
Understanding the 
mechanisms utilised by 

Coxiella burnetii for 
intracellular replication within 

the host phagolysosome 
 
 
 

Miku Kuba 
B.Sc. (Hons) 

 

ORCID ID: 0000-0002-1300-3855 

 

Submitted in total fulfilment of the requirements of the degree of 
Doctor of Philosophy 

 

March 2020 
 

Department of Microbiology and Immunology 

Peter Doherty Institute for Infection and Immunity  

The University of Melbourne 



i 
 

Abstract 

The human pathogen Coxiella burnetii is the causative agent of Q fever, a febrile illness 

which may lead to chronic disease in a small percentage of infected individuals. 

C. burnetii is a unique Gram-negative intracellular bacterium which replicates within a 

host cell lysosome-derived vacuole, termed the Coxiella-containing vacuole (CCV). 

Currently, the exact mechanisms which allow C. burnetii to replicate within this normally 

hostile compartment are unknown. In order to understand how C. burnetii survives within 

this intracellular niche, this research investigated carbon metabolism of both intracellular 

and axenically cultivated bacteria, using steady state metabolic profiling and 13C-stable 

isotope labelling. Both C. burnetii populations were shown to assimilate exogenous 

[13C]glutamate and [13C]glucose, with concomitant labelling of intermediates in 

glycolysis and gluconeogenesis, and in the TCA cycle. Significantly, the two populations 

displayed metabolic pathway profiles reflective of the nutrient availabilities within their 

propagated environments. Disruption of the C. burnetii glucose transporter, CBU0265, 

by transposon mutagenesis led to a significant decrease in [13C]glucose utilisation but did 

not abolish glucose usage, suggesting that C. burnetii express additional hexose 

transporters that may be able to compensate for the loss of CBU0265. This was supported 

by intracellular infection of human cells and in vivo studies in the Galleria mellonella 

insect model showing loss of CBU0265 had no impact on intracellular replication or 

virulence. Using this mutagenesis and [13C]glucose labelling approach, this study 

identified a second glucose transporter, CBU0347, the disruption of which also showed 

significant decreases in 13C-label incorporation. Despite maintaining a relatively small 

genome, C. burnetii have retained seemingly redundant strategies to obtain glucose. This 

suggests that glucose may be an important metabolite for C. burnetii. Together, these 
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analyses indicate that C. burnetii may use multiple carbon sources in vivo and exhibits 

greater metabolic flexibility than expected. In addition, this thesis also investigated the 

novel and unique C. burnetii protein CBU2072, a small, 18.3 kDa protein, which has 

subsequently been named essential for intracellular replication A (EirA), as loss of this 

protein prevents replication of C. burnetii within the CCV. Intracellular replication of the 

EirA mutant can be restored during co-infection of the same vacuole with C. burnetii wild 

type, which is analogous to the phenotype observed for mutants of the Dot/Icm type 4B 

secretion system in C. burnetii. EirA localises to the C. burnetii inner membrane, and 

absence of this protein leads to the loss of Dot/Icm effector translocation. These data 

together contribute important understanding of the unique mechanisms involved in 

C. burnetii pathogenesis within the host phagolysosome. 
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1.1 Historical relevance 

Query (Q) fever was first reported in Queensland, Australia in 1935 during an outbreak 

of febrile illness amongst abattoir workers. (1). In collaboration with Edward Derrick, 

Frank MacFarlane Burnet and Mavis Freeman observed Rickettsial bodies in the spleens 

of mice infected with specimens from this outbreak. Subsequently this organism was 

named Rickettsia burnetii (1-3). Concurrently in the USA, Gordon Davis and Herald Cox 

were investigating a tick-borne pathogen which could cause febrile illness in guinea pigs 

(4). Davis and Cox attempted to isolate the causative agent from infected guinea pigs but 

were unsuccessful in doing so. The two groups discovered that they had isolated the same 

infectious agent when a researcher working on the Nine Mile agent in the Rocky 

Mountain Laboratories became infected with the laboratory isolate. Cross-protection 

studies in guinea pigs confirmed the agent was identical to the Q fever organism. The 

bacterium was renamed Coxiella burnetii in 1948, after the two prominent researchers 

involved in the identification process (2, 4-6). 

 

1.2 Q fever 

1.2.1 Epidemiology and transmission 

C. burnetii has been detected almost worldwide, with the exception of New Zealand and 

French Polynesia (7). The natural reservoir of C. burnetii are ruminants (3). Infection in 

these animals is generally subclinical (8). However, C. burnetii can cause abortion in 

pregnant animals (8). The bacteria are shed into the environment in milk, faeces, urine, 

and also in particularly high titres in reproductive products such as the placenta and the 

amniotic fluid (9-11). Once excreted, environmental C. burnetii are resistant to UV 

radiation, osmotic pressure, and desiccation (12). The environmental stability of this 
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pathogen means C. burnetii are difficult to eradicate once established in a given area. 

C. burnetii are transmitted primarily through aerosol inhalation (13, 14), where less than 

ten bacteria are required to cause disease in humans (15). This means infection may not 

require the host to be near infected animals, as the bacteria may be carried in the air to 

new locations. Studies have shown seroprevalence of C. burnetii in those who had never 

lived in rural areas, whose contact with ruminants were minimal (16, 17). This high 

infectivity, coupled with environmental stability and aerosol spread, has resulted in 

C. burnetii being classified as a “category B critical biological agent” by the Centers for 

Diseases Control and Prevention (18). 

 

Many Q fever outbreaks have occurred across the world (19-21), with the largest outbreak 

in the Netherlands between 2007 and 2010 (22, 23). In this outbreak, transmission to 

humans occurred through infected goats (24). Over 4000 patients were confirmed to have 

been infected, with many more assumed undiagnosed (24). Conditions were exacerbated 

by the presence of numerous small-scale farms located in close proximity to residential 

areas (24). The total cost of containing this outbreak was calculated to be in excess of 300 

million euro (25), and over 50,000 goats and sheep were culled between December 2009 

to June 2010, in an attempt to minimise the spread of disease (22). In addition, there are 

debilitating long-term health consequences to those who were infected (26). This 

outbreak highlights the substantial risk that C. burnetii could pose, as evidenced by the 

severe economic and public health burden experienced in the Netherlands. 
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The environmental stability of this pathogen means C. burnetii infection rates may also 

rise in the current global climate, where incidents of severe weather events, such as 

drought and strong winds, will become more common place (27). 

 

1.2.2 Clinical features 

In humans, 40% of Q fever patients will typically present with an acute, flu-like illness 

or pneumonia (10, 28). Symptoms of acute Q fever can take 2-3 weeks to arise, and can 

last from a couple of days to several weeks (29-31). Symptoms of chronic Q fever may 

not arise until months or years after initial exposure, with patients typically presenting 

with endocarditis and other vascular infections (26). The mechanisms underlying the 

progression from acute to chronic Q fever are currently not well understood, although it 

does not appear to be strain related (28). These symptoms, alongside factors such as 

underlying vascular or cardiac pathologies, increased age and inadequate treatment, raise 

the risk of mortality significantly (26). Chronic fatigue is also known to be a major 

symptom in those with Q fever, with one study finding 37% of their patients suffered 

from reduced health status 24 months after the onset of illness (32). Costs arising from 

the management of these long-term symptoms can pose a significant health and economic 

burden to affected countries (25). 

 

1.2.3 Diagnosis and treatment 

Definitive acute Q fever diagnosis requires serological testing coupled with polymerase 

chain reaction (PCR), due to the symptoms being indistinguishable from influenza and 

other febrile illnesses (33). Chronic Q fever detection is more difficult, and new 
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guidelines implemented after the Netherlands outbreak recommend a combination of 

serological testing against phase I antibodies and PCR, coupled with a diagnosis for 

endocarditis with detection of visible infection using an imaging platform (34). 

 

Standard treatment of Q fever requires administration of doxycycline with or without 

hydroxychloroquine (12, 35). Co-trimoxazole is used as an alternative long-term 

treatment, as doxycycline usage is contraindicated during pregnancy. For chronic Q fever, 

treatment lasts for a minimum of 18 months with doxycycline taken twice-daily. Side 

effects to this treatment and long-term compliance issues mean an alternative therapeutic 

approach is required (12). Currently the only commercially available human vaccine 

against C. burnetii is Q-Vax, a formalin-inactivated whole cell vaccine containing the 

phase I Henzerling strain, licensed for use in Australia (36, 37). This vaccine is 

recommended for at risk individuals including farmers and abattoir workers (38). Q-Vax 

is effective at preventing infection in those that are at high risk of exposure (17). However, 

a two-step screening process is required before administration. This screening process 

involves identifying antibodies against Q fever, as well as conducting an intradermal skin 

test using diluted vaccine (17). Screening for sensitisation is an important process, as it 

was found that individuals who have pre-existing immunity can have adverse side effects 

to the vaccine, such as abscess formation at the site of injection (39-41). 

 

There are also ongoing efforts to develop cheap vaccines for use on agricultural animals, 

thus reducing potential loss of livestock and exposure of C. burnetii to humans. Coxevac 

is a livestock specific vaccine consisting of inactivated C. burnetii phase I Nine Mile, 
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which is currently the most effective at preventing shedding of bacteria in infected 

animals (42, 43).This vaccine, although widely used in Europe, is not available in all 

countries, particularly in Australia where importation of inactivated, whole cell 

C. burnetii is a quarantine risk (20). Thus, there is a need to identify C. burnetii 

components that are essential for pathogenesis, which could be developed as vaccine 

candidates. 

 

1.3 C. burnetii: the bacterium 

C. burnetii is a Gram-negative intracellular bacterium, of the order Legionellales (3, 44). 

16S RNA sequence alignment shows C. burnetii have 91.3% sequence similarity to the 

Legionella species 16S RNA, particularly to the human pathogen 

Legionella pneumophila (45, 46). The genome of the phase I Nine Mile strain RSA493 is 

1,995,275 base pairs long, with a G + C content of 42.6% and 29 insertion sequences (47). 

This strain is also predicted to have 2094 protein-coding genes and 83 pseudogenes. many 

of which are only disrupted by a single frameshift mutation (47). Genome reduction is a 

common phenotype of obligate intracellular bacteria. However, a high percentage 

(89.1%) of the C. burnetii genome still encode coding regions (47). Coupled with the 

minimal mutations present in the pseudogenes, it is likely the genome reduction is either 

at the early stages or is not as extensive in C. burnetii, compared to other intracellular 

bacteria. Some Nine Mile strains may also contain a 36-54 kb plasmid, although the exact 

function of this plasmid is yet to be determined (44, 48, 49). 
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Advances in sequencing strategies have led to the number of sequenced C. burnetii 

genomes to rapidly increase, allowing the comparison of multiple strains (50). For 

instance, genomes of C. burnetii strains K (Q154) and G (Q212), both isolated from 

chronic Q fever patients, as well as the naturally attenuated Dugway (5J108-111) rodent 

isolate, were compared against the Nine Mile RSA493 genome (50). These comparisons 

suggest that the acquisition of multiple pseudogenes over time in pathogenic strains of 

C. burnetii are consistent with the evolutionary progression observed in other bacterial 

pathogens that have evolved from once non-pathogenic strains (50). This demonstrates 

that naturally attenuated strains such as the Dugway rodent isolate, may be from earlier 

lineages in the process of pathoadaptation in C. burnetii. 

 

1.3.1 Lipopolysaccharide 

C. burnetii display antigenic variation on the surface lipopolysaccharide (LPS). 

C. burnetii phase I are pathogenic, as they express full length LPS (51), and can be 

isolated from naturally infected humans or from naturally and laboratory infected animals 

(52). C. burnetii phase II have a truncated form of LPS, due to spontaneous mutations 

that can arise when C. burnetii are cultured in eggs or cells (50, 51, 53). These strains are 

avirulent in mammalian hosts, but are still able to infect cultured cells and some insect 

hosts (51, 54). The phase II Nine Mile Strain RSA439 is a well characterised and utilised 

phase II variant in research settings. This strain has a 35 kb deletion within the 

chromosome, which affects the ability of the bacteria to synthesise components of the 

LPS and alters metabolic functions (55). Mutations in the predicted LPS biosynthesis 

enzyme CBU0678 was common across multiple phase II strains, and the enzyme was 

shown to be essential in the transition of phase II C. burnetii to phase I (56). In addition 
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to cbu0678, disruptions of predicted LPS biosynthesis genes cbu0533, cbu0845, and 

cbu1657 were present in phase II strains. 

 

It is important to note that, despite losing virulence in mammalian models of infection, 

comparative studies have demonstrated that phase II strains are able to infect 

macrophages with the same kinetics as phase I C. burnetii (57). This indicates that phase 

II strains are a safe and effective model for exploration of molecular mechanisms involved 

in host-pathogen interactions in C. burnetii. 

 

1.4 The C. burnetii life cycle 

1.4.1 Morphological forms 

As with many intracellular bacteria, C. burnetii has a biphasic life cycle. The small cell 

variant (SCV) is the extracellular, spore-like form of C. burnetii (44). SCVs are 

electron-dense (58), and are resistant to environmental stresses such as high temperatures, 

UV radiation, and osmotic pressure (3). C. burnetii SCVs are between 0.2-0.5 μm in size 

(59). The large cell variant (LCV) is the replicative, metabolically active, intracellular 

form of C. burnetii (60). LCVs are approximately 1 μm in size (58). Studies comparing 

protein expression levels and transcriptomic profiles between the two forms of C. burnetii 

have identified processes which are important for the maintenance, as well as 

morphological differentiation between SCV and LCV C. burnetii (59, 61-64). 

 

SCV C. burnetii show a higher abundance of proteins which may be involved in 

chromatin condensation, such as ScvA and Hq1 (59, 61). Other proteins that were in 
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higher abundance may be involved in stabilising outer membrane structures, as well as 

regulating cell division (62). Transcriptional analysis of SCV C. burnetii has also 

demonstrated that this form upregulates genes involved in the oxidative stress response, 

amino acid transport, and the remodelling of the bacterial cell wall (63), with another 

study demonstrating that these responses are regulated by the master stress response 

regulator, RpoS (64). These traits may contribute to the environmental hardiness of SCV 

C. burnetii. 

 

Proteomic analysis of LCVs have demonstrated that this form of C. burnetii have a higher 

abundance of proteins relating to cell division, transcription and translation (62). These 

reflect the association of LCVs as the replicative form of C. burnetii. 

 

1.4.2 The Coxiella-containing vacuole 

During natural infection through the inhalation of contaminated aerosols, C. burnetii 

typically infect alveolar macrophages (65, 66). However, C. burnetii have the capacity to 

replicate within a variety of mammalian cells, including epithelial cells (67) and 

fibroblasts (68). Once internalised, C. burnetii passively undergo endocytic maturation, 

with the endosome/phagosome acquiring key markers of early and late endosomes, such 

as Rab5 and Rab7, respectively (69, 70). This delivery of C. burnetii to the lysosome is 

essential, as the bacteria require this environment for replication and virulence (71, 72). 

This highlights the uniqueness of C. burnetii, as unlike most intracellular pathogens, the 

bacteria are not destroyed by this niche and do not attempt to escape. Studies where 

endosomal trafficking has been inhibited have shown detrimental effects to C. burnetii 
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replication (70, 71). When the bacterium reaches the acidic lysosomal environment of 

approximately pH 4.5 (69, 72, 73), the conversion to the LCV form is triggered. The 

transcriptionally active LCVs actively remodels the vacuole, leading to the formation of 

a single Coxiella-containing vacuole (CCV) via homotypic fusion. This expansion of the 

CCV relies on the high fusogenicity of this vesicular compartment, with studies showing 

the incorporation of other microbes and latex beads in the CCV (74, 75). 

 

A critical component of CCV expansion is host cell autophagy. Disruption of autophagy 

was shown to alter CCV morphology, leading to the presence of multiple, smaller CCVs 

within the host cell (76-78). A C. burnetii mutant deficient in a protein involved in the 

recruitment of autophagic vesicles shows this same multi-vacuolar phenotype, and 

virulence is reduced in the insect model using Galleria mellonella wax moth larvae (76, 

77). As the mature CCV is decorated with lysosomal and autophagic markers, it would 

be more accurate to consider the mature CCV to resemble an autolysosome. Another host 

cell pathway which is utilised for CCV expansion is clathrin-mediated endocytosis, as the 

surface of the CCV is enriched with clathrin heavy chain (79, 80). Clathrin is not required 

for the intracellular uptake of C. burnetii (80). Recently, it has been shown that clathrin 

aids in the fusion of autophagosomes and CCVs, further highlighting the importance of 

these two host pathways for CCV expansion (78, 80). Fusion of multiple vesicular 

compartments leads to rapid expansion of the CCV, resulting in a spacious vacuole which 

can grow to occupy almost the entire host cell cytoplasm (60, 74). This rapid expansion 

combined with high fusogenicity facilitates success of C. burnetii infection, not only by 

providing space, but presumably by providing vital nutrient sources required for 

replication. 
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The expansion and maintenance of the mature CCV requires tight regulation of host 

processes, including host immune mechanisms such as apoptosis (81). This process limits 

bacterial replication, and alerts the broader, host immune system to the infection (81). 

Apoptosis is efficiently and actively inhibited by C. burnetii during infection of 

macrophages (82). This inhibition of host cell death prevents host cell-induced bacterial 

clearance, thus allowing C. burnetii to persist for longer periods within the host cell. This 

would be an important adaptation for slow-growing bacteria such as C. burnetii (60), 

which must preserve and maintain the host cell for longer periods of time. 

 

The host lysosome contains a high abundance of reactive oxygen species (ROS), which a 

recent study has shown is increased during C. burnetii infection in THP-1 human 

monocytic cells (83). This same study identified a C. burnetii short-chain dehydrogenase, 

SdrA, which was shown to reduce oxidative stress in C. burnetii during intracellular 

replication within THP-1 cells (83). 

 

C. burnetii also modulate the pH of the intravacuolar environment, increasing this to 

approximately pH 5.2 (84). This suggests that while C. burnetii during initial infection 

will passively undergo endocytic maturation and require acidification of the vacuole for 

metabolic activation, this acidification is detrimental to bacterial replication. This 

difference in the intravacuolar pH may be useful in distinguishing the early CCV from a 

mature CCV. Interestingly, the routine, axenic culture media for C. burnetii, acidified 

citrate cysteine medium (ACCM)-2, has a pH of 4.75 (85). Alteration of this pH above 
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4.75 is detrimental to C. burnetii growth in axenic culture, suggesting that an inability to 

withstand acidification is not the reason C. burnetii regulate the pH of the mature CCV 

(86). Many hydrolytic and proteolytic enzymes are present within the host 

phagolysosome, and proteolytic enzymes are active within the CCV (57, 73). These 

enzymes require a specific pH niche to be active, and work most efficiently at 

approximately pH 5 (87). Raising the pH may be a mechanism to inhibit lysosomal 

enzymes, and may contribute to the ability of C. burnetii to grow in more acidic 

conditions during axenic culture, where these host enzymes are not present. 

 

Replication within the CCV continues until 6-8 days post-infection, where the LCV 

C. burnetii transition back to SCVs (60). The mechanisms allowing egress of SCV 

C. burnetii from the host cell are currently unknown. 

 

1.5 Metabolomics 

Understanding the mechanisms utilised by intracellular bacteria to replicate within host 

cells is an important aspect of understanding overall pathogenesis. C. burnetii uniquely 

replicates within a modified phagolysosome, and the exact mechanisms by which the 

bacteria acquire nutrients in order to facilitate infection are currently unknown. 

 

Metabolomics is an approach used to obtain a broad, yet highly informative view of the 

overall metabolic pathways utilised in any given organism under specific conditions (88). 

Approaches may include steady state profiling, which involves the harvesting of cells 

under relevant replication conditions. Samples are rapidly quenched to halt metabolism, 
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which deactivates enzymes and preserves intracellular metabolic compounds, termed 

metabolites, at the point of harvest. Following extraction of metabolites from harvested 

cells, samples are analysed to generate a metabolite profile, using such techniques as gas 

or liquid chromatography-mass spectrometry (GC/MS or LC/MS) (89-91). The overall 

abundance of each metabolite may be analysed and compared across different conditions 

and/or strains (92). 

 

Steady state profiling does not determine whether a metabolite was synthesised de novo 

by the organism, or whether it was scavenged from the extracellular environment, and 

does not allow analysis of the flux through different metabolic pathways. Hence, many 

profiling studies are now coupled with stable isotope labelling using tracers such as 13C, 

enabling mapping of metabolic pathways and even quantification of the metabolic flux, 

or reaction rate, in previously uncharacterised biological systems (90, 91, 93). As the 

13C-labelled substrate is taken up by the cell, the subsequent processing and 

interconversion of the metabolite will incorporate the 13C-label into all active pathways, 

allowing the tracking of a metabolite substrate through its relevant metabolic pathways. 

For example, 13C-stable isotope labelling was applied to show glucose utilisation in 

Leishmania mexicana is altered to a more stringent state during the intracellular life stage 

of the parasite (90). 13C-stable isotope labelling was also applied to compare metabolic 

pathways present in two species of Mycoplasma (91). Stable isotope labelling in this study 

enabled researchers to obtain information on differences in substrate utilisation between 

the two species, and lead to the discovery of novel pathways that were not apparent 

through genomic analyses alone (91). 
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1.5.1 The C. burnetii metabolome 

Understanding the metabolism of C. burnetii has been important for the development of 

axenic culture conditions. However, further characterisation of the C. burnetii 

metabolome may also reveal essential metabolic pathways, which may be targeted using 

novel therapeutics. 

 

In the environment, C. burnetii is an obligate intracellular pathogen, and laboratory-based 

cultivation of C. burnetii outside host cells is a relatively new technique. The first 

iteration of ACCM was established by defining the metabolic requirements of C. burnetii 

(94). This media satisfied the significant number of amino acid auxotrophies in 

C. burnetii (94). In addition, optimal replication of C. burnetii occurred under 

microaerophilic conditions, at 2.5% O2 (94). Further refinements of this media has led to 

a number of ACCM derivatives, including ACCM-2 (85), which replaced the initial foetal 

calf serum present in ACCM with methyl-β-cyclodextrin, leading to increased bacterial 

replication (85). In ACCM-2, bacteria begin replicating after an initial lag phase at 1 day 

post-inoculation, with mid log phase at approximately 3 days post-inoculation (85). 

Replication continues until 6-7 days post-inoculation, when bacteria reach stationary 

phase (85). Defined media such as ACCM-D and D-ACM removed the casamino acids 

and BactoTM Neopeptone present in ACCM-2, and instead require the addition of 

individual amino acids (86, 95). ACCM-D in particular allows the use of amino acid 

auxotrophies as a selective tool for the genetic manipulation of C. burnetii (95). In 

addition, unlike ACCM-2, ACCM-D does not contain glucose, which demonstrates that 
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C. burnetii does not require this nutrient source during axenic cultivation. Replication of 

C. burnetii in all derivatives of ACCM, except D-ACM, require conditions at 37℃, 2.5% 

O2, 5% CO2 (85, 94, 95). 

 

Genetic disruption of the gluconeogenic enzyme pckA, a phosphoenolpyruvate 

carboxykinase (PEPCK) in C. burnetii, causes partial attenuation during replication in 

animal cells (86). This suggests that C. burnetii requires glucose during infection, despite 

being able to replicate in glucose-deficient axenic culture media such as ACCM-D (95). 

Transcripts for glycolytic and gluconeogenic enzymes are upregulated during 

intracellular replication, indicating bacteria may require glucose while replicating within 

the phagolysosome during infection (96).  

 

C. burnetii are auxotrophic for many amino acids, some of which are essential for 

replication during axenic culture (95). These auxotrophies suggest C. burnetii must 

scavenge amino acids from the host cell during infection. Interestingly, recent 

metabolomic analysis of mammalian lysosomes has shown that this niche contains amino 

acids at concentrations equivalent to or higher than in the cytoplasm (97). These studies 

indicate that C. burnetii may rely on both sugar and non-sugar carbon sources such as 

amino acids for replication within host cells. 

 

A recent study has examined the use of a number of carbon sources, including 

[13C]glucose, [13C]glycerol, and [13C]serine, in axenically cultivated C. burnetii (98). 

This study confirmed that C. burnetii generate ATP and anabolic precursors via 
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glycolysis, despite the apparent absence of a genome annotated hexokinase or functional 

phosphotransferase system (PTS). The study also indicated that C. burnetii is auxotrophic 

for histidine, isoleucine, leucine, lysine, phenylalanine, proline and valine biosynthesis, 

confirming that these amino acids are scavenged from the environment (98). However, it 

remains unclear how and to what extent these bacteria catabolise non-essential amino 

acids. 

 

1.6 C. burnetii virulence factors 

The capacity of C. burnetii to establish the unique intracellular replicative niche and cause 

disease is complex and multifactorial. Many other intracellular pathogens typically avoid 

endocytic maturation, either by escaping the endosome into the cytosolic environment 

(99), or by preventing the fusion of the lysosome with the phagosome (100, 101). 

C. burnetii virulence factors which facilitate infection include the LPS, as outlined in 

section 1.3.1. However, C. burnetii utilise numerous other virulence factors to manipulate 

the host cell, which are outlined below. 

 

1.6.1 Dot/Icm type 4B secretion system 

The first C. burnetii genome to be sequenced revealed that this pathogen encodes a 

complete Dot/Icm type 4B secretion system (T4BSS) (47). The T4BSS is a multiprotein 

apparatus which spans the bacterial and host cell membranes. This apparatus allows the 

bacteria to translocate proteins, termed effectors, directly into the host cell, in order to 

facilitate the bacterial replication cycle (102, 103). Ancestrally related to the bacterial 

conjugation system, the C. burnetii T4BSS is functionally analogous to a system first 
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observed in the human pathogen L. pneumophila (104, 105). The L. pneumophila T4BSS 

was observed simultaneously by two different groups who were studying L. pneumophila 

genes involved in preventing defects in organelle trafficking and promoting intracellular 

multiplication (104, 105). The C. burnetii T4BSS shares high functional analogy to the 

T4BSS utilised by L. pneumophila, in that some T4BSS genes of C. burnetii are able to 

function as part of the L. pneumophila T4BSS (106). 

 

C. burnetii are unable to replicate intracellularly without this apparatus, highlighting the 

importance of the T4BSS during infection (107). It is interesting to note, however, that 

the survival of C. burnetii inside the harsh phagolysosomal environment is not dependant 

on a functioning T4BSS (107, 108). Mutants of the T4BSS remained viable within the 

host cell, and replication could be restored upon complementation with an inducible 

system 24 hours post-infection (108), or upon transfer of C. burnetii mutants into axenic 

media after 24, 72 and 120 hours post-infection (107). This indicates that C. burnetii have 

a T4BSS independent strategy to counteract the hostile lysosomal environment. 

Interestingly, unlike the L. pneumophila T4BSS, the C. burnetii T4BSS only begins 

translocating effector proteins several hours after infection, when the vacuole reaches a 

highly acidic state (71, 107). This has recently been attributed to pathogen detection of 

specific amino acids in the degradative lysosomal compartment (109). 

 

Both the C. burnetii and L. pneumophila T4BSS are transcriptionally regulated by the 

PmrAB two-component system (110). In these systems, a membrane-localised sensory 

kinase becomes autophosphorylated upon activation by an environmental trigger, which 
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leads to a phosphotransfer on to the cytosolic response regulator. This response regulator 

can then bind target DNA and lead to transcriptional regulation of associated genes (111). 

The environmental trigger for the activation of this system have been determined to be 

specific amino acids, which are present in the host lysosomal compartment (97, 109). It 

has been shown that this two-component system is responsible for regulating not only the 

T4BSS but expression of a subset of T4BSS effectors (109, 110). Thus the PmrAB 

two-component system is essential for intracellular replication of C. burnetii (109, 110). 

 

Translocation of T4BSS effectors can also be regulated at the post-translational level. For 

instance, the IcmS chaperone in C. burnetii has recently been shown to regulate the 

translocation of a subset of effector proteins (112). Interestingly, while a subset of effector 

proteins were shown to be reliant on IcmS for translocation, the translocation of a 

different subset of effectors were inhibited by the presence of IcmS (112). 

 

In addition, L. pneumophila has demonstrated the use of c-di-GMP signalling as a 

post-transcriptional mechanism that regulates effector translocation by the T4BSS (113). 

Mutants lacking diguanylate cyclase showed delayed translocation of a known 

L. pneumophila effector protein, LepA (113). A homologous system has not been 

identified in C. burnetii. However, it is highly likely that C. burnetii also possess similar 

mechanisms to temporally regulate T4BSS effector translocation. 
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1.6.2 Dot/Icm effector proteins 

The essentiality of the T4BSS is mediated by the collective action of the proteins this 

apparatus translocates. Therefore, it is important to understand the function of these 

effector proteins. To date, approximately130 C. burnetii Dot/Icm effectors have been 

identified, with the actual number likely to be in excess of 150, based on bioinformatic 

predictions (114). Effector identification initially relied on using L. pneumophila as a 

surrogate host, since Legionella are much easier to manipulate genetically compared to 

C. burnetii (115, 116). The development of axenic media to cultivate C. burnetii (85, 94), 

as well as the application of reporter assays such as the calmodulin-dependent adenylate 

cyclase reporter assay and β-lactamase (BlaM) translocation assay, have led to the 

discovery of many new C. burnetii effectors (107, 115-117). Many of these effectors 

contain eukaryotic-like domains or motifs, such as ankyrin repeats and kinase motifs, 

which has also been observed with effectors of other bacterial species (115, 116). The 

presence of these eukaryotic motifs are predicted to allow bacterial effectors to target 

various host cell functions by interacting in a similar manner to eukaryotic proteins. Many 

effectors are not well conserved amongst different strains of C. burnetii, and are instead 

found to have disruptions, caused by insertion/deletion and frameshift mutations (47, 50). 

Effectors found to be conserved across multiple strains without mutations may represent 

effectors of essential function within the C. burnetii life cycle, which have been 

maintained through evolutionary pressure. 

 

A large portion of identified C. burnetii effectors have unknown roles during infection. 

Many effectors have only been studied by expressing them ectopically, and therefore the 

importance of these effectors during a natural infection remains unknown. For example, 
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the effector proteins AnkG, CaeA, and CaeB have anti-apoptotic functions when 

expressed ectopically (118, 119). This inhibition of apoptosis may allow C. burnetii to 

replicate longer inside host cells. Utilisation of multiple anti-apoptotic effector proteins 

suggest functional redundancy may be present. Whether these three effector proteins 

contribute individually to C. burnetii pathogenesis remains to be investigated. 

 

T4BSS effector proteins can target a variety of host organelles. For instance, MceA has 

been shown to integrate into the outer mitochondrial membrane of host cells (120). ElpA 

is shown to co-localise with host endoplasmic reticulum during ectopic expression (121), 

CBU1314 was shown to localise to the nucleus during ectopic expression (122), and 

CBU0635 localises to the Golgi apparatus during ectopic expression (107). It is important 

to note, however, that localisation during ectopic expression may not reflect true protein 

localisation during natural infection, as MceA was shown to colocalise with 

lysosome-derived vacuoles during ectopic expression (107). 

 

Significantly, several effector proteins have been shown to play important roles within 

the C. burnetii life cycle via transposon mutagenesis screens and targeted gene deletion 

studies (76, 80, 117, 123). The findings from these screens suggest that individual 

C. burnetii effectors have important, non-redundant function in the C. burnetii life cycle. 

This is in contrast to L. pneumophila T4BSS effector proteins, many of which have been 

found to be functionally redundant or required in specific environmental hosts (124, 125). 

For example, a study utilising a transposon mutagenesis screen observed that the 

C. burnetii effector protein Cig2 is critical for the homotypic fusion of the CCV, a process 
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which in this context is also reliant on host cell autophagy (76). The effector proteins 

Cig57 and CvpA have been shown to target clathrin-mediated endocytosis, which is 

required for efficient C. burnetii replication within host cells (79, 80). The exact 

mechanism of action of these effectors are not yet defined. 

 

1.7 CBU2072 

The use of transposon mutagenesis screens have also given some insight into non-effector 

proteins which are also important for the intracellular replication of C. burnetii (67, 76). 

For instance, the C. burnetii invasin OmpA, discovered in this manner, has been 

demonstrated to induce cellular uptake, particularly in non-phagocytic cells (67). 

 

A previous transposon mutagenesis screen demonstrated that the disruption of a novel 

gene in the C. burnetii Nine Mile phase II RSA439 strain led to a complete defect in 

intracellular replication (76). The protein encoded by this gene, CBU2072, was 

subsequently shown to not be a substrate of the T4BSS using a BlaM translocation assay 

(76). The complete dependence C. burnetii has on CBU2072 for intracellular replication, 

and therefore virulence, warrants further investigation of this novel protein. 

 

1.7.1 NAD(P)(+) transhydrogenases 

Bioinformatic analysis using PSI-BLAST indicates that CBU2072 has 33% homology to 

NAD(P)(+) transhydrogenases between the amino acid residues 24 to 96 (126). 
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Transhydrogenases exist in either a membrane-bound or soluble form, and function to 

maintain the balance between NAD(H) and NADP(H) within the cell through hydride ion 

transfer using the reaction NADP+ + NADH ↔ NADPH + NAD+ (93). NADPH 

production initiated by transhydrogenases is important for the detoxification of 

potentially damaging ROS by pathogens (127). However, the primary role of NAD(P)(+) 

transhydrogenase has been attributed to those involved in the regulation of metabolism 

(93). For instance, Escherichia coli transhydrogenases are involved in the regulation of 

NADPH within central carbon metabolism (93). 

 

PntAB is a well-characterised membrane-bound transhydrogenase complex found in 

E. coli. This enzyme, like many other membrane-bound transhydrogenases, contains 

three functional and structural domains. Domains I and III are hydrophilic, with domain 

I responsible for NAD(H)-binding, and domain III responsible for NADP(H)-binding. 

The region in between these two domains is hydrophobic, and contains the membrane 

bound domain II, which is responsible for the transport of protons across the membrane 

(128-131). In E. coli, the membrane-bound transhydrogenase comprises two subunits, 

PntA and PntB, or α and β subunits, respectively. Although domain I is derived from the 

α subunit, and domain III of the β subunit, domain II is composed of both α and β subunits 

(129). Domain II of E. coli is comprised of 13 transmembrane α helices (132). 

 

In addition to the membrane-bound transhydrogenase, E. coli and other species of 

Enterobacteriaceae encode a soluble transhydrogenase. In E. coli, this soluble 

transhydrogenase is encoded by sthA, formerly known as udhA (133). Structurally 
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unrelated to the membrane-bound transhydrogenases, soluble transhydrogenases have not 

been studied as extensively as the membrane-bound counterpart. Found also in 

Azotobacter vinelandii and members of the Pseudomonas species, soluble 

transhydrogenases interact with flavin adenine dinucleotide (FAD) (133). Although not 

seen with E. coli SthA, some soluble transhydrogenases are able to form large polymers 

(133-136). It is hypothesised that the physiological role of soluble transhydrogenases is 

to convert excess NADPH into NADH (93). Unlike membrane-bound transhydrogenases, 

soluble transhydrogenases catalyse this conversion in a manner which is energy 

independent (137). Soluble transhydrogenases share homology with flavoprotein 

disulphide oxidoreductases. These oxidoreductases are known to contain a N-terminal 

flavin-binding domain, a central NAD(P)-binding domain, and a C-terminal dimerization 

domain (134, 137). 

 

Many soluble transhydrogenases also contain a GXXXG motif, which is also present in 

CBU2072 (84GVNVG88). This motif is important for stabilising the structure of binding 

domains responsible for interacting with FAD and NAD(P) molecules (138). These 

interactions are facilitated by the formation of a flat binding surface by the GXXXG motif, 

which allow other helical structures to come into close proximity to interact with the 

protein (139). This close binding promotes van der Waals interactions between proteins, 

which can act to further stabilise helix-helix interactions (140). GXXXG motifs are 

common in many α-helical structures, which may suggest that this area of soluble 

transhydrogenases also forms a helical structure (138). 
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1.8 Aims of this research 

The broad focus of this research was to understand the ability of C. burnetii to infect and 

replicate within the modified phagolysosome. C. burnetii must utilise novel and unique 

mechanisms to withstand the degradative environment and cause disease. Therefore, 

investigating these mechanisms could lead to the identification of essential, 

C. burnetii-specific processes, which could become novel therapeutic targets against Q 

fever. 

 

Specifically, this research focused on comparing and contrasting the nutrient 

requirements and metabolic substrate usage of C. burnetii phase II RSA439, referred to 

throughout as wild type (WT). One population was cultivated in vivo in mammalian cells, 

while the other was cultivated axenically in vitro in routine ACCM-2 media. Techniques 

developed from this first aim led to the subsequent identification and characterisation of 

two C. burnetii glucose transporters, CBU0265 and CBU0347. Combined, these results 

have given greater insights into C. burnetii metabolism, which revealed greater metabolic 

flexibility than previously thought. 

 

Additionally, this research also investigated the function of the novel C. burnetii protein 

CBU2072, renamed essential for intracellular replication A (EirA). This protein was 

found to localise to the bacterial cytoplasm and inner membrane, and requires an 

N-terminal signal peptide sequence in order to function. Absence of EirA leads to loss of 

T4BSS effector translocation, suggesting a novel role in control of T4BSS activity. Future 
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mechanistic characterisation of EirA may reveal a novel, post-translational control 

mechanism for C. burnetii T4BSS activity. 

 

Collectively, this body of research provides important and novel insights that have 

improved our understanding of this intracellular pathogen. 
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2.1 Bacterial strains 

Bacterial strains used in this research are listed in Table 2.1. All Escherichia coli strains 

were grown in Luria-Bertani (LB) medium (Appendix 1) supplemented with 50 μg/mL 

kanamycin (Sigma-Aldrich) or with 100 μg/mL ampicillin (A. G. Scientific) when 

required. E. coli were routinely grown in LB liquid cultures or on 1.5% LB agar plates 

(Appendix 1) at 37℃ overnight or until specific OD600 was reached as indicated in 

relevant sections. All liquid cultures were agitated at 180 rpm during growth. 

 

All C. burnetii phase II Nine Mile Strain RSA439 wild type (WT) and mutants were 

routinely grown in ACCM-2, or ACCM-D (Appendix 1) as previously described (85, 95). 

Media was supplemented with 350 µg/mL kanamycin or 3 μg/mL chloramphenicol 

(Boehringer Mannheim) when required. Cultures were routinely grown to stationary 

phase or indicated time points at 37℃, 5% CO2, 2.5% O2. 

 

Table 2.1. Bacterial strains used in this study. 

Bacterial strain Features Reference 
E. coli 
XL1-Blue recA1, endA1, gyrA96, thi1, hsdR17, supE44, relA1,

 lac [F’proAB, lacIqZΔM15 Tn10, (TetR)] 
Novagen 

DH5α F- ø80dlacZ∆M15 ∆(lacZYA-argF)U169 deoR recA1 
endA1 hsdR17(rk

-,mk
+) phoA 

Clontech 

Rosetta II (DE3) F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) pRARE2 
(CamR)  

Novagen 

C. burnetii 
Nine Mile phase 
II RSA439 

Wild type (WT) Ted Hackstadt, 
NIH 

0265::Tn Transposon disrupting cbu0265 – KanR (76) 
0347::Tn Transposon disrupting cbu0347 – KanR (76) 
2072/eirA::Tn Transposon disrupting cbu2072/eirA – KanR (76) 
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2.2 Tissue culture cell lines 

HeLa human cervical carcinoma cells (229 or CCL2, ATCC) were cultured in Dulbecco’s 

Modified Eagle’s Media GlutaMAX™ (DMEM, Gibco) supplemented with 10% heat 

inactivated foetal calf serum (FCS, Gibco). During infection, cultures were maintained in 

DMEM + 5% FCS. HeLa cells were routinely passaged by removing media and washing 

once with 1x phosphate buffered saline (PBS, Appendix 1) to remove detached cell debris. 

Cells were then incubated for 2 minutes at 37℃, 5% CO2 with 1 mL trypsin (Gibco) 

before being resuspended in 9 mL DMEM + 10% FCS. One mL of this resuspension was 

passaged into 19 mL fresh DMEM + 10% FCS. THP-1 human monocytic (ATCC) cells 

were cultured in RPMI 1640 with GlutaMAX™ (Gibco) supplemented with 10% FCS. 

Cells were routinely passaged by taking 1 mL of culture and adding to 19 mL fresh RPMI 

+ 10% FCS. All cell lines were maintained at 37℃, 5% CO2 and passaged a maximum 

40 times.  

 

2.3 Molecular Biology techniques 

2.3.1 Purification of plasmid DNA 

Plasmids used in this study are listed in Table 2.2, with antibiotic resistance written as 

AmpR, KanR, and CmR, for ampicillin, kanamycin and chloramphenicol resistance, 

respectively. Plasmid DNA was extracted from overnight LB broth cultures of E. coli 

XL1-Blue or DH5α, supplemented with appropriate antibiotics for selection, using the 

QIAprep Spin Miniprep Kit (Qiagen) according to manufacturer’s protocol. DNA was 

eluted in 100 μL nuclease free water (Qiagen). Plasmid yield was measured using a 

Nanodrop™ Lite (ThermoFisher Scientific). 
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Table 2.2. Plasmid vectors used in this study. 

Plasmid Features Antibiotic 
Selection 

Reference 

pcDNA4/TO:3xFLAG Eukaryotic expression vector encoding 5’ 3xFLAG tag 
and multiple cloning site (MCS) 

AmpR Clontech, Roy Laboratory, 
Yale University 

pcDNA4/TO:3xFLAG-EirA Encodes 5’ 3xFLAG tag and full length eirA with 
5’BamHI and 3’ EcoRI RE sites 

AmpR Newton Laboratory 

pcDNA4/TO:3xFLAG-EirA24-165 Encodes 5’ 3xFLAG tag and truncated eirA from 
70 bp-498bp (amino acid residues 24-165) with 5’ 
BamHI and 3’ EcoRI RE sites 

AmpR Newton Laboratory 

pcDNA4/TO:3xFLAG-EirA 
40AAAA43 

Encodes 5’ 3xFLAG tag and eirA with bp changes 
between 118 bp-129 bp from CCAGAGATCAGT into 
GCAGCGGCCGCT (corresponding to amino acid 
changes P40A E41A I42A S43A) generated using site 
directed mutagenesis (SDM) of 
pcDNA4/TO:3xFLAG-EirA 

AmpR This study 

pcDNA4/TO:3xFLAG-EirA 
84AVNVA88 

Encodes 5’ 3xFLAG tag and eirA with bp changes 
between 241 bp-243 bp and 253 bp-255 bp from GGC 
and GGT to GCC and GCT (amino acid changes G84A 
G88A) generated using SDM of 
pcDNA4/TO:3xFLAG-EirA 

AmpR This study 

pGEM-T Easy High copy cloning vector AmpR Promega 
pGEM-T Easy:0265 Full length cbu0265 with 5’ BamHI and 3’ NotI 

restriction endonuclease (RE) sites 
AmpR This study 

pGEM-T Easy:0347 Full length cbu0347 with 5’ BamHI and 3’ NotI RE sites AmpR This study 
pJB-Kan:BlaM C. burnetii expression vector encoding for β-lactamase 

(BlaM) from Bacillus subtilis under constitutive 
expression by the cbu1169 promoter (P1169) 

KanR (107) 
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pJB-Kan:BlaM-MceA Encodes 5’ BlaM tag and mceA/cbu0077 with 5’ and 3’ 
SalI sites 

KanR Newton Laboratory 

pJB-Kan:3xFLAG C. burnetii expression vector encoding 5’ 3xFLAG tag 
under constitutive expression by the C. burnetii P1169 
promoter 

KanR (85) 

pJB-Kan:3xFLAG-MCS C. burnetii expression vector encoding 5’ 3xFLAG tag 
and MCS from pcDNA4/TO under constitutive 
expression by the C. burnetii P1169 promoter 

KanR This study 

pJB-Kan:3xFLAG-MceA pJB-Kan:3xFLAG encoding 5’ 3xFLAG tag and 
mceA/cbu0077 with 5’ and 3’ SalI RE sites 

KanR Newton Laboratory 

pJB-Kan:3xFLAG-0265 pJB-Kan:3xFLAG-MCS encoding 5’ 3xFLAG tag and 
cbu0265 with 5’ BamHI and 3’ NotI RE sites 

KanR This study 

pJB-Kan:3xFLAG-0347 pJB-Kan:3xFLAG-MCS encoding 5’ 3xFLAG tag and 
cbu0347 with 5’ BamHI and 3’ NotI RE sites 

KanR This study 

pJB-Kan:3xFLAG-EirA pJB-Kan:3xFLAG encoding 5’ 3xFLAG tag and eirA 
cloned with 5’ and 3’ SalI RE sites 

KanR Newton Laboratory 

pJB-Kan:EirA-3xFLAG pJB-Kan:3xFLAG encoding 3’ 3xFLAG tagged eirA 
cloned with 5’ PstI and 3’ SalI RE sites 

KanR Newton Laboratory 

pJB-Kan:3xFLAG-EirA24-165 pJB-Kan:3xFLAG encoding 5’ 3xFLAG tag and 
truncated eirA from 70 bp-498bp (amino acid residues 
24-165) with 5’ and 3’ SalI RE sites 

KanR This study 

pJB-Kan:3xFLAG-EirA 
40AAAA43 

pJB-Kan:3xFLAG-MCS encoding 5’ 3xFLAG tag and 
eirA with bp changes between 118 bp-129 bp from 
CCAGAGATCAGT into GCAGCGGCCGCT 
(corresponding to amino acid changes P40A E41A I42A 
S43A) cloned with 5’ BamHI and 3’ XhoI RE sites 

KanR This study 

pJB-Kan:3xFLAG-EirA 
84AVNVA88 

pJB-Kan:3xFLAG-MCS encoding 5’ 3xFLAG tag and 
eirA with bp changes between 241 bp-243 bp and 
253 bp-255 bp from GGC and GGT to GCC and GCT 

KanR This study 
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(amino acid changes G84A G88A) cloned with 5’ 
BamHI and 3’ XhoI RE sites 

pMAL-c2X:EirA24-165 pMAL-c2X encoding 5’ MBP tag and truncated eirA 
from 70 bp-498bp (amino acid residues 24-165) with 5’ 
BamHI and 3’ PstI RE sites 

AmpR Newton Laboratory (141) 

Underline indicates nucleotides mutated for SDM purposes. 
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2.3.2 Generation of chemically competent E. coli 

E. coli XL1-Blue or DH5α were streak diluted onto LB agar (Appendix 1) and incubated 

overnight at 37°C. A single colony was inoculated into 10 mL LB broth and incubated 

overnight at 37°C with shaking at 180 rpm. One mL of this overnight culture was 

transferred into 100 mL Super Optimal Broth (SOB) (Appendix 1), which was incubated 

at 16°C with shaking between 200-250 rpm until the absorbance (OD600) reached 0.4-0.8. 

Once the appropriate density had been reached, the culture was incubated on ice for 

10 minutes, before cells were pelleted by centrifugation at 2,500 x g for 15 minutes at 

4°C. Cells were resuspended in 40 mL chilled transformation buffer (TB) (Appendix 1), 

before being incubated on ice for 10 minutes. Cells were pelleted again as above and 

resuspended in 4 mL chilled TB. Bacteria were incubated on ice for 10 minutes after the 

addition of 0.3 mL dimethyl sulphoxide (DMSO) (Sigma-Aldrich). Fifty µL aliquots of 

these chemically competent E. coli were snap frozen in a dry ice-ethanol bath and stored 

at -80°C long term. 

 

2.3.3 Generation of electrocompetent E. coli 

E. coli Rosetta II were streak diluted onto LB agar and incubated overnight at 37°C. A 

single colony was inoculated into 10 mL LB broth and incubated overnight at 37°C with 

shaking at 180 rpm. One mL of this overnight culture was transferred into 100 mL SOB, 

which was incubated at 16°C with shaking between 200-250 rpm until the absorbance 

(OD600) reached 0.6-1.0. Once the appropriate density had been reached, the culture was 

incubated on ice for 15-30 minutes, before cells were pelleted by centrifugation at 

2,500 x g for 15 minutes at 4℃. Bacteria were washed twice, first in 100 mL then in 
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50 mL ice-cold sterile water, centrifuging at 2,500 x g 15 minutes at 4℃. Pelleted 

bacteria were then washed once in 2 mL ice-cold 10% glycerol (v/v in dH2O) 

(ThermoFisher Scientific), before being resuspended in 2 mL ice-cold 10% glycerol. 

Forty µL aliquots of these electrocompetent E. coli Rosetta II were snap frozen in a dry 

ice-ethanol bath and stored at -80°C long term. 

 

2.3.4 Transformation of E. coli with plasmid DNA 

Chemically competent E. coli were transformed using the heat-shock method (142). 

Chemically competent E. coli aliquots as described in 2.3.2 were thawed on ice before 

the addition of 100-200 µg plasmid DNA or ligation mixture. E. coli were incubated for 

30 minutes on ice with the DNA, before being heat-shocked at 42°C for 90 seconds. 

These cells were then incubated on ice for 2 minutes, before the addition of 950 µL Super 

Optimal Broth with catabolite repression (SOC) (Appendix 1). E. coli were incubated for 

1 hour in SOC broth, shaking at 180 rpm on a platform shaker at 37°C for recovery. 

Transformants were selected by plating onto LB agar containing the appropriate 

antibiotics for selection. Plates were incubated overnight at 37°C. 

 

In order to generate MBP-tagged EirA24-165, pMAL-c2X:EirA24-165 was transformed into 

E. coli Rosetta II strains by electroporation. Briefly, 100 ng of plasmid DNA was added 

to 50 μL electrocompetent Rosetta II strains. Cells were electroporated at 200 Ω 1.8 kV 

25 μF in 2 mm electroporation cuvettes, and 950 μL SOC broth was immediately added. 

E. coli were incubated for 1 hour in SOC broth, shaking at 180 rpm on a platform shaker 
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at 37°C for recovery. Transformants were selected by plating onto LB agar containing the 

appropriate antibiotics for selection. Plates were incubated overnight at 37°C. 

 

2.3.5 Transformation of C. burnetii with plasmid DNA 

All C. burnetii expression vectors were transformed into C. burnetii as previously 

described (76). Briefly, 10 mL 6-7 day post-inoculation ACCM-2 cultures of C. burnetii 

were centrifuged at 3,220 x g, 15 minutes, 4℃, then washed once in ice-cold 10% 

glycerol. Bacterial pellets were resuspended in 50 μL ice-cold 10% glycerol, and 1 μg of 

relevant plasmid DNA was added. Cells were electroporated at 500 Ω 1.8 kV 25 μF in a 

1 mm electroporation cuvette, and immediately resuspended in 950 μL RPMI + 10% FCS. 

Four hundred μL of this resuspension was added to 3 mL ACCM-2 in a 6 well tissue 

culture plate (Corning), and C. burnetii were incubated for 24 hours at 37℃, 5% CO2, 

2.5% O2. 

 

Transformed C. burnetii were then plated onto ACCM-2 agar containing relevant 

antibiotic selection. For each plate, the bottom layer was formed by mixing 10 mL 2x 

ACCM-2 with 10 mL 0.5% UltraPure™ agarose (w/v in dH2O, ThermoFisher Scientific) 

with relevant antibiotic selection. The top layer consisted of 1.25 mL 2x ACCM-2, 

0.75 mL dH2O, 0.5 mL 0.5% UltraPure™ agarose, and either 200 μL, 400 μL or 600 μL 

bacterial inoculum with relevant antibiotic selection. Plates were left to incubate at 37℃, 

5% CO2, 2.5% O2 for 6-7 days before colonies were picked using a wide-bore pipette. 

Isolated colonies were inoculated into 1 mL ACCM-2 with relevant antibiotic selection 
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and incubated for another 6-7 days at 37℃, 5% CO2, 2.5% O2 before protein expression 

levels were confirmed by immunoblot (IB) analysis of whole cell lysate. 

 

2.3.6 Polymerase chain reaction (PCR) amplification techniques 

All PCR amplifications were performed on either a GeneAmp® PCR system 2400 

(Applied Biosystems) or T100™ Thermo Cycler (Bio-Rad) unless otherwise stated. 

 

2.3.6.1 Template DNA preparation and oligonucleotides 

gDNA of C. burnetii WT was isolated using the Zymo gDNA extraction kit (Zymo 

Research) as per manufacturer’s protocol. All oligonucleotides were obtained from 

Sigma-Aldrich and are listed in Table 2.3. All oligonucleotides were used at a working 

concentration of 10 μM. 

 

Table 2.3. Oligonucleotides used in this study. 

Primer Sequence (5’ to 3’) 
Sequencing primers for pcDNA4/TO derivatives 
pcDNA4_F CGCAAATGGGCGGTAGGCGTG 
pcDNA4_R CTAGAAGGCACAGTCGAGG 
Sequencing primers for pGEM derivatives 
M13_F TGTAAAACGACGGCCAGT 
M13_R TCACACAGGAAACAGCTATGAC 
Sequencing primers for pJB-Kan derivatives 
pJB-Kan_F GAGCTGTTGACAATTAATCATC 
pJB-Kan_R GGATTCATCGACTGTGGCCG 
Complementation constructs 
MCS_F (SalI) AAGTCGACGGATCCACTAGTCCAGTGTG 
MCS_R (SalI) AAGTCGACTTTAAACGGGCCCTCTAGACT 
cbu0265_F 
(BamHI) 

AAAGGATCCATGAAGTTTTCTTTTCC 
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cbu0265_R 
(NotI) 

AAGCGGCCGCCTAAAAGAAATGAGAATGA 

cbu0347_F 
(BamHI) 

AAGGATCCATGAATTCAACCGACCAA 

cbu0347_R 
(NotI) 

AAGCGGCCGCTTATTTTCCTAAATAACG 

eirA_F 
(BamHI) 

AAAGGATCCATGCGTTATCCGAAATTCAGT 

eirA_R (NotI) AAGCGGCCGCTTAAAATCCAATTTCTTGTTG 
eirA24-165_F 
(BamHI) 

AAAGGATCCGCCCCTGCAACG 

Eukaryotic expression vector constructs 
eirA40AAAA43
_R (XhoI) 

AAAGAGCTCTTAAAATCCAATTTCTTGTTGACTGG 

Site directed mutagenesis 
eirA 
40AAAA43_F 

GGCTATCTCACCTGTGCAGCGGCCGCTAAACTGCAAAAA
GATCCC 

eirA 
40AAAA43_R 

GGGATCTTTTTGCAGTTTAGCGGCCGCTGCACAGGTGAG
ATAGCC 

eirA 
84AVNVA88_F 

GCTCAATGGCAGGCCGTTAATGTGGCTAATATTACTTGC 

eirA 
84AVNVA88_R 

GCAAGTAATATTAGCCACATTAACGGCCTGCCATTGAGC 

Screening transposon mutants 
Tn7cat_F CTTTTTACGGTTCCTGGGCTT 
Tn7ColE1_R TGTGATGGCTTCCATGTCG 
qPCR (143) 
ompA_F CAGAGCCGGGAGTCAAGCT 
ompA_R CTGAGTAGGAGATTTGAATCGC 

RE sites underlined. Bold nucleotides represent bases mutated for SDM purposes. 

 

2.3.6.2 PCR amplification 

PCR was used to amplify cbu0265, cbu0347, eirA fragments, as well as the MCS of 

pcDNA4/TO:3xFLAG. Each reaction used PfuUltra II fusion HS DNA polymerase 

(Agilent Technologies) according to manufacturer’s protocol. Briefly, 100 ng template 

DNA, 10 μM forward and reverse oligonucleotides, dNTP mix (25 mM of each dNTP, 

Bioline), 10x PfuUltra II reaction buffer, 1 μL PfuUltra II fusion HS DNA polymerase 

was made up to 50 μL total volume with nuclease free water. 
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2.3.6.3 Colony PCR 

GoTaq® Green (Promega) or MyTaq™ Red (Bioline) were used to screen colonies with 

inserts >1 kb or <1 kb, respectively, according to manufacturer’s protocol. For both 

reactions, 10 μM forward and reverse oligonucleotides were combined with 2x GoTaq® 

Green or 2x MyTaq™ Red DNA polymerase and made up to 20 μL total volume with 

nuclease free water. 

 

2.3.6.4 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed in order to separate and isolate DNA 

fragments following PCR or digestion. One percent (w/v) agarose was prepared using 

molecular biology grade agarose (Bioline) dissolved in Tris acetate EDTA (TAE) buffer 

(Appendix 1) with 0.01% SYBR® Safe DNA gel stain (ThermoFisher Scientific). Where 

necessary, DNA samples were mixed with 6x purple loading dye (New England Biolabs) 

prior to loading. Samples were electrophoresed at 100-110 V for 30-40 minutes alongside 

1 kb DNA ladder (New England Biolabs). The G:Box HR Gel Documentation System 

(Syngene) was used to visualise DNA products, and photographs were obtained using 

GeneSnap (Syngene). 

 

2.3.6.5 DNA purification from PCR reactions 

To isolate DNA from agarose gels, DNA fragments were visualised using the Safe 

Imager™ Transilluminator (ThermoFisher Scientific) and excised from the agarose gel 

using a sterile scalpel blade. DNA was purified from resulting fragments using the 



38 

ISOLATE II PCR and Gel Kit (Bioline) according to manufacturer’s protocol. Purified 

DNA was eluted in 30 μL nuclease free water. 

 

2.3.6.6 Restriction endonuclease digestion and ligation of DNA 

Restriction endonucleases were obtained from New England Biolabs and used according 

to manufacturer’s protocol. DNA ligations using T4 DNA ligase (New England Biolabs) 

were prepared according to manufacturer’s protocol, with a vector:insert ratio ranging 

1:3-1:5. 

 

2.3.6.7 Sequencing PCR and analysis 

Sequencing PCR was used to confirm correct insert sequence following ligation, plasmid 

screening, and purification, using the BigDye® Terminator v3.1 Cycle sequencing kit 

(ThermoFisher Scientific) according to the Australian Genome Research Facility (AGRF) 

protocol. Briefly, ~300 ng template DNA, 10 μM oligonucleotide, 5x BigDye® 

Terminator buffer and 0.8 μL BigDye® Terminator v3.2 DNA polymerase was made up 

to 15 μL with nuclease free water. Samples were initially incubated at 96℃ for 2 minutes, 

before cycling at 96℃ for 10 seconds, 50℃ for 5 seconds, and 60℃ for 4 minutes for a 

total of 30 cycles. DNA was precipitated by adding 50 μL 100% ethanol (v/v, Chem 

Supply) and 2 μL 3 M NaOAc (pH 5.2, Sigma-Aldrich). This was incubated at room 

temperature (RT) for 15 minutes, before being centrifuged at 17,000 x g for 20 minutes. 

Supernatant was removed, and the pellet was washed twice in 200 μL 70% ethanol (v/v), 

centrifuging at 17,000 x g for 5 minutes in between. Residual ethanol was evaporated by 

incubating at RT until dry. 
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Samples were sequenced using the Sanger method by AGRF. Analysis of the results was 

conducted using Sequencher (Gene Codes Corporation) and compared to known 

GenBank sequences using BLAST (126). 

 

2.4 Treatment of DH5α strains with hydrogen peroxide 

E. coli DH5α strains relevant pJB-Kan:3xFLAG constructs were grown at 37℃ in LB 

broth with relevant antibiotics, to OD600 = 1, which equated to approximately 109 colony 

forming units (CFU)/mL. Cultures were then serially diluted to 103, 104, and 105 CFU/mL 

in PBS containing hydrogen peroxide (Chem Supply) at either 0 μM, 0.02 μM, 0.2 μM, 

2 μM, 20 μM or 200 μM. One hundred μL from each was plated on to LB agar with 

relevant antibiotics. Plates were left to incubate at 37℃ for 24 hours before colonies were 

counted. 

 

2.5 Quantification of C. burnetii genome equivalents 

Quantification of C. burnetii genome equivalents (GE) was achieved using an ompA 

specific quantitative PCR (qPCR) as previously described (143). Briefly, cultures of 

relevant C. burnetii strains were centrifuged at 3,220 x g for 15 minutes or 17,000 x g for 

15 minutes, before being resuspended in appropriate volume of media or nuclease free 

water. Dilutions of these samples at 1:10 and 1:100 were prepared in nuclease free water 

and run using the SensiFAST™ SYBR No-Rox kit (Bioline). The Mx3005P qPCR system 

(Agilent Technologies) or QuantStudio™ 7 Flex real-time PCR system (ThermoFisher 
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Scientific) and respective analysis softwares were used for data export. Microsoft Excel 

was used for further data analysis and generation of standard curves. 

 

Quantification of C. burnetii GE from axenic culture using the Quant-iT™ PicoGreen™ 

dsDNA assay kit (ThermoFisher Scientific) was performed according to manufacturer’s 

protocol. Samples were read using the CLARIOStar® plate reader (BMG LABTECH). 

Data was processed using the MARS analysis software (BMG LABTECH) and further 

analysed using Microsoft Excel. 

 

In both protocols, C. burnetii GE were extrapolated by comparing unknown samples to 

DNA standards or known C. burnetii GE. 

 

2.6 C. burnetii infections of tissue culture cells 

Infections in HeLa CCL2 and THP-1 cells were performed as previously described (120). 

Briefly, HeLa CCL2 cells were seeded at 2.5 x 104 cells/well into 24 well flat bottom 

tissue culture plates (Corning) and incubated for 24 hours. THP-1 cells were seeded at 

5 x 105 cells/well and were treated and differentiated with 10 nM phorbol 12-myristate 

13-acetate (PMA, Adipogen Life Sciences) for 3 days. Samples for immunofluorescence 

microscopy (IF) were seeded onto 12 mm sterile glass coverslips. Unless otherwise stated, 

HeLa CCL2 cells were infected at a multiplicity of infection (MOI) of 100 and THP-1 

cells were infected at an MOI of 25. Bacteria were quantified as outlined in 2.5. For 

intracellular replication assays, following addition of C. burnetii, cells were incubated for 

4 hours at 37℃, 5% CO2, before being washed once in PBS and supplemented with fresh 
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media. For intracellular replication assays, samples were lysed with nuclease free water 

(Qiagen) for C. burnetii quantification at defined time points. For 1, 3, and 5 day 

post-infection samples, the supernatant from each duplicate well was pooled and collected 

alongside lysed cells. Collected samples were centrifuged at 17,000 x g for 15 minutes 

before the bacterial and cell debris pellet was resuspended in 100 μL nuclease free water 

and quantified as outlined in 2.5. For IF, samples were processed at relevant time points 

as outlined in section 2.10.6. 

 

For 7 day co-infection and phenotype rescue experiments, HeLa CCL2 cells were seeded 

at 5 x 104 cells/well into 24 well flat bottom tissue culture plates containing 12 mm glass 

coverslips, and incubated for 24 hours to allow cells to adhere to the well before infection. 

For 7 day co-infection experiments, C. burnetii WT and eirA::Tn were used to infect at 

an MOI of 5 for each strain. Cells were fixed for IF at 24 hour intervals for the duration 

of the infection as outlined in section 2.10.6. For phenotype rescue experiments, cells 

were first infected with eirA::Tn at an MOI of 100. After 5 days incubation, cells were 

super-infected with either WT or eirA::Tn at an MOI of 100 for each strain. Following a 

further 3 days of incubation, cells were fixed and stained as outlined in section 2.10.6. 

Cells from both experiments were incubated in DMEM + 5% FCS for 24 hours 

post-infection, before extracellular bacteria were removed by washing once in PBS and 

replacing with fresh DMEM + 5% FCS. 
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2.7 Metabolomics techniques 

2.7.1 Metabolite quenching and extraction 

To harvest bacteria cultivated in HeLa 229 cells, cells were seeded at 2.5 x 104 cells/mL 

into T175 flasks (Corning) in 50 mL DMEM + 10% FCS. After 3 days, cells were infected 

with C. burnetii WT at an MOI of 100. Twenty-four hours post-infection, these cultures 

were split across two T175 flasks and incubated for a further 24 hours before harvesting 

for analysis. 

 

To prepare C. burnetii strains for metabolite quenching, strains incubated in ACCM-2 for 

6 days were continuously and manually agitated and rapidly quenched to 0℃ in a dry 

ice-ethanol bath to halt metabolic activity. Cultures were centrifuged at 3,220 x g for 

15 minutes at 0℃ to pellet bacteria. For intracellularly cultivated C. burnetii, HeLa 229 

cells were collected and quenched in 10 mL ice-cold PBS and lysed to release 

intracellular bacteria by using a Dounce homogeniser (Sigma-Aldrich). Bacteria were 

separated from cell debris by centrifugation at 164 x g for 10 minutes at 0℃, and 

bacteria-containing supernatant was collected. Supernatant was centrifuged at 3,220 x g 

for 15 minutes at 0℃ to pellet bacteria. 

 

The bacterial pellet was washed twice, once in 10 mL ice-cold PBS, centrifuging at 

3,220 x g for 15 minutes at -2℃, then again with 1 mL PBS, centrifuging at 17,100 x g 

for 15 minutes at -2℃. Metabolites were extracted using chloroform:methanol:water 

(CHCl3:CH3OH:H2O, 1:3:1 v/v) containing 1 nmol [13C6]sorbitol (Sigma-Aldrich) and 

10 nmol 13C5-15N-labelled valine (Sigma-Aldrich) as internal standards. After addition of 
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300 μL 100% methanol (v/v, Chem Supply) to 99 μL water with 0.5 μL each of internal 

standards (CH3OH:H2O, 3:1 v/v), bacterial cells were sheared by repeat exposure to liquid 

nitrogen for 30 seconds, then dry-ice ethanol bath for 30 seconds, for a total of 10 times 

each. One hundred μL chloroform was then added to bring the solution to the 

aforementioned 1:3:1 ratio. Following vortex mixing, samples were incubated on ice for 

10 minutes. Cell debris was removed by centrifuging samples at 17,100 x g for 

15 minutes at -2℃. The supernatant was adjusted to 1:3:3 CHCl3:CH3OH:H2O (v/v) by 

the addition of 200 μL water, before vortex mixing and centrifuging at 17,100 x g for 

15 minutes at -2°C to induce phase separation. The upper aqueous phase, containing polar 

metabolites, was transferred to a fresh precooled 1.5 mL microcentrifuge tube and stored 

at -80°C until gas chromatography/mass spectrometry (GC/MS) or liquid 

chromatography/mass spectrometry (LC/MS) analysis. 

 

For metabolite extractions of ACCM-2 alone, the media was used as the water fraction in 

the chloroform:methanol:water (CHCl3:CH3OH:H2O, 1:3:1 v/v) extraction solvent, with 

remaining volumes identical to extractions from bacterial cells. The shearing step was 

omitted, as metabolites were already accessible to the solvent. 

 

2.7.2 Metabolite derivatisation and GC/MS analysis 

Aqueous-phase samples were transferred into glass vial inserts and dried in a rotational 

vacuum concentrator (RVC-2-33; John Morris Scientific), with an additional 30 μL of 

100% methanol added to ensure samples were completely dry. Free aldehyde groups were 

derivatized in 20 μL methoxyamine chloride (30 mg/mL in pyridine; Sigma-Aldrich) 
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with continuous mixing for 2 hours at 37°C. Twenty μL of 

N,O-bistrimethylsilyltrifluoroacetamide (Thermo Scientific) containing 1% 

trimethylchlorosilane (Thermo Scientific) was then added, and samples were incubated 

for 1 hour at 37°C, with continuous shaking, using a Gerstel MPS2 autosampler robot. 

For GC/MS analysis, 1 μL of derivatized sample was injected into an Agilent 7890A gas 

chromatograph (split/splitless inlet, 250°C) containing a VF-5ms column 

(30 m/250 µm/0.25 µm/10 m Eziguard precolumn) coupled to an Agilent 5975C mass 

selective detector. Helium was used as the carrier gas at a constant flow rate of 

1 mL/minute. The GC temperature was ramped from 35°C, at which it was initially held 

for 2 minutes, to 325°C, at 25°C/minute, and then held for 5 minutes at 325°C. The 5975C 

mass selective detector was used in scan mode, and mass spectra data were collected at a 

rate of 9.19 scans/second over an m/z range of 50-600 atomic mass units. 

 

2.7.3 LC/MS analysis 

Polar metabolites were also analysed by LC/MS using an Agilent Technologies 1200 

series LC system. Samples were stored in an autosampler at 4°C. Ten μL of sample was 

injected on a SeQuant Zwitterionic ion chromatography-hydrophilic interaction liquid 

chromatography column (150 mm x 2.1 mm, 5 μm) maintained at 40°C with solvent A 

(20 mM (NH4)2CO3, pH 9.0; Sigma-Aldrich) and solvent B (100% acetonitrile; 

Sigma-Aldrich) at a flow rate of 250 μL/minute. The gradients used were time (t) = 

0 minutes, 90% B; t = 0.5 minutes, 90% B; t = 12 minutes, 40% B; t = 14 minutes, 40% 

B; t = 15 minutes, 5%, t = 18 minutes, 5% B; t = 19 minutes, 90% B. Analysis was 

performed on an Agilent Technologies 6520 series quadrupole time of flight (TOF) mass 

spectrometer The LC flow was directed to an electrospray ionisation (ESI) source where 
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metabolite ionisation was performed with an N2 drying gas pressure of 30 lb/in2 with a 

gas flow rate of 7 L/minute, 325℃ capillary gas temperature, capillary voltage of 3,500 V, 

and fragmentor skimmer cap voltages of 125 V and 65 V, respectively. Data was 

collected in centroid mode with a scan range of 50-1,700 m/z at an acquisition rate of 

1.2 spectra/second in negative MS mode. 

 

Prior to analysis, mass calibration was performed for the negative mode to 0.5 ppm 

accuracy of the m/z value. Internal mass calibration was performed using the Agilent 

ESI-TOF reference mass solution containing purine (m/z, 119.036320) and 

hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazene (m/z 981.99509), which was 

continuously infused into the ESI source at a flow rate of 200 μL/minute. 

 

2.7.4 Identification of metabolites 

For GC/MS, metabolites from C. burnetii were identified from chromatograms by using 

the Agilent MSD Productivity Chemstation for GC and GC/MS. Fragmented ion patterns 

were used to identify each metabolite using NIST, Fiehn, and Wiley libraries, and 

retention times were matched to in house libraries to confirm identifications (90). Data 

matrices were generated using PyMS (144). 

 

For LC/MS, profiles obtained were filtered to remove noise peaks above the specific 

abundance threshold. Metabolites were then identified using in-house standards from the 

Metabolomics Australia library by comparing retention times and molecular masses. 

Metabolites not present in the in-house standards were putatively identified using the 
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MAVEN database, with molecular masses requiring >70% mass score match to be 

assigned putative identification. 

 

2.7.5 Statistical analysis and comparison of metabolite profiles 

Data matrices generated from the PyMS analyses for profiling studies were missing value 

imputed, log-transformed, and then median normalised as outlined previously (91, 144). 

R analysis was used to perform univariate analysis and generate a list of metabolites 

which were significantly different (P value < 0.05 and Benjamini-Hochberg [BH] 

adjusted P value < 0.05) between compared conditions and C. burnetii strains. 

Metabolites which were both significantly and non-significantly different between the 

two conditions were identified as described above. 

 

2.7.6 Mapping identified metabolites onto metabolic pathways 

Metabolites identified in these studies were mapped onto predicted metabolic pathways 

using the C. burnetii RSA493 strain from the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) database as a guide. Metabolic pathways defined on the KEGG database for 

C. burnetii RSA493 are based on genome annotation data. Any enzymes missing from 

the KEGG database annotations were searched for in C. burnetii RSA439 using BLASTp 

(126), with L. pneumophila, E. coli, or other bacterial sequences, and human sequences 

as references. 
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2.7.7 [13C6]glucose/[13C5]glutamate labelling studies 

[13C6]glucose and [13C5]glutamate labelling studies were conducted using detection of 

incorporated 13C-label into polar metabolites. 

 

To prepare THP-1 cell derived C. burnetii, THP-1 cells seeded at 3.5 x 105 cells/mL into 

T175 flasks in 50 mL RPMI + 10% FCS with 10 nM PMA for 3 days. Differentiated 

THP-1 cells were then infected with C. burnetii WT at an MOI of 100 for 24 hours, at 

which point cells were washed once in PBS and incubated at 37℃, 5% CO2 in fresh 

50 mL RPMI + 10% FCS until 3 and 6 days post-infection. 

 

To prepare bacteria for 13C stable isotope labelling, axenically cultivated (AX) cultures 

were centrifuged at 3,220 x g for 15 minutes at RT to pellet bacteria, while intracellularly 

cultivated (IC) C. burnetii were prepared by scraping infected HeLa or THP-1 cells in 

warm PBS, then lysing and isolating as described for steady state experiments in section 

2.7.1, except samples were kept at RT throughout instead of 0℃. Mock samples using 

uninfected THP-1 cells were also prepared alongside IC samples to account for 

contamination by host enzyme activity. THP-1 cells were lysed and cell debris was 

removed as per IC sample preparation. Supernatants which would normally contain the 

bacteria were harvested, labelled, quenched and extracted as per AX and IC conditions 

outlined below. 

 

Isolated AX and IC C. burnetii were labelled for 10 minutes at 37℃, 5% CO2, 2.5% O2 

in either 5 mL fresh ACCM-2 supplemented with 11.11 mM [13C6]glucose or ACCM-D 



48 

supplemented with 3 mM [13C5]glutamate. Cultures were quenched, and polar 

metabolites were extracted and analysed by GC/MS as described for steady state 

experiments, except 1 nM scyllo-inositol (Sigma-Aldrich) was used as the internal 

standard. 

 

Labelled metabolites were identified as described in section 2.7.4 for steady state 

experiments. 13C-label incorporation, where a representative unlabelled ion (M0), and 

mass isotopologues of up to M+1 of the possible number of labelled carbon atoms were 

integrated using Agilent MassHunter software. Natural background 13C was subtracted 

from labelled samples as previously described (145). The level of label incorporation for 

each replicate was normalised against the maximum labelling that occurred for glucose 

or glutamate for that replicate. Replicates were averaged to obtain labelling percentage 

values, and any labelling occurring in uninfected THP-1 samples was subtracted for each 

metabolite in day 3 and day 6 THP-1 harvested IC samples. Label incorporation graphs 

were generated using Visualization and Analysis of Networks conTaining Experimental 

Data (VANTED) (146). Unpaired student’s t-tests were performed using Microsoft Excel. 

 

2.8 Antibiotic sensitivity testing of C. burnetii 

C. burnetii strains grown for 6 days in ACCM-2 were quantified for GE as defined in 

section 2.5. Strains were passaged at 106 GE/mL and incubated for a further 4 days in 

3 mL ACCM-2, at which point cultures were treated with defined concentrations of 

ampicillin or polymyxin B (Sigma-Aldrich). One hundred μL from each sample was 

taken and quantified using qPCR or PicoGreenTM, as defined in section 2.5, or plated in 
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serial dilutions on ACCM-2 agar plates. Semi-solid ACCM-2 agar plates were incubated 

for 12 days at 37℃, 5% CO2, 2.5% O2 before viability counts were manually performed. 

Following addition of antibiotics, cultures were incubated at 37℃, 5% CO2, 2.5% O2 for 

24 hours, and 100 μL from each condition was taken and analysed as per the previous 

day. Fold change values for GE and CFU/mL were calculated as 24 hours post-treatment 

relative to pre-treatment with antibiotics. 

 

2.9 β-lactamase translocation assay 

HeLa CCL2 cells were seeded at 5 x 103 cells/well in a 96 well flat clear bottom black 

assay plate (Corning) and incubated at 37℃, 5% CO2 for 24 hours. Relevant C. burnetii 

strains were quantified using qPCR, as described in section 2.5, and added to cells at 

indicated MOIs. For co-infection conditions with two different strains, infections were 

performed with C. burnetii WT and eirA::Tn at a 1:1 (total MOI 100), 1:3 (total MOI 150) 

or 1:5 (total MOI 300) ratio. At 46 hours or 70 hours post-infection, CCF2-AM 

(ThermoFisher Scientific) was added to cells according to manufacturer’s protocol. After 

2 hours incubation in the dark, fluorescence was measured using a CLARIOStar plate 

reader (BMG LABTECH). Emissions at 450 nm and 520 nm were read upon excitation 

at 410 nm. Data was processed using the MARS analysis software (BMG LABTECH) 

and analysed using Microsoft Excel. 
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2.10 Protein-based techniques 

2.10.1 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) 

Whole cell lysates of C. burnetii were centrifuged at 17,000 x g for 15 minutes, before 

pellets were resuspended in 20 μL 2x SDS loading dye (Appendix 1). All protein samples 

were lysed using 2x SDS loading dye by incubating at 95℃ for 10 minutes, unless 

otherwise stated. Lysed proteins were separated at 165 V for 40 minutes on NuPAGE 

Bis-Tris gels (Life Technologies) with MES running buffer (Life Technologies). 

SeeBlueTM Plus2 Pre-stained protein standard (ThermoFisher Scientific) was used as a 

molecular ladder. When required, protein gels were stained with Coomassie brilliant blue 

(Appendix 1) for 20 minutes before being destained (Appendix 1). 

 

2.10.2 Protein purification 

Ten mL LB broth inoculated with E. coli Rosetta II carrying pMAL-c2X:EirA24-165 was 

incubated overnight at 37℃ with agitation at 180 rpm. Two mL of this overnight culture 

was added to 200 mL LB broth and incubated at 37℃ until OD600 reached 0.6-0.8. Once 

the appropriate density had been reached, 0.5 mM isopropyl-β-D-thiogalactoside (IPTG) 

was added to log phase cultures, and cells were incubated overnight at 18℃ with agitation. 

Cultures were centrifuged at 10,000 x g for 15 minutes and the bacterial pellets were 

resuspended in 25 mL column buffer (Appendix 1). Cells were lysed using the 

Dounce-homogeniser and EmulsiFlex-C3 high-pressure homogeniser (Avestin) 

according to manufacturer's protocol. Purification was performed according to 

manufacturer’s protocol (New England Biolabs), except samples were diluted 1:2 in 

column buffer prior to resin binding. All elutions were pooled for dialysis, and samples 
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were dialysed within the Cellu·Sep® Regenerated Cellulose Tubular Membrane 

(Membrane Filtration Products) overnight at 4℃ in 2 L Tris-buffered saline (TBS, 

Appendix 1) with gentle mixing. Protein expression and purification was confirmed using 

SDS-PAGE as outlined in section 2.10.1. Defined concentrations of bovine serum 

albumin (BSA; Gibco) were run alongside purified protein samples to estimate protein 

concentration. Gels were stained with Coomassie brilliant blue and destained as outlined 

in section 2.10.1. All elutions were then diluted to 2 mg/mL for long-term storage at -80℃. 

Polyclonal antibodies were raised against MBP-EirA24-165 at the Walter and Eliza Hall 

Institute (WEHI) Antibody Facility. Briefly, 200 μg of MBP-EirA24-165 was injected into 

the rabbit on three separate occasions. Serum was collected twice, once after the second 

immunisation and again after the third immunisation. 

 

All collected serum was preadsorbed against C. burnetii eirA::Tn to reduce the amount 

of antibodies cross-reactive against other, non-EirA C. burnetii proteins. Twenty mL 6-7 

day post-inoculation cultures of eirA::Tn C. burnetii were centrifuged at 3,220 x g for 

15 minutes, before being resuspended in 50 mL of serum. Serum was left to incubate 

overnight at 4℃ on a rotating wheel, before being centrifuged at 3,220 x g for 15 minutes 

at 4℃. Supernatant was filtered through a 0.2 μm filter, before being stored at -80℃ in 

20 μL aliquots. 

 

2.10.3 Immunoblot analysis 

Proteins were separated using SDS-PAGE as outlined in section 2.10.1. Protein gels were 

transferred to a nitrocellulose membrane using the iBlot2 system (Life Technologies). 
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Membrane was blocked in either TBS + 0.1% Tween-20 (TBST, Appendix 1) + 5% (w/v) 

skim milk powder or TBST + 5% (w/v) BSA to match primary antibody solutions, for 

1 hour at RT. Relevant primary antibodies (Table 2.4) were added to the membrane and 

incubated as indicated. Membrane was washed three times at 10 minute intervals in TBST 

before relevant secondary antibodies (Table 2.4) were added to the membrane for 1 hour 

at RT. Membrane was washed as before, and developed using Clarity Western ECL 

Reagents (BioRad) and detected with MF-ChemiBIS, version 3.2 (DNR Bio-Imaging 

Systems, Ltd.) or Amersham Imager (AI) 600 imager (GE Healthcare). Immunoblots 

were exposed for 1 minute and assessed with GelCapture, version 7.0.18 software (DNR 

Bio-Imaging Systems, Ltd.) for the MF-ChemiBIS system to ensure band detection was 

within the linear range. Immunoblots were exposed on auto settings for the AI600 with 

subsequent manual adjustment to exposure time as required. Images were processed using 

Fiji software (147). 
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Table 2.4. Antibodies used in this study. 

Antigen Manufacturer Type Concentration Host 
species 

Buffer Incubation 
condition 

Primary antibodies 
BlaM QED Biosciences Monoclonal 

antibody 
IB – 1:1500 Mouse TBST + 5% skim 

milk 
1 hour RT or 
overnight 4℃ 

EirA WEHI Antibody Facility Polyclonal sera IB – 1:2000 Rabbit TBST + 5% skim 
milk 

Overnight 4℃ 

C. burnetii Roy Laboratory, Yale 
University 

Polyclonal sera IF – 1:1000 Rabbit PBS + 2% BSA + 
0.05% saponin 

1 hour RT 

C. burnetii WEHI Antibody Facility Polyclonal sera IF – 1:1000 Mouse PBS + 2% BSA + 
0.05% saponin 

1 hour RT 

DotB Robert A. Heinzen, 
Edward I. Shaw 

Polyclonal sera IB – 1:2000 Rabbit TBST + 5% BSA Overnight 4℃ 

FLAG Sigma-Aldrich Monoclonal 
antibody 

IF – 1:250 Mouse IF – PBS + 2% 
BSA + 0.05% 
saponin 

IF – 1 hour RT 

IB – 1:2000 IB – TBST + 5% 
skim milk 

IB – 1 hour RT or 
overnight 4℃ 

IcmD Robert A. Heinzen, 
Edward I. Shaw 

Polyclonal sera IB – 1:2000 Rabbit TBST + 5% BSA Overnight 4℃ 

IcmK Robert A. Heinzen, 
Edward I. Shaw 

Polyclonal sera IB – 1:2000 Rabbit TBST + 5% BSA Overnight 4℃ 

IcmX Robert A. Heinzen, 
Edward I. Shaw 

Polyclonal sera IB – 1:2000 Rabbit TBST + 5% BSA Overnight 4℃ 

LAMP-1 Developmental Studies 
Hybridoma Bank (DSHB) 

Monoclonal 
antibody 

IF – 1:500 Mouse PBS + 2% BSA + 
0.05% saponin 

1 hour RT 

mCherry Novus Biologicals Polyclonal 
antibody 

IF – 1:500 Rabbit PBS + 2% BSA + 
0.05% saponin 

1 hour RT 
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RPoA Biolegend Monoclonal 
antibody 

IB – 1:5000 Mouse TBST + 5% BSA Overnight 4℃ 

Secondary antibodies 
AlexaFluor-488 
mouse 

ThermoFisher Scientific Polyclonal 
antibody 

IF – 1:2000 Goat PBS + 2% BSA + 
0.05% saponin 

1 hour RT 

AlexaFluor-568 
rabbit 

ThermoFisher Scientific Polyclonal 
antibody 

IF – 1:2000 Goat PBS + 2% BSA + 
0.05% saponin 

1 hour RT 

Mouse-HRP Perkin Elmer Polyclonal 
antibody 

IB – 1:3000 Goat TBST + 5% skim 
milk 

1 hour RT 

Rabbit-HRP Perkin Elmer Polyclonal 
antibody 

IB – 1:3000 Goat TBST + 5% skim 
milk 

1 hour RT 

IB – Immunoblot 
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2.10.4 Analysis of EirA present in axenic culture media 

One hundred mL day 6 C. burnetii ACCM-2 cultures were centrifuged at 3,220 x g for 

15 minutes at 4℃. Supernatants were passed through a 0.2 μm filter to remove any 

bacterial cells, before being precipitated in 20% trichloroacetic acid (Sigma-Aldrich) 

overnight at 4℃ on ice. Samples were centrifuged at 20,000 x g for 20 minutes at 4℃, 

before resulting protein pellets were washed once in 80% ice-cold acetone (Chem Supply) 

and centrifuged at 17,000 x g for 20 minutes at 4℃. Protein pellets were dried at 60℃ 

until all residual acetone was removed, before being resuspended in 50 μL 2x SDS 

loading dye. C. burnetii harvested from the initial centrifugation step to separate the 

ACCM-2 supernatant were washed once in ice-cold PBS, then resuspended in 1 mL 

ice-cold PBS. This resuspension was diluted 1:10 to a total volume of 50 μL in 2x SDS 

loading dye. All samples were processed for immunoblot analysis as outlined in section 

2.10.1 and 2.10.3. 

 

2.10.5 Fractionation of C. burnetii 

One hundred mL day 6 C. burnetii ACCM-2 cultures were centrifuged at 3,220 x g for 

15 minutes at 4℃, washed once in ice-cold PBS, and then resuspended in 3 mL ice-cold 

lysis buffer (Appendix 1). Samples were sonicated on ice using a 600 W S-4000 sonicator 

(Misonix) at 50 W for 10 seconds, followed by 20 seconds of rest, until total sonication 

time reached 3 minutes. Samples were then centrifuged at 3,220 x g for 15 minutes at 4℃ 

to remove intact bacterial cells. Fifty μL of the supernatant was reserved as the whole cell 

lysate sample. Supernatants containing lysed bacteria were centrifuged at 100,000 x g for 

1 hour at 4℃ to separate the membranes from the cytoplasmic fraction. Fifty μL of the 

resulting supernatant was collected as a portion of the cytoplasmic fraction. The pellet 
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was resuspended in lysis buffer using a 26 G needle (Terumo) and centrifuged as before 

to remove residual cytoplasmic proteins. Pelleted proteins containing the membrane 

fractions were resuspended in 500 μL ice-cold membrane solubilisation buffer (Appendix 

1) using a 26 G needle, then left to incubate for 2 hours on a rotating wheel at 4℃. 

Samples were made up to equivalent total volume as the supernatant, representing the 

cytoplasmic fraction, using solubilisation buffer, before being centrifuged as above to 

separate the outer and inner membranes. The TX-100 soluble fraction was considered to 

contain inner membrane contents and the TX-100 insoluble fraction was considered to 

represent the outer membrane. Fifty μL of the TX-100 soluble fraction was reserved for 

further analysis. The TX-100 insoluble pellets were resuspended in 2x SDS loading dye 

in equivalent volumes to other fractions, and 50 μL was reserved for further analysis. All 

reserved samples were diluted 1:1 in 2x SDS loading dye and incubated at 60℃ for 

30 minutes before immunoblot analysis as outlined in section 2.10.1 and 2.10.3. 

 

2.10.6 Immunofluorescence microscopy 

All antibodies and concentrations used are listed in Table 2.4. For intracellular replication 

assays, infected HeLa CCL2 and THP-1 cells were fixed for 20 minutes at RT with 4% 

paraformaldehyde (in PBS, w/v) at 3 days post-infection. Cells were then blocked and 

permeabilised using PBS + 2% BSA + 0.05% saponin (Sigma-Aldrich), before being 

incubated with relevant primary antibodies (Table 2.4). After three 5 minute washes in 

PBS, cells were incubated in the dark with relevant secondary antibodies (Table 2.4). PBS 

containing 4ʹ,6-diamidino-2-phenylindole (DAPI, Life Technologies) at 1:10,000 was 

added to cells for 5 minutes, before two 5 minute washes in PBS. 
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For 7 day coinfections and phenotype rescue experiments, cells were fixed and stained at 

given time points using relevant antibodies (Table 2.4). Anti-mCherry primary antibody 

was used to stain eirA::Tn, as mCherry fluorescence from the transposon was too low for 

imaging. For 3xFLAG-MceA staining, cells were fixed and stained at given time points 

as above, except MitoTrackerTM Red CMXRos (ThermoFisher Scientific) staining was 

performed prior to fixing, according to manufacturer’s protocol. 

 

Coverslips were mounted onto glass slides with ProLong Gold reagent (Life 

Technologies). All samples were imaged using a Zeiss LSM700 instrument with Zen 

software. All images were analysed using Fiji (147). 

 

For phenotype rescue experiments, the total 568 nm fluorescence from a x20 objective 

image was quantified using Fiji (147). This numerical value was then made relative to the 

total number of host cell nuclei in the image. 

 

2.11 Transmission electron microscopy of C. burnetii 

One hundred mL day 6 ACCM-2 cultures of C. burnetii were centrifuged for 15 minutes 

at 3,220 x g at RT, before being washed once in PBS before centrifuging as before. Pellets 

were resuspended in 2.5% glutaraldehyde (ProSciTech) and fixed for 2 hours at RT. 

Bacteria were then rinsed twice in PBS without resuspension to remove any residual 

fixative. Samples were post-fixed in 1% osmium tetroxide (Electron Microscopy 
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Sciences) before dehydrating in a graded series of acetone (Merck), infiltrated and 

embedded with EPON™ resin (ProSciTech). Ninety nm thick sections were cut and 

stained with uranyl acetate (BDH) and lead citrate (BDH) before imaging on a CM120 

transmission electron microscope (Phillips) at 120 kV. 

 

2.12 Galleria mellonella infection model 

G. mellonella larvae were cultured in-house and kept at 30℃ in the dark until use. The 

food mixture used to cultivate G. mellonella larvae are listed in Appendix 1. Larvae were 

maintained in autoclave safe glass jam jars filled with food mixture. Four to six larvae 

were placed in each jar and left to grow into adult G. mellonella to breed. To prepare for 

infections, larvae were harvested from these propagation jars. 

 

Infections were conducted as described previously (54). Briefly, 106 GE of relevant 

C. burnetii strains were injected in the right proleg of G. mellonella larvae. Larvae were 

incubated at 37℃, and survival was monitored every 24 hours across 11 days. PBS 

controls were included with each experiment. Each condition consisted of 12 larvae. 

 

To harvest haemocytes for IF, three larvae per condition were anaesthetised on ice for 

15 minutes, before a small incision was made near the tail end of the larvae with a scalpel. 

Haemolymph from three larvae were pooled and immediately resuspended in 500 μL PBS. 

These resuspended cells were seeded onto 12 mm coverslips in a 24 well flat bottom plate, 

which was centrifuged for 10 minutes at 500 x g to allow cell adherence. Cells were then 

fixed and stained as outlined in section 2.10.6.  
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3.1 Introduction 

In order to survive and cause disease, intracellular pathogens must generate or obtain 

essential nutrients for replication. Many of these pathogens have developed mechanisms 

to scavenge nutrients from the host cell during infection, and may therefore become 

dependent on the host to provide essential nutrients. For instance, the human bacterial 

pathogen Salmonella enterica serovar Typhimurium (S. Typhimurium) was found to be 

highly dependent on host glucose and glucose phosphate during intracellular infection in 

mice (148). Deleting enzymes involved in glucose uptake, or in the catabolism of glucose 

via glycolysis, led to severe attenuations in intracellular replication and virulence of 

S. Typhimurium (148). With host nutrient sources shaping bacterial metabolism and 

replication to such an extent, identifying the metabolic pathways utilised by these 

pathogens inside cells is key to understanding their pathogenesis (90, 98). In addition, 

identifying these potentially unique and essential metabolic pathways may lead to the 

discovery of novel therapeutic targets. 

 

The intracellular bacterium C. burnetii is the causative agent of Q fever, which in humans 

causes a number of symptoms ranging from acute life-threatening infection to debilitating 

chronic disease (24). Upon inhalation of contaminated aerosols, C. burnetii are typically 

phagocytosed by alveolar macrophages (66). The C. burnetii containing phagosome 

passively undergoes endocytic maturation, eventually fusing with the host lysosomal 

compartment. Acidification of this phagosome leads to metabolic activation and initiation 

of bacterial replication. 
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Amino acids present within the host lysosome also trigger the activation of the C. burnetii 

Dot/Icm type 4 secretion system, which translocates approximately 130 effector proteins 

into the host cell (71, 109, 114). These effector proteins allow the establishment of the 

specialised vacuolar compartment, termed the Coxiella-containing vacuole (CCV), which 

allow the bacteria to replicate to large numbers (57, 107, 108). The highly fusogenic 

nature of this unique replicative niche leads to the mature CCV resembling an 

autolysosome (76, 77). Unlike most intracellular pathogens, C. burnetii are not destroyed 

within this hostile niche, but require the acidified environment to replicate. 

 

Axenic cultivation conditions for C. burnetii have recently been established (94, 108). 

Acidified citrate cysteine medium (ACCM) supports axenic replication of C. burnetii in 

low oxygen conditions (94, 108). The constituents of this media were established by 

studying the metabolic requirements of C. burnetii (94, 108). ACCM, and its derivatives, 

contain an abundance of amino acids, which are required to satisfy the auxotrophic 

requirements of C. burnetii. The large number of amino acid auxotrophies in C. burnetii 

suggests that this pathogen may scavenge these nutrients from the host cell during 

infection. In support of this, recent metabolomic analysis of the lysosomal compartment 

of mammalian cells indicates that this organelle contains amino acids at levels which are 

equivalent to or higher than in the cytoplasm (97). Use of amino acids as a carbon source 

during C. burnetii replication is also supported by the ability of axenic bacteria to 

proliferate in defined ACCM (ACCM-D) lacking glucose (95). However, genetic 

disruption of the gene encoding the gluconeogenic enzyme phosphoenolpyruvate 

carboxykinase (PEPCK) causes partial attenuations in C. burnetii virulence in 

mammalian cells (86). This study showed that intracellular bacterial replication had 



62 

significantly decreased in this mutant strain compared to WT when incubated at a lower, 

5 mM glucose concentration, as opposed to the standard 11 mM glucose concentration. 

This suggests that in low glucose environments, gluconeogenesis via catabolism of other 

carbon sources, such as amino acids, is required for intracellular replication of C. burnetii. 

Transcripts for glycolytic and gluconeogenic enzymes are both up-regulated during 

intracellular replication (96). Thus, it remains unclear whether intracellular C. burnetii 

also utilise or co-utilise sugars scavenged from the phagolysosomal compartment. 

 

During the course of this Ph. D, a study examined the use of a number of carbon sources, 

including [13C]glucose, [13C]serine, and [13C]glycerol, in axenically grown (AX) 

C. burnetii (98). This study confirmed that C. burnetii generate ATP and anabolic 

precursors via glycolysis. In addition, this study demonstrated that C. burnetii is 

auxotrophic for histidine, isoleucine, leucine, lysine, phenylalanine, proline and valine, 

confirming that these amino acids are scavenged from the environment (98). However, it 

remains unclear how and to what extent these bacteria catabolise non-essential amino 

acids. 

 

This chapter used metabolomic analyses to define the metabolic pathways of AX and 

intracellularly cultivated (IC) C. burnetii, both through the use of steady state metabolite 

profiling, as well as [13C]glutamate and [13C]glucose labelling approaches. The results 

demonstrated that both populations of C. burnetii are able to utilise glutamate and glucose, 

which are primarily catabolised by the TCA cycle and via glycolysis, respectively. 

Strikingly, the results also indicated that the TCA cycle operates differently between these 
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two populations, with the use of a continuous, oxidative cycle in AX and discontinuous, 

partial TCA cycle and increased gluconeogenesis in IC C. burnetii. These findings 

demonstrate that intracellular C. burnetii has the capacity to switch between different 

hexose and non-essential amino acid carbon sources in vitro and in vivo and exhibits 

surprising flexibility in its central carbon metabolism. 
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3.2 Results 

3.2.1 Metabolite profiling of axenic and intracellular C. burnetii 

C. burnetii WT were cultured either axenically for 6 days in ACCM-2 media (AX) or 

intracellularly (IC) for 2 days in HeLa cells. At the respective time points, C. burnetii 

were rapidly quenched to halt metabolism and harvested as described in section 2.7.1. 

Polar metabolites were then extracted and analysed using GC/MS (Figure 3.1). Two 

independent experiments were performed and analysed, each with 6 technical replicates. 

A total of 58 metabolites were identified across the two independent experiments, 

covering a range of pathways within central carbon metabolism (Figure 3.2, Table 3.1 

and Appendix 2 and 3). Eleven of the identified metabolites were not predicted from 

existing metabolic pathway maps in the KEGG database and may either be salvaged from 

the medium or reflect the presence of non-annotated enzyme/pathway activities (Figure 

3.2 and Appendix 3). Seven of these unmapped metabolites were not detected in the 

GC/MS metabolite profile of the ACCM-2 medium (Table 3.2), indicating that they may 

be synthesized de novo by as yet unannotated enzymes or pathways. Bioinformatic 

analysis using BLASTp similarity searching was unable to identify putative enzymes to 

link these metabolites to existing annotated C. burnetii pathways. 
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Figure 3.1. Schematic of overall workflow for various metabolomic analyses. Yellow 

indicates steps which were only used for steady state profiling analysis. Light blue 

indicates steps which were only used for 13C-labelling experiments. Green indicates steps 

which were common across both experimental procedures. 
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Table 3.1. Identified metabolites from steady state data across the two conditions. 

Metabolite Compound ID 
(KEGG) 

Retention time (minutes) Fragmented ion ALevel of 
ID 

 Experiment 
1 

Experiment 
2 

Experiment 1 Experiment 2  

G6P C00668 12.246  387  1 
F6P C05345  12.358 315  1 
3P-D-glycerate C00197 10.304 10.462 357 357 1 
2P-D-glycerate C00631 10.181  211, 299, 315, 369, 

459 
 2 

Pyruvate C00022 6.551  59, 174  2 
Malate C00149  8.980  233 1 
Fumarate C00122 8.127 8.295 245 245 1 
Succinate C00042 7.950  247  1 
Citrate C00158  10.520  273 1 
Isocitrate C00311 10.358  245, 273  1 
D-Gluconic acid C00257 11.111 11.264 333 205, 217, 292, 319, 

333 
1 

D-Glycerate C00258  8.157  189 1 
R5P C00117  11.648  315 1 
D-Ribose C00121 9.697  307  1 
Guanosine C00387  13.862  230, 245, 280, 296, 

324, 368 
2 

Xanthine C00385 11.243 11.404 279, 294, 353, 368 158, 265, 279, 294, 
353, 368 

2 

Hypoxanthine C00262 10.429  265  1 
Inosine C00294 13.142 13.295 103, 193, 217, 230, 

245, 281 
103, 217, 230, 245, 
259, 281 

2 
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Urea C00086 7.656  189  1 
Adenine C00147 10.705  264  1 
AMP C00020  14.895  169 1 
Adenosine C00212 13.350 13.498 192, 217, 230, 236, 

259, 280 
192, 217, 230, 236, 
259, 280 

2 

Uridine C00299 12.824 12.902 103, 169, 217 169 1 
UMP C00105 13.974  169, 211, 230, 243, 

299, 315 
 2 

Uracil C00106  8.262  241, 256 2 
CMP C00055 11.206 11.362 169, 211, 243, 258, 

299, 315 
169, 227, 243, 258, 
299, 315 

2 

L-Ala C00041 6.669 6.963 116 116 1 
L-Asp C00049 8.994  232  1 
L-Asn C00152 9.737 9.897 231 100, 132, 188, 218, 

202, 231 
1 

L-Glutamate C00025  9.640  246, 128, 100, 218, 
230, 348 

1 

L-Thr C00188 8.294 8.455 218 218 1 
L-Ser C00065 8.319 8.158 204 204 1 
L-Cys C00097  9.358  100, 132, 204, 218, 

220, 294 
2 

Glycine C00037 7.926 8.088 86, 174, 248, 370 248 1 
Cys-Gly C01419 11.368  100, 220, 275  2 
L-Met C00073 9.040  176  1 
L-Val C00183 7.410 7.573 144 144 1 
L-Ile C00407 7.837 7.995 158 158 1 
L-Lys C00047 10.579 10.744 174 174 1 
L-Pro C00148 7.900 8.061 142 142 1 
L-Ornithine C00077 10.378 10.541 142 142 1 
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L-Phe C00079  9.591  192 1 
L-Tyr C00082 10.911 11.074 218, 280 280 1 
L-Trp C00078  12.174  202, 218 1 
Hydroxyproline C01157 9.030  230  1 
5’-Methylthioadenosine C00170  14.040  236, 188, 175, 129, 

165 
2 

LL-2,6-Diaminopimelate C00666 11.048 11.207 100, 128, 181, 200, 
272 

128, 200, 272 2 

D-Fructose C00095  10.551  307 1 
Myo-inositol C00137 11.475 11.638 305 305 1 
Inositol-1P C01177 12.661 12.765 318 318 1 
Glycerol C00166 7.679 7.835 103, 117, 175, 191, 

205, 218 
205, 218, 293 2 

Galactose-6P C01113  12.332  387 1 
GlcNAc C00140 11.428 11.585 100, 205, 202, 319 100, 205, 202, 319 2 
Taurine C00245 9.789  326  1 
Pidolic acid C01879 9.084 9.249 156, 230, 258 156 1 

ALevel of identification (ID) according to standards proposed by (149), where 1 denotes absolute identification and 2 denotes putative 

identification. 
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Table 3.2. Metabolites detected in ACCM-2 on the GC/MS. 

Metabolite Compound 
ID 
(KEGG) 

Retention 
time 
(minutes) 

Fragmented 
ion 

ALevel of ID 

Glucose C00031 10.885 205 1 
Citrate C00158 10.554 183 1 
Glycine C00037 8.134 174 1 
L-Ala C00041 7.018 116 1 
L-Asp C00049 9.203 232 1 
L-Asn C00152 9.939 116 1 
L-Glutamate C00025 9.689 246 2 
L-Thr C00188 8.500 218 1 
L-Ser C00065 8.363 204 1 
L-Cys C00097 9.404 220 2 
L-Cystine C00491 12.429 411 1 
L-Met C00073 9.248 176 1 
L-Val C00183 7.617 144 1 
L-Ile C00407 8.040 158 1 
L-Leu C00123 7.904 158 1 
L-Lys C00047 11.034 174 1 
L-Pro C00148 8.112 142 1 
L-Phe C00079 9.796 192, 218 1 
L-Tyr C00082 11.128 218 1 
L-Trp C00078 12.174 202, 218 1 
L-Ornithine C00077 9.664 142 1 
L-His C00135 11.075 154 1 
L-Citrulline C00327 10.662 142, 157, 256 2 
Myo-inositol C00137 11.674 305 1 
Pidolic acid C01879 9.299 156 1 

ALevel of identification (ID) according to standards proposed by (149), where 1 denotes 

absolute identification and 2 denotes putative identification. 
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Figure 3.2. Metabolic pathway map of C. burnetii constructed from steady state 

GC/MS data. Dark blue boxes indicate metabolites detected using GC/MS with absolute 

identifications. Azure boxes indicate putatively identified metabolites and pale blue boxes 

indicate metabolites not detected on the GC/MS. Purple denotes transporters, where ‘?’ 

indicates putative transporters. Pale green circle indicates missing enzyme based on 

genome annotation data in KEGG. Unlinked metabolites do not have annotated enzymes 

involved in their conversions based on KEGG. Dotted arrows indicate pathways which 

have been abbreviated. Metabolite abbreviations are listed in Appendix 2. 
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3.2.2 C. burnetii can utilise both [13C]glutamate and [13C]glucose during 

intracellular replication 

To analyse metabolic substrate utilisation and metabolic flux during C. burnetii 

replication, C. burnetii WT were isolated at 2 days post-infection of HeLa cells and 

labelled with either ACCM-D containing 3 mM [13C]glutamate or ACCM-2 containing 

11.11 mM [13C]glucose for 10 minutes. Bacteria were rapidly chilled to quench 

metabolism, then polar metabolites were extracted and analysed using GC/MS (Figure 

3.1). Levels of 13C-label incorporation into various downstream metabolites are shown, 

using the existing pathway maps derived from the KEGG database (Figure 3.3). 

 

Detected labelling for each metabolite was normalised against the maximum labelling 

that occurred for glutamate within each replicate, as described in section 2.7.7. As 

glutamate was provided only as [13C]glutamate in the media, detection of only 

[13C]glutamate in extracted metabolites from bacterial cells, prior to normalisation (raw 

percentage labelling), indicates that the exogenous [13C]glutamate equilibrated fully with 

intracellular pools within 10 minutes of labelling. No 12C forms of glutamate was detected 

in bacterial cells. Internalised [13C]glutamate incorporated into the TCA cycle, via 

succinate, fumarate and malate, which demonstrates that C. burnetii uses the oxidative 

cycle (Figure 3.3). Interestingly this population of C. burnetii appears to undergo a 

cataplerotic TCA cycle rather than further rounds of oxidation, with 13C-label being 

shunted away from citrate/isocitrate into gluconeogenesis via the C4 dicarboxylic acids 

(Figure 3). C. burnetii was also able to utilise the carbon backbones derived from 

glutamate to synthesise L-alanine, L-aspartate and glycine (Figure 3.3). 
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Unexpectedly, following [13C]glutamate labelling, there was detection of almost 20% 

13C-label incorporation into lactate (Figure 3.3). The C. burnetii genome lacks an 

annotated L/D-lactate dehydrogenase, which suggests the presence of an alternative 

mechanism for synthesising lactate that does not involve direct conversion from pyruvate. 

Lactic acid bacteria such as Oenococcus oeni express alternative malolactic enzymes 

which convert malate into lactate (150). BLASTp analysis revealed the presence of a 

putative malolactic enzyme in C. burnetii, CBU0823. This protein, which is currently 

annotated as an NAD-dependent malic enzyme, possesses 43% identity with the O. oeni 

malolactic enzyme across 63% of the predicted amino acid sequence. This raises the 

possibility that CBU0823, much like the O. oeni enzyme, may function to convert malate 

to both pyruvate and lactate (Figure 3.3). 

 

Labelling IC C. burnetii with [13C]glucose demonstrated utilisation of this sugar substrate 

(Figure 3.3). Raw percentage labelling data showed intracellular pools of glucose had 

equilibrated with exogenous [13C]glucose, also within 10 minutes of labelling, which 

indicates rapid intake of substrate. Catabolism of [13C]glucose has previously been 

reported in AX C. burnetii, but not in IC C. burnetii (98). The exact mechanism used by 

C. burnetii to phosphorylate glucose to form glucose 6-phosphate is currently unknown. 

Given C. burnetii appears to lack an annotated hexokinase or phosphotransferase system 

(PTS), it is likely that C. burnetii possesses an alternative mechanism to phosphorylate 

sugars. Levels of 13C within TCA cycle substrates were generally much lower in 

[13C]glucose-fed C. burnetii compared to [13C]glutamate-fed bacteria, which indicates 

efficient compartmentalisation of these two carbon sources (Figure 3.3). Following 
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glucose labelling, 13C-enrichment also occurred in some amino acids, such as L-aspartate, 

L-glutamate, and L-serine, in addition to lactate (Figure 3.3). 
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Figure 3.3. HeLa cell-derived IC C. burnetii utilise both glutamate and glucose. 

Metabolic pathway map of HeLa cell-derived IC C. burnetii labelled with either 

[13C]glutamate or [13C]glucose. Metabolites detected on the GC/MS as having 

incorporated 13C-label are shown in larger boxes, with percentage labelling in bar graphs. 

Yellow bars indicate samples labelled with [13C]glutamate. Light blue bars indicate 

samples labelled with [13C]glucose. Pale green circles indicate missing enzymes based on 

genome annotation data in KEGG. Dark green circles indicate putative enzymes with 

novel functions. Purple denotes metabolite transporters, where ‘?’ indicates those with 

putative functions. Dotted arrows indicate pathways which have been abbreviated. NA 

indicates metabolites which were unable to be detected in a given condition. Metabolite 

abbreviations are listed in Appendix 2. 
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3.2.3 Comparison of 13C-substrate usage between axenically and 

intracellularly cultivated C. burnetii 

IC samples derived from HeLa cells could only be harvested at 2 days post-infection. This 

was due to the technical constraints of maintaining a high bacterial load for detection of 

C. burnetii metabolites, while balancing normal host cell division. The discrepancy in 

replication stage between AX (harvested at day 6 post-inoculation) and IC C. burnetii 

limited any direct comparison between the metabolism of these two distinct environments. 

In addition, these initial experiments did not account for host metabolic enzymes, which 

may be carried across during isolation of IC C. burnetii, resulting in false labelling of 

metabolites not produced by bacterial enzymes. 

 

To address these limitations, C. burnetii WT were cultivated in non-replicating, 

differentiated macrophage-like THP-1 cells. Given the tropism of C. burnetii toward 

infections within alveolar macrophages, this cell type was more biologically relevant to 

natural infection. In order to measure host cell contamination, mock infected THP-1 cells 

were also prepared alongside the IC C. burnetii, and any 13C-label incorporation 

occurring in these mock samples was subtracted from the bacterial samples (Figure 3.1, 

Table 3.3). THP-1-derived IC C. burnetii were harvested at both 3 and 6 days 

post-infection to represent late logarithmic and stationary phase C. burnetii, respectively. 

AX C. burnetii were also grown to 3 and 6 days post-inoculation before being harvested. 

Both AX and IC C. burnetii were then labelled with either [13C]glutamate and 

[13C]glucose as before, and polar metabolites were extracted and analysed on the GC/MS 

(Figure 3.1). 
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Table 3.3. Metabolites with detectable 13C-label incorporation values in mock 
THP-1 cell samples. 

Metabolite Percentage 13C-label incorporation 
[13C]glutamate 

Succinate 18.53% 
Lactate 0.92% 

[13C]glucose 
Succinate  12.43% 
Lactate 0.53% 

 

Much like with the previous HeLa-derived IC C. burnetii, both AX and THP-1-derived 

IC C. burnetii were able to utilise [13C]glutamate (Figure 3.4). Interestingly, while IC 

C. burnetii demonstrated the use of a discontinuous TCA cycle (with 13C being converted 

into gluconeogenic intermediates), AX C. burnetii underwent further rounds of the TCA 

cycle via citrate/isocitrate (Figure 3.4). Stationary phase AX C. burnetii, 6 days 

post-inoculation, also showed significantly lower incorporation of 13C-label into 

gluconeogenic intermediates compared to 3 days post-inoculation, which is consistent 

with this population requiring less nucleotide precursors (Figure 3.5 and Table 3.4). IC 

C. burnetii on the other hand maintained high levels of 13C-label incorporation at both 

time points, suggesting these bacteria require ongoing production of nucleotide 

precursors within the vacuolar compartment. Overall these data suggest that while both 

AX and IC C. burnetii are able to utilise [13C]glutamate, IC C. burnetii use this substrate 

primarily to synthesise anabolic precursors, and AX C. burnetii undergo a cyclic TCA 

cycle. 
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13C-label incorporation into lactate was detected at much lower levels when host cell 

contamination was accounted for, with percentage labelling of approximately 6% for AX 

C. burnetii and below 3% in IC C. burnetii (Figure 3.4).  
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Figure 3.4. Both AX and IC C. burnetii are able to catabolise [13C]glutamate. 

Metabolic pathway map of C. burnetii comparing 13C-label incorporation between AX 

and IC C. burnetii after 10 minute incubation with [13C]glutamate. Metabolites detected 

on the GC/MS as having incorporated 13C-label are shown in larger boxes, with 

percentage labelling in bar graphs. Orange bars indicate AX samples and yellow bars 

indicate IC samples. Dark green circles indicate putative enzymes with novel functions. 

Purple denotes metabolite transporters, where ‘?’ indicates those with putative functions. 

Dotted arrows indicate pathways which have been abbreviated. * = p<0.05 using unpaired 

student’s t-test. NA indicates metabolites which were unable to be detected in a given 

condition. Metabolite abbreviations are listed in Appendix 2. 
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Figure 3.5. Day 3 vs day 6 comparisons of [13C]glutamate labelled C. burnetii. 

Metabolic pathway map of C. burnetii comparing 13C-label incorporation at day 3 and 

day 6 within the same culture condition after 10 minute incubation with [13C]glutamate. 

Metabolites detected on the GC/MS as having incorporated 13C-label are shown in larger 

boxes, with percentage labelling in bar graphs. Pink bars indicate day 3 samples and red 

bars indicate day 6 samples. Dark green circles indicate putative enzymes with novel 

functions. Purple denotes metabolite transporters, where ‘?’ indicates those with putative 

functions. Dotted arrows indicate pathways which have been abbreviated. * = p<0.05 

using unpaired student’s t-test. NA indicates metabolites which were unable to be 

detected in a given condition. Metabolite abbreviations are listed in Appendix 2. 
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Table 3.4. Metabolites with significant day 3 vs day 6 differences within AX and IC 

conditions during [13C]glutamate labelling using an unpaired student’s t-test. 

Elevated at day 3 Elevated at day 6 
Metabolite p value Metabolite p value 

AX 
3P-D-glycerate 2.4 x 10-3   
Malate 3.4 x 10-7   
Fumarate 6.4 x 10-3   
L-Ala 1.0 x 10-2   
L-Asp 2.9 x 10-5   
sn-Glycerol-3P 3.2 x 10-7   
  Gly 3.4 x 10-2 

IC 
  Malate 4.5 x 10-3 
  Fumarate 2.9 x 10-2 
sn-Glycerol-3P 1.4 x 10-2   

 

[13C]glucose utilisation by AX and IC C. burnetii indicates AX C. burnetii are able to 

utilise this substrate more readily than IC C. burnetii, with significantly higher 13C-label 

incorporation into TCA cycle intermediates and some amino acids in the AX population 

(Figure 3.6). Interestingly the IC C. burnetii showed significantly reduced labelling in 

citrate/isocitrate compared to AX C. burnetii, similar to what was observed in the 

[13C]glutamate-fed population (Figure 3.6). This suggests one or more enzymes involved 

in channelling glycolytically derived acetyl-coA into the TCA cycle is differentially 

regulated between AX and IC C. burnetii. In addition, levels of 13C-enrichment in C4 

dicarboxylic acid intermediates were generally higher than in citrate for IC C. burnetii, 

which suggests pyruvate may be converted to malate to undergo anaplerosis. 13C-label 

incorporation was once again observed in lactate, for both AX and IC C. burnetii, 

supporting the notion that malate can also be converted into lactate (Figure 3.6). 
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AX C. burnetii at 3 days post-inoculation showed significantly higher incorporation of 

[13C]glucose compared to day 6, consistent with these populations being at a more rapid 

growth phase than at 6 days post-inoculation (Figure 3.7 and Table 3.5). In contrast, IC 

C. burnetii showed the opposite phenotype, with more 13C-label incorporation occurring 

at 6 days post-infection. 
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Figure 3.6. AX C. burnetii are able to utilise [13C]glucose more readily than IC. 

Metabolic pathway map of C. burnetii comparing 13C-label incorporation between AX 

and IC C. burnetii after 10 minute incubation with [13C]glucose. Metabolites detected on 

the GC/MS as having incorporated 13C-label are shown in larger boxes, with percentage 

labelling in bar graphs. Dark blue bars indicate AX samples and light blue bars indicate 
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IC samples. Pale green circles indicate missing enzymes based on genome annotation 

data in KEGG. Dark green circles indicate putative enzymes with novel functions. Purple 

denotes metabolite transporters. Dotted arrows indicate pathways which have been 

abbreviated. * = p<0.05 using unpaired student’s t-test. NA indicates metabolites which 

were unable to be detected in a given condition. Metabolite abbreviations are listed in 

Appendix 2. 
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Figure 3.7. Day 3 vs day 6 comparisons of [13C]glucose labelled C. burnetii. Metabolic 

pathway map of C. burnetii comparing 13C-label incorporation at day 3 and day 6 within 

the same culture condition after 10 minute incubation with [13C]glucose. Metabolites 

detected on the GC/MS as having incorporated 13C-label are shown in larger boxes, with 

percentage labelling in bar graphs. Light pink bars indicate day 3 samples and maroon 
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bars indicate day 6 samples. Pale green circles indicate missing enzymes based on 

genome annotation data in KEGG. Dark green circles indicate putative enzymes with 

novel functions. Purple denotes metabolite transporters. Dotted arrows indicate pathways 

which have been abbreviated. * = p<0.05 using unpaired student’s t-test. NA indicates 

metabolites which were unable to be detected in a given condition. Metabolite 

abbreviations are listed in Appendix 2. 
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Table 3.5. Metabolites with significant day 3 vs day 6 differences within AX and IC 

conditions during [13C]glucose labelling using an unpaired student’s t-test. 

Elevated at day 3 Elevated at day 6 
Metabolite p value Metabolite p value 

AX 
Malate 2.2 x 10-8   
Fumarate 1.0 x 10-5   
Succinate 4.2 x 10-2   
L-Asp 5.4 x 10-5   
L-Ser 4.0 x 10-5   
  Lactate 1.6 x 10-2 

IC 
  F6P 2.9 x 10-2 
  Malate 8.4 x 10-3 
  Fumarate 9.0 x 10-3 
  L-Ala 4.2 x 10-4 
  L-Ser 3.9 x 10-6 
  Gly 1.8 x 10-2 
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3.3 Discussion 

Understanding the nutrient requirements and metabolic pathways required for C. burnetii 

to survive and replicate within the host cell will assist in elucidating how this pathogen 

proliferates inside a normally hostile intracellular compartment. A number of recent 

studies have investigated the metabolism of axenic C. burnetii, yet little is known about 

the metabolic potential of intracellular C. burnetii. Within this study, the use of steady 

state metabolite profiling has facilitated the construction of a C. burnetii metabolic map, 

providing an overview of the types of nutrients C. burnetii utilise within both axenic and 

intracellular compartments. [13C]glutamate and [13C]glucose labelling data has shown 

that both of these populations are capable of utilising these substrates for use in central 

carbon metabolism. This indicates that enzymes involved in glycolysis and TCA cycle 

are constitutively active in both axenically and intracellularly cultivated C. burnetii. 

However, there were significant differences between axenic and intracellular C. burnetii 

in terms of the extent to which both carbon sources are catabolised within the TCA cycle. 

This demonstrates a capacity of C. burnetii to remodel carbon metabolism depending on 

nutrient availability and environment. 

 

Current technological limitations mean in situ labelling of intracellular bacteria with 

13C-substrates is not possible. Such techniques would need to overcome the difficulties 

involved in discerning whether the incorporation of 13C-label into detected metabolites 

occurred through host or bacterial enzyme activity. The methodology used in this study 

is the closest indicator of C. burnetii metabolism in vivo. While it is difficult to account 

for any rapid metabolic changes due to the altered environment during harvesting of IC 
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C. burnetii, our data still demonstrates significant differences between AX and IC 

C. burnetii. 

 

Recent studies profiling lysosomal content suggest that the lysosome of mammalian cells 

contain elevated levels of many amino acids, including glutamate. These amino acids are 

generated by proteolysis of luminal proteins and/or reverse transport from the cytosol 

(97). The CCV shares many properties in common with mature lysosomes, including high 

fusogenicity with endosomal and autophagosome compartments, and is likely to have 

similar luminal nutrient levels. 

 

In this context, utilisation of [13C]glutamate by IC C. burnetii may represent an important 

adaptation to this intracellular niche. The labelling studies indicate IC C. burnetii 

primarily catabolise glutamate in a discontinuous TCA cycle by converting 

α-ketoglutarate to malate/oxaloacetate, with production of reducing equivalents such as 

NADH as well as carbon backbones for gluconeogenesis. 

 

Gluconeogenesis appears important in vivo, as disruption of the C. burnetii 

gluconeogenic enzyme PEPCK leads to a decrease in intracellular replication in Vero 

cells (86). Operation of a discontinuous TCA cycle may also prevent production of excess 

reducing equivalents and leakage of reactive oxygen species (ROS) from the respiratory 

chain, and thereby minimise oxidative stress in the CCV compartment. The mechanisms 

in IC C. burnetii which regulate TCA cycle flux, for instance in increasing the conversion 

of malate/oxaloacetate to PEP and gluconeogenesis, remain to be elucidated. The 
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13C-label incorporation into gluconeogenic intermediates in IC C. burnetii supports the 

notion that these bacteria are accustomed to generating sugars and sugar phosphates by 

catabolising amino acids rather than via glycolysis. 

 

Furthermore, AX C. burnetii cultured in ACCM-2 medium, which contains a higher 

abundance of glucose than that present in a lysosome, more readily utilised [13C]glucose 

than IC C. burnetii. This was evident through higher 13C-label incorporation within the 

TCA cycle, particularly at 3 days post-infection when C. burnetii have been actively 

dividing in the late logarithmic growth phase. 

 

Interestingly, in contrast to AX C. burnetii, at 6 days post-infection, IC C. burnetii 

incorporated more 13C-label than at day 3, particularly for [13C]glucose-labelled samples. 

IC C. burnetii at 6 days post-infection are likely to contain a mixture of stationary phase 

bacteria alongside those which have newly infected cells. While it would be difficult to 

remove host turnover as a factor regarding these samples, further investigations are 

warranted to determine the cause of this apparent late-stage increase in metabolic activity 

in this population of bacteria. 

 

These labelling studies have also provided new insights into de novo amino acid 

biosynthesis in C. burnetii. For instance, the high 13C-label incorporation into 

intracellular pools of aspartate, for both [13C]glutamate and [13C]glucose labelled samples, 

suggest the interconversion of oxaloacetate and aspartate through transamination 

reactions may have an important role in regulating carbon-nitrogen metabolism. 
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Aspartate is also the precursor to essential metabolites such as NAD. The aspartate 

oxidase NadB (CBU0101) in C. burnetii has previously been shown to have an important 

role in de novo NAD synthesis, which is important for intracellular replication (151). 

 

Unexpectedly, this study showed both [13C]glutamate and [13C]glucose were catabolised 

into lactate in AX and IC C. burnetii. The production of lactate from [13C]glucose has 

previously been reported in C. burnetii (98). Initial studies using HeLa cells at 2 days 

post-infection showed almost 20% 13C-label incorporation into lactate for [13C]glutamate 

labelled samples, and approximately 5% for [13C]glutamate labelled samples. However, 

a limitation of this HeLa cell-derived dataset was that host cell-induced turnover had not 

been addressed, giving rise to the possibility that these percentages may not be a true 

representation of C. burnetii metabolism. 

 

Another limitation to this dataset was the inability to observe the metabolism of 

C. burnetii at later times during infection (rather than 2 days post-infection). Combined, 

this resulted in the development of a new methodology to study IC C. burnetii metabolism 

using THP-1 cells. Using this model, the percentage labelling occurring in mock THP-1 

cells were subtracted from the detected percentage labelling occurring in IC C. burnetii. 

Only succinate and lactate showed 13C-label incorporation in mock samples, with 

percentage labelling in lactate at 0.92±0.42% and 0.53±0.24% for [13C]glutamate and 

[13C]glucose, respectively. Removing these values from the IC C. burnetii datasets 

resulted in 13C-label incorporation of lactate below 3%. This suggests that while there are 

host-derived enzymes that are able to convert [13C]glucose into lactate, present alongside 
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isolated IC C. burnetii, there must also be a C. burnetii enzyme that is able to synthesise 

lactate. 

 

Genome annotation suggests C. burnetii lacks an NAD+-dependent lactate dehydrogenase 

(LDH), which can generate lactate from pyruvate (152). However, the C. burnetii genome 

does encode an NAD+-dependent malate dehydrogenase (MDH), which is predicted to 

convert malate into pyruvate or oxaloacetate (153). MDH has been postulated in 

Mycoplasma species to also catalyse the reversible interconversion of pyruvate to lactate 

(154). There is, however, no evidence to suggest dual functioning MDHs exist in these 

bacteria (155). 

 

An alternative possibility is that C. burnetii possesses a malolactic enzyme, capable of 

converting malate to lactate, which are found in lactic acid bacteria (150). BLASTp 

analysis indicates C. burnetii possesses a malolactic enzyme homologue, CBU0823. 

CBU0823 is currently annotated as an NAD-dependent malic enzyme, but no biochemical 

analyses have been performed to determine substrate preferences or enzymatic activities 

of this protein. Further investigations are needed to confirm whether CBU0823 has 

malolactic enzyme activity. 

 

Biosynthesis of lactate may be a carbon storage mechanism utilised by C. burnetii, where 

this substrate could be catabolised at later times during infection, or under conditions 

where other carbon sources are limited. Utilisation of lactate as a sole carbon source was 

recently demonstrated in the intracellular pathogen Mycobacterium tuberculosis, which 
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also infects alveolar macrophages (156). Rates of lactate uptake and/or utilisation at 

various times throughout infection may help elucidate how this substrate is processed by 

C. burnetii. If lactate is indeed used as a carbon storage mechanism, supplementation of 

media with lactate during nutrient deprivation may also determine how vital lactate is for 

C. burnetii, and thus assist in establishing the importance of lactate biosynthesis in 

C. burnetii pathogenesis. 

 

This research has demonstrated that both AX and IC C. burnetii are able to utilise glucose. 

Utilisation of exogenous glucose has previously been reported in AX C. burnetii (98). 

The mechanism by which C. burnetii either transports or phosphorylates exogenous 

glucose remains to be elucidated, as the bacteria lack an identifiable hexokinase or PTS. 

Glucose uptake in C. burnetii will be further investigated in Chapter 4 of this thesis. 

 

A number of metabolic traits in IC C. burnetii are shared with Leishmania species, a 

group of protozoan parasites that also invade macrophages and proliferate within a similar 

phagolysosomal environment (157). Both pathogens are auxotrophic for many amino 

acids, purines, and vitamins. This suggests both pathogens are completely reliant on 

salvage of these metabolites from the host lysosome (158). Both pathogens also utilise 

hexoses in vivo and exhibit an incomplete TCA cycle, minimising the production of 

respiratory ROS (90). Interestingly, and in contrast to IC C. burnetii, intracellular 

Leishmania mexicana down-regulate metabolism of glutamate as a carbon source, when 

compared to extracellular cultivated stages (90). L. mexicana mutants with reduced 

capacity to utilise glucose adapt by increasing their capacity to uptake glutamate (90). 
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This adaptation, however, does not restore virulence in macrophages or animal models, 

due to the associated increase in endogenous ROS production (159). It is possible that 

C. burnetii are able to tolerate higher levels of respiratory activity or have a more efficient 

respiratory chain compared to Leishmania. This ability to tolerate higher levels of ROS 

is supported by the labelling data, where the pattern of 13C-label incorporation suggests 

reduced activity of enzymes such as isocitrate dehydrogenase and glutamate 

dehydrogenase in IC C. burnetii. Both enzymes, when NADP(H)-dependent, are involved 

in reducing ROS build up and avoiding oxidative stress in other pathogenic bacteria (160). 

In addition, recent studies have shown that the ROS levels in THP-1 cells during 

C. burnetii infection are elevated when compared to uninfected cells (83). ROS levels 

were elevated even further during infection with a mutant strain of C. burnetii lacking the 

enzyme SdrA (CBU1276). This enzyme was shown to increase levels of NADP(H), an 

essential cofactor involved in reducing the accumulation of intracellular ROS, thus 

highlighting the importance of SdrA in resisting oxidative stress during intracellular 

replication (83). Further characterisation of factors involved in ROS tolerance in IC 

C. burnetii may provide important insights into host-pathogen interactions mediated by 

C. burnetii. 

 

This research characterised the nutrient preferences and metabolic pathways of 

C. burnetii, facilitating the construction of a comprehensive metabolic pathway map. 

Obtaining metabolic information during cultivation of C. burnetii, in both axenic and 

intracellular conditions, has allowed important temporal and environmental comparison 

of metabolic potential. Stable isotope labelling identified gaps in the existing metabolic 

pathway data of C. burnetii, highlighting the likely existence of novel metabolic enzymes 



94 

involved in the phosphorylation of glucose and generation of lactate. Further 

investigations into these enzymes and pathways may help identify mechanisms unique 

and essential to C. burnetii metabolism and pathogenesis, which have potential to become 

novel therapeutic targets. 
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4.1 Introduction 

Exogenous hexose is an essential nutrient source for many organisms. However, in order 

to utilise this substrate, cells must first import sugars within the cell. Transport of 

exogenous hexose by bacteria has been studied extensively in E. coli. In these bacteria, 

uptake of sugars typically occur via H+ symporters and phosphotransferase systems 

(PTSs) (161, 162) (Figure 4.1). 

 

H+ symporters require a proton gradient across the bacterial cell membrane to allow 

simultaneous uptake of sugars and protons (161) (Figure 4.1). These membrane-bound 

proteins share homology to mammalian hexose transporters such as GLUT1-4, which are 

major facilitator superfamily (MFS) transporters (163). In addition to bacteria and 

animals, MFS transporters are found ubiquitously in archaea, fungi, protozoa, and plants 

(161). Members of this family of transporters appear to show some promiscuity in 

substrates, with some transporters able to uptake more than one type of hexose (163, 164). 

E. coli encodes at least six MFS sugar transporters, allowing uptake of a range of sugars 

including arabinose, rhamnose, fucose, lactose, galactose, and xylose (161, 164, 165). 

 

In contrast to H+ symporters, which do not alter their substrates during transport, PTSs 

add phosphate groups to their sugar substrates as they enter the cytoplasm (162). In 

addition to the membrane-bound transporter, PTSs also include three enzymes, termed 

Enzyme I (EI), Enzyme II (EII), and Histidine Protein (HPr) (162). The soluble protein 

kinase EI catalyses the phosphorylation of HPr using phosphoenolpyruvate (PEP). HPr   



97 

 

Figure 4.1. Schematic representation of sugar transport in Gram-negative bacteria. 

Top panel indicates prototypical sugar transport in Gram-negative bacteria, with 

components of the phosphotransferase system (PTS) including Enzyme I (EI), Enzyme II 

components A-C (EIIA-C), and Histidine Protein (HPr). Bottom panel denotes systems 

present in C. burnetii, based on genome annotation, which include CBU0265 

(homologous to the E. coli H+ symporter FucP) and CBU0347 (homologous to the E. coli 

H+ symporter XylE). 
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in turn phosphorylates EII, comprised of three domains termed EIIA, EIIB, and EIIC, 

which then transfers this phosphoryl group on to incoming sugars (162). This system, 

therefore, allows the generation of additional sugar phosphate groups such as glucose 

6-phosphate during glucose uptake, independent of hexokinases. This system appears 

specific to prokaryotes (including Archaea), with no homologous systems present in 

eukaryotic cells (166, 167). 

 

Utilisation of exogenous glucose has previously been shown for AX C. burnetii (98), 

which was also independently verified in Chapter 3 of this thesis. Additional data from 

Chapter 3 showed IC C. burnetii, cultivated in both HeLa and THP-1 cells, were able to 

utilise exogenous glucose via classical glycolysis. Given the metabolism of exogenous 

glucose and demonstration that exogenous glucose appears important for C. burnetii 

during infection in Vero cells (86), glucose may be an important nutrient source for 

C. burnetii. However, C. burnetii lack an identifiable hexokinase or PTS, which raises 

questions as to how the bacteria phosphorylate glucose. 

 

This chapter identified and characterised proteins involved in glucose transport in 

C. burnetii, using [13C]glucose labelling techniques developed from Chapter 3. In 

addition, this study has further investigated the importance of glucose transport to 

intracellular replication and virulence in C. burnetii, using both mammalian and insect 

models of infection. 
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4.2 Results 

4.2.1 Bioinformatic identification of putative C. burnetii hexose transporters 

C. burnetii lacks a functional PTS capable of internalising hexose with concomitant 

phosphorylation, suggesting that sugars are internalised via an active or facilitative 

transporter. Analysis of the RSA439 C. burnetii genome indicates that C. burnetii 

encodes two putative hexose transporters (47). CBU0265, annotated as a putative 

glucose/galactose transporter, has 31.6% identity with FucP in E. coli between amino 

acids 8-376 (126, 168, 169). FucP, an MFS transporter, has been shown to transport 

L-fucose, D-arabinose, and L-galactose in E. coli (165). Similar to FucP, CBU0265 

contains 12 predicted transmembrane domains (170) (Figure 4.2A). The predicted 

molecular weight of CBU0265 is 44.8 kDa (Figure 4.2A). Amino acid sequence 

alignment between CBU0265 and FucP is shown in Figure 4.3. 

 

 

Figure 4.2. Schematic representation of CBU0265 and CBU0347. (A) CBU0265 

shown in dark blue, with area of homology to FucP shown in orange. Yellow indicates 

transmembrane domains. (B) CBU0347 shown in green, with area of homology to XylE 

shown in blue. Light blue indicates transmembrane domains. 
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The second putative C. burnetii hexose transporter, CBU0347, is currently annotated as 

a D-xylose-proton symporter, as this protein contains 34.7% identity with the E. coli 

xylose transporter, XylE, between amino acids 13-449 (126, 164, 171). XylE, which is 

also an MFS transporter, has been shown to bind D-xylose and D-glucose (163). 

CBU0347 is predicted to have a molecular weight of 51 kDa, and similar to CBU0265, 

XylE, and FucP, also contains 12 predicted transmembrane domains (170) (Figure 4.2). 

Sequence similarity between CBU0347 and XylE is shown in Figure 4.4. 

 

Both CBU0265 and CBU0347 are conserved across numerous C. burnetii strains outside 

of RSA439, including virulent phase I strains isolated from clinical samples. This 

conservation suggests both proteins are important for C. burnetii. 
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Figure 4.3. Amino acid sequence homology between CBU0265 and FucP. Sequence 

alignment between CBU0265 and the E. coli homologue FucP generated using Clustal 

Omega (172). ‘*’ indicates conserved residues. ‘:’ indicates conservation between amino 

acids of strongly similar properties. ‘.’ indicates conservation between amino acids of 

weakly similar properties. Yellow highlighting indicates amino acid sequences predicted 

to be transmembrane domains (170). 



102 

 

Figure 4.4. Amino acid sequence homology between CBU0347 and XylE. Sequence 

alignment between CBU0347 and the E. coli homologue XylE generated using Clustal 

Omega (172). ‘*’ indicates conserved residues. ‘:’ indicates conservation between amino 

acids of strongly similar properties. ‘.’ indicates conservation between amino acids of 

weakly similar properties. Pale blue highlighting indicates amino acid sequences 

predicted to be transmembrane domains (170). 
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4.2.2 CBU0265 is a functional glucose transporter in C. burnetii 

C. burnetii CBU0265 has previously been identified as a putative proton-driven 

glucose/galactose transporter, and may be responsible for glucose uptake (47, 86, 95, 96, 

98). 

 

A previous study generated and identified a C. burnetii transposon mutant in which 

cbu0265 was disrupted (0265::Tn) (Figure 4.5A) (76, 173). The transposon insertion 

occurred 297 bp from the start codon (Figure 4.5A). This disruption is predicted to create 

a CBU0265 deficient strain as the insertion site would only allow the production of a 

11.4 kDa truncated protein, including only 2 of the 12 predicted transmembrane domains. 

In order to examine the role of CBU0265, a complemented 0265::Tn mutant was 

constructed, in which a 3xFLAG tagged CBU0265 was constitutively expressed from the 

pJB-Kan expression plasmid (0265::Tn pFLAG-0265). Expression of 3xFLAG-0265 in 

the complemented strain was confirmed via western blot (Figure 4.5B). The predicted 

molecular weight of CBU0265 is 44.8 kDa (Figure 4.2A). However, 3xFLAG-0265 

expressed by C. burnetii 0265::Tn migrates at approximately 35 kDa (Figure 4.5B). This 

is consistent with previously characterised H+-rich sugar transporters, which have been 

observed to migrate on SDS-PAGE at 65-75% of their true molecular mass. This shift in 

mass has been speculated to be due to the high hydrophobicity of these membrane 

proteins, which leads to an unusually high binding with SDS (174). This has been 

previously reported for FucP, the E. coli CBU0265 homologue (168, 169). 
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Figure 4.5. Transposon insertion sites and confirmation of transposon mutant 

complementation. Schematic of transposon insertions sites in 0265::Tn and 0347::Tn 

mutants (A). Red arrows indicate insertion sites for cbu0265 (blue) and cbu0347 (green). 

Direction of internal arrows indicate direction of open reading frame. Numbers indicate 

base pairs within C. burnetii RSA439 genome. Western blot of C. burnetii lysate showing 

expression of 3xFLAG-0265 or 3xFLAG-0347 in C. burnetii strains (B). RpoA used as 

loading control. 
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To determine whether CBU0265 is responsible for glucose uptake, [13C]glucose labelling 

was performed on C. burnetii WT, 0265::Tn and 0265::Tn pFLAG-0265 at 6 days 

post-inoculation. Axenic cultures were labelled for 10 minutes with ACCM-2 containing 

11.11 mM [13C]glucose, after which bacteria were rapidly quenched to halt metabolism 

and harvested. Polar metabolites were extracted and analysed on the GC/MS, as outlined 

in section 2.7. 

 

C. burnetii WT strains exhibited detectable levels of substrate utilisation, with 

incorporation of 13C-label in glycolytic intermediates and the TCA cycle, similar to what 

was seen in Chapter 3 (Figure 4.6). However, 13C-enrichment in these intermediates was 

significantly reduced in the 0265::Tn mutant compared with WT (Figure 4.6). For 

instance, 13C-enrichment in 3P-D-glycerate for C. burnetii WT was at 41±6.3% (Figure 

4.6). However, in the 0265::Tn mutant, this was significantly lower, at 29±5.8% (p = 

3.01 x 10-2 compared to WT) (Figure 4.6). Complementation of the 0265::Tn mutant 

resulted in 13C-enrichment at 54±1.8% (p = 7.6 x 10-3 compared to WT) (Figure 4.6). This 

increase relative to WT likely reflects the increased expression of the plasmid encoded 

CBU0265 compared to chromosomally encoded CBU0265. Similar trends were present 

in TCA cycle intermediates such as fumarate, where 13C-enrichment was at 11±0.9% in 

WT, 6±1.5% in 0265::Tn (p = 9.0 x 10-4 compared to WT) and 17±1.6% in 0265::Tn 

pFLAG-0265 (p = 1.4 x 10-3 compared to WT). These data also strongly suggest that 

C. burnetii express additional hexose transporters to account for the residual level of 

[13C]glucose utilisation in the 0265::Tn strain. 
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Figure 4.6. CBU0265 is required for efficient glucose utilisation in C. burnetii. 

Metabolites detected on the GC/MS as having incorporated 13C-label from [13C]glucose 

shown in larger boxes, with percentage labelling depicted in accompanying graphs. 

C. burnetii WT in red, 0265::Tn in light blue, and 0265::Tn pFLAG-0265 in dark blue. 

Pale green circles indicate missing enzymes based on genome annotation data in KEGG. 

Purple denotes metabolite transporters. Dotted arrows indicate pathways which have been 

abbreviated. Error bars indicate standard deviations. * = p<0.05 using an unpaired 

student’s t-test comparing strains against WT. Metabolite abbreviations are listed in 

Appendix 2. 
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4.2.3 CBU0265 is not required for intracellular replication in human cell 

lines or virulence in Galleria mellonella 

C. burnetii do not require extracellular glucose during axenic cultivation (95). However, 

previous research suggests reduced glucose availability during intracellular replication 

can negatively impact C. burnetii replication. This was shown in a C. burnetii strain 

defective in gluconeogenesis, which replicated less efficiently inside Vero cells grown in 

glucose-restricted medium, when compared with C. burnetii WT (86). 

 

To observe whether the loss of glucose uptake via CBU0265 affects intracellular 

replication, intracellular replication assays were performed in HeLa and THP-1 cells 

using C. burnetii WT, 0265::Tn and 0265::Tn pFLAG-0265 (Figure 4.7A-D). At 5 days 

post-infection of HeLa cells the C. burnetii GE fold change, compared to day 0, was 

167.7 ± 33 for WT, 158.7 ± 33 for 0265::Tn, and 153.4 ± 16 for 0265::Tn pFLAG-0265 

(Figure 4.7A). In THP-1 cells, GE fold change at 5 days post-infection was 298.1 ± 129 

for WT, 285.3 ± 190 for 0265::Tn, and 316 ± 186 for 0265::Tn pFLAG-0265 (Figure 

4.7B). At no stage was a significant difference noted between these different strains. In 

addition, IF images from both HeLa and THP-1 cell lines show no impact to CCV 

biogenesis in the absence of CBU0265 (Figure 4.7C and D). Together, these results 

demonstrate that CBU0265 is not required for replication within mammalian cells. 

 

G. mellonella in vivo infection models are a relatively recent tool for studying C. burnetii 

virulence (54, 77, 123). In this model, infection of G. mellonella larvae with C. burnetii 

phase II is lethal. To determine whether CBU0265 is required for C. burnetii virulence 
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during infection, G. mellonella larvae were injected with 106 GE of C. burnetii WT, 

0265::Tn or 0265::Tn pFLAG-0265, and survival was monitored every 24 hours for 

11 days. All infected larvae died within 11 days, with similar kinetics observed across all 

three strains (Figure 4.7E), demonstrating that CBU0265 is not required for virulence in 

G. mellonella. 
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Figure 4.7. CBU0265 is not required for intracellular replication or virulence of 

C. burnetii. Intracellular replication of WT (black circle), 0265::Tn (white square) and 

0265::Tn pFLAG-0265 (black square) C. burnetii in HeLa CCL2 cells (A) and THP-1 

cells (B), n=3. Error bars represent standard deviation. Representative confocal 

immunofluorescence images at 3 days post-infection for infected HeLa CCL2 (C) and 

THP-1 (D) cells demonstrate normal CCV biogenesis. Samples were stained with 

LAMP-1 (green), C. burnetii (red) and DAPI (blue). Scale bar = 10 μm. * indicates CCV. 

(E) Survival of G. mellonella following infection with C. burnetii WT (black circle), 

0265::Tn (white square), 0265::Tn pFLAG-0265 (black square) at 106 GE. A PBS control 

(white circle) was also included. Results are shown as a representative of two replicates, 

each with 12 larvae per condition. 
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4.2.4 The putative xylose transporter CBU0347 can also import glucose into 

C. burnetii 

C. burnetii encodes a second putative sugar transporter, which is currently annotated as a 

D-xylose-proton symporter. CBU0347 contains a domain that is similar to the MFS 

domain present in the xylose transporter XylE of E. coli (Figure 4.2B and 4.4) (164, 171). 

To determine whether CBU0347, in addition to CBU0265, is capable of importing 

glucose into C. burnetii, [13C]glucose labelling was performed using a previously 

generated CBU0347 transposon mutant (Figure 4.5A) (76). The transposon insertion 

occurred 605 bp from the start codon (Figure 4.5A). This disruption is predicted to create 

a CBU0347 deficient strain as the insertion site would only allow the production of a 

29 kDa truncated protein, including only 7 of the 12 predicted transmembrane domains. 

A complemented 0347::Tn mutant with constitutively plasmid-expressed 3xFLAG-0347 

(0347::Tn pFLAG-0347) was generated. Expression of 3xFLAG-0347 was confirmed via 

western blot (Figure 4.5B). Similar to 3xFLAG-0265 and XylE, 3xFLAG-0347 also 

migrated on SDS-PAGE at a smaller molecular mass (~38 kDa) compared to its true 

molecular weight (Figure 4.5B) (164, 171). 

 

[13C]glucose labelling of C. burnetii WT, 0347::Tn and 0347::Tn pFLAG-0347 at 6 days 

post-inoculation in ACCM-2 showed significant decreases in 13C-label incorporation for 

downstream pathways in the 0347::Tn mutant, compared to WT (Figure 4.8). For instance, 

13C-enrichment in 3P-D-glycerate for C. burnetii WT was at 53±7.5 % (Figure 4.8). 

However, in the 0347::Tn mutant, this was reduced to 41±4.5% (p = 2.70 x 10-2 compared 

to WT) (Figure 4.8). Complementation of the 0347::Tn mutant showed significantly 

higher 13C-enrichment compared with WT, similar to what was observed in the 0265::Tn 
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complement (Figure 4.6 and 4.8). For instance, 13C-enrichment of 3P-D-glycerate was at 

76±2.5% (p = 1.02 x 10-3 compared to WT) (Figure 4.8). Similar trends were present in 

TCA cycle intermediates such as fumarate, where 13C-enrichment was at 13±1.9% in WT, 

4±0.5% in 0347::Tn (p = 7.69 x 10-5 compared to WT) and 24±1.6% in 0347::Tn 

pFLAG-0347 (p = 4.97 x 10-5 compared to WT). 

 



112 

 

Figure 4.8. CBU0347 is required for efficient glucose utilisation by C. burnetii. 

Metabolites detected on the GC/MS as having incorporated 13C-label from [13C]glucose 

shown in larger boxes, with percentage labelling depicted in accompanying graphs. 

C. burnetii WT in red, 0347::Tn in yellow, and 0347::Tn pFLAG-0347 in orange. Pale 

green circles indicate missing enzymes based on genome annotation data in KEGG. 

Purple denotes metabolite transporters. Dotted arrows indicate pathways which have been 

abbreviated. Error bars indicate standard deviations. * = p<0.05 using an unpaired 



113 

student’s t-test comparing strains against WT. Metabolite abbreviations are listed in 

Appendix 2. 
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Mirroring results seen in the absence of CBU0265, no significant differences in 

replication was observed between WT, 0347::Tn and 0347::Tn pFLAG-0347 strains in 

both HeLa and THP-1 cell models (Figure 4.9A-D). At 5 days post-infection of HeLa 

cells the C. burnetii GE fold change, compared to day 0, was 167.7 ± 33 for WT, 

158.7 ± 33 for 0265::Tn, and 153.4 ± 16 for 0265::Tn pFLAG-0265 (Figure 4.9A). In 

THP-1 cells, GE fold change at 5 days post-infection was 298.1 ± 129 for WT, 

285.3 ± 190 for 0265::Tn, and 316 ± 186 for 0265::Tn pFLAG-0265 (Figure 4.9B). 

 

In addition, there were no attenuations in virulence in the G. mellonella model (Figure 

4.9E). This demonstrates that, mirroring the results for CBU0265, CBU0347 is not 

required for replication or virulence in C. burnetii. Together, these findings confirm that 

both CBU0265 and CBU0347 function as hexose transporters in C. burnetii. 
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Figure 4.9. CBU0347 is not required for C. burnetii intracellular replication or 

virulence. Intracellular replication assays of WT (black circle), 0347::Tn (white triangle) 

and 0347::Tn pFLAG-0347 (black triangle) C. burnetii in HeLa CCL2 cells (A) and 

THP-1 cells (B), n=3. Error bars represent standard deviation. Representative confocal 

immunofluorescence images at 3 days post-infection for HeLa CCL2 (C) and THP-1 (D) 

cells. Samples were stained with LAMP-1 (green), C. burnetii (red) and DAPI (blue). 

Scale bar = 10 μm. * indicates CCV. (E) Survival of G. mellonella following infection 

with C. burnetii WT (black circle), 0347::Tn (white triangle) and 0347::Tn pFLAG-0347 

(black triangle) at 106 GE. A PBS control (white circle) was also included. Results are 

shown as a representative of two replicates, each with 12 larvae per condition. 

 



116 

4.3 Discussion 

In conjunction with the results of the previous chapter, this current chapter aims to 

understand the nutrient acquisition mechanisms utilised by C. burnetii to survive and 

replicate within the normally hostile host phagolysosomal environment. Results presented 

in Chapter 3 demonstrated that C. burnetii are able to catabolise exogenous glucose, 

which confirms previously reported findings (98). This chapter further investigated 

glucose usage in C. burnetii and confirmed the presence of at least two transporters 

involved in the uptake of exogenous glucose, CBU0265 and CBU0347. 

 

Disruption of cbu0265 significantly decreased catabolism of [13C]glucose, while 

overexpression of this protein on a multi-copy plasmid in the 0265::Tn strain led to 

increased glucose catabolism. However, the 0265::Tn mutant was still able to incorporate 

13C from glucose, indicating the presence of at least one additional transporter. CBU0347 

is annotated as a putative D-xylose transporter. However, results from this chapter have 

demonstrated that this protein is also involved in mediating the uptake of glucose, 

confirming the presence of at least two glucose transporters in C. burnetii. 

 

Analysis of the mutant phenotypes in both epithelial and macrophage human cell lines 

demonstrated no role for these transporters in intracellular replication or CCV biogenesis. 

This was further supported by demonstrating that both mutants show comparable 

virulence to WT in the G. mellonella insect model of infection. 
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The lack of a virulence related phenotype for each transposon mutant is not surprising 

given that both mutants are still capable of internalising some glucose. In order to clearly 

address whether exogenous glucose supports intracellular success of C. burnetii, it would 

be necessary to characterise a double mutant lacking both cbu0265 and cbu0347. The data 

presented here would predict that a double mutant would demonstrate an even further 

decrease in glucose utilisation. However, using a transporter deletion approach to 

completely abolish glucose uptake is unlikely to succeed, as other transporters capable of 

glucose transport may compensate for the loss of these specific glucose transporters. The 

C. burnetii genome contains a number of ABC transporters, which could also facilitate 

hexose uptake (47). 

 

Future studies to fully elucidate proteins contributing to glucose metabolism during 

C. burnetii infection could use transcriptomics or proteomics to compare bacteria 

cultivated with or without glucose, for instance by using ACCM-D, which normally does 

not contain glucose (95). Changes observed in the presence of glucose may help elucidate 

whether any of the C. burnetii ABC transporters, or perhaps other proteins, are involved 

in glucose uptake in C. burnetii. Examining the bacterial response to glucose may also 

provide a strategy to identify the mechanism by which C. burnetii phosphorylates glucose 

into glucose 6-phosphate, likely facilitated by a currently unidentified hexokinase or PTS. 

Given BLASTp analyses have not been able to identify any putative proteins involved in 

this conversion, this suggests that the enzyme or system utilised by C. burnetii is unique 

and novel. 
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Glucose uptake is not essential for C. burnetii replication in rich medium (95). However, 

the co-expression of at least two glucose transporters suggests this substrate may be more 

important as a nutrient source for C. burnetii than previously thought. Indeed, data from 

Chapter 3 has shown C. burnetii are capable of co-utilising hexose and amino acid carbon 

sources in vivo. Similarly, disruption of the gluconeogenic enzyme PEPCK only partially 

attenuated intracellular C. burnetii replication in host cells cultured in glucose restricted 

medium, indicating that the CCV contains appreciable levels of glucose and/or other 

sugars (86). Further investigations are warranted to determine the extent to which 

C. burnetii relies on exogenous hexoses during infection. Coupled with a potentially 

novel mechanism by which glucose is phosphorylated, this may provide a unique, 

C. burnetii specific therapeutic target. 

 

The results of this chapter have focused primarily on glucose transport. However, it may 

be possible for CBU0265 and CBU0347 to transport other hexose sugars. For instance, 

in vitro assays with FucP has demonstrated that this E. coli protein can transport L-fucose, 

D-arabinose, and L-galactose (168). Future studies may investigate whether CBU0265 

and CBU0347 are able to transport other sugars, which may determine whether there are 

specific hexose sugars that are more important for C. burnetii metabolism. 

 

This chapter has investigated the importance of glucose uptake on the replication of 

C. burnetii inside cells. Use of stable isotope labelling has identified at least two glucose 

transporters in C. burnetii, with the possibility that more may exist. Future investigations 

to characterise these nutrient transporters and metabolic enzymes used in the catabolism 
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of these substrates may help identify novel systems involved in C. burnetii success within 

eukaryotic host cells. 
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5.1 Introduction 

Upon phagocytosis by alveolar macrophages, C. burnetii passively undergo endocytic 

maturation, where fusion of the lysosome with the C. burnetii-containing phagosome is 

essential for intracellular replication (72). Fusion of bacteria-harbouring 

phagosomes/endosomes with the lysosome, and the subsequent acidification of the 

vacuole, triggers the conversion of the pathogen from the non-replicative and 

environmentally stable small cell variant (SCV) form to the replicative large cell variant 

(LCV) (60, 72). 

 

Acquisition of nutrients is essential for intracellular replication. This thesis has already 

demonstrated that C. burnetii possesses surprising metabolic flexibility in their ability to 

utilise various different nutrient sources, as outlined in Chapters 3 and 4. However, in 

addition to these metabolic activities, C. burnetii must also construct a unique replicative 

niche, which is directed largely by the Dot/Icm type 4B secretion system (T4BSS). 

 

The T4BSS is activated upon fusion of the C. burnetii-containing phagosome with the 

host lysosome (71, 114). This multi-protein apparatus is essential for the pathogen to 

replicate within the host cell, as disruption of genes encoding the T4BSS apparatus leads 

to non-replicative but viable bacteria retained within LAMP-1 positive vacuoles (107, 

108). The T4BSS translocates approximately 130 effector proteins into the host cell, 

which modulate host cell responses and directly regulate the establishment of a unique 

replicative niche called the Coxiella-containing vacuole (CCV) (175). 
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The extent to which C. burnetii remodels the lysosomal function and composition 

remains poorly defined. For many years, it was thought the intravacuolar pH of this 

compartment was similar to mature lysosomes, at approximately pH 4.5 (176). However, 

recent studies have suggested that the intraluminal pH of the CCV is approximately 

pH 5.2, and that maintenance of this higher pH is T4BSS-dependent (84, 177, 178). In 

addition, T4BSS effector proteins contribute to the increased fusogenic properties of the 

CCV, which can fuse with other CCVs, autophagosomes, and vesicles from the endocytic 

pathway (74-78). This process leads to the maturation of the CCV, which is most akin to 

an autolysosome (76, 77). Replication proceeds up to 6-7 days within the host cell, at 

which point the bacteria are able to exit the host cell via a currently uncharacterised 

mechanism (60). 

 

The exact mechanisms allowing C. burnetii to withstand lysosomal degradation and 

replicate within this unique niche are still being investigated. A recent transposon 

mutagenesis screen revealed that disruption of the gene encoding the C. burnetii protein 

CBU2072 leads to a complete intracellular replication defect (76). This mutant strain, 

similar to Dot/Icm mutants, remains in LAMP-1 positive vacuoles, but is unable to 

establish a CCV or replicate (76). Interestingly this mutant presents no replication defect 

in axenic culture, suggesting that this defect is specific to the intracellular niche (76). 

 

CBU2072 is not a T4BSS effector protein, based on initial screens using a 

BlaM-CBU2072 fusion protein in a BlaM reporter translocation assay (76). CBU2072 

contains 33% homology with soluble transhydrogenases found in E. coli (126), which are 
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enzymes involved in hydride transfer between the cofactors NAD and NADP (93, 133, 

137). Given the intracellular replication defect and this low level of homology to soluble 

transhydrogenases, it was hypothesised that CBU2072 may have a role in C. burnetii 

metabolism. Understanding the exact function of CBU2072 may reveal an essential 

C. burnetii metabolic pathway, which could be targeted by novel therapeutics. 

 

This chapter investigates the role of this protein, referred hereafter as essential for 

intracellular replication A (EirA, CBU2072), in C. burnetii virulence. A putative 

N-terminal signal sequence was demonstrated to be essential for function, as loss of this 

region resulted in attenuations to intracellular replication and virulence. Fractionation 

experiments demonstrate localisation of EirA to the bacterial inner membrane. 

Significantly, without EirA the C. burnetii T4BSS does not translocate effector proteins, 

suggesting a novel role for EirA in T4BSS activity. These findings demonstrate that EirA 

is required for C. burnetii replication within the host cell and as such may be an important 

target of novel therapeutic approaches. 
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5.2 Results 

5.2.1 EirA is essential for intracellular replication of C. burnetii and 

contains a key functional region 

TMHMM2.0 and TMPred are both bioinformatic analysis tools used to predict 

transmembrane domains (170, 179). These programs predict that CBU2072 (18.3 kDa) 

contains an N-terminal signal peptide sequence or transmembrane domain from amino 

acid 1-29 or 1-25, respectively (Figure 5.1A). 

 

PSI-BLAST analysis of the 165 amino acid protein encoded by cbu2072 revealed 33% 

homology, between amino acids 24-96 of CBU2072 to soluble transhydrogenases 

encoded by E. coli (Figure 5.1A and B) (126). Transhydrogenases are metabolic enzymes 

involved in hydride transfer between NAD+ and NADP molecules (93, 133, 137). 

Predictions of such enzymatic activity in CBU2072 cannot be made, as catalytic domains 

are yet to be characterised in these enzymes. 

 

HHPred provides analysis of amino sequences to determine structural homologies to 

other proteins (180). This software has shown that CBU2072 has between 20-40% 

predicted structural homology to hydrolases and lipoproteins found in Gram-positive and 

Gram-negative bacteria, as well as outer membrane proteins found in Gram-negative 

bacteria, between amino acids 1-58 (Figure 5.1A). 

 

Despite the presence of these small regions of low homology, most of the protein 

sequence for CBU2072 showed no close homology to any other proteins. These include 
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proteins found in the Legionella species, which are the closest related organism to 

C. burnetii. However, this gene is conserved across numerous strains of C. burnetii, 

including those which have been isolated from clinical samples (126). 

 

 

Figure 5.1. Schematic representation of CBU2072 features and homology. (A) Blue 

indicates predicted signal peptide sequence (170, 179). Orange indicates area of 

homology to the E. coli soluble transhydrogenase, SthA (126). Region of low predicted 

structural homology based on HHPred analysis is highlighted from amino acids 1-58 

(180). Percentages indicative of similarity to homologous proteins. (B) Sequence 

alignment generated using Clustal Omega (172). ‘*’ indicates conserved amino acid 

residues. ‘:’ indicates conservation between amino acids of strongly similar properties. ‘.’ 

indicates conservation between amino acids of weakly similar properties. Amino acids 

highlighted in red indicate residues which were mutated for complementation 

experiments in this study. Length depicted as number of amino acids. 
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A transposon mutant disrupting cbu2072 122 bp from the start codon is unable to replicate 

within HeLa cells (76). To determine whether this intracellular replication defect could 

be attributed to transposon disruption of cbu2072, this strain was complemented with a 

constitutively plasmid-expressed version of CBU2072 containing either an N-terminal or 

C-terminal 3xFLAG-tag (2072::Tn pFLAG-2072 and 2072::Tn p2072-FLAG, 

respectively). Constitutive expression of both 3xFLAG-CBU2072 and 

CBU2072-3xFLAG restored intracellular replication of 2072::Tn in both HeLa epithelial 

cells and THP-1 macrophage like cells to levels comparable with C. burnetii Nine Mile 

phase II, referred to throughout as wild type (WT) (Figure 5.2 and 5.3). For HeLa cells at 

3 days post-infection, the fold change in C. burnetii GE, compared to day 0, was 

168 ± 103 for WT, 2 ± 4 for 2072::Tn (p = 3.30 x 10-2 compared to WT), 134 ± 119 for 

2072::Tn pFLAG-2072, and 48 ± 27 for 2072::Tn p2072-FLAG (p = 1.03 x 10-1 

compared to WT) (Figure 5.2A). Visual confirmation of this phenotype demonstrated that, 

in both HeLa and THP-1 cells, 2072::Tn was only ever observed as individual bacteria 

tightly enveloped in LAMP-1 positive membranes (Figure 5.2B and 5.3B). Confirmation 

of this striking phenotype led to CBU2072 being assigned the name EirA, essential for 

intracellular replication A. 

 

EirA contains a predicted N-terminal signal peptide sequence or transmembrane domain 

from amino acid 1-29 (170) or 1-25 (179). To determine the role of this N-terminal signal 

peptide for EirA, a strain expressing truncated protein was generated (eirA::Tn 

pFLAG-EirA24-165). This strain was unable to restore the intracellular replication defect 

to WT levels (Figure 5.2 and 5.3), suggesting that the N-terminal region is important for 

the biological function or correct localisation of EirA. For HeLa cells at 3 days 
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post-infection, the fold change in C. burnetii GE compared to day 0 was 2 ± 0.2, p = 

3.17 x 10-2 compared to the 168 ± 103 fold change observed for WT (Figure 5.2A), with 

similar differences observed in THP-1 cells (Figure 5.3A). 
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Figure 5.2. CBU2072 is essential for intracellular replication of C. burnetii. 

Intracellular replication of C. burnetii WT (red), 2072::Tn (blue), 2072::Tn pFLAG-2072 

(green), 2072::Tn p2072-FLAG (orange), 2072::Tn pFLAG-207224-165 (purple), 2072::Tn 

pFLAG-207240AAAA43 (pink) and 2072::Tn pFLAG-207284AVNVA88 (yellow) in 

HeLa CCL2 cells (A), n = 4 and error bars represent standard deviation. * denotes 

p < 0.05. p-values determined using an unpaired student’s t-test. (B) Representative 

confocal immunofluorescence images at 3 days post-infection for HeLa CCL2. Cells 

stained with anti-LAMP-1 (green), anti-C. burnetii (red) and DAPI (blue). Scale bar = 

10 μm. Arrows indicate individual intracellular C. burnetii. 
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Figure 5.3. Intracellular replication phenotypes are consistent in THP-1 cells. 

Intracellular replication of C. burnetii WT (red), 2072::Tn (blue), 2072::Tn pFLAG-2072 

(green), 2072::Tn p2072-FLAG (orange), 2072::Tn pFLAG-207224-165 (purple), 2072::Tn 

pFLAG-207240AAAA43 (pink) and 2072::Tn pFLAG-207284AVNVA88 (yellow) in 

THP-1 cells (A), n = 5. Data depicts fold change at 3 days post-infection. Error bars 

represent standard deviation. p-values determined using an unpaired student’s t-test. (B) 

Representative confocal immunofluorescence images at 3 days post-infection of THP-1 

cells. Cells stained with anti-LAMP-1 (green), anti-C. burnetii (red) and DAPI (blue). 

Scale bar = 10 μm. Arrows indicate individual intracellular C. burnetii. 
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In order to identify other regions important for protein function, site directed mutant 

(SDM) forms of EirA were generated within the region of homology to soluble 

transhydrogenases. The first SDM altered a cluster of four, conserved residues (40PEIS43) 

(Figure 5.1B) into alanines. This mutant version of EirA, EirA40AAAA43, was cloned into 

the C. burnetii expression plasmid, and used to complement eirA::Tn (eirA::Tn 

pFLAG-EirA40AAAA43). Many soluble transhydrogenases contain a GXXXG motif, 

which is also found on EirA (84GVNVG88) (Figure 5.1B). This motif is important for 

stabilising the structure of binding domains responsible for interacting with FAD and 

NAD(P) molecules (138). Therefore, another SDM was generated with alanines 

substituted in place of these glycines, and expressed in eirA::Tn (eirA::Tn 

pFLAG-EirA84AVNVA88). In both HeLa and THP-1 cell models, the eirA::Tn 

pFLAG-EirA40AAAA43 strain showed replication restored to WT levels (Figure 5.2 and 

5.3). However, the eirA::Tn pFLAG-EirA84AVNVA88 was unable to restore intracellular 

growth, suggesting that this GXXXG motif is important for biological function of EirA 

(Figure 5.2 and 5.3). For HeLa cells at 3 days post-infection, the fold change in C. burnetii 

GE compared to day 0 for eirA::Tn pFLAG-EirA40AAAA43 was 187 ± 130, p = 

8.47 x 10-1 compared to WT. For eirA::Tn pFLAG-EirA84AVNVA88 the fold change was 

3 ± 2, p = 3.17 x 10-2 compared to WT (Figure 5.2A). Similar differences were observed 

in THP-1 cells for both SDM EirA variants (Figure 5.3A). 

 

Recent studies have utilised Galleria mellonella larvae to study C. burnetii virulence in 

vivo. In this insect model, infection with C. burnetii phase II is lethal over an 11 day 

period (77, 123, 181). To assess whether EirA is required for virulence in this model, 

G. mellonella larvae were infected with 106 GE of C. burnetii WT, eirA::Tn, eirA::Tn 
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pFLAG-EirA and eirA::Tn pFLAG-EirA24-165. Survival of the infected larvae was 

monitored every 24 hours for 11 days. All WT and eirA::Tn pFLAG-EirA infected larvae 

died within 11 days, while all eirA::Tn and eirA::Tn pFLAG-EirA24-165 infected larvae 

survived, alongside the PBS control (Figure 5.4A). Isolated infected G. mellonella 

haemocytes, stained with anti-C. burnetii and DAPI, showed CCV formation in the WT 

and eirA::Tn pFLAG-EirA infected cells, but eirA::Tn and eirA::Tn pFLAG-EirA24-165 

infected cells presented only individual intracellular C. burnetii (Figure 5.4B), consistent 

with previous observations in HeLa and THP-1 cell models (Figure 5.2B and 5.3B). 

Overall, these observations support an essential role for C. burnetii EirA in intracellular 

replication and virulence in the G. mellonella model and highlight the essentiality of the 

N-terminal signal peptide for function. 
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Figure 5.4. EirA is required for virulence in G. mellonella. Survival of G. mellonella 

following infection with C. burnetii WT (red), eirA::Tn (blue), eirA::Tn pFLAG-EirA 

(green) and eirA::Tn pFLAG-EirA24-165 (purple) at 106 GE (A). A PBS control (orange 

outline) was also included. Results are shown as a representative of two independent 

biological replicates, each with 12 larvae per condition. (B) Representative confocal 

immunofluorescence images at 3 days post-infection of G. mellonella hemocytes. Cells 

stained with anti-C. burnetii (red) and DAPI (blue). Scale bar = 10 μm. Arrows indicate 

individual intracellular C. burnetii. 
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5.2.2 Intracellular replication of the EirA mutant is restored within 

replication permissive vacuoles 

The inability of EirA-deficient C. burnetii to replicate intracellularly may indicate that 

EirA is required to facilitate the replicative environment or may participate in a cell 

intrinsic aspect of replication that is specific to the intracellular environment. In order to 

further examine these possibilities, HeLa cells were coinfected with C. burnetii WT and 

eirA::Tn at an MOI of 5 for each strain, and replication of the bacteria was visually 

monitored every 24 hours for 7 days. The transposon disrupting eirA also encodes the 

fluorescent protein mCherry, allowing mutant and WT bacteria to be differentiated during 

co-infection. By monitoring mCherry fluorescence, C. burnetii eirA::Tn displayed 

intracellular replication in the presence of WT, with large CCVs containing many 

mCherry-positive C. burnetii (eirA::Tn) observed by 3 days post-infection (Figure 5.5). 

This demonstrates that WT C. burnetii expressing EirA is able to create an intracellular 

environment conducive to replication by EirA-deficient C. burnetii, thereby supporting a 

role for EirA in the establishment of the intracellular replicative niche, rather than being 

required by individual C. burnetii for replication. 
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Figure 5.5. C. burnetii WT are able to trans-complement eirA::Tn during 

intracellular replication. HeLa CCL2 cells co-infected with C. burnetii WT and 

eirA::Tn were fixed and stained every 24 hours across a 7 day infection period. Cells 

stained with anti-C. burnetii (green) and DAPI (blue) while eirA::Tn are identified 

through transposon expression of mCherry (red). Images are representative of three 

independent biological replicates. Scale bar = 10 μm. Arrows indicate individual 

intracellular C. burnetii. 
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5.2.3 EirA is not required for intracellular viability of C. burnetii 

C. burnetii eirA::Tn is observed within individual, tight-fitting LAMP-1 positive 

vacuoles in both HeLa and THP-1 cells (Figure 5.2 and 5.3). To determine the viability 

of these bacteria, HeLa cells were infected with C. burnetii eirA::Tn at an MOI of 100 

and the infection was left to progress for 5 days, allowing for host cell clearance of dead 

bacteria. At 5 days post-infection, cells were super-infected with either WT or C. burnetii 

eirA::Tn at an MOI of 100, and infection was left to progress for a further 3 days, allowing 

any viable C. burnetii eirA::Tn to replicate in CCVs formed by WT. At this stage, cells 

were fixed and stained for mCherry and C. burnetii to determine whether the eirA::Tn 

mutant was able to replicate (Figure 5.6A). Quantification of fluorescence showed 

significantly higher levels of mCherry, thereby reflecting the expansion of eirA::Tn 

within the host cell following super-infection with WT (Figure 5.6B). This was further 

supported by the presence of mCherry-positive CCVs, which were clearly visible in the 

presence of WT (Figure 5.6C). C. burnetii eirA::Tn super-infected with the mutant 

showed no CCV formation, with only isolated bacteria present intracellularly (Figure 

5.6C, arrows). This demonstrates that persistent C. burnetii eirA::Tn in individual 

vacuoles are still viable 5 days post-infection of epithelial host cells. 
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Figure 5.6. EirA is not required for intracellular viability of C. burnetii. Schematic 

representation of experimental procedure (A), in which HeLa cells were infected with 

C. burnetii eirA::Tn and incubated for 5 days, before being super-infected with either 

C. burnetii WT or eirA::Tn. After a further 3 days, cells were fixed and stained, and total 

568 nm fluorescence levels relative to host cell number was measured using Fiji (147) in 
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order to quantify mCherry expressing eirA::Tn replication (B) n = 6. Error bars represent 

standard deviation and p-value was determined using an unpaired student’s t-test. (C) 

Confocal immunofluorescence microscopy images of representative cells stained for all 

C. burnetii (green), mCherry expressing eirA::Tn (red) and DAPI (blue). Scale bar = 

10 μm. Arrows indicate individual intracellular C. burnetii. 
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5.2.4 EirA is an inner membrane protein of C. burnetii 

Previous work using mass spectrometry has demonstrated that EirA is present in 

ACCM-2 culture media during axenic cultivation of C. burnetii (182). This was further 

validated using an inducible, plasmid-expressed C-terminal 3xFLAG-tagged EirA. When 

expression was induced for 24 hours in transformed WT strains at 2 days post-inoculation, 

tagged EirA could be detected in the ACCM-2 culture media (182). 

 

Therefore, in order to confirm this finding, C. burnetii eirA::Tn, eirA::Tn pEirA-FLAG, 

eirA::Tn pFLAG-EirA, and eirA::Tn pFLAG-EirA24-165 were harvested at 6 days 

post-inoculation in ACCM-2, and the presence of EirA in both the bacterial whole cell 

and the axenic culture media were analysed using immunoblotting techniques as outlined 

in section 2.10.4 (Figure 5.7). 

 

Despite expression being driven by the same constitutive plasmid, significant differences 

in protein abundance was observed between each strain (Figure 5.7). For instance, 

EirA-3xFLAG is more abundant than 3xFLAG-EirA (Figure 5.7C). This may be due to 

loss of the 3xFLAG tag, which may be cleaved from the N-terminus of this protein, prior 

to EirA being secreted outside of the bacterial cell. This cleavage may occur due to the 

N-terminal signal peptide sequence, which is not present in 3xFLAG-EirA24-165. In 

contrast, EirA-3xFLAG was detected in both the WCL and the culture media (Figure 

5.7B). However, there was no observed shift in molecular mass resulting from any 

cleavage events in EirA-3xFLAG present in the supernatant. A band corresponding to 

protein of a lower molecular weight was, however, present in the WCL (Figure 5.7B). 
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This was in contrast to what was observed previously (182), which saw this doublet in 

the ACCM-2 culture media. In addition, EirA-3xFLAG was present at relatively low 

levels in ACCM-2, in comparison to the non-functional 3xFLAG-EirA24-165, which was 

found at a higher proportion in the culture media (Figure 5.7B and D). This suggests that 

functional, full length EirA may be associated more with the bacterial cell, rather than 

with the extracellular environment. 
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Figure 5.7. Functional EirA is predominantly retained within C. burnetii whole cell. 

Whole cell lysates (WCL) of C. burnetii eirA::Tn (A), eirA::Tn pEirA-FLAG (B), 

eirA::Tn pFLAG-EirA (C), and eirA::Tn pFLAG-EirA24-165 (D) alongside TCA 

precipitated ACCM-2 media (supernatant) used to cultivate each respective strain were 

probed with anti-FLAG antibodies to determine EirA localisation. RpoA was used as a 

cytoplasmic loading control to ensure ACCM-2 culture media did not contain any 

C. burnetii contamination. Blots are representative of three independent biological 

replicates. 
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To address the potential loss of 3xFLAG tag from EirA, antibody against EirA was raised 

using recombinant MBP-EirA24-165 (WEHI antibody facility) as outlined in section 2.10.2 

(Figure 5.8). As anticipated, plasmid expression of EirA was confirmed to produce more 

EirA than what is found during native expression, as can be seen when comparing 

expression levels between eirA::Tn pFLAG-EirA and WT (Figure 5.8). 

 

Comparison of EirA expression using EirA and FLAG antibody demonstrates that while 

3xFLAG-EirA expression seems higher than 3xFLAG-EirA24-165 using anti-EirA 

antibodies, the opposite is true when using anti-FLAG antibodies. This further supports 

the possibility that the 3xFLAG tag is cleaved in the eirA::Tn pFLAG-EirA strain, which 

is dependent on the N-terminal signal peptide that is not present in 3xFLAG-EirA24-165. 

 

 

Figure 5.8. Western blot confirming specificity of anti-EirA antibody to EirA. Whole 

cell lysates of strains used for subcellular fractionations were probed with anti-EirA (A) 

or anti-FLAG (B). DotB was used as a cytoplasmic loading control. Blots were segmented 
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to account for different protein expression levels requiring different exposure times in 

each strain. 

 

To further investigate the localisation of EirA within the bacterial cell, axenically grown 

C. burnetii WT, eirA::Tn, eirA::Tn pFLAG-EirA and eirA::Tn pFLAG-EirA24-165 strains 

were fractionated and EirA subcellular localisation was monitored in each strain (Figure 

5.9). Each isolated fraction was also probed with antibodies against the T4BSS outer 

membrane core complex protein IcmK (OM), periplasmic protein IcmX, inner membrane 

component IcmD (IM), and cytoplasmic ATPase DotB (Cyto) (183) to validate the 

fractionation process. 

 

All forms of EirA, including truncated 3xFLAG-EirA24-165, were detected in both the 

bacterial cytoplasm and the TX-100 soluble membrane fraction (referred to throughout 

as the inner membrane fraction). EirA in the inner membrane fraction consistently 

demonstrated slightly higher apparent molecular weight than the cytoplasmic band 

(Figure 5.9), suggesting that the inner membrane localised EirA may be modified. 

 



144 

 

Figure 5.9. EirA localise to the bacterial cytoplasm and TX-100 soluble membrane 

fraction. Subcellular fractionations of C. burnetii WT (A), eirA::Tn (B), eirA::Tn 

pFLAG-EirA (C) and eirA::Tn pFLAG-EirA24-165 (D) were performed to observe the 

subcellular localisation of EirA within the bacterial cell. DotB (cyto/cytoplasm), IcmK 

(TX-100 insoluble/OM/outer membrane), IcmD (TX-100 soluble/IM/inner membrane) 

and IcmX (periplasm) were used to denote specific subcellular localisations as well as 

whole cell lysate (WCL). Blots are representative of three independent biological 

replicates. * denotes non-specific bands. 
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5.2.5 EirA function does not appear to be related to tolerance of a high 

oxidative stress environment 

C. burnetii must withstand the highly oxidative environment of the host phagolysosome 

in order to replicate. The eirA::Tn mutant appears unable to replicate within this 

environment, which suggests that the function of EirA may relate to tolerance of this 

harsh intracellular niche. In order to determine whether EirA expression leads to increased 

tolerance of oxidative stress, E. coli DH5α strains expressing 3xFLAG tagged EirA 

derivatives (Figure 5.10A) were exposed to hydrogen peroxide for 24 hours, and survival 

was compared to strains not expressing EirA. There were no significant differences to 

hydrogen peroxide tolerance across all strains (Figure 5.10B). This suggests that there are 

no observable advantages in E. coli strains to oxidative stress tolerance with EirA 

expression. 

 

As hydrogen peroxide is unstable in the ACCM-2 medium, the peroxide experiments 

were conducted in E. coli. To test oxidative stress resistance in C. burnetii, varying 

concentrations of glutathione (GSH) was added to both C. burnetii WT and eirA::Tn 

during infection in HeLa cells, to determine whether the antioxidant could rescue 

replication of the mutant strain (184). Increasing concentrations of GSH caused host cell 

toxicity, leading to fewer numbers of HeLa cells remaining at 3 days post-infection 

(Figure 5.10C). There was no difference to intracellular replication in the eirA::Tn strain, 

even in the presence of GSH at physiological (10 mM) and higher concentrations (Figure 

5.10C) (184), demonstrating that the intracellular replication defect observed in the 

absence of EirA is not rescuable with the addition of antioxidants. 
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Figure 5.10. EirA function does not relate to oxidative stress tolerance. (A) 

Anti-FLAG western blot of E. coli strains expressing various versions of EirA. These 

strains were exposed to varying concentrations of hydrogen peroxide for 24 hours before 

bacterial colonies were counted (B). Fold change relative to before hydrogen peroxide 

exposure. (C) C. burnetii WT and eirA::Tn were exposed to varying concentrations of the 

antioxidant glutathione (GSH) during infection in HeLa cells. Images representative of 
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cells at 3 days post-infection and exposure to GSH. Cells stained with anti-LAMP-1 

(green), anti-C. burnetii (red) and DAPI (blue). Scale bar = 10 μm. 
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5.2.6 EirA influences C. burnetii metabolism 

EirA contains low homology to soluble transhydrogenases of E. coli between amino acids 

24-96, and the conserved GXXXG motif within this region is required for EirA to 

facilitate intracellular replication of C. burnetii (Figure 5.2 and 5.3) (93, 126, 133, 137). 

In order to determine whether EirA has a significant effect on C. burnetii metabolism, 

polar metabolites were extracted from axenically cultivated C. burnetii WT and eirA::Tn 

and analysed by gas chromatography/mass spectrometry (GC/MS) and liquid 

chromatography/MS (LC/MS) as outlined in section 2.7 (Figure 5.11, Table 5.1 and 5.2, 

Appendix 2). Loss of EirA was associated with a significant increase in intracellular 

levels of NADH and decrease in NADP, consistent with a potential role for this protein 

in regulating the equilibrium between these essential cofactors. Given that these cofactors 

are utilised in both anabolic and catabolic processes, loss of EirA was also associated with 

global changes in many other metabolites, including most amino acids, and cell wall 

precursors (meso-2,6-diaminopimelate and LL-2,6-diaminopimelate) (Figure 5.11) (185). 

The decreased intermediates in the TCA cycle (malate and succinate) could reflect 

decreased oxidative phosphorylation and/or increased anaplerotic synthesis of 

non-essential amino acids such as aspartate and glutamate, which were both increased in 

abundance in the mutant (Figure 5.11). 

 

Interestingly, overexpression of 3xFLAG-EirA in the eirA::Tn strain generated further 

global changes in intracellular metabolite levels, indicating a possible stress response. 

Fold change data comparing the eirA::Tn pFLAG-EirA strain to WT and eirA::Tn are 

presented in Table 5.3 and 5.4. Overall, these data strongly suggest that EirA influences 

bacterial cell metabolism, possibly by altering intracellular levels of NADH and NADP. 
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Figure 5.11. Absence of EirA leads to accumulation of some amino acids and significantly lower glycolytic and TCA cycle activities. 

Metabolites detected on the GC/MS and/or LC/MS that were significantly different in abundance between C. burnetii eirA::Tn and WT. Red 

denotes metabolites which were significantly higher in abundance in C. burnetii eirA::Tn and blue denotes metabolites which were 

significantly lower in abundance in C. burnetii eirA::Tn. p < 0.05, BH-adjusted unpaired t-test. Pale blue denotes metabolites which were not 

significantly different. Purple denotes metabolite transporters, where ‘?’ indicates those with putative functions. Dotted arrows indicate 

pathways which have been abbreviated. Metabolite abbreviations are listed in Appendix 2. 
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Table 5.1. Metabolites identified as significantly different in abundance between 

C. burnetii eirA::Tn and WT using GC/MS. 

Metabolite Fold changeA BH-adjusted p-valueB 
L-Pro -1.33 1.52 x 10-5 
sn-Glycerol-1P -0.94 6.97 x 10-4 
L-Ornithine -0.82 2.95 x 10-3 
3P-D-glycerate -0.68 1.20 x 10-2 
Succinate -0.60 2.24 x 10-2 
L-Ile -0.58 7.73 x 10-3 
L-Phe -0.58 2.13 x 10-2 
Malate -0.57 3.02 x 10-2 
L-Ala 0.54 2.37 x 10-2 
LL-2,6-Diaminopimelate 0.90 1.20 x 10-2 
L-Asp 0.88 2.95 x 10-3 
Adenine 4.44 5.93 x 10-5 
L-Glu 4.66 1.73 x 10-4 
Glycerol 4.66 3.57 x 10-2 

Metabolites in bold were detected in both GC/MS and LC/MS platforms. APositive fold 

change value denotes metabolites with significantly high abundance, while negative fold 

change value denotes metabolites with significantly lower abundance in C. burnetii 

eirA::Tn samples. BBenjamini-Hochberg (BH). 

 

Table 5.2. Metabolites identified as significantly different in abundance between 

C. burnetii eirA::Tn and WT using LC/MS. 

Metabolite Fold changeA BH-adjusted p-valueB 

NADP -0.50 1.22 x 10-2 
UDP-GlcNAc -0.37 1.41 x 10-2 
GDP-D-mannose -0.32 1.55 x 10-2 
L-Tyr 0.24 1.19 x 10-2 
NADH 0.33 3.67 x 10-2 
L-Leu 0.38 2.42 x 10-2 
L-Met 0.43 1.04 x 10-3 
3’-Methyladenine 0.57 1.55 x 10-2 
L-Ser 0.59 1.60 x 10-3 
L-Asp 0.62 3.56 x 10-3 
L-Glu 0.70 2.55 x 10-5 
meso-2,6-Diaminopimelate 0.86 3.43 x 10-3 
L-Lys 1.04 9.28 x 10-3 
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Metabolites in bold were detected in both GC/MS and LC/MS platforms. APositive fold 

change value denotes metabolites with significantly high abundance, while negative fold 

change value denotes metabolites with significantly lower abundance in C. burnetii 

eirA::Tn samples. BBenjamini-Hochberg (BH). 

 

Table 5.3. Metabolites identified as significantly different when comparing eirA::Tn 

pFLAG-EirA to WT. 

Metabolite Fold changeA BH-adjusted p-valueB 

R5P -3.46 2.43 x 10-6 
Orotate -3.29 1.29 x 10-5 
2’-Methylcitrate -3.28 5.36 x 10-4 
Inosine -3.09 9.18 x 10-6 
2-Deoxyribose-5P -2.84 7.94 x 10-4 
Adenine -2.40 6.62 x 10-6 
Biotin -2.29 2.61 x 10-3 
L-Pro -2.06 3.60 x 10-7 
UMP -1.96 7.24 x 10-5 
Uridine -1.94 9.86 x 10-4 
Uracil -1.92 1.30 x 10-4 
Biopterin -1.70 1.59 x 10-2 
G6P -1.63 5.55 x 10-3 
F6P -1.63 5.55 x 10-3 
D-Galactono-1,4-lactone -1.61 1.90 x 10-2 
Xanthine -1.29 2.43 x 10-6 
IMP -1.25 8.29 x 10-6 
UDP-GlcNAc -1.20 2.50 x 10-5 
GDP-D-mannose -1.14 5.63 x 10-6 
dCMP -1.11 6.81 x 10-3 
D-Glucono-1,4-lactone -1.08 9.68 x 10-3 
AMP -0.85 2.43 x 10-6 
dGMP -0.85 2.43 x 10-6 
L-Val -0.83 1.19 x 10-2 
D-Galactarate -0.83 7.94 x 10-4 
L-Ornithine -0.77 2.09 x 10-2 
L-Ile -0.61 5.55 x 10-3 
GSH -0.59 5.78 x 10-6 
D-Fructose -0.56 9.02 x 10-3 
IDP -0.54 2.30 x 10-3 
D-Gluconate -0.46 1.63 x 10-3 
ADP -0.46 5.36 x 10-4 
NADP -0.46 5.55 x 10-3 
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L-Tyr 0.16 1.76 x 10-2 
L-Cystathione 0.24 2.87 x 10-3 
NADH 0.45 3.78 x 10-3 
L-Citrulline 0.62 3.68 x 10-2 
L-Met 0.69 2.43 x 10-6 
L-Leu 0.78 2.88 x 10-4 
3’-Methyladenine 0.87 9.59 x 10-4 
L-Glu 1.08 2.43 x 10-6 
L-Ser 1.08 5.97 x 10-6 
L-Asp 1.22 4.02 x 10-5 
L-Arg 1.40 1.73 x 10-3 
L-Lys 1.50 1.43 x 10-4 
meso-2,6-Diaminopimelate 1.50 4.85 x 10-5 
dIMP 1.68 3.62 x 10-2 

APositive fold change value denotes metabolites with significantly high abundance, while 

negative fold change value denotes metabolites with significantly lower abundance in 

C. burnetii eirA::Tn pFLAG-EirA samples. BBenjamini-Hochberg (BH). 

 

Table 5.4. Metabolites identified as significantly different when comparing eirA::Tn 

pFLAG-EirA to eirA::Tn. 

Metabolite Fold change BH-adjusted p-value 
dIMP -1.43 6.16 x 10-3 
L-Arg -0.65 1.79 x 10-6 
meso-2,6-Diaminopimelate -0.64 9.55 x 10-7 
L-Asp -0.60 1.31 x 10-6 
L-Ser -0.49 4.46 x 10-6 
L-Lys -0.46 4.83 x 10-3 
L-Leu -0.40 1.26 x 10-4 
L-Glu -0.39 3.18 x 10-5 
GMP -0.37 4.09 x 10-2 
Pthalate -0.37 4.60 x 10-3 
L-Cysteate -0.30 2.51 x 10-3 
3’-Methyladenine -0.30 1.11 x 10-5 
N-Acetyl-L-Lysine -0.29 1.27 x 10-3 
Oxalate -0.29 1.27 x 10-3 
Succinate -0.28 1.48 x 10-4 
Methylmalonate -0.28 1.48 x 10-4 
L-Met -0.26 3.38 x 10-3 
L-Thr -0.23 6.36 x 10-3 
L-Citrulline -0.18 1.42 x 10-2 
L-Cystathione -0.18 3.70 x 10-3 
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ADP 0.25 6.16 x 10-3 
L-Ile 0.28 8.54 x 10-3 
D-Mannitol 0.28 1.39 x 10-2 
IDP 0.38 7.75 x 10-3 
D-Sorbitol 0.43 3.14 x 10-2 
L-Val 0.51 5.69 x 10-4 
Homoserine 0.51 1.00 x 10-4 
GSH 0.52 3.18 x 10-5 
D-Galactarate 0.56 2.29 x 10-4 
D-Gluconate 0.59 3.34 x 10-4 
dGMP 0.64 2.49 x 10-3 
AMP 0.66 1.50 x 10-3 
L-Ornithine 0.67 2.11 x 10-4 
D-Fructose 0.77 2.29 x 10-4 
GDP-D-mannose 0.81 3.05 x 10-5 
UDP-GlcNAc 0.83 1.19 x 10-4 
D-Glucono-1,4-lactone 0.85 1.40 x 10-3 
IMP 1.02 1.48 x 10-4 
PEP 1.32 2.17 x 10-2 
dCMP 1.32 2.50 x 10-6 
Uracil 1.36 3.52 x 10-3 
UMP 1.46 4.15 x 10-5 
G6P 1.56 6.16 x 10-3 
F6P 1.56 6.16 x 10-3 
Biopterin 1.75 1.02 x 10-2 
L-Pro 1.92 2.48 x 10-7 
Adenine 2.34 2.50 x 10-6 
Uridine 2.35 2.35 x 10-4 
Biotin 2.66 2.04 x 10-3 
2-Deoxyribose-5P 2.68 5.69 x 10-4 
Orotate 2.70 1.30 x 10-4 
2’-Methylcitrate 2.78 1.48 x 10-4 
Inosine 3.22 2.48 x 10-7 
R5P 3.37 2.48 x 10-7 

APositive fold change value denotes metabolites with significantly high abundance, while 

negative fold change value denotes metabolites with significantly lower abundance in 

C. burnetii eirA::Tn pFLAG-EirA samples. BBenjamini-Hochberg (BH). 
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5.2.7 EirA is not required for cell membrane integrity 

The diamino acids meso-2,6-diaminopimelate and LL-2,6-diaminopimelate form part of 

the lysine biosynthesis pathway in C. burnetii (Appendix 3). However, these metabolites 

also serve as precursors for the bacterial peptidoglycan cell wall (185). During the 

conversion of UDP-MurNAc-dipeptide into UDP-MurNAc-tripeptide, the muramyl 

ligase MurE incorporate diamino acids in the growing UDP-MurNAc peptide chain (186, 

187). 

 

The accumulation of these metabolites in C. burnetii eirA::Tn indicated that EirA may 

indirectly or directly modulate metabolic pathways involved in cell wall biosynthesis. 

Such a role would also be consistent with partial localisation of EirA to the inner 

membrane of C. burnetii. Therefore, the impact of EirA on the susceptibility of 

C. burnetii to stressors of cell membrane integrity was investigated. Axenically grown 

C. burnetii WT, eirA::Tn, eirA::Tn pFLAG-EirA and eirA::Tn pFLAG-EirA24-165 were 

treated with either ampicillin, a cell wall stressor, or polymyxin B, an outer membrane 

stressor, at varying concentrations at 4 days post-inoculation. Both before antibiotic 

treatment and at 24 hours post-antibiotic exposure, samples were harvested for genome 

equivalent quantification, and serial dilutions of C. burnetii were plated for colony 

forming unit quantification. No significant differences in antibiotic susceptibility were 

observed between the strains across all concentrations of antibiotics (Figure 5.12A-B). 

This may indicate that EirA does not have a functional role in cell membrane integrity. 

In support of this, transmission electron microscopy (TEM) images of C. burnetii WT, 

eirA::Tn and eirA::Tn pFLAG-EirA demonstrate no gross differences in bacterial 

morphology or cell membrane structure (Figure 5.12C). Despite observation of 
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significant differences in metabolite composition, these experiments could not 

demonstrate any EirA-dependent alterations to cell membrane integrity or bacterial 

morphology. 

 



157 

 

Figure 5.12. Absence of EirA does not impact susceptibility to cell membrane 

stressors or effect overall gross morphology of C. burnetii. C. burnetii WT, eirA::Tn, 

eirA::Tn pFLAG-EirA, eirA::Tn pFLAG-EirA24-165 were exposed to varying 

concentrations of either ampicillin or polymyxin B at 4 days post-inoculation, and 

impact on bacterial viability was quantified at 24 hours post-treatment by genome 
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equivalents (GE) (A) and colony forming units (CFU)/mL (B). Fold change depicts 

bacterial numbers at 24 hours post-treatment, relative to numbers pre-treatment. In any 

one treatment group, no significant differences in GE and CFU were observed based on 

an unpaired student’s t-test (C) C. burnetii WT, eirA::Tn and eirA::Tn pFLAG-EirA 

were grown for 6 days in ACCM-2 before being imaged using transmission electron 

microscopy (TEM). Scale bars for top panel = 1 μm and bottom panel = 0.2 μm. Images 

are representative of two technical replicates. 
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5.2.8 Translocation of effector proteins via the T4BSS is blocked in the 

absence of EirA 

EirA is not a substrate of the T4BSS, as a β-lactamase (BlaM) EirA fusion protein was 

not translocated into the host cell cytosol during infection (76). Considering the inner 

membrane localisation of EirA, and the mutant phenotype mirroring that of a dot/icm 

mutation (107, 108), it was hypothesised that EirA may contribute to T4BSS function. In 

order to determine whether EirA is involved in T4BSS effector translocation, a BlaM 

translocation assay was performed using the characterised C. burnetii effector protein 

MceA. Expression of BlaM-MceA provides a robust reporter system which has been 

extensively used to monitor T4BSS activity in C. burnetii (70, 71, 76, 107, 120, 188). 

BlaM fusion protein translocation was determined by monitoring cleavage of the 

fluorescent BlaM substrate CCF2-AM and calculating the 450:520 nm fluorescence 

emission ratio 2 hours post-addition of CCF2-AM. HeLa cells were infected with either 

WT, WT pBlaM-MceA, eirA::Tn or eirA::Tn pBlaM-MceA, or a combination of these 

strains (Figure 5.13A-B). At both 48 and 72 hours post-infection, translocation of 

BlaM-MceA was observed in the WT pBlaM-MceA strain as expected (Figure 5.13A-B). 

However, even when replication was restored through coinfection with WT, the eirA::Tn 

pBlaM-MceA infected cells did not show any translocation of BlaM-MceA. 

 

The requirement of EirA for T4BSS effector translocation was further confirmed using 

confocal immunofluorescence microscopy. C. burnetii expressing 3xFLAG-MceA shows 

distinct anti-FLAG signal at host mitochondria during infection (120), however this 

mitochondrial signal was not observed with eirA::Tn expressing 3xFLAG-MceA, even 

when co-infection with C. burnetii WT facilitated CCV formation (Figure 5.13C). Both 
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the BlaM reporter assay and immunofluorescence microscopy approaches employed here 

demonstrate that EirA is required for C. burnetii T4BSS effector translocation. 

 

Given that the absence of EirA prevents T4BSS effector translocation, it is possible that 

EirA may have a functional role regulating the assembly of the T4BSS apparatus or 

expression levels. However, the subcellular fractionations performed here demonstrate 

no change in DotB, IcmD, IcmK and IcmX expression and localisation in the absence of 

functional EirA (Figure 5.9). 
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Figure 5.13. EirA is important for Dot/Icm Type IV secretion system effector 

translocation. Plasmids encoding transcriptionally fused β-lactamase (BlaM) and T4BSS 

effector MceA were introduced into C. burnetii WT and eirA::Tn. These strains, along 
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with C. burnetii WT and eirA::Tn, were used to infect HeLa CCL2 cells at an MOI of 

either 100 (red circles), 150 (blue squares) or 300 (green triangles), or a co-infection ratio 

of 1:1, 1:2 or 1:5 WT to eirA::Tn respectively, where two different strains were used. At 

either 48 hours (A) or 72 hours post-infection (B), the fluorescent β-lactamase substrate 

CCF2-AM was added to cells, and cleavage of substrate was determined by calculating 

the ratio of fluorescence at 450 nm to 520 nm, relative to uninfected cells, n = 3. (C) HeLa 

CCL2 cells were infected with C. burnetii strains expressing 3xFLAG-MceA, then fixed 

and stained at 3 days post-infection. Cells were stained with anti-FLAG (green), 

MitoTrackerTM (red) and DAPI (blue). Images are representative of three independent 

biological replicates. Scale bar = 10 μm. Asterisks (*) indicate CCVs. 
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5.3 Discussion 

The mechanisms used by the intracellular pathogenic bacteria C. burnetii to thrive and 

replicate within the normally hostile host phagolysosome are not fully understood. 

Previous studies have highlighted the role of C. burnetii lipopolysaccharide (LPS) as an 

important virulence factor, with avirulent phase II strains lacking mature LPS unable to 

infect humans or mice (55, 56). However, these strains are still able to establish and thrive 

within CCVs in tissue culture models of infection. The development of axenic culture 

conditions and tools for genetic manipulation has made it possible to identify other 

important proteinaceous C. burnetii virulence factors (175). Landmark mutational 

analyses have highlighted that the T4BSS is another major virulence determinant of 

C. burnetii, along with a subset of the effector proteins translocated by this system. 

Genetic disruption of T4BSS components result in total abolition of intracellular 

replication and virulence, which highlights the importance of this apparatus to C. burnetii 

(54, 107, 108). In this study, we have identified and characterised a novel virulence factor, 

EirA, and show that it is essential for intracellular replication and virulence. 

 

The precise mechanism through which EirA facilitates C. burnetii virulence remains to 

be elucidated. Previous work using mass spectrometry has detected EirA in the culture 

media during axenic growth of C. burnetii (182). Presence of EirA in axenic media was 

confirmed using a C-terminal 3xFLAG tagged EirA expressed on an inducible C. burnetii 

vector (182). Given that EirA does not appear to be a T4BSS effector protein (76), this 

suggests that EirA is secreted out of the bacterial cell in a T4BSS independent manner. 

The probable mechanism for this secretion is via outer membrane vesicles, which were 

shown to be formed during both axenic and intracellular cultivation (182). However, data 
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presented in this study suggests that functional, full length EirA may be associated more 

with the bacterial cell, with localisation detected in the C. burnetii cytoplasm and inner 

membrane space. Further investigations are warranted to determine the true localisation 

of EirA, perhaps by using the anti-EirA antibody developed during this study. 

 

This research has shown that the N-terminal 23 amino acids, encoding a putative signal 

peptide sequence, is required for EirA function within host cells. In addition, the 

conserved GXXXG motif within the area of homology to soluble transhydrogenases was 

also shown to be required for EirA function. It is interesting to note that while truncated 

EirA cannot restore WT level phenotypes, fractionation experiments demonstrate similar 

localisation to the bacterial cytoplasm and inner membrane. It was initially hypothesised 

that the signal peptide present in EirA would be responsible for trafficking of this protein 

into the extracellular environment via the Sec machinery (182). However, truncated EirA 

was found at a higher abundance in the ACCM-2 culture media when compared to full 

length EirA, demonstrating that this signal peptide is not required for secretion out of 

C. burnetii. Lack of the N-terminus may impact on the structure of EirA at the inner 

membrane or its capacity to interact with other bacterial factors. Interaction of EirA with 

other proteins may require the aforementioned GXXXG motif, as this motif is known to 

stabilise protein-protein interactions (138). The subcellular fractionation of C. burnetii 

also indicates that membrane associated EirA is potentially modified, independent of the 

N-terminus, appearing to be a slightly larger molecular weight than in the cytoplasmic 

fraction. 
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Absence of EirA is not lethal for C. burnetii during infection, as the bacteria are not 

cleared by the host cell and can be rescued through co-infection or super-infection at 5 

days post initial infection with T4BSS competent C. burnetii. As mentioned earlier, this 

phenotype is identical to mutants of the T4BSS apparatus, such as C. burnetii icmL::Tn 

(107) and icmD::Tn (108). Viability of both mutants after infection have been 

demonstrated. The icmL::Tn mutant was able to be recovered in ACCM-2 media after 24, 

72 and 120 hours post-infection of HeLa cells, with growth comparable to WT (107). The 

icmD::Tn mutant was also shown to maintain viability in host cells as replication could 

be restored 24 hours post-infection using an inducible complementation construct (108). 

Our similar findings again highlight the innate ability of C. burnetii to withstand the host 

phagolysosomal environment, independent of T4BSS activity and replication. 

 

EirA partially localises to the inner membrane, and loss of this protein results in changes 

to the intracellular levels of cell wall intermediates. Therefore investigations were 

conducted to determine whether EirA has a direct role in cell wall biosynthesis. However, 

absence of EirA did not appear to affect cell membrane integrity in C. burnetii, as 

assessed by their sensitivity to antibiotics and TEM ultrastructure. The resolution that was 

used to examine the impact of EirA on the bacterial cell membrane may have been 

insufficient to observe more subtle contributions of EirA to the cell membrane. Therefore, 

observing bacterial membrane integrity or T4BSS assembly at higher resolutions may be 

of interest, for instance, through the use of cryogenic electron microscopy. 
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Both the β-lactamase translocation reporter assay and the immunofluorescence 

microscopy performed in this study show that absence of EirA disrupts T4BSS effector 

translocation. Even when replication was restored, the EirA mutants showed no T4BSS 

activity. This, together with the observation that the EirA mutant has an identical 

rescuable replication defect phenotype to T4BSS mutants, and the partial membrane 

localisation of EirA, led to the hypothesis that EirA contributes to C. burnetii T4BSS 

function. Given that eirA is not encoded within the T4BSS gene loci, and there are no 

EirA homologues encoded by Legionella species, which utilises a functionally analogous 

T4BSS (189), it is unlikely that EirA forms part of the T4BSS apparatus. EirA does not 

affect DotB, IcmD, IcmK and IcmX expression levels nor their subcellular localisation. 

However, it remains possible that EirA contributes to recruitment of other specific 

Dot/Icm components and/or assembly at the bacterial poles. 

  

Recent studies in Legionella pneumophila have shown that this pathogen uses second 

messenger signalling to influence T4BSS effector translocation (113). L. pneumophila 

appears to regulate effector translocation using c-di-GMP signalling via a diguanylate 

cyclase enzyme. Mutants lacking this enzyme show delayed translocation of the 

L. pneumophila effector protein LepA, and transcriptomics suggests this enzyme has a 

post-transcriptional regulatory role for T4BSS effector translocation (113). C. burnetii 

lacks diguanylate cyclases but may have evolved similar post-translational regulatory 

mechanisms to temporally regulate effector translocation during infection. EirA contains 

a region with homology to soluble transhydrogenases, which interact with NAD(P) 

cofactors. Here we show that loss or overexpression of EirA results in reciprocal changes 

in the intracellular levels of key cofactors NADH and NADP, as well as global changes 
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in other metabolites. This suggests EirA may regulate multiple metabolic pathways, one 

or more of which may in turn regulate T4BSS assembly and function. However, given 

that the diguanylate cyclase mutant in L. pneumophila does not display an intracellular 

replication defect similar to what has been shown in the eirA::Tn mutant, EirA may 

function using other mechanisms to regulate T4BSS activity. This is likely, as there are 

no EirA homologues present in L. pneumophila, suggesting the T4BSS may be regulated 

differently between the two species. Future work could determine possible enzymatic 

activity of EirA and any protein interacting partners of EirA, which may help elucidate 

the mechanism through which EirA impacts T4BSS activity. 

 

This chapter has characterised a novel and unique C. burnetii inner membrane protein, 

EirA, which is essential for intracellular replication and virulence. Further investigations 

are required to determine the biochemical mechanisms by which EirA facilitates 

virulence. However, data presented here indicates that EirA is a novel factor contributing 

to T4BSS function. Elucidating the mechanisms through which EirA exerts virulence 

capacity is important for understanding C. burnetii pathogenesis. Given the unique 

aspects of this protein, determining the function of EirA and subsequently developing the 

capacity to specifically inhibit EirA function may serve as an important and powerful 

therapeutic strategy. 
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Intracellular pathogenic bacteria have developed numerous mechanisms to survive within 

the host cell environment. Many avoid degradation by evading endosomal trafficking to 

the host lysosome. For instance, the human pathogen Mycobacterium tuberculosis 

inhibits endosomal maturation by preventing the acquisition of Rab7 GTPases to the 

M. tuberculosis containing phagosome (101, 190). Legionella pneumophila, the causative 

agent of Legionnaire’s disease, uses the Dot/Icm type 4B secretion system to translocate 

a suite of effectors that promote fusion of the phagosome with host endoplasmic 

reticulum-derived vesicles to block endocytic maturation (191, 192). Other bacterial 

pathogens, such as Listeria monocytogenes, have developed mechanisms to evade the 

endosomal trafficking pathway by disrupting the vacuolar membrane, thus allowing 

replication within the host cytosol (193). 

 

In stark contrast, C. burnetii, requires passive trafficking of the phagosome to the host 

lysosome, where inhibition of endosomal maturation is detrimental to bacterial 

replication (71). Trafficking of the pathogen-containing phagosome to the lysosomal 

environment triggers both the metabolic activation of the bacteria and the activation of 

the T4BSS (71, 114). This T4BSS, which translocates approximately 130 effector 

proteins into the host cell, is essential for intracellular replication (107, 108). 

 

The requirement to replicate within a phagolysosome or lysosome-derived vacuole is not 

a unique feature to C. burnetii. Protozoan parasites of the Leishmania spp. also require 

this environment to replicate within the host cell (157). Genetically these species have 

little similarity with C. burnetii. However, it is presumed that Leishmania have also 
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developed unique mechanisms to withstand and/or manipulate the lysosomal 

environment to facilitate replication (157). 

 

Despite occupying divergent intracellular niches, a common requirement for pathogens 

to thrive within the host cell is the capacity to acquire sufficient nutrients and utilise them 

efficiently. The intracellular environment is abundant in host metabolites (97). However, 

the availability of these metabolites may differ depending on the host cell type and 

intracellular compartment that the pathogen resides in. Thus, intracellular pathogens must 

adapt and utilise specific metabolic pathways, which may only be activated under certain 

conditions and environments. For instance, Leishmania mexicana are able to catabolise 

amino acids during replication, but will specifically reduce the uptake of glutamate during 

intracellular replication within phagolysosomes (90). Reducing glutamate uptake may 

prevent the accumulation of reactive oxygen species (ROS) via the TCA cycle, which is 

an important adaptation to the high oxidative stress environment of a host phagolysosome. 

 

The research reported in this thesis has given insight into the metabolic pathways utilised 

by C. burnetii, both during axenic and intracellular replication. The initial aim of the study 

was to determine whether any novel, C. burnetii-specific metabolic pathways and/or 

enzymes were present, which may be essential for replication. This has the potential to 

reveal new therapeutic targets against C. burnetii. Data from the first chapter did not 

indicate that such pathways exist, instead demonstrating the surprising metabolic 

flexibility of C. burnetii. However, this research has given a unique insight into how 

C. burnetii metabolise various nutrient substrates. Genome annotation indicates that 
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C. burnetii do not have a mechanism to phosphorylate glucose to form G6P, as they lack 

the classical hexokinase or phosphotransferase system (PTS) required to undergo this 

process. Data from this thesis, as well as work published by another research group (98), 

have conclusively shown that C. burnetii are in fact capable of catabolising glucose via 

glycolysis, generating G6P and downstream metabolites. The exact mechanism/s 

involved in this process are yet to be elucidated but may reveal a novel approach for 

bacteria to phosphorylate glucose. 

 

Techniques developed throughout these studies, including steady state profiling and 

13C-stable isotope labelling, have proved valuable in the study of C. burnetii metabolism. 

The steady state profiling methodology has provided a comprehensive dataset, which 

allowed the mapping of the C. burnetii metabolic pathway using a reference database. 

 

Substrate utilisation in axenically grown C. burnetii has been shown previously (98), with 

data presented in this thesis showing consistency with this previous work. However, data 

presented in this thesis has given first insights into the metabolism of intracellular 

C. burnetii. Combined, the results indicate that C. burnetii have greater metabolic 

flexibility than previously thought, being able to catabolise both sugars and amino acids, 

with significant differences seen between cultivation methods and different replication 

stages. In addition, C. burnetii was shown to possess at least two glucose transporters, 

CBU0265 and CBU0347. [13C]glucose labelling demonstrated that mutants lacking either 

of these proteins are attenuated for glucose uptake when compared to WT. Single mutants 

lacking either of these proteins did not show any attenuations in intracellular replication 
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or infection in the G. mellonella model. However, the extent to which glucose uptake 

affects intracellular replication and virulence of C. burnetii is not fully understood, and 

further investigations are warranted. 

 

Combined, these results suggest that this pathogen has evolved mechanisms to scavenge 

all available nutrient sources within the intracellular niche, which may aid replication in 

a variety of cell types. Interestingly, comparison between the preliminary metabolite 

analysis in HeLa human epithelial cells and the comprehensive studies in THP-1 human 

monocytic cells indicated that overall substrate usage in these different cell types was 

comparable. 

 

With insights into bacterial metabolism now established, future work may focus on how 

the host metabolism is altered during C. burnetii infection. Given that C. burnetii 

scavenges nutrients from the host cell, this may affect how the host itself metabolises 

nutrients. 

 

A rapidly growing area of research is in the field of immunometabolism, where the host 

metabolic pathways have been shown to contribute significantly to the immune response 

(194). In macrophages, which C. burnetii have tropism for, central carbon metabolism 

has been shown to trigger a cascade of events which results in the production of nitric 

oxide, ROS production, interleukin production, and the pro-inflammatory response (194, 

195). 
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It is likely that some of the T4BSS effector proteins translocated by the pathogen may aid 

in nutrient acquisition, whether it be through the homotypic fusion of vacuoles, or by 

altering the host metabolism to facilitate production of essential nutrients. For instance, 

the T4BSS effector protein CBU0513 appears to be a fructose 1,6-bisphosphatase (173). 

This effector may be translocated into the host cell cytosol to act on host-derived 

metabolites instead of those found in C. burnetii. 

 

Immunogenic shifts in host metabolism may also be used to exploit the host cell to the 

pathogen’s advantage. This has been demonstrated in the fungal pathogen Candida 

albicans during infection of macrophages. Glucose starvation in infected macrophages 

resulting from the Warburg effect (196) resulted in host cell death, allowing escape of 

C. albicans from their host (197). It would therefore be of interest to determine how the 

host cell metabolic landscape is altered during C. burnetii infection. This could 

potentially be explored using techniques established here, by isolating host cells and 

removing intact bacteria prior to metabolite extraction. 

 

Research presented in this thesis has highlighted the importance of acquiring the 

appropriate metabolites required for the intracellular success of C. burnetii. Recent 

studies have identified C. burnetii specific proteins which are also required for 

intracellular pathogenesis. 
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Numerous studies have focused on the T4BSS and the effector repertoire of C. burnetii, 

which contribute to vital modulation of host processes to establish the replicative niche 

(67, 76, 77, 79, 107, 117, 173). Mutants of the T4BSS are unable to replicate 

intracellularly, which highlights the essentiality of this apparatus to C. burnetii 

pathogenesis (107, 108). Interestingly these mutant strains remain viable within the host 

cell, which suggests that there may be other factors that allow C. burnetii to survive within 

the intracellular environment. 

 

This thesis has presented evidence that EirA is a unique proteinaceous virulence factor of 

C. burnetii that was shown to inhibit T4BSS effector translocation. Interestingly, the 

phenotype of the EirA deficient mutant is identical to mutants of the T4BSS, in that while 

they are unable to replicate, they are still viable within the host cell. How the absence of 

EirA inhibits the T4BSS, and the exact biochemical mechanisms which facilitate EirA 

function, remain to be elucidated.  

 

Regulation of T4BSS activity involves numerous factors. At the transcriptional level, the 

PmrAB two-component system in C. burnetii is essential for the activation of the T4BSS, 

as mutants deficient in the PmrA response regulator were unable to translocate effector 

proteins and replicate intracellularly (110). Temporal regulation of the T4BSS and 

translocation of effector proteins via the IcmS chaperone has also been demonstrated 

(112). Mutants deficient in the IcmS chaperone were attenuated for intracellular 

replication, and demonstrated an altered set of translocated T4BSS effectors (112). 

Interestingly, while the translocation of a large number of effectors was inhibited in the 
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absence of IcmS, a subset of effectors demonstrate translocation only in the absence of 

IcmS (112). These findings indicate a post-translational regulatory mechanism that may 

aid the temporal control of effector translocation. 

 

In addition, c-di-GMP signalling catalysed by the enzyme diguanylate cyclase was shown 

to regulate T4BSS translocation in L. pneumophila (113). While no homologous systems 

appear to exist in C. burnetii, given the homology of EirA to soluble transhydrogenases, 

and the metabolic profile shift observed in the absence of protein, EirA may provide a 

regulatory role for the T4BSS. Future investigations elucidating the mechanism of action 

of EirA may facilitate development of specific C. burnetii T4BSS inhibitors. Inhibitors 

for bacterial secretion systems have been developed for the type 3 secretion system 

(T3SS) (198). For instance, small molecule inhibitors have been developed to target 

various aspects of T3SS activity, including at the transcriptional and protein export level, 

against the human pathogen Pseudomonas aeruginosa (198). It is plausible to consider 

that T4BSS inhibitors developed against C. burnetii may be used both in a clinical setting, 

as well as for prophylactic treatment in animals exposed to C. burnetii in the environment.  

 

In order to establish if EirA is an appropriate therapeutic target, it would be necessary to 

determine whether the data generated from this thesis could be recapitulated in the 

virulent, phase I form of C. burnetii. Both phase I and phase II C. burnetii replicate with 

similar kinetics in macrophages, and share the same endosomal/lysosomal markers on the 

CCV (57). However, phase II strains cannot cause disease in animals such as mice or 

humans, due to the truncated LPS (50, 51, 53). Regarding the metabolomics studies 
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conducted as part of this thesis, it would be of interest to determine whether virulent forms 

of C. burnetii share similar metabolic pathway usages as the phase II strains. 

 

In exploring these various mechanisms used by C. burnetii to facilitate intracellular 

replication and infection, it is important to highlight the issues surrounding the overall 

disease caused by this pathogen. Q fever is currently not a well-known disease in the 

broader community (16). C. burnetii are environmentally hardy, have a low infectious 

dose, and are spread via aerosol transmission (12-15). Therefore, increased rates of 

extreme weather events exacerbated by climate change, such as drought and strong winds, 

could further the spread of C. burnetii and lead to increased rates of Q fever (27). This 

poses great risk to both human and animal health, as was demonstrated during the 

Netherlands Q fever outbreak between 2007-2010. This outbreak highlighted the 

significant impact a large-scale C. burnetii infection could cause to both agricultural 

industries and public health. A significant and ongoing repercussion from this outbreak 

is the reduced quality of life in patients (25, 26, 32). In addition, chronic Q fever has been 

detected in at-risk patients with pre-existing cardiac conditions, seven years after the 

initial outbreak, highlighting the ongoing risk to exposed individuals (199). Chronic Q 

fever is lethal without treatment. However, current treatment options are sub-optimal, in 

that doxycycline cannot be administered to pregnant individuals, and treatment of these 

chronic infections lead to issues with unwanted side effects and long term compliance 

issues (12, 35, 200). A commercial vaccine is available in Australia, particularly to at risk 

individuals (36, 37). However, the two-step screening process prior to administration of 

the vaccine is not ideal for use within a larger population (17). These issues highlight the 

need for a novel therapeutic target for C. burnetii infection. 
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Data obtained from this thesis has given insights into how different nutrient sources are 

metabolised by C. burnetii. Given intracellular bacteria seemed primed to catabolise 

glutamate over glucose, suggesting a reliance on amino acids during intracellular 

replication, it may be of interest to determine and functionally characterise amino acid 

transporters of C. burnetii. Studies on axenic C. burnetii have highlighted auxotrophies 

for a number of amino acids. Inhibition of nutrient uptake may be a novel therapeutic 

approach to treat Q fever infection, particularly during chronic infection. In addition, the 

likely existence of a unique mechanism to phosphorylate sugars may also provide a useful 

therapeutic target, as this is unlikely to be present in mammals. Inhibition of metabolic 

pathways as a novel therapeutic approach is an expanding field. Targeting bacteria 

specific metabolic enzymes in conjunction with traditional treatment options may provide 

a much-needed alternative in the efforts to prevent the current rise of antibiotic resistance. 

Folate biosynthesis pathways have already been targeted for antimicrobial drug 

development (201-203). In addition, the M. tuberculosis ATP synthase has been studied 

as a drug target for the treatment of tuberculosis (204-206). 

 

This thesis has contributed to further understanding of the requirements for C. burnetii to 

replicate within the host phagolysosomal environment. Infection with C. burnetii, while 

not necessarily fatal, has the potential to develop into a debilitating and fatal chronic 

illness, which requires the establishment of novel therapeutic approaches. With increasing 

risk of Q fever outbreaks linked with the changing climate, it is of great importance to 
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identify novel mechanisms that allow C. burnetii to thrive within the host cell, which may 

in turn be exploited to prevent and/or treat infection. 
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Appendix 1. Recipes for media, reagents, buffers and G. mellonella food 

 

Media and broth: 

All media was obtained from the Media Preparation Unit (MPU) at the Peter Doherty 
Institute unless otherwise stated. 

 

ACCM-2 (prepared by members of the Newton laboratory): 

RPMI 1640 with GlutaMAX     12.5% (v/v) 

Citric acid (Chem Supply)     13.4 mM 

Sodium citrate tribasic dihydrate (Chem Supply)  16.1 mM 

Casamino acids (BD Biosciences)    2.5 mg/mL 

L-cysteine (Sigma-Aldrich)     1.56 mM 

BactoTM Neopeptone (BD Biosciences)   0.1 mg/mL 

KH2PO4 (Sigma-Aldrich)     3.67 mM 

MgCl2*6H2O (Chem Supply)     0.980 mM 

CaCl2*2H2O (Sigma-Aldrich)    0.089 μM 

FeSO4*7H2O (Chem Supply)     0.010 μM 

NaCl (Chem Supply)      124.5 mM 

Methyl-β-cyclodextrin (Acros Organics)   1 mg/mL 

Made to pH 4.75 and filter sterilised before use 

 

ACCM-D (prepared by members of the Newton laboratory): 

RPMI (-amino acids) (US Biologicals)   1 mg/mL 

Citric acid       13.4 mM 

Sodium citrate tribasic dihydrate    16.1 mM 

Sodium phosphate dibasic (Sigma-Aldrich)   0.704 mM 

KH2PO4       3.67 mM 

MgCl2*6H2O       0.980 mM 

CaCl2*7H2O       0.089 μM 

FeSO4*7H2O       0.010 μM 

NaCl        125.4 mM 
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Methyl-β-cyclodextrin     1 mg/mL 

L-alanine (Sigma-Aldrich)     1.26 mM 

L-arginine monohydrochloride (Sigma-Aldrich)  0.750 mM 

L-asparagine (Sigma-Aldrich)    0.666 mM 

L-aspartic acid (Sigma-Aldrich)    0.541 mM 

L-cysteine hydrochloride monohydrate (Sigma-Aldrich) 1.56 mM 

L-glutamine (Sigma-Aldrich)     2.44 mM 

L-glutamic acid potassium salt (Sigma-Aldrich)  3.31 mM 

Glycine (Sigma-Aldrich)     1.17 mM 

L-histidine (Sigma-Aldrich)     0.354 mM 

L-isoleucine (Sigma-Aldrich)     0.854 mM 

L-leucine (Sigma-Aldrich)     1.76 mM 

L-lysine monohydrochloride (Sigma-Aldrich)  1.43 mM 

L-methionine (Sigma-Aldrich)    0.455 mM 

L-phenylalanine (Sigma-Aldrich)    0.630 mM 

L-proline (Sigma-Aldrich)     3.02 mM 

L-serine (Sigma-Aldrich)     1.68 mM 

L-threonine (Sigma-Aldrich)     1.02 mM 

L-tryptophan (Sigma-Aldrich)    0.245 mM 

L-tyrosine (Sigma-Aldrich)     0.602 mM 

L-valine (Sigma-Aldrich)     1.37 mM 

Made to pH 4.75 and filter sterilised before use 

 

Glycerol broth: 

Glycerol   50%(v/v) 

Heart infusion broth  (0.37% (w/v) 

Sodium thioglycolate  (0.1%% (w/v) 

 

LB Agar: 

Agar   1.5% (w/v) 

Tryptone  1% (w/v) 
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Yeast extract  0.5% (w/v) 

NaCl   1% (w/v) 

 

LB broth: 

Tryptone  1% (w/v) 

Yeast extract  0.5% (w/v) 

NaCl   1% (w/v) 

 

SOB: 

Tryptone  2% (v/v) 

Yeast extract  0.5% (w/v) 

KCl   2.5 mM 

NaCl   10 mM 

 

SOC: 

Glucose  20 mM 

Tryptone  2% (v/v) 

Yeast extract  0.5% (w/v) 

KCl   2.5 mM 

MgCl2   10 mM 

MgSO4  10 mM 

NaCl   10 mM 

 

Reagents and buffers: 

All reagents and buffers were made to volume with dH2O unless otherwise stated. 

 

Column buffer: 

Tris-HCl (pH 7.5) (Chem Supply)     20 mM 

NaCl         200 mM 

EDTA (Chem Supply)      1 mM 

Phenylmethanesulphonyl fluoride (PMSF) (Sigma-Aldrich)  20 μM 
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Dithiothreitol (DTT) (Astral)      1 mM  

 

Coomassie brilliant blue stain: 

Coomassie Brilliant blue G-250 powder (Amresco)  2.5 g 

Methanol (Chem Supply)     40% (v/v) 

Glacial acetic acid (UniVAR)     10% (v/v) 

Filtered with Whatman No. 1 filter paper (Sigma-Aldrich) once made. 

 

Destain for Coomassie: 

Methanol  30% (v/v) 

Glacial acetic acid 10% (v/v) 

 

Lysis buffer: 

Tris-HCl (pH 7.6)        50 mM 

EDTA          1 mM 

Glycerol         10% 

cOmplete, EDTA-free protease inhibitor cocktail tablet (Sigma-Aldrich) 1 tablet 

 

PBS (made by MPU): 

KCl  2.7 mM 

KH2PO4 1.8 mM 

Na2HPO4 10 mM 

NaCl  2.7 mM 

 

SDS lysis buffer 

SDS (Amresco) 4% 

Tris-HCl (p2x SDS loading dye (pH 6.8) (made to volume with Milli-Q H2O): 

Tris     125.5 mM 

Glycerol    20% (v/v) 

SDS     2% (w/v) 

β-mercaptoethanol (Sigma-Aldrich) 2% (v/v) 
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Bromophenol blue (Bio-Rad)  0.001% (w/v) 

 

Solubilisation buffer: 

Tris-HCl (pH 7.6)  50 mM 

MgCl2*6H2O   200 mM 

TX-100 (Sigma-Aldrich) 1% 

 

50x TAE buffer: 

Tris    0.2 M 

EDTA    0.05 M 

Glacial acetic acid  17.5% (v/v) 

 

TBS/TBST: 

Tris-HCl (pH 8.0)    200 mM 

NaCl      150 mM 

Tween-20 (for TBST) (Sigma-Aldrich) 0.1% (v/v) 

 

Transformation buffer: 

KCl (Amresco)   250 mM 

CaCl2*2H2O (Sigma-Aldrich) 15 mM 

PIPES (Sigma-Aldrich)  10 mM 

Made to pH 6.7 

MnCl2*4H2O    55 mM 

Filter sterilised 

 

G. mellonella food recipe 

Per Jar: 

Weet-BixTM (Sanitarium Health and Wellbeing)  1 block 

Wheat bran (Kellogg’s®)     10 g 

Stabilised wheat germ (Coles)    5 g 

Milk powder (Coles)      5 g 
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Methyl 4-hydroxybenzoate (Sigma-Aldrich)   0.3 g 

Honey (Coles)       20 g 

Raw honeycomb (Land of Soy and Honey)   3 cm3 

All ingredients except the raw honeycomb was crushed and mixed by hand. Food was 
placed in jars until depth reached ~2 cm. Cube of raw honeycomb was placed on top of 
the food mixture in the centre of the jar. 

 



215 

Appendix 2. Metabolite abbreviations. 

Abbreviation Metabolite 
P Phosphate 
1P 1-phosphate 
2P 2-phosphate 
3P 3-phosphate 
4P 4-phosphate 
5P 5-phosphate 
6P 6-phosphate 
G6P D-Glucose 6-phoshate 
F6P D-Fructose 6-phosphate 
FBP D-Fructose 1,6-bisphosphate 
PEP Phophoenolpyruvate 
TPP Thiamin diphosphate 
ThPP Thiamin diphosphate 
R5P D-Ribose 5-phosphate 
PRPP 5-phospho-D-ribose 1-diphosphate 
M1P D-Mannose 1-phosphate 
M6P D-Mannose 6-phosphate 
UMP Uridine 5'-monophosphate 
UDP Uridine 5'-diphosphate 
UTP Uridine 5'-triphosphate 
CMP Cytidine 5’-monophosphate 
CDP Cytidine 5’-diphosphate 
CTP Cytidine 5’-triphosphate 
dCMP Deoxycytidine 5’-monophosphate 
dCDP Deoxycytidine 5’-diphosphate 
dCTP Deoxycytidine 5’-triphosphate 
dUMP Deoxyuridine 5'-monophosphate 
dUDP Deoxyuridine 5'-diphosphate 
dUTP Deoxyuridine 5'-triphosphate 
dTMP Deoxythymidine 5’-monophosphate 
dTDP Deoxythymidine 5’-diphosphate 
hm5dCDP 2’-Deoxy-5-hydroxymethylcytidine-5’-diphosphate 
hm5dCTP 2’-Deoxy-5-hydroxymethylcytidine-5’-triphosphate 
GAR 5’-Phosphoribosylgycinamide 
FGAR 5’-Phosphoribosyl-N-formylglycinamide 
FGAM 5'-Phosphoribosylformylglycinamidine 
AIR Aminoimidazole ribotide 
AppppA P1,P4-Bis(5'-adenosyl)tetraphosphate 
AMP Adenosine 5'-monophosphate 
ADP Adenosine 5'-diphosphate 
ATP Adenosine 5'-triphosphate 
IMP Inosine 5’-monophosphate 
IDP Inosine 5’-diphosphate 
ITP Inosine 5’-triphosphate 
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XMP Xanthosine 5'-monophosphate 
XTP Xanthosine 5'-triphosphate 
GMP Guanosine 5’-monophosphate 
GDP Guanosine 5’-diphosphate 
GTP Guanosine 5’-triphosphate 
dAMP Deoxydenosine 5'-monophosphate 
dADP Deoxyadenosine 5'-diphosphate 
dIMP Deoxyinosine 5’-monophosphate 
dIDP Deoxyinosine 5’-diphosphate 
dITP Deoxyinosine 5’-triphosphate 
dGMP Deoxyguanosine 5’-monophosphate 
dGDP Deoxyguanosine 5’-diphosphate 
dGTP Deoxyguanosine 5’-triphosphate 
FAICAR 5'-Phosphoribosyl-5-formamido-4-imidazolecarboxamide 
AICAR 5'-Phosphoribosyl-5-amino-4-imidazolecarboxamide 
SAICAR 5'-Phosphoribosyl-4-(N-succinocarboxamide)-5-aminoimidazole 
CAIR 1-(5-Phospho-D-ribosyl)-5-amino-4-imidazolecarboxylate 
ppGpp Guanosine 3',5'-bis(diphosphate) 
pppGpp Guanosine 3'-diphosphate 5'-triphosphate 
L-Ala L-Alanine 
L-Asp L-Aspartate 
L-Asn L-Asparagine 
L-Cys L-Cysteine 
L-Glu L-Glutamine 
L-His L-Histidine 
L-Ile L-Isoleucine 
L-Leu L-Leucine 
L-Met L-Methionine 
L-Phe L-Phenylalanine 
L-Pro L-Proline 
L-Ser L-Serine 
L-Thr L-Threonine 
L-Trp L-Tryptophan 
L-Tyr L-Tyrosine 
L-Val L-Valine 
β-Ala Beta-Alanine 
HTPA (2S,4S)-4-Hydroxy-2,3,4,5-tetrahydrodipicolinate 
Gly Glycine 
Cys-Gly L-Cysteinylglycine 
GSH Glutathione 
MurNAc N-Acetylmuramate 
GlcNAc N-Acetyl-D-glucosamine 
GlcNAcA N-Acetyl-D-glucosaminuronate 
GlcN D-Glucosamine 
Glc D-Glucose 
GlcA D-Glucuronate 
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Gal D-Galactose 
GalA D-Galacturonate 
GalNAc N-Acetyl-D-galactosamine 
GalNAcA N-Acetyl-D-galactosaminuronate 
ManNAc N-Acetyl-D-mannosamine 
FMN Riboflavin-5-phosphate 
FAD Flavin adenine dinucleotide 
DHF Dihydrofolate 
THF Tetrahydrofolate 
GSA Glutamate-1-semialdehyde 
ALA 5-Aminolevulinate 
PBG Porphobilinogen 
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Appendix 3. Complete metabolic pathway map of C. burnetii.
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Pale blue boxes indicate metabolites. Dark green boxes indicate existing enzymes while 

pale green boxes indicate missing enzymes based on genome annotation data in KEGG. 

Purple denotes putative transporters. Metabolite abbreviations are listed in Appendix 2. 
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