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The bacterial pathogen Staphylococcus aureus is capable of infect-
ing a broad spectrum of host tissues, in part due to flexibility of
metabolic programs. S. aureus, like all organisms, requires essen-
tial biosynthetic intermediates to synthesize macromolecules. We
therefore sought to determine the metabolic pathways contribut-
ing to synthesis of essential precursors during invasive S. aureus
infection. We focused specifically on staphylococcal infection of
bone, one of the most common sites of invasive S. aureus infection
and a unique environment characterized by dynamic substrate
accessibility, infection-induced hypoxia, and a metabolic profile
skewed toward aerobic glycolysis. Using a murine model of oste-
omyelitis, we examined survival of S. aureus mutants deficient in
central metabolic pathways, including glycolysis, gluconeogenesis,
the tricarboxylic acid (TCA) cycle, and amino acid synthesis/catab-
olism. Despite the high glycolytic demand of skeletal cells, we
discovered that S. aureus requires glycolysis for survival in bone.
Furthermore, the TCA cycle is dispensable for survival during os-
teomyelitis, and S. aureus instead has a critical need for anaple-
rosis. Bacterial synthesis of aspartate in particular is absolutely
essential for staphylococcal survival in bone, despite the presence
of an aspartate transporter, which we identified as GltT and con-
firmed biochemically. This dependence on endogenous aspartate
synthesis derives from the presence of excess glutamate in in-
fected tissue, which inhibits aspartate acquisition by S. aureus.
Together, these data elucidate the metabolic pathways required
for staphylococcal infection within bone and demonstrate that the
host nutrient milieu can determine essentiality of bacterial nutri-
ent biosynthesis pathways despite the presence of dedicated
transporters.
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Staphylococcus aureus is a gram-positive human pathogen that
causes life-threatening, invasive disease, imposing a signifi-

cant healthcare burden in the United States and globally (1). S.
aureus is known to colonize nearly every human tissue. The
ability of S. aureus to survive in unique host environments relates
directly to its ability to obtain essential nutrients from host tis-
sues (2, 3). It is therefore vital to understand how pathogens
obtain nutrients in the context of invasive infection and
inflammatory-associated shifts in the host nutrient milieu.
As one of the most common manifestations of invasive S.

aureus infection, osteomyelitis (OM) is a paradigm for invasive
staphylococcal disease (4). Bone infections cause significant
morbidity, including bone damage, pathologic fractures, and
septicemia, even in the presence of appropriate treatment (5, 6).
The bone destruction observed during infection suggests that S.
aureus experiences a dynamic nutrient environment inside the

host, as host consumption and release of nutrients are altered by
widespread cell death and inflammation. Furthermore, although
normal skeletal remodeling occurs at homeostasis, invading
pathogens alter the kinetics of bone remodeling, in part via
changes in skeletal cell differentiation and activation (7, 8). This
bone remodeling is coordinated by the opposing action of bone-
resorbing osteoclasts and bone-depositing osteoblasts—both of
which exhibit a highly glycolytic metabolism (9–12). The dynamic
nature of bone during infection consequently makes OM a
unique model for the study of fundamental processes in bacterial
nutrient acquisition and metabolism.
In order to elucidate the genetic pathways required by

staphylococci during infection, we previously conducted trans-
poson sequencing (TnSeq) analysis in an S. aureus murine OM
model (13). TnSeq revealed that a majority of the genes required
for staphylococcal survival during OM are in metabolic path-
ways. However, the use of TnSeq to examine bacterial metabo-
lism is confounded by both exchange and competition for metabolites
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between mutants, which may mask or exacerbate phenotypes
in vivo (14). Additionally, the generation of an S. aureus trans-
poson library in rich media introduces a significant selection bias
against mutants in glycolysis. This bias in library generation in-
hibits comprehensive analysis of the metabolic pathways re-
quired for survival during infection. Therefore, to better
understand the metabolic pathways that allow S. aureus to sur-
vive within the host nutritional milieu, we sought to compre-
hensively assess the central metabolic pathways required for
staphylococcal survival in bone.

Results
S. aureus Requires Glycolysis but Not Gluconeogenesis during OM. In
order to synthesize essential cellular macromolecules, S. aureus
requires 12 essential biosynthetic intermediates (Fig. 1) (2). Six
of these essential intermediates are produced by glycolysis and
gluconeogenesis. Because skeletal cells exhibit a highly glycolytic
metabolism, we hypothesized that competition with the host for
available glucose during OM would necessitate the use of al-
ternative nutrient sources, such as amino acids, to produce the
biosynthetic precursors generated from glycolysis/gluconeogen-
esis. We therefore hypothesized that gluconeogenesis would be
essential for S. aureus survival during OM. This hypothesis is
supported by the fact that pyc, encoding the enzyme pyruvate
carboxylase which feeds precursors into gluconeogenesis by
converting pyruvate into oxaloacetate, was identified as essential
for S. aureus survival in bone by TnSeq (Fig. 1) (13). However,
Pyc also contributes to several additional metabolic pathways,
including the tricarboxylic acid (TCA) cycle and amino acid
synthesis (Fig. 1). Therefore, to test the role of gluconeogenesis
in S. aureus pathogenesis during OM, we examined the survival
of mutants in both pyc and pckA. PckA is a dedicated gluco-
neogenic enzyme that catalyzes the conversion of the metabolic
product of Pyc, oxaloacetate, into phosphoenolpyruvate (Fig. 1).
We found that disruption of pyc had a significant effect on the
fitness of S. aureus during OM (Fig. 2). Surprisingly, however,
pckA was not essential for survival, indicating that gluconeo-
genesis is not required for staphylococcal survival during OM.
Due to the absence of a survival defect in a gluconeogenic mu-
tant in vivo, we postulated that glycolytic carbon sources may in
fact be readily available to S. aureus in vivo to fuel bacterial
glycolysis. To test this hypothesis, we examined the in vivo sur-
vival of mutants in pyk, which encodes the glycolytic enzyme
responsible for synthesizing pyruvate from phosphoenolpyruvate.
We found that S. aureus requires pyk to survive in bone, in-
dicating that glycolysis is indeed required to fuel S. aureus growth
in vivo during OM (Fig. 2). To further examine the role of gly-
colysis during OM and to determine if the glycolytic dependence
of S. aureus in bone was strain-dependent, we also tested the
survival of mutants in pyk and pfkA (encoding the glycolytic
enzyme phosphofructokinase) in the Newman-strain background
(SI Appendix, Fig. S1). Despite the increased bacterial burdens of
the Newman strain in our OM model, inactivation of both pyk
and pfkA resulted in significant fitness defects compared with the
wild type (WT) during OM, consistent with results using
USA300-lineage mutants. Together, these results show that
glycolysis, not gluconeogenesis, provides essential biosynthetic
intermediates for S. aureus during infection of bone.

The Pentose Phosphate Pathway Enzyme TalA and the TCA Cycle Are
Dispensable for Survival during OM. Three essential biosynthetic
intermediates can be produced using the pentose phosphate
pathway (Fig. 1). Because only one of the enzymes in this
pathway is not essential for growth in vitro, we could only test the
transaldolase (talA) mutant for survival in vivo. A talA mutant
did not have a survival defect during OM (Fig. 2). Because TalA
is redundant or dispensable in several other organisms, we can-
not form a conclusion on the unique essentiality of the pentose

phosphate pathway as a whole during OM from this experiment
(2, 15).
The final three essential biosynthetic precursors for S. aureus

growth consist of the TCA-cycle intermediates alpha-ketoglutarate
(α-KG) and oxaloacetate, and acetyl-coenzyme A (acetyl-CoA),
which serves as a link between glycolysis and the TCA cycle. S.
aureus must therefore utilize either the TCA cycle or metabolite-
replenishing reactions, known as anaplerotic reactions, for
growth. To determine the role of TCA-cycle enzymes during
OM, we examined the survival of mutants in acetyl-CoA syn-
thesis and in each step of the TCA cycle in vivo (Fig. 2). Al-
though a pdhA mutant had significantly reduced bacterial
burdens in vivo, none of the TCA-cycle mutants tested had de-
fects for survival. Interestingly, a pdhA mutant was not as at-
tenuated as the glycolysis mutant pyk, likely reflecting the ability
of S. aureus to still successfully convert pyruvate into oxaloace-
tate in this mutant background. Instead, the survival defect of a
pdhA mutant may be reflective of its role as a key enzyme in the
utilization of acetyl-CoA in other downstream metabolic path-
ways such as fatty acid synthesis (Fig. 1). However, overall, these
data indicate that the TCA cycle is not essential for survival
during OM and that the dependence upon pdhA is not driven by
a requirement for the TCA cycle.

The Anaplerotic Enzyme AspA Is Required for Bacterial Survival In
Vivo. Because the TCA cycle is not required for full bacterial
burdens during OM, we hypothesized that the remaining essen-
tial biosynthetic intermediates, α-KG and oxaloacetate, would be
produced through anaplerotic reactions (Fig. 1). To test this
hypothesis, we examined the survival of mutants in glutamate
dehydrogenase (gudB), which converts glutamate (Glu) to α-KG,
and aspartate aminotransferase (aspA), which interconverts as-
partate (Asp) and α-KG into oxaloacetate and Glu, respectively
(Fig. 2). Interestingly, a gudB mutant had no survival defect,
suggesting that α-KG may be fulfilled by other reactions in vivo.
We next examined the fitness of an aspA mutant in vivo and
found that it was completely attenuated for growth in bone but
could be rescued by complementation in cis (Fig. 2 and SI Ap-
pendix, Fig. S2). An aspA mutant also experienced a survival
defect as early as 1 d postinfection and, in several mice, was
completely cleared by 7 d (SI Appendix, Fig. S3A). This pheno-
type was not unique to bone, as an aspA mutant also experienced
a survival defect in multiple tissue types following disseminated
infection (SI Appendix, Fig. S3 B–D). Interestingly, AspA resides
in a pathway with two additional essential enzymes, Pyc and Pyk,
for the synthesis of Asp from glycolytic intermediates, suggesting
that Asp biosynthesis serves as a fundamental metabolic strategy
for S. aureus survival in vivo.

An Ex Vivo Approach for Analyzing the Capacity of S. aureus to
Acquire Nutrients from Bone. We identified endogenous synthesis
of Asp as essential for staphylococcal survival in vivo during OM.
To generate a more complete picture of the potential nutrients
available for S. aureus when growing in bone, we next examined
exogenous nutrient acquisition. To do this, we developed an
in vitro culture system in which S. aureus is grown in chemically
defined media with glucose (CDMG) supplemented with ho-
mogenized bone. In this culture system, we examined the growth
of S. aureus metabolic mutants in media depleted of, or replete
for, various nutrients. We first assessed the ability of homoge-
nized bone to chemically complement known S. aureus auxot-
rophies (Fig. 3) (16). Surprisingly, homogenized bone was able to
increase the growth of S. aureus in CDMG lacking every amino
acid and nucleotide individually. These data suggest that healthy
bone serves as a source of critical nutrients for S. aureus.
Considering that the amino acids within homogenized bone

could supplement WT S. aureus auxotrophies, we expected that
in the absence of de novo Asp biosynthesis, S. aureus would also
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be capable of utilizing exogenous Asp. We therefore hypothe-
sized that an aspAmutant may be unable to survive in vivo due to
a lack of available exogenous Asp during infection. Because WT
S. aureus is prototrophic for Asp, an aspA mutant was tested to
examine the bioavailability of Asp in homogenized bone. An
aspA mutant was capable of growing to WT levels in CDMG
containing exogenous Asp and, as expected, an aspA mutant
demonstrated an induced auxotrophy for Asp in vitro (Fig. 3).
Previous studies have suggested that the requirement for Asp
biosynthesis arises from the demand for Asp-derived amino
acids, particularly lysine (Lys), in S. aureus (17). In keeping with
this hypothesis, we found that an aspA mutant also demonstrated
significantly reduced growth in the absence of Lys, Glu, and
purines relative to WT in vitro (Fig. 3). Interestingly, however,
homogenized bone could restore growth of an aspAmutant when
Lys and Glu were individually removed from the medium, sug-
gesting that bone might contain sufficient levels of exogenous
Lys and Glu to support S. aureus growth. In support of this ob-
servation, inactivation of the two aspartate kinase isoforms required
for Lys synthesis, SAUSA300_1225 (1225) and SAUSA300_1286
(lysC), reduced S. aureus growth in vitro in the absence of Asp-
derived amino acids but did not decrease S. aureus survival
in vivo (SI Appendix, Fig. S4). Therefore, Asp-derived amino acids
are likely not limiting in bone. On the other hand, homogenized
bone could not rescue growth of an aspAmutant toWT levels in the
absence of Asp or purines, suggesting that these nutrients might be

limiting in vivo, or that S. aureus is incapable of acquiring Asp or
purines from bone (Fig. 3). Taken together, these data indicate
that although S. aureus is capable of importing Asp and Asp-
derived metabolites, bone may not provide sufficient Asp or
purines to supplement the growth requirements of S. aureus
ex vivo, necessitating Asp biosynthesis through AspA.

Deficiency in Purine Biosynthesis Drives the Defect of an aspAMutant
In Vivo. Ex vivo assays indicated that, although WT S. aureus is
prototrophic for purines, the aspA mutant developed a purine
auxotrophy that could not be rescued by homogenized bone
(Fig. 3 and SI Appendix, Fig. S5). Asp has multiple roles in purine
biosynthesis, and we previously noted that several purine bio-
synthesis mutants were defective for survival during TnSeq of
OM (13). We therefore hypothesized that the survival defect of
an aspAmutant may be due to an inability to synthesize sufficient
purines in vivo. To test if purine biosynthesis is essential for S.
aureus survival in vivo, we examined survival of a mutant in purB,
encoding an enzyme that utilizes intermediates derived from Asp
to ultimately generate ATP and GTP. We found that disruption
of purB had a profound effect on the fitness of S. aureus (Fig. 2).
The essentiality of purB indicates that compromising the GTP
and ATP branches of purine biosynthesis critically inhibits the
ability of S. aureus to survive in bone and may drive the survival
defect of an aspA mutant in vivo. To further evaluate the fate of
intracellular Asp in S. aureus, we examined the uptake and
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metabolism of 13C/15N-labeled Asp by gas chromatography mass
spectrometry (GCMS) (Fig. 4 and Dataset S1). Tracking of
carbon and nitrogen derived from [13C4,

15N]Asp in WT S. aureus
indicated that Asp-derived heavy atoms are readily incorporated
into Glu, citrate, α-KG, and fumarate. In an aspA mutant,
however, synthesis of Glu, citrate, and α-KG from Asp is almost
completely abrogated. Despite the lack of Asp-derived TCA
intermediates, an aspA mutant is still viable in the presence of
exogenous Asp, suggesting that Asp synthesis is essential for
alternative metabolic pathways. Instead, in an aspA mutant, Asp-
derived carbon is converted primarily into M4 fumarate, that is,
containing four heavy atoms, which is generated from purine
biosynthesis in a pathway reliant upon PurB (Fig. 4). Taken to-
gether, these in vivo and GCMS data suggest that an aspA

mutant relies upon exogenous Asp for purine biosynthesis, which
is essential for staphylococcal survival in vivo during OM.

GltT Is a Functional Aspartate Transporter in S. aureus. An aspA
mutant could only survive in vitro in CDMG when exogenous Asp
is supplied, suggesting that S. aureus encodes a functional Asp
transporter (Fig. 3 and SI Appendix, Fig. S6A). However, we found
that an aspA mutant was unable to acquire sufficient Asp from
bone for growth in vitro, suggesting that Asp levels within bone
may be too low to support growth or that Asp transport is not
functional (Fig. 3 and SI Appendix, Fig. S6A). This was surprising,
as the concentration of all other amino acids within homogenized
bone was sufficient to support the enhanced growth of WT S.
aureus in amino acid-depleted media. Interestingly, Asp bio-
synthesis is also conditionally essential for growth in vitro in Ba-
cillus subtilis, despite the ability to acquire Asp exogenously
through the Asp/Glu transporter GltT (18). We therefore hy-
pothesized that Asp transport may occur through the S. aureus
GltT homolog (SAUSA300_2329). To test this hypothesis, we first
examined the ability of S. aureus GltT to transport Asp. To con-
firm that GltT is the only functional transporter of Asp under our
growth conditions, we generated an aspA/gltT double mutant.
Although an aspAmutant was able to acquire exogenous Asp from
CDMG, the aspA/gltT double mutant was incapable of growing in
CDMG, suggesting that GltT is the only transporter for exogenous
Asp under these conditions (Fig. 5A and SI Appendix, Fig. S6B).
To further verify that GltT is the only Asp transporter functional
under these conditions, we examined uptake of [13C4,

15N]Asp by
GCMS (Fig. 5B and Dataset S2). In an aspA/gltT mutant back-
ground constitutively expressing gltT in trans on an overexpression
construct driven by the constitutively active lgt promoter, Asp was
readily taken up and converted into downstream intermediates,
namely fumarate. However, in an aspA/gltT mutant background
expressing an empty vector control, uptake of [13C4,

15N]Asp was
not detected above background. Because S. aureus GltT is a ho-
molog to an Asp/Glu transporter, the in vitro growth defect of an
aspA/gltT mutant could be caused by a defect in Glu uptake.
However, the primary Glu transporter in S. aureus was recently
established as GltS (19). Furthermore, the requirement for GltT
in an aspA mutant could be bypassed by supplying 2 mM aspar-
agine (Asn), which is acquired through alternative transporters
and converted to Asp by asparaginase (AnsA) (Fig. 5A and SI
Appendix, Figs. S6B and S7) (20, 21). Therefore, the ability of Asn
supplementation to bypass the growth defect of an aspA/gltT
mutant indicates that the defect is not due to an inability to
transport Glu but rather due to an inability to acquire Asp.

Excess Glutamate Competitively Inhibits S. aureus Aspartate
Transport. B. subtilis requires Asp synthesis because Glu com-
petitively inhibits Asp import through GltT, despite sufficiently
high levels of Asp in media (18). Similar to B. subtilis, Asp
transport in S. aureus is also competitively inhibited by Glu
in vitro (20). We hypothesized that S. aureus Asp transport may
be similarly inhibited by Glu in vivo and that the ratio of Glu to
Asp in bone may prevent acquisition of exogenous Asp in vivo
and in our ex vivo assay (20). To test the hypothesis that Glu is
elevated relative to Asp in bone, we measured Asp and Glu
levels in homogenized murine femurs. We found that Glu was
approximately twofold higher than Asp in uninfected tissues and
that Glu increased in infected tissues to approximately fourfold
higher than Asp concentrations (Fig. 5C). We hypothesized that
this ratio of Glu to Asp may inhibit acquisition of Asp by an aspA
mutant. To test this hypothesis, we grew an aspA mutant in
CDMG containing ratios of Glu and Asp that are found in
healthy and infected bone and examined if Glu inhibits utiliza-
tion of Asp in S. aureus in these conditions. We found that in
CDMG containing the ratios of Asp and Glu in healthy bone
(1:2) or in CDMG containing ratios of Asp and Glu found in
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isotope-labeled carbon. Open circles indicate unlabeled atoms. AICAR,
amino-4-imidazolecarboxamide ribonucleotide 5’-phosphate. (B) Percent
abundances of mass isotopomers relative to total metabolite abundance for
select metabolites of WT or aspA::Tn mutant S. aureus grown in CDMG with
[13C4,

15N]Asp or unlabeled Asp control for 2 h; n = 3 biologic replicates.
Columns indicate the mean. Error bars represent SEM.
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infected bone (1:4), growth of an aspA mutant was inhibited
compared with WT S. aureus (Fig. 5D and SI Appendix, Fig. S6 C
and D). Furthermore, this inhibition could be overcome by
equalizing the Asp:Glu ratio in the media or by supplementation
of media with Asn.

We next hypothesized that the inhibition of Asp transport
could be overcome by increasing the expression of gltT, which
might decrease saturation of the GltT transporter. Supporting
this hypothesis, overexpression of gltT in trans rescued the
growth defect of an aspA mutant in vitro in CDMG with excess
Glu (Fig. 5E and SI Appendix, Fig. S6E). Furthermore, although
an aspA mutant experiences a severe survival defect during OM
by 4 d postinfection in vivo, constitutive expression of gltT pro-
vided a significant growth advantage to an aspA mutant (Fig. 5F
and SI Appendix, Fig. S3A). Together, these data suggest that
although S. aureus is able to acquire exogenous Asp through the
GltT transporter, the excess Glu in some host tissue niches in-
hibits Asp transport and necessitates Asp biosynthesis in vivo for
the synthesis of purines. Overall, this study characterizes the
metabolic pathways involved in invasive staphylococcal infection
during OM and highlights how the host nutrient milieu drives
biosynthetic pathways required for bacterial survival.

Discussion
The ability of S. aureus to infect a variety of host tissue types
requires metabolic flexibility to acquire or produce nutrients in
different environments. Yet, the metabolic requirements for
staphylococcal growth during invasive infection have not been
fully elucidated. Using a combination of monoinfections and
ex vivo growth analyses, we performed a comprehensive analysis
of the metabolic requirements for S. aureus during OM. We
determined that Asp biosynthesis represents a key metabolic
node for staphylococcal survival during infection. Finally, we
demonstrated that the nutritional context of bone dictates the
metabolic strategies used by S. aureus.
Previous in vitro studies have focused on the metabolic ca-

pabilities of S. aureus in the absence of glucose, as the centers of
abscesses are predicted to be glucose-limited (21). Transcript
and protein levels of gluconeogenic enzymes in S. aureus have
also been found to be elevated during invasive infection, and in
OM specifically (22, 23). Our studies, however, suggest that S.
aureus requires glycolysis and glycolytic carbon sources to survive
in vivo during OM. S. aureus is known to have a remarkable
ability to scavenge glucose from its environment due to an ar-
senal of four high-affinity glucose transporters (24). This pref-
erence for glycolytic metabolism reflects the adaptation of S.
aureus to nonrespiratory conditions within inflamed tissues (25).
The conflicting increase of gluconeogenic enzymes previously
observed with the requirement for glycolysis observed here may
reflect temporal changes or spatial heterogeneity in glucose
availability during infection.
The TCA cycle has been suggested to be important for

staphylococcal virulence (26–28). When we tested mutants from
each of the pathways involved in the TCA cycle individually,
however, none of the TCA-cycle enzymes were required for
survival during OM. The lack of a virulence defect in TCA-cycle
mutants in our model is not surprising, as multiple factors pre-
sent in bone during infection are known to reduce TCA-cycle
activity/expression, including reactive oxygen/nitrogen species,
iron limitation, and glycolytic carbon source availability (29–33).
Interestingly, in WT S. aureus, [13C4,

15N]Asp was observed to
contribute to TCA-cycle intermediates in the presence of glu-
cose, suggesting that, despite catabolite repression of some TCA-
cycle enzymes, some TCA-cycle activity still occurs in vitro,
which may impact antibiotic tolerance (33). Despite potential
low-level activity of the TCA cycle during growth on glucose
in vitro, these results collectively demonstrate that the TCA cycle
is not required for full bacterial burdens in bone.
We found that S. aureus requires biosynthesis of Asp for sur-

vival during OM and disseminated infection. This finding ap-
pears to be characteristic of invasive infection, as several other
groups have identified aspA as essential for survival in unbiased
screens in vivo (34, 35). Our data indicate that S. aureus depends
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Fig. 5. GltT is an S. aureus aspartate transporter that is inhibited by excess
glutamate in vitro. (A) The indicated strains were grown for 8 h in CDMG or
CDMG supplemented with 2 mM Asn. (B) Atom percent enrichment of Asp for
aspA/gltT expressing the indicated plasmids grown in CDMG with chloram-
phenicol (CM), 2 mM Asn, and [13C4,

15N]Asp or unlabeled Asp as a control for 2
h. (C) Asp and Glu concentrations were measured in uninfected and infected
femurs 14 d postinfection. Glu-to-Asp ratio is 1.77 and 3.65 in uninfected and
infected femurs, respectively. (D) WT or aspA::Tn S. aureus were grown in
CDMG supplemented with 4× excess Glu or Asp and compared with growth in
standard CDMG for 8 h. (E) The indicated strains were grown for 24 h in CDMG
supplemented with excess Glu and CM compared with growth in standard
CDMG and CM. Growth was monitored for 24 h due to enhanced lag phase
induced by CM. (F) OM was induced in groups of mice using WT or aspA::Tn
strains containing the indicated plasmids. Based on kinetic studies showing
clearance of aspA::Tn between 1 and 7 d postinfection, femurs were processed
for CFU enumeration at 4 d postinfection. Columns and horizontal bars indicate
the mean. Error bars represent SEM. (A–C) n = 3 biologic replicates. (C and F)
Significance was determined by Student’s t test. (D and E) n = 2 biologic rep-
licates. (A, D, and E) Significance was determined by two-way ANOVA with
Holm–Sidak correction for multiple comparisons. *P < 0.05. N.S., not significant.
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upon endogenous Asp biosynthesis despite the presence of exog-
enous Asp in bone. This is due, in part, to inhibition of Asp
transport by higher concentrations of Glu in infected bone. Al-
though we demonstrated that the Glu:Asp ratio of infected bone is
increased compared with uninfected bone, we suspect that these
levels are underestimated, as the spatial distribution of analytes is
destroyed by traditional metabolite analysis. In fact, local tissue
Glu levels have been found to increase more than 30-fold within
staphylococcal brain abscesses (36). Glutamate levels may, there-
fore, be significantly higher surrounding the infection site.
The dependence of S. aureus on endogenous Asp synthesis

may reflect the specificity of GltT for both Asp and Glu. The
inability of an aspA mutant to survive in host tissues has pre-
viously been attributed to the low level of Asp and Asn found in
sera (37). Although Asn does appear to be limiting in bone, our
observations suggest that the capacity of S. aureus to utilize ex-
ogenous amino acids, particularly Asp, is dependent not only on
total amino acid levels and transporter presence but also on the
context of the nutrient milieu and transporter functionality. Our
results suggest that GltT is the only functional Asp transporter
under the conditions tested, though it is possible that other Asp
transporters are repressed or inactive. S. aureus may have
therefore adapted to rely on Asp biosynthesis to overcome Asp
transport limitations through the conserved GltT transporter.
The phenotype of an aspA mutant appears to be largely driven

by an inability to synthesize purines in the absence of Asp. In-
hibition of the purine synthesis pathway is known to cause defects
in pathogenesis for a variety of bacterial pathogens, and several
high-throughput screens have identified purine synthesis genes in
S. aureus as required for bacterial growth and survival in mam-
malian tissues (34, 38–40). Furthermore, defects in Asp availability
have been linked to insufficient purine biosynthesis in humans as
well (41). S. aureus has also been shown to rely on synthesis of
adenosine and deoxyadenosine for intoxication of the purine sal-
vage pathway in phagocytes in vivo, suggesting that S. aureus may
have an enhanced need for de novo purine biosynthesis to support
virulence in vivo, beyond simple metabolic requirements (42, 43).
Our results provide a potential explanation for the survival defect
of S. aureus Asp biosynthesis mutants in vivo.
Although our study represents an in-depth examination of the

metabolic pathways required for S. aureus survival in vivo during
OM, these analyses do not account for the substantial temporal
and spatial differences in bacterial metabolism that may occur
during infection (44). Nutrient availability can vary widely within
a single infection site and between tissues, necessitating addi-
tional studies to comprehensively characterize metabolite het-
erogeneity in vivo. However, overall, our studies define the
nutritional capabilities of a unique infection site, bone, to sup-
port the growth of an invasive pathogen in vivo. These data
emphasize the importance of characterizing the nutritional mi-
lieu within the host tissue environment for establishing a com-
prehensive understanding of the metabolic needs of pathogens
during infection.

Materials and Methods
Bacterial Strains and Culture Conditions. Strain LAC (AH1263) served as theWT
background unless otherwise stated (45). Transposon mutants were created
by phi-85–mediated transduction of disrupted alleles from the respective
mutants obtained from the NARSA transposon library (46). Strain Δpyk::erm
in the LAC background was created by bacteriophage phi-85–mediated
transduction of Δpyk::erm in the Newman background (25). WT Newman
background and strain ΔpfkA were previously described (47). Plasmids and

complementation constructs were created as previously described (48, 49) (SI
Appendix).

Murine Models of Infection. All experiments involving animals were reviewed
and approved by the Institutional Animal Care and Use Committee at Van-
derbilt University Medical Center. All experiments were performed according
to NIH guidelines, the Animal Welfare Act, and US Federal law. OM was
induced in 7- to 8-wk-old female C57BL/6J mice using an inoculum of ∼1 ×
106 colony-forming units (CFUs) delivered into murine femurs as previously
reported (7). Disseminated S. aureus infection was induced in 7-wk-old fe-
male C57BL/6J mice by retroorbital inoculation of ∼5 × 107 CFUs. At various
times postinfection, mice were killed, and the infected tissue was processed
for CFU enumeration by homogenization and subsequent plating at limiting
dilution on tryptic soy agar (TSA). Limit of detection is 49 CFUs per femur,
heart, and both kidneys combined, and 99 CFUs per liver.

Comparative Growth Analysis and Chemically Defined Medium Composition.
Chemically defined media with glucose were prepared as previously de-
scribed (50) (SI Appendix). For comparative growth analysis, overnight cul-
tures of WT and mutant strains were washed in phosphate-buffered saline
(PBS) and backdiluted 1:1,000 into CDMG and grown in 96-well plates at
37 °C with orbital shaking at 180 rpm. Viable CFUs were measured by plating
on TSA at the time points indicated. Growth is reported as Δlog10 CFU/mL
compared with inocula at 0 h. To make CDMG supplemented with homog-
enized bone, femurs from 8- to 11-wk-old female C57BL/6J mice were har-
vested and frozen at −80 °C prior to use. Immediately prior to inoculating
media with bacteria, femurs were homogenized in 500 μL of CelLytic MT Cell
Lysis Reagent (Sigma) and added at 5% vol/vol (V/V), which was experi-
mentally determined to give optimal WT S. aureus growth in vitro. As an
internal control, equivalent volumes of cell lysis reagent were added to
CDMG as needed.

Enzymatic Determination of Metabolite Levels. Femurs were harvested from
8-wk-old female C57BL/6J mice and frozen immediately on dry ice. Tissues
were stored at −80 °C before being homogenized in 500 μL of PBS. Asp and
Glu concentrations were measured by the Aspartate Colorimetric Assay Kit
(BioVision) and EnzyChrom Glutamate Assay Kit (BioAssay Systems), re-
spectively, according to manufacturer instructions. Absorbances were
measured by a BioTek Synergy HT 96-well plate reader. Metabolite con-
centrations were normalized to wet tissue weight.

[13C,15N]Aspartate Tracer Studies. S. aureus was grown overnight in tryptic
soy broth (TSB) with antibiotics as needed. Cultures were then washed and
backdiluted 1:100 in CDMG or CDMG with 2 mM Asn as indicated. Cultures
were grown for 2 h before pelleting and resuspending in fresh media con-
taining [13C4,

15N]Asp at equivalent molarity as standard CDMG. Cultures
were allowed to grow in [13C4,

15N]Asp-containing media for up to 2 h before
rapidly chilling with an equal ratio of ice-cold PBS. Cultures were washed in
PBS a total of three times before pelleting and processing for GCMS as
previously described (51), with the following modification: Metabolites were
converted to methoxime tert-butyldimethylsilyl derivatives by reaction with
70 μL N-tertbutyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) + 1%
tert-butyldimethylchlorosilane (TBDMCS) (Regis Technologies).

Graphical and Statistical Analysis. Statistical analyses were performed using
Prism 7.0 (GraphPad Software).

Data Availability. Additional methods and other relevant data are in Datasets
S1 and S2 and SI Appendix. The data supporting the findings of this study
are available within the article and its supplementary materials.
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