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Enterococcus faecium is an important nosocomial pathogen causing biofilm-mediated infections. Elucidation of E. faecium bio-
film pathogenesis is pivotal for the development of new strategies to treat these infections. In several bacteria, extracellular DNA
(eDNA) and proteins act as matrix components contributing to biofilm development. In this study, we investigated biofilm for-
mation capacity and the roles of eDNA and secreted proteins for 83 E. faecium strains with different phylogenetic origins that
clustered in clade A1 and clade B. Although there was no significant difference in biofilm formation between E. faecium strains
from these two clades, the addition of DNase I or proteinase K to biofilms demonstrated that eDNA is essential for biofilm for-
mation in most E. faecium strains, whereas proteolysis impacted primarily biofilms of E. faecium clade A1 strains. Secreted anti-
gen A (SagA) was the most abundant protein in biofilms from E. faecium clade A1 and B strains, although its localization dif-
fered between the two groups. sagA was present in all sequenced E. faecium strains, with a consistent difference in the repeat
region between the clades, which correlated with the susceptibility of biofilms to proteinase K. This indicates an association be-
tween the SagA variable repeat profile and the localization and contribution of SagA in E. faecium biofilms.

Enterococci, specifically Enterococcus faecium and Enterococcus
faecalis, are the third most common cause of nosocomial in-

fections (1). The increase in the number of hospital-associated
infections caused by E. faecium in recent decades is thought to be
driven, at least partly, by the cumulative acquisition of novel adap-
tive traits, such as antibiotic resistance determinants and virulence
factors, particularly in a defined subpopulation of E. faecium that
is enriched in hospital isolates (2, 3). Different molecular technol-
ogies and increasingly sophisticated phylogenetic models have
been used to study various aspects of the dynamics of E. faecium
evolution. As a result, the clinical E. faecium subpopulation was
initially designated lineage C1 (4) and was later renamed clonal
complex 17 (CC17) (2, 5). Bayesian-analysis-based population
genetic modeling of multilocus sequence type (MLST) data of a
large set of isolates demonstrated that nosocomial E. faecium
strains clustered into distinct subgroups, suggesting different evo-
lutionary trajectories for clinical isolates (6, 7). Subsequently, on
the basis of whole-genome sequencing, Lebreton et al. (8) de-
scribed three clades: (i) clade A1, including the majority of clinical
E. faecium isolates, which had previously been classified as lineage
C1 or CC17; (ii) clade A2, including the majority of animal-de-
rived isolates; and (iii) clade B, containing human commensal
isolates (8). We will use an adaptation of the latter nomenclature
for our sequence-based phylogenetic analyses in the present study.

Many E. faecium infections in hospitalized patients are biofilm
mediated and are associated with the use of indwelling medical
devices, such as (central) venous and urinary catheters, orthope-
dic implants, and prosthetic cardiac valves (9). A critical step in
the pathogenesis of these infections is the adherence of entero-
cocci to implanted medical devices and the colonization of these
surfaces by the formation of biofilms (10).

The formation of multilayer biofilms is a complex process,
from the attachment of single cells to the development of a 3-di-
mensional (3D) bacterial community (11). Under optimal condi-

tions, a mature biofilm can develop into multilayered microcolo-
nies held together with a matrix and interspersed with water
channels, through which nutrients reach deeper parts of the bio-
film. The matrix, or extracellular polymeric substances (EPS), is
an important biofilm component, stabilizing the biofilm and
protecting it against antimicrobials and immune cells. It is com-
posed mainly of polysaccharides, proteins, and extracellular DNA
(eDNA) (12).

Autolysis is the common mechanism by which eDNA is re-
leased in Gram-positive bacteria (13–19). DNA can act as an ad-
hesive, implicated in biofilm attachment and stability. In E. fae-
cium clinical strain E1162, eDNA is generated mainly by the lysis
of a bacterial subpopulation by the major autolysin AtlAEfm (19).

Structural proteins present in the matrix have been character-
ized in several bacterial species (20). These biofilm matrix-associ-
ated proteins include extracellular carbohydrate-binding pro-
teins, such as LecA, LecB, and CdrA in Pseudomonas aeruginosa
(21–24) or TasA in Bacillus subtilis, and high-molecular mass pro-
teins, such as the biofilm-associated surface protein Bap in Staph-
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ylococcus aureus and Bap-like proteins in other species (25). To
date, biofilm-associated matrix proteins have not been studied in
E. faecium.

In the present study, we analyzed the roles of eDNA and extra-
cellular proteins in biofilm formation by hospital-associated and
community-associated E. faecium strains that clustered in clade
A1 and clade B, respectively. We demonstrated that eDNA is an
essential structural component of the extracellular matrix in all E.
faecium strains, irrespective of origin or phylogenetic background.
We also identified secreted antigen A (SagA) as the most abundant
protein in the supernatants of biofilm-forming cells and showed
that it is part of the E. faecium biofilm matrix. Moreover, we found
that the form of SagA that is present in the biofilm matrices of
clade A1 strains contains a distinct repeat motif that correlates
with proteinase K susceptibility.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The 85 E. faecium strains used
in this study are listed in Table S1 in the supplemental material. Unless
otherwise mentioned, E. faecium was grown in brain heart infusion broth
(BHI; Oxoid) at 37°C. For biofilm assays, tryptic soy broth medium (TSB;
Oxoid) with 1% glucose (TSBg) was used. Growth was determined by
measuring the optical density at 660 nm (OD660).

Genome sequencing. For genome sequencing, 21 E. faecium strains
were grown on 4 ml BHI for 24 h at 37°C, and genomic DNA was extracted
using a Wizard genomic DNA purification kit (Promega). Samples were
prepared and sequenced employing the Nextera XT DNA sample prepa-
ration kit and the MiSeq reagent kit, version 2, with 2 � 250-bp reads
(Illumina Inc.). Reads were first quality filtered using Nesoni Clip, version
0.109. Reads with an average quality score of �10 were removed, as well as
reads shorter than 150 bp. The remaining reads were assembled de novo
into contigs using the SPAdes assembler, version 3.0.0, with default pa-
rameters (26). Subsequently, contigs of �500 bp and those below the
minimum nucleotide coverage of 6 were discarded.

Functional gene annotation was performed using Prokka (27). All
protein sequences were aligned using BLAST. On the basis of the align-
ment results, orthologous groups (OGs) of proteins were identified using
orthAgogue (28) and the Markov clustering algorithm (MCL) (29).
orthAgogue and MCL were run using “– u – o 50” and “–I 1.5” parameters,
respectively. Based on the orthology relationship of 1,186 core OGs, in-
cluding the 64 previously sequenced E. faecium strains, multiple-sequence
alignment of the nucleotide sequences of genes in an OG was performed
using MUSCLE (30). Gaps in multiple-sequence alignments were re-
moved using trimAl (31), which results in equal sequence lengths for all
genes in an OG. Subsequently, the core genomes of the 85 strains were
used for building a phylogenetic tree in FastTree 2 with 1,000 bootstrap
samples and the GTR (generalized time-reversible) model as a maximum
likelihood model (32).

The number of single nucleotide polymorphisms (SNPs) between iso-
lates was extracted from the core genome alignment described above. For
each pairwise strain comparison, we considered only SNPs at positions in
the alignment where both nucleotides were A, T, C, or G (i.e., ambiguous
positions were ignored). The number of SNPs for all pairwise strain com-
parisons is displayed in Table S2 in the supplemental material.

Biofilm polystyrene assay. The biofilm polystyrene assay was per-
formed as described previously, with some modifications (19). In brief,
overnight bacterial suspensions were diluted to an OD660 of 0.01 in TSBg
and were incubated for 24 h. Where mentioned, 1.5 �g �l�1 of DNase I
(Roche) or 1.0 �g �l�1 of proteinase K (Sigma) was added to the bacterial
suspension before the start of biofilm formation. The plates were washed
and stained as described previously (19). The experiments were per-
formed in triplicate, and statistical analysis of the data was performed
using a two-tailed Student t test.

Proteomics of the biofilm supernatant. To determine the proteins
present in the supernatant of the clade A1 strain E1162 growing in a
biofilm, 6 ml of the supernatant of E1162 cells, after 24 h of growth in a
biofilm using the semistatic model as described below, was filtered using a
0.2-�m filter (Corning) and was concentrated with a 10-kDa-cutoff col-
umn (Amicon Ultra; Merck Millipore). Proteins were loaded onto a
12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel, electro-
phoresed, and stained with Coomassie brilliant blue. The three predom-
inant proteins, of approximately 75 kDa, 50 kDa, and 25 kDa, were quan-
tified with ImageJ (33) and were excised from the gel. Matrix-assisted laser
desorption ionization–time of flight mass spectrometry (MALDI-TOF
MS) of the excised proteins was performed by using an Ultraflex MALDI-
TOF/TOF mass spectrometer (Bruker Daltonics), as described previously
(34).

Biofilm semistatic model and CLSM. To visualize E. faecium biofilms
and detect SagA, E. faecium biofilms were grown in a semistatic model as
described previously by Paganelli et al. (19), with some modifications. In
brief, biofilms were grown in TSBg on a coverslip coated with poly-L-
lysine (thickness, 0.45 �m; diameter, 12 mm; Becton Dickinson) inside a
well of a six-well polystyrene plate (Corning Inc.) at 37°C for 24 h at 120
rpm. To study the effect of proteolysis, 1.0 �g �l�1 of proteinase K was
added at the start of biofilm formation (0 min). After 24 h, biofilms were
washed with 3 ml phosphate-buffered saline (PBS) and were fixed with
3% paraformaldehyde for 15 min at room temperature. After removal of
the fixative, cells were washed with PBS. To detect SagA, bacteria were
incubated with polyclonal anti-SagA antibodies (diluted 1:250 in PBS
with 1% bovine serum albumin [BSA]) (35) for 1 h on ice and were
subsequently washed with PBS. A polyclonal anti-SagA antiserum was
raised in rabbit using purified SagA from E. faecium strain E155 (35). As a
secondary antibody, Alexa Fluor 488-conjugated goat anti-rabbit IgG
(Life Technologies) (diluted 1:500 in PBS with 1% BSA), was added, and
bacteria were incubated for an additional 1 h on ice. The cells were washed
once more and were incubated with the FM 5-95 dye (5 �g ml�1; Invit-
rogen) for 1 min on ice to visualize cell membranes. The FM 5-95 dye was
removed, and the coverslips were transferred to microscope slides. Fluo-
rescence was analyzed using a confocal laser scanning microscope
(CLSM) (Leica SP5) equipped with a Plan Neofluar 63� (numerical ap-
erture, 1.4) oil objective. Alexa Fluor 488 and FM 5-95 were excited at 488
nm. Pictures were analyzed with LAS AF software (Leica), and the level of
biofilm formation was quantified using Comstat (36)/Matlab R2010b
software (MathWorks). The average thickness and biomass of the biofilms
were measured at five randomly chosen positions. Statistical analysis of
the data was performed using a two-tailed Student t test. 3D images were
generated with ImageJ (33), and OrthoView images were generated by
LAS AF software (Leica).

Proteolytic stability of SagA. To determine the level of SagA degrada-
tion during biofilm development, biofilm supernatants of three clade A1
strains (E470, E1162, E1904) and three clade B strains (E980, E3548,
E1590) were analyzed. The supernatants originating from biofilms grown
in a semistatic model for 4 h (early biofilm) and 24 h (mature biofilm)
were filtered and precipitated at �20°C overnight with 1/10 (vol/vol)
100% trichloroacetic acid (TCA). After incubation, supernatants were
spun down for 10 min at 4,000 � g and 4°C. Protein pellets were washed
with 500 �l 100% acetone and were again centrifuged under the same
conditions. Final protein pellets were resuspended in sample buffer (100
mM Tris-HCl, 5% dithiothreitol, 2% SDS, 0.004% bromophenol blue,
and 20% glycerol) and were analyzed by SDS-PAGE and Western blotting
as described below.

For testing of the stability of SagA in biofilms, supernatants of 24-h
biofilms of E1162 and E980, processed as described above, were incubated
at 37°C for 30 min, 1 h, 4 h, 8 h, or 24 h. The degradation of SagA over time
was analyzed by SDS-PAGE and Western blotting as described above.

To analyze the susceptibility of SagA to proteinase K, filtered superna-
tants of 24-h biofilms of E1162 and E980 were incubated with 0.1 �g �l�1

proteinase K at 37°C for 1, 5, 15, 30, or 60 min. After challenge with
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proteinase K, supernatants were precipitated at 4°C for 10 min with 1/5
(vol/vol) 100% TCA. After incubation, supernatants were spun down for
10 min at 4,000 � g and 4°C. Protein pellets were washed with 500 �l
100% acetone and were again centrifuged under the same conditions.
Final protein pellets were resuspended in sample buffer and were analyzed
by SDS-PAGE and Western blotting as described below.

SDS-PAGE and Western blotting. Equal amounts of protein samples
were mixed with the same volume of sample buffer and were boiled for 5
min. Western blotting was carried out as described previously (37). Mem-
branes were blocked with 4% skim milk (Campina Holland, Alkmaar, The
Netherlands) in PBS– 0.1% Tween 20 for 24 h at 4°C. Incubation with the
primary antibody (anti-SagA) (35) was carried out for 1 h in 1% BSA in
PBS–1% Tween 20 at 37°C, followed by two washes for 10 min (each) in
PBS– 0.1% Tween 20 at 37°C. Subsequently, membranes were incubated
for 1 h with horseradish peroxidase (HRP)-conjugated anti-rabbit
IgG(H�L) (Bio-Rad Laboratories, Veenendaal, The Netherlands) in 1%
BSA in PBS–1% Tween 20 at 37°C. Membranes were washed twice with
PBS– 0.1% Tween 20, and proteins were visualized using the ECL Plus
Western blotting detection system and the ImageQuant LAS 4000 biomo-
lecular imager (both from GE Healthcare, Diegem, Belgium).

sagA sequences. For 34 E. faecium strains, the complete sagA gene
sequence was determined by Sanger sequencing. To this end, the sagA

gene was amplified using AccuPrime Taq DNA Polymerase, High Fidelity
(Life Technologies), and primers sagA-F (5=-ATGACCTTGACTGCCGT
AGCAT-3=) and sagA-R (5=-TTACATGCTGACAGCAAAGTCAG-3=),
which are specific for E. faecium sagA, in a total volume of 50 �l. The
calculated size of the sagA amplicon was 1,500 bp. The conditions for PCR
amplification were as follows: initial denaturation was conducted for 3
min at 95°C, and 30 cycles of denaturation, annealing, and extension were
conducted at 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min, respectively.
PCR products were purified with the GeneJET PCR purification kit
(Thermo Scientific) and were sequenced by Sanger methodology (38).
The sagA gene sequences of the remaining 51 strains were extracted from
whole-genome sequence data. In these strains, sagA was assembled on one
contig.

Phylogenetic tree based on the SagA VRR. The SagA variable repeat
region (VRR) sequences of all 85 E. faecium strains used in this study were
aligned using MUSCLE (30), and a maximum likelihood tree was built
from the alignment data using the Jones-Taylor-Thornton (JTT) model in
MEGA, version 6 (39).

SagA secondary-structure prediction. Based on the SagA primary
amino acid sequence, the SagA secondary structure was predicted using
the Chou & Fasman Secondary Structure Prediction Server at http://www
.biogem.org/tool/chou-fasman/ (40, 41).

FIG 1 Phylogenetic reconstruction of 85 E. faecium strains based on core genome variation. (a) Phylogenetic tree (FastTree) built from an alignment of
1,186 core genes in 85 E. faecium genomes. Clades A1 and B and the intermediate group (IG) are indicated by red, green, and blue boundaries, respectively.
Selected strains for further phenotypic tests are highlighted in red in clade A1 (E470, E1162, and E1904) and in green in clade B (E980, E3548, and E1590).
(b) SagA variable repeat regions (VRRs) are indicated after each strain designation. The VRRs are divided into three types: VRR-1 (boxed in red), VRR-2
(boxed in blue), and VRR-3 (boxed in green). The sequences highlighted in yellow, blue, green, and red indicate the different repeat variants.
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Nucleotide sequence accession numbers. The genome sequences ob-
tained for the 85 E. faecium strains used in this study have been submitted
to the European Nucleotide Archive (ENA) under study accession num-
ber PRJEB9441 (http://www.ebi.ac.uk/ena/data/view/PRJEB9441). The
sagA sequence data determined in this study have been submitted to the
European Nucleotide Archive (ENA) and can be accessed by accession
numbers LN714742 to LN714774.

RESULTS
Phylogenetic analysis of E. faecium strains. Phylogenetic recon-
struction of the 85 E. faecium strains included in this study was
performed. Of the 85 genome sequences used in this analysis, 64
were publicly available (3, 8, 42–44), whereas the genomes of the
other 21 strains were newly sequenced for the purpose of this
study (see Table S1 in the supplemental material). A total of 1,186
single-copy core orthologous groups (OGs) were identified using
OrthAgogue and MCL. Individual core OG alignments were built
and concatenated to generate a core genome sequence alignment.
The resulting phylogenetic tree (Fig. 1a) revealed the presence of
two of the three clades described previously: clade A1, which in-
cludes the majority of hospital-associated strains, and clade B,
including mainly human commensal strains. Strains that had
formed a clear monophyletic clade A2 in previous analyses (8)
now formed a polyphyletic group located between clades B and

A1, which we designated the intermediate group (IG). This IG
should be considered as a multiclonal group of clinical, animal-
derived, and community-associated strains, with a topology very
different from the ladder-like topology of clade A1 (Fig. 1a). How-
ever, as observed before in clade A2, the strains present in the IG
are closely related to clade A1, which makes the separation of the
IG from clade A1 uncertain in some cases.

In total, 41 of the strains analyzed clustered in clade A1, 13
clustered in clade B, and 31 were assigned to the IG. The clonal
relatedness of the strains was considered based on pairwise SNP
comparisons (see Table S2 in the supplemental material). The
lowest number of SNPs found between two strains was 6 (between
strains E1574 and E120), followed by 10 SNPs between strains
E2560 and U317. To avoid overrepresentation of these strains in
clade A1, one strain from each pair described (in this case, strains
E120 and U317) was excluded from subsequent analysis.

Biofilm formation among E. faecium strains. Biofilm forma-
tion by 83 E. faecium strains (see Table S1 in the supplemental
material) in TSBg was tested in a polystyrene (96-well) plate assay.
We observed biofilm formation in 59% of E. faecium strains (49
strains), with no significant difference in biofilm formation be-
tween the different phylogenetic clades (Fig. 2).

eDNA, not secreted proteins, is essential for biofilm forma-
tion by E. faecium. eDNA and secreted proteins are extracellular
matrix components important for biofilm attachment and stabil-
ity in different bacterial species (20). In polystyrene plates, the
impact of DNase I and proteinase K on initial biofilm formation in
TSBg was tested with 49 E. faecium strains belonging to different
phylogenetic clades. Biofilm formation was reduced (10 to 77%
reduction) in 41 of 49 strains (83%) from the different phyloge-
netic clades when DNase I was added to the biofilms (Fig. 3a). A
statistically significant (P � 0.05) decrease in biofilm formation
was observed among E. faecium clade A1 strains when proteinase
K was added to growing biofilms, but this was not observed for
clade B strains (Fig. 3b). These results indicate that both eDNA
and proteins are essential for biofilm formation by E. faecium
clade A1 strains and that eDNA is essential for biofilm formation
by clade B strains. The fact that we did not observe a reduction in
biofilm formation by clade B strains after proteinase K treatment
may suggest that proteins are less important than eDNA for bio-
film formation by E. faecium clade B strains. Alternatively, it is
possible that proteins in clade B biofilms are less accessible to

FIG 2 Biofilm polystyrene assay. Biofilm formation by 83 E. faecium strains of
different origins incubated in polystyrene plates with TSBg for 24 h was stud-
ied. Biofilms were stained with crystal violet, and the amount of biofilm for-
mation was measured at 595 nm. The six strains selected for further pheno-
typic tests are color coded in yellow (E470), red (E1162), orange (E1904),
green (E980), purple (E3548), and blue (E1590).

FIG 3 Sensitivity of initial biofilm formation to DNase I and proteinase K. Biofilm formation by 49 E. faecium strains of different origins incubated in polystyrene
plates with TSBg for 24 h in the presence of DNase I (1.5 �g �l�1) (a) or proteinase K (1 �g �l�1) (b) was studied. Biofilms were stained with crystal violet, and
the amount of biofilm formation was measured at 595 nm. Asterisks indicate significant differences (*, P � 0.05; **, P � 0.01) by an unpaired two-tailed Student
t test between clade A1 and B strains or between IG and clade B strains. The six strains selected for further phenotypic tests are color coded in yellow (E470), red
(E1162), orange (E1904), green (E980), purple (E3548), and blue (E1590).
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proteinase K or that in the context of a biofilm, clade B strains are
able to degrade the exogenously added protease.

SagA is the major secreted protein in E. faecium biofilms.
Since proteolytic treatment reduced the level of biofilm forma-
tion, at least in E. faecium clade A1 strains, we investigated the
proteins secreted in the supernatants of biofilm-forming cells
of representative E. faecium strains from clade A1 (E1162) and
clade B (E980) (Fig. 4). No differences were observed between
the protein profiles of the supernatants of these strains by SDS-
PAGE. Using MALDI-TOF MS, we identified the three domi-
nant protein bands (highlighted in Fig. 4) as SagA (locus tag
EfmE1162_2437; GenBank accession number EFF33872), sul-
fatase domain protein (locus tag EfmE1162_1520; GenBank
accession number EFF34609), and LysM domain protein
(EfmE1162_2234; GenBank accession number EFF34034) (see
Table S3 in the supplemental material). The three predominant
bands in the SDS-PAGE gel were also quantified by ImageJ
(33). Since SagA was the most abundant protein quantified in
the supernatants of the biofilm-forming E. faecium cells (60%
relative to the other two proteins), we subsequently focused on
the role of SagA in E. faecium biofilms.

SagA is susceptible to proteinase K, and its localization in
biofilms differs between E. faecium clade A1 and clade B strains.
To confirm the presence of SagA in the extracellular biofilm ma-
trix and its susceptibility to proteinase K, we selected six E. faecium
strains, three in clade A1 (E470, E1162, E1904) and three in clade
B (E980, E3548, E1590), and analyzed biofilm formation using a
semistatic biofilm model in the presence or absence of proteinase
K. As in the polystyrene assay, all E. faecium strains, irrespective of
their ecological or phylogenetic origins, were able to form bio-
films. After proteinase K treatment, SagA was not detected in any
of the E. faecium biofilms (Fig. 5a) or in the supernatants of cells
growing in biofilms (Fig. 5b). In clade A1 strains, biofilm thickness
was significantly decreased in the presence of proteinase K, in
contrast to clade B strains, in which biofilm thickness was not

significantly affected (Fig. 5c). This confirmed the results obtained
in the polystyrene assay (Fig. 3b).

SagA was detected in biofilms of both clade A1 and clade B
strains, but the localization of SagA in biofilms was different in the
two clades. In clade A1 strains, SagA was localized in the middle of
the biofilm (with points of colocalization of bacteria [red] and
SagA [green] visualized in yellow [see Fig. S1a in the supplemental
material]), suggesting that SagA acts as an adhesive keeping bac-
terial cells tightly connected. In contrast, in biofilms of clade B
strains, SagA seemed more surface localized, which may explain
why proteolytic removal of SagA does not have a major impact on
biofilm integrity in these strains, as it does in clade A1 strains (see
Fig. S1b in the supplemental material).

To confirm the different roles for SagA in clade A1 and clade B
strains, we attempted to construct a markerless sagA mutant and
to select a sagA insertion mutant from a transposon library in
E1162 (45). Unfortunately, both approaches failed, most probably
because SagA has been reported previously to be essential for E.
faecium, likely due to its role in cell division (46).

The susceptibility of SagA to proteolytic degradation is sim-
ilar for E. faecium clade A1 and clade B strains. Another expla-
nation for the observation that proteinase K treatment impacted
biofilm formation by E. faecium clade A1 strains more than bio-
film formation by clade B strains, in addition to the difference in
localization described above, could be that SagA of clade B strains
is less susceptible to proteolytic degradation by proteinase K.
Therefore, we analyzed the degradation of SagA in 24-h biofilm
supernatants by proteinase K over time. For strains E1162 (clade
A1) and E980 (clade B), no significant difference was observed in
SagA degradation with proteinase K. In both E1162 and E980,
SagA was not detected after 30 min of treatment (Fig. 6). This
indicates that the rates of degradation of SagA from E1162 and
SagA from E980 by proteinase K are comparable.

SagA is present in early and mature biofilms without detect-
able endopeptidase activity. Another explanation for the differ-
ence in the susceptibility of clade A1 and clade B biofilms to pro-
teinase K treatment could rely on differences in the proteolysis of
SagA by enterococcal proteases produced by clade A1 or clade B
strains or in SagA endopeptidase activity. The proteolysis of SagA
during biofilm development was studied by SDS-PAGE and West-
ern blotting of early (4-h) and mature (24-h) biofilm supernatants
of all six strains, which were also analyzed by confocal microscopy.
In all strains, similar amounts of SagA were detected in early and
mature biofilms by SDS-PAGE and Western blotting, with no in-
dication of SagA degradation over time (Fig. 7). Alternatively,
constitutive production of SagA during biofilm development
could explain the detection of apparently stable amounts of SagA
in early and late biofilms. Nevertheless, even after the incubation
of mature biofilm supernatants from E1162 and E980, which con-
tain large amounts of SagA, for 24 h at 37°C, no SagA degradation
could be detected (see Fig. S3 in the supplemental material). This
virtually excludes the possibility of SagA endopeptidase activity in
early and mature biofilms.

SagA is present in all E. faecium strains sequenced but has
different amino acid motifs in clade A1 and clade B strains. We
investigated the differences in sagA sequence among all E. faecium
strains used in this study as a possible explanation for differences
in the localization of SagA in biofilms grown from E. faecium clade
A1 or clade B strains. The sagA gene is present in all sequenced E.
faecium strains, and the sizes of the SagA proteins ranged from 479

FIG 4 Proteins released in the biofilm supernatants. Proteins present in the
24-h biofilm supernatants of E. faecium strains E1162 (clade A1) and E980
(clade B) were loaded equally, separated using a 12.5% SDS-PAGE gel, and
stained with Coomassie blue. The indicated bands were excised from the
gel and were identified by mass spectrometry as secreted antigen A
(SagA) (locus tag EfmE1162_2437), sulfatase (EfmE1162_1520), and LysM
(EfmE1162_2234).
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to 572 amino acids (aa) (average, 520 � 12 aa) (see Fig. S2 in the
supplemental material). In a multiple-sequence alignment of the
85 SagA orthologous protein sequences (built using MUSCLE,
version 3.8.31), the SagA N- and C-terminal regions were highly
conserved (data not shown). The SagA N-terminal region was
composed of a COG3883 domain, which is an uncharacterized
conserved domain in bacteria, yet the C-terminal region harbored
an NLPC_60 domain, which has been described as a cell wall-
associated hydrolase (see Fig. S2 in the supplemental material).
However, the SagA central region was highly variable, mainly due
to the presence of imperfect 9-aa repeats. The number of these
repeats was highly variable across the different SagA orthologues.
The variable repeat region (VRR) was flanked at the N-terminal
side by the amino acid sequence AQATQASS, which was 100%
conserved among all strains analyzed. Similarly, at the C-terminal
side, the VRR was flanked by the amino acid sequence TTPSTDQ
SVD, which was also 100% conserved among all strains. Using
these regions as boundaries for the VRR, the starting position for
the VRR was found between SagA amino acid positions 250 and
256, and the average size of the VRR was found to be 109 � 12 aa,
including the 100% conserved boundaries. We further character-
ized the 9-aa repeated element in SagA and identified three types
of VRR composition (Fig. 1b). VRR-1 is highly conserved in clade
A1 strains and is composed of 7 to 9 repeat motifs [(T/A)-(A/T)-
Q-S-S-(A/M)-T-E-E (in yellow) and (A/V)-P-E-S-S-(A/T)-T-E-E
(in green)], which are interrupted by an 8-aa repeat (T-P-E-S-S-

T-E-E [in blue]) after the first three repeats. VRR-2 has a compo-
sition similar to that of VRR-1; however, it has an extra 8-aa repeat
(V-P-E-S-S-T-E-E [in blue]) at the end of the VRR. VRR-3 is
present only in clade B strains and has a composition different
from that of VRR-1. It is composed of 7 or 8 repeats [A-A-Q-S-S-
(A/T)-T-E-E (in yellow) and (A/V)-P-E-S-S-T-T-E-E (in green)]
and one 8-aa repeat [V-P-E-(S/T)-S-T-E-E] at the end of the VRR.

Seventeen of 21 E. faecium strains with SagA VRR-1 (Fig. 8a)
formed biofilms that were susceptible to proteinase K and repre-
sent clade A1 strains. Strains with VRR-2 are of mixed origins and
are found in the polyphyletic IG. Biofilms produced by these
strains are predominantly (13 of 20 strains) susceptible to protei-
nase K (Fig. 8b). In contrast, strains with VRR-3 produced bio-
films that were resistant to proteinase K (7 of 8 strains). All strains
with VRR-3 clustered in clade B (Fig. 8a [see also Fig. 1]).

Based on the variations observed in this SagA repeat region, we
built a phylogenic tree (see Fig. S4 in the supplemental material).
Phylogenetic inferences based on VRR identified two distinct clus-
ters supported by bootstrap values. Cluster 1 (VRR-1 and VRR-2)
is composed of strains clustering in clade A1 and the IG, while
cluster 2 (VRR-3) is composed of clade B strains. These results also
show that clade A1 and the IG are phylogenetically more closely
related than clade A1 and clade B, as observed in the genome-
based phylogenetic analysis.

Different SagA VRRs correspond to different predicted sec-
ondary protein structures. Based on in silico predictions, the

FIG 5 Confocal microscopy images depicting biofilm thickness and SagA localization in a semistatic biofilm model with or without proteinase K treatment. (a)
Biofilms of six E. faecium strains—three clade A1 (E470, E1162, E1904) and three clade B (E980, E3548, E1590) strains—were grown for 24 h on poly-L-lysine-
coated glass, in TSBg with or without proteinase K, at 120 rpm and 37°C. The ecological origins and clade assignments of the strains are listed in Table S1 in the
supplemental material. Biofilms were incubated with a rabbit polyclonal anti-SagA antiserum and an Alexa Fluor 488-conjugated goat anti-rabbit antibody
(green). Bacterial membranes were stained with FM 95-5 (red). (b) The presence of SagA in the biofilm supernatants of E. faecium strains incubated with (�) or
without (�) proteinase K was analyzed by Western blotting using a rabbit polyclonal anti-SagA antiserum. (c) The thicknesses of biofilms were analyzed with
Comstat/Matlab software at five random positions. Asterisks represent significant differences (*, P � 0.05; **, P � 0.01) by an unpaired two-tailed Student t test
between thicknesses with and without proteinase K treatment. Pictures were taken at �63 magnification with 2.0 optical zoom.
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structural differences between the SagA proteins from clade A1
and clade B strains were investigated (40, 41). In both clade A1 and
clade B strains, the repeat regions may serve as a linker between the
N-terminal and the C-terminal domain (Fig. 9a). SagA proteins
with VRR-1 have relatively more alpha-helices in the N-terminal
fragment of the protein than SagA proteins with VRR-3. In con-
trast, SagA proteins with VRR-3 are composed of more beta-
sheets than proteins with VRR-1 (Fig. 9b). These predicted differ-
ences in SagA protein structure might have a distinct effect on the
functionality of SagA and its localization in the biofilms of hospi-
tal-associated and community-associated E. faecium strains.

DISCUSSION

Most difficult-to-treat chronic infections caused by multiresistant
E. faecium strains are biofilm mediated. In the present study, we
demonstrated that the major secreted antigen, SagA, is part of the
biofilm matrix produced by E. faecium and as such is implicated in
biofilm formation in this species. The biofilms produced by hos-
pital-associated (clade A1) and community-associated (clade B)
strains were both found to be destabilized by DNase I treatment.
Interestingly, the biofilms generated by hospital-associated strains

were highly sensitive to proteinase K treatment, whereas the com-
munity-associated strain-induced biofilms were not.

Three proteins, LysM domain protein, sulfatase domain pro-
tein, and SagA, were identified in mature biofilm supernatants of
E. faecium clade A1 and clade B strains. The LysM domain protein
(GenBank accession number EFF34034) is a noncovalently bind-
ing peptidoglycan protein that has been reported to be involved in
erythromycin resistance in E. faecalis (47). Antibodies against the
LysM domain protein are protective against E. faecium and E.
faecalis infections in a mouse bacteremia model (47). The sulfatase
domain protein (GenBank accession number EFF34609) is a pre-
dicted transmembrane protein and has an MdoB conserved do-
main, reported to be involved in cell envelope biogenesis (47). The
roles of these proteins in E. faecium biofilms remain to be deter-
mined.

The most abundant protein identified was SagA, which has a
COG3883 uncharacterized conserved domain in the N-termi-
nal region and an NLPC_60 conserved domain in the C-termi-
nal region. Proteins containing an NLPC_60 domain have been
characterized as lipoproteins or cell hydrolases involved in cell
division, cell wall maturation, and virulence (48). SagA was

FIG 6 Susceptibility of SagA in a 24-h biofilm supernatant to proteinase K
treatment. (a) Proteins present in the 24-h biofilm supernatants of E. faecium
strains E1162 (clade A1) and E980 (clade B) were loaded equally, separated
using a 12.5% SDS-PAGE gel, and stained with Coomassie blue after incuba-
tion with 0.1 �g ml�1 proteinase K (ProtK) at 37°C for 1 min, 5 min, 15 min,
30 min, or 60 min. (b) The degradation of SagA in the biofilm supernatants of
E. faecium strains incubated with proteinase K was analyzed by Western blot-
ting using a rabbit polyclonal anti-SagA antiserum.

FIG 7 Stability of SagA during biofilm development. (a) Proteins present in
the 4-h or 24-h biofilm supernatants of six E. faecium strains—three clade A1
(E470, E1162, E1904) and three clade B (E980, E3548, E1590) strains—were
loaded equally, separated using a 12.5% SDS-PAGE gel, and stained with Coo-
massie blue. (b) The presence of SagA in the biofilm supernatants of E. faecium
strains after 4 h or 24 h of growth was analyzed by Western blotting using a
rabbit polyclonal anti-SagA antiserum.
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first identified by Teng et al. (46) by screening of an E. faecium
genomic expression library with serum from a patient who
suffered from E. faecium endocarditis. The SagA protein ap-
peared to be essential for growth, to bind to a broad spectrum
of extracellular matrix (ECM) proteins, and to be sensitive to
proteinase K (46). Subsequently, Kropec et al. (35) demon-

strated that serum raised against purified SagA is opsonic and
inhibits E. faecium infections in an experimental animal model.
While these data suggest that SagA is an important virulence
factor in E. faecium, its function has not been linked to biofilm
formation previously. In the closely related species E. faecalis,
however, two secreted antigens that displayed similarity to

FIG 8 Correlation between the proteinase K susceptibility of biofilm formation and the SagA variable repeat region (VRR) type. The percentage of biofilm
reduction in 49 E. faecium strains in the presence of 1.0 �g �l�1 proteinase K is indicated along the y axis, while the level of biofilm formation in the polystyrene
biofilm model is indicated along the x axis. (a) E. faecium strains with SagA VRR-1 and VRR-3; (b) E. faecium strains with all three SagA VRRs. The six strains
selected for further phenotypic tests are color coded in yellow (E470), red (E1162), orange (E1904), green (E980), purple (E3548), and blue (E1590).

FIG 9 Prediction of the secondary structure of SagA. Shown are comparisons of the predicted secondary structures of total SagA protein (a) and the variable
repeat regions (VRRs) (b) of E. faecium strain E1162, which represents SagA protein with VRR-1; strain E1575, which represents SagA with VRR-2; and strain
E980, which represents SagA with VRR-3. Secondary structures were predicted using the CFSSP (Chou & Fasman Secondary Structure Prediction Server) Web
tool. Alpha-helices are indicated in red, beta-sheets in green, beta-turns in blue, and random coils in yellow.
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SagA, SalA and SalB, have been found to play a role in biofilm
formation (49).

The present study demonstrates that SagA is the major protein
secreted during biofilm formation in E. faecium. Furthermore,
SagA is localized within the biofilm matrix, and proteolytic deg-
radation, which also degrades SagA, markedly reduced the thick-
ness of biofilms of clade A1 E. faecium strains but not the thickness
of biofilms of clade B strains. The potential difference between
clade A1 and clade B in the impact of proteolytic degradation on
biofilm formation correlates with differences between these clades
in the repeat profiles of their SagA proteins. We hypothesize that
differences in the repeat profiles of SagA can lead to changes in the
secondary structure of the protein, which may determine the lo-
calization as well as the role of SagA in E. faecium biofilm matrices,
possibly as a result of diverse interactions of SagA variants with
other E. faecium cell surface determinants. A difference in SagA
localization within biofilms may explain the difference in the pro-
teolytic susceptibility of biofilms that was observed between clade
A1 strains, all of which express SagA proteins with VRR-1, and
clade B strains, which express SagA proteins with VRR-3.

Our findings also demonstrate that eDNA is an essential part of
biofilms produced by all E. faecium strains tested. This is consis-
tent with previous findings that the major autolysin AtlAEfm,
which is present in all sequenced E. faecium strains, is responsible
for eDNA release in E. faecium E1162 biofilms (19). Our observa-
tion that E. faecium clade A1 and clade B strains form biofilms
with distinct properties suggests that under different ecological
conditions, different types of biofilms are produced, possibly con-
tributing to adaptation to different niches.
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