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Staphylococcus aureus clinical isolates are capable of producing at least two distinct types of biofilm mediated
by the fibronectin-binding proteins (FnBPs) or the icadDBC-encoded polysaccharide intercellular adhesin
(PIA). Deletion of the major autolysin gene atl reduced primary attachment rates and impaired FnBP-
dependent biofilm production on hydrophilic polystyrene in 12 clinical methicillin-resistant S. aureus (MRSA)
isolates but had no effect on PIA-dependent biofilm production by 9 methicillin-susceptible S. aureus (MSSA)
isolates. In contrast, Atl was required for both FnBP- and PIA-mediated biofilm development on hydrophobic
polystyrene. Here we investigated the role of Atl in biofilm production on hydrophilic polystyrene. The
alternative sigma factor o®, which represses RNAIII expression and extracellular protease production, was
required for FnBP- but not PIA-dependent biofilm development. Furthermore, mutation of the agr locus
enhanced FnBP-dependent biofilm development, whereas a sar4 mutation, which increases protease produc-
tion, blocked FnBP-mediated biofilm development. Mutation of sigB in MRSA isolate BH1CC lowered primary
attachment rates, in part via reduced atl transcription. Posttranslational activation or inhibition of Atl activity
with phenylmethylsulfonyl fluoride and polyanethole sodium sulfonate or mutation of the Atl amidase active
site interfered with lytic activity and biofilm development. Consistent with these observations, extracellular
DNA was important for the early stages of Atl/FnBP-dependent biofilm development. Further analysis of atl
regulation revealed that afIR encodes a transcriptional repressor of the major autolysin and that an afIR::Tc"
mutation in BHICC enhanced biofilm-forming capacity. These data reveal an essential role for the major

autolysin in the early events of the FnBP-dependent S. aureus biofilm phenotype.

Staphylococcus aureus and S. epidermidis are among the most
common hospital pathogens associated with a wide variety of
infections, including those involving indwelling medical de-
vices. Intensive care unit patients are particularly at risk of
acquiring device-related infections, which involve biofilms.
Such infections are particularly problematic because cells in
the biofilm are significantly more resistant to host defenses and
antimicrobial agents, resulting in significant morbidity and
mortality. Differences in the biofilm mechanisms of S. epider-
midis and S. aureus have been recognized (45). Production of
the icaADBC-encoded polysaccharide intercellular adhesin
(PIA) or polymeric N-acetylglucosamine (PNAG) is now a
well-defined mechanism of biofilm development in both spe-
cies. Carriage of the ica locus is strongly associated with bio-
film-forming capacity in S. epidermidis isolates implicated in
device-related infections compared to commensal strains (72).
In contrast, the correlation between ica carriage and biofilm-
forming capacity in S. aureus is more ambiguous, even though
this locus is maintained, expressed, and regulated in almost all
S. aureus isolates (48). Thus, the role of ica in S. aureus biofilm
development is complex, particularly given that icaADBC-in-
dependent biofilm development has been described in this
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organism (4, 17, 47, 48) (and, more recently, in S. epidermidis
[27)).

Predictably, icaADBC-independent biofilm development
mechanisms involve cell surface components such as teichoic
acids (58) and microbial surface components recognizing ad-
hesive matrix molecules (18). Twenty-eight surface proteins
have been identified in S. aureus (20), of which 21 are predicted
to contain LPXTG motifs anchored to the cell wall by the
srtA-encoded sortase (42). Deletion of srtA4 interferes with the
normal display of LPXTG surface proteins and results in se-
vere virulence defects (42). The LPXTG-containing surface
proteins Bap (34), Aap/SasG (16, 57), SasC (60), and protein A
(43) are known mediators of biofilm development.

We recently identified a new S. aureus biofilm phenotype
mediated by the LPXTG-anchored fibronectin (Fn)-binding
proteins (FnBPs) FnBPA and FnBPB (17, 46, 47). Using a
collection of clinical isolates from Beaumont Hospital, Dublin,
Ireland, our studies revealed that biofilm development in meth-
icillin-resistant S. aureus (MRSA) strains was FnBP dependent
and ica independent and was triggered by mild acid stress in
medium supplemented with glucose (47, 48). Importantly, de-
letion of both fnb genes had no effect on primary attachment,
suggesting that they are involved in biofilm accumulation or
maturation (47). In contrast, PIA production played a more
important role in methicillin-susceptible S. aureus (MSSA) bio-
film development and was triggered by osmotic stress in me-
dium supplemented with NaCl (47, 48). Mutations in fnbAB
had no effect on biofilm production by MSSA strains express-
ing a PIA-dependent biofilm phenotype (47). A role for the
FnBPs in citrate-induced S. aureus biofilm production was also
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reported in the laboratory strain RN6390 (61). More recently,
by systematically mutating LPXTG protein genes, Vergara-
Irigaray et al. (66) identified an MRSA isolate, designated 132,
capable of switching between PIA- and FnBP-dependent bio-
film production. Spontaneous or induced mutations in the agr
global regulatory locus, which repress expression of the FnBPs,
promoted biofilm production by strain 132 (66). Similarly, mu-
tation of LexA, a repressor of fubB expression (6), also in-
creased FnBP-mediated biofilm production (66). Importantly,
using a mouse foreign body infection model, an isogenic fnbAB
mutant was significantly less able to colonize a subcutaneous
implanted catheter than the wild type or icaADBC mutant
strains (66), suggesting that the FnBP-dependent biofilm phe-
notype may be an important virulence determinant.

To begin to investigate the early events in the FnBP-depen-
dent biofilm phenotype, we turned our attention to the major
autolysin, which has previously been implicated in primary
attachment to surfaces in S. epidermidis (25) and S. aureus (7).
Atl is a wall-anchored 1,256-amino-acid bifunctional pepti-
doglycan hydrolase that plays an important role in daughter
cell separation following cell division. Atl proprotein contains
amidase (Ami) and glucosaminidase (GL) domains separated
by three direct repeats, R;, R,, and R;. Proteolytic cleavage of
pro-Atl via an uncharacterized mechanism generates a 62-kDa
amidase with C-terminal R, and R; repeats (Ami-R, ,) and
a 51-kDa glucosaminidase with an N-terminal R; repeat
(R5-GL) (25, 49, 62). The structure of the S. epidermidis
Ami zinc-dependent metalloenzyme was recently solved, and
amino acids involved in coordinating the zinc ion and catalytic
activity were identified (73). The repeat domains of Atl target
the Ami-R, , and R;-GL enzymes to the septal region of the
cell surface, thus localizing peptidoglycan hydrolysis to the site
of cell separation (2, 71). Schlag et al. (59) recently elucidated
the mechanism underpinning localized peptidoglycan hydroly-
sis. Their study revealed that wall teichoic acid (WTA) pre-
vents Atl binding to the cell wall and that Ami-R, , binding at
the cross-wall region was increased, presumably due to a lower
WTA concentration (59). This mechanism explains why the
Atl-derived peptidoglycan hydrolases are primarily active at
the site of cell separation and why rates of autolysis are higher
in WTA mutants (22, 32, 38, 65). The repeat domains of Atl
have also been shown to bind various host extracellular matrix
proteins, including vitronectin and fibronectin (1, 24-26).

In this study, we constructed a#/ deletion mutants in clinical
isolates of MRSA and MSSA and characterized the role of
the global regulators SarA, Agr, and SigB in Atl-dependent,
FnBP-mediated biofilm production on hydrophilic polystyrene.
The relationship between autolytic activity, extracellular DNA
(eDNA) release, and biofilm production was examined.
Transcriptional regulation of at/ by AtIR was examined and
correlated with the biofilm phenotype. Our findings reveal
an essential role for Atl in ica-independent S. aureus biofilm
production.

MATERIALS AND METHODS

S. aureus strains. The S. aureus strains and plasmids used this study are
described in Table 1. Clinical S. aureus isolates from Beaumont Hospital, Dublin,
have been described previously (47, 48). A previously characterized genetically
and geographically diverse collection of 88 MRSA and 55 MSSA isolates (54, 55)
was kindly provided by D. A. Robinson.
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Media and growth conditions. Escherichia coli strains were grown at 37°C on
LB medium supplemented, when required, with ampicillin (Ap; 100 pg/ml),
kanamycin (50 pg/ml), or chloramphenicol (Cm; 30 pg/ml). Overnight Express
medium (Novagen) was used for purification of protein from E. coli. S. aureus
strains were grown at 30°C or 37°C on brain heart infusion (BHI; Oxoid) medium
supplemented, when required, with chloramphenicol (10 to 20 pg/ml), erythro-
mycin, and tetracycline (Tc; 2.5 wg/ml). BHI broth was supplemented where
indicated with 1% glucose or 4% NaCl. BHI and BHI glucose media were also
supplemented, where indicated, with phenylmethylsulfonyl fluoride (PMSF; 3
rM; Sigma) or polyanethole sodium sulfanate (PAS; 500 pg/ml; Sigma).

Genetic techniques. Genomic DNA and plasmid DNA were prepared using
Wizard genomic DNA and plasmid purification kits (Promega). Prior to DNA
extraction, cells were pretreated with 5 to 10 wl of a 1-mg/ml solution of lyso-
staphin (Ambi Products, Lawrence, NY) in 100 pl 50 mM EDTA to facilitate
subsequent lysis. Restriction and DNA-modifying enzymes (Roche and NEB)
were used according to the manufacturers’ instructions. All oligonucleotide
primers used for PCR, reverse transcription-PCR (RT-PCR), and DNA se-
quencing were supplied by MWG Biotech, Germany (Table 2).

Construction of Aatl::Cm" mutants. The Aarl/::Cm" allele from strain JT1392
was transduced into clinical isolates using phage 80« as described previously (48).
Candidate mutants were confirmed by PCR analysis using the SAatlIFOR and
SAatIREV primers (data not shown). The Aat/::Cm" mutants were comple-
mented using the multicopy Staphylococcus-E. coli shuttle vector pLIS0 (36), in
which the Cm" gene was replaced with the tet4 (Tc") gene from pT181, which had
first been cloned on a 2,352-bp HindlII fragment into pBluescript to generate
pBlue-tet. The atl gene was amplified from MRSA isolate BHICC on a 4,312-bp
PCR product using primers SAatlcompl_for and SAatlcompl_rev and cloned
into pCR-Blunt II-TOPO to generate pat/TOPO, before being subcloned on an
EcoRI fragment into pLI50-tet to create pat! (Table 1).

Construction of an atlR::Tc" mutation. A 4,418-bp fragment containing the
atlR gene from strain 8325-4 was amplified by PCR with Phusion high-fidelity
DNA polymerase (NEB) using primers SAatll and SAatl2 (Table 2) and cloned
into pCR-Blunt II-TOPO to create pSAat/R1. To facilitate this, an EcoRV site
was first removed from pSAatiR1 by digestion with PstI and Xhol, treatment with
T4 polymerase, and religation to generate pSAat/R2. The Tc" gene from pBlue-
tet was subcloned on a 2,236-bp Swal-Smal fragment into the now unique EcoRV
site in the atIR gene of pSAatlIR2 to create pSAatlR3. An 8,686-bp BamHI-Smal
fragment containing the at/[R::'Tc" allele from pSAat/R3 was then ligated into
pBT2 digested with BamHI-Smal to create pSAat/R4. Allele replacement of
temperature-sensitive pSAarlR4 in RN4220 was achieved following repeated
growth (three subcultures) at 42°C for 24 h without antibiotic selection and then
selection of Tc' colonies on BHI agar plates. Tc" colonies were then screened for
sensitivity to Cm to confirm plasmid loss, and PCR was used to verify the
presence of the at/R::Tc" allele on the chromosome. Bacteriophage 80« was used
to transduce the mutation into other S. aureus strains and clinical isolates.

Construction of AmiE H265A mutation. The histidine at amino acid 265 in the
AmiE domain of Atl was recently shown to be essential for the catalytic activity
of the S. epidermidis enzyme (73). H265 was mutated to alanine using Phusion
polymerase and primers SaH265_5" and SaH265A_3' (Table 2), which were
essentially the same as those described by Zoll et al. (73) but adapted for the S.
aureus atl gene sequence. Plasmid pat/TOPO was used as the template. Success-
ful mutagenesis of the DNA sequence encoding the H265 residue was associated
with the loss of a BspHI restriction site, and candidate plasmids harboring the
mutation were digested with this enzyme before being confirmed by sequencing.
The at/H265A allele was subsequently subcloned from pat/TOPO into pLIS0-tet
on an EcoRI fragment, before being electroporated into RN4220 and ultimately
into the BHI1CC Aat/::Cm" mutant.

Biofilm assays. Semiquantitative determinations of biofilm formation under
static conditions using Nunclon tissue-culture-treated, hydrophilic 96-well poly-
styrene plates (Nunc, Denmark) or untreated, hydrophobic 96-well polystyrene
plates (Sarstedt, Germany) were performed on the basis of the method of
Christensen et al. (15), as described previously (47, 48). Where indicated, hy-
drophobic 96-well plates were precoated with various concentrations of human
fibronectin (Sigma) for 24 h at 4°C before biofilm assays were performed.

Bacterial adherence to hydrocarbon assay. Cultures were grown with shaking
in BHI medium at 37°C to an A4y, of 1.0 before they were washed twice in
Dulbecco’s phosphate-buffered saline (PBS; Oxoid) and resuspended in 4.8 ml
1X PBS (4490 = 0.5). Two hundred microliters of p-xylene (Sigma) was added to
the cell suspension, and the mixture was vortexed vigorously for 1 min. After 20
min (to allow phase separation), the percentage of cells (determined spectro-
photometrically at A4,) retained in the lower, aqueous phase was measured.
Each experiment was repeated three times.
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TABLE 1. Strains

pPMAL-c2x

Strain or plasmid Relevant details” Reference
or source
Strains
S. aureus
8325-4 8325 derivative cured of prophages, 11-bp deletion in rsbU 28
RN4220 Restriction-deficient derivative of 8325-4 33
ICAl AicaABDC::Tc", isogenic 8325-4 mutant 17
DUS5883 fnbA:Tc" fnbB::Em', isogenic 8324-5 mutant 21
PC6911 agr::'Tc', isogenic 8325-4 mutant 44
PC400 sigB::Tc", isogenic 8325-4 mutant 12
UAMS-240 sarA::Tc", isogenic RN6390 mutant 8
WA400 ARNAIII::cat86, isogenic 8325-4 mutant 5,29
JT1392 Aatl::Cm', isogenic RN4220 mutant 63
ATLRI1 atIR::Tc", isogenic RN4220 mutant This study
DAR34 MRSA, SCCmec type II, MLST type 8, clonal complex 8 55
DAR35 MRSA, SCCmec type II, MLST type 8, clonal complex 8 55
DARG69 MRSA, SCCmec type II, MLST type 239, clonal complex 239 55
DART75 MSSA, MLST type 5, clonal complex 5 55
DARS7 MSSA, MLST type 11, clonal complex 5 55
DAR107 MSSA, MLST type 8, clonal complex 8 55
DARI119 MRSA, SCCmec type IV, MLST type 8, clonal complex 8 55
DARI124 MRSA, SCCmec type III, MLST type 239, clonal complex 239 55
DARI174 MSSA, MLST type 8, clonal complex 8 55
DAR177 MSSA, MLST type 5, clonal complex 5 55
DAR203 MRSA, SCCmec type III, MLST type 239, clonal complex 239 55
BH2 MRSA, SCCmec type IV, clonal complex 22 48
BH3 MRSA, SCCmec type II, MLST type 8, clonal complex 8 48
BH4 MRSA, SCCmec type II, MLST type 8, clonal complex 8 48
BHS5 MRSA, SCCmec type 1V, clonal complex 22 48
BH10 MRSA, SCCmec type IV, MLST type 22, clonal complex 22 48
BHI1CC MRSA, SCCmec type II, MLST type 8, clonal complex 8 48
BH40 MSSA, MLST type 1099, clonal complex 5 48
BH48 MSSA, MLST type 8, clonal complex 8 48
BH49 MSSA, MLST type 6, clonal complex 6 48
BHS51 MSSA, MLST type 5, clonal complex 5 48
E. coli
TOPO recAl endAl lac [F' proAB lacl? Tnl0 (Tet")] Invitrogen
Rosetta F~ ompT hsdSg(rg~ mg~) gal dem N(DE3 [lacl lacUV5-T7 gene 1 indl sam7 nin5]) Invitrogen
pLysSRARE (Cm")
Plasmids
pT181 4.45-kb S. aureus plasmid containing tetA(K) 31
pCR-Blunt II-Topo PCR cloning vector, Km" Zeo" Invitrogen
pBT2 Temperature-sensitive E. coli-Staphylococcus shuttle vector; Ap* (E. coli), Cm" 10
(Staphylococcus)
pBlue-tet pBluescript containing the zez4 gene from pT181 on a 2,352-bp HindIII fragment. This study
pLIS0 E. coli-Staphylococcus shuttle vector; Ap" (E. coli), Cm" (Staphylococcus) 36
pSAatlR1 4,418-bp PCR product containing the a#/R gene amplified from 8325-4 using primers This study
SAatll and SAatl2 and cloned into plasmid pCR-Blunt II-TOPO
pSAatIR2 Deletion of 44-bp fragment containing an EcoRYV site from pSAatIR2 by PstI-Xhol This study
digestion, followed by T4 polymerase treatment and ligation
pSAatlR3 2,236-bp Swal-Smal fragment containing the tet4 gene from pBlue-tet cloned into This study
EcoRV site located in the atlR gene of pSAat/R2
pSAatlR4 8,686-bp BamHI-Smal fragment containing a#/R::Tc" allele from pSAaz/R3 cloned This study
into pBT2 digested with BamHI-Smal
patlRTOPO 967-bp PCR product containing the at/R gene amplified from 8325-4 using primers This study
atlR-Cmp_for and atlR-Cmp_rev cloned into pCR-Blunt II-TOPO
patlR 985-bp EcoRI fragment containing the af/R gene from pat/RTOPO cloned into the This study
EcoRI site of pLI50
patiTOPO 4,312-bp PCR product containing the a#/ gene amplified from BH1CC using primers This study
SAatlcompl_for and SAatlcompl_rev cloned into pCR-Blunt II-TOPO
pLIS0-tet 2,413-bp Xbal-HindIII fragment containing the tet4 gene from pBlue-tet cloned into This study
Xbal-HindIII-digested pLI50
patl 4,330-bp EcoRI fragment containing the at/ gene from pat/TOPO cloned into the This study
EcoRI site of pLISO-tet
patlH265A patl with an Ami H265A mutation This study
pTATLR1 420-bp PCR product containing the at/R gene amplified from 8325-4 using primers This study
SA_AtIR1 and SA_AtIR2 cloned into pCR-Blunt II-TOPO
pMAL-c2X Maltose-binding protein fusion vector NEB
pMATLRI1 EcoRI fragment from pTATLRI cloned into the EcoRI site downstream of malE in This study

“ SCCmec, staphylococcal cassette chromosome mec; MLST, multilocus sequence typing.
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TABLE 2. Oligonucleotides

Target Primer name Primer sequence (5'-3")
atl atll AAATTGCTCTTGCGTTGTCA
atl2 CAGTTGCCACTGCTCGAATA
atlR atIR-Cmp_for GCGTGATCAAAAACCATAACG
atIR-Cmp_rev TGTGTGCACAACGACACTAAA
icaA SAicaEON1 TACCTTGCCTAACCCGTAC
SAicaEON2 GTTGGCTCAATGGGGTCTAA
fnbA FnBPAfwd CGCGGATCCGGTACAGATGTAAC
AAGTAAAG
FnBPArev GACGCGTCGACTTAATTCGGACC
ATTTTTCTCATT
spa SAspal TAATTGGTGCAACTGGGACA
SAspa2 CACATTCAAAGCCCCACTTT
atl SAatlcompl_for GGGGGACTTTTGATCCT
SAatlcomp2_rev CAGTTGCCACTGCTCGAATA
atlR SAatll GCTGGAACATTGGCAAAAAT
SAatl2 AAGCTGGTGCAGTTTCTGGT
sarA SAsarAl GCGTTGATTTGGGTAGTATGC
SAsarA2 TCACCAAATTGCGCTAAACA
agr SAagrl GGGGCTCACGACCATACTTA
SAagr2 CGGGGTAGGAAATTGTAGCA
atlR atIR_for GTGAATAGAAGATTTGGACAACG
atIR_rev TGTACGTGCTTGATCAGTCAAA
atl SAatlIFOR AAGCAGCTGAGACGACACAA
SAatIREV TTGCTGTTTTTGGTTGGACA
atl promoter SAatlProm1 CACGACAATAGCAAACACATAAT
TTAG
SAatlProm2 GCAACATGAACATAGGATCAAAA
GTCA
atlR SA_AtIR1 ATGTATAAACAACTTGAAAAACT
TATTACA
SA_AtIR2 TTACAACGATATGCGTCGTTGATT
TAACTT
atl SaH265A_5' GAAGGTATCGTAGTTGCTGATAC
AGCTAATGATC?
SaH265A_3’ GATCATTAGCTGTATCAGCAACT
ACGATACCTTC®

¢ Underlining indicates nucleotide changes to generate an H265A amino acid
substitution in active sites of the Atl amidase enzyme.

Primary attachment assays. Primary attachment assays were performed on the
basis of the method of Lim et al. (37). Overnight cultures grown at 37°C in BHI
glucose medium were diluted in the same medium to approximately 300 CFU/
100 pl. One hundred microliters of the adjusted suspension was spread on
Nunclon tissue-culture-treated, hydrophilic polystyrene petri dishes (Nunc). Af-
ter incubation at 37°C for 30 min, the petri dishes were gently rinsed three times
with 5 ml of sterile PBS (pH 7.5) and covered with 15 ml of molten 0.8% BHI
agar cooled to 48°C. Where indicated, cells were pretreated with 1 mg/ml DNase
I for 2 h at 37°C and resuspended in BHI glucose medium before the primary
attachment assay was performed. Primary attachment was expressed as a per-
centage of the numbers of CFU remaining on the petri dishes after the cultures
were washed compared to the initial numbers of CFU. Each experiment was
repeated three times.

RNA purification and analysis. Bacterial cells were collected and immediately
stored at —20°C in RNAlater (Ambion) to ensure maintenance of RNA integrity
prior to purification. Total RNA was subsequently isolated using a GenElute
total RNA purification kit (Sigma), according to the manufacturer’s instructions,
after it was washed in 500 pl of 50 mM EDTA and a 5- to 10-min pretreatment
of the cells with 5 to 10 pl of a 1-mg/ml solution of lysostaphin in 100 pl 50 mM
EDTA. Purified RNA was eluted and stored in RNAsecure resuspension solution
(Ambion), and the integrity of the RNA was confirmed by agarose gel electro-
phoresis. Residual DNA present in RNA preparations following purification was
removed using DNA-free DNase treatment and removal reagents (Ambion). The
concentration of RNA was determined using a NanoDrop spectrophotometer.
Real time RT-PCR was performed on a LightCycler instrument using a SYBR
green I RNA amplification kit (Roche), following the manufacturer’s recom-
mended protocol. For RT-PCRs, reverse transcription was performed at 61°C for
20 min, followed by a denaturation step at 95°C for 30 s and 35 amplification
cycles of 95°C for 2 s, 50°C for 5 s, and 72°C for 8 s. Melting curve analysis was
performed at 45°C to 95°C (temperature transition, 0.1°C per s) with stepwise
fluorescence detection (42, 44). For LightCycler RT-PCR, RelQuant software
(Roche) was used to measure the relative expression of target genes. The gyrB
gene was used as the internal standard in all RT-PCR experiments. RT-PCR
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experiments were performed at least three times, and average data with standard
deviations are presented.

Measurement of autolytic and bacteriolytic activity. Triton X-100 (TRX-100)-
induced autolysis assays were performed essentially as described by Mani et al.
(39). Overnight cultures of S. aureus were subcultured in BHI medium and
incubated at 37°C with shaking (200 rpm) to an Agy, of 1.0. Cells were then
pelleted and washed twice with ice-cold PBS and subsequently resuspended in
PBS containing 0.02% Triton X-100. The suspensions were then incubated with
shaking (200 rpm) at 37°C. A readings were taken at 0 min, at 10 min, and then
at 30-min intervals. Triton X-100-induced autolysis was measured and is indi-
cated as a percentage of the initial Ay (Ag00:)-

Bacteriolytic activity in supernatants from growing cultures was assayed by
measuring the rate of change in turbidity of the substrate (heat-killed RN4220
cells) as described previously (19). Nine milliliters of filter-sterilized culture
supernatant was mixed with 1 ml heat-killed RN4220 cells suspended in PBS to
an initial A4y, of 0.5. The cell-supernatant mixture was then incubated at 30°C
with shaking (200 rpm) for 4 h, and the rate of change in turbidity was measured
at 30-min intervals. Bacteriolytic activity is expressed as percent lysis at time ¢,
where lysis at time # is equal to [Ag00; — Agoo at time #)/A400;]. Each experiment
was repeated three times.

Construction of maltose-binding protein (MBP)-AtIR expression vector and
purification of recombinant AtIR protein. The at/R gene was amplified by PCR
with Phusion high-fidelity DNA polymerase using primers SA_AtIR1 and
SA_AtIR2 and ligated into plasmid pCR-Blunt II-TOPO to create pTATLRI.
pTATLR1 was digested with EcoRI, and the af/R gene was subcloned into the
EcoRI site downstream of the malE gene in pMal-c2x vector (NEB) to generate
PMATLRI. pMATLRI1 was transformed into E. coli strain Rosetta/pLysS-
RARE, and overnight cultures were grown in Overnight Express medium (No-
vagen) containing Ap at 50 pg/ml and Cm at 30 wg/ml. Cells were resuspended
in 5 ml column buffer (20 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM EDTA,
1 mM dithiothreitol [DTT]) and sonicated on ice for 2 min (15-s bursts with 30-s
intervals). Following refrigerated centrifugation at 14,000 rpm for 30 min, the
soluble fraction was added to 50 ml column buffer and passed through an
amylose resin column (NEB) at a flow rate of 1 ml/min. The column was washed
and eluted with column buffer containing 10 mM maltose. Purified fractions were
collected in 500-pl aliquots and analyzed on a 10% SDS-polyacrylamide gel. The
concentration of purified protein was measured using a NanoDrop spectropho-
tometer, and the recombinant protein was stored at —80°C in 50-pl aliquots.

Electrophoretic mobility shift assay. The at/ promoter was amplified by PCR
using Phusion high-fidelity DNA polymerase (NEB) and the biotinylated primers
SAatlProm1 and SAatlProm2. The product was purified first from a 2% agarose
gel and then from a nondenaturing 5% acrylamide gel. The DNA concentration
of the free probe was determined using a NanoDrop spectrophotometer.
Twenty-five nanograms of biotinylated probe was added to recombinant
MBP-AtIR protein in a 20-pl binding reaction mixture containing 0.2 g poly(dI-
dC), 5% glycerol, 5 mM MgCl,, 10 mM Tris, 50 mM KCI, and 1 mM DTT at pH
7.5). The reaction mixture was incubated at room temperature for 20 min, loaded
onto a 5% nondenaturing polyacrylamide gel, and electrophoresed at 100 V for
65 min. DNA was transferred onto a Biodyne-B nylon membrane (Pall) at 4°C in
prechilled 0.5% TBE (Tris-borate-EDTA) buffer at 80 V for 60 min using an
electroblotting apparatus (Bio-Rad) and cross-linked to the membrane under
UV light for 10 min. The biotinylated probes were detected using a LightShift
chemiluminescent electrophoretic mobility shift assay (EMSA) kit (Pierce
Chemicals, Rockford, IL) and a FluorChem FC2 imaging system (Alpha Inno-
tech).

Statistical analysis. Two-tailed, two-sample equal-variance Student’s ¢ tests
(Microsoft Excel 2007 software) were used to determine statistically significant
differences in primary attachment, biofilm-forming capacity, and lytic activity.

RESULTS

Role of the major autolysin in biofilm phenotype of MRSA
isolate BHICC. We recently reported a new role for the
fibronectin-binding proteins FnBPA and FnBPB in S. aureus
biofilm production (47). FnBP-dependent biofilm develop-
ment is triggered by mild acid stress in BHI glucose medium,
and our findings implicated the FnBPs in biofilm accumulation
and not primary attachment to surfaces (47). To investigate the
early events in FnBP-dependent biofilm production, we inves-
tigated the role of the major autolysin, Atl, in the MRSA
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FIG. 1. Phenotypic impact of Aatl/::Cm" mutation in MRSA isolate
BHICC. (A) Triton X-100-induced autolysis of BH1CC/pLI50-tet,
BHI1CC Aatl::Cm"”/pLI50-tet, and BHICC Aatl::Cm"/patl. Three inde-
pendent experiments were performed, and results of a representative
experiment are shown. (B) Biofilm phenotypes of BHICC, BH1CC
fnbAB::Tc', BHICC Aatl::Cm’, BHICC fnbAB::Tc' Aatl::Cm", and
BHI1CC Aatl::Cm'/patl grown for 24 h at 37°C in BHI glucose medium
in hydrophilic 96-well polystyrene plates. Assays were repeated three
times, and standard deviations are indicated. (C) Primary attachment
phenotypes on hydrophilic, polystyrene petri dishes for BH1CC,
BHICC fnbAB::Tc", BHICC Aatl::Cm", BHICC fnbAB::Tc" Aatl::Cm’,
and BH1CC Aatl::Cm"/patl grown to stationary phase in BHI glucose
medium. Primary attachment is expressed as the percentage of the
numbers of CFU attached to the petri dish after it was washed. Ex-
periments were repeated three times, and standard deviations are
indicated. *, P < 0.001.

clinical isolate BHICC, which produces an FnBP-dependent
biofilm. Atl has previously been implicated in primary attach-
ment of S. epidermidis (25) and S. aureus (7) to surfaces. A
Aatl::Cm" deletion mutation (63) was transduced from labora-
tory strain RN4220 into BH1CC and its isogenic fnbAB::Tc"
double mutant using phage 80a. The BHICC a#/ null mutant
formed large macroscopic cell aggregates in broth cultures
(data not shown); was more hydrophilic (P < 0.01), as deter-
mined by a bacterial adherence to hydrocarbon assay (data not
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shown); and exhibited significantly reduced (P < 0.0001) TRX-
100-induced autolytic activity (Fig. 1A).

Deletion of atl in isolate BH1CC significantly impaired
(P < 0.0001) biofilm formation on hydrophilic, tissue-cul-
ture-treated polystyrene in BHI glucose medium (Fig. 1B).
Furthermore, the Aatl::Cm" mutation resulted in a further,
significant (P < 0.001) reduction in biofilm production in
the BH1CC fnbAB::Tc" double mutant (Fig. 1B). The at/
null mutant biofilm defect correlated with significantly de-
creased (P < 0.0001) levels of primary attachment to hydro-
philic polystyrene (Fig. 1C). Introduction of pat#/ into
BHI1CC Aatl::Cm" partially complemented TRX-100-in-
duced autolysis over a 4-hour time period (Fig. 1A) and
almost fully complemented autolytic activity over a 24-hour
time period (data not shown). In addition, pat/ fully com-
plemented both biofilm-forming capacity (P < 0.001) (Fig.
1B) and primary attachment (Fig. 1C) in the BHI1CC
Aatl::Cm" mutant. These data reveal that biofilm develop-
ment is significantly reduced but not abolished in the fnbAB
mutant, whereas impaired primary attachment in the at/
mutant completely abolishes biofilm formation in BH1CC.

Role of atl in biofilm phenotype of MRSA and MSSA clinical
isolates. To further evaluate the role of Atl in the S. aureus
biofilm phenotype, phage 80a transduction was used to trans-
duce the Aarl::Cm" allele into a range of MRSA and MSSA
strains. PCR was used to verify a#/ null mutants. Using previ-
ously characterized clinical and laboratory strains (47, 48),
three MRSA strains which form fnbAB-dependent, icaADBC-
independent biofilms and four MSSA strains which produce
icaADBC-dependent, FnBP-independent biofilms were ini-
tially examined. The a#l deletion significantly reduced (P <
0.0001) FnBP-dependent biofilm development on hydrophilic
polystyrene in all three MRSA isolates grown in BHI glucose
medium (Fig. 2A). None of these isolates make a significant
biofilm in BHI or BHI NaCl medium (data not shown). In
contrast, the atl deletion had no impact on NaCl-induced,
PIA-dependent biofilm production in the four MSSA isolates
tested (P > 0.05) (Fig. 2B). Mutation of a#l abolished glucose-
induced biofilm production in an additional eight MRSA clin-
ical isolates (Fig. 2C) but had no significant effect on NaCl-
induced biofilm development in five MSSA clinical isolates
(Fig. 2D).

The absence of a role for Atl in PIA-mediated biofilm
formation on hydrophilic polystyrene prompted us to exam-
ine biofilm production on hydrophobic polystyrene. Inter-
estingly, biofilm production by strain 8325-4 on hydrophobic
polystyrene was induced in BHI glucose medium (P <
0.0001) but not in BHI NaCl medium (Fig. 3A). Further-
more, glucose-induced biofilm production by 8325-4 on hy-
drophobic polystyrene was impaired by the Aafl::Cm" and
AicaADBC::Tc" mutations (P < 0.0001) (Fig. 3A). In contrast,
the biofilm phenotypes of BHICC, BHICC Aa#/::Cm’, and
BHI1CC AicaADBC::Tc" observed on hydrophobic polystyrene
(Fig. 3A) were similar to those observed on hydrophilic poly-
styrene. These data reveal an essential role for Atl in PIA-
mediated biofilm production on hydrophobic polystyrene but
indicate that the major autolysin is dispensable for PIA-medi-
ated biofilm production on hydrophilic polystyrene. In con-
trast, Atl was required for FnBP-promoted biofilm production
on both hydrophilic and hydrophobic polystyrene.
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FIG. 2. Contribution of the atl, fnbAB, and icaADBC loci to
biofilm regulation in clinical isolates of S. aureus. (A) Biofilm phe-
notypes of MRSA isolates BH3, BH4, and BH10 and their isogenic
AicaADBC::Tc", fubAB::Tc', Aatl::Cm’", and fnbAB::Tc" Aatl::Cm" mu-
tants grown for 24 h at 37°C in BHI glucose medium in hydrophilic
96-well polystyrene plates. WT, wild type. (B) Biofilm phenotypes of
MSSA isolates BH48, BH49, BH51, and 8325-4 and their isogenic
AicaADBC::Tc', fnbAB::Tc", and Aatl::Cm" mutants grown for 24 h at
37°C in BHI NaCl medium in hydrophilic 96-well polystyrene plates.
(C) Biofilm phenotypes of MRSA isolates DAR34, DAR35, DARG69,
DAR119, DAR124, DAR203, BH2, and BHS and their isogenic
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FIG. 3. (A) Biofilm phenotypes of strains 8325-4, 8325-4 Aat/::Cm",
8325-4 AicaADBC::Tc, BHICC, BHICC Aatl::Cm’, and BHICC
AicaADBC::Tc" grown for 24 h at 37°C in BHI, BHI NaCl, and BHI
glucose media in hydrophobic 96-well polystyrene plates. (B) Biofilm
phenotypes of strains BHICC, BHICC Aa#/::Cm', and BHICC
AfnbAB::Tc" grown for 24 h at 37°C in BHI glucose medium in 96-well
polystyrene plates coated with increasing concentrations of human
fibronectin. Biofilm assays were repeated at least three times, and
standard deviations are indicated.

To assess the physiological relevance of our findings, we
investigated the role of Atl and the FnBPs in biofilm produc-
tion on polystyrene plates coated with increasing concentra-
tions of human Fn. Biofilm production by isolate BHICC was
not significantly different on surfaces coated with different con-
centrations of Fn (Fig. 3B). Similarly, the BHICC fnbAB::Tc*
mutant remained biofilm negative on Fn-coated polystyrene
(Fig. 3B). However, on surfaces coated with Fn concentrations
of =2.5 pg/ml, BHICC Aatl::Cm" produced significantly more
biofilm than it did on uncoated polystyrene (P < 0.0001) (Fig.
3B). Nevertheless, biofilm production by BHICC Aatl::Cm*
remained significantly less than that by the wild type even on
Fn-coated polystyrene (P < 0.0001) (Fig. 3B). Thus, these data
indicate that the role of Atl in primary attachment and early
biofilm formation on naked polystyrene can be partially

Aatl::Cm" mutants grown for 24 h at 37°C in BHI glucose medium in
hydrophilic 96-well polystyrene plates. (D) Biofilm phenotypes of
MSSA isolates DAR75, DARS87, DAR107, DAR174, and DAR177
and their isogenic Aat/::Cm" mutants grown for 24 h at 37°C in BHI
NaCl medium in hydrophilic 96-well polystyrene plates. Biofilm assays
were repeated at least three times, and standard deviations are indi-
cated.



VoL. 79, 2011

N
o

Biofilm Asg

0.5 1

N

o

OBHI
& 24 @ BHINaCl
<E’ m BHIglucose
£
=
Q
m
BH1CC sigB:Te"  sigB:Tc" BH1CC
psigB psigB
100
——
(=
O 80 1
£
S 60
£ 40
<<
20
R
0 -+
BH1CC sigB::Te" sigB::Te"
pLI50 pLI50 psigB
5
o 11
7]
0.8 A
<
o 06 1
=
© 0.4 -
[}
202
<
O 0
o BH1CC sigB::Tc” sigB::Ter
pLI50 psigB
21 |
[aV)
1.5 1
<
£
=
.
Mos f
BH1CC  sigB:Tc"  sigB:Tc"  sigB:Tc'
ARNAIII patl
OBHI
8 BHINaCI
® BHIglucose

8325-4 8325-4 BH48
sigB:Te!

BH48 BH49 BH49 BHS51 BH51
sigB::Te! sigB:Te' sigB::Te!

Atl-PROMOTED BIOFILM FORMATION IN S. AUREUS 1159

overcome on Fn-coated surfaces, which presumably facili-
tates some FnBP-mediated attachment and biofilm accumula-
tion. In the absence of the FnBPs, it appears that no significant
attachment or biofilm accumulation is possible.

Regulation of Atl/FnBP-mediated biofilm phenotype. To fur-
ther investigate Atl/FnBP-mediated biofilm production, we ex-
amined the roles of the global regulators Agr, SarA, and SigB,
which are centrally involved in the control of virulence and
biofilm. Agr negatively regulates biofilm production by encod-
ing the surfactant-acting & toxin (67), repressing protein A
(43), and upregulating extracellular protease production (9).
SarA and SigB regulate the agr locus (8, 14, 35) and also
control biofilm production (3, 11, 35, 48, 64). A sigB::Tc" allele
(12) transduced into isolate BH1CC using phage 80« resulted
in a 6-fold reduction in biofilm production in BHI glucose
medium (P < 0.0001), which was complemented by the sigB
operon on plasmid pLI50 (psigB) (Fig. 4A). The sigB mutation
affected biofilm production at the level of primary attachment
(P < 0.0001) (Fig. 4B), and real-time PCR analysis using RNA
extracted from cultures grown at 37°C in BHI glucose medium
to an Agy, of 4 (pH 6) revealed an approximately 4-fold re-
duction in a#/ transcription in the sigB mutant compared to that
in BHICC (P < 0.0001) (Fig. 4C). Multicopy expression of at/
in the sigB mutant also increased biofilm production (P <
0.0001) (Fig. 4D). Because SigB represses RNAIII expression
and extracellular protease production (9), we examined the
impact of a sigB RNAIII double mutation on biofilm produc-
tion in BH1CC. Biofilm-forming capacity was restored in the
sigB RNAIII double mutant (Fig. 4D), suggesting that o® in-
fluences Atl-dependent biofilm production by increasing extra-
cellular protease production and at the level of primary attach-
ment via reduced at/ transcription.

The sigB::Tc" mutation also resulted in a 3.5-fold reduction
in glucose-induced biofilm production in MRSA isolates BH4
and BH10 (data not shown) (P < 0.0001). In contrast, the sigB
mutation had no significant effect on PIA-dependent biofilm
production by 8325-4 or MSSA clinical isolates BH48, BH49,
and BH51 (Fig. 4E). These data revealed a significant differ-

FIG. 4. Contribution of ¢® to S. aureus biofilm regulation. (A) Im-
pact of a sigB::Tc" mutation and carriage of multicopy psigB (sigB) on
biofilm development in MRSA isolate BH1CC grown for 24 h at 37°C
in BHI, BHI NaCl, and BHI glucose media in hydrophilic 96-well
polystyrene plates. (B) Primary attachment of BH1CC/pLI50, BHICC
sigB::Tc", and BH1CC sigB::Tc"/psigB cells grown in BHI glucose me-
dium to hydrophilic polystyrene petri dishes. Primary attachment is
expressed as the percentage of the numbers of CFU attached to the
petri dish after it was washed relative to the initial numbers of CFU.
Experiments were repeated three times, and standard deviations
are indicated. (C) Comparison of relative at/ transcription by real
time RT-PCR in BH1CC/pLI50, BHICC sigB::Tc", and BHICC
sigB::Tc"/psigB. Total RNA was extracted from cultures grown to an
Agoo of 4 (pH 6) at 37°C in BHI glucose medium. (D) Biofilm pheno-
types of BHICC, BH1CC sigB::Tc", BHICC sigB::Tc" ARNAIIIL:Cm’,
and BH1CC sigB::Tc"/patl grown for 24 h at 37°C in BHI glucose
medium in hydrophilic 96-well polystyrene plates. (E) Biofilm pheno-
types of MSSA isolates 8325-4, BH48, BH49, and BH51 and their
isogenic sigB::Tc" mutants grown for 24 h at 37°C in BHI, BHI NaCl,
and BHI glucose media in hydrophilic 96-well polystyrene plates. Bio-
film assays were repeated at least three times, and standard deviations
are indicated.
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standard deviations are indicated.

ence in the role of ¢® in regulating FnBP- and PIA-promoted
S. aureus biofilm development and are in keeping with o®
acting as a negative regulator of the agr locus (35), which pro-
motes extracellular protease production (9). Consistent with this,
introduction of an agr::Tc" mutation into isolate BH1CC resulted
in a significant 2-fold increase in early BH1CC biofilm produc-
tion after 6 h of growth (P < 0.001) (Fig. 5A). Similarly, a
BHI1CC atl agr double mutant also displayed significantly im-
paired biofilm-forming capacity (P < 0.0001) (Fig. 5A), indi-
cating that reduced protease production in the Agr mutant
cannot promote biofilm in the absence of Atl. Unlike o®, the
global regulator SarA is a positive regulator of the Agr locus
(13), but deletion of sar4 is also known to increase extracel-
lular protease production (3), suggesting that the role of sar4
in biofilm regulation is complex. Nevertheless, mutation of
sarA completely impaired early BH1CC biofilm production
(Fig. 5A). The mutations in a#/ and sarA4 also impaired biofilm
production after 24 h of growth (Fig. 5B), whereas the impact
of the agr mutation was not significant after this period of
growth (Fig. 5B).

Relationship between lytic activity and biofilm production
in BHICC. To further investigate the possible role of extracel-
lular proteases in isolate BH1CC bacteriolytic activity and bio-
film production, we used the serine protease inhibitor PMSF,
which has previously been shown to increase the release of
extracellular autolytic enzymes (19). Deletion of afl in BHICC
was accompanied by an approximately 9-fold decrease in ex-
tracellular bacteriolytic activity compared to that of BH1CC
(data not shown), suggesting that bacteriolytic activity was pre-
dominantly the result of Atl activity (Fig. 6A). Bacteriolytic
activity and biofilm production were similar (P > 0.05) in BHI
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FIG. 6. Relationship between autolytic activity and biofilm produc-
tion in isolate BHICC. (A) Bacteriolytic activity of culture superna-
tants from BHICC grown in BHI and BHI glucose media in the
absence and presence of 3 wM PMSF. Bacteriolytic activity was mon-
itored by measuring the decrease in turbidity of the supernatant mixed
with heat-killed cells, as described in the Materials and Methods.
(B) Biofilm production by BHICC grown in the absence and presence
of 3 uM PMSF in BHI and BHI glucose media at 37°C in hydrophilic
96-well polystyrene plates. (C) Triton X-100-induced autolysis of
BHICC in the absence and presence of 500 wg/ml PAS. BHICC
Aatl::Cm" was included as a control. The strains were grown to an A,
of 1.0 in BHI medium at 37°C, before being washed in PBS and
resuspended in 0.02% Triton X-100. The A4, was monitored, and
autolysis was expressed as a percentage of the initial A, The results
are representative of those from at least three independent experi-
ments. (D) Biofilm production by BHICC grown in the absence and
presence of 500 wg/ml PAS in BHI and BHI glucose media at 37°C in
hydrophilic 96-well polystyrene plates. Biofilm assays were repeated at
least three times, and standard deviations are indicated.
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medium culture supernatants with or without PMSF (Fig. 6A
and B). Consistent with the findings of a previous study (53),
bacteriolytic activity in BH1CC BHI glucose medium cultures
was 10-fold lower than that in BHI medium cultures (Fig. 6A).
However, addition of PMSF to BHI glucose medium restored
lytic activity to wild-type levels (Fig. 6A). Furthermore, the
restoration of bacteriolytic activity in BHI glucose medium
cultures by PMSF correlated with the complete inhibition of
BH1CC biofilm production (P < 0.0001) (Fig. 6B). These data
indicate that reduced bacteriolytic activity in BHI glucose me-
dium contributes to the BH1CC biofilm phenotype.

In contrast to PMSF, PAS inhibits lytic activity without af-
fecting viability (69, 70). Indeed, PAS inhibited Triton X-100-
induced autolytic activity in isolate BHICC significantly more
than mutation of afl (Fig. 6C). The BHICC biofilm-forming
capacity was also completely abolished by PAS in both BHI
medium and BHI glucose medium (P < 0.0001) (Fig. 6D).
Similarly, PAS completely inhibited Atl/FnBP-dependent bio-
film formation in 12 MRSA clinical isolates (DAR27, BH3,
BH4, DAR34, DAR35, DAR119, BH2, BHS, BH10, DARG9,
DAR124, and DAR203) (data not shown).

Impact of mutating the active site of the amidase enzyme on
Atl-dependent biofilm production. To more precisely investi-
gate the relationship between Atl lytic activity and biofilm
production, we used site-directed mutagenesis to mutate the
H265 residue to alanine in the active site of the Ami enzyme
from Atl. This histidine residue is involved in coordination of
the zinc ion required for Ami catalytic activity, and its mutation
to alanine has recently been shown to abolish Ami-mediated
lytic activity without affecting expression of the protein or
substrate binding (73). The plasmid carrying the H265A Atl
allele, patlH265A, was capable of only partially complementing
autolytic activity in the BHICC Aat/::Cm" mutant compared to
the capability of the wild-type at#l plasmid (P < 0.005) (Fig.
7A), a finding consistent with the loss of amidase but not
glucosaminidase activity encoded by the H265A Atl allele.
The pat/H265A plasmid also failed to complement primary
attachment (Fig. 7B) and biofilm production (Fig. 7C) in the
Aatl::Cm" mutant. Taken together, these data reveal that both
posttranslational activation of Atl activity with PMSF and in-
hibition of Atl activity with PAS or by amino acid substitution
interfered with Atl-promoted biofilm production. Apparently,
inhibition or excessive activation of Atl-mediated lytic activity
inhibits BH1CC biofilm production, suggesting that posttrans-
lational control of Atl activity is a crucial determinant of bio-
film production.

Role of extracellular DNA in BH1CC biofilm phenotype.
The importance of autolytic activity for Atl-dependent isolate
BHI1CC biofilm formation suggested that eDNA may play an
adhesive role in this phenotype. We have previously reported
that proteinase K significantly dispersed mature BH1CC bio-
films, whereas treatment with sodium metaperiodate had no
significant effect (47, 48). In contrast, PIA-mediated MSSA
biofilms were dispersed with periodate but not proteinase K
(47, 48). Pretreatment of stationary-phase BHICC cells with
DNase I reduced rates of primary attachment to levels similar
to those for the BHICC Aazl::Cm" mutant (Fig. 8A), revealing
an important role for eDNA in primary attachment. DNase I
added at time zero to BHI glucose medium cultures also sig-
nificantly decreased BHICC biofilm formation after 6 h (data
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FIG. 7. Impact of amidase active-site mutation on Atl-dependent
autolytic activity, primary attachment, and biofilm production. (A) Tri-
ton X-100-induced autolysis of strains BHICC, BHICC Aatl::Cm’,
BHICC Aartl::Cm'/patl, and BHICC Aatl::Cm"/pat/H254A. Three in-
dependent experiments were performed, and the results of a repre-
sentative experiment are shown. (B) Primary attachment of BHICC,
BHICC Aatl::Cm’, BHICC Aatl::Cm'/patl, and BHICC Aatl::Cm'/
patlH254A cells grown in BHI glucose medium to hydrophilic polysty-
rene. Primary attachment is expressed as the percent attachment after the
cultures were washed. Experiments were repeated three times, and stan-
dard deviations are indicated. (C) Biofilm formation by BHICC, BHICC
Aatl::Cm', BHICC Aatl::Cm'/patl, and BHICC Aatl::Cm'/patlH254A
grown for 24 h in BHI glucose medium in hydrophilic 96-well polystyrene
plates. The results are the averages of three independent experiments,
and standard deviations are indicated.

not shown) and 24 h of growth (P < 0.0001) but had no effect
on biofilm production by strain 8325-4, which produces a PIA-
dependent biofilm (Fig. 8B). DNase I also impaired biofilm
development by MRSA isolates from clonal complex 5 (CCS),
CC8, CC22, and sequence type 239 (ST239) (P < 0.0001) (data
not shown). In contrast, addition of DNase I had no effect on
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control. Primary attachment is expressed as the percent attachment
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0.5 mg/ml DNase 1. The results are representative of those from three
independent experiments, and standard deviations are indicated.
(C) Susceptibility of 24-h BH1CC biofilms to dispersal by DNase I (0.5

mg/ml).

mature BHI1CC biofilms grown in BHI glucose medium for
24 h (Fig. 8C). These data reveal a crucial role for eDNA in
primary attachment and the early stages of Atl-dependent,
FnBP-mediated MRSA biofilm formation (and are consistent
with the proposed role of the FnBPs in biofilm maturation).
Transcriptional regulation of afl-dependent biofilm produc-
tion. To further investigate the role of a#/ transcriptional reg-
ulation in the biofilm phenotype, we turned our attention
to the 417-bp gene downstream of a#l (Fig. 9A). This gene
(840904 in S. aureus N315) encodes a predicted 139-amino-
acid MarR-type transcriptional regulator. We designated this
gene atlR and used allele replacement to construct an at/R::Tc"
mutant. Biofilm production by BHICC, BHICC af/R::T¢", and
the complemented a#/R mutant (BHICC at/R::Tc'/patIR) in
BHI glucose medium was compared at 37°C and 30°C. These
two temperatures were chosen because we have previously
observed that biofilm production by BHICC was repressed at
30°C compared to that at 37°C (46). The at/R::'Tc" mutation
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FIG. 9. Contribution of AtIR to biofilm regulation in isolate
BHICC. (A) Chromosomal organization of the a#/R and atl genes and
location of the EcoRV site in af/R used in the construction of the
atlR::Tc" allele. (B) Impact of an a#/R::Tc" mutation and carriage of
multicopy pat/R (atIR) or patl (atl) on biofilm development in BH1CC
grown for 24 h in BHI glucose medium at 37°C or 30°C in hydrophilic
96-well polystyrene plates. (C) Comparison of relative at/ transcription
by real time RT-PCR in BHICC/pLI50, BHICC at/R::Tc"/pLI50, and
BHICC atlR::Tc'/patlR at 30°C or 37°C. Total RNA was extracted
from cultures grown to an A, of 2 in BHI glucose medium. (D) Re-
combinant AtIR binding to the at/ promoter. Increasing concentrations
(0.015 to 0.5 pg) of recombinant AtIR protein were added to a bio-
tinylated oligonucleotide pat/ probe. The protein-DNA interactions
were competed with 100X specific cold competitor DNA or 100X
nonspecific cold competitor DNA.

had no significant effect (P < 0.05) on biofilm production at
37°C (Fig. 9B) but resulted in a 7-fold induction (P < 0.0001)
at 30°C (Fig. 9B). Multicopy atl also activated BH1CC biofilm
production at 30°C, whereas multicopy a#/R significantly re-
duced (P < 0.0001) glucose-induced biofilm production at
37°C (Fig. 9B). Real-time PCR revealed a 5-fold induction in
atl expression in BH1CC aflR::Tc* compared to that in BHICC
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FIG. 10. Proposed model of Atl/FnBP-mediated biofilm formation in S. aureus. The major autolysin, Atl, which is proteolytically cleaved to
release Ami and GL lytic enzymes, promotes primary attachment and early biofilm development. Either FnBPA or FnBPB is subsequently required
for biofilm maturation. Atl/FnBP-mediated biofilm formation is triggered by acid stress or DNA damage and is influenced by the global regulators
Agr, SarA, and ¢®. Agr and SarA regulate expression of extracellular proteases, which negatively affect FnBP and Atl activity. ¢® negatively
regulates the agr locus and can positively influence transcription of the arl gene. Mutation of lex4, which represses fnbB transcription, increases

biofilm formation.

and the complemented mutant grown to an A, of 2 in BHI
glucose medium at 30°C (Fig. 9C). Electrophoretic mobility
shift assays revealed a specific interaction between recombi-
nant AtIR protein and an at#/ promoter probe (Fig. 9D). Taken
together, these experiments revealed that AtIR acts as a re-
pressor of atl transcription and biofilm production in BH1CC.

DISCUSSION

The study of biofilm production mechanisms independent of
the icaADBC-encoded exopolysaccharide PIA has emerged as
an important theme in staphylococcal biofilm research. We
previously demonstrated a lack of correlation between activa-
tion of icaADBC expression and glucose-induced biofilm de-
velopment in four MRSA clinical isolates and revealed the
existence of a glucose/mild acid-induced ica4ADBC-indepen-
dent biofilm phenotype in these MRSA strains (17, 47, 48).
This ica-independent biofilm phenotype was impaired by mu-
tations in the fnbAB genes (47). Consistent with our findings,
Vergara-Irigaray et al. (66) recently described an MRSA iso-
late, strain 132, capable of switching between PIA-mediated
biofilm production and FnBP-mediated biofilm production in
medium supplemented with NaCl or glucose, respectively. Us-
ing a subcutaneous catheter colonization mouse model, an
FnBP mutant was significantly less virulent than the wild type
or a PIA mutant. A second research group also reported that
the FnBPs are required for citrate-induced, ica-independent
biofilm production in S. aureus (61). Thus, in addition to their
known involvement in binding to host extracellular matrix
components such as fibronectin, fibrinogen, and elastin (21, 41,
56, 68), the ability of the FnBPs to promote biofilm production
appears to be a common and significant virulence determinant
in clinical S. aureus isolates.

Our previous studies revealed that the fnbAB double muta-
tion did not affect primary attachment, suggesting that FnBPA
and FnBPB are involved in biofilm maturation (47). To inves-

tigate ica-independent primary attachment and early biofilm
development, we turned our attention to the major autolysin,
Atl, which has previously been implicated in S. epidermidis (25)
and S. aureus SA113 (7) primary attachment. Mutation of at/ in
a number of clinical MRSA isolates which produce FnBP-
dependent biofilms significantly impaired glucose-induced bio-
film production and primary attachment to hydrophobic and
hydrophilic polystyrene. Although the a#/ mutation also im-
paired PIA-dependent biofilm development by the laboratory
MSSA strain 8325-4 on hydrophobic polystyrene, it did not
affect biofilm production by 8325-4 on hydrophilic polystyrene.
Thus, expression of PIA alone is sufficient for S. aureus biofilm
production on hydrophilic polystyrene, whereas Atl is required
for FnBP-promoted biofilm production on both hydrophilic
and hydrophobic polystyrene. The role of Atl in PIA-mediated
biofilm production on hydrophobic polystyrene is the focus of
a separate study.

Atl/FnBP-mediated biofilm production on hydrophilic poly-
styrene was influenced by the global regulators agr, sar4, and
sigB. Mutation of sigB impaired biofilm production in isolate
BHICC. Interestingly, this biofilm defect correlated with re-
duced levels of both primary attachment and al transcription,
suggesting that ¢® controls biofilm production, at least in
part, by regulating at/ expression. Furthermore, consistent
with the findings of recent studies implicating o® in repression
of RNAIII expression and extracellular protease production
(9, 35, 40), we were able to rescue the biofilm defect of the
BHI1CC sigB mutant by introducing a second RNAIII deletion
mutation. Deletion of the agr locus, which also represses the
FnBPs (66), enhanced early biofilm development in BHICC.
Thus, o® is apparently required for ica-independent, surface
protein-mediated biofilm production in S. aureus. In contrast,
the role of ¢® in PIA-dependent biofilm production is more
ambiguous. Valle et al. (64) reported that although o® does
play a role in icaADBC transcriptional regulation, it was not
required for PIA and biofilm production. Cerca et al. (11) also
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reported that o® can positively regulate icadDBC expression
but demonstrated that ¢® was required for biofilm production
in two separate S. aureus strains. Our findings revealed that
o® was not required for PIA-dependent biofilm production
on hydrophilic polystyrene by 8325-4 and three independent
MSSA isolates. Mutation of sarA, which also leads to upregu-
lation of extracellular proteases (3), impaired Atl-dependent
biofilm production in BH1CC. Given that SarA is a positive
regulator of the Agr locus (13), its role in controlling extracel-
lular protease and biofilm production is clearly different from
that of o®, which negatively regulates agr transcriptional activ-
ity (35). Nevertheless, these data indicate that regulatory mu-
tations affecting extracellular protease activity strongly influ-
ence Atl/FnBP-dependent biofilm production.

The atIR gene, which is located immediately adjacent to at/
on the chromosome, was found to encode a negative regulator
of atl transcription. Inactivation of a#/R in isolate BHICC ac-
tivated biofilm formation at 30°C but not 37°C. We previously
reported that biofilm production by BHICC was reduced at
30°C (46). Multicopy expression of the atl gene also increased
biofilm production at 30°C, whereas overexpression of atlR
reduced biofilm formation at 37°C. These biofilm phenotypes
correlated well with the results of real-time RT-PCR analysis
of atl transcription, which was in turn supported by the findings
of gel shift experiments, demonstrating that recombinant AtIR
protein bound specifically to the a#l promoter. Thus, our data
reveal that AtIR acts as a repressor of Atl-mediated biofilm
formation in BH1CC and may suggest that temperature regu-
lates Atl expression in part via AltR.

Unprocessed, wall-anchored Atl proprotein contains Ami
and GL domains, which are proteolytically cleaved to Ami and
GL extracellular lytic enzymes (25, 49, 62). To probe the in-
volvement of the proprotein and lytic enzymes in Atl-depen-
dent biofilm production, we employed the serine protease in-
hibitor PMSF, which increases the release of extracellular
autolytic enzymes (19), and PAS, which inhibits autolytic ac-
tivity (69, 70). Interestingly, both PMSF and PAS blocked
Atl-dependent biofilm production in isolate BH1CC, indicat-
ing that pro-Atl and the Ami and GL lytic enzymes are re-
quired for Atl-dependent biofilm production. In addition, mu-
tation of the H265 residue to alanine in the active site of the
Ami enzyme significantly interfered with Atl-mediated lytic
activity, primary attachment, and biofilm production. Consis-
tent with these data, BHICC biofilm development was inhib-
ited by DNase I, implicating eDNA in this biofilm phenotype.
Furthermore, pretreatment of BHI1CC cells with DNase I sig-
nificantly reduced primary attachment rates, whereas DNase I
did not disperse mature BHICC biofilms, implicating Atl-me-
diated eDNA release in the early stages of Atl/FnBP-depen-
dent biofilm development. In S. epidermidis, AtIE-promoted
lysis leads to eDNA release, which then acts as a component of
the biofilm matrix (51). Rice et al. demonstrated that in S.
aureus the CidA/LrgAB system regulates cell lysis, eDNA re-
lease, and biofilm development possibly by regulating access of
murein hydrolases to cell wall substrates (52). Our results sup-
port a relationship between Atl-dependent lytic activity, eEDNA
release, primary attachment, and biofilm production in S.
aureus.

In summary we propose a model for S. aureus biofilm pro-
duction in which the activities of AtIR, Agr, SarA, and ¢® work
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in concert to regulate Atl expression and activity and ultimately
facilitate initial attachment and eDNA release during the early
stages of ica-independent, FnBP-mediated biofilm develop-
ment (Fig. 10). Unprocessed wall-anchored Atl appears to
promote primary attachment to surfaces, following which proteo-
lytic cleavage of Atl leads to some cell lysis, eDNA release, and
cell accumulation. Following these early biofilm events, the
FnBPs are required for biofilm maturation (Fig. 10) (47, 48).
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