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The most common mechanism by which Staphylococcus aureus gains resistance to vancomycin is by adapting
its physiology and metabolism to permit growth in the presence of vancomycin. Several studies have examined
the adaptive changes occurring during the transition to vancomycin-intermediate resistance, leading to a
model of vancomycin resistance in which decreased cell wall turnover and autolysis result in increased cell wall
thickness and resistance to vancomycin. In the present study, we identified metabolic changes common to
vancomycin-intermediate S. aureus (VISA) strains by assessing the metabolic and growth characteristics of two
VISA strains (vancomycin MICs of 8 �g/ml) and two isogenic derivative strains with vancomycin MICs of 32
�g/ml. Interestingly, we observed the parental strains had impaired catabolism of nonpreferred carbon sources
(i.e., acetate), and this impairment became more pronounced as vancomycin resistance increased. To deter-
mine if acetate catabolism impairment is common to VISA strains, we assessed the ability of VISA and
vancomycin-sensitive S. aureus (VSSA) clinical isolates to catabolize acetate. As expected, a significantly
greater percentage of VISA strains (71%) had impaired acetate catabolism relative to VSSA (8%). This is an
important observation because staphylococcal acetate catabolism is implicated in growth yield and antibiotic
tolerance and in regulating cell death and polysaccharide intercellular adhesin synthesis.

The emergence of methicillin-resistant Staphylococcus au-
reus as a major cause of hospital- and community-acquired
infections (32) often necessitates the use of vancomycin to
treat these infections. However, the effectiveness of vancomy-
cin as a treatment option is diminishing due to the emergence
of vancomycin-resistant S. aureus (VRSA). Staphylococci dem-
onstrating an intermediate level of resistance to vancomycin
(MIC of 8 �g/ml) first emerged in Japan in 1996 (13, 14). The
following year in the United States, S. aureus with a similarly
elevated vancomycin MIC was isolated (2). These strains have
adapted to grow in the presence of intermediate levels of
vancomycin and are collectively referred to as vancomycin-
intermediate S. aureus (VISA). In addition to physiological
adaptation, S. aureus strains have been described that have
acquired the van genes, encoding high-level resistance to van-
comycin (1, 3, 4, 37). These two mechanisms of antibiotic
resistance highlight a recurring theme; bacteria primarily gain
resistance to antibiotics by acquisition of a genetic element
conferring high-level resistance or by adapting their physiology
and metabolism to life in the presence of antibiotics.

Most studies that have attempted to ascertain the adaptive

changes occurring during the transition to growth in the pres-
ence of vancomycin have focused on alterations in cell wall
synthesis and morphology (8, 11, 21, 27), autolysis (11, 28, 35),
and global transcriptional changes (7, 18, 19, 34). These studies
have led to a model of vancomycin resistance in which de-
creased cell wall turnover and autolysis result in increased cell
wall thickness and resistance to vancomycin. Mechanistically,
the thickened cell wall is thought to limit the access of vanco-
mycin to its target (6, 9, 11, 12, 26). Because this model of
vancomycin resistance relies on an alteration in cell wall thick-
ness, most research has focused on adaptations affecting cell
wall thickening.

Transcriptional profiling experiments have identified a num-
ber of physiological adaptations in VISA strains. Kuroda et al.
described increases in fructose utilization, fatty acid metabo-
lism, and putative ABC transporter genes in VISA strains
compared to their more susceptible counterparts (16). These
and other physiological changes have led to speculation that to
create a thickened cell wall, VISA strains increase glucose
utilization and decrease the intracellular glutamine concentra-
tion (6, 9). This decrease in glutamine availability is thought to
increase the proportion of glutamine nonamidated muropep-
tides, which increase the affinity of vancomycin for the cell wall
at sites away from the lethal target, specifically, the nascent cell
wall at the cell membrane.

One barrier to expanding and improving the understanding
of S. aureus vancomycin resistance is the paucity of isogenic
pairs of vancomycin-sensitive S. aureus (VSSA) and VISA
strains. To circumvent this barrier, Mongodin et al. grew two
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VISA strains (Mu50 and HIP5827) in medium containing in-
creasing concentrations of vancomycin until the derivative
strains had vancomycin MICs of 32 �g/ml (strains Mu50-32
and VP-32), thus providing an alternative to isogenic VSSA
and VISA pairs. Using these isogenic strain pairs of low and
high vancomycin resistance provided insight into the transcrip-
tional changes that occur during adaptation to growth in the
presence of vancomycin (19). In the present study, we used
these isogenic pairs as a means to identify common physiolog-
ical differences and then examined if these differences were
present in naturally occurring VISA strains.

MATERIALS AND METHODS

Bacterial strains, materials, and growth conditions. Strains used in this study
are listed in Table 1. S. aureus strains were grown in tryptic soy broth containing
0.25% glucose (TSB; BD Biosciences) or on TSB containing 1.5% agar. Vanco-
mycin (Sigma) was used at concentrations between 4 and 32 �g/ml. Unless
otherwise stated, all bacterial cultures were inoculated 1:200 from an overnight
culture (normalized for growth) into TSB, incubated at 37°C, and aerated at 225
rpm with a flask-to-medium ratio of 10:1. Bacterial growth was assessed by
measuring the optical density at 600 nm (OD600).

spa typing. spa typing was performed essentially as described elsewhere (25)
with the noted exception that the PCR primers listed in Table 2 were used. The
spa type was assigned using eGenomics software (http://tools.egenomics.com).

Measurement of acetate, glucose, and ammonia in culture supernatants. Ali-
quots of bacteria (1.5 ml) were centrifuged for 5 min at 20,800 � g at 4°C, and
supernatants were removed and stored at �20°C until use. Acetate, glucose, and
ammonia concentrations were determined with kits purchased from R-Biopharm,
Inc., and used according to the manufacturer’s directions.

Aconitase activity assay. Cell-free lysates of S. aureus were prepared as fol-
lows. Aliquots (3 ml) were harvested at the indicated times, suspended in 1.5 ml
of lysis buffer containing 90 mM Tris (pH 8.0), 100 �M fluorocitrate, and 50
�g/ml lysostaphin (AMBI). The samples were incubated at 37°C for 10 min and
passed through a French press (two times at 15,000 lb/in2). The lysate was
centrifuged for 5 min at 20,800 � g at 4°C. Aconitase activity was assayed in the
resulting cell-free lysate by the method described by Kennedy et al. (15). One
unit of aconitase activity is defined as the amount of enzyme necessary to give a
�A240 min�1 of 0.0033 (5). Protein concentrations were determined by the Lowry
method (17).

Northern blot analysis. Bacterial cultures (25 ml) were grown in TSB incu-
bated at 37°C and aerated at 250 rpm with a flask-to-medium ratio of 10:1.
Aliquots of bacteria (10 ml) were harvested by centrifugation when the growth
was between 3.0 and 4.0 A600 units. Total RNA was extracted using an RNeasy
RNA isolation kit (QIAGEN) and a Fastprep FP120 instrument (Bio 101
Thermo Savant) essentially as described previously (20).

Total RNA (5 �g) was electrophoresed through a 0.9% agarose gel containing
0.66 M formaldehyde in morpholinepropanesulfonic acid (MOPS) running
buffer (20 mM MOPS, 10 mM sodium acetate, 2 mM EDTA, pH 7.0). The gel
was then subjected to capillary transfer to a nylon membrane (Micron Separa-
tions) using 20� SSC (0.3 M Na3-citrate, 3.0 M NaCl, pH 7.0). RNA was fixed
to the nylon membrane by cross-linking in a UV Stratalinker 1800 (Stratagene).
Hybridization and processing of blots was carried out using the DIG system
(Roche Applied Science) according to the manufacturer’s recommendations.
Approximate transcript sizes were determined by comparison to an RNA mo-
lecular mass ladder (Invitrogen). Probes were synthesized using the PCR-based
DIG probe synthesis kit (Roche) following the manufacturer’s protocol and
using the primers listed in Table 2.

PIA immunoblotting. Polysaccharide intercellular adhesin (PIA) was extracted
from 109 bacteria, grown to an OD600 of 1.0, by boiling in 0.5 M EDTA (pH 8.0)
for 5 min. Aliquots of PIA were applied to an Immobilon-P membrane (Milli-
pore) and blocked with 5% skim milk for 3 h. The membrane was incubated
overnight with anti-PIA antiserum (a kind gift of D. Mack) and, subsequently, for
2 h with a goat anti-rabbit horseradish peroxidase conjugate (Bio-Rad). The
presence of PIA was detected by autoradiography using enhanced chemilumi-
nescence reagents (GE Healthcare Life Sciences).

Statistical analysis. Statistical significance was assessed with Student’s t test.
To determine if a correlation existed between two parameters, a Pearson’s
correlation coefficient was calculated.

RESULTS

Physiological changes associated with increasing vancomy-
cin resistance. Increased resistance to vancomycin is associ-
ated with changes in bacterial morphology, physiology, and
growth characteristics (8, 19, 27). In particular, increased re-
sistance to vancomycin decreased the growth rate and cell size
relative to isogenic strains of lower resistance (19). This change
in growth rate and cell size is analogous to wild-type S. aureus
entering into the post-exponential growth phase after exhaust-
ing a nutrient (e.g., carbon or phosphate) (30). In staphylo-
cocci, entry into the post-exponential growth phase usually
coincides with the catabolism of nonpreferred carbon sources
and induction of the tricarboxylic acid (TCA) cycle, leading us
to hypothesize that increased resistance to vancomycin alters

TABLE 1. Strains used in this study

Strain designation spa profile (spa type) Source or reference

Mu50-32 TJMBMDMGMK (2) 19
VP-32 TJMGMK (12) 19
NRS12 TJMBMDMGMK (2) NARSAa

NRS17 TJMBMDMGMK (2) NARSA
NRS56 WGKAOMQ (3) NARSA
NRS63 WGKAOMQ (3) NARSA
NRS118 YHFGFMBQBLO (4) NARSA
Mu50 TJMBMDMGMK (2) 14
HIP5827 TJMGMK (12) 33
BK3570 YHGFMBQBLO (1) B. Kreiswirth collection
BK3701 TJMBMDMGMK (2) B. Kreiswirth collection
BK4916 TJMBMDMGMK (2) B. Kreiswirth collection
BK5464 TJMBMDMGMM (731) B. Kreiswirth collection
BK5465 TJMBMDMGMK (2) B. Kreiswirth collection
BK5466 TJMBMDMGMK (2) B. Kreiswirth collection
BK5467 TJMBMDMGMK (2) B. Kreiswirth collection
BK5468 TJMEMDMGMK (24) B. Kreiswirth collection
BK5469 TJMBMDMGMM (731) B. Kreiswirth collection
BK5473 TMBMDMGMK (230) B. Kreiswirth collection
BK11211 TJMBMDMGMK (2) B. Kreiswirth collection
BK11216 YHGFMBQBLO (1) B. Kreiswirth collection
BK11228 YHGFMBQBLO (1) B. Kreiswirth collection
BK11229 YHGCMBQBLO (7) B. Kreiswirth collection
BK11270 TJMBMDMGMK (2) B. Kreiswirth collection
BK11275 TJMBMDMGMK (2) B. Kreiswirth collection
BK11276 TJMBMDMGMK (2) B. Kreiswirth collection
BK11429 YHGFMBQBLO (1) B. Kreiswirth collection
BK11472 YHGCMBQBLO (7) B. Kreiswirth collection
BK11478 YHGFMBQBLO (1) B. Kreiswirth collection
BK11490 YHGFMBQBLO (1) B. Kreiswirth collection
BK15641 TJMBMDMGMK (2) B. Kreiswirth collection
BK15681 YHGCMBQBLO (7) B. Kreiswirth collection
BK792 YHGFMBQBLO (1) B. Kreiswirth collection

a NARSA, Network on Antimicrobial Resistance in Staphylococcus aureus.

TABLE 2. Primers used in this study

Primer name Nucleotide sequence (5� 3 3�)

spa forward......................GCCAAAGCGCTAACCTTTTA
spa reverse .......................TCCAGCTAATAACGCTGCAC
CidA1-F ...........................CCCCATATGCACAAAGTCCAATTA
CidA1-R...........................CCCCTCGAGTTCATAAGCGTCTACACC
CidB1-F............................TGATTTTGTTGACTGTCGTT
CidB1-R...........................TCATGTGACACTTCGATACC
LrgA1-F ...........................CCCCATATGGTCGTGAAACAACAAAAAGACGC
LrgA1-R...........................CCCCTCGAGATCATGAGCTTGTGCCTCCTC
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FIG. 1. Growth and physiological characteristics of low-level vancomycin-resistant parental strains (Mu50 and HIP5827) and high-level resistant
isogenic derivative strains (Mu50-32 and VP-32). (A and B) Growth curves of Mu50 and Mu50-32 (A) and HIP5827 and VP-32 (B). (C and D) Acetate
accumulation and depletion in the culture supernatants of isogenic strain pairs Mu50 and Mu50-32 (C) and HIP5827 and VP-32 (D). (E and F) Net
ammonia accumulation in the culture supernatants of strain pairs Mu50 and Mu50-32 (E) and HIP5827 and VP-32 (F). The results presented are
representative of at least two independent experiments. Symbols are defined in the figure insets.
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intermediary metabolism; specifically, we were interested in
the ability of parental and derivative strains to catabolize ace-
tate. The rationale for examining acetate catabolism is that
staphylococci growing aerobically in a medium containing glu-
cose will accumulate a high concentration of acetate in the
culture medium; however, when the concentration of glucose is
insufficient to permit rapid growth, the staphylococci will un-
dergo a diauxic shift and catabolize the acetate. To test this
hypothesis, the growth of vancomycin-resistant strains Mu50-32
and VP-32 (vancomycin resistance of �32 �g/ml) was com-
pared to isogenic parental strains Mu50 and HIP5827 (vanco-
mycin resistance of 8 �g/ml). As previously described (19), the

growth rate of the vancomycin-resistant strains Mu50-32 and
VP-32 was dramatically slower than the isogenic parental
strains (Fig. 1A and B). The decreased growth rate was re-
flected in the slower depletion of glucose from the culture
medium (data not shown) and in the delay in achieving the
maximal acetate concentration in the culture medium (Fig. 1C
and D). Interestingly, only strain Mu50 significantly extracted
acetate from the culture medium during 12 h of growth, sug-
gesting that it alone was capable of catabolizing nonpreferred
carbon sources. Acetate catabolism requires a fully functioning
tricarboxylic acid cycle and is linked to amino acid catabolism
(31). Ammonia production is an indicator of amino acid ca-
tabolism; hence, we measured the concentration of ammonia
in the culture medium (Fig. 1E and F). As expected, strain
Mu50 accumulated significantly more ammonia in the culture
medium relative to strain Mu50-32. In contrast, strain HIP5827
accumulated an equivalent amount of ammonia in the culture
medium relative to strain VP-32 until the end of the 12-h
growth experiment. (To compare and contrast these results
with those of VSSA strains, please refer to reference 31.)
Taken together, these data suggested that strains HIP5827,
Mu50-32, and VP-32 had impaired intermediary metabolism,
specifically, in TCA cycle function.

Aconitase activity of VISA parental strains and VRSA de-
rivative strains. In contrast to previous speculation (16, 19),
the physiological data (Fig. 1) suggested that increased vanco-
mycin resistance correlated with decreased carbon flow
through the TCA cycle. To test this hypothesis, we assessed
post-exponential-growth-phase (12-h) TCA cycle activity by
measuring aconitase enzymatic activity in the parental strains
Mu50 and HIP5827 and the derivative strains Mu50-32 and

FIG. 2. Post-exponential-growth-phase (12-h) aconitase activity of
parental and derivative strain pairs. Aconitase activities were deter-
mined in triplicate from two independent cultures during the expo-
nential phase of growth. The results are presented as the mean and
standard error of the mean.

FIG. 3. Net acetate concentration in the culture media of VISA and VSSA strains after 12 h of growth. The results are presented as the mean
and standard error of the mean from three independent cultures.
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VP-32 (Fig. 2). As expected, TCA cycle activity was signifi-
cantly lower in strains Mu50-32 and VP-32 relative to the
parental strains (Mu50 versus Mu50-32, P � 0.000004;
HIP5827 versus VP-32, P � 0.0005). Surprisingly, parental
strain HIP5827 had very low aconitase activity relative to Mu50
or other S. aureus strains (29), confirming that its TCA cycle
activity was also impaired.

Acetate catabolism of VISA clinical isolates. The unex-
pected observations that highly vancomycin-resistant deriva-
tive strains Mu50-32 and VP-32 had significantly decreased
aconitase activities relative to the vancomycin-intermediate re-
sistant parental strains (Fig. 2) and that strains HIP5827,
Mu50-32, and VP-32 had impaired acetate catabolism (Fig. 1)
led us to speculate that impaired acetate catabolism might be
a phenotype common to VISA strains. To address this possi-
bility, we determined the concentration of acetate in the cul-
ture supernatants of 7 VISA strains and 24 VSSA strains (Ta-
ble 1) after they had entered into the stationary phase (12 h)
(Fig. 3). Five of seven VISA strains (71%) had a concentration
of acetate greater than 5 mM in the culture supernatant after
12 h of growth, whereas only 2 out of 24 VSSA strains (8%)
had an equivalent concentration of acetate in the culture me-
dium. Because the growth rate of VISA strains is slightly
slower than VSSA strains (31), the more likely explanation for
the dramatic difference in acetate catabolism between the
VISA and VSSA strains is a difference in the growth rate; that
is to say, organisms growing slowly will catabolize acetate
slowly. However, this possibility is inconsistent with the obser-
vation that the seven VISA strains have equivalent growth
rates (data not shown), yet strain NRS 17 completely catabo-
lized acetate within 12 h while all other VISA strains had
varying degrees of acetate catabolism impairment (Fig. 3).
Similarly, the growth rates of VSSA acetate-catabolizing
strains and VSSA acetate catabolism-impaired strains were
equivalent (data not shown). Taken together, these data sug-

gest that the difference in acetate catabolism between VISA
and VSSA strains is not growth related. Additionally, the ge-
netic diversity of the VSSA and VISA strains (Table 1) strongly
suggests the acetate catabolism impairment was independent
of genetic lineage.

Physiological consequences of impaired acetate catabolism.
Previously, we observed that TCA cycle inactivation inhibited
S. aureus acetate catabolism and enhanced long-term survival
(30). Furthermore, it was determined the cid and lrg operons
(murein hydrolase activity regulatory operons) were regulated
by the concentration of acetic acid in the culture medium (22).
Taken together, these observations led us to speculate that
derivative strains Mu50-32 and VP-32 would have altered cid
and lrg mRNA transcription relative to the isogenic parental
strains Mu50 and HIP5827. Northern blot analysis of bacterial
cultures harvested late in the exponential phase of growth
revealed that derivative strains Mu50-32 and VP-32 had a
greater amount of cidABC mRNA relative to the parental
strains (Fig. 4). (The cid operon is comprised of two overlap-
ping transcripts [cidABC and cidBC].) Consistent with previous
results (19), the amount of lrgAB mRNA was either lower in
the derivative strains relative to the parental strains or approx-
imately equivalent (data not shown). These data led us to
speculate that the impaired acetate catabolism alters cell death
by altering transcription of the cid and lrg murein hydrolase
regulatory loci.

Recently, we demonstrated that increased PIA synthesis is
associated with decreased TCA activity (36). The observations
that the VRSA derivative strains had impaired acetate catab-
olism (Fig. 1C and D) and decreased aconitase activity relative
to the VISA parental strains led us to hypothesize that as
vancomycin resistance increased, the synthesis of PIA would
increase. This possibility is consistent with transcriptional pro-
filing data that demonstrated that transcription of icaR, a re-
pressor of PIA synthesis, was decreased in a VISA strain rel-
ative to a VSSA strain (18). To test this hypothesis, the amount
of PIA produced by the parental and derivative strains was as-

FIG. 4. Northern blot assay demonstrating increased expression of
cidABC in highly vancomycin-resistant derivative strains. Total RNA was
isolated from strains Mu50, Mu50-32, HIP5827, and VP-32 when the
optical density was between 3 and 4 A600 units, transferred to a charged
nylon membrane, and probed with a cidB-specific probe. The results are
representative of three independent experiments.

FIG. 5. PIA immunoblot assay of parental and derivative strain
pairs. PIA was extracted from 109 bacteria grown to an A600 of 1.0, and
20-, 10-, and 1-�l volumes were transferred to an Immobilon-P mem-
brane for immunoblotting. The results are representative of multiple
(n � 3) independent experiments.
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sessed by immunoblotting. As expected, PIA synthesis was in-
creased in strain Mu50-32 relative to Mu50 (Fig. 5) but was
unchanged in strain VP-32 relative to HIP5827. The absence of
an increase in PIA synthesis in the latter strain pair is likely
because there is only a minimal change in TCA cycle activity
between the parental and derivative strains.

DISCUSSION

VISA strains Mu50 and HIP5827, chosen by Mongodin et
al. for in vitro serial passage, represent genetically (Table 1)
and phenotypically (Fig. 1) diverse S. aureus strains, an
advantage when attempting to identify phenotypes common
to VISA isolates.

Using these strains and their corresponding derivative
strains (Mu50-32 and VP-32), we found the transition from
low-level vancomycin resistance to high-level resistance was
accompanied by a decrease in TCA cycle activity and an exac-
erbation of an existing acetate catabolism impairment (Fig. 1
and 2). The acetate catabolism impairment of the parental
VISA strains led us to speculate this phenotype would be
common to VISA strains. Indeed, we found a strong corre-
lation between impaired acetate catabolism and vancomy-
cin-intermediate resistance in a genetically diverse group of
S. aureus strains (Fig. 3 and Table 1). The remainder of this
discussion will focus on a potential cause of impaired ace-
tate catabolism in VISA strains and the implications of this
impairment.

Possible basis for impaired acetate catabolism. Increased
resistance to vancomycin is associated with changes in bacterial
morphology, physiology, and growth characteristics, most no-
tably, an increase in the thickness of the cell wall (8, 11, 21, 27).
The increased thickness of the cell wall correlates with an
increase in genes involved in cell wall biosynthesis and regu-
lation (18); hence, there is likely an increased demand for cell
wall biosynthetic components N-acetyl-glucosamine and N-acetyl-
muramic acid. Both N-acetyl-glucosamine and N-acetyl-muramic
acid are synthesized from the glycolytic intermediate 	-D-fructose
6-phosphate, which will be abundant when readily catabolizable
carbohydrates are available. Alternatively, when carbohydrates
are limiting, 	-D-fructose 6-phosphate can be synthesized by
gluconeogenesis from the TCA cycle intermediate oxaloace-
tate, resulting in the withdrawal of carbon from the TCA cycle.
The first step of the TCA cycle is the assimilation of acetyl
coenzyme A into citric acid, a step requiring the four-carbon
intermediate oxaloacetate. If oxaloacetate is withdrawn for
gluconeogenesis, then anaplerotic reactions are required to
maintain TCA cycle function, a potential problem when car-
bon is limiting. Depending on the severity of the four- or
five-carbon TCA cycle intermediate limitation, the assimilation
of acetyl coenzyme A will proceed more slowly, or not at all;
thus, acetate will remain in the culture medium.

Implications of acetate catabolism impairment. Irrespective
of the cause of impaired acetate catabolism in VISA strains,
the impairment establishes a condition that can affect several
physiological traits important in virulence. Acetate catabolism
in staphylococci is required for maximal growth yield (31) and
antibiotic tolerance (22) and is involved in regulating cell death
(22) and PIA synthesis (36). Consistent with these observa-
tions, we found the transition from low-level to high-level van-

comycin resistance was accompanied by increased cidABC
transcription and PIA synthesis. Predictably, the differences in
the severity of acetate catabolism impairment in the parental
strains (Mu50 and HIP6827) relative to the derivative strains
(Mu50-32 and VP-32) are in accordance with the differences in
PIA synthesis and transcription of cidABC in these same
strains. Specifically, there are dramatic differences in acetate
catabolism, PIA synthesis, and cidABC expression between
Mu50 and Mu50-32 but only minimal differences between
HIP5827 and VP-32. The extent to which these changes con-
tribute to vancomycin resistance and pathogenesis is unknown;
however, PIA is an important virulence factor and likely con-
tributes to in vivo survival (10, 23, 24).

A very small percentage of VSSA strains are impaired in
their ability to utilize nonpreferred carbon sources, such as
acetate (31; G. Somerville and B. Kreiswirth, unpublished ob-
servations) (Fig. 3). Interestingly, in the present study, we
found the majority of VISA strains are impaired in acetate
catabolism, raising several interesting and potentially impor-
tant possibilities. First, does acetate catabolism impairment
confer a competitive advantage versus nonimpaired strains
when grown in the presence of vancomycin? If so, do acetate
catabolism-impaired VSSA strains serve as a reservoir for the
generation of VISA strains? Second, can acetate catabolism be
used as a predictor of vancomycin treatment failure? That is to
say, if acetate catabolism-impaired S. aureus were isolated
from a patient during vancomycin treatment, then could this be
an early indicator of the emergence of vancomycin resistance?
Third, is there a direct connection between acetate catabolism
and increased cidABC transcription and PIA synthesis? To
address these and other questions requires defined mutations
in isogenic pairs of VSSA and VISA strains.

ACKNOWLEDGMENTS

We are indebted to D. Mack for providing anti-PIA antiserum. We
also thank the Network on Antimicrobial Resistance in Staphylococcus
aureus for providing the VISA isolates used in this study.

The manuscript is a contribution of the University of Nebraska
Agricultural Research Division, supported in part by funds provided
through the Hatch Act. Additional support was provided by grant
number P20 RR-17675 from the National Center for Research Re-
sources, a component of the National Institutes of Health, to G.S. and
NIH grant R01AI038901 and DOD grant DAAD 19-03-1-0191 to
K.W.B.

The contents of the manuscript are solely the responsibility of the
authors and do not necessarily represent the official views of the NIH.

REFERENCES

1. Anonymous. 2002. Staphylococcus aureus resistant to vancomycin—United
States, 2002. Morb. Mortal. Wkly. Rep. 51:565–567.

2. Anonymous. 1997. Staphylococcus aureus with reduced susceptibility to van-
comycin—United States, 1997. Morb. Mortal. Wkly. Rep. 46:765–766.

3. Anonymous. 2004. Vancomycin-resistant Staphylococcus aureus—New York,
2004. Morb. Mortal. Wkly. Rep. 53:322–323.

4. Anonymous. 2002. Vancomycin-resistant Staphylococcus aureus—Pennsylva-
nia, 2002. Morb. Mortal. Wkly. Rep. 51:902.

5. Baughn, A. D., and M. H. Malamy. 2002. A mitochondrial-like aconitase in
the bacterium Bacteroides fragilis: implications for the evolution of the mi-
tochondrial Krebs cycle. Proc. Natl. Acad. Sci. USA 99:4662–4667.

6. Cui, L., A. Iwamoto, J. Q. Lian, H. M. Neoh, T. Maruyama, Y. Horikawa, and
K. Hiramatsu. 2006. Novel mechanism of antibiotic resistance originating in
vancomycin-intermediate Staphylococcus aureus. Antimicrob. Agents Che-
mother. 50:428–438.

7. Cui, L., J. Q. Lian, H. M. Neoh, E. Reyes, and K. Hiramatsu. 2005. DNA
microarray-based identification of genes associated with glycopeptide resis-
tance in Staphylococcus aureus. Antimicrob. Agents Chemother. 49:3404–
3413.

VOL. 51, 2007 VANCOMYCIN-INTERMEDIATE S. AUREUS PHYSIOLOGY 621



8. Cui, L., X. Ma, K. Sato, K. Okuma, F. C. Tenover, E. M. Mamizuka, C. G.
Gemmell, M. N. Kim, M. C. Ploy, N. El-Solh, V. Ferraz, and K. Hiramatsu.
2003. Cell wall thickening is a common feature of vancomycin resistance in
Staphylococcus aureus. J. Clin. Microbiol. 41:5–14.

9. Cui, L., H. Murakami, K. Kuwahara-Arai, H. Hanaki, and K. Hiramatsu.
2000. Contribution of a thickened cell wall and its glutamine nonamidated
component to the vancomycin resistance expressed by Staphylococcus aureus
Mu50. Antimicrob. Agents Chemother. 44:2276–2285.

10. Fluckiger, U., M. Ulrich, A. Steinhuber, G. Döring, D. Mack, R. Landmann,
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