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Staphylococcus saprophyticus is a common cause of uncomplicated urinary tract infections in women. S.
saprophyticus strain ATCC 15305 carries two staphylococcal cassette chromosome genetic elements,
SCC15305RM and SCC15305cap. The SCC15305cap element carries 13 open reading frames (ORFs) involved in
capsular polysaccharide (CP) biosynthesis, and its G�C content (26.7%) is lower than the average G�C
content (33.2%) for the whole genome. S. saprophyticus strain ATCC 15305 capD, capL, and capK (capDSsp,
capLSsp, and capKSsp) are homologous to genes encoding UDP-FucNAc biosynthesis, and gtaB and capISsp show
homology to genes involved in UDP-glucuronic acid synthesis. S. saprophyticus ATCC 15305 CP, visualized by
immunoelectron microscopy, was extracted and purified using anionic-exchange and size exclusion chroma-
tography. Analysis of the purified CP by 1H and 13C nuclear magnetic resonance (NMR) spectroscopy and
gas-liquid chromatography revealed two types of branched tetrasaccharide repeating units composed of the
following:

-4)-�-Glc-(1-3)-Sug-(1-4)-�-GlcA-�1-
�

�-GlcNAc-(1-2)

Sug represents two stereoisomers of 2-acetamido-2,6-dideoxy-hexos-4-ulose residues, one of which has an
arabino configuration. The encapsulated ATCC 15305 strain was resistant to complement-mediated opsono-
phagocytic killing by human neutrophils, whereas the acapsular mutant C1 was susceptible. None of 14 clinical
isolates reacted with antibodies to the ATCC 15305 CP. However, 11 of the 14 S. saprophyticus isolates were
phenotypically encapsulated based on their resistance to complement-mediated opsonophagocytic killing and
their failure to hemagglutinate when cultivated aerobically. Ten of the 14 clinical strains carried homologues
of the conserved staphylococcal capD gene or the S. saprophyticus gtaB gene, or both. Our results suggest that
some strains of S. saprophyticus are encapsulated and that more than one capsular serotype exists.

Approximately 13 million women develop urinary tract in-
fections (UTIs) annually in the United States, with a recur-
rence rate between 25% and 44% (45). Staphylococcus sapro-
phyticus is second only to Escherichia coli as a cause of
uncomplicated UTI in young women (45, 46). A novobiocin-
resistant member of the coagulase-negative staphylococci (60),
S. saprophyticus has rarely exhibited resistance to other antibi-
otics (25). However, a recent report (19) indicated that methi-
cillin-resistant S. saprophyticus isolates have emerged in Japan.
The gastrointestinal tract and the vagina are the major reser-
voirs of S. saprophyticus (18, 30) and the likely sources of
recurrent infection (20, 37, 49). Approximately 40% of patients
with S. saprophyticus UTI present with acute pyelonephritis
(22, 30). These patients experience symptoms more severe

than those of patients infected by E. coli (24), and they are
more likely to develop recurrent infections (21).

A number of potential virulence factors have been identified
in S. saprophyticus. Gatermann et al. showed that in a rodent
model of ascending UTI, the production of urease contributes
to S. saprophyticus growth and pathogenicity in the bladder (10,
12). Other putative virulence factors of S. saprophyticus include
a surface-associated lipase (11, 51, 53), the collagen binding
protein SdrI (52), and a cell wall-anchored hemagglutinin pro-
tein that mediates the binding of S. saprophyticus to sheep
erythrocytes, fibronectin, and human uroepithelial cells (14, 29,
34, 35). The hemagglutinin was dubbed UafA in the sequenced
ATCC 15305 strain, and deletion of the uafA gene resulted in
reduced S. saprophyticus hemagglutination (HA) and adher-
ence to human bladder carcinoma cells (29). Kuroda et al.
noted that UafA-mediated adherence of S. saprophyticus to the
T24 cell line was inhibited by the presence of the ATCC 15305
polysaccharide capsule (29).

Staphylococcal species produce a variety of extracellular gly-
copolymers that contribute to the surface properties and viru-
lence of the bacterium, such as capsular polysaccharides (CP),
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teichoic acids, and poly-N-acetylglucosamine (PNAG). CP
production renders Staphylococcus aureus resistant to op-
sonophagocytic killing; alanine modifications of teichoic acids
promote bacterial resistance to antimicrobial peptides (40);
and PNAG is involved in biofilm formation (4). Recently, the
secretion of another anionic polymer (poly-�-DL-glutamic acid)
by certain other coagulase-negative staphylococci was reported
(28). Polyglutamic acid production is enhanced under high-salt
conditions and may contribute to the survival of Staphylococcus
epidermidis on human skin.

S. saprophyticus strain 15305 does not produce PNAG or
polyglutamic acid (28, 29), but this uropathogenic species is
encapsulated. CP are lacking in isolates of S. epidermidis, the
most common of the coagulase-negative species, but genomic
evidence indicates that Staphylococcus haemolyticus (7, 57), S.
saprophyticus (29), and Staphylococcus carnosus (47) carry cap-
sule loci with genetic similarity to the Staphylococcus aureus
cap5 (cap8) gene locus. In this study, we purified and charac-
terized the CP produced by S. saprophyticus ATCC 15305 and
investigated the CP phenotype of S. saprophyticus clinical iso-
lates.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The S. saprophyticus strains used in
this study are listed in Table 1. Strain ATCC 15305 was obtained from the
American Type Culture Collection (ATCC, Manassas, VA). S. saprophyticus C1,
kindly provided by Makoto Kuroda, is an ATCC 15305 mutant (29) with an
excised SCC15305cap region (deletion of nucleotides [nt] 50103 to 83737). Andrew
Onderdonk provided clinical isolates of S. saprophyticus from patients with uri-
nary tract infections treated at Brigham and Women’s Hospital, Boston, MA. S.
saprophyticus strains 7108 and 9325 were provided by Sören Gatermann, Ruhr-
Universität, Bochum, Germany. Unless otherwise noted, the bacteria were cul-

tivated aerobically for 24 h at 37°C in tryptic soy broth (TSB) or tryptic soy agar
(TSA).

Anti-CP antibodies and serotyping. An antiserum to the S. saprophyticus CP
was prepared by immunizing Swiss Webster mice or a New Zealand White rabbit
with UV-killed cells of strain ATCC 15305 as described previously (61). A
capsule-specific antiserum was obtained by absorption of immune serum with the
acapsular mutant C1. The reactivities of S. saprophyticus clinical isolates with the
ATCC 15305 CP-specific antiserum were determined by a colony immunoblot-
ting method (31), and their reactivities with an S. aureus CP-specific antiserum
were determined by double immunodiffusion of capsular extracts.

Immunogold electron microscopy. Immunogold labeling of the CP produced
by S. saprophyticus cells was performed on Formvar carbon-coated copper grids.
The samples were blocked for 10 min in 0.5% fish skin gelatin in phosphate-
buffered saline (PBS) with 0.1% Tween 20. The samples were incubated for 30
min at ambient temperature with the CP-specific antiserum. The grids were
washed four times in PBS and were incubated with protein A-gold particles
(diameter, 20 nm). After four washes in deionized water, the samples were air
dried and examined with a JEOL 1200EX transmission electron microscope
(TEM).

CP purification. CP was purified by methods similar to those we have de-
scribed previously (7, 59). Briefly, S. saprophyticus ATCC 15305 was cultivated on
TSA medium overlaid with a dialysis membrane with a molecular size cutoff of
12,000 to 14,000 Da. Autoclaved aqueous bacterial extracts were treated with
DNase and RNase for 6 h at 37°C, followed by overnight treatment with pronase.
The dialyzed material was passed over a column of DEAE-Sephacel (Amersham
Biosciences, Uppsala, Sweden) equilibrated with 0.05 M sodium acetate–0.05 M
NaCl (pH 6.0). Fractions that eluted in a 2-liter gradient (0.05 M sodium acetate
with 0.05 to 0.5 M NaCl) were analyzed for absorbance at 206 nm and for
serologic activity with antibodies to S. saprophyticus CP. Serologically active
fractions were pooled, dialyzed, and lyophilized. The CP was subjected to chro-
matography on a Sephacryl S-300 (Amersham Biosciences) column equilibrated
in 0.2 M NaCl, and the fractions were monitored as described above. Serologi-
cally active fractions were pooled, dialyzed, and lyophilized. The purity of the
polysaccharide was assessed by UV (260 and 280 nm) absorption spectra, chem-
ical assays for protein and phosphate, and nuclear magnetic resonance (NMR)
spectroscopy.

Structural characterization of the S. saprophyticus CP. 1H and 13C NMR
spectra were recorded using a 500-MHz Varian Inova spectrometer in D2O
solutions at 60°C with an acetone standard (2.225 ppm for 1H and 31.5 ppm for
13C) using standard pulse sequences for correlation spectroscopy (COSY), total
correlation spectroscopy (TOCSY) (mixing time, 120 ms), nuclear Overhauser
effect spectroscopy (NOESY) (mixing time, 200 ms), heteronuclear single-quan-
tum correlation (HSQC), and heteronuclear multiple-bond correlation (HMBC)
(optimized for a 5-Hz coupling constant). For monosaccharide analysis, the CP
(0.5 mg) was hydrolyzed (0.2 ml of 3 M TFA, 120°C, 2 h) and evaporated to
dryness under a stream of air. The residue was dissolved in water (0.5 ml),
reduced with NaBH4 (�5 mg, 1 h), neutralized with acetic acid (0.3 ml), and
dried, and methanol (1 ml) was added. The mixture was dried twice with the
addition of methanol, and the residue was acetylated with acetic anhydride (0.5
ml, 100°C, 30 min), dried, and analyzed by gas-liquid chromatography (GLC) on
an HP1 capillary column (30 m by 0.25 mm) with a flame ionization detector
(Agilent 6850 chromatograph) in a temperature gradient of 170°C (4 min) to
260°C at 4°C/min.

DNA and RNA preparations. S. saprophyticus cells were lysed with lysozyme
and lysostaphin (1 mg/ml each) for 1 h at 37°C, and genomic DNA was isolated
with the Wizard genomic purification kit (Promega, Madison, WI). PCRs were
performed with Taq DNA polymerase (Invitrogen, Carlsbad, CA) and an an-
nealing temperature of 50°C. The S. saprophyticus recA gene served as a positive
PCR control. Primer sequences and the lengths of the amplicons are given in
Table S1 in the supplemental material. Total RNA was prepared from S. sapro-
phyticus cells lysed with 0.5 ml zirconia-silicon beads (Fisher Scientific, Pitts-
burgh, PA) in a dental amalgamator (62), and RNA was purified with the
RNeasy Mini kit (Qiagen, Valencia, CA). RNA was treated with RNase OUT
(Invitrogen) and DNase I (Invitrogen) before amplification with the Access
RT-PCR system kit (Promega). A control sample without reverse transcriptase
was included for each RNA sample to confirm the absence of contaminating
DNA. For Southern blotting, chromosomal DNA was digested with HindIII and
separated on a 0.8% agarose gel. DNA was blotted on GeneScreenPlus (Perkin-
Elmer, Boston, MA) membranes and hybridized with capDSsp, capEFGSsp, or
capIJKLSsp. The probes were labeled with the ECL direct nucleic acid labeling
and detection system (Amersham) according to the manufacturer’s recommen-
dations. After overnight hybridization with the probe at 42°C, the membranes
were washed under low-stringency conditions: two washes for 5 min each at 42°C

TABLE 1. Presence of S. saprophyticus capsule genes
in clinical isolates

S. saprophyticus
strain

Presence or absence of the following gene within
SCC15305cap

a:

SSP0056b gtaB

capD

PCR Southern
blotting

ATCC 15305 � � � �
C1 � � � �
BWH2 � � � �
9777 � � � �
1815 � � � �
7108 � � � �
9325 � � � �
3201 � � � �
B2 � � � �
1146 � � � �
2262 � � � �
9556 � � � �
BWH3 � � � �
889 � � � �
0937 � � � �
3751 � � � �

a �, present; �, absent. The presence of the SSP0056 and gtaB genes was
determined by PCR. Mutant C1 and all of the clinical isolates gave negative
PCRs with primers to capABCDSsp, capEFGSsp, capHIJSsp, and capKLSsp. In
addition, DNA fragments containing capEFGSsp or capKLSsp did not hybridize to
DNA from any S. saprophyticus clinical isolates.

b The SSP0056 gene is upstream of the capSsp locus within the SCC15305cap
element.
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in 5� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate). These washes
were followed by two additional washes at 42°C in 6 M urea–0.4% sodium
dodecyl sulfate–0.5� SSC and two washes at room temperature in 2� SSC. The
detection reagents included with the kit were used as directed, and positive
signals were detected by exposure to radiographic film.

In vitro opsonophagocytic killing assay. The opsonophagocytic killing assay is
a modification of the method of Xu et al. (61). S. saprophyticus strains, cultivated
on TSA plates for 24 h at 37°C, were suspended in a minimal essential medium
(MEM; Invitrogen) containing 1% bovine serum albumin (BSA; Sigma, St.
Louis, MO). Human neutrophils were isolated from the blood of healthy male
donors with Mono-Poly resolving medium (MP Biomedicals, Solon, OH) and
were washed once with MEM-BSA. The opsonophagocytic assay was performed
in polypropylene tubes containing 2.5 � 106 neutrophils, 5 � 105 CFU of S.
saprophyticus, 0.25% heat-inactivated rabbit antiserum against S. saprophyticus
CP, and 1% guinea pig serum (as a complement source) in a total volume of 500
�l MEM-BSA. Control samples included (i) S. saprophyticus and neutrophils
with either complement or antiserum and (ii) S. saprophyticus incubated with
complement and antibodies but no neutrophils. The tubes were rotated end over
end (12 rpm) for 2 h at 37°C. Bacterial killing was estimated by diluting the
samples in sterile water and plating the samples in duplicate on TSA plates at
time zero and after 2 h. The percentage of reduction in CFU per milliliter for
each sample at 2 h was compared to the input inoculum at time zero. Assays with
the clinical isolates were performed in identical fashion except that the samples
included S. saprophyticus, neutrophils, and complement but no antiserum.

HA assay. S. saprophyticus strains were cultivated either aerobically for 24 h in
TSB at 37°C on a rotator or anaerobically for 48 h under static conditions in a
Coy anaerobic chamber containing 10% CO2, 80% N2, and 10% H2. Bacterial
cells were harvested, washed in PBS, and suspended to an optical density at 600
nm (OD600) of 1.0. The CFU per milliliter was determined on each suspension,
and serial 2-fold dilutions (50 �l per well) of the bacterial suspensions were
prepared in 96-well U-bottom microtiter plates. An equal volume of 0.4% sheep
erythrocytes (Hemostat Laboratories, Dixon, CA) was added to each well, and
the microtiter plate was incubated at ambient temperature for 4 h. The titer (the
highest dilution of the bacterial suspension that resulted in hemagglutination
[HA]) was determined for the anaerobic and aerobic cultures, and the HA index
for each S. saprophyticus strain was calculated by dividing the HA titer of the

anaerobic culture by the HA titer of the aerobic culture. Clinical isolates with an
HA index of �8 were scored as positive for CP production, and isolates with an
HA index of �2 were scored as negative.

RESULTS

The S. saprophyticus capsule genes. The genome of S. sapro-
phyticus ATCC 15305 was sequenced by Kuroda et al. (29), and
a capsule operon similar to the S. aureus cap1 gene locus (32)
was identified within a staphylococcal cassette chromosome
(SCC) genetic element named SCC15305cap. The capsule locus
comprises 13 open reading frames (ORFs) (SSP0059 to
SSP0072) spanning nucleotides 69784 to 83251 on the S. sa-
prophyticus chromosome. The capASsp through capDSsp genes
are homologous to S. aureus cap1A through cap1D, with DNA
identities between 69% and 74% and amino acid similarities
between 73% and 85% (Table 2). The putative gene products
of capDSsp and capLSsp show homology to bacterial proteins
involved in UDP-D-FucNAc biosynthesis, whereas CapKSsp is a
putative UDP-FucNAc transferase. The gtaB gene upstream of
the capSsp locus (encoding a putative UTP-glucose-1-phos-
phate uridyltransferase) and capISsp (encoding a putative
UDP-glucose-6-dehydrogenase) are homologous to bacterial
genes involved in UDP-glucuronic acid synthesis (6, 56). The
putative gene products of capESsp, capFSsp, capGSsp, capHSsp,
and capJSsp share only limited homology with proteins in the
databases and include putative glycosyltransferases, as well as
proteins involved in CP transport and polymerization. Of note,
the orientation of capJSsp is opposite to that of the other capSsp

genes (Fig. 1), and the last two ORFs appear to be truncated

TABLE 2. Putative functions of S. saprophyticus cap genes based on sequence homologies

Genea % Amino acid
identity/similarity Organism and gene Putative function

gtaB 76/89 S. aureus gtaB UTP-glucose-1-phosphate uridyltransferase
capASsp 62/81 S. aureus cap1A Chain length determination
capBSsp 65/78 S. aureus cap1B Chain length determination
capCSsp 54/73 S. aureus cap1C Tyrosine protein phosphatase
capDSsp 73/85 S. aureus cap1D UDP-GlcNAc 4,6-dehydratase
capESsp 42/65 Bacillus thuringiensis RBTH_06178 Glycosyl transferase
capFSsp 32/51 Desulfuromonas acetoxidans Dace_1590 Glycosyl transferase
capGSsp 29/51 S. aureus cap5K Flippase
capHSsp 27/48 Hahella chejuensis HCH_02393 Glycosyl transferase
capISsp 60/77 Escherichia coli ugd UDP-glucose-6-dehydrogenase
capJSsp 22/44 Bacillus cereus wzy Polysaccharide polymerase
capKSsp 78/85 S. aureus cap5M UDP-FucNAc transferase
capLSsp 50/68 S. aureus cap5N UDP-2-acetamido-2,6-dideoxy-D-xylo-4-hexulose reductase
capLSsp 44/68 S. aureus cap5N

a The last two genes in the capsule operon are truncated versions of the same gene (capLSsp).

FIG. 1. S. saprophyticus capsule gene cluster. Distinguishing features include the gtaB gene upstream of the cap locus, the reverse orientation
of the capSsp J gene, and the truncated capSsp L gene. The capABCD genes are conserved among S. aureus, S. haemolyticus, and S. saprophyticus.
The G�C content for individual genes, expressed as a percentage, is shown below each ORF. The arrowheads indicate the relative positions of
the primers described in Table S1 in the supplemental material.
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versions of the same gene (capLSsp). The overall G�C content
in the coding regions of the S. saprophyticus cap region is
26.7% (Fig. 1), which is lower than that of the total genome
(33.2%), suggesting that these genes may have been acquired
by horizontal gene transfer. A putative promoter and a Rho-
independent transcriptional terminator were located upstream
of capASsp and downstream of capLSsp, respectively.

To determine whether the capsule genes were expressed by
S. saprophyticus ATCC 15305, we performed reverse transcrip-
tion-PCR (RT-PCR) experiments with primers that yielded
products ranging from 0.875 kb to 3.51 kb and spanned the
length of the capsule operon from capASsp through capLSsp

(Fig. 1). Amplicons corresponding to capABCDSsp, capEFGSsp,
capHISsp, capJSsp, and capKLSsp were obtained (data not shown),
indicating that the capsule genes were transcribed by the se-
quenced S. saprophyticus strain.

We used immunogold labeling experiments with a capsule-
specific mouse antiserum to verify CP production by S. sapro-
phyticus ATCC 15305. Electron micrographs of strain ATCC
15305 showed cells decorated with gold particles, indicating CP
production. In contrast, mutant C1, a derivative of ATCC
15305 with a deletion of the capSsp locus, showed minimal gold
labeling (Fig. 2). CP was not visualized on strain ATCC 15305
incubated with preimmune serum (not shown). We compared
CP production by S. saprophyticus ATCC 15305 on different
growth media. CP, visualized by electron microscopy and im-
munogold labeling, was abundant when strain ATCC 15305
was grown aerobically in tryptic soy medium with or without
1% glucose (Fig. 2 and data not shown). Little CP was ob-
served on bacteria harvested from logarithmic-phase cultures
or from broth cultures incubated under anaerobic conditions
(not shown). In contrast to the observations with S. aureus (42,
43), cultivation on Columbia medium supplemented with 2%
NaCl was suboptimal for CP production by S. saprophyticus
(not shown). The addition of as much as 0.4 M urea to the
culture medium did not markedly influence CP production
(not shown).

Purification of S. saprophyticus CP. Capsules were extracted
and purified from strain ATCC 15305 cells. A crude CP prep-
aration was partially separated from contaminating teichoic

acids by ion-exchange chromatography. The CP was eluted
from a DEAE column with 0.18 to 0.30 M NaCl and was
further purified by size exclusion chromatography. The puri-
fied CP (�30 mg) eluted near the void volume of an S-300
Sephacryl column with a distribution coefficient (Kav) of 0.024.
The capsule preparations used for biochemical characteriza-
tion contained �0.2% protein, �1% nucleic acid, and �0.16%
phosphorus.

Structural characterization of S. saprophyticus CP. The
NMR spectra of the ATCC 15305 CP were complex and in-
cluded a number of signals of different intensities (Fig. 3A).
Monosaccharide analysis showed the presence of GlcA, Glc,
and GlcN, and the visible amount of GlcN was several times
more than that of Glc. Reduction of the CP with NaBH4 and
subsequent monosaccharide analysis revealed four isomers of
2-acetamido-2,6-dideoxy alditols (Fig. 3B). Two of these iso-
mers were identified as derivatives of QuiN and FucN, ex-
pected to form from residue D (Fig. 4). Two others were not
identified because of the absence of appropriate standards.
The high-orifice-voltage mass spectrum of the S. saprophyticus
CP (see Fig. S1 in the supplemental material) contained peaks
that were consistent overall with fragments comprising the
monosaccharides noted above.

Most of the signals in 2-dimensional (2D) NMR spectra
were assigned. Glucose, glucosamine, and glucuronic acid res-
idues were identified, as well as two types of 2-acetamido-2,6-
dideoxy-4-keto-hexoses. The configuration of one of these
(residue D) is shown in Fig. 4. Residue D had large (8- to
10-Hz) vicinal proton-coupling constants between H-1, H-2,
and H-3, and assuming 4C1 conformation, it had a 	-arabino
configuration, which agrees with the detection of FucN and
QuiN in the hydrolysate of the NaBH4-reduced polymer. The
other 2-acetamido-2,6-dideoxy-4-keto-hexose (residue G) had
overlapping H-2 and H-3 signals (see Fig. S2 and Table S2 in
the supplemental material); thus, no configuration could be
assigned on the basis of NMR data. The polymer contained
two types of repeating units, differing in the nature of the
4-keto sugar. On the basis of signal positions, coupling con-
stants, NOE correlation (see Fig. S2 in the supplemental ma-
terial), and HMBC, the structures presented in Fig. 4 were
deduced. There were some minor unidentified signals. Inter-
estingly, the H-6 of GlcNAc showed large differences in chem-
ical shifts, and the C-6 signal was slightly shifted downfield,
which may indicate substitution by a keto sugar, but no sub-
stituent was identified. The spectra of the NaBH4-reduced
polymer were even harder to interpret than that of the intact
polymer and provided no new information.

Attempts to perform methylation analysis of the polymer
were not successful. Mild methanolysis (0.5 M HCl in metha-
nol, 50°C, 3 h) was used in order to prepare oligosaccharides,
but it gave methyl 	-GlcNAc and no other identifiable product.

Influence of the CP on in vitro opsonophagocytic killing of S.
saprophyticus. To determine whether there were differences in
resistance to phagocytosis attributable to CP production by S.
saprophyticus, we measured the killing of strains ATCC 15305
and the acapsular mutant C1 by human neutrophils. As shown
in Fig. 5, �75% of wild-type and mutant bacterial cells were
killed by neutrophils in the presence of S. saprophyticus CP-
specific antibodies and complement. Similarly, 68% of the mu-
tant C1 (lacking CP) inoculum was effectively opsonized for

FIG. 2. Immunogold labeling of the S. saprophyticus capsule.
(A) Strain ATCC 15305; (B) acapsular mutant C1. Both strains were
harvested from tryptic soy agar plates and were then incubated with an
antiserum specific for the S. saprophyticus capsule in order to visualize
the capsule. A protein A-gold conjugate was used as the labeling
reagent.
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phagocytic killing by complement alone. In contrast, ATCC
15305 cells increased in number when incubated with neutro-
phils and complement but no CP-specific antibodies. In serum
with no complement activity, rabbit CP-specific antibodies
were not opsonic for either strain. No killing was observed in
control samples lacking neutrophils (Fig. 5) or in samples with
neutrophils but no opsonin (not shown). These results confirm
the predicted antiphagocytic activity of the capsule produced
by S. saprophyticus.

CP genes of clinical isolates of S. saprophyticus. To investi-
gate CP production by clinical isolates of S. saprophyticus, we
tested their reactivities with antibodies specific to the CP pro-
duced by S. saprophyticus ATCC 15305. In contrast to strain
15305, neither the C1 mutant (Fig. 6) nor any of the 14 clinical
isolates (not shown) reacted with the anti-CP antiserum by
colony immunoblotting. Likewise, none of the S. saprophyticus

FIG. 3. Structural analysis of the S. saprophyticus CP. (A) 1H NMR spectrum (60°C) of the purified CP. (B) GC analysis of alditol acetates
obtained from the reduced CP. Four isomers of 2-acetamido-2,6-dideoxy hexose are apparent.

FIG. 4. Proposed structure of the S. saprophyticus ATCC 15305 CP.
The configuration of sugG is unknown. There is one more minor
unidentified 6-deoxy sugar. 1H and 13C NMR chemical shifts for sugar
residues A, B, D, F, G, H, and K are provided in Table S2 in the
supplemental material.

FIG. 5. Assay of opsonophagocytic killing of S. saprophyticus
ATCC 15305 and acapsular mutant C1 by human neutrophils. The
percentage of reduction from the CFU per milliliter in each sample at
time zero was calculated after 2 h at 37°C. The results shown are the
means 
 standard errors of the means for 14 independent experi-
ments.
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strains reacted with antibodies to S. aureus capsule type 1, 5, or
8 (not shown).

To determine whether the clinical isolates carried capsule
genes similar to those expressed by ATCC 15305, we designed
primers (see Table S1 in the supplemental material) to amplify
specific regions of the S. saprophyticus capsule locus: capABCDSsp,
capEFGSsp, capHIJSsp, and capKLSsp. Genomic DNA from S.
saprophyticus ATCC 15305 yielded amplicons of the expected
sizes with each primer pair, whereas the genomic DNA prep-
arations from deletion mutant C1 and the clinical isolates were
negative by PCR. Likewise, none of the isolates gave a positive
reaction with primers to SSP0056 (an ORF encoding a hypo-
thetical protein), which is upstream of the capsule locus but
still within the SCC15305cap element (Table 1). All of the strains
yielded amplicons with primers for S. saprophyticus recA, used
as a positive control. These results suggest that none of the
clinical isolates carry the SCC15305cap element.

To determine whether the clinical strains might carry heter-
ologous capsule genes, we performed Southern blot hybridiza-
tion analysis using a DNA fragment comprising the central
region of the capD gene, which is conserved among the S.
aureus cap1, cap5, and cap8 loci, as well as within the S. hae-
molyticus JCSC1435 cap (capSh) (57) and S. saprophyticus
ATCC 15305 cap (capSsp) (29) loci. Chromosomal digests from
7 (7108, 9325, 3201, B2, BWH2, 1815, and 9777) of the 14
clinical isolates hybridized with the capD probe, and 3 of these
yielded PCR products with primers (capD-f and capD-r2 [see
Table S1 in the supplemental material]) designed to amplify
the conserved capD region. Probes made to several of the
downstream genes (capEFGSsp and capKLSsp) hybridized only
to DNA digests from ATCC 15305, not to those from mutant
C1 or any S. saprophyticus clinical isolates. Eight of the clinical
isolates yielded PCR products with primers to gtaB, which is
upstream of capASsp and is critical for the synthesis of the GlcA
component of bacterial CP (2), and 5 of these 8 isolates also
hybridized to the capD probe (Table 1). Five strains carried
either gtaB or capD, and four strains carried neither. These
data suggest that certain clinical isolates of S. saprophyticus
may carry capsule genes distinct from those of the sequenced
strain ATCC 15305.

Functional assays of S. saprophyticus clinical isolates. S.
saprophyticus HA has been shown to correlate with its in vitro
adherence to human ureteral epithelial cells (9, 13). S. sapro-

phyticus ATCC 15305 expresses a protein (named UafA to
indicate its role as a uroadherence factor) that correlates with
HA activity and mediates the adherence of S. saprophyticus to
human T24 bladder carcinoma cells in vitro (29). UafA is
encoded by a large ORF (SSP0135; 2,316 amino acids) that
represents the only cell wall-anchored protein in ATCC 15305
(29). The acapsular mutant C1 showed greater HA activity and
adherence to T24 cells than ATCC 15305, and Kuroda et al.
postulated that CP might envelop the bacterial surface, result-
ing in the inhibition of UafA-mediated bacterial adherence
(29).

Gatermann and Meyer observed that S. saprophyticus strain
9325 was phenotypically HA positive when grown under an-
aerobic conditions but HA negative after growth under aerobic
conditions (16). Similarly, we observed that ATCC 15305 cells
were HA positive when grown under anaerobic, but not under
aerobic, conditions. Mutant C1 showed a positive HA pheno-
type when it was cultivated aerobically or anaerobically (not
shown). We verified by colony immunoblotting (Fig. 6) and
transmission electron microscopy (not shown) that S. sapro-
phyticus ATCC 15305 produces CP under aerobic, but not
anaerobic, culture conditions, and this finding is consistent
with the minimal HA activity associated with aerobic S. sapro-
phyticus cultures. We considered that HA and complement-
mediated opsonophagocytic killing assays might be useful func-
tional assays for screening clinical isolates for CP production.

HA assays were performed on serial 2-fold dilutions of sus-
pensions of each S. saprophyticus clinical isolate harvested
from TSB cultures cultivated either aerobically or anaerobi-
cally. The HA results were expressed as the minimum titer of
each suspension that resulted in HA, and the HA index was
calculated as the HA titer of the anaerobic culture divided by
the HA titer of the aerobic culture. All of the clinical isolates
were HA positive when cultivated anaerobically except for
isolates 1815 and 2262. Unlike the other clinical isolates, these
two strains did not generate PCR amplicons with uafA gene
primers (see Table S1 in the supplemental material). As noted
above, aerobic cultures of S. saprophyticus ATCC 15305 did
not show HA, resulting in an average HA index of 32, whereas
the acapsular mutant C1 had an average HA index of 2 (similar
titers for anaerobic and aerobic cultures). The HA indices of
most of the clinical isolates were high (�8), suggesting that CP
produced by these S. saprophyticus strains under aerobic con-
ditions interfered with HA. The HA indices of S. saprophyticus
strains 3751 and 7108 were both �2, suggesting that these
clinical isolates were CP negative.

Because encapsulated staphylococci are resistant to comple-
ment-mediated opsonophagocytic killing by human neutro-
phils (7, 38, 41, 58, 61), we used this assay to further assess the
capsular phenotypes of clinical isolates of S. saprophyticus cul-
tivated under aerobic conditions. As a control, we measured
the susceptibility to complement-mediated opsonophagocytic
killing of ATCC 15305 cultivated aerobically or anaerobically
in TSB. ATCC 15305 cells cultivated aerobically were resistant
to complement-mediated opsonophagocytic killing (29% 

7% increase in CFU per milliliter after 2 h). In contrast, an-
aerobic cultures of ATCC 15305 cells were susceptible to com-
plement-mediated opsonophagocytic killing by human neutro-
phils (30% 
 11% reduction in the inoculum after 2 h). This

FIG. 6. CP production by S. saprophyticus ATCC 15305 and mutant
C1 cultivated under aerobic (�O2) or anaerobic (�O2) conditions.
The bacteria were serially diluted in PBS, starting with an undiluted
(neat) sample equivalent to 1.1 � 108 CFU (aerobic) or 2.6 �107 CFU
(anaerobic). The filters were incubated in a CP-specific antiserum, and
colorimetric detection was achieved with a protein A-horseradish per-
oxidase conjugate and an appropriate substrate.
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finding is consistent with serologic evidence of poor CP expres-
sion under anaerobic conditions (Fig. 6).

The majority of clinical isolates with HA indices of �8 re-
sisted killing by neutrophils when opsonized with complement
(Fig. 7), suggesting that CP (or other antiphagocytic factors)
was produced by these strains. In contrast, 67% and 71% of the
inocula of the acapsular mutant C1 and clinical isolate 3751,
respectively, were killed by neutrophils following opsonization
by complement (without CP antibodies). A few of the clinical
isolates did not fit our paradigm. Strains 889 and 9556 showed
modest killing by neutrophils (34% 
 11% and 43% 
 11% of
the inocula were killed, respectively), despite HA indices of
�8. Likewise, strain 7108 was not killed by complement-me-
diated opsonophagocytosis, suggesting that it produced CP;
however, strain 7108 exhibited HA under both anaerobic and
aerobic conditions (HA index, �2). Besides UafA, S. sapro-
phyticus 7108 produces several additional surface-associated
proteins: Ssp (a lipase) (53), SdrI (a collagen binding protein)
(52), and Aas (a multifunctional protein with autolysin activity,
adherence to fibronectin and uroepithelial cells, and HA ac-
tivity) (14, 15, 17, 35). The presence of a second protein with
HA activity (lacking in ATCC 15305) may explain the discrep-
ancies observed between the phagocytic assay and HA for
strain 7108. Of note, most of the clinical isolates with HA
indices of �8 that were resistant to complement-mediated
opsonophagocytic killing were positive for the CP-associated
genes gtaB and capD (Fig. 7).

DISCUSSION

S. saprophyticus is second only to E. coli as the most frequent
cause of uncomplicated urinary tract infection in women (25,
45, 46), and most infections occur in young, sexually active
women. Unique features of S. saprophyticus include its ability

to adhere to uroepithelial cells and its high urease activity
compared with that of other staphylococcal species (29). CP
production is an important determinant of microbial virulence
and is a trait common to many invasive bacterial pathogens.
Encapsulated pathogens resist uptake and killing by profes-
sional phagocytes in the absence of specific anticapsular anti-
bodies. CP production by S. aureus has been extensively
characterized, but CP production by coagulase-negative
staphylococci was not reported until recently. Our group
showed that the sequenced S. haemolyticus strain produces a
CP that is serologically cross-reactive with CP produced by
several clinical isolates (7). Likewise, genes with homology to
those involved in capsule biosynthesis have been identified in
the genome of a recently sequenced Staphylococcus carnosus
strain (47). Here we report that S. saprophyticus ATCC 15305
produces a CP that protects the organism from uptake and
killing by neutrophils. We isolated and purified the CP, and we
provide a preliminary biochemical structure. We investigated
the presence of CP genes among S. saprophyticus clinical iso-
lates from patients with urinary tract infections, and we pro-
vide the initial evidence that some of the isolates are encap-
sulated.

When the S. saprophyticus genome sequence was published,
two SCCs were identified: SCC15305RM and SCC15305cap (29).
Similarly to the location of SCCmec elements in S. aureus (5,
39), SCC15305RM was inserted within orfX. SCC15305cap is inte-
grated into the potential attachment site on SCC15305RM as a
nested structure, and it carries an intact and functional CP
gene locus, reminiscent of the cap1 locus identified within the
SCCcap1 element of the serotype 1 S. aureus strain M (32). The
S. saprophyticus composite island encodes cassette chromo-
some recombinases (ccrA, ccrB, and ccrC) and restriction-mod-
ification system enzymes (hsdS, hsdM, and hsdR) but no anti-
biotic resistance genes. The existence of SCC elements lacking
the mec determinant has been reported for other coagulase-
negative staphylococcal species (26, 36).

The S. saprophyticus capsule locus comprises 13 ORFs, al-
though the last two (capLSsp) appear to be truncated versions
of the same gene (Fig. 1). Based on their putative functions
and homologies to other genes in the databases, we predicted
correctly that the S. saprophyticus CP would contain glucuronic
acid (gtaB and capISsp) and a 2,6-dideoxy sugar (capDSsp). In
fact, the CP polymer was quite complex and contained two
types of repeating units differing in the nature of the 2,6-
dideoxy-4-keto sugar. Two-dimensional NMR spectra could
resolve one of the keto sugars (residue D), but the other keto
sugar (residue G) had overlapping H-2 and H-3 signals, and
thus, assignment of its precise configuration was impossible.
NMR analysis of the reduced polymer and methylation anal-
yses failed to provide meaningful data to enable elucidation of
the final structure. We postulate that the unusual keto sugars
that characterize the S. saprophyticus CP structure result from
the truncated and presumably dysfunctional capLSsp gene, en-
coding a putative reductase enzyme. Similarly, a symbiotic
mutant of Rhizobium etli carrying a Tn5 insertion in a putative
reductase gene expressed a 2-acetamido-2,6-dideoxy-4-keto-
hexose rather than N-acetylquinovosamine in the outer core
region of its lipopolysaccharide (8). Other examples of bacte-
rial polysaccharides containing a 4-keto hexose (2-acetamido-

FIG. 7. Phenotypic analysis of S. saprophyticus clinical isolates by
HA index and complement-mediated opsonophagocytic killing assays.
HA indices were calculated by dividing the HA titer of the anaerobic
culture by the HA titer of the aerobic culture. If the HA index was �2,
the strain was scored as CP negative, and if the HA index was �8, the
strain was scored as CP positive. Cultures of strains 1815 and 2262 did
not hemagglutinate under either aerobic or anaerobic growth condi-
tions, and both strains were uafA negative by PCR.
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2,6-dideoxy-D-xylo-hexos-4-ulose) have been reported (8, 23,
27, 33, 50, 55).

None of 14 S. saprophyticus clinical isolates reacted with
antisera specific for the ATCC 15305 CP or yielded amplicons
from primers designed to amplify the ATCC 15305 capsule
genes. However, 7 of the 14 isolates did react by Southern
blotting with a gene probe made to a region of capD that is
conserved within encapsulated strains of S. aureus, S. haemo-
lyticus, and S. saprophyticus. This result suggested that other
strains of S. saprophyticus might produce a CP unrelated to that
of strain ATCC 15305.

Encapsulated S. saprophyticus strains cultivated aerobically
do not hemagglutinate, presumably because the CP masks the
UafA protein, which mediates HA. The same strains cultivated
anaerobically do hemagglutinate, since CP is not produced
under these conditions. Acapsular strains hemagglutinate
when grown under aerobic or anaerobic conditions. This assay
provided us with a simple screen for S. saprophyticus strains
that synthesize a CP that does not cross-react serologically or
share genetic homology with the ATCC 15305 capsule locus.
We also took advantage of the fact that encapsulated staphy-
lococci resist complement-mediated uptake and killing by neu-
trophils. Characterization of 14 clinical isolates of S. sapro-
phyticus revealed that 11 are likely encapsulated, since they
were HA negative when grown aerobically (but not anaerobi-
cally), and they resisted complement-mediated opsonophago-
cytic killing by neutrophils.

CP expression interferes with the binding of bacteria to
neutrophils, but also to uroepithelial cells, as demonstrated by
Kuroda et al. (29). Nonetheless, there is a precedent for CP
enhancing the virulence of uropathogenic bacteria. Intact K2
and K15 capsule loci of E. coli have been shown to be critical
for virulence in a murine model of ascending UTI (3, 54).
Likewise, Bahrani-Mougeot et al. (1) used signature-tagged
mutagenesis to identify genes that are essential for the survival
of uropathogenic E. coli within the murine urinary tract.
Among 19 survival-defective mutants, 3 had insertions in a type
II capsule biosynthesis locus on a pathogenicity island. The
three mutants were impaired in capsule production in vivo and
were avirulent in a mouse model of UTI. Not all E. coli capsule
types promote urovirulence, however, since Russo et al. (48)
found no difference between the abilities of a K54 blood isolate
and an isogenic acapsular mutant to cause UTI in a mouse
model.

We hypothesize that the S. saprophyticus CP plays a unique
role in survival within the urinary tract and that CP production,
as well as the production of urease and specific adhesins, en-
hances the urovirulence of the organism in vivo. Our immuno-
electron microscopy studies indicated that, like the S. aureus
and S. haemolyticus CP, S. saprophyticus produced little CP
during the exponential phase of bacterial growth. Under these
conditions, the bacterium would be maximally adherent but
also susceptible to killing by neutrophils. Poutrel et al. (44)
reported that CP production by individual S. aureus isolates
varied greatly and that the number of CP-positive bacteria
ranged from 22% to 95% of the population. Thus, in any given
population, staphylococci lacking a capsule could adhere to
(and possibly invade) mammalian cells, whereas bacterial cells
expressing CP would not adhere but would resist uptake and
killing by phagocytes recruited to the site of infection. It is

likely that for coagulase-negative species, such as S. saprophyti-
cus, the situation is similar, i.e., at any given time the bacterial
population would include both encapsulated and unencapsu-
lated cells. The proportion of each would differ according to
the microenvironment and the bacterial growth phase, and
selection for the fittest bacterial cells would occur in vivo.
Further evaluation of the role of CP expression in S. sapro-
phyticus virulence, using an animal model of UTI, is warranted.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grant AI29040 (to
J.C.L.). S.P. was supported by NIH Infectious Disease Training Grant
T32 AI07061.
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