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ABSTRACT

Coagulase-negative staphylococci (CoNS) are the major cause of nosocomial bacteraemia in neonates.
The aim of this study was to investigate whether persistent strains of CoNS possess specific bacterial
characteristics as compared with sporadic non-cluster isolates. In total, 180 blood culture isolates (95
contaminants and 85 invasive isolates) obtained from a single neonatal unit over a 12-year period
were studied. Pulsed-field gel electrophoresis (PFGE) identified 87 persistent CoNS strains (endemic
clones). The two largest PFGE clusters belonged to a single clonal complex according to multilocus
sequence typing. Patients colonised or infected with endemic clones were of lower gestational age
than those infected with non-cluster strains. One Staphylococcus haemolyticus cluster appeared to
selectively colonise and infect the most extreme pre-term infants. Endemic clones were characterised
by high levels of antibiotic resistance and biofilm formation. All 51 isolates belonging to the two
largest PFGE clusters were ica operon-positive. Genes encoding Staphylococcus epidermidis surface
protein B and the production of phenol-soluble modulins (PSMs) were also more prevalent among
endemic clones than among non-cluster strains. However, endemic clones were not more prevalent
among invasive isolates than among contaminants. These findings indicate that multiple selective
factors, including antibiotic resistance, biofilm formation, surface proteins with adhesive properties,
and PSMs regulated by agr, increase the ability of CoNS to persist in a hospital environment. It may
be more prudent, when searching for new therapeutic targets, to focus on ubiquitous components of
CoNS instead of putative virulence factors that do not clearly contribute to increased invasive
capacity.
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INTRODUCTION

Coagulase-negative staphylococci (CoNS) are the
major cause of nosocomial bacteraemia in neona-
tal intensive care units (NICUs) [1]. A matter of

concern is whether these infections are caused by
endemic hospital clones or by strains occurring
sporadically. Persistence of endemic CoNS in
single departments for many years has been
documented [2–4], but a wide genetic diversity
among isolates from a single unit has also been
observed [5].

Persistent CoNS may possess specific charac-
teristics that enable them to survive and persist in
the NICU environment [6]. A high level of
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antibiotic resistance is considered to be a major
selective force for persistence [7]. Biofilm forma-
tion is the most important virulence determinant
of CoNS [8–10], but its contribution to selection
and persistence in a hospital environment is
unclear [3,7,9,11]. Phenol-soluble modulin (PSM)
is a peptide complex produced by Staphylococcus
epidermidis, and PSM peptides have been recog-
nised as virulence factors with a strong pro-
inflammatory capacity [12]. PSM production is
strictly positively regulated by the staphylococcal
quorum-sensing system agr (accessory gene reg-
ulator) [12], but agr activation is thought to inhibit
biofilm formation indirectly and to increase bio-
film detachment [13]. S. epidermidis surface (Ses)
proteins are a group of putative virulence factors
that facilitate bacterial adherence to host tissue,
which is the first essential step in colonisation
and ⁄ or infection [14,15]. The contribution of the
PSM and Ses proteins to the persistence of CoNS
in a hospital setting has not yet been evaluated.

In the present study, endemic clones of CoNS
were identified by pulsed-field gel electrophoresis
(PFGE) and multilocus sequence typing (MLST)
in a single NICU over a 12-year period. The aim of
the study was to evaluate the hypothesis that
persistent or predominant clones in an NICU
possess specific characteristics that enhance their
ability to persist and cause invasive disease in
neonates. In addition, the genetic diversity of
isolates from a single site was assessed by means
of PFGE and MLST, and these isolates were
compared with S. epidermidis sequence types
characterised previously.

MATERIALS AND METHODS

Patients and isolates

Neonates eligible for inclusion in the study were admitted to
the tertiary-care NICU at Rikshospitalet Medical Centre, Oslo,
Norway, between January 1989 and April 2000 and diagnosed
with growth of CoNS in blood culture. In total, 180 CoNS
blood isolates were obtained from 150 neonates. The diagnosis
of CoNS sepsis (n = 85 isolates) required clinical signs of sepsis
in a neonate aged >72 h, and a positive monomicrobial blood
culture and an elevated C-reactive protein level of >10 mg ⁄L
within 2 days of blood culture. All other CoNS blood isolates,
including cultures growing more than one organism, were
considered to be contaminants (n = 95 isolates). At the time of
blood culture, 16% of patients had an indwelling vascular line,
and 25% were being treated on a ventilator. Further clinical
data have been reported previously [16]. The regional com-
mittee for medical research ethics approved the collection and
analysis of patient data.

Phenotypic and genotypic species identification

All isolates were identified to the species level using the ID 32
Staph system (bioMérieux, Marcy l’Etoile, France), and by
amplification and direct nucleotide sequencing of PCR frag-
ments of the tuf gene, using the tuf primers listed in Table S1
(see Supplementary material). Certain isolates yielded ambig-
uous results when the phenotypic and genotypic methods for
species identification were compared, and also following
further comparison with PFGE cluster results and PSM
analyses. These isolates were additionally retested by ampli-
fication and direct nucleotide sequencing of fragments of the
16S rRNA gene, using the 16S RNA primers listed in Table S1.
Definitive species identification was based on a polyphasic
approach combining phenotypic and genotypic species iden-
tification, PFGE cluster data and the PSM profile.

Antibiotic resistance

MICs of oxacillin, gentamicin, erythromycin, clindamycin,
fusidic acid, rifampicin and vancomycin were determined by
Etest (AB Biodisk, Solna, Sweden), with susceptibilities
interpreted according to CLSI guidelines [17]. PCRs for the
methicillin resistance gene (mecA) and the most frequent
aminoglycoside resistance gene (aac(6¢)-Ie-aph(2¢)-Ia) were
performed using the corresponding primers listed in
Table S1.

Biofilm production

Semiquantitative determination of biofilm production
involved a microtitre assay as described previously [16,18].
PCR detection of icaD, a marker of the ica operon, was
performed using the primers listed in Table S1.

PSMs

HPLC–mass spectrometry was used to detect and quantify
PSMs in bacterial culture supernatants, as described previ-
ously [13]. Using this method, a strong correlation has been
demonstrated previously among the levels of all major PSM
components [12]. Consequently, exact quantification was only
performed for PSMc, and the other PSM peptides were
recorded as either present or absent.

Screening for ses genes

PCR detection of the genes encoding SdrF, SdrG ⁄ Fbe, SesB,
SesD ⁄Bhp, SesE, SesF ⁄Aap and SesH was performed using
the corresponding primers listed in Table S1. Positive and
negative controls were included in each PCR run. The
PCR product obtained for sesB was also sequenced to
determine the diversity of this surface protein among the
S. epidermidis isolates screened (accession numbers EF424049–
EF424056).

PFGE and definition of genetic relatedness

Chromosomal DNA preparation and PFGE analysis were
performed as described previously [19,20]. PFGE banding
patterns were analysed using GelCompar software v.2.5
(Applied Maths, Sint-Martins-Latem, Belgium). Band assign-
ment was manually curated on all gel images after automated
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band detection. Dice similarity coefficients were calculated
with a band position tolerance of 1.6%. PFGE dendrograms
were constructed using the unweighted pair-group method
with arithmetic means (UPGMAUPGMA). Isolates were first assigned to
PFGE types, using either ‡75% or ‡80% band-based similar-
ity coefficients as cut-off values. Discrepancies in cluster
assignment between these two cut-off values were then
resolved by visual examination of banding patterns, with
interpretation of the degree of relatedness as described by
Tenover et al. [21].

MLST

A randomly selected group of 88 S. epidermidis isolates was
analysed using MLST. DNA isolation and nucleotide sequenc-
ing of seven S. epidermidis housekeeping genes (shikimate
dehydrogenase, heat-shock protein, glycerol kinase, guanylate
kinase, phosphate acetyltransferase, triphosphate isomerase
and acetyl coenzyme A acetyltransferase) was performed as
described previously by Wang et al. [22]. Five alleles (shiki-
mate dehydrogenase, guanylate kinase, phosphate acetyltrans-
ferase, triphosphate isomerase and carbamate kinase (arcC))
were also sequenced using the PCR primers described by
Wisplinghoff et al. [23]. The Wang and the Wisplinghoff
schemes both used six of the seven genes from the Staphylo-
coccus aureus MLST scheme validated previously [24]. How-
ever, the Wang scheme did not include the arcC allele, and the
Wisplinghoff scheme did not include the glycerol kinase (glpF)
allele. For the alleles that both schemes shared, different
regions were selected for each scheme. Novel allele sequences
were deposited in GenBank (EF424057–EF424061). Clonality
was assessed using eBURST, a web-implemented clustering
algorithm available on the MLST website (http://
www.mlst.net).

Statistical analyses

TheMann–Whitney testwas used for comparison of continuous
non-parametric variables. The chi-square test or Fisher’s exact
test was used, as appropriate, for comparison of dichotomous
variables. Correlations between the presence of ses genes and
PSMs were presented as kappa values as a measure of agree-
ment. Background resultswerepresentedasmedianswith inter-
quartile range (IQR). A binary logistic regression analysis was

performed to assess whether bacterial characteristics were
associated independently with endemic S. epidermidis isolates
or invasive S. epidermidis isolates. These results were presented
as adjusted ORs with 95% CIs. All analyses were two-tailed,
with p <0.05 considered to be significant. Statistical analyses
were performed using SPSS for Windows v.12.0 (SPSS Inc.,
Chicago, IL, USA).

RESULTS

Species and PFGE clusters

The 180 isolates comprised six different CoNS
species: S. epidermidis (n = 128), Staphylococcus
warneri (n = 19), Staphylococcus haemolyticus
(n = 19), Staphylococcus capitis (n = 7), Staphylococ-
cus hominis (n = 6) and Staphylococcus cohnii
(n = 1). PFGE typing revealed a diverse popula-
tion, with the 128 S. epidermidis isolates and the 19
S. warneri isolates being clustered in 45 and 12
PFGE types, respectively. S. haemolyticus showed
the least genetic diversity, with 13 of the 19
isolates clustered in a single PFGE type. Overall,
three large clusters were found to contain 14–36
isolates, and three smaller clusters contained six
to nine isolates (Table 1). Two PFGE types con-
tained four isolates, and the other 62 PFGE types
contained one to three isolates. Discrepancies in
cluster assignment between the 75% and 80%
similarity cut-off levels were observed for 15
isolates from five clusters. After visual examina-
tion, 11 isolates were clustered according to the
75% cut-off level, and four isolates remained
clustered according to the 80% cut-off level. In
total, 87 clustered (endemic) isolates were isolated
from 72 patients. PFGE type 27 comprised 20%
(n = 36) of all isolates in this study, and this PFGE
type was isolated every year between 1989 and

Table 1. Pulsed-field gel electrophoresis (PFGE) clusters of coagulase-negative staphylococci (CoNS) that contained at
least six isolates

Bacterial

characteristics

Cluster

PFGE type 1

n = 15 (%)

PFGE type 19

n = 9 (%)

PFGE type 27

n = 36 (%)

PFGE type 34

n = 6 (%)

PFGE type 46

n = 7 (%)

PFGE type 51

n = 14 (%)

Species Staphylococcus
epidermidis

S. epidermidis S. epidermidisa S. epidermidis Staphylococcus
warneri

Staphylococcus
haemolyticusb

mecA-positive 15 (100) 5 (56) 35 (97) 6 (100) 4 (57) 13 (97)
icaD-positive 15 (100) 7 (78) 36 (100) 2 (33) 2 (29) 5 (36)
sesB-positive 14 (93) 5 (56) 22 (61) 5 (83) NP NP
PSMc-positive 15 (100) 8 (89) 31 (86) 6 (100) NP NP
Invasive 9 (60) 4 (44) 21 (58) 2 (33) 2 (29) 6 (43)
Period detected 1991–1993 1991–1999 1989–1999 1996–1999 1995–2000 1991–1999

aOne isolate was genotyped as S. warneri; all others were S. epidermidis.
bOne isolate was genotyped as S. warneri; all others were S. haemolyticus.
NP, not present in non-epidermidis CoNS; PSM, phenol-soluble modulin.
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1997, and also in 1999 (Fig. 1). The highest
number (n = 33) of CoNS blood culture isolates
was collected in 1995; of these, 13 (39%) belonged
to PFGE type 27 (Fig. 1).

MLST

In total, 88 S. epidermidis isolates were divided
into 35 sequence types (STs). Of these, 29 STs
were not detected in a previous study using the
same MLST scheme [22]. Forty-three isolates were
designated ST2, 26 isolates were single-locus
variants of ST2, and two isolates were double-
locus variants. Thus, 71 (81%) of 88 isolates
analysed with MLST belonged to a large clonal
complex (CC) designated CC1. Fig. S1(A) (see
Supplementary material) shows an analysis of
CC1 by eBURST. All PFGE type 1 isolates and 24
(88%) of the 27 PFGE type 27 isolates analysed
with MLST were found to cluster in CC1
(Table 2). To further differentiate CC1 isolates,
sesB and arcC sequence types were analysed. Of

the 88 isolates included in this analysis, 57 were
positive for sesB, representing six alleles. The arcC
gene was detected in all 88 isolates, with 11
different alleles recognised, of which five were
novel (Table 2). Inclusion of these alleles enabled
the 71 CC1 isolates to be divided into three
groups: the largest group contained isolates with
sesB, while this gene was mostly absent from the
two minor groups, as shown in Fig. S1(B). Two
other CCs were identified among the remaining
17 isolates. CC2 contained six STs, with ST39
suggested as the founder, while CC3 contained
two STs with no identifiable founder. Nine STs
containing single isolates were detected (Table 2).

Two additional eBURST comparisons were
conducted to investigate the relationship bet-
ween these isolates and other global S. epider-
midis strains. First, the STs for the 88 isolates in
the present study were compared with the 50
isolates of Wang et al. [22]. Fig. S1(C) shows that
CC1 contained 111 (80%) of 138 isolates, repre-
sented by 80 isolates from the present study and
31 isolates from the study of Wang et al. [22]. The
remaining eight isolates from the present study
resolved into two additional clusters, designated
CC2 and CC3, that had not been detected
previously [22]. The final eBURST analysis com-
pared isolates from the present study with
isolates deposited in the mlst.net database. This
comparison used MLST analyses with the five
alleles from the scheme of Wisplinghoff et al.
[23]. As shown in Fig. S1(D), two CCs were
revealed, with most (20 ⁄ 28) STs in one large CC.
However, the dominant ST according to this
typing scheme was the singleton ST19, which
contained 48 isolates from the present study and
two from mlst.net.

Clinical characteristics

Patients colonised or infected with cluster isolates
had a significantly lower gestational age than
patients with non-cluster isolates. Logically, these
patients were also hospitalised for a longer
period, but the blood cultures were obtained at
a similar postnatal age for both groups (Table 3).
Of 30 patients infected or colonised with PFGE
type 27, six were born at term, while the remain-
ing 24 were born after gestation for 23–29 weeks.
Furthermore, infants colonised or infected
with S. haemolyticus were younger (median ges-
tation, 26 weeks; IQR 25–28 weeks) than infants
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Fig.1. Annual distribution of 36 isolates of coagulase-
negative staphylococci (CoNS) belonging to pulsed-field
gel electrophoresis (PFGE) type 27 in comparison with the
remaining 1444 CoNS isolates during the 12-year study
period.
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colonised or infected with other CoNS (median
gestation, 29 weeks; IQR 26–40 weeks, p 0.001).

Antibiotic resistance

All isolates were susceptible to vancomycin, and
there was a low rate of resistance to rifampicin.

However, cluster isolates showed higher rates
of resistance to oxacillin, gentamicin, fusidic
acid, erythromycin and clindamycin (Tables 4
and 5). Interestingly, almost all isolates in
four of the six clusters carried mecA, but only
57% of the non-cluster isolates were mecA-
positive.

Table 2. Differentiation of 88
Staphyloccus epidermidis isolates by
multilocus sequence typing (MLST)

ST CC

No. of

isolates

arcC
type

sesB
type MLST-arcC-sesB CC1 group No. of isolates

PFGE type

(no. of isolates)

2 1 43 1 2-1-0 b 1 26 (1)
1 1 2-1-1 a 2 23 (1), 6 (1)
18 2-18-0 b 1 42 (1)
19 2-19-0 b 1 12 (1)
20 1 2-20-1 a 1 1 (1)
2 1 2-2-1 a 1 4 (1)
21 1 2-21-1 a 1 27 (1)
7 2-7-0 b 12 27 (8), 42 (1), 1 (1), 6 (1), 60 (1)
7 1 2-7-1 a 22 27 (10), 20 (1), 1 (6);

4 (1), 5 (1), 8 (1), 30 (1), 38 (1)
7 6 2-7-6 b 1 38 (1)

4 1 2 7 4-7-0 b 1 7 (1)
7 1 4-7-1 a 1 19 (1)

7 1 3 1 7-1-0 c 2 31 (2)
7 1 7-7-1 a 1 27 (1)

8 1 1 7 1 8-7-1 a 1 25 (1)
60 1 2 1 60-1-0 b 1 68 (1)

1 1 60-1-1 a 1 31 (1)
24 1 1 7 24-7-0 b 1 27 (1)
25 S 1 1 25-1-0 1 23 (1)
26 1 1 7 1 26-7-1 a 1 1 (1)
27 S 1 1 5 27-1-5 1 19 (1)
28 1 1 7 1 28-7-1 a 1 27 (1)
29 1 1 1 1 29-1-1 a 1 33 (1)
30 1 9 7 30-7-0 b 1 20 (1)

7 1 30-7-1 a 8 1 (4), 22 (1), 27 (3)
31 1 1 7 1 31-7-1 a 1 27 (1)
32 1 1 7 32-7-0 b 1 27 (1)
33 S 1 17 2 33-17-2 1 18 (1)
34 S 1 8 34-8-0 1 58 (1)
35 S 1 1 2 35-1-2 1 3 (1)
36 S 1 18 2 36-18-2 1 34 (1)
37 S 1 7 4 37-7-4 1 9 (1)
38 3 1 1 2 38-1-2 1 41 (1)
39 2 1 3 39-3-0 1 34 (1)
40 3 1 7 40-7-0 1 16 (1)
41 2 1 18 2 41-18-2 1 34 (1)
42 2 1 18 2 42-18-2 1 34 (1)
43 S 1 1 1 43-1-1 1 24 (1)
44 2 1 18 44-18-0 1 13 (1)
45 1 1 1 45-1-0 c 1 24 (1)

1 7 1 45-7-1 a 1 22 (1)
46 2 1 18 2 46-18-2 1 62 (1)
47 S 1 7 47-7-0 1 63 (1)
48 2 1 7 48-7-0 1 59 (1)
49 1 1 7 1 49-7-1 a 1 1 (1)
50 1 1 7 1 50-7-1 a 1 16 (1)
51 1 1 1 51-1-0 a 1 32 (1)

ST, sequence type; CC, clonal complex; S, singleton.

Table 3. Comparison of patients
with coagulase-negative staphylo-
cocci (CoNS) cluster isolates and
patients with CoNS non-cluster iso-
lates

Clinical characteristics

76 patients with

CoNS cluster isolates

(IQR)

74 patients with CoNS

non-cluster isolates

(IQR) p value

Median birth weight, g 960 (748–1781) 2610 (843–3485) 0.007
Median gestational age, weeks 27.5 (26–33) 34 (27–40) 0.008
Median post-natal age when
blood culture obtained, days

14 (5–23) 11 (2–24) 0.58

Median hospitalisation period, days 35 (11–76) 12 (7–32) 0.005
Ever with indwelling vascular line 52.0% 43.8% 0.17
Ever on ventilation 63.2% 49.3% 0.049
Invasive infection 54.0% 46.6% 0.31

IQR, inter-quartile range.
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Biofilm production

Biofilm formation and icaD were detected signifi-
cantlymore frequently forS. epidermidis cluster iso-
lates than for non-cluster isolates (Tables 4 and 5).

PSMs

PSM peptides are only known to occur in
S. epidermidis, and thus production of PSM pep-
tides was investigated only in isolates of this
species. As expected, therewas a strong correlation

(p <0.001) between the presence of PSMc and
all other PSMs: PSMb1 (kappa 0.93); PSMb2
(kappa 0.92); PSMa (kappa 0.91); PSMr (kappa
0.65); and PSM� (kappa 0.23). Production of PSMc
was significantly greater among cluster isolates
than among non-cluster isolates (Table 4). In gen-
eral, all PSMs, except PSMa and PSM�, were
detected more frequently in cluster isolates than
in non-cluster isolates. Invasive S. epidermidis iso-
lates were more frequently PSMc-positive (92%)
than were isolates considered to be contaminants
(80%) (p 0.05). However, the mean and median
PSMc production levels did not differ significantly
between invasive isolates and contaminants. No
correlations were found in S. epidermidis between
phenotypic biofilm production or the presence of
icaD and different PSM analyses (data not shown).

S. epidermidis surface proteins

A correlation was found between the presence of
sesB and sesE (kappa 0.31, p 0.001) and sesH
(kappa 0.32, p <0.001), but there was no correla-
tion between sesB and detection of other Ses-
encoding genes. Table 4 shows the prevalence of
ses genes among S. epidermidis cluster isolates as
compared with non-cluster isolates. Invasive
S. epidermidis isolates were more frequently sesB-
positive (68%) than were contaminants (48%)
(p 0.024). There were no differences for the other
ses genes between invasive isolates and contam-
inants. There was also a correlation between the
presence of sesB and PSMa (kappa 0.34, p <0.001)
and PSMc (kappa 0.26, p 0.003).

Median biofilm production was much greater
among the 65 sesF ⁄ aap-positive S. epidermidis
isolates (OD 1.63) than among the 63 sesF ⁄ aap-
negative isolates (OD 0.25; p <0.001). This strong
association between sesF ⁄ aap and biofilm produc-
tion also remained significant (p <0.001) after
adjusting for icaD in a linear regression model.
Fourteen isolates were ica-negative but sesF ⁄ aap-
positive. None of these 14 isolates produced
biofilm. Only one of three sesD ⁄ bhp-positive iso-
lates produced biofilm, but this isolate was also
icaD-positive.

Factors associated independently with endemic
or invasive S. epidermidis isolates

The variables mecA, icaD, sesB and PSMc were
included in a binary logistic regression model.

Table 4. Staphylococcus epidermidis cluster isolates com-
pared with non-cluster isolates in terms of antibiotic
resistance and virulence factors

65 cluster isolates

(PFGE type 1-19-27-34)

n (%)

63 non-cluster

isolates

n (%) p value

Antibiotic resistancea

Methicillin 60 (92) 37 (59) <0.001
Gentamicin 57 (88) 32 (51) <0.001
Erythromycin 26 (40) 13 (21) 0.017
Clindamycin 22 (34) 8 (13) 0.005
Fusidic acid 60 (92) 44 (70) 0.001
Rifampicin 2 (3) 2 (3) 0.98

Biofilm production
Biofilm-positive 53 (83) 25 (40) <0.001
Median biofilm optical density 1.46 0.09 <0.001
icaD PCR-positive 59 (91) 32 (51) <0.001

PSMs
PSMa-positive 59 (91) 43 (68) 0.002
PSMb1-positive 59 (91) 51 (81) 0.11
PSMb2-positive 59 (91) 46 (73) 0.009
PSMc-positive 60 (92) 50 (79) 0.035
PSMc (lg ⁄L) (median) 230 165 0.003
PSMr-positive 46 (71) 33 (52) 0.033
PSM�-positive 13 (20) 17 (27) 0.35

ses genes detected by PCR
sdrF 3 (5) 3 (5) 1.0
sdrG ⁄ fbe 27 (42) 31 (49) 0.38
sesB 46 (71) 29 (47) 0.006
sesD ⁄ bhp 0 (0) 3 (5) 0.12
sesE 35 (54) 31 (50) 0.67
sesF ⁄ aap 29 (45) 36 (57) 0.16
sesH 18 (28) 13 (21) 0.38

PFGE, pulsed-field gel electrophoresis; PSM, phenol-soluble modulin.
aAccording to CLSI breakpoint criteria [17].

Table 5. Non-epidermidis coagulase-negative staphylococci
cluster isolates compared with non-cluster isolates

21 cluster isolates

(PFGE types 46 and 51)
n (%)

31 non-cluster

isolates
n (%) p value

Antibiotic resistancea

Methicillin 17 (81) 16 (53) 0.052
Gentamicin 15 (71) 13 (43) 0.061
Erythromycin 13 (62) 7 (23) 0.009
Clindamycin 6 (29) 4 (13) 0.28
Fusidic acid 16 (76) 20 (67) 0.51
Rifampicin 0 (0) 0 (0)

Biofilm production
Biofilm-positive 3 (14) 10 (33) 0.091
Median biofilm
optical density

0.06 0.07 0.091

PFGE, pulsed-field gel electrophoresis.
aAccording to CLSI breakpoint criteria [17].
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Compared with S. epidermidis non-cluster isolates,
the presence of icaD, mecA and sesB increased the
risk of an isolate belonging to the group of
endemic S. epidermidis isolates. Adjusted ORs
were: icaD 6.23 (95% CI 2.20–17.64; p 0.001), mecA
5.72 (95% CI 1.81–18.10; p 0.003) and sesB
2.92 (95% CI 1.25–6.84; p 0.013). Compared with
S. epidermidis contaminants, the presence of mecA
and sesB increased the risk of an isolate belonging
to the group of invasive S. epidermidis isolates.
Adjusted ORs were: mecA 3.08 (95% CI 1.26–7.55;
p 0.011) and sesB 2.26 (95% CI 1.08–4.76; p 0.029).

DISCUSSION

The present study analysed bacterial factors asso-
ciated with predominant and ⁄ or persistent CoNS
blood culture isolates during a 12-year period in a
single NICU. Two different molecular typing
techniques were used to identify clusters. PFGE
has been considered to be the typing method of
choice for studying the clonality of bacteria within
a geographically localised area, but frequently
occurring mutations (high molecular clock speed)
may limit its use for long-term studies [22,25]. In
addition, genetic relatedness is often assessed by
visual examination of banding patterns [21]. How-
ever, in longitudinal studies with a large number
of isolates, a classification based on visual exam-
ination becomes difficult. Automatic classification
using band-based similarity coefficients may over-
come this problem [26]. For long-term studies, no
general agreement exists concerning the most
appropriate similarity cut-off levels for identifying
related PFGE types, although arbitrarily chosen
similarity levels of 70–80% are often used [7,25,27].
Unfortunately, the band position tolerance, which
is critical for automatic classification of similarity
[26], is not always reported. In the present study, a
combination of automatic classification of similar-
ity levels, a conservative band position tolerance
(1.6%) and visual examination were used. There
was a good correlation between the PFGE typing
and MLST results.

Three different MLST schemes for S. epidermidis
have been published [22,23,28]. However, the
discriminatory capacity of MLST for S. epidermidis
has been a concern [28,29]. The present study
confirmed that, although MLST and PFGE results
were highly concordant, MLST did not discrim-
inate among isolates to the same extent as PFGE.
This was further demonstrated by expanding the

MLST scheme with two additional alleles (arcC
and sesB). A similar approach has been proposed
previously [29], involving sequencing of Ses
protein-encoding genes (sdrG and aap), which
showed promising results, either alone or in
combination with MLST, as a possible new typing
tool. The addition of sesB to the MLST scheme in
the present study was also helpful for differenti-
ation purposes; although sesB was only present in
a subset of isolates, even the presence or absence
of this gene had implications for typing.

Overall, the MLST results demonstrated the
existence of one large CC of highly related
isolates, including the two largest PFGE clusters.
The isolates in this cluster (CC1) showed a high
prevalence of the mecA gene and the ica operon.
Interestingly, the dominant ST2 in the present
study has also been detected in medical facilities
in North America and South Africa [22]. In
general, methicillin resistance and the ica operon
seem to be virulence factors that are identified
frequently in dominant STs from different conti-
nents [22,23,30]. However, comparison with iso-
lates analysed previously with MLST also
highlighted the occurrence of additional novel
CCs and STs in the single NICU studied. A more
comprehensive database is required to determine
whether these novel strains are under-repre-
sented in the current database or are unique to
the present study. Sequence-based typing systems
are clearly preferred for long-term and global
epidemiological studies of S. epidermidis, but the
choice of typing system will depend on factors
such as cost and the need for greater or less
discrimination [29]. PFGE still compares well with
MLST as a typing technique for local long-term
epidemiological studies, and may even have
advantages in such studies by having a higher
discriminatory power.

Three large and three smaller PFGE clusters
were found to persist and predominate through-
out the 12-year period in the unit studied, which
is a finding similar to results reported in other
long-term studies [2,3,7,31]. The finding of
endemic PFGE clusters indicates that cross-infec-
tion or cross-contamination has occurred within
the NICU. There was a peak in the number of
CoNS-positive blood cultures during 1995, and
the dominant endemic PFGE type 27 also peaked
at this time, indicating frequent cross-contamina-
tion, perhaps caused by an undetected lapse in
the infection control policy.
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All the CoNS species detected showed genetic
variability. However, 13 of the 19 isolates of
S. haemolyticus belonged to a single cluster. Pre-
vious studies have also documented outbreaks or
persistence of S. haemolyticus strains that affected
the most extreme pre-term babies in the NICU
[2,32]. Whole genome sequencing and compara-
tive genomics with other staphylococci have
identified a wide range of putative virulence
factors in S. haemolyticus [33]. However, there is
still a lack of knowledge regarding the contribu-
tion of these virulence factors to the pathogenicity
of S. haemolyticus [8].

CoNS cluster isolates in the present study were
characterised by higher levels of antibiotic resis-
tance as compared with non-cluster isolates. It has
been suggested that antibiotic resistance is a
major force in the selection of certain CoNS
strains [7]. The most marked differences in resis-
tance rates were observed between cluster and
non-cluster isolates for b-lactam antibiotics and
aminoglycosides. These two groups of antibiotics
form part of the empirical antibiotic regimen in
the NICU studied, which supports previous
findings that in-vitro antimicrobial resistance
patterns reflect the pattern of antibiotic use in a
particular unit [4,5].

Biofilm formation and carriage of the ica
operon occurred frequently among endemic
clones of S. epidermidis in the present study.
The ability of S. epidermidis to produce biofilm is
widespread among hospital isolates [34]. How-
ever, the uniform presence of the icaD operon in
the two large S. epidermidis clusters (PFGE
types 1 and 27), and a much lower icaD prev-
alence in the non-cluster isolates, was a striking
finding. This indicates strongly that isolates
with biofilm-forming capacity have a selective
advantage for survival and persistence in the
NICU environment. The exact mechanism for
this persistence is unclear, but it has been
shown that osmo-protective factors are up-reg-
ulated in biofilms [13], so that biofilm-forming
CoNS may grow well in the high-osmolarity
environment of the human skin. One likely
explanation of the high prevalence of endemic
clones among infants with a lower gestational
age is that these infants require more handling
and invasive procedures, which again leads to
an increased risk of being colonised by endemic
clones in the NICU via the hands of healthcare
workers.

The gene encoding PSMc is located within
RNAIII, the regulatory molecule of the agr system.
PSMc production therefore reflects agr activity on
a translational level [35]. The agr operon is not
involved directly in regulation of the ica operon
[36–38]. However, there is strong evidence to
support the hypothesis that low agr activity
favours biofilm formation and the ability of
S. epidermidis to colonise catheter material,
whereas high agr activity increases the invasive
capacity of S. epidermidis, but concomitantly
inhibits biofilm formation [12,13,39]. It has been
suggested that this influence of agr on biofilm
production is mediated via the surfactant-like
PSMs, which inhibit the later stages of biofilm
formation and lead to biofilm dispersion [39].
Time-lapse studies using flow cells have shown
that expression of agr in exposed cell clusters is
followed by cell detachment from S. aureus bio-
films [40]. In the present study, no correlation was
found between the production of PSMc and
biofilm formation, which may be explained by
the fact that most isolates were from patients with
sepsis, and not primarily from a biofilm-associ-
ated infection resulting from implanted devices.
Sepsis strains with invasive properties may differ
from strains associated with implanted devices.
For the latter, factors enhancing colonisation may
be of greater advantage than the aggressive
factors that often characterise strains causing
sepsis.

In the present study, endemic clones of
S. epidermidis showed higher levels of PSMc,
and a higher prevalence of most PSM peptides,
than did non-cluster isolates. It can be speculated
that production of PSM peptide, caused by an
active agr system, is advantageous for the selec-
tion and persistence of nosocomial CoNS in this
type of infection. The exact mechanisms by which
an active agr system enhances the ability of CoNS
to persist are unclear, although increased resis-
tance to antimicrobial peptides secreted on the
skin may be involved [41]. Certainly, the role of
agr and the PSM peptides in the virulence of
S. epidermidis in different types of infection will
require further investigation.

S. epidermidis surface (Ses) proteins are cell-
wall-anchored proteins that interact with targets
in the host, and are important for both bacterial
adherence and evasion from the host immune
system [14]. The most studied Ses protein is
SdrG ⁄Fbe, a fibrinogen-binding protein. Anti-Fbe
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antibodies may block bacterial adherence and
decrease the severity of experimental infection in
animals [42,43]. In the present study, sdrG ⁄ fbe was
associated with neither endemic nor invasive
isolates. The accumulation-associated protein
(SesF ⁄Aap) can mediate intercellular adhesion
and biofilm formation, independent of the ica
operon [44,45], and a strong and ica-independent
association between the presence of sesF ⁄ aap and
the level of biofilm production was found in the
present study. These findings support the hypoth-
esis that the ica operon and sesF ⁄ aap may act
cooperatively in mediating S. epidermidis biofilm
formation [45]. However, none of the ica operon-
negative and sesF ⁄ aap-positive strains produced
biofilm in vitro. SesD ⁄Bhp may also facilitate
biofilm formation [46] but, in the present study,
sesD ⁄ bhp was detected in only three isolates, in
agreement with the results of Bowden et al. [14].

By comparative genomics, more than ten puta-
tive Ses proteins have been detected in the
S. epidermidis genome, but their exact function
and possible role as virulence factors are still
unclear [14,47,48]. In addition, there is a high
genetic variability for this class of surface protein
in S. epidermidis [48]. In the present study, only
the gene encoding SesB was more prevalent
among endemic S. epidermidis isolates than among
non-cluster isolates, and this gene was also
slightly more prevalent among invasive isolates
than among contaminants. High titres of antibod-
ies to different Ses proteins are found in adult
patient sera, indicating that these proteins are
expressed and are important during an infection
[14]; this has not yet been investigated for SesB.

Ses proteins have been considered as candi-
dates for the development of novel therapies
against staphylococcal infections [14,43]. Five of
the seven genes encoding Ses proteins were
detected in 24–59% of all 128 S. epidermidis iso-
lates investigated, while the remaining two were
found only in a few isolates. This distribution
differs from that reported previously [14,29], and
also differs from the distribution of similar pro-
teins in S. aureus [49]. Ses proteins may well
constitute a group of important virulence factors,
but the relatively low prevalence found in the
present study suggests a limit to their potential
role as general targets for new treatment or
prophylactic strategies in S. epidermidis infections.

Endemic clones had the highest rates of antibi-
otic resistance and biofilm production. PFGE

type 1 was positive for almost all virulence factors
investigated, although only nine of 15 isolates
were considered invasive. In general, no clear
association was found between endemic clones
and invasive capacity, which is in contrast to a
previous study [2]. It is notoriously difficult to
differentiate between true bloodstream infection
and contamination in cases of neonatal CoNS
sepsis. The definition of CoNS sepsis used was in
line with that used by others [1], and is consid-
ered to be fairly robust. However, it cannot be
excluded that some invasive isolates may have
been contaminants and vice versa. Previous stud-
ies [16,50–52] have concluded that detection of the
ica operon is not a suitable genetic marker for
discriminating invasive from contaminating
CoNS isolates. Furthermore, de Silva et al. [5]
found that endemic clones were equally distrib-
uted among skin isolates and invasive isolates in a
case-controlled study, and concluded that ende-
mic clones with enhanced ability to cause invasive
disease were not present. This is a key question in
relation to the pathogenesis of neonatal CoNS
disease. Efforts to reduce the frequency and
severity of CoNS infections have focused on
targeting either specific CoNS virulence factors
[53] or quorum-sensing systems regulating these
virulence factors [54]. If endemic clones do not
display enhanced ability to cause invasive disease
compared with sporadic strains, focusing on
ubiquitous CoNS virulence factors may be more
prudent when searching for novel therapeutic
strategies [55].

In conclusion, a small number of clusters of
CoNS persisted and predominated in the NICU
studied during a 12-year period. Multiple selec-
tion forces, including antibiotic resistance, biofilm
production, and other bacterial factors such as
surface proteins, may increase the ability of CoNS
to persist in a hospital environment. However, the
endemic clones detected in the present study did
not exhibit clearly increased invasive capacity,
despite possessing more putative CoNS virulence
factors than non-cluster isolates. Endemic clones
were identified more frequently in very pre-term
infants, probably as a result of frequent therapeu-
tic handling, which enhances the risk of cross-
contamination within the NICU. Clearly, multiple
strategies are needed to combat nosocomial
neonatal CoNS infections. Strict adherence to
infection control guidelines and ameticulous hand
disinfection policy is crucial for all prevention
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programmes [56]. Further clinical studies are
warranted to identify and delineate the clinical
importance of CoNS virulence factors, and to
determine how to utilise them in the design of
new therapeutic strategies.
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