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The capsular polysaccharide of Streptococcus pneumoniae represents an important virulence factor and
protects against phagocytosis. In this study the amount of capsular polysaccharide present on the bacterial
surface during the infection process was illustrated by electron microscopic studies. After infection of A549
cells (type II pneumocytes) and HEp-2 epithelial cells a modified fixation method was used that allowed
visualization of the state of capsule expression. This modified fixation procedure did not require the use of
capsule-specific antibodies. Visualization of pneumococci in intimate contact and invading cells demonstrated
that pneumococci were devoid of capsular polysaccharide. Pneumococci not in contact with the cells did not
show alterations in capsular polysaccharide. After infection of the cells, invasive pneumococci of different
strains and serotypes were recovered. Single colonies of these recovered pneumococci exhibited an up-to-105-
fold-enhanced capacity to adhere and an up-to-104-fold-enhanced capacity to invade epithelial cells. Electron
microscopic studies using a lysine-ruthenium red (LRR) fixation procedure or cryo-field emission scanning
electron microscopy revealed a reduction in capsular material, as determined in detail for a serotype 3
pneumococcal strain. The amount of polysaccharide in the serotype 3 capsule was also determined after
intranasal infection of mice. This study illustrates for the first time the phenotypic variation of the polysac-
charide capsule in the initial phase of pneumococcal infections. The modified LRR fixation allowed monitoring
of the state of capsule expression of pathogens during the infectious process.

Streptococcus pneumoniae is a commensal of the human re-
spiratory tract, but it also causes local infections and serious
life-threatening diseases, such as pneumonia, sepsis, and men-
ingitis (4, 9, 34, 45). The initial phase of pathogenesis of mu-
cosal microorganisms is associated with colonization, followed
by intimate contact with host cells, which promotes uptake.
The successful conversion of a commensal to an invasive mi-
croorganism is accompanied by the transmigration of tissue
barriers and the subsequent adaptation of the pathogen to
different host niches. This process is a multifunctional and
highly regulated process (18).

Pneumococci of different serotypes are able to simulta-
neously colonize the nasopharynges of healthy individuals (20).
Translocation of the mucosal barrier and dissemination within
the host lead to serious invasive diseases. However, disease is
most commonly due to strains representing 20 of the �90
different serotypes (33, 34). Pneumococci adhere to and invade
different epithelial cells, as well as endothelial cells, using cell-
specific mechanisms for internalization (1, 11, 14, 38, 42, 56).
Previous studies and in vivo experiments with animal infection
models also suggested that the capsular polysaccharide might
influence the proportion of bacteria attaching to and entering
the cells (44). The significance of capsule modulation during
the transition from carriage to invasive disease has already
been demonstrated for another pathogen belonging to the

normal microflora of the nasopharynx. In Neisseria meninigiti-
dis the “phase-off” of capsule production enhances tissue in-
vasion, and phase-on is essential for survival in systemic infec-
tions (21). The occurrence of pneumococcal colonial variants
along with their phenotypic appearance as opaque and trans-
parent colonies as a result of opacity phase variation has been
associated with different levels of capsule expression (26, 50).
The spontaneous variation of colonial morphology to the
transparent phenotype is linked with reduced expression of
capsular polysaccharide and an enhanced ability of this phe-
notype for nasopharyngeal colonization (50). The significance
of the polysaccharide capsule for pneumococcal pathogenesis,
which renders the pneumococcus resistant to complement-
mediated opsonophagocytosis and plays a key role in systemic
dissemination, has been studied in detail (3, 5, 8, 22, 25, 46, 49,
55). Encapsulated pneumococci also have an advantage in col-
onization of the nasopharynx, although substantially reduced
levels of capsule, compared to wild-type levels, are sufficient
for murine carriage (30).

The molecular mechanisms involved in the regulation of
pneumococcal capsule expression have also been addressed.
Recombinant exchanges and spontaneous sequence duplica-
tions in type 3-specific genes have been identified as the causes
of high-frequency serotype and phase variations, respectively
(10, 47, 48).

In this paper we describe the phenotypic and morphological
variation with respect to the polysaccharide capsule in the
initial phase of the infection. In conjunction with scanning and
transmission electron microscopy, a modified fixation method
was used in order to illustrate the amount of capsule present
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during adherence and uptake of pneumococci. Our results
suggested that pneumococci which are in intimate contact with
cells and in the process of entering the cells are devoid of a
polysaccharide capsule. Invasive pneumococci which had en-
tered the cells were recovered. Electron microscopic studies of
recovered pneumococci indicated that there was a loss of cap-
sular polysaccharide material. The effect of capsule loss was
demonstrated by comparing the attachment and invasion of
single colonies of recovered pneumococci belonging to differ-
ent serotypes to the attachment and invasion of the corre-
sponding wild-type strain.

MATERIALS AND METHODS

Bacterial strains and cell culture. Clinical isolates of S. pneumoniae provided
by the Statens Serum Institute, Copenhagen, Denmark, and the Medical Uni-
versity, Düsseldorf, Germany, defined pneumococcal strains from the American
Type Culture Collection and the National Collection of Type Cultures, S. pneu-
moniae A66 (serotype 3) (6), S. pneumoniae D39, a capsular serotype 2 strain,
and its nonencapsulated derivative R6x (43), as well as the nonencapsulated
strain R800 (derived from R36A), were used in this study. Strains were cultured
on blood agar (Merck) or in Todd-Hewitt broth (Oxoid, Basingstoke, England)
supplemented with 0.5% yeast extract to a cell density of 5 � 108 CFU/ml and
used in cell culture infection experiments. The human lung alveolar carcinoma
epithelial cell line A549 (type II pneumocytes; ATCC CCl-185) and the HEp-2
larynx carcinoma cell line (ATCC CCL-23) were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (Sigma), 5
mM glutamine, penicillin G (100 U ml�1), and streptomycin (100 �g,ml�1) (all
from GIBCO BRL) at 37°C under 5% CO2.

Epithelial adherence and invasion assay. Pneumococcal adherence and inva-
sion assays with epithelial cells were performed in 24-well plates (Greiner,
Germany). Confluent epithelial cells (approximately 1 � 105 cells) were inocu-
lated with 5 � 106 pneumococci and incubated in Dulbecco’s minimal essential
medium-HEPES at 37°C in the presence of 5% CO2 for 3 h. Subsequently, the
cells were rinsed several times with phosphate-buffered saline (PBS) to remove
unbound bacteria. For isolation of pneumococci that were taken up by the cells,
extracellular bacteria were killed by treatment with gentamicin (200 �g ml�1)
and penicillin G (10 �g ml�1). The intracellular pneumococci were recovered
after washing by saponin-mediated lysis (1% [wt/vol] saponin) of the cells and
plated on blood agar plates. The amount of intracellular surviving bacteria per
well was determined (data not shown). When appropriate, survivors were iso-
lated, collected, and reused in the invasion assay. In addition, the numbers of
adherent and invasive pneumococci were determined by immunofluorescence
microscopy.

Immunofluorescence microscopy. Cells with adherent and intracellular bacte-
ria were fixed in 3.7% paraformaldehyde on glass coverslips (diameter, 12 mm).
Extracellular bacteria which were bound to epithelial cells were incubated for 30
min with an antipneumococcal antiserum (diluted 1:100 in PBS) which was
generated in a rabbit against heat-inactivated pneumococci (R6x and ATCC
11733) and reacted equally well with different pneumococcal strains (14). The
reactivity of the antipneumococcal antiserum against encapsulated pneumococci
and variants was determined using a fluorescence-based antibody titration pro-
tocol. Briefly, different amounts of bacteria were incubated with serial dilutions
of the antiserum, and this was followed by incubation with a fluorescein isothio-
cyanate-labeled goat anti-rabbit immunoglobulin (Dianova). Fluorescence was
measured at 485 nm (excitation) and 538 nm (emission) using a Fluoroskan
Ascent (ThermoLabsystems). The immunoreactivity of highly encapsulated bac-
teria (e.g., A66 type 3) was fourfold lower than that of a nonencapsulated
pneumococcal variant or nonencapsulated pneumococci. The applied dilution
(1:100) of the antipneumococcal antiserum efficiently stained encapsulated phe-
notypes (serotype 3), as confirmed by immunofluorescence microscopy (data not
shown). The infected cells were washed three times with PBS, and extracellular
bacteria were incubated with a fluorescein isothiocyanate-labeled goat anti-
rabbit immunoglobulin (Dianova). After permeabilization with 0.1% Triton
X-100 for 5 min, the extracellular and intracellular pneumococci were stained
using antipneumococcal antiserum and tetramethyl rhodamine isocyanate-
labeled goat anti-rabbit immunoglobulin (Dianova). Extracellular pneumococci
were yellow (green/red), and intracellular pneumococci were red. Bacterial ad-
herence and invasion were scored for at least 50 cells per glass coverslip by
fluorescence microscopy. Each experiment in this study was repeated at least five
times, and the mean � standard deviation was calculated.

Electron microscopy. (i) Field emission scanning electron microscopy
(FESEM). For the conventional fixation procedure, infected monolayers grown
on coverslips were fixed with a fixation solution containing 5% formaldehyde and
2% glutaraldehyde in cacodylate buffer (0.1 M cacodylate, 0.01 M CaCl2, 0.01 M
MgCl2, 0.09 M sucrose; pH 6.9) for 1 h on ice and subsequently washed several
times with cacodylate buffer.

For the formaldehyde-glutaraldehyde ruthenium red-osmium fixation method,
pneumococci were fixed in a fixation solution containing 3% glutaraldehyde and
0.15% ruthenium red in cacodylate buffer for 1 h on ice. After washing in
cacodylate buffer containing 0.15% ruthenium red, samples were fixed in 1%
osmium in cacodylate buffer containing 0.15% ruthenium red for 1 h at room
temperature and washed with cacodylate buffer with 0.15% ruthenium red.

For the lysine-acetate-based formaldehyde-glutaraldehyde ruthenium red-os-
mium fixation procedure (LRR fixation), infected monolayers were first fixed
with 2% formaldehyde and 2.5% glutaraldehyde in cacodylate buffer containing
0.075% ruthenium red and 0.075 M lysine-acetate for 20 min on ice. After
washing with cacodylate buffer containing 0.075% ruthenium red, samples were
fixed a second time with 2% formaldehyde and 2.5% glutaraldehyde in cacody-
late buffer with 0.075% ruthenium red for 3 h, washed with cacodylate buffer
containing 0.075% ruthenium red, and then fixed with 1% osmium in ruthenium
red containing cacodylate buffer for 1 h at room temperature. Subsequently,
samples were washed several times with ruthenium red-cacodylate buffer.

All samples were then dehydrated with a graded series of acetone (10, 30, 50,
70, 90, and 100%) on ice for 15 min for each step. Samples in the 100% acetone
step were allowed to reach room temperature before another change of 100%
acetone. Samples were then subjected to critical-point drying with liquid CO2

(CPD030; Balzers, Liechtenstein). The dried samples were covered with an
approximately 10-nm-thick gold film by sputter coating (SCD040; Balzers Union,
Liechtenstein) before examination with a field emission scanning electron mi-
croscope (Zeiss DSM 982 Gemini) using an Everhart Thornley SE detector and
an in-lens detector at a 50:50 ratio at an acceleration voltage of 5 kV.

(ii) Transmission electron microscopy. For morphological analysis of the
capsule structure, samples were fixed by the LRR fixation procedure (see above).
Samples were then dehydrated with a graded series of ethanol (10, 30, 50, 70, 90,
and 100%) on ice for 30 min for each step. Samples were infiltrated with the
acrylic resin LRWhite by applying 1 part 100% ethanol and 1 part LRWhite for
2 h on ice, followed by 1 part ethanol and 2 parts LRWhite and overnight
incubation on ice. The next day pure resin was added, and samples were incu-
bated for 8 h on ice, changed, and left overnight. Finally, samples were placed in
gelatin capsules, which were filled with pure LRWhite resin at room tempera-
ture. The LRWhite resin was polymerized for 48 h at 60°C. Ultrathin sections
were cut with a diamond knife, and sections were picked up with Formvar-coated
copper grids (300 mesh). Counterstaining of the sections was performed with 4%
aqueous uranyl acetate for 5 min. After air drying, samples were examined with
a Zeiss EM 910 transmission electron microscope at an acceleration voltage of 80
kV.

(iii) Cryo-FESEM. For cryo-FESEM samples were centrifuged, and 2 �l of
each pellet was applied to a brass sample holder (Balzers, Liechtenstein) and
immediately frozen in melting nitrogen. Frozen samples were then transferred
into a cryo-unit (Oxford HF1500), freeze fractured at �110°C, and freeze-etched
for 30 s at �110°C. After sputter coating with a thin layer of gold-palladium,
samples were transferred onto a cryo-stage inside a Zeiss DSM982 Gemini field
emission scanning microscope and examined at �135°C at an acceleration volt-
age of 2 kV.

Capsule measurement. Quelling (agglutination) reactions were performed
using capsule type 3-specific antiserum (Statens Serum Institute, Copenhagen,
Denmark). Cell-associated capsule production and cell-released polysaccharides
were determined using the Stains-all assay (Sigma) for detecting acidic polysac-
charides (30, 39). Pneumococci were cultured in semisynthetic medium (C�Y)
to a cell density of 4 � 108 cells/ml (27), and the bacteria and culture supernatant
were separated by centrifugation. Bacteria were washed twice with PBS, and 2.5
� 109 pneumococci were resuspended in 0.5 ml water. The content of bacterium-
associated polysaccharides or the amount of polysaccharides in 0.5 ml of culture
supernatant was determined by measuring the absorbance at 640 nm after ad-
dition of 2 ml of a solution containing 20 mg of 1-ethyl-2[3-(1-ethylnaphtho-
[1,2-d]thiazolin-2-ylidene)-2methylpropenyl]naphtho-[1,2-d]thiazolium bromide
(Stains-all) and 60 �l of glacial acetic acid in 100 ml of 50% formamide. Values
were normalized by subtraction of values measured for culture medium or water.

Intranasal challenge of mice and isolation of lungs. Pathogen-free C57BL/6
mice were obtained from Charles River (Sulzfeld, Germany). Female inbred
mice were challenged when they were �10 weeks old and weighed �19 g. Mice
were anesthetized by intraperitoneal injection of 40 �l of a 5:2 mixture of
ketamine (50 mg/ml) and xylazine (2%) and were challenged with 20 �l of sterile

4654 HAMMERSCHMIDT ET AL. INFECT. IMMUN.



PBS containing 5 � 106 CFU of serotype 3 S. pneumoniae (A66) administered in
the nostrils. Control mice received 20 �l of sterile PBS without bacteria. Infected
mice were sacrificed after 3 h, PBS-instilled control mice were sacrificed after 6 h,
and lungs were processed for electron microscopy. The trachea was dissected,
and a tracheal cannula was immediately inserted. Subsequently, mechanical
ventilation was started with ambient air using a mouse respirator (Mini Vent type
845; Hugo Sachs Elektronik, March-Hugstetten, Germany). A median laparot-
omy and incision of the diaphragm were performed, and the mice were antico-
agulated intracardially with 40 U of heparin. After midsternal thoracotomy the
apex of the heart was cut off to allow blood outflow. After this, the lungs were
instilled with 2% formaldehyde and 2.5% glutaraldehyde in cacodylate buffer
containing 0.075% ruthenium red and 0.075 M lysine-acetate for 20 min at 4°C.
The lungs were further fixed by using the LRR fixation procedure and then
embedded by using the protocol of Spurr (41).

RESULTS

Adherence of clinical S. pneumoniae strains. S. pneumoniae
strains isolated from blood, cerebrospinal fluid, and the respi-
ratory tract, as well as defined pneumococcal strains, were used
for adherence studies. Bacteria were used to infect A549 cells
at a ratio of 50:1. The numbers of pneumococci attached to the
epithelial cells were determined by immunofluorescence. The
ability to adhere to the epithelial cells varied among clinical
strains belonging to different serotypes. The levels of adher-
ence of strains of the same serotype obtained from the same
source of isolation (e.g., type 14) were also not in the same

range (Table 1). The type 14 strain P72, which adhered effi-
ciently to A549 cells, produced smaller amounts of bacterium-
associated polysaccharides than other type 14 strains (e.g.,
P84) (data not shown). Strikingly, respiratory tract isolates and
some pneumonia isolates were as efficient as the nonencapsu-
lated strains R6x and R800, respectively, and defined strain
ATCC 11733 (serotype 2), which is low encapsulated (Fig. 1
and Table 1).

Invasiveness of pneumococci recovered from epithelial cells.
HEp-2 and/or A549 epithelial cells were infected with S. pneu-
moniae, and the invasive bacteria were isolated and enriched
by using the gentamicin assay. The efficiency of single colonies
of these recovered pneumococci for invading cells was com-
pared to that of the original parental strains. Recovered cells
of S. pneumoniae serotype 1, serotype 3 (strain A66 and blood
isolate P85), and serotype 19F (blood isolate P91) were used to
compare the effects of epithelial cell culture invasion (Table 1).
The results demonstrated that the recovered pneumococci
were significantly more efficient in binding to and invading
epithelial cells than their parental counterparts (Fig. 1 and
Table 1). The recovered bacteria which were derived from
low-invasive-potential parental pneumococci belonging to dif-
ferent serotypes were designated in the subsequent experi-
ments variants of the corresponding wild-type strains.

TABLE 1. Adherence to A549 cells by selected S. pneumoniae clinical isolates, defined strains, and variantsa

Strain Strain derivation and properties No. of adherent CFU per 105 cells
[mean (SE)]

P52 Type 1, ATCC 12213 (I-192R) 34.2 (12.8)
P53 Type 1, SSIb 54.3 (19.4)
P53 variant Recovered from epithelial cell line 93.2 � 105 (37.3 � 105)
D39 Type 2 17.5 (4.5)
P51 Type 2, ATCC 11733 5.1 � 105 (2.4 � 105)
A66 Type 3c 28.8 (10.9)
A66 variant Recovered from epithelial cell line 255.5 � 105 (111.3 � 105)
P54 Type 3, SSI 38.0 (23.2)
P85 Type 3, blood isolate, MUDd 154.8 (22.6)
P85 variant Recovered from epithelial cell line 19.8 � 105 (11.3 � 105)
P105 Type 4, blood isolate, MUD, pneumonia 132.3 (29.1)
P76 Type 6A, blood isolate, MUD, pneumonia 274.0 (98.3)
P93 Type 6B, blood isolate, MUD 683.5 (193.6)
P88 Type 7F, blood isolate, MUD, pneumonia 344.5 (92.8)
P65 Type 9A, blood isolate, MUD, meningitis 29.5 (19.6)
P72 Type 14, blood isolate, MUD, pneumonia 2.00 � 105 (1.6 � 105)
P80 Type 14, blood isolate, MUD, pneumonia 138.0 (42.4)
P84 Type 14, blood isolate, MUD, pneumonia 9.0 (8.5)
P104 Type 14, CSF isolate, MUD, meningitis 12.3 (8.6)
P92 Type 18B, blood isolate, MUD, pneumonia 4.4 � 105 (3.0 � 105)
P107 Type 18F, blood isolate, MUD, pneumonia 4.9 � 105 (2.4 � 105)
P91 Type 19F, blood isolate, MUD 31.0 (12.2)
P91 variant Recovered from epithelial cell line 508.0 (171.4)
P103 Type 19F, blood isolate, MUD, pneumonia 5.3 (3.6)
P102 Type 23A, cerebrospinal fluid isolate, MUD, meningitis 14.5 (7.2)
P133 Type 6A, respiratory tract isolate, MUD 94.3 � 105 (27.8 � 105)
P134 Type 21, respiratory tract isolate, MUD 5.2 � 105 (0.5 � 105)
R6x Nonencapsulated derivate of D39 4.4 � 105 (1.4 � 105)
R800 Nonencapsulated 125.0 � 105 (25.0 � 105)

a S. pneumoniae strains were used to infect A549 epithelial cells (type II pneumocytes) at a ratio of 50:1. The number of attached bacteria was determined by
immunofluorescence microscopy for at least 50 epithelial cells. The data are means � standard errors of at least five independent experiments. The adherence of HEp-2
cells was in the same range as the adherence to A549 cells (data not shown). The serotype, source of isolation, and, if possible, the disease caused by the clinical isolate
are indicated.

b SSI, Statens Serum Institute, Copenhagen, Denmark.
c See reference 6.
d MUD, Medical University of Düsseldorf, Düsseldorf, Germany.
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On blood agar pneumococcal variants of serotype 3 strain
A66 (A66 variants) showed an altered mucoid capsular phe-
notype compared to strain A66. The invasive capacity of single
colonies of these A66 variants exceeded that of the parental
strain by 104-fold, irrespective of whether the number of inva-
sive bacteria was scored microscopically (Fig. 1) or by genta-
micin selection (data not shown). Similarly, the number of
adhesive pneumococci of these variants increased 105-fold
(Fig. 1). This was observed for individually selected single
colonies which were isolated after the gentamicin assay (data
not shown). The phenotypic alteration of the mucoid pheno-
type and the results of the infection assays suggested that the
high invasiveness of the variants may have been due to the loss
of capsular material.

Development of fixation methods for electron microscopic
studies to maintain capsular polysaccharide structure. The
capsule of pneumococci is considered to be an anionic matrix
which is highly hydrated. These characteristics make its stabi-
lization and visualization for electron microscopic studies dif-
ficult. Conventional aldehyde fixation, osmification, and dehy-
dration with ethanol or acetone always resulted in loss of
capsular material when samples were analyzed in FESEM
studies (Fig. 2A) or by using ultrathin sections (Fig. 2B). The
introduction of ruthenium red, a cationic chemical which re-
acts strongly with anionic moieties (17, 28, 29, 40), resulted in
better, but nevertheless unsatisfactory, preservation of the
pneumococcal capsular structure. As deduced from Fig. 2,
treatment of wild-type pneumococci with ruthenium red dur-
ing the fixation process resulted in retention of some capsular
material on the bacterial surface (Fig. 2C and D) compared to
conventional fixation with aldehydes (Fig. 2A and B). Fassel et

al. (15, 16) demonstrated that addition of lysine in combination
with ruthenium red resulted in better preservation of the
staphylococcal glycocalyx than ruthenium red fixation alone.
Therefore, we modified the previously described fixation meth-
ods and devised a fixation protocol that resulted in a very
well-preserved capsule for scanning and transmission electron
microscopic studies. The addition of lysine-acetate to the fix-
ation solution (LRR fixation) and carrying out the primary
fixation for only 20 min resulted in much more pronounced
capsule preservation, especially in ultrathin sections after em-
bedding in LRWhite resin (Fig. 2E and F). Nevertheless, due
to dehydration of the samples for FESEM, the highly hydrated
capsular structure collapsed (Fig. 2E). However, comparison
of the capsule structure to nonencapsulated pneumococci re-
vealed significant differences which allowed us to discriminate
both strains clearly in the FESEM analysis (Fig. 3A to C). The
LRR fixation method followed by FESEM analysis was there-
fore considered a useful method for discriminating between
nonencapsulated and encapsulated pneumococci.

Illustration of polysaccharide capsule by cryo-FESEM. To
obtain information on the “natural” hydrated state of the
pneumococci capsule, we performed cryo-FESEM studies of
pneumococci after LRR fixation. In Fig. 4 the dense thick layer
of capsular material of serotype 3 strain A66 surrounding the
pneumococcus is clearly visible.

S. pneumoniae A66 variants recovered from epithelial cells:
state of capsule expression. The amount of the polysaccharide
capsule of recovered S. pneumoniae A66 variants was investi-
gated by employing the LRR fixation method and cryo-
FESEM after LRR fixation. As demonstrated by conventional
FESEM, pneumococcal A66 variants isolated from HEp-2
cells (Fig. 3B) or A549 cells (Fig. 3C) did not exhibit a capsular
layer around the surface compared to the parental strain A66
(Fig. 3A), and so the results clearly demonstrated that bacteria
recovered from the intracellular cell environment were nonen-
capsulated. These differences between parental strain A66,
which is highly encapsulated (Fig. 3D), and A66 variants (Fig.
3E and F) were also observed in cyro-FESEM studies which
allowed us to observe the capsule in its vitrified state. Ultrathin
sections of LRR-fixed pneumococci were examined by using
LRWhite-embedded samples. Again, the parental strain exhib-
ited a dense and thick capsule (Fig. 3G). In contrast, variants
showed no visible capsular structures (Fig. 3H and I). The
decreased amounts of capsular polysaccharides of other vari-
ants compared to wild-type strains (e.g., serotype 1 or 19F)
were also detectable when the LRR fixation protocol was used
(Fig. 5, compare panels A and B or panels C and D). The
variants exhibited only small amounts of polysaccharides,
which were comparable with the amounts observed for nonen-
capsulated strains R6x (Fig. 5E) and R800 (Fig. 5F) after LRR
fixation.

Capsular polysaccharide production. The amounts of cap-
sular polysaccharide produced by wild-type pneumococci and
pneumococcal variants recovered from epithelial cells were
assessed by a quantitative assay that measured amounts of
polysaccharides. Of the strains tested, the variants of serotype
3 strains (A66 variant and P85 variant) and serotype 1 (P53
variant) showed substantially decreased amounts of bacterium-
associated polysaccharides compared to the wild-type strains.
The amounts of polysaccharides in culture supernatants were

FIG. 1. Efficiency of adherence and invasion of pneumococcal vari-
ants recovered from epithelial cells. Equal amounts of wild-type pneu-
mococci and their variants were used in the cell culture infection assay.
Adherence (A) and invasion (B) were measured microscopically by
double immunofluorescence. var, recovered pneumococci. The data
are the means � standard errors of five independent experiments.
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substantially reduced for the serotype 3 A66 and P85 variants
(Fig. 6). The quelling reaction using capsule type 3-specific
antiserum revealed agglutination for the A66 strain, but no
agglutination was observed for the A66 variants. The variants
showed no swelling reaction, confirming the substantially re-
duced amount of bacterium-associated capsular polysaccha-
ride material.

Phenotypic visualization of capsule expression during inva-
sion by high-resolution scanning electron microscopy. The
LRR fixation protocol and subsequent preparation for

FESEM were then employed to observe at high resolution the
state of encapsulation during adhesion and invasion. As shown
in Fig. 7, a time series demonstrated that during adhesion of S.
pneumoniae to the HEp-2 host cells the thickness of the pneu-
mococcal capsule was reduced. Pneumococcus strain A66 was
used as a representative type 3 strain. The reduction in encap-
sulation was greatest when the bacteria were in intimate direct
contact with the host cell membrane. After 30 min of infection
there were no clearly detectable differences between the cap-
sule structure of adherent pneumococci (Fig. 7A and B and

FIG. 2. Comparison of different fixation methods for visualization of the capsule. Conventional fixation with formaldehyde and glutaraldehyde
resulted in a total loss of the capsule of serotype 3 pneumococcus strain A66, as demonstrated by FESEM (A) and in ultrathin sections (B).
Addition of ruthenium red in the fixation protocol resulted in some remaining structural material of the capsule on the pneumococcal surface (C
and D). A well-preserved capsular structure was observed when a lysine-acetate-based ruthenium red-osmium fixation protocol was used (E and
F). (A, C, and E) Bars � 0.5 �m. (B, D, and F) Bars � 0.1 �m.
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FIG. 3. Comparison of capsular structures of serotype 3 strain A66 and recovered pneumococci. Pneumococcal variants of strain A66 recovered
from HEp-2 cells (B, E, and H) and A459 cells (C, F, and I) were devoid of any visible capsular material, whereas strain A66 exhibited a dense
capsular layer (A, D, and G). These observations were made by using three different methods, conventional FESEM (A to C), cryo-FESEM (D
to F), and analysis of ultrathin sections (G to I) after LRR fixation. Bars � 0.5 �m.
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Fig. 7A, inset) and the capsule structure of pneumococci grown
in DMEM (Fig. 7C). In contrast, after 1 h of adhesion we
observed that for the pneumococci in intimate contact with the
host cells the amount of capsular structure started to decrease
(Fig. 7D and E) compared to the amount in other pneumo-
cocci in the attached chain or compared to DMEM-grown
bacteria in which the capsule structure was rather similar along
the entire chain (Fig. 7F). This observation was even more
pronounced when longer infection times were studied. After
2 h of infection the attached pneumococci in close contact with
the host cell membrane of the adherent chain exhibited an
almost complete absence of capsular structure (Fig. 7G and
H). The inset in Fig. 7G shows an ultrathin section of an
adherent A66 cell embedded by using the LRR fixation pro-
tocol, which demonstrated the loss of the capsular material. All
other pneumococci in this chain showed capsule structures
(Fig. 7G), as did a pneumococcal chain grown for 2 h in
DMEM (Fig. 7I). The amount of polysaccharide capsule was
greatly reduced for all adherent pneumococci which were in
contact with the host cell, as shown in Fig. 7L. Three hours
after infection only the pneumococci in intimate contact with
the host cell membrane were devoid of capsular structure,
whereas the remaining pneumococci in the attached chain
expressed a thick layer of capsule (Fig. 7J, K, and M). Pneu-
mococci grown in DMEM again showed expression of capsular
material over the entire chain (data not shown). Ultrathin

section analysis again indicated that adherent bacteria lost the
capsular structure, whereas bacteria not in close contact still
retained the capsule (Fig. 7M, inset, and Fig. 8D and E).

When infected host cells were treated with 0.05% Triton
X-100 for 5 min followed by LRR fixation, we were able to
observe attached and invading pneumococcal chains. As de-
duced from Fig. 7N, adherent pneumococci in close contact
with the host cell membrane and invading pneumococci did not
exhibit a visible capsular structure, whereas pneumococci not
in close contact with the host membrane exhibited the typical
capsular structure after LRR fixation and preparation for
FESEM. Pneumococci residing inside host cells (Fig. 7O)
showed no detectable capsular polysaccharide material.

This suggests that pneumococci that express a reduced
amount of capsular polysaccharide and are in close contact
with the cells are not representatives of acapsular mutants that
might have been enriched during growth and infection. Inva-
sive bacteria recovered from epithelial cells by the gentamicin
assay may nevertheless represent spontaneous mutants en-
riched during cultivation.

Pneumococcal encapsulation in mouse lung tissue. Mice
were intranasally challenged with S. pneumoniae serotype 3
strain A66, and the lungs were processed for morphological
analysis by the LRR fixation method and embedded in an
acrylic resin (LRWhite). As shown in Fig. 8, pneumococci were
localized in spatial distance from the cells (Fig. 8A) and in

FIG. 4. Visualization of the vitrified pneumococcal capsule using cryo-FESEM after LRR fixation. Cryo-FESEM analysis revealed a dense thick
capsule (asterisks) around serotype 3 strain A66, which is comparable to the capsule visualized in the ultrathin sections. Bar � 2 �m.
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contact with lung epithelial tissue (Fig. 8D and E). The LRR
fixation successfully stabilized and preserved the polysaccha-
ride capsule of pneumococci in lung tissue (Fig. 8A to D).
FESEM indicated that pneumococci expressed the capsule in
the environment of the lung tissue (Fig. 8A, B, and C), whereas
bacteria which were in contact with lung epithelial tissue
showed a drastic reduction in the density of the capsular poly-
saccharide layer (Fig. 8D and E). These in vivo results ob-
tained with a mouse model provide further evidence for the
observation that the amount of polysaccharide of pneumococci
in intimate contact with host cells is reduced.

DISCUSSION

The capsular polysaccharide represents one of the most im-
portant pneumococcal virulence factors and is differentially
regulated in different host habitats (35). Different phenotypes
of a pathogen contribute to colonization, survival, or dissemi-
nation. Several studies have suggested that the capsule pre-
vents attachment of pneumococci to epithelial cells, as well as
to endothelial cells (1, 38, 42, 50, 52). The transparent pheno-
type, which produces smaller amounts of capsular polysaccha-
ride, was shown to be more efficient in colonizing mucosal

FIG. 5. Capsular structures in different serotypes. LRR fixation allowed detection of capsular structures in serotype 1 (wild-type strain P53)
(A) and serotype 19F (wild-type strain P91) (C). Furthermore, the fixation protocol unequivocally demonstrated the absence of capsular material
in the isolated intracellular variants of serotype 1 (B), loss of capsular material in variants of serotype 19F (D), and the absence of capsular
structures in nonencapsulated strains R6x (E) and R800 (F). Bars � 0.25 �m.
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surfaces of the nasopharynx and in residing on surfaces,
whereas the opaque phenotype is more virulent in systemic
infections (26, 50–53). In epidemiological studies nontypeable,
nonencapsulated nasopharyngeal carrier strains were identi-
fied, and one group of these organisms was genetically closely
related to encapsulated strains (24, 54). In addition to eluci-
dation of gene expression profiles during pathogenesis, it is
necessary to visualize phenotypic changes of subcellular struc-
tures during infectious processes. The analysis of phenotypes
should provide insights into the mechanism(s) facilitating ad-
aptation of pathogens to their host niches. In this study the
capsular polysaccharides of different pneumococcal serotypes
were examined in vitro and in vivo by using a modified fixation
method for electron microscopic studies which preserved the
capsular material. Differences in the amount of capsular poly-
saccharide were shown to affect adherence and invasion sub-
stantially.

The capsular polysaccharide is highly hydrated and contains
numerous anionic charged sites. Preservation and visualization
of the capsular material in electron microscopic studies were
achieved by using the cationic reagent ruthenium red in the
fixation protocols. Ruthenium red has been used previously to
visualize the capsule of S. pneumoniae and Klebsiella pneu-
moniae (40). Nevertheless, the fixation protocol mentioned
above resulted in inadequate stabilization of the pneumococcal
capsule. A lysine-based aldehyde-ruthenium red fixation pro-
tocol resulted in very stable preservation of the staphylococcal
glycocalyx (15, 16). This LRR fixation protocol resulted in
substantially improved preservation of the pneumococcal cap-
sule and diminished the partially fuzzy and fibrous appearance
of the capsule observed in the absence of lysine. As a result, the
LRR fixation procedure allowed for the first time observation
of the dynamic process of capsule expression on the bacterial
surface of attaching and invading pneumococci by high-reso-
lution FESEM, thereby discriminating between highly encap-
sulated and weakly encapsulated bacteria. There is no need for
capsule-specific antibodies, and the method can be applied to
all pneumococcal serotypes. Moreover, this fixation method
can also be employed to preserve and stabilize polysaccharides
of other pathogens, such as Streptococcus pyogenes (data not
shown). When the LRR fixation method is used, the thickness

of bacterium-associated carbohydrate structures can be moni-
tored. This is especially of interest for phenotypic analysis of
pathogens residing in different host niches, as demonstrated
for pneumococci colonizing the lung epithelial tissue of mice.

When epithelial cells were infected with S. pneumoniae se-
rotype 3 strain A66, bacteria recovered from the invasion ex-
periments lacked the mucoid phenotype on blood agar, and, as
demonstrated by electron microscopy, the thickness of the
capsule was substantially reduced. These variants were sub-
stantially attenuated in a sepsis mouse model of infection and
were able to revert in vivo to full encapsulation (data not
shown). In a model of intranasal infection the wild type, as well
as revertants, showed a higher colonization rate than the vari-
ants (data not shown). Both the in vitro and in vivo experi-
ments revealed a reduced amount of capsular material of
pneumococci attaching to the cells. The electron microscopic
studies of pneumococci colonizing the murine lung tissue and
the intranasal infections revealed a substantially reduced thick-
ness for the capsular polysaccharide during invasion and a
smaller amount of capsule during colonization. This study con-
firmed, therefore, the results of a previous study which showed
that in a murine model of infection type 3 strains with only
20% of the capsular material colonize as effectively as the
parental strain and remain highly virulent. Pneumococci that
produced less than 6% of the capsular material were not able
to colonize mice (30). Morphological analysis of the amount of
capsule expressed performed by electron microscopy illus-
trated for the first time that the thickness of the capsule is
reduced upon adherence of pneumococci to epithelial cells.
The reduced amount of capsule promotes colonization, results
in exposure of adhesive molecules, and allows the pathogen to
strengthen the intimate contact with the epithelial cells and its
subsequent uptake.

The reduced amount of capsule during intimate contact with
the host cells is a double-edged sword for the pneumococcus.
It is well established that differences in the amount of capsular
polysaccharide have a major impact on virulence (3, 5, 31). A
reduction in the amount of capsular material might strongly
enhance adherence and uptake. But the reduced amount of
capsule might convert the pneumococcus into a more apatho-
genic state in terms of its ability to evade the immune system.
Therefore, the conversion from highly encapsulated to less
encapsulated pneumococci and also the retrograde conversion
must be sensitively regulated in order to enable the pathogen
to colonize, survive, and disseminate within the human host.

Phenotypic alterations are usually random (13), but environ-
mental conditions may also modulate these events (7, 19, 22).
S. pneumoniae clinical isolates derived from different host en-
vironments have phenotypic differences. The mechanisms and
environmental conditions which influence capsular polysaccha-
ride expression are not well defined. In aerobic microenviron-
ments like mucosal airway surfaces the inhibitory effect of
oxygen suppresses production of capsular polysaccharide, sup-
porting the finding that environmental pressure selects for
distinct subpopulations of pneumococci (53). The inhibitory
effect was correlated with decreased tyrosine phosphorylation
of CpsD, which is an autophosphorylating protein-tyrosine ki-
nase and regulator of capsular polysaccharide synthesis (30, 32,
53). In sorbarod biofilms, which were used to mimic the con-
ditions of the different host microenvironments, such as naso-

FIG. 6. Quantification of bacterium-associated polysaccharides or
polysaccharides in culture supernatants. The differences in bacterium-
associated polysaccharides (solid bars) or polysaccharides in the cul-
ture supernatants (open bars) were assessed for wild-type pneumo-
cocci and pneumococcal variants (var) recovered from epithelial cells.
The total amount of acidic polysaccharides (bacterium associated or in
the supernatant) was measured by determining the optical density at
640 nm (OD640).
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FIG. 7. Time series of capsule modulation during adhesion and invasion as visualized by FESEM. Monolayers of HEp-2 cells were infected with
strain A66 and fixed by using the LRR protocol. The time series revealed that during adhesion to HEp-2 cells the pneumococcal capsule of serotype
3 strain A66 (� NCTC7978) was downregulated only on pneumococcal cells which were in intimate contact with the host cell membrane (arrows
in panels A, D, G, J, L, and M; also higher magnifications of the region are shown in panels B, E, H, and K). The remaining bacteria in the attached
chains (A, D, G, J, and M) or DMEM-grown pneumococci (C, F, and I) exhibit a dense layer of capsular material. Triton X-100-treated infected
HEp-2 cells also demonstrated that pneumococci in close contact with the host cell membrane have highly downregulated capsules (N) and that
invading pneumococci (N), as well as intracellular pneumococci (O), also have a substantially reduced capsule. The insets in panels A, G, and M
show ultrathin sections of LRR-fixed samples, demonstrating the loss of capsular structure during the adherence and invasion process, whereas
nonadherent bacteria exhibit a dense capsular structure (arrowheads in panels A and M). Bars � 1 �m.
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pharyngeal carriage, serotype 3 pneumococci generated spon-
taneous sequence duplications within the cps3D (cap3A) gene
of the type 3 capsule locus, thereby causing high-frequency
capsule phase variations (47). Recently, this effect was also

described for pneumococci in sorbarod cultures of serotypes 8
and 37 (48). Cps3D, which is a UDP-glucose dehydrogenase
and converts UDP-glucose to UDP-glucuronic acid, and
Cps3S, which is a type 3 polysaccharide synthase, are required

FIG. 7—Continued.
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for synthesis of type 3 capsule (2, 12). Mutations in these type
3-specific genes of the type 3 capsule locus, which is transcribed
as a single operon, cps3DSUM-tnpA-plpA, have been found to
alter capsule production. Other studies showed that the fre-
quency of spontaneous mutations in pneumococcal genes is
influenced by endogenous hydrogen peroxide production (36,
37).

Our studies were unable to address precisely the underlying
molecular mechanisms of the phenomenon observed. North-
ern blot experiments showed that the expression of serotype
3-specific genes in the variants is identical to that in the pa-
rental serotype 3 strain (data not shown). Furthermore, none
of the other transcripts of pneumococcal virulence factors ex-
amined, such as PspA, SpsA (also referred to as CbpA and
PspC), and PavA, was changed (data not shown). Sequence
analysis of the type 3 capsule locus and the gene encoding
phosphoglucomutase for 25 variants randomly isolated from
three different in vitro experiments revealed that in 56% of the

cases there were no changes in the sequence of the type-
specific genes. The pgm sequence was not affected at all. Mu-
tations in pgm have been shown to reduce capsule produc-
tion in a type 3 strain (23). In the remaining variants a
mutation of a single base pair generated a premature stop
codon in cps3D and disrupted the function of Cps3D (data
not shown).

It seems obvious that genes outside the type 3 capsule locus
are essential for capsule biosynthesis and regulation. Standard-
ized in vivo and in vitro models of infection are required to
identify the predominant mechanisms of capsule regulation
and environmental stimuli which alter capsule expression.
These models should ideally reflect the situations and condi-
tions during nasopharyngeal carriage and uptake into the host
cells, with subsequent contact with the submucosa or even the
blood. Exploitation of live imaging or electron microscopy for
the analysis of phenotypic variations and molecular analysis
should contribute to elucidation of the biologically significant

FIG. 7—Continued.
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mechanisms. Moreover, isolation of carrier and invasive pneu-
mococci of clonal origin from patients suffering from pneumo-
coccal diseases and phenotypic as well as genetic analyses are
required to correlate the in vitro data with the in vivo situation.
The findings might also provide insight into the mechanisms
which favor outbreaks of pneumococcal diseases.
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