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ABSTRACT The zoonotic bacterial pathogen Coxiella burnetii is the causative agent
of Q fever, a febrile illness which can cause a serious chronic infection. C. burnetii is
a unique intracellular bacterium which replicates within host lysosome-derived vacu-
oles. The ability of C. burnetii to replicate within this normally hostile compartment
is dependent on the activity of the Dot/Icm type 4B secretion system. In a previous
study, a transposon mutagenesis screen suggested that the disruption of the gene
encoding the novel protein CBU2072 rendered C. burnetii incapable of intracellular
replication. This protein, subsequently named EirA (essential for intracellular replica-
tion A), is indispensable for intracellular replication and virulence, as demonstrated
by infection of human cell lines and in vivo infection of Galleria mellonella. The puta-
tive N-terminal signal peptide is essential for protein function but is not required for
localization of EirA to the bacterial inner membrane compartment and axenic cul-
ture supernatant. In the absence of EirA, C. burnetii remains viable but nonreplicative
within the host phagolysosome, as coinfection with C. burnetii expressing native EirA
rescues the replicative defect in the mutant strain. In addition, while the bacterial
ultrastructure appears to be intact, there is an altered metabolic profile shift in
the absence of EirA, suggesting that EirA may impact overall metabolism. Most
strikingly, in the absence of EirA, Dot/Icm effector translocation was inhibited even
when EirA-deficient C. burnetii replicated in the wild type (WT)-supported Coxiella
containing vacuoles. EirA may therefore have a novel role in the control of Dot/Icm
activity and represent an important new therapeutic target.
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Coxiella burnetii is a Gram-negative intracellular bacterium which causes the disease
Q fever (1). In humans, around half of infected individuals present with acute,

febrile illness. In some cases, the infection may progress to chronic disease, which is
lethal without treatment (1). A typical infection with C. burnetii occurs via inhalation of
contaminated aerosols into the lungs, where bacteria are phagocytosed by alveolar
macrophages (2, 3). C. burnetii passively undergoes endocytic maturation, and fusion of
the lysosome with the C. burnetii-containing phagosome is essential for intracellular
replication (4).

Fusion of bacterium-harboring phagosomes/endosomes with the lysosome, cou-
pled with the acidification of the phagosome, triggers the conversion of the pathogen
from the nonreplicative and environmentally stable small-cell variant (SCV) form to the
replicative large-cell variant (LCV) (4, 5). Fusion with the host lysosome also triggers the
activation of the C. burnetii Dot/Icm type 4B secretion system (T4BSS) (6, 7). This
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multiprotein apparatus is essential for the pathogen to replicate within the host cell, as
genetic disruptions of T4BSS genes lead to nonreplicative but viable bacteria retained
within lysosome-associated membrane protein-1 (LAMP-1)-positive vacuoles (8, 9). The
T4BSS translocates approximately 130 effector proteins into the host cell, which mod-
ulate host cell responses and directly regulate the establishment of a unique replicative
niche called the Coxiella-containing vacuole (CCV) (10).

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 that in mature lysosomes, at approximately 4.5 (11).
However, recent studies have suggested that the intraluminal pH of the CCV is
approximately 5.2, and that maintenance of this higher pH occurs in a T4BSS-
dependent manner (12–14). In addition, T4BSS effector proteins may contribute to the
increased fusogenic properties of the CCV, which can fuse with other CCVs, autopha-
gosomes, and vesicles from the endocytic pathway (15–18). This process leads to the
maturation of the CCV, which is akin to an autolysosome (17, 18). Replication proceeds
up to 6 to 7 days within the host cell, at which point the bacteria are able to exit the
host cell via a currently uncharacterized mechanism (5).

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 severe intracellular growth defect (17). This mutant strain,
similar to Dot/Icm mutants, remains in LAMP-1-positive vacuoles but is unable to
establish a CCV or replicate (17). Interestingly, this mutant presents no growth defect
in axenic culture, suggesting that this defect is specific to the intracellular niche (17).
CBU2072 is not a T4BSS effector protein, based on initial screens using �-lactamase
(BlaM)-fused CBU2072 in a reporter translocation assay (17). However, previous research
using mass spectrometry has demonstrated that EirA is present in acidified citrate
cysteine medium-2 (ACCM-2) culture medium during axenic cultivation of C. burnetii
(19). This was validated using an inducible, plasmid-expressed C-terminal 3�FLAG-
tagged EirA (19).

This study investigates the role of this protein, referred to here as essential for
intracellular replication A (EirA, CBU2072), during C. burnetii infection. A putative
N-terminal signal sequence was demonstrated to be essential for function, as the loss
of this region resulted in attenuations to intracellular replication in both human and G.
mellonella. The lack of this N-terminal signal peptide did not impede EirA secretion into
the culture medium. EirA was also detected within the bacterial cytoplasm and inner
membrane. Without EirA, the C. burnetii T4BSS does not translocate effector proteins,
suggesting a role for EirA in T4BSS activity. These findings demonstrate that EirA is a
novel protein required for C. burnetii replication within the host cell and as such may
be an important target of novel therapeutic approaches.

RESULTS
EirA is essential for intracellular replication of C. burnetii and contains a key

functional region. A transposon mutant disrupting cbu2072 122 bp from the start
codon is unable to replicate within HeLa cells (17). PSI-BLAST analysis of the 165-amino-
acid protein encoded by cbu2072 revealed 33% homology between amino acids 24 to
96 of CBU2072 to soluble transhydrogenases encoded by Escherichia coli (20). Transhy-
drogenases are metabolic enzymes involved in hydride transfer between NAD� and
NADP molecules (21–23). In addition, HHpred analysis of EirA suggests this protein has
20 to 40% structural homology to hydrolases and lipoproteins in Gram-positive and
Gram-negative bacteria, as well as outer membrane proteins found in Gram-negative
bacteria, between amino acids 1 to 58 (24). Despite the presence of these small regions
of low homology, the vast majority of the protein sequence for CBU2072 showed no
close homology to any other proteins.

To determine whether this intracellular growth defect phenotype could be attrib-
uted to transposon disruption of cbu2072, this strain was complemented with a
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constitutively plasmid-expressed version of CBU2072 containing an N-terminal 3�FLAG
tag (2072::Tn pFLAG-2072 mutant). Constitutive expression of 3�FLAG-CBU2072 re-
stored intracellular replication of the 2072::Tn mutant in both HeLa epithelial cells and
THP-1 macrophage-like cells to levels comparable with C. burnetii Nine Mile phase II,
referred to here as the wild type (WT) (Fig. 1). At 3 days postinfection of HeLa cells, the
C. burnetii genome equivalent (GE) fold changes, compared to day 0, were 168 � 103
for the WT, 2 � 4 for the 2072::Tn mutant (P � 3.30 � 10�2 compared to the WT), and
134 � 119 for the 2072::Tn pFLAG-2072 complemented mutant (Fig. 1A). Visual confir-
mation of this phenotype demonstrated that, in both HeLa and THP-1 cells, the 2072::Tn
mutant was only ever observed as individual bacteria tightly enveloped in LAMP-1-
positive membranes (Fig. 1C). This defect in replication was only visible during intra-
cellular replication, with no significant differences between the C. burnetii WT, 2072::Tn
mutant, and 2072::Tn pFLAG-2072 mutant replication during axenic culture (see Fig. S1
in the supplemental material), consistent with previous findings (25). Confirmation of
this striking phenotype led to CBU2072 being assigned the name EirA (essential for
intracellular replication A).

FIG 1 CBU2072 is essential for intracellular replication of C. burnetii. (A and B) Intracellular replication of C. burnetii WT (red),
2072::Tn mutant (blue), 2072::Tn pFLAG-2072 mutant (green), and 2072::Tn pFLAG-207224 –165 mutant (purple) in HeLa CCL2
cells (n � 4) (A) and THP1 cells (n � 5) (B). THP1 cell data depict fold changes at 3 days postinfection. Error bars represent
standard deviation. *, P � 0.05. P values were determined using an unpaired Student t test. (C) Representative confocal
immunofluorescence (IF) images at 3 days postinfection for HeLa CCL2 and THP1 cells. Cells were stained with anti-LAMP1
(green), anti-C. burnetii (red), and DAPI (blue). Scale bar � 10 �m. Arrows indicate individual intracellular C. burnetii cells.

Novel Protein Essential for C. burnetii Virulence Infection and Immunity

June 2020 Volume 88 Issue 6 e00913-19 iai.asm.org 3

https://iai.asm.org


TMHMM2.0 and TMPred are both bioinformatic analysis tools used to predict
transmembrane domains (26, 27). These programs predict that this small protein
(18.3 kDa) contains an N-terminal signal peptide sequence or transmembrane domain
from amino acids 1 to 29 or 1 to 25, respectively. To determine the role of this
N-terminal signal peptide for EirA, a strain expressing truncated protein was generated
(eirA::Tn pFLAG-EirA24 –165 mutant). This strain was unable to restore the intracellular
growth defect to WT levels (Fig. 1), suggesting that the N-terminal region is important
for the biological function of EirA. At 3 days postinfection of HeLa cells, the fold change
in C. burnetii GE compared to day 0 was 2 � 0.2 (P � 3.17 � 10�2 compared to the
168 � 103 fold change observed for the WT) (Fig. 1A), with similar differences observed
in THP-1 cells (Fig. 1B).

Recent studies have utilized Galleria mellonella larvae to study C. burnetii virulence
in vivo. In this animal model, infection with phase II strains is lethal over an 11-day
period (18, 28, 29). To assess whether EirA is required for virulence in this model, G.
mellonella larvae were infected with 106 GE of C. burnetii WT or eirA::Tn, eirA::Tn
pFLAG-EirA, and eirA::Tn pFLAG-EirA24 –165 mutant strains. Survival of the infected larvae
was monitored every 24 h for 11 days. All WT and eirA::Tn pFLAG-EirA mutant-infected
larvae died within 11 days, while all eirA::Tn mutant- and eirA::Tn pFLAG-EirA24 –165

mutant-infected larvae survived, alongside the phosphate-buffered saline (PBS) control
(Fig. 2A). Infected G. mellonella hemocytes, stained with anti-C. burnetii and 4=,6-
diamidino-2-phenylindole (DAPI), showed CCV formation in the WT and eirA::Tn pFLAG-
EirA mutant-infected cells, but eirA::Tn mutant- and eirA::Tn pFLAG-EirA24 –165 mutant-
infected cells presented only individual intracellular C. burnetii (Fig. 2B), similar to
previous observations in HeLa and THP-1 cell models (Fig. 1C). Overall, these observa-
tions support an essential role for C. burnetii EirA in intracellular replication and
highlight the essentiality of the N-terminal signal peptide sequence for function.

EirA mutant growth is restored within replication-permissive vacuoles. We next
investigated whether EirA is required for the growth of individual bacteria, or whether
the protein regulates intracellular replication indirectly by modulating the properties of
the CCV. To address this, HeLa cells were coinfected with C. burnetii WT and the eirA::Tn

FIG 2 EirA is required for virulence in G. mellonella. Survival of G. mellonella following infection with C.
burnetii WT (red), eirA::Tn mutant (blue), eirA::Tn pFLAG-EirA mutant (green), and eirA::Tn pFLAG-
EirA24 –165 mutant (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 IF images at 3 days postinfection of G. mellonella hemocytes. Cells were
stained with anti-C. burnetii (red) and DAPI (blue). Scale bar � 10 �m. Arrows indicate individual
intracellular C. burnetii.
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mutant at a multiplicity of infection (MOI) of 5 for each strain, and replication of the
bacteria was monitored every 24 h for 7 days. The transposon disrupting eirA also
encodes the fluorescent protein mCherry, allowing mutant and WT bacteria to be
differentiated during coinfection. By monitoring mCherry fluorescence, the C. burnetii
eirA::Tn mutant displayed intracellular replication in the presence of the WT, with large
CCVs containing many mCherry-positive C. burnetii (eirA::Tn mutant) strains observed
by 3 days postinfection (Fig. 3). 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.

EirA is not required for the intracellular viability of C. burnetii. The C. burnetii

eirA::Tn mutant persists within individual, tight-fitting LAMP-1-positive vacuoles in both
HeLa and THP-1 cells (Fig. 1C). To determine the viability of these persistent cells, HeLa
cells were infected with the C. burnetii eirA::Tn mutant 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 postinfection, cells were superinfected with either the WT or C.
burnetii eirA::Tn mutant at an MOI of 100, and the infection was left to progress for a
further 3 days, allowing any viable C. burnetii eirA::Tn mutant cells to form CCVs in the
presence of 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 (Fig. 4A). Quantification
of fluorescence signals shows significantly higher levels of mCherry, thereby reflecting
the expansion of the eirA::Tn mutant within the host cell following superinfection with
WT (Fig. 4B). This was further supported by the presence of mCherry-positive CCVs,
which were clearly visible in the presence of the WT (Fig. 4C). The C. burnetii eirA::Tn
mutant superinfected with the mutant showed no CCV formation, with only isolated
bacteria present intracellularly (Fig. 4C, arrows). This demonstrates that the persistent
C. burnetii eirA::Tn mutant in individual vacuoles is still viable within epithelial host cells.

EirA is present at the inner membrane and in the culture supernatant of
axenically cultivated C. burnetii. Previous research has shown that EirA is found in
ACCM-2 during axenic cultivation of C. burnetii (19). 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 mutants were harvested at 6 days postinoculation in ACCM-2, and the
presence of EirA in both the bacterial whole-cell and axenic culture media was analyzed
by immunoblotting (Fig. S2).

Despite plasmid-encoded expression being driven by the same promoter, differ-
ences in protein abundance were observed between each strain (Fig. S2). EirA-3�FLAG
is more abundant than 3�FLAG-EirA (Fig. S2C). This may indicate a cleavage event at
the N terminus of EirA. This cleavage may occur due to the N-terminal signal peptide
sequence, which is not present in 3�FLAG-EirA24 –165. The highly abundant EirA-
3�FLAG was detected in both the whole-cell lysate (WCL) and the culture media (Fig.
S2C). However, there was no observed shift in molecular mass resulting from any
cleavage events in EirA-3�FLAG present in the supernatant. A band corresponding to
a protein of a lower molecular weight was, however, present in the WCL (Fig. S2B). This
was in contrast to the previous observation of a doublet in ACCM-2 (19). In addition,
EirA-3�FLAG was present at relatively low levels in ACCM-2, in comparison to the
nonfunctional 3�FLAG-EirA24 –165, which was found at a higher proportion in the
culture medium (Fig. S2B and D). This suggests that functional, full-length EirA may be
more associated with the bacterial cell rather than with the extracellular environment.

To address the potential loss of 3�FLAG tag from EirA, antibody against EirA was
raised using recombinant maltose-binding protein (MBP)-EirA24 –165 (Walter and Eliza
Hall Institute [WEHI] antibody facility) (Fig. S3). As anticipated, plasmid-driven produc-
tion of EirA produced more EirA than what is produced under native conditions, as can
be seen in a comparison of expression levels between the eirA::Tn pFLAG-EirA mutant
and the WT (Fig. S3). A comparison of EirA expression using EirA and FLAG antibody
demonstrates that while 3�FLAG-EirA expression seems higher than that of 3�FLAG-
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FIG 3 C. burnetii WT cells are able to trans-complement the eirA::Tn mutant during intracellular replica-
tion. HeLa CCL2 cells coinfected with C. burnetii WT and the eirA::Tn mutant were fixed and stained every
24 h across a 7-day infection period. Cells were stained with anti-C. burnetii (green) and DAPI (blue), while
the eirA::Tn mutant was identified through transposon expression of mCherry (red). Images are repre-
sentative of three independent biological replicates. Scale bar � 10 �m. Arrows indicate individual
intracellular C. burnetii cells.
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EirA24 –165 using anti-EirA antibodies, the opposite is true when using anti-FLAG anti-
bodies. This further supports the possibility that the 3�FLAG tag is specifically cleaved
in the eirA::Tn pFLAG-EirA mutant strain.

To further investigate the localization of EirA within the bacterial cell, axenically
grown C. burnetii WT and eirA::Tn, eirA::Tn pFLAG-EirA, and eirA::Tn pFLAG-EirA24 –165

mutant strains were fractionated, and EirA subcellular localization was monitored in
each strain (Fig. 5). Each isolated fraction was also probed with antibodies against the
T4BSS outer membrane (OM) core complex protein IcmK, periplasmic protein IcmX,

FIG 4 EirA is not required for intracellular viability of C. burnetii. (A) Schematic representation of the experimental
procedure, in which HeLa cells were infected with C. burnetii eirA::Tn mutant and incubated for 5 days before being
superinfected with either the C. burnetii WT or eirA::Tn mutant. (B) After 3 days, cells were fixed and stained, and
total 568-nm fluorescence levels relative to host cell number were measured using Fiji (49) in order to quantify
mCherry expressing eirA::Tn replication; n � 6. Error bars represent the standard deviation, and the P value was
determined using an unpaired Student t test. (C) Confocal immunofluorescence microscopy images of represen-
tative cells stained for all C. burnetii (green), mCherry expressed by the eirA::Tn mutant (red) and DAPI (blue). Scale
bar � 10 �m. Arrows indicate individual intracellular C. burnetii cells.
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inner membrane (IM) component IcmD, and cytoplasmic (Cyto) ATPase DotB (30) to
validate the fractionation process.

All forms of EirA, including truncated 3�FLAG-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 had
a slightly higher apparent molecular weight than that of the cytoplasmic band (Fig. 5),
suggesting that the inner membrane-localized EirA may be modified.

EirA influences C. burnetii metabolism. EirA contains low homology to soluble
transhydrogenases of E. coli between amino acids 24 to 96 (20–23). In order to
determine whether EirA has a metabolic function, polar metabolites were extracted
from axenically grown C. burnetii WT and eirA::Tn mutant strains and analyzed by gas
chromatography-mass spectrometry (GC-MS) and liquid chromatography-MS (LC-MS)
(Fig. 6 and Tables 1, 2, and S1). The loss of EirA was associated with a significant increase
in intracellular levels of NADH and decrease in levels of NADP, consistent with a
potential role for this protein in regulating the equilibrium between these essential
cofactors. Given that these cofactors are utilized in both anabolic and catabolic
processes, the 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) (Fig. 6) (31). The decreased intermediates
in the tricarboxylic acid (TCA) cycle (malate and succinate) could reflect decreased
oxidative phosphorylation and/or increased anaplerotic synthesis of nonessential
amino acids such as aspartate and glutamate, which were both increased in the mutant
(Fig. 6).

Interestingly, overexpression of 3�FLAG-EirA in the eirA::Tn mutant strain generated
further global changes in intracellular metabolite levels, indicating a possible stress
response. Fold change data comparing the eirA::Tn pFLAG-EirA mutant strain to the WT
and eirA::Tn mutant are presented in Tables S2 and S3. Overall, these data strongly

FIG 5 EirA localize to the bacterial cytoplasm and TX-100-soluble membrane fraction. (A to D) Subcellular
fractionations of C. burnetii WT (A), eirA::Tn mutant (B), eirA::Tn pFLAG-EirA mutant (C), and eirA::Tn
pFLAG-EirA24 –165 mutant (D) were performed to observe the subcellular localization of EirA within the
bacterial cell. DotB (cyto/cytoplasm), IcmK (TX-100-insoluble/OM/outer membrane), IcmD (TX-100-solu-
ble/IM/inner membrane), and IcmX (periplasm) were used to denote specific subcellular localizations as
well as whole-cell lysate (WCL). Blots are representative of three independent biological replicates. *,
nonspecific bands.
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suggest that EirA regulates bacterial cell metabolism, possibly by regulating intracel-
lular levels of NADH and NADP.

EirA is not required for cell membrane integrity. The accumulation of meso-2,6-
diaminopimelate and LL-2,6-diaminopimelate in the C. burnetii eirA::Tn mutant indicated
that EirA may indirectly or directly modulate metabolic pathways involved in cell wall
biosynthesis. Such a role would also be consistent with partial localization of EirA to the
inner membrane of C. burnetii. We therefore investigated whether the absence of EirA
made C. burnetii more susceptible to stressors of cell membrane integrity. Axenically
grown C. burnetii WT and eirA::Tn, eirA::Tn pFLAG-EirA mutant, and eirA::Tn pFLAG-
EirA24 –165 mutant strains were treated with either ampicillin, a cell wall stressor, or
polymyxin B, an outer membrane stressor, at various concentrations at 4 days postin-
oculation. Both before antibiotic treatment and at 24 h post-antibiotic exposure, sam-
ples were harvested for genome equivalent quantification, and serial dilutions of C.
burnetii were plated for CFU quantification. No significant differences in antibiotic
susceptibility were observed between the strains across all concentrations of antibiotics
(Fig. 7A and B). This suggests that EirA may not have a functional role in cell membrane
integrity. In support of this, transmission electron microscopy (TEM) images of the C.
burnetii WT, eirA::Tn mutant, and eirA::Tn pFLAG-EirA mutant strains demonstrates no
gross differences in bacterial morphology or cell membrane structure (Fig. 7C). Despite
observations of significant differences in metabolite composition, these experiments
could not demonstrate any EirA-dependent alterations to cell membrane integrity or
bacterial morphology.

FIG 6 Absence of EirA leads to an accumulation of some amino acids and significantly lower glycolytic and TCA cycle activities. Shown are
combined metabolites detected by GC-MS and LC-MS which were significantly different in abundance between the C. burnetii eirA::Tn mutant and
WT strains. Red denotes metabolites which were significantly higher in abundance in the C. burnetii eirA::Tn mutant, and blue denotes metabolites
which were significantly lower in abundance in the C. burnetii eirA::Tn mutant. P � 0.05, BH-adjusted unpaired t test. Pale blue denotes metabolites
which were not significant. Pale green denotes enzymes which are missing based on genome annotation data in KEGG. Purple denotes putative
and defined metabolite transporters. Dotted arrows indicate pathways which have been abbreviated. Metabolite abbreviations are listed in Table
S1 in the supplemental material.
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Translocation of effector proteins via the T4BSS is blocked in the absence of
EirA. EirA is not a substrate of the T4BSS, as a �-lactamase (BlaM)-tagged EirA fusion
protein was not translocated into the host cell cytosol during infection (17). Consider-
ing the inner membrane localization of EirA and the mutant phenotype reminiscent of
disruption or deletion mutants of genes encoding T4BSS apparatus components (8, 9),
we hypothesized 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 known C. burnetii effector protein MceA, a robust reporter system
which has been extensively used to monitor T4BSS activity (7, 8, 17, 32, 33). BlaM fusion
protein translocation was determined by monitoring the cleavage of the fluorescent
BlaM substrate CCF2-AM and calculating the 450-nm/520-nm fluorescence emission
ratio 2 h postaddition of CCF2-AM. HeLa cells were infected with either WT, WT
pBlaM-MceA, eirA::Tn mutant, or eirA::Tn pBlaM-MceA mutant strains or a combination
of these strains (Fig. 8A and B). At both 48 and 72 h postinfection, translocation of
BlaM-MceA was observed in the WT pBlaM-MceA strain, as expected (Fig. 8A and B).
However, even when replication was restored through coinfection with the WT, the
eirA::Tn pBlaM-MceA mutant-infected cells did not show any translocation of BlaM-
MceA.

TABLE 1 Metabolites identified as significantly different in abundance between C. burnetii
eirA::Tn mutant and WT strains using GC-MS

Metabolite Fold changea BH-adjusted P valueb

3P-D-glycerate �0.68 1.20 � 10�2

Succinate �0.60 2.24 � 10�2

Malate �0.57 3.02 � 10�2

Adenine 4.44 5.93 � 10�5

L-Ala 0.54 2.37 � 10�2

L-Asp 0.88 2.95 � 10�3

L-Glu 4.66 1.73 � 10�4

L-Ile �0.58 7.73 � 10�3

L-Phe �0.58 2.13 � 10�2

L-Pro �1.33 1.52 � 10�5

L-Ornithine �0.82 2.95 � 10�3

LL-2,6-Diaminopimelate 0.90 1.20 � 10�2

Glycerol 4.66 3.57 � 10�2

sn-Glycerol-1P �0.94 6.97 � 10�4

aPositive fold change values denote metabolites with significantly higher abundance, while negative fold
change values denote metabolites with significantly lower abundance in C. burnetii eirA::Tn mutant than in
the WT.

bBH, Benjamini-Hochberg.

TABLE 2 Metabolites identified as significantly different in abundance between C. burnetii
eirA::Tn mutant and WT strains using LC-MS

Metabolite Fold changea BH-adjusted P valueb

L-Asp 0.62 3.56 � 10�3

L-Glu 0.70 2.55 � 10�5

L-Leu 0.38 2.42 � 10�2

L-Ser 0.59 1.60 � 10�3

L-Met 0.43 1.04 � 10�3

L-Lys 1.04 9.28 � 10�3

L-Tyr 0.24 1.19 � 10�2

3=-Methyladenine 0.57 1.55 � 10�2

meso-2,6-diaminopimelate 0.86 3.43 � 10�3

GDP-D-mannose �0.32 1.55 � 10�2

UDP-GlcNAc �0.37 1.41 � 10�2

NADH 0.33 3.67 � 10�2

NADP �0.50 1.22 � 10�2

aPositive fold change values denote metabolites with significantly higher abundance, while negative fold
change value denote metabolites with significantly lower abundance in C. burnetii eirA::Tn mutant than in
the WT.

bBH, Benjamini-Hochberg.
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A recent study demonstrated that the translocation of a subset of T4BSS effectors is
regulated by the chaperone IcmS (34). This research showed that MceA was dependent
on IcmS for translocation via the T4BSS. Therefore, in order to determine whether the
EirA-dependent defect in T4BSS translocation is linked to IcmS function, the coinfection
translocation assay was performed using the WT and eirA::Tn mutant expressing BlaM
fused to an IcmS-independent effector protein, CBU0425 (BlaM-0425) (34) (Fig. 8C).
Significant translocation of the BlaM-0425 fusion protein by the WT was consistently
observed; however, no translocation of BlaM-0425 was detected by eirA::Tn pBlaM-0425
mutant, even in the presence of the WT (Fig. 8C). This suggests that the defect in T4BSS
translocation seen in the absence of EirA is not linked to IcmS function.

The dependence of EirA for T4BSS effector translocation was further confirmed
using immunofluorescence microscopy. C. burnetii expressing 3�FLAG-MceA shows
distinct anti-FLAG signal at host mitochondria during infection (32), while this was not

FIG 7 Absence of EirA does not impact susceptibility to cell membrane stressors or effect overall gross
morphology in C. burnetii. C. burnetii WT and eirA::Tn, eirA::Tn pFLAG-EirA, and eirA::Tn pFLAG-EirA24 –165

mutant strains were exposed to various concentrations of either ampicillin or polymyxin B at 4 days
postinoculation, and the impact on bacterial replication was quantified at 24 h posttreatment by genome
equivalents (GE) (A) and CFU (B) per milliliter. Fold change depicts the bacterial numbers at 24
h posttreatment relative to the numbers pretreatment. No significant differences in GE and CFU were
observed based on an unpaired Student t test. (C) C. burnetii WT, eirA::Tn mutant, and eirA::Tn pFLAG-EirA
mutant strains were grown for 6 days in ACCM-2 before being imaged using transmission electron
microscopy (TEM). Images are representative of two technical replicates.
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FIG 8 EirA is important for Dot/Icm type IV secretion system effector translocation. Plasmids encoding transcriptionally fused �-lactamase (BlaM) and T4BSS
effector MceA were introduced into the C. burnetii WT and eirA::Tn mutant. These strains, along with the C. burnetii WT and eirA::Tn mutant strains, were used
to infect HeLa CCL2 cells at an MOI of either 100 (red circles), 150 (blue squares), or 300 (green triangles), or at a coinfection ratio of 1:1, 1:2, or 1:5 WT to eirA::Tn
mutant, respectively, where two different strains were used (A and B). At either 48 h (A) or 72 h (B) postinfection, the fluorescent �-lactamase substrate CCF2-AM
was added to cells, and cleavage of the substrate was determined by calculating the ratio of fluorescence at 450 nm to 520 nm, relative to uninfected cells;
n � 3. (C) Translocation assays for C. burnetii expressing BlaM-0425 were performed at 72 h postinfection with an MOI of 300. Coinfections of the WT and eirA::Tn
mutant derivatives were conducted with a ratio of 1:5. (D) HeLa CCL2 cells were infected with C. burnetii strains expressing 3�FLAG-MceA and then fixed and
stained at 3 days postinfection. Cells were stained with anti-FLAG (green), MitoTracker (red), and DAPI (blue). Images are representative of three independent
biological replicates. Scale bar � 10 �m. Asterisks (*) indicate CCVs.
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observed with the eirA::Tn mutant expressing 3�FLAG-MceA, even when coinfection
with C. burnetii WT facilitated CCV formation (Fig. 8D). Both the BlaM reporter assay and
immunofluorescence microscopy approaches employed here demonstrate that EirA is
required for C. burnetii T4BSS effector translocation during infection.

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 localization in the absence of
functional EirA (Fig. 5).

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 important 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 (35, 36). 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 factors required for intracellular
replication (10). 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 results
in the total abolition of intracellular replication, which highlights the importance of this
apparatus to C. burnetii (8, 9, 37). In this study, we have identified and characterized a
novel protein, EirA, essential for intracellular replication of C. burnetii. It is important to
note, however, that these studies have been performed in C. burnetii phase II. Phase I
and II strains replicate with similar kinetics in macrophages and share the same
endosomal/lysosomal markers on the CCV (38). However, phase II strains cannot cause
disease in animals such as mice or humans due to the truncated LPS (39–41). Future
work could determine whether the EirA phenotype is consistent in phase I variants of
C. burnetii and therefore represents a true virulence factor of C. burnetii.

The precise mechanism through which EirA facilitates C. burnetii virulence remains
to be elucidated. Previous work using mass spectrometry detected EirA in the culture
medium during axenic growth of C. burnetii (19). Given that EirA does not appear to be
a T4BSS effector protein (17), 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 intracel-
lular cultivation (19). However, the data presented in this study demonstrate that
functional EirA is equally associated with the bacterial cell, with localization detected in
the C. burnetii cytoplasm and inner membrane. Further investigations are warranted to
determine the localization at which EirA impacts C. burnetii biology, which may help
elucidate protein function.

This research has shown that the N-terminal 23 amino acids, encoding a putative
signal peptide sequence, are required for EirA function within host cells. It is interesting
to note that while truncated EirA cannot restore WT-level phenotypes, fractionation
experiments demonstrate similar localization to the bacterial cytoplasm and inner
membrane. The lack of the N terminus may impact the structure of EirA at the inner
membrane or its capacity to interact with other bacterial factors. The subcellular
fractionation of C. burnetii also indicates that membrane-associated EirA is modified,
independent of the N terminus, appearing to have a slightly higher molecular weight
than in the cytoplasmic fraction.

The 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 coinfection or superinfection,
5 days post-initial infection, with T4BSS competent C. burnetii strains. As mentioned
earlier, this phenotype is identical to that in mutants of the T4BSS apparatus, such as
the C. burnetii icmL::Tn (8) and icmD::Tn (9) mutants. The icmD::Tn mutant in particular
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was also shown to maintain viability in host cells, as replication could be restored 24 h
postinfection using an inducible complementation construct (9). Our similar findings
again highlight the innate ability of C. burnetii to withstand the host phagolysosomal
environment, independent of T4BSS activity and replication.

As EirA partially localizes to the inner membrane, and the loss of this protein results
in changes to the intracellular levels of cell wall intermediates, we investigated whether
EirA has a direct role in cell wall biosynthesis. However, the absence of EirA did not
appear to affect cell membrane integrity in C. burnetii, as assessed by their sensitivity
to antibiotics and TEM ultrastructure. However, the resolution which 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. Observing bacterial
membrane integrity or T4BSS assembly at higher resolutions may be of interest, for
instance, through the use of cryogenic electron microscopy.

Both the �-lactamase translocation reporter assay and the immunofluorescence
microscopy performed in this study show that absence of EirA blocks the translocation
of both IcmS-dependent and IcmS-independent Dot/Icm effector proteins. Even when
replication was restored by coinfection with WT, the EirA mutant showed no T4BSS
activity. This, taken together with the observation that the EirA mutant has an identical
rescuable replication defect phenotype to T4BSS mutants, combined with the mem-
brane localization 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 depend on a functionally
analogous T4BSS (42), 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
localization. However, it remains possible that EirA contributes to the 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 signaling to influence T4BSS effector translocation (43). L. pneumo-
phila appears to regulate effector translocation using c-di-GMP signaling via a digua-
nylate cyclase enzyme. Mutants lacking this enzyme show delayed translocation of the
L. pneumophila effector protein LepA, and RNA sequencing data suggest that this
enzyme has a posttranscriptional regulatory role for T4BSS effector translocation (43).
C. burnetii lacks diguanylate cyclases but may have evolved similar posttranslational
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 a loss or overexpression of EirA results in
reciprocal changes in the intracellular levels of key cofactors NADH and NADP, as well
as global changes in other metabolites. This suggests that EirA may regulate multiple
metabolic pathways, one or more of which may in turn regulate T4BSS assembly and
function. Future work could determine possible the enzymatic activity of EirA and any
protein interacting partners of EirA, which may help elucidate the mechanism through
which EirA impacts T4BSS activity.

This study has characterized 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 exact mechanisms by which EirA facilitates virulence.
However, the data presented here indicate that EirA may represent a novel factor
contributing to T4BSS function. Elucidating the mechanisms through which EirA exerts
virulence capacity is important for understanding the virulence of C. burnetii. 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.

MATERIALS AND METHODS
Bacterial strains and mammalian cell lines. Escherichia coli XL1-Blue (recA1 endA1 gyrA96 thi1

hsdR17 supE44 relA1 lac [F=proAB lacIqZΔM15 Tn10 [TetR]]) and DH5� [F� ø80dlacZ�M15 Δ(lacZYA-
argF)U169 deoR recA1 endA1 hsdR17(rK

� mK
�) phoA] (Clontech) strains were grown in Luria-Bertani
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medium supplemented with 50 �g/ml kanamycin (Sigma-Aldrich), 10 �g/ml chloramphenicol (Boehr-
inger Mannheim), or 100 �g/ml ampicillin (A. G. Scientific) when required.

C. burnetii phase II Nine Mile strain RSA439, referred to as the wild type (WT) throughout, and an
eirA::Tn mutant, first described in reference 17, were routinely grown in acidified citrate cysteine
medium-2 (ACCM-2), as previously described (9). ACCM-2 was supplemented with 350 �g/ml kanamycin
or 3 �g/ml chloramphenicol when required.

HeLa human carcinoma cells (CCL2; ATCC) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with GlutaMAX (Gibco) supplemented with 10% fetal calf serum (FCS; Gibco) or 5% FCS during
infection. THP-1 human monocytic cells (ATCC) were cultured in RPMI 1640 with GlutaMAX (Gibco)
supplemented with 10% FCS. Both cell lines were maintained at 37°C with 5% CO2.

Cloning and plasmids. Genomic DNA (gDNA) of C. burnetii was isolated using the Zymo gDNA
extraction kit, as per the manufacturer’s protocol. Oligonucleotides used to amplify ompA, eirA or
cbu2072 fragments, mceA or cbu0077, and cbu0425 were obtained from Sigma-Aldrich. All oligonucleo-
tide sequences are listed in Table 3. Restriction endonucleases were obtained from NEB and used
according to the manufacturer’s protocol. Plasmid DNA was isolated using the QIAprep spin miniprep kit
(Qiagen). pJB-Kan constructs were transformed into relevant strains, as previously described (17), and are
listed with all other plasmids in Table 4.

Quantification of C. burnetii genome equivalents. Genome equivalents (GE) of C. burnetii were
quantified by quantitative PCR (qPCR), using oligonucleotides specific for ompA, as previously described
(44), or by using the Quant-iT PicoGreen double-stranded DNA (dsDNA) assay kit (Thermo Fisher
Scientific), according to the manufacturer’s protocol. The qPCR was performed using either an MX3005P
qPCR system (Agilent Technologies) or QuantStudio 7 Flex real-time PCR system (Thermo Fisher
Scientific). Data export was performed using their respective analysis software programs. Microsoft Excel

TABLE 3 Oligonucleotides used in this study

Oligonucleotide Sequence (5= to 3=) Comments and/or referencea

eirA_F1 AAAGGATCCATGCGTTATCCGAAATTCAGT Used to amplify eirA to clone into 3= end of 3�FLAG tag in
pJB-Kan:3�FLAG-MCS

eirA_F2 ATAAGCTTCTGCAGATGCGTTATCCGAAATTCAGTT Used to amplify eirA to clone into 5= end of 3�FLAG tag in
pJB-Kan:3�FLAG

eirA24–165_F AAAGGATCCGCCCCTGCAACG Used to amplify eirA24–165 to clone into 3= end of 3�FLAG
tag in pJB-Kan:3�FLAG-MCS

eirA_R1 AAGCGGCCGCTTAAAATCCAATTTCTTGTTG Used to amplify eirA and eirA24–165 to clone into 3= end of
3�FLAG tag in pJB-Kan:3�FLAG-MCS

eirA_R2 ATGTCGACCTACTTGTCATCGTCATCCTT Used to amplify eirA to clone into 5= end of 3�FLAG tag in
pJB-Kan:3�FLAG

mceA_F AAGGTCGACATGAGACAACTCGTTTCAATTAAA 32
mceA_R AAGGTCGACTTACATAATAGAACACCCACGA 32
cbu0425_F AAGGATCCATGGAAGGCGTAATCTATTCA Used to amplify cbu0425 to clone into pJB-Kan:BlaM-MCS (8)
cbu0425_R AACTGCAGTTATGTGGATGCGCTGGGC Used to amplify cbu0425 to clone into pJB-Kan:BlaM-MCS (8)
ompA_F CAGAGCCGGGAGTCAAGCT 44
ompA_R CTGAGTAGGAGATTTGAATCGC 44
aMCS, multiple-cloning site.

TABLE 4 Plasmids used in this study

Plasmid Propertiesa

Reference or
source

pJB-Kan:BlaM C. burnetii expression vector encoding BlaM from Bacillus subtilis under
constitutive expression by the cbu1169 promoter (P1169), Kanr

Heinzen Laboratory

pJB-Kan:BlaM-MCS C. burnetii expression vector encoding BlaM from B. subtilis and MCS from
pcDNA4/TO under constitutive expression by the P1169 promoter, Kanr

This study

pJB-Kan:BlaM-0425 Encodes 5=-BlaM tag and cbu0425, Kanr This study
pJB-Kan:BlaM-MceA Encodes 5=-BlaM tag and mceA or cbu0077, Kanr Newton Laboratory
pJB-Kan:3�FLAG C. burnetii expression vector encoding 5=-3�FLAG tag under constitutive

expression by the C. burnetii P1169 promoter, Kanr

48

pJB-Kan:3�FLAG-MCS C. burnetii expression vector encoding 5=-3�FLAG tag and MCS from pcDNA4/TO
under constitutive expression by the C. burnetii P1169 promoter, Kanr

This study

pJB-Kan:3�FLAG-MceA Encodes 5=-BlaM tag and mceA or cbu0077, Kanr Newton Laboratory
pJB-Kan:3�FLAG-EirA pJB-Kan:3�FLAG encoding 5=-3�FLAG tag and eirA, Kanr This study
pJB-Kan:EirA-3�FLAG pJB-Kan:3�FLAG encoding 3=-3�FLAG-tagged eirA, Kanr This study
pJB-Kan:3�FLAG-EirA24–165 pJB-Kan:3�FLAG encoding 5=-3�FLAG tag and truncated eirA from bp 70–498

(amino acid residues 24–165), Kanr

This study

pMAL-c2X:EirA24–165 pMAL-c2X encoding 5=-MBP tag and truncated eirA from bp 70–498 (amino acid
residues 24–165), Ampr

This study

aKanr, kanamycin resistance; Ampr, ampicillin resistance.
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was used for further data analysis and generation of standard curves. PicoGreen assay results were read
using the CLARIOStar plate reader (BMG Labtech). Data were processed using the MARS analysis software
(BMG Labtech) and analyzed using Microsoft Excel.

Metabolite quenching and extraction for profiling studies. C. burnetii WT, eirA::Tn mutant, and
eirA::Tn pFLAG-EirA mutant strains, incubated in ACCM-2 for 6 days, were continuously agitated and
rapidly quenched to 0°C in a dry ice-ethanol bath to halt metabolic activity. Cultures were centrifuged
(3,220 � g, 15 min, 0°C) to pellet the bacteria. The bacterial pellet was washed once in 10 ml ice-cold
phosphate-buffered saline (PBS), centrifuged (3,220 � g, 15 min, –2°C), and then washed again with 1 ml
PBS. The bacteria were centrifuged (17,100 � g, 15 min, –2°C), and metabolites were extracted using
chloroform-methanol-water (CHCl3-CH3OH-H2O, 1:3:1 [vol/vol/vol]) containing 1 nmol [13C6]sorbitol and
10 nmol 13C5-15N-labeled valine as internal standards. After the initial addition of 300 �l methanol to
99 �l water with 0.5 �l of each of the internal standards (CH3OH-H2O, 3:1 [vol/vol]), bacterial cells were
sheared by repeat freeze-thaw following immersion of tubes in liquid nitrogen for 30 s and then a dry
ice-ethanol bath for 30 s, for a total of 10 times each. One hundred microliters of chloroform was then
added to bring the solution to the aforementioned 1:3:1 (vol/vol/vol) ratio. Following vortex mixing,
samples were incubated on ice for 10 min. Cell debris was removed by centrifugation (17,100 � g, 15
min, –2°C), and the supernatant was adjusted to 1:3:3 CHCl3-CH3OH-H2O (vol/vol) by the addition of
200 �l water. The mixture was vortex mixed and centrifuged (17,100 � g, 15 min, –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.

Metabolite derivatization 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 �l of 100% methanol added to ensure that the samples were completely dry. Free aldehyde
groups were derivatized in 20 �l methoxyamine chloride (30 mg/ml in pyridine) with continuous mixing
for 2 h at 37°C. Twenty microliters of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1%
trimethylchlorosilane (TMCS) was then added. Samples were incubated for 1 h at 37°C, with continuous
shaking, using a Gerstel MPS2 autosampler robot. For GC-MS analysis, 1 �l of derivatized sample was
injected into an Agilent 7890A gas chromatograph (split/splitless inlet, 250°C) containing a VF-5ms
column (30 m/250 �m/0.25 �m/10 m Eziguard precolumn) coupled to an Agilent 5975C mass selective
detector. Helium gas provided at a constant flow rate of 1 ml/min was used as the carrier gas. The GC
temperature was ramped from 35°C, initially held for 2 min, to 325°C at 25°C/min, and it was then held
for 5 min 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/s over an m/z range of 50 to 600 atomic mass units.

Metabolite analysis on LC-MS. Polar metabolites were also analyzed by LC-MS using an Agilent
Technologies 1200 series LC system. Samples were stored in an autosampler at 4°C. Ten microliters of
sample was injected on a SeQuant ZIC-HILIC column (150 mm by 2.1 mm, 5 �m) maintained at 40°C with
solvent A [20 mM (NH4)2CO3 (pH 9.0)] and solvent B (100% acetonitrile) at a flow rate of 250 �l/min. The
gradients used were time (t) 0 min, 90% B; t 0.5 min, 90% B; t 12 min, 40% B; t 14 min, 40% B; t 15 min,
5% B, t 18 min, 5% B; and t 19 min, 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
ionization (ESI) source, where metabolite ionization was performed with an N2 drying gas pressure of
30 lb/in2 with a gas flow rate of 7 liters/min, 325°C capillary gas temperature, capillary voltage of 3,500
V, and fragmentor skimmer cap voltages of 125 V and 65 V, respectively. Data were collected in centroid
mode with a scan range of m/z 50 to 1,700 at an acquisition rate of 1.2 spectra/s 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 �l/min.

Identification of metabolites. For GC-MS, metabolites from C. burnetii were identified from chro-
matograms by using the Agilent mass-selective detector (MSD) Productivity ChemStation for GC and
GC-MS. Fragmented ion patterns were used to identify each metabolite using NIST, Fiehn, and Wiley
libraries, and the retention times were matched to in-house libraries to confirm identifications (45). Data
matrices were generated using PyMS (46).

For LC-MS, the 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 MAVEN database, with molecular masses requiring a
	70% mass score match to be assigned a putative identification.

Statistical analysis and comparison of metabolite profiles between C. burnetii WT, eirA::Tn
mutant, and eirA::Tn pFLAG-EirA mutant strains. Data matrices generated from the PyMS analyses
were missing value imputed, log transformed, and then median normalized, as outlined previously (46,
47). R analysis was used to perform univariate analysis to generate a list of metabolites which were
significantly different (P � 0.05, Benjamini-Hochberg [BH] adjusted P � 0.05) between strains. Metabo-
lites which were both significantly and nonsignificantly different between the two conditions were
identified as described above.

Mapping identified metabolites onto metabolic pathways. Metabolites identified in these studies
were mapped onto predicted metabolic pathways using the C. burnetii RSA 493 strain from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database as a guide. Any enzymes missing from the KEGG
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database annotations were searched for in C. burnetii RSA 439 using BLASTp (20), using L. pneumophila,
E. coli, and other bacterial and human sequences as references.

Treatment of axenically grown C. burnetii with antibiotics. C. burnetii strains grown for 6 days in
ACCM-2 were quantified for GE as described above. Strains were passaged at 106 GE/ml and grown for
a further 4 days, at which point cultures were supplemented with defined concentrations of ampicillin or
polymyxin B (Sigma-Aldrich). One hundred microliters from each sample was taken and quantified using
qPCR or PicoGreen, as described above, or plated in serial dilutions on ACCM-2 agar plates (48), modified
to 0.5% agarose, which were left for 12 days before viability counts were performed. Cultures were left
to incubate at 37°C, 5% CO2, and 2.5% O2 for 24 h, where 100 �l from each condition was taken and
analyzed as per the previous day. Fold change values for GE and CFU per milliliter were calculated as 24
h posttreatment relative to pretreatment with antibiotics.

C. burnetii infections of tissue culture cell lines. Growth curves in HeLa CCL2 and THP-1 cells were
performed as previously described (32). Briefly, HeLa CCL2 cells were seeded at 5 � 104 cells/well into
24-well flat-bottom tissue culture plates (Corning) and incubated for 24 h. THP-1 cells were seeded at
5 � 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 (IF) were seeded onto 12-mm sterile
glass coverslips. HeLa CCL2 cells were infected at a multiplicity of infection (MOI) of 100, and THP-1 cells
were infected at an MOI of 25. To determine the MOI, C. burnetii cultures were quantified as described
above. Upon infection, cells were incubated for 4 h at 37°C and 5% CO2 before being washed once in PBS
and supplemented with fresh medium to remove extracellular bacteria. Cells were lysed with nuclease-
free water (Qiagen) for C. burnetii quantification at defined time points. For 1, 3, and 5 day postinfection
samples, media from each duplicate well were pooled and collected alongside the lysed cells. Following
lysis, samples were centrifuged at 17,000 � g for 15 min before gDNA was extracted using the Zymo
gDNA extraction kit (Zymo Research) and quantified using the ompA-specific qPCR. For immunofluores-
cence, samples were processed at relevant time points, as outlined below.

For 7 day coinfection and phenotype rescue experiments, HeLa CCL2 cells were seeded at 5 � 104

cells/well into 24-well flat-bottom tissue culture plates (Corning) containing 12-mm glass coverslips and
incubated for 24 h until infection. For 7 day coinfection experiments, the C. burnetii WT and eirA::Tn
mutant strains were used to infect at an MOI of 5. For phenotype rescue experiments, cells were first
infected with the eirA::Tn mutant at an MOI of 100. After 5 days of incubation, cells were superinfected
with either the WT or eirA::Tn mutant at an MOI of 100 for each strain. Following 3 days of incubation,
cells were fixed and stained as outlined below. Cells from both experiments were incubated in
DMEM plus 5% FCS for 24 h postinfection before extracellular bacteria were removed by washing once
in PBS and replacing with fresh DMEM plus 5% FCS.

Immunofluorescence microscopy. All primary antibodies were diluted in PBS with 2% bovine serum
albumin (BSA; Roche) and 0.05% saponin (Sigma-Aldrich), unless otherwise stated. The staining protocols
were performed as previously described (32), unless otherwise stated. For growth curves, infected HeLa
CCL2 and THP-1 cells were fixed for 20 min at RT with 4% (wt/vol) paraformaldehyde (in PBS) at 3 days
postinfection and stained using 1:500 anti-LAMP-1 (Developmental Studies Hybridoma Bank) and 1:1,000
rabbit anti-C. burnetii antibodies (Roy Laboratory, Yale University) as primary antibodies. Anti-mouse
Alexa Fluor 488 and anti-rabbit Alexa Fluor 568 antibodies (Thermo Fisher Scientific) were used at a
dilution of 1:2,000. For 7 day coinfections and phenotype rescue experiments, cells were fixed and
stained at the given time points described above, except that mouse anti-C. burnetii (Walter and Eliza Hall
Institute antibody facility) diluted 1:1,000 and anti-mCherry (Novus Biologicals) diluted 1:500 were used
as primary antibodies. For 3�FLAG-MceA staining, cells were fixed and stained at the given time points
described above, except that MitoTracker red CMXRos (Thermo Fisher Scientific) staining was performed
prior to fixing, according to the manufacturer’s protocol, and anti-FLAG (Sigma-Aldrich) primary anti-
bodies were diluted 1:250. All samples were imaged using a Zeiss LSM700 instrument with the Zen
software. All images were analyzed using Fiji (49).

For phenotype rescue experiments, the total 568-nm fluorescence from a �20 objective image was
quantified using Fiji (49). This numerical value was then made relative to the total number of host cell
nuclei in the image.

Coinfection �-lactamase translocation assay. HeLa CCL2 cells were seeded at 5 � 103 cells/well in
a 96-well flat clear-bottom black assay plate (Corning) and incubated at 37°C and 5% CO2 for 24 h.
Relevant C. burnetii strains were quantified using qPCR, as described above, and added to cells at an MOI
of either 100, 150, or 300. For coinfection conditions with two different strains, infections were performed
with the C. burnetii WT and eirA::Tn mutant strains at a 1:1 (total MOI, 100), 1:3 (total MOI, 150), or 1:5
(total MOI, 300) ratio. At 46 h or 70 h postinfection, CCF2-AM (Thermo Fisher Scientific) was added to the
cells, according to the manufacturer’s protocol. After 2 h of incubation in the dark, fluorescence was
measured using a CLARIOStar plate reader (BMG Labtech). Data were processed using the MARS analysis
software (BMG Labtech) and analyzed using Microsoft Excel.

Analysis of EirA present in axenic culture media. One hundred milliliters of day 6 C. burnetii
ACCM-2 cultures was centrifuged at 3,220 � g for 15 min at 4°C. Supernatants were passed through a
0.2-�m filter to remove any bacterial cells before being precipitated in 20% trichloroacetic acid
(Sigma-Aldrich) overnight at 4°C on ice. Samples were centrifuged at 20,000 � g for 20 min at 4°C before
the resulting protein pellets were washed once in 80% ice-cold acetone (Chem Supply) and centrifuged
at 17,000 � g for 20 min at 4°C. Protein pellets were dried at 60°C until all residual acetone was removed
before being resuspended in 50 �l of 2� SDS-PAGE sample buffer (125 mM Tris, 4% SDS [Amresco], 20%
glycerol, 0.2% bromophenol blue [Bio-Rad], 5% 2-mercaptoethanol [Sigma-Aldrich] [pH 6.8]). C. burnetii
cells harvested from the initial centrifugation step to separate the ACCM-2 supernatant were washed
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once in ice-cold PBS and then resuspended in 1 ml ice-cold PBS. This resuspension was diluted 1:10 to
a total volume of 50 �l in 2� SDS-PAGE sample buffer. All samples were processed for immunoblot
analysis.

Fractionation of C. burnetii. One hundred milliliters of day 6 C. burnetii ACCM-2 cultures was
centrifuged at 3,220 � g for 15 min at 4°C and washed once in ice-cold PBS before being resuspended
in 3 ml ice-cold lysis buffer (50 mM Tris-HCl [pH 7.6]; Chem Supply), 1 mM EDTA (Chem Supply), cOmplete
EDTA-free protease inhibitor cocktail tablet (Sigma-Aldrich), and 10% glycerol (British Drug Houses
[BDH]). Samples were sonicated on ice using a 600-W S-4000 sonicator (Misonix) at 50 W for 10 s,
followed by 20 s of rest, until the total sonication time reached 3 min. Samples were then centrifuged at
3,220 � g for 15 min at 4°C to remove intact bacterial cells. Fifty microliters of the supernatant was
reserved as the whole-cell lysate sample. Supernatants containing lysed bacteria were centrifuged for 1
h at 100,000 � g and 4°C to separate the membranes from the cytoplasmic fraction. Fifty microliters of
the resulting supernatant was collected as a portion of the cytoplasmic fraction. The pellet was
resuspended in lysis buffer using a 26-G needle (Terumo) and centrifuged as described before to remove
residual cytoplasmic proteins. Pelleted proteins containing the membrane fractions were resuspended in
500 �l ice-cold membrane solubilization buffer (50 mM Tris-HCl [pH 7.6], 200 mM MgCl2 [Chem Supply],
1% Triton X-100 [Sigma-Aldrich]) using a 26-G needle and then left to incubate for 2 h on a rotating
wheel at 4°C. Samples were made up to an equivalent total volume as the supernatant representing the
cytoplasmic fraction, using solubilization buffer, before being centrifuged as described 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
microliters of the TX-100-soluble fraction was reserved for further analysis. The TX-100-insoluble pellets
were resuspended in 2� SDS-PAGE sample buffer in volumes equivalent to those of other fractions, and
50 �l was reserved for further analysis. All reserved samples were diluted 1:1 in 2� SDS-PAGE sample
buffer and boiled at 60°C for 30 min before immunoblot analysis.

Protein purification. pMAL-c2X:EirA24 –165 was transformed into E. coli Rosetta 2 by electroporation.
Briefly, 100 ng of plasmid DNA was electroporated into E. coli Rosetta 2 at 200 
, 1.8 kV, and 25 �F in
2-mm electroporation cuvettes. Two hundred milliliters of log-phase E. coli Rosetta 2 pMAL-c2X:EirA24–165 was
induced with 0.5 mM isopropyl-�-D-thiogalactopyranoside, and cells were incubated overnight at 18°C.
Cultures were centrifuged at 10,000 � g for 15 min before pellets were resuspended in 25 ml column buffer
(20 mM Tris-HCl [pH 7.5], 200 mM NaCl [Chem Supply], 1 mM EDTA, 20 �M phenylmethylsulfonyl fluoride
[Sigma-Aldrich], 1 mM dithiothreitol [Astral Scientific]). Cells were lysed using the Dounce homogenizer and
EmulsiFlex-C3 high-pressure homogenizer (Avestin), according to the manufacturer’s protocol. Purification
was performed according to the manufacturer’s protocol (New England BioLabs), except that samples were
diluted 1:2 in column buffer prior to resin binding. All elutions were pooled for dialysis, and samples were
incubated overnight at 4°C in 2 liters of Tris-buffered saline (TBS; 20 mM Tris 150 mM NaCl [pH 8.0]) with gentle
mixing, using Cellu·Sep regenerated cellulose tubular membrane (Membrane Filtration Products). Protein
expression and purification were confirmed using NuPAGE Bis-Tris gels (Life Technologies) with morpho-
lineethanesulfonic acid (MES) running buffer (Life Technologies), where a BSA standard was run alongside to
determine concentrations. All elutions were then diluted to 2 mg/ml for long-term storage at –80°C.
Antibodies against MBP-EirA24–165 (referred to as anti-EirA) were generated at the WEHI antibody facility.

Immunoblot analysis. Whole-cell lysates of C. burnetii WT, eirA::Tn mutant, and related strains grown
to day 6 postinoculation, as well as samples from fractionation studies, were prepared for Western blot
analysis, as previously described (50). Proteins were transferred onto nitrocellulose membranes using the
iBlot2 system (Life Technologies). Membranes were blocked in TBS with 0.1% Tween 20 (TBST; Thermo
Fisher Scientific) and 5% skim milk for 1 h at room temperature (RT) before being incubated in primary
antibodies for 1 h at RT. Anti-FLAG antibodies (Sigma-Aldrich) and anti-EirA antibodies (rabbit; WEHI
antibody facility) were diluted 1:2,000 in TBST plus 5% skim milk, while anti-DotB, anti-IcmD, anti-IcmK,
and anti-IcmX antibodies (rabbit, kindly donated by Robert A. Heinzen and Edward I. Shaw) were diluted
1:2,000 in TBST plus 5% BSA. Membranes were washed three times in TBST before anti-mouse-
horseradish peroxidase (anti-mouse-HRP) or anti-rabbit-HRP secondary antibodies (PerkinElmer) diluted
1:3,000 in TBST plus 5% skim milk were added. The membranes were then incubated for 1 h at RT before
being washed as described before. Proteins were detected using the Clarity Western ECL reagent
(Bio-Rad) and visualized using the Amersham Imager 600 (GE Healthcare).

Transmission electron microscopy of C. burnetii. One hundred milliliters of ACCM-2 cultures of C.
burnetii was centrifuged for 15 min at 3,220 � g at RT before being washed once in PBS before
centrifuging as described before. Pellets were resuspended in 2.5% glutaraldehyde (ProSciTech) and
fixed for 2 h at RT. Bacteria were then rinsed twice in PBS without resuspension to remove any residual
fixative. Samples were postfixed in 1% osmium tetroxide (Electron Microscopy Sciences), dehydrated in
a graded series of acetone (Merck), and infiltrated and embedded with EPON resin (ProSciTech).
Ninety-nanometer-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.

Infection of Galleria mellonella. G. mellonella larvae were grown in-house and kept at 30°C in the
dark until use. Infections were conducted as described previously (37). Briefly, 106 GE of C. burnetii WT
and eirA::Tn mutant strains were injected in the right proleg of G. mellonella larvae. Survival of the larvae
incubated at 37°C was monitored every 24 h across 11 days. PBS controls were included alongside, and
each condition consisted of 12 larvae.

To harvest hemocytes for immunofluorescence microscopy, three larvae per condition were anaes-
thetized on ice for 15 min before a small incision was made near the tail end of the larvae with a scalpel.
Hemolymph from the incisions from the three larvae was pooled and immediately resuspended in
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500 �l PBS. These resuspended cells were seeded onto 12-mm coverslips in a 24-well flat-bottom plate,
which was then centrifuged for 10 min at 500 � g to allow cell adherence. Cells were then fixed and
stained as outlined above.
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