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Staphylococcus lugdunensis is a pathogen of heightened virulence that causes infections resembling those
caused by Staphylococcus aureus rather than those caused by its coagulase-negative staphylococcal counter-
parts. Many types of S. lugdunensis infection, including native valve endocarditis, prosthetic joint infection, and
intravascular catheter-related infection, are associated with biofilm etiology. Poly-N-acetylglucosamine
(PNAG), a polysaccharide synthesized by products of the icaADBC locus, is a common mechanism of inter-
cellular adhesion in staphylococcal biofilms. Here we report the characterization of ica homologues and the in
vitro biofilm formation properties of a collection of S. lugdunensis clinical isolates. Isolates formed biofilms in
microtiter wells to various degrees. Biofilm formation by most isolates was enhanced with glucose but dimin-
ished by sodium chloride or ethanol. icaADBC homologues were found in all S. lugdunensis isolates tested,
although the locus organization differed substantially from that of other staphylococcal ica loci. icaR was not
detected in S. lugdunensis, but a novel open reading frame with putative glycosyl hydrolase function is located
upstream of the ica locus. icaADBC sequence heterogeneity did not explain the variability in biofilm formation
among isolates. PNAG was not detected in S. lugdunensis extracts by immunoblotting with an anti-deacetylated
PNAG antibody or wheat germ agglutinin. Confocal microscopy with fluorescently labeled wheat germ agglu-
tinin showed a paucity of PNAG in S. lugdunensis biofilms, but abundant extracellular protein was visualized
with SYPRO Ruby staining. Biofilms were resistant to detachment by dispersin B and sodium metaperiodate
but were susceptible to detachment by proteases. Despite the genetic presence of icaADBC homologues in S.
lugdunensis isolates, PNAG is not a major component of the extracellular matrix of in vitro biofilms formed by
this species. Our data suggest that the S. lugdunensis biofilm matrix contains proteinaceous factors.

Staphylococcus lugdunensis, first described in 1988 (24), has
gained notoriety for being an unusually virulent coagulase-
negative staphylococcal species. S. lugdunensis is a human skin
commensal that was found to colonize �20% of a sampled
population (73). It is also a pathogen capable of causing a wide
spectrum of diseases that are both typical and unexpected of a
coagulase-negative Staphylococcus species. S. lugdunensis in-
fections include skin and wound infection (31, 70), urinary
tract infection (27), prosthetic joint infection (63), intravascu-
lar catheter infection (31), and native valve endocarditis (2,
56). Cases of S. lugdunensis native valve endocarditis are par-
ticularly serious, as they often present with a highly destructive
and acute pattern more typical of endocarditis caused by
Staphylococcus aureus rather than by other coagulase-negative
staphylococci (CNS) (2, 56). Similar to other staphylococci,
colonization of and formation of biofilms on host tissues or
indwelling medical devices appear to be an important contrib-
utor to the pathogenesis of many infections caused by this
organism.

Biofilms are complex and dynamic surface-associated micro-

bial communities that are surrounded by a self-produced ex-
tracellular polymeric matrix (16). Biofilm formation protects
microorganisms from challenging environmental conditions,
subsequently rendering traditional antimicrobial therapies and
host immune defense mechanisms ineffective against biofilm-
associated bacteria (67). CNS and S. aureus are the two most
common bacterial pathogens recovered from patients with nos-
ocomial bloodstream infections (20), underscoring the signifi-
cant health care burden resulting from staphylococcal biofilm
formation on intravascular catheters or implanted prosthetic
devices. Considering the inherent difficulty associated with
treating biofilm infections, a thorough understanding of the
mechanism(s) of staphylococcal biofilm formation will be es-
sential in the development of new diagnostic and treatment
approaches for these infections.

Staphylococcal biofilms form through an ordered process
that begins with primary attachment of cells to a surface, which
is followed by cellular proliferation, accumulation, and inter-
cellular adhesion (45). Much work has been done to under-
stand the molecular basis of intercellular adhesion, and it is
now known that both polysaccharide and protein mechanisms
can mediate staphylococcal biofilm accumulation (45, 54). The
polysaccharide matrix polymer poly-N-acetylglucosamine (PNAG)
(47), also called polysaccharide intercellular adhesion (46), is
the best-characterized mechanism of staphylococcal intercel-
lular adhesion. �-1,6-linked PNAG is produced by the genes of
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the icaRADBC locus, an operon of four biosynthetic genes
(icaADBC) and icaR, an upstream gene encoding a divergently
transcribed negative regulatory protein (9, 10, 28). S. aureus,
Staphylococcus epidermidis, and Staphylococcus caprae har-
bor icaRADBC loci in their genomes (1, 10, 28), although the
locus is absent in up to 45% of S. epidermidis clinical isolates
(21). Homologues have been identified in other CNS species
(21, 51), as well as several gram-negative genera, including
Actinobacillus (33, 37), Bordetella (55), Yersinia (12), and Esch-
erichia (75), emphasizing its evolutionary importance in biofilm
adhesion. More recently, the involvement of proteins and
other polymeric substances in S. epidermidis and S. aureus
biofilm formation has become apparent (45, 54). Cell wall-
associated proteins, such as Bap (biofilm-associated protein) in
S. aureus (11) and Aap (accumulation-associated protein) in S.
epidermidis (60), enable icaADBC-independent biofilm forma-
tion. Extracellular teichoic acids are also important constitu-
ents of the S. epidermidis biofilm matrix (41, 62).

Although our current understanding of staphylococcal bio-
film formation is quite expansive, it derives predominantly
from characterization and mechanistic studies focused on S.
aureus and S. epidermidis. In this study, we have expanded this
knowledge to include S. lugdunensis in order to begin to elu-
cidate the mechanism of biofilm formation used by this organ-
ism. We characterized the properties of in vitro biofilm forma-
tion exhibited by a collection of clinical S. lugdunensis isolates.
In addition, we identified and sequenced S. lugdunensis
icaADBC homologues and assessed the role of this locus in
biofilm formation.

(This work was presented, in part, at the 105th General
Meeting of the American Society for Microbiology, 5 to 9 June
2005, Atlanta, GA; the International Symposium on Virulence
Mechanisms of Bacterial Pathogens, 6 to 8 September 2006,
Ames, IA; the 46th Interscience Conference on Antimicrobial
Agents and Chemotherapy, 27 to 30 September 2006, San
Francisco, CA; and the 4th American Society for Microbiology
Conference on Biofilms, 25 to 29 March 2007, Quebec City,
Quebec, Canada.)

MATERIALS AND METHODS

Microorganisms and growth conditions. The microorganisms used in this
study are listed in Table 1. Bacteria stored at �70°C were freshly streaked on
sheep’s blood agar or Trypticase soy agar before each replicate experiment. For
microtiter plate biofilm formation and detachment assays, immunodetection
assays, and confocal microscopy assays (unless stated otherwise), isolated colo-
nies from 16- to 24-h-old plates were grown in Trypticase soy broth (BD BBL,
Franklin Lakes, New Jersey) supplemented with 1% (wt/vol) sterile-filtered glu-
cose (TSBgluc1%) with shaking at 130 rpm for 22 to 24 h. Unless otherwise noted,
incubation was in ambient air at 37°C for all experiments.

Microtiter plate biofilm formation assay. Biofilm formation was assayed using
a microtiter plate assay (8), with modifications as previously described (22).
Briefly, cultures were adjusted with TSBgluc1% to match the turbidity of a 1.0
McFarland standard (�1 to 2 � 108 CFU/ml) and diluted 1:50 in TSBgluc1% or
TSBgluc1% containing various concentrations of sodium chloride (1 to 5%, wt/
vol) or ethanol (0.5 to 4%, vol/vol). For experiments examining the effect of
glucose concentration, bacteria were grown overnight, adjusted to the turbidity
of a 1.0 McFarland standard, and diluted in TSB containing the corresponding
amount of glucose being tested (0.5 to 5%, wt/vol). Two-hundred-microliter
aliquots of each diluted culture were placed into four wells of 96-well microtiter
plates (Nuclon Delta; Nalge Nunc International, Rochester, NY) and incubated
for 24 h. Cell growth was measured by reading the optical density at 600 nm

TABLE 1. Microorganisms used in this study

Species and strain Description Reference or source

Staphylococcus epidermidis
RP62A ATCC 35984; well-characterized biofilm-forming strain; icaADBC and PNAG positive ATCC
CSF41498 Biofilm-forming cerebrospinal fluid isolate; icaADBC and PNAG positive 9

Staphylococcus aureus
SA113 ATCC 35556; well-characterized biofilm-forming strain; icaADBC and PNAG positive ATCC
SA113 ica::tet S. aureus SA113 with inactivated icaADBC locus; deficient for biofilm formation and

PNAG production
10

RN4220 Biofilm-forming strain; icaADBC and PNAG positive (weak) 42

Staphylococcus carnosus
TM300 Non-biofilm-forming strain; icaADBC and PNAG negative 26
TM300(pCN27) S. carnosus TM300 carrying plasmid pCN27 containing icaADBC cloned from S. epidermidis

RP62A; biofilm and PNAG positive
28

Staphylococcus lugdunensis
IDRL-856 Endocarditis isolate 23
IDRL-2394 Prosthetic joint infection isolate 23
IDRL-2414 Endocarditis isolate 23
IDRL-2492 Endocarditis isolate 23
IDRL-2526 Prosthetic joint infection isolate 23
IDRL-2554 Prosthetic joint infection isolate 23
IDRL-2588 Infected hematoma isolate 23
IDRL-2622 Prosthetic joint infection isolate 23
IDRL-2639 Paronychia isolate 23
IDRL-2640 Folliculitis isolate 23
IDRL-2664 Prosthetic joint infection isolate 23
IDRL-5204 Prosthetic joint infection isolate 23
IDRL-5254 Intravascular catheter infection isolate 23
IDRL-5256 Prosthetic joint infection isolate 23
IDRL-5258 Prosthetic joint infection isolate 23
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(OD600) on a microplate reader (Multiskan; Thermo Electron, Waltham, MA).
The culture medium was discarded, and the wells were washed twice by fully
submerging plates in deionized water to remove nonadherent cells and then air
dried overnight. Biofilms were stained with 0.1% safranin for 1 min, rinsed under
running tap water to remove excess stain, and air dried overnight. In order to
ensure homogeneity among stained material in the wells, stained biofilms were
resuspended in 200 �l of 30% glacial acetic acid, and the OD492 was measured.
Wells containing uninoculated medium served as sterility controls and spectro-
photometric blanks. Each condition was assayed three times on separate days
with similar results.

Silicone elastomer disk biofilms and scanning electron microscopy (SEM).
Ten-millimeter-diameter disks were cut from 0.020-in.-thick nonreinforced med-
ical grade silicone elastomer sheeting (Bentec Medical, Woodland, CA) with a
skin biopsy punch and sterilized by autoclaving. An overnight culture of S.
lugdunensis IDRL-2640 was adjusted to match the turbidity of a 1.0 McFarland
standard and diluted 1:50 in TSBgluc1%. One-milliliter aliquots of the diluted
culture or sterile medium were added to wells of a 24-well plate (Falcon; BD
Biosciences, Franklin Lakes, NJ). Disks were placed in the bottoms of wells with
sterile forceps and incubated for 24 h at 37°C in 5% CO2 to allow for biofilm
formation. Following incubation, disks were removed from wells, soaked for 5
min in 1 ml of sterile phosphate-buffered saline (PBS) to remove planktonic
bacteria, and stained with 1 ml 0.1% safranin for 1 min. Excess stain was removed
by repeatedly dipping each disk in sterile water.

To visualize biofilms by electron microscopy, disks were incubated as described
above, soaked in 1 ml of sterile water for 5 min, and placed into Trumps fixative
(4% formaldehyde and 1% glutaraldehyde in phosphate buffer, pH 7.3). Follow-
ing critical-point drying and gold-palladium sputter coating, disks were imaged

by cold-field emission SEM using a Hitachi S-4700 instrument (Hitachi Ltd.,
Tokyo, Japan).

DNA extraction. Genomic DNA was prepared for Southern blotting and
restriction site PCR from 200-ml cultures grown overnight in TSB at 37°C with
5% CO2. Cells were pelleted, resuspended in 4 ml of 200-�g/ml lysostaphin
(Sigma-Aldrich, Saint Louis, MO), and incubated at 37°C for 30 min. An equal
volume of DNA Stat-60 reagent (Tel-test, Inc., Friendswood, TX) was added,
and cells were mixed by inversion and incubated for 20 min at room temperature
prior to DNA extraction and precipitation as recommended by the manufacturer.

Low-stringency icaA and icaR Southern blotting. Genomic DNA (�5 �g) was
digested with restriction enzyme EcoRI (Roche Applied Science, Indianapolis,
IN) or HaeIII (Invitrogen, Corp., Carlsbad, CA), separated by electrophoresis on
a 1% agarose gel, and transferred to a nylon membrane by downward capillary
transfer (Nytran SuperCharge Turboblotter Kit; Whatman, Inc., Florham Park,
NJ). Southern blotting and washes were performed under low-stringency condi-
tions in digoxigenin (DIG) EasyHyb hybridization solution (Roche Applied
Science) as suggested by the manufacturer. The PCR DIG probe synthesis kit
(Roche Applied Science) was used to synthesize labeled probes from ica-positive
S. aureus and S. epidermidis strains with primer pairs KFicaAF/KFicaAR (Table
2) for icaA or SAicaRF/SAicaRR and SEicaRF/SEicaRR (Table 2) for icaR,
respectively. Bound probes were visualized on X-ray film with the chemilumi-
nescent substrate CSPD (Roche Applied Science) following immunological de-
tection with an alkaline phosphatase-labeled anti-DIG antibody (Roche Applied
Science).

S. lugdunensis ica operon sequence acquisition by restriction site PCR. Primers
KFicaAF and icaAR (Table 2) (also called ICAF and ICAR, respectively, in a
previous publication [64]), which were designed from regions of high homology

TABLE 2. Oligonucleotides used in this study

Oligonucleotide Sequence Oligonucleotide Sequence

icaAR.........................................5�-CCTCTGTCTGGGCTTGACC-3� KLF35R..............................................5�-GTTTACATTTTTCAATATATAG-3�
KFicaAF....................................5�-GATGGAAGTTCTGATAATAC-3� KLF37R..............................................5�-TCCTTTTTCTGTTAAAAAATG-3�
KFicaAR ...................................5�-GTGAAAACACCTGAAATAGTATTGA-3� KLF38F ..............................................5�-GGTATTAATCATGGCAAAGTTT-3�
SAicaRF ....................................5�-TTGAAGGATAAGATTATTGATAAC-3� KLF43F ..............................................5�-TATCAATAGTTGAATCGTATA-3�
SAicaRR....................................5�-TAGTAGCGAATACACTTCATC-3� KLF45F ..............................................5�-AATGGCTTAAAGCACATGGGG-3�
SEicaRF ....................................5�-TTGAAAGATAAGATTATTGATAAC-3� KLF46F ..............................................5�-GTAAAGAAGCGTTTGAGGCTG-3�
SEicaRR....................................5�-CATTTAACAGTGAATATACTTG-3� KLF47R..............................................5�-GTACTTTTATATTTTGATTGC-3�
mRS-BamHI .............................5�-GGTACCTAATACGACTCACTATANNNN KLF48F ..............................................5�-GAAGGGATTCGCTATGGC-3�

NNNNNNGGATCC-3� KLF49R..............................................5�-AATATAGCACAATAAGGA-3�
mRS-EcoRI...............................5�-GGTACCTAATACGACTCACTATANNNN KLF50F ..............................................5�-TGTCATGCTGTGTGTTATTAT-3�

NNNNNNGAATTC-3� KLF51F ..............................................5�-CAAGCACATCATTGTATTCCG-3�
mRS-Sau3AI .............................5�-GGTACCTAATACGACTCACTATANNNN KLF52R..............................................5�-ACCTAATTTACGCGATTCACTG-3�

NNNNNNGATC-3� KLF53F ..............................................5�-CGTTTTAAATACATTATTTTG-3�
mRS-TacI ..................................5�-GGTACCTAATACGACTCACTATANNNN KLF54F ..............................................5�-TTATTTATGTGTCGGTTGTTTC-3�

NNNNNNTCGA-3� KLF56R..............................................5�-TTACATAGGAGGACCTCTAAG-3�
KLF3F .......................................5�-CAAAAAAACCAAGGGTAAAG-3� KLF57F ..............................................5�-GTGATTACATCTGTCATTGCG-3�
KLF4R.......................................5�-ACCTAAAATAGACTTCTTATTTC-3� KLF57R..............................................5�-CGCAATGACAGATGTAATCAC-3�
KLF5R.......................................5�-CCCATCACTAGATCATATTGT-3� KLF58R..............................................5�-TGTGCTTGTGATACAGCGTG-3�
KLF6F .......................................5�-ATGTTAGAACATTTTATCGAT-3� KLF59F ..............................................5�-TATGCTTCATTACGCATCACC-3�
KLF6R.......................................5�-ATCGATAAAATGTTCTAACAT-3� KLF60F ..............................................5�-TATTTGGAAAGCACGATTAC-3�
KLF7F .......................................5�-AATCCGAAATTGGCTGCGGTA-3� KLF60R..............................................5�-GTAATCGTGCTTTCCAAATA-3�
KLF8F .......................................5�-TTTAACGAGGAAGAGACGATT-3� KLF62R..............................................5�-TGTCTAACGAAGATGCAGGAC-3�
KLF9R.......................................5�-GAATCAGAACTTCTTGCCCA-3� KLF64F ..............................................5�-TTCATATTCTGCAATAGCCTG-3�
KLF11R.....................................5�-TATTTGGAAACTCTAACGATA-3� KLF65R..............................................5�-GTTGCGCATGTGTCGATATC-3�
KLF12F .....................................5�-AGCCACGCGCATTATGTCGAA-3� KLF66F ..............................................5�-GGTGGCTATATTGGTTATAAC-3�
KLF13F .....................................5�-TGCTTGTTCCTGAGACGATAC-3� KLF67R..............................................5�-ATGTTCCTTTAAAATCAAT-3�
KLF14R.....................................5�-TCGTCTCTTCCTCGTTAAAACA-3� KLF68F ..............................................5�-TTGGCATTGGTATTATTTTAC-3�
KLF15R.....................................5�-ATTAAAAAGGAAATACCT-3� KLF69F ..............................................5�-GAATTCTATATTTGCCGCT
KLF16F .....................................5�-AACGTCTTCGATGGGCACAAGG-3� KLF70F ..............................................5�-CAACCTGCGATGCGTGTTTAAT
KLF17F .....................................5�-CAGCAAAGCACACATTCGTTAGC-3� KLF70R..............................................5�-ATTAAACACGCATCGCAGGTTG
KLF18R.....................................5�-GTCGCAAACGCTCCTTTTTTAC-3� KLF71F ..............................................5�-CTGTTGTTGGAACGCTAGGTA-3�
KLF20F .....................................5�-GAAAAGAAACACATATTGAT-3� KLF72F ..............................................5�-TTAGGGGACAGCTTCAGGCCA-3�
KLF21R.....................................5�-GCGGGTCTTTACGCATATTA-3� KLF73F ..............................................5�-TTATTTTTATGTTTGACTTT-3�
KLF22F .....................................5�-GGCTGTTAAATGCTTTGGTCG-3� KLF73R..............................................5�-AAAGTCAAACATAAAAATAA-3�
KLF25F .....................................5�-TTACTCCATAAACATCATCC-3� KLF75R..............................................5�-GTTATTGATGCACGTCTTGG-3�
KLF26R.....................................5�-GTTGAAAATCAAGCATTGT-3� KLF76F ..............................................5�-ACGAAAATAAACAGTGTCT-3�
KLF27R.....................................5�-CATAGCTAGAAACAACCTGTC-3� KLF76R..............................................5�-AAGACACTGTTTATTTTCGT-3�
KLF28F .....................................5�-CAATTTGTTATTGCGCTATTC-3� KLF77F ..............................................5�-TCGGAATCATTAATTTGAGAT-3�
KLF29R.....................................5�-TACCTTTGACGTTGAGCG-3� KLF78F ..............................................5�-TAACTTTATTAATATAGATGA-3�
KLF31F .....................................5�-CACATACCATTTCTAGTGC-3� KLF79F ..............................................5�-AGGTCAAACGTCTACCC-3�
KLF32F .....................................5�-TGCCGTTTGTCTTGTACTTC-3� KLF80R..............................................5�-AAAAGTCAGTTGGCGATG-3�
KLF33R.....................................5�-ATTGATTAACTGACGAGATAC-3� KLF82R..............................................5�-AATGATATTGAAATACAGCG-3�
KLF34R.....................................5�-ATTTTCCATCTATATCTCAC-3�
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between the icaA genes of S. aureus and S. epidermidis and were reportedly used
to amplify icaA from S. lugdunensis (64), were used in standard PCRs with S.
lugdunensis genomic DNA, AmpliTaq Gold, and buffer I (Applied Biosystems,
Foster City, CA) under low-stringency annealing conditions (42°C). The result-
ing PCR products were sequenced with the same primers. Restriction site PCR
(65), a primer walking strategy that couples an outward-facing primer of known
sequence with a universal primer that recognizes a specific restriction enzyme
recognition site (mRS-BamHI, mRS-EcoRI, mRS-Sau3AI, or mRS-TacI [Table
2]), was used to acquire the sequence of the entire region encompassing the
icaADBC locus from S. lugdunensis IDRL-2414 and IDRL-2664. Outward-facing
primers were paired with one of the restriction site PCR primers in standard
PCRs. One microliter of this reaction product was used as the template in a
second PCR containing the restriction site PCR primer and a specific primer
located internal to the first-round primer. The resulting products were analyzed
by gel electrophoresis, sequenced with the second-round specific primer, and
verified bidirectionally (Table 2). Sequencing was performed on an ABI Prism
377 DNA sequencer with an ABI Prism BigDye Terminator cycle sequencing
ready reaction kit (Perkin-Elmer Applied Biosciences, Foster City, CA) at the
Mayo Clinic DNA Sequencing core facility. Primers were synthesized by the
Mayo Clinic DNA Synthesis core facility or Integrated DNA Technologies, Inc.
(Coralville, IA).

S. lugdunensis ica locus PCR screen. Primer pairs KLF64F/KLF82R and
KLF32F/KLF67R (Table 2) were used to amplify 7.6-kb and 4.9-kb products,
respectively, from the region spanning the S. lugdunensis icaADBC locus with
PCR SuperMix High Fidelity (Invitrogen). Template DNA was prepared by
alkaline washing as previously described (21). S. lugdunensis IDRL-2414, IDRL-
2664, IDRL-5204, IDRL-5256, and IDRL-5258 PCR products were bidirectionally
sequenced with primers listed in Table 2. Sequence alignments and comparisons
were performed with Sequencher software (Gene Codes Corp., Ann Arbor, MI).

Immunoblot detection of PNAG and other polysaccharides in stationary-
phase or biofilm S. lugdunensis cells. PNAG production was assessed by immu-
noblotting essentially as previously described (10), with some modifications. For
stationary-phase cells, bacteria were grown overnight in TSBgluc1% and equiva-
lent amounts (1 to 2 ml) of cells, as determined by OD, were harvested. For
biofilm cells, biofilms were established as described above in 48-well microtiter
plates (Nuclon Delta; Nalge Nunc International) containing 500 �l of culture.
Biofilms from two wells per organism were scraped with a pipette tip, resus-
pended in the culture medium, and pooled. Cell pellets were washed in sterile
PBS, resuspended in 0.5 M EDTA, sonicated for 5 min at 40 kHz in a bath
sonicator (Zenith Ultrasonics, Norwood, NJ), boiled for 5 min, and centrifuged.
Supernatants were treated with 200 �g proteinase K for 30 min at 65°C and then
for 15 min at 80°C to heat inactivate the enzyme. Extracts were spotted on
nitrocellulose, and blots were blocked 1 h in 3% bovine serum albumin (BSA) in
Tris-buffered saline (TBS). Blots were probed overnight at 4°C with a 1:5,000
dilution of goat anti-deacetylated PNAG antibody (48) in TBS–0.05% Tween 20
with 3% BSA. The anti-deacetylated PNAG antibody was kindly provided by
Jerry Pier, Harvard Medical School. Blots were washed and probed with a
1:10,000 dilution of rabbit anti-goat horseradish peroxidase conjugate (Pierce,
Rockford, IL) in TBS–0.05% Tween 20 with 3% skim milk for 1 to 4 h at room
temperature. Alternatively, blots were probed with wheat germ agglutinin horse-
radish peroxidase conjugate (Sigma Aldrich), as previously described (34).
Bound probes were visualized on X-ray film with the ECL chemiluminescence kit
(Amersham Biosciences, Pittsburgh, PA).

The biotinylated lectin screening kit-I (Vector Laboratories, Burlingame, CA)
was used to screen blots for the presence of other polysaccharides released from
stationary-phase cells. Blots were blocked at room temperature for at least 1 h in
TBS–0.1% Tween 20 with or without 5% BSA, depending on the optimized
conditions for individual lectins, followed by 1 h of incubation at room temper-
ature with 5 �g/ml lectin in TBS–0.1% Tween 20. Bound lectins were detected
with the Vectastain Elite ABC kit (Vector Laboratories), as recommended by
the manufacturer for Western blotting applications, and visualized on X-ray film
with the ECL kit.

Scanned film images were adjusted with the brightness and contrast functions
in Microsoft Office Picture Manager software.

Microtiter plate biofilm detachment assay. Forty millimolar sodium meta-
periodate (NaIO4) (Sigma-Aldrich) in water, 40 �g/ml purified recombinant
dispersin B (kindly provided by Kane Biotech Inc., Winnipeg, Manitoba, Can-
ada) in sodium phosphate buffer (50 mM sodium phosphate [pH 5.8], 100 mM
NaCl), 100 �g/ml proteinase K (Roche Applied Science) in 10 mM Tris-HCl (pH
7.5), 10 U/ml trypsin (Promega Corp., Madison, WI) in 10 mM Tris-HCl (pH
7.5), 100 �g/ml chymotrypsin (Sigma-Aldrich) in 10 mM Tris-HCl (pH 7.5), and
100 �g/ml thermolysin (Sigma-Aldrich) in 10 mM Tris-HCl (pH 7.5) were tested
for their ability to detach preformed S. lugdunensis biofilms from polystyrene

microtiter plate wells. For certain experiments, proteinase K was inactivated by
boiling for 40 min.

Biofilms grown in TSBgluc1% were formed in wells of microtiter plates and
washed twice with deionized water, as described above for the microtiter plate
biofilm formation assay. One hundred microliters of NaIO4, enzyme, or a suit-
able control was carefully added to minimize mechanical detachment of biofilms.
Plates were incubated at 37°C for 2 h, and contents of wells were discarded and
washed twice with deionized water. Plates were air dried overnight, stained with
0.1% safranin for 1 min, and processed as described above to quantify the
amount of stained biofilm remaining after treatment, relative to that after treat-
ment with the control reagent. Four wells were measured for each treatment
condition. Assays were repeated two or three times on separate days with similar
results.

CSLM. Biofilms were grown for microscopy in four-well chambered coverglass
(Lab-Tek II; Nalge Nunc International). Overnight cultures were adjusted and
diluted 1:50 with TSBgluc1% as described above for the microtiter plate biofilm
formation assay. One-milliliter aliquots were added to chamber wells and stati-
cally incubated for 20 to 24 h. Medium was removed from wells, and biofilms
were rinsed with 1 ml PBS and stained for fluorescent confocal scanning laser
microscopy (CSLM). To visualize PNAG among biofilm cells, biofilms were
incubated in the dark for 15 min with 1 ml PBS containing 0.09 mg/ml wheat
germ agglutinin-Oregon Green 488 conjugate (Molecular Probes, Eugene, OR)
and 5 �g/ml FM 4-64 (Molecular Probes), a lipophilic styryl membrane dye that
binds bacterial cell membranes (66). Stains were removed, and wells were rinsed
with 2 ml PBS before imaging. Extracellular proteins among biofilm cells were
visualized by incubation in the dark for 30 min with 1 ml undiluted SYPRO Ruby
protein gel stain (Molecular Probes) containing 0.167 �M Syto-9 nucleic acid
stain (Molecular Probes). Stains were removed before imaging.

Confocal images were acquired on an LSM510 equipped with an Axiovert 100
M inverted microscope using a Plan-Apochromat 100�/1.4 NA oil immersion
objective (Carl Zeiss, Inc., Thornwood, NY). An argon laser was used to excite
the fluorophores at wavelengths of 458 nm for SYPRO Ruby and 488 nm for
Oregon Green (wheat germ agglutinin), FM 4-64, and Syto-9. Red fluorescence
from SYPRO Ruby and FM 4-64 was detected with an LP 650 filter. Green
fluorescence was detected from Oregon Green with a BP 505-550 filter and from
Syto-9 with a BP 505-530 filter. Microscopy was performed on at least three
different days. Images were prepared with the LSM510 software. Red/green
fluorescence ratios to assess biofilm protein were calculated on SYPRO Ruby/
Syto-9 images with KS 400 version 3.0 software (Carl Zeiss, Inc.). The fluores-
cence area (in square pixels) was averaged for images taken in two areas per
biofilm from two independent biofilms.

Statistical analysis. Data were analyzed with Student’s t test using JMP 6.0.0
software (SAS Institute, Inc., Cary, NC).

Nucleotide sequence accession numbers. Accession numbers for complete S.
lugdunensis icaADBC operon sequences that have been deposited in GenBank,
National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov)
are as follows: S. lugdunensis isolate IDRL-2414, EF546620; S. lugdunensis isolate
IDRL-2664, EF546621; S. lugdunensis isolate IDRL-5204, EF546622; S. lug-
dunensis isolate IDRL-5256, EF546623; and S. lugdunensis isolate IDRL-5258,
EF546624.

RESULTS

S. lugdunensis clinical isolates form biofilm. We recently
described how antimicrobial agents affect biofilm formation by
a collection of S. lugdunensis clinical isolates (23). A majority
of the isolates were recovered from infections associated with
biofilm etiology, including prosthetic joint infection, endocar-
ditis, and intravascular catheter infection (Table 1). To further
characterize S. lugdunensis biofilm formation, we evaluated
this collection using in vitro biofilm formation assays under
growth conditions known to support staphylococcal biofilm
formation, namely, TSBgluc1% (13, 40).

S. lugdunensis IDRL-2640, a folliculitis isolate, was incu-
bated for 24 h in TSBgluc1% with a disk cut from silicone
elastomer, a type of material used to manufacture intravas-
cular catheters. Planktonic cells were removed by gentle
washing and the disk was stained with safranin to visualize
adherent bacteria. Figure 1A shows that the organism
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formed a strong confluent layer on the disk. SEM visualiza-
tion of a duplicate disk revealed cells growing in clusters
with the development of microcolonies across the disk sur-
face (Fig. 1B). When viewed at higher magnification (Fig.
1C), cells appeared to be organized into a three-dimensional
architecture held together by an extracellular polymeric sub-
stance. These properties are consistent with organisms
growing as a biofilm.

The relative ability of each S. lugdunensis isolate to form
biofilm was assessed using a microtiter plate biofilm formation
assay. Figure 1D shows that all isolates were able to adhere to

polystyrene. Compared to the strong biofilm-forming strains S.
aureus SA113 and S. epidermidis RP62A, the biofilm formation
phenotype varied widely among the S. lugdunensis isolates. In
particular, isolates IDRL-2664 and IDRL-5204 were poor bio-
film formers, whereas isolates IDRL-2394, IDRL-5256, and
IDRL-5258 formed robust biofilms. This result is similar to
previously observed diversities among clinically relevant S. au-
reus and CNS in their abilities to form biofilm in the microtiter
plate assay (4, 14, 40). No correlation between the source of
infection (Table 1) and the degree of biofilm formation existed
for this set of staphylococci.

FIG. 1. Characterization of biofilm formation by S. lugdunensis clinical isolates. (A) S. lugdunensis biofilm formation on silicone elastomer.
Disks cut from nonreinforced silicone elastomer sheeting were sterilized and incubated for 24 h in TSBgluc1% (left) or TSBgluc1% containing S.
lugdunensis IDRL-2640 (right). Disks were rinsed and stained with safranin to visualize biofilms. (B) Scanning electron micrograph (magnification,
�1,800) of S. lugdunensis IDRL-2640 biofilm formed on a silicone elastomer disk after 24 h. (C) Higher-magnification (�13,000) SEM of biofilm
shown in panel B. (D) Biofilm formation by S. aureus SA113, S. epidermidis RP62A, and 15 clinical S. lugdunensis isolates on polystyrene when
grown in TSBgluc1% for 24 h. Biofilms were stained with safranin, resuspended in 30% glacial acetic acid, and quantified by OD492. Bars are the
averages of measurements taken from four duplicate wells. Error bars represent the standard deviations. The assay was repeated three times, and
representative data from a single replicate are shown.
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S. lugdunensis biofilm formation is affected by environmen-
tal conditions. Changes in exogenous factors present in growth
media that enrich or stress the growth environment, including
glucose (7, 15, 44), increasing osmolarity (38, 44, 51), and
alcohols (39, 40), influence S. aureus and S. epidermidis in vitro
biofilm formation. We tested the effect of increasing concen-
trations of glucose, sodium chloride, and ethanol on the col-
lection of S. lugdunensis isolates. Figure 2A shows that statis-
tically measurable increases in biofilm formation in response to
heightened glucose levels were observed for S. aureus SA113,
S. epidermidis RP62A, and 80% (12/15) of the S. lugdunensis
isolates. Three S. lugdunensis isolates, IDRL-856, IDRL-5254,
and IDRL-5258, formed equivalent amounts of biofilm inde-
pendent of the amount of glucose present in the environment.

Medium enrichment with sodium chloride at concentrations
of up to 5% (wt/vol) has previously been shown to increase
biofilm formation in S. aureus, S. epidermidis, and several other
CNS (44, 51). We found that S. aureus SA113 and S. epider-
midis RP62A biofilm levels increased, as expected, when grown
with 1 to 2% or 1 to 3% sodium chloride, respectively (Fig.
2B). Likewise, 73% (11/15) of the S. lugdunensis isolates
formed more biofilm in medium containing 1 or 2% sodium
chloride. In contrast, higher concentrations of salt substantially
reduced S. lugdunensis adherence to microtiter wells (Fig. 2B).
Essentially no measurable quantity of biofilm could be de-
tected when S. lugdunensis isolates were incubated with 5%
sodium chloride. Compared to baseline biofilm formation, S.
epidermidis RP62A biofilm was not affected in 5% sodium
chloride, whereas the level of S. aureus SA113 biofilm was
significantly reduced yet still discernible. Growth of all species
tested was not affected by the increasing salt concentrations, as
verified by measuring the OD of the biomass in each well prior
to the removal of planktonic cells (data not shown). This sug-
gests that high sodium chloride concentrations directly inter-
fere with the process of S. lugdunensis biofilm formation.

Ethanol concentrations of up to 6% (vol/vol) are capable of
stimulating biofilm formation by clinical S. epidermidis isolates
(39). Interestingly, both of our positive biofilm-forming S. au-
reus and S. epidermidis reference strains exhibited significant
reductions in biofilm production with increasing ethanol con-
centrations (Fig. 2C). Most ethanol concentrations also re-
duced the levels of biofilm production by all S. lugdunensis
isolates that formed biofilm at a baseline OD492 of �0.150
(Fig. 2C). Not only did 2% ethanol prevent the adherence of
all S. lugdunensis that formed measurable baseline biofilms, but
4% ethanol was bactericidal (data not shown) for all S. lug-
dunensis isolates. S. lugdunensis IDRL-2554, IDRL-2640, and
IDRL-5254 were the only isolates killed after incubation in 2%
ethanol. These results indicate that S. lugdunensis clinical iso-
lates are more susceptible to ethanol than are S. epidermidis
clinical isolates and that ethanol appears to be a negative
regulator of S. lugdunensis biofilm formation.

Identification and sequencing of icaADBC homologues in S.
lugdunensis. There is overwhelming evidence demonstrating
the importance of the icaADBC operon in staphylococcal bio-
film formation (10, 28, 45, 54). Early reports suggested the
presence of icaA in S. lugdunensis, as detected by PCR or
Southern blotting under low-stringency hybridization condi-
tions (10, 64), although no sequences were deposited in public
databases. We were previously unable to detect icaA in S.

lugdunensis prosthetic joint infection isolates with PCR prim-
ers designed to anneal to regions of high homology in the icaA
gene sequences of three staphylococcal species (21). The ge-
nome of S. lugdunensis has not been sequenced, so the exis-
tence of ica gene homologues has remained ambiguous. We
performed Southern blotting with S. aureus and S. epidermidis
icaA probes under low-stringency conditions in order to deter-
mine whether the previously studied isolates truly lacked icaA.
Hybridization signals were detected in all of the S. lugdunensis
prosthetic joint infection isolates tested (data not shown),
which is consistent with the work of Cramton et al. (10) and
suggests that we were unable to detect icaA in S. lugdunensis by
PCR due to mismatches between our primers and the S. lug-
dunensis icaA sequence. Using primer sequences reported by
Sandoe and Longshaw (64) under low-stringency annealing
conditions, we subsequently amplified and sequenced a short
region of an icaA homologue from S. lugdunensis, which was
extended in both the 5� and 3� directions from S. lugdunensis
IDRL-2414 and IDRL-2664 using a primer walking technique
called restriction site PCR (65).

We sequenced and annotated a 7.6-kb region of the S. lug-
dunensis genome (Fig. 3) which included open reading frames
(ORFs) with high degrees of similarity to icaADBC from S.
aureus, S. epidermidis, and S. caprae. Surprisingly, an icaR ho-
mologue was not located upstream of icaA, as would be pre-
dicted from the conserved genomic organization of the locus in
other staphylococcal species (1, 9, 10). Rather, a novel ORF
lacking homology with known staphylococcal sequences (dis-
cussed below) was found directly upstream of, and in the same
orientation as, icaA. The ORF-icaADBC genes span a 4.75-kb
region that includes a 251-nucleotide intergenic region sepa-
rating the ORF and icaA. ORFs with high degrees of similarity
to yycJ and yycI from S. aureus and S. epidermidis flanked the
ORF-icaADBC region on the 5� and 3� sides, respectively. The
considerable distance separating yycJ and yycI is surprising, as
these two genes otherwise occur as part of the YycFG two-
component system operon that is highly conserved among
gram-positive bacteria (18, 68, 69).

Inability to detect icaR in the S. lugdunensis genome. The
absence of icaR upstream of icaA led us to question whether it
was located elsewhere in the genome of S. lugdunensis. No
hybridization signals were detected upon low-stringency
Southern blotting with probes generated from the full-length
sequences of icaR from either S. aureus or S. epidermidis (data
not shown). We also attempted low-annealing-temperature
PCR with the primers used to generate the icaR Southern
probes; however, this resulted in nonspecific annealing (data
not shown). Although we cannot definitively conclude that
icaR is absent in S. lugdunensis, these data strongly suggest that
any icaR homologue would have very little similarity to known
icaR sequences from other staphylococci.

A novel ORF with predicted glycosyl hydrolase activity. The
1,035-nucleotide ORF located upstream of the icaA start
codon is predicted to encode a 344-amino-acid protein that is
not similar to any currently known staphylococcal sequences as
determined by nucleotide and protein BLAST searches (http:
//www.ncbi.nlm.nih.gov/BLAST/). SignalP 3.0 (http://www.cbs
.dtu.dk/services/SignalP/) (3) analysis of the sequence pre-
dicted that the hypothetical protein contains an N-terminal
signal sequence between amino acid residues 25 and 26. The
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Conserved Domains Database (http://www.ncbi.nlm.nih.gov
/Structure/cdd/cdd.shtml) identified a putative conserved
domain within the predicted ORF amino acid sequence that
closely resembles the glycosyl hydrolase family 20 catalytic
domain (accession number pfam00728) and a group of
N-acetyl-�-hexosaminidases (Chb) (accession number COG3525.2)
that are involved in carbohydrate transport and metabolism
(30). The substrate-binding pockets of family 20 glycosyl hy-

drolases are lined with several tryptophan residues that create
a hydrophobic environment (71); such tryptophan residues are
conserved in the predicted ORF amino acid sequence.

The translated protein sequences most closely related to the
translated ORF sequence, as identified in a TBLASTX 2.2.16
search, were the dispersin B (DspB) homologues from Acti-
nobacillus pleuropneumoniae and Actinobacillus actinomyce-
temcomitans (35, 37). Dispersin B is an N-acetyl-�-hexosa-

FIG. 2. Effect of environmental factors on S. lugdunensis biofilm formation. (A) Effect of increasing glucose concentrations on biofilm
formation. S. aureus SA113, S. epidermidis RP62A, and S. lugdunensis clinical isolates were grown in wells of polystyrene microtiter plates in TSB
supplemented with the indicated concentrations of glucose. (B) S. lugdunensis biofilm response to sodium chloride. Organisms were grown in
microtiter plates in TSBgluc1% with the indicated concentrations of sodium chloride. (C) Biofilm formation in the presence of ethanol. Biofilm
formation on polystyrene was assayed after growth in TSBgluc1% containing various concentrations of ethanol; 2% ethanol inhibited growth of S.
lugdunensis isolates IDRL-2554, IDRL-2640, and IDRL-5254. In each graph, bars are the average biofilm formation in four wells. Error bars
represent the standard deviations. Asterisks indicate statistically significant increases or decreases in biofilm formation compared to biofilm
formation in the absence (B and C) or the lowest concentration (A) of each environmental factor tested (P � 0.05 by Student’s t test). Data are
representative of three replicate experiments with similar results.

FIG. 3. Genomic organization of the S. lugdunensis icaADBC locus. A 7.6-kb chromosomal region encompassing the S. lugdunensis icaADBC
genes was sequenced from isolates IDRL-2414 and IDRL-2664. An ORF encoding a hypothetical glycosyl hydrolase was found in the position
where icaR was expected. The ORF-icaADBC locus was found by PCR to be intact in all S. lugdunensis isolates tested in this work. icaADBC loci
of S. epidermidis RP62A (ATCC 35984, GenBank accession number NC_002976), S. aureus NCTC 8325 (GenBank accession number NC_007795),
and S. caprae strains 96007 (GenBank accession number AF246926) and 89318 (GenBank accession AF246927) are shown for comparison. Percent
amino acid identities of S. lugdunensis genes with each homologue were determined with ClustalW. Slashes on the lipase genes indicate that they
are not drawn to the same scale as the rest of the figure.
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minidase that cleaves the �-1,6-linkages in polymers of
N-acetylglucosamine (32, 35). A ClustalW (http://www.ebi.ac
.uk/clustalw/) comparison showed the ORF amino acid se-
quence to be 26% identical to the dispersin B homologues
from the two Actinobacillus species.

Contribution of ica locus sequence variability to biofilm
formation ability. We amplified the 7.6-kb genomic region
spanning from yycJ through yycI (Fig. 3) in all S. lugdunensis
isolates except IDRL-2492 and IDRL-2639 (data not shown).
A 4.9-kb product encompassing the ORF-icaADBC region
(Fig. 3) was amplified from the two remaining isolates, indi-
cating that the ORF-icaADBC genes are intact in all isolates in
our collection.

We next asked whether the variability in biofilm formation
among S. lugdunensis isolates (Fig. 1D) could be explained by
differences in the ORF-icaADBC primary sequence. In addi-
tion to IDRL-2414 and IDRL-2664, we fully sequenced 7.6-kb
PCR products from IDRL-5204, IDRL-5256, and IDRL-5258
(sequences deposited in GenBank). These isolates included a
poor biofilm producer (IDRL-5204), intermediate biofilm pro-
ducers (IDRL-2414 and IDRL-2664), and strong biofilm pro-
ducers (IDRL-5256 and IDRL-5258) (Fig. 1D). The sequences
of IDRL-2414, IDRL-2664, and IDRL-5204 were identical, but
the sequences of the strongest biofilm formers were different at
one or more locations. IDRL-5258 contained an R274Q
change at amino acid 274 of IcaA. IDRL-5256 contained many
single-nucleotide changes throughout the sequenced region.
Eleven variations were found in the yycJ-ORF intergenic re-
gion, one variation occurred in the ORF-icaA intergenic re-
gion, and four variations were located between icaC-yycI. In
addition, the following silent (noncoding) and coding muta-
tions were found in each of the coding regions: yycJ, six silent;
ORF, four silent, S26A, and E44D; icaA, eight silent; icaD,
four silent; icaB, four silent and H23Q; icaC, three silent; and
yycI, four silent. Despite the correlation of sequence variations
found in the most proficient biofilm-forming isolates, it is not
clear from these data whether the ORF-icaADBC locus pri-

mary sequence is a contributing factor in the relative ability of
S. lugdunensis isolates to form biofilm.

Elucidation of the role of PNAG in S. lugdunensis biofilm
formation. We tested the functional role of the S. lugdunensis
icaADBC genes in biofilm formation by assaying for PNAG in
biofilm or stationary-phase cells by immunoblotting with an
anti-deacetylated PNAG antibody (Fig. 4 and data not shown).
Figure 4 shows that PNAG was strongly detected in S. epider-
midis strains RP62A and CSF41498 and in a PNAG-overex-
pressing strain of S. carnosus TM300 that carries plasmid
pCN27 (28). PNAG production by S. aureus strains RN4220
and SA113 was less abundant, and PNAG was not detected in
the negative control strain S. carnosus TM300. Unexpectedly,
PNAG was not detected in any of the 15 S. lugdunensis isolates.
PNAG was also not detected in extracts from stationary-phase
cells harvested after overnight growth (data not shown).

To confirm the lack of detection of PNAG from S. lugdunen-
sis cells by an alternate method, stationary-phase cell extracts
were probed with labeled wheat germ agglutinin. Signal levels
from all S. lugdunensis strains were equivalent to those from
the non-PNAG-producing S. aureus SA113 ica::tet and S. car-
nosus TM300 negative controls (data not shown).

We used CSLM to visualize S. lugdunensis biofilms in com-
parison with biofilms formed by PNAG-producing S. epidermi-
dis RP62A (Fig. 5A and B). Cells were stained with FM 4-64,
a red lipophilic plasma membrane dye, and PNAG was stained
with Oregon Green-conjugated wheat germ agglutinin. S. epi-
dermidis RP62A formed a thick, multilayered biofilm inter-
spersed with large and abundant structures of PNAG (Fig.
5A). In contrast, under identical microscopy settings, S. lug-
dunensis IDRL-2640 formed a thick and dense biofilm devoid
of detectable PNAG (Fig. 5B). Similar results were observed
with S. lugdunensis IDRL-5258 biofilms (data not shown).
These images indicate that (i) S. lugdunensis isolates are able to
form thick, multicellular biofilms and (ii) PNAG is not a major
recognizable component of S. lugdunensis in vitro biofilms.

FIG. 4. Inability to detect PNAG in S. lugdunensis extracts by immunoblotting. Extracts from 24-h biofilm cells grown in TSBgluc1% were
immunoblotted with an antibody raised against deacetylated PNAG. Cells were boiled in 0.5 M EDTA, and the supernatants were treated with
proteinase K prior to blotting on nitrocellulose.
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Screen for other extracellular matrix polysaccharides. We
hypothesized that in the absence of PNAG, alternative poly-
saccharides may be present in the matrix of S. lugdunensis
biofilms. Six lectins, i.e., concanavalin A (binds glucose and
mannose), Dolichos biflorus agglutinin (binds N-acetylgalac-
tosamine), soybean agglutinin (binds galactose and N-acetyl-
galactosamine), peanut agglutinin (binds galactose), Ricinus
communis agglutinin I (binds galactose and N-acetylgalac-
tosamine), and Ulex europaeus agglutinin I (binds fucose), were
used to assay for other extracellular matrix polysaccharides in
S. lugdunensis stationary-phase cell extracts by immunoblot-
ting. Concanavalin A bound to all staphylococcal strains tested
(data not shown), which was not unexpected based on its broad
specificity for common sugars. Soybean agglutinin selectively
bound to S. carnosus isolates, and Ricinus communis agglutinin
I selectively bound to S. epidermidis and the S. carnosus
PNAG-overexpressing strain (data not shown). However, none
of the lectins bound to the S. lugdunensis extracts (data not
shown), providing evidence that several other types of polysac-
charides, in addition to PNAG, are not significant components
of the S. lugdunensis biofilm matrix.

Detachment of S. lugdunensis biofilms with proteases but not
carbohydrate-degrading reagents. Several reports have re-
cently demonstrated the existence of PNAG-independent, pro-

tein-mediated staphylococcal biofilm formation (5, 29, 59, 72).
The paucity of PNAG in S. lugdunensis biofilms led us to
examine the composition of the biofilm matrix with a chemical
and enzymatic detachment approach. Sodium metaperiodate
and dispersin B degrade PNAG, thereby releasing PNAG-
containing biofilms from their associated surfaces (35, 36, 75).
As expected, preformed biofilms of S. epidermidis RP62A and
PNAG-overproducing S. carnosus TM300(pCN27) that were
treated with sodium metaperiodate (Fig. 6A) and dispersin B
(Fig. 6B) were susceptible to detachment by both reagents
(P � 0.001 by Student’s t test). S. carnosus biofilms, which
likely contain large amounts of PNAG without additional sta-
bilizing factors, were essentially completely released from mi-
crotiter wells. In contrast, despite substantial detachment,
much higher levels of S. epidermidis RP62A biofilms remained
after treatment with either sodium metaperiodate or dispersin
B. The biofilm matrix components of this strain are known to
include extracellular teichoic acids and proteins, in addition to
large amounts of PNAG (62), which may have assisted in
protecting or stabilizing the biofilm from detachment. Confir-
matory of our immunoblotting and microscopy data, biofilms
of all S. lugdunensis isolates resisted detachment by dispersin B
(Fig. 6B and data not shown). Sodium metaperiodate had
moderate to little effect on the release of 53% (8/15) S. lug-

FIG. 5. Assessment of the S. lugdunensis biofilm extracellular matrix with CSLM. Biofilms were grown in chambered coverglass wells, stained,
and visualized by CSLM with a 100� oil immersion objection. (A and B) Microscopic visualization of the presence or absence of PNAG in the
biofilm extracellular matrix of S. epidermidis RP62A (A) or S. lugdunensis IDRL-2640 (B). Large PNAG structures (green), stained with
fluorescently labeled wheat germ agglutinin, were located among cells (red), stained with the lipophilic membrane dye FM 4-64, in S. epidermidis
RP62A biofilms but not S. lugdunensis IDRL-2640 biofilms. Images show a single x-y slice from the center of the biofilm and the biofilm profile
from the y-z axis (right). (C and D) Detection of extracellular proteins in biofilms of S. epidermidis RP62A (C) and S. lugdunensis IDRL-5258 (D).
Proteins (red) were stained with SYPRO Ruby. Bacteria were stained with Syto-9, a vital nucleic acid stain. Yellow areas indicate protein and
cellular colocalization. Bars, 5 �m.
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dunensis biofilms (Fig. 6A and data not shown). Seven S. lug-
dunensis biofilms (IDRL-2394, IDRL-2526, IDRL-2554,
IDRL-2588, IDRL-2622, IDRL-2640, and IDRL-5258) dem-
onstrated greater susceptibility to sodium metaperiodate (P �
0.047 by Student’s t test), suggesting that the biochemical con-
stituents in the extracellular matrix of S. lugdunensis biofilms
may vary among isolates.

We next tested the ability of several proteases with various
substrate specificities to detach biofilms of S. lugdunensis and
the PNAG-containing control strains. Figure 6C shows that
proteinase K had no effect on the PNAG-positive control
strains, while biofilms of all S. lugdunensis isolates that formed
substantial biofilms (Fig. 1D) were completely removed (P �
0.005 by Student’s t test). In order to demonstrate that the
overwhelming detachment of S. lugdunensis biofilms was due to
the enzymatic activity of proteinase K, we repeated the exper-
iment with heat-inactivated proteinase K and found that the
detachment effect was abolished (data not shown). Concordant
results were obtained upon treatment of biofilms with trypsin
(Fig. 6D and data not shown) (P � 0.041 by Student’s t test),
except that two S. lugdunensis isolates (IDRL-2414 and IDRL-
2526) were noticeably more resistant to release by trypsin. Two
other proteases, thermolysin and chymotrypsin, were also
found to selectively detach S. lugdunensis biofilms but not
PNAG-containing biofilms formed by S. epidermidis RP62A or
S. carnosus TM300(pCN27) (data not shown). These experi-
ments provide evidence that proteins are important for S.
lugdunensis in vitro biofilm formation on polystyrene when
cells are grown in TSBgluc1%.

Visualization of extracellular proteins in S. lugdunensis bio-
films by CSLM. We stained biofilms of S. epidermidis RP62A
and S. lugdunensis IDRL-5258 with the red fluorescent protein
dye SYPRO Ruby in order to visualize extracellular proteins
among biofilm cells, which were stained with the green nucleic
acid stain Syto-9. Extracellular proteins were visible in biofilms
of both S. epidermidis RP62A (Fig. 5C) and S. lugdunensis
IDRL-5258 (Fig. 5D). S. lugdunensis biofilms appeared to con-
tain more protein than S. epidermidis biofilms. To more accu-
rately assess the relative abundance of extracellular protein per
number of cells in biofilms formed by either organism, we
calculated the ratio of protein to cell fluorescence. The average
ratio of protein to cell fluorescence measured in S. lugdunensis
IDRL-5258 biofilms was statistically higher than that in S.
epidermidis RP62A biofilms (0.965 	 0.285 [standard devia-

FIG. 6. S. lugdunensis biofilms are susceptible to detachment by
proteases but not carbohydrate-degrading reagents. Twenty-four-hour
biofilms of S. epidermidis RP62A, S. carnosus TM300, S. carnosus

TM300(pCN27), and S. lugdunensis clinical isolates formed in micro-
titer plates were washed and incubated with various chemical or en-
zymatic treatments for 2 h at 37°C to determine which agents could
detach S. lugdunensis biofilms. Biofilm remaining in wells after treat-
ment was stained with 0.1% safranin, resuspended in 30% glacial
acetic acid, and quantitated by OD492. Results for five representative S.
lugdunensis isolates that form biofilm to various degrees are shown
here. (A) Sodium metaperiodate treatment. (B) Dispersin B treat-
ment. (C) Proteinase K treatment. (D) Trypsin treatment. Bars are the
average stained biofilm remaining in four wells after treatment. Error
bars show the standard deviations. Asterisks indicate statistically sig-
nificant decreases in biofilm detachment after treatment compared to
biofilm detachment in the corresponding buffer (P � 0.05 by Student’s
t test). Data are representative of two or three replicate experiments
with similar result
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tion] versus 0.385 	 0.114, respectively; P � 0.01 by Student’s
t test), supporting the hypothesis that proteins are an impor-
tant component of this organism’s biofilm matrix.

DISCUSSION

The unusual disposition of S. lugdunensis to cause particu-
larly virulent infections that are not typically associated with
CNS attests to the unique behavior and nature of this organ-
ism. In this study, we examined in vitro biofilm formation
characteristics and began to understand the mechanism of
biofilm formation by a collection of S. lugdunensis clinical iso-
lates from both biofilm- and non-biofilm-associated infections.
Our work revealed that the process of biofilm formation in S.
lugdunensis is substantially different from the mechanism of in
vitro biofilm formation typically employed by S. epidermidis
and S. aureus. All S. lugdunensis clinical isolates we studied
contain icaADBC homologues, but not all isolates were profi-
cient in forming biofilm on polystyrene. The phenotype of S.
lugdunensis biofilms in response to the presence of sodium
chloride and ethanol in the environment was significantly de-
creased, whereas biofilms of other staphylococci have been
shown to increase under similar conditions (38–40, 44, 51).
Moreover, detectable amounts of PNAG were lacking in S.
lugdunensis biofilms. Rather, S. lugdunensis biofilms appear to
be composed predominantly of proteins. Thus, the icaADBC
locus, which is a common mechanism of biofilm formation in
staphylococci (25), is present but not utilized in the formation
of biofilms by clinical isolates of S. lugdunensis under in vitro
conditions.

The clinical significance of S. lugdunensis as a notable human
pathogen responsible for aggressive nosocomial and commu-
nity-acquired infections has been well established in the 20
years since its initial description (74). However, our present
comprehension of the virulence factors involved in S. lug-
dunensis pathogenesis is relatively limited (17, 43, 50, 52, 53,
57). In our experience working with S. lugdunensis (in accor-
dance with Mitchell et al. [50]), we have been unable to intro-
duce DNA and perform genetic analyses with any of the clin-
ical isolates in our collection. This lack of a genetic system may
partially explain the slow progress toward understanding S.
lugdunensis virulence. Nevertheless, two virulence factors that
facilitate primary attachment of bacteria to host tissues, von
Willebrand factor-binding protein and fibrinogen-binding pro-
tein, have been characterized in S. lugdunensis (50, 52, 53). The
binding of host proteins by S. lugdunensis is likely the first step
of biofilm formation executed by this organism in vivo. Our
results suggest that additional proteins, rather than the poly-
saccharide produced by the icaADBC locus, may be important
in the subsequent steps of biofilm accumulation and intercel-
lular adhesion.

Recent characterizations of icaADBC-negative S. epidermi-
dis strains and icaADBC deletion mutants of S. aureus or S.
epidermidis strains indicate that staphylococci are genetically
equipped to form biofilm via multiple pathways (19, 29, 58, 72)
and that the regulatory pathways overseeing ica-dependent
and ica-independent biofilm formation are complex (54). Since
it is not possible to generate icaADBC-null S. lugdunensis
strains, we cannot definitively assert that the proteinaceous
biofilms we describe in this work formed independently of the

icaADBC locus. However, the decrease in S. lugdunensis bio-
film formation in response to high concentrations of sodium
chloride and ethanol (Fig. 2) is not consistent with ica-depen-
dent biofilm formation responses that have been observed with
other staphylococci under equivalent conditions (54). Re-
cently, Hennig et al. showed that 4% sodium chloride inhibited
biofilm formation by a PNAG-negative variant of S. epidermi-
dis CSF41498 (29). These results are similar to the results we
obtained with our icaADBC-positive, PNAG-negative S. lug-
dunensis isolates (Fig. 2B), suggesting that similar modes of
regulation of protein-mediated biofilm formation may be
present among these strains. Ethanol is known to enhance
staphylococcal biofilm formation by down-regulating icaR
transcription, thereby allowing continued transcription of
icaADBC in the absence of IcaR-mediated repression of the
locus (9). Although the apparent absence of icaR in the ge-
nomes of the isolates we studied provides a plausible explana-
tion for the inability of ethanol to induce S. lugdunensis biofilm
formation (Fig. 2C), as our data suggest that icaADBC does
not substantially contribute to biofilm formation, it is unlikely
that the ethanol effect observed here is mediated through the
icaADBC locus. Obviously, regulation of S. lugdunensis biofilm
formation proceeds by novel pathways.

Our data are in agreement with previous reports of biofilm
formation by a limited number of S. lugdunensis isolates. San-
doe and Longshaw described an isolate of S. lugdunensis re-
covered from an infected ventriculoperitoneal shunt that ad-
hered to polystyrene in a microtiter plate assay (64). They
reported PCR amplification of icaA with 
80% nucleotide
sequence identity to that of S. epidermidis and S. aureus, al-
though the sequence was not deposited in any publicly avail-
able sequence repository (64). We have confirmed the pres-
ence of icaA, as part of a predicted operon resembling those
found in S. aureus, S. epidermidis, and S. caprae (Fig. 3), in our
collection. However, our sequence analysis of icaA in five S.
lugdunensis isolates revealed this gene to be only 59 to 61%
identical at the amino acid level to its homologues in the other
three species. The explanation for the discrepancy in sequence
identity between our five isolates and the single isolate re-
ported previously is unclear, although the low degree of icaA
sequence identity between S. lugdunensis and other staphylo-
cocci provides an explanation for our failure to detect this gene
by PCR in our previous work (21). More recently, 11 S. lug-
dunensis isolates from implanted medical devices were charac-
terized by ica PCR, biofilm formation assays, and assessment
of PNAG production (6). ica genes were detected in 6/11
strains, and only 3/11 formed biofilm in TSB with 0.25% glu-
cose supplementation. In contrast, we found that all S. lug-
dunensis isolates had icaADBC, leading us to speculate that the
authors’ primer design may have failed to amplify S. lugdunen-
sis genes in the remaining isolates due to disparities in se-
quence between S. lugdunensis ica genes and the ica genes
from which the primers were designed. Consistent with our
findings, PNAG was not detected by immunoblotting in any of
the reportedly ica-positive or ica-negative S. lugdunensis iso-
lates (6). It is interesting to note that these authors grew
isolates in brain heart infusion medium supplemented with 1%
glucose for PNAG immunoblotting experiments, suggesting
that our inability to detect in vitro PNAG production in S.
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lugdunensis isolates grown in TSBgluc1% was not related to the
cultivation conditions.

Further characterization of the biofilm matrix components
of two biofilm-forming S. lugdunensis strains that apparently
lack icaA has been reported recently (5, 41, 61). It was found
that biofilms formed by these two isolates were resistant to
detachment by sodium metaperiodate and dispersin B but
were susceptible to proteinase K and trypsin detachment (5,
41, 61). Chromatographic and nuclear magnetic resonance
analysis of extracellular polymeric extracts of these two strains
revealed low or no detectable levels of PNAG but did detect
the strong presence of extracellular teichoic acids and protein
components, suggesting that these isolates form protein and
teichoic acid-mediated biofilms (41, 61). The results of the
detachment assays with proteases and carbohydrate-degrading
agents that we report here for our icaADBC-positive isolates
(Fig. 6) are similar to those for the apparently icaADBC-neg-
ative S. lugdunensis isolates reported by Kogan et al. (41) and
Sadovskaya et al. (61), indicating that protein-mediated biofilm
formation is common among icaADBC-positive and (appar-
ently) icaADBC-negative S. lugdunensis isolates. These authors
did not study the extracellular matrix components of any ica-
positive biofilm-forming strains in their collection (6). Based
on our results, the presence of the ica locus in biofilm-forming
S. lugdunensis isolates does not imply PNAG-dependent bio-
film formation. Therefore, we advocate that these studies
should be performed in order to determine whether teichoic
acids, in addition to protein components, are found in the
biofilms of the previously reported organisms (6).

Many unanswered questions emerge. Although our data do
not reveal evidence for the function of the icaADBC homo-
logues in S. lugdunensis biofilm formation, the fact that at least
five independently isolated clinical isolates harbor intact ORFs
for the entire locus suggests that there is an evolutionary ad-
vantage to maintain this region of the genome. It is possible
that the icaADBC genes are expressed in vivo or under in vitro
conditions different from those studied here. Aside from staph-
ylococci, PNAG is found in the biofilm matrices of many or-
ganisms (12, 33, 37, 75), so it would be quite unexpected if the
S. lugdunensis icaADBC locus is unimportant in all aspects of
biofilm formation. Additionally, the genomic organization of
the region containing the S. lugdunensis ica genes is extremely
intriguing. The lack of icaR and the surprising finding that the
S. lugdunensis yycJ and yycI homologues are not contained
within a single operon raise the question of the evolutionary
origin of this genomic region in this species. While we are not
aware that yycFG homologues have been positively identified
in S. lugdunensis, the yycFG two-component system is known to
be essential in S. aureus (18, 49). Further exploration of the yyc
homologues in S. lugdunensis will undoubtedly be interesting.

We are currently undertaking steps to determine the func-
tion and the role in biofilm formation, if any, of the novel ORF
found upstream of S. lugdunensis icaA (Fig. 3). No sequences
with similar homology can be identified in other staphylococci,
but the similarity to the gene for the biofilm-degrading enzyme
dispersin B, coupled with our observation that S. lugdunensis
can form PNAG-independent biofilms, may indicate that S.
lugdunensis possesses a unique mechanism to allow it to com-
pete for biofilm niches with PNAG-dependent biofilm species.

In conclusion, we have shown that an icaADBC locus with a

unique genomic organization is present in 15 clinical S. lug-
dunensis isolates, but PNAG was not a major component of the
biofilms of these organisms. Instead, icaADBC-positive S. lug-
dunensis isolates formed PNAG-independent biofilms whose
mechanism of adherence to polystyrene involved extracellular
proteinaceous factors. Elucidation of the protein(s) that gov-
erns S. lugdunensis adhesion should yield information on ad-
ditional biofilm genes present in this genetically intractable
organism. In addition, further work is warranted to determine
the conditions, if any, under which the S. lugdunensis ica locus
is expressed. Once the involvement of icaADBC and other
biofilm-associated genes is firmly established, we can begin to
understand the novel regulatory pathways controlling S. lug-
dunensis biofilm formation.
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