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Streptococcus pneumoniae is a diverse species causing invasive as well as localized infections that result in massive global mor-
bidity and mortality. Strains vary markedly in pathogenic potential, but the molecular basis is obscured by the diversity and
plasticity of the pneumococcal genome. In the present study, S. pneumoniae serotype 3 blood (n � 12) or ear (n � 13) isolates
were multilocus sequence typed (MLST) and assessed for biofilm formation and virulence phenotype. Blood and ear isolates ex-
hibited similar MLST distributions but differed markedly in phenotype. Blood isolates formed robust biofilms only at pH 7.4,
which were enhanced in Fe(III)-supplemented medium. Conversely, ear isolates formed biofilms only at pH 6.8, and Fe(III) was
inhibitory. Biofilm formation paralleled luxS expression and genetic competence. In a mouse intranasal challenge model, blood
isolates did not stably colonize the nasopharynx but spread to the blood; none spread to the ear. Ear isolates colonized the naso-
pharynx at higher levels and also spread to the ear compartment in a significant proportion of animals; none caused bacteremia.
Thus, pneumococci of the same serotype and MLST exhibit distinct phenotypes in accordance with clinical site of isolation, in-
dicative of stable niche adaptation within a clonal lineage.

Streptococcus pneumoniae (the pneumococcus) is responsible
for massive global morbidity and mortality. It is a major cause

of pneumonia, meningitis, and sepsis, especially in young children
and the elderly. S. pneumoniae also causes less serious but highly
prevalent infections such as otitis media (OM) and sinusitis (1–5).
The World Health Organization estimates that 1.6 million people,
of whom 0.7 to 1 million are under the age of 5, die of pneumo-
coccal diseases each year, with the highest incidence in developing
countries. Indeed, S. pneumoniae accounts for more deaths world-
wide than any other single pathogen (6, 7). In spite of this mortal-
ity, S. pneumoniae is part of the commensal nasopharyngeal flora
of humans. Most colonized individuals are asymptomatic, and
carriers are the principal reservoirs for transmission of S. pneu-
moniae in the community. In a small proportion of carriers, which
nevertheless translates into globally significant total case numbers,
S. pneumoniae invades from its nasopharyngeal beachhead to
cause disease. This may occur, for example, by aspiration into the
lungs to cause pneumonia, by direct invasion of the blood, or by
ascension of the Eustachian tube to access the middle ear and
cause OM (1, 8, 9). However, the mechanisms whereby pneumo-
cocci transition from commensal to pathogen are poorly under-
stood. OM is one of the most common pediatric diagnoses (10),
and although not usually life-threatening, it has a massive socio-
economic impact (11).

The capacity to form biofilms is increasingly being recognized
as a critical event in the pathogenesis of OM and other pneumo-
coccal diseases, and several studies have shown a strong correla-
tion between biofilm formation in vitro and colonization and lung
infection in mice (12–15). Pneumococcal OM is also frequently
associated with previous viral respiratory infections that lead to
stasis, congestion, and blockade of the normal mucosal ciliary
function, as well as Eustachian tube obstruction in very young
children, thereby predisposing to secondary bacterial infection
(10, 16–18).

It has recently been demonstrated that pneumococcal S-ribo-

sylhomocysteine lyase, encoded by luxS, plays an important role in
biofilm formation (19, 20). This enzyme is involved in the S-
adenosylhomocysteine pathway that synthesizes autoinducer 2
(AI-2), a molecule involved in bacterial quorum sensing. In this
case, extracellular AI-2 recognized by the pneumococcus has an
effect on the transcription of genes involved in biofilm formation.
Most recently, we have characterized the impact of exogenous
Fe(III), as well as the LuxS-mediated AI-2 quorum sensing system,
on biofilm formation by S. pneumoniae D39 (19). Fe(III) strongly
enhanced biofilm formation, while Fe(III) chelation with deferox-
amine was inhibitory. Importantly, Fe(III) also upregulated ex-
pression of luxS and piuA (encoding the major iron transporter)
in wild-type D39. Similarly, genetic competence, as measured by
transformation frequency, as well as expression of competence
genes comD, comX, comW, cglA, and dltA, and the murein hydro-
lase cbpD gene associated with fratricide-dependent DNA release,
were all directly related to luxS expression levels and further up-
regulated by Fe(III).

S. pneumoniae is a genetically plastic and diverse species, com-
prising 93 capsular serotypes superimposed on over 5,000 clonal
groups recognizable by multilocus sequence typing (MLST) (21).
Capsule switching experiments also show that both serotype and
genetic background influence virulence (22, 23). This strain com-
plexity has complicated attempts to examine whether there is any
association between a given clonal lineage or serotype and pro-
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pensity to cause invasive rather than localized infections, and
whether biofilm formation capacity can account for differences in
virulence phenotype. In the current study, we have simplified the
analysis by confining our examination to S. pneumoniae serotype
3 clinical isolates from cases of sepsis or OM. We present evidence
for a strong association between clinical site of isolation, pH-de-
pendent biofilm formation capacity, luxS expression, and viru-
lence phenotype in a murine model.

MATERIALS AND METHODS
Bacterial strains and growth conditions. S. pneumoniae strains used in
this study are listed in Table 1. Cells were grown in a casein-based semi-
synthetic liquid medium (C�Y) (24) and on Columbia agar supple-
mented with 5% (vol/vol) horse blood (blood agar [BA]) at 37°C in a
CO2-enriched atmosphere. Bacterial stocks were prepared from mid-log-
phase cultures and stored at �80°C in 10% glycerol.

MLST. For MLST analysis, the aroE, gdh, gki, recP, spi, xpt, and ddl
genes of the S. pneumoniae strains were PCR amplified and sequenced, as
described by Spratt (25). The sequence types (ST) of strains were deter-
mined from the MLST database (http://www.mlst.net) based on the re-
sulting allelic profiles.

Biofilm assays. Static biofilm assays were performed by growing bac-
teria in 24- or 96-well flat-bottom polystyrene plates as described previ-
ously (19). Briefly, cells were grown in C�Y medium, adjusted to either
pH 7.4 or 6.8, and supplemented with 100 �M Fe(III) nitrate where indi-
cated for 24 h at 37°C in a CO2-enriched atmosphere. Microscopic exam-
ination of biofilms was performed by washing wells three times with PBS,
desiccation at 50°C, staining with 1% crystal violet for 30 min, and pho-
tomicrography under transmitted light. Quantification of bacteria at-
tached to the plastic substratum was performed by washing unstained
plates three times, filling wells with 0.1 ml of fresh C�Y medium, detach-

ing cells using a sonicating water bath, and plating serial dilutions onto
blood agar. Statistical analysis was performed using 2-tailed Student’s t
test.

RNA extraction and quantitative real-time RT-PCR. Selected clinical
isolates were grown in C�Y with or without additional Fe(III) (100 �M)
for 24 h in a static biofilm model and total RNA was extracted as previ-
ously described (26). The level of gene expression relative to that of 16S
rRNA was determined using a one-step reverse transcriptase PCR (RT-
PCR) kit and a LC480 real-time cycler (Roche) as described previously
(19). Statistical analysis was performed using 2-tailed Student’s t test.

Mutagenesis of luxS. The luxS gene was deleted from various type 3
strains using overlap extension PCR and transformation as described pre-
viously (19).

Infection of mice. Animal experiments were approved by the Univer-
sity of Adelaide Animal Ethics Committee. Female outbred 5- to 6-week-
old CD-1 (Swiss) mice were inoculated intranasally with 1 � 107 CFU of
S. pneumoniae (confirmed retrospectively by viable count) in a volume of
10 �l. Groups of 15 mice were inoculated for each strain, and 5 randomly
selected mice from each group were euthanized by CO2 asphyxiation at
24, 48, or 72 h postinfection. Nasal wash, nasopharyngeal tissue, ear tissue,
lung, brain, and blood samples were collected and processed as previously
described (27, 28). Samples were serially diluted and plated onto BA plates
for enumeration of viable pneumococci. Statistical analyses were done
using the Mann-Whitney U test.

RESULTS
Serotype 3 biofilm formation is pH dependent. It has been re-
ported that certain serotypes and STs of S. pneumoniae have a
greater potential to cause invasive disease in humans than others;
likewise, strains differ in their propensities to cause OM (29, 30).
This suggests that strains may differ in their capacity to adapt to
and survive or proliferate within distinct host microenviron-
ments. This further implies that clinical isolates from cases of otitis
media may exhibit in vitro and in vivo phenotypes distinct from
those of blood isolates.

Two conditions that vary significantly between different niches
of the human body are metal ion concentrations (31) and pH; the
pH of the blood is typically around 7.4, while in the (uninfected)
ear cavity it is in the range of 6.5 to 6.8 (32). We first examined
whether a relationship exists between the site of isolation and abil-
ity to form biofilms under different pH and [Fe(III)] conditions.
We tested 12 blood isolates and 13 ear isolates belonging to sero-
type 3, a type that is frequently associated with both OM and
invasive disease. Interestingly, the two groups contained represen-
tatives of the same four STs in similar proportions (ST180, ST232,
ST233, and ST458, in order of prevalence) (Table 1). All 25 strains
were in the opaque phase, as judged by opacity phenotype when
grown on THY-catalase plates (28), and there was no significant
difference in the level of type 3 capsular polysaccharide produc-
tion, as determined by uronic acid assay (33) (results not pre-
sented). In the first instance, strains were grown in C�Y medium
(pH 7.4) with or without supplementation with 100 �M Fe(III)
nitrate and were tested in the static biofilm assay. Pneumococcal
growth rates were not significantly different in the presence of this
Fe(III) concentration compared with rates in standard C�Y me-
dium, which contains 0.8 �M total Fe, as measured by inductively
coupled plasma mass spectrometry (ICPMS) (data not shown).
After 24 h of incubation, a marked increase in biofilm density in
the presence of Fe(III) was observed in strains isolated from the
blood compared with strains isolated from the ear, as judged by
viable counts of dispersed, unstained biofilms (P � 0.001) (Fig.
1A). The biofilm density was also significantly greater in blood

TABLE 1 S. pneumoniae serotype 3 isolates used in this studya

Strain MLST Source

ST232/1 ST232 Blood
ST233/3 ST233 Blood
ST180/4 ST180 Blood
ST458/5 ST458 Blood
ST233/6 ST233 Blood
ST180/7 ST180 Blood
ST180/8 ST180 Blood
ST180/15 ST180 Blood
ST458/20 ST458 Blood
ST232/23 ST232 Blood
ST180/24 ST180 Blood
ST232/25 ST232 Blood
ST180/2 ST180 Ear
ST180/9 ST180 Ear
ST180/10 ST180 Ear
ST232/11 ST232 Ear
ST180/12 ST180 Ear
ST233/13 ST233 Ear
ST180/14 ST180 Ear
ST180/16 ST180 Ear
ST232/17 ST232 Ear
ST232/18 ST232 Ear
ST232/19 ST232 Ear
ST180/21 ST180 Ear
ST180/22 ST180 Ear
a Strains were isolated between 1988 and 1996 from patients at either the Women’s and
Children’s Hospital, North Adelaide, South Australia, or the Alice Springs Hospital,
Northern Territory, Australia. Similar proportions of OM and blood isolates were
derived from each site.
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isolates in the presence of Fe(III) than in standard C�Y medium
(P � 0.001) (Fig. 1A), consistent with our previous observation
for the type 2 laboratory strain D39 (19). However, the presence of
Fe(III) had no significant effect on the low level of biofilm forma-
tion by the type 3 ear isolates at pH 7.4 (Fig. 1A). In marked
contrast, when biofilm formation assays were performed using
C�Y medium with the pH adjusted to 6.8 (a level within the range
found in the ear cavity), the biofilm density of the ear isolates was
significantly greater than that of the blood isolates (P � 0.01).
Interestingly, supplementation of C�Y (pH 6.8) medium with
Fe(III) abolished the ability of ear isolates to form biofilms (P �
0.001) and did not increase the low level of biofilm formation by
blood isolates at the lower pH (Fig. 1A). Microscopic examination
of crystal violet-stained biofilm assay plates confirmed that robust
biofilms were formed by blood isolates only at pH 7.4 and were

boosted further by Fe(III), whereas ear isolates formed robust bio-
films only at pH 6.8 and in the absence of Fe(III) (Fig. 2).

LuxS is involved in serotype 3 biofilm formation. To test
whether the iron- and pH-dependent biofilm formation of sero-
type 3 strains is linked to the activity of the LuxS quorum sensing
system, a relationship previously identified in strain D39 serotype
2 (19), the level of luxS and piuA expression was measured using
real-time RT-PCR. For this analysis, one blood isolate and one ear
isolate belonging to each of the three major STs (ST180, ST232,
and ST233) were selected. The difference in luxS expression levels
(Fig. 1B) between strains and growth conditions closely paralleled
the pattern of biofilm formation (Fig. 1A). In the blood isolates
ST180/15, ST232/1, and ST233/3, luxS expression was signifi-
cantly higher when cells were grown at pH 7.4 in the presence of
Fe(III) than under other growth conditions (P � 0.001 for

FIG 1 Biofilm formation and gene expression. (A) Biofilm formation by clinical isolates (12 from blood and 13 from ear) after 24 h of growth at either pH 7.4
or 6.8, with or without 100 �M Fe(III), determined by viable count. Data are the means � standard deviations for three independent experiments (*, P � 0.05;
**, P � 0.01; and ***, P � 0.001; 2-tailed Student’s t test). (B and C) Expression of luxS (B) and piuA (C) relative to 16S rRNA in the indicated clinical isolates
grown either at pH 7.4 or 6.8, with or without addition of 100 �M Fe(III). Data are the means � standard deviations for three independent experiments (*, P �
0.05; **, P � 0.01; and ***, P � 0.001; 2-tailed Student’s t test).
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ST180/15 and ST232/1; P � 0.01 for ST233/3). In contrast, for the
ear isolates ST180/2, ST232/11, and ST233/13, luxS expression
was significantly higher when cells were grown at pH 6.8 in the
absence of Fe(III) than under any of the other conditions (P �
0.001 for ST180/2 and ST233/13; P � 0.05 for ST232/11). How-
ever, for each ST pair, the overall level of expression of luxS of the
ear isolate was lower than that of the corresponding blood isolate
under their respective optimal conditions (P � 0.001 for ST180
and ST232; P � 0.01 for ST233) (Fig. 1B).

Since iron has been shown to stimulate biofilm formation in
the blood isolates, we also quantified the expression level of piuA,
which encodes the major pneumococcal iron uptake system (34).
A significantly higher level of expression of piuA was observed in
blood isolates grown at pH 7.4 in the presence of Fe(III) than
under other growth conditions (P � 0.01 for ST180/15 and
ST233/3; P � 0.001 for ST232/1) (Fig. 1C). In contrast, piuA ex-
pression was very low in all the ear isolates, and there was no
evidence for upregulation of piuA in these isolates in the presence
of iron, except for ST233/13 at pH 7.4 (Fig. 1C).

luxS mutation reduces the ability of serotype 3 clinical iso-
lates to form biofilms. To further confirm the role of luxS in
biofilm formation by serotype 3 strains, luxS was deleted in all 6
clinical isolates mentioned above and the mutants were then
tested for biofilm forming ability. Viable counts of the dispersed
biofilms revealed a significant reduction in biofilm formation for
the luxS mutants of the three ear isolates compared to the wild
type when grown in C�Y (pH 6.8) medium (P � 0.001 for
ST180/2 and ST233/13; P � 0.01 for ST232/11) (Fig. 3A). Micro-
scopic examination after crystal violet staining confirmed the re-
sults of viable counts (Fig. 4). A similar finding was also observed

for the luxS mutants of all three blood isolates grown at pH 7.4 in
the presence of Fe(III) (data not shown).

Transformability is pH dependent in serotype 3 strains. In-
duction of the competence state has been shown to parallel bio-
film formation in S. pneumoniae (13, 19), and so the transform-
ability of the six serotype 3 clinical isolates, as well as the reference
invasive type 2 strain D39, was measured in planktonic cells grown
at pH 7.4 and pH 6.8, as described previously (19). The transform-
ability of the strains was found to be strongly influenced by the
pH; blood isolates exhibited a significantly greater propensity to
take up external DNA at pH 7.4 (P � 0.001 for ST180/15 and
ST232/1; P � 0.01 for ST233/3), as did the reference strain D39. In
contrast, the ear isolates showed higher rates of transformability at
pH 6.8 (P � 0.001 for ST180/2 and ST232/11; P � 0.01 for ST233/
13) (Fig. 3B). Indeed, for the ST180 and ST232 strains, the blood
isolates were completely untransformable at pH 6.8, while the ear
isolates were not transformable at pH 7.4. Strains of ST233 were
transformable under both conditions tested, but a significant in-
crease in efficiency was observed for the blood isolate at pH 7.4
and ear isolate at pH 6.8.

Clinical isolation site corresponds with virulence phenotype
in mice. To investigate the virulence profile of the clinical isolates,
we used a murine nasopharyngeal inoculation model, which
mimics the natural route of infection for S. pneumoniae. At all the
time points examined (24, 48, and 72 h postinfection), the major-
ity of mice in each group infected with blood isolates (ST180/15,
ST232/1, or ST233/3) showed bacteremia, whereas no bacteremia
could be detected in any of the mice in groups challenged with the
ear isolates (ST180/2, ST232/11, or ST233/13) (Fig. 5C). Collec-
tively, the degree of bacteremia for blood isolates was significantly
greater than that for the combined ear isolate groups at all time
points (P � 0.001). When individual groups within an ST were
compared, the bacteremia level for the ST180/15 group was sig-
nificantly greater than that for the ST180/2 group at all time points
(P � 0.05), while bacteremia levels in the ST232/1 and ST233/3
groups were significantly greater than those for ST232/11 and
ST233/13, respectively, at 48 h (P � 0.05). The situation was re-
versed in the nasopharyngeal tissue (Fig. 5A), where blood isolates
as a whole were inferior to ear isolates in terms of overall coloni-
zation levels at 48 and 72 h (P � 0.001 in both cases). Comparing
the individual STs, ST232/11 colonized the nasopharyngeal tissue
to a significantly greater extent than ST232/1 at both 48 and 72 h
(P � 0.05 and P � 0.01, respectively), while ST180/2 and
ST233/13 exhibited significantly higher rates of colonization at 72
h than the corresponding ST-matched blood isolate (P � 0.01 and
P � 0.05, respectively). Bacteria in ear tissue samples were de-
tected only in groups challenged with the ear isolates, and this
difference was statistically significant (P � 0.05) at both 48 and 72
h (Fig. 5B).

Interestingly, at 24 h postinfection, pneumococci could not be
detected in the lungs of any of the mice challenged with blood
isolates, in spite of significant bacteremia in the majority of ani-
mals in each ST group (Fig. 6C). Moreover, only 4 of the 15 mice
challenged with blood isolates had evidence of pneumococci in
the lungs at either 48 or 72 h. In contrast, no bacteria could be
detected in the lungs of any of the mice challenged with the ear
isolates. Similar findings were observed in brain tissue (Fig. 6B). It
is also interesting to note that pneumococci could not be detected
in nasopharyngeal washes of any mice 24 h postinfection

FIG 2 Microscopic analysis of crystal violet-stained 24-h biofilms of the blood
isolate ST232/1 (A) and the ear isolate ST232/11 (B) grown at pH 7.4 or 6.8 in
the presence or absence of 100 �M Fe(III). Scale bar, 100 �m.
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(Fig. 6A). At 48 h, less than half of the mice had pneumococci in
nasal wash fluid, with fewer again at 72 h.

DISCUSSION

S. pneumoniae is a diverse and adaptable pathogen, capable of
surviving in a range of niches within its human host. Previous
studies from our laboratory have identified changes in in vivo
transcriptional profile within a given strain that facilitate survival
in distinct host niches (nasopharynx, lungs, blood, and brain)
and/or aid progression from one niche to another (26, 27, 35, 36).
However, genetic differences between strains also result in pneu-
mococci with inherent tropism for one niche over another. Stud-
ies in animal models suggest that both capsular and noncapsular
loci contribute to these differences in in vivo phenotype (22, 23,
37–40), but interpretation of molecular epidemiological analyses
of human isolates is complicated by the vast genetic diversity of
strains.

In the present study, we have examined phenotypic differences
between clinical isolates from either sepsis or OM (n � 12 and 13,
respectively), focusing on strains belonging to serotype 3, an im-
portant cause of both systemic and localized pneumococcal infec-
tions. All 25 strains were in the opaque phase and produced sim-
ilar amounts of type 3 capsular polysaccharide. Moreover, the
groups of blood and ear isolates comprised the same four MLSTs

FIG 3 (A) Effect of luxS mutation on biofilm formation by ear isolates, determined by viable count. Data are the means � standard deviations for three
independent experiments (**, P � 0.01, and ***, P � 0.001; 2-tailed Student’s t test). (B) Transformability of the reference invasive type 2 strain D39 and the type
3 clinical isolates (from blood or ear) grown at either pH 7.4 or 6.8. Data are the total numbers of transformants (means � standard deviations for three
independent experiments) (**, P � 0.01, and ***, P � 0.001; 2-tailed Student’s t test). Each transformation reaction mixture contained approximately 107

competent pneumococci.

FIG 4 Microscopic analysis of crystal violet-stained biofilms formed at pH 6.8
by ear isolates and their respective luxS mutant derivatives. WT, wild type.
Scale bar, 100 �m.
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in similar proportions. Surprisingly, however, the in vitro and in
vivo phenotypes of the two groups were strikingly different. Only
the blood isolates were capable of forming in vitro biofilms at pH
7.4, and this property was significantly augmented by supplemen-

tation of the medium with Fe(III). On the other hand, only the ear
isolates were capable of forming biofilms at pH 6.8, and at this pH,
Fe(III) was inhibitory.

We then conducted more detailed phenotypic comparisons of

FIG 5 Virulence phenotypes of blood and ear isolates. Groups of 15 mice were infected intranasally with 107 CFU of the indicated strain. At the indicated times, 5 mice
from each group were euthanized and numbers of pneumococci in the indicated tissues were quantitated. (A) Nasopharyngeal tissue; (B) ear; (C) blood. Viable counts
are shown for each mouse at each site; horizontal bars indicate the median value for each group/time point. Blood isolates are represented by solid symbols; ear isolates
are represented by open symbols. Differences between groups were analyzed by 1-tailed Mann-Whitney U test (*, P � 0.05; **, P � 0.01; and ***, P � 0.001).
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matched pairs of isolates from either the blood or ear belonging to
the dominant MLSTs (ST180, ST232, and ST233). We have pre-
viously reported that the LuxS quorum sensing system is a central
regulator of biofilm formation in the invasive type 2 S. pneu-
moniae strain D39, and in the present study, there was again a
close parallel between expression of the luxS gene and biofilm
formation at the permissive pH for the respective groups. More-
over, the stimulatory effect of Fe(III) on biofilm formation by the
blood isolates at pH 7.4 was matched by upregulated expression of
piuA, which encodes the major pneumococcal iron transporter. In
contrast, piuA expression was negligible in blood isolates at the
nonpermissive pH of 6.8 or in the absence of Fe(III), and in the ear
isolates under any of the conditions tested.

Although the level of luxS expression in each of the ear isolates
at pH 6.8 in the absence of Fe(III) was significantly greater than
that under the other environmental conditions, luxS expression in
each of the ear isolates was significantly lower than that in the
blood isolate of the corresponding ST under its optimal condi-
tions. This suggested that luxS might play a less important role in
biofilm formation by ear isolates relative to blood isolates. Never-
theless, mutagenesis of luxS significantly reduced biofilm forma-
tion, regardless of the source of the isolate. The link between the
luxS system and genetic competence previously observed in D39
also held for the type 3 isolates, with maximal transformation
efficiencies observed under the same environmental conditions as
were permissive for biofilm formation.

FIG 6 Virulence phenotypes of blood and ear isolates. Groups of 15 mice were infected intranasally with 107 CFU of the indicated strain. At the indicated times,
5 mice from each group were euthanized and numbers of pneumococci in the indicated tissues were quantitated. (A) Nasal wash; (B) brain; (C) lungs. Viable
counts are shown for each mouse at each site; horizontal bars indicate the median value for each group and time point. Blood isolates are represented by solid
symbols; ear isolates are represented by open symbols. Differences between groups were analyzed by 1-tailed Mann-Whitney U test (*, P � 0.05).
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The consistent and stark phenotypic distinction between blood
and ear isolates in terms of preferred pH and requirement for
Fe(III) for optimal biofilm formation suggests that there are fun-
damental genetic differences between S. pneumoniae strains be-
longing to the same clonal lineage that enable adaptation to the
distinct host niches from whence they were isolated. This adapta-
tion to the human niche was closely mimicked by the behavior of
the various strains in a mouse intranasal challenge model. All
three blood isolates were poor colonizers of the nasopharynx, yet
they were able to readily spread directly to the blood in most
animals, largely bypassing the lungs. Moreover, none of the blood
isolates ever spread to the ear compartment. On the other hand,
the ear isolates were able to stably colonize the nasopharyngeal
tissue of the vast majority of animals, but they never spread to the
blood, brain, or lungs. Nearly half of the animals challenged with
OM isolates had pneumococci in the ear compartment by 72 h.

In this study, we have provided compelling evidence that stable
adaptation of pneumococci to distinct host niches occurs within
clonal lineages. Thus, molecular epidemiological studies aimed at
associating MLST with potential to cause invasive versus nonin-
vasive disease should be interpreted with considerable caution. It
is now clear that accessory regions outside the core pneumococcal
genome are major determinants of virulence phenotype in both
humans and animal models. Identification of multiple ST-
matched pairs of S. pneumoniae serotype 3 strains with distinct
human tissue tropism and virulence profile provides a unique
opportunity to identify accessory regions or polymorphisms
within the core genome common to isolates from one niche versus
the other by genome sequence analysis. This, in turn, will permit
direct testing of the role of identified regions in pathogenesis by
targeted mutagenesis.
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