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Of 38 vancomycin-intermediate Staphylococcus aureus (VISA) clinical strains, 27 (71%) possessed a muta-
tion(s) in rpoB encoding the �-subunit of RNA polymerase. Furthermore, 95.6% of the rifampin-resistant
mutants obtained from 9 methicillin-resistant S. aureus (MRSA) clinical isolates showed decreased vancomycin
susceptibilities. These data indicate the involvement of an rpoB mutation in VISA phenotype expression.

Staphylococcus aureus is a leading cause of hospital-acquired
infections (10, 17). Vancomycin has been the therapy of choice
for treating serious infections caused by multidrug-resistant S.
aureus since the 1950s. However, the emergence of vancomy-
cin-intermediate S. aureus (VISA), hetero-VISA (hVISA) and
vancomycin-resistant S. aureus (VRSA) has threatened the
rank of vancomycin as the frontline antibiotic in methicillin-
resistant S. aureus (MRSA) chemotherapy (1, 8, 9).

VISA and hVISA were first described in 1997. Since then
the mechanism of resistance has been pursued, which is based
on the accumulation of spontaneous chromosomal mutations
(10, 11). Mutations identified in a couple of two-component
regulatory systems, vraSR and graRS, were shown to be respon-
sible for the VISA phenotype expression in the Mu3-Mu50
lineage of strains (MIC � 4 �g/ml) (5, 19). Howden et al. also
reported the contribution of a graRS mutation to vancomycin
resistance (12). Recently, however, we noticed that introduc-
tion of vraS(I5N) and graR(N197S) mutations onto the chro-
mosome of hVISA strain Mu3 was not sufficient to achieve the
level of vancomycin resistance of VISA strain Mu50 (MIC � 8
�g/ml). We then found out that, besides the two regulator
mutations, another mutation in rpoB, rpoB(H481Y), was addi-
tionally required for the complete acquisition of the VISA
phenotype expressed by Mu50 (M. Matsuo et al., submitted for
publication). We also demonstrated that introduction of an-
other mutation, rpoB(A621E), into a vancomycin-susceptible S.
aureus (VSSA) strain conferred vancomycin and daptomycin
heteroresistance onto it (6). Therefore, it is likely that the rpoB
mutation is an important contributor to the VISA phenotype.
Although the way that rpoB mutation affects vancomycin re-
sistance is currently unknown, a thickened cell wall was noted
with the strains with rpoB(H481Y) mutations, as well as those
with rpoB(A621E) mutations (6; M. Matsuo et al., submitted).
In any case, if an rpoB mutation were a major contributor for

VISA phenotype, it would be predictable for an rpoB mutation
to be frequently found in VISA clinical strains throughout the
world. It is also predicted that selection of clinical S. aureus
strains by rifampin should yield rifampin-resistant rpoB mu-
tants with reduced susceptibilities to vancomycin. This study
was performed to test these predictions.

VISA strain Mu50, carrying an rpoB(H481Y) mutation, is
highly rifampin resistant (MIC � 128 �g/ml). On the other
hand, the rpoB mutation, rpoB(A621E), identified in the in
vitro-derived hVISA strain, did not cause rifampin resistance
(6). This indicates that there should be two groups among
VISA or hVISA strains with rpoB mutations; one that is rifam-
pin resistant, and another that is rifampin susceptible. With
this in mind, we first generated a series of rifampin-resistant
laboratory strains by selecting methicillin-resistant S. aureus
(MRSA) clinical strains by using rifampin. We then evaluated
the vancomycin susceptibilities of the mutants, along with
those of their respective parent strains. A total of nine MRSA
strains, isolated during 2005 and 2006 from bacteremia pa-
tients in Juntendo University Hospital, were used. All of the
strains were susceptible to vancomycin and rifampin, with
MICs of �2 and �0.25 �g/ml, respectively (Table 1). They
belonged to the type IIA SCCmec-type II coagulase that cor-
responds to the most dominant Japanese hospital-associated
MRSA (HA-MRSA) clone with the ST5 genotype (20, 23). A
total of 107 CFU of MRSA cells were inoculated on brain heart
infusion (BHI) agar plates containing 10 �g/ml rifampin, and
rifampin-resistant colonies that appeared on the plates were
picked after 24 h of incubation at 37°C. The picked colonies
were cultivated in drug-free BHI medium and spread on drug-
free BHI agar plates to carry out colony purification before
they were established as strains. Rifampin resistance of the
established mutant strains was confirmed by determining the
rifampin MIC according to CLSI guidelines (2). Finally, a total
of 90 rifampin-resistant mutant strains (10 from each MRSA
strain) with rifampin MICs of �32 �g/ml were established, and
their vancomycin susceptibilities were compared to those of
the respective parent strains (Table 1). The change in vanco-
mycin susceptibilities of these mutant strains was first deter-
mined by a vancomycin-gradient gel assay (V-GGA), which is
convenient to operate and allows evaluation of a small range of
susceptibility changes with a continuous value scale (7). As
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shown in Fig. 1A, all the mutant strains were streaked side by
side, with their parent strains on the V-GGA plate using Mu3
and Mu50 as hVISA and VISA reference strains, respectively.
The length (in cm) of cell growth was measured after 48 h of
incubation at 37°C. The V-GGA was performed in duplicate,
with reproducible results. Table 1 shows the results. Remark-
ably, as many as 86 of 90 rifampin-resistant mutant strains
showed reduced susceptibilities to vancomycin in various de-
grees compared to those of their respective parent strains.
Among the 86 mutant strains with increased V-GGA values, 5
(5.8%), 23 (26.7%), 43 (50%), and 15 (17.4%) strains exceeded
those of the respective parent strains by 1, 5, 10, and �20%,
respectively. The results demonstrated that the acquisition of
rifampin resistance tends to decrease susceptibility to vanco-
mycin. Figure 1A shows a representative result of a V-GGA.
We then carried out MIC determination and population anal-
ysis with the mutant strains that had V-GGA results similar to
or exceeding that of hVISA strain Mu3. By testing 21 such
strains, 10 strains were found to have attained the level of

vancomycin resistance equivalent either to VISA (MIC � 4
�g/ml) or hVISA. hVISA was defined as having a subpopula-
tion of cells capable of growth in the presence of 4 �g/ml
vancomycin at a frequency of 1 � 10�6 or above, as judged by
population analysis. As shown in Table 2, two strains,
M524rifR-8 and M524rifR-10, turned out to be VISA (MIC �
4 �g/ml). The other 8 strains, M2184rifR-6, M2184rifR-10,
M1894rifR-9, M1485rifR-8, M1156rifR-10, M1112rifR-5,
M1112rifR-6, and M524rifR-7, had MIC values below 4 �g/ml
but showed typical heterogeneous-type vancomycin resistance
when tested by population analysis. Figure 1B shows a repre-
sentative result of the population analysis of three independent
experiments. The two VISA mutant strains were derived from
the same MRSA strain, while the eight hVISA mutant strains
were derived from six different MRSA strains (Table 2).

Next, we determined the rpoB gene sequences of all the
VISA and hVISA mutant strains and compared them with
those of the parent strains. The sequence of entire rpoB gene,
including its promoter region, was determined with the for-

TABLE 1. Vancomycin and rifampin susceptibilities of rifampin-selected mutantsa

Parent strain (mutant
strain ��10	)

MIC of the parent strain (MIC of the mutants)
(mg/liter) forb:

V-GGA result of the parent
(range; avg 
 SD of

mutants) (cm)c
Vancomycin Rifampin

M2184 (M2184rifR-1) 1.5 (1.5–2) �0.25 (�32) 7.39 (7.70–9.67; 8.65 
 0.54)
M1894 (M1894rifR-1) 1 (1–2) �0.25 (�32) 5.74 (6.23–7.05; 6.57 
 0.26)
M1485 (M1485rifR-1) 0.5 (0.5–2) �0.25 (�32) 5.42 (5.74–7.87; 6.37 
 0.57)
M1156 (M1156rifR-1) 0.5 (0.5–1) �0.25 (�32) 5.51 (5.90–6.88; 6.29 
 0.40)
M85 (M85rifR-1) 1 (1–1) �0.25 (�32) 6.01 (6.00–6.95; 6.53 
 0.28)
M1112 (M1112rifR-1) 0.5 (0.5–1.5) �0.25 (�32) 5.45 (5.68–6.95; 6.17 
 0.33)
M524 (M524rifR-1) 1 (1–4) �0.25 (�32) 5.53 (5.53–11.53; 7.12 
 1.94)
M1845 (M1845rifR-1) 1 (1–1.5) �0.25 (�32) 6.01 (5.84–6.95; 6.48 
 0.32)
M694 (M694rifR-1) 0.5 (0.5–1) �0.25 (�32) 5.86 (6.16–7.11; 6.36 
 0.30)

a Ten rifampin-resistant mutants were obtained by rifampin selection from each of the 9 clinical MRSA strains, and their data are shown in parentheses.
b Vancomycin concentrations in 0.5-mg/liter increments were used to determine MICs by using the MH agar dilution method according to CLSI guidelines (2).
c The vancomycin gradient gel assay (V-GGA) evaluates subtle differences in vancomycin resistance between the parent and its mutant strains. It measures the length

of bacterial growth on the vancomycin gradient gel plate. The length of growth of the parent strains and the ranges, averages, and SD of lengths of growth of the
rifampin-resistant mutant strains are shown.

FIG. 1. Evaluation of vancomycin susceptibility change for rifampin-selected mutant strains. Subtle changes in the vancomycin susceptibility
were detected by using the vancomycin gradient gel assay (V-GGA) (A), and heterogeneous vancomycin resistance was evaluated by analyzing the
vancomycin-resistant subpopulations as previously described (8) (B). The V-GGA was carried out using BHI agar plates containing increasing
concentrations of vancomycin (from left to right), up to 4 �g/ml. The population analysis was performed using BHI agar plates with various
concentrations of vancomycin, and the colonies formed on the agar plates were enumerated after 48 h of incubation at 37°C.
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ward and reverse primers as described previously (6). All of the
rifampin-selected strains tested harbored one or two mutations
with amino acid (aa) substitutions. All of the mutations, except
for one in M524rifR-10, were located within the rifampin re-
sistance determining region (RRDR) that spans amino acid
residues 463 to 550 (Table 2). Mutations in RRDR were re-
ported to decrease the binding affinity of rifampin to RNA
polymerase holoenzyme by lowering the hydrophobic interac-
tion between RpoB and rifampin (21). It is interesting in this
regard that a rifampin-selected mutant strain, M524rifR-10,
possessed two rpoB mutations: one, R484C, within the RRDR,
and the other, L887F, located outside the RRDR. Four rpoB
mutations causing aa substitutions A477D, H481Y, R484H,
and H481D were found as solitary mutations, indicating that
they are directly associated with the reduced vancomycin sus-
ceptibility in their respective strains. In fact, the rpoB mutation
with H481Y amino acid substitution is able to confer vanco-
mycin resistance when introduced into an S. aureus cell (see
below). There were only four rifampin-resistant mutants de-
rived from three parent MRSA strains that did not reduce
vancomycin susceptibility. They carried rpoB mutations with aa
substitutions S464P, Q468K, D471Y, and S486L. It is possible
that certain types of rpoB mutations may not raise vancomycin
resistance. In agreement with this hypothesis, none of the four
mutations was found in the list of in vitro-generated VISA or
hVISA strains (Table 2). The former three mutations were not
found in VISA clinical strains, either (Table 3). Although the
fourth aa substitution, S486L, was found in VISA strain
HIP09662, it was not the solitary change, and another aa sub-
stitution, D471N, was found in RpoB of the strain HIP09662
(Table 3).

VSSA-to-VISA conversion is a multistep genetic event that
involves at least two sequential mutations (8). In this regard,

the case of M524 was impressive in that two VISA mutant
strains were directly generated from it (increments of vanco-
mycin MICs from 1 to 4 �g/ml) by using only one-step rifampin
selection. We thought that M524 was ready to generate VISA
by having gained another mutation that promotes vancomycin
resistance. To test this hypothesis, we determined sequences of
vraSR and graRS of M524 and other strains, since vraSR and
graRS mutations are known to raise vancomycin resistance in S.
aureus (3, 5, 13, 19). Interestingly, we found that the parent
strain M524 harbored two mutations in the vraS gene, with
amino acid substitutions of I5N and L67F. The vraS(I5N) mu-
tation has been shown to confer the hVISA phenotype on a
VSSA strain, N315 (13). However, M524 did not express the
heteroresistance phenotype (data not shown). We do not know
at the moment if the doubly mutated vraS contributes to the
rise of vancomycin resistance or not. It is also possible that the
M524 genome contains a mutation(s) in other genes that pro-
motes vancomycin resistance in collaboration with the rpoB
mutation.

If the rpoB mutation has a significant role in raising vanco-
mycin resistance, the mutation is expected to have occurred at
a considerable frequency in VISA clinical strains throughout
the world. To test this hypothesis, we performed a prevalence
study of an rpoB nonsynonymous mutation with a total of 38
VISA strains isolated from 10 countries, including 23 provided
from the Network on Antimicrobial Resistance in Staphylococ-
cus aureus (NARSA) (http://www.narsa.net). Vancomycin and
rifampin MICs were determined by the Mueller-Hinton (MH)
agar dilution method, and the whole rpoB gene sequence was
determined for all the strains. Table 3 shows the results. It was
reconfirmed that all the strains satisfied the VISA criterion
(vancomycin MIC � 4 �g/ml). Among the 38 VISA strains, as
many as 21 strains (55%) were resistant to rifampin (MIC � 4

TABLE 2. Characteristics of rifampin-selected mutant strains with confirmed VISA or hVISA phenotype

Strain Description
MIC (mg/liter) for:

Phenotypea V-GGA
result (cm)

RpoB aa
substitutionb

Vancomycin Rifampin

M2184 Clinical isolate 1.5 �0.25 VSSA 7.39
M2184rifR-6 Derivative 2 �32 hVISA 9.34 A477D
M2184rifR-l0 Derivative 2 �32 hVISA 9.67 R484C, E520G
M1894 Clinical isolate 1 �0.25 VSSA 5.74
M1894rifR-9 Derivative 2 �32 hVISA 7.05 H481Y
M1485 Clinical isolate 0.5 �0.25 VSSA 5.42
M1485rifR-8 Derivative 2 �32 hVISA 7.87 R484C, S529P
M1156 Clinical isolate 0.5 �0.25 VSSA 5.51
M1156rifR-10 Derivative 1 �32 hVISA 6.88 R484H
M1112 Clinical isolate 0.5 �0.25 VSSA 5.45
M1112rifR-5 Derivative 1 �32 hVISA 6.32 H481D
MI1112ifR-6 Derivative 1.5 �32 hVISA 6.95 A477V, H481Y
M524 Clinical isolate 1 �0.25 VSSA 5.65
M524rifR-7 Derivative 1 �32 hVISA 6.79 H481Y
M524rifR-8 Derivative 4 �32 VISA 10.25 A477V, S529L
M524rifR-l0 Derivative 4 �32 VISA 11.53 R484C, L887F
Mu3c Clinical isolate 2 �0.25 hVISA 8.34
Mu50c Clinical isolate 8 �32 VISA �13.5 H481Y

a VSSA, vancomycin-susceptible S. aureus with a vancomycin MIC of �4 mg/liter; VISA, vancomycin-intermediate S. aureus with a vancomycin MIC of �4 mg/liter;
hVISA, hetero-VISA with a vancomycin MIC of �4 mg/liter, but containing a subpopulation of cells that grow on the BHI agar plate that contained �4 mg of
vancomycin/liter at a frequency of 1 in 106 or greater (8).

b The substituted RpoB amino acid (aa) in the mutated strain is shown as a one-letter alphabetical notation after the numeral, indicating the position of the
substituted aa. The first letter denotes the substituted aa found at the corresponding position of the RpoB amino acid of strain N315. Bold font indicates an aa
substitution located beyond the rifampin resistance determining region (RRDR).

c Control strain.
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�g/ml); one was intermediate (MIC � 2 �g/ml), and 16 were
susceptible (MIC � 1 �g/ml). The rpoB mutations with amino
acid substitutions were found in all of the 22 rifampin-resistant
and intermediate strains, but also in 5 of the 16 rifampin-
susceptible strains. All mutations found in rifampin-resistant
or intermediate strains were located within the RRDR,
whereas those identified in rifampin-susceptible strains were
found outside the RRDR (Table 3). In total, 27 of 38 VISA
strains (71%) were found to carry the rpoB mutation. This
frequency is significantly high compared to that reported with
MRSA clinical strains (see below). It is also noticed that,
among the 27 strains with the rpoB mutation, 12 strains had
multiple mutations; the most mutations were four, found in
strain HIP10267. At this moment we do not know whether all
the rpoB mutations found in Table 3 contribute to the VISA
phenotype of each strain except for the H481Y mutation found
in Mu50. The rpoB(H481Y) mutation has been proven by a
gene replacement experiment to raise vancomycin resistance

(M. Matsuo et al., submitted). It is also noted that a consider-
able number of the amino acid substitutions underlined in
Table 3 correspond to those correlated with the raised vanco-
mycin resistance, as shown in Table 2.

Rifampin has been used in combination with other antibi-
otics to treat MRSA infection, because resistant strains of S.
aureus are rapidly observed when rifampin is used as a single
agent (22). Rifampin-resistant S. aureus is prevalent, and its
frequency was reported to be from approximately 1.9 to 4.5 to
18% (14–16, 22). However, the rate of rifampin resistance in
VISA strains revealed in this study was extremely high (55%),
supporting the immanent link between the resistance of van-
comycin and rifampin in S. aureus. However, it should be noted
that rpoB mutations were observed even in the rifampin-sus-
ceptible VISA strains at a high frequency of 5 of 16 (31%).
Evidently, these mutations are not the outcome of clinical
rifampin therapy. We recently published a paper on the role of
the rpoB(A621E) mutation to confer vancomycin and dapto-

TABLE 3. List of rpoB nonsynonymous mutations found in the worldwide clinical VISA strains

Strain

Description MIC (mg/liter) for:

Predicted RpoB aa substitutionb
NARSA

strain IDa Yr Country Reference Vancomycin Rifampin

Mu50 NRS1 1996 Japan 4 8 �32 H481Y
MI (HIP5827) NRS3 1997 USA 4 8 �0.25 R140S
NJ (HIP5836) NRS4 1997 USA 4 8 �32 H481Y
PC (HIP06297) NRS17 1998 USA 4 8 �32 Q468L
IL NRS79 2001 USA 4 8 �32 H481R
AMC11094 NRS49 1997 Korea 4 8 �0.25
99/3759-V NRS39 1999 UK 4 8 �32 H481N, S529L
99/3700-W 1999 UK 4 8 �0.25
LIM2 NRS36 1995 France 4 8 �32 H481N, S529L
98141 1998 France 4 8 �32 H481N, S529L
28160 1998 South Africa 4 8 �32 H481N, S529L
BR1 1998 Brazil 4 8 �32 H481N, 1527M
SA MER-S6 NRS12 1999 France NAc 8 �0.25
HIP06854 NRS18 1998 USA NA 4 �0.25
HIP07920 NRS21 1998 USA NA 4 �32 R484H
HIP07930 NRS22 1999 USA NA 4 �0.25 D320N
HIP08926 NRS23 2000 USA NA 4 �0.25
HIP09143 NRS24 2000 USA NA 4 �0.25
HIP09313 NRS26 2000 USA NA 4 �0.25
HIP09433 NRS27 2000 USA NA 4 �0.25 D320N
HIP09662 NRS28 2000 USA NA 4 �32 D471N, S486L
HIP09735 NRS29 2000 USA NA 4 �0.25 Y737F
HIP09740 NRS51 2000 USA NA 6 �32 H481D
HIP09737 NRS52 2000 USA NA 4 �32 H481D
LY-1999-01 NRS63 1998 Oman NA 4 �0.25 R406S
LY-1999-03 NRS65 1998 Oman NA 4 �0.25
HIP10540 NRS73 2000 USA NA 8 �32 V135A, A477V
HIP10267 NRS74 2000 USA NA 4 16 D471V, A473S, A477S, E478D
C2000001227 NRS76 2000 USA NA 8 �0.25
NRS118 NRS118 2002 USA NA 4 �32 H481N, S529L
NRS126 NRS126 2000 USA NA 4 4 H481N
P1V44 NRS272 1999 Belgium NA 16 �32 H481N, S529L
H1P12864 NRS402 2003 USA NA 8 2 P519L
HIP13057 NRS403 2004 USA NA 8 �32 H481Y
HIP13036 NRS404 2004 USA NA 8 �0.25
JCSC7193 2007 Thailand 18 4 �32 H481N, S529L
JCSC7195 2007 Thailand 18 4 �0.25
JCSC7203 2007 Thailand 18 4 �32 H481N, S529L

a “NARSA strain ID” refers to strain identification according to the Network on Antimicrobial Resistance in Staphylococcus aureus (NARSA) (http://www.narsa.net).
b Bold font indicates amino acid substitutions located beyond the rifampin resistance determining region (RRDR). Those underlined are those found in the VISA

and hVISA mutant strains listed in Table 2.
c NA, not applicable.
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mycin heteroresistance on a VSSA strain without raising ri-
fampin resistance (6). Therefore, it is very likely that the 5 rpoB
mutations were selected not by rifampin but by vancomycin or
other related antibiotics. Finally, 11 of 38 VISA strains (29%)
were rifampin susceptible and free from rpoB mutation. These
VISA strains should have a different resistance mechanism(s).

Taken altogether, the results from our study indicate that
the rpoB mutation, although not exclusive, is one of the major
contributors to vancomycin resistance in S. aureus. The use of
rifampin in the treatment of MRSA infections would be better
if reevaluated to prevent further increase of hVISA and VISA
in clinical settings.
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