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Abstract

This research project aimed to address the gaps in knowledge surrounding Bartonella
quintana, with a specific focus on understanding its cell cycle dynamics and the mechanisms
underlying its virulence. B. quintana is an intriguing pathogen due to its ability to persist for
long periods within the human vascular and intraerythrocytic environment. Specifically, for
B. quintana to reside inside erythrocytes without causing lysis, tight regulation of the cell
cycle is required to limit its replication within this niche.

CtrA is known as a master regulatory protein controlling the cell cycle in multiple alpha-
proteobacteria, including C. crescentus. This study aimed to shed light on how this protein
influences the cell cycle or morphology of B. quintana. The primary objective was to
investigate the role of CtrA as a transcription factor within B. quintana and to evaluate the

impact of CtrA overexpression on the bacterium.

| first used a bioinformatics approach to identify B. quintana promoters that contained
putative CtrA binding motifs. | then used a beta-galactosidase assay to investigate the impact
of heterologous CtrA protein expression on the activity of two identified promoters, ftsH and
ftsK. The ftsH homologue gene in C. crescentus encodes a zinc metalloprotease that is
required for the stress response and that plays a role in cell division. The ftsk homologue
encodes an essential protein that coordinates cell division and chromosomal segregation. The
results suggested a potential repressive role of CtrA on the ftsH gene within B. quintana.

Expression from the ftsK promoter, however, was not detected, either with or without CtrA.

Because CtrA is an essential protein in most alpha-proteobacteria, | attempted to construct a
conditional mutant. Although this strain could not be achieved in this project, the strain
carrying the complementation plasmid was used to study the effects of CtrA overexpression
in B. quintana. Distinct outcomes were noted in terms of viability and chromosome content
between the wildtype B. quintana and those carrying the inducible ctrA plasmid. Differences
in morphology were not noted, but this could be due to the lack of time available to optimise

microscopy protocols.

The alteration in viability and chromosomal contents observed, when ctrA expression was
induced on a plasmid, suggests a potential role for CtrA in the cell cycle of B. quintana.
Further investigation is warranted to explore the functions of CtrA in B. quintana, not only in
the context of the cell cycle but also in other aspects of B. quintana morphology and

pathogenesis.
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1. Introduction

1.1 Bartonella genus

Bartonella species are Gram-negative, facultative intracellular bacteria that belong to the

a-2 subgroup of proteobacterial. With over 40 known species, many of them are able to infect

mammalian hosts, including bats and humans, and are typically transmitted through various

blood-feeding arthropod vectors such as body lice, cat fleas and sandflies or through animal

bites or scratches 3. Interestingly, Bartonella infections also occur in some aquatic animals

such as belugas and sea turtles*®. Many diverse mammals serve as reservoirs for Bartonella

infections; however, Bartonella bacilliformis and Bartonella quintana are only Bartonella

spp. known that have human beings as their mammalian reservoir®. In addition to these two

Bartonella species, many zoonotic Bartonella spp. can cause disease in humans via incidental

infections (Table 1-1).

Table 1-1 :Summary of Bartonella species reported to cause disease in humans.
Mammalian reservoir and arthropod hosts are listed (where known), along with reported

disease pathology®.

Bartonella spp.

Reservoir/vector hosts

Human disease pathology

B. alsatica

Rabbit

Endocarditis, lymphadenopathy

B. bacilliformis

Human/sandfly

Oroya fever and verruga
peruana

B. clarridgeiae Cat/cat flea Lymphadenitis

B. elizabethae Rat Endocarditis, neuroretinitis

B. grahamii, Rat Neuroretinitis

B. henselae Cat/cat flea Cat scratch disease,
lymphadenitis, endocarditis, etc

B. koehlerae Cat Endocarditis, lymphadenitis

B. quintana human/body louse Trench fever, endocarditis,
bacillary angiomatosis, etc

B. rochalimae Canid(fox and dog)’ Bacteraemia, fever,
splenomegaly

B. tamiae Unknown Febrile illness

B. vinsonii subsp. Arupensis

Dog, rodent/ticks

Bacteraemia, fever, endocarditis

B. vinsonii subsp. Berkhoffii Doglticks Endocarditis

B. washoensis Fleas Myocarditis, meningitis
B. melophagi Sheep / Sheep ked Bacteraemia

B. ancashi Unknown Verruga peruana

B. mayotimonensis® Bat Endocarditis




The Bartonella spp. that currently cause human disease most frequently are B.
henselae, B. bacilliformis and B. quintana. All of these are fastidious bacteria; B. henselae

and B. quintana are rod-shaped bacteria, while B. bacilliformis is a flagellated coccobacillus.

1.1.1 Disease Prevalence and Transmission
Most Bartonella species are transmitted between mammalian hosts by blood-feeding
arthropod vectors. In most cases, the geographic distribution and prevalence of the arthropod

vector, or in some cases the reservoir host, determines the prevalence of human infection.

1.1.1.1 Bartonella bacilliformis

B. bacilliformis infection causes Carrion disease, which can either present in an acute
form, known as Oroya fever, or a chronic form, known as verruga peruana (Peruvian warts).
The vector for B. bacilliformis is the female sandfly genus Lutzomyia, and the reservoir host
is humans. The prevalence of Carridn disease correlates with the geographical distribution of
Lutzomyia sandflies, its main transmission vector. The disease is usually limited to high-
altitude locations around the Andes mountains in South America, including Colombia and
Ecuador, with most cases reported in Peru®. Sporadic cases have also been reported in Bolivia
and Chile'®. Carrion disease was first reported in 1870 in Peru when a new railway line was
constructed from Lima to Oroya®!. This first major outbreak of Oroya fever, mainly in

workmen building the railway, resulted in several thousand deaths™®.

1.1.1.2 Bartonella henselae

Cat scratch disease (CSD) was first described in the 1930s, with the association with
cats established in the 19505213, Years later, B. henselae was isolated and shown to be the
agent of the infection. Humans are incidental, not reservoir, hosts for B. henselae. CSD
occurs worldwide, including in the United States, Europe and Asia, but is most prevalent in
warm and humid areas, in accordance with the geographical distribution of its cat flea
vector!’. Ctenocephalides felis, the cat flea, is an ectoparasite of both domestic and feral cats,
usually kittens. B. henselae replicates in the flea gut and is inoculated on cat fur or skin when
the flea excretes contaminated faeces, which cats are exposed to via grooming of their fur or



claws. Incidental infection in humans occurs with bites or scratches from infected cats that
are frequently asymptomatic*®>°.Young cats are more associated with this infection and more
likely to be bacteraemic compared to older cats. This may be due to older cats’ previous
exposure to B. henselae, resulting in effective antibodies that prevent infection. CSD occurs
most frequently in children, with an incidence of 6.4 cases per 100,000 population in adults,

versus 9.4 cases in the same population for children globally!316,

1.1.1.3 Bartonella quintana

The main vector for B. quintana transmission is the human body louse, Pediculus
humanus, but several studies have suggested that other blood-feeding arthropods, such as bed
bugs and head lice, can contribute to transmission of B. quintana’®. DNA from B. quintana
has been detected from ticks and cat fleas, but their ability to transmit B. quintana has not
been established®?°. The reservoir host for B. quintana is humans, though incidental

infections have occasionally been reported in companion animals, such as cats?®?,

Serological and molecular evidence reveals that B. quintana and trench fever occur
worldwide?*24, Since its discovery in 1915, trench fever epidemics have occurred
periodically. More recently, major outbreaks have occurred among homeless populations in
the United States and Europe®®>2. Because the outbreaks occur in homeless populations and
urban areas, a modern term for this disease is “urban trench fever”. Several paediatric patients
with B. quintana endocarditis were reported in Ethiopia the late 2010s; in 2020, a small
outbreak of trench fever was reported among the homeless population in Denver,
Colorado?2°. Poor hygiene, crowded living conditions, malnutrition and exposure to cold
temperatures over prolonged periods are risk factors for trench fever. These conditions
frequently arise within the modern homeless population; in the past, military troops also often
experienced these risk factors®°. Interestingly, alcoholism is also considered a risk factors?.
Most of these risk factors are the result of increased risk of body louse infestation.
Immunocompromised hosts are also more susceptible to trench fever, compared to
immunocompetent hosts, and often experience worse prognoses due to critical complications
such as bacillary angiomatosis and endocarditis?. Since the 1990s, several sporadic
outbreaks have been reported among homeless populations, as well as immunocompromised
populations, including patients with HIV or those who have undergone organ

transplantation?232:33,



Overall, exposure to arthropod vectors or reservoir hosts is a critical factor in the

prevalence or epidemiology of Bartonella infections.

1.1.1.3.1 Historical aspects of B. quintana

Trench fever was first recognised in 1915, early after the onset of trench warfare during
World War 1343°, After it was determined that trench fever was distinct from typhoid and
dengue fevers, Hunt and Rankin named this disease after the Trench Troop which was
affected by this disease in 1915%¢3". During World War 1, over 1 million soldiers were
estimated to be affected®. The War Office Trench Fever Investigation Commission first
attempted to determine if the disease was caused by bacteria or protozoa, though they did not
reach a conclusion®. Soon after, in 1916, Topfer reported that trench fever patients were
often infested by lice and that the lice contain a large number of what they identified as
“Rickettsia bodies” in their gut*®. Furthermore, Arkwright and others identified the
transmission vector and also found that trench fever occurs when human body lice feed and
excrete faeces on the patient’s skin. This enables the bacteria to enter the body following
scratching of the contaminated faeces into the bite wound*!. They also found that people do
not suffer from trench fever when lice only feed, confirming that scratching of the
contaminated faeces into the bite wound is the main transmission route for this disease. Later,
trench fever re-emerged in World War 11 on a larger scale around the world, with German
soldiers carrying the disease to Northern Europe, including Norway and Finland®**2, Trench
fever patients were also reported during the war in some Asian countries, including Japan and
China®. After the war, there were several outbreaks of trench fever around the world, mostly
in homeless populations and among immunocompromised patients. The outbreaks after the
war occurred in Poland*?, Mexico®, Tunisia, Ethiopia®*, Burundi*® and Japan“® in the 20

century, and some small-scale outbreaks have been reported in the 21% century as well*74®,

Recent discoveries revealed that B. quintana caused trench fever outbreaks even before
its discovery in World War I. For example, the DNA of B. quintana was identified in dental
pulp from Napoleon’s soldiers, suggesting B. quintana infections occurred in the early 19™
century®. This is consistent with the fact that many of Napoleon’s soldiers died because of
infectious disease and that soldiers living in close, unhygienic environments were susceptible

to trench fever. Real-time PCR of ancient dental pulps has also revealed B. quintana



bacteraemia in remains from 4,000 years ago, the earliest evidence of arthropod-borne

infections in humans®.

1.1.2 Clinical manifestations

Bartonella infections can cause a wide range of manifestations, from common mild
symptoms, such as fever, to more serious complications, such as bacteraemia and severe
inflammation in internal organs. The pathophysiology differs depending on which species is
causing the infection, but many Bartonella infections can occur in acute or chronic phases.
Immune compromised individuals tend to have more severe manifestations of the infection
compared to immune competent individuals. There is no single treatment for Bartonella
infection, with the optimal treatment determined based on the clinical manifestations and

pathogenicity®.

B. bacilliformis infection is clearly distinguishable from other types of Bartonella
infections. B. bacilliformis causes Carrion disease. The acute form, Oroya fever, typically
occurs first, and may be followed by the chronic form, verruga peruana. Carrién disease is by
far the most severe form of bartonellosis, compared to B. quintana or B. henselae infections.
Oroya fever is characterised by headache, fever, malaise, and most importantly, a potentially
highly fatal haemolytic anaemiall°l. As a result of this anaemia, Oroya fever results in nearly
90% mortality if left untreated, though this may vary between different B. bacilliformis
genetic variants®>®3, In the chronic phase, verruga peruana, patients get eruptive cutaneous
lesions on the skin that appear up to 8 weeks after the acute phase and persist for months or
even years®. This is a type of vasoproliferative lesion and is caused by bacterial colonisation

of the endothelium.

B. henselae causes CSD as an acute infection when the bacteria are transmitted into the
human host via a cat scratch or bite. CSD causes regional lymphadenopathy, along with
fever, which commonly develops over one to three weeks®®. Although the swelling occurs in
lymph nodes in healthy individuals, immunocompromised patients may have inflammation in
different organs, including the brain, bones, heart valves, central nervous system, and eyes®*.
Infection frequently occurs in the liver and spleen, causing cysts known as bacillary peliosis
as a chronic infection. In immune competent hosts, lymphadenopathy usually resolves

spontaneously at around four weeks, and is self-limiting in almost 90% of children®3. B.



henselae is less likely to cause a chronic infection in humans, thus bacteraemia is not a

common manifestation, as it is with B. quintana.

B. quintana causes trench fever, also known as five-day fever, in its acute phase of
infection. Trench fever is characterised by a relapsing fever that occurs at five-day intervals,
along with non-specific symptoms such as headache, dizziness and shin pain®®. The disease
occurs after a long period of incubation, usually up to a month>22385 Trench fever is
usually self-limiting in healthy patients, however, immunocompromised, organ transplant,
and alcoholic patients are at risk for severe manifestations?. The severity and prognosis
varies among patients, depending on immune status, with severe cases leading to critical
complications or even death??. B. quintana is reported to reside in endothelial cells, which
results in a vasoproliferative lesion called bacillary angiomatosis, particularly in immune
compromised individuals®’. The most common location for these lesions is the skin, but other
parts of the body, such as bone marrow and the liver, can also be affected (Figure 1-1)%.
Bacteraemia, recovery of viable bacteria in the host bloodstream, is a common chronic
manifestation of B. quintana infection and often occurs in immunocompromised hosts *®,
Surprisingly, there is evidence that some patients can be chronically infected with B.
quintana for months or even years'. Culture-negative endocarditis, an inflammation in heart

chambers and valves, is also a common chronic manifestation of this infection.

Figure 1-1: Characteristics of bacillary angiomatosis in an organ transplant patient.
This picture was reproduced from Ferlgv Schwensen et al.>® under a Creative Commons
license.

1.1.2 Interaction between Bartonella and erythrocytes
Bartonella bacteria usually reside in the vectors’ gut prior to inoculation of the
mammalian host, via faeces, saliva or direct inoculation by biting the host. Bartonella, after



inoculation and invasion of the dermal tissues, colonises the primary niche. This niche is
thought to be migratory cells such as macrophages, dendritic cells, or erythroblasts, where the
bacteria reside until the cells migrate to the next niche®®%!, Bartonella then colonises
vasculature endothelium tissues where they may persist intracellularly. The bacteria then
emerge into the bloodstream from those endothelial cells after 2 to 5 days and invade
erythrocytes. After limited replication inside the erythrocytes, typically reaching up to eight
bacteria per erythrocyte, the bacteria persist in the intraerythrocytic niche for the duration of
the erythrocyte’s lifespan ®2. This period in the erythrocyte enables Bartonella to evade host
immune surveillance. Intraerythrocytic bacteria are subsequently taken up by blood-feeding

arthropods, completing the transmission cycle (Figure 1-2)*:6063,

B. bacilliformis also have an alternative route of entry, by entering into the capillary
lumen directly through the open bite wound, without residing in the primary niche®.
Although humans are only an incidental host of B. henselae, inoculation of the bacteria can
cause illness. B. henselae invades a primary niche to circulate in the body and cause
inflammation and proliferation in other parts of the body. This is consistent with the clinical
manifestations of B. henselae which involves proliferation in lymph nodes. B. henselae does
not invade human erythrocytes, therefore this bacterium is not transmitted further from

humans.

The main difference between B. bacilliformis and other two Bartonella is that B.
bacilliformis infects, and potentially lyses, up to 100% of erythrocytes, causing severe
haemolytic anaemia. B. henselae and B. quintana, by contrast, only affect 1-5% of
erythrocytes, which remain intact and functional, enabling the bacteria to persist and be
transmitted®2%2, This is consistent with the high fatality rate of B. bacilliformis haemolytic

anaemia, but the low mortality of B. henselae and B. quintana in immune competent hosts.
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Figure 1-2: A diagram of the basic transmission route of Bartonella. Haematogenous, or
blood-feeding, arthropod vectors that carry Bartonella in their gut excrete on the host skin
during a blood meal. The bacteria then invade the dermis through the open wound. The
bacteria then colonise migratory and epithelial cells. Bartonella resides for a few days and is
released into the capillary lumen. Bartonella in the bloodstream invade erythrocytes and
replicate a limited number of rounds. Intraerythrocytic Bartonella persists long-term until the
end of the erythrocyte life. This persistence facilitates the next transmission via other blood-
sucking vectors. This diagram is adapted from Harms and Dehio®® with permission from
American Society for Microbiology. This figure was created by BioRender.com.

1.1.3 Bartonella Virulence factors

During the course of infection, Bartonella utilise different mechanisms to enable host
colonisation, evasion of host immunity, and persistence until transmission can occur. One
important virulence and host adaptation mechanism is the type 4 secretion system (T4SS).
The T4SS is absent from B. bacilliformis, but B. henselae, and B. quintana share some
common T4SS functions. The T4SS is composed of multiple structural proteins that mediate
the translocation of effector molecules across both bacterial membranes and the host cell
cytoplasmic membrane®4. There are two types of T4SS in B. henselae and B. quintana: VirB-
D4 and Trw.



The VirB-D4 T4SS is expressed on endothelial cells and allows the translocation of
Bartonella effector proteins (Beps) into host cells. Beps contribute to bacterial virulence by
altering multiple signalling pathways in endothelial and immune cells. The effects of the
Beps include inhibition of apoptosis, induction of proinflammatory signalling through the
NF-kB pathway, and actin cytoskeleton rearrangement, resulting in invasome-mediated
bacterial aggregates for bacterial internalisation®%. Induction of the NF-xB pathway results
in increased secretion of I1L-8, causing angiogenesis and secretion of adhesion molecule
ICAM-1 to facilitate proinflammatory response®. The Trw T4SS does not secrete any
proteins into the host cell, but rather facilitates the adhesion and invasion of erythrocytes. It
also functions as a key factor for reservoir host specificity by expressing a wide variety of
lengths and number of pili to adapt to specific erythrocyte surface of reservoir hosts®’. B.
henselae have a small molecule called deformin, which deforms the membrane of

erythrocytes to also facilitate the bacterial invasion of erythrocytic cells®,

Lipopolysaccharide (LPS) is another factor contributing to pathogenesis in B. quintana
and B. henselae. LPS in these bacteria have unique lipid A along with a long fatty chain
without an O-chain polysaccharide. This structure makes their LPS less recognisable by Toll-
like receptor 4 (TLR4), therefore contributing to low levels of inflammation and reduced
efficiency of phagocytosis®®. B. quintana LPS has also been shown to downregulate the
immune system by inhibiting the production of proinflammatory cytokines, including IL-1p,

IL-6 and tumour necrosis factor a that are generated from TLR4 and its pathway %2,

B. henselae also have a trimeric autotransporter adhesin (TAASs) called BadA that
facilitates the adhesion to the host cell. Other than facilitating adhesion and autoaggregation,
BadA also expresses a wide range of motifs that enable escape from phagocytosis”. B.
henselae in macrophages can form a unique vacuole inside called Bartonella-containing
vacuole, or BCV, that causes a delay in lysosome targeting’®. TAAs also contribute to
virulence in B. quintana. Variably expressed outer membrane proteins, or VOMPs, bind to
collagen in the extracellular matrix of the host and mediate adhesion and autoaggregation”.
Other studies reveal that VOMPs in these bacteria also play a role in the reprogramming of

angiogenesis’®.

Furthermore, B. quintana modulates both apoptotic and anti-apoptotic signals at
different times when invading endothelial cells. In early infection, B. quintana induces

apoptosis of the endothelial cells by causing them to overexpress caspase 8 and Apaf-1.



However, when B. quintana internalisation is completed, they switch to inhibit apoptotic
signals, such as p38 MAPK and SAPK/JNK, and induce antiapoptotic signals’’. This

promotes survival and proliferation in their primary niche.

B. quintana is able to obtain nutrients from hemin by expressing hemin-binding
proteins (Hbp). There are five different Hbp in B. quintana and they all are expressed in

different conditions. For example, expression of HbpC increases 100-fold at 30°C compared
to 37°C, which indicates greater expression of HopC in in the louse gut over the human

bloodstream. Also, HpcC and HpcB tend to be more highly expressed in high concentrations
of haem. The reverse is true for HopA, HbpD, and HbpE'®. The adaptation of B. quintana to
the body louse gut is also facilitated by an extracytoplasmic function sigma factor called
RpoE’. B. quintana also triggers overproduction of IL-10 by host macrophages, which
attenuates the inflammatory response. This is important for the persistence of B. quintana and

for long-term bacteraemia®’.

B. quintana utilises a wide variety of virulence factors to facilitate invasion of
erythrocytes, evasion of the host immune system, and persistence in niche without causing
too much damage. One intriguing possibility is that control of the Bartonella cell cycle also
contributes to their success as a persistent pathogen. Notably, once inside the erythrocyte, the
bacteria stop replication after only a few rounds, and thus avoid lysing the cells. This is likely
a critical adaptation that enables the bacteria to persist in the host, reduces the harm caused to
the host, and enhances the likelihood of transmission to a new host. Very little is known
about regulation of the cell cycle in Bartonellae. However, other alpha-proteobacteria have

long been used as model organisms for studying regulation of the bacterial cell cycle.
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1.2  Cell Cycle in Bacteria

Most bacterial cells divide by binary fission and produce daughter cells, which undergo
additional rounds of binary fission to produce progeny; thus bacterial growth typically occurs
in an exponential manner. It is critical for bacteria to ensure precise timing and order in the
cell cycle, to avoid an incorrect number of chromosomes or damage to the DNA. The
bacterial cell cycle involves DNA replication, chromosome segregation, cytokinesis, and
septum formation and division; all of these processes need to be under spatial and temporal

control.

1.2.2 Alpha-proteobacteria cell cycle regulation

Alpha-proteobacteria are a Gram-negative class of proteobacteria. The alpha-
proteobacteria class is comprised of diverse species, including phototrophic genera,
symbionts of plants and animals, pathogens, and genera metabolising C1-compounds. The
focus of this thesis, the Bartonella genus, also belongs to this group of bacteria. Although the
alpha-proteobacteria have diverse lifestyles and environmental niches, some of their cell
cycle regulation and control mechanisms are conserved®-82, For example, CtrA (cell cycle
transcriptional regulator A), an important cell cycle regulator, is conserved in multiple alpha-
proteobacterial species. Regulation of the cell cycle has not been described in the Bartonella
genus but has been studied in detail in other alpha-proteobacteria, including Caulobacter

crescentus and Brucella spp.

C. crescentus has a dimorphic cell cycle and asymmetric cell division that results in a
motile, swarmer daughter cell, and a non-motile, stalked cell. The swarmer cell expresses a
flagellum and pili, whereas the stalked cell has a stalk at one pole, which is a thin and long
extension of the cell envelope®. The main difference between those two cells, in addition to
their morphology, is their ability to replicate. The swarmer cell is unable to replicate its
chromosome and divide, while the stalked cell is able to replicate its chromosomal DNA and
complete cell division®3, As the stalked cell replicates its chromosome, the body is elongated
into a pre-divisional cell, where a flagellum is constructed at one pole. Pili and membrane
phage receptors start to accumulate at the same time around the flagellum side of the pre-
divisional cell. When the cells divide, two morphologically different cells are produced. After
a short period of time, the swarmer daughter cell undergoes maturation and differentiates into
a stalked cell by disassembling the flagellum, and pili and extending the newly formed stalk
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(Figure 1-3). As soon as the cells are differentiated into stalked cells, they start chromosomal

replication immediately to prepare for the next cell cycle 838,
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Figure 1-3:Master regulatory proteins in C. crescentus. This diagram shows dimorphic
life cycle of C. crescentus and the concentration and presence of five master regulatory
proteins involved in the cell cycle. The shading in the cell shows the localization of CtrA
throughout the cell cycle. This diagram was reproduced from McAdams and Shapiro® with
permission from Elsevier.

C. crescentus provides an excellent model system for studying cell cycle regulation and
the mechanisms behind alpha-proteobacterial growth and cell division. Their asymmetric
division and dimorphic life cycle, with distinct cell polarity producing two daughter cells
exhibiting different controls in their replication, combined with the availability of genetic
information, has made it possible to investigate cell cycle regulation®®. In addition, the
purification of swarmer cells by synchronisation makes these bacteria well-suited for

studying cell cycle regulation and its surrounding events®:87,

1.2.3 Circuitry cell cycle control in C. crescentus
The cell cycle in C. crescentus is controlled by phospho-signalling networks and five

master regulatory proteins, which are essential for the cell cycle to progress in the proper
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order and for steps to occur at the appropriate time®. These proteins include DnaA, GcrA,
CtrA, CcrM and SciP, as shown in Figure 1-4. These master regulatory proteins regulate the
expression of more than 200 genes related to DNA replication and polar differentiation,
including flagellar and pili biogenesis®®®°. DnaA has two functions, the first of which is to
initiate chromosome replication. DnaA directly binds the origin the replication of the
bacterial chromosome and activates the DNA polymerase to initiate the DNA replication.
DnaA also controls the expression of approximately 40 genes as a transcription factor. For
example, DnaA positively regulates transcription of the hdaA and ftsZ genes, while the
resulting proteins, HdaA and FtsZ, inactivate DnaA to prevent further initiation of DNA
replication and promote cytokinesis, respectively®®. Only a small amount of inactivated DnaA
is present in the swarmer cell, preventing the initiation of replication. DnaA starts to
accumulate during the transition of the swarmer cell to the stalked cell, resulting in high
DnaA concentration in the early stalked cell, levels that correspond to the initiation of DNA
replication®°!, DnaA activates the transcription of GerA, which regulates crucial genes in the
S-phase, including CtrA%, Activated CtrA controls the transcription of numerous genes,
including the gene encoding CcrM, a DNA methyltransferase that is transcribed towards the
end of chromosome replication to re-methylate the DNA. Production of CcrM also results in
the reactivation of DnaA transcription to prepare for the next cell cycle in newly produced
stalked cells®. The last master regulatory protein, SciP, is activated when phosphorylated
CtrA accumulates in pre-divisional cells. SciP then accumulates in the swarmer cell after cell
division and represses transcription of at least 58 genes that are activated by CtrA. SciP
protein also binds to CtrA, without influencing its phosphorylation status or stability, thus

preventing CtrA from recruiting RNA polymerase®%,

In C. crescentus, CtrA binds tightly to the chromosomal origin of replication,
preventing the initiation of replication. Therefore, the clearance of CtrA and accumulation of
DnaA is critical for initiating DNA replication. The cell cycle controls allow the cell to only
initiate chromosomal replication when the conditions are right for replication and ensure that
there is only one chromosomal replication per cell cycle®>%2. CcrM, a DNA methylase, also
limits cells to one chromosomal replication per cell cycle, by methylating DNA and
inhibiting DnaA transcription on the same chromosome®. After the replication of DNA,
chromosomes segregate and the cytoplasm is divided to make two separate compartments.
This cytoplasmic compartmentalization results in a division of genetic programs in the cell,

with swarmer cells controlled via their own network without interacting with the stalked
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cells®>%, Additionally, when carbon and nitrogen are depleted from the environment,
proteolytic turnover of DnaA increases and CtrA is further stabilised, inhibiting the initiation

of DNA replication in this stressful environment®’.
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Figure 1-4: Schematic diagram of the cyclic genetic circuitry system for five master
regulatory genes. This system provides the core regulation of the C. crescentus cell cycle.
This diagram was reproduced from McAdams and Shapiro® with permission from Elsevier.

Meanwhile, phospho-signalling networks function to keep track of the progression of
the cell cycle, specifically by managing the correct time and place of chromosomal
replication initiation, cytokinesis, and polar organelle development®®. This network is critical
for establishing asymmetry during cell division. Here, multiple important proteins are
involved as well. One of them is CckA, a histidine kinase that is present in all the stages of
the cell cycle but localised in the swarmer cell pole during the pre-divisional stage. The
phospho-signaling network relies on the localization and phosphorylation status of CckA.
CckA also determines the stability and activation status of CtrA by phosphorylation and a
protease called ClpXP. ClpXP is controlled by its phosphorylation status and is responsible
for rapidly degrading and clearing the CtrA protein when it is no longer needed. CckA
localisation results in a phosphorelay from CckA, to ChpT, a phosphotransferase, to CtrA.
CpdR is also phosphorylated by ChpT which prevents proteolysis of CtrA via ClpXP. When
the cell is differentiated into a stalked cell, CpdR is rapidly de-phosphorylated and localises
itself to the stalked cell pole, resulting in ClpXP protease degrading and removing CtrA. This

results in the chromosome now being able to initiate replication (Figure 1-5) 90989,
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1.2.4 Role of CtrA in C. crescentus

The main focus of this thesis, the CtrA master cell cycle regulator, belongs to the
response regulator family of two-component signal transduction systems'®. Two-component
systems are major transcriptional regulators in bacteria and include a sensor kinase and
response regulator. The sensor kinase can sense changes in the environment and the response
regulator controls transcription of genes in response to environmental changes and stress.
CtrA is known to directly control the expression of over 90 genes. This includes the ftsZ
gene, which encodes protein components of the Z-ring, a structure that is essential for cellular
cytokinesis!®1%2, Furthermore, microarray experiments revealed that the regulatory
components of over 25% of cell cycle-regulated genes interact with CtrA directly or
indirectly!®. Those genes are involved in a wide range of functions, including DNA
replication and methylation, cytokinesis and polar differentiation. For example, ftsQ, ftsA and
ftsW, which are essential genes for cell division, are regulated by CtrA expression. These

interactions allow the cells to divide in the right orientation with the correct timing!®%-1%,

The activation status of CtrA is determined by phosphorylation. CtrA expression is
driven from two promoters. The first promoter is activated by GcrA when swarmer cells
differentiate into stalked cells. Phosphorylated CtrA then activates positive autoregulation,
driving strong expression from the second promoter. At the same time, expression of CtrA
from the first promoter is inhibited in pre-divisional and swarmer progeny cells®1%-107 This
system allows CtrA levels to rise rapidly to activate downstream genes. In swarmer cells,
CtrA is activated through phosphorylation, which enables it to bind to five distinct sites in the
chromosomal origin of replication and contribute to repressing DNA replication in swarmer
cells'®. Therefore, CtrA must be deactivated and unbound from the origin of replication in
order to initiate DNA replication. At the appropriate time, CtrA is deactivated by
dephosphorylation and DnaA is synthesised to bind the origin of replication instead of CtrA,
resulting in the initiation of DNA replication®. Once deactivated, CtrA is degraded by the
ClpXP ATP-dependent protease. CtrA is phosphorylated and activated in swarmer cells by
the polar kinase CckA after DNA replication, preventing premature initiation of
chromosomal replication. Activated CckA also prevents CtrA from lysing by activating CpdR

to inactivate ClpXP protease (Figure 1-5)%10,

Ultimately, CckA control of CtrA is regulated via the DivK signalling pathway, as
shown in Figure 1-5. CtrA is activated and phosphorylated at the flagellar pole. PleC, a
histidine kinase, is expressed to dephosphorylate DivK and PleD. This results in DivL
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interacting with CckA to initiate phosphorelay to CtrA through ChpT. ChpT also
phosphorylates CpdR to prevent it from recruiting RcdA, PopA and CtrA to a protease called
ClpXP, shown as a pacman in Figure 1-5. Therefore, this signalling pathway also prevents
degradation of activated CtrA. In stalked cells, however, CtrA is dephosphorylated and
degraded to initiate chromosome replication. DivJ, another histidine kinase, phosphorylates
DivK and PleD. Phosphorylated DivK binds to DivL. This results in higher levels of the
small signalling molecule cyclic-di-GMP, which triggers CckA to enter a phosphatase mode,
resulting in dephosphorylation of CtrA. ChpT also dephosphorylates CpdR, which triggers
recruitment of RcdA and PopA, which bring CtrA to the CIpXP protease. This results in

degradation of CtrA0®:110,

Flagellated new pole Stalked old pole

Inhibits replication Initiates replicaton
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Figure 1-5: Diagram of CtrA controls in morphologically different cells Schematic
diagram of the CtrA controls in morphologically different cells, created by BioRender.com.
In the flagellated pole where the chromosome cannot be replicated, PleC dephosphorylates

both DivK and PleD. DivL interacts with CckA to initiate the Cck-ChpT phosphorelay to

phosphorylate CtrA, instead of interacting with DivK. In this phosphorelay, ChpT also
phosphorylates CpdR to prevent recruiting CtrA to the proteolysis module, shown in purple,
preventing the proteolysis of CtrA. On the other hand, in the stalked cells, DivJ

phosphorylates DivK and PleD; phosphorylated DivK interacts with DivL instead of CckA.
Phosphorylated PleD synthesises cyclic-di-GMP (c-di-GMP) to set CckA to the phosphatase

mode and results in dephosphorylation of CtrA. ChpT dephosphorylates CpdR to recruit

RcdA and PopA. This results in CtrA proteolysis and chromosome replication is initiated.
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1.2.5 Role of CtrA in Other Bacteria

Many proteins utilised in the cell cycle, especially five master regulatory proteins in C.
crescentus, are conserved among many alpha-proteobacteria, although their precise functions
and interactions differ between species. CtrA is exclusively found in alpha-proteobacteria and
is well-conserved among this bacterial group®'t. CtrA is found in over thirty different
species in alpha-proteobacteria and has been shown experimentally to be an essential protein
and to play a central role in the cell cycle in six alpha-proteobacteria, including Caulobacter
crescentus, Sinorhizobium meliloti, Rickettsia prowazekii, Brucella melitensis,
Mesorhizobium loti and Agrobacterium tumefaciens®®'2, There are also alpha-proteobacteria
that have a CtrA orthologue that does not appear to be essential or to play a central role in

cell cycle, such as that found in Rhodobacter capsulatus®,

CtrA is present in Sinorhizobium meliloti and its promoter structure is similar to that of
C. crescentus!*. Previous studies showed that S. meliloti CtrA also acts as a transcriptional
regulator that coordinates cell division and the cell cycle *°. A downregulated level of CtrA
is required for nitrogen-fixing bacteroid differentiation inside the host plants®. CtrA is also
conserved in Rickettsia prowazekii, the causative agent of epidemic typhus. The function of
CtrA is relatively similar to C. crescentus, with five binding sites in the origin of
replication!’. In Brucella abortus, CtrA is essential and ctrA mutants are non-viable. CtrA in
B. abortus plays an essential role in the cell cycle and its overexpression causes the cells to
become elongated and branched, indicating dysregulation of the cell cycle }*811° B, abortus
CtrA also regulates genes encoding outer membrane components and proteins involved in
lipopolysaccharide synthesis and membrane protein export!®, CtrA is not essential in
Rhodobacter capsulatus, indicating it does not regulate the cell cycle, despite the fact that its
sequence is highly similar to that of C. crescentus CtrA. Instead, in R. capsulatus, CtrA
controls the expression of gene transfer agents, which allows genetic exchange between
bacterial cells!®. Also, CtrA loss seems to affect the flagellar motility gene but does not
affect any genes involved in the cell cycle?. Similarly, CtrA in Rhodobacter sphaeroides
upregulates polar flagella genes and stress responses and downregulates genes involved in
photosynthesis and CO: fixation to contribute to adapting into a particular niche?!. Ehrlichia
chaffeensis also utilises CtrA to adapt to an ROS-rich environment by regulating synthesis of
an antioxidant. This system is crucial for E. chaffeensis survival in the host, as the bacteria

infect human monocytes and macrophages that produce ROS to eliminate any invaders?2,
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For B. quintana to survive in human host erythrocytes and to avoid immune
surveillance, their cell cycle must be tightly regulated. This is particularly true when the
bacteria are inside red blood cells, as halting their cell division is critical to prevent lysis or
destruction of host cells. Although cell cycle regulation, including the role of CtrA, has not
previously been studied in B. quintana in detail, the CtrA protein in B. quintana exhibits
more than 80% amino acid identity with the one in C. crescentus'?®. This identity is relatively
high among alpha-proteobacteria with CtrA functioning as a central regulator; S. meliloti has
82% amino acid identity, B. abortus has 81% and R. prowazekii shows 58% amino acid
identity with CtrA in C. crescentus*#1".118 ' Also, the ftsE gene, which encodes a protein that
is part of the Z-ring, has previously been shown to be regulated positively by CtrA in B.
quintanal?. Interestingly, CtrA binding sites were not found near the B. quintana
chromosomal origin of replication, similar to what was found in S. meliloti, even though CtrA

inhibits C. crescentus DNA replication by binding the origin of replication %,
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1.3 Research Aims

As CtrA serves as a transcription factor and represses cell division by directly binding
the origin of replication in swarmer cells of C. crescentus, we asked if CtrA in B. quintana
also regulates cell division. The specific cell cycle regulatory and signalling mechanisms that
enable B. quintana to halt replication erythrocytes remain unknown. To shed light on the role
of CtrA in B. quintana, three research aims were established.

1. To use a bioinformatics approach to identify candidate B. quintana genes that may be
regulated by CtrA. Reporter plasmids would then be constructed and used to quantify
the effect of CtrA on target gene expression, using LacZ reporter Escherichia coli

strains.

2. To investigate the functional role of CtrA in B. quintana by constructing a conditional

CtrA mutant strain.

3. To investigate the effect of CtrA loss or overexpression in Bartonella quintana, using
growth assays and microscopy, to detect changes in cell viability and morphology,
and flow cytometry, to detect aberrations in chromosomal replication.
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2 Materials and Methods

2.1 Bacterial Strains

Table 2-1: Bacterial strains used in this project

E. coli Strain Source

DH-5a Life Technologies

HI-Control BL21(DE3) Lucigen

S17-1 Donated by Owen lab. Original source from Simon et al.
1983124

Topl10 Life Technologies

K12 ER2420 New England BioLabs (#E4152S),

B. quintana Strain Source

JK-31 BEI Resources, NIAID™

JK-7 BEI Resources, NIAID™

2.2 Bacterial Growth Media

2.2.2 Solid Media
2.2.2.1 LB agar

To culture Escherichia coli, Lysogeny Broth (LB) agar from Acumedia was used. To
prepare plates, powder was mixed with distilled water and autoclaved at 121 °C for 15 min.
After autoclaving, LB agar was cooled to 50°C in a water bath, and antibiotics or
supplements were added and mixed well. The molten agar was poured into Petri dishes and
stored at 4°C for up to one month. Solidified LB agar was also kept at room temperature until
needed, then melted in a microwave and cooled to 50°C before proceeding as described

above.

When blue-white colony screening was conducted, 40 ul of 20 mg/ml 5-bromo-4-
chloro-3-indolyl-B-D-galactopyranoside (X-gal) and 40 mg/ml Isopropyl -D-1-
thiogalactopyranoside (IPTG) was spread on each LB agar plates 30 min before bacteria were
inoculated. The plates were dried for 5-10 min at room temperature and stored at 37°C for 20

min or until bacteria were ready to be inoculated.
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2.2.2.2 Chocolate agar

Solid cultures of Bartonella quintana were cultivated on plates made with GC
(Neisseria gonorrhoeae) agar base (Oxoid) and freeze-dried BBL bovine haemoglobin
(Becton Dickinson). GC agar base powder (18 g) was combined with 250 ml distilled water
and vigorously stirred with a magnetic stir bar on a hot plate until it just reached the point of
boiling. In a separate flask, 5 g freeze-dried bovine haemoglobin powder was manually
mixed into a small amount of water, using a serological pipette to ensure the dispersion of
haemoglobin clumps. The remaining water was then added to a final volume of 250 ml, and
the solution was blended using a magnetic stir bar without applying heat. The two solutions
were autoclaved at 121 °C for 15 min, then cooled to 55 °C in a water bath for 30 min. The
haemoglobin solution was then carefully poured into the GC agar flask and mixed
thoroughly. The combined solution was further cooled to 45 °C in the water bath for 30 min.
Subsequently, 5 ml of reconstituted BBL IsoVitaleX Enrichment (Becton Dickinson), along
with antibiotics, was introduced into the agar solution and gently mixed through swirling. All
of the chocolate plates contain vancomycin, to suppress Gram-positive bacterial
contamination, and cycloheximide and amphotericin B to suppress fungal and yeast growth
on the plates. The molten agar was then pipetted into Petri dishes (28 ml per plate) and dried,
with the plate lids askew, in the biosafety cabinet for 15 minutes. The plates were stored for

up to one week at 4°C until use.

2.2.3 Liquid Media
2.2.3.1 LB broth

To prepare broth for E. coli, 32 g of dehydrated LB broth powder (Invitrogen) was
mixed with 1 L of distilled water and autoclaved at 121 °C for 15 min. The broth was stored

in small batches, using 50-ml Falcon tubes, at room temperature until needed.

2.2.3.2 Heart Infusion Broth
Bacto Heart Infusion Broth (HIB; Becton Dickinson) was prepared by combining 25 g
of powder was mixed with 1 L of distilled water and autoclaved at 121 °C for 15 min, then

stored at room temperature until needed.
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2.2.3.3 Schneider's Drosophila Medium

Schneider's Drosophila Medium (ThermoFisher) was combined with 10% foetal calf

serum (FCS) and appropriate antibiotics, then filtered through a disposable, sterile 0.22 pum

vacuum filter. The filtered media was stored at 4°C until use.

2.2.4 Supplements

Table 2-2: Antibiotics and supplements used for media

(Sigma-Aldrich)

Antibiotics/supplements | Stock Solution Final Concentration Storage
(Source) required
Kanamycin 50 mg/mL in water | 50 pg/mL -20 °C
(Fluka BioChemika)
Gentamicin 25 mg/mL in water | 25 pg/mL (LB agar) -20°C
(Sigma-Aldrich) 12.5 mg/mL in water | 12.5 pg/mL (LB broth)

10 pg/mL (chocolate agar)
Chloramphenicol 40 mg/mL in 35 pg/mL (LB agar) -20 °C
(Sigma-Aldrich) absolute ethanol 15 pg/mL (chocolate agar)
Vancomycin 5 mg/mL in water 5 pg/mL -20°C
(Cayman Chemical)
Nalidixic acid 20 mg/mL in 20 pg/mL -20°C
(Acros Organics) NaOH/water — see

below

Cefazolin 2 mg/mL in water 2 pug/mL -20 °C
(Cayman Chemical)
Cycloheximide 10 mg/mL in water | 10 pg/mL -20°C
(Cayman Chemical)
Amphotericin B 8 mg/mL in DMSO | 8 pg/mL -20°C
(Cayman Chemical)
IPTG 0.1 M in water 0.04 mM (Miller Assay) 4°Cor-
(Invitrogen) 1 M in water 1 mM (IPTG 20 °C

overexpression)
Glucose 2 mg/mL in LB media 15~25 °C

Nalidixic acid stock solutions were made by adding 100 mg to 2 ml dH20O, then 1N

NaOH was added dropwise and the solution mixed until the powder dissolved. The volume

was then brought to 5 ml with dH2O. The stock was filter sterilized with a 10 ml disposable

syringe fitted with a disposable filter (0.22 um pore size), dispensed into sterile Eppendorf

tubes, and frozen at -20°C.
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2.3 Culture conditions

2.3.2 E. coli

E. coli liquid cultures were incubated with continuous shaking at 200~225 RPM and
aeration at 37 °C. E. coli was cultured on plates at 37 °C. Generally, E. coli cultures were
grown overnight, unless otherwise noted. Glycerol stocks were made by combining 500 pl of
an overnight culture with 500 pl of sterile 25% glycerol solution in cryopreservation tubes
(Tarsons) and storing at -80 °C.

2.3.3 B. quintana

B. quintana was cultured on fresh (<1 week old) chocolate agar plates in a sealed
candle jar at 36.5 — 37 °C. After positioning plates inside the jar, the candle was ignited and
sealed in the jar, ensuring the flame was extinguished before the jar was placed into the
incubator. Long-term -80°C freezer stocks of B. quintana were made by combining bacteria,
scraped from a plate, into HIB media, with 25% glycerol, in cryopreservation tubes. All

procedures involving live B. quintana were carried out within a Class 11 biosafety cabinet.
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2.4 Plasmids

Table 2-3: Plasmids produced or used for this research

Plasmid Size Features Source
pET28a(+) 5367 bp | Kanamycin resistance; optimised for | Novagen
protein overexpression in E. coli
pET28a(+)-ctrA | 6063 bp | ctrA gene, amplified from JK-31 B. From Thomson, R.
guintana, inserted into the expression | H!Z,
site
pACYC184 4246 bp | Chloramphenicol resistance; p15 ori, | New England
compatible with other plasmids. Biolabs
pACYC184- 7236 bp | lacZ gene, amplified from the SOS- | From Thomson, R.
lacZ R2 genome, cloned into Hindlll and | H!Z,
Xbal restriction sites
pACYC184- 7446 bp | Promoter region of fstH from B. This study
lacz-ftsH quintana JK-31, cloned immediately
upstream of the lacZ gene of
pACYC184-lacZ
pACYC184- 7435 bp | Promoter region of fstk from B. This study
lacZ-ftsK quintana JK-31, cloned immediately
upstream of the lacZ gene of
pACYC184-lacZ
pSRKKm 5775 bp | Broad-host-range plasmid Kind gift from Clay
Kanamycin resistance Fugua (Indiana
IPTG-inducible promoter University).
Originally from
Khan et al. 2008'%
pSRK-ctrA 6380 bp | ctrA gene, amplified from B. This study
quintana JK-31, cloned adjacent to
IPTG-inducible promoter in
pPSRKKm
PEX18Gm 5831 bp | Suicide plasmid in B. quintana Kind gift from the
Gentamicin resistance Ackerley lab
sacB gene for counterselection (Victoria University
of Wellington).
Originally from
Hoang et al. 1998'%
pEX18-ctrA 7839 bp | ~1000 bp homology arms of This study

sequence flanking the ctrA gene from
JK-31 B. quintana
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pRK2013 48 kb Helper plasmid for triparental Biomedal, Spain.
conjugation Originally from
Kanamycin resistance Figurski et al.
1979
pSIM7 pBBR1 plasmid for expressing phage | National Cancer
A Red system Institute. Originally
5676 bp | Contains temperature-sensitive from Daitta et al.

lambda repressor
Chloramphenicol resistance

2006'2

2.5 Oligonucleotides Primers

All of the primers contained tags to enable Gibson assembly and were designed using
the NEBuilder tool (https://nebuilder.neb.com/#!/).

To make sure they were suitable, online tools such as NEB Tm calculator

(https://tmcalculator.neb.com/#!/main) and Benchling'?® were used to optimize their length,

GC content, and melting temperature. All of the primers were ordered from Integrated DNA

Technologies. Lyophilised primers were resuspended at 100 pM concentration and stored at -

20°C. Working stocks of 10 uM were used routinely.

All the primers used are listed up below. Restriction sites are underlined. Plasmid

annealing sections for Gibson assembly are in bold and bases to amplify B. quintana

sequence are in italic (Table 2-4)
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Table 2-4: Primers used for this p