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ABSTRACT To be a successful pathogen, Staphylococcus aureus has to adapt its me-
tabolism to the typically oxygen- and glucose-limited environment of the host.
Under fermenting conditions and in the presence of glucose, S. aureus uses glycoly-
sis to generate ATP via substrate-level phosphorylation and mainly lactic acid fermen-
tation to maintain the redox balance by reoxidation of NADH equivalents. However, it
is less clear how S. aureus proceeds under anoxic conditions and glucose limitation,
likely representing the bona fide situation in the host. Using a combination of proteo-
mic, transcriptional, and metabolomic analyses, we show that in the absence of an
abundant glycolysis substrate, the available carbon source pyruvate is converted to
acetyl coenzyme A (AcCoA) in a pyruvate formate-lyase (PflB)-dependent reaction to
produce ATP and acetate. This process critically depends on derepression of the catab-
olite control protein A (CcpA), leading to upregulation of pflB transcription. Under
these conditions, ethanol production is repressed to prevent wasteful consumption of
AcCoA. In addition, our global and quantitative characterization of the metabolic
switch prioritizing acetate over lactate fermentation when glucose is absent illustrates
examples of carbon source-dependent control of colonization and pathogenicity
factors.

IMPORTANCE Under infection conditions, S. aureus needs to ensure survival when
energy production via oxidative phosphorylation is not possible, e.g., either due to
the lack of terminal electron acceptors or by the inactivation of components of the
respiratory chain. Under these conditions, S. aureus can switch to mixed-acid fermen-
tation to sustain ATP production by substrate level phosphorylation. The drop in the
cellular NAD1/NADH ratio is sensed by the repressor Rex, resulting in derepression of
fermentation genes. Here, we show that expression of fermentation pathways is fur-
ther controlled by CcpA in response to the availability of glucose to ensure optimal
resource utilization under growth-limiting conditions. We provide evidence for carbon
source-dependent control of colonization and virulence factors. These findings add
another level to the regulatory network controlling mixed-acid fermentation in S. aur-
eus and provide additional evidence for the lifestyle-modulating effect of carbon sour-
ces available to S. aureus.
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The ability of Staphylococcus aureus to grow in the absence of oxygen is a prerequi-
site to infect and colonize its human host (1–3). When oxygen levels drop, S. aur-

eus can fuel its metabolism with energy from anaerobic respiration, using nitrate or
nitrite as terminal electron acceptors. Anaerobic respiration is controlled by the
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two-component systems NreBC and AirSR/YhcSR, which sense oxygen availability
via reversible oxidation of an Fe-S cluster within their sensor kinases (4–7). Under
these conditions, ATP is also generated by substrate-level phosphorylation and
mixed-acid fermentation (8).

The ability of S. aureus to ferment is crucial to sustaining growth not only at low ox-
ygen levels but also when its respiratory chain is nonfunctional, although oxygen
might still be present. For instance, lactate dehydrogenase, the key enzyme in lactic
acid fermentation, is essential for the metabolic adaptation of S. aureus toward inacti-
vation of the respiratory chain by nitric oxide produced by cells of the innate immune
response (9). Furthermore, S. aureus can acquire a slow-growing, difficult-to-eradicate,
small-colony-variant (SCV) phenotype, which is associated with persistent infections.
SCVs are often characterized by inhibition of respiration caused by inactivation of
genes of the menadione or hemin biosynthesis pathways (10, 11). In these strains,
energy production is maintained by fermentation, and mutations leading to an upreg-
ulation of fermentation pathways can result in fast-growing SCVs that are highly resist-
ant to antimicrobial therapy (12).

Expression of mixed-acid fermentation pathways in S. aureus is regulated by the in-
tracellular redox balance and thus linked to a functional respiratory chain rather than
directly to oxygen availability as shown in Escherichia coli, where the oxygen level is
sensed by the regulator FNR (fumarate and nitrate reductase regulation) (13).
Fermentation gene expression in S. aureus is mainly controlled by the transcriptional
repressor Rex, the mixed-acid fermentation master regulator, and, to a minor extent,
by the pleiotropic two-component system SrrAB (13, 14). In vitro, the binding affinity of
Rex to its operator sequence [TTGTGAA-W(4)-TTCACAA] is dependent on the intracellu-
lar NAD1/NADH ratio. In the presence of high NADH concentrations, NADH competes
with NAD1 for Rex binding, lowering the affinity of Rex for its operator sites and conse-
quently leading to derepression of pathways required for anaerobic NAD1 regenera-
tion (13). The signal activating the SrrAB two-component system is most likely an
impaired electron flow in the electron transport chain, sensed by a conserved cysteine
in the SrrB PAS domain (14, 15).

Mixed-acid fermentation in S. aureus results in the secretion of 2,3-butanediol, etha-
nol, acetate, and lactate. Vitko and coworkers showed that S. aureus critically depends
on a large number of glucose transporters to fuel glycolysis during invasive infection in
hypoxic environments (16). During growth on glucose, lactate is the major fermenta-
tion product, and only small amounts of acetate are produced (8, 17–20). Acetate pro-
duction from pyruvate is initiated by the pyruvate formate-lyase (Pfl) and subsequent
oxidation of acetyl coenzyme A (AcCoA) to acetate by the concerted activities of phos-
phate acetyltransferase (Pta) and acetate kinase (AckA), yielding an additional ATP.
Thus, if glycolysis remains active, a shift from lactate to acetate would result in a higher
ATP gain. This situation is somewhat reminiscent of aerobic overflow metabolism, but
the mechanisms balancing the carbon-to-ATP ratio under anaerobic conditions remain
poorly understood (21).

Previous work has identified the Pfl-dependent conversion of pyruvate to AcCoA
and formate as an important source of C1 building blocks under anaerobic conditions
(22). Here, using a complementary global quantitative proteomic, transcriptional, and
metabolomic approach, we show that in the absence of a glycolytic carbon source, the
fermentation pathways of S. aureus are reorganized to maximize the activity of the Pfl
branch in a catabolite control protein A (CcpA)-dependent manner, while reactions
leading to wasteful consumption of AcCoA are repressed. We also provide additional
evidence that carbon sources and oxygen availability impact the expression of coloni-
zation and virulence factors.

RESULTS
Availability of glycolytic versus nonglycolytic carbon sources influences the

abundance and repertoire of fermentation and glycolytic enzymes. To determine
how S. aureus adapts to oxygen limitation in the absence of glucose, cells were
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cultivated in a chemically defined medium with pyruvate as the major carbon source.
Samples were taken before (aerobic reference) and 3 h after a shift of the exponentially
growing culture to hypoxic conditions (fermentation sample). For comparison, corre-
sponding samples were harvested from a culture grown with glucose as the major car-
bon source. To ensure that cells are anaerobic at sampling points, we measured the
concentration of dissolved oxygen in our experimental setup. We found that oxygen
was depleted from the pyruvate and the glucose medium within 17.5min and
22.5min, respectively. This is in good agreement with previously published data show-
ing oxygen depletion within 20 to 25min under similar growth conditions (see Fig. S1
in the supplemental material) (8).

After the shift to hypoxic conditions, no increase in the optical density (OD) of the
pyruvate culture could be determined, indicating that fermentative growth in the ab-
sence of glucose is not well supported. The OD of the glucose culture, however, contin-
ued to increase and approximately doubled during the experiment (Fig. S2).

After cell disruption, the soluble protein fraction was tryptic digested, and purified
peptides were analyzed by liquid chromatography-ion mobility-mass spectrometry
(LC-IMSE). This approach allowed generating quantitative data for 1,215 proteins across
all conditions probed, corresponding to a coverage of 56% of the soluble S. aureus pro-
teome (Table S1). A global overview summarizing carbon source- and oxygen-depen-
dent changes is provided in Fig. 1. The results showed that about one-quarter of the
proteome changed in a condition-specific manner. Three-quarters of the total protein
amounts remained relatively constant over all tested conditions. The substantial
changes in the proteome were also observed for the pyruvate culture, indicating that
despite no obvious increase in biomass, the cells were still capable of allocating suffi-
cient energy to restructure their proteome in response to fermentation conditions.

Following the shift to anaerobic conditions in the presence of glucose, a strong
accumulation of proteins involved in mixed-acid fermentation and glycolysis was
observed, which confirmed previously reported results (Fig. 2; Table S1) (8, 18). Of
note, in particular, glycolytic enzymes catalyzing the committed steps (PfkA, PykA)
increased significantly in abundance. In addition, Pgk was strongly induced, which, to-
gether with PykA, catalyzes the two ATP-generating reactions in glycolysis. Of the fer-
mentation enzymes, L-lactate dehydrogenase 1 (Ldh1) and the potential alcohol dehy-
drogenases 1 (Adh1) were by far the proteins showing the strongest anaerobic
induction. Together, both proteins accounted for almost 1% of the total accumulated
soluble proteome. In particular, the massive accumulation of Adh1 was of interest, sug-
gesting an important role in ethanol production, which, so far, lacks experimental con-
firmation. A comparison of Adh1 to alcohol dehydrogenases of known structures and
substrate specificities, however, makes a function of Adh1 in ethanol production very
likely (Fig. S3). Furthermore, L-lactate dehydrogenase 2 (Ldh2), acetate kinase (AckA),
the B subunit of pyruvate formate-lyase (PflB), D-lactate dehydrogenase (LdhD), and
the bifunctional acetaldehyde dehydrogenase/alcohol dehydrogenase (AdhE) accumu-
lated significantly following the anaerobic shift (Fig. 2; Table S1).

Compared to glucose, a global reorganization of the protein repertoire was
observed when cells were grown with pyruvate. This extensive reorganization of the
proteome was already evident under aerobic conditions. The most prominent differen-
ces were a strong accumulation of proteins of the tricarboxylic acid cycle (CitC, OdhA,
OdhB, SucC, SucD, FumC, SdhA, and SdhB), glycerol metabolism (GlpD and GlpK), and
gluconeogenetic enzymes (Fbp, GapA2, and PckA) (Fig. 2; Table S1). In addition,
enzymes involved in amino acid catabolism (RocA, RocD2, Ald2, and ArgF) were highly
abundant during aerobic growth with pyruvate (Fig. 1; Table S1).

In response to oxygen depletion, pathways of mixed-acid fermentation were
strongly induced in cells growing on pyruvate. However, compared to glucose-fed
cells, a significant redistribution of the amounts of the different fermentation enzymes
was observed (Fig. 2). For instance, in the presence of pyruvate, Ldh1 accumulated
only 1.8-fold and thus 32 times lower than in cells grown on glucose. Furthermore,
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FIG 1 Overview of global carbon source- and oxygen-dependent protein accumulation pattern. Voronoi treemaps showing the
abundance of the dynamic proteome (27% of the total protein amount) during anaerobic growth with pyruvate (A) or glucose (C)

(Continued on next page)
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Adh1 was 18.3 times less abundant in cells growing anaerobically on pyruvate, while
AdhE was not detectable. In contrast, abundance of PflB was 2.6-fold higher with pyru-
vate, and PflA, the PflB-activating enzyme, became only detectable under this condi-
tion (Fig. 2; Table S1). AckA, Pta, and Ldh2 protein levels, however, showed no signifi-
cant carbon source-dependent differences in accumulation during anaerobiosis in the
glucose versus pyruvate comparison (Fig. 2).

CcpA regulates pfl transcription during glucose limitation. To further investigate
the carbon source-dependent regulatory events controlling fermentation gene expres-
sion, we carried out transcriptional analysis of metabolic genes 30 min after shifting
cells to hypoxic conditions (Fig. 3). As expected, based on our proteome data, we
observed clear carbon source-dependent differences in the transcription of fermenta-
tion genes when oxygen was depleted from the culture medium. For instance, pflB
transcription increased 3-fold in the medium with pyruvate compared to the medium
with glucose, which correlates well with the proteome data (Fig. 2 and Fig. 3; Table S1).
A slightly stronger anaerobic transcription with pyruvate was observed also for genes
encoding L-lactate dehydrogenase 2 (Ldh2) and acetate kinase (AckA). However, induc-
tion at the transcriptional level was well below 2-fold and not reflected by major differ-
ences in the accumulation of both corresponding proteins (Fig. 2; Fig. 3).

In contrast, anaerobic transcriptions of ldh1, the two alcohol dehydrogenases adhE and
adh1, and budB, encoding catabolic acetolactate synthase, were reduced 2- to 4-fold in py-
ruvate medium compared to growth on glucose. Together, these genes encode proteins
required for the regeneration of NAD1 during fermentation, resulting in the secretion of
reduced fermentation products lactate (Ldh1), 2,3-butanediol (BudB), and ethanol (AdhE
and possibly Adh1). Finally, we observed relatively similar transcript levels with both car-
bon sources for ldhD, contrasting the proteomic results showing a slightly but significantly
increased accumulation (2.3-fold) of LdhD in glucose medium (Fig. 2; Fig. 3).

To elucidate the impact of carbon catabolite repression on the reorganization of fer-
mentation pathways, transcription of different metabolic genes was also investigated
in a ccpA mutant grown in glucose medium. Under anaerobic conditions, the most
prominent effect in the ccpA mutant was a dramatically increased transcription of pflB,
which reached the same transcription level as observed for cells growing on pyruvate.
This observation indicates a strong negative effect of CcpA on pflB transcription in
the presence of glucose (Fig. 3). CcpA dependency of pfl transcription is further
supported by the presence of a potential catabolite-responsive element (cre) site
(TATGAAAACGTTAACATA) identified 42 nucleotides (nt) upstream of the pflBA operon
using Virtual Footprint 3.0 (23), the RSAT regulatory sequence analysis tools (24, 25),
and the published cre consensus sequences (26).

A positive effect of CcpA under anaerobic conditions was observed for transcription
of ldh1, budB, and the phosphate acetyltransferase gene, pta, but no well-defined cre
sites were predicted for the corresponding upstream regions using our search criteria.

While transcription of pta was about 2-fold reduced in the ccpA mutant, anaerobic
induction of budB transcription was completely abolished. Finally, anaerobic transcrip-
tion of ldh2, ldhD, and ackA and of the gene encoding the alcohol dehydrogenase
AdhE was independent from CcpA, while the small difference observed for adh1 tran-
scription was deemed significant (Fig. 3).

Acetate is the major secretion product in pyruvate-fed cells under anaerobic
conditions. To analyze how carbon source-dependent changes in fermentation gene
expression affect the exometabolome, we monitored the composition of the growth
medium by proton nuclear magnetic resonance (1H NMR) (Fig. 4A).

FIG 1 Legend (Continued)
and aerobic growth with pyruvate (B) or glucose (D). (E) Static or basal and unchanged fraction of the proteome (73%) at all tested
growth conditions. The size of the tiles in the Voronoi treemaps is proportional to the relative protein abundance in the sample.
Color code in panels A to D corresponds to Z-scores of protein abundance over all tested conditions to indicate condition specific
up- and downregulation. (F) Venn diagrams summarize the numbers of regulated proteins showing an at least 1.5-fold up- or
downregulation in abundance.
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FIG 2 Road map of central carbon metabolism and mixed-acid fermentation. Metabolic pathways
leading to the conversion of glucose to the various fermentation products, the citric acid cycle, and

(Continued on next page)
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These analyses confirmed that during anaerobic growth with glucose, lactate is the
major fermentation product (lactate-to-acetate ratio, 4:1). However, it was revealed
that in the presence of pyruvate, S. aureus mainly secrets acetate (lactate-to-acetate ra-
tio, 1:2), which indicates increased activity of the Pfl-Pta-AckA branch. In further agree-
ment with increased Pfl activity is a 2.5-fold increased formate production in pyruvate
medium. Finally, while the amount of secreted butanediol was carbon source inde-
pendent, ethanol was only detected when cells were grown with glucose (Fig. 4A).

Of the 16 supplemented amino acids, threonine, serine, arginine, isoleucine, gluta-
mate, and lysine were consumed in measurable amounts. Out of these, threonine, ser-
ine, arginine, lysine, and isoleucine were removed from the medium more quickly in
the presence of glucose, while isoleucine and glutamate are consumed independently
of the carbon source but at much lower quantities than threonine, serine, and arginine
(Fig. S4).

To confirm a role of CcpA in the adjustment of fermentation pathways, the exome-
tabolome of a ccpA mutant grown on glucose was investigated. Elevated acetate and
formate production was observed in the ccpA mutant, aligning well with the dere-
pressed transcription of pflB in this background. In the ccpA mutant, production of
ethanol increased compared to the wild type, probably as a consequence of increased
supply of AcCoA via Pfl. The rate of lactate production was not affected by a deletion
of the ccpA gene. However, compared to wild-type cells, decreased secretion of buta-
nediol was observed, aligning well with the strongly repressed transcription of budB in
the ccpAmutant (Fig. 4B).

The importance of a precise carbon source-dependent adjustment of fermentation
pathways is further supported by the significantly reduced growth of the ccpA mutant
under anaerobic conditions compared to the wild type (Fig. S2).

Does Rex align transcription of fermentation pathways with carbon source
availability? The lower concentrations of reduced fermentation products secreted by
S. aureus grown on pyruvate suggests a higher NAD1/NADH ratio with pyruvate than
the more reduced glucose, as previously reported for E. coli (27, 28). Therefore, in addi-
tion to CcpA, a hierarchical derepression of fermentation pathways via the NAD1/
NADH ratio-sensing regulator Rex could provide an additional mechanism to link
expression of mixed-acid fermentation to the oxidation state of the fermented carbon
source (13). In this context, it is interesting to note that two strong Rex-binding sites
are present upstream of ldh1, and perfect, high-affinity Rex-binding sites are located in
the adh1 and adhE promoter regions. Consequently, a very strong shift toward NADH
might be required to achieve full derepression of ldh1, adh1, and adhE transcription.
Contrary, the Rex-binding sites in front of the pfl and the lactate permease (lctP) genes
show two mismatches relative to a perfect palindromic binding sequence, and in vitro
analyses confirm a higher affinity of Rex for the ldh1, adhE, and adh1 upstream regions
than the pfl and lctP promoter regions (13). Interestingly, the low-affinity binding site
preceding lctP would fit well with the observation that cells growing on pyruvate still
produced and need to secret relatively large amounts of lactate, even if Ldh1 expres-
sion is strongly reduced. Thus, the degree of Rex operator matching a perfect palin-
drome and the resulting affinities of Rex-binding sites align well with the different
pathways used to oxidize NADH and therefore might have evolved to ensure that the
efficiency of NADH oxidation matches carbon source-dependent NADH production
(Fig. S5).

To test this hypothesis, we measured the NAD1/NADH ratio of cells 30min after a

FIG 2 Legend (Continued)
the pentose phosphate (PP) shunt are shown as road maps. Bar charts indicate absolute protein
abundance. Values shown are mean with standard deviations calculated from three independent
biological replicates, each measured as three technical replicates. The table on the right side of the
road maps shows log2 values of fold changes in protein abundance, and a color code indicates up-
(red) or downregulation (blue). Significant changes (significance level# 0.05) are indicated by red
circles for the different statistical test. Proteins completely absent from one of the compared samples
are indicated as either “on” or “off” proteins.
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shift to hypoxic growth conditions to correlate the NAD1/NADH ratio with the tran-
scriptional data. We found that aerobic cells growing on pyruvate were generally char-
acterized by lower NAD1 concentrations than the cells growing on glucose. A signifi-
cant increase in total NAD1 was observed when pyruvate cells were shifted to hypoxic

FIG 3 Slot blot analysis of genes of mixed-acid fermentation. For RNA sampling, S. aureus COL WT or COL ccpA cells were grown in CDM
supplemented with either glucose or pyruvate to an OD500 of 0.5 and shifted to hypoxic conditions. RNA was sampled directly before and 30min
after the shift to hypoxic conditions. Results shown are mean signal intensities and standard deviations from three independent biological
replicates. For every gene signal intensity, the corresponding aerobic glucose sample was set to one. Significant differences (q# 0.05, t test with
Benjamini-Hochberg adjustment of P values) are indicated with a line and a star.

Troitzsch et al. Journal of Bacteriology

April 2021 Volume 203 Issue 8 e00639-20 jb.asm.org 8

https://jb.asm.org


FIG 4 Carbon source- and CcpA-dependent changes of mixed-acid fermentation metabolites. (A) Profiles of fermentation
products secreted during growth with glucose (closed symbols) or pyruvate (open symbols). The bottom right graph shows time-
dependent percentual consumption of the major carbon sources glucose (closed symbol) and pyruvate (open symbol). Values are
means with standard deviations from four biological replicates. Statistics are summarized in Table S2 in the supplemental
material. (B) The top left graph shows anaerobic glucose consumption in the S. aureus COL wild type (closed symbols) and the
isogenic ccpA mutant (open symbols). The remaining graphs show changes in the concentration of key fermentation products
plotted against glucose consumption to account for the reduced metabolic activity of the ccpA mutant compared to the wild
type. Differences in the production of fermentation products were detected by comparing the slopes of linear regressions for the
wild type (closed symbols) and ccpA mutant (open symbols) data. Corresponding P values are shown in the upper right corner of
the graphs. Error bars indicate standard deviations from four biological replicates.
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conditions, reaching levels in the range of the glucose culture (Fig. 5A). Furthermore,
contrary to our hypothesis, the NAD1/NADH ratio was generally higher in the glucose
culture than in the pyruvate culture. Finally, a significant shift in the NAD1/NADH ratio
was observed only during cultivation with glucose, which, however, even increased
upon anaerobiosis (Fig. 5B). Thus, the results do not provide support for the hypothesis
that the oxidation state of the carbon source modulates the intracellular NAD1/NADH
ratio in S. aureus and thereby triggers a hierarchical derepression of mixed-acid fer-
mentation pathways.

The carbon source modulates accumulation of extracellular and oxidative
stress proteins. It is conceivable that in addition to modulating the central carbon
pathways, an oxygen-depleted and low-glucose environment might influence other
aspects of the S. aureus physiology.

Although our proteomic approach did not specifically aim at the extracellular pro-
teome, we detected clear medium-dependent differences in the expression of several
exoproteins, which is in agreement with a recent study (29). For instance, gamma-he-
molysin A (HlgA) was only detected in the pyruvate culture and showed a 2.4-fold
stronger accumulation under anaerobic conditions (Fig. 6). Furthermore, the leucocidin
LukH was detected only in the absence of oxygen or in the presence of pyruvate (30,
31). Other medium-regulated secreted virulence factors included the lipase GehB, two
immunoglobulin-binding proteins (Spa and Sbi), and the Ser- and Asp-rich surface pro-
tein SdrD (Fig. 6).

In addition to proteins related to host-pathogen interactions, we observed medium-
and anaerobiosis-dependent expression of the bacilliredoxin BrxB (SACOL1558), which
is central to the thiol stress response by reducing S-bacillithiolated proteins (32). We
further observed upregulation of SACOL2532, a protein proposed to function as cyste-
ine N-acetyltransferase in bile salt hydrolase (BSH)-dependent detoxification pathways
of toxins (33, 34). Interestingly, Hmp, a conserved flavohemoprotein critical for the
detoxification of NO² to nitrate (35) was significantly less expressed during anaerobio-
sis in pyruvate medium (Fig. 6).

DISCUSSION
In the absence of a glycolytic carbon source, CcpA regulation fosters the Pfl-

Pta-AckA branch of mixed-acid fermentation. Glucose availability may vary signifi-
cantly with the specific host site. For instance, secretions produced in the nose, the
major S. aureus host niche, contain different amino (10 to 200mmol each) and organic
acids, including pyruvate (70mmol), but only small amounts of glucose (370mmol)

FIG 5 NAD1/NADH ratio during aerobic and fermentative growth with pyruvate or glucose. NAD1

(closed columns) and NADH (open columns) concentrations (A) and NAD1/NADH ratios (B) were
measured in S. aureus cells grown aerobic (with O2) or after the shift to hypoxic conditions for 30min
(without O2) with glucose (Glc) or pyruvate (Pyr) as carbon source. Results shown are means from
three biological replicates with standard deviations. Significant differences (P$ 0.05, two-sided t test)
are indicated by a bracket and a star.
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compared to levels in serum (6mM) (36). Previous studies have shown that S. aureus
can use different amino acids to grow and fuel its metabolism in aerobic environments
but that a terminal electron acceptor is required to support anaerobic growth under
these conditions (37). Here, we asked if and how fermentation pathways are organized
in S. aureus to maintain redox balance in the absence of alternative electron acceptors
and a glycolytic carbon source.

We used pyruvate as a model substrate to investigate the anaerobic S. aureus me-
tabolism in the absence of glucose as an abundant glycolytic carbon source. During
anaerobic growth on glucose, we measured a lactate-to-acetate ratio of 4:1, confirming
that NAD1 is mainly regenerated by the reduction of pyruvate to lactate. When cells
were grown on pyruvate, however, the lactate-to-acetate ratio reversed to 1:2, while
the total amount of both secreted organic acids remained approximately the same
(about 10mM). This switch is in agreement with a study by Vitko and coworkers, show-
ing that in the absence of glycolysis, ATP production in S. aureus is Pta and AckA
dependent, resulting in an increased acetate secretion (38). We extend these

FIG 6 Pyruvate-regulated virulence and thiol stress response proteins. Protein abundance for selected virulence and stress
protection factors showing pyruvate-dependent expression. Values shown are means and standard deviations from three
biological replicates. Significant differences (q# 0.05 [see Table S1 for details]) are indicated.
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observations by showing that differences in the expression of key fermentation
enzymes (Ldh1, AdhE, Adh1, and PflAB) accompany the lactate-to-acetate switch,
which is critically dependent on CcpA-dependent Pfl expression. This is reminiscent of
the situation in Streptococcus pneumoniae where CcpA modulates Pfl expression in
response to glucose and galactose availability. As a consequence, lactic acid fermenta-
tion is shifted to mixed-acid fermentation in S. pneumoniae, a step critical for full viru-
lence of this bacterium (39). While Pfl abundance increased in pyruvate medium,
enzymes that would drain large amounts of acetyl coenzyme A away from energy pro-
duction, and thereby lead to wasteful synthesis of ethanol and lactate, are downregu-
lated in S. aureus. An estimation of the produced ATP in the pyruvate-fed cells, based
on the total amounts of secreted metabolites, suggests a yield of about 6.4mM ATP (if
only acetate is considered), which is about 38% below the theoretical yield in cells cul-
tured in glucose medium (ca. 10.4mM ATP). In addition, gluconeogenesis (which also
requires carbon) provides another considerable energy burden for pyruvate-cultured
cells. Approximately 6mM high-energy phosphoryl groups, which are devoted to anabo-
lism in the glucose culture, would be necessary to synthesize the 1mM glucose from pyru-
vate. Consequently, although metabolic activity was still observed in cells cultured with py-
ruvate, growth was not well supported suggesting that pyruvate mainly serves as an
energy source and only small amounts—if any—of pyruvate are diverted to anabolic
processes.

In the ccpA mutant, where fermentation pathways can no longer be properly
adjusted to the available glucose, we estimated an ATP yield of approximately 9mM,
which is close to the value estimated for the wild type. However, we observed a
marked reduction in growth of the ccpA strain compared to the wild type. This illus-
trates the significance of a precise carbon source-dependent adjustment of anaerobic
metabolism in S. aureus to avoid wasteful use of resources and to support growth.

Further mechanisms likely contribute to carbon source-dependent regulation
of mixed-acid fermentation. Although acetate was the major secretion product in py-
ruvate medium, lactate was still produced, suggesting that the cells still have to cope
with excess NADH production under these conditions. Surprisingly, the about 3-fold
decrease in total lactate secretion was accompanied by an over 30-fold decrease in the
accumulation of the major lactate dehydrogenase, Ldh1, and only minor changes in
the amounts of the much lower expressed Ldh2 and LdhD, suggesting that regulation
of enzyme activity significantly contributes to the level of lactate production under
these conditions. Of note, Garrard and Lascelles reported that in S. aureus, anaerobic
lactate dehydrogenase activity was highest in the medium with pyruvate as carbon
source, while addition of glucose to the growth medium resulted in a decrease of lac-
tate dehydrogenase activity (40). The precise mechanism, however, of how the enzy-
matic activity of the lactate dehydrogenases is controlled in S. aureus remains to be
elucidated. Furthermore, while the amounts of Ldh1 and Adh1 in cells grown on pyru-
vate decreased by 30- and 18-fold, respectively, compared to cultivation in glucose,
only a 3-fold reduction in the mRNA levels was observed for both enzymes. Thus, post-
transcriptional control by yet-to-be-identified factors likely regulates translation effi-
ciencies of ldh1 and adh1 mRNAs or protein stability. Interestingly, we and others
observed that ClpL, a poorly characterized HSP100 family AAA1 chaperone (41, 42), is
strongly induced during anaerobiosis in glucose medium (8). At present, we cannot
exclude that a CcpA-controlled mediator modulates translation of ldh1 or adh1, thereby
linking expression of these enzymes to CcpA activity.

We were not able to provide support for a hierarchical derepression of mixed-acid
fermentation in response to different intracellular NAD1/NADH ratios imposed by the
redox state of the main catabolic carbon source. Although we cannot exclude limita-
tions of the methodology used to determine intracellular NAD1 levels, it is interesting
to note that transcription of fermentation genes can persist at high levels for at least
30min after oxygen depletion (8). How this presumably NADH-dependent transcrip-
tion is maintained in the presence of high levels of NAD1 remains unclear.
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Potential significance during colonization and infection.We show that under an-
aerobic conditions and in the absence of a glycolytic carbon source, mixed-acid fer-
mentation pathways in S. aureus are reorganized in a CcpA-dependent manner to fos-
ter the Pfl-Pta-AckA pathway, which becomes an important source of ATP in addition
to providing C1 building blocks for growth. The fact that S. aureus has evolved the reg-
ulatory capacity to control fermentation pathways in response to carbon source avail-
ability suggests that such scenarios are relevant for the in vivo situation as was shown
for other Gram-positive cocci (43, 44). Although pyruvate, which we used to simulate a
situation in which no ATP can be generated from glycolysis, did not support growth
during anaerobiosis, it allowed for the maintenance of basic metabolic activities. Thus,
an anaerobic metabolism geared toward the Pfl-Pta-AckA branch might not be suffi-
cient for long-term survival if facing a highly active immune response encountered, e.
g., during abscess formation, an environment characterized by a decrease in glucose
and oxygen during progression of the abscess (45), but could become important dur-
ing host colonization.

Interestingly, we and others (29) observed that two leucocidins were upregulated
in a pyruvate- and anaerobiosis-dependent manner, which might represent a strategy
to deal with the often hypoxic or microaerophilic environment associated with increased
presence of leucocytes.

It is also interesting to note that the bacilliredoxin BrxB was upregulated during
anaerobiosis in pyruvate medium, suggesting a possible oxidative shift of the bacilli-
thiol redox potential and increased protein S-bacillithiolation as previously observed
under oxidative stress (46).

Bacilliredoxins are critically involved in the response to hypochlorous acid, which is
produced during the oxidative burst of activated neutrophils (47). Consistent with a
reduced expression of many Rex-dependent proteins, Hmp, the major NO² detoxifica-
tion enzyme, accumulated at significantly lower levels in pyruvate-grown cells. Thus,
anaerobic accumulation of BrxB may represent a response to the lower Hmp levels
under these conditions.

Finally, the pyruvate medium-dependent upregulation of SdrD, which specifically
promotes adherence of bacteria to nasal epithelial cells (48, 49), suggests that this
niche is characterized by low glucose. Indeed, a metabolomic analysis of nasal secre-
tions indicates that amino acids and organic acids, including pyruvate, are prominent
carbon sources in the nose (36). Additional surface proteins with a role in immune eva-
sion (Sbi and Spa) were also upregulated in the absence of glucose, although not influ-
enced by oxygen availability. Thus, the absence of high glucose initiates a specific host
response in S. aureus, which is further modulated by oxygen depletion. To which
extent this response might be directly modulated by a specific carbon source (e.g., py-
ruvate) or rather results from changes in metabolic flux or intracellular metabolite lev-
els associated with glucose limitation and/or anaerobiosis remains to be determined.
The latter possibility is supported by the observation that ArlRS, a central regulator of
toxins, responds to changes in activity of the glycolytic pathway (50).

In summary, our data show that S. aureus specifically modulates the expression of
the different routes of mixed-acid fermentation in response to available carbon sources
to optimize ATP production. The data further highlight the intimate interaction
between anaerobic metabolism and expression of host colonization and pathogenicity
factors as well as the role of available carbon sources in this process.

MATERIALS ANDMETHODS
Growth conditions. S. aureus COL wild-type (WT) and mutant strains were grown at 37°C under vig-

orous agitation in a chemically defined medium (CDM) according to Liebeke et al. (51) with 7.5mM glu-
cose or equimolar concentrations of pyruvate (15mM) as a major carbon source. Overnight cultures in
CDM were diluted to an optical density at 500 nm (OD500) of 0.075 in fresh, tempered CDM. To induce
hypoxic conditions, at an OD500 of 0.5, an appropriate amount of cell culture was transferred to com-
pletely filled 50-ml Falcon tubes, leaving no residual air bubbles in the tubes. The filled Falcon tubes
were subjected to static incubation at 37°C (8).

The Staphylococcus aureus COL markerless DccpA deletion mutant was constructed by allelic
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replacement with the help of the temperature-sensitive shuttle vector pMAD as described previously
(52, 53). Primer sequences for the amplification of the pMAD insert to disrupt the ccpA (SACOL_1786)
gene were SACOL_1786_pMAD_F1, GCGAATTCGCCTTTAGCTGATTTATATAACGC; SACOL_1786_pMAD_R1,
GAATGC CTAATTTTGTGAATAATTTCCTCCTTGTAAACG; SACOL_1786_pMAD_F2, CGTTTACAAGGAGGAAA
TTATT CACAAAATTAGGCATTC; and SACOL_1786_pMAD_R2, GCGAATTCCCTGATATTATTCTAAGCG.

RNA preparation. Samples for total RNA isolation were taken at exponential phase (OD500, 0.5; aero-
bic reference) before and 30min after the shift to hypoxic conditions (anaerobic sample). Twenty-five
OD units of aerobic culture and approximately 30 OD units of anaerobic culture, respectively, were cen-
trifuged for 3min at 8,500 rpm at 4°C. The supernatant was completely removed, and the tubes contain-
ing the pellets were immediately flash frozen in liquid nitrogen and stored at 280°C until the next step.
Total RNA was isolated using the acid phenol-chloroform method modified according to Fuchs et al. (8).
The samples were extracted twice with acid phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/vol)
and twice with chloroform-isoamyl alcohol (24:1, vol/vol); the extraction step with diethyl ether was
omitted. RNA was precipitated by adding 98% ethanol and 3mol sodium acetate solution and following
incubation at 220°C overnight. Precipitated RNA was centrifuged for 30min at 4°C at 15,000 rpm,
washed once with 70% ethanol, and finally resuspended in diethyl pyrocarbonate (DEPC) water. The
quality of the RNA was ensured by gel electrophoresis.

Analysis of mRNA synthesis. Digoxigenin (DIG)-labeled RNA probes were obtained by in vitro tran-
scription with T7 RNA polymerase (Roche Diagnostics) and purified PCR fragments as the templates. PCR
fragments were prepared using chromosomal DNA of S. aureus COL as a template, and appropriate pri-
mers are listed in Table S3 in the supplemental material.

Equal amounts of total RNA (10mg each, diluted in 10� SSC [1� SSC is 0.15mol NaCl, 0.015mM so-
dium citrate]) were denatured at 65°C for 10min and then transferred onto a positively charged nylon
membrane (Roche Diagnostics), soaked first with aqua bidest and afterward with 20� SSC by slot blot-
ting. After UV cross-linking (120 mJ/cm2, 5min), the membranes were prehybridized for 1 h in hybridiza-
tion buffer (5� SSC, 0.1% N-lauroylsarcosine, 7% sodium dodecyl sulfate [SDS], 1% blocking reagent
[Roche Diagnostics], and 50% formamide) and hybridized overnight in hybridization buffer with DIG-la-
beled RNA probes. Membranes were washed twice at room temperature for 5min with 2� SSC and
0.1% SDS and twice at 68°C for 15min in 0.2� SSC and 0.1% SDS. After short incubation at room temper-
ature in buffer I (0.1mol maleine acid, 0.15mol sodium chloride), the membranes were equilibrated for
30min in buffer II (1% blocking reagent in buffer I). The following membranes were incubated for
30min with anti-DIG antibodies coupled with alkaline phosphatase (Roche Diagnostics; diluted 1:10,000
in buffer II) and washed twice for 15min with buffer I. Afterward, membranes were equilibrated in buffer
III (0.1mol diethanolamine) for 5min and, finally, exposed for 5min to CDP-Star (Roche Diagnostic;
diluted 1:200 in buffer III). Chemiluminescence signals were detected using a ChemoCam imager (Intas
Science Image Instruments GmbH). Experiments were carried out in biological triplicates. Statistical anal-
ysis was carried out using the two-sample t tests (two-sided, P= 0.05) implemented in Perseus (54). To
account for multiple hypothesis testing, a Benjamini-Hochberg adjustment (false-discovery rate [FDR] q
values set to 0.05) was applied. The following comparisons were tested: WT Glc with O2 versus WT Glc
without O2, WT Pyr with O2 versus WT Pyr without O2, WT Glc without O2 versus DccpA Glc without O2,
WT Glc without O2 versus WT Pyr without O2, and WT Pyr without O2 versus DccpA Glc without O2.

Sample preparation for global label-free quantification of protein levels. Samples for analyses of
cytoplasmic proteins were taken at the exponential phase (OD500, 0.5; aerobic reference) before and 3 h
after the shift to hypoxic conditions (anaerobic sample). We centrifuged 50ml bacterial cell culture (4°C,
8,500 rpm, 10min), and cells were washed twice with 1ml TE buffer (10mM Tris, 1mM EDTA, pH 7.5).
Cell pellets were resuspended in 1ml TE buffer and transferred in a 2-ml screw cap microtube filled with
500-ml glass beads (0.10 to 0.11mm diameter; Sartorius AG). Subsequently, cells were disrupted
mechanically using a Precellys 24 homogenizator (PeqLab; 3� 30 s at 6,800 rpm). To separate cell debris
and glass beads from the proteins, the suspension was centrifuged twice for 15min at 4°C at 15,000 rpm.
Protein concentration was determined by Roti-Nanoquant protein quantitation assay (Carl Roth, Germany).
Afterward, 200mg protein were digested with trypsin, desalted, and analyzed by mass spectrometry, as
described earlier (18), for absolute quantification.

LC-IMSE was done with 3 technical and biological replicates for each time point. Statistical analysis
of proteome data is based on calculated absolute protein amounts (femtomoles per picogram) summar-
ized in Table S1. Statistical analysis was carried out in Perseus (54). Following sample normalization (me-
dian normalization) and data transformation (log10), two-way analysis of variance (ANOVA) was used to
identify significant medium-, aeration-, or medium X aeration-dependent changes. A two-sample t test
(two sided), corrected for multiple hypothesis testing (Benjamini-Hochberg), was used to identify condi-
tions leading to significant changes in protein abundance. Nonadjusted (P values) and adjusted (q val-
ues) significance levels are reported. Changes in protein abundance of at least 1.5-fold associated with
q values of #0.05 and were considered biologically relevant. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the
data set identifier PXD017966.

Exometabolome analysis. Exometabolome samples were taken immediately after inoculation (t0)
and along the growth curve after 5, 10, 15, and 24 h of cultivation. At every sampling point, 2ml cell sus-
pension was filtered on ice using a 0.45-mm-pore-size filter (Sarstedt, Germany). Samples were stored at
220°C.

1H-NMR analysis and quantification of exometabolites were performed as previously described with
further modifications (55). The Bruker Avance II 600 NMR spectrometer was operated by TopSpin 3.5
software (Bruker Biospin GmbH, Rheinstetten, Germany). Quantification was done by integration and
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comparison of designated peaks to the ERETIC signal, which was generated internally with the ERETIC
quantification tool based on PULCON (56). The pyruvate concentration was determined using the pyru-
vate assay kit according to the manufacturer’s instructions (Abnova, Taiwan).

Statistical analysis of exometabolome data was carried out in Perseus using a two-sided two-sample
t test corrected for multiple testing (Benjamini-Hochberg). P values for the t test and q value for the FDR
correction were set to 0.05.

Measurement of NADH concentrations. The NAD1 and NADH concentrations were calculated from
measurements with a colorimetric assay (NAD1/NADH quantification kit; Sigma-Aldrich) according to
the manufacturer’s instructions. Briefly, cells were harvested using the same procedure as for the RNA
samples. Lysates were prepared by resuspension of the cell pellet in 400ml of NADH/NAD1 extraction
buffer (provided in the kit). Resuspended cells were transferred to 2ml cryotubes containing 0.5-ml glass
beads (diameter, 0.1mm; Roth). Cells were disrupted by three cycles in a ribolyser at 6,800 rpm for 30 s.
To remove glass beads and cell debris, samples were centrifuged at 21,000� g for 3min at 4°C. The su-
pernatant was transferred to new 1.5-ml tubes for a second centrifugation at 21,000� g for 5min at 4°C
to remove residual aggregates. Finally, the supernatant was filtered through a 10-kDa cutoff filter, as
suggested by the assay manufacturer, to remove enzymes which utilize NADH. Further processing of
samples followed the protocol of the manufacturer. Samples were incubated for 4 h. Statistical analysis
was performed with Microsoft Excel using a t test (two sided) and a significance level of 0.05.

Estimation of ATP yields. To estimate the ATP yields generated by the cells during anaerobic culti-
vation, we considered the amounts of secreted fermentation products (acetate and lactate) produced
within the first 10 h of anaerobic cultivation, during which the major carbon sources are consumed, as
an approximation for the metabolic flow through the different mixed-acid fermentation routes. The lac-
tate secreted in the pyruvate culture was considered solely as a sink for NADH, thus not contributing to
ATP production. This assumption neglects the small amounts of ATP potentially produced from amino
acid fermentation. Of note, the total amounts of consumed amino acids within 10 h of anaerobiosis
were 1.0mM and 1.6mM in the pyruvate and glucose cultures, respectively, with serine and threonine
consumption contributing to about 50% to these values. ATP requirements for gluconeogenesis were
calculated as follows. Within 10 h of fermentation, the glucose culture consumes 6mM glucose of which
about 5mM are converted to secreted fermentation products, leaving 1mM for anabolism. The costs for
synthesis of 1mM glucose from pyruvate are 4 ATP, 2 GTP, and 2 NADH (57). Data for the extracellular
metabolites are summarized in Table S2.

Identification of cre sites. The bacterial regulon analyzer Virtual Footprint 3.0 (23) and the regula-
tory sequence analysis tool RSAT (“genome-scale dna-pattern”) were used to identify potential cre sites
within the S. aureus COL genome using the published cre consensus sequence of Miwa and coworkers
(WWTGNAARCGNWWWCAWW) with default settings, allowing no mismatches (26).
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