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Coagulase-negative staphylococci have been identified as major causes of late-onset neonatal bacteremia in neonatal intensive
care units. Sixty isolates of Staphylococcus capitis obtained from blood cultures of neonates between 2000 and 2005 were exam-
ined in this study. Biochemical analysis confirmed that 52 of these isolates belonged to the subsp. urealyticus, and the remaining
8 belonged to the subsp. capitis. Isolates of the predominant subsp. urealyticus clones were characterized by their resistance to
penicillin, erythromycin, and oxacillin and their biofilm formation ability, whereas subsp. capitis isolates were generally antibi-
otic susceptible and biofilm negative. Pulsed-field gel electrophoresis (PFGE) after SacII digestion separated the 60 isolates into
five major clusters. Sequence analysis showed that, in S. capitis, the ica operon plus the negative regulator icaR was 4,160 bp in
length. PCRs demonstrated the presence of the ica operon in all isolates. Further analysis of five isolates (two biofilm-positive
subsp. urealyticus, one biofilm-negative subsp. urealyticus, and two biofilm-negative subsp. capitis) revealed that the ica operons
were identical in all of the biofilm-positive subsp. urealyticus strains; however, the biofilm-negative isolates showed variations.
The distinctive phenotypic and genotypic characteristics revealed by this study may affect the epidemiology of the two subspe-
cies of S. capitis in the clinical setting. These results may provide a better understanding of the contribution of these two species
to bloodstream infections in neonates.

Coagulase-negative staphylococci (CoNS) have emerged as ma-
jor causes of nosocomial infections and of nosocomial bacte-

remia in particular. These microorganisms usually infect prema-
ture neonates and immunocompromised patients, particularly
those hospitalized for chemotherapy and managed with indwell-
ing devices such as central venous catheters (1, 2).

The ability to form biofilm on the surfaces of inserted devices is
the most important virulence mechanism of CoNS. Research on
biofilm formation in Staphylococcus epidermidis started relatively
early and has served as a model for other staphylococci, including
Staphylococcus aureus and other CoNS species. In contrast to S.
epidermidis, S. capitis displays the biofilm-forming capacity under
particular experimental conditions, for example, in medium with
high osmolarity. Quantitative biofilm production is linearly in-
duced by sodium chloride (3). Polysaccharide intercellular adhe-
sin (PIA) is the best-studied factor involved in S. epidermidis
biofilm formation. It consists of glycan of �-1,6-linked 2-acet-
amido-2-deoxy-D-glucopyranosyl subunits, and its synthesis has
been shown to be essential for S. epidermidis virulence. The ica
operon encodes for proteins that synthesize PIA and includes the
icaA, icaD, icaB, and icaC genes, in that order, downstream from
the icaA promoter that controls expression of the entire operon. In
addition, a regulatory gene called icaR is located upstream and is
transcribed in the opposite direction (4). Other surface molecules
involved in the accumulation phase of biofilm formation include
accumulation-associated protein (Aap) (5), extracellular matrix-
binding protein (Embp) (6), and extracellular DNA (7). Aap is a
220-kDa LPXTG protein (8). Embp was recently found to be a
multifunctional cell surface protein that mediates attachment to
host extracellular matrix, biofilm accumulation, and escape from
phagocytosis (9).

Staphylococcus capitis has been implicated in biofilm-related
infections such as endocarditis (10), urinary tract infection (11),

and catheter-related bacteremia (12). Humans are likely to be the
main sources or vehicles of transmission of S. capitis (13). Several
reports suggest that S. capitis is an emerging opportunistic patho-
gen in newborn babies being cared for in newborn intensive care
units (NICUs) (14–16). This species has been endemic in the
NICU of the Royal Women’s Hospital in Melbourne, Australia,
for several years, and we have accumulated a collection of isolates
from neonates believed to have bloodstream infections with this
species.

S. capitis can be further divided into two subspecies: subsp.
urealyticus and subsp. capitis. Subspecies urealyticus can be distin-
guished from subsp. capitis by its urease activity, ability to produce
acid from maltose in anaerobic conditions, fatty acid profile,
larger colony size, and DNA sequence differentiation (17).

Since no previous study has examined the prevalence, pheno-
typic characteristics, and molecular epidemiology of the two sub-
species of S. capitis as opportunistic pathogens in NICUs, our aim
was to characterize our collection of isolates, with respect to sub-
species, antimicrobial susceptibility, structure of the ica operon,
and expression of the biofilm phenotype under conditions of
stress. We hypothesize that the two subspecies differ in prevalence
and in their capacity to become opportunistic pathogens in
NICUs.
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MATERIALS AND METHODS

Bacterial isolates. Sixty clinical S. capitis isolates from neonates at the
NICU, Royal Women’s Hospital, Melbourne, Australia, were collected
between 2000 and 2005. These isolates were considered to be clinically
significant based on the isolation of the same organism from more than
one blood culture collected within a 14-day period and/or the presence of
clinical or laboratory findings suggestive of neonatal sepsis (18). They had
been identified by the ID 32 Staph system (bioMérieux, Marcy l’Etoile,
France). All isolates were stored in nutrient broth (Oxoid, Australia) with
15% glycerol at �80°C and were recovered for the present study on tryp-
tone soy agar (Oxoid) incubated at 37°C for 24 to 48 h. Urease activity and
maltose fermentation tests were performed to discriminate subsp. urea-
lyticus and capitis (17).

Antibiotic susceptibility testing and screening for mecA gene. Six
antibiotics—penicillin, erythromycin, clindamycin, teicoplanin, vanco-
mycin, and oxacillin—were chosen for the present study based on their
use in the hospital. Antibiotic susceptibility was determined by MIC and
inducible clindamycin resistance according to Clinical and Laboratory
Standards Institute guidelines (19).

The mecA gene was detected by PCR, using the forward primer
MECAP4 and the reverse primer MECAP7 (11), obtained from Sigma-
Genosys, Sydney, Australia. Nucleotide sequence determination was per-
formed by Microcom Sequencing Facilities, Monash University, Mel-
bourne, Australia.

Detection of biofilm production. Quantitative determination of bio-
film production was performed using a microtiter plate assay. Each plate
contained S. epidermidis RP62a and SP2 as positive and negative biofilm-
producing controls, respectively (20). Four wells were inoculated per iso-
late in a given experiment, and all isolates were tested independently on
three occasions.

The ability to produce extracellular polysaccharide (slime) (15) was
assessed and interpreted using Congo red agar (CRA), according to the
method of Freeman et al. (21) and Arciola et al. (22).

The ica operon was amplified according to the Expand long-tem-
plate PCR system protocol (Roche Applied Science). PCR products
were analyzed by 1% agarose (Bioline, Australia) gel electrophoresis
and sequenced by Microcom Sequencing Facilities, Monash Univer-
sity, Australia.

PFGE analysis. PFGE was performed according to the method of
Murchan et al. (23) with minor modifications. The SacII enzyme was used
instead of SmaI since preliminary studies showed that it provided better
discrimination. PFGE gel images were stored electronically as JPG files
and analyzed visually with GelCompar II (version 6.0; Applied Maths),
using the Dice coefficient, represented by the unweighted pair group
method using arithmetic averages with 1% optimization and 1.5% toler-
ance setting. Cutoff values of 75 and 80% were applied to assess the sim-
ilarity. A dendrogram was drawn to show the relatedness of the clones.

Hydrophobicity analysis. Hydrophobicity analysis was carried out
using the web-predictor TopPred II (24). All of the possible topologies
that include the certain transmembrane segments and either include or
exclude each of the candidate segments were automatically generated.

Statistical analysis. Antibiotic susceptibility experiments were per-
formed at least twice. A binary logistic regression analysis was per-
formed to assess whether the biofilm formation and antibiotic resis-
tance was associated independently with the two subspecies and how
the biofilm formation was related to the antibiotic profile. Statistical
analyses were performed using GraphPad Prism 5.0 (25). This pro-
gram computes P values using the Fisher exact test contingency table
and summarizes the data by computing the odds ratio, along with the
95% confidence intervals.

Nucleotide submission. The sequenced complete ica operon of clin-
ical biofilm-positive S. capitis isolate 6 has been deposited in GenBank
under accession number JF930147.

RESULTS
Molecular epidemiology of clinical S. capitis isolates over a
6-year period. The annual number of episodes of sepsis at the
NICU varied over the 6 years of the study, peaking in 2002 and
2003 (Fig. 1). Analysis of PFGE gels by GelCompar II yielded four
major clusters of at least five isolates with �80% similarity, com-
prising 53 (88.3%) of all isolates. Another minor cluster com-
prised two isolates (i.e., isolates 52 and 61). Five isolates (i.e., iso-
lates 39, 62, 65, 70, and 90) that were randomly distributed over
the years could not be typed. There was no difference in the allo-
cation of clusters between the 75 and 80% cutoff levels. The only
exception was one isolate clustered in the PFGE type I according to
the 75% cutoff and nonclustered according to the 80% cutoff
level.

Cluster II, the largest cluster, comprising 34 isolates of S. capitis
subsp. urealyticus, was associated with more than half of all cases
in the NICU and was apparently capable of persisting for a pro-
longed period. Isolates belonging to this cluster were distributed
throughout the 6-year period. The highest occurrence was in 2002
(11 isolates, 84.6% of isolates in this year). Clusters I, III, and IV
(S. capitis subsp. urealyticus) were less prevalent but appeared in
most years throughout the period of the study. Isolates classified as
cluster V (S. capitis subsp. capitis) appeared sporadically in low
numbers throughout the study period (Fig. 1).

Quantitative and qualitative biofilm formation and correla-
tion with icaADBC prevalence and sequences. Fifty isolates were
determined to be biofilm positive by the microtiter plate assay in
TSB supplemented with 4% NaCl, and the remaining 10 isolates
were biofilm negative. There was complete agreement between the
results of the microtiter plate assay and the production of extra-
cellular polysaccharide indicated by colonial appearance on CRA
plates.

Sequence analysis showed that the ica operon plus the negative
regulator icaR is 4,160 bp in length, and PCR analysis demon-
strated that it was present in all S. capitis isolates. The five genes
(icaR, icaA, icaD, icaB, and icaC) were closely related to those of S.
caprae, S. epidermidis, and S. aureus, and the corresponding poly-
peptides exhibited 65 to 94% amino acid identity. Further se-
quence analysis was performed on the ica operon in five isolates:
two biofilm-positive subsp. urealyticus isolates (isolates 6 and 70),
one biofilm-negative subsp. urealyticus isolate (isolate 17), and
two biofilm-negative subsp. capitis (isolates 44 and 65). These iso-
lates were selected by identifying different restriction patterns of

FIG 1 Contributions of PFGE clusters to total infections from 2000 to 2005.
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the ica operon in accordance with PCR-restriction fragment
length polymorphism digestion with TaqI (data not shown). Se-
quencing showed that DNA sequences of the two biofilm-positive
isolates were 100% identical, but the three biofilm-negative iso-
lates showed sequence variations. Isolate 44 (subsp. capitis) had a
deletion mutation in the �10 promoter element compared to that
of biofilm-positive isolates. This mutation might prevent the tran-
scription of the ica genes, resulting in the inability to express PIA.
In isolate 65 (subsp. capitis), a stop codon occurred in the icaB
gene; this nonsense mutation resulted in a predicted truncated
protein, missing 218 C-terminal amino acids. An in-frame three
amino acid deletion in the icaA gene of isolate 17 (subsp. urealyti-
cus) was identified. Protein structural prediction of the IcaA from
the deduced sequences of isolates 6 and 17 was performed with
TopPred II. It revealed that the IcaA protein sequence of strain 6
exhibited five predicted transmembrane segments, whereas four
candidate membrane-spanning segments were shown in strain 17.
In the region from amino acids 178 to 198, the hydrophobicity of
isolate 17 was below the threshold value compared to that of iso-
late 6. This structural change might lead to a functionally defective
protein and result in abolishment of biofilm production in this
isolate.

Antibiotic susceptibility profile and relationship to biofilm
production. Biofilm-positive isolates were, in general, more resis-
tant than biofilm-negative isolates. The great majority of isolates
(n � 52) were resistant to penicillin and oxacillin (87 and 85%,
respectively). Carriage of mecA gene was consistently high and was
almost always associated with biofilm positivity. Forty-three iso-
lates (72%) showed resistance to erythromycin. Four isolates were
resistant or intermediate in resistance to clindamycin (6.7%), with
only one of this showing inducible resistance. Six isolates (10%)
were resistant to teicoplanin (Table 1). Based on MICs, no isolates
of S. capitis displayed reduced susceptibility to vancomycin; how-
ever, this method may not detect small populations of resistant
cells, which can only be detected by population analysis profiling.
Our previous studies show that such populations do exist in S.
capitis (26).

Genotype of subspecies and their relatedness to antibiotic
resistance and biofilm production. Fifty-two isolates identified as
subsp. urealyticus were mainly distributed in three major PFGE
clusters (I, II and III) and one minor cluster (IV) (Fig. 2). Two

nonclustered isolates were also grouped into this subspecies.
Members of subsp. urealyticus were generally resistant to oxacillin
(98%) and biofilm positive (94%). One exception was a nonclus-
tered isolate, which were oxacillin susceptible according to the
MIC, although it carried mecA (isolate 39).

As expected, S. capitis subsp. capitis isolates were clustered sep-
arately from the isolates belonging to S. capitis subsp. urealyticus.
The eight isolates either appeared in PFGE cluster V or remained
unclustered (Fig. 2). These isolates were susceptible to all antibi-
otics according to the MIC data, although mecA was identified in
three of them. Only one (isolate 62) produced biofilm (Fig. 2),
although all eight contained the entire icaADBC operon. There
were no major insertions or deletions in the ica operon in these
biofilm-negative isolates of S. capitis subsp. capitis (data not
shown); however, this does not exclude the possibility of point
mutations resulting in nonfunctional proteins.

DISCUSSION
Significance of antibiotic resistance profile. Consistent with pre-
vious studies on CoNS from NICUs (27), we found a high level of
oxacillin resistance 51 (85%) among the isolates in the present
study. Oxacillin resistance and mecA carriage reached 100%
among isolates belonging to the three major PFGE clusters (I, II,
and III) and a minor cluster IV (Table 2). All such isolates were S.
capitis subsp. urealyticus. Although there was generally good
agreement between the prevalence of mecA and expression of
oxacillin resistance, there were some exceptions. Four isolates that
carried mecA failed to express oxacillin resistance (Fig. 2). This
could be explained by low levels of expression of mecA due to the
presence of small subpopulations that were not detected by phe-
notypic methods. Alternatively, the mecA gene may be defective in
these isolates (28). We did not detect isolates expressing non-
mecA-mediated resistance to oxacillin. High levels of resistance to
erythromycin and clindamycin in S. epidermidis were reported by
many studies (21, 26). In the present study, 42 isolates (71.7%)
were resistant to erythromycin, and only four (6.7%) were resis-
tant or showed inducible resistance to clindamycin.

Biofilm formation of clinical S. capitis isolates and their
prevalence in the NICU. The predominant S. capitis clones in the
NICU setting were biofilm-producing S. capitis subsp. urealyticus.
Three isolates of S. capitis subsp. urealyticus failed to produce bio-

TABLE 1 MIC antibiotic susceptibility patterns and mecA gene carriage and their correlations between biofilm formation phenotype in clinical S.
capitis

Patient group

No. (%) of resistant isolates by yr
No. (%) of resistant isolates by biofilm
phenotypea

Pb2000 2001 2002 2003 2004 2005 Biofilm� (n � 50) Biofilm� (n � 10)

Treated with:
Penicillin 5 (100) 9 (90) 14 (87.5) 10 (76.9) 9 (90) 5 (83.3) 48 (96) 4 (40) 0.0001
Erythromycin 4 (80) 8 (80) 8 (50) 9 (69.2) 8 (80) 6 (100) 41 (82) 2 (20) 0.0003
Clindamycinc 0 1 (10) 2 (12.5) 0 0 1 (16.7) 4 (8) 0 1.0000
Teicoplanin 0 3 (30) 2 (12.5) 1 (7.7) 0 0 5 (10) 1 (10) 1.0000
Vancomycin 0 0 0 0 0 0 0 0 1.0000
Oxacillin 4 (80) 8 (80) 14 (87.5) 11 (84.6) 8 (80) 6 (100) 48 (96) 3 (30) �0.0001

mecA gene carrier 4 (80) 8 (80) 15 (93.8) 13 (100) 8 (80) 6 (100) 49 (98) 5 (50) 0.0003
a n, number of isolates.
b A binary logistic regression analysis was performed using the Fisher exact test from a contingency table. P � 0.05 is considered a significant difference.
c Includes inducible resistance.
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FIG 2 PFGE dendrogram of the clinical S. capitis isolates. The scale bar at the top of the dendrogram indicates the similarity. The dotted line indicates the cutoff
value of 80% that was applied to separate the clusters.
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film and yet were classified into the major PFGE clusters and pre-
sented similar antibiotic resistance profiles to the other members
in the major clusters. The other isolates displaying a biofilm-neg-
ative phenotype belonged to subsp. capitis, were susceptible to all
antibiotics, and were members of cluster V. These isolates were
few in number and appeared only sporadically over the study pe-
riod (Fig. 2). Since both subspecies reside on the human skin, the
considerably higher prevalence of S. capitis subsp. urealyticus sug-
gests that this subspecies has greater potential as an opportunistic
pathogen or greater transmissibility than S. capitis subsp. capitis.

Consistent with previous studies (29), biofilm formation of the
S. capitis isolates showed a strong association with the antibiotic
resistance profile. It is likely that antibiotic use led to the selection
of PFGE types that contained resistant strains that also expressed
biofilm. As a consequence, both the ability to express biofilm un-
der specific conditions encountered in the NICU and resistance to
multiple antibiotics could provide S. capitis subsp. urealyticus with
a selective advantage. Biofilms form a barrier around bacteria,
protecting them from antibiotics and phagocytes and thus making
the treatment of infections very difficult (4, 30). However, given
the likely value of biofilm formation in providing a positive selec-
tive advantage, the question remains as to why biofilm-negative
antibiotic-susceptible S. capitis subsp. capitis isolates remained in
the NICU, albeit at low prevalence. One possibility is that the ica
operon is activated under conditions that are not the same as for S.
capitis subsp. urealyticus encountered in the hospital environment
and thus not under the in vitro conditions examined here. Alter-
natively, protein-mediated biofilm could be activated within the
clinical setting. These hypotheses are supported by our previous
conclusions that most S. epidermidis can be induced to produce
biofilm in response to environmental stimuli encountered in the
clinical setting, including products used in neonatal units (31).

ica operon in biofilm-negative S. capitis isolates and its ori-
gin. Sequence analysis showed variable mutations in biofilm-neg-
ative isolates. Whether these mutations were critical factors caus-
ing the biofilm-negative phenotype in these isolates remains a
question to be answered. The variations in the ica operons of bio-
film-negative S. capitis subsp. capitis (isolates 44 and 65) might
simply be natural variation in this group of isolates. However, this
does not exclude the probability of point mutations resulting in
nonfunctional proteins.

The genetic origin of ica genes in staphylococci is not known. It
is also uncertain how biofilm-forming isolates are established and
disseminated within the hospital environment. Previous studies
(18, 32) based on genome-wide comparisons of S. aureus genomes

showed that mobile DNA is exchanged readily in S. aureus popu-
lations. It was suggested that horizontal gene transfer between
staphylococci and other low-GC Gram-positive bacteria is com-
mon and contributes to resistance and virulence development.
Occurrence of the ica operon in S. capitis strains of different ge-
netic backgrounds suggests mobility and horizontal transfer of the
cluster of biofilm-mediating genes among these strains. The close
contact of bacteria within a biofilm may facilitate horizontal ex-
change of genetic information, including antimicrobial resistance
genes and virulence determinants. However, a recent study (33)
revealed that the enhanced virulence in epidemic community-
associated methicillin-resistant S. aureus, strain USA300, is attrib-
utable to differential expression of core genome-encoded viru-
lence determinants rather than the acquisition of additional
virulence genes via mobile genetic elements. We are currently in-
vestigating the differential ica gene expression in biofilm-negative
and biofilm-positive S. capitis isolates.

Relatedness of biofilm production and antibiotic resistance
to two subspecies. One striking observation in the present study is
that biofilm formation and the presence of the mecA gene in these
clinical S. capitis isolates were mainly displayed only in subsp.
urealyticus (Fig. 2). A global comparison of the genomes of diverse
clinical strains of these two subspecies with known endemic po-
tential would contribute our understanding S. capitis survival and
infections in hospitals.

In conclusion, our findings suggest that the endemic S. capitis
clones confirmed to be S. capitis subsp. urealyticus are more im-
portant causes of bloodstream infections in very-low-birth-
weight infants than is subsp. capitis. It would therefore be benefi-
cial to subspeciate S. capitis isolates, especially those isolated from
neonates. The results also emphasize the importance of examining
the composition and expression of the ica operon to the patho-
genic potential of S. capitis.
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