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We previously identified Rbf as an activator for biofilm formation on polystyrene surfaces in Staphylococcus
aureus strain 8325-4. However, strain 8325-4 contains genetic mutations that may affect biofilm formation. To
extend the observation to other strains, we used strain Newman, a weak biofilm producer, and strain UAMS-1,
an osteomyelitis clinical strain, in this study. We found that mutations in the chromosomal rbf gene did not
affect biofilm formation on polystyrene surfaces in these strains, but transformants of these strains carrying
a multiple-copy plasmid containing the rbf gene formed stronger biofilms than the wild-type strains and the
mutant strains. Using the flow cell method, we found that the chromosomal mutation in the rbf gene delayed
biofilm formation, whereas strains with a plasmid containing the rbf gene accelerated biofilm formation in
strains Newman and UAMS-1. These results led us to conclude that rbf is an activator of biofilm formation in
different strains of S. aureus, although the degree of activation varies among strains. In a murine model of
foreign body infection, the rbf mutations in strain Newman, but not in strain UAMS-1, reduced the bacterial
survival rate in catheter lumen. However, UAMS-1 carrying multiple copies of rbf in a plasmid increased the

bacterial survival rate. The animal studies therefore suggest that Rbf has a role in S. aureus virulence.

Staphylococcus aureus causes a wide range of acute and
chronic human infections. The organism is capable of attaching
to solid surfaces of native tissues or artificial devices, thereby
forming a biofilm matrix that encases the bacteria. The bacte-
ria within the biofilm matrix are protected from the host im-
mune system and from antibiotic attack. As a result, biofilm
formation is a major virulence determinant for chronic infec-
tions caused by S. aureus. The mechanism of biofilm formation
appears to involve the initial attachment of bacteria to solid
surfaces, followed by the accumulation of multilayered cell
clusters in a slime matrix (11, 16). Poly-N-acetyl-glucosamine,
also known as polysaccharide intracellular adhesin (PIA), has
been found to be the main component of biofilm in the closely
related species Staphylococcus epidermidis, in which the PIA
was discovered (16). In S. aureus, the role of PIA in biofilm
formation is not universal since PIA-independent biofilm for-
mation mechanisms have been reported in several strains (3,
12, 29, 33-35). The genetics of PIA biosynthesis have been well
studied. Four genes, icaADBC in an operon, are required for
the biosynthesis of PIA (17, 25). Recently, DNA and some
proteins have been implicated as components of the biofilm
matrix in certain strains, some of which do not produce de-
tectable PIA (18, 31-33, 35).

Recent studies on biofilm regulation have suggested a com-
plex regulatory mechanism. In S. aureus, the ica genes are
negatively regulated by icaR, tcaR, codY, and spx but positively
regulated by sarA (2, 10, 19, 26, 30, 36, 38). Several other
regulatory loci that regulate biofilm formation have also been
reported. These include arlRS (34), clp proteases (9, 14), agr (2,
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5, 39, 40), and rbf (23). In addition, mgrA and ssrA have been
identified by transposon mutagenesis as potential regulators
affecting biofilm formation (37). How these regulators affect
biofilm formation has not been elucidated. Previously, we re-
ported the identification of the rbf regulatory locus that posi-
tively affects biofilm formation in response to sodium chloride
and glucose in laboratory strain 8325-4 (23). However, whether
Rbf affects biofilm formation in other strains is not known. In
addition, whether Rbf plays a role in S. aureus virulence has
not been investigated. In the present study, we found that Rbf
was involved in biofilm formation in strains Newman and
UAMS-1. We also showed that Rbf contributed to bacterial
survival in a murine foreign body infection model.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The S. aureus strains and plasmids
used in the present study are listed in Table 1. Bacterial strains were routinely
cultivated in Trypticase soy medium (Difco Laboratories, Detroit, MI) with
appropriate antibiotic selection when necessary. Antibiotics used for selection
were tetracycline at 3 pg/ml, chloramphenicol at 10 pg/ml, and erythromycin at
10 pg/ml S. aureus RN4220 was used as a recipient for electroporation by the
procedure of Kraemer and Iandolo (20). Phage 52A or 80« was used for plasmid
and chromosomal DNA transduction between S. aureus strains.

Allele replacement of rbf. The pKORI system (1) was used to construct rbf
deletion mutants. A PCR fragment with a 1,323-bp deletion within the rbf gene
was first constructed by restriction digestion and ligation of two PCR fragments
containing the 5’ region and the 3’ region of the rbf gene, respectively, that had
been cloned in the plasmid pGEM-T Easy (Promega, Madison, WI). The frag-
ment containing the rbf 5" region was amplified by using the primers rbf19
(5'-ACGCTGTAGTGATTGGCTTA-3") and rbf20 (5'-ATACCGCGGCGCGT
TGTCGCATATTCATT-3"), whereas the fragment containing the rbf 3" region
was amplified by using the primers adhl5 (5'-GGGCCCAAGCGACTTAAAT
TCGATTCGT-3") and adhl6 (5'-GTATTCAAAATGTTGCACCCC-3"). An
attB-flanked PCR fragment containing the 1,323-bp rbf internal deletion was
then amplified by using the primers attB1-rbf19 (5'-GGGGACAAGTTTGTAC
AAAAAAGCAGGCTACGCTGTAGTGATTGGCTTA-3") and attB2-adhl6
(5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGTATTCAAAATGTTG
CACCCC-3'"). The PCR fragment containing the deletion was then cloned into
the plasmid pKOR1 using the Gateway BP Clonase system (Invitrogen, Carls-
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TABLE 1. S. aureus strains and plasmids

Strain or plasmid Relevant characteristics Source or
reference
Strains
8325-4 Prophage-free laboratory strain J. Iandolo
RN4220 8325-4r~ 21
Newman Wild-type strain T. Foster
UAMS-1 S. aureus clinical isolate 15
CYL385 8325-4 Aspa rbf::Tn917 23
CYL6938 Newman(pLIS0) This study
CYL6932 Newman(pYL8565) This study
CYL6633 Newman rbf::Tn917 This study
CYL6962 Newman Arbf This study
CYL6969 Newman Arbf(pLIS0) This study
CYL6975 Newman Arbf(pYL8565) This study
CYL6933 UAMS-1(pYL8565) This study
CYL6965 UAMS-1 Arbf This study
CYL6939 UAMS-1(pLI50) This study
CYL6970 UAMS-1 Arbf(pLI50) This study
CYL6976 UAMS-1 Arbf(pYL8565) This study
Plasmids

pGEM-T Easy Cloning vector Promega
pKOR1 Vector for allele replacement 1
pYL8565 3.3-kb fragment containing rbf 23

in pLIS0

bad, CA) and transformed into Escherichia coli DH5a (Invitrogen). The result-
ant plasmid was purified and electroporated into S. aureus RN4220 and then
transduced into strains Newman and UAMS-1. Allele replacement in these
strains was carried out as described by Bae and Schneewind (1). The mutations
were confirmed by PCR analyses.

Biofilm assay. Biofilm assays on polystyrene were performed on 96-well mi-
crotiter plates as described by Lim et al. (23) with minor modifications. Over-
night cultures were diluted by adjusting the optical density at 660 nm to 0.05 with
TSB medium enriched with 0.5% glucose and 3% NaCl. A 200-ul diluted sample
was applied to each well of the 96-well plate (in quadruplicate), followed by
incubation for 24 h at 37°C, and the plates were washed three times with sterile
phosphate-buffered saline, air dried, fixed with ethanol, and air dried again.
Biofilms were stained with 0.4% crystal violet for 2 min. The plates were then
washed 10 times with deionized water to remove unbound crystal violet and then
air dried. The biofilm bound crystal violet was extracted with 200 wl of extraction
solution containing 40% ethanol and 10% acetic acid for 15 min with shaking.
The extracts were diluted 10-fold with deionized water, and the absorbance at
590 nm was recorded with a Molecular Device SpectraMax M2 plate reader using
SoftMax Pro Software 4.6.

Biofilm assays in the flow cell system were performed using a disposable
three-channel flow cell apparatus (Stovall Life Sciences, Inc., Greensboro, NC)
as described by Cassat et al. (8) with some modifications. Briefly, the tubes were
clamped, and each channel was injected with 5 X 10® CFU from overnight
cultures (grown in the same medium) of the wild-type strain, the rbf deletion
mutant, or the complemented strain in either Newman or UAMS-1 background.
The flow cells were then incubated at 37°C in an inverted position for 1 h to
promote initial attachment. After the flow cells were turned to the upright
position, the flow of medium was initiated by adjusting the rate to 1.6 ml per min
such that the entire volume of medium in each channel was replaced once every
20 s. The development of biofilm was recorded with a time-lapse camera set at
intervals of 30 min.

Murine foreign body infection model. To assess the role of rbf in virulence, the
murine model of foreign body infection described by Beenken et al. (3) was
followed closely. Briefly, 6- to 8-week-old male NTH-Swiss mice were obtained
from Harlan Sprague-Dawley, Inc. (Indianapolis, Ind.). The mice were anesthe-
tized with 1.25% 2-2-2 tribromoethanol (Avertin; 0.025 ml/g of body weight) and
implanted subcutaneously with 1-cm segments of size Fr-10 polyvinyl chloride
catheter in the dorsal area. The wound was closed with surgical glue. Infection
was initiated 1 day after the implantation procedure by injecting ~107 CFU of
the test strain into the lumen of the catheter. At various time points up to 21
days, mice were euthanized, and the catheters were removed aseptically and
washed briefly with phosphate-buffered saline. Catheters were placed in 1 ml of
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sterile phosphate-buffered saline and sonicated to remove the adherent bacteria.
The number of bacteria in the sonicate was determined by plating on tryptic soy
agar (TSA). Selected bacterial colonies were tested for lysostaphin sensitivity and
antibiotic sensitivity and further confirmed by PCR analyses.

Real-time RT-PCR. The expression of rbf was assessed by real-time reverse
transcription-PCR (RT-PCR) using the primer pair ACGCGTTGCCAAGATG
GCATAGTCTT and AGCCTAATTCCGCAAACCAATCGCTA as described
previously (24).

Statistics. Data from animal studies and biofilm assays on polystyrene were
analyzed with an unpaired Student ¢ test for comparisons between means. The
data from biofilm assays using flow cell were analyzed by using an unpaired ¢ test
with Welch’s correction. P values of <0.05 were considered statistically signifi-
cant.

RESULTS

Plasmid-encoded Rbf promotes biofilm formation on poly-
styrene in strains Newman and UAMSI1. We have preciously
used strain 8325-4 to identify Rbf as a regulator for biofilm
formation (23). However, strain 8325-4 is sigB deficient and has
been maintained as a laboratory strain for a long period of
time. To test whether Rbf plays a role in biofilm formation in
strains other than 8325-4, we used strain Newman, a sigB-
positive strain, and UAMS-1, a recent clinical osteomyelitis
strain. To this end, we transduced the rbf::Tn917 mutation
from 8325-4 to Newman by phage transduction. In addition, we
constructed rbf-null mutants with a 1,323-bp internal segment
of the 2,148-bp rbf gene deleted from the chromosomes of
Newman and UAMS-1. These strains were tested for biofilm
formation in polystyrene microtiter plates with or without pre-
coating with 20% human plasma (precoating with human
plasma has been shown to enhance biofilm formation in
UAMS-1) (2). The results showed that the chromosomal rbf
mutations did not affect biofilm formation in either strain on
microtiter plates, whether or not the plates were precoated
with plasma (data not shown). However, complementing the
mutant strains or the wild-type strains with the plasmid
pYL8565 resulted in stronger biofilm formation in both
UAMS-1 and Newman backgrounds compared to the wild type
or the rbf mutant (P < 0.01 for both backgrounds) (Fig. 1). To
confirm that rbf is overly expressed in the complemented
strains, we performed real-time RT-PCR experiments. The
results showed that the complemented strain produced about
51.7- and 21.52-fold-higher amounts of rbf expression than the
wild-type strain in UAMS-1 and Newman backgrounds, re-
spectively. Thus, these results indicate that overexpression of
rbf from the multiple-copy pYL8565 plasmid causes Newman,
a weak biofilm producer, to form moderate amounts of biofilm
and promotes strong biofilm formation in UAMS-1 even with-
out precoating with plasma. Our results therefore suggest that
Rbf is also an activator for biofilm formation in these strains.

Rbf enhances biofilm formation in flow cells. Although the
polystyrene microtiter plate assay is a simple means for testing
biofilm formation, it measures biofilm formation under static
conditions but not in a hydrodynamic environment. To dem-
onstrate further the role of Rbf on biofilm formation in
UAMS-1 and Newman under a flow condition, we used the
flow cell method as described in Materials and Methods. Two
independent experiments were performed, and the results at
selected time points in one of the experiments are shown in
Fig. 2. Under our experimental condition, on average, strain
Newman began to form biofilm at about 22.5 = 0.5 h, and the
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FIG. 1. (Top) Biofilm formation on polystyrene microtiter
plates. Only two wells of each strain are shown. (Bottom) Quanti-
tative determination of biofilm formation by CYL6938, Newman
(pLI50); CYL6969, Newman Arbf(pLI50); CYL6932, Newman(pYL
8565); CYL6939, UAMS-1(pLI50); CYL6970, UAMS-1 Arbf
(pLI50); CYL6933, and UAMS-1(pYL8565). The dye in each well
of the microtiter plate was eluted and quantitated by spectropho-
tometry. Error bars indicate standard deviations from four inde-
pendent measurements.

biofilm peaked at about 46 * 3.0 h. In contrast, the Newman
rbf mutant began to form biofilm at about 29 = 0 h and took
59.5 £ 5.5 h to reach the peak. The complemented strain
began to form biofilm at about 10.25 = 1.25 h and reached the
peak at 33 = 3.0 h (Fig. 2A). There were significant differences
in the length of time for biofilm initiation when the wild type
was compared to the mutant (P = 0.0244) and with the com-
plemented stain (P = 0.0348), but there was no significant
difference on the length of time to reach the peak among these
strains. However, at the peak, we found that the comple-
mented strain filled up the flow chamber almost completely,
while the mutant strain filled up the least among the three

36h
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FIG. 2. Biofilm development in flow cells. (A) Newman a
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strains, indicating that the complemented strain produced the
most amounts, followed by the wild type, and the mutant pro-
duced the least. In UAMS-1, the average times to initiate
biofilm from two independent experiments for the wild type,
the mutant, and the complemented strain were 10.75 = 0.25 h,
14.5 = 0.5 h, and 6.0 = 0 h, respectively; to reach the peak, the
respective times were 32 = 0.5h, 34 £ 2.0 h,and 30.25 £ 0.75 h
(Fig. 2B). The length of time for biofilm initiation in the wild
type was significantly different from that of the mutant (P =
0.0471) and from that of the complemented stain (P = 0.0168),
whereas the times to reach the peak were not significantly
different among these strains. As in Newman, the comple-
mented strain produced the most biofilm, and the mutant pro-
duced the least at the peak. Thus, these results are similar
between the UAMS-1 and the Newman backgrounds. How-
ever, the time to initiate biofilm formation and to reach max-
imal quantity was generally shorter in UAMS-1 genetic back-
ground. In addition, the differences between strains, especially
the time to reach the peak, were greater in the Newman back-
ground than in the UAMS-1 background. Taken together,
these data showed that the rbf mutation resulted in not only a
delay in forming biofilm, especially the time to initiate biofilm
formation, but also a reduction in biofilm quantity, indicating
that rbf is involved in the regulation of biofilm formation in the
two strains. In addition, we also noted that the biofilms of the
complemented strains of both Newman and UAMS-1 took a
much longer time to detach than those formed by the wild type
or the mutant, suggesting that Rbf may enhance attachment or
strengthen biofilm structure.

Rbf promotes virulence of strain Newman in a murine for-
eign body infection model. To determine whether Rbf affects
the virulence of S. aureus, we performed animal studies using
a murine model of foreign body infection. We first compared
8325-4 and 8325-4 rbf::Tn917. One day postimplantation, 20
mice were divided into two groups; one group was inoculated
with the wild type, and the other was inoculated with the
mutant into the lumen of the implanted catheters. Mice were
sacrificed at 3 and 10 days after infection for bacterial enumer-
ation. We found that these strains were resolved quickly in
mice (more than a 2-log reduction at day 3 for both wild type
and mutant), and there were very few live bacteria left at day
10, resulting in no significant difference between the wild type

CYL6938
CYL6969
CYL6975

CYL6939
CYL6970
CYL6976
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nd derivatives: CYL6938, Newman(pLI50); CYL6969, Newman Arbf(pLIS0);

CYL6975, Newman Arbf(pYL8565). (B) UAMSI and derivatives: CYL6939, UAMS-1(pLI50); CYL6970, UAMS-1 Arbf(pLI50); CYL6976,
UAMS-1 Arbf(pYL8565). Selected pictures taken every 30 min are shown with the time point indicated above each image. The medium flow was

from left to right.
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FIG. 3. Survival of Newman and CYL6633 (Newman rbf::Tn917) in
catheters implanted in mice. Error bars indicate standard deviations.

and the mutant. These results indicate that 8325-4 strain does
not persist in this animal model, suggesting that it may not be
suitable for in vivo biofilm study. We then used strain Newman
in our animal study since we showed above that Rbf was in-
volved in biofilm formation in this strain. Furthermore, New-
man has been shown to form biofilm in vivo (13). To this end,
we first performed a pilot study with six mice in each group
using the murine foreign body infection model. The mice were
sacrificed for bacterial counts in the catheter lumen at 5 and 12
days after infection. We found that at day 12, there was a
significant difference in bacterial persistence between the wild
type and the mutant (data not shown). Based on these data, we
performed a power analysis and used a larger number of mice.
Thirty-two mice were each implanted as described above. One
day postimplantation, the mice were divided into two groups of
16; one group was inoculated with wild-type Newman, and the
other was inoculated with Newman rbf::Tn917. At days 7, 14,
and 21, at least five mice from each group were sacrificed, and
bacterial counts were taken from the explanted catheters. As
shown in Fig. 3, the wild type persisted in the catheter better
than the mutant at days 14 and 21 (P = 0.0079 and 0.0043,
respectively). These data suggest that Rbf is promoting New-
man survival in vivo, most likely due to biofilm formation in the
implanted catheters.

Overproduction of Rbf in UAMS-1 promotes virulence in a
murine foreign body infection model. To confirm that Rbf
plays an important role in virulence in a clinical strain, we used
UAMS-1 in the murine model of foreign body infection using
a total of 32 mice in the experiment. However, we found no
significant difference between the wild-type UAMS-1 and its
rbf mutant at all three time points (days 7, 14, and 21). This was
surprising since the Rbf mutation in UAMS-1 affected biofilm
phenotype similar to that of the Newman strain in flow cells.
To further evaluate whether Rbf plays a role in virulence in
UAMS-1, we tested whether overproduction of Rbf from a
plasmid would promote virulence. To this end, we compared
UAMS-1(pYL8565) and UAMS-1(pLI50) in the foreign body
infection model using 32 mice as described above. Since these
plasmids are unstable without antibiotic selection, mice were
sacrificed at earlier time points, as shown in Fig. 4. The num-
bers of bacteria from the catheter lumen were determined by
plating on TSA without selection. At day 2 postinfection, we
found that UAMS-1(pYL8565) had significant higher (P =
0.0303) bacterial counts than the wild-type strain containing
only the vector. However, at 4 days postinfection, there was no
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FIG. 4. Survival of CYL6939 [UAMS-1(pLI50)] and CYL6933
[UAMS-1(pYL8565)] in catheters implanted in mice. Error bars indi-
cate standard deviations.

significant difference (P = 0.2037) between the two strains,
although UAMS-1(pYL8565) was consistently higher than
UAMS-1(pLI50). At day 6 postinfection, no difference be-
tween the two strains was detected. To determine the plasmid
retention rates, about 150 colonies were replica plated from
TSA plates onto chloramphenicol selection plates (pLI50 car-
ries a chloramphenicol resistance gene). We found plasmid
retention rates of 27.5 and 36.8% at day 2 postinfection and
26.6 and 33.8% at day 4 postinfection for UAMS-1(pYL8565)
and UAMS-1(pLI50), respectively. At day 6 postinfection, the
rates for UAMS-1(pYL8565) and UAMS-1(pLI50) dropped
considerably to 8.4 and 17.3%, respectively. The low rate of
plasmid retention probably is the reason that significant differ-
ences in bacterial counts were observed only at an early time
point.

DISCUSSION

Rbf was identified as a transcriptional regulator affecting
biofilm formation in strain 8325-4 (23). In that study, we used
a microtiter plate method to demonstrate the Rbf effect on
biofilm. However, in the present study, using the same method,
we were unable to demonstrate any difference in biofilm for-
mation between the wild type and the rbf mutant in both the
Newman and the UAMS-1 genetic backgrounds. However,
introduction of the rbf gene carried in a multiple-copy plasmid
vector enabled these strains to form detectable biofilms (Fig.
1). On the other hand, by using the flow cell method, we found
that the rbf mutation delayed biofilm formation, whereas rbf
overexpression accelerated biofilm development in Newman
and UAMS-1 (Fig. 2). Based on these data, we speculate that
Rbf may be produced in much lower quantity in Newman and
UAMS-1 than in 8325-4 such that there are only very small
differences in biofilm production between the wild type and the
rbf mutant in the Newman and UAMS-1 strains. These small
differences may not be detected using the microtiter plate
method but are detectable by the more sensitive flow cell
method. However, our real-time RT-PCR experiments showed
that rbf is expressed at a very low level in all three strains (not
shown), suggesting that the quantity of Rbf may not contribute
to the in vitro biofilm differences among these strains. Alter-
natively, the composition of biofilms and/or biofilm regulatory
networks among these strains may differ such that the effect of
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regulation may impact biofilm detection using different meth-
ods. Variation in gene regulation among different S. aureus
strains is rather common (4, 6, 7). Although it is not currently
known what differences in biofilm composition there are
among different S. aureus strains, at least two genes have been
found defective in 8325-4 but not in UAMS-1 or Newman. One
of these is the fcaR gene that has been shown to be involved in
repression of biofilm formation (27). Strain 8325-4 is also de-
ficient in SigB due to an 11-bp deletion in the rsbU gene of the
sigB operon (22). However, the role of SigB in biofilm regula-
tion in S. aureus is still inconclusive, although it is clearly
important in S. epidermidis (reviewed in reference 28). It is
likely that the differences in these two regulators and perhaps
other factors result in differences in biofilm formation in these
strains.

To address the biological significance of Rbf, we compared
the wild type and the isogenic rbf mutant by using a biofilm-
relevant murine foreign body infection model. We did not find
a significant impact on virulence in 8325-4 using the same
model, although we could detect a major difference in biofilm
formation in vitro. Perhaps strain 8325-4 is relatively avirulent
in this specific animal model. On the other hand, we found that
Rbf caused a significant difference in virulence in Newman
strain. In UAMS-1, however, no statistical difference was ob-
served between the mutant strain and the wild-type strain.
Nonetheless, expression of rbf from a multiple-copy plasmid
vector did result in increased virulence in UAMS-1. Thus, Rbf
seems to promote virulence more in Newman than in UAMS-1
using this animal model, despite the fact that the rbf mutation
in Newman and UAMS-1 caused similar biofilm phenotypes
when assayed by in vitro methods. However, by examining the
flow cell data more closely, we found that there were subtle
differences between the two genetic backgrounds. First,
UAMS-1 formed biofilm more quickly than did Newman. Sec-
ond, the difference between the wild type and the rbf mutant
was more profound in Newman than in UAMS-1. It is likely
that these differences are the reasons that we could observe a
significant difference in bacterial persistence in Newman but
not in UAMS-1 when the wild-type strain and the rbf mutant
were compared in the animal model used in the present study.

Biofilm formation in S. aureus is a complex genetic trait that
involves various factors and regulators, most of which have not
been fully characterized with respect to biofilm regulation. Rbf
belongs to the AraC/XylS family of regulators that possesses a
tandem helix-turn-helix DNA-binding motif (23). It is not
known what genes involved in biofilm formation are regulated
by Rbf. Using a promoter fusion to the xy/E reporter gene, we
previously showed that Rbf did not affect transcription of the
icaADBC operon nor transcription of icaR, suggesting that it
may not regulate biofilm through poly-N-acetyl-glucosamine
(23). However, our recent unpublished data suggest that Rbf
may partially regulate icaADBC genes. How Rbf regulates
biofilm formation is currently under intense study in our lab-
oratory.

In conclusion, we showed here that Rbf is involved in biofilm
formation in different strains of S. aureus, although the extent
of the effect in each strain was different. More importantly, we
showed that Rbf played a role in virulence in the biofilm
relevant foreign body infection animal model in strain New-
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man and UAMS-1. Whether Rbf also has a role in virulence in
other animal models merits further studies.
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