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The spread of multidrug-resistant Staphylococcus aureus (MRSA)
strains in the clinical environment has begun to pose serious limits
to treatment options. Yet virtually nothing is known about how
resistance traits are acquired in vivo. Here, we apply the power of
whole-genome sequencing to identify steps in the evolution of
multidrug resistance in isogenic S. aureus isolates recovered periodically from the bloodstream of a patient undergoing chemotherapy with vancomycin and other antibiotics. After extensive therapy, the bacterium developed resistance, and treatment failed.
Sequencing the first vancomycin susceptible isolate and the last
vancomycin nonsusceptible isolate identified genome wide only 35
point mutations in 31 loci. These mutations appeared in a sequential order in isolates that were recovered at intermittent times
during chemotherapy in parallel with increasing levels of resistance. The vancomycin nonsusceptible isolates also showed a
100-fold decrease in susceptibility to daptomycin, although this
antibiotic was not used in the therapy. One of the mutated loci
associated with decreasing vancomycin susceptibility (the vraR
operon) was found to also carry mutations in six additional
vancomycin nonsusceptible S. aureus isolates belonging to different genetic backgrounds and recovered from different geographic
sites. As costs drop, whole-genome sequencing will become a
useful tool in elucidating complex pathways of in vivo evolution in
bacterial pathogens.

S

taphylococcus aureus has remained one of the most frequent
causes of a wide range of both hospital- and communityacquired infections, from superficial skin and other soft tissue
infections to life threatening toxic shock, pneumonia, endocarditis, and septicemia. The spectacular adaptive capacity of this
pathogen resulted in the emergence and worldwide spread of
lineages that acquired resistance to the majority of available
antimicrobial agents. The choice of therapy against such multidrug-resistant S. aureus (MRSA) strains has been narrowed to a
few antibacterial agents, among them the glycopeptide antibiotic
vancomycin, which has become the mainstay of therapy worldwide. MRSA strains with reduced susceptibility to vancomycin
have been reported in clinical specimen since the late 1990s (1).
In most of these so-called vancomycin intermediate-resistant S.
aureus (VISA) isolates, decrease in drug susceptibility, as expressed by the increase in the minimal inhibitory concentration
(MIC) of vancomycin, is sufficient to cause complications in
therapy and treatment failure (2–7). VISA-type resistance has
now been identified in each of the globally spread pandemic
clones of MRSA (8).
The genetic basis of VISA-type resistance to vancomycin is
unknown. Unlike the most recently described and currently still
rare VRSA isolates which carry the Tn1546-linked resistance
mechanism (9, 10), the VISA-type isolates do not seem to carry
acquired genetic elements related to drug resistance: their
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0609839104

reduced susceptibility to vancomycin appears to be based on a
gradual adaptive process.
Examination of VISA-type isolates recovered from many parts
of the world showed a number of different phenotypic alterations, including changes in cell morphology and changes in the
composition, thickness, and/or turnover of cell walls (11, 12).
Nevertheless, associating these altered properties with the mechanism of resistance has remained problematic because of the lack
of availability of an isogenic vancomycin susceptible ‘‘parental’’
isolate that could be used as a valid comparison. For instance,
comparing the sequences of the first clinical VISA isolate MU50
to the genetically related vancomycin susceptible strain N315
identified over 174 ORFs that carried nonsynonymous changes
(13, 14). However, MRSA strain N315 was isolated 15 years
earlier than strain Mu50 and from a different patient. Thus, it is
not clear how many of the 174 mutations are related to the
mechanism of drug resistance versus the different evolutionary
history of the strains.
Recently we obtained a series of MRSA isolates from the
blood stream of a patient with congenital heart disease who was
treated extensively with vancomycin without success (15). Available clinical data suggests that the primary site of infection was
endocarditis.‡‡ In addition to vancomycin, the patient also
received a single dose of rifampin and a course of therapy with
the ␤-lactam antibiotic imipenem. After ⬇12 weeks of therapy
and replacement of a heart valve, the patient died because of
complications of the underlying disease.
The first isolate JH1 recovered before the beginning of chemotherapy was fully susceptible to vancomycin (MIC ⫽ 1 g/ml).
Vancomycin therapy was begun between the culture isolation of
JH1 and JH2. The last isolate JH9 recovered at the end of
chemotherapy showed decreased susceptibility to vancomycin
(MIC ⫽ 8 g/ml). Comparison of the series of JH isolates by several
genetic typing techniques indicated that they were isogenic (15, 16).
The JH lineage was also related, although more remotely, to the
fully sequenced MRSA strains N315 and MU50 (17).
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*, E-test. †, Numbers 1–35 are assigned to mutations in the time order of their appearance. The presence of a mutation is indicated by F, and the absence of a mutation due to a possible reversion is indicated
by 䡬. ND, not determined. Mutations 34 and 35 between JH1 and JH9 were predicted to be in JH9 but could not be PCR sequenced (see SI Appendix for a discussion). ‡, in blaR1 on the plasmid; §, in SA1702 in
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Table 1. Sequential appearance of 35 point mutations in the blood isolates

1‡

Sequential Appearance of Antibiotic Resistance and Mutations in the
JH Isolates During Antibiotic Treatment. The time course of anti-

1. The first fully antibiotic susceptible blood isolate JH1 and the
also fully susceptible contact isolate JH15 (data not shown)
had identically low MICs to the antibiotics tested and carried
only mutation 1.
2. Once a mutation appeared in an early blood isolate, it was
retained in all subsequent blood isolates (with the single
exception of mutation 9). Thus, the genetic changes appeared
in a sequential order in parallel with the increasing vancomycin MIC values.
3. Following the brief rifampin therapy, the rifampin MIC of
isolate JH1 (0.012 g/ml) increased to 16 g/ml in JH2 and
remained at that level in all subsequent isolates.
4. In parallel with the treatment with the beta-lactam antibiotic
imipenem, the beta-lactam (oxacillin) MIC of strain JH1 (0.75
g/ml) increased to 25 g/ml in JH2 but then declined to
between 0.75 and 1.5 g/ml in all subsequent isolates.
5. The vancomycin susceptibility of the isolates declined gradually in several discrete steps: the vancomycin MIC of strain

11§§
8**
7储

mutations that appeared in JH9 by the end of antibiotic treatment occurred in 31 distinct loci and included 25 substitutions,
1 insertion, and 9 deletions. The first 18 of these mutations are
listed in Table 2 in the time order of their appearance. All 35
mutations are described in more detail in SI Appendix. Only 6 of
the 35 mutations were synonymous substitutions.

biotic treatment is shown in Fig. 1, and Table 1 summarizes the
parallel changes observed in the antibiotic susceptibility profiles
of the isolates. To explore parallels between the changes observed in antibiotic susceptibility and genetic changes, loci found
mutated between JH1 and JH9 were PCR sequenced in the
intermittent blood isolates JH2, JH5, and JH6. The same loci
were also PCR sequenced in an additional fully vancomycin
susceptible isolate JH15 that was recovered from the nares of a
healthy contact of the patient (15).
The results summarized in Table 1 allowed us to make several
conclusions.

10‡‡

Numeric identifier of mutation†

9††

Number of Loci Effected and Categories of Mutations. The 35 point

F

18

sequence data were analyzed, both JH1 and JH9 were found to
contain one 2.9-Mb chromosome and a 30-kb plasmid, and the
two isolates were predicted to differ by only 35 point mutations,
33 of which were on the chromosome, and two of which were on
the plasmid. With the exception of two of the predicted mutations [see mutations numbered 34 and 35 in Table 1 and
supporting information (SI) Appendix], all of the predicted
mutations were confirmed by PCR sequencing. (In the two
exceptional cases, the loci harboring the putative mutations
could not be PCR sequenced because of technical reasons; see
SI Appendix.) The list of 35 mutations is predicted to be nearly
exhaustive, with ⬍2 point mutations on the chromosome and
zero mutations on the plasmid that are expected to have gone
undetected (see SI Appendix).
These data confirm and refine the isogenic nature of the JH
isolates. The 35 mutations identified in the terminal vancomycin
nonsusceptible isolate were presumably generated by the selective pressures of antibiotic treatment with the three antibiotics in
the complex in vivo environment of the invaded host.

F

Thirty-Five Point Mutations Were Identified Between the First (JH1)
and the Last (JH9) Blood Isolates from the Patient. When the

F

19–33

Results and Discussion

ND
ND
ND
ND
ND

34 and 35

The availability of these isogenic isolates offered a unique
opportunity to identify steps in the in vivo evolution of drug
resistance by sequencing the genomes of the initial (drug susceptible) and the terminal (drug resistant) isolates.
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JH6

14

Mutated locus†

SA2320 (pfoR)

Between divergently transcribed genes SA2125
and SA2126

SA2094

SA1659 (prsA)

SA0980 (isdE)

Between divergently transcribed genes SAS014
and SA0411 (ndhF)
SA0582

SA0019 (yycH)

SA1843 (agrC)

SA1702

Daptomycin (38)

Vancomycin (24, 25)

Daptomycin (38)

Rifampin (18)

Vancomycin and ␤-lactams
(23, 39, 46, 47)

␤-lactams (21)

Locus previously implicated in
resistance to

Codes for ␤’-subunit of RNA polymerase
Contains match to RNA binding motif
Putative gene possibly in an operon with
the gene murG, which is involved in
cell wall synthesis
Part of agr locus involved in qorum
sensing and regulation of the
expression of virulence and cell surface
proteins
In a gene cluster with the gene yycF and
possibly involved in the regulation of
the autolysin gene lytM
NdhF is the F-subunit of NADH
dehydrogenase.
Similar to Na⫹/H⫹ antiporter subunit
MrpE in B. subtilis
Involved in passage of heme-iron to
cytoplasm during pathogenesis
Chaperone that assists
post-translocational folding of
proteins at the cytoplasmic/cell wall
interface
Similar to malic/Na⫹-lactate antiporter
MleN in B. subtilis
SA2125 matches protein family
consisting of arginases, agmatinases,
and formiminoglutamases.
Contains a match to a domain of a sugar
specific permease

Involved in regulation of ␤-lactamase
gene blaZ and broad spectrum
␤-lactam resistance gene mecA
In operon with gene vraR, which is
possibly involved in the regulation of
cell wall synthesis
Codes for ␤-subunit of RNA polymerase

Description of mutated locus

Synonymous substitution

Substitution upstream of both SA2125
and SA2126

Amino acid change A94T

Deletion in A⫻7 frameshifted last 15%
of gene.

Amino acid change A84V

Substitution introduced stop codon,
truncating protein to 10% of its
length.
Deletion in T⫻7 upstream of both
SAS014 and SA0411
Synonymous substitution

Deletion in T⫻9 frameshifted last 70%
of gene.

Amino acid change D471Y
Amino acid change A473S
Amino acid change A477S
Amino acid change E478D
Amino acid change E854K
Amino acid change D296Y
Deletion in G⫻9 frameshifted last 80%
of gene.

Amino acid change H164R

Deletion in A⫻ 8 frameshifted last 70%
of gene.

Mutation‡
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Because JH6 and JH9 have nearly identical MICs to the four antibiotics that were tested, the mutations 19 –33 found only in JH9 are not described here. For descriptions of all the mutations, see SI Appendix,
which gives the exact positions of the mutations in nucleotide coordinates and many references to relevant research articles. *, Lists the numeric identifiers of the mutations used in Table 1. †, The mutated locus
is on the chromosome unless otherwise indicated. The SAXXXX and SAPXXX identifiers are the N315 identifiers for the genes (17). If a more descriptive identifier has been assigned to a gene, it is listed in parentheses.
‡, The nomenclature N⫻ ␣ is used to describe a run of identical bases: ␣ is the number of bases in the run, and N is the repeated base.
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3
4
5
6
7
8
9

16
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2

JH6

SA0501 (rpoC)
SA1129
SA1249

JH2

1

15

SA0500 (rpoB)

JH1

No.*

SAP011 (blaR1) (on the plasmid)

Isolate in which
mutation
appears first

Table 2. Descriptions of the point mutations in Table 1 found in JH1-JH6

Stages in Vancomycin Resistance. Between JH1 and JH2, the

Fig. 1. Dates of antibiotic exposure and recoveries of MRSA isolates (month/
day in year 2000).

JH1 (1 g/ml) increased to 4 g/ml in JH2, 6 g/ml in JH5,
and its maximum value of 8 g/ml in JH6 and JH9.
6. The MIC value for daptomycin also increased in the JH
isolates, although this newly introduced antimicrobial agent
had not been used in the therapy. The daptomycin MIC of
JH1 (0.01 g/ml) increased to 0.05 g/ml in JH2 and JH5 and
then underwent a further jump to 1.0 g/ml in JH6 and JH9.
Appearance of Mutations Associated with Rifampin Resistance. The
⬎1,000-fold increase in the rifampin MIC from 0.012 to 16 g/ml
between JH1 and JH2 is likely related to mutations 3–6 (Table
1), involving four amino acid changes (D471Y, A473S, A477S,
and E478D) in the ␤-subunit RpoB of RNA polymerase (Table
2). The change D471Y has alone been shown to confer rifampin
resistance, and all four changes occur in the region of amino
acids 463–550 found to harbor the majority of mutations responsible for rifampin resistance in S. aureus (see ref. 18 for
review). Most rifampin resistant S. aureus mutants are reported
to have only one or two amino acid changes in RpoB. However,
these changes frequently reduce fitness. It is possible that some
of the four changes we report here in RpoB are compensatory
mutations that helped to offset a loss in fitness. In prior work,
rifampin resistant Escherichia coli mutants were passaged
through hundreds of generations in vitro and were observed to
evolve increased fitness by compensatory mutations in RpoB
rather than by reversion to drug sensitivity (19).
Appearance of a Mutation Associated with ␤-Lactam Resistance. The

sharp rise in resistance to oxacillin (a ␤-lactam) between JH1 and
JH2 is accompanied by the reversal of mutation 1. Found in both
JH1 and JH15, mutation 1 involves a deletion of an adenine in
a run of eight adenines that frameshifted 70% of blaR1 on the
plasmid. The transmembrane sensor BlaR1 and its cognate
cytosolic repressor BlaI are part of a signaling pathway that
senses ␤-lactams and induces the expression of the ␤-lactamase
gene blaZ and the broad spectrum ␤-lactam resistance gene
mecA. It is known that ␤-lactams bind to and thereby activate
BlaR1, which then in turn deactivates BlaI to alleviate the BlaI
repression of blaZ and mecA (20). Therefore, the inactivation of
BlaR1 would be expected to lead to the BlaI mediated constitutive repression of both blaZ and mecA. Hence, it is no surprise
that a frameshift in blaR1 has been previously shown to abolish
resistance to ␤-lactams (including to ␤-lactams, like imipenem
and oxacillin, which are not susceptible to cleavage by ␤lactamase) (21). The reversal of the frameshift in blaR1 may
therefore be responsible for the increase in oxacillin resistance
in JH2. Even though blaR1 remains in frame in JH2 onwards, the
oxacillin resistance drops in subsequent isolates (beginning with
JH5) as the vancomycin resistance increases. Such an inverse
relationship between oxacillin and vancomycin resistance has
been demonstrated in vitro (22). The mechanism of this effect is
not known.
9454 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0609839104

vancomycin MIC increases from 1.0 to 4.0 g/ml. Along with this
increase in resistance appears mutation 2, involving the amino
acid change H164R in the protein SA1702. Although the gene
SA1702 has an unknown function, it is in an operon with the gene
vraR, which codes for a response regulator of a two-component
system. Up-regulation of vraR has been shown to increase the
vancomycin MIC by 4-fold in one S. aureus strain (23), and
increased transcription of vraR in JH9 compared with JH1 was
observed in a study with DNA microarrays (16). A further
increase (from 4 to 6 g/ml) in vancomycin MIC occurs between
JH2 and JH5 and is accompanied by a single additional mutation
in SA1249, a gene of unknown function.
Between JH5 and JH6. The vancomycin MIC increases further from
6 to 8 g/ml, associated with the appearance of mutations 10–18.
Mutation 10 appears to frameshift 70% of agrC in the agr locus.
Involved in quorum sensing, the agr locus regulates many
virulence and cell surface genes. Loss of the locus has already
been proposed to be associated with the VISA phenotype (24,
25). The increase in the vancomycin MIC between JH5 and JH6
is also linked to mutation 11, involving a substitution that
introduces a premature stop codon in yycH, truncating the gene
to 10% of its length. The gene yycH is in the yyc gene cluster with
the gene yycF, which codes for the response regulator of a
two-component system. In Bacillus subtilis, deletion of yycH
results in the up-regulation of genes controlled by yycF (26). In
S. aureus, the regulator YycF was shown to bind upstream of the
gene lytM, coding for an autolysin (27). Hence, loss of yycH might
be expected to lead to up-regulation of lytM, and indeed,
transcriptome profiling has shown that the expression of lytM is
5-fold greater in JH9 compared with JH1 (16). Vancomycin
blocks access of LytM to its cell-wall substrate (28), and the
up-regulation of lytM may be a response to this inhibition.
Although lytM is overexpressed in JH9, JH9 was shown to have
decreased susceptibility to autolysis, which may be related to an
abnormality and/or over-production of teichoic acids (11).
Reversions of Mutation 9 and the Potential Role of Homopolymeric
Tracts in the Evolution of Resistance in the JH Isolates. There are two

possible explanations why mutation 9 (involving a frameshift in
SA1249) reverts between the blood isolates JH5, JH6, and JH9
(Tables 1 and 2). It is possible that the population of S. aureus
in the blood of the patient was heterogeneous, with some
individuals carrying the wild-type allele of SA1249 and other
individuals carrying the mutant allele. Alternatively, mutation 9
may have appeared and fixed in all of the bacteria, then
disappeared entirely, and finally reappeared and fixed again.
Both scenarios are plausible, because mutation 9 is a deletion of
a cystine in a string of nine cystines. Because of slippage of the
DNA polymerase, a homopolymeric tract can rapidly increase or
decrease in length (29). In our list of 33 confirmed point
mutations, changes in runs of identical nucleotides are statistically overrepresented (P ⫽ 10⫺7) (SI Appendix). Our 33 confirmed point mutations include 1-bp expansions or contractions
of eight distinct homopolymeric segments, all initially ⱖ6 bp
(mutations 1, 9, 10, 12, 15, 21, 22, and 33). Because rapid changes
in phenotype have been associated with variable length simple
repeats (e.g., phase variation in Neisseria meningitidis) (30), it is
tempting to speculate that runs of identical nucleotides in S.
aureus can promote quick switching between resistant phenotypes. In particular, the VISA phenotype has been noted to be
unstable (31).
Sequential Appearance of Mutations. The data summarized in

Table 1 strongly suggest that we are observing genetic alterations
in a single S. aureus lineage under the selective pressure of the
antimicrobial agents used for the therapy. The selection for these
Mwangi et al.

Decreased Susceptibility to Daptomycin in the JH Isolates. We were

surprised to find that the MIC value for daptomycin also
increased in the JH isolates, although this antibiotic was not used
in the therapy.
The antibiotic daptomycin was introduced in 2003 as a therapeutic agent against MRSA infections, including strains with
decreased susceptibility to vancomycin (34). The current clinical
breakpoint for resistance to daptomycin is defined as an MIC ⱖ
2 g/ml (7). Although the effectiveness of daptomycin against a
number of clinical VISA strains was demonstrated (35), more
recent studies found a strong positive correlation between
reduced susceptibility to vancomycin and daptomycin among
VISA isolates (36, 37). In one of these studies (36), 70 independent clinical and laboratory VISA isolates with vancomycin
MICs between 4–16 g/ml were tested, and ⬎80% were observed to have daptomycin MICs ⱖ 2 g/ml.
The genetic mechanisms underlying decreased susceptibility
to both vancomycin and daptomycin are unknown. It was
therefore of interest that the late JH isolates harbor mutation 7
in rpoC coding for the ␤⬘-subunit of RNA polymerase and
mutation 11 in the yyc gene cluster (Table 1). These loci were two
of only several loci found genome-wide to be mutated in
laboratory generated S. aureus mutants with reduced susceptibility to daptomycin (38). In our study, the daptomycin MIC of
JHI (0.01 g/ml) increased to 0.05 g/ml in JH2-JH5 followed
by a sharp increase to 1 g/ml in JH6 onwards. These increases
in resistance coincided with the mutations in rpoC and the yyc
gene cluster.
A Limited Number of Mutations Can Cause Extensive Changes in the
Gene Expression Profile. Although only 35 point mutations in 31

loci are observed between JH1 and JH9, prior transcriptome
profiling work found 224 genes that were differentially expressed
by 2-fold or more between the isolates (16). We assessed the
overlap between this list of 224 genes and three other lists of
transcriptional changes described in the literature: the changes
in the expression of 48 genes controlled by vraR (39); 244 genes
controlled by positive regulators of the agr locus (40–42); and 32
genes controlled by yycF (27). Each of the loci vraR, agr, and yycF
codes for a transcriptional regulator that appears to be involved
with decreased susceptibility to vancomycin. In each case, the
Mwangi et al.

overlap was statistically significant (P ⫽ 10⫺11, 10⫺2, and 10⫺2,
respectively) (see SI Appendix). Thus, many of the mRNA
expression changes between JH1 and JH9 are likely due to the
mutations 2, 10, and 11 (Table 1). Additionally, mutations 3–6
(Table 1) may effect the expression of many genes, because
nonsynonymous substitutions in rpoB conferring rifampin resistance in B. subtilis were shown to have pleitropic effects (43).
The Relationship of the JH Isolates to Previously Sequenced S. aureus.

In prior work (15), multilocus sequence typing (MLST) (44)
showed that the JH isolates (each with an MLST 1-4-1-4-12-1-28)
were closely related to two sequenced clinical S. aureus isolates:
the MRSA strain N315 and the rifampin resistant VISA MU50
(both with a MLST 1-4-1-4-12-1-10). Similar to JH1 and JH9,
N315 and MU50 were each found when sequenced to contain
one 2.8- to 2.9-Mb chromosome and a 20- to 30-kb plasmid (17).
In this work, multialignments of orthologous JH1, N315, and
MU50 chromosomal sequence were constructed, and a randomly
chosen subset of 50 cases were examined where the N315 and
MU50 sequences differed from each other by an isolated nucleotide difference. Among these cases, JH1 was found to agree
with N315 three-fourths of the time, indicating that JH1 is more
closely related to N315 than MU50. Despite the similar MLSTs
of JH1 and N315, a full genome-wide comparison indicated that
the two isolates differ on the chromosome by ⬎500 mutations
ranging in size from 1 to 50,000 bp (see SI Appendix ). Almost
all of the ⬎500 reported mutations are expected to be real, with
at most only a very small fraction representing sequencing errors
(see SI Appendix). As for the JH1 plasmid, it was found to be a
chimera of the N315 and MU50 plasmids (SI Appendix). The
sheer number of mutations between JH1 and N315 again
highlights the need for the careful selection of isolates for an
intergenomic comparison to be informative.
Common Mutations in Geographically Diverse VISA Isolates. It was of
interest to check whether any of the loci mutated in JH9 were
also mutated in the fully sequenced rifampin resistant VISA
strain Mu50. MU50 was found to harbor mutations in the genes
vraS in the vraR operon, agrA in the agr locus, and rpoB. In
MU50, the mutation in rpoB (a single amino acid change H481Y
in RpoB) was shown to confer rifampin resistance (18). It has
already been shown that many geographically diverse VISA
isolates carry loss of function mutations in the agr locus (24, 25).
The Status of the vraR Operon in Geographically Diverse VISA Isolates.

Because the vraR operon was mutated in both JH9 and MU50,
we proceeded to PCR sequence the vraR operon in other VISA
isolates. In total, we knew or determined the sequence of the
vraR operon in six geographically diverse clinical VISA isolates
(vancomycin MICs ⫽ 4–8 g/ml) from different genetic backgrounds: JH9 isolated in Maryland,‡‡ MU50 from Japan (17),
PC3 from New York (3), VNJ from New Jersey (45), VMI from
Michigan (45), and HSMB1 from Portugal (H.d.L., unpublished
data). We also determined the sequence of the vraR operon in
a laboratory mutant VM3 (vancomycin MIC ⫽ 6 g/ml) (22). In
all seven VISA isolates, a mutation was found in the vraR operon,
and this was shown to be highly statistically significant [P ⬍ 0.001
(possibly much less)] (see SI Appendix).
In Table 1, mutation 2 in SA1702 in the vraR operon is one of
only eight genetic changes that occur between JH1 and JH2,
during which time the vancomycin MIC value increases from 1
to 4 g/ml. Of the other mutations, mutation 1 in blaR1 and
mutations 3–6 in rpoB are likely to be related to ␤-lactam and
rifampin resistance respectively. Thus, the preponderance of
evidence strongly suggests that genetic alterations in the vraR
operon, a key regulatory system involved with monitoring cellwall biosynthesis in S. aureus (39, 46, 47), plays an important role
in the VISA type vancomycin resistance.
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mutations and the emergence of genetically altered bacterial
populations most likely occurred at the primary site of infection:
in the endocarditic vegetation of the infected heart valve, which
is known to be capable of carrying large (109–1011 bacteria per
g of tissue) and physiologically heterogeneous populations of
bacteria (32), which then ‘‘seed’’ the blood stream followed by
rapid clearance (33).
We also had access to a single additional isolate (JH14), which
was recovered from the heart-valve after replacement surgery
performed on 17 November 2000 (Fig. 1). The heart valve isolate
JH14 had exactly the same antibiotic resistance and mutational
profiles as JH6: resistance to rifampin, decreased susceptibility
to daptomycin (MIC ⫽ 1 g/ml) and to vancomycin (MIC ⫽ 8
g/ml), and the same set of confirmed mutations (2–8 and
10–18) identified in isolate JH6 and also carried in JH9. These
observations suggest that the ‘‘extra’’ 16 confirmed mutations (9
and 19–33) identified only in JH9 reflect some unknown selective pressure operative in the complex and heterogeneous environment of the endocarditic lesion but are not essential for the
decreased susceptibility to vancomycin. Isolate JH9 may have
originated from an area of the endocarditic vegetation where
growth and replication of bacteria can be slow (32), leading to
the appearance of traits, such as antibiotic tolerance and/or
persistence, which are often associated with slow growth. Decreased growth rate and slow loss of viability during antibiotic
treatment has been documented in JH9 (11).

From Genetic Change to Altered Phenotype. Our discovery of an
ordered series of mutations leading to a level of VISA type
vancomycin resistance that can compromise therapy provides a
short list of mutations that should enable us to design experiments to reconstruct the vancomycin resistant phenotype in
susceptible strains of S. aureus. Polygenic traits are very hard to
trace by association studies, and even expression array data may
be hard to interpret when regulators with pleiotropic functions
are involved. Our short list of mutant loci can easily be screened
in other VISA strains to determine their prevalence.
With many new inexpensive differential sequencing technologies (48) on the horizon, subsequent clinical studies could
collect more samples to temporally resolve the appearance of
single mutations and the population structure of the bacteria as
has been done for HIV (49). The spread and emergence of
virulent strains among patients could be followed.

For JH1 (JH9), the whole-genome shotgun sequencing was
carried out to a mean coverage of 8.5⫻ (9.5⫻), with 98.5%
(97.7%) of the chromosome having a coverage ⱖ1⫻. The JH1
and JH9 assembled sequences and reads were multialigned, and
a Bayesian probabilistic model was used to identify mutations in
the multialignment. In 94% of the genome, the read coverage
and quality was sufficient to call mutations between JH1 and JH9
with an expected error rate (both false positive and negative) of
zero. The number of mutations estimated to have gone undetected in the remaining 6% of the genome is ⬍2 point mutations.
PCR sequencing was done to confirm the model’s predictions
and to rule out marginal cases.

Methods
For full details, see SI Appendix.
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