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We applied real-time genome sequencing to a Staphylococcus epidermidis strain that caused native-aortic-valve endocarditis in a
26-year-old patient. The 2.5-Mb genome from strain CSUR P278 exhibited a unique sequence type among S. epidermidis strains
and contained 32 genes previously considered virulence genes in this species.

CASE REPORT

In June 2012, a 26-year-old man presented to his primary care
physician for an anal fissure that had lasted for several months.

Physical examination revealed an aortic regurgitation. He waited
until 8 August 2012 before he consulted a cardiologist. A trans-
thoracic echocardiography identified a grade III aortic insuffi-
ciency. On 12 August 2012, he was subsequently referred to the
Cardiology Department of the Timone Hospital, Marseille,
France, for evaluation of his aortic insufficiency. The patient was
not an intravenous drug user but had a history of psoriasis vulgaris
that involved his upper limbs and had required oral corticosteroid
therapy, which had been discontinued in January 2012. Being on a
diet because of an anal fissure, he had lost 13 kg over the previous
4 months but had neither been hospitalized nor had any surgery or
intravenous or intramuscular injection in the past year. He re-
ported scraping his psoriasis lesions due to intense pruritus. On
admission, the clinical examination was normal except for a fever
of 38.8°C and psoriasis vulgaris lesions on both elbows. A trans-
esophageal echography revealed a bicuspid aortic valve and an
aortic valve destruction causing a severe aortic insufficiency. Lab-
oratory investigations revealed a white blood cell count of
13,000/ml (normal range, 4,000 to 10,000/ml), with 84.1% poly-
morphonuclear lymphocytes (20 to 80%), 11.1% lymphocytes (20
to 40%), and 2.2% monocytes (1.5 to 4.0%), a hemoglobin level of
107 g/liter (130 to 160 g/liter), a platelet count of 299,000/ml
(150,000 to 400,000/ml), a creatinine level of 93 �mol/liter (70 to
115 �mol/liter), and a C reactive protein level of 68 mg/liter (�5
mg/liter). An endocarditis diagnostic kit comprising three pairs of
blood culture vials, two blood tubes without additive for serology
and determination of rheumatoid factor, antinuclear and an-
tiphospholipid antibodies, a heparinized blood tube for cell cul-
ture, and an EDTA blood tube for PCR was performed as previ-
ously described (1). Subsequently, an intravenous antibiotic
combination of amoxicillin (12 g/day) and gentamicin (160 mg/
day) was started. All three blood culture vials in the kit, sampled at
1-h intervals, grew an Staphylococcus epidermidis strain that was
susceptible to oxacillin, gentamicin, clindamycin, fosfomycin, ri-
fampin, co-trimoxazole, ofloxacin, fusidic acid, teicoplanin, and
vancomycin. The results of all other diagnostic tests in the kit were
negative. According to the modified Duke criteria (2), the patient
was classified as having definite endocarditis. The patient was
transferred to the Cardiac Surgery Department, where he under-
went aortic valve replacement with a bioprosthesis on 13 August
2012. Microbiological analysis of the resected valve enabled isola-

tion of an S. epidermidis strain that exhibited the same antibiotic
susceptibility and matrix-assisted laser desorption ionization–
time of flight (MALDI-TOF) mass spectrometry profile as the
strains grown from blood, and histological analysis confirmed the
diagnosis of endocarditis by demonstrating the intratissular pres-
ence of altered polymorphonuclear lymphocytes and clumps of
cocci. The initial antibiotic therapy was changed to intravenous
vancomycin (2 g/day) for 6 weeks and gentamicin (160 mg/day)
for 2 weeks when the blood culture results were known. Under this
treatment, the patient improved and, to date, has remained
asymptomatic. Our patient had previous aortic valve disease but
underwent no surgical or intravenous procedure (as a possible
source of infection) in the months preceding the endocarditis ep-
isode. However, we identified two putative portals of entry, in-
cluding the scraping lesions on his legs and the chronic anal fis-
sure, neither of which exhibited local inflammation on admission.
The patient signed an informed consent form.

For genome sequencing, the patient’s S. epidermidis strain, iso-
lated from a valvular biopsy specimen (deposited into the CSUR
collection under reference number CSUR P278), was grown on
5% sheep blood-enriched Columbia agar (bioMérieux, Marcy
l’Etoile, France). Four petri dishes were spread with the culture,
and the dishes were resuspended in 1.0 ml of 4� Tris-EDTA (TE)
buffer. Two samples of 100 and 200 �l of this suspension were
individually processed with a QIAamp tissue kit (Qiagen, Hilden,
Germany). DNA was eluted (50 �l per sample), and then samples
were pooled. The yield and concentration were measured with the
Quant-iT PicoGreen kit (Invitrogen, Saint-Aubin, France) on a
GENios (Tecan) fluorometer at 16.7 ng/�l.

The genomic sequence was generated using an Ion Torrent
PGM sequencer (Life Technologies, Saint-Aubin, France) from 1
�g of DNA. The fragment library was constructed using enzy-
matic DNA fragmentation and adaptor ligation with the Ion
Xpress Plus fragment library kit (Life Technologies). Fragment
size selection was performed by electrophoresis using agarose gel
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electrophoresis. The target fragment size distribution was 200 to
250 bp. This enrichment was purified using the Agencourt
AMPure XP system (Beckman, Roissy, France). The size distribu-
tion of DNA fragments was analyzed on a Bioanalyzer using a
high-sensitivity kit (Agilent, Santa Clara, CA). After dilution of
the library at 11.62 pM, template preparation, and emulsion PCR,
Ion Sphere particle (ISP) enrichment results were obtained using
an Ion OneTouch 200 template kit (v.2). The quality of the resul-
tant ISPs was assessed using the Qubit 2.0 fluorometer (Life Tech-
nologies). ISPs were loaded and sequenced on an Ion 316 chip
(Life Technologies). A total of 1,915,420 reads were obtained, with
an average length of 127 bp, which generated 244 Mb of se-
quences. No prior quality filtering was actually used for the de

novo assembly, performed using Newbler version 2.3 software
(Roche), with 90% identity and 40 bp as the overlap. All 139 con-
tigs larger than 50 bp were included in the assembly. A genome
size of 2.54 Mb was obtained. Although not closed, this genome
size was in the range of previously sequenced S. epidermidis
genomes. Open reading frames (ORFs) were predicted using
Prodigal (http://prodigal.ornl.gov), with default parameters,
but the predicted ORFs were excluded if they spanned a se-
quencing gap region. The predicted bacterial protein sequences
were searched against the GenBank database (3) and the Clus-
ters of Orthologous Groups (COGs) database using BLASTP.
tRNA and rRNA genes were detected using tRNAscan-SE
v.1.21 (4) and RNAmmer 1.2 (5), respectively. SignalP (6) and

TABLE 1 Putative virulence-associated genes detected in S. epidermidis strain CSUR P278a

Gene category and function
Gene
name

Contig
no.-ORF Function(s)

Biofilm formation
Primary attachment atlE 34-2 Autolysin

sdrG (fbe) 10-1 Fibrinogen-binding protein
sdrF 15-49 Ser-Asp-rich fibrinogen-binding protein, surface adhesin
sdrH 17-31 Ser-Asp-rich fibrinogen-binding protein, surface adhesin
sdrG 31-1 Ser-Asp-rich fibrinogen-binding protein, surface adhesin
ebp 1-48 Elastin-binding protein
ebh 1-88 Cell wall-associated fibronectin-binding protein
ebha 1-90 EbhA protein

Intercellular aggregation and
protective exopolymers

icaA 3-100 Poly N-acetylglucosamine, protects from IgG, AMPs, phagocytosis, and complement
icaB 3-98 Poly N-acetylglucosamine, protects from IgG, AMPs, phagocytosis, and complement
icaC 3-97 Poly N-acetylglucosamine, protects from IgG, AMPs, phagocytosis, and complement
icaD 3-99 Poly N-acetylglucosamine, protects from IgG, AMPs, phagocytosis and complement
icaR 3-101 Poly N-acetylglucosamine, protects from IgG, AMPs, phagocytosis, and complement
capA 4-89 Poly-�-glutamyl acid, protects from AMPs and phagocytosis
capB 6-6 Poly-�-glutamyl acid, protects from AMPs and phagocytosis
capC 6-7 Poly-�-glutamyl acid, protects from AMPs and phagocytosis
capD 6-10 Poly-�-glutamyl acid, protects from AMPs and phagocytosis
sepA 26-3 Protease, AMP degradation

Resistance to AMPs dltA 18-30 Dealanylation of teichoic acids
dltB 18-31 Dealanylation of teichoic acids
dltC 18-32 Dealanylation of teichoic acids
dltD 18-33 Dealanylation of teichoic acids
mprF 1-172 Lysylation of phospholipids
vraF 5-71 AMP exporter
vraG 5-72 AMP exporter
aprR 5-69 AMP sensor
aprS 5-70 AMP sensor

Exoenzymes
sspA 51-4 Serine protease, V8 protease
sspB 3-4 Serine protease precursor
geh 15-40, 3-5, 3-6 Glycerol ester hydrolase, lipase
lip 3-96 Lipase A

Toxins
psm� 2-39 Beta-hemolysin
ficD 7-68 Toxin

Antitoxin 7-67 Antitoxin
a AMPs, antimicrobial peptides.
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FIG 1 Phylogenetic positions of the toxin (a) and antitoxin (b) modules from S. epidermidis strain CSUR P278. Phylogenetic relationships were inferred from
amino acid sequences using the maximum likelihood method.
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TMHMM (7) were used to identify signal peptides and trans-
membrane helices, respectively. The absence of plasmids was
verified both by searching the gene annotation for any plasmid-
related gene and by mapping all contigs against previously pub-
lished S. epidermidis plasmid sequences.

S. epidermidis is a common commensal of the human skin. As
such, it is often considered a culture contaminant. However, this
bacterium has emerged as a major pathogen in hospital-acquired
infections and is currently the most common agent of infections of
intravenous catheters and indwelling prosthetic devices (8). In
addition to being a cause of hospital-acquired infections, S. epi-
dermidis may cause endocarditis in patients with native valves (9).
Although its causative role in native endocarditis was initially un-
derestimated, several studies on native-valve endocarditis (NVE)
have demonstrated that S. epidermidis may account for up to 5%
of cases (10, 11). However, because the number of prosthetic-
valve infections caused by this bacterium exceed by far the number
of cases of NVE, the specific genomic attributes of NVE-causing S.
epidermidis have been poorly studied.

Thanks to the development of rapid benchtop sequencers, ge-
nome sequencing is becoming faster, less expensive, and more
throughput efficient. This makes it possible to obtain the anno-
tated sequence of a bacterial genome in 3 to 4 days, propelling
real-time genomics as a strategy that may be used in the workflow
of a routine microbiology laboratory, notably for epidemic strains
or strains of unusual virulence or antibiotic resistance. In the pres-
ent study, we sequenced the genome of a Staphylococcus epidermi-
dis strain responsible for acute native-valve aortic endocarditis in
order to study its virulence markers.

The draft genome sequencing of S. epidermidis strain CSUR
P278 consisted of 139 contigs (approximately 96-fold coverage)
arranged into a single chromosomic scaffold. No plasmid was de-
tected. The chromosome size, G�C content, and number of genes
were 2,563,459 bases, 31.92%, and 2,581 genes, respectively.
Among these genes, 2,522 were protein-coding genes and 60 were
RNAs (1 rRNA operon, an additional 5S rRNA, 55 tRNAs, and 1
transfer-messenger RNA [tmRNA]). A total of 1,997 genes were
assigned to COGs (79.1%). Of these, 1,887 genes were assigned a
putative function (74.9%). Twenty-four genes (0.9%) were ORFs
with no detectable homology to other ORFs in the database
(ORFans), and 402 (15.9%) were annotated as hypothetical pro-
teins. As many as 202 genes had peptide signals, and 616 had
transmembrane helices.

Compared to the multilocus sequence type (MLST) database
(www.mlst.net), strain CSUR P278 exhibited a unique sequence
type (arc allele 8, aroE24, gtr-12, mutS23, new alleles for pyr, tpi,
and ygiL). By comparison with the genomes from the noninfec-
tious S. epidermidis strain ATCC 12228 and the pathogenic strain
RP62a (12, 13), strain CSUR P278 exhibited an almost perfect
synteny. Two gene clusters present in both pathogenic S. epider-
midis strains were absent from strain ATCC 12228. A first cluster
of 42 kb comprised of 64 genes was identified by BLASTP as a
complete S. epidermidis bacteriophage previously described as
vB_SepiS-phiIPLA7 (14). As in other bacterial species, bacterio-
phages are known in S. epidermidis to play a role in lateral gene
transfer (15). A second cluster of 34 kb was identified as arginine
catabolic mobile element II (ACME II) (16). This genetic element

was detected mostly in methicillin-resistant S. epidermidis strains
(17–19), although Granslo et al. found it mostly in methicillin-
susceptible isolates (16), as is the case for strain CSUR P278. In
contrast, strain CSUR P278 had a toxin-antitoxin (TA) module
(Table 1) absent from the other two S. epidermidis genomes. Com-
pared to sequences in GenBank, this TA module was most closely
related to Staphylococcus simiae for the toxin and to Staphylococcus
capitis for the antitoxin, but no ortholog was found in S. epider-
midis, making it possible that its acquisition resulted from a lateral
gene transfer from another coagulase-negative staphylococcus
(Fig. 1) at a recombination hot spot. TA modules, known as ad-
diction molecules, have been hypothesized to play a role in viru-
lence in human bacterial and epidemic pathogens (20). We as-
sume that the unique presence of this TA module is linked to the
aggressive behavior of this S. epidermidis isolate, causing native-
valve endocarditis. In addition, 32 genes previously described in S.
epidermidis as associated with virulence, classified mostly as ad-
hesins, exoenzymes, or exotoxins, were detected in our strain (Ta-
ble 1). However, the exact role of some of these genes in pathoge-
nicity is uncertain, as many are also present in the non-biofilm-
forming, non-infection-associated S. epidermidis strain ATCC
12228 (13). In contrast, two complete operons absent from the
noninfectious strain but found in virulent strains are present in
strain CSUR P278. The ica operon, comprised of 4 genes, is known
to be involved in biofilm formation and biofilm-associated infec-
tion in animal models (8). The capABCD operon is involved in
resistance to neutrophil phagocytosis (8). Finally, in a pan-
genomic study of S. epidermidis, it was suggested that isolates hav-
ing a formate dehydrogenase-encoding gene (fdh) were character-
ized by a reduced virulence and that this gene was lost in virulent
strains (21). This is consistent with our study, as strain CSUR P278
lacked the fdh gene. However, in contrast with other pathogenic S.
epidermidis isolates, strain CSUR P278 lacked the IS256 insertion
sequence (22).

In conclusion, although it did not directly impact patient man-
agement, our real-time genomics strategy enabled, with a short
delay, the identification of the unusual gene content of our pa-
tient’s strain among pathogenic S. epidermidis strains, as well as
the analysis of its virulence repertoire. This study also highlighted
the need for sequencing large collections of both pathogenic and
nonpathogenic S. epidermidis strains to improve our understand-
ing of the genetic background of each phenotype.

Nucleotide sequence accession number. The genome se-
quence was deposited in GenBank under accession number
AMSJ00000000.
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