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ABSTRACT Methicillin-resistant Staphylococcus aureus (MRSA) infections are often
difficult to treat because of their biofilm-forming ability and antimicrobial resistance.
We investigated the effects of sub-minimal inhibitory concentrations (MICs) of antibiotics
on MRSA biofilm formation. Clinical MRSA isolates were grown with sub-MICs (1/256-
1/2 x MICs) of nafcillin, vancomycin, ciprofloxacin, and rifampin. The biofilm biomass
was measured using crystal violet staining. Of the 107 MRSA isolates tested, 63 (58.9%)
belonged to sequence type 5 (ST5), and 44 (41.1%) belonged to ST72. The MIC50/MICgq
values of nafcillin, vancomycin, ciprofloxacin, and rifampin were 256/512, 1/2, 64/512,
and 0.008/0.03 mg/L, respectively. The sub-MICs of nafcillin, vancomycin, ciprofloxacin,
and rifampin promoted biofilm formation in 75 (70.1%), 49 (45.8%), 89 (83.2%), and 89
(83.2%) isolates, respectively. At sub-MICs of nafcillin, the factors associated with strong
biofilm induction were the ST5 strain (P = 0.001) and agr dysfunction (P = 0.005). For
the sub-MICs of ciprofloxacin, the associated factors were the ST5 strain (P = 0.002),
staphylococcal protein A type t002 strain (P < 0.001), and ciprofloxacin resistance (P <
0.001). Among the sub-MICs of rifampin, only ST5 was associated with strong biofilm
induction (P = 0.006). Because the sub-MICs of rifampin were much lower than clinically
relevant concentrations, we further tested the capability of biofilm induction in 0.03—32
mg/L of rifampin. At these concentrations, rifampin-induced biofilm formation was rare
in rifampin-susceptible MRSA [1.0% (1 of 100)] but common in rifampin-resistant MRSA
[71.4% (5 of 7), P < 0.001]. Induction of biofilm biomass at sub-MICs of antibiotics is
common in clinical MRSA isolates and is differentially affected by the MRSA strain and
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evidence suggests that sub-MICs of antimicrobials can stimulate MRSA biofilm forma- fgljzrzadta:ifgkg%i?ivggggmiﬁi;gijﬁg
tion and alter the composition of the biofilm matrix. Pevious studies have found that —

sub-MICs of oxacillin, methicillin, and amoxicillin promote biofilm formation in some

community-acquired MRSA (CA-MRSA). We evaluated biofilm induction by sub-MICs of

four different classes of antibiotics in 44 CA-MRSA and 63 healthcare-associated MRSA ~ See the funding table on p.13

(HA-MRSA) strains. Our study indicated that sub-MICs of nafcillin, vancomycin, cipro- Received 18 September 2023

floxacin, and rifampin frequently promote biofilm induction in clinical MRSA isolates. Accepted 8 April 2024

Strong biofilm induction in sub-MICs of nafcillin, ciprofloxacin, and rifampin was more ~ PuPlished 23 April 2024

frequent in HA-MRSA than in CA-MRSA. Antibiotic-induced biofilm formation depends [This article was published on 23 April 2024 with an
on the antibiotic class, MRSA strain, and antibiotic resistance. Our results emphasize the ~ €70r/n thetitle. The title was corrected in the current
importance of maintaining effective bactericidal concentrations of antibiotics to treat version, posted on 29 Apii 2024]

biofilm-related infections. Copyright © 2024 Park et al. This is an open-access
article distributed under the terms of the Creative

Commons Attribution 4.0 International license.

The authors declare no conflict of interest.

June 2024 Volume 12  Issue 6 10.1128/spectrum.03412-23 1

Downloaded from https://journal s.asm.org/journal/spectrum on 23 June 2024 by 210.96.18.1.


https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.03412-23&domain=pdf&date_stamp=2024-04-23
https://doi.org/10.1128/spectrum.03412-23
https://creativecommons.org/licenses/by/4.0/

Research Article

KEYWORDS Staphylococcus aureus, biofilm, nafcilllin, vancomycin, ciprofloxacin,
rifampin

M ethicillin-resistant Staphylococcus aureus (MRSA) is a major cause of hospital-
acquired infections. MRSA causes several biofilm-related infections, including
infections of central venous catheters, prosthetic joints, heart valves, and postoperative
wounds. Biofilms formed by MRSA may resist antibiotic treatment and survive in hostile
environments through impaired penetration and evasion of the host immune response.
Therefore, MRSA biofilms play a critical role in healthcare-associated infections and
infection control (1).

Bacteria can be exposed to sub-minimal inhibitory concentrations (MICs) of
antibiotics at the beginning and end of a dosing regimen, between doses, or during
low-dose therapies. Growing evidence suggests that the sub-MICs of antimicrobials can
stimulate MRSA biofilm formation and change the biofilm matrix composition. Previous
studies have found that the sub-MICs of oxacillin, methicillin, and amoxicillin promote
biofilm formation in a few types of community-acquired MRSA, such as USA300 (2-4),
USA400 (4), and USA500 (4). However, the effects of the sub-MICs of antibiotics on
biofilm induction have not been well studied in clinical MRSA isolates, especially in
healthcare-associated MRSA strains. Biofilm-related infections involving medical devices
occur more frequently in hospitals and are associated with healthcare-associated MRSA
strains.

We aimed to evaluate the effects of sub-MICs of antibiotics on biofilm formation
in clinical sequence type 5 (ST5) and ST72 MRSA isolates. ST5 and ST72 are the pre-
dominant MRSA clones with healthcare- and community-associated infections in South
Korea, respectively (5-7). This study used three antibiotics (vancomycin, ciprofloxacin,
and rifampin) commonly used to treat biofilm-related MRSA infections. We also include
nafcillin for comparisons to three antibiotics because the effect of sub-MICs of -lactam
antibiotics on staphylococcal biofilm induction was well described in previous works
(2-4, 8).

MATERIALS AND METHODS
Bacterial strains and antimicrobial agents

A total of 107 non-duplicate MRSA isolates were selected from patients with bloodstream
infections between 2010 and 2016 at Gyeongsang National University Hospital (9).
Nafcillin, vancomycin, ciprofloxacin, and rifampin were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Phenotypical and genotypical tests of MRSA isolates

Isolates were identified using the Vitek-2 system (bioMerieux, Marcy I'Etoile, France). The
MICs of vancomycin, nafcillin, ciprofloxacin, and rifampin were determined using the
broth microdilution method, according to the Clinical and Laboratory Standards Institute
(CLSI) guidelines (10). CLSI susceptibility breakpoints were used to determine the
susceptibility of MRSA isolates to nafcillin (<2 mg/L), vancomycin (<2 mg/L), ciprofloxacin
(<1 mg/L), and rifampin (<1 mg/L) (11). All non-susceptible isolates were considered
resistant. Multilocus sequence typing and staphylococcal protein A (spa) typing were
performed according to previously described methods (12, 13). As described previously,
the accessory gene regulator (agr) function was determined by the §-hemolysin activity
(14).

Biofilm formation assays

Biofilm formation assays were conducted as described previously, with minor modifica-
tions (15). All cultures were incubated at 37°C under aerobic conditions. For each MRSA
strain, the frozen stock was transferred to a sterile culture tube containing 3 mL of 0.5x
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tryptic soy broth (TSB) without glucose (Becton Dickinson and Co.), and the culture was
grown overnight to stationary phase in a rotatory shaker. Bacterial cells were diluted to 5
x 10° CFU/mL in 0.5x TSB (containing 1% glucose) supplemented with antibiotics at the
indicated concentrations. Aliquots of cells (200 uL each) were transferred to the wells of a
96-well microtiter plate (catalog no. 3595, Corning), and the plate was incubated for 18 h.
To quantify the extent of biofilm induction at the sub-MICs of antibiotics, MRSA isolates
were cultured with vancomycin, nafcillin, ciprofloxacin, and rifampin at concentrations of
1/256x%, 1/128%, 1/64%, 1/32%, 1/16x, 1/8%, 1/4%, and 1/2x MIC. Because the sub-MICs
of rifampin were much lower than the clinically relevant concentrations of rifampin, we
further tested the extent of biofilm induction at clinically relevant concentrations of
rifampin (0.03, 0.06, 0.125, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, and 32.0 mg/L) (16). To remove
non-adherent planktonic bacteria, the plates were gently washed thrice with PBS. The
remaining adherent bacteria (biofilms) were fixed at 60°C for at least 120 min and stained
with a 0.1% crystal violet solution for 5 min. After washing the plates with deionized
water, crystal violet-stained biofilms were solubilized in 33% glacial acetic acid for 1 h.
The amount of crystal violet in each well was quantified by measuring optical density at
600 nm (ODggg) using a spectrophotometer (Spark, TEKAN).

Positive [S. aureus American Type Culture Collection (ATCC) 29213, strong biofilm
producer] and negative controls (S. aureus ATCC 25923, poor biofilm producer) were used
to validate the variability between plates. All biofilm assays were performed in triplicate.
The average coefficients of variation in ODgqq for S. aureus ATCC 29213 and S. aureus
ATCC 25923 were 7.1% and 5.3%, respectively.

Interpretation of biofilm-forming ability and biofilm inducibility

The amount of biofilm formation (BF) was quantified by measuring the ODggg of the
tested strains. It was further classified as follows: BF <cut-off OD (ODc) = no biofilm
producer, BF <2 x ODc = weak biofilm producer, 2 x ODc < BF <4 x ODc = moderate
biofilm producer, and BF >4 x ODc = strong biofilm producer (17). ODc for biofilm
formation was defined as three standard deviations above the mean absorbance of the
negative control (ATCC 25923). The cut-off OD values for biofilm increase (induction)
or decrease in sub-MICs of antibiotics were calculated for each strain as three standard
deviations above or below the mean OD of the tested strains in the absence of antibiot-
ics (9). For statistical analyses, we categorized the cases of biofilm induction into weak
and strong using a cut-off value of 1.5-fold induction.

Field-emission scanning electron microscope analysis

The biofilm formation of MRSA at sub-MICs of antibiotics was visualized under field-
emission scanning electron microscope (FESEM), as previously described with some
modification (18). Bacterial suspensions containing sub-MICs of antibiotics and control
suspensions (containing no antibiotics) were prepared in 24-well plates pre-placed with
sterile cover glass slips. They were incubated at 37°C for 24 h and fixed with 2.5%
glutaraldehyde overnight at 4°C. Biofilms underwent three 15-min washes with 0.1-M
sodium cacodylate buffer to remove the fixative and were treated with 1% osmium
tetraoxide for 1.5 h. After two washes with the buffer and one with tertiary distilled
water, the samples were dehydrated using increasing concentrations of ethanol (30%,
50%, 70%, and 80%) for 15 min each. Biofilms were incubated with 95% ethanol for
30 min and 100% ethanol twice for 30 min each. Samples were cross-linked with a
1:1 mixture of hexamethyldisilizane (HMDS) and 100% ethanol for 15 min, followed by
two rounds of HMDS alone for 15 min each. After removing HMDS, samples were dried
overnight in a glass desiccator containing silica gel. Coverslips were mounted on stubs
and coated with gold particles using an E-1045 ION sputter coater. Images were captured
with a FESEM (S-4800; Hitachi, Tokyo, Japan).

June 2024 Volume 12 Issue 6

Microbiology Spectrum

10.1128/spectrum.03412-23 3

Downloaded from https://journal s.asm.org/journal/spectrum on 23 June 2024 by 210.96.18.1.


https://doi.org/10.1128/spectrum.03412-23

Research Article

Statistical analyses

Categorical variables were compared using the chi-square test or Fisher's exact test,
as appropriate. The relationship between the basal level of biofilm formation and
biofilm inducibility at sub-MICs of antibiotics was assessed using Pearson’s correlation
coefficient. All tests for statistical significance were two tailed, and P values of <0.05
were considered statistically significant. All analyses were performed using R statistical
software (version 4.2.3; R Foundation for Statistical Computing, Vienna, Austria).

RESULTS
Bacterial characteristics of MRSA isolates

The characteristics of the 107 clinical MRSA isolates are listed in Table 1. Of the 107
MRSA isolates tested, 63 (58.9%) and 44 (41.1%) belonged to the ST5 and ST72 lineages,
respectively. ST5 MRSA represents clonal complex 5, typically referred to as the HA-MRSA
strain. ST72 MRSA represents CC8, typically referred to as the CA-MRSA strain. All 107
isolates exhibited the inherent ability to produce biofilms in culture media without
antibiotics: 19 (17.8%), 46 (43.0%), and 42 (39.2%) were weak, moderate, and strong
biofilm producers, respectively. The ST72 isolates exhibited a stronger basal biofilm-form-
ing ability than the ST5 isolates (77.3% vs 12.7%, P < 0.001). The in vitro antimicrobial
susceptibilities of 107 clinical MRSA isolates are shown in Table 2.

Effect of sub-inhibitory concentrations of antibiotics on biofilm formation

Figure 1 shows the representative patterns of dose-response curves for biofilm biomass
induction by the sub-MICs of antibiotics. The growth patterns of planktonic bacteria
within sub-MICs of antimicrobials were flat in all MRSA isolates (depicted by the purple
line in Fig. 1). In contrast, the growth patterns of biofilm bacteria varied, depending on
the strains. The most common pattern of dose-response curves for biofilm induction

TABLE 1 Bacterial characteristics of 107 clinical methicillin-resistant Staphylococcus aureus isolates®

Variable HA-MRSA ST5 clone CA-MRSA ST72 clone P value
(n=63) (n=44)

Source of MRSA bacteremia
Intravascular catheters 32 (50.8) 5(11.4) <0.001
Bone and joint infection 3(4.8) 9(20.5) 0.03
Pneumonia 6(9.5) 7 (15.9) 0.32
Skin and soft tissue infection 0 6(13.6) 0.004
Surgical site infection 2(3.2) 2 (4.5) >0.99
Infective endocarditis 0 3(6.8) 0.07
Other 4(6.3) 5(11.4) 0.48
Unknown 16 (25.4) 7 (15.9) 0.24

spa type
12460 35(55.6) 0 <0.001
t002 15 (23.8) 0 <0.001
19353 6(9.5) 0 0.04
1664 0 23(52.3) <0.001
t324 0 13(29.5) <0.001
Other 7(11.1) 8(18.2) 0.30

Dysfunctional agr 46 (73.0) 4(9.1) <0.001

Basal biofilm-forming ability”
Weak 18 (28.6) 1(2.3) <0.001
Moderate 37 (58.7) 9(21.4) <0.001
Strong 8(12.7) 34 (77.3) <0.001

Biofilm-forming ability in culture media without antibiotics.
bagr, accessory gene regulator; CA-MRSA, community-associated methicillin-resistant Staphylococcus aureus;
HA-MRSA, healthcare-associated methicillin-resistant Staphylococcus aureus; ST, sequence type.
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TABLE 2 In vitro antimicrobial susceptibility of 107 clinical methicillin-resistant Staphylococcus aureus
isolates®

Variable Allisolates HA-MRSA ST5 clone CA-MRSA ST72 clone
(n=107) (n=63) (n=44)

Nafcillin

MICsq (mg/L) 256 512 16

MICgg (mg/L) 512 1,024 32

Range (mg/L) 4t0>1,024 4t0>1,024 8t0 >256

Resistance, % (n/N) 100 (107/107) 100 (63/63) 100 (44/44)
Vancomycin

MICs0 (mg/L) 1 1 1

MICgg (mg/L) 2 2 1

Range (mg/L) 0.25-2.0 0.5-2.0 0.25-2.0

Resistance, % (n/N) 0(0/107) 0(0/63) 0(0/44)
Ciprofloxacin

MICsq (mg/L) 64° 128 0.5

MICgq, mg/L 512° 512 2

Range (mg/L) 0.25-512.0 0.5-512.0 0.25-128.0

Resistance, % (n/N) 64 (69/107) 97 (61/63) 18 (8/44)
Rifampin

MICsq (mg/L) 0.008° 0.016 0.008

MICgq (mg/L) 0.03° 0.5 0.016

Range (mg/L) 0.002-1,024 0.002-1,024 0.004-4.0

Resistance, % (n/N) 6(7/107) 10 (6/63) 2 (2/44)

“The MIC50/MICgq values for the ciprofloxacin-susceptible (n = 38) and ciprofloxacin-resistant (n = 69) isolates were
0.5/2.0 and 128.0/512.0 mg/L, respectively.

*The MICs0/MICgq values for rifampin-susceptible (n = 100) and rifampin-resistant isolates (n = 7) were 0.008 and
0.016 mg/L, and 128/1024 mg/L, respectively.

‘MIC, minimum inhibitory concentration; NA, not available.

by sub-MICs of antibiotics is biphasic, characterized by low-dose stimulation of biofilm
formation and high-dose inhibition (depicted by the red line in Fig. 1). We conducted
scanning electron microscopy experiments to validate the biofilm induction at sub-
MICs of antibiotics. The findings indicate that MRSA biofilms treated with sub-MICs
of antibiotics exhibited denser viable cells than untreated MRSA biofilms. Sub-MICs of
antibiotics did not distort cell morphology (Fig. 2). When MRSA isolates were cultured
with a wide range of sub-MICs (1/256-1/2x MICs) of nafcillin, vancomycin, ciprofloxacin,
and rifampin, biofilm formation was observed in 75 (70.1%), 49 (45.8%), 89 (83.2%), and
89 (83.2%) isolates, respectively. Among these isolates, peak biofilm induction occurred
most frequently at 1/64x, 1/8%, 1/16x, and 1/16x the MICs of nafcillin, vancomycin,
ciprofloxacin, and rifampin, respectively (Fig. 3). The effects of different sub-MICs of
antibiotics on biofilm formation by MRSA isolates are shown in Table 3.

Microbiological factors associated with antibiotic-induced biofilm formations

To clarify the microbiological factors associated with biofilm induction by the sub-MICs
of the antibiotics, we compared isolates exhibiting no biofilm induction with those with
strong biofilm induction (Table 4). We assessed the extent of biofilm induction in culture
media with antibiotic concentrations at which the strongest biofilm induction occurred
most frequently (1/64x MICs for nafcillin, 1/8x MICs for vancomycin, and 1/16x MICs
for ciprofloxacin and rifampin; Fig. 3). When MRSA isolates were cultured with 1/64x
MICs of nafcillin, the ST5 strain and agr dysfunction were associated with strong biofilm
induction, while the spa type t664 strain was associated with no biofilm induction.
When the MRSA isolates were cultured with 1/8x MIC of the vancomycin, no microbio-
logical factors were associated with strong biofilm induction. When MRSA isolates were
cultured with 1/16x of the MICs of ciprofloxacin, the ST5 strain, spa type t002 strain, and
ciprofloxacin resistance were associated with strong biofilm induction, whereas spa type
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FIG 1 Representative patterns of dose-response curves for methicillin-resistant S. aureus biofilm induction at the sub-MICs of nafcillin (A), vancomycin

(B), ciprofloxacin (C), and rifampin (D). The graphs show mean absorbance values from triplciated wells, and the error bars indicate standard deviations.

t664 strain was associated with no biofilm induction. When MRSA isolates were cultured
with 1/16x of the MICs of rifampin, ST5 was associated with strong biofilm induction.

The extent of biofilm production in the absence of antibiotics and biofilm induction
at sub-MICs of nafcillin, vancomycin, ciprofloxacin, and rifampin were inversely correlated
(Fig. 4). Figure 5 shows biofilm induction between ST5 MRSA and ST72 MRSA clones.
Biofilm induction was more common in ST5 isolates than in ST72 isolates when the MRSA
isolates were cultured with 1/64x MICs of nafcillin (58.7% vs 36.4%, P = 0.02), 1/16 x MICs
of ciprofloxacin (74.6% vs 38.6%; P < 0.001), or 1/16 x MICs of rifampin (77.8% vs 52.3%,
P = 0.006). This association was not evident when the MRSA isolates were cultured with
1/8x MIC of vancomycin (28.6% vs 36.4%, P = 0.39).

Effect of clinically relevant concentrations of rifampin on biofilm formation

The sub-MICs of rifampin were much lower than the clinically relevant concentrations
owing the low MICs of rifampin (MICsq/9¢9 of 0.008/0.03 mg/L). Therefore, we tested the
ability of rifampin to induce biofilm formation at 0.03—32 mg/L of rifampin. At these
concentrations, rifampin-induced biofilm formation was rare in rifampin-susceptible
MRSA [1.0% (1 of 100)] but common in rifampin-resistant MRSA [71.4% (5 of 7), P <
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Nafcillin-induced biofilm Vancomycin-induced biofilm  Ciprofloxacin-induced biofilm Rifampin-induced biofilm
(KSSA-096 MRSA) (KSSA-100 MRSA) (KSSA-047 MRSA) (KSSA-105 MRSA)

Control
(absence of antibiotics)

Sub-MICs of antibiotics

FIG 2 Scanning electron microscopy micrographs of the biofilm induction by the sub-inhibitory concentrations (sub-MICs) of 1/64 x MIC of nafcillin (E), 1/8 x
MIC of vancomycin (F), 1/16 x MIC of ciprofloxacin (G), and 1/16 x MIC of rifampin (H). (A-D) Biofilm formation in cultures without antibiotics (controls). Inlet
images indicate that MRSA biofilms treated with sub-MICs of antibiotics exhibited denser viable cells than untreated MRSA biofilms (x5,000 magnification). The
main images indicate that sub-MICs of antibiotics did not distort cell morphology (x20,000 magnification). White arrows indicate the residual of the biofilm
extracellular matrix.

0.001]. The effects of different rifampin concentrations on biofilm formation by the MRSA
isolates are summarized in Table 5.

DISCUSSION

In this study, we evaluated biofilm induction using wide range (1/256-1/2x MICs)
of sub-MICs of four different classes of antibiotics in 107 clinical MRSA isolates. We
found that the sub-MICs of nafcillin, vancomycin, ciprofloxacin, and rifampin frequently
promoted biofilm formation in clinical MRSA isolates. The antibiotic concentrations that
induced the maximum biofilm formation varied from 1/8x to 1/64x MICs, according to
the antibiotic class. Most studies tested the effects of a single concentration of 1/4x or
1/2x MICs of antibiotics on bacterial biofilm formation (19). Our data suggest that testing
biofilm formation at only 1/4x or 1/2x MICs of antibiotics may underestimate the biofilm
induction ability in response to sub-MICs of antibiotics.

We evaluated the clinical and microbiological factors associated with antibiotic-
induced biofilm formation in clinical MRSA isolates. HA-MRSA (ST5) showed a stronger
ability to induce biofilm formation upon exposure to sub-MICs of nafcillin, ciprofloxacin,
and rifampin than the Korean CA-MRSA strain (ST72). In comparison to our findings,
Kaplan et al. reported that sub-MICs of methicillin induced biofilm formation in CA-MRSA
strains (including USA300, USA 400, and USA 500) but did not induce biofilm formation
in HA-MRSA strains (including COL, 252, and N315) (4). This discrepancy may be related
to the difference in basal biofilm ability between the CA-MRSA strains included in
our study vs the study by Kaplan et al. Kaplan et al. reported that CA-MRSA strains
are weaker biofilm producers than HA-MRSA strains in culture media without antibiot-
ics. Notably, the Korean CA-MRSA (ST72) strain was a stronger biofilm producer than
the HA-MRSA strain (ST5) (9, 20). Previous studies have observed inverse correlations
between bacterial biofilm-forming ability in the absence of antibiotics and the capacity
for antibiotic-induced biofilm formation (21, 22). We confirmed this relationship in
107 clinical MRSA isolates from four antibiotic classes. Interestingly, the proportion of
MRSA isolates that demonstrated strong biofilm induction after exposure to sub-MICs
of vancomycin was lower than that of the other antibiotics. Additionally, there was no
difference in the biofilm formation ability between HA- and CA-MRSA strains at the
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FIG 3 Distribution of the sub-inhibitory concentrations of nafcillin (A), vancomycin (B), ciprofloxacin (C), and rifampin (D) that induced maximal biofilm

formation.

sub-MICs of vancomycin. A previous study on representative MRSA strains also revealed
that sub-MICs of vancomycin significantly promoted sarA-dependent biofilm formation
in both CA- and HA-MRSA strains (23). Although we did not investigate the composition
of the biofilm mass or the expression of biofilm-related genes, our experimental results
suggest the possibility of a different mechanism of biofilm induction after exposure to
sub-MICs of vancomycin compared with other antibiotics.

The agr quorum-sensing system modulated S. aureus biofilm formation and cell
dispersal from biofilm (19). Previous studies reported that agr defective isolates or
mutants exhibit a higher propensity to form S. aureus biofilms than agr functional
isolates (24, 25). There is limited data on the relationship between agr dysfunction and
antibiotic-induced biofilm formation. We found an association between agr dysfunc-
tion and biofilm induction upon exposure to the sub-MICs of nafcillin; however,
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TABLE 3 Effects of different sub-inhibitory antimicrobial concentrations on biofilm formation in
methicillin-resistant Staphylococcus aureus isolates

Concentration of antimicrobials % (no. of isolates/total no. of isolates)
xMIC? Median (mg/L) Increase No effect Decrease
Nafcillin

1/2x 128 5(5/107) 21(22/107) 75 (80/107)
1/4% 64 19 (20/107) 24 (26/107) 57 (61/107)
1/8x 32 29(31/107) 21(22/107) 50 (54/107)
1/16x 16 37 (40/107) 26 (28/107) 36 (39/107)
1/32x 8 49 (52/107) 30(32/107) 21(23/107)
1/64% 4 50 (53/107) 38(41/107) 12(13/107)
1/128x 2 55(59/107) 36 (39/107) 9(9/107)
1/256x 1 51(55/107) 42 (45/107) 7(7/107)
Vancomycin
1/2x 0.5 1(1/107) 4(4/107) 95 (102/107)
1/4%x 0.25 9(10/107) 24 (26/107) 66 (71/107)
1/8% 0.125 32(34/107) 48 (51/107) 21(22/107)
1/16x 0.06 28 (30/107) 65 (70/107) 7(7/107)
1/32x 0.03 25(27/107) 70 (75/107) 5(5/107)
1/64x% 0.016 17 (18/107) 76 (81/107) 7(8/107)
1/128x 0.008 24 (26/107) 72(77/107) 4(4/107)
1/256x 0.004 28 (30/107) 71(76/107) 1(1/107)
Ciprofloxacin
1/2x 32 9(10/107) 6(6/107) 85(91/107)
1/4% 16 30(32/107) 28 (30/107) 42 (45/107)
1/8x 8 51(55/107) 34 (36/107) 15(16/107)
1/16x 4 61(65/107) 36 (39/107) 3(3/107)
1/32x 2 66 (71/107) 32(34/107) 2(2/107)
1/64% 1 58 (62/107) 41 (44/107) 1(1/107)
1/128x% 0.5 45 (48/107) 54 (58/107) 1(1/107)
1/256x 0.25 34 (36/107) 65 (70/107) 1(1/107)
Rifampin
1/2x 0.004 11(12/107) 16 (17/107) 73 (78/107)
1/4% 0.002 45 (48/107) 23 (25/107) 32(34/107)
1/8% 0.001 54 (58/107) 33(35/107) 13 (14/107)
1/16x 0.0005 67 (72/107) 28 (30/107) 5(5/107)
1/32x 0.00025 72(77/107) 26 (28/107) 2(2/107)
1/64x% 0.000125 68 (73/107) 28 (30/107) 4(4/107)
1/128x 0.000006 59 (63/107) 38(41/107) 3(5/107)
1/256x 0.000003 48 (51/107) 49 (52/107) 4(4/107)

“MIC, minimum inhibitory concentration.

this association was not evident with the sub-MICs of vancomycin, ciprofloxacin,
and rifampin. In the present study, ciprofloxacin-induced biofilm formation was more
common in ciprofloxacin-resistant strains than in ciprofloxacin-susceptible strains. This
association was not observed in rifampin-induced biofilm formation. In a recent study,
clindamycin-resistant MRSA strains exhibited more frequent exhibited biofilm induction
upon clindamycin exposure than clindamycin-susceptible MRSA strains [33% (2 of 6) vs
100% (7 of 7), respectively] (26). Overall, our results suggest that the modulation of MRSA
biofilm formation upon antibiotic exposure is a complex phenomenon and depends
on several factors, such as bacterial strain, antibiotic class, antibiotic resistance, and agr
dysfunction.

The benefits of rifampin for staphylococcal biofilm-related infections are well
documented based on in vitro, animal, and clinical data (27). Our in vitro data suggested
that sub-MICs of rifampin can induce biofilm formation in clinical MRSA strains. However,
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FIG 4 Relationship between basal level of biofilm formation and biofilm inducibility by 1/64 x MIC of nafcillin (A), 1/8 x MIC of vancomycin (B), 1/16 x MIC of

ciprofloxacin (C), and 1/16 x MIC of rifampin (D). “The relative antibiotic-induced biofilm formation compared with no antibiotics. ®The relative amount of basal

biofilm formation was normalized to the amount of biofilm formation of ATCC 29213 in the absence of antibiotics, which is given a value of 1.

in clinical situations, rifampin-susceptible MRSA isolates are the least likely to be exposed
to sub-MICs of rifampin because of its low MICs [MIC5q = 0.008 mg/L in the current study
and a recent study (28)]. Therefore, we evaluated the effect of rifampin at clinically
relevant concentrations of 0.03—32 mg/L. Rifampin at these concentrations rarely
augmented biofilm formation in rifampin-susceptible MRSA isolates (1%) but frequently
augmented biofilm formation in rifampin-resistant MRSA isolates (71%). Our results
indicate that the indiscriminate use of empirical rifampin before obtaining susceptibility
results should be discouraged. The emergence of rifampin resistance during the therapy
is common in staphylococcal biofilm-related infections, including infective endocarditis
(29, 30), periprosthetic joint infections (31), and osteomyelitis (32). In this case, continu-
ing rifampin treatment may have augmented MRSA biofilm formation and led to
treatment failure. Therefore, every effort should be made to prevent the emergence of
rifampin resistance, including maintaining effective bactericidal concentrations of the
companion antibiotic of rifampin (such as vancomycin) and adding rifampin to standard
therapy after appropriate surgical treatment (33).
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FIG 5 Comparison of the degree of biofilm induction between HA-MRSA (ST5) and CA-MRSA (ST72) in response to sub-inhibitory concentrations of nafcillin,

vancomycin, ciprofloxacin, and rifampin.

This study has several limitations. First, we evaluated the effects of antibiotic sub-MICs
on the biofilm formation by CA-MRSA and HA-MRSA strains that are predominant
in South Korea. Our findings cannot be generalized to other countries with different
circulating HA-MRSA and CA-MRSA isolates. Second, the differences in biofilm induction

TABLE 5 Effects of different rifampin concentrations on biofilm formation by the methicillin-resistant

Staphylococcus aureus isolates

% (no. of isolates/total no. of isolates)

Concentration of rifampin (mg/L) Increase No effect Decrease
Among rifampin-susceptible isolates
32 0(0/100) 0(0/100) 100 (100/100)
16 0(0/100) 0(0/100) 100 (100/100)
8 0(0/100) 0(0/100) 100 (100/100)
4 0(0/100) 0(0/100) 100 (100/100)
2 0(0/100) 0(0/100) 100 (100/100)
1 0(0/100) 0(0/100) 100 (100/100)
0.5 0(0/100) 0(0/100) 100 (100/100)
0.25 0(0/100) 0(0/100) 100 (100/100)
0.125 0(0/100) 0(0/100) 100 (100/100)
0.06 0(0/100) 0(0/100) 100 (100/100)
0.03 1(1/100) 1(1/100) 98 (98/100)
Among rifampin-resistant isolates
32 57 (4/7) 0(0/7) 43 (3/7)
16 57 (4/7) 0(0/7) 43 (3/7)
8 57 (4/7) 0(0/7) 43 (3/7)
4 57 (4/7) 0(0/7) 43 (3/7)
2 57 (4/7) 14(1/7) 29 (2/7)
1 57 (4/7) 14(1/7) 29 (2/7)
0.5 71(5/7) 0(0/7) 29 (2/7)
0.25 42 (3/7) 29 (2/7) 29 (2/7)
0.125 29 (2/7) 57 (4/7) 14(1/7)
0.06 43(3/7) 43 (3/7) 14(1/7)
0.03 57 (4/7) 14(1/7) 29 (2/7)
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between ST5 HA-MRSA and ST72 CA-MRSA may result from other strain-associated
factors that we did not examine rather than the strain itself.

In conclusion, the sub-MICs of antibiotics frequently promote biofilm induction in
clinical MRSA isolates. Antibiotic-induced biofilm formation depends on the antibiotic
class, MRSA strain, and antibiotic resistance. Our results emphasize the importance of
maintaining effective bactericidal concentrations of antibiotics to treat biofilm-related
infections.
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