that this is the

region in which BP1026B_111561 directly binds to initiate/repress transcription.

Genes directly controlled by BP1026B_I11561 are important during intracellular infection
Based on the ChIP-seq data, BP1026B 111561 binds two peaks of 610bp and 762bps in
length on chromosome II (Fig. 5a-b). These peaks overlap intergenic regions between the
divergently transcribed genes BP1026B 110369 and BP1026B 110370, and between genes
BP1026B 110781 and BP1026B 110782 (Fig. 6a). BP1026B_110370-110372 are up-regulated by
BP1026B 111561 with logo,FCs between 0.58 and 1, while BP1026B 110369 shows no change in
expression suggesting transcription in a single direction (Fig. 6b, Table S1). BP1026B 110782 is
also up-regulated by BP1026B 111561 with a log,FC of 0.52 (Fig. 6c, Table S1).
BP1026B 110370-110372 encode shikimate 5-dehydrogenase, 3-dehydropquinate dehydratase,
and a phthalate permease, respectively (Fig. 6e). BP1026B 110372 is a major facilitator
superfamily phthalate permease that, to our knowledge has not been characterized for its role in
pathogenesis or function. BP1026B 110370 and BP1026B 110371 are in the shikimate pathway
catalyzing the reactions generating shikimate from 3-dehydroquinate®. Shikimate can be
converted to chorismate that has many downstream products and potential applications towards

pathogenesis and cell function ranging from aromatic amino acid biosynthesis, biosynthesis of
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siderophore group nonribosomal peptides, and folate biosynthesis*. BP1026B 110782 is
predicted to be an outer-membrane porin that has not been characterized for its role during
intracellular infection or general function to our knowledge.

Because these genes are directly controlled by BP1026B 111561 we wanted to determine
if any had a role during pathogenesis. Transposon mutants of BP1026B 110370-110372 and
BP1026B 110782 were used to infect RAW264.7 cells and intracellular bacterial burdens
determined at 24 hours post infection. A transposon mutant of BP1026B 110372 replicated at
wildtype levels suggesting this gene is dispensable for intracellular infection (Fig. 6d-e).
Transposon mutants of BP1026B 110370 and BP1026B 110371 were able to replicate at 76.11%
and 70.50% of wildtype in the RAW264.7 intracellular environment (Fig. 6d-¢). We suspect that
the pathways using shikimate as an intermediate are responsible for this decrease in intracellular
replication. The BP1026B 110782 transposon mutant showed the largest defect during
RAW264.7 cell infection, replicating at 49.56% of wildtype (Fig. 6d-e). This transposon mutants
grew identical to wildtype Bp 1026b in LB broth indicating that this defect is due to a reduction
in RAW264.7 pathogenesis rather than a defect in fitness (Fig. S3b). Taken together, the data
show that BP1026B 111561 binds two regions of DNA leading to the up-regulation of four
genes, and three of these genes, BP1026B 110370, BP1026B 110371, and BP1026B 110782, are

important for intracellular replication and pathogenesis (Fig. 6f).
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Discussion

Bp encounters many environmental niches during its existence in the soil, association
with the rhizosphere, and during infection of a host. During infection of a host Bp must navigate
another complex set of environments including invasion of the host cell, escape of the vacuole,
cytoplasmic replication, and spread towards neighboring cells all while avoiding host cell
defenses™. For Bp to be successful in all of these unique environments, it must encode a large
number of regulated pathways and mechanisms for survival. Recently, we identified that 1,953
genes are differentially regulated during the intracellular lifecycle of Bp, further highlighting the
importance of a sophisticated system of regulation during infection’’. BP1026B_I11561 was
identified to be up-regulated as Bp protrudes towards neighboring cells indicating a role during
later stages of intracellular infection. BP1026B 111561 is critical for complete pathogenesis in
RAW264.7 cell infection and BALB/c mouse infection leading us to investigate the
transcriptional role of this regulator. We have identified the regulation network of
BP1026B 111561 and partially characterized the networks role during pathogenesis. The primary
sequence of BP1026B 111561 indicates it is a TetR family transcriptional regulator. This family
of regulators are classically thought to control antibiotic resistance and small-molecule export
but have been tied to many other functions including metabolism, antibiotic production, and
quorum sensing™*. In general, we see that BP1026B_II1561 leads to variations in the expression
of many known pathways and a large number of hypothetical genes that could be important for
intracellular survival and pathogenesis.

Modulation of secondary metabolites expression includes the up-regulation of the
siderophores malleobactin®®, malleilactone™, and pyochelin®®, by BP1026B_II11561 that suggests

a role in iron scavenging during intracellular infection. Although we believe the expression of
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these siderophores by BP1026B 111561 contributes to the attenuation of the BP1026B 111561
mutant in BALB/c mice, previous studies have shown that some of these factors are
dispensable’’. In addition, the down-regulation of malleipeptin®® by BP1026B_I11561 is curious,
as malleipeptin is required for pathogenesis in BALB/c mice. It is suggested that malleipeptin is
required for invasion of the epithelium, which would fit with our data as BP1026B 111561 is up-
regulated during later stages of infection. In this case, BP1026B 111561 dependent down
regulation of malleipeptin could be an energy saving mechanism when there is no longer a need
for this virulence-associated secondary metabolite. Considering this data together, we start to
see a complex picture of the BP1026B 111561 regulation network where many factors are
controlled for various purposes.

Genes involved in propanoate and fatty acid metabolism are down-regulated by
BP1026B 111561 to potentially conserve energy during intracellular survival. During infection,
Bp must rely on nutrients obtained from the host cell to replicate and survive. When nutrients are
depleted, Bp will protrude towards neighboring cells to form MNGCs and gain access to
additional nutrients. BP1026B 111561 is up-regulated during protrusion and down-regulates
genes that direct intermediaries into energy producing molecules like acetyl-CoA through
various pathways. The energy saved doing this could allow the proper function of other virulence
factors like T6SS-1 that is used for fusion of host cells into MNGCs thereby gaining access to
nutrients®’. Transposon mutants of the genes involved in fatty acid and propanoate metabolism
were showed reduced intracellular replication at various levels indicating that they are important
for pathogenesis and that down-regulating energy production is critical for full infection.
BP1026B 110232 is an accessory protein for AcnD causing frans to cis isomerization of methyl

aconitate™ and its mutant replicates at 26.25% of wildtype while not showing any defect during
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in vitro growth. Further investigation into this gene and its function could elucidate a better
understanding of this metabolic pathway during pathogenesis.

Another potential role of BP1026B 111561 1is through the wup-regulation of
BP1026B 10071, a potential transmembrane regulator PrtR. PrtR has a potential two-component
regulation system with BP1026B 10072, an ECF sigma factor Prtl. The PrtIR regulatory
complex has been tied to several functions including expression of the extracellular protease,
AprX in Pseudomonas fluorescens 1LS107d2*, protease production in P. entomophila®
protease/cycliclipopetide production in P. fluorescens strains HCI-07 and SS101** *°, and
germination arrest factor (GAF) by P. fluorescens WH6". GAF is a secondary metabolite that
has been tied to herbicidal and antibacterial functions in P. fluorescens WH6, a rhizosphere
associated bacteria®. Recognizing that Bp is also a rhizosphere-associated organism, the role of
prtR in Bp could be similar to P. fluorescens. In the same transcriptional snapshot where we see
up-regulation of prtR, we see differential expression of various secondary metabolites that have
been shown to be involved in iron acquisition and virulence. The transposon mutant in prtR was
significantly reduced during intracellular infection of RAW264.7 cells indicating that this
regulatory pathway is important for pathogenesis. These downstream virulence functions of prtR
could be carry over from the normal Bp lifecycle within the rhizosphere, but still have effect on
mammalian cells. Furthermore, this highlights the complexity of the BP1026B 111561 regulation
network and its role during infection.

BP1026B 111561 up-regulates several genes in the shikimate pathway including 3-
dehydroquinate  dehydratase = (BP1026B 110371) and  shikimate  5-dehydrogenase
(BP1026B_110370). When used to infect RAW264.7 cells, transposon mutants of

BP1026B 110370 and BP1026B 110371 were unable to replicate to wildtype levels indicating
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that these genes are important for intracellular infection. These enzymes encoded by these genes
catalyze two steps in the reaction from phosphoenolpyruvate and D-erythrose 4-phosphate to
chorismate, which can be shunted towards various pathways including aromatic amino acid and

folate biosynthesis*" '

. The shikimate pathway is absent from mammals marking this as a target
for the development new chemotherapeutic interventions >>’. Taken together, BP1026B_II1561
appears to control the up-regulation of enzymes in the shikimate pathway and these enzymes
could be a rational target for the development of new chemotherapeutic agents against Bp
infection. Overall, the transcriptional regulator BP1026B 111561 plays a critical role during
pathogenesis, marked by attenuation of its mutant in BALB/c mice. During intracellular
infection, BP1026B_ 111561 has a broad affect on the transcription of many pathways and genes
that are involved in pathogenesis. Although the BP1026B 111561 regulation network is only a

one part of the Bp pathogenic regulation story, it is nonetheless complex and plays a critical role

in the sophisticated intracellular lifecycle of Bp.

93



Methods and Materials

Bacterial strains, media and culture conditions Escherichia coli strain EPMax10B (BioRad),
E1869, and E1354 were used for cloning or plasmid mobilization into Bp as described

°%:% Luria-Bertani (LB) medium (Difco) or 1x M9 minimal medium supplemented

previously
with 20 mM glucose (MG) were used to culture all strains. MG media was supplemented with
0.3% glyphosate when appropriate. The select agent excluded analogue of Bp 1026b, Bp82, was
used where appropriate. All manipulation and experiments involving Bp 1026b were conducted
in a CDC-approved and registered facility at the University of Hawai‘i at Manoa or Colorado

State University with prior approval by internal review and adhere to recommendations set forth

in the BMBL, 5™ edition® for BSL3 organisms.

Molecular methods and reagents Molecular methods and reagents were used as described
previously’” ®"® An in-frame deletion mutant of BP1026B_I11561 was generated using lambda-
red recombineering with minor modification®. Lambda red genes were PCR amplified from
pKaKal and co-incubated with the knockout fragment of BP1026B 111561 and mutants selected
for on glyphosate. For expression of BP1026B 111561, BP1026B 111561 was PCR amplified
with oligos 2660 (5’- AAT GCG CCG CAT ATG CCG CCG TCC GAT CAC GCC AAA ATG)
and 2661 (5’- ATG TCG AGC TCG ACG CCG ATG CCQ) digested with Ndel and Sacl and
ligated into Ndel/Sacl-cut pAM3GIQ-3xTY1. Confirmation of pAM3GIQ-3xTY1-
BP1026B 111561, was done by Af/1l/Sacl, Ndel, and Sall digests, sequencing, and expression of

BP1026B 111561 confirmed via western blot analysis.
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Growth analysis All strains were first grown overnight in LB broth at 37°C, harvested the
following day, diluted to an ODgg of 0.1 in 200pul of fresh LB, and placed into 96 well plate in
duplicate. Growth curves were carried out at 37°C shaking and data was recorded with the

BioTek ELx808IU plate reader, measurements taken at an ODg39 every 30 minutes.

Cell infection assays Intracellular replication and MNGC formation assays were carried out as
previously described® with minor modifications. Briefly, RAW264.7 murine macrophages were
seeded for infection at 80-90% confluence on Corning CellBIND culture plates, allowed to
attach overnight, washed twice with 1XPBS, and infected the following day. For intracellular
replication assays, Bp 1026b, the BP1026B_111561 mutant, or the BP1026B 111561 complement
(mutant with pAM3GIQ-3xTY1-BP1026B_1I1561) were allowed to infect monolayers at an
MOI of 1:1, washed with 1XPBS, and then DMEM supplemented with 10% FBS, 0.1mM IPTG
to drive expression of the complement, 700 pg/mL amikacin and 700 pg/mL kanamycin were
added to kill any extracellular bacteria. At 2, 8, and 24 hours post-infection, infected monolayers
were lysed with 0.2% Triton X-100. Serial dilutions of lysates were plated on LB and colony-
forming units (CFU) per well were determined. MNGC formation assays were carried out as
intracellular replication assays, with the exception that 1.2% low-melt agarose was added to
DMEM after infection allowing the formation of MNGCs. At 24 hours post-infection,
monolayers were fixed with 4% paraformaldehyde, agarose plugs removed, stained with 0.05%
crystal violet, and MNGC diameters measured with the Zeiss Axio Observer D1 and the
AxioVision 64 bit 4.9.1 software. Cell infection assays with mutants from the Bp 1026b::T24
transposon mutant library were carried out as described above although kanamycin was removed

and amikacin added a final concentration of 1,500pg/mL to remove extracellular bacteria post
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infection. Monolayers were lysed at 24 hours post-infection as described above. All transposon

mutants tested were confirmed to be in the gene of interest by sequencing.

Animal studies BALB/c mice between 4 and 6 weeks of age were purchased from Charles River
Laboratory. All infections with Bp strains (wildtype and the BP1026B 111561 mutant) were
administered via the intranasal (i.n.) inoculation route. Mice were anesthetized with 100 mg of
ketamine/kg of body weight plus 10 mg/kg xylazine. The challenge dose (4,500 CFU) of each Bp
strain was suspended in 20 pl of 1XPBS and used to inoculate each mouse via the i.n. route.
Each strain was used to inoculate 5 mice. Animals were monitored for disease symptoms daily
and euthanized at predetermined humane end points. Lungs, liver, and spleen of surviving mice
were harvested, homogenized, serially diluted, and plated on LB to determine bacterial burdens.
Survival characteristics were plotted using Prism software (GraphPad, La Jolla, CA) and

statistical analysis was done by Kaplan-Meier curves.

RNA-seq and ChIP-seq analysis RNA-seq and ChIP-seq analysis were carried out under the
same conditions. Briefly, Bp82 expressing BP1026B 111561 from pAM3GIQ-3xTY1-
BP1026B 111561 was grown overnight and sub-cultured to mid-log phase in
LB+adenine+0.1mM IPTG in triplicate. An empty vector (pAM3GIQ-3xTY1) was used as a
control. Total RNA was harvested using RNeasy Mini Kit (Qiagen) with on-column (Qiagen)
and off-column (Epicentere) DNase digestion steps. RNA samples were sent to Tufts University
Genomics Core (TUCF Genomics) for library preparation and Illumina 50bp single-end reads

were sequenced on the Illumina HiSeq 2500. RNA-seq data was analyzed with Rockhopper~.
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ChIP-seq was carried out as previously described with minor modifications®® ®’. Briefly,
ChIP-seq samples were grown identically as RNA-seq samples, harvested, and fixed with 4%
paraformaldehyde, followed by shearing of DNA-protein complexes with the Covaris M220
ultrafocused sonicator. Cell debris was removed and DNA-protein complexes were
immunoprecipitated with anti-TY1-tag monoclonal antibody (Diagenode C15200054) and
secondary antibodies conjugated to magnetic beads (Diagenode C03010022). DNA-protein
complexes were washed, decrosslinked, treated with RNaseA and proteinase K, and purified
with QIAquick PCR purification kit. Immunoprecipitated DNA was sent to TUCF Genomics
where DNA libraries were prepped and 50bp single-end reads were sequenced with the Illumina
HiSeq 2500. ChIP-seq data was aligned to the Bp 1026b genome with Bowtie2*, peaks called

with MACS2*, and consensus binding regions determined with MEME®.

Ethics statement All animal studies described in this manuscript were approved by the
Institutional Animal Care and Use Committee at the University of Hawaii at Manoa (Protocol
No. 10-1073-8), and conducted in compliance with the NIH (National Institutes of Health) Guide

for the Care and Use of Laboratory Animals.

Data availability The datasets and materials generated during the current study are available
from the corresponding author upon reasonable request. Any transfer of select agent materials
needs additional approval from Brad Borlee and the Responsible Official at Colorado State
University. Any select agent transfer must be to a select agent registered facility, approved by

the CDC, and comply with all select agent regulations (selectagents.gov).
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Figure 1| Differential regulation of BP1026B_I11561 during cell infection leads to defects in
pathogenesis. a) BP1026B 111561 is up-regulated while Bp is protruding towards neighboring
cells. Expression data represents three biological replicates (1, 2, and 3) and the average (Ave)
with a green-black-red color scale used to represent up- and down-regulation based on log,FC. b)
An in frame deletion mutant of BP1026B 111561 (I11561) was unable to form MNGCs of similar
diameter to wildtype Bp 1026b (WT) in RAW264.7 cells. Complementation of the mutant
(IT1561-comp) recovered this defect. c¢) The BP1026B 111561 mutant was defective during

intracellular replication at 2, 8, and 24 hours post infection in RAW264.7 cells and the
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complement was able to recover the defect. d) The BP1026B 111561 mutant and its complement
were able to grow similar to wildtype in LB broth. Data in bar graphs and growth curve represent
means + s.e.m and analyzed via unpaired t-test. P values presented are as follows: ** p<0.01,

wx%p<(0.001, #*+#*p<0.0001.
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Figure 2| A BP1026B_I11561 mutant is attenuated in the BALB/c mouse infection model. a)
BALB/c mice were infected with 4,500 CFU of wildtype Bp 1026b (WT) or the
BP1026B 111561 mutant (I[1561). Mice infected with the BP1026B 111561 mutant were able to
survive for the duration of the study while mice infected with wildtype Bp 1026b showed 100%
mortality by day five. b) Bacterial burdens from the lungs, liver, and spleen of surviving mice
were determined showing significant clearance of the mutant strain with only one mouse having

persistent infection in the lungs.
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Figure 3| BP1026B 111561 down-regulates 83 genes and up-regulates 42 genes. a) COG
functional predictions of genes with a g-value of <0.01 and a log;FC of > 1 or < -1 show the
general landscape of the BP1026B 111561 regulation network. A large proportion of genes have
no known function. b) Scatter plot of all Bp genes comparing expression of BP1026B 111561

and the empty vector control.
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Gene ID Predicted Function % WT
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Figure 4| General metabolic pathways controlled by BP1026B_II1561 contribute to
pathogenesis in RAW264.7 cells. a) BP1026B 111561 up-regulates seven genes with a log,FC
of > 2 and down-regulates twelve genes with a logo,FC of < -2. Black bars are normalized
transcript of the empty vector control and grey bars are normalized transcript in the presence of
BP1026B _I11561. b) Transposon mutants of indicated genes show various levels of intracellular
replication in RW264.7 cells at 24 hours post infection when compared to wildtype Bp 1026b
(WT). ¢) Predicted functions of genes controlled by BP1026B _111561. Average percent wildtype
replication (%WT) of transposon mutants identifies genes important for intracellular survival. d)
Model of the genes controlled by BP1026B 111561 that contribute to intracellular survival in

RAW264.7 cells. Pointed arrows represent activation and flat arrows represent repression. Data
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in bar graphs represent means + s.e.m and analyzed via unpaired t-test. P values presented are as

follows: *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.
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Figure 5| BP1026B_I11561 binds two regions of DNA on chromosome II. All peaks identified
from ChIP-seq experiment on chromosome I (a) and chromosome II (b) show that
BP1026B 111561 binds two regions on chromosome II. ¢) Comparison of the —log;o of the g-
value compared to fold enrichment further isolates two peaks (boxed in red) from the
background. d) Consensus region of DNA from the two peaks identified in ChIP-seq data found
using MEME®. The consensus binding region shows 15 out of 18 base pairs are shared between

the two peaks.

104



/—»
\h 0372 >—\ \—L7o787_5

Peak 1

0782 >\

Peak 2

Chromosome Il
b C d
10000+ 500000 mm Control 1501
= *T 5 o 111561 S
§ 8000+ '|' - § 400000 _ ug
% % i 100 *k %
£ 60004 £ 300000 ®
o o =
(9] (0] E *kk
% 4000+ % 200000 =
£ g g ¥
S 20004 = S 100000 5
z P4 e
0- 0 0-
*) Q N Vv v & QO N O &
O A A A Q! A A AY 2
FEE¢ o SRS
& L K X &7 S
NS i NN
R R LR K KX
K2 K2 2 2 2 N2 N )
e f
Gene ID Predicted Function % WT 111561
BP1026B_110370 shikimate 5-dehydrogenase 76.11
BP1026B_110371 3-dehydroquinate dehydratase 70.50 / \
BP1026B_110372 major facilitator superfamily transporter phthalate permease 107.37 110370-0372 10782
BP1026B_110782 outer membrane porin 49.56

Figure 6| BP1026B_111561 binds two intergenic regions controlling genes in the shikimate
pathway and an outer membrane porin. a) Schematic representation of DNA regions on
chromosome II directly bound by BP1026B _1I1561. b) Normalized transcript levels of genes
surrounding peak 1 comparing the level of transcription in the empty vector control (black bars)
and the BP1026B 111561 expression condition (grey bars). ¢) Normalized transcript levels of
genes surrounding peak 2 from ChIP-seq data set comparing the level of transcription in the
empty vector control (black bars) and the BP1026B 111561 expression condition (grey bars). d)
Transposon mutants were used to infect RAW264.7 cells identifying genes important for
intracellular pathogenesis. €) Genes activated by BP1026B_ 111561, their predicted functions, and

the average wildtype replication in RAW264.7 cells (%WT). f) Schematic representation of
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genes directly controlled by BP1026B 111561 that contribute to pathogenesis. Arrows represent
activation by BP1026B_111561. Data in bar graphs represent means + s.e.m and analyzed via

unpaired t-test. P values presented are as follows: *p<0.05, ** p<0.01, ***p<0.001.
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BP1026B_I0428;BP1026B_I0429;BP1026B_I0430;BP1026B_I0431;BP1026B_I0432;BP1026B_I0433;BP1026B_I0434;BP1026B_I0439;BP1026B_I0440;BP1026B_I0441;BP1026B_I0442;BP1
5 438386 487029 - 268 _10443;BP1026B [10451;8P1026B 10452;BP1026B 10453;BP1026B 10464;BP1026B 10465;BP1026B 10466;BP1026B 10467;BP1026B 10468;BP1026B 10469 UpP
6 489186 499751 +__ [BP1026B_10471;8P1026B_10476 up
BP1026B_I0529;BP1026B_I0530;BP1026B_I0531;BP1026B_I0532;BP1026B_I0533;BP1026B_I0534;BP1026B_I0535;BP1026B_I0536;BP1026B_I0537;BP1026B_I0539;BP1026B_I0538;BP1
7 567168 583497 + 268 10541;BP1026B 10540;8P1026B 10542;BP1026B 10544;BP1026B 10545 UpP
8 584761 590384 - |BP1026B 10547,8P1026B_10548;8P1026B_10549;BP1026B_10550;BP1026B_10551;8P1026B_10552;8P1026B_10553;8P1026B_10554 up
9 718317 733526 + BP1026B_10669;BP1026B_10674;BP1026B_10675;BP1026B_10676;BP1026B_10679;BP1026B_I0680;BP1026B_I0683;BP1026B_|0682;BP1026B_|0687;BP1026B_|0686 UpP
BP10268_I0807;BP10268_I0809;BP10268_I0816;BP1026B_I0819;BP10268_I0820;BP10268_I0823;BP10268_I0825;BP1026B_I0827;BP1026B_I0828;BP1026B_I0829;BP1026B_I0831;8P1
[0268_10832;8P1026B_I0834;8P1026B_I0835;8P1026B_I0836;8P1026B_I0837;8P10268_I0840;BP10268_I0841;BP10268_I0844;BP1026B_I0845;BP1026B_I0846;8P10268_10848;BP1026
10 861212 927706 - B_10849;BP1026B_10852;BP1026B_|0858;BP1026B_|0859;BP1026B_I0860;BP1026B_10861;8P1026B_10862;BP1026B_|0863;8P1026B_|0869;BP1026B_10871 UpP
BP1026B_I0924;8P10268_I0925;BP1026B_I0926;BP1026B_I0927;BP10268_10928;BP1026B_I0930;BP1026B_I0929;BP1026B_I0931;8P1026B_I0932;BP1026B_I0934;BP1026B_I0935;BP1
11 981465 1007411 +__ |026B_10936;8P1026B_10937;8P1026B_10938;8P1026B_10939;BP1026B_10941;8P1026B_10948;8P10268_10950 up
BP1026B_I1158;BP1026B_I1159;BP1026B_I1160;BP1026B_I1161;BP1026B_I1162;BP10268_I1163;BP1026B_I1164;8P1026B_I1165;BP1026B_I1166;3P1026B_I1167;BP1026B_I1168;8P1
12 1234833 1261337 + 268 11169;8P1026B 11170;8P1026B 11171;8P10268 11173;8P1026B 11172;8P1026B 11174;8P10268 11175 DOWN
13 1272459 1281740 - [BP1026B_11184;8P1026B_11187;8P10268 11193 up

BP1026B_I1342;BP10268_11344;BP1026B_I1347;8P1026B_|1351;8P10268_11352;BP1026B_|1358;BP1026B_I1359;BP1026B_I1360;8P1026B_|1361;8P1026B_I1363;BP1026B_I1364;BP1
26B_I1365;8P1026B_|1366;8P1026B_I1367;8P1026B_I1370;8P10268_I1371;8P10268_I1372;BP1026B_I1373;BP1026B_|1374;BP1026B_I1375;BP10268_I1376;8P10268_I1377;BP1026
14 1444205 1488349 +  |B 11378;8P1026B 11379;8P1026B [1383 up

15 1689391 1712173 - [BP1026B 11565;8P10268 11568;8P1026B 11582;BP10268 11584 DOWN

BP1026B_I1567;BP1026B_I1569;BP1026B_I1570;BP1026B_I1571;BP10268_I1572;BP10268_I1573;BP10268_I1574;BP1026B_I1575;BP1026B_I1576;8P1026B_I1577;BP1026B_I1578;8P1
26B_11579;8P1026B_|1580;8P1026B_|1581;8P1026B_|1583;8P1026B_I1585;BP1026B_I1587;BP1026B_I1588;BP1026B_I1589;BP1026B_I1590;BP1026B_I1591;BP1026B_I1592;BP1026
B_I1593;8P10268_11594;8P1026B_I1595;8P1026B_I1596;BP10268_11597;8P1026B_|1598;BP10268_11599;BP1026B_I1600;BP1026B_I1601;8P10268_I1602;8P1026B_I1603;8P10268_I1
604;BP1026B_11605;BP1026B_I1606;BP1026B_I1607;BP1026B_I1608;BP1026B_I1609;BP1026B_I1610;BP1026B_I1611;8P1026B_I1612;BP1026B_|1613;8P1026B_|1617;8P1026B_I1620;
BP1026B_I1621;BP1026B_I1622;BP1026B_I1630;BP1026B_I1631;BP1026B_I163; | P1026B_I1636;BP1026B_I1642;BP1026B_I1643;BP1026B_I1645;BP1026B_I1647;BP1
16 1690753 1801496 + _ |026B_11648;8P1026B_11652;8P1026B_I1653;8P1026B_11654;8P1026B_11655;8P1026B_11656;8P1026B_11657;8P1026B_I165 DOWN

P1026B_11660;8P10268_[1661;8P10268 11662

[BP1026B_11637;8P1026B_I1638;BP1026B_11639;8P1026B_I1640;BP1026B_I|1641;BP1026B_I1644;BP1026B_|1646;BP1026B_I1649;BP1026B_[1650;BP1026B_I1651;BP1026B_11658;8P1
268_11663;8P10268_I1664;BP1026B_1665;BP1026B_I1666;BP10268_I1667;BP10268_11668;8P10268_I1669;8P1026B_I1670;BP1026B_I1671;8P1026B_I1672;BP1026B_I1673;8P1026
17 1775393 1837548 - |B 11674810268 11675;8P1026B 11676 DOWN

BP1026B_I1681;BP10268_I1683;BP1026B_I1684;BP1026B_|1687;BP10268_I1689;BP10268_I1690;BP10268_I1693;BP1026B_I1692;BP1026B_I1694;BP1026B_I1695;BP1026B_I1696;8P1
26B_I1697;8P1026B_|1698;8P1026B_|1699;8P1026B_|1700;8P10268_I1701;8P1026B_{1702;BP1026B_I1705;BP1026B_I1707;BP1026B_I1709;BP1026B_I1710;BP1026B_I1714;BP1026
18 1842173 1900708 + B 11716;BP1026B [1717;8P1026B |1718;BP1026B 11719;BP1026B 11720;BP1026B 11721;BP1026B 11728;BP1026B 11729;BP1026B (1730 UpP

IBP1026B_11708;8P1026B_11711;BP1026B_11712;8P1026B_I1713;BP1026B_11715;8P1026B_11722;BP1026B_11723;8P1026B_|1724;BP1026B_11725;8P1026B_|1726;BP1026B_11727;8P1
26B_11731;8P1026B_11732;BP1026B_I1733;8P1026B_I1734;BP1026B_|1735;BP1026B_|1738;BP1026B_|1739;BP1026B_I1740;BP1026B_I1741;BP1026B_I1742;8P1026B_I1743;8P1026

19 1872678 1933803 - B_11744;BP1026B 11745 UpP

20 1942190 1944000 +__ [BP1026B_11751;BP10268_I1752;BP1026B_I1753;BP1026B_[1754 DOWN
BP1026B_I1967;BP1026B_I1968;BP1026B_I1969;BP1026B_I1970;BP1026B_I1971;BP1026B_I1973;BP1026B_I1975;BP1026B_I1976;8P1026B_I1978;BP1026B_I1981;BP1026B_I1982;BP1

21 2186981 2208393 - 268 11983 UpP
[BP1026B_I2008;8P10268_12009;8P10268_I2011;8P1026B_I2013;BP1026B_12014;8P1026B_|2015;8P10268_12016;BP1026B_I2017;8P1026B_12018;BP10268_I2019;8P10268_I2020;8P1

22 2242307 2267593 - 26B_12021;8P1026B_12022;8P10268_12023;8P1026B_12024;8P10268_12025;8P1026B_12026;8P10268_I12027;8P1026B_12028;8P10268_I2029;8P1026B_|2030;8P10268_I2031 DOWN

026B_12027;8P1026B_|2028,BP1026B_|2029;BP1026B_|2030,8P1026B_|203

IBP1026B_12079;8P1026B_12081;BP1026B_12086;8P1026B_I2117;BP1026B_12118;8P1026B_|2123;BP1026B_12133;8P1026B_|2136;BP1026B_12139;8P1026B_|2141;BP1026B_12142;8P1
26B_12143;8P1026B_I2146;B8P1026B_I2148;8P1026B_I2149;BP1026B_I2150;BP1026B_|2151;BP1026B_I2152;BP1026B_I2153;BP1026B_I2154;BP1026B_I2155;8P1026B_I2156;8P1026
23 2330918 2411419 + B_12160;BP1026B_12161;8P1026B_|2163;BP1026B_12165;8P1026B_|2169;BP1026B_12171;8P1026B_|2179;BP1026B_12184 DOWN

10268 _12163;BP10268_12165;BP10268_12163;BP10268

[BP1026B_12080;BP10268_12082;8P10268_12083;8P10268_I2085;8P1026B_12087;BP1026B_I2088;BP10268_|2089;BP1026B_2090;8P1026B_[2091;8P10268_12092;8P10268_12093;8P1

26B_12094;BP1026B_12095;BP1026B_12096;BP1026B_12097;BP1026B_12098;BP1026B_12099;BP1026B_12100;BP1026B_12101;BP1026B_12102;BP1026B_12103;8P1026B_12104;8P1026
B_12105;8P1026B_[2106;BP1026B_I2107;8P1026B_I2108;8P1026B_I2109;BP1026B_I2110;BP1026B_[2111;8P1026B_I2112;8P10268_I2113;8P1026B_I2114;BP1026B_I2115;BP1026B_I2
[116;8P10268_12119;8P10268_12120;BP10268_[2121;8P10268_I2122;BP1026B_12124;8P1026B_[2125;BP10268_12126;8P10268_12127;8P10268_I2128;8P1026B_12129;8P10268_[2130;
BP1026B_12131;8P1026B_I2132;BP1026B_I2134;8P10268_I2135;BP1026B_I2137;BP1026B_I2138;BP1026B_I2140;BP1026B_I2144;8P1026B_I2145;BP1026B_I2157,8P1026B_I2158;8P1

24 2331963 2399355 - 268_12159;8P1026B_12167;8P1026B_12168;8P10268_I2170;8P10268_12172 DOWN
BP1026B_I2201;BP1026B_I2202;BP1026B_I2203;BP1026B_I2204;BP1026B_I2205;BP1026B_I2206;BP1026B_I2207;BP1026B_I2208;BP1026B_I2209;BP1026B_I2210;BP1026B_I2211;8P1
25 2430474 2441381 - 268 12212 up
26 2442278 2462823 +__ [BP1026B_12213;BP10268_[2216;8P10268_[2218;BP1026B_[2219;BP10268_[2221;8P10268_2222;8P10268_12223;BP1026B_2225;8P1026B_2226;8P1026B_12227;8P10268B_12229 up
27 2514959 2529685 + BP1026B 12270;BP10268 12272;BP1026B 12276;BP10268B 12277;BP1026B [2278;BP1026B [2279;BP1026B [2280;8P1026B 12281 UpP
BP1026B_I2423;BP10268_I2424;BP10268_I2425;BP1026B_I2426;BP10268_I2429;BP10268_I2432;BP10268_I2435;BP1026B_I2437;BP1026B_I2438;BP1026B_I2444;B8P1026B_12445;8P1
28 2686538 2720977 - 10268 12446;8P1026B_12447;8P1026B_12448;8P10268B_12449;B8P10268_12450 up
BP1026B_I2704;BP1026B_I2706;BP1026B_I2707;BP1026B_I2708;BP1026B_I2713;BP1026B_I2715;BP1026B_I2718;BP1026B_I2719;BP1026B_I2720;BP1026B_I2721;BP1026B_I2722;BP1
29 2998586 3038900 - 268 12723;BP1026B [2724;8P1026B 12725;8P1026B 12730;BP1026B 12731;BP1026B 12733;BP1026B 12735;BP1026B 12736;BP1026B 12737 UpP
BP1026B_I2709;BP10268_I2710;BP10268_I2711;BP10268_I2712;BP10268_I2716;BP10268_I2726;BP10268_I2727;BP1026B_12728;BP1026B_I2729;BP1026B_I2732;BP1026B_I2734;8P1
30 3003904 3040258 +  |026B 12738 up
31 3281284 3289470 + BP1026B 12939;BP1026B 12940;BP1026B 12941 DOWN
BP10268_I2982;BP10268_I2984;BP1026B_I2985;BP1026B_I2986;BP10268_I2987;BP10268_I2988;BP10268_I2989;BP1026B_I2993;BP1026B_I2994;BP1026B_I2995;BP1026B_I2997;8P1
32 3331732 3350602 + 268_12998;BP1026B_12999;8P10268_I3001 up
BP1026B_I3012;BP1026B_I3013;BP1026B_I3014;BP1026B_I3015;BP1026B_I3016;BP1026B_I3017;BP1026B_I3018;BP1026B_I3019;BP1026B_13020;BP1026B_13021;8P1026B_13022;BP1
| 33 | 3366709 3386721 + 26B_13024;8P1026B_13023;8P1026B_|3025;8P10268_|3026;BP10268 [3027;BP10268 [3028;BP10268 [3029;BP10268 [3030;BP10268 3031 DOWN
34 3450617 3477500 +__ [BP1026B_I3090;BP1026B_[3095;BP1026B_[3106;8P10268_3107;8P1026B_13108;BP1026B_13109;8P1026B_13110;8P10268B 13117 up
BP1026B_I3149;BP1026B_I3157;BP1026B_I3158;BP1026B_I3159;BP1026B_I3160;BP1026B_I3161;BP1026B_I3162;BP1026B_I3166;BP1026B_I3167;BP1026B_I3168;BP1026B_I3169;BP1
35 3516444 3543482 + 268 13171;8P1026B 13172 DOWN
36 3620485 3634475 +__ [BP1026B_I3243;BP10268_[3244;BP1026B_[3245;BP1026B_[3246;8P10268_[3251;8P10268_3253;BP1026B_3254;BP1026B_3255;BP1026B_13256;8P10268_13257 up
37 3766881 3792553 + BP1026B 13390;BP1026B 13403;BP1026B 13405;BP1026B [3406;BP1026B [3411;8P1026B 13413 UpP
BP1026B_I3458;BP1026B_I3460;BP1026B_I3470;BP1026B_I3471;BP10268_I3480;BP10268_I3482;BP10268_I3484;BP1026B_I3489;BP1026B_I3494;BP1026B_I3496;BP1026B_I3497;8P1
38 3829144 3884401 - 268_13499;8P1026B_13501;8P1026B_I3504;8P10268_I3505;8P10268_I3506;BP10268_I3507;BP10268_I3509;BP1026B_I3513;BP1026B_[3515;8P10268_[3517 up
39 3840193 3847401 + BP1026B 13472;BP1026B 13473;BP1026B 13474;BP1026B [3475;BP1026B [3476;BP1026B 13477;BP1026B 13478;BP1026B 13479;BP1026B 13481 DOWN
40 4068843 4071726 - |BP10268_13702,8P10268_I3703;8P10268_I3704 DOWN

107



Supplemental Figure 1| WoPPER analysis reveals 40 gene clusters regulated by
BP1026B_II1561 on Bp 1026b chromosome I. a) Circular map of Bp 1026b chromosome I
showing up-regulated (yellow) and down-regulated (blue) gene clusters of BP1026B I11561.
Outer circle is the plus strand (dark grey) and inner circle is negative strand (light grey). b)
Linear map of BP1026B 111561 regulated gene clusters showing the mean log,FC of each
cluster verses its position on chromosome I. The orange line represents the plus strand and the
blue line represents the negative strand. Size of each gene cluster circle represents the number of
genes within that given cluster. ¢) Table summarizing the gene clusters regulated by

BP1026B_I11561.
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Cluster | coordinates | Coordinates | St GenelD
1 24146 29691 + BP1026B 110026;BP10268 110027;BP1026B 110028;BP1026B 110029;BP1026B 110031 DOWN
[BP1026B_110084;BP1026B_II0085;BP1026B_110088;8P1026B_I0091;BP10268_110093;8P1026B_II0098;BP1026B_110099;BP1026B_lI0100;8P10268_110102;8P1026B_II0103;8P10268_1I01
2 94352 125583 + 4;BP1026B_110105;BP1026B 110106;8P10268B 110107;8P1026B [10108;BP1026B 110109;BP1026B 110110;BP1026B 10111 DOWN
[BP1026B_110090;8P1026B_[10092;8P1026B_110094;8P1026B_I0096;BP10268_110097;8P1026B_lI0101;8P10268_110116;8P1026B_II0117;8P10268_110118;8P1026B_I0119;8P10268_1101
3 99792 142814 - [20,8P10268_110121;8P1026B_110122;8P1026B_10124 DOWN
[BP10268_110224;8P10268_[10225;BP10268_110229;BP1026B_I10230;BP10268_110231;8P1026B_I10232;8P10268_110234;8P1026B_10235;8P10268_110236;8P1026B_I10237;8P10268_1102
4 269328 289984 + 38 DOWN
5 323939 337210 +_ |BP1026B 110265;8P10268 110266;8P10268 110274;8P10268 110275;8P10268 110276 upP
[BP1026B_110307;8P10268._110308;8P10268_110310;8P1026B_110311;8P10268_110312;BP1026B_1I0314;BP10268_[I0318;BP1026B_lI0319;BP1026B_I0324;8P1026B_I10325;BP10268_II03
27,8P1026B_110328;BP10268_110329;BP10268_110330;B8P1026B_lI0331;8P10268_lI0332;BP10268_lI0333;BP1026B_I10334;8P1026B_II0335;BP1026B_I10336;BP10268_110337;8P10268._II
6 374520 458474 - 338;8P10268_110339;BP10268_110340;8P1026B_110348;8P10268 110349;8P10268 110350;8P1026B 110356;8P10268 110357;8P10268 110358 UpP
[BP1026B_110309;BP1026B_I|0313;8P1026B_110315;8P1026B_II0316;BP10268_110317;8P1026B_II0320;8P1026B_110321;8P1026B_I0322;8P10268_110323;8P1026B_II0326;8P10268_1103
7 377577 439709 + 1;8P10268 110342 up
[BP1026B_110344;8P1026B_I|0345;BP1026B_110346;8P1026B_II0347;8P10268_110351;8P1026B_lI0352;8P10268_110353;8P1026B_II0354;8P10268_110355;8P1026B_II0362;8P10268_1103
8 442157 474765 +__ |63;BP1026B_1l0364;BP1026B_10365;BP1026B_10366;BP10268_110371;8P1026B_110370;BP10268_110372 up
9 529475 542392 + DOWN
[BP1026B_110432;BP1026B_[10434;8P1026B_110437;BP1026B_I|0438;BP1026B_110446;BP1026B_|0448;BP1026B_110449;BP1026B_lI0450;8P1026B_110456;BP1026B_10457;8P1026B_1104
10 535197 571714 - I58;BP10268 110459 DOWN
11 551683 554448 + 53;BP10268 110454;BP1026B 110455 DOWN
[BP1026B_110469;BP1026B_I|0470;BP1026B_110471;8P1026B_II0472;BP1026B_110473;8P1026B_Il0474;BP1026B_110475;8P1026B_lI0476;BP1026B_110477;BP1026B_I0478;BP1026B_1104
12 583763 596567 + [79;8P10268_110480 DOWN
[BP1026B_110502;BP1026B_I|0504;8P1026B_110505;8P1026B_II0506;BP10268_110507;8P1026B_lI0508;8P10268_110509;B8P1026B_lI0510;8P10268_110511;8P1026B_II0512;8P10268_1105
13 620528 632482 +_ |13:8P1026B_10514. up
14 783879 797131 up
15 800331 818579 + up
16 834697 864763 + DOWN
[BP1026B_110720;BP1026B_[10721;8P1026B_110722;B8P1026B_II0723;BP1026B_110725;8P1026B_|0726;BP1026B_110729;BP1026B_I0730;8P1026B_110731;8P1026B_I10732;8P1026B_1107
17 891031 911114 + [33;BP1026B 110734;BP1026B 110736;BP1026B 10738;BP1026B_110740;8P10268 110741 DOWN
18 894813 913775 - DOWN
_ll0848;BP10268_110849;BP1026B_II0852;BP1026B_II0853;BP1026B_II0851;8P1026B_II0855;BP1026B_II0857;BP1026B_II0859;BP1026B_II0858;BP1026B_II0860;BP1026B_II08
19 1041069 1061923 + 61;8P1026B_110862;BP10268_110864;8P10268_110865;8P10268 110866 Up
20 1058329 1083898 - DOWN
21 1117827 1132188 - UP
22 1288775 1294261 - up
[BP10268_111090;8P1026B_I|1091;8P1026B_111092;8P1026B_I|1093;BP10268_111094;8P1026B_I|1095;8P10268_111096;8P1026B_II1097;8P10268_111098;8P1026B_I1099;8P10268_II11
23 1321796 1331951 - 1 DOWN
24 1391271 1393392 - [BP1026B 111109;8P10268 111110;8P10268 111111 up
25 1467188 1470483 - |BP1026B 111178;8P10268 111180;8P10268 111181 up
26 1476021 1481920 +  |BP1026B 111184;8P10268 I11185;8P10268 I11186;8P10268 I11187;8P10268 111188;8P1026B 111189 up
[BP1026B_111258;BP10268_I11259;8P10268_I11260;BP1026B_II1261;8P1026B_II1262;BP1026B_I|1263;BP10268_[|1264;BP1026B_|1265;BP1026B_II1266;B8P1026B_II1267;8P10268_II12
68;8P1026B_111269;BP1026B8_II1273;BP10268_[I1278;BP1026B_(I1279;BP1026B_I|1280;BP10268_Il1281;8P1026B_I11282;BP1026B_I11283;BP1026B_I11284;8P10268_I11295;BP10268._II
27 1567554 1634866 1300;8P10268 111301;8P10268 111304 DOWN
28 1669880 1672481 + 111329;BP10268 111332 upP
29 1676308 1689624 - 111334;8P10268_111335;8P10268_111336;8P10268_111339;8P10268_111340;8P10268 111345 UpP
30 1852747 1860940 + 111464;8P1026B_111469;8P1026B_111470;BP10268_111472;8P10268_[11471;8P10268 111473 upP
31 1885275 1891541 + DOWN
32 1940433 1944617 - 111534;8P1026B_111535;8P1026B_111536;8P10268_111537 DOWN
[BP1026B_111553;8P1026B_I|1554;8P1026B_I11558;BP1026B_II1559;BP10268_I11560;BP1026B_II1561;8P10268_I11562;8P1026B_Il1567;8P10268_I11568;8P1026B_Il1569;8P10268_II15
33 1967614 1996059 +__ |71;8P1026B_111572;8P1026B_I11574;8P1026B_111576;BP10268_111577;8P10268 111578 up
34 2017814 2027829 +__ [BP1026B_I11595;8P10268_II1596;8P10268_Il1597;8P1026B_11598;8P10268_l1599;8P10268_II1600;8P10268_I11602 up
[BP1026B_111677;8P1026B_I|1678;BP1026B_I11679;BP1026B_I|1681;BP1026B_I11682;BP1026B_I|1683;BP1026B_I11684;BP1026B_II1685;8P1026B_I11686;8P1026B_l1687;8P1026B_II16
35 2104407 2133113 188;BP10268 111689;BP1026B 111693;BP1026B 111694;BP1026B 111699 UpP
36 2168126 2170715 + BP1026B 111733;BP1026B 111734;BP1026B 111735;BP1026B 111736;BP1026B 111738 UpP
37 2186351 2220222 - [BP10268 _111743;BP10268 _111744;8P10268_111745;BP10268 111746 DOWN
38 2343359 2375470 + BP1026B _111852;BP10268_111857;BP10268_111858;BP1026B_111859;BP1026B_111864;BP1026B_111870;8P1026B_111878;BP1026B_111879;BP10268 111880 DOWN
39 2414082 2416799 + [BP1026B_111915;BP10268 111916;BP10268 111917;BP10268 111918 UpP
40 2448471 2457240 - BP1026B _111950;BP10268 111951;BP10268_111953;BP10268_111956;BP1026B_111957;BP10268_111958;BP10268 111959 DOWN
41 2487404 2505816 - BP1026B _111984;BP10268 _111985;BP10268_111986;BP10268_111987;BP1026B_111988;BP10268_111989;BP10268_111992;BP1026B_111994;BP1026B_111996;BP1026B 112002 UpP
42 2499725 2502336 + BP10268_111995;8P10268 111997 Up
[BP1026B_112205;8P10268_[12207;8P1026B_112209;BP1026B_II2210;BP10268_112211;8P1026B_II2213;8P10268_112214;8P1026B_I|2217;8P10268_112218;8P1026B_12220;8P10268_II22
22;8P1026B_112223;BP1026B_I12224;8P10268_112225;BP1026B_II2226;8P10268_112227;BP1026B_I12229;8P10268_112230;8P1026B_I12231;8P10268_112232;8P1026B_12234;8P10268_II
43 2735746 2792668 - [2244;8P10268_112245;8P1026B_112246;8P1026B_112247;8P1026B_112248;BP1026B_112250 DOWN
44 2760314 2791272 +__[BP1026B_112216;8P10268_[12221;8P10268_12228;8P1026B_12233;8P10268_12235;8P1026B_12236;8P10268_112238;8P1026B_112239;BP10268_112249 DOWN
45 2889411 2903969 - |BP1026B 112327;8P10268 112328;8P1026B 112329;8P10268 112332;8P10268 [12338;8P10268 112339 UP.
46 2967523 2970419 +  |BP1026B 112399;8P10268 [12400;8P10268 112402;8P10268 112403 up
[BP1026B_112408;BP10268._112409;8P10268_112410;8P1026B_112411;8P10268_112412;BP1026B_[|2413;8P10268_[12414;BP1026B_I|2415;8P1026B_II2416;B8P1026B_12419;BP1026B_I124
47 2974712 3001078 - 22;8P1026B_112424;8P1026B_112425;8P1026B _112426;8P10268_112427;8P10268_112428;BP10268_112429;BP10268_112430;8P10268_112431;8P10268 112432 UpP
48 3067872 3080761 - BP10268 _112482;8P10268 _112483;BP10268_112484;8P10268_112485;BP10268_112487;BP10268_112488;BP10268_112489;BP1026B_112490;BP1026B_112491;8P1026B 112492 UpP
49 3094482 3103841 - [BP1026B_112505;BP10268_12506;BP10268_112507;BP10268_112508 upP
50 3129738 3136611 - [BP1026B _112528;BP10268 _112531;BP10268_112535;BP10268 112536 DOWN

10268 112531;8P10268 112535;6P10268 112536
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Supplemental Figure 2| WoPPER analysis reveals 50 gene clusters regulated by
BP1026B_II1561 on Bp 1026b chromosome II. a) Circular map of Bp 1026b chromosome II
showing up-regulated (yellow) and down-regulated (blue) gene clusters of BP1026B I11561.
Outer circle is the plus strand (dark grey) and inner circle is negative strand (light grey). b)
Linear map of BP1026B 111561 regulated gene clusters showing the mean log,FC of each
cluster verses its position on chromosome II. The orange line represents the plus strand and the
blue line represents the negative strand. Size of each gene cluster circle represents the number of
genes within that given cluster. ¢) Table summarizing the gene clusters regulated by

BP1026B 111561 on chromosome II.
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Supplemental Figure 3| Growth analysis of transposon mutants compared to wildtype Bp
1026b. a) Mutants indirectly controlled by BP1026B 111561 that show defects during
intracellular replication (Fig. 4b-c) were tested for their ability to grow in LB. All mutants
showed identical growth patterns to wildtype Bp 1026b (WT) indicating that the defects during
intracellular infection were not due to a defect in fitness. b) A BP1026B 110782 showed a

significant defect during intracellular pathogenesis (Fig. 6d-¢) and shows no defect in fitness.
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Abstract

Burkholderia pseudomallei (Bp) lives a complex lifecycle within host cells leading to the
disease melioidosis. Melioidosis occurs in tropical and sup-tropical regions around the world and
presents diverse clinical symptoms making diagnosis difficult. The Bp intracellular lifecycle is
partially elucidated and has been probed for novel therapeutic targets and vaccines. Recently, the
‘Bp intracellular TRANSITome’ identified many genes that are differentially regulated during
intracellular infection, suggesting that a complex regulation system is in place. BP1026B 112312
is a putative transcriptional regulator that is differentially regulated during infection and
important for in vitro and in vivo pathogenesis. In the present study, we characterized
BP1026B 112312 and its role during Bp pathogenesis by looking at the transcriptional landscape
through RNA-seq and the direct DNA regions through ChIP-seq. This reveals that during initial
stages of infection Bp undergoes a stringent-like response to conserve energy and allow infection
to proceed. In addition, BP1026B 112312 up-regulates a gene encoding isochroismatase that is a

rational target for development of novel therapeutics.
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Introduction

Burkholderia pseudomallei (Bp) is a Gram-negative facultative intracellular pathogen
that is found throughout the tropics and causes the disease melioidosis'. Melioidosis presents
with a diverse set of clinical manifestations that often lead to misdiagnosis™>. Bp infects humans
and animals through the inoculation of skin lesions, ingestion of contaminated water and food, or
inhalation®. The global distribution of melioidosis has increased in recent years due to an
increase in awareness and is now predicted to cause ~89,000 deaths annually’. To compound
this, previous use of Burkholderia mallei (Bm), a clonal derivative of Bp, as a bioweapon has
lead to the classification of Bp as a Tier 1 select agent requiring strict regulations for the
handling and manipulation of this pathogen® ’. For these reasons Bp is a major public health
concern in endemic regions and for biodefense purposes. Treatment of Bp is through a two-phase
antimicrobial therapy including an intensive intravenous phase and an oral eradication phase®.

Although rare, antimicrobial resistance has developed during treatment” '°

making the
development of novel therapeutics and vaccines paramount.

In order to develop novel therapeutics and vaccines, it is critical to understand the
mechanisms that Bp uses to cause infection. Bp initiates infection by attaching to host cells,
gaining entry via the endocytic pathway, and escaping into host cell cytoplasm using one of its

type III secretion systems (T3SS-3)''""?

. Bp encodes two other T3SSs that have been tied to
pathogenesis in Solanum lycopersicum (tomato plant)'* but are dispensable for mammalian
pathogensis'”. Following cytoplasmic entry, Bp is able to move freely around the cytoplasm
using the Ena/VASP mimicker BimA to polymerize host cell actin'® or its secondary lateral

flagella locus on chromosome II''. Bp spreads the infection by causing host cell fusion using one

of its type VI secretion systems (T6SS)'"'7. While we understand some of the Bp intracellular
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lifecycle, there is much more that is unknown about this process making development of
therapeutics and vaccines difficult. Recently, our group identified 1,953 genes that are
differentially regulated during the intracellular lifecycle'®. This indicates that a complex
regulation system is place to coordinate the drastic transcriptional changes that Bp undergoes
during infection. We identified 33 transcriptional regulators with no known function that have
distinct expression patterns during the intracellular lifecycle. Understanding the function of these
transcriptional regulators could lead to the identification of genes that are required for Bp
pathogenesis giving further insight into the mechanisms of disease and eventually identify novel
targets for the development of therapeutics and vaccines. Herein, we characterize
BP1026B 112312, a putative transcriptional regulator that is differentially expressed during the

Bp intracellular lifecycle.

124



Results
BP1026B_112312 is differentially regulated during intracellular infection

BP1026B 112312 is predicted to be a LysR family transcriptional regulator on
chromosome II of the Bp genome. When analyzing the transcriptomes of Bp as it transits through
its intracellular lifecycle, BP1026B 112312 is up regulated during the early stages of infection
when Bp is within an endocytic vacuole (Fig. 1a)'®. As Bp escapes the vacuole and moves into
the cytoplasm, BP1026B 112312 expression is reduced. We see the same trend as Bp starts to
protrude towards neighboring cells (Fig. la). This gradual decrease in the expression of
BP1026B 112312 suggests that this transcriptional regulator is important for the Bp intracellular
lifecycle. BP1026B 112312 is 313 amino acids with a LysR-type helix-turn-helix domain
between positions six and 63 with a YidZ-like substrate-binding domain between positions 98
and 296 that has been shown to be involved in anaerobic nitric oxide production'” *°.
BP1026B 112312 has 471 ortholog group members suggesting that it could have functions in

other Burkholderia species. We wanted to investigate the role that BP1026B 112312 has during

Bp intracellular infection.

BP1026B_112312 is required for multinucleated giant cell formation, intracellular
replication, and in vivo pathogenesis

To understand the role during intracellular pathogenesis, an in-frame deletion mutant of
BP1026B_112312 was made in Bp 1026b using lambda-red recombineering”'. RAW264.7 murine
macrophages were infected with wildtype Bp 1026b, the BP1026B 112312 mutant, and an in
trans complemented strain of the mutant (BP1026B_ 112312 expression from pAM3GIQ-3xTY1-

BP1026B _112312). When infected with wildtype Bp 1026b, large multinucleated giant cells
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(MNGCs) were formed averaging 356um in diameter (Fig. 1b). RAW264.7 cells formed much
smaller MNGCs when infected with the BP1026B 112312 mutant, averaging 199um in diameter
(Fig. 1b). This defect was restored to wildtype levels in the complementation strain. The
reduction in MNGC formation indicated that BP1026B 112312 does have a critical role during
the intracellular lifecycle. To determine if this defect is reflected on the intracellular burden
during infection in RAW264.7 cells, an intracellular replication assay was carried out. The
BP1026B 112312 mutant showed significantly reduced levels of intracellular Bp at two, eight,
and 24 hours post infection when compared to wildtype Bp while the complement recovered
partially (Fig. 1c). To ensure that the defects seen during MNGC formation and intracellular
replication are not due to reduced fitness, all strains were growth in LB broth and showed similar
growth kinetics (Fig. 1d).

After defining a clear defect during cell culture infection in RAW264.7 cells, we wanted
to see if BP1026B 112312 had a role in Bp pathogenesis in BALB/c mice. Five BALB/c mice
were infected intranasally with 4,500 colony-forming units (CFUs) of wildtype Bp 1026b and
five mice with 4,500 CFUs of the BP1026B 112312 mutant. Mice infected with wildtype Bp
1026b showed significant clinical signs of infection and showed 100% mortality by day four
(Fig. 2a). On the other hand, BALB/c mice infected with the BP1026B 112312 mutant showed
fewer signs of infection and survived the duration of the study (Fig. 2a). Lungs, livers, and
spleens of the surviving mice were harvested, homogenized, serial diluted, and plated on LB to
determine if the BP1026B 112312 mutant was cleared or if persistent infection can be detected.
Three mice cleared the infection while one mouse had colonization in the lungs and another

mouse showed colonization in the spleen (Fig. 2b). Taken together, the BP1026B_ 112312 mutant
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showed attenuation in RAW264.7 murine macrophages and BALB/c mice sparking increased

interest in the function of this transcriptional regulator.

General metabolic functions and hypothetical genes are down-regulated by
BP1026B_I12312

To further investigate the role of this transcriptional regulator during Bp intracellular
pathogenesis, a vector expressing BP1026B 112312, pAM3GIQ-3xTY1-BP1026B 112312, was
used to determine what changes occur to the transcriptional landscape of Bp 1026b in the
presence of BP1026B 112312. A corresponding empty vector, pAM3GIQ-3xTY 1, was used as a
control. Briefly, mRNA from the BP1026B 112312 expressing strain and the empty vector
control were sequenced in triplicate using the Illumina HiSeq2500 and analyzed using
Rockhopper®”. Overall, this data set represents the total BP1026B 112312 regulon as all genes
directly and indirectly controlled will be observed (Fig. 3b, Table S1). Genes with a g-value <
0.01 and a log, fold-change (log,FC) of > 1 or < -1 were selected for further analysis by looking
at COG functional predictions (Fig. 3a). This subset of genes includes 41 that are up-regulated
and 315 that are down-regulated suggesting that the main role of BP1026B 112312 is to turn off
cellular functions (Fig. 3a). Some general metabolic pathways like lipid, carbohydrate, amino
acid, and nucleotide transport and metabolism are all down-regulated by BP1026B_ 112312 (Fig.
3a). In addition to this, transcription, translation, and DNA repair/replication/recombination are
also significantly down-regulated indicating that BP1026B 112312 could be important for
stringent-like response. This could fit into our current understanding of the overall Bp lifecycle
as BP1026B 112312 is up-regulated in the host cell vacuole, a nutrient limited niche, followed by

down-regulation of BP1026B 112312 during cytoplasmic replication, a nutrient rich
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environment. In addition to this observation, it is interesting to note that approximately 80% of
the up-regulated genes and 36% of the down-regulated genes are annotated as hypothetical or
uncharacterized (Fig. 3a). The functions of these genes during pathogenesis are of great interest
in the ongoing endeavor to fully understand Bp pathogenesis.

WoPPER?™ analysis was used to visualize broad regions of the genome that are activated
and repressed by BP1026B 112312 to gain a broader perspective. Overall, 45 and 29 gene
clusters were differentially regulated on chromosomes I and II, respectively (Fig. S1, Fig. S2).
BP1026B 112312 down-regulates 27 gene clusters and up-regulates 18 gene clusters on
chromosome I (Fig. S1). A similar trend is seen on chromosome II with 19 gene clusters being
down-regulated while 10 gene clusters are up-regulated (Fig. S2). This coincides with the
observation seen earlier where the majority of the genes controlled by BP1026B 112312 are
repressed (Fig. 3a). Some of the gene clusters regulated encode characterized or partially
characterized functions. Cluster 24 on chromosome I is down-regulated by BP1026B 112312 and
encodes genes for the production of malleobactin, a siderophore that is dispensable for in vivo
infection (Fig. S1)***. Another siderophore, pyochelin, is also down-regulated in cluster 10 on
chromosome II (Fig. S2). An unknown non-ribosomal peptide synthase (NRPS) is down-
regulated by BP1026B 112312 on chromosome I (cluster 14, Fig. S1)*°. Another interesting
secondary metabolite that is also down-regulated is found in clusters 22 and 23 on chromosome I
(Fig. S1). This secondary metabolite is a NRPS that is required for pathogenesis but its structure
has not yet been solved®. One T6SS (BP1026B_I10573-110590) that has not been connected to
mammalian pathogenesis is partially up-regulated by BP1026B 112312 (cluster 9, Fig. S2).
BP1026B 112312 appears to regulate all three T3SSs on chromosome II, through the up-

regulation of T3SS-1 and T3SS-3, and down-regulation of T3SS-2 (Fig. S2). T3SS-3 is well
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established as an important virulence factor for vacuole escape while T3SS-1 and T3SS-2 have

only been tied to pathogenesis in plants'"'*'*

. The most up-regulated gene cluster throughout
the genome is cluster 26 on chromosome II, a region that includes BP1026B 112312 suggesting

localized regulation is occurring (Fig. S2).

BP1026B_112312 controls genes that have potential roles during intracellular pathogenesis

To step beyond the broad effects of BP1026B 112312 expression on the Bp genome a
more targeted approach was used to identify genes that play a role in pathogenesis. Genes with a
log,FC of > 2 or < -2 were targeted and T24 transposon mutants of these genes selected from the
sequence-defined transposon mutant library of Bp 1026b*’. Of the 27 genes that fit this criteria,
nine had no T24 mutant within the library suggesting that these genes are essential for Bp
survival. Three genes are up-regulated and 24 genes are down-regulated by BP1026B 112312
fitting with the trend that this transcriptional regulator is a repressor (Fig. 4a). Mutants present in
the T24 library were purified and the transposon genome junction was confirmed by sequencing
(data not shown). Mutants were used to infect RAW264.7 cells and compared to wildtype Bp
1026b intracellular replication at 24 hours to indicate any defects during pathogenesis (Fig. 4b).
Eighteen T24 mutants were tested and of these, 13 showed defects during intracellular
replication while five down-regulated genes, BP1026B 110231, BP1026B 110682,
BP1026B 110683, BP1026B_ 110685, and BP1026B_ 110686 replicated at 84-101% of wildtype
Bp 10260 (Fig. 4a-c).

Genes involved in general metabolic pathways that are down-regulated by
BP1026B 112312 also showed defects during intracellular replication. BP1026B 10064 encodes

acetyl-CoA acetyltransferase that is involved in fatty acid metabolism and replicates at 77% of
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wildtype Bp 1026b (Fig. 4b-c). Similarly, BP1026B 110229, BP1026B 110230, and
BP1026B 110232 are involved in propanoate metabolism, breaking down propanoyl-CoA to
succinate and pyruvate, and are down regulated by BP1026B 112312 (Fig. 4a). The mutants of
BP1026B 110229, BP1026B 110230, and BP1026B 110232 replicate at 26-59% of wildtype Bp
1026b suggesting a role for these genes in pathogenesis (Fig. 4b-c). While BP1026B 110231
replicates at 84% of wildtype Bp 1026b, it is also involved in the breakdown of propanoyl-CoA
to succinate and pyruvate but the data suggests that this gene is less critical during intracellular
replication than the others (Fig. 4b-c). BP1026B 110681 encodes acyl-CoA dehydrogenase, an
enzyme for initial steps in f-oxidation of fatty acids, and replicates 61% of wildtype Bp 1026b
(Fig. 4b-c). BP1026B_110684 encodes 3-hydroyisobutyrate dehydrogenase and is utilized in the
degradation of valine, leucine, and isoleucine by breaking down 3-hydroxylisobuterate to
methylmalonate semialdehyde (Fig. 4c). This product can be further broken down into
propanoyl-CoA that can feed into propanoate metabolic pathways leading to break down by
BP1026B_110229-110232%*. BP1026B_I11473 is annotated as the E1 subunit beta of a pyruvate/2-
oxoglutarate dehydrogenase, part of the citric acid cycle, although homologs in other
Burkholderia species show that this protein has no known function'’. A mutant of
BP1026B 111473 replicates at 62% of wildtype indicating its importance during intracellular
infection (Fig. 4b-c). An ATP binding protein portion of an ABC transporter, BP1026B 110649,
replicates at 74% of wildtype Bp 1026b and is down-regulated by BP1026B 112312 (Fig. 4a-c).
This gene sits within the secondary metabolic gene cluster responsible for generating the
siderophore pyochelin®®. Although pyochelin has been shown to be dispensable for mammalian

pathogenesis>, a role during cell culture infection has not been established to our knowledge.
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Beyond the genes that have a known function or show similarity to genes that have been
characterized elsewhere, several hypothetical proteins are regulated by BP1026B 112312 and
have roles in the pathogenesis of RAW264.7 murine macrophages. BP1026B 11723 is down-
regulated by BP1026B 112312 and is annotated as a hypothetical protein (Fig. 4a, Fig. 4c). A
BP1026B 11723 mutant replicates at 70% of wildtype Bp 1026b suggesting that this protein is
important for intracellular survival and/or pathogenesis (Fig. 4b-c). BP1026B_110904 is down-
regulated by BP1026B 112312 and annotated as a hypothetical protein (Fig. 4a, Fig. 4c). A
transposon mutant of BP1026B_ 110904 was only able to replicate at 45% of wildtype Bp 1026b
in RAW264.7 macrophages (Fig. 4b-c). BP1026B 112312 also down-regulates the hypothetical
protein BP1026B 112475 with a putative serine hydrolase domain between amino acids eight and
181 (Fig. 4a)"’. The T24 mutant of BP1026B 112475 replicates at 61% of wildtype Bp 1026b
further implicating its importance during intracellular pathogenesis (Fig. 4b-c). BP1026B_112321
and BP1026B 112323 encode a hypothetical protein and a IcIR family transcriptional regulator,
respectively, and are up-regulated by BP1026B 112312 (Fig. 4a). These two genes are located
close to BP1026B 112312 on the genome and are also defective in intracellular pathogenesis,
replicating at 42% and 73% of wildtype Bp 1026b, respectively (Fig. 4b-c). While
BP1026B 112323 likely controls the transcription of other genes, BP1026B 112321 has no
known function but does contain a putative kynurenine formamidase domain that could be
involved in aerobic tryptophan degradation””. All mutants tested in the intracellular replication
assay showed no defect during in vitro growth indicating that defects in pathogenesis are not due
to defects in fitness (Fig. S3a). Taken together, BP1026B 112312 down-regulates 11 genes and
up-regulates two genes that contribute to the pathogenesis of Bp 1026b in murine macrophages

(Fig. 4d).
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BP1026B_112312 binds 11 regions on the Bp genome

To better understand the role of BP1026B 112312 during pathogenesis we used a ChIP-
seq approach to determine the direct DNA binding regions of this transcriptional regulator. The
same conditions used for the transcriptional analysis through RNA-seq were used to allow
comparisons to be made between the two data sets. The vector pAM3GIQ-3xTYI-
BP1026B 112312 was used to express BP1026B 112312 in Bp, the resulting cells were fixed with
paraformaldehyde, cells were lysed, and DNA-protein complexes were sheered using a Covaris
M220 ultrafocused sonicator. DNA-BP1026B 112312 complexes were enriched using an anti-
TY 1-tag monoclonal antibody and magnetic separation. The resulting sample was compared to
an empty vector control that was treated identically after Illumia sequencing on the HiSeq 2500.
Analysis was carried out by aligning the sequence reads to the Bp 1026b genome with Bowtie2™
and subsequent peak calling with MACS2®'. BP1026B_112312 binds to many regions of DNA on
the Bp 1026b genome throughout both chromosomes (Fig. 5a-b). The more significant peaks
were determined by comparing the fold enrichment and the —log;¢ g-value, identifying 11 peaks
of interest (Fig. 5¢). A consensus DNA binding domain was determined using MEME™ (Fig.
5d). The sequence contains a total of 17 base pairs with four and two base pairs of 100%
homology on the flanking regions (Fig. 5d). This region is likely responsible to be a region of

direct BP1026B_ 112312 binding leading to transcriptional activation or repression.

Genes directly controlled by BP1026B_112312 contribute to intracellular pathogenesis
BP1026B 112312 binds to many regions of DNA throughout the entire Bp genome. One

is a 370 base pair region downstream of BP1026B 112312 that leads to localized gene expression
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(Fig. 6a). BP1026B 112312 binds directly in front of BP1026B 112319 and drives expression of
BP1026B 112319-112317 with an average log,FC of 5.7(Fig. 6b, Table S1). It is likely that
BP1026B 112312 also drives transcription of BP1026B 112316-112313 as well although with a
different level of expression at an average logo,FC of 3.55 (Fig. 6b, Table S1). These seven genes
appear to be directly controlled by BP1026B 112312 and are highly activated as well. To
determine if any of these genes have a role during pathogenesis we tested the T24 mutants in
their ability to infect RAW264.7 murine macrophages.

BP1026B 112315 encodes a putative citrate lyase and replicates at 84% of wildtype Bp
1026b (Fig. 6¢-d). Citrate lyase is essential for citrate fermentation and has also been tied to
survival of Yersinia pestis and Mycobacterium tuberculosis through reducing oxidative stress™
3. Although BP1026B_112315 doesn’t appear to be critical for pathogenesis on its own, there are
other putative citrate lyases that are indirectly up-regulated by BP1026B 112312 suggesting a
duplication of function that could compensate for the mutation of BP1026B_ 112315 (Table S1).
BP1026B 112319 encodes a major facilitator superfamily (MFS) transporter that sits in the
cytoplasmic membrane and replicates at 73% of wildtype Bp 1026b (Fig. 6c¢-d).
BP1026B 112317 is annotated as a zinc-binding dehydrogenase that replicates at 69% of
wildtype Bp 1026b (Fig. 6¢-d). BP1026B 112313 is annotated as a hypothetical protein but has a
putative kynurenine formamidase domain similar to BP1026B 112321 that is also up-regulated
by BP1026B 112312 (Fig. 4c). BP1026B 112313 replicates at 64% of wildtype Bp 1026b in
RAW264.7 cells indicating its importance during infection (Fig. 6¢c-d). BP1026B 112313 and
BP1026B 112321 are 99.7% identical on the amino acid level suggesting similar functions.

While single T24 mutants in both genes lead to defects during intracellular replication, it is

133



interesting to see that there is a 22% difference in their intracellular replication patterns (Fig. 4c,
Fig. 6d).

Isochorismatases have been identified to be important for Verticillium dahlia virulence in
Solanum tuberosum and in the production of phenazines in Pseudomonas aeruginosa® >®. The
T24 mutant of BP1026B_ 112318, a putative isochorismatase, replicates at 63% of wildtype Bp
1026b suggesting a role in pathogenesis (Fig. 6c-d). Based on what we know about
isochorismatases, BP1026B 112318 likely generates intermediates that lead to downstream
products that cause this decrease in intracellular replication. BP1026B 112314 encodes a 2-
methylcitrate dehydratase (PrpD) and a citrate/2-methylcitrate dehydratase (MmgE) that is
potentially involved in propanoate metabolism. As noted before, genes involved in propanoate
metabolism have been tied to pathogenesis in Bp (Fig. 4b-c). Similarly, a mutant in
BP1026B 112314 was reduced to 51% of wildtype Bp 1026b replication in RAW264.7 cells
indicating that propionate metabolism is critical for Bp pathogenesis (Fig. 6¢-d). A transposon
mutant in BP1026B 112316 showed the largest decrease in intracellular replication when
compared to Bp 1026b at 45% wildtype replication (Fig. 6¢-d). This gene encodes acyl-CoA
transferase/carnitine dehydratase protein likely involved in fatty acid metabolism and/or lysine
degradation®™. The transposon mutants for BP1026B 112313, BP1026B 112314,
BP1026B 112316, BP1026B 112317, and BP1026B 112318 grow identical to wildtype Bp 1026b
indicating that the defects during intracellular infection are due to decreased ability to survive
within the host cell (Fig. S3b). Taken together, BP1026B 112312 activates genes locally that

contribute to the pathogenesis of Bp (Fig. 6e).
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Discussion

To combat the disease melioidosis, we must first understand how Bp causes disease on
the molecular level. Many advances in understanding the intracellular lifecycle of Bp have been
made over the last two decades. However, the complexity that Bp uses to navigate the various
environments within the host cell has yet to be fully characterized. The identification of 1,953
genes that are transcriptionally controlled in a stage specific manor highlights this complex
nature and hints at a sophisticated regulation network that is used to coordinate infection'®. In the
present study, we sought to characterize a transcriptional regulator that is differentially expressed
during the intracellular lifecycle. BP1026B 112312 is up-regulated in the vacuole stage of
infection and its expression decreases as Bp transits through the host cell. This indicates that the
main function of BP1026B 112312 is during the initial stages of infection. A mutant of
BP1026B 112312 is deficient in intracellular infection and in vivo pathogenesis suggesting that
the genes controlled by this transcriptional regulator contribute to virulence.

The indirect and direct regulation networks of BP1026B 112312 were determined using
RNA-seq and ChIP-seq approaches, identifying a large array of repressed pathways. Although
we only see slight transcriptional changes in rel4 and spoT (Table S1), this large down-
regulation of pathways indicates a stringent-like response that Bp may undergo at the initial
stages of infection to conserve energy. Down-regulation of lipid, carbohydrate, amino acid,
nucleotide  transport and  metabolism, and  transcription, translation, DNA
repair/replication/recombination would suggest that Bp senses a nutrient-limited environment
and is accounting for that on the transcriptional level. This fits the general trend of a stringent-
like response that dictates a “feast or famine’ life style’’. In the case of Bp it is likely a shift in

energy towards virulence mechanisms allowing successful host cell infection and thereby

135



gaining entry into the nutrient rich cytoplasm. In addition to this, we see that many genes that are
highly regulated by BP1026B 112312 are involved in general metabolic functions. Mutants of
these genes are decreased in their ability to infect RAW?264.7 cells indicating that these pathways
are important during pathogenesis.

The BP1026B 112312 regulation network also identified several genes that are up-
regulated and may be good therapeutic targets. BP1026B 112312 up-regulates a citrate lyase,
BP1026B _112315. A mutant of BP1026B 112315 doesn’t show a drastic change in intracellular
replication likely due to gene duplication, as is seen in M. tuberculosis, but does have potential
as a therapeutic target’*. Isochorismatase catalyzes the reaction of isochorismate to 2,3-dihydro-
2,3-dihydroxybenzoate during synthesis of non-ribosomal peptides and siderophores®® ** *.
Isochorismatases have been identified as virulence factors in other organisms including PhzD in
closely related P. aeruginosa® and no known homologs are found in humans*. The structure of
BTH 112229 of Burkholderia thailandensis, a non-virulent relative of Bp, has been solved and is
a homolog of BP1026B 112318 with 96.9% amino acid identity and 100% coverage. Here we
identified that BP1026B 112318 is also involved during Bp pathogenesis. Taken together, the
pathogenic role of BP1026B 112318 combined with the structural information provided by its
homolog, BTH 112229, makes this enzyme a rational drug target for the design of novel
melioidosis therapies.

In conclusion, these findings suggest an intricate role of BP1026B 112312 during the
intracellular pathogenesis of Bp. The loss of BP1026B 112312 leads to a complete attenuation in
BALB/c mice, and this is likely due to many transcriptional changes. This is one piece of a very

large puzzle and suggests that further investigation into the transcriptional networks of regulators
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should be pursued in the effort to completely understand Bp pathogenesis, identify novel

therapeutic targets, and develop vaccines to combat melioidosis.
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Methods and Materials

Bacterial strains, media and culture conditions Escherichia coli strains for manipulation of Bp
were used as previously described*" **. Luria-Bertani (LB) medium (Difco) or 1x M9 minimal
medium supplemented with 20 mM glucose (MG) were used to culture all strains. Glyphosate
(0.3%) was used in MG media when appropriate. Bp82 was used where appropriate to replace Bp
1026b. All experiments involving Bp 1026b were conducted in a CDC-approved and registered
facility at the University of Hawai‘i at Manoa or Colorado State University with prior approval
by internal review and adhere to recommendations set forth in the BMBL, 5™ edition® for BSL3

organisms.

Molecular methods and reagents Molecular methods and reagents were used as described
previously*™ ***°. An in-frame deletion mutant of BP1026B_112312 was generated using lambda-
red recombineering with minor modification’'. Lambda red genes were PCR amplified from
pKaKal and co-incubated with the knockout fragment of BP1026B 112312. BP1026B 112312
was PCR amplified with oligos 2692 (5’- AAT CCA TAT GAA TCT ACG CTC GAT CGA)
and 2693 (5’- ATA AGC TTG CGA TAT GCG ATA TGC GAT) digested with Ndel and
Hindlll and ligated into Ndel/HindIll-cut pAM3GIQ-3xTY1. Confirmation of pAM3GIQ-
3xTY1-BP1026B 112312, was done by Ndel/HindIll and Sspl digests and expression of

BP1026B 112312 confirmed via western blot analysis.

Growth analysis All strains were grown overnight in LB broth at 37°C, harvested the following

day, diluted to an ODggp of 0.1 in 200ul of LB. Growth curves were done in 96 well plates at
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37°C shaking and data was recorded with the BioTek ELx808IU plate reader, measurements

taken at an ODgj39 every 30 minutes.

Cell infection assays MNGC formation and intracellular replication assays were carried out as
previously described with slight modification*’. RAW264.7 murine macrophages were seeded at
80-90% confluence on Corning CellBIND culture plates, incubated overnight for attachment,
and washed with PBS prior to infection. Intracellular replication assays tested Bp 1026b, the
BP1026B 112312 mutant, or the BP1026B 112312 complement (mutant with pAM3GIQ-3xTY 1-
BP1026B_112312) for ability to infect monolayers at an MOI of 1:1 for one hour. After this cells
were washed with PBS and DMEM supplemented with 10% FBS, 2.5mM IPTG (to drive
expression of the complement), 700 pg/mL amikacin and 700 pg/mL kanamycin was added to
monolayers. At 2, 8, and 24 hours post-infection, infected monolayers were lysed with 0.2%
Triton X-100 and serial dilutions of lysates were plated on LB and colony-forming units (CFU)
per well were determined. MNGC formation assays were carried out similarly, but 1.2% low-
melt agarose was added to DMEM after infection. At 24 hours post-infection, monolayers were
fixed with 4% paraformaldehyde, agarose plugs removed, stained with 0.05% crystal violet, and
MNGC diameters measured with the Zeiss Axio Observer D1 and the AxioVision 64 bit 4.9.1
software. When mutants from the Bp 1026b::T24 transposon mutant library were tested for
intracellular replication kanamycin was removed and amikacin added a final concentration of
1,500pg/mL. Monolayers were lysed at 24 hours post-infection as described above. All

transposon mutants tested were confirmed to be in the gene of interest by sequencing.
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RNA-seq and ChIP-seq analysis RNA-seq and ChIP-seq analysis were carried out under the
same conditions. Briefly, Bp82 expressing BP1026B 112312 was grown to mid-log phase in
LB+adenine+0.1mM IPTG in triplicate. An empty vector (pAM3GIQ-3xTY1) was used as a
control. Total RNA was harvested using RNeasy Mini Kit (Qiagen) with on-column (Qiagen)
and off-column (Epicentere) DNase digestion steps. Library preparation and sequencing on the
[llumina HiSeq2500 was carried out at Tufts University Genomics Core (TUCF Genomics).
Fifty base pair single-end reads were sequenced and analyzed with Rockhopper®.

ChIP-seq was carried out as previously described but modified for Burkholderia®™ *.
Briefly, ChIP-seq samples, grown identically as RNA-seq samples, were harvested and fixed
with 4% paraformaldehyde, followed by shearing of DNA-protein complexes with the Covaris
M220 ultrafocused sonicator. Supernatant was used for immunoprecipitation with anti-TY 1-tag
monoclonal antibody targeting BP1026B_112312-DNA complexes (Diagenode C15200054) and
secondary antibodies conjugated to magnetic beads (Diagenode C03010022). DNA-
BP1026B 112312 complexes were washed, decrosslinked, treated with RNaseA and proteinase
K, and purified with QIAquick PCR purification kit. The remaining DNA was sent to TUCF
Genomics for library prep and sequencing. ChIP-seq data was aligned to the Bp 1026b genome
with Bowtie2”, peaks called with MACS2*', and consensus binding regions determined with

MEME™>.

Animal studies BALB/c mice between 4 and 6 weeks of age were purchased from Charles River
Laboratory. Mice were infected via the intranasal (i.n.) inoculation route after being anesthetized
with 100 mg of ketamine/kg of body weight plus 10 mg/kg xylazine. Mice were infected with

4,500 CFU of each Bp strain suspended in 20 pl of PBS. Each infection group contained five
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mice. Animals were monitored daily and euthanized at predetermined humane end points. Lungs,
liver, and spleen of surviving mice were harvested, homogenized, serially diluted, and plated on
LB to determine bacterial burdens. Survival characteristics were plotted using Prism software

(GraphPad, La Jolla, CA) and statistical analysis was done by Kaplan-Meier curves.

Ethics statement All animal studies described in this manuscript were approved by the
Institutional Animal Care and Use Committee at the University of Hawaii at Manoa (Protocol
No. 10-1073-8), and conducted in compliance with the NIH (National Institutes of Health) Guide

for the Care and Use of Laboratory Animals.

Data availability The datasets and materials generated during the current study are available
from the corresponding author upon reasonable request. Any transfer of select agent materials
needs additional approval from Brad Borlee and the Responsible Official at Colorado State
University. Any select agent transfer must be to a select agent registered facility, approved by

the CDC, and comply with all select agent regulations (selectagents.gov).
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Figure 1| Differential regulation of BP1026B_I12312 during cell infection leads to defects in
pathogenesis. a) BP1026B 112312 is up-regulated in the vacuole and shows a decrease in
expression throughout the cytoplasmic and protrusion stages of infection'®. b) A
BP1026B 112312 mutant (I112312) is defective in the formation of MNGCs when compared to
wildtype Bp 1026b (WT) and its complement (I12312-comp). c) Intracellular replication assays
show that the BP1026B 112312 mutant is defective at two, eight, and 24 hours after infection
when compared to wildtype Bp 1026b and its complement. d) Growth curves indicate that the

mutant and complement grow identical to wildtype Bp 1026b suggesting that defects during
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pathogenesis are not due to fitness. Data in bar graphs and growth curve represent means + s.e.m

and analyzed via unpaired t-test. P values presented are as follows: ** p<0.01, ****p<0.0001.
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Figure 2| A BP1026B_I12312 mutant is attenuated in the BALB/c mouse infection model.

a) BALB/c mice infected with 4,500 CFU of wildtype Bp 1026b (WT) or the BP1026B 112312

mutant (I12312) show drastically different survival patterns. Mice infected with wildtype Bp

1026b showed 100% mortality shortly after infection while mice infected with the

BP1026B 112312 mutant survived the entire length of the study. b) Sixty percent of the mice

infected with BP1026B 112312 showed complete clearance of the mutant strain while 40% of the

mice had residual colonization in the lungs or spleen.
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Figure 3| BP1026B_I12312 down-regulates 315 genes and up-regulates 41 genes. a) COG

functional predictions of genes regulated by BP1026B 112312 with a g-value < 0.01 and a

log,FC of > 1 or < -1. Of these genes, 315 are down-regulated and 41 are up-regulated by

BP1026B 112312. b) Scatterplot showing the expression levels of all genes in the Bp 1026b

genome comparing BP1026B 112312 expression vs. the empty vector control.
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Gene ID Predicted Function % WT
BP1026B_10064 acetyl-CoA acetyltransferase 76.99
BP1026B_[1723 hypothetical protein 69.91
BP1026B_110229 2-methylisocitrate lyase 39.23
BP1026B_110230 methylcitrate synthase 59.00 112475 10064
BP1026B_110231 aconitate hydratase 83.78 - T 11723
BP1026B_110232 AcnD-accessory protein PrpF 26.25 112323 v H o~
BP1026B_110649 ABC transporter ATP-binding protein 74.34 - 110229
BP1026B_110681 acyl-CoA dehydrogenase 61.65 112321 w. Wy i e
BP1026B_110682 methylmalonate-semialdehyde dehydrogenase 101.47 TN2312 e 1110230
BP1026B_110683 AMP-binding protein 87.91 \ -
BP1026B_I0684 3-hydroxyisobutyrate dehydrogenase 60.18 111473 ST T 1 10232
BP1026B_110685 enoyl-CoA hydratase 84.07 B - HEY 3
BP1026B_110686 enoyl-CoA hydratase/isomerase family protein 93.22 ~ “r
BP1026B_[10904 hypothetical protein 45.43 110904 iy 110649
BP1026B_l11473 pyruvate/2-oxoglutarate dehydrogenase (E1) subunit beta 62.24 110684 110681
BP1026B_112321 hypothetical protein 41.89
BP1026B_112323 IcIR family transcriptional regulator 72.57
BP1026B_112475 hypothetical protein 61.06

Figure 4| General metabolic pathways and hypothetical proteins controlled by
BP1026B_I12312 contribute to pathogenesis in RAW264.7 cells. a) Normalized transcripts of
genes controlled by BP1026B 112312 with a log,FC of > 2 or < -2. Twenty-four genes are down-
regulated while three genes are up-regulated. b) The available T24 mutants were tested for their
ability to replicate in RAW264.7 murine macrophages at 24 hours. Thirteen mutants showed
defects during intracellular replication. c¢) Predicted functions of genes controlled by
BP1026B 112312 and the percent wildtype replication (%WT) of the corresponding T24 mutant
in RAW264.7 cells. d) BP1026B 112312 regulation map of genes that contribute to Bp
pathogenesis. Pointed arrows represent activation and flat arrows represent repression. Data in
bar graphs represent means + s.e.m and analyzed via unpaired t-test. P values presented are as

follows: *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.
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Figure 5| BP1026B_112312 binds 11 regions of DNA on chromosome I and chromosome II.
Many regions of direct BP1026B 112312 binding to DNA were identified through ChIP-seq on
chromosome I (a) and chromosome II (b). ¢) Comparison of the fold enrichment and the —log;o
of the g-value when each sample was compared to the empty vector control identified 11 peaks
of interest (boxed in red). d) A 17bp consensus binding region of BP1026B 112312 identified

through MEME™ analysis of the 11 main peaks.

147



@
\ﬁ<//2312<4:|—< 112313-2316

“
~|—< 112317-2319

Peak 5
Chromosome Il
b C
106-
== Control - 250000

B 1054 112312 a
S X d = 200000
S 10 - = 7 <
g <
5 & 150000
8 103+ =
= 2 100000
© 102-
£ T
S 10 O 50000

100' T | |

& &S S S S
Q Q Q Q Q Q Q
Q'\ Q'\ Q'\ Q'\ Q'\ Q'\ Q'\
dQ) 2N 7M. ) 2N P M )
d e
Gene ID Predicted Function % WT
BP1026B_112313 hypothetical protein 63.72 1123194112317
BP1026B_I12314 MmgE/Prp family protein 51.03
BP1026B_l112315 citrate lyase 84.07 112312
BP1026B_112316 Acyl-CoA transferase/carnitine dehydratase protein 44.54 \
BP1026B_112317 zinc-binding dehydrogenase 69.03 112316-112313
BP1026B_112318 isochorismatase 62.54
BP1026B_112319 MFS family transporter 73.16

Figure 6/ BP1026B_112312 binds an intergenic region activating BP1026B_112319-112313. a)
Schematic representation of BP1026B 112312 regulation of BP1026B 112319-112313 through
direct binding to ChIP-seq peak five. b) Normalized transcript of BP1026B_112319-112313 show
that they are activated by BP1026B_112312. c) Various levels of intracellular replication is seen
when T24 mutants of genes activated by BP1026B 112312 are tested. Infections were carried out
in RAW264.7 cells and intracellular replication determined at 24 hours post infection. d) Table
of annotated functions of BP1026B 112319-112313 and mean percent wildtype replication
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(%WT) at 24 hours in RAW264.7 cells. e) Proposed mechanism of BP1026B 112312 regulation
at the local level for peak five. Arrows represent activation by BP1026B 112312. Data in bar
graphs represent means + s.e.m and analyzed via unpaired t-test. P values presented are as

follows: *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.
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W strand Plus Cluster M Strand Minus Cluster
Start End
Cluster | Coordinates | Coordinates | Stand GenelD

1 57899 60067 - |BP10268 10055;8P10268 10056;8P10268 10057 DOWN

2 61805 80198 + _ |BP1026B_I0059;8P10268_I0058;BP1026B_I0063;BP1026B_10064;BP1026B_10065;BP1026B_I0066;8P1026B_I0069;BP10268_I0070;BP1026B_I0073;8P10268_I0074 DOWN

3 95564 106761 BP1026B_10089;BP1026B_I0093;BP1026B_I0097;8P1026B_I0098;BP10268_I0099;BP10268_10100 up

4 127506 166829 +  [BP1026B 10120;8P10268 0121;8P10268 10122;8P1026B 10123;BP10268 10124;BP10268 10139;BP1026B 10140;8P10268 10141;8P10268 10171;8P10268 10172 up

5 261366 262209 +_ [BP10268 10261;8P10268 10262 up
[BP1026B_10452;BP1026B_I0453;BP1026B_I0464;BP1026B_I0465;BP10268_I0466;8P1026B_I0467;8P10268_I0468;BP10268_10469;BP1026B_I0472;BP1026B_I0473;8P10268_I0474;8P1

6 469658 502363 - 268_10475;8P10268_10477 DOWN
[BP1026B_10493;BP1026B_10496;BP10268_I0502;8P1026B_I0503;BP1026B_I0504;BP1026B_I0505;8P1026B_I0506;BP1026B_I0507;BP10268_I0508;8P1026B_I0510;BP1026B_I0511;8P1

7 521225 546935 + 268_10512;8P10268_10513;8P10268_I0514;8P10268_I051 up
[BP1026B_10583;BP1026B_I0585;BP1026B_I0587;BP1026B_I0588;BP1026B_I0589;8P1026B_I0590;8P1026B_I0591;8P10268_10592;BP1026B_I0593;BP1026B_I0594;BP1026B_I0598;8P1

8 619332 643231 + 268_10599;BP10268_10602 DOWN

9 679311 682034 +__ |BP1026B_10635;8P10268_I0636;BP1026B_10637;8P10268 10638 up

10 718317 723476 +__ |BP1026B_10669;8P10268_I0674;8P1026B_10675;8P10268 10676 DOWN
[BP10268_10692;8P1026B_I0693;BP1026B_I0694;BP1026B_I0695;BP1026B_I0696;8P1026B_I0697;8P1026B_I0698;BP10268_10699;8P1026B_I0701;BP1026B_I0702;8P1026B_I0703;8P1

11 740582 754438 - 268_10704;8P10268_10705;8P10268 10707 DOWN
BP1026B_11076;BP10268_11077;BP10268_{1079;8P1026B_I1080;8P1026B_I1082;8P10268_I1083;8P1026B_I1084;8P10268_I1085;BP10268_|1086;8P1026B_I1087;8P10268_I1088;8P1

12 1156543 1199579 - 268_11089;BP10268_11125;8P10268_I1126;8P10268_[1127;8P10268_[1128 up
[BP1026B_11078;BP1026B_I1081;8P1026B_|1090;8P1026B_|1091;8P10268_I1092;8P1026B_I1093;8P1026B_I1094;8P10268_11095;BP1026B_I1096;BP1026B_|1097;BP1026B_I1098;8P1

268_11099;BP10268_I1100;BP1026B_11101;8P10268_11102;B8P10268_I1103;BP10268_11104;8P1026B_I1105;8P10268_I1106;BP10268_I1107;8P10268_I1108;8P10268_I1109;8P1026
B_11110;BP1026B_I1111;8P1026B_|1112;8P10268_I1113;8P1026B_I1114;8P10268_I1115;BP10268_I1116;8P1026B_I1117;BP1026B_I1118;8P1026B_I1119;8P10268_I1120;8P1026B_I1]

13 1158430 1210524 +_ 121;8P10268 11122;8P10268 11123;8P10268 11124;8P10268 11132;BP1026B 11133;8P10268 11134;8P10268 11135;8P10268 [1137;8P10268 11138;8P10268 11140;BP10268 11141 |  UP
BP1026B_11153;8P10268_I1157;BP10268_I1158;8P1026B_I1159;8P1026B_I1160;BP10268_I1161;8P1026B_I1162;8P1026B_I1163;BP10268_I1164;8P1026B_I1165;8P10268_I1166;BP1
|026B_11167;BP1026B_11168;BP1026B_11169;BP1026B_I1170;8P10268_I1171;8P10268_I1173;8P1026B_I1172;8P1026B_I1174;8P1026B_I1175;BP1026B_1176;8P1026B_I1177;BP1026

14 1224285 1267261 + |8 11178;8P10268 11180 DOWN

15 1225850 1266505 - [BP1026B 11154;8P10268_11155;8P1026B_11156;8P10268 11179 DOWN
[BP1026B_11358;BP1026B_I1359;BP1026B_|1360;8P1026B_|1361;8P1026B_I1363;8P1026B_I1364;8P1026B_I1365;BP10268_11366;8P1026B_I1367;BP1026B_|1370;8P1026B_I1371;8P1

16 1463404 1479616 + 268_11372;8P10268_11373;P10268_11374 DOWN

17 1630256 1652362 - |BP10268 11508;8P10268 11510;8P10268 11511;8P10268 11513;BP1026B 11521;8P10268 11523;8P10268 11527 DOWN

18 1650074 1675595 +  [BP1026B 11524;8P10268 [1525;8P10268 11526;8P1026B 11528;BP10268 11531;BP1026B 11533;8P1026B 11549;BP10268 |1548;8P10268 |1550;8P10268 11551 DOWN

19 1691912 1755313 - |BP1026B 11568;8P10268 11582;BP10268 11584;BP1026B 11614;8P1026B 11615;8P10268 |1616 up
BP1026B_11576;BP10268_11577;BP10268_I1578;8P1026B_I1579;8P1026B_I1580;BP1026B_I1581;8P1026B_I1583;8P1026B_I1585;BP10268_|1587;8P1026B_I1588;BP10268_I1589;BP1

26B_11590;BP10268_I1591;8P1026B_11592;8P10268_I1593;BP10268_I1594;8P1026B_I1595;BP1026B_I1596;BP10268_I1597;BP10268_I1598;8P10268_I1599;BP10268_I1600;BP1026
B_11601;8P1026B_I1602;8P1026B_|1603;8P1026B_I1604;8P1026B_I1605;8P10268_I1606;8P10268_I1607;BP1026B_I1608;B8P1026B_|1609;B8P1026B_|1610;8P10268_I1611;8P10268_I1]
612;8P1026B_11613;BP1026B_I1617;BP1026B_|1620;8P1026B_I1621;8P10268_I1622;8P1026B_I1630;8P10268_I1631;8P10268_I1632;BP10268_I1635;BP1026B_I1636;BP1026B_I1642;
BP1026B_11643;BP10268_11645;BP10268_l1647;8P1026B_I1648;BP1026B_I1652;BP1026B_|1653;8P1026B_I1654;8P1026B_I1655;BP10268_|1656;8P1026B_I1657;8P10268_I1659;BP1

20 1703317 1801496 + 268_11660;8P1026B_11661;8P10268_I1662 up

21 1767745 1780366 - [BP1026B_11628;BP10268_11629;8P1026B_11633;BP1026B_11637;BP1026B_11638;BP1026B_|1639;8P1026B_|1640;8P1026B_I1641;8P10268_[1644 up
[BP1026B_11664;BP1026B_I1665;BP1026B_|1666;BP1026B_|1667;8P1026B_I1668;8P1026B_I1669;8P1026B_I1670;BP1026B_I1671;BP1026B_I1672;BP1026B_|1673;BP1026B_I1674;8P1

22 1805168 1840163 - 268_11675;8P1026B_11676;8P1026B_|1677;8P10268_[1678;8P10268 11679 DOWN
[BP1026B_11681;8P1026B_I1683;BP1026B_|1684;B8P1026B_|1687;8P1026B_I1689;8P1026B_I1690;8P1026B_I1693;BP10268_11692;BP1026B_I1694;BP1026B_|1695;8P1026B_I1696;8P1

26B_11697;BP1026B_|1698;BP1026B_I1699;8P1026B_I1700;8P1026B_I1701;8P1026B_I1702;8P10268_I1705;8P10268_I1707;BP10268_I1709;8P1026B_I1710;8P1026B_I1714;8P1026

23 1842173 1900708 + |B 11716;8P10268 11717;8P1026B 11718;BP10268 11719;BP1026B 11720;BP1026B 11721;8P10268 11728;8P10268 |1729;8P10268 (1730 DOWN
BP1026B_11703;BP10268_11704;BP10268_{1708;8P1026B_I1711;8P1026B_I1712;BP1026B_I1713;BP1026B_I1715;8P10268_I1722;BP10268_I1723;8P1026B_I1724;8P1026B_I1725;BP1

24 1866877 1916707 - 268_11726;8P10268_11727;8P10268_|1731;8P10268_[1732;8P10268_[1733;8P1026B_11734;8P10268 11735 DOWN
[BP1026B_11875;BP1026B_I1876;BP1026B_|1881;8P1026B_|1882;BP1026B_|1883;8P1026B_I1884;8P1026B_I1885;BP1026B_I1887;BP1026B_I1888;BP1026B_|1889;BP1026B_|1892;8P1

25 2080597 2118827 - 268_11896;8P1026B_11897,8P10268_11901;8P10268_[1904;8P10268_11905;8P10268_11906;BP10268 _11907;BP10268_11908;8P10268_11909;BP10268_11910 up
[BP1026B_11951;8P1026B_I1952;BP1026B_|1953;8P1026B_|1954;8P1026B_I1955;8P1026B_I1956;8P1026B_I1957;BP10268_11958;BP1026B_I1959;BP1026B_|1967;8P1026B_|1968;8P1

2 2168234 2197670 - 268_11969;P10268_11970;8P10268_[1971;8P10268 [1973;8P10268 11975;8P10268 11976 DOWN

27 2257640 2258001 - [BP1026B 12023;8P10268 12024 up

28 2269646 2279415 +__ |BP1026B_12032;8P10268_I2033;8P10268 [2035;8P1026B _12039;8P10268 12040;8P10268 _12041;8P10268_12042 DOWN

29 2305052 2313864 + DOWN
[BP10268_12081;8P1026B_12086;BP1026B_I2117;8P1026B_I2118;BP1026B_I2123;8P1026B_I2133;8P1026B_I2136;8P10268_12139;BP1026B_12141;BP1026B_I2142;BP1026B_I2143;8P1

268_12146;BP10268_|2148;BP10268_12149;8P10268_I2150;BP10268_I2151;8P10268_12152;8P10268_I2153;BP10268_I2154;BP10268_12155;8P10268_I2156;BP10268_I2160;8P1026

30 2332312 2397469 + __|B 12161;8P1026B_[2163;BP1026B _12165;BP1026B_12169;BP1026B 12171 up
[BP1026B_12088;BP10268_12089;BP10268_I2090;8P10268_I2091;8P1026B_I2092;BP1026B_|2093;8P1026B_2094;BP1026B_I2095;BP10268_|2096;8P10268_I2097;8P1026B_I2098;BP1

268_12099;8P10268_|2100;8P10268_I2101;8P10268_I2102;8P10268_I2103;8P10268_I2104;8P1026B_I2105;8P10268_I2106;8P10268_I2107;8P10268_I2108;B8P10268_I2109;8P1026
B_12110;BP1026B_I2111;8P1026B_I2112;BP1026B_[2113;8P1026B_I2114;8P10268_I2115;BP10268_12116;8P1026B_I2119;BP10268_I2120;8P1026B_I2121;8P1026B8_I2122;BP1026B_12|
1124;8P1026B_12125;BP1026B_I2126;8P1026B_I2127;BP1026B_I2128;BP10268_I2129;8P1026B_I2130;8P10268_I2131;8P10268_12132;BP1026B_12134;BP1026B_12135;BP1026B_I2137;

31 2337615 2392840 [BP1026B_12138;BP1026B_12140;BP1026B_12144;8P1026B_12145;8P10268_I2157;8P10268_[2158;8P10268_2159;8P10268_12167;BP10268 12168 up
[BP1026B_12192;BP1026B_12193;BP1026B_I2195;BP1026B_I2199;BP1026B_I2201;8P1026B_I2202;8P1026B_I2203;BP1026B_12204;BP1026B_12205;BP1026B_I2206;BP1026B_I2207;8P1

32 2421534 2447447 - 268_12208;8P10268_12200;8P10268_12210;8P10268_[2211;8P10268_12212;8P10268 _12214;8P10268 _12215;8P10268_12217 DOWN

33 2576521 2577955 - [BP1026B 12322;8P10268 12323;8P10268 12324 up
BP1026B_12383;BP1026B_12384;BP1026B_I2385;8P1026B_|2386;BP10268_I2387;8P1026B_I2388;8P10268_I2389;BP10268_12400;BP1026B_I2401;BP1026B_I2402;BP1026B_|2403;8P1

34 2639604 2688415 - 268_12411;8P10268_12414;8P10268_[2415;8P10268_[2416;8P10268 _12417;8P10268 12418;BP1026B_12419;BP10268_12420;8P10268_12423;8P1026B_[2424;8P10268 12425 DOWN

35 2996579 3025676 +__ |BP1026B_12702;8P10268_12705;BP1026B [2709;8P1026B 12710;BP10268 12711;8P10268 12712;P1026B_12716;8P1026B_I12726;3P10268_[2727;8P1026B_[2728;8P10268 12729 DOWN
BP10268_12713;BP1026B_12715;BP1026B_I2718;BP1026B_|2719;BP1026B_I2720;8P1026B_I2721;8P10268_I2722;8P10268_12723;BP1026B_12724;BP1026B_I2725;8P1026B_I2730;8P1

36 3009357 3027663 - 268 12731 DOWN

37 3108264 3142206 - |BP10268 12797;8P10268 12803;8P1026B 12804;BP10268 12805;BP1026B 12806;8P1026B 12810;8P10268 12812;8P10268 [2813;8P10268 [2816;8P10268 12817;8P10268 12820 DOWN
[BP1026B_13011;BP1026B_I3012;BP1026B_I3013;8P1026B_I3014;8P10268_I3015;8P1026B_I3016;8P10268_I3017;BP10268_I3018;BP1026B_I3019;BP1026B_I3020;8P10268_I3021;8P1

38 3365192 3386721 + 268_13022;8P10268_13024;8P10268_I3023;8P10268_[3025;BP10268_3026;BP1026B_13027;BP1026B_13028;BP1026B_13029;BP10268_13030;8P10268_I3031 DOWN

39 3447766 3470406 +__ |BP1026B_I3088;8P10268_I3090;BP1026B_[3095;BP1026B_13106;BP1026B_13107;BP1026B_13108;BP1026B_13109;BP1026B_13110 DOWN
BP1026B_13122;BP10268_I3127;BP10268_I3132;8P1026B_I3143;8P1026B_I3144;BP1026B_I3145;8P1026B_I3146;8P1026B_I3147;BP10268_I3148;8P1026B_I3150;8P10268_I3151;8P1

40 3484251 3526832 - 268_13152;8P10268_13153;8P10268_[3154;8P10268 13155 DOWN

41 3721192 3722837 +__ |BP1026B_13340;8P1026B_I3341;8P10268 13342 up
[BP1026B_13415;BP1026B_I3416;BP1026B_I3417;8P1026B_|3418;BP1026B_I3419;8P1026B_I3420;8P1026B_I3421;BP10268_I3422;BP1026B_I3423;BP1026B_I3424;BP1026B_I3425;8P1

26B_13426;8P1026B_I3427;BP1026B_I3428;BP1026B_I3429;8P1026B_I3430;8P1026B_I3431;8P10268_I3432;BP1026B_I13433;BP1026B_I3434;BP1026B_I3435;BP1026B_I3436;8P1026
[B_13437,8P1026B_I3438;BP1026B_I3439;BP10268_[3440;8P1026B_I3441;8P10268_I3442;BP10268_13443;BP1026B_I3444;BP1026B_|3445;8P10268_|3446;8P10268_[3447;8P10268_I3|
48;BP1026B_13449;BP1026B_13450;BP1026B_I3451;BP1026B_I3453;BP1026B_I3454;8P1026B_I3455;8P1026B_I3456;8P1026B_I3457;BP1026B_I3458;BP1026B_I3460;BP1026B_I3470;

42 3794193 3838348 - [BP10268 13471 up
[BP1026B_13566;8P1026B_I3567;BP1026B_I3569;BP1026B_I3570;8P1026B_I3571;8P1026B_I3572;8P10268_I3575;BP10268_I3577;BP1026B_I3578;BP1026B_I3580;BP1026B_I3582;8P1

43 3936750 3996917 - 268_13583;8P1026B_13584;P1026B_I3585;BP10268_3592;8P10268_13593;8P10268 13622;8P10268_13623;BP1026B_13624;BP10268_ 13641 up
BP10268_13639;BP1026B_I3642;BP1026B_I3643;BP1026B_I3644;BP1026B_I3645;8P1026B_I3647;8P1026B_I3648;BP10268_I3650;BP1026B_I3651;BP1026B_I3652;BP1026B_I3654;BP1

44 3995103 4023709 + 268 _13655;8P10268 13657;8P10268 [3662;8P10268 13663 DOWN
BP1026B_I3658;BP10268_I3659;BP10268_I3660;8P1026B_I3661;8P10268_I3664;BP1026B_I3665;8P1026B_I3666;BP10268_I3669;BP10268_I3670;8P10268_I3671;8P10268_I3672;8P1

45 4017909 4034609 - 268_13673 DOWN
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Supplemental Figure 1| WoPPER analysis reveals 45 gene clusters regulated by
BP1026B 112312 on Bp 1026b chromosome 1. a) Up (yellow) and down (blue) regulated gene
clusters controlled by BP1026B 112312 on a circular plot of chromosome I. The outer ring is the
positive strand (dark grey) and the inner ring is the negative strand (light grey). b) A linear
representation of gene clusters up and down regulated by BP1026B 112312 and the log,FC mean
of each cluster. The size of the circle is proportional to the number of genes within each cluster.
The blue line represents the negative sense strand and the orange line represents the positive

sense strand. ¢) A table representation of gene clusters controlled by BP1026B_112312.
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Start End
Cluster | coordinates | Coordinates | 2" GenelD
BP10268_110116;8P1026B_110117;BP1026B_II0118;BP1026B_10119;BP1026B_I0120;BP1026B_lI0121;8P1026B_[I0122;BP1026B_II0124;BP1026B_II0126;BP1026B_I10130;8P10268_110131
1 135381 154106 - |:BP1026B_110133;8P10268 110135 up
BP10268B_110159;8P1026B_10160;BP1026B_II0161;BP1026B_I10162;BP1026B_ll0163;BP1026B_ll0164;BP1026B_II0165;BP1026B_II0166;BP1026B_II0167;BP1026B_lI0168;8P10268_110170
2 182142 204050 - |:BP1026B 110173;BP1026B 110174;BP10268 110175;8P10268 110176 DOWN
3 235223 242403 + DOWN
BP10268_110222;8P1026B_110223;BP1026B_I10224;8P1026B_10225;BP1026B_l10229;BP1026B_lI0230;BP1026B_110231;8P1026B8_110232;BP1026B_110234;BP1026B_110235;8P10268_110236
4 264816 295250 +__ |;BP1026B_110237,8P10268_110238;8P10268_110240;8P10268_110242 DOWN
5 456965 471452 - |BP1026B_110357;8P10268 _110358;8P10268_110359;BP1026B_10360;BP1026B_II0361;8P10268_10367;8P1026B_[I0368;8P10268_110369 DOWN
BP10268B_110412;8P1026B_110413;BP1026B_I10414;BP1026B_I0415;8P1026B_ll0420;BP10268_lI0422;8P10268_I|0426;8P10268_10432;8P1026B_110434;8P1026B_110437;8P10268_110438
6 510121 549107 - |:BP1026B_110446;8P1026B_110448;BP10268_110449;8P10268_110450 up
BP1026B_110425;8P1026B_110427;BP1026B_I10428;BP1026B_10429;BP1026B_lI0430;BP10268_lI0431;8P10268_II0433;8P1026B8_1I0435;8P1026B_II0436;8P1026B_110439;8P1026B_110441
7 525090 554448 +  |;8P1026B 110442;8P10268 110445;8P10268 110451;8P10268 110452;8P10268 110453;8P10268 110454;8P10268B 110455 up
8 599437 616330 +__ [BP1026B 110483;8P1026B 110484;8P1026B_110486;BP1026B 110489;BP10268 110491;8P1026B_[10492;BP1026B 110493;8P10268 110494;8P1026B_II0496;BP1026B 110498 DOWN
BP10268B_110569;BP1026B_I10572;BP1026B_II0573;BP1026B_II0574;BP1026B_lI0575;BP1026B_lI0576;BP1026B_II0577;BP1026B_II0578;BP1026B_II0579;BP1026B_lI0580;8P10268_l10581
9 704422 727295 + _ |:BP1026B_110582;8P10268_110583;BP1026B_110584;BP10268_I10586;BP10268_110585;BP10268 110587 up
10 800331 820894 + DOWN
11 848473 865395 + DOWN
12 899706 907533 + up
BP10268B_110763;8P1026B_I10765;BP1026B_II0766;BP1026B_I0767;B8P1026B_lI0768;B8P10268_lI0769;B8P10268_II0770;8P10268_10771;8P1026B_110772;8P1026B_110778;8P10268_110779
13 938272 962175 +__ |;BP1026B_110781;8P10268_110782;8P10268_110784 DOWN
14 1050082 1053560 +  [BP10268 110850;8P10268 110858;8P10268 110860 DOWN
15 1206964 1226651 BP10268 110995;8P1026B_110998;BP1026B_111000;BP10268_I11002;8P10268_I11006;8P10268_11008;B8P10268_[11011;8P10268_[11012 up
BP10268B_I11240;8P1026B_I11241;BP1026B_I11246;BP1026B_II1247;BP1026B_II1257;BP1026B_I|1258;BP1026B_I|1259;BP1026B_I|1260;BP1026B_I11261;8P1026B_I11262;8P10268_I11263
16 1545608 1586382 - |:BP1026B 111264;8P10268 111265 DOWN
17 1643043 1663808 + _ |BP1026B_111312;8P1026B_I11313;BP1026B_I11314;BP1026B_[11321;8P10268B_111323;BP10268 _111322;BP10268 111325 DOWN
BP10268_111315;8P1026B_I11316;BP1026B_I11317;BP1026B_I1318;BP1026B_Il1319;BP1026B_Il1324;BP1026B_I|1326;8P1026B_I|1327;8P1026B_II1328;8P1026B_I11330;8P1026B_I11331
:BP1026B_I11333;BP1026B_II1334;BP1026B_II1335;8P1026B_I|1336;8P1026B_I|1339;BP1026B_I11340;8P1026B_I11345;8P1026B_I11346;BP1026B_I11347;BP1026B_II1348;BP1026B_I134
18 1647963 1707016 9;3P10268_111350 DOWN
19 1858707 1864242 +__ |BP1026B_111472;8P10268_I11471;8P10268_|I1473;BP1026B_II1476 DOWN
BP10268B_111479;8P1026B_I11480;BP1026B_II1481;BP1026B_I1482;BP1026B_II1483;8P1026B_I|1484;B8P10268_I|1485;8P1026B_I|1486;8P1026B_I11487;8P1026B_I11488;8P1026B_111489
20 1870693 1884174 - |:BP1026B_111490;8P10268 111491 up
BP1026B_111533;8P1026B_I11534;BP1026B_II1535;BP1026B_I1536;8P1026B_ll1537;8P10268_Il1546;8P10268_I|1547;8P10268_I|1549;8P1026B_I1550;8P1026B_II1555;8P10268_I11556
21 1938724 1984689 - |:BP1026B_I11557;8P10268_II1563;8P10268_II1564;8P10268_II1565;8P10268 111566 DOWN
22 2036858 2049888 - 68 111617;8P10268 111618;8P10268 I11619;8P10268 111622;8P10268 111623| UP.
23 2114492 2128455 - DOWN
BP10268B_111733;BP1026B_I11734;BP1026B_I11735;BP1026B_II1736;BP1026B_II1738;BP1026B_I|1737;BP1026B_I|1740;BP1026B_I|1739;BP1026B_I11741;BP1026B_I11748;BP1026B_II1755
2 2168126 2231191 + _ |;BP1026B 111757 DOWN
25 2770735 2787481 - |BP1026B 112227;8P10268 112229;8P10268_112230;BP1026B_12231;8P10268_I12232;BP1026B_12234;BP1026B_12244;P10268_112245 upP
BP10268_112302;8P1026B_112303;BP1026B_I12304;8P1026B_12305;BP1026B_lI2306;BP10268_I12307;B8P1026B_II2308;BP1026B8_1|2311;8P1026B_I12312;8P1026B_I12313;8P10268_112314
:BP1026B_I12315;BP1026B_lI2316;BP1026B_II2317;BP1026B_I12318;P1026B_II2319;BP1026B8_I|2320;BP1026B_I|2321;8P1026B_I12322;BP1026B_[12323;8P10268_112327;8P10268_11232
2 2858136 2891419 - I8;BP1026B 112329 up
27 2902815 2913068 - |BP1026B_112338;8P10268 112339;8P10268_112340;BP10268_112341;8P1026B_112342;BP1026B_12344;BP1026B_I12346;8P1026B_12347;8P10268_[12348 DOWN
BP10268B_112408;8P1026B_I12409;BP1026B_I12410;BP1026B_12411;8P1026B_II2412;BP10268_II2413;8P10268_I|2414;8P1026B_I|2415;8P1026B_I12416;8P1026B_I12419;8P10268_112422
BP1026B_I12424;8P1026B_12425;BP1026B_I12426;8P1026B_I12427;B8P10268_I12428;8P10268_I|2429;B8P1026B_112430;8P1026B_112431;8P1026B_112432;8P10268_112433;8P10268_11243
14;8P1026B8_112435;BP1026B_I12436;BP1026B_I12437;8P10268_112438;BP1026B_112439;BP1026B_I12440;BP1026B_l12441;BP1026B_I12442;BP1026B_[12443;8P1026B_I|2445;8P1026B_II24
28 2974712 3020504 - 146;8P1026B_112447;8P1026B_112449 DOWN
29 3042762 3062027 + _ |BP1026B_112464;8P10268_112470;8P10268_112471;8P10268_112472;BP10268_112473;BP10268_112474;8P1026B_112475;BP1026B_112476;8P10268_12477;,8P1026B_12478;8P10268_112479] DOWN
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Supplemental Figure 2| WoPPER analysis reveals 29 gene clusters regulated by
BP1026B 112312 on Bp 1026b chromosome II. a) Up (yellow) and down (blue) regulated gene
clusters controlled by BP1026B 112312 on a circular plot of chromosome II. The outer ring is the
positive strand and the inner ring is the negative sense strand. b) A linear representation of gene
clusters up and down regulated by BP1026B 112312 and the log,FC mean of each cluster. The
size of the circle is proportional to the number of genes within each cluster. The blue line
represents the negative sense strand and the orange line represents the positive sense strand. ¢) A

table representation of gene clusters controlled by BP1026B_112312.
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Supplemental Figure 3| Growth Kkinetics of transposon mutants confirms defects during

intracellular pathogenesis. a) Transposon mutants indirectly controlled by BP1026B 112312

that have defects during intracellular pathogenesis in RAW264.7 cells show similar growth

patterns to wildtype Bp 1026b (WT) during in vitro growth. b) Transposon mutants directly

regulated by BP1026B_ 112312 that have defects during intracellular pathogenesis in RAW264.7

cells show similar growth patterns to wildtype Bp 1026b in vitro.

154



Acknowledgements

This project was supported by the US National Institutes of Health (NIH)/National Institute of
Allergy and Infectious Diseases (NIAID) grant number R21AI123913 awarded to Tung T.
Hoang. The work presented is based on observations from the yet-unpublished (but submitted)
manuscript presented in appendix A of this dissertation. I would like to thank Michael H. Norris
for helping generate the initial mutant strain of BP1026B 112312 and Zhenxin Sun for help
generating pAM3GIQ-3xTY1-BP1026B 112312. Select agent work would not have been
possible without the generous use of the BSL3 laboratory in the Infectious Disease Research
Complex (IDRC) at Colorado State University (CSU). Therefore I would like to thank Brad
Borlee and the CSU select agent program for accommodating this work. I would also like to
thank Herbert Schweizer, Colin Manoil, Larry Gallagher, and Brad Borlee for use of the

sequence-defined T24 transposon mutant library of Bp 1026b.

155



References

1.

2.

10.

11.

Wiersinga, W.]. et al. Melioidosis. Nat Rev Dis Primers 4, 17107 (2018).

Yee, K.C,, Lee, M.K,, Chua, C.T. & Puthucheary, S.D. Melioidosis, the great mimicker: a
report of 10 cases from Malaysia. ] Trop Med Hyg 91, 249-254 (1988).

Hoffmaster, A.R. et al. Melioidosis diagnostic workshop, 2013. Emerg Infect Dis 21
(2015).

Cheng, A.C. & Currie, B.J. Melioidosis: epidemiology, pathophysiology, and
management. Clinical Microbiological Reviews 18, 383-416 (2005).
Limmathurotsakul, D. et al. Predicted global distribution of and burden of
melioidosis. Nat Microbiol 1 (2016).

Frischknecht, F. The history of biological warfare. Eur. Mol. Biol. Org. 4, S47-S52
(2003).

Aldhous, P. Melioidosis? Never heard of it... Nature 434, 692-693 (2005).

Wiersinga, W.]., Currie, B.]. & Peacock, S.J. Melioidosis. N Engl ] Med 367, 1035-1044
(2012).

Chantratita, N. et al. Antimicrobial resistance to ceftazidime involving loss of
penicillin-binding protein 3 in Burkholderia pseudomallei. Proc Natl Acad Sci U S A
108,17165-17170 (2011).

Sarovich, D.S. et al. Development of ceftazidime resistance in an acute Burkholderia
pseudomallei infection. Infect Drug Resist 5, 129-132 (2012).

French, C.T. et al. Dissection of the Burkholderia intracellular life cycle using a

photothermal nanoblade. Proc Natl Acad Sci US A 108, 12095-12100 (2011).

156



12.

13.

14.

15.

16.

17.

18.

19.

Burtnick, M.N. et al. Burkholderia pseudomallei type III secretion system mutants
exhibit delayed vacuolar escape phenotypes in RAW 264.7 murine macrophages.
Infect Immun 76, 2991-3000 (2008).

Stevens, M.P. et al. An Inv/Mxi-Spa-like type III protein secretion system in
Burkholderia pseudomallei modulates intracellular behaviour of the pathogen. Mol
Microbiol 46, 649-659 (2002).

Lee, Y.H,, Chen, Y., Ouyang, X. & Gan, Y.H. Identification of tomato plant as a novel
host model for Burkholderia pseudomallei. BMC Microbiol 10, 28 (2010).

Warawa, J. & Woods, D.E. Type III secretion system cluster 3 is required for maximal
virulence of Burkholderia pseudomallei in hamster infection model. FEMS Microbiol.
Lett. 242,101-108 (2005).

Benanti, E.L., Nguyen, C.M. & Welch, M.D. Virulent burkholderia species mimic host
actin polymerases to drive actin-based motility. Cell 161, 348-360 (2015).

Toesca, 1]., French, C.T. & Miller, J.F. The Type VI secretion system spike protein
VgrG5 mediates membrane fusion during intercellular spread by pseudomallei
group Burkholderia species. Infect Inmun 82, 1436-1444 (2014).

Heacock-Kang, Y., McMillan, [.A.,, Norris, M.H., Sun, Z., Zarzycki-Siek, ]., Bluhm, A.P.,
Cabanas, D., Norton, R.E., Ketheesan, N. Miller, ]J.,, Schweizer, H.P.,, Hoang, T.T.
Appendix A: The Burkholderia pseudomallei intracellular “TRANSITome’. Cell Host
and Microbe Submitted (2020).

Winsor, G.L. et al. The Burkholderia Genome Database: facilitating flexible queries

and comparative analyses. Bioinformatics 24, 2803-2804 (2008).

157



20.

21.

22.

23.

24,

25.

26.

27.

Justino, M.C,, Vicente, ].B., Teixeira, M. & Saraiva, L.M. New genes implicated in the
protection of anaerobically grown Escherichia coli against nitric oxide. J Biol Chem
280, 2636-2643 (2005).

Kang, Y. et al. Knockout and pullout recombineering for naturally transformable
Burkholderia thailandensis and Burkholderia pseudomallei. Nat Protoc 6, 1085-
1104 (2011).

McClure, R. et al. Computational analysis of bacterial RNA-Seq data. Nucleic Acids Res
41, e140 (2013).

Puccio, S. et al. WoPPER: Web server for Position Related data analysis of gene
Expression in Prokaryotes. Nucleic Acids Res 45, W109-W115 (2017).

Alice, AF., Lopez, CS. Lowe, C.A, Ledesma, M.A. & Crosa, J.H. Genetic and
transcriptional analysis of the siderophore malleobactin biosynthesis and transport
genes in the human pothogen Burkholderia pseudomallei K96243. J. Bacteriol. 188,
1551-1566 (2006).

Kvitko, B.H., Goodyear, A., Propst, K.L.,, Dow, SW. & Schweizer, H.P. Burkholderia
pseudomallei known siderophores and hemin uptake are dispensable for lethal
murine melioidosis. PLoS Negl Trop Dis 6,e1715 (2012).

Biggins, ].B., Kang, H.S., Ternei, M.A., DeShazer, D. & Brady, S.F. The chemical arsenal
of Burkholderia pseudomallei is essential for pathogenicity. ] Am Chem Soc 136,
9484-9490 (2014).

Borlee, G.I. et al. Genome-scale analysis of the genes that contribute to Burkholderia
pseudomallei biofilm formation identifies a crucial exopolysaccharide biosynthesis

gene cluster. PLoS Negl Trop Dis 11, e0005689 (2017).

158



28.

29.

30.

31.

32.

33.

34.

35.

36.

Kanehisa, M. & Goto, S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic
Acids Res 28, 27-30 (2000).

Kurnasov, O. et al. Aerobic tryptophan degradation pathway in bacteria: novel
kynurenine formamidase. FEMS Microbiol Lett 227,219-227 (2003).

Langmead, B. & Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat
Methods 9, 357-359 (2012).

Zhang, Y. et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol 9, R137
(2008).

Bailey, T.L. & Elkan, C. Fitting a mixture model by expectation maximization to
discover motifs in biopolymers. Proc Int Conf Intell Syst Mol Biol 2, 28-36 (1994).
Torres, R. et al. Structural insights into RipC, a putative citrate lyase beta subunit
from a Yersinia pestis virulence operon. Acta Crystallogr Sect F Struct Biol Cryst
Commun 68, 2-7 (2012).

Arora, G., Chaudhary, D. Kidwai, S., Sharma, D. & Singh, R. CitE Enzymes Are
Essential for Mycobacterium tuberculosis to Establish Infection in Macrophages and
Guinea Pigs. Front Cell Infect Microbiol 8, 385 (2018).

Parsons, ]J.F., Calabrese, K., Eisenstein, E. & Ladner, J.E. Structure and mechanism of
Pseudomonas aeruginosa PhzD, an isochorismatase from the phenazine
biosynthetic pathway. Biochemistry 42, 5684-5693 (2003).

Zhu, X, Soliman, A, Islam, M.R, Adam, L.R. & Daayf, F. Verticillium dahliae's
[sochorismatase Hydrolase Is a Virulence Factor That Contributes to Interference
With Potato's Salicylate and Jasmonate Defense Signaling. Front Plant Sci 8, 399
(2017).

159



37.

38.

39.

40.

41.

42,

43.

44,

Nystrom, T. Growth versus maintenance: a trade-off dictated by RNA polymerase
availability and sigma factor competition? Mol Microbiol 54, 855-862 (2004).

Clifton, M.C,, Corrent, C. & Strong, R.K. Siderocalins: siderophore-binding proteins of
the innate immune system. Biometals 22, 557-564 (2009).

Van Lanen, S.G,, Lin, S. & Shen, B. Biosynthesis of the enediyne antitumor antibiotic
C-1027 involves a new branching point in chorismate metabolism. Proc Natl Acad
Sci US A 105, 494-499 (2008).

Baugh, L. et al. Combining functional and structural genomics to sample the
essential Burkholderia structome. PLoS One 8, e53851 (2013).

Kang, Y., Norris, M.H., Barrett, A.R, Wilcox, B.A. & Hoang, T.T. Engineering of
tellurite-resistant genetic tools for single-copy chromosomal analysis of
Burkholderia spp. and characterization of the B. thailandensis betBA-operon. Appl.
Environ. Microbiol. 75, 4015-4027 (2009).

Norris, M.H,, Kang, Y., Lu, D., Wilcox, B.A. & Hoang, T.T. Glyphosate resistance as a
novel select-agent-compliant, non-antibiotic selectable marker in chromosomal
mutagenesis of the essential genes asd and dapB of Burkholderia pseudomallei . Appl.
Environ. Microbiol. 75, 6062-6075 (2009).

Wilson, D.E. & Chosewood, L.C. Biosafety in microbiological and biomedical
laboratories (BMBL), 5th ed. Centers for Disease Control and Prevention, Atlanta,
GA. (2007).

Kang, Y. et al. Knock-out and pull-out recombinant engineering protocols for
naturally transformable Burkholderia thailandensis and Burkholderia pseudomallei.

Nature Protocols 6, 1085-1104 (2011).

160



45.

46.

47.

48.

49,

Norris, M.H. et al. The Burkholderia pseudomallei Deltaasd mutant exhibits
attenuated intracellular infectivity and imparts protection against acute inhalation
melioidosis in mice. Infect Immun 79, 4010-4018 (2011).

Norris, M.H., Kang, Y., Wilcox, B. & Hoang, T.T. Stable site-specific fluorescent tagging
constructs optimized for Burkholderia species. Appl Environ Microbiol 76, 7635-
7640 (2010).

Heacock-Kang, Y. et al. The heritable natural competency trait of Burkholderia
pseudomallei in other Burkholderia species through comE and crp. Sci Rep 8, 12422
(2018).

Heacock-Kang, Y. et al. Novel dual regulators of Pseudomonas aeruginosa essential
for productive biofilms and virulence. Mol Microbiol 109, 401-414 (2018).
Heacock-Kang, Y. et al. Two Regulators, PA3898 and PA2100, Modulate the
Pseudomonas aeruginosa Multidrug Resistance MexAB-OprM and EmrAB Efflux

Pumps and Biofilm Formation. Antimicrob Agents Chemother 62 (2018).

161



Chapter 5:

Live Attenuated Vaccine Candidate Provides Protection Against Lethal Burkholderia

pseudomallei Infection in BALB/c and C57B1/6 mice
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Abstract

Burkholderia pseudomallei (Bp) is an environmental Gram-negative bacteria that has
been classified as a Tier 1 select agent by the CDC due to its potential use as a bioweapon. Bp
causes melioidosis, an infection in many tropical regions around the world with numerous
clinical symptoms that are often misdiagnosed. The increasing awareness of melioidosis is
leading us to understand its true impact making it a major public health concern for populations
in endemic regions. Because Bp is a public health and biodefense concern the development of a
vaccine is paramount. We have recently discovered several attenuated mutants in Bp that are
completely attenuated during infection of the highly susceptible BALB/c mouse. Mutants of
genes BPSL0636, BPSS0015, and BPSS1818 represent new virulence factors of unknown
function, autophagy evasion, and cytoskeleton rearrangement, respectively. We tested these
mutants as live attenuated vaccines (LAVs) against a lethal challenge with wildtype Bp 1026b
showing some protection and some LAV persistence. To improve the safety and protection we
constructed double mutants of these genes to reduce the possibility of LAV strain persistence
within the host. The BPSL0636 and BPSS0015 double mutant protected 60% of BALB/c mice
against lethal challenge with Bp after a single dose. When given a booster vaccination, 100% of
BALB/c mice were protected against lethal Bp challenge. Furthermore, this LAV strain protected

100% of C57B1/6 mice against lethal Bp challenge for 60 days.
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Introduction

Burkholderia pseudomallei (Bp) is a Gram-negative saprophyte that causes melioidosis.
Melioidosis is a disease with many clinical manifestations that range from acute skin lesions to
infection of the central nervous system, with approximately 50% of cases presenting with
pneumonia or bacteremia'~. Bp is endemic to tropical regions and it is predicted that there are
165,000 cases annually, with a predicted mortality rate of 54%®. Melioidosis is treated with
antimicrobial therapy that typically involves an intensive phase of intravenous ceftazidime or
meropenem followed by an eradication phase of oral trimethoprim-sufamethoxazole’. Bp is
intrinsically resistant to many antibiotics making treatment even more difficult’”’. Resistance to
front line antimicrobials has been reported and highlights the need for additional treatment and
prevention options”®. Although much effort has been put towards the development of a vaccine,
there is still no licensed vaccine available’.

Clinical and environmental strains of Bp are genetically diverse, containing two
chromosomes with a large amount of genetic information encoding many pathways and genes

involved in survival in diverse environments including various virulence factors™ "

. Bp uses
known and unknown virulence pathways to undergo a sophisticated intracellular lifecycle.
Briefly, Bp attaches to host cells, gets internalized, and escapes the endosome using a type III
secretion system (T3SS-3)''. Within the cytoplasm, Bp replicates freely and uses BimA, a
mimicker of the host Ena/VASP actin polymerase'?, and its lateral flagella'’ to move around and
protrude towards neighboring cells. To spread the infection further, Bp encodes a type VI
secretion system (T6SS-1) that allows for host cell membrane fusion leading to the formation of

multinucleated giant cells (MNGCs)'* '*. Beyond these major virulence factors, Bp encodes

others including capsule polysaccharide (CPS)", lippopolysaccaride (LPS)'®, flagella’®, and
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multiple secondary metabolites'’. Recently, it was identified that there are approximately 1,953
genes that are differentially expressed as Bp transits from the endocytic vacuole to protrusion'®.
This indicates that many genes are involved during the infection process, beyond what we
already know and could aid in the development of novel therapies and vaccines.

Live attenuated vaccines (LAV) elicit strong immune responses that can give lasting

19, 20

protection ~ “", although reversion to a virulent form and in host mutation by an LAV is a major

safety concern®'. Over the last decade, many attenuated Bp mutants have been tested as potential
live attenuated vaccines against melioidosis including mutants in purN”’, purM®>, ilv'*?,
aroC”’, asd”®, reld/spoT”, tonB’’, and tonB/hcpl’’. These mutants are defective in various
processes including amino acid biosynthesis, signaling, iron transport, and in one case a secretion
system. Protection given by most of these LAVs has been partial, and none have shown
sterilizing immunity. The tonB/hcpl double mutant LAV shows exciting results, giving rise to
100% protection of C57Bl/6 mice for 27 days against lethal Bp challenge’’. Even more
interesting is that the same double mutant in Burkholderia mallei (Bm), the causative agent of
glanders and close relative to Bp, protected C57Bl/6 mice for 35 days against lethal Bm
challenge®®. TonB is an inner membrane protein that transfers energy to the outer membrane for

iron uptake®>

while Hepl hexamers form the needle-like structure of the virulence secretion
system, T6SS-17°. In an LAV, the mutation of genes involved during intracellular processes, like
iron uptake and host cell fusion, is critical to allow effective protection against subsequent
infection. Recently, new virulence factors have been described that are required for full

pathogenesis of Bp in BALB/c mice'®. BPAL0636, BPSS0015, and BPSS1818 encode genes of

unknown function, autophagy evasion, and host tubulin rearrangement, respectively. Here we
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investigate how these recently described virulence factor mutant’s function as potential LAVs

against Bp infection.
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Results
Novel virulence factors are essential for complete pathogenesis and highly conserved in
pathogenic Burkholderia species

We recently discovered multiple hypothetical proteins involved in virulence'®. Mutants
in these virulence factors showed various defects in intracellular pathogenesis. Individual
mutants of BPSL0636, BPSS0015, and BPSS1818 showed defects during Bp intracellular
infection in vitro, including a decrease of 30-85% in intracellular replication at 24 hours post
infection compared to wildtype Bp (Table 1)'®. BPSL0636 is a hypothetical protein that is
located around genes for ubiquinone biosynthesis®. Although no link to this biosynthetic
pathway has been determined, a mutant of this gene still shows a 29% decrease in intracellular
replication and 56% decrease in cell-to-cell spread at 24 hours when compared to wildtype Bp
(Table 1)'®. BPSS0015 is annotated as a hypothetical protein but preliminary results have
indicated that this protein is involved in the avoidance of autophagy and intracellular clearance'®.
A BPSS0015 mutant is able to replicate to wildtype levels during early stages of infection, but
has an 85% decrease in intracellular replication and 38% decrease in cell-to-cell spread at 24
hours post infection indicating that this virulence factor is essential for the late stages of infection
(Table 1)'®. BPSS1818 is also annotated as a hypothetical protein but initial studies showed that
this protein is involved in host cytoskeletal structure modifications leading to an 84% decrease in
intracellular replication and 46% decrease in cell-to-cell spread of the mutant (Table 1)'s.
Additionally, when BALB/c mice are infected with mutants of these genes, 100% of mice
survive for 60 days, while BALB/c mice infected with an equivalent dose of the wildtype strain,
Bp 1026b, are unable to survive beyond day five'®. This indicates that these novel virulence

factors are essential for complete pathogenesis in vivo, suggesting that the mutants of these genes
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allow the host to recognize Bp leading to a potentially protective immune response against
infection. We therefore hypothesize that these mutants will serve as adequate and safe live
attenuated vaccines (LAVs) against Bp infection.

These novel virulence factors are highly conserved in Bp strains as well as other
Burkholderia pathogens, including B. mallei (Bm) and the B. cepacia complex (Bcc), causative
agents of glanders and cepacia syndrome, respectively (Table 2). Within the Burkholderia genus,
BPSL0636, BPSS0015, and BPSS1818 have 652, 642, and 638 ortholog group members,
respectively’ . Among a small set of Bp strains we see conservation of all three proteins with 98-
100% amino acid identity (Table 2). BPSL0636 is present in Bm strains Ivan and China 5 at
100% identity and shows strong conservation in Bcc and other pathogenic Burkholderia spp. as
well (Table 2). BPSS1818 is absent in Bm but highly conserved in Bee (77-80% amino acid
identity) and other Burkholderia spp. (78-97% amino acid identity) indicating that it could play a
role in the pathogenesis of multiple Burkholderia species (Table 2). The high level of
conservation among a diverse group of pathogenic Burkholderia spp. suggests that these
virulence factors could be important for pathogenesis of several Burkholderia caused diseases.
All this information pushed us to investigate the potential of these attenuated mutants as LAV to

protect against melioidosis.

Vaccination with virulence factor mutants gives partial protection against challenge with
virulent Bp

To test the efficacy of these potential LAVs we employed an acute challenge model of
melioidosis using BALB/c mice as a host**. Using this model, mice infected with virulent Bp

show significant clinical symptoms leading to 100% mortality in the first week post infection®®
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%% For our purposes, mice were first vaccinated via the intranasal route with a high dose of each
attenuated mutant and monitored for 60 days. At day 60, mice were challenged intranasally with
a lethal dose of wildtype Bp 1026b (4,500 CFU) and survival was monitored for 63 days (Fig.
la). After challenge, control mice vaccinated with PBS showed significant signs of disease and
were moribund in the first six days and had to be euthanized as expected (Fig. 1b). To contrast
this, BPSL0636 vaccinated mice showed 60% survival for the duration of the study, while 40%
of BPSS0015 and BPSS1818 vaccinated mice survived (Fig. 1b). One mouse vaccinated with
BPSL0636 showed a delay in mortality to day 22, which would extend the potential treatment
period for clinical intervention (Fig. 1b). Of the surviving mice, some showed colonization of
wildtype Bp in the lungs combined with dissemination to the liver and/or spleen (Fig. 1c-¢). One
mouse in each vaccination group was able to clear the wildtype Bp infection in the lung but had
colonization in the spleen, the liver, or the liver and spleen (Fig. lc-e). A single mouse
vaccinated with BPSL0636 showed sterile immunity with no signs of infection with wildtype Bp
in the lungs, liver, or spleen (Fig. 1c). Although mice vaccinated with BPSL0636 showed the
highest rate of survival out of all potential LAVs and one mouse with sterile immunity, another
mouse did show persistence of the vaccine strain after 123 days (Fig. 1c). Persistence of an LAV
strain is a great concern for vaccine safety. Although, some level of persistence of an LAV is
ideal to allow the immune response to fully develop against a pathogen, persistence beyond that
stage is undesirable and complete clearance is ideal. To optimize these LAVs we decided to
combine mutations in a single strain to increase safety of the vaccine strains while maintaining

protection against wildtype Bp challenge.
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Optimization of LAVs allow clearance of vaccine strains and partial protection against
lethal Bp challenge

Double mutants of these novel virulence factors were generated in a Bp 1026b
background using A-Red recombineering to determine if they could be completely cleared from
the host and maintain protection as an LAV against lethal Bp infection®”. All combinations of
these virulence factors were made because we do not know how the two mutations will affect the
resulting LAV strain. BPSL0636/BPSS0015, BPSL0636/BPSS1818, and BPSS0015/BPSS1818
were used to vaccinate BALB/c mice 60 days prior to infection (Fig. 2a). Vaccinated mice were
infected with 4,500 CFU of wildtype Bp 1026b and monitored for 63 days. Control mice
vaccinated with PBS showed significant signs of murine melioidosis and 100% mortality within
the first week of infection, while 20-60% of vaccinated mice were able to survive until the study
was terminated (Fig. 2b). All LAV strains were completely cleared from surviving mice
indicating that the vaccine strains do not persist within the host (Fig. 2c-¢). Mice vaccinated with
BPSL0636/BPSS1818 showed 20% survival and the surviving mouse showed significant
infection (2 X 10’ CFU wildtype Bp) in the spleen but had cleared the infection from the lungs
and liver (Fig. 2b, d). Mice vaccinated with BPSS0015/BPSS1818 showed 40% survival, one
mouse with sterile immunity, and one mouse with a persistent infection of wildtype Bp in the
lungs, liver and spleen (Fig. 2b, e). This LAV strain also extended the survival of another mouse
to 38 days post infection (Fig. 2b). Mice vaccinated with BPSL0636/BPSS0015 showed the
highest survival at 60% and one mouse having an extended therapeutic window to 22 days post
infection (Fig. 2b). Of the surviving mice, one showed sterile immunity while the others showed

infection in the lungs, liver, and spleen (Fig. 2c). Creating mutants that were defective in two of
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the novel virulence factors allowed complete clearance of the LAV strains from the host while

maintaining various levels of vaccine efficacy.

Reduction in time between vaccination and challenge identifies BPSL0636/BPSS0015 as the
most effective LAV

To further test these LAV strains we shortened the window between vaccination and
challenge to determine if this would have any effect on the efficacy of our potential LAVs. As
described above, BALB/c mice were vaccinated with BPSL0636/BPSS0015,
BPSL0636/BPSS1818, or BPSS0015/BPSS18 double mutants and then challenged with wildtype
Bp 30 days post vaccination (Fig. 3a). As expected, BALB/c mice vaccinated with only PBS
showed 100% mortality within the first 6 days post infection (Fig 3b). Interestingly, mice
vaccinated with BPSL0636/BPSS1818 or BPSS0015/BPSS1818 also showed 100% mortality
within the first week post infection (Fig. 3b). This indicates that LAVs containing a mutation in
BPSS1818 in conjunction with either BPSL0636 or BPSS0015 do not provide protection
immediately, requiring more than 30 days to elicit protective immunity. We suspect that at day
30 post vaccination, the host immune response is still in the process of clearing the LAV strains.
Following this, the additional stress from a wildtype Bp infection overwhelmed the BALB/c
mice leading them to succumb to infection and eventual mortality. This data suggests that
BPSL0636/BPSS1818 and BPSS0015/BPSS1818 are ineffective LAVs.

BALB/c mice vaccinated with the BPSL0636/BPSS0015 double mutant showed
promising results with 40% survival for the duration of the study and a mouse with an extended
therapeutic window to day 62 post infection (Fig. 3b). Of the surviving mice, 100% cleared the

BPSL0636/BPSS0015 double mutant indicating that this LAV strain can be cleared by the host
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(Fig. 3c). One surviving mouse showed complete clearance of wildtype Bp while the other
surviving mouse had infection in the lungs, liver and spleen (Fig. 3c). The lack of persistence of
the BPSL0636/BPSS0015 LAV strain in the host after infection and the protection provided
against a lethal challenge with virulent Bp at two time-points post-vaccination, indicates that this
LAV strain is the best candidate to further test and optimize. The next step we took was to
modify the vaccine schedule to see if we could provide complete protection against lethal Bp

challenge.

Bp BPSL0636/BPSS0015 gives complete protection against lethal Bp challenge in BALB/c
and C57Bl/6 mice

To further test the most promising LAV candidate, we decided to add a homologous
booster vaccination. BALB/c mice were vaccinated with a high dose of the
BPSL0636/BPSS0015 LAV strain and given the same vaccination 30 days later (Fig. 4a). Thirty-
three days after the booster vaccination, mice were challenged with a lethal dose of wildtype Bp
1026b (4,500 CFU) and monitored for 62 days (Fig. 4a). As expected BALB/c mice vaccinated
with PBS-only showed rapid disease progression with an average weight loss of 17% and
worsening clinical symptoms (Fig. 5a, b) leading to 100% mortality two days post challenge
(Fig. 4b). Unlike PBS vaccinated mice, BPSL0636/BPSS0015 vaccinated mice lost an average
7% body weight and only showed minor clinical symptoms (Fig. 5a, b). Shortly after challenge,
mice vaccinated with BPSL0636/BPSS0015 were able to recover lost weight and from clinical
symptoms (Fig. 5a, b). Most significantly, BALB/c mice that were vaccinated and given a
booster of BPSL0636/BPSS0015 were able to survive the entire extent of the study indicating

that this LAV gave total protection against a lethal Bp challenge (Fig. 4b). All mice showed
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some level of persistence of wildtype Bp 1026b in the lungs, liver, and spleen but no detectable
level of the LAV strain was present in any mice (Fig. 4c).

To validate BPSL0636/BPSS0015 as an effective LAV, we decided to test it as a vaccine
in another in vivo model. C57Bl/6 mice have been used to study the pathogenesis of Bp, test

. . . . 9,23,31
LAV strains, and are more resistant to Bp infection™ ~

. Following the same scheme as used for
the BALB/c vaccine trials, we vaccinated C57BL/6 mice with the BPSL0636/BPSS0015 LAV
strain with a booster vaccination (Fig. 4a). Vaccinated and PBS vaccinated mice were challenged
with a lethal dose of virulent Bp 1026b (12,000 CFU) and monitored for 62 days (Fig. 4a). As
expected, C57Bl/6 mice vaccinated with PBS showed 14% body weight loss and rapidly
increasing clinical symptoms within the first two days post challenge (Fig. 5c, d). These factors
lead to 100% mortality of PBS vaccinated mice (Fig. 4d). C57Bl/6 mice vaccinated with
BPSL0636/BPSS0015 were significantly protected from lethal challenge with virulent Bp for the
duration of the study (Fig. 4d). Although all mice had some level of chronic wildtype Bp
infection in the lungs, liver, and spleen, the LAV strain was completely cleared from the host,
aligning with the results from the BALB/c vaccine trail (Fig. 4). No clinical symptoms were
present in the C57B1/6 mice at the end of the study (Fig. 5d). Taken together, the complete

protection provided by the BPSL0636/BPSS0015 LAV strain in two different mouse models

supports further optimization of this highly promising vaccine candidate against melioidosis.
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Discussion

Bp is found in the environment of tropical regions with increasing prevalence and causes
many clinical symptoms in humans that are cumulatively known as the disease melioidosis”.
Infection occurs by exposure to Bp through inhalation, ingestion, or inoculation of the skin with
contaminated soil or water*’. Due to the wide range of symptoms caused by Bp, it is difficult to

3, 41

diagnosis and has been referred to as ‘the great mimicker’> ™. Due to the high morbidity and

mortality rates, ability to spread via the aerosol route, and previous use of its clonal derivative

40, 42-44
’ . Therefore, because the

Bm as a bioweapon, Bp has been classified as a Tier 1 select agent
development of a melioidosis vaccine is important for public health and for biodefense purposes,
we must pursue all potential vaccines to ensure that both military and civilian populations are
protected®’. The Steering Group on Melioidosis Vaccine Development (SGMVD) have outlined
critical differences between public health and biodefense that suggests that there may need to be
separate vaccines for each circumstance®. We believe that these guidelines should be followed
but the development of a single vaccine for both areas of interest should not be ruled out.
Melioidosis vaccine development has included testing of subunits, glycoconjugates,
nano/micro particles, whole inactivated bacteria, and LAVs’. In terms of LAVs against
melioidosis, the fonB/hcpl double mutant has shown promise in the C57B1/6 mouse model’'.
The C57B1/6 mouse model has been the major focus of melioidosis vaccine testing in recent
years because they are more resistant to acute infection, and have been suggested to develop
chronic melioidosis™ *°. C57BI/6 mice are a prototypical Thl-type mouse eliciting a strong cell
mediated immune response®’. Taken together, this suggests that the cell mediated skew of the

C57Bl/6 mice could play a critical role in vaccine protection. On the other hand, BALB/c mice

have a Th2-skewed immune response and are highly susceptible to Bp infection®’. The SGMVD
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therefore recommends testing of vaccine candidates in both mouse models, as protection from
acute forms of melioidosis is critical to extend the therapeutic window for antimicrobial
intervention in both public health and biodefense scenarios™.

In the present study we sought to test various intracellular virulence factor mutants as
potential LAVs against lethal Bp infection. Mutants of BPSL0636, BPSS0015, and BPSS1818
represent genes of unknown function, autophagy evasion, and cytoskeletal rearrangement,
respectively'®. We tested single and double mutant combinations of these mutants to find a safe
and protective LAV in BALB/c mice. The combinations of various virulence factors leave
intracellular Bp arrested in unique environments allowing the immune response of the host to
react in a robust and protective way before the LAV strain is cleared. Through many trials the
BPSL0636/BPSS0015 double mutant showed the best protection of BALB/c mice against lethal
Bp challenge. Furthermore, when given a booster of the LAV, BALB/c and C57Bl/6 mice were
completely protected against lethal Bp challenge for two months. Although all mice showed
persistent infection within the lungs, liver, and spleen, the extension of the therapeutic window
would allow for antimicrobial intervention to help in the clearance of Bp. Taken together, we
show that the BPSL0636/BPSS0015 double mutant is a protective LAV against melioidosis in

the susceptible BALB/c mouse and the resistant C57Bl/6 mouse.
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Methods and Materials

Bacterial strains, media and culture conditions Burkholderia pseudomallei (Bp) strain 1026b
was routinely grown in Luria-Bertani (LB) medium (Difco) or 1x M9 minimal medium
supplemented with 20 mM glucose (MG) supplemented with 0.3% glyphosate when appropriate.
Manipulation of Bp was conducted in a CDC-approved and registered facility at the University
of Hawai‘i at Manoa or Colorado State University using institutionally approved protocols and

practices based on the guidelines in the BMBL, 5" edition® for BSL3 organisms.

Molecular methods and reagents Molecular methods and reagents were used as described
previously®® ** **°° Mutants of genes BPSL0636, BPSS0015 and BPSS1818 were generated
previously'®. Double mutant combinations were generated by using Flp recombinase to remove
the gat cassette, followed by PCR verification, and lambda red recombineering to generate the

second in frame deletion®”.

Animal studies BALB/c and C57B1/6 mice between 4 and 6 weeks of age were purchased from
Charles River Laboratory. All vaccinations and challenges were administered via the intranasal
(i.n.) inoculation route. Mice were anesthetized with 100 mg of ketamine/kg of body weight plus
10 mg/kg xylazine as previously described. Each LAV strain was used to vaccinate five mice
with 4,500 CFU or 12,000 CFU for BALB/c and C57Bl/6 mice, respectively. Primary
vaccinations were carried out 30 or 60 days prior to challenge with lethal Bp. Booster
vaccinations were carried out 30 days prior to challenge. Vaccinated mice were challenged with

4,500 CFU (BALB/c) or 12,000CFU (C57Bl/6) of wildtype Bp 1026b after 30 and/or 60 days
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post-vaccination. Animals were monitored for disease symptoms daily and euthanized at
predetermined humane end points. Clinical scores are as follows: 1-questionable illness, 2-mild
illness, 3-moderate illness, 4-severe illness-moribund (pre-determined humane end point), 5-
found dead. Lungs, liver, and spleen of surviving mice were harvested, homogenized, serially
diluted, and plated on LB. Survival data was plotted using Prism software (GraphPad, La Jolla,

CA) and statistical analysis was done by Kaplan-Meier curves.

Ethics statement All animal studies described in this manuscript were approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Hawai‘i at Manoa or
by IACUC at Colorado State University and were conducted in compliance with the NIH

(National Institutes of Health) Guide for the Care and Use of Laboratory Animals.
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Table 1. Intracellular Infection Assessment of Virulence Factors

% of Wildtype Bp 1026b in Respective Assays

Assay BPSL0636 BPSS0015 BPSS1818
Attachment 60.40 52.48 45.54
Invasion 25.00 45.00 165.00
Intracellular replication (2 hours) 94.23 44.23 84.62
Intracellular replication (6 hours) 175.00 625.00 150.00
Intracellular replication (16 hours) 101.77 138.94 114.16
Intracellular replication (24 hours) 71.48 14.96 16.35
Plaque/cell-to-cell spread (24 hours) 44.33 62.29 53.84
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Table 2. Conservation of Virulence Factors in Pathogenic Burkholderia species

% Amino Acid Identity Compared to Bp K96243

Genus species Strain BPSL0636 BPSS0015 BPSS1818
Burkholderia pseudomallei K96243 100 100 100
Burkholderia pseudomallei 1026b 100 100 100
Burkholderia pseudomallei MSHR487 100 100 100
Burkholderia pseudomallei MSHR503 100 100 99.54
Burkholderia pseudomallei NAU44A6 99.27 99.35 99.54
Burkholderia pseudomallei MSHR840 100 99.35 98.62
Burkholderia pseudomallei MSHR1655 99.27 100 99.54
Burkholderia pseudomallei MSHR&7 99.27 100 99.54
Burkholderia mallei ATCC23344 0 100 0
Burkholderia mallei Ivan 100 100 0
Burkholderia mallei China 5 100 100 0
Burkholderia cenocepacia J2315 83.21 68.18 77.88
Burkholderia cenocepacia K56-2 83.21 68.18 77.88
Burkholderia cepacia LO6 83.21 68.83 79.26
Burkholderia multivorans ATCC 17616 83.94 65.58 77.42
Burkholderia vietnamiensis G4 83.21 69.48 78.34
Burkholderia ubonensis A21 82.48 66.23 78.34
Burkholderia oklahomensis C6786 91.97 87.01 95.39
Burkholderia thailandensis E264 95.62 94.07 97.24
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Figure 1| Vaccination with virulence factor mutants gives partial protection against lethal

Bp infection. a) Vaccination scheme showing vaccination with mutants of BPSL0636,

BPSS0015, or BPSS1818 at day 0, challenge at day 60, and organ harvest of surviving mice at

day 123. b) Survival curve showing mice vaccinated with BPSL0636, BPSS0015, BPSS1818,

and PBS as a control. c-e) Organ loads from vaccinated mice. Individual mice are color-coded.

Left panel shows the CFU of wildtype Bp 1026b recovered from organs and right panel

represents the CFU of the corresponding LAV strain
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Figure 2| Double mutant vaccinations maintains protection and eliminates persistence of
LAV strain. a) Vaccination scheme showing vaccination with double mutants,
BPSL0636/BPSS0015, BPSL0636/BPSS1818, or BPSS0015/BPSS1818 at day 0, challenge at
day 60, and organ harvest of surviving mice at day 123. b) Survival curve showing mice
vaccinated with BPSL0636/BPSS0015, BPSL0636/BPSS1818, BPSS0015/BPSS1818, and PBS
as a control. c-e) Organ loads from vaccinated mice. Individual mice are color-coded. Left panel
shows the CFU of wildtype Bp 1026b recovered from organs and right panel represents the CFU

of the corresponding LAV strain.
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Figure 3| Challenge 30 days post vaccination identifies BPSL0636/BPSS0015 as the best

LAV

candidate.

a) Vaccination scheme

showing vaccination with double mutants,

BPSL0636/BPSS0015, BPSL0636/BPSS1818, or BPSS0015/BPSS1818 at day 0, challenge at

day 30, and organ harvest of surviving mice at day 93. b) Survival curve showing mice

vaccinated with BPSL0636/BPSS0015, BPSL0636/BPSS1818, BPSS0015/BPSS1818, and PBS

as a control. Surprisingly, BPSL0636/BPSS0015 was the only LAV strain to give protection

against lethal Bp challenge. ¢) Organ loads from vaccinated mice. Individual mice are color-

coded. Left panel shows the CFU of wildtype Bp 1026b recovered from organs and right panel

represents the CFU of the BPSL0636/BPSS0015 LAYV strain.
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lethal challenge with virulent Bp. a) Vaccination scheme showing primary and booster
vaccination with BPSL0636/BPSS0015 at days 0 and 30, respectively. Mice were challenged at
day 62 and organs were harvested from surviving mice at day 125. b) Survival curve for BALB/c
mice vaccinated with BPSL0636/BPSS0015. ¢) Organ loads for BALB/c mice vaccinated with
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and right panel represents the CFU of the BPSL0636/BPSS0015 LAV strain. d) Survival curve

for C57Bl/6 mice vaccinated with BPSL0636/BPSS0015. e) Organ loads for C57Bl/6 mice
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vaccinated with BPSL0636/BPSS0015. Left panel shows the CFU of wildtype Bp 1026b
recovered from organs and right panel represents the CFU of the BPSL0636/BPSS0015 LAV

strain.
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the course of the study. ¢) C57Bl/6 mouse

weights and d) clinical scores over the course of the study. Mice were given a booster

vaccination on day 33 and challenged on day 63. Clinical scores: 1-questionable illness, 2-mild

illness, 3-moderate illness, 4-severe illness-moribund, 5-found dead.
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Abstract

There has been much progress toward the development of a vaccine to prevent the
tropical disease melioidosis over the last decade. The causative agent of melioidosis,
Burkholderia pseudomallei (Bp) has been studied and some of its virulence mechanisms have
been determined throughout its lifecycle. Bp is a facultative intracellular pathogen that first
attaches to host cells, gains entry through the endocytic pathway, escapes into the cytoplasm
where it can replicate and move freely, and finally protrudes toward neighboring cells eventually
fusing the host cell membranes and spreading the infection. Surface Receptor 1 (SR1) and
Surface Receptor 2 (SR2) are recently identified virulence factors that Bp uses for initial
attachment to host cells making them attractive for vaccine development and as therapeutic
targets. We used the SR1 mutant as a background strain making various double mutant strains
with SR2, BPSL0636, BPSS0015, and BPSS1818, and tested them as potential live attenuated
vaccines (LAVs) to no avail. Purified SR1 and SR2 were able to elicit immune responses in mice
allowing the development of monoclonal antibodies (mAbs) that have neutralizing properties.
These mAbs have the potential to be further developed as immunotherapies for prophylaxis or
treatment of melioidosis. Finally, we combined SR1 and SR2 in a subunit vaccine that protected
BALB/c mice from lethal Bp challenge and reduced Bp colonization of the lungs, livers, and

spleens.
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Introduction

Burkholderia pseudomallei (Bp) is classified a Tier 1 select agent because it causes high
morbidity and mortality rates in humans, can spread via aerosols, and the precious use of B.
mallei (Bm), a clonal derivative of Bp, as a bioweapon'”. Bp causes the tropical disease
melioidosis that has an increasing global presence due to more awareness and better diagnostic
and environmental surveillance®”. In 2016, a group calculated the predicted global mortality rate
to be ~54%, highlighting the critical need for countermeasures against melioidosis’. Prior to
modern antimicrobial therapy treatment the mortality rate for severe melioidosis was close to
80% and the use of ceftazidime reduced it by half®. Currently, treatment of melioidosis patients
is restricted to antimicrobial therapy through a two-stage process. Initially patients are given
intravenous ceftazidime or meropenem for a minimum of approximately two weeks but can last
up to eight weeks’. In some cases patients are given sufamethoxazole-trimetheprim as well

during the initial intensive phase therapy due to its tissue penetrating capabilities'* ">

. Following
intensive phase therapy, melioidosis patients undergo three to six months of oral eradication
therapy with sufamethoxazole-trimetheprim’. Even though treatment is often successful when
the proper diagnosis is made and facilities are available, resistance to the frontline antibiotic
ceftazidime has been observed". Ceftazidime resistance is through mutation of the coding or
regulatory sequences of penA, a class A membrane-bound B-lactamase, or deletion of the PenA
target gene, BPSS1219'*?°. Resistance to sufamethoxazole-trimetheprim is conferred through
the expression of the BpeEF-OprC efflux pump or mutations in dihydrofolate reductase, fold”’.
Due to the intrinsic and adaptable nature of antimicrobial resistance in Bp strains and high

mortality rates in endemic regions, much effort has been put towards developing vaccines to

prevent melioidosis.
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Over the last decade, numerous melioidosis vaccines have been tested with a wide range
of outcomes. These vaccines have targeted the use of metabolic mutants, virulence factors, and
surface structures of Bp. A Bp mutant in aspartate-semialdehyde dehydrogenase (asd) was tested
as a possible live attenuated vaccine (LAV) and showed protection against acute murine
melioidosis (first 30 days of challenge) but exhibited delayed symptoms leading to 100%
mortality during the final 30 days of challenge in BALB/c mice®. Energy transducing inner
membrane protein TonB and the monomers that form the needle like structure of the virulence-
associated type VI secretion system, Hepl, have been mutated on the genetic level and tested as
a LAV showing protection for 27 days against aerosol challenge in C57Bl/6 mice™. The
tonB/hcpl double mutation strategy has also been successful against Bm infection when the
mutations are made in a Bm background®’. While LAVs have been demonstrated to produce

. 25-2
robust cellular and humoral immune responses® >’

, the safety is still a major concern due to
reversion back to a virulent form and the persistence of the LAV strain establishing a chronic or
latent infection®®. Glycoconjugate vaccines have been explored extensively and utilize capsule
polysaccharide (CPS) or lipopolysaccharide (LPS) and virulence-associated proteins™ . CPS
conjugated to non-toxic diphtheria toxin (CRM197) and combined with purified Hepl or TssM,
a deubiquitinase, showed 100% and 80% protection, respectively, against a lethal Bp infection in
C57Bl/6 mice for 35 days®. Although progress has been made in the development of a
melioidosis vaccine, no licensed vaccine exists. Herein, we exploit two new virulence factors,

SR1 and SR2, used by Bp to attach to host cells, in potential LAV combinations and as a

potential subunit vaccine.
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Results
Surface Receptor 1 and Surface Receptor 2 are conserved among pathogenic Bp strains

A recent investigation into the Bp intracellular lifecycle identified Surface Receptor 1
(SR1) and Surface Receptor 2 (SR2) to be located on the bacterial surface, expressed during
intracellular infection, and required for complete pathogenesis in cell culture and murine models
of infection®®. SR1 and SR2 were both characterized as attachment factors for the initial stages of
infection. SR1 encodes a 114 amino acid protein with a signal peptide and cleavage site between
positions 22-23 while SR2 encodes a protein with 395 amino acids and an invasion/intimin cell

adhesion domain between positions 65-135"

. The proteins encoding these attachment factors
are highly conserved in Bp strains suggesting that they might be functionally conserved (Fig. 1).
SR1 is located on chromosome I and has 627 ortholog group members within the Burkholderia
genus while SR2 is located on chromosome II and has 316 ortholog group members within the
Burkholderia genus®’. A search for similar nucleotide sequences shows that SR1 is conserved in
many Burkholderia species, with the highest abundance in the Bp and B. mallei (Bm) groups
(Fig. 1c). While SR2 is conserved in Bp and Bm, there are no sequenced B. cenocepacia, B.
cepacia, B. ubonensis, or B. vietnamensis strains that contain this gene (Fig. 1c). While there are
some variations in the SR1 and SR2 conservation across the Burkholderia genus spectrum, the

high conservation of these proteins in select agent species suggests that they could be ideal

targets for vaccine development and as immunotherapeutic treatment targets.

SR1 and SR2 based live attenuated vaccines do not protect against lethal infection with Bp
Because SR1 is required for full pathogenesis and expressed on the surface we wanted to

investigate the possibility of using the SR1 mutant strain as a potential live attenuated vaccine
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(LAV). While the SR1 mutant was 100% attenuated in BALB/c mice, only 80% of mice infected
with the SR2 mutant were able to survive leading us to exclude it as a single mutation LAV,
We did however generate a double mutant of SR1 and SR2 to see if loss of a second attachment
factor would increase protection while decreasing the likelihood of LAV reversion to a virulent
state. We hypothesized that by reducing the intracellular Bp burden, the host will be able to
develop a more robust humoral immune response leading to protection and clearance during the
early stages of infection. Thirty BALB/c mice were immunized with a single dose of 4,500
colony forming units (CFU) of the SR1 mutant, the SR1/SR2 double mutant, or a PBS control
(Fig. 2a). To determine if the time between immunization and challenge affects protection, half
of the vaccinated mice were challenged via the intranasal route with 4,500 CFU of Bp 1026b
after 30 days and remaining half challenged after 60 days (Fig. 2a). As expected, mice that were
vaccinated with PBS alone showed significant signs of infection leading to 100% mortality
within six days regardless of the time of challenge post immunization (Fig. 2b-c). Mice
vaccinated with the SR1 mutant showed 80% mortality within the first 12 days when challenged
60 days after immunization (Fig. 2b). The surviving mouse showed an extension of the
therapeutic window 54 days post challenge (Fig. 2b). Mice vaccinated with the SR1/SR2 double
mutant and challenged after 60 days showed 100% mortality in the first nine days (Fig. 2b).
Similar results were seen when mice were challenged 30 days post immunization (Fig. 2c). One
mouse vaccinated with the SR1 mutant was able to survive the duration of the study but showed
colonization of the lungs with wildtype Bp 1026b (Fig. 2d). Similarly, one mouse vaccinated
with the SR1/SR2 double mutant was able to survive until the end of the study and showed

colonization of wildtype Bp 1026b in the lungs (Fig. 2e). In both cases, the SR1 and SR1/SR2
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mutants were cleared from the organs tested (Fig. 2d-e). Taken together, the SR1 and SR1/SR2
double mutants afforded little protection as LAVs against lethal Bp challenge in BALB/c mice.
To explore other LAV options, we generated SR1 double mutants with other virulence
factors involved in autophagy avoidance, unknown processes, and tubulin rearrangement within
the host. BPSS0015 is a factor involved in late stage autophagy evasion within host cells,
BPSL0636 is a virulence factor with unknown function, and BPSS1818 is a factor that
rearranges host cell tubulin during intracellular infection®®. All of these mutants are 100%
attenuated in BALB/c mice suggesting that they could be used in an LAV. We generated double
mutants of SR1 with BPSS0015, BPSL0636, and BPSS1818 to test them as LAVs. We
hypothesize that combining an attachment deficient mutant, SR1, with other various mutations,
BPSS0015, BPSL0636, or BPSS1818, in an LAV strain will shift the immune response within
the host so that protection can be achieved. In addition, by mutating two different pathways in
each LAV, the chance of reversion to a lethal strain is less likely. We followed the same
vaccination-challenge schedule as before to test these LAVs (Fig. Sla). Mice vaccinated with
SR1/BPSS1818 and the PBS control showed 100% mortality within eight days regardless of
when the challenge occurred post immunization (Fig. S1b-c). Forty-percent and 20% of mice
vaccinated with the SR1/BPSS0015 and SR1/BPSL0636 survived when challenged 60 days after
immunization, respectively (Fig. S1b). Mice vaccinated with SR1/BPSS0015 showed 100%
mortality and the therapeutic window was extended to day 43 for one mouse vaccinated with
SR1/BPSL0636 when challenged 30 days after immunization (Fig. Slc). Of the surviving mice,
there was significant colonization of multiple organs by Bp 1026b and the LAV strain (Fig. S1d-
e). Because the LAV strains were not cleared and little to no protection was given, we abandoned

SR1 based vaccine strains and moved towards other strategies to protect against Bp infection.
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Monoclonal antibodies targeting SR1 and SR2 reduce Bp attachment to HEK293T cells

Strains lacking SR1 or SR1/SR2 gave limited protection against a lethal Bp challenge in
BALB/c mice. We therefore shifted our focus to see if the purified SR1 and SR2 could elicit an
immune response to develop monoclonal antibodies (mAbs) against each protein. This serves as
both a proof-of-concept for a potential SR1/SR2 based subunit vaccine and a potential alternative
therapeutic strategy utilizing mAbs to protect against Bp infection. SR1 and SR2 were previously
purified in E. coli utilizing N- and C- terminal His tags, respectively’®. Additionally, it was
shown that SR2 is immunogenic in melioidosis patient sera while SR1 was not*°. BALB/c mice
were given an initial immunization with SR1 or SR2 with Freund’s complete adjuvant (CFA)
followed by subsequent boosters of SR1 or SR2 and Freund’s incomplete adjuvant (IFA).
Spleens were harvested and cells fused with myeloma cells to generate hybridoma cell lines.
Hybridoma cell lines were diluted to purification and screened with ELISA for mAb production
eventually identifying one cell line producing a mAb that targeted SR1, aSR1#140, and one cell
line producing a mAb that targeted SR2, aSR2#1 (data not shown). Both mAbs were tested for
their specificity against each antigen via western blot (Fig. 3a). Because each purified protein
contained a His-tag for purification, we tested the specificity of each mAb against purified SR1
and SR2 to ensure that the mAbs do not bind the His-tag peptide (Fig. 3a).

To test if these mAbs are neutralizing, a Bp attachment assay was conducted to test each
mAb. Briefly, wildtype Bp 1026b was incubated with aSR1#140, aSR2#1, aHis-tag antibody, or
PBS and then used to infect HEK293T cells for one hour, washed with PBS, and the number of
attached bacteria determined by serial dilution and plating. When the mAb that targets SRI,

aSR1#140, was incubated with Bp, attachment was reduced to 35% of wildtype attachment (Fig.
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3b). When Bp is incubated with the mAb that targets SR2, aSR2#1, attachment was reduced to
27% of wildtype Bp (Fig. 3b). These reductions in attachment were comparable to mAbs that
target CPS and LPS (data not shown)”. Taken together, aSR1#140 and aSR2#1 reduce Bp
attachment to HEK293T cells indicating that under the right conditions SR1 and SR2 protein can

elicit an immune response with protective capabilities.

SR1 and SR2 based subunit vaccine provides protection against lethal infection with Bp

SR1/SR2 based LAVs showed no protection against a lethal Bp challenge in BALB/c
mice while mAbs against SR1 and SR2 can be neutralizing. We therefore wanted to test the
potential of an SR1/SR2 based subunit vaccine. To reduce the number of mice and increase the
chances of success, it was decided to incorporate both SR1 and SR2 into a single vaccine. In
addition to this, two adjuvants were chosen; alum, that elicits a Th2-type immune response, and
monophosphoryl lipid A (MPLA), a Toll-like Receptor 4 (TLR4) agonist that elicits a strong
Thl-type immune response. Cumulatively, these adjuvants are known as adjuvant system four
(AS04) and have been incorporated into the licensed vaccines, Cervarix and Fendrix.

BALB/c mice were vaccinated via the intraperitoneal (IP) route with the pilot subunit
vaccine, given a booster after two weeks, and bleed on week three to check if specific SR1 and
SR2 antibody responses could be detected (Fig. 4a). Mice vaccinated with the SR1/SR2 based
subunit vaccine showed a strong SR2 specific IgG response and a slightly smaller response to
SR1 (Fig. 4b). Mice vaccinated with adjuvant only (control) showed no response to SR1 or SR2.
Due to the quick and specific IgG response to the SR1/SR2 based vaccine, we decided to
challenge the BALB/c mice with a lethal dose of Bp 1026b via the intranasal route (IN) four

weeks after the initial immunization, having only given the mice a single booster vaccination
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(Fig. 4a). Mice given the adjuvant control showed significant clinical signs of infection
compounded by rapid weight loss within the first three days post challenge and were deemed
moribund (Fig. S2a). Organs of the control mice showed significant colonization within the
lungs, the initial site of infection, and disseminating infection to the liver and spleen (Fig. S2b).
While vaccinated mice also showed weight loss in the first four days post challenge, fewer
clinical symptoms were also observed (Fig. S2¢). Vaccinated mice showed a quick recovery
gaining most weight back and showing no symptoms of disease by day ten (Fig. S2¢). All mice
vaccinated with the SR1/SR2 based subunit vaccine survived for the duration of the study (Fig.
4c). Lungs, livers, and spleens of all vaccinated mice were harvested to determine the bacterial
burden. Surprisingly, the vaccinated mice showed low levels of Bp colonization and one mouse
showed sterile immunity (Fig. 4d). The data indicates that the pilot SR1/SR2 subunit vaccine is

protective against BALB/c murine melioidosis warranting further development.
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Discussion

In the present study, we examined the potential for exploiting Bp attachment factors SR1
and SR2 to combat and/or prevent melioidosis. We initially thought that an attachment-impaired
strain of Bp would be a successful LAV strain. Reduced attachment would lead to a more
significant humoral immune response allowing the clearance of Bp during early stages of
infection. To our surprise this was not the case. The SR1 mutant and the SR1/SR2 double mutant
showed very little protection against a lethal Bp challenge and only two mice were able to
survive over 60 days. When we combined the SR1 mutant with other virulence factor mutants,
including BPSL0636, BPSS0015, and BPSS1818 that are involved in unknown function,
autophagy evasion, and host cell tubulin rearrangement, respectively, similar results were seen’®.
It is interesting to speculate how these other virulence factors would behave in other mutant
combinations as the best protection was from the SR1/BPSS0015 double mutant. However, this
is beyond the scope of the current study. We believe that the failure of the SR1 based LAVs is
due to the fact that these mutants elicit an immune response tailored for an extracellular
pathogen. It is also plausible that the SR1 based LAVs were cleared from the system quickly
leading to a weak non-protective immune response. Our data suggest that SR1 based LAVs are
not effective forms of protection against Bp infection.

SR1 and SR2 are expressed on the surface of the cell making it a target for potential
immunotherapeutic treatment’®. We therefore proceeded to generate mAbs that specifically
target SR1 and SR2 to determine if the generated antibodies can be neutralizing. The use of
mAbs targeting exotoxins and bacterial surface structures as immunotherapies have been gaining
more attention recently to combat bacterial infections®’. The mAbs targeting SR1 and SR2

reduced the attachment efficiency of Bp to HEK293T cells. These results indicate that the
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possibility of immunotherapeutic treatment using SR1 and SR2 as targets could be possible and
warrant further study. Although, one mAb against each protein is a proof-of-concept, it will
likely take multiple mAbs and a significant amount of screening to develop an effective
immunotherapy. Because the antibodies generated from exposure to SR1 and SR2 leads to a
neutralizing effect, we thought that the proteins could be incorporated into a subunit vaccine to
protect against Bp infection.

SR1 and SR2 were combined into a single vaccine with AS04 to polarize the immune
response towards a more cell-mediated immunity while maintaining the necessary humoral
response”. Beyond the immunological justifications for using AS04, it is also a component in
two licensed vaccines, Cervarix and Fendrix, protecting against oncogenic strains of human

papilloma virus and hepatitis B virus, respectively’ **

. We administered a primary vaccination
with an identical boost and showed an antigen specific IgG response towards SR1 and SR2. The
IgG response towards SR2 was larger than the IgG response towards SR1 most likely due to the
large size of the SR2 protein (SR1, ~12.5kDa; SR2, ~42.5kDa). The skew of the immune
response towards SR2 fits with the distribution of each protein on the surface of Bp. SR2 is
distributed throughout the entire cell surface while SR1 is localized to the poles of the cells™.
Besides these observations, vaccinated mice showed complete protection against a lethal
infection with Bp 1026b while mice given the adjuvant alone showed significant signs of disease
and colonization. To compound these results, vaccinated mice showed extremely low levels of
colonization in the organs tested after challenge. Although we saw complete protection and low
levels of organ colonization, we believe that adjustments can be made to increase the success of

this vaccine. The SR1 to SR2 ratio, the route of vaccine administration, the quantity of each

antigen per dose, the ratio of antigen to adjuvant, the murine model used for efficacy testing, and
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the Bp challenge strain are all areas that can help optimize the SR1/SR2 based subunit vaccine.
The SR1/SR2 based subunit vaccine and the potential for SR1/SR2 based immunotherapies have
potential for alleviating the burden on antimicrobial therapy by adding extra layers of defense

against treatment and prevention of melioidosis.
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Methods and Materials

Bacterial strains, media and culture conditions Bp strain 1026b was routinely grown in Luria-
Bertani (LB) medium (Difco) or 1x M9 minimal medium supplemented with 20 mM glucose
(MG) supplemented with 0.3% glyphosate (GS) when appropriate. Manipulation of Bp was
conducted in a CDC-approved and registered facility at the University of Hawai‘i at Manoa or
Colorado State University using institutionally approved protocols and practices based on the

guidelines in the BMBL, 5™ edition*’ for BSL3 organisms.

Molecular methods and reagents Molecular methods and reagents were used as described

229648 Mutants of SR1 and SR2 were generated previously’®. Double mutants were

previously
generated by using Flp recombinase to remove the gat cassette®, followed by PCR verification,

and lambda red recombineering to generate the second in frame deletion in SR2, BPSL0636,

BPSS0015, or BPSS1818*.

Purification of SR1 and SR2 and subunit vaccine formulation SR1 and SR2 were purified as
previously described®. Equal amounts of SR1 and SR2 (50pg each) were combined with
Alhydrogel® adjuvant 2% (Invivogen) and MPLA from Salmonella minnesota R595

(Invivogen).

Development of hybridoma cell lines Hybridoma cell line creation was done through the
Monoclonal Antibody Service Facility at Kapi‘olani Community College of the University of

Hawai‘i system. Briefly, BALB/c mice were vaccinated with SR1 or SR2 and Freund‘s complete
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adjuvant followed by subsequent boosters of SR1 or SR2 and Freund‘s incomplete adjuvant. SR1
and SR2 specific reactions were determined through ELISA and western blot. Spleen cells were
harvested and fused with myeloma cells to generate a pool of possible hybridoma cell lines.
Potential hybridoma cell lines were diluted for purification and final validation was done via

western blotting.

Western blot and ELISA analysis For western blots, SR1 and SR2 were run on an SDS-PAGE
gel and blotted onto a PVDF membrane overnight at 4°C. The western breeze kit (Thermo
Fisher) was used and the mAbs that target SR1 and SR2 were used as primary antibodies and
Goat anti-mouse-HRP used as a secondary antibody. The Novex ECL HRP chemiluminescent
substrate reagent kit (Invitrogen) was used for detection. For ELISA analysis, protein was coated
onto the bottom of 96-well plates at 0.5-1pg/well in PBS overnight at 4°C and blocked with
BSA. Sera from mice or hybridoma cell supernatants were diluted in the wells and incubated for
one hour at room temperature followed by washing with PBS. Goat anti-mouse-IgG (H+L) HRP
conjugate (Invitrogen) was used as a secondary antibody. TMB substrate kit (Thermo Fisher)

was via manufacturers instructions used to detect any signal with a BioTek ELx808IU.

Attachment assay Attachment assays were carried out as previously described®®. Briefly,
HEK293T cells were washed with PBS and seeded at ~80% confluence in DMEM+FBS. Bp
1026b was incubated with aSR1#140, aSR2#1, aHis-tag mAb (Invitrogen), or PBS for one hour
and used to infect HEK293T cells for an additional hour. HEK293T cells were washed three
times with PBS, monolayers lysed with 0.2% triton X-100 in PBS, serial dilutions made, and

plated on LB to enumerate the number of bacteria attached. The number of initial bacteria used
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for infection was determined as well. The attachment efficiency was determined by dividing the
attached number of Bp by the initial number of Bp used to infect. This experiment was done in

triplicate and the error bars represent the s.e.m.

Animal studies BALB/c mice between 4 and 6 weeks of age were purchased from Charles River
Laboratory. All live attenuated vaccinations were administered via the intranasal (IN) inoculation
route. All challenges were administered via the IN route. LAV control mice were vaccinated
with PBS. Prior to IN inoculation, mice were anesthetized with 100 mg of ketamine/kg of body
weight plus 10 mg/kg xylazine as previously described”’. Each LAV strain was used to vaccinate
five mice with 4,500 CFU. Mice vaccinated with LAVs were challenged with 4,500 CFU of
wildtype Bp 1026b after 30 or 60 days post-immunization. Animals were monitored for disease
symptoms daily and euthanized at predetermined humane end points. Lungs, liver, and spleen of
surviving mice were harvested, homogenized, serially diluted, and plated on LB and
MG+0.3%GS to determine if the LAV strain had survived.

Subunit vaccinations (primary and boost) were administered via the intraperitoneal (IP)
inoculation route with equal amounts of SR1 and SR2 with AS04 as the adjuvant. Control mice
were vaccinated with AS04 only. Mice were bled via submandibular vein one week after the
boost and IgG titers determined via ELISA. Mice were challenged with 2,075 CFU of wildtype
Bp 1026b and clinical symptoms and weights were monitored. Clinical scores were determined
with the following criteria: 0, normal ; 1, questionable illness; 2, mild but definitive illness; 3,
moderate illness; 4, severe illness requiring euthanization; 5, found dead. One hundred
milligrams of lungs, liver, and spleen of surviving mice were harvested, homogenized, serially

diluted, and plated on LB to determine bacterial burdens. Limit of detection is ~10CFU/gram of

208



organ. Survival data was plotted using Prism software (GraphPad, La Jolla, CA) and statistical

analysis was done by Kaplan-Meier curves.

Ethics statement Animal studies in this manuscript were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Hawai‘i at Manoa or by IACUC at
Colorado State University and were conducted in compliance with the NIH (National Institutes

of Health) Guide for the Care and Use of Laboratory Animals.
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Figure 1| SR1 and SR2 are conserved in pathogenic Bp strains. a) Protein alignment of SR1
homologs from select Bp strains, B. thailandensis E264, and B. cenocepacia J2315. b) Protein
alignment of SR2 homologs from select Bp strains, B. thailandensis E264, and B. mallei
ATCC23344. c) The nucleotide sequence of SR1 and SR2 from Bp K96243 were used to search
for homologs in each Burkholderia species group and the number of genomes that SR1 or SR2
are present in is plotted (abundance). Black bars represent abundance of SR1 homologs while

grey bars represent SR2 homologs in each species group.
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Figure 2| The SR1 mutant and the SR1/SR2 double mutant as LAVs do not protect against
lethal challenge in BALB/c mice. a) An overview of the vaccination and challenge timeline.
Mice were vaccinated on day zero, followed by one group of mice being challenged on day 30
and another group of mice being challenged on day 60. Mice were monitored for 63 days post

challenge. b) Survival curve of mice challenged 60 days after immunization. No mice survived
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the duration of the study. ¢) Survival curve of mice challenged 30 days after immunization. One
mouse vaccinated with SR1 and one mouse vaccinated with SR1/SR2 survived to the end of the
study. d) Organ loads from the surviving mouse vaccinated with SR1. Bp 1026b still colonized
the lungs while the SR1 mutant was cleared. e) Organ loads from the surviving mouse vaccinated
with the SR1/SR2 double mutant. Bp 1026b still colonized the lungs while the SR1 mutant was

cleared.
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Figure 3| mAbs that target SR1 and SR2 reduce attachment of Bp to HEK293T cells. a)
Confirmation of mAbs that target SR1 and SR2. SDS-PAGE showing purified SR1 and SR2,
~12.5kDa and ~42.5kDa, respectively. Purified SR1 and SR2 were used to generate mAbs
aSR1#140 and aSR2#1. The immunoblot shows specificity of aSRI1#140 towards SR1 and
specificity of aSR2#1 towards SR2. Both SR1 and SR2 served as His-tag controls for the other
and a aHis mAb immunoblot was used as a positive control. b) aSR1#140 and aSR2#1 block Bp
1026b attachment to HEK293T cells while the aHis mAb does not. Data in bar graphs represent
means + s.e.m and analyzed via unpaired t-test compared to the PBS control. P values presented

are as follows: ** p<0.01, ns=not significant.

213



Bp 1026b Organ
Immunization Boost challenge harvest
* * * Survival curve *
——— e -
>
Days 0 14 Blead 31 61
b C d

w
[
N
o
]

g 100 =
o
8 _ 3 o
o — SR2 vaccinated g X 154 o
907 2 +++« SR2 control e 75 S
& ? -e- Control 2 o
2 = 507 -=- Vaccinated °
7 M 5 & o
& o 25+ S 5 0o
S 5 o —
g I TTTOi T s a2
< 0T il. — T 1T T 1T 1T T 11 0 T T T T T 1 © 0'-@-@-’-%
X
© g &P ‘bq,b‘ ’f"’bbb\w @Q}@Qb:b(b\b(&@v\@b $® 0 5 10 15 20 25 30 VQQQ, \}\\Q/ \e,‘Z’Q
PP Days post challenge of

Dilution factor

Figure 4| BALB/c mice are protected against a lethal Bp challenge when vaccinated with an
SR1/SR2 based subunit vaccine. a) An overview of the vaccine trial. BALB/c mice were
vaccinated on day zero, given an equivalent booster on day 14, bleed via the submandibular vein
on day 21, challenged on day 31, and survival monitored for 30 days. b) Antigen specific IgG
titers were determined for vaccinated and control mice showing that vaccinated mice had strong
IgG response towards both SR1 and SR2. ¢) SR1/SR2 based subunit vaccine protects BALB/c
mice against a lethal challenge of Bp 1026b. BALB/c mice given the adjuvant alone showed no
protection. d) Organs from the vaccinated group showed low levels of colonization in the lungs
liver and spleen at the termination of the challenge study. The limit of detection was ~10

CFU/gram of tissue.
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Supplemental Figure 1| The SR1 mutant combined with various mutants as LAVs do not
protect against lethal infection in BALB/c mice. a) An overview of the vaccination and
challenge schedule. Mice were vaccinated on day zero, one group of mice was challenged on day

30 and another group of mice challenged on day 60. Survival was monitored for 63 days post
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challenge. b) Survival curve of mice challenged 60 days post vaccination. Two mice vaccinated
with the SR1/BPSS0015 mutant survived while one mouse vaccinated with SR1/BPSL0636
survived. c¢) Survival curve of mice challenge 30 days post vaccination. No mice survived the
entire length of the study. d) Organ loads from mice vaccinated with the SR1/BPSL0636 double
mutant. Wildtype Bp 1026b and the SR1/BPLS0636 mutant were colonizing the liver and spleen
of the remaining mouse. e) Organ loads from SR1/BPSS0015 vaccinated mice. Both mice were
colonized with wildtype Bp 1026b in various organs and one mouse had the LAV strain

colonizing the liver.
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Supplemental Figure 2| BALB/c mice vaccinated with SR1/SR2 based subunit vaccine
recover after lethal challenge. a) BALB/c mice vaccinated with the adjuvant-only control show
significant weight loss and increasing clinical scores over the first three days post challenge. b)
Organ loads from control mice showing major colonization in the lungs and disseminating
infection in the liver and spleen. ¢) BALB/c mice vaccinated with the SR1/SR2 based subunit
vaccine showed weight loss and lower clinical scores that was quickly recovered over the first 10
days. Clinical scores were determined with the following criteria: 0, normal; 1, questionable

illness; 2, mild but definitive illness; 3, moderate illness; 4, severe illness requiring

euthanization; 5, found dead.
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Burkholderia pseudomallei (Bp) is a truly complex bacteria that is able to live within the
rhizosphere and is a facultative intracellular pathogen of animals and humans culminating in the
disease melioidosis'. Infection with Bp can lead to a broad range of clinical outcomes from acute
to chronic symptoms, and sometime latent onset of symptomatic melioidosis”. Bp is classified as
a Tier 1 select agent because it causes high morbidity and mortality in endemic regions, can
spread via the aerosol route of infection, and has the potential to be misused as a bioweapon™°.
Case fatality rates have been reported to be ~40% with treatment’ and have been as high as

~70% without treatment® °

. In 2015, it was predicted that there were 165,000 cases of
melioidosis worldwide and 89,000 of those cases resulted in death'. Treatment of melioidosis
requires two phases of antimicrobial treatment that can last for months’. Bp is intrinsically

114 Due to this,

resistant to many antimicrobials and has developed resistance during treatment
the development of a melioidosis vaccine and novel therapeutic treatment is critical. In an effort
to develop vaccines and therapeutics to combat melioidosis, we must first understand the
mechanisms that Bp uses to infect and cause disease.

Windows into Bp pathogenesis have been opened revealing a complex lifecycle within
the host cell. Briefly, Bp attaches to host cells, gets internalized by phagocytic or non-phagocytic
cell types'’, and then escapes the vacuole utilizing the a type III secretion system (T3SS-3)'*"’.
In the cytoplasm, Bp replicates and travels using molecular mimicry to polymerize host cell

20, 21

actin or a lateral flagella system that is expressed in the host”. Bp spreads toward

neighboring cells and fuses host cell membranes using VgrG and/or a type VI secretion system

(T6SS-1) causing the formation of multinucleated giant cells (MNGCs)>?’

. Bp encodes other
virulence factors including capsule *°, lipopolysaccharide *’, and multiple T3SSs and T6SSs '* "

> Approximately 27% of the Bp genome has no known function and these genes could play an
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important role during host cell infection®®. Recently, the transcriptional landscape of single Bp
cells was identified at various stages of intracellular infection revealing that 1,953 genes are
differentially regulated in a stage-specific manner®’. This result identified two areas of interest: i)
many genes are required for Bp to maintain its normal lifecycle within the host and many of
these genes have no known function; ii) a sophisticated regulation system must be in place to
coordinate the expression of these genes in a stage specific manner. Within the genes that show
distinct expression patterns during the Bp intracellular lifecycle, 33 were identified to be
transcriptional regulators with no known function. The aim of this dissertation was to
functionally characterize three of these transcriptional regulators, BP1026B II1198,
BP1026B 111561, and BP1026B 112312 in chapters two, three, and four. Furthermore, in an
effort to make progress towards developing an effective vaccine against melioidosis, several
vaccine trials were undertaken and described in chapters five and six.

BP1026B 111198 is up-regulated in the vacuole, down-regulated in the cytoplasm, and
up-regulated as Bp protrudes toward neighboring cells. A mutant of this transcriptional regulator
is required for complete pathogenesis indicating that the genes that it controls play a role during
the infection process. By investigating the indirect and direct transcriptional control of
BP1026B 111198 through RNA-seq and ChIP-seq, we can better understand how this regulation
network contributes to pathogenesis. BP1026B 111198 regulates genes involved in Fe-S cluster
assembly and this contribution could be essential for Bp to rapidly react to the intracellular
environment™. Additionally, BP1026B_I11198 down-regulates a potential Fe-S containing
transcriptional regulator, similar to RrsR’'. This could lead to downstream transcriptional

changes that should be investigated further.
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BP1026B 111561 is up-regulated as Bp protrudes towards neighboring cells before
MNGC formation and is also required for pathogenesis in cell culture infection and a BALB/c
mouse model of melioidosis. Investigation of the transcriptional network of BP1026B 111561
showed down-regulation of propanoate and fatty acid metabolism suggesting a shift in metabolic
function of Bp within this particular intracellular niche. In addition, broad groups of metabolism
and transport were also down-regulated including amino acids, lipids, and carbohydrates.
BP1026B 111561 did however up-regulate genes in the shikimate pathway directly, and these
genes were shown to be critical for pathogenesis in RAW264.7 cell infection. Enzymes of the
shikimate pathway are excellent targets for drug design because this pathway is absent in
mammals®>>’. These genes that are directly controlled by BP1026B_II1561, could be excellent
targets for anti-Bp drugs because they are expressed during infection and required for complete
pathogenesis. This area of research will need to be investigated further but is an exciting avenue
for melioidosis treatment research.

BP1026B 112312 is up-regulated in the early stages of infection as Bp is in the vacuole.
A mutant of BP1026B 112312 is defective in intracellular pathogenesis and in vivo infection.
Overall, BP1026B_ 112312 down-regulates many pathways and genes in a stringent-like response
that could be tied to the Bp lifecycle in an elegant way. As Bp begins its infection it gains entry
into host cells via the endocytic pathway. Here Bp encounters a low nutrient environment where
general metabolic pathways are not needed and specific virulence factors are required.
BP1026B 112312 down-regulates general metabolic functions including amino acid, lipid, and
carbohydrate metabolism/transport, as well as transcription, translation, and DNA repair
machinery. The proteins typically associated with stringent response show slight indirect control

by BP1026B 112312 through the up-regulation of spoT. The other gene involved, rel4, however,
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does not appear to be controlled by BP1026B I12312. RelA/SpoT control the
hyperphosphorylation of guanosine that has a direct role in the expression of genes through
interaction with RNA polymerase®. The small change in spoT regulation could have a role in
this stringent-like response, but could also be due to BP1026B 112312 on its own. In addition to
this, BP1026B 112312 regulates a citrate lyase that could be a drug target for melioidosis
therapies®. Isochorismatase is also up-regulated by BP1026B 112312 and is important for the

synthesis of secondary metabolites**

. There are no known homologs of isochorismatases in
humans® and the structure of a homolog in Burkholderia thailandensis (96.9 % amino acid
identity) has been solved*’ making this another excellent drug target for melioidosis treatment.
Interestingly, there is overlap between some genes and pathways controlled by several
transcriptional regulators. BP1026B 111561 and BP1026B 112312 both down-regulate
propanoate and fatty acid metabolism. This suggests that Bp has redundant mechanisms to
control these pathways. BP1026B_ 112312 is up-regulated in the vacuole and BP1026B 111561 is
up-regulated during Bp protrusion towards neighboring cell, both areas of critical importance to
the intracellular lifecycle. Bp must escape the vacuole or it could be degraded by lysosomal
fusion and during later stages of infection, nutrients are likely limited within the cell, due to the
increase Bp cell density, requiring the fusion of host cell membranes to gain access to a new
nutrient rich environment. The down-regulation of these metabolic pathways at early and late
stages of infection suggest that Bp selectively shifts away from nutrient acquisition to conserve
energy for expression of virulence mechanisms like T3SS-3 and T6SS-1, respectively. Overall,
all three transcriptional regulators control many hypothetical proteins that require further

investigation to understand their role during pathogenesis. Each transcriptional regulator controls

one or more downstream transcriptional regulators that will have to be investigated as well. This
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generates an even more complex picture. While the description of these transcriptional regulators
gives a glimpse of the overall transcriptional network of Bp during pathogenesis, there is much
more work to be done to fully understand how Bp coordinates its complex lifecycle within the
host cell.

Taking several large steps forward towards translational research, within this dissertation
are descriptions of two potential vaccine candidates for protecting against infection with Bp. A
live attenuated vaccine (LAV) strain, with genetic mutations in BPSS0015 and BPSL0636,
shows promise after significant optimization. C57B1/6 and BALB/c mice vaccinated with this
LAYV strain were protected from a lethal infection with Bp 1026b but did not produce sterile
immunity. The colonization within the surviving mice could eventually turn into chronic or latent
melioidosis and is likely due to the large challenge dose of virulent Bp. To our knowledge, this is
the only LAV strain, to date, that shows complete protection in both mouse models
recommended for melioidosis vaccine testing*. Testing of this LAV strain will have to be done
in a diabetic mouse model and large animal model to further develop this platform. Although we

45-48 .
, reversion or

see protection with this LAV strain, based on historic genome plasticity of Bp
mutation to a virulent or persistent form is likely. For this reason, LAVs in general are not the
optimal platform for a melioidosis vaccine.

A subunit vaccine incorporating two Surface Receptors (SR1 and SR2) was designed and
tested in BALB/c mice. SR1 and SR2 are both expressed during infection, required for complete
pathogenesis in cell culture and BALB/c mouse infection, and are conserved in Bp strains™.
These proteins were combined with an adjuvant that push a host towards a Thl response to

enhance cell-mediated immunity. BALB/c mice that were vaccinated with this pilot vaccine were

protected against a lethal Bp challenge and showed reduced levels of organ colonization, and one
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mouse with sterile immunity. This shows a major milestone in the melioidosis vaccine
development as most subunit vaccine trials focus on showing protection in C57Bl/6 mice that are

intrinsically more resistant to Bp infection®”*°

. While these results are exciting, optimization of
this vaccine candidate will need to be undertaken.

Overall, this dissertation has delved into two regions of Bp research: i) virulence
regulation during intracellular pathogenesis; and ii) translating the understanding of Bp virulence
into vaccine candidates. I have described three new transcriptional regulators that control many
pathways and genes important for intracellular infection. Some of the genes controlled by these
transcriptional regulators are required for pathogenesis and could be potential targets for anti-Bp
drugs. In addition this work has identified two potential vaccine candidates to protect against Bp
infection, one an LAV and the other a highly significant subunit vaccine candidate. Taken

together, this work has made a significant contribution to the overall understanding of Bp

pathogenesis and to protection for melioidosis.

231



References

1.

2.

10.

Wiersinga, W.]. et al. Melioidosis. Nat Rev Dis Primers 4, 17107 (2018).

Currie, B.J.,, Ward, L. & Cheng, A.C. The epidemiology and clinical spectrum of
melioidosis: 540 cases from the 20 year Darwin prospective study. PLoS Negl Trop
Dis 4,e900 (2010).

Wiersinga, W.]., Currie, B.]. & Peacock, S.J. Melioidosis. N Engl ] Med 367, 1035-1044
(2012).

Limmathurotsakul, D. et al. Activities of daily living associated with acquisition of
melioidosis in northeast Thailand: a matched case-control study. PLoS Negl Trop Dis
7,e2072 (2013).

Frischknecht, F. The history of biological warfare. Eur. Mol. Biol. Org. 4, S47-S52
(2003).

Aldhous, P. Melioidosis? Never heard of it... Nature 434, 692-693 (2005).
Limmathurotsakul, D. et al. Increasing incidence of human melioidosis in Northeast
Thailand. Am J Trop Med Hyg 82,1113-1117 (2010).

White, N.J. et al. Halving of mortality of severe melioidosis by ceftazidime. Lancet 2,
697-701 (1989).

Lipsitz, R. et al. Workshop on treatment of and postexposure prophylaxis for
Burkholderia pseudomallei and B. mallei Infection, 2010. Emerg Infect Dis 18, e2
(2012).

Limmathurotsakul, D. et al. Predicted global distribution of and burden of

melioidosis. Nat Microbiol 1 (2016).

232



11.

12.

13.

14.

15.

16.

17.

18.

Chantratita, N. et al. Antimicrobial resistance to ceftazidime involving loss of
penicillin-binding protein 3 in Burkholderia pseudomallei. Proc Natl Acad Sci U S A
108,17165-17170 (2011).

Sarovich, D.S. et al. Development of ceftazidime resistance in an acute Burkholderia
pseudomallei infection. Infect Drug Resist 5, 129-132 (2012).

Rhodes, K.A. & Schweizer, H.P. Antibiotic resistance in Burkholderia species. Drug
Resist Updat 28, 82-90 (2016).

Podnecky, N.L.,, Wuthiekanun, V., Peacock, S.J. & Schweizer, H.P. The BpeEF-OprC
efflux pump is responsible for widespread trimethoprim resistance in clinical and
environmental Burkholderia pseudomallei isolates. Antimicrob Agents Chemother
57,4381-4386 (2013).

Jones, A.L., Beveridge, T.]. & Woods, D.E. Intracellular survival of Burkholderia
pseudomallei. ]. Bacteriol. 64, 782-790 (1996).

Attree, 0. & Attree, 1. A second type IIl secretion system in Burkholderia
pseudomallei: who is the real culprit? Microbiology 147,3197-3199 (2001).
Rainbow, L. Hart, C.A. & Winstanley, C. Distribution of type III secretio