
Important Contribution of the Novel Locus comEB to Extracellular
DNA-Dependent Staphylococcus lugdunensis Biofilm Formation

Nithya Babu Rajendran,a Julian Eikmeier,a Karsten Becker,a,b Muzaffar Hussain,a Georg Peters,a,b Christine Heilmanna,b

Institute of Medical Microbiologya and Interdisciplinary Center for Clinical Research (IZKF),b University Hospital of Münster, Münster, Germany

The coagulase-negative species Staphylococcus lugdunensis is an emerging cause of serious and potentially life-threatening infec-
tions, such as infective endocarditis. The pathogenesis of these infections is characterized by the ability of S. lugdunensis to form
biofilms on either biotic or abiotic surfaces. To elucidate the genetic basis of biofilm formation in S. lugdunensis, we performed
transposon (Tn917) mutagenesis. One mutant had a significantly reduced biofilm-forming capacity and carried a Tn917 inser-
tion within the competence gene comEB. Site-directed mutagenesis and subsequent complementation with a functional copy of
comEB verified the importance of comEB in biofilm formation. In several bacterial species, natural competence stimulates DNA
release via lysis-dependent or -independent mechanisms. Extracellular DNA (eDNA) has been demonstrated to be an important
structural component of many bacterial biofilms. Therefore, we quantified the eDNA in the biofilms and found diminished
eDNA amounts in the comEB mutant biofilm. High-resolution images and three-dimensional data obtained via confocal laser
scanning microscopy (CSLM) visualized the impact of the comEB mutation on biofilm integrity. The comEB mutant did not
show reduced expression of autolysin genes, decreased autolytic activities, or increased cell viability, suggesting a cell lysis-inde-
pendent mechanism of DNA release. Furthermore, reduced amounts of eDNA in the comEB mutant biofilms did not result from
elevated levels or activity of the S. lugdunensis thermonuclease NucI. In conclusion, we defined here, for the first time, a role for
the competence gene comEB in staphylococcal biofilm formation. Our findings indicate that comEB stimulates biofilm formation
via a lysis-independent mechanism of DNA release.

The first published record of Staphylococcus lugdunensis dates
back to 1988, when this species was identified and described as

an infectious coagulase-negative Staphylococcus (CoNS) (1). Since
then, many reports describing clinical cases of S. lugdunensis have
emerged, underlining its significance as an important human
pathogen and its special position among all other CoNS species (2,
3). This species can cause a variety of infections, ranging from
mild skin abscess to aggressive, life-threatening infective endocar-
ditis (4–6). Native valve endocarditis and device-related infections
associated with catheters, prosthetic joints, or heart valves reflect
the ability of S. lugdunensis to colonize biotic and abiotic surfaces,
respectively, and produce biofilms (7, 8). Inside the host, biofilms
offer protection against the host immune system and antibiotics
(9). Distinct phases of biofilm formation include the attachment
of the bacterial cells to a suitable surface, proliferation, and secre-
tion of adhesive polymeric substances that glue the cells together,
resulting in the formation of a multilayered biofilm (3, 9, 10).

While several factors involved in biofilm formation of the spe-
cies Staphylococcus aureus and Staphylococcus epidermidis have
been identified and extensively characterized during the past 2
decades, very little has been known about the mechanisms under-
lying S. lugdunensis biofilm formation (3, 10, 11). Available stud-
ies on the pathogenesis of S. lugdunensis focus on the characteriza-
tion of adhesins and other protein factors like the von Willebrand
factor (vWF)-binding protein (12), fibrinogen (Fg)-binding pro-
tein Fbl (13), autolysin AtlL (14), iron-regulated surface determi-
nant (Isd) proteins (15), and sortase A (16). Some of these pro-
teins have homologs in other staphylococci, whose functions are
well established (3, 10). Frank and Patel reported that 15 different
clinical isolates of S. lugdunensis predominantly formed a protein-
dependent and polysaccharide intercellular adhesin (PIA)-inde-
pendent biofilm despite the presence of the icaADBC operon (17).
The icaADBC operon confers the production of PIA (also referred

to as poly-N-acetylglucosamine; PNAG) on S. epidermidis and
S. aureus as an essential component in PIA/PNAG-dependent bio-
films (18, 19). A recent study also demonstrated that clinical
S. lugdunensis isolates formed biofilms in a PIA-independent and
protein-dependent manner and identified the surface protein
IsdC as a mediator of biofilm formation under iron-restricted
growth conditions (20).

In many bacterial species, including S. aureus and S. epidermi-
dis, extracellular DNA (eDNA) has been demonstrated to be an-
other important structural component of the biofilm matrix (21–
25). Here, we used a random mutagenesis approach and identified
a novel genetic locus, the competence gene comEB, involved in
S. lugdunensis biofilm formation. Our further experiments sug-
gested that comEB stimulates biofilm formation via a lysis-inde-
pendent mechanism of DNA release representing a source of bio-
film eDNA.
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MATERIALS AND METHODS
Bacterial strains and media. The clinical S. lugdunensis isolates a19263
and w701 from the Institute of Medical Microbiology, University Hospital
of Münster, were used for transposon and site-directed mutagenesis, re-
spectively. The clinical strain S. epidermidis RP62A (18, 26), predomi-
nantly forms a PIA-dependent biofilm, and the biofilm-negative Staphy-
lococcus carnosus TM300 (27) served as controls in studying the eDNA
dependency of biofilm formation. S. epidermidis O-47 (28) and S. aureus
SA113 (29), carrying the empty vector pCU1, were used as controls in
detecting NucI activity. For cloning, Escherichia coli strains XL1 Blue or
TG1 were used. S. lugdunensis was grown in either tryptic soy broth (TSB)
or on tryptic soy agar, and E. coli was grown in Luria-Bertani (LB) broth or
on LB agar. To analyze NucI activity, DNase test agar (Oxoid) was used
according to the instructions of the manufacturer. Antibiotics were added
to the growth media when appropriate.

Genetic manipulation, plasmids, complementation, and DNA se-
quencing. The plasmid pTV1ts (30), used for transposon Tn917 mu-
tagenesis, was introduced into strain a19263 by protoplast transformation
(31) with slight modifications: early exponential a19263 cells were treated
with lysostaphin at 37°C until the optical density at 578 nm (OD578)
dropped to 25% of the initial value. To determine the Tn917 insertion site,
an arbitrary PCR was performed as described previously (32). Primers
were synthesized and DNA was sequenced by Eurofins MWG Operon
(Ebersberg, Germany).

For site-directed mutagenesis, the replacement cassette (comEB::
ermB) first was constructed in the shuttle plasmid pCU1 (33). The ermB
cassette and recombination sites were amplified directly from the Tn917
mutant using two separate PCRs: PCR1 (primer pair 599CAKnockfor and
599EryKnockrev) (Table 1) to obtain the 2,457-bp comEA-comEB-ermB
fragment and PCR2 (primer pair 599tn917for and 599CCKnockrev) (Ta-
ble 1) to obtain the 1,607-bp orf3-comEB-comEC fragment. Both frag-
ments were sequentially ligated with pCU1, excised as a single 4,072-bp
fragment, and then cloned into the EcoRI and PstI sites of the vector pBT2
(34), generating plasmid pBT2comEB::ermB. Subsequently, pBT2comEB::

ermB was introduced into the strain w701 by protoplast transformation to
disrupt the comEB gene by homologous recombination essentially as de-
scribed previously (35). For complementation, DNA fragments encoding
either comEB (883 bp) or comEB-comEC (3,147 bp), which were previ-
ously amplified from the genomic DNA of strain w701 using primer pairs
ComAF and ComBR or ComAF and ComER, respectively (Table 1), were
cloned into the EcoRI and BamHI sites of the shuttle vector pRB473 (36),
generating pRBcomEB or pRBcomEB/EC, respectively.

Quantitative biofilm assay. Microtiter plate biofilm assays were per-
formed as described earlier (28). In some experiments, biofilms were
grown in the presence of DNase I (0.1 mg/ml). In the controls, the enzyme
was replaced by the same volume of phosphate-buffered saline. Each assay
was performed at least in triplicate.

Quantification of eDNA. Biofilm eDNA from 24-h biofilms was
isolated as described previously (14) and quantified by UV-visible
(Vis) spectrophotometry using a NanoPhotometer P330 (Implen) ac-
cording to the instructions of the manufacturer. Each assay was per-
formed in triplicate.

Confocal laser scanning microscopy (CLSM). Both 24-h and 48-h
biofilms were grown on coverslips at 37°C. For the cultivation of 48-h
biofilms, spent medium was exchanged for fresh medium thrice during
growth. Afterwards, the biofilms were washed twice with 0.85% NaCl,
stained with the live/dead staining kit (Invitrogen) according to the man-
ufacturer’s recommendations, and fixed with 10% neutral buffered for-
malin. The coverslips were mounted onto glass slides with Mowiol and
observed with an LSM700 CLS microscope (Zeiss). Images were acquired
with a 63� objective and a Z interval of 0.3 �m for 24-h biofilms and 1 �m
for 48-h biofilms. Image analysis and processing was carried out with
either the Zen Imaging software (Zeiss) or Fiji (37). Three-dimensional
(3D) reconstructions were generated with Fiji.

Triton X-100-induced autolysis. For the autolysis assay, overnight
cultures of S. lugdunensis were diluted in 25 ml fresh TSB medium to give
a starting OD578 of 0.05. The cultures were shaken at 37°C and 160 rpm
until an OD578 of 0.7 to 0.8 was reached. Five milliliters of each sample was

TABLE 1 Oligonucleotide primers used in this study

Name and purpose Sequencea (5=¡3=) Gene(s)

Disruption of comEB
599CAKnockfor CTGAATTCTCAGATTCACAAAAGGGAACAG (EcoRI)
599EryKnockrev CAGGATCCTAGGGACCTCTTTAGCTCCTTG (BamHI)
599tn917for CAGGATCCCGAAGGATCACTCATGGACTAA (BamHI)
599CCKnockrev GCACTGCAGATCTTAGTGCACTTGGTGCAAA (PstI)

Complementation
ComAF CAGGATCCGAACAGCACGGCCAATTTAC (BamHI) comEB
ComBR CTGAATTCTGCAATATAAAACACTTAAATCACGA (EcoRI)
ComAF CAGGATCCGAACAGCACGGCCAATTTAC (BamHI) comEB, comEC
ComER CTGAATTCTTTTGAGGCATGCTTATAACTCC (EcoRI)

Real-time PCR
aroE1F AACGAGCAGCAATCAATACC aroE
aroE1R TTCAATAATTCCCCCACCTG
gyrBF CACACGTATGAAGGCGGAAC gyrB
gyrBR CTACGGCCGTTAAACCTTCTC
holAF AAATTGGATTCAGCAACAATTACA holA
holAR GGTCTATCCCCTATGAACAACATT
atlF TGCATTTGTACATGCGTTTG atlL
atlR GCGCAAATGAAGCATAGTCA
aalF CCTTTACCAATAGCTGCACGA aal
aalR ACTGGCACAGCTTCAGGTTC
nucF AAACACGTCCATAGCGATCA nucI
nucR CGTTGATACGCCTGAAACAG

a Restriction sites are underlined.
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pelleted. The cells were washed once with cold double-distilled water and
resuspended in an equal volume of 0.05 M Tris-HCl containing 0.05%
Triton X-100 (pH 7.2). The samples were incubated at 30°C for 3 h, and
the OD578 was measured every 30 min.

Zymographical analysis of bacteriolytic activity. Surface-associated
proteins for zymographical analysis were prepared essentially as described
previously, except that overnight cultures of the bacteria were grown in
TSB at 37°C and 160 rpm (38). One-milliliter samples were harvested at
different time points of growth, and the bacterial cells were resuspended

in 1 volume of SDS sample buffer. The samples were heated at 95°C for 10
min and centrifuged, and 10 �l of the supernatant containing the surface-
associated autolysins was loaded on SDS gels (10% separation gel) and on
corresponding zymogram gels (10% SDS gels containing 0.05% heat-
inactivated S. lugdunensis cells in the separation gel). After electrophore-
sis, the zymogram gels were incubated overnight at 37°C in 25 mM Tris-
HCl (pH 8) containing 1% (vol/vol) Triton X-100. The SDS and
zymogram gels were stained with Coomassie brilliant blue R250 and
methylene blue, respectively.

FIG 1 comEB is involved in biofilm formation. (A) Quantitative analysis of 24-h biofilms produced by the Tn917 mutant Mut599 and its wild type. The OD490

values � SEM are the averages from three independent experiments. **, P � 0.01. (B) The Tn917 insertion site in Mut599 is located 64 bp downstream of the
comEB start codon, which is part of a putative operon containing the comEB, comEC, and holA genes. The arrows mark the direction of transcription. P, putative
promoter; RBS, ribosomal binding site; res, resolvase gene. The nucleotide sequences correspond to the regions flanking the transposon, with the nucleotides in
boldface representing the characteristic 5-bp duplication. comEB, comEC, and holA putatively are transcribed from the common promoter upstream of comEB.
(C) Quantitative analysis of 24-h biofilms produced by the clinical isolate S. lugdunensis w701 harboring the empty vector pRB473, its site-directed comEB mutant
Mut12 containing pRB473, and the complemented mutants. For complementation, the vector pRB473 carrying comEB-comEC (pRBcomEB/EC) or comEB alone
(pRBcomEB) was introduced into Mut12. The OD490 values � SEM are averages from three independent assays. *, P � 0.05. The data were analyzed with one-way
ANOVA and a Bonferroni’s posttest.
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Viability assay. Overnight-grown cultures of the S. lugdunensis strains
were diluted in 150 ml fresh TSB to give a starting OD578 of 0.05. The
cultures then were incubated at 37°C and 160 rpm. Serial dilutions of
samples collected at different time points of growth were spread on blood
agar plates, and the corresponding CFU were determined. Prior to dilu-
tion, the OD578 of each sample was measured.

Real-time PCR-based gene expression analysis. RNA was isolated
from S. lugdunensis cells grown planktonically for 3 or 6 h or in a biofilm
for 24 h using an RNeasy minikit (Qiagen) according to the manufactur-
er’s protocol. One microgram of RNA was reverse transcribed to cDNA
using the QuantiTect reverse transcription kit and then applied to SYBR
green dye-based real-time PCR (SYBR green supermix; Bio-Rad) using
the primers listed in Table 1. Melting curve analysis was performed for
each reaction to ensure specificity, and the fold change values were calcu-
lated with the Bio-Rad iQ5 software using the housekeeping genes aroE
and gyrB for normalization.

Statistical analysis. Data are given as means � standard errors of the
means (SEM). Statistical analysis was performed using one-way analysis
of variance (ANOVA) and a Bonferroni’s posttest; P � 0.05 was consid-
ered to indicate statistically significant differences.

Nucleotide sequence accession number. The GenBank accession
number of the comE operon DNA sequence of strain S. lugdunensis w701
is KM232909.

RESULTS
Isolation of a Tn917 insertion mutant producing decreased lev-
els of biofilm. Approximately 5,000 transposon insertion mutants

generated by Tn917 mutagenesis of the biofilm-forming clinical
isolate S. lugdunensis a19263 in a previously described procedure
(28) were screened for an altered biofilm-forming phenotype us-
ing the quantitative biofilm assay. The mutant Mut599 formed
less biofilm (average OD490, 0.89 � 0.02) compared to its wild type
(average OD490, 1.23 � 0.06) (Fig. 1A). By means of arbitrary PCR
and subsequent DNA sequencing, the Tn917 insertion site was
mapped to the competence gene comEB, which is part of an operon.
Downstream of comEB, the comE operon contains the competence
gene comEC and holA, encoding the putative DNA polymerase PolC
� subunit (Fig. 1B). Analysis of the DNA sequence suggested that the
comEC gene is translationally coupled to the comEB gene, because
comEC lacks its own ribosomal binding site (RBS).

Upon site-directed mutagenesis, the comEB disruption and the
associated biofilm phenotype were successfully verified in a different
genetic background, the clinical isolate S. lugdunensis w701. The re-
sulting mutant was designated Mut12. Although the difference in
biofilm formation between the wild type, w701(pRB473) (OD490,
1.79 � 0.04), and Mut12(pRB473) (OD490, 1.46 � 0.07) was not
drastic, it was statistically significant (Fig. 1C). The Mut12 phenotype
could be fully restored to the wild-type level of biofilm forma-
tion by complementation with either the comEB gene alone
[Mut12(pRBcomEB); OD490, 1.81 � 0.01] or with comEB to-
gether with comEC [Mut12(pRBcomEB/EC); OD490, 1.75 �
0.07] (Fig. 1C).

comEB disruption decreases biofilm eDNA. Because compe-
tence has been correlated with DNA release in different bacterial
species (39–41) and eDNA is an important structural component
in many bacterial biofilms (21–25, 42), we addressed the questions
of whether eDNA is also an important structural component of
S. lugdunensis biofilms and if the level of eDNA within the biofilms
differs among Mut12 and its wild type. To analyze the eDNA de-
pendency of the biofilm formation of the clinical S. lugdunensis
isolates a19263 and w701, we performed biofilm assays and observed
the influence of DNase I. Biofilm formation of S. lugdunensis a19263
and w701 in the presence of DNase I was almost completely abol-
ished, clearly demonstrating that eDNA is an essential component
of their biofilms (Fig. 2A). The same observation was made when
preformed biofilms of S. lugdunensis a19263 and w701 were
treated with DNase I (data not shown). In contrast, biofilm for-
mation of the control strain S. epidermidis RP62A, predominantly
forming a PIA-dependent biofilm (18), was largely unaffected by
DNase I (Fig. 2A). Similarly, another recent study demonstrated
that the biofilms of all 9 clinical S. lugdunensis strains tested were
sensitive to DNase I treatment (20). We next quantified the eDNA
content of 24-h biofilms. The biofilm eDNA concentration of mu-
tant Mut12(pRB473) (30.8 � 1.3 ng/�l) was significantly lower
than that of the wild type, w701(pRB473) (41.7 � 1.9 ng/�l) (P �
0.05), and the complemented mutants Mut12(pRBcomEB) (48.5
� 6.3 ng/�l) (P � 0.01) and Mut12(pRBcomEB/EC) (44.7 � 2.8
ng/�l) (P � 0.05) (Fig. 2B). The observed differences clearly indi-
cated that the defect in biofilm formation was due to an eDNA loss
mediated by comEB disruption.

Visualization of eDNA loss and its effect on biofilm integrity.
To further qualitatively and quantitatively validate the decrease in
the eDNA level, 24-h biofilms were stained with the live/dead
staining kit and observed by CLSM. The nucleic acid stain SYTO9
(green fluorescence) penetrates membranes and stains the bacte-
ria green, while the membrane-impermeable propidium iodide
(PI; red fluorescence) stains membrane-compromised bacteria

FIG 2 S. lugdunensis biofilm formation is eDNA dependent and comEB mod-
ulates eDNA levels in S. lugdunensis biofilms. (A) Biofilm formation in TSB in
polystyrene microtiter plates in the presence (0.1 mg/ml) (right) or absence
(left) of DNase I. Biofilms were stained with safranin. Lanes: 1, S. lugdunensis
a19263; 2, S. lugdunensis w701; 3, S. epidermidis RP62A; 4, S. carnosus TM300.
(B) Quantification of eDNA in biofilms. eDNA from 24-h biofilms was iso-
lated and quantified by UV-Vis spectrophotometry. Mut12(pRB473) con-
tained significantly less eDNA in the biofilm than its wild type, w701(pRB473),
and the complemented mutants Mut12(pRBcomEB) and Mut12(pRBcomEB/
EC). The values represented here are the averages from three independent
experiments, and the error bars represent SEM. *, P � 0.05; **, P � 0.01.
Statistical analysis was performed with one-way ANOVA and a Bonferroni’s
posttest.
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and extracellular nucleic acids red. By using both stains, it is pos-
sible to distinguish between live bacterial cells and dead bacteria/
eDNA. This assay has been used to observe cell death and eDNA
content of biofilms formed by various bacteria (21, 23, 25).
Mut12(pRB473) (Fig. 3A, row II) showed diminished PI (red)
staining compared to the wild type, w701(pRB473) (row I), and
the complemented mutants Mut12(pRBcomEB) (row III) and
Mut12(pRBcomEB/EC) (row IV). Since PI does not effectively dis-
tinguish between dead cells and eDNA, the lowered PI staining
observed in the Mut12(pRB473) biofilm could be indicative of a
decrease in both eDNA and dead cells. However, the viability of
Mut12(pRB473) was not altered (see Fig. 4D), suggesting a de-
creased eDNA level.

eDNA is known to act as a cohesive agent that sticks the bacte-
rial cells together and stabilizes the structure of a bacterial biofilm
(21, 24, 43, 44). Consequently, the eDNA loss in Mut12 should
negatively impact biofilm integrity. To detect potential structural

alterations, 48-h biofilms grown on coverslips were stained and
imaged by CLSM. The 3D reconstructions obtained from the image
stacks illustrated a pronounced architectural weakness in Mut12. The
biofilm produced by Mut12(pRB473) (Fig. 3B, row II) lacked the
thickness that clearly defined the biofilms of w701(pRB473) (row I)
and the complemented mutants Mut12(pRBcomEB) (row III) and
Mut12(pRBcomEB/EC) (row IV). Using the COMSTAT program
(45), this difference in thickness was quantified. The average thick-
ness of the Mut12(pRB473) biofilm was 10.67 � 1.12 �m, while that
of w701(pRB473) was 23.89�3.29�m. The complemented mutants
exhibited a biofilm thickness comparable to that of the wild type:
23.19 � 1.81 �m for Mut12(pRBcomEB) and 25.97 � 1.90 �m for
Mut12(pRBcomEB/EC). Thus, it became evident that the comEB mu-
tation resulted in decreased eDNA availability, which severely influ-
enced biofilm integrity.

Autolytic activity in the comEB mutant is unaffected. DNA
release by bacteria can occur via both lysis-dependent and lysis-

FIG 3 CLSM analysis of biofilm. (A) To visualize eDNA, mature 24-h biofilms grown on coverslips were stained with SYTO9 (live; green fluorescent) and PI
(dead; red fluorescent) and are presented as maximum intensity projections. Colocalization occurs when live cells are closely associated with dead cells or are
covered with eDNA, appearing yellow in the merged image (Merge). (B) To obtain 3D data, 48-h biofilms grown on coverslips were stained with the live/dead
staining kit and 3D reconstructions were generated with z-stack images obtained with a z-slice interval of 1 �M. The images are representative of three
independent experiments.
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independent mechanisms (21, 39, 41, 42, 46, 47). Lysis of bacterial
cells is mediated by peptidoglycan hydrolases, also referred to as
autolysins (48). To determine if comEB influences cell lysis, the
expression of autolytic activities was analyzed. No marked differ-
ences were observed among Mut12(pRB473), its wild type,
w701(pRB473), and the complemented mutants in both Triton
X-100-induced autolysis assays (Fig. 4A) and zymographical anal-
ysis of autolytic activities (Fig. 4B, lower). In analogy to S. aureus
and S. epidermidis (see below), clearing zones ranging from ap-
proximately 70 to 150 kDa probably represent AtlL-associated
amidase and glucosaminidase activities, while the clearing zone
around 35 kDa presumably is caused by Aal-associated bacte-
riolytic activity (Fig. 4B, lower). Moreover, no significantly dif-

ferential expression of the atlL (SLUG_18190; available at the
KEGG database [http://www.genome.ad.jp/kegg/]) and aal
(SLUG_01420; available at the KEGG database) genes, encod-
ing the autolysins AtlL and Aal, which are homologous to the
major autolysins AtlA and Aaa from S. aureus (49, 50) and AtlE
and Aae from S. epidermidis (38, 51), respectively, was detected
by real-time PCR (Fig. 4C). Additionally, we analyzed the via-
bility of Mut12(pRB473) compared to that of its wild type,
w701(pRB473), and the complemented mutants by determin-
ing the CFU counts during growth, which did not indicate an
altered cell viability (Fig. 4D).

nucI gene expression is not impaired by the comEB disrup-
tion. Recently, it was shown that the S. aureus thermonuclease

FIG 3 continued
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Nuc has a negative impact on biofilm formation, because it de-
grades the eDNA that is necessary for maintaining the biofilm
architecture (52). Thus, another possible cause of comEB-depen-
dent, eDNA-based differential biofilm formation between Mut12
and its wild type is differentially expressed nuclease activities.
While the S. aureus genome encodes two nucleases (53), analysis
of the published S. lugdunensis genomes (54, 55) indicated the
presence of a single gene (nucI) encoding the thermonuclease
NucI (SLUG_15760; available at the KEGG database [http://www
.genome.ad.jp/kegg/]). By using real-time PCR, no significant dif-
ferences were observed in the nucI gene expression among the wild
type, w701(pRB473), Mut12(pRB473), and the complemented
mutants (Fig. 5A), suggesting that no altered nuclease expression
accounted for the observed differences in biofilm formation.
Moreover, the NucI activity observed as distinct clearing zones
around bacterial growth on DNase agar was comparable among
the wild type, w701(pRB473) (Fig. 5B, image 2), Mut12(pRB473)
(image 1), and the complemented mutants Mut12(pRBcomEB)
(image 3) and Mut12(pRBcomEB/EC) (image 4). For comparison,

the positive-control S. aureus SA113(pCU1) (6), known to pro-
duce large amounts of nuclease activity, showed a pronounced
clearing zone, while the negative-control S. epidermidis
O-47(pCU1), which produces a nuclease in very small quantities,
did not reveal a clearing zone (Fig. 5B).

DISCUSSION

S. lugdunensis is a human opportunistic pathogen (3, 56). Being
part of the microbiota of the nasal cavity and of other skin areas
particularly the lower abdomen and extremities (57, 58), it is not
surprising that this species causes a wide range of foreign body-
associated infections characterized by the formation of biofilms
(2). However, factors contributing to S. lugdunensis biofilm for-
mation have remained largely unknown. To identify genes in-
volved in S. lugdunensis biofilm formation, we performed trans-
poson mutagenesis and identified a mutant (Mut599) with a
Tn917 insertion in the competence gene comEB that produced less
biofilm than the wild-type strain. Upon site-directed mutagenesis
of the comEB gene (generating Mut12), the same biofilm pheno-

FIG 4 comEB does not impact the expression of autolytic activities. (A) Mid-log-phase cells were treated with Triton X-100, and autolysis was monitored by the
drop in OD578. The OD values are expressed in percentages, with the initial OD set to 100%. n � 3. Error bars indicate SEM. (B) Surface-associated proteins
prepared from bacterial strains that were harvested at different time points of growth (3 h, 6 h [I], 10 h, 12 h [II], and 24 h [III]) were separated by SDS-PAGE
on SDS gels and corresponding zymogram gels. Zymogram gels contained heat-inactivated S. lugdunensis cells in the separation gel. Bacteriolytic activities were
observed as clear zones after overnight incubation in buffer. (Upper) SDS gels; (lower) corresponding zymogram gels. Molecular masses (in kilodaltons) of
marker proteins (M) are indicated on the left. Lanes 1 and 5, w701(pRB473); 2 and 6, Mut12(pRB473); 3 and 7, Mut12(pRBcomEB); 4 and 8, Mut12(pRBcomEB/
EC). SDS and zymogram gels are representative of three independent experiments. (C) The expression of the S. lugdunensis homologs of two major staphylo-
coccal autolysin genes, atlL and aal, were analyzed by real-time PCR from cultures grown to mid-logarithmic (3 h) or stationary phase (6 h) or in 24-h biofilms.
The values represent the averages from three independent experiments, and the error bars represent the SEM. The data were analyzed with one-way ANOVA and
a Bonferroni’s posttest. (D) Growth was initiated at a starting OD578 of 0.05 in TSB (37°C, 160 rpm) and monitored. At the indicated time points, the cultures
were sampled, serially diluted, and plated on blood agar. Resulting colonies were counted after 24 h of incubation. The viability was expressed as log CFU/ml. n �
3. Error bars indicate SEM. NS, not significant.
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type was reproduced in a different genetic background, verifying
that impaired biofilm formation is indeed due to the inactivation
of the comEB gene and not due to secondary mutations. More-
over, complementation with comEB was sufficient to restore bio-
film formation to wild-type levels, further verifying the implica-
tion of comEB.

comEB is part of the comE competence operon, which in
S. aureus consists of the comEA, comEB, and comEC genes (59);
thus, it largely resembles the organization of the Bacillus subtilis
comE operon (60). In contrast, in S. lugdunensis, comEB and
comEC form a transcriptional unit with holA, while comEA is en-
coded independently upstream of comEB (Fig. 1B). The holA gene
putatively encodes the DNA polymerase PolC � subunit, which is
essential for DNA replication (61). Because (i) Mut12 exhibited
the same growth characteristics as its wild type (Fig. 4D), (ii)
comEB was sufficient to complement Mut12, and (iii) real-time
PCR analysis indicated unaltered holA expression (see Fig. S1 in
the supplemental material), we can rule out a potential involve-
ment of holA in the observed biofilm phenotype.

Natural competence for DNA uptake has only recently been

demonstrated in S. aureus, where it depends on the expression of
a cryptic gene encoding the alternative � factor SigH (62). In
S. aureus, SigH is produced only under certain circumstances in a
minor subpopulation and formerly was reported to induce the
transcription of the comG and comE competence operons (59, 62).
However, the situation seems to differ in S. lugdunensis, because in
preliminary RT-PCR experiments we were able to detect comEB
and comEC transcripts in the S. lugdunensis w701 wild type during
mid-log and stationary growth phases (data not shown).

While in staphylococci the components required for the devel-
opment of competence and the functions of comEB and comEC are
currently largely undefined, such components and their regula-
tion have been well studied in other bacterial species. In B. subtilis,
both comEB and comEC belong to the late competence genes, and
their gene products form the DNA uptake machinery (63).
ComEC is the membrane channel protein that delivers the DNA
into the cytosol, while ComEB has no clear role in the whole pro-
cess of DNA uptake, although it is known to localize at the cell
poles where the DNA uptake machinery assembles (60, 64).
Analysis of the S. lugdunensis ComEC amino acid sequence at

FIG 5 Expression (A) and activity (B) of the thermonuclease NucI is unchanged. (A) nucI gene expression was measured during the mid-logarithmic (3 h) and
stationary (6 h) phases of growth or in 24-h-grown biofilms. The mRNA levels were quantified by real-time PCR and normalized against the relative quantities
of the aroE and gyrB housekeeping gene transcripts. The data were analyzed with one-way ANOVA and a Bonferroni’s posttest. (B) NucI activity, observed as
clearing zones around bacterial growth on DNase agar, was similar among wild-type w701(pRB473) (2), Mut12(pRB473) (1), and the complemented mutants
Mut12(pRBcomEB) (3) and Mut12(pRBcomEB/EC) (4). S. aureus SA113(pCU1) (6) and S. epidermidis O-47(pCU1) (5) served as positive and negative controls,
respectively.
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HMMTOP (http://www.enzim.hu/hmmtop/) revealed the pres-
ence of 12 potential transmembrane helices, indicating its location
within the membrane analogous to B. subtilis ComEC. However,
B. subtilis ComEC has only 7 transmembrane helices (64).

The fact that comEB was sufficient to complement Mut12 in-
dicates that either Mut12 still was able to translate comEC and to
produce ComEC independently of comEB translation or that the
function of ComEC in S. lugdunensis biofilm formation is dispens-
able. In order to determine a potential involvement of ComEC, we
sought to analyze if Mut12 still produces ComEC. For this, we
aimed to raise antibodies against ComEC. However, we were not
successful in the expression and purification of ComEC from E.
coli (data not shown), indicating that ComEC is toxic. Likewise,
ComEC from B. subtilis has been found to be toxic to E. coli (60).

Because the induction of competence stimulates DNA release
essential for biofilm formation in Streptococcus pneumoniae and B.
subtilis (41, 46), we aimed to identify a possible correlation of the
eDNA content of S. lugdunensis biofilms with the competence
gene comEB. For this, we quantified the eDNA from mature bio-
films, and indeed we did observe a significant reduction of biofilm
eDNA in Mut12 compared to the level of its wild type. Further-
more, by staining the eDNA with PI, we were able to visualize the
shortage of eDNA in the biofilm matrix of Mut12. Additionally,
3D images from 48-h biofilms were obtained, which confirmed
the structural weakness of the Mut12 biofilm. Mutants with the
inability to release DNA or factors that disturb the integrity of
eDNA have been used in staphylococci before to demonstrate the
negative outcome of a biofilm that is not supported by the eDNA
scaffold (21, 22, 43, 52).

Competence triggers a lysis-dependent or lysis-independent
DNA release in bacterial biofilms. Thus, possible origins of eDNA
in the biofilm matrix may include cell lysis of a subpopulation in
the biofilm, as shown for S. epidermidis (22), S. aureus (21),
S. pneumoniae (46), and Pseudomonas aeruginosa (42), and spe-
cific secretion as identified in Bacillus cereus (25). Active DNA
secretion that depends on a type IV secretion system also has been
described in Neisseria gonorrhoeae (47). To analyze if the comEB-
mediated, eDNA-based mechanism of biofilm formation in-
volves lysis-dependent or lysis-independent mechanisms of
DNA release, we determined autolysis, autolytic activities, and
cell viability. Autolysis and autolytic activities of Mut12, its
wild type, and the complemented mutants were comparable in
Triton X-100-induced autolysis assays and zymograms, respec-
tively (Fig. 4A and B). Moreover, we did not observe a change
in cell viability (Fig. 4D). In agreement, in our recent study we
did not observe significant differences in the eDNA content of
preparations from the clinical S. lugdunensis isolate Sl253 and its
atlL mutant (14), further supporting our findings that the release
of DNA is lysis independent in S. lugdunensis. Consequently,
comEB-mediated DNA release and biofilm formation also appear
to be independent of the cid-lrg system, which has been reported
to contribute to S. aureus cell lysis, genomic DNA release, and
biofilm formation in vitro and in vivo (21). Considering further
possible factors that may cause the loss of eDNA in Mut12, we
also checked the expression and activity of the thermonuclease
NucI and again did not observe any differences. Taken to-
gether, these results suggest normal cell lysis and nuclease ac-
tivity in Mut12, indicative of a lysis-independent mechanism of
DNA release mediated by comEB.

In conclusion, we propose a novel comEB-dependent and

lysis-independent mechanism of DNA release that stimulates
eDNA-based biofilm formation in S. lugdunensis. Because the
comE operon has not been characterized in other staphylococ-
cal species yet, we further hypothesize that this novel mecha-
nism also represents a new source of biofilm eDNA in other
relevant staphylococcal species, such as S. aureus and S. epider-
midis. However, further research is necessary to characterize the
underlying mechanisms involved in the comEB-dependent DNA
release.
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