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SUMMARY

The polysaccharide capsule of Streptococcus
pneumoniae is a hallmark for virulence in
humans. In its close relative Streptococcus mitis,
a common human commensal, analysis of the
sequenced genomes of six strains revealed the
presence of a putative capsule locus in four of
them. We constructed an isogenic S. mitis
mutant from the type strain that lacked the 19
open reading frames in the capsule locus (Acps
mutant), using a deletion strategy similar to pre-
vious capsule functional studies in S. pneumo-
niae. Transmission electron microscopy and
atomic force microscopy revealed a capsule-like
structure in the S. mitis type strain that was
absent or reduced in the Acps mutant. Since S.
mitis are predominant oral colonizers of tooth
surfaces, we addressed the relevance of the cap-
sule locus for the S. mitis overall surface proper-
ties, autoaggregation and biofilm formation. The
capsule deletion resulted in a mutant with
approximately two-fold increase in hydrophobic-
ity. Binding to the Stains-all cationic dye was
reduced by 40%, suggesting a reduction in the
overall negative surface charge of the mutant.
The mutant exhibited also increased autoaggre-
gation in coaggregation buffer, and up to six-fold
increase in biofilm levels. The results suggested
that the capsule locus is associated with produc-
tion of a capsule-like structure in S. mitis and
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indicated that the S. mitis capsule-like structure
may confer surface attributes similar to those
associated with the capsule in S. pneumoniae.

INTRODUCTION

Streptococcus mitis, a member of the mitis group of
streptococci, colonizes virtually all surfaces of the
oral cavity, including teeth, tongue, and mucosal sur-
faces, as well as the tonsils and nasopharynx
(Pearce et al.,, 1995; Aas et al., 2005). It is also one
of the first bacteria to colonize the oral cavity of new-
borns (Pearce et al., 1995), and one of the few in the
oral cavity of adults with the ability to colonize the
teeth at early stages of dental plaque formation
(Pearce et al., 1995; Li et al., 2004). Early colonizers
such as S. mitis are thought to form the basis to
which secondary colonizers may adhere in the devel-
oping oral biofilms (Kolenbrander & London, 1993).
Although most often found as commensals in the
human host, alarming cases of septicaemia in neu-
tropenic cancer patients following chemotherapy have
been reported (Beighton et al,, 1994; Marron et al.,
2000; Tunkel & Sepkowitz, 2002). Streptococcus
mitis is also one of the most common oral strepto-
cocci associated with endocarditis (Levitz, 1999;
Sabella et al., 2001).
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A close relative of S. mitis is Streptococcus pneu-
moniae, also a member of the mitis group of strepto-
cocci (Kilian et al., 2008). The pathogenic potential of
S. pneumoniae is, however, by far more significant,
killing approximately one and a half million people
every year worldwide (Kadioglu et al., 2008). Both S.
mitis and S. pneumoniae are thought to have evolved
from a common ancestor that closely resembled the
present S. pneumoniae. It is purported, further, that
in S. mitis loss of virulence determinants may have
led to a reduction in pathogenic potential, compared
with S. pneumoniae and their common ancestor (Kil-
ian et al.,, 2008). The differences in pathogenicity
between S. mitis and S. pneumoniae are, however,
striking considering that the genomes of S. mitis
strains reveal the presence of up to 83% of S. pneu-
moniae virulence genes (Johnston etal, 2010).
Among the homologous genes associated with viru-
lence are those found in the capsule loci (Kilian et al.,
2008; Johnston et al., 2010).

Capsule production is a hallmark of virulence in
S. pneumoniae and the loss of capsule makes
S. pneumoniae virtually avirulent (MacLeod & Krauss,
1950; Kim & Weiser, 1998). In S. pneumoniae more
than 90 different serotypes have been identified, that
differ in their abilities to colonize and cause disease
(Bogaert et al.,, 2004; Weinberger et al., 2009). The
S. pneumoniae capsule serves important functions
such as protecting S. pneumoniae from complement-
mediated opsonophagocytosis (Kim et al., 1999), and
hindering S. pneumoniae from being trapped in the
respiratory tract mucus (Nelson et al., 2007). In epi-
thelial adhesion and transmigration models, acapsul-
ar variants of S. pneumoniae adhere and internalize
at higher numbers to epithelial cells (Hammerschmidt
et al., 2005, 2007), and exhibit an increased migra-
tion rate across epithelium (Beisswenger et al.,
2007). Regulation of capsule production is thought to
play an important role in colonization, with increased
production favouring protection against host
defences, whereas reduced production may favour
adherence (Hammerschmidt et al., 2005). In addition,
capsule expression influences the overall surface
properties (Granlund-Edstedt et al, 1993; Swiatlo
et al, 2002), as well as the growth rate (Pearce
et al., 2002) and biofilm formation of S. pneumoniae
(Munoz-Elias et al., 2008).

Polymerase chain reaction (PCR) amplification of
possible capsule-encoding regions indicates that the
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capsule locus may be widely present in S. mitis (Kilian
et al., 2008), but it is not known whether different cap-
sule types are likely to be found in S. mitis, or whether
the locus is functional in S. mitis. The possibility that a
functional capsule locus may also be present in S.
mitis is likely to have important implications for our
understanding of the molecular strategies used by S.
mitis to successfully colonize the host.

The aim of this study was to investigate whether
the capsule biosynthetic locus was associated with
the production of a capsule-like structure on the sur-
face of S. mitis, and whether deletion of the locus
may affect S. mitis overall surface characteristics,
autoaggregation and biofilm formation.

METHODS

Bacteria and culture

The S. mitis CCUG 31611 type strain (NCTC 12261)
and the isogenic mutants used in this study are
shown in Table 1. The bacteria were stored at —-80°C
in Todd-Hewitt broth (THB, Becton Dickinson and
Company, Le Pont de Claix, France) supplemented
with 15% glycerol. For functional and transformation
assays, as well as for transmission electron micros-
copy (TEM) the bacteria were grown in tryptic soy

Table 1 Primers, strains and competence stimulating peptides used
in this study

Primers’
FP369 GCCGTTCGTGGTATGAGTCG
FP370 GGTCGCAACTGTGCGCTTAC
FP475 TTTTTAGCGCCAACACCAG
FP476 AGGCGCGCCTTGTGAGATAAATCCGCTTAGG
FP477 AGGCCGGCCTGACAACAGCTTTGCAGTGT
FP47S ATAAGCATCCAGCCCCTTG
FP635 GACCAAGAATACCGC GAAAA
FP636 TTGGTCATCCCAATCTCCTC
FP637 GAAGAGTACGCCCCAGTCAA
FP638 TCAAGCCCTTGATCGAGTTT
FP639 GTCTTAGCG6CTTGTTCTGG
FP640 GAAGTAGCTGCCTTGCTGGT
Strains

MIWT WT Streptococcus mitis CCUG 31611

MI015 MIWT, but Acps::PcEm, Em®

MIO16 MIWT, but Acps::PcKan, Kan®
Copetence stimulating peptide

GEIRQTHNIFFNFFKRR

"Restriction sites are underlined: Ascl GG/CGCGCC, Fsel
GGCCGG/CC.
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broth (TSB, Oxoid, Hampshire, UK). For atomic force
microscopy (AFM) the strains were grown on blood
agar base No. 2 (Oxoid) supplemented with 5% defi-
brinated sheep blood (TCS Biosciences Ltd., Buck-
ingham, UK). Incubation was conducted at 37°C in
normal or 5% CO,-supplemented atmosphere. To
prepare the pre-cultures used in the transformation
experiments (see below) S. mitis was incubated at
37°C in THB for 16 h overnight in 5% CO.-supple-
mented atmosphere, followed by a 1 : 25 dilution in
THB. The diluted cultures were then grown until they
reached an absorbance of 0.3 at 600 nm (ODggo,
Biophotometer; Eppendorf, Hamburg, Germany), at
which point the cells were stored at —-80°C in 15%
glycerol. For the selection of mutants, kanamycin
was used at a final concentration of 500 ug ml~", and
erythromycin at a final concentration of 10 ug mi™".

Construction of mutants

We used genomic tools at CMR (http://www.cmr.
jevi.org) to identify the capsule locus in the S. mitis
type strain CCUG 31611, and the flanking genes aliB
and aliA. The capsule locus was deleted using the
PCR ligation mutagenesis strategy (Lau et al., 2002;
Pearce et al,, 2002). Briefly, we amplified flanking
regions of the capsule locus using primer pairs
FP475-FP476 and FP477-FP478 (Table 1). The S.
mitis PCR products were ligated with T4 DNA ligase
(Fermentas, St Leon, Germany) to a kanamycin cas-
sette without terminal (Petersen et al., 2005) or an
erythromycin cassette with terminal (Lee & Morrison,
1999), and PCR amplified with the use of primer pairs
FP475-FP478 (Table 1). The PCR products were puri-
fied using a PCR purification kit (Qiagen, Hilden, Ger-
many) and used to transform the S. mitis wild-type.

Transformation

Transformation was carried out as described by
Petersen & Scheie (2010) with slight modifications.
Briefly, pre-cultures of S. mitis were diluted 1:10
in TSB. Competence stimulating peptide (Gene-
script inc, NJ; Table 1) was added at a final concen-
tration of 125 nm. For the transformation and the
construction of the Acps mutants 15 ul of the PCR
ligation products was used. The cultures were
incubated at 37°C in normal atmosphere for 4 h.
Mutants were selected on blood agar plates supple-
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mented with the appropriate antibiotics. Three colo-
nies were selected for further studies, and deletion
was verified with PCR and gel electrophoresis.

Real time reverse transcription-PCR

Total RNA from S. mitis wild-type and the Acps
mutant grown in TSB was extracted at late-exponen-
tial phase with the High pure RNA isolation kit
(Roche, Manheim, Germany) according to the manu-
facturer’'s recommendation, except that the cells were
incubated at 37°C for 20 min in 200 pl lysis buffer
containing 20 mg lysozyme mi~' and 100 U mutanol-
ysin mI~'. DNasel was used during the RNA extrac-
tion to remove remaining DNA. Complementary DNA
templates were prepared from RNA using the Tran-
scriptor First Strand cDNA Synthesis Kit (Roche
Diagnostics GmbH, Mannheim, Germany) following
the manufacturer’s protocol. Controls without reverse
transcriptase were included. Expression of the flank-
ing genes dexB, aliB and aliA were examined by
real-time PCR using the primer pairs FP635-FP636,
FP637-FP638, and FP639-FP640, respectively. To
normalize the data, the primer pair FP369-FP370
was used to amplify a sequence in gyrA. Assays
were carried out using the Stratagene MX 3005 PCR
system (Stratagene, La Jolla, CA, USA) using qPCR
Mastermix for SYBR Green | (Eurogentec, Liege, Bel-
gium). The gradient thermocycling programme was
set for 40 cycles of 95°C for 15 s, 58°C for 30 s and
72°C for 30 s, with an initial cycle at 95°C for 10 min.
During each cycle, the accumulation of PCR products
was detected by monitoring the increase in fluores-
cence of the reporter dye from double-stranded-DNA-
binding SYBR green. Dissociation curves were run
immediately after the last PCR cycle by plotting the
fluorescence intensities against temperatures as the
set-point temperatures (55°C) were increased by 1°C
for 30 s (41 cycles). Data were collected and com-
pared using the software and graphics program
MxPRO (Stratagene). Primer pair efficiencies were cal-
culated using mxpro software (Stratagene) (Table 1),
and relative expression data was analysed using ResT
2005 software (Pfaffel et al., 2002).

Transmission electron microscopy

The procedure followed the lysine-acetate-based form-
aldehyde—glutaraldehyde ruthenium red—osmium fixa-
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tion method, as described by Hammerschmidt et al.
(2005). Briefly, S. mitis wild-type and Acps were grown
in TSB overnight at 37°C in a 5% CO,-supplemented
atmosphere. The bacteria were centrifuged (5000 g,
4°C, 10 min) and washed twice with phosphate-
buffered saline (PBS), and then fixed with 2% formal-
dehyde and 2.5% gluteraldehyde in cacodylate buffer
with 0.075% ruthenium red and 0.075 wm lysine acetate
for 20 min. The initially fixed samples were washed
with cacodylate buffer with 0.075% ruthenium red,
before a second fixation with 2% formaldehyde and
2.5% gluteraldehyde in cacodylate buffer with 0.075%
ruthenium red for 3 h. The samples were then washed
once again with cacodylate buffer containing 0.075%
ruthenium red, followed by a third fixation step with 1%
osmium in cacodylate buffer containing 0.075% ruthe-
nium red for 1 h. The samples were finally embedded
in Epon 100 (Agar Scientific, Stansted, UK) according
to standard procedures, before ultrathin sections were
cut and counterstained with 4% aqueous uranyl ace-
tate for 5 min. The samples were examined with the
CM 120 transmission electron microscope (Philips,
Eindhoven, the Netherlands), and images were taken
with a Morada camera on the iTEM platform (Soft Ima-
ging System, Munster, Germany).

Atomic force microscopy

Streptococcus mitis wild-type and Acps were grown
overnight on blood agar in a 5% CO,-supplemented
atmosphere. The samples for AFM imaging were pre-
pared by transferring colonies to 500 pl sterile filtered
2 mm HEPES (Gibco, CA) to make a homogeneous
suspension of bacteria in HEPES. An optical micro-
scope was used to establish an acceptable concentra-
tion of cells, before a 10-ul aliquot was transferred to a
freshly cleaved mica. The samples were incubated at
room temperature for 15 min, followed by a wash with
10 x 200 pl 2 mm HEPES. The samples were then
dried by applying a soft jet stream of nitrogen. AFM
imaging was performed in intermittent contact mode in
air using the NanoWizard instrument from JPK (Berlin,
Germany). The scanning probes used were NSC35/
AIBS purchased from MicroMash (Estonia).

Stains-all assay

The assay was performed according to Hammersch-
midt et al. (2005). The bacteria were grown under the
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same conditions as the microbial adhesion to hydro-
carbons assay described below. At stationary phase
5 ml of the cultures was transferred to 14 ml Falcon
tubes and centrifuged (5000 g, 4°C, 10 min). The
supernatants were then transferred to new tubes,
and the pellets were washed twice with PBS, before
diluting in 500 pl distilled water. A volume of 250 pl
of supernatants of resuspended bacteria was then
transferred to Eppendorf tubes, before adding 1 ml
Stains-all solution [(20 mg Stains-all; Sigma, St Louis,
MQ), 60 ul glacial acetic acid (Merck, Darmstadt,
Germany), and 100 ml 50% formamide (Sigma)]. The
absorbance of the samples at 640 nm was then mea-
sured (Genesys 10vis; Thermo, WI) and subtracted
from the values of a negative control (distilled water
or TSB with Stains-all).

Microbial adhesion to hydrocarbons

The microbial adhesion to hydrocarbons (MATH)
assay was performed according to Rosenberg et al.
(1980) with slight modification. Briefly, S. mitis wild-
type and Acps were grown in THB at 37°C overnight
in normal atmosphere or in 5% CO,-supplemented
atmosphere. They were then diluted 1:80 and
grown until stationary phase under their respective
atmospheric conditions. The bacteria were then cen-
trifuged (5000 g, 4°C, 10 min) and washed twice
with PBS. The cell pellets were resuspended in PBS
to ODggo 1.0 (Ag) (Biophotometer; Eppendorf, Ham-
burg, Germany), and 1.2 ml were transferred to
Eppendorf tubes. A volume of 150 pl hexadecane
(Sigma) was then added and the samples were incu-
bated at 30°C for 10 min. After incubation the sam-
ples were vortexed vigorously, and left at room
temperature for 15 min. Aliquots of 900 ul from the
aqueous phase were then transferred to 1-ml
cuvettes and the absorbance at ODggy was mea-
sured (A,). The values were subtracted from mea-
surements of a negative control with only PBS. The
percentage of adhered bacteria to hexadecane was
calculated by the equation: % adhesion to hexade-
cane = [1-(A¢/A4) x 100].

Growth curve

Streptococcus mitis wild-type and the Acps mutant
were grown overnight in a 5% CO,-supplemented
atmosphere. The overnight cultures were then
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diluted 1 : 80, and 500 ul were distributed into wells
of a 48-well plate (Nunclone, Roskilde, Denmark)
before being incubated at 37°C in normal atmo-
sphere or 5% CO,-supplemented atmosphere.
Absorbance at ODgyy was measured at various
time points using a Synergy HT Multi-Detection Mi-
croplate Reader (Biotek, Winooski, VT), until reach-
ing the stationary growth phase. Values obtained
with TSB alone were subtracted from the sample
values.

Biofilm assay

Streptococcus mitis wild-type and the Acps mutant
were grown to stationary phase as described above
for the MATH and the Stains-all assays. The cultures
were then diluted 1 : 75 in TSB (Oxoid) and 3 ml was
transferred to each well of a 12-well mutidish polysty-
rene plate (Nunclone). To investigate biofilm forma-
tion under different atmospheric conditions, the plates
were incubated at 37°C overnight either in normal
atmosphere or 5% CO,-supplemented atmosphere.
Biofilm quantity was assessed after removing non-
adherent cells by washing the wells twice with PBS.
One millilitre of 0.1% safranin (BDH Chemicals,
Poole Dorset, UK) was then added to each well and
the plates were incubated at room temperature for
5 min. The stained biofilms were washed twice with
PBS and left to dry at room temperature. The bound
safranin was then released from the biofilms using
1 ml 30% glacial acetic acid (Merck) in each well. A
volume of 200 ul was transferred to the wells of a
96-well microtiter plate, and optical density was
measured at 530 nm in a Synergy HT Multi-Detection
Microplate Reader.

Scanning electron microscopy of biofilms

The biofilms were visualized using scanning electron
microscopy (SEM). Biofiims were grown in 12-well
microtiter plates as described above, except that
polystyrene discs (Nunclone) were immersed in the
wells before inoculation. After rinsing, the biofilms
were fixed with 2.5% glutaraldehyde in 0.1 m Sgren-
sen buffer. Samples were dehydrated by rinsing the
disks in ethanol, followed by critical point drying with
liquid CO, and sputter coating with palladium/gold.
Images were acquired using an XL30 Electron SEM
model (Model XL 30 ESEM; Philips).

© 2011 John Wiley & Sons A/S
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Autoaggregation

The autoaggregation assay was performed according
to Cisar et al. (1979), except that the measured out-
come was autoaggregation, instead of coaggregation.
In brief, the coaggregation buffer (CAB) was made of
1 mm Tris—HCI pH 8.0, 0.1 mm CaCl,, 0.1 mm MgCly,
0.15 m NaCl and sterile water. Overnight cultures of
S. mitis wild-type and Acps were centrifuged (5000 g,
4°C, 10 min) and washed twice with PBS, and resus-
pended in CAB to ODgy 0.650 (Biophotometer;
Eppendorf). A volume of 2 ml bacterial suspension
was then transferred to glass tubes and left at room
temperature for approximately 10 min. Aliquots of
5l were placed on glass microscope slides and
observed under phase contrast with a Nikon eclipse
600 microscope (Nikon Instruments Inc., Melville,
NY). Images were taken with an Olympus UC30
(Olympus, Melville, NY) camera. Autoaggregation
was also assessed by optical density measurements
(Macfarlane et al., 2008) taken immediately after
resuspension in CAB and after 20 min.

Statistical analysis

One-way analysis of variance followed by the Holm—
Sidak test was used for multiple comparisons, with a
significance level set P < 0.001.

RESULTS

Analysis of the S. mitis capsule locus

Genomic sequences for six S. mitis strains are now
available. Analysis of these reveals a putative cap-
sule locus in four of the strains, including ATCC 6249
(G1306830256), SK 564 (GI307710678), SK 597
(GI307705952) and the type strain CCUG 31611
(NCTC12261; GI307708845) used in this study for
further characterization (Fig. 1). Syntenic region anal-
ysis was performed with GeVo http:/synte-
ny.cnr.berkeley.edu/CoGe/GEvo.pl (Lyons & Freeling,
2008). The results revealed that cpsA, cpsB, cpsC,
cpsD and cpsE, which are the first five genes in the
S. mitis capsule locus, are arranged in the same
order as in most S. pneumoniae and Streptococcus
oralis (Mavroidi et al., 2007; Kilian et al., 2008). In
the four S. mitis strains with a putative capsule locus,
the locus is flanked upstream by aliB and down-
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Figure 1 Gene organization of the capsule locus in Streptococcus mitis NCTC 122617 (corresponds to CCUG 316117; GI307708845) com-
pared with the three other sequenced S. mitis strains that also have capsule locus, SK 597 (G1307705952), ATCC 6249 (G1306830256) and
SK 564 (GI307710678). Analysis was performed using GeVo at http://synteny.cnr.berkeley.edu/CoGe/GEvo.pl. The horizontal bars above the
illustrated genes correspond to conserved gene sets between the S. mitis type strain and the other strains examined (light brown: homology
with SK597; medium brown: homology with ATCC 6249; dark brown: homology with SK564). The vertical lines correspond to syntenic gene
sets within the strain-specific region of the capsule locus. The open reading frames in the S. mitis type strain capsule locus encode genes
with putative functions involved in regulation (cpsA, cpsB, cpsC, cpsD), transferase activity (SMT0219-SMT0225, SMT0228, and SMT0229),
flippase (SMT0226), a UDP-galactofuranose mutase (SMT0227), and those participating in rhamnose synthesis (SMT0230-SMT0233).

stream by aliA. A homologue to the dexB encoding a
glucan 1,6-a-glucosidase is found directly upstream
of the aliB gene in all four S. mitis strains with a cap-
sule locus. This organization is found in the unencap-
sulated S. pneumoniae BS 293, BS 455 and BS 457.
In S. oralis ATCC 35037 the dexB gene is located in
a different region of the genome then the capsule
locus, whereas aliB is found directly upstream of
cpsA. Similar to S. pneumoniae and S. oralis, the
genes downstream of the S. mitis cpsE gene encode
putative strain-specific enzymes (Mavroidi et al.,
2007; Kilian et al., 2008). In this region homologues
to the flipase Wzx and the polymerase Wzy, also
found in all S. pneumoniae serotypes except sero-
type 3 and 37, are reported (Bentley et al.,, 2006).
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The S. mitis B6 (Denapaite et al., 2010) and SK 321
(Gl 307711418) have homologues to dexB and aliB,
but have no identifiable capsule locus between these
genes.

Capsule locus deletion in S. mitis type strain

The S. mitis Acps mutant was constructed by allelic
replacement of the capsule locus with a kanamycin
or an erythromycin cassette. The deletion was veri-
fied by PCR, using primers complementary to the
capsule locus flanking sequences aliB and aliA in S.
mitis (FP475-FP478). The expected sizes of the
amplified products, 2229 bp for the erythromycin con-
struct and 2237 bp for the kanamycin construct were
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confirmed by gel electrophoresis. Real-time reverse
transcription-PCR was used to investigate the possi-
bility of polar effects resulting in inactivation of the
flanking genes dexB, aliB and aliA. The primer pairs
used are shown in Table 1. The results indicated that
the expression of the flanking genes dexB, aliB and
aliA in the mutants was not significantly different from
the wild-type constructed with either the kanamycin
or the erythromycin cassettes. The confidence inter-
vals for dexB, aliB and aliA were (0.55-1.6), (1.2—
1.5) and (2.2-5.2) in the kanamycin construct, and
(0.2-1.2), (0.6-2.4) and (0.7-2) in the erythromycin
construct, respectively. The primer pair efficiencies
were 95.5, 94.5 and 89.9%, respectively.

Visualization of S. mitis capsule-like structure by
TEM and AFM

Transmission electron microscopy of S. mitis wild-
type showed a capsule-like structure that was not
found in the Acps mutant (Fig. 2). This structure
resembled those illustrated for some S. pneumoniae
(Hammerschmidt et al.,, 2005). By using AFM with
intermittent contact mode in air, more complex struc-
tures were revealed. Capsule-like structure was
observed in the wild-type and to a lesser extent in
the Acps mutant (Fig. 3). In certain regions, long
fibril-like structures were found associated with the
bacterial surfaces, which were apparently embedded

A

S. mitis capsule locus

in the capsule material (Fig. 3) Using HEPES in the
sample preparation and washing of mica was crucial
for AFM capsule visualization. The capsule-like mate-
rial was absent or partially removed when 10 mm
Tris-Mg®* was used in the sample preparation and
mica was washed with sterile filtered milliQ water.

Capsule-like production under growth in normal
atmosphere supplemented or not with 5% CO,

To start addressing the significance of the capsule-
like structure to the S. mitis net-surface charge, and
the possible role of environmental factors in S. mitis
capsule-like production, we measured the ability of S.
mitis to bind Stains-all during growth in normal or 5%
CO,-supplemented atmosphere. The two different
conditions were chosen because atmospheric varia-
tions are likely to be found in oral biofilms in vivo.
Stains-all is a cationic dye that binds to negatively
charged molecules, such as those commonly found
in capsule polysaccharides. The Acps mutant bound
approximately 40% less of the dye than the wild-type,
an effect that was not dependent on the CO, concen-
tration (Fig. 4A). In the supernatants the values were
below background levels, with similar values between
the Acps mutant and the wild-type (data not shown).
The results indicate, therefore, that the polysaccha-
rides were mostly associated with the bacterial sur-
face.

Figure 2 Capsule visualization using transmission electron microscopy. (A, B) The wild-type with the presence of capsule and (C, D) the
MIO16 Acps mutant is shown at two magnifications. Bars correspond to 0.5 um (A, C), or to 0.2 um (B, D).
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Figure 3 Capsule visualization using atomic force microscopy. Amplitude images (A, B) of wild-type and (D, E) of the MI016 Acps mutant. Phase
image of the (C) wild-type and (F) the MI016 Acps mutant. The scan size of the images is (A, B, C, D) 10 x 10 um, or (E, F) 7 X 7 um.

The capsule deletion mutant shows increased
cell surface hydrophobicity

The MATH test was used to quantify the difference in
the surface hydrophobicity between S. mitis wild-type
and the Acps mutant. The mutant showed approxi-
mately two-fold increased adhesion to hexadecane
compared with the wild-type, with no difference
between cells grown in normal or 5% CO»-supple-
mented atmosphere (Fig. 4B).

Growth rate is enhanced in the capsule deletion
mutant under normal atmospheric conditions

Previous studies have reported that capsule deletion
in S. pneumoniae may result in mutants with
increased growth rates (Pearce et al, 2002). We
wanted to investigate if this was also a phenotypic
characteristic of capsule-defective mutants in S.
mitis. Under normal atmospheric conditions the Acps
mutant had an enhanced growth rate compared with
the wild-type, but this difference was not found under
5% CO,-supplemented conditions (Fig. 4C).
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Deletion of the capsule locus in S. mitis results
in a mutant with increased biofilm formation

The effect of capsule deletion on S. mitis surface
charge and cell hydrophobicity, both factors associ-
ated with the ability of the cells to bind to surfaces,
prompted us to investigate whether deletion of the
capsule locus affected the biofilm-forming capacity of
S. mitis. The Acps mutants constructed with either
the erythromycin-resistance (MI015) (data not shown)
or the kanamycin-resistance gene cassettes (MI016)
showed an increased ability to form biofilm under nor-
mal atmospheric conditions supplemented or not with
5% CO, compared with the wild-type (Fig. 4D). How-
ever, the Acps formed significantly less biofilm under
normal atmospheric conditions than in 5% CO,-sup-
plemented atmosphere. For the wild-type there were
no significant differences between the two growth
conditions investigated (Fig. 4D). The SEM images
confirmed the increased ability of the Acps mutant to
form biofilm, and revealed that the Acps mutant
formed large aggregates that were not found in the
S. mitis wild-type (Fig. 5).
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The capsule deletion mutant shows enhanced
autoaggregation

Coaggregation buffer with a concentration of calcium
close to what is reported in human whole saliva (Lar-
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Figure 4 Functional characterization of the Streptococcus mitis
CCUG 316117 and the Acps mutant grown in normal or 5% CO,
supplemented atmosphere. (A) Surface charge, measured as rela-
tive binding to Stains-all. Average values for the wild-type grown in
5% CO, were used to normalize the data; (B) hydrophobicity mea-
sured as percentage adhesion to hexadecane; (C) growth in normal
and 5% CO, supplemented atmosphere was recorded as absor-
bance at 600 nm. (D) Biofilms were quantified by safranin absor-
bance at 530 nm. Filled bars correspond to S. mitis wild-type, and
open bars correspond to the Acps mutant. ®Significantly different
from the wild-type; PSignificantly different from the Acps mutant in
5% CO,. The mean and standard deviation from three independent
experiments with two or three parallels are shown (P < 0.001).

sen & Pearce, 2003) was used for resuspension of
the bacterial cells that were grown overnight in TSB.
Examination under phase-contrast microscopy
revealed that the Acps mutant formed larger aggre-
gates (Fig. 6A) that were more sparsely distributed
over the glass surface than the wild-type (Fig. 6B).
After 1 h there were observable agglomerates of bac-
teria in the Acps when gently agitated, which were
not present in the wild-type (not shown). Cell density
values at ODgoo were reduced by 12% in the Acps
mutant compared with the wild-type, confirming the
increased aggregation of the Acps mutant observed
by microscopy (Fig. 6C).

DISCUSSION

Analysis of the sequenced genomes of six S. mitis
strains revealed the presence of a putative capsule
locus in four of them. The locus had a similar gene
arrangement to S. pneumoniae, with the conserved
cpsABCDE genes preceding a set of genes encoding
the interstrain variable region involved in capsule pro-
duction. The differences in the variable region
between the different strains suggest that capsule-
type variations may also be a characteristic of encap-
sulated S. mitis. It has been suggested that the cap-
sule locus of S. oralis is involved in production of
receptor polysaccharides (Yang et al, 2009). The
receptor polysaccharide resembles the S. pneumo-
niae capsule, but it is usually a teichoic acid with a
lectin-binding site involved in coaggregation with
other oral bacteria. In S. mitis, however, polysaccha-
rides with properties that more closely resemble the
S. pneumoniae capsule and without the lectin-binding
site have been reported, and suggested to represent
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Figure 5 Scanning electron microscopy images showing increased biofilm formation by the MI016 Acps mutant. (A, B) S. mitis wild-type,
and (C, D) the Acps mutant. The bars correspond to (A, B) 50 um and (B, D) 10 um.

0.8

WT Acps

Figure 6 Aggregation of the wild-type and the MI016 Acps mutant. Light microscopy images of (A) Streptococcus mitis wild-type and (B) the
Acps in coaggregation buffer. Optical density values measured immediately after dilution in coaggregation buffer (black bars) or 20 min after
dilution in coaggregation buffer (open bars). 2Significantly different from wild-type immediately and 20 min after dilution in coaggregation buf-
fer and from Acps immediately after dilution (P < 0.001). The mean and standard deviation from three independent experiments were calcu-
lated using one-way analysis of variance, followed by the Holm—Sidak test.

a possible equivalent to the S. pneumoniae capsule
(Bergstrom et al., 2000, 2003; Kilian et al., 2008).
Future identification of the nature of the capsule-like
structure associated with the S. mitis capsule locus
may reveal important information on the differences
in pathogenic potential between oral streptococci and
S. pneumoniae.

Mutations in promoter or gene sequences of the
capsule locus may potentially affect expression of the
capsule. The unencapsulated S. pneumoniae R6
strain has, for instance, a capsule locus that is poorly
transcribed, most likely because of mutations within
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the putative capsule promoter sequence (Garcia &
Moscoso, 2009). It was important, therefore, to inves-
tigate whether the capsule locus was associated with
capsule production in S. mitis. Consequently, TEM
and AFM of the S. mitis type strain and its isogenic
mutant in which the capsule locus was deleted were
used for this purpose. The two techniques involve
distinct preparation protocols, and are therefore
thought to be complementary. The techniques used
for TEM sample preparation were based on the use
of ruthenium red and lysine acetate, both thought to
stabilize the structure of the negatively charged poly-
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saccharides during the dehydration steps (Fassel
et al, 1998; Fassel & Edmiston, 1999). This
approach revealed a clear capsule-like structure sur-
rounding the S. mitis wild-type, whereas this structure
could not be identified in the capsule deletion mutant.
The results indicated also, that the capsule polysac-
charide in S. mitis is likely to have a negative charge,
because stabilization was obtained with the cationic
agent ruthenium red.

The AFM technique for visualization of capsule
structures in gram-negative bacteria was recently
reported, and it was found to have a higher degree of
sensitivity for capsule identification than TEM (Stuka-
lov et al., 2008). Sample preparation for AFM allows
visualization of the capsule without the use of dehy-
dration steps, and provides in addition structural
three-dimensional information. With this technique,
suspension of bacterial cells in HEPES is used with
the purpose of stabilizing the capsule structure. This
stabilizing effect has been postulated to occur as a
result of cross-link interactions between HEPES and
the acidic polysaccharides (Suo et al, 2007). The
AFM images revealed the presence of S. mitis cap-
sule-like structures in the wild-type that were much
larger than those observed by TEM. Such differences
have also been observed in studies of gram-negative
microorganisms (Suo et al., 2007; Stukalov et al.,
2008). In the capsule deletion mutant this capsule-like
structure was absent, or reduced compared with the
S. mitis wild-type. The structure observed in some of
the cells may be caused by other extracellular poly-
saccharides, in which the enzymes responsible for
their production are not located in the capsule locus.
In S. mitis a homologous region to the S. pneumoniae
lic1 and lic2 operon responsible for teichoic acid pro-
duction is found, for instance, outside the S. mitis
capsule locus. Phenotypically, the presence of differ-
ent polysaccharides associated with the cell wall of
single S. mitis strains (Bergstrom et al., 2000, 2003)
support also the contention that polysaccharides in
which the synthetic encoding genes are not in the
capsule locus may be present in S. mitis. The reason
why such residual material resembling a capsule-like
structure is observed in AFM but not in TEM images
is not known, but it may be related to differences in
sample preparations, such as absence of fixation in
the AFM technique (Stukalov et al., 2008).

The charge and the hydrophobicity of the bacteria
are important for adhesion to host components and
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to other bacteria. Weak -electrostatic forces are
involved in the initial attachment, followed by more
specific receptor-ligand interactions when intimate
contact is established (Cowan et al., 1987; Nobbs
et al., 2009). Cell surface charge may also affect the
response of two component signal transduction sys-
tems and gene expression (Hyyrylainen et al., 2007).
We examined, therefore, whether these properties
are also associated with capsule-like production in S.
mitis. In S. pneumoniae, deletion of the capsule locus
is generally associated with an increase in hydropho-
bicity and a reduction in the overall surface charge
(Granlund-Edstedt et al.,, 1993; Swiatlo et al., 2002).
As discussed above, the visualization of the S. mitis
capsule-like structure using ruthenium red during
sample preparation, suggested that the capsule-like
structure was likely to contribute to the negative
charge of S. mitis. To quantify such an effect, we
used Stains-all, a positively charged molecule that
binds to the generally negatively charged capsule
(Schrager et al., 1996; Magee & Yother, 2001). The
results showed that the capsule locus deletion mutant
bound less Stains-all than the wild-type, underlying
the overall negative charge of the capsule-like mate-
rial.

We report here that the S. mitis capsule locus
deletion mutant had an increased adsorption to hex-
adecane, which is interpreted as an increase in
hydrophobicity (Rosenberg et al., 1980). The hydro-
phobicity of bacteria and streptococci has been linked
to adhesion to various surfaces. In the multiple-site
model of adhesion to hydroxyapatite, hydrophobicity
is an important contributing factor for adhesion (Doyle
et al., 1982). Hydrophobicity has also been linked to
adhesion to biomaterials (Fujioka-Hirai et al., 1987;
Satou et al., 1988) and increased binding to epithelial
cells (Weerkamp et al., 1987). The enhanced biofilm-
forming capacity may be related, at least in part, to
the changes in surface charge and hydrophobicity
discussed above. It is also possible that differences
in growth patterns may also contribute to such differ-
ences, as we found out that the deletion mutant may
have a slight increase in growth rate. The growth
advantage in mutants lacking capsule have also been
observed in S. pneumoniae (Pearce et al., 2002).

The deletion of the capsule locus was associated
with increased aggregation levels in CAB. The cal-
cium concentration in the CAB is close to the
reported calcium level found in human whole saliva,
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and calcium is reported to have a pivotal role in
aggregation of oral bacteria (Cisar et al., 1979). The
increased aggregation observed for the Acps mutant
might be caused by more intimate contact between
the bacteria in the absence of capsule, possibly
through exposure of surface proteins that may partici-
pate in binding to other cells. The increased hydro-
phobicity of the Acps mutant may also be a factor
contributing to the increased aggregation observed
(McNab et al,, 1999). Aggregation plays also most
probably an important factor in biofilm formation
(Kolenbrander etal, 2010). The SEM images
showed that S. mitis biofilms exhibited cell aggre-
gates, despite the fact that in the medium used for
the biofilm formation no clear aggregates were
observed in planktonic cells (data not shown). It is
interesting that in S. pneumoniae, a similar enhanc-
ing effect on biofilm formation has been observed in
capsule deletion mutants (Munoz-Elias et al., 2008).
The authors observed, in addition, that the involve-
ment of surface proteins on pneumococcal biofilm
was apparent only in the capsule deletion mutants,
indicating that the capsule may hinder access of sur-
face proteins to their ligands (Munoz-Elias et al.,
2008). It has also been postulated that reduced cap-
sule production is important for the initial attachment
of S. pneumoniae during biofilm formation and patho-
genesis, and plays an important role in initial coloni-
zation (Domenech et al., 2009). Our observation that
the capsule locus deletion mutant formed less biofilm
during growth in normal atmospheric conditions than
under 5% supplemented CO,, and that this effect
could not be observed for the wild-type, underline the
finding that phenotypic effects on biofilm formation
are more pronounced in unencapsulated mutants.

In this study we focused on functions of the S. mitis
capsule locus associated with surface properties and
biofilm formation. Such functions are particularly rele-
vant for S. mitis because they are predominantly early
colonizers of tooth surfaces, forming the basis to
which more pathogenic bacteria may be able to join
oral biofilms. Streptococcus mitis is, however, also a
common colonizer of the throat, where S. pneumoniae
is usually present. In S. pneumoniae, the capsule
plays an important role in resistance to phagocytosis,
with the capsule serotype reported to be more impor-
tant than the genetic background (Melin et al., 2010).
It will be interesting, therefore, to investigate how the
possible different capsular-like types of the commen-
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sal S. mitis may differ in their potential to be phagocy-
tosed compared with invasive S. pneumoniae.
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