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ABSTRACT

Host cell-free (axenic) culture of Coxiella burnetii in acidified citrate cysteine medium-2 (ACCM-2) has provided important op-
portunities for investigating the biology of this naturally obligate intracellular pathogen and enabled the development of tools
for genetic manipulation. However, ACCM-2 has complex nutrient sources that preclude a detailed study of nutritional factors
required for C. burnetii growth. Metabolic reconstruction of C. burnetii predicts that the bacterium cannot synthesize all amino
acids and therefore must sequester some from the host. To examine C. burnetii amino acid auxotrophies, we developed a nutri-
tionally defined medium with known amino acid concentrations, termed ACCM-D. Compared to ACCM-2, ACCM-D supported
longer logarithmic growth, a more gradual transition to stationary phase, and approximately 5- to 10-fold greater overall repli-
cation. Small-cell-variant morphological forms generated in ACCM-D also showed increased viability relative to that generated
in ACCM-2. Lack of growth in amino acid-deficient formulations of ACCM-D revealed C. burnetii auxotrophy for 11 amino ac-
ids, including arginine. Heterologous expression of Legionella pneumophila argGH in C. burnetii permitted growth in ACCM-D
missing arginine and supplemented with citrulline, thereby providing a nonantibiotic means of selection of C. burnetii genetic
transformants. Consistent with bioinformatic predictions, the elimination of glucose did not impair C. burnetii replication. To-
gether, these results highlight the advantages of a nutritionally defined medium in investigations of C. burnetii metabolism and
the development of genetic tools.

IMPORTANCE

Host cell-free growth and genetic manipulation of Coxiella burnetii have revolutionized research of this intracellular bacterial
pathogen. Nonetheless, undefined components of growth medium have made studies of C. burnetii physiology difficult and have
precluded the development of selectable markers for genetic transformation based on nutritional deficiencies. Here, we describe
amedium, containing only amino acids as the sole source of carbon and energy, which supports robust growth and improved
viability of C. burnetii. Growth studies confirmed that C. burnetii cannot replicate in medium lacking arginine. However, ge-
netic transformation of the bacterium with constructs containing the last two genes in the L. pneumophila arginine biosynthesis
pathway (argGH) allowed growth on defined medium missing arginine but supplemented with the arginine precursor citrulline.
Our results advance the field by facilitating studies of C. burnetii metabolism and allowing non-antibiotic-based selection of C.
burnetii genetic transformants, an important achievement considering that selectable makers based on antibiotic resistance are
limited.

Beyond the development of ACCM-2, little work has been con-

Coxiella burnetii is a wide-ranging bacterial pathogen that
ducted on central metabolic processes governing C. burnetii ax-

causes the zoonosis Q fever (1, 2). Humans are generally in-

fected by inhalation of contaminated aerosols generated by do-
mestic livestock, with sheep, goats, and dairy cattle being the pri-
mary animal reservoirs. Traditionally, C. burnetii has been
classified as an obligate intracellular pathogen (3). During natural
infection, C. burnetii preferentially infects mononuclear phago-
cytes and traffics to an acidified compartment that resembles a
degradative phagolysosome (4). Genomic sequencing of C. bur-
netii reveals the conservation of many genes and pathways in-
volved in central carbon, amino acid, and lipid metabolism (5, 6).
Metabolic reconstruction based on these findings, along with met-
abolic stimulation of C. burnetii under acidic conditions, provided
critical information for the development of an axenic (host cell-free)
medium supporting the growth of C. burnetii under microaerobic
conditions (7, 8). A second-generation medium, acidified citrate cys-
teine medium-2 (ACCM-2), supported increased replication and vi-
ability (9, 10). Propagation of C. burnetiiin ACCM-2 also accelerated
the development of genetic tools and allowed cloning of antibiotic-
resistant transformants by colony formation (11-13).
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enic growth. Indeed, the primary carbon and energy sources es-
sential for bacterial replication, including specific amino acids and
sugars, remain largely undefined. Early metabolic labeling exper-
iments indicate that C. burnetii transports and incorporates exog-
enous glutamate and glucose when incubated in an acidic buffer,
although glucose is catabolized at very low levels relative to those
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TABLE 1 Composition of ACCM-D

Coxiella Auxotrophy and Genetic Transformation

TABLE 2 Amino acid composition of ACCM-D

ACCM-D component mg/ml mM
Citric acid 2.57 13.4
Sodium citrate 4.74 16.1
Potassium phosphate 0.50 3.67
Magnesium chloride 0.20 0.980
Calcium chloride 0.0132 19.7
Sodium chloride 7.28 125.4
Iron sulfate 0.0028 0.010
Sodium phosphate dibasic 10.0 70.4
Sodium bicarbonate 25.0 297.6
Methyl-B-cyclodextrin 1

RPMI (—amino acid) powder 1

ACCM-D amino acid mix 3.65

of glutamate and tricarboxylic acid cycle intermediates, such as
succinate and pyruvate (8, 14-17).

Determination of the repertoire of amino acids and carbohy-
drates required for C. burnetii growth is critical for understanding
metabolic constraints encountered during host cell parasitism.
However, the elucidation of nutritional pathways utilized by C.
burnetii requires a nutritionally defined growth medium. To this
end, we developed a defined ACCM (ACCM-D) with known con-
centrations of amino acids and other nutrients. C. burnetii cul-
tured in ACCM-D exhibited improved growth in liquid and solid
media that corresponds to increased viability. In addition, drop-
out formulations allowed scoring of amino acid auxotrophies and
the contribution of glucose to C. burnetii growth.

ACCM-D dropout, along with confirmed arginine auxotrophy
in C. burnetii, also presented an opportunity to develop a nonan-
tibiotic method of genetic selection. The use of antibiotic resis-
tance markers in the genetic transformation of C. burnetii, a cat-
egory B select agent, is restricted to those that confer resistance to
antibiotics without clinical relevance, such as chloramphenicol,
kanamycin, and ampicillin (13). Acidic conditions similar to those
of ACCM-2 and C. burnetii’s lysosome-like intracellular niche in-
hibit the activity of aminoglycoside antibiotics (18). Moreover, a
predicted B-lactamase (CBU0807) may neutralize 3-lactam anti-
biotics during C. burnetii transformant selection. Collectively,
these reasons might explain why the selection of C. burnetii trans-
formants with ampicillin or kanamycin requires high concentra-
tions of antibiotics and is inefficient (12). The emergence of low-
level spontaneous resistance to chloramphenicol has also been
encountered (P. Beare, personal observation). Select agent restric-
tions and natural antibiotic resistance associated with Burkhold-
eria pseudomallei and Burkholderia mallei have prompted the de-
velopment of nonantibiotic selection methods that exploit
metabolic deficiencies or utilize clinically irrelevant resistance de-
terminants (19-21). Nonantibiotic selectable markers have been
developed for several other bacterial pathogens (22-24).

Here, we show that heterologous expression of the terminal
two genes of the arginine biosynthesis pathway of Legionella pneu-
mophila rescue C. burnetii growth in ACCM-D arginine dropout
supplemented with citrulline, a precursor in the arginine biosyn-
thetic pathway. Thus, ACCM-D also enables the isolation of
clonal populations using an auxotrophic selectable marker.

MATERIALS AND METHODS

Formulation of ACCM-D. The components of ACCM-D are listed in
Tables 1 and 2. The amino acid concentrations of ACCM-D are based on
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Molecular
mass
Amino acid (kDa) mg/ml mM
L-Alanine 89.09 0.112 1.26
L-Arginine monohydrochloride 210.66 0.158 0.750
L-Asparagine 132.12 0.088 0.666
L-Aspartic acid 133.10 0.072 0.541
L-Cysteine hydrochloride monohydrate 175.63 0.274 1.56
L-Glutamine 146.00 0.356 2.44
L-Glutamic acid potassium salt 203.23 0.672 3.31
monohydrate
Glycine 75.07 0.088 1.17
L-Histidine 155.15 0.055 0.354
L-Isoleucine 131.17 0.112 0.854
L-Leucine 131.17 0.231 1.76
L-Lysine monohydrochloride 182.65 0.261 1.43
L-Methionine 149.21 0.068 0.455
L-Phenylalanine 165.19 0.104 0.630
L-Proline 115.13 0.348 3.02
L-Serine 105.09 0.177 1.68
L-Threonine 119.12 0.122 1.02
L-Tryptophan 204.23 0.050 0.245
L-Tyrosine 181.19 0.109 0.602
L-Valine 117.15 0.161 1.37

the concentrations and calculated amino acid compositions of neopep-
tone, Casamino Acids, and RPMI 1640 cell culture medium (Thermo
Fisher Scientific) in ACCM-2 (10). The Becton Dickinson bionutrient
technical manual for Bacto neopeptone, a published amino acid analysis
of casein (25), and RPMI 1640 product literature (Thermo Fisher Scien-
tific) were used to derive the amino acid compositions (Table 2). An
amino acid-free RPMI 1640 powder (1 mg/ml) (United States Biological
Life Sciences) was substituted for liquid RPMI 1640. Sodium phosphate
and sodium bicarbonate were added to ACCM-D, as these components
are absent in amino acid-free RPMI 1640 powder. To generate ACCM-D
replete of glucose, a glucose-free, amino acid-free RPMI 1640 powder (1
mg/ml) (United States Biological Life Sciences) was used. Of note, the
glucose-free, amino acid-free RPMI 1640 powder contains sodium phos-
phate, which is not present in the amino acid-free RPMI 1640 powder.
Thus, ACCM-D lacking glucose does not require additional sodium phos-
phate. The final pH of the medium was adjusted to 4.75 using 6 N NaOH
and filtered through a 0.22-pwm-pore-size filter for sterilization.

Bacterial strains and mammalian cells. The C. burnetii Nine Mile
phase II (clone 4, RSA439) strain was used in this study and grown mi-
croaerobically in either ACCM-2, ACCM-D, or ACCM-D lacking glu-
cose, as previously described (10). Escherichia coli Stellar (BD Clontech)
and PIR1 (Thermo Fisher Scientific) cells were used for recombinant
DNA procedures and cultivated in Luria-Bertani (LB) broth. E. coli trans-
formants were selected on LB agar plates containing kanamycin (50 g/
ml) or chloramphenicol (10 pg/ml). African green monkey kidney (Vero)
cells (CCL-81; ATCC) were maintained in RPMI 1640 medium contain-
ing 10% fetal bovine serum (FBS) at 37°C and 5% CO.,.

CFU, infectious FFU, and qPCR assays. A modified soft-agarose
overlay on ACCM agarose plates was used to enumerate CFU, as previ-
ously described (10). ACCM agarose plates were made using a 2X solu-
tion of ACCM-2, ACCM-D, or ACCM-D lacking glucose and inoculated
using an overlay spot titration protocol. Briefly, 10-fold serial dilutions of
bacterial cultures were made in 1 X ACCM-2, ACCM-D, or ACCM-D
lacking glucose. Fifty microliters of molten 0.5% agarose was added to 200
wl of each dilution, mixed, and then 50 pl of the suspension was spotted
onto a single ACCM-2, ACCM-D, or ACCM-D lacking glucose agarose
plate. The plates were left undisturbed for 1 min to allow the agarose to
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solidify and were incubated microaerobically for 7 to 10 days to allow the
development of visible colonies. The total number of colonies from the
lowest dilution showing visible growth was counted using a dissecting
microscope at 4X magnification, and the CFU per milliliter were calcu-
lated using the dilution factor. To quantify the ability of axenically grown
C. burnetii to infect host cells, focus-forming unit (FFU) assays were con-
ducted using Vero cells, as previously described (26). C. burnetii replica-
tion in ACCM-2, ACCM-D, or ACCM-D lacking glucose was measured
by quantitative PCR (qPCR) of genome equivalents (GE) using a probe
specific to dotA, as previously described (4, 7).

Construction of pJB-CAT::argGH and pMiniTn7T-CAT::argGH ex-
pression vectors. The argGH genes were amplified from L. pneumophilia
JR32 genomic DNA (gDNA) by PCR using AccuPrime Pfx (Thermo Fi-
scher Scientific) and the primers Arg-pJB-F (5'-CTTCATGAAGGA
GGCTGCAGATGAAAAAGGTTATTAAAAAAATCGCATTAG-3') and
ArgGH-pJB-R (5'-GCATGCCTCAGTCGACTTAGCCTCCTTTTAATA
ATTCATTCAGTG-3"). The argGH PCR product was cloned by In-Fu-
sion (BD Clontech) into pJB-CAT (10, 13) digested with PstI and Sall to
create pJB-CAT::argGH. To construct pMiniTn7T-CAT:argGH, the
argGH genes were amplified with the primers Arg-miniTn7-F (5-TGAA
GGAGGGAATTCATGAAAAAGGTTATTAAAAAAATCGCATTAG-3')
and ArgGH-miniTn7-R (5'-GCTTCTCGAGGAATTCTTAGCCTCCTT
TTAATAATTCATTCAGTG-3"). The CBU1169 promoter was amplified
from C. burnetii gDNA using the primers P1169-miniTn7-F (5'-TTACT
CAATGGAATTCATGGCTTCGTTTCGCAGCGAAC-3") and P1169-
ArgAux-R (5'-GAATTCCCTCCTTCATGAAGGATTAATGTC-3"). The
CBU1169 promoter and argGH PCR products were cloned by In-Fusion
(BD Clontech) into pMiniTn7T-CAT (13) digested with EcoRI to create
pMiniTn7T-CAT::argGH.

Transformation and selection. C. burnetii was genetically trans-
formed with 10 g of pJB-CAT::argGH or with 10 to 20 pg of pMiniTn7T-
CAT::argGH and 10 pg of pTnS2:1169"-tnsABCD, as previously de-
scribed (11). The electroporation mixture (150 wl) was transferred to a
T-25 tissue culture flask containing 6 ml of ACCM-D lacking arginine and
supplemented with 0.75 mM citrulline and 1% FBS. FBS is used in the first
round of selection to prevent sticking of hydrophobic avirulent phase IT C.
burnetii to the bottom of the flask, which improves transformation effi-
ciency (12). Cultures were incubated for 7 days, and then 1 ml was trans-
ferred to a T-25 flask containing 6 ml of ACCM-D lacking arginine and
supplemented with 0.75 mM citrulline. Cultures were grown for 7 days,
and 50 .l was transferred to a new T-25 flask containing 6 ml of ACCM-D
lacking arginine and supplemented with 0.75 mM citrulline, and grown
for an additional 7 days. C. burnetii argGH genetic transformants were
pelleted by centrifugation for 15 min at 16,000 X g, washed two times with
phosphate-buffered saline (1 mM KH,PO,, 155 mM NaCl, 3 mM
Na,HPO, [pH 7.2]), resuspended in 500 pl of amino acid-free cell freez-
ing medium (10% dimethyl sulfoxide, 10 mg/ml methyl-B-cyclodextrin,
1 mg/ml amino acid-free RPMI 1640 powder), and stored at —80°C.

TEM. T-150 tissue culture flasks containing 50 ml of ACCM-2 or
ACCM-D were inoculated with 1 X 10° GE/ml of C. burnetii. Bacteria
were incubated microaerobically for 21 days and then processed for trans-
mission electron microscopy (TEM) analysis, as previously described (7).

RESULTS

ACCM-D is a nutritionally defined medium. ACCM-2 is a com-
plex growth medium for C. burnetii containing both defined and
undefined nutrient sources. A defined medium is needed for con-
trolled metabolic studies of C. burnetii and to exploit natural
metabolic deficiencies for nutrition-based selection of genetic
transformants. Casamino Acids and neopeptone are undefined
components within ACCM-2 that provide peptides, amino acids,
and other micronutrients. RPMI 1640 supplies the medium with
specific amino acids, glucose, vitamins, phosphate, and inorganic
salts. To generate a defined medium, comparable amounts of in-
dividual amino acids contributed by Casamino Acids and neopep-
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FIG 1 ACCM-D supports enhanced growth of C. burnetii. Growth of C. bur-
netiiin ACCM-D and ACCM-2 was assessed using qPCR to quantitate genome
equivalents (GE) during a 14-day incubation. C. burnetii displayed a longer
logarithmic-growth phase in ACCM-D than that in ACCM-2. The results are
expressed as the means of the results from three independent experiments, and
the error bars indicate the standard deviations.

tone in ACCM-2 were added to the defined medium (Table 2). To
allow easy manipulation of individual amino acids, an amino ac-
id-free RPMI 1640 powder replaced the liquid RPMI 1640 present
in ACCM-2. Sodium phosphate and sodium bicarbonate were
also added to the defined medium to account for the loss of these
ingredients present in the liquid form of RPMI (Table 1). We
termed the new defined medium ACCM-D (see Materials and
Methods).

C. burnetii growth and viability are improved in ACCM-D. To
compare C. burnetii growth in ACCM-D and ACCM-2, we mea-
sured bacterial replication in medium over 14 days (Fig. 1). At 10 and
14 days postinoculation (dpi), C. burnetii cultured in ACCM-D rep-
licated approximately 5- to 10-fold more than bacteria cultured in
ACCM-2. In addition, bacteria exhibited logarithmic-growth kinet-
ics for approximately 6 days when cultured in ACCM-D, compared
to the 2 to 3 days of logarithmic growth in ACCM-2. The growth cycle
kinetics of C. burnetii cultured in ACCM-D were similar to those of
bacteria cultivated in Vero cells (26).

An unusual attribute of Coxiella is the ability to remain in sta-
tionary phase for weeks with a negligible loss in viability (9), which
correlates with differentiation to the stable small-cell variant
(SCV) developmental form (27, 28). However, for unknown
reasons, the viability of stationary-phase SCV propagated in
ACCM-2, as measured by the GE/FFU ratio, is substantially less
than that of host cell-propagated SCV (9), in which GE/FFU ratios
approach 6 (29). ACCM-D supported morphological differentia-
tion to the SCV developmental form (Fig. 2). To examine the
ability of ACCM-D to support SCV viability, FFU and CFU were
enumerated after growth of C. burnetii to stationary phase (14
dpi) in ACCM-D and ACCM-2. C. burnetii grown in ACCM-D
exhibited a mean * standard deviation (SD) GE/FFU ratio of
6.02 * 3.28, compared to a mean = SD ratio of 38.77 * 10.81 for
bacteria grown in ACCM-2. The GE/CFU ratio of C. burnetii cul-
tured in ACCM-D was also significantly lower than that of bacte-
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FIG 2 ACCM-D supports morphological transition to the SCV. Transmission electron micrographs showing characteristic small-cell-variant morphology (e.g.,
condensed chromatin) after growth of C. burnetii in ACCM-2 and ACCM-D for 21 days. Scale bar, 1 pm.

ria cultured in ACCM-2 (Table 3). Additionally, C. burnetii colo-
nies that developed on ACCM-D agarose plates were visually
larger than those grown on ACCM-2 (data not shown). Collec-
tively, the similar growth cycle kinetics and SCV viability of C.
burnetii propagated in ACCM-D and Vero cells suggests that
ACCM-D more closely mimics the nutritional conditions en-
countered by C. burnetii in the mammalian host cell.

Culture in ACCM-D confirms amino acid auxotrophies.
ACCM-D afforded the opportunity to examine C. burnetii amino
acid auxotrophies. To score auxotrophies, C. burnetii replication
was measured in ACCM-D deficient in each amino acid. Replica-
tion was assessed at 7 and 14 dpi in ACCM-2, ACCM-D, or
ACCM-D lacking an individual amino acid. C. burnetii was des-
ignated auxotrophic or prototrophic for a specific amino acid
when replication was <20-fold or >1,000-fold, respectively, over
the 14-day incubation period. By these criteria, C. burnetii was
judged to be prototrophic for alanine, asparagine, aspartic acid,
glutamine, glutamic acid, glycine, isoleucine, and serine (Fig. 3A).
Intermediate growth of C. burnetii (100-fold) in ACCM-D lacking
methionine was observed (Fig. 3A). Auxotrophy was scored for
arginine, cysteine, histidine, leucine, lysine, phenylalanine, pro-
line, tyrosine, threonine, tryptophan, and valine (Fig. 3B). These
results are consistent with bioinformatic predictions of amino
acid biosynthesis pathways encoded by the C. burnetii Nine Mile
RSA493 reference strain genome, with the exception of growth in
media lacking methionine and isoleucine (5, 6).

Arginine auxotrophy can be complemented with terminal L.
pneumophila arginine biosynthesis genes and citrulline supple-
mentation. The restricted use of antibiotics for C. burnetii genetic

selection prompted us to determine if we could exploit the intrin-
sic arginine auxotrophy of the organism to create a nonantibiotic
method of genetic selection. The components of the bacterial ar-
ginine biosynthetic pathway required for the conversion of gluta-
mate into arginine are typically encoded by argABCDEFGH (Fig.
4A) (30,31). C. burnetiilacks all arg genes, rendering it an arginine
auxotroph. L. pneumophila, a close relative of C. burnetii, contains
the argDEFGH genes, which complete the terminal steps of argi-
nine biosynthesis (Fig. 4A) (32). C. burnetii encodes an arginine/
ornithine-type transporter (ArtPIQM) (5, 6, 33), which likely
compensates for the absence of arginine biosynthetic genes. The
ArtPIQM system is composed of two transmembrane transport
proteins (ArtQ and ArtM), an ATP-binding ATPase (ArtP), and a
periplasm-localized arginine/ornithine binding protein (ArtI),
which facilitate in a coordinated manner the transport of arginine
and ornithine across the inner membrane (34). Although it is
unknown if C. burnetii Artl can also bind and transport citrulline,
a Pasteurella haemolytica Artl homolog called LapT is competi-
tively inhibited by citrulline, suggesting that the substrate speci-
ficity of Artl might also include this arginine precursor (35).

In L. pneumophila, ArgG (argininosuccinate synthase) and
ArgH (argininosuccinate lyase) convert citrulline into arginine
(Fig. 4A). To investigate if L. pneumophila argGH can complement
the intrinsic arginine auxotrophy of C. burnetii, we first examined
C. burnetii growth in arginine-deficient ACCM-D supplemented
with citrulline. Consistent with the lack of arginine biosynthesis
enzymes, wild-type C. burnetii did not grow in this medium (Fig.
4B). L. pneumophila ar¢gGH genes were then cloned under the
control of the CBU1169 promoter into two C. burnetii expres-

TABLE 3 Comparison of yield and viability of C. burnetii grown in ACCM-2, ACCM-D, or ACCM-D (—glucose) for 14 days®

Medium GE/ml FFU/ml CFU/ml GE/FFU GE/CFU

ACCM-2 2.46 X 10° 6.24 X 10° 8.75 X 10° 38.77 = 10.81 18.90 + 3.21
ACCM-D 1.44 X 10° 2.57 X 10® 4.63 X 10° 6.02 = 3.28° 3.13 = 3.24°
ACCM-D (—glucose) 1.18 X 10° 3.00 X 10° 5.67 X 10* 3.92 = 1.05" 2.42 * 1.49°

“ GE, genome equivalents; FFU, focus-forming units. The results represent the mean of the results from three independent experiments (for GE/ml, FFU/ml, and CFU/ml) or the
mean * standard deviation of the results from three independent experiments (for GE/FFU and GE/CFU).
b Statistical difference compared to ACCM-2 determined by one-way analysis of variance (ANOVA) (P < 0.005).
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FIG 3 Growth behavior in ACCM-D confirms C. burnetii amino acid auxotrophies. Amino acid prototrophies (A) and auxotrophies (B) of C. burnetii are
indicated by growth characteristics in ACCM-D. Individual amino acids were omitted to generate ACCM-D amino acid dropout media. Media were inoculated
with C. burnetii, and the fold change in bacterial replication was determined by qPCR to quantitate genome equivalents (GE) at 7 days (d7) and 14 days (d14)
postinoculation. The results are expressed as the means of the results from three independent experiments, and the error bars indicate the standard deviations.
Auxotrophy was scored as a fold change in GE/ml of <20 by 14 days postinoculation, while prototrophy was scored as a fold change in GE/ml of >1,000. A partial
dependence on methionine was observed.
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-e- ACCM-D
-# ACCM-D (-arginine)
-« ACCM-D (-arginine/+citrulline)

Ipg0495Y, argH 104
L-arginine

2 4 6 8 10 12 14
days post-inoculation

FIG 4 Citrulline does not complement C. burnetii growth in ACCM-D lacking arginine. (A) Schematic of the arginine biosynthesis pathway. L. pneumophila
contains argDEFGH with argG (Ipg0494, argininosuccinate synthase), argH (Ipg0495, argininosuccinate lyase), and argF (Ipg0496, ornithine carbamoyltrans-
ferase) arranged in a predicted operon (32). (B) Growth of C. burnetii in ACCM-D, ACCM-D minus arginine, or ACCM-D minus arginine and supplemented
with citrulline was assessed using qPCR to quantitate genome equivalents (GE) during a 14-day incubation. The results are expressed as the means of the results
from three independent experiments, and the error bars indicate the standard deviations.

sion vectors: pJB-CAT for multicopy-plasmid expression, and
pMiniTn7T-CAT for single-copy-chromosome expression (13)
(Fig. 5A). Growth of C. burnetii expressing argGH in single or

ine-deficient ACCM-D (Fig. 5B). Collectively, these data demon-
strate that argGH is a selectable genetic marker when used in con-
junction with ACCM-D lacking arginine and supplemented with

multiple copies was restored when citrulline was added to argin-  citrulline.

A
ropA pJB-CAT::argGH pMiniTn7T-CAT::argGH
12,178 bp 6,842 bp
RSF1010
B C. burnetii C. burnetii
1070, pJB-CAT::argGH 101 pMiniTn7T-CAT::argGH
10°
1084
£ -+ ACCM-D
g - ACCM-D (-arginine)
108 -+ ACCM-D (-arginine/+citrulline)
108
Ny e — S S i
104 & .
10° 103
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

days post-inoculation days post-inoculation

FIG 5 Genetic transformation with pJB-CAT::argGH or pMiniTn7T-CAT::argGH complements C. burnetii arginine auxotrophy in ACCM-D lacking arginine
but supplemented with citrulline. (A) Plasmid maps of pJB-CAT::argGH and pMiniTn7T-CAT::argGH containing argGH from L. pneumophila. (B) Growth of
C. burnetii transformed with pJB-CAT::argGH or pMiniTn7T-CAT::argGH in ACCM-D, ACCM-D minus arginine, or ACCM-D minus arginine and supple-
mented with citrulline. Growth was quantified using qPCR to determine genome equivalents (GE) during a 14-day incubation. The results are expressed as the
means of the results from three independent experiments, and the error bars indicate the standard deviations.
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FIG 6 C. burnetii does not require glucose for growth in ACCM-D. Growth of
C. burnetii in ACCM-D lacking glucose was assessed using qPCR to quantify
genome equivalents (GE) during a 14-day incubation in ACCM-D and
ACCM-D lacking glucose. The results are expressed as the means of the results
from three independent experiments, and the error bars indicate the standard
deviations.

Glucose is not required for C. burnetii growth. The impor-
tance of exogenous glucose in central carbon metabolism of C.
burnetii is unresolved (8, 15, 36). ACCM-D contains RPMI 1640
cell culture medium that contains glucose at a concentration of
approximately 1.39 mM. Thus, to generate ACCM-D lacking glu-
cose, an amino acid-free, glucose-free RPMI 1640 powder was
substituted. Bacteria grown in ACCM-D and ACCM-D lacking
glucose replicated comparably, indicating that glucose is not re-
quired for axenic growth (Fig. 6 and Table 3). This result demon-
strates that Coxiella can be propagated in medium containing only
inorganic salts, vitamins, and amino acids.

DISCUSSION

In the current study, we describe the development of ACCM-D, a
nutritionally defined medium that supports increased replication
of C. burnetii compared to that in previous generations of ACCM
(7,9, 10). The yield of C. burnetii grown in ACCM-D is approxi-
mately 5- to 10-fold greater than that achieved with ACCM-2.
Interestingly, the logarithmic-growth rate is lower in ACCM-D
and resembles that of host cell-grown organisms (26). Further-
more, ACCM-D supports morphological transition to the SCV
developmental form, which displays increased viability over SCV
generated in ACCM-2 as assessed by infectivity for Vero cells and
colony formation on agarose plates. ACCM-D offers a significant
improvement over current C. burnetii axenic culture media in
terms of bacterial yield and viability and the ability to precisely
define medium components for metabolic studies.

The study of C. burnetii central metabolic processes using in-
tracellular culture methods or complex media, such as ACCM-2,
is difficult. Consequently, knowledge of C. burnetii catabolic and
anabolic potential is predominantly based on metabolic recon-
struction using the genome sequence of the Nine Mile RSA493
reference strain (5, 6). The development of nutritionally defined
ACCM-D now allows the omission of individual amino acids and
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other nutrients to assess their contributions to C. burnetii metab-
olism, replication, and progression through the developmental
cycle. Indeed, growth studies using ACCM-D lacking specific
amino acids validate predicted C. burnetii auxotrophies for argi-
nine, cysteine, histidine, leucine, lysine, phenylalanine, proline,
threonine, tyrosine, tryptophan, and valine (5). C. burnetii grew in
the absence of isoleucine and, to a lesser degree, methionine, de-
spite predicted auxotrophy for these amino acids. Growth in the
absence of isoleucine suggests that C. burnetii may operate an
alternative isoleucine biosynthesis pathway similar to that of other
bacteria (37-39). The citramalate-dependent pathway utilizes cit-
ramalate synthase (CimA) to synthesize isoleucine from pyruvate
and acetyl-coenzyme A (CoA) (39). Although C. burnetii leuA
(cbu0520) shares homology to cimA, genes encoding the enzymes
required to complete the remaining steps in the pathway are not
readily identifiable, leaving the question of the potential mecha-
nism of C. burnetii isoleucine biosynthesis unresolved. The reason
why ACCM-D lacking methionine supports moderate growth of
C. burnetii is also unclear. In E. coli, the conversion of aspartate to
methionine involves the activities of MetA and MetB, which are
absentin C. burnetii. However, C. burnetii might use one of several
alternative pathways for methionine biosynthesis, as it contains
several met genes (40). A predicted methionine-specific ABC
transporter (CBU0107 to CBU0109) likely compensates for an
inability to synthesize sufficient levels of methionine (41, 42).

Optimal axenic growth and viability of C. burnetii in ACCM-D
do not require exogenous glucose. The organism appears to be
capable of transporting glucose via a glucose proton symporter
(CBUO0265), and the sugar is metabolized at low levels in acidic
buffers (8, 15). However, C. burnetii is missing a classical hexoki-
nase for the generation of glucose-6-phosphate that can be de-
graded for anabolic and catabolic purposes by glycolysis. C. bur-
netii also lacks a UhpT-like transporter for glucose-6-phosphate
and is devoid of a glucose-specific phosphotransferase system ca-
pable of phosphorylating glucose at the expense of phosphoenol-
pyruvate (5, 6). An alternative route to glucose-6-phosphate by C.
burnetii may involve a transphosphorylation reaction between
carbamoyl phosphate and glucose, catalyzed by a predicted mem-
brane-bound glucose-6-phosphatase (CBU1267) (36, 43). Al-
though glucose is unnecessary for axenic growth, a recent tran-
scriptome study suggests that glucose is an important carbon
source during intracellular growth (44). Lysosomes contain a glu-
cose transporter and accumulate glycogen, which is broken down
to glucose by lysosomal acid a-glucosidase (45, 46). Thus, the C.
burnetii phagolysosome-like replication vacuole may contain am-
ple glucose. Substantial differences in carbon metabolism have
been documented for bacterial pathogens during axenic and in-
tracellular growth (47); however, defining the significance of glu-
cose during intracellular growth of C. burnetii will require addi-
tional experimentation.

Knowledge of C. burnetii amino acid auxotrophies exhibited
during culture in ACCM-D provided an opportunity to develop a
nonantibiotic method for genetic selection. C. burnetii lacks genes
responsible for arginine biosynthesis, consistent with its observed
arginine auxotrophy, but it does encode a predicted arginine/or-
nithine-type transporter (ArtPIQM). L. pneumophila is an argi-
nine auxotroph that has retained argDEFGH, genes that are re-
sponsible for the terminal steps of arginine biosynthesis (32). C.
burnetii expression of L. pneumophila argGH, along with citrulline
transport, possibly mediated by the ArtPIQM, allows growth of C.
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burnetii in ACCM-D lacking arginine and supplemented with cit-
rulline.

Interestingly, C. burnetii encodes a predicted arginine repres-
sor (ArgR, CBU0480) upstream of the artPIQM arginine trans-
porter operon. In the presence of arginine, ArgR inhibits the tran-
scription of arginine (ARG)-box-containing genes and acts as a
coactivator for the transcription of other genes (48—50). The ex-
pression of L. pneumophila argR is regulated by the stationary-
phase sigma factor RpoS (51), and a L. pneumophila argR mutant
exhibits impaired growth in amoebae (32). The L. pneumophila
ArgR regulon encodes proteins with diverse functions that include
type IV secretion system effectors, amino acid and nucleotide me-
tabolism, transport and binding, detoxification, and stress adap-
tation (32). Although L. pneumophila argR is required for growth
in amoebae, it is not required for growth in THP-1 human mac-
rophages, underscoring the effect that altered nutritional niches
have on the activation of distinct regulatory responses (32). As
with L. pneumophila, we predict that arginine availability regulates
physiologic processes beyond arginine acquisition in C. burnetii.
ACCM-D will enable future studies examining ArgR transcrip-
tional regulation by C. burnetii.

There are additional possibilities for auxotrophic selectable
markers based on the intrinsic C. burnetii amino acid biosynthetic
deficiencies identified in this study. For example, a nearly com-
plete lysine biosynthesis pathway is present in C. burnetii, but the
enzyme diaminopimelic acid decarboxylase (LysA) that converts
meso-2,6-diaminopimelate into lysine is missing. However,
meso-2,6-diaminopimelate is a component of C. burnetii pepti-
doglycan (52), indicating that C. burnetii can synthesize this lysine
intermediate. These data suggest that C. burnetii lysine auxotro-
phy can be complemented via heterologous expression of lysA
in ACCM-D replete of lysine. Indeed, a similar approach was
used to complement lysine auxotrophy in Mycobacterium bovis
BCG (53, 54).

Exploitation of host amino acid metabolism by intracellular
bacteria is an emerging paradigm (55, 56). There is prominent
overlap between the amino acid auxotrophies of C. burnetii, L.
pneumophila, and other intracellular bacteria and the essential
amino acids of the mammalian host cell (57, 58). L. pneumophila
replicates intracellularly within an endoplasmic reticulum-de-
rived vacuole and can utilize amino acids as its main source of
carbon and energy (59-64). To generate a sufficient supply of
amino acids to support growth, L. pneumophila promotes protea-
somal degradation of polyubiquitinated proteins surrounding the
pathogen vacuole (65) and relies upon the host cell amino acid
transporter solute carrier (SLC) protein SLC1A5 (66). SLC pro-
teins are responsible for shuttling nutrients across plasma, lyso-
some, and other organelle membranes (67). Endolysosomal com-
partments that fuse with the C. burnetii-containing vacuole
contain numerous SLC proteins (4, 68, 69). It is logical to hypoth-
esize that, like Legionella, C. burnetii hijacks host cell peptide or
amino acid transport to acquire amino acids needed for growth.
Moreover, the C. burnetii vacuole shows robust engagement with
autophagosomes predicted to deliver proteins destined for degra-
dation to amino acids by lysosomal proteases (70-72).

The metabolic interlock between pathogen and host has
spurred interest in studying nutritional virulence associated with
intracellular bacteria (47, 58, 73, 74). The exploitation of host cell
amino acid pools by C. burnetii remains an unexplored area of
investigation that will be facilitated by the tools and findings pre-
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sented here. ACCM-D now enables an assessment of C. burnetii
nutritional requirements that promote its intracellular parasitic
lifestyle, and it provides an alternative method of genetic selection
based on amino acid auxotrophies.
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