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ethicillin-resistant Staphylococcus aureus (MRSA)-associated infections are difficult to cure, and treatment failure or
recurrent diseases are common in patients who retain an infected
graft. Notably, treatment failure may be related to biofilm formation (1, 2). Rifampin is a component of the active combinations
against MRSA and biofilms formed by these organisms (3, 4).
However, despite the in vitro susceptibility to rifampin of MRSA
strains, rapid emergence of rifampin-resistant MRSA isolates, especially biofilm-embedded isolates, has been found (5). Therefore, the use of rifampin monotherapy for MRSA infections is
commonly discouraged, and rifampin-based combinations are alternative options for treatment of biofilm-associated MRSA infections. In this study, eight MRSA strains with distinct genotypes
identified by pulse-field gel electrophoresis from 33 clinical isolations were used (6, 7). The antimicrobial susceptibility of planktonic or biofilm-embedded MRSA to vancomycin, rifampin, minocycline, fosfomycin, linezolid, tigecycline, fusidic acid, teicoplanin,
and daptomycin was tested. All eight isolates were susceptible to
all the drugs but minocycline and fusidic acid in common planktonic form. Of note, all isolates had low rifampin MICs (⬍0.06
g/ml). In general, the minimum biofilm eradication concentrations (MBECs) were higher than the MICs for all isolates (data not
shown).
Biofilms of individual strains were prepared in 24-well plates
according to a previously described method (8) and were treated
with vancomycin, teicoplanin, daptomycin, minocycline, linezolid, fusidic acid, fosfomycin, tigecycline, or rifampin alone or
with rifampin-based combinations. The concentrations of most
drugs were adjusted to the susceptible breakpoint concentrations
(SBCs) recommended by the CLSI (9). The SBCs of fusidic acid
and tigecycline were adopted from the British Society for Antimicrobial Chemotherapy (10) and Food and Drug Administration
(11) guidelines. Specifically, the following concentrations were
used: for vancomycin, 2 g/ml; for teicoplanin, 8 g/ml; for daptomycin, 1 g/ml; for minocycline, 4 g/ml; for linezolid, 4 g/
ml; for fusidic acid, 1 g/ml; for fosfomycin, 64 g/ml; for tigecy-
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cline, 0.5 g/ml; and for rifampin, 1 g/ml. The drug-containing
medium was gently aspirated after 1 day at 37°C, and the biofilm
on the wells was incubated with fresh drug dilutions for 5 consecutive days, followed by counting at day 5. The bacterial loads determined for the rifampin-based combinations were compared to
those seen with monotherapy. The presence of synergism was defined as a ⱖ100-fold reduction of the bacterial load after treatment with a combination regimen versus the load determined
after treatment with the more active drug in the combination. The
inhibition effects of each drug alone and in combination with
rifampin are shown in Fig. 1 and Table 1.
Rifampin alone showed a poor inhibitory effect, despite low
MICs for MRSA. In contrast, linezolid alone exhibited a potent
inhibitory effect, namely, a 3.68 to 4.92 log10 reduction of bacterial
load. Fosfomycin alone also produced a 2.79 to 5.34 log10 reduction against all but one resistant isolate (no. 3562). Synergism was
noted in the combinations rifampin plus linezolid (four MRSA
isolates), rifampin plus fosfomycin (four), rifampin plus minocycline (five), rifampin plus fusidic acid (eight), and rifampin plus
tigecycline (eight).
To study the emergence of rifampin-resistant mutants from
biofilm-embedded MRSA isolates incubated with rifampin alone
or in combination with other agents, surviving colonies were collected and the highest MICs of rifampin were evaluated. Rifampin-resistant isolates (those with the highest MIC ⬎ 64 g/ml)
emerged readily in the eight MRSA isolates incubated with SBCs
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To compare the in vitro antibacterial efficacies and resistance profiles of rifampin-based combinations against methicillin-resistant Staphylococcus aureus (MRSA) in a biofilm model, the antibacterial activities of vancomycin, teicoplanin, daptomycin, minocycline, linezolid, fusidic acid, fosfomycin, and tigecycline alone or in combination with rifampin against biofilm-embedded
MRSA were measured. The rifampin-resistant mutation frequencies were evaluated. Of the rifampin-based combinations, rifampin enhances the antibacterial activities of and even synergizes with fusidic acid, tigecycline, and, to a lesser extent, linezolid,
fosfomycin, and minocycline against biofilm-embedded MRSA. Such combinations with weaker rifampin resistance induction
activities may provide a therapeutic advantage in MRSA biofilm-related infections.
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Staphylococcus aureus strains in biofilm after exposure to nine antibodies alone
or in combination with rifampin for 5 days at the following susceptible breakpoint concentrations: vancomycin (VA) 2 g/ml, teicoplanin (TEC) 8 g/ml,
daptomycin (DAP) 1 g/ml, minocycline (MNO) 4 g/ml, linezolid (LNZ) 4
g/ml, fusidic acid (FA) 1 g/ml, fosfomycin (FOS) 64 g/ml, tigecycline
(TGC) 0.5 g/ml, and rifampin (RIF) 1 g/ml. The black bar represents the
single antibiotic, and the white bar represents the rifampin base combination
with the left antibiotic.

of rifampin alone or in combination with vancomycin, teicoplanin, or daptomycin (Table 2). In contrast, the rifampin MICs of
the surviving colonies from eight MRSA isolates treated with the
combinations of rifampin plus linezolid, rifampin plus fusidic
acid, rifampin plus fosfomycin, or rifampin plus tigecycline were
not higher than 0.06 g/ml. For the combination of rifampin and
minocycline, the MIC results were divergent. Among five MRSA
isolates in which rifampin plus minocycline showed synergistic
antibacterial activity, rifampin-resistant isolates (⬎64 g/ml)

TABLE 1 Compared to the bacterial loads without antibiotic exposure, bacterial load changes of eight methicillin-resistant Staphylococcus aureus
strains in biofilm after 5 days of exposure to nine antibiotics alone or in combination with rifampin at susceptible breakpoint concentrations
Bacterial load change (log10 CFU/ml) for isolateb:
Drug(s)a

252

3315

3337

3509

3562

3626

3641

3643

No antibiotic
RIF
VA
RIF ⫹ VA
TEC
RIF ⫹ TEC
DAP
RIF ⫹ DAP
MNO
RIF ⫹ MNO
LNZ
RIF ⫹ LNZ
FA
RIF ⫹ FA
FOS
RIF ⫹ FOS
TGC
RIF ⫹ TGC

7.78 ⫾ 0.54
⫺0.25 ⫾ 0.04
⫺0.18 ⫾ 0.18
⫺0.21 ⫾ 0.11
⫺0.12 ⫾ 0.16
⫺0.22 ⫾ 0.31
⫺0.21 ⫾ 0.65
⫺0.74 ⫾ 0.39
0.12 ⫾ 1.06
⫺4.27 ⫾ 1.15*
⫺3.68 ⫾ 0.83
⫺5.48 ⫾ 0.35
⫺1.06 ⫾ 0.16
⫺7.78 ⫾ 0.00*
⫺5.18 ⫾ 0.35
⫺5.60 ⫾ 0.47
⫺0.05 ⫾ 0.31
⫺5.00 ⫾ 0.94*

8.40 ⫾ 0.32
⫺0.17 ⫾ 0.08
⫺0.22 ⫾ 0.28
⫺0.17 ⫾ 0.25
⫺0.17 ⫾ 0.17
⫺0.28 ⫾ 0.11
⫺1.28 ⫾ 0.33
⫺1.19 ⫾ 0.18
⫺0.71 ⫾ 0.14
⫺5.02 ⫾ 0.12*
⫺4.92 ⫾ 0.19
⫺5.55 ⫾ 0.20
⫺1.22 ⫾ 0.82
⫺8.40 ⫾ 0.00*
⫺2.94 ⫾ 0.24
⫺5.32 ⫾ 0.24*
⫺1.14 ⫾ 0.31
⫺5.85 ⫾ 1.01*

8.45 ⫾ 0.71
0.13 ⫾ 0.07
⫺0.15 ⫾ 0.14
0.00 ⫾ 0.30
0.00 ⫾ 0.15
⫺0.54 ⫾ 0.35
⫺0.17 ⫾ 0.07
⫺0.19 ⫾ 1.23
⫺0.78 ⫾ 0.31
⫺2.74 ⫾ 1.39
⫺4.03 ⫾ 0.11
⫺8.45 ⫾ 0.00*
⫺2.00 ⫾ 0.81
⫺8.45 ⫾ 0.00*
⫺2.79 ⫾ 0.47
⫺4.94 ⫾ 0.09*
⫺0.24 ⫾ 0.18
⫺8.45 ⫾ 0.00*

8.61 ⫾ 0.23
0.32 ⫾ 0.07
⫺0.17 ⫾ 0.40
⫺0.20 ⫾ 0.11
⫺0.27 ⫾ 0.06
⫺0.53 ⫾ 0.12
⫺0.33 ⫾ 0.07
⫺0.95 ⫾ 0.06
⫺0.96 ⫾ 0.16
⫺4.89 ⫾ 1.25*
⫺4.90 ⫾ 0.16
⫺5.53 ⫾ 0.24
⫺0.91 ⫾ 0.11
⫺8.61 ⫾ 0.00*
⫺4.91 ⫾ 0.28
⫺5.01 ⫾ 1.38
⫺0.66 ⫾ 1.10
⫺8.61 ⫾ 0.00*

8.40 ⫾ 0.11
⫺0.44 ⫾ 1.10
⫺0.05 ⫾ 0.30
0.49 ⫾ 0.24
⫺0.22 ⫾ 0.47
⫺0.65 ⫾ 0.05
⫺0.14 ⫾ 0.47
⫺1.36 ⫾ 0.13
⫺0.82 ⫾ 0.30
⫺1.62 ⫾ 0.47
⫺3.81 ⫾ 0.18
⫺6.22 ⫾ 0.47*
⫺0.55 ⫾ 0.02
⫺8.40 ⫾ 0.00*
⫺1.19 ⫾ 1.41
⫺4.81 ⫾ 0.40*
⫺0.22 ⫾ 0.28
⫺8.40 ⫾ 0.00*

8.38 ⫾ 0.36
⫺0.27 ⫾ 0.54
⫺0.12 ⫾ 0.04
⫺0.06 ⫾ 0.07
⫺0.06 ⫾ 0.07
⫺0.15 ⫾ 0.42
⫺1.04 ⫾ 0.13
⫺2.54 ⫾ 0.61
⫺1.65 ⫾ 0.16
⫺8.38 ⫾ 0.00*
⫺4.23 ⫾ 0.20
⫺5.20 ⫾ 0.09
⫺1.66 ⫾ 1.25
⫺8.38 ⫾ 0.00*
⫺4.54 ⫾ 0.61
⫺5.43 ⫾ 0.47
⫺1.20 ⫾ 0.47
⫺8.38 ⫾ 0.00*

7.88 ⫾ 0.64
⫺0.37 ⫾ 0.23
0.17 ⫾ 0.04
0.23 ⫾ 0.85
⫺0.02 ⫾ 0.09
⫺0.33 ⫾ 0.08
⫺0.44 ⫾ 0.03
⫺0.36 ⫾ 0.22
0.18 ⫾ 0.47
⫺0.82 ⫾ 1.41
⫺4.20 ⫾ 0.11
⫺7.88 ⫾ 0.00*
⫺0.23 ⫾ 0.35
⫺7.88 ⫾ 0.00*
⫺4.36 ⫾ 1.31
⫺7.88 ⫾ 0.00*
0.10 ⫾ 0.09
⫺7.88 ⫾ 0.00*

8.34 ⫾ 0.54
⫺0.75 ⫾ 0.69
⫺0.26 ⫾ 0.05
⫺0.46 ⫾ 0.07
⫺0.30 ⫾ 0.01
⫺0.63 ⫾ 0.19
⫺0.11 ⫾ 0.08
⫺0.62 ⫾ 0.29
⫺0.17 ⫾ 0.09
⫺8.34 ⫾ 0.00*
⫺4.34 ⫾ 0.57
⫺8.34 ⫾ 0.00*
⫺1.20 ⫾ 0.30
⫺5.26 ⫾ 0.24*
⫺5.34 ⫾ 0.28
⫺5.87 ⫾ 0.47
0.13 ⫾ 0.14
⫺8.34 ⫾ 0.00*

a
b

RIF, rifampin; VA, vancomycin; TEC, teicoplanin; DAP, daptomycin; MNO, minocycline; LNZ, linezolid; FA, fusidic acid; FOS, fosfomycin; TGC, tigecycline.
Data are shown as means ⫾ standard deviations. An asterisk (*) indicates the presence of synergism.
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FIG 1 Bacterial load reduction (log10 CFU/ml) of eight methicillin-resistant

could not be found, but they were easily found among the MRSA
isolates without rifampin-minocycline synergism.
In order to understand how many survival strains of biofilmembedded MRSA have higher rifampin MICs after antibiotic
treatment, resistant strains from surviving colonies were further
plated with or without 0.06 or 64 g/ml rifampin to measure the
mutation and high-level-resistance rates. The mutation and highlevel-resistance rates were 104.2% and 103.2% for rifampin alone,
100.5% and 103.6% for rifampin plus vancomycin, 105.0% and
104.5% for rifampin plus teicoplanin, 98.6% and 99.1% for rifampin plus daptomycin, and 101.5% and 100.6% for the nonsynergistic rifampin-plus-minocycline combination. In contrast, the
mutation and high-level-resistance rates were 0% and 0% for the
combinations of rifampin plus linezolid, rifampin plus fusidic
acid, rifampin plus fosfomycin, rifampin plus tigecycline, and
synergistic rifampin plus minocycline. Nearly all surviving bacteria from the plates treated with rifampin alone or in combination
with vancomycin, teicoplanin, daptomycin, or minocycline were
highly resistant to rifampin, with MICs ⬎ 64 g/ml (Fig. 2).
In the present study, the rifampin combinations with fusidic
acid, tigecycline, and, to a lesser extent, linezolid, minocycline,
and fosfomycin exhibited synergistic activity against eight MRSA
isolates. Linezolid monotherapy, as we previously reported (8),
exhibited excellent inhibitory effects against biofilm-embedded
MRSA. Rifampin augmented the antibacterial effect of linezolid in
biofilm, as we previously found (8, 12). Vancomycin plus rifampin has exhibited an in vitro synergistic effect against MRSA isolates with a high vancomycin MIC (2 g/ml) (13).However, the
emergence and spread of rifampin-resistant MRSA isolates during
vancomycin-rifampin combination therapy in an intensive care
unit has been reported (14). Such a combination could easily induce high-level rifampin resistance (MIC ⬎ 64 g/ml) in biofilmembedded MRSA isolates, according to our in vitro study (8).
Although tigecycline has been considered for treatment of bio-

Rifampin-Based Combinations against MRSA in Bioﬁlms

TABLE 2 The highest rifampin MICs of the viable isolates from eight methicillin-resistant Staphylococcus aureus strains in biofilm after 5 days of
exposure to rifampin alone or in combination at susceptible breakpoint concentrations
Highest rifampin MIC (g/ml) for isolate:
252

3315

3337

3509

3562

3626

3641

3643

RIF
VA ⫹ RIF
TEC ⫹ RIF
DAP ⫹ RIF
MNO ⫹ RIF
LNZ ⫹ RIF
FA ⫹ RIF
FOS ⫹ RIF
TGC ⫹ RIF

⬎64
⬎64
⬎64
⬎64
⬍0.06
⬍0.06
⬍0.06
⬍0.06
⬍0.06

⬎64
⬎64
⬎64
⬎64
⬍0.06
⬍0.06
⬍0.06
⬍0.06
⬍0.06

⬎64
⬎64
⬎64
⬎64
⬎64
⬍0.06
⬍0.06
⬍0.06
⬍0.06

⬎64
⬎64
⬎64
⬎64
⬍0.06
⬍0.06
⬍0.06
⬍0.06
⬍0.06

⬎64
⬎64
⬎64
⬎64
⬎64
⬍0.06
⬍0.06
⬍0.06
⬍0.06

⬎64
⬎64
⬎64
⬎64
⬍0.06
⬍0.06
⬍0.06
⬍0.06
⬍0.06

⬎64
⬎64
⬎64
⬎64
⬎64
⬍0.06
⬍0.06
⬍0.06
⬍0.06

⬎64
⬎64
⬎64
⬎64
⬍0.06
⬍0.06
⬍0.06
⬍0.06
⬍0.06

a

RIF, rifampin; VA, vancomycin; TEC, teicoplanin; DAP, daptomycin; MNO, minocycline; LNZ, linezolid; FA, fusidic acid; FOS, fosfomycin; TGC, tigecycline.

film-embedded MRSA infection (5), our results question the therapeutic value of tigecycline monotherapy. However, at the susceptible breakpoint concentrations used in our experiments, which
are feasible and compatible with achievable serum levels with currently recommended dosages, rifampin plus tigecycline could
have synergistic antibacterial activity against MRSA in biofilm,
with rare rifampin-resistant mutants. On the other hand, the
combination of minocycline and rifampin, as used in our previous
study (12), possesses a synergistic effect and leads to fewer mutants in MRSA in biofilm. That combination has not been mentioned before.
In vitro, daptomycin is considered effective and the fastest in
eradicating MRSA in biofilm (5). However, in vivo studies have
reported different results. Miró et al. found that the addition of
gentamicin or rifampin did not enhance the effectiveness of daptomycin in the treatment of experimental endocarditis due to
MRSA (15). Furthermore, our study found a poor effect of daptomycin monotherapy, and even of daptomycin combined with
rifampin, against MRSA in biofilm. Certainly, rifampin-resistant

mutants, especially isolates with high-level resistance, could easily
be selected during such combination therapy. Such diversity
might also be related to the concentrations used during the experiments, as we previously mentioned (8).
The combination of fusidic acid and rifampin is effective
against MRSA infections (4, 16–18). Occasionally, such a combination can be a treatment option for heterogeneous vancomycin-intermediate S. aureus (hVISA) or VISA infections (19),
as supported by our finding that fusidic acid plus rifampin is
effective in decreasing bacterial loads in the biofilm model. In
addition, the frequency of rifampin-resistant mutations in the
presence of fusidic acid and rifampin in S. aureus is lower than
that seen with rifampin monotherapy (10⫺11 versus ⬍10⫺8)
(20). Therefore, the rifampin-fusidic acid combination with
synergism and low rifampin mutation-inducing activity could
be useful as a long-term maintenance therapy for biofilm-associated MRSA infections.
Fosfomycin has long been used in combination therapies
against MRSA, especially in biofilm (8, 13). When used in a combination against biofilm-embedded MRSA, it possesses less mutation-inducing potential than rifampin (8). However, the combination of fosfomycin with rifampin, which had never been used
before, seemed to enhance the inhibitory activity and even synergism when used against some of the tested MRSA isolates. More
evidence is needed to determine whether this combination also
has low rifampin mutation-inducing activity.
In conclusion, we found that rifampin enhances the antibacterial activities of and even synergizes with fusidic acid, tigecycline,
and, to a lesser extent, linezolid, fosfomycin, and (in part) minocycline against biofilm-embedded MRSA. Such combinations also
possess weaker rifampin resistance induction activities. Animal
experiments and clinical studies are essential to validate the usefulness of these rifampin-based combination regimens in clinical
management of biofilm-related MRSA infections.
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