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ABSTRACT

Coxiella burnetii is a bacterial obligate intracellular parasite and the etiological agent of query (Q) fever. While the C. burnetii
genome has been reduced to ~2 Mb as a likely consequence of genome streamlining in response to parasitism, enzymes for
a nearly complete central metabolic machinery are encoded by the genome. However, lack of a canonical hexokinase for
phosphorylation of glucose and an apparent absence of the oxidative branch of the pentose phosphate pathway, a major
mechanism for regeneration of the reducing equivalent nicotinamide adenine dinucleotide phosphate (NADPH), have been
noted as potential metabolic limitations of C. burnetii. By complementing C. burnetii with the gene zwf encoding the
glucose-6-phosphate-consuming and NADPH-producing enzyme glucose-6-phosphate dehydrogenase (G6PD), we
demonstrate a severe metabolic fitness defect for C. burnetii under conditions of glucose limitation. Supplementation of the
medium with the gluconeogenic carbon source glutamate did not rescue the growth defect of bacteria complemented with
zwf. Absence of G6PD in C. burnetii therefore likely relates to the negative effect of its activity under conditions of glucose
limitation. Coxiella burnetii central metabolism with emphasis on glucose, NAD*, NADP* and NADPH is discussed in a
broader perspective, including comparisons with other bacterial obligate intracellular parasites.

Keywords: Coxiella burnetii; glucose; glucose-6-phosphate dehydrogenase; zwf; carbon metabolism; physiology; intracellular
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INTRODUCTION spleen and placental tissue) (Baumgértner and Bachmann 1992;
Russell-Lodrigue et al. 2009). Following infection of a host cell,
C. burnetii resides in an acidified, phagolysosome-like vacuole
referred to as the Coxiella-Containing Vacuole (CCV), and tran-
sitions between physiologically distinct replicative and station-
ary phase cell forms (Coleman et al. 2004; Voth and Heinzen
2007). Secretion of virulence factors that promote recruitment
of host autophagic vesicles is critical for CCV development
(Newton et al. 2014). Coxiella burnetii amino acid auxotrophy

Coxiella burnetii is a Gram-negative bacterial obligate intracel-
lular parasite (BOIP) and the cause of query (Q) fever (Kohler
and Roy 2015; Eldin et al. 2017). Human infection primarily
results from inhalation of pathogen-contaminated aerosols or
ingestion of certain animal products (e.g. raw milk) (Signs, Sto-
bierski and Gandhi 2012). Upon infection, C. burnetii is known
to colonize physiologically diverse organs (e.g. lungs, liver,

Received: 21 February 2021; Accepted: 6 July 2021

© The Author(s) 2021. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the
Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use,
distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com


http://www.oxfordjournals.org
mailto:anders.omsland@wsu.edu
http://orcid.org/0000-0001-5868-0414
http://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

2 | Pathogens and Disease, 2021, Vol. 79, No. 6

(Seshadri et al. 2003; Sandoz et al. 2016) correlates with recruit-
ment of autophagic components. Additionally, the CCV is con-
nected to the host extracellular milieu via fluid phase endocy-
tosis (Heinzen et al. 1996), suggesting C. burnetii has access to
components in interstitial fluid, including glucose, during intra-
cellular replication.

Coxiella burnetii is a prototypical example of a BOIP in that
there is no known extracellular niche that supports replication
of the pathogen. Genome reduction is a hallmark of BOIPs and
affected genome content often includes loss of genes for biosyn-
thesis of lipids, amino acids and nucleic acids (e.g. Stephens
et al. 1998; Seshadri et al. 2003). Scavenging these molecules
from the host is bioenergetically favorable to BOIPs as their
production requires synthesis of specific enzymes, energy and
reducing equivalents (e.g. nicotinamide adenine dinucleotide
(NADH) and NADPH). Depending on a BOIP’s replication niche
(e.g. cytoplasmic versus vacuolar) and whether replication vac-
uoles intercept host vesicular trafficking, a specific intracellular
niche likely establishes a unique nutritional environment that
drives genome streamlining to optimize pathogen fitness.

The C. burnetii genome encodes enzymes for a nearly com-
plete central metabolic network (Seshadri et al. 2003), yet lacks
the oxidative (ox) branch of the pentose phosphate pathway
(PPP), including enzymes associated with regeneration of the
reducing equivalent NADPH. The partially defective PPP suggests
that C. burnetii physiology is shaped by suboptimal ability to
regenerate NADPH, a reducing equivalent expected to be criti-
cal for optimal biomass production. Herein, we test the effect
of enhanced NADPH synthetic capacity on C. burnetii fitness
via ectopic expression of the oxPPP-related gene zwf, encod-
ing glucose-6-phosphate dehydrogenase (G6PD), under differ-
ent nutrient conditions and during infection of physiologically
distinct cell types. Current understanding of C. burnetii core
metabolism is discussed in the context of our discovery that
G6PD conditionally impairs pathogen metabolic fitness.

RESULTS
Ectopic expression of G6PD in C. burnetii impairs fitness

G6PD uses glucose-6-phosphate (glucose-6P) and NADP™ to pro-
duce 6-phospho-b-glucono-1,5-lactone and regenerate NADPH.
To test whether enhanced capacity to regenerate NADPH
improves C. burnetii fitness, the bacterium was genetically com-
plemented with the gene encoding G6PD (isolated from the
phylogenetically related pathogen Legionella pneumophila) and
growth characteristics measured under nutritionally controlled
axenic conditions. Genetic confirmation of the resulting strain,
referred to as CbNMIL:Lp-zwf, was performed via polymerase
chain reaction (PCR) (Fig. S1, Supporting Information). Because
glucose and glutamate are considered major carbon sources
for C. burnetii (Hackstadt and Williams 1981a; Esquerra et al.
2017; Kuba et al. 2019), growth characteristics were tested under
both glucose limitation and glucose or glutamate excess. Glu-
cose limitation was achieved by omitting glucose from the
medium ACCM-2 (Omsland et al. 2011). As expected, the parental
strain grew normally under all conditions tested (Fig. 1). How-
ever, bacteria complemented with G6PD exhibited a severe (>4
days) growth delay under both glucose limitation and gluta-
mate excess but behaved similarly to the parental strain when
the medium was supplemented with 5 mM glucose. The base
medium used to obtain data presented in Fig. 1A was derived
from ACCM-2 (Omsland et al. 2011) and is therefore deficient in
tryptophan (Sanchez, Vallejo-Esquerra and Omsland 2018). To
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Figure 1. Ectopic expression of G6PD impairs C. burnetii fitness in the absence
of glucose. The effect of complementing C. burnetii with zwf was tested under
nutritionally controlled conditions. (A) Replication of the parental strain (Cbawmu)
and CbNMIL:Lp-zwf (Cb.cepp) Was measured by analysis of ODggo in medium not
supplemented with glucose (white), or media supplemented with either 5 mM
glucose (gray) or glutamate (black). (B) Replication of Chbyyi and Cb..gepp Was mea-
sured by analysis of ODggo using medium supplemented with the proteinogenic
amino acid tryptophan but not glucose (white), or media supplemented with
tryptophan and either 5 mM glucose (gray) or glutamate (black). Data represent
the average of three independent experiments + standard error of the mean
(SEM). Asterisks indicate statistical significance (*P < 0.05; **P < 0.01; **P < 0.001;
**P < 0.0001, unpaired Student’s t-test).

determine whether the growth defect observed for CONMII:Lp-
zwf was compounded by tryptophan starvation, growth char-
acteristics were also tested in media supplemented with tryp-
tophan (Fig. 1B). In addition to the observed delay in growth
on day 4 of culture, CbNMIL:Lp-zwf showed statistically sig-
nificant reduction in final yields on day 8 in media supple-
mented with tryptophan. Coxiella burnetii growth defects have
not been reported during expression of metabolically irrelevant
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Figure 2. Ectopic expression of G6PD impairs C. burnetii fitness during intracellu-
lar replication. The effect of complementing C. burnetii with zwf was tested under
intracellular replication in physiologically diverse cell lines. (A) Replication of the
parental strain (Cbywui) and CoNMII:Lp-zwf (Cb..gepp) in J774A.1 cells. (B) Replica-
tion of Chbymn and Ch..gepp in Vero cells. Data points represent the average of three
independent experiments + SEM. Asterisks indicate statistical significance (*P
< 0.05; **P < 0.01; **P < 0.001, unpaired Student’s t-test).

genes (e.g. genes encoding green fluorescent protein (GFP) and
mCherry) under the control of the constitutive promoter 1169°
(Beare et al. 2011; Esquerra et al. 2017), suggesting that the phe-
notypes observed for CONMII:Lp-zwf are a specific effect of GGPD
expression. Overall, these results show that expression of G6PD
has a nutritionally conditional negative effect on C. burnetii fit-
ness.

As C. burnetii is a BIOP known to colonize different types of
tissues, the effect of ectopic expression of G6PD was tested dur-
ing C. burnetii intracellular replication in physiologically distinct
cell lines (Fig. 2). Accordingly, murine macrophage-like J774A.1
and African green monkey kidney epithelial Vero cells cultured
in medium containing 11 mM glucose were infected with the
parental strain or CONMII::Lp-zwf and bacterial loads determined
by measuring genome equivalents (GEs) every 2 days over 8
days, essentially as described (Sanchez and Omsland 2020). In
J774A.1 cells, the parental strain and CbNMIL:Lp-zwf replicated
with similar kinetics. During infection of Vero cells, CONMII::Lp-
zwf showed statistically significant reduced growth throughout
the log phase. Infections performed with media containing 2.5
or 5 mM glucose did not result in exacerbated growth pheno-
types for CboNMIIL::Lp-zwf, suggesting that even 2.5 mM glucose
represents an excess of glucose or that the host cells adjust
to glucose limitation, thus preventing a negative effect on the
pathogen (data not shown). Overall, as seen under axenic con-
ditions, expression of G6PD can impair C. burnetii intracellular
replication.

G6PD expression alters C. burnetii intracellular NADPH
pools

To probe the mechanistic basis for why G6PD exhibits a negative
impact on C. burnetii fitness under conditions of glucose limita-
tion, intracellular pools of NADP* and NADPH were measured
in the parental strain and CbNMIIL:Lp-zwf cultured under dif-
ferent concentrations of glucose. As shown (Fig. 1), CONMII::Lp-
zwf does not develop by day 4 in medium not supplemented
with glucose. However, near equivalent biomass production was
observed by the parental strain and CbNMIIL:Lp-zwf in media
containing 0.5 or 5 mM glucose (Fig. S2, Supporting Informa-
tion). Notably, CONMIIL:Lp-zwf replicated with higher variability
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Figure 3. Coxiella burnetii NADP* and NADPH pools are affected by glucose avail-
ability. Intracellular pools of NADP" and NADPH were measured in the parental
strain (Cbnwmn) and CbNMIL:Lp-zwf (Cb,gepp) following 4 days of replication in
media containing (A) 0.5 or (B) 5.0 mM glucose. Each symbol represents a bio-
logical replicate. Open symbols indicate samples for which cofactor levels were
below the level of detection. The data represent relative averages of three to four
independent experiments + SEM. Asterisks indicate statistical significance (*P
< 0.05, paired Student’s t-test).

under conditions of 0.5 and 1.5 (data not shown) mM glucose,
consistent with suboptimal growth under glucose limitation.
Therefore, 0.5 mM glucose represents a limiting glucose con-
dition that supports generation of biomass for analysis by late
exponential phase (i.e. day 4). When cultured in the presence
of 0.5 mM glucose, CbONMII::Lp-zwf produced significantly more
(~50%) NADPH compared with the parental strain (Fig. 3A), con-
sistent with expression of a functional G6PD enzyme. The (mod-
erate) increase in NADPH produced by CbNMIL:Lp-zwf is simi-
lar to that (~30%) observed in E. coli upon induced expression of
zwf (Sandoval, Arenas and Vasquez 2011). In medium contain-
ing 5 mM glucose, a condition where overall biomass produc-
tion for the parental strain and ChNMIIL:Lp-zwf was similar and
highly consistent between replicates (Fig. S2, Supporting Infor-
mation), NADP* and NADPH pools were equivalent between
strains (Fig. 3B). Both strains exhibited low NADP* pools in the
presence of 5 mM glucose, with half the biological replicates
testing below the limit of NADP* detection.

METHODS

Bacteria, cell lines and culture conditions

Coxiella burnetii NMII, clone 4 (RSA 439) was the parental strain
used. The base medium used for bacterial culture was a modi-
fied ACCM-2 medium not supplemented with glucose. Bacteria
were cultured with inocula normalized to 1 x 10° GEs/ml under
microaerobic (5% O) conditions in the presence of 5% CO,. Air
was displaced by nitrogen gas.

To complement C. burnetii with zwf, the gene was amplified
from L. pneumophila subsp. pneumophila (ATCC 33152) DNA
(LPG_RS02085, NC_002942) by PCR using the primers zwfLp-
pJB_Forward (5'-CACTCCCTATCAGTGATAGAGAAAAGGATAT
ATGCTCTTAAAAGCAGAATCGAAG-3) and zwfLp-pJB_Reverse
(5'-TATAATCACCGTCATGGTCTTTGTAGTCCCCTAAAATTATG
AAACTGCATTGT-3'), cloned into pJB-CAT (Omsland et al. 2011)
and C. burnetii transformed by electroporation according to stan-
dard protocols (Esquerra et al. 2017). Constitutive expression of
zwf occurs under control of the low-medium strength promoter
1169° (Omsland et al. 2011). The resulting strain CoNMII:Lp-zwf
was isolated by clonal isolation (Sanchez, Vallejo-Esquerra and
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Omsland 2018) and characterized by PCR (Fig. S1, Support-
ing Information) to confirm successful transformation with
pJB-CAT::Lp-zwf, and analysis of bacterial NADPH pools (Fig. 3).

Analysis of C. burnetii intracellular replication in J774A.1
(ATCC TIB-67) and Vero (ATCC CCL-81) cells was done essen-
tially as described (Sanchez and Omsland 2020). Host cells were
seeded in 12-well plates and infected with C. burnetii at a multi-
plicity of infection (MOI) of 5 via centrifugation (30 min at 400 x
g, RT). Material from duplicate wells was used for quantification
of GEs (Coleman et al. 2004) every 2 days.

Measurement of NADP*/NADPH

Bacterial NADP*/NADPH was measured using a commercial kit,
NADP*/NADPH Quantification Kit (Sigma-Aldrich, St Louis, MO),
with some modifications to the manufacturer’s directions. Cox-
iella burnetii cytoplasmic extracts were prepared by pelleting bac-
teria from 4-day cultures, washing pellets in 0.4 ml of ice-cold
ACCM-2 inorganic salts (Omsland et al. 2011), then resuspend-
ing pellets in 0.4 ml NADP*/NADPH extraction buffer. Samples
were incubated for 10 min on ice before SDS was added at a final
concentration of 0.02% (v/v), then incubated at RT for 5 min to
aid lysis and inhibition of enzymatic activity in extracts. Sam-
ples were centrifuged to remove large debris (10 min at 20000
x g, 4°C), before being split into two aliquots one of which was
heated to 60°C for 30 min to decompose NADP*. Samples were
stored at —20°C until analysis. Levels of NADP* and NADPH were
normalized to the number of bacterial cells as measured by GEs.

Statistical analysis

Analysis of statistical significance was done using Prism soft-
ware (GraphPad Inc., San Diego, CA).

DISCUSSION

The canonical PPP has two branches: a reductive branch serv-
ing a critical function in nucleotide biosynthesis via genera-
tion of pentoses and an oxidative (ox) branch recognized as a
major mechanism for regenerating NADPH. Because the C. bur-
netii genome is devoid of two genes that encode enzymes in
the oxPPP, namely G6PD and 6-phosphogluconate dehydroge-
nase (6PGD), this pathogen has been proposed to metabolize
under a suboptimal capacity to regenerate NADPH (Omsland
et al. 2008; Omsland and Heinzen 2011). As in other bacteria,
a critical role for nadB in synthesizing NAD*, required for gen-
eration of the reducing equivalents NADH and NADP*/NADPH,
has been established for C. burnetii (Bitew et al. 2018). By ectopi-
cally expressing a gene encoding G6PD in C. burnetii, we sought
to probe the physiological implications of increased capacity for
NADPH regeneration in this pathogen. Generated data show that
while expression of G6PD enhances NADPH biosynthesis, bacte-
rial physiological fitness is severely compromised under glucose
limitation.

It is difficult to envision a specific mechanism for why
enhanced NADPH biosynthesis would exert a negative effect
on C. burnetii; however, G6PD-mediated depletion of limiting
bacterial NADP" and/or glucose-6P pools could reduce central
metabolic flux (Fig. 4). This would be consistent with a loss of
oxPPP capacity to ensure the availability of NADP* for optimal
flux through the tricarboxylic acid (TCA) cycle, which in C. bur-
netiiincludes an NADP*-dependent enzyme (see below). Optimal
physiological fitness would thus be achieved by stabilizing cen-
tral metabolism and TCA cycle activity. Because C. burnetii does

not express a hexokinase, this pathogen relies on an alterna-
tive and possibly less efficient mechanism for phosphorylation
of glucose. As G6PD activity is affected by concentrations of both
substrate (i.e. glucose-6P) and coenzyme (NADP') (Olavarria,
Valdés and Cabrera 2012), expression of G6PD in C. burnetii could
counteract other processes that depend on glucose-6P or NADP™.
As observed with Zwf-1 of Pseudomonas fluorescence, bacterial
adenosine triphosphate (ATP) pools can interfere with enzyme
activity (Maleki, Maerk and Valla 2015) and prevent regenera-
tion of NADPH under conditions where an energy source (e.g.
glucose-6P) is available in excess. Alternatively, NADPH can
inhibit synthesis of NADP* from NAD" via NAD kinase, as shown
in Mycobacterium tuberculosis (Raffaelli et al. 2004). Potential inter-
ference of G6PD activity with NADP* synthesis represents an
alternative explanation for why C. burnetii does not benefit from
expression of this enzyme. Because C. burnetii colonizes diverse
host organisms, tissues and cells, expression of G6PD could neg-
atively impact C. burnetii fitness under intracellular conditions
where glucose is limited. Therefore, C. burnetii may have lost
the oxPPP due to variable glucose availability within the CCV.
Although data presented in Fig. 1 show an extended lag phase for
CbNMII:Lp-zwf in the presence of glutamate, the possibility that
another gluconeogenic carbon source (e.g. glycerol; Hauslein
et al. 2017) could support growth of CbNMIL:Lp-zwf as effectively
as that observed with glucose cannot be excluded.

Carbon source utilization in C. burnetii

Different carbon and/or energy sources have been proposed
to serve as preferred substrates to fuel C. burnetii central
metabolism. In 1964, Ormsbee and Peacock pointed to pyru-
vate as the principal energy source (Ormsbee and Peacock 1964),
while later analyses of how different substrates affect pathogen
membrane potential, maintenance of cytoplasmic pH and syn-
thesis of ATP together pointed to glutamate as the preferred car-
bon and energy source for the pathogen (Hackstadt and Williams
1981a,b, 1983; Hackstadt 1983). In C. burnetii central carbon
metabolism, glutamate is likely converted to «-ketoglutarate
and funneled into the TCA cycle, thereby fueling gluconeoge-
nesis. More recently, via genetic disruption of pckA (encoding
PEPCK, the first committed step of gluconeogenesis), C. burnetii
was shown to replicate efficiently when forced to utilize glu-
cose to fuel biomass production (Esquerra et al. 2017). Isotopolog
labeling in combination with metabolomic analysis has also
pointed to promiscuous carbon source utilization in C. burnetii
(Hauslein et al. 2017). Recent data has further revealed the abil-
ity of C. burnetii to import glucose via more than one transporter
(Kuba et al. 2019). While current understanding suggests that uti-
lization of glucose is important in C. burnetii central metabolism,
the extent to which glucose is utilized by C. burnetii is obscured
by apparent lack of a canonical mechanism to phosphorylate
glucose.

Phosphorylation of glucose (in bacteria, typically performed
by hexokinase) is critical for both oxidation of glucose via gly-
colysis and the oxPPP, of which G6PD is the initial enzyme.
Despite apparent lack of a hexokinase gene in the C. bur-
netii genome (Seshadri et al. 2003), in 1962 Paretsky and col-
leagues described ‘hexokinase activity’ in C. burnetii cytoplas-
mic extracts via radiolabeling of glucose with 3?P-carbamoyl
phosphate (Paretsky, Consigli and Downs 1962). More recently,
a phosphoenolpyruvate-based phosphotransferase system has
also been suggested to function in C. burnetii glucose phospho-
rylation (Héduslein et al. 2017). A C. burnetii glucose 6-phosphatase
(CBU1267, C. burnetii RSA493) has been proposed to function in
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gluconeogenic activity restores sufficient levels of core metabolites to support production of biomass. N = host cell nucleus; C = host cell cytosol. The black arrow

indicates gluconeogenesis.

pathogen glucose phosphorylation (Omsland and Heinzen 2011)
but the apparent involvement of this enzyme in phosphatidyl-
glycerol metabolism argues against a role in glucose phosphory-
lation (Stead, pers. comm.). While the biochemical mechanism
for glucose phosphorylation in C. burnetii remains uncertain, the
pathogen exhibits flexibility in the use of gluconeogenic ver-
sus glycolytic carbon substrates. The nutritional context of dif-
ferent host cells and tissues likely results in C. burnetii being
exposed to environments with different availabilities of specific
carbon sources. Thus, metabolic plasticity in central metabolism
is a potentially critical virulence adaptation for C. burnetii that
increases the likelihood of pathogen replication in nutritionally
diverse environments. Selection against G6PD to optimize C. bur-
netii metabolic fitness under conditions of reduced glucose avail-
ability may represent a significant evolutionary adaptation of
this pathogen.

First demonstrated experimentally in 1981 (Hackstadt and
Williams 1981b), optimal C. burnetii metabolic activity is strictly
dependent on moderately acidic pH. As observed with glutamate
and glucose transport and catabolism (Hackstadt and Williams
1981b), extracellular pH influences the ability of C. burnetii to
transport specific carbon sources and as such impacts which
carbon source(s) the pathogen can use. More recently, it was
demonstrated that C. burnetii manipulates CCV pH via secre-
tion of type IV effector molecules, possibly to prevent activ-
ity of otherwise inhibitory proteolytic enzymes (Samanta et al.
2019). In addition to pH, a physiological dependence on CO, has

been established for C. burnetii (Esquerra et al. 2017) and corre-
lates with activity of specific metabolic enzymes that require
CO; or bicarbonate (HCO3~). Carbamoyl phosphate is synthe-
sized in part from HCO3~, generated enzymatically by carbonic
anhydrase (CA). For C. burnetii, carbamoyl phosphate-dependent
phosphorylation of glucose suggests CO, metabolism may be a
critical factor in regulating glucose metabolism. Notably, the C.
burnetii CA (CBU0139, C. burnetii RSA493) is situated between the
cell division-related genes ftsA and ftsQ (e.g. Mahone and Goley
2020), consistent with co-regulation of CA and genes directly
related to cell division. Because glycolytic activity is directly
related to generation of core metabolites required for biomass
production, the sensing of CO,, a molecule produced by respir-
ing animals, would be a clever trigger for C. burnetii replication
upon infection of a new host.

The PPP and alternative strategies for NADPH
regeneration in C. burnetii

Microbes rely on several enzymes for regeneration of NADPH,
using NADP* as a substrate (Spaans et al. 2015). In E. coli, a bac-
terium recognized for its incredible metabolic plasticity, NADPH
is regenerated by five principal mechanisms (Lindner et al. 2018):
G6PD and 6PGD of the oxPPP, NADP"-dependent malic enzyme
and NADP*-dependent isocitrate dehydrogenase (IDH) of the
TCA cycle, and the transhydrogenase PntAB. In comparison, of
these canonical enzymes C. burnetii only encodes two, namely
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NADP*-dependent IDH (Nguyen et al. 1999) (CBU1200, C. bur-
netii RSA493) and PntAB (CBU1955/CBU1957, C. burnetii RSA493).
The isotype of malic enzyme encoded by C. burnetii is anno-
tated as the NAD"-dependent form (EC 1.1.1.38) (CBU0823, C. bur-
netii RSA493), not the NADP*-dependent form (EC 1.1.1.40) rec-
ognized as a source of NADPH. Of significance, the short-chain
dehydrogenase SdrA (CBU1276, C. burnetii RSA493) was recently
identified as a physiologically significant NADPH-regenerating
enzyme in C. burnetii (Bitew et al. 2020). Predicted proteins with
similarity to SdrA are found in other organisms, suggesting
SdrA-dependent regeneration of NADPH is not unique to C. bur-
netii. Overall, IDH, PntAB and SdrA are the most likely sources of
NADPH in C. burnetii. Under conditions of suboptimal TCA cycle
activity, PntAB and/or SdrA may be critical for pathogen fitness.

Complementation of C. burnetii with G6PD resulted in a
significant delay in pathogen replication under conditions of
restricted glucose availability. Therefore, absence of oxPPP in
C. burnetii is consistent with metabolic adaptation to environ-
ments with limiting glucose. Under such conditions, C. burnetii
has the capacity to replicate near optimally using gluconeogen-
esis (Esquerra et al. 2017). Multiple amino acid auxotrophies pre-
vent C. burnetii from generating biomass in the absence of amino
acids. Of the gluconeogenic amino acids, C. burnetii has retained
the capacity to synthesize glutamate (Sandoz et al. 2016), sug-
gesting a selective pressure on glutamate generation under con-
ditions when other (proteinogenic) amino acids are available for
biomass production, but glucose is limiting.

General metabolic flux (e.g. glycolysis vs gluconeogenesis)
and specific carbon source utilization has predictable effects
on C. burnetii energetics. For the purpose of generating both
core metabolites and conserve energy, glucose may be the most
attractive carbon and energy source for this organism. Glucose
is expected to be maintained at relatively stable concentration
in the interstitial fluid of mammalian hosts, thus representing a
reliable carbon source for C. burnetii assuming that the CCV is fed
by fluid phase endocytosis during natural infection. Currently,
there is no evidence to suggest that host cells infected with C.
burnetii under natural conditions do not traffic compounds from
the extracellular space into the CCV, as observed during infec-
tion of cultured cells (Heinzen et al. 1996).

Diversity in energy metabolism and PPP competence
among intracellular pathogens

BOIPs and other bacterial pathogens that rely on intracellular
parasitism as part of their virulence strategies show remark-
able diversity in carbon and energy source utilization (Fig. 5).
This includes bacteria of the genus Brucella, which have evolved
to use different strategies for glucose metabolism. Notably, key
species (e.g. B. abortus) share some pathogenic characteristics
similar to those described for C. burnetii, including placental col-
onization in cattle and the ability to establish chronic infections.
While pathogenic zoonotic Brucella spp. rely on the PPP for oxi-
dation of glucose, species that group phylogenetically closer to
free-living ancestors metabolize glucose via both the PPP and the
Entner-Doudoroff (ED) pathway (Machelart et al. 2020), an alter-
native to the energetically favorable Embden-Meyerhof-Parnas
(EMP) pathway (Flamholz et al. 2013). In comparison, L. pneu-
mophila, a close phylogenetic relative of C. burnetii that also relies
on intracellular parasitism as a virulence strategy, has retained
a gene encoding glucokinase (EC 2.7.1.2) (Harada et al. 2010), an
enzyme that is highly specific for glucose as a substrate, and
thus similar to hexokinase (EC 2.7.1.1) with respect to glucose

phosphorylation. Still, distribution of radiolabeled glutamate
into several cellular components suggests that Legionella relies
on amino acids as a significant carbon source (Tesh, Morse and
Miller 1983). The lack of a canonical enzyme for glucose phos-
phorylation in C. burnetii distinguishes this bacterium from L.
pneumophila, which metabolizes glucose via both the oxPPP and
(primarily) the ED pathway (Schunder et al. 2014; Hauslein et al.
2016, 2017). In addition to absence of G6PD, C. burnetii does not
encode the key ED-specific enzyme 6-phosphogluconate dehy-
dratase (edd) (C. burnetii RSA493). The C. burnetii genome encodes
a protein (CBU1277, C. burnetii RSA493) with 48% sequence iden-
tity at the amino acid level compared to the ED-specific enzyme
2-keto-3-deoxy-6-phosphogluconate aldolase (eda) (EC 4.1.2.14,
E. coli K12), suggesting C. burnetii retains some enzymatic capac-
ity of the ED pathway. Similar to C. burnetii, Francisella tularensis
does not encode genes for a complete ED pathway or the oxPPP
(Ziveri, Barel and Charbit 2017).

Unlike C. burnetii, bacteria of the genus Chlamydia can behave
as energy parasites. Curiously, the infectious elementary body
(EB) and replicative reticulate body (RB) cell forms of Chlamydia
trachomatis have been shown to rely on vastly different strate-
gies for energy generation and acquisition (Omsland et al. 2012).
The EB form does not appear to readily take up extracellular ATP
but converts glucose-6P to ATP (Omsland et al. 2012). In contrast,
the RB form scavenges ATP directly from the host (Tipples and
McClarty 1993) via the Nptlc: ADP/ATP translocase (Tjaden et al.
1999), yet may also take up and metabolize glucose. In addi-
tion to ATP, Nptlc functions in chlamydial NAD" acquisition,
critical in the absence of capacity to synthesize this cofactor
(Fisher, Fernandez and Maurelli 2013). While C. trachomatis does
not appear capable of utilizing (nonphosphorylated) glucose, the
bacterium promotes upregulation of host glucose transporters
GLUT1 and GLUT3 during infection to support pathogen repli-
cation (Wang, Hybiske and Stephens 2017). The protein UhpC
has been identified as a transporter for phosphorylated glucose
in Chlamydia (Schwoppe, Winkler and Neuhaus 2002). Unlike C.
burnetii, C. trachomatis (serovar L2) has an intact PPP (Iliffe-Lee
and McClarty 1999) and is thus expected to regenerate NADPH
via the oxPPP. In contrast to Coxiella, Chlamydia, Legionella and
Francisella, pathogens within the genus Rickettsia do not have
genes for either glycolysis or the PPP (Driscoll et al. 2017). Con-
sistent with absence of pathways for oxidation of glucose, Rick-
ettsia prowazekii does not appear able to take up glucose or read-
ily transport glucose phosphates (Winkler and Daugherty 1986).
Similar to C. trachomatis, R. prowazekii can acquire extrabacterial
ATP (Winkler 1976; Audia and Winkler 2006) and are thus energy
parasites.

Outlook

Glucose is a molecule with unparalleled significance in central
carbon metabolism. Therefore, deciphering the mechanism(s)
behind C. burnetii glucose utilization has unquestionable sig-
nificance in understanding the biology of this pathogen. The
possibility that C. burnetii utilizes a novel approach to phos-
phorylate glucose makes the path for this research especially
exciting. Moreover, questions remain as to why the C. burnetii
central metabolic machinery has evolved away from canonical
glucose phosphorylation (via hexokinase) and metabolism via
the oxPPP. Loss of these otherwise well-conserved enzymes
suggests their activity in C. burnetii impedes pathogen fitness. If
this is indeed the case, beyond the test tube and cultured host
cells as shown for G6PD in this study, understanding the under-
lying mechanisms would shed light on prominent anomalies in
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Figure 5. Major components of central energy metabolism and NADPH regeneration in C. burnetii in comparison to other parasitic bacteria. Steps are indicated by
black (canonical) or blue (C. burnetii) arrows. The broken blue line indicates a step for which the reaction mechanism in C. burnetii is uncertain. Red indicates reaction
performed by G6PD and resulting NADPH in Cb,gepp. NADPH from relevant reactions are highlighted in green. Intermediates related to major pathways are color
coded: glycolysis/EMP and gluconeogenesis (black); ED pathway (green); PPP (orange); and TCA cycle (purple). Some intermediates relate to more than one path-
way (dual coloring). Gray indicates components not related to a specific pathway. BCE indicates the bacterial cell envelope. oxPPP and non-oxPPP show separation
between the two branches of the PPP. The reaction substrate(s) and product(s) for SdrA have not been determined. PntAB is coupled with the proton motive force.
G6PD, glucose-6-phosphate dehydrogenase (zwf); 6PGD, 6-phosphogluconate dehydratase (edd); KDPG ald., 2-keto-3-deoxy-6-phosphogluconate aldolase (eda); PEPCK,
phosphoenolpyruvate carboxykinase (pckA); PntAB, pyridine nucleotide transhydrogenase (pntA/pntB); IDH, isocitrate dehydrogenase (icd); and SdrA, short-chain dehy-
drogenase reductase A (sdrA). Boxes indicate reactions not directly related to the central metabolic network. PS, periplasmic space; IM, inner membrane; and CYT,
cytoplasm.

C. burnetii central metabolism and the evolutionary pressure(s)
driving their existence.

While C. burnetii gene/genome content has been shown to
be similar between pathogen isolates, their organization varies
widely, including for genes related to central metabolism (Beare
et al. 2009). For instance, the MFS superfamily of membrane
transporters, which facilitate transport of small molecules
including amino acids, exhibits heterogeneity among C. bur-
netii isolates (Beare et al. 2009). Because genome organization
can affect expression of specific genes, it is possible that this
observed diversity in genome organization represents a genuine
virulence characteristic of C. burnetii. This is consistent with
different C. burnetii isolates exhibiting a range of pathogenic

potentials (Russell-Lodrigue et al. 2009). As differential gene
expression may relate to isolate-specific capacity to metabolize
various carbon and/or energy sources, it seems relevant to test
potential links between isolate-specific central metabolic capac-
ity and virulence. In both M. tuberculosis (Marrero et al. 2010)
and F. tularensis (Brissac et al. 2015; Radlinski et al. 2018), glu-
coneogenic capacity is critical for optimal virulence in animal
models. Determining the role of glycolysis and gluconeogenesis
in C. burnetii virulence, including how such activities may impact
the pathogenicity of different isolates, represents fundamental
aspects of C. burnetii biology that have yet to be investigated.

In addition to how features endogenous to C. burnetii (e.g.
gene content and genome structure) affect pathogen physiology,
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external conditions represent critical variables in this organ-
ism’s physiology. This is in part due to the connection between
the host extracellular environment (e.g. interstitial fluid) and the
CCV via fluid-phase endocytosis (Heinzen et al. 1996). Develop-
ment and use of physiological media that better reflect natu-
ral conditions for C. burnetii replication may be fruitful in this
respect. For example, a Coxiella mutant unable to undergo glu-
coneogenesis (CbApckA) exhibited an impairment in intracellu-
lar replication only when the concentration of glucose in the
cell culture medium was reduced from 11 (i.e. the concentration
of glucose in RPMI-1640) to 5 mM, a concentration of glucose
more reflective of nondiabetic animals. For Salmonella enterica,
pathogen metabolic processes can be masked under (host) cell
culture conditions where nutrients (i.e. glucose) are in excess
(Diacovich et al. 2016), a characteristic of commercial tissue cul-
ture media. Because the metabolism of BOIPs and their host cells
is interconnected, effort must be placed on appropriately mod-
eling a host’s nutritional environment to allow for a physiolog-
ically relevant model to study the effect of nutrient availability
on pathogen metabolism.

With the characteristic of transitioning between two physi-
ologically distinct cell forms (i.e. the replicative large cell vari-
ant [LCV] and nonreplicative small cell variant [SCV]), the study
of C. burnetii arguably poses challenges irrelevant to bacteria
(e.g. E. coli) that have served as models for most developments
in our understanding of bacterial physiology. As encouraged by
Neidhardt (2006), researchers should be careful to assess bac-
terial (metabolic) activities and functions under conditions that
facilitate reproducibility. For example, any intracellular or axenic
analysis of C. burnetii growth that includes time points past the
point of LCV-to-SCV transition will result in data representing
the product of both LCV and SCV activity, or lack thereof. When
possible, care should be taken to clearly specify and distinguish
between growth phases, replication rates and cell forms. Key
characteristics of C. burnetii replication have been described for
both intracellular (e.g. Vero; Coleman et al. 2004) and axenic (e.g.
ACCM [Omsland et al. 2009] vs ACCM-2 [Omsland et al. 2011; San-
doz et al. 2014]) conditions.
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