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ABSTRACT As a species, Streptococcus pneumoniae (the pneumococcus) utilizes a
diverse array of capsular polysaccharides to evade the host. In contrast to large vari-
ations in sugar composition and linkage formation, O-acetylation is a subtle capsular
modification that nonetheless has a large impact on capsular shielding and recogni-
tion of the capsule by vaccine-elicited antibodies. Serotype 15B, which is included in
the 23-valent pneumococcal polysaccharide vaccine (PPV23), carries the putative
O-acetyltransferase gene wciZ. The coding sequence of wciZ contains eight consecu-
tive TA repeats [(TA)8]. Replication slippage is thought to result in the addition or
loss of TA repeats, subsequently causing frameshift and truncation of WciZ to yield a
nonacetylated serotype, 15C. Using sensitive serological tools, we show that sero-
type 15C isolates whose wciZ contains seven or nine TA repeats retain partial
O-acetylation, while serotype 15C isolates whose wciZ contains six TA repeats have
barely detectable O-acetylation. We confirmed by inhibition enzyme-linked immu-
nosorbent assay that (TA)7 serotype 15C is �0.1% as acetylated as serotype 15B,
while serotype 15X is nonacetylated. To eliminate the impact of genetic background,
we created isogenic serotype 15B, (TA)7 serotype 15C, and 15BΔwciZ (15X) strains
and found that reduction or absence of WciZ-mediated O-acetylation did not affect
capsular shielding from phagocytes, biofilm formation, adhesion to nasopharyngeal
cells, desiccation tolerance, or murine colonization. Sera from PPV23-immunized per-
sons opsonized serotype 15B significantly but only slightly better than serotypes 15C
and 15X; thus, PPV23 may not result in expansion of serotype 15C.

KEYWORDS O-acetyltransferase, O-acetylation, capsule diversity, pneumococcal
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Streptococcus pneumoniae (the pneumococcus), a Gram-positive human pathogen,
mediates pneumonia and invasive diseases such as septicemia and meningitis and

colonizes 6 to 76% of the world’s pediatric population (1–3). Pneumococcal diseases are
the leading cause of death in children under 5 years old (4), and pneumococcal capsular
polysaccharide is the organism’s most significant virulence factor as it shields the
pneumococcus from various chemical and immune assaults (5). As a result, nonencap-
sulated pneumococci rarely cause pneumonia or invasive pneumococcal disease (6–8).
Pneumococcal capsular types differ in their shielding abilities; therefore, some capsule
types are more virulent than others (9, 10). Our previous studies have indicated that
small chemical modifications of the capsular repeat unit result in differential shielding
of closely related serotypes (11, 12).

An important capsular modification is O-acetylation: an uncharged, but polar, acetyl
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functional group that exerts a broad effect on polysaccharides. In many bacteria,
O-acetylation alters the physicochemical properties of capsule by changing the con-
formation of capsular repeat units (13) or increasing viscosity (14). O-acetylation also
alters the host-pathogen interaction by creating immunogenic epitopes (11, 13, 15), by
neutralizing reactive chlorine species (16, 17), and/or by mediating resistance to
lysozyme and complement deposition (18–21). Many bacteria have membrane-bound
O-acetyltransferases (MOATs) that are thought to attach O-acetyl groups to the capsular
repeat unit at the end of the capsular biosynthetic process (22–24). Accordingly, the
loss of MOAT-mediated O-acetylation may not disrupt global capsule biosynthesis (12,
25–27).

Serotypes 15B and 15C contain the MOAT-encoding gene wciZ within their capsular
polysaccharide synthesis loci (cps loci). WciZ is functional in serotype 15B but is
nonfunctional in serotype 15C, and this functionality is based on a tract of TA repeats
within wciZ which permits replication slippage at a low frequency (28). The serotype
15B wciZ contains eight TA repeats, resulting in an enzymatically active WciZ with 326
amino acids and 10 membrane domains. In contrast, the serotype 15C wciZ contains
more or fewer TA repeats [(TA)6, (TA)7, or (TA)9], resulting in frameshifts that lead to a
nonfunctional WciZ with �150 amino acids and only four transmembrane domains
(29). Consistent with these genetic findings, chemical studies concluded that serotype
15C polysaccharide is nonacetylated (29, 30). In addition, it was reported using a few
immune sera that vaccination with serotype 15B polysaccharide does not elicit anti-
bodies opsonizing serotype 15C (31). Despite this, our in-house serotype 15B-specific
monoclonal antibody (Hyp15BG5) was partially reactive with serotype 15C polysaccha-
ride (32), suggesting that serotype 15C capsule is partially O-acetylated and, therefore,
that the truncated serotype 15C WciZ retains some activity. As serotypes 15B and 15C
have increased in prevalence following the clinical use of pneumococcal conjugate
vaccines (33) and since serotype 15B polysaccharide may be included in many future
vaccines (34), cross-protection against serotype 15C should be clearly determined.
Therefore, we have investigated the basis for the partial functionality of the serotype
15C WciZ and cross-opsonization of 23-valent pneumococcal polysaccharide vaccine
(PPV23)-elicited antibodies against serotype 15C.

RESULTS
Hyp15BG5 and factor serum 15b (fs15b) recognize WciZ-mediated acetyl

groups. Parental strains were created using clinical isolates representing serotypes 15B
(isolate 0556-97) and 15C (isolate 3031-06) (Table 1 and Fig. 1). Both clinical isolates

TABLE 1 Strains used in this study

Strain wciZ (TA)n Serotype Descriptionb

WciZ
O-acetylationc

GenBank
accession no. Source

BLS141 8 15B 0556-97::rpsL (Smr) �� KY750633 This study
BLS142 7 15C 3031-06::rpsL (Smr) � KY750634 This study
BLS143 NAa 15X BLS141ΔwciZ � KY750635 This study
BLS147 NA Nonencapsulated BLS141Δcps � KY750636 This study
BLS157 7 15C BLS143::BLS142 wciZ � KY750637 This study
BLS171 6 15C BLS143::(TA)6 wciZ �/� KY750638 This study
0556-97 8 15B Clinical isolate �� KY750640 Atlanta, GA
MHI-224 8 15B Clinical isolate �� KY750641 Wakayama, Japan
MNZ161 8 15B Clinical isolate �� KY750642 Pittsburgh, PA
SSISP15B/3 8 15B Clinical isolate �� KY750643 Copenhagen, Denmark
3031-06 7 15C Clinical isolate � KY750644 Atlanta, GA
3933-06 7 15C Clinical isolate � KY750645 Atlanta, GA
MNK1031 9 15C Clinical isolate � KY750646 Seoul, South Korea
SSISP15C/2 9 15C Clinical isolate � KY750647 Copenhagen, Denmark
ST1058/03 6 15C Clinical isolate �/� KY750648 São Paulo, Brazil
aNA, not applicable.
bSmr, streptomycin resistance.
cBased on mean fluorescence intensity (MFI) of Hyp15BG5 binding in flow cytometry. ��, binding of �1,200 MFI; �, binding of 200 to 1,200 MFI; �/�, binding of 45
to 200 MFI; �, binding of �45 MFI.
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belong to sequence type 199 (a genotype commonly associated with serotypes 15B
and 15C [35–39]) and contain mixed populations of transparent and opaque colonies
(see Table S1 in the supplemental material). BLS141 and BLS142 were produced by
inserting rpsL (Smr), a gene conferring streptomycin (Sm) resistance, into the back-
ground of strains 0556-97 and 3031-06, respectively. Additional clinical isolates were
used in initial experiments to confirm serological differences between serotypes 15B
and 15C. To study the impact of WciZ-mediated O-acetylation on the biological
properties of serotype 15B and 15C capsule, isogenic variants were created in the
BLS141 genomic background. BLS143 (designated serotype 15X) was created by irre-
versibly disrupting wciZ of BLS141 with a Janus cassette (JS), and BLS147 (isogenic
nonencapsulated strain) was created by deleting the BLS141 cps locus with JS. BLS157,
an isogenic serotype 15C strain, was created by transformation of the wciZ from
serotype 15C strain BLS142 into the wciZ-null strain BLS143.

To investigate the epitopes targeted by the serotype 15B-specific monoclonal
antibody, Hyp15BG5, we utilized an inhibition enzyme-linked immunosorbent assay
(ELISA) with serotype 15B polysaccharide-coated ELISA plates. As depicted in Fig. 2A,
two serotype 15B lysates (BLS141 and SSISP15B) inhibited Hyp15BG5 binding at
approximately 1,000-fold greater dilution than serotype 15C lysates (BLS142 and
SSISP15C). This finding strongly suggested that the antibodies are targeting the
O-acetyl group but that serotype 15C capsular polysaccharide has a smaller amount of
O-acetylation. To test this possibility, we removed the O-acetyl groups from lysates of
serotype 15B and 15C strains by mild alkaline hydrolysis and retested them for
inhibition. Neither the hydrolyzed lysates (dotted lines) nor the lysate of a serotype 15X
strain (solid inverted triangle), which has an irreversibly disrupted wciZ gene, inhibited
Hyp15BG5 (Fig. 2A). The same observations were made with factor serum 15b (fs15b)
(Fig. 2B). These experiments suggest that Hyp15BG5 and fs15b are specific for WciZ-
mediated O-acetylation and that serotype 15C strains produce partially O-acetylated
capsular polysaccharide. Using additional clinical isolates (Table 1), we confirmed the
partial O-acetylation of serotype 15C isolates compared to serotype 15B isolates
(Fig. 2C). However, one serotype 15C isolate, ST1058/03, showed approximately 200-
fold less inhibition than the other serotype 15C strains (shown with an arrow in Fig. 2C).
Therefore, the degree of partial O-acetylation varies among serotype 15C strains.

Phenotypes of O-acetylation vary among serotype 15C isolates using flow
cytometry. Having shown that both fs15b and Hyp15BG5 target WciZ-mediated
O-acetylation, we investigated serotype 15C strain heterogeneity at the single-cell level

FIG 1 Genetic summary of serotype 15B and serotype 15C variants. BLS141 and BLS142 were created by
inserting rpsL (Smr) into the background of clinical isolate 0556-97 (serotype 15B) and 3031-06 (serotype
15C), respectively. The white region of wciZ arrowheads in BLS142 and BLS157 indicate the region of wciZ
after the premature stop. The asterisks in BLS157 denote the wciZ region amplified from BLS142 which
was transformed into BLS143 (as described in Materials and Methods). Gene fragments or prematurely
truncated genes are denoted by arrows with jagged edges.
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using flow cytometry. All serotype 15B clinical isolates examined reacted with pool H
serum (containing antibodies recognizing all serogroup 15 capsule), fs15b, and
Hyp15BG5 (Fig. 3A). Pool H did not bind to unrelated serotype 6B (TIGR6B) or to
nonencapsulated BLS147 but did bind to serotype 15B, 15C, and 15X (BLS143) strains
equally well. Therefore, based on mean fluorescent intensity, these strains appear to
express equivalent amounts of capsule. However, serotype 15X did not react with fs15b
or Hyp15BG5 at all, similar to the nonencapsulated strain or TIGR6B (Fig. 3C). Thus, our
flow cytometry assay can clearly distinguish serotype 15B strains expressing heavily
acetylated capsule from a serotype 15X strain expressing capsule with no O-acetylation.

When serotype 15C isolates were examined, four isolates (SSISP15C, BLS142,
MNK1031, and 3393-06) were bound weakly by fs15b and Hyp15BG5 (Fig. 2C). However,
ST1058/3, the strain with the lowest level of O-acetylation in the inhibition ELISA (Fig.
2C), again showed almost no binding by either probe. Thus, the heterogeneity of
O-acetylation among serotype 15C isolates observed by ELISA was confirmed by flow
cytometry.

FIG 2 Inhibition ELISA showing the specificity of Hyp15BG5 and fs15b for WciZ-mediated O-acetylation.
(A and B) Inhibition of Hyp15BG5 (A) or fs15b (B) binding to serotype 15B polysaccharide-coated plates
by reference serotype 15B and serotype 15C strain lysates and control lysates. The solid circle indicates
inhibition by SSISP15B/3 lysate, and the open circle indicates inhibition by BLS141 lysate (serotype 15B).
The solid square indicates inhibition by SSISP15C/2 lysate, and the open square indicates inhibition by
BLS142 lysate (serotype 15C). The solid inverted triangle indicates inhibition by serotype 15X lysate. Data
depict one experiment performed in triplicate, and results are representative of three independent
experiments. Error bars indicate standard deviations from the three intra-assay replicates. Dashed lines
indicate alkaline-hydrolyzed lysates. (C) The IC50 (the concentration at which lysates inhibited fs15b
binding by 50%) was calculated for the reference serotype 15B and 15C strains used in panels A and B,
for two additional serotype 15B clinical isolates, and three additional serotype 15C clinical isolates. Data
points represent the averages from two independent experiments, each performed in triplicate, and data
are represented as log(IC50). The average log(IC50) of serotype 15B strains was significantly higher than
that of serotype 15C strains (**, P � 0.01 by unpaired t test). The black arrow indicates ST1058/03 lysate.
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Genetic basis for partial serotype 15C WciZ activity. To investigate the genetic
basis for the observed variability in O-acetylation among serotype 15C strains, we
sequenced the wciZ genes of the serotype 15B and 15C isolates (Table 1). All serotype
15B strains had eight TA repeats [(TA)8], as expected. The serotype 15C isolates
demonstrating low levels of O-acetylation had seven or nine repeat units [(TA)7 or
(TA)9]. Upon replacement of the serotype 15B wciZ (in BLS141) with the serotype 15C
(TA)7 wciZ (from strain BLS142) to create strain BLS157, the partial O-acetylation
phenotype was observed (Fig. 3B). Thus, the partial O-acetylation is conferred by the
(TA)7 repeat within wciZ.

ST1058/03, the serotype 15C isolate with minimal reactivity to fs15b and Hyp15BG5,
had a wciZ gene with only six TA repeat units [(TA)6] but also had two missense
mutations early in the gene (resulting in changes of amino acids 7 and 87). To
demonstrate that the two missense mutations were not responsible for the minimal
O-acetylation phenotype, a (TA)6 strain was created in the BLS141 background. The new
strain (named BLS171) also minimally reacted with fs15b or Hyp15BG5 (Fig. 3B),
suggesting that the decrease in O-acetylation was conferred by the (TA)6 repeat, not by

FIG 3 Serotype 15B and 15C strains have serologically distinguishable levels of WciZ-mediated O-acetylation by
flow cytometry. Histograms depict binding of antibodies (listed in the bottom row) to pneumococcal strains (listed
at the left of each row). Binding to serotype 15B clinical isolates (A), binding to serotype 15C clinical isolates (B),
and binding to negative-control strains (C) is shown. The gray shaded peaks represent negative controls obtained
with normal rabbit serum or monoclonal antibody, Hyp6BG9, which binds to strain TIGR6B. All rabbit sera were
adsorbed against nonencapsulated TIGRJS prior to serological characterization of these isolates. Pool H serum
contains antibodies which bind to serogroup 15 capsules. fs15b and Hyp15BG5 specifically bind WciZ-mediated
O-acetylation, as shown in Fig. 2.
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the missense mutations. Taken together, serotype 15C strains with (TA)7 or (TA)9 wciZ
can O-acetylate the capsule partially, but serotype 15C strains with (TA)6 wciZ can
O-acetylate the capsule at barely detectable levels.

Biological consequences of WciZ-mediated O-acetylation. Having identified the
genetic basis of heterogeneity among serotype 15C isolates, we investigated the
impact of O-acetylation on carriage and spreading by studying the ability of serotype
15B, 15C [(TA)7], and 15X capsule to shield their cell walls from antibody, form biofilms,
adhere to nasopharyngeal cells, survive short-term drying, and colonize mice. These
parameters are indicators of the serotypes’ fitness to colonize the nasopharynx and to
spread among different individuals (40–44). Only isogenic strains were used in these
biological assays, and they are referred to as 15B (BLS141), 15C [BLS157, (TA)7], 15X
(BLS143), and the nonencapsulated strain (BLS147).

The capsular shielding abilities of 15B, 15C, and 15X were equivalent, as indicated by
the ability of anti-phosphocholine antibodies to access the cell wall (data not shown).
15B, 15C, and 15X formed equivalent amounts of biofilm on polystyrene surfaces and
adhered equally to nasopharyngeal cells, but all formed less biofilm and adhered to
nasopharyngeal cells less effectively than the nonencapsulated strain (Fig. 4A and B).
When survival after a short period of drying was assessed, 15B, 15C, and 15X survived

FIG 4 Biological properties of pneumococcal serotypes 15B, 15C, and 15X. (A) Biofilm formation (OD540)
by various pneumococcal serotypes on polystyrene surfaces. Each dot represents one experiment, and
eight independent experiments were performed. Repeated-measures one-way ANOVA statistical analysis
found a significant difference between strains (P � 0.001), and Dunnett’s multiple-comparison test
indicated a difference in the Δcps strain compared to 15B (P � 0.001). (B) Log adhesion index [log(%
adhesion of a given serotype/% adhesion of 15B)] of serotype 15B variant strains. Three independent
experiments were performed, each in triplicate. Repeated-measures one-way ANOVA statistical analysis
of log adhesion index found a significant difference between strains (P � 0.01), and Dunnett’s multiple-
comparison test indicated a difference in the Δcps strain compared to 15B (P � 0.01). (C) Log percent
bacterial survival after drying [log(% survival of 15B variants)] for indicated strains. One hundred percent
survival equals a value of 2 on the y axis. Eight independent experiments were performed. Repeated-
measures one-way ANOVA statistical analysis of log-transformed percentages found a significant differ-
ence between strains (P � 0.0001), and Dunnett’s multiple-comparison test indicated a difference in the
Δcps strain compared to 15B (P � 0.01). D) Nasopharyngeal carriage of 15B variants. Female 6-week-old
BALB/cJ mice were intranasally inoculated with 107 CFU of 15B (●; 10 mice per group), 15C (�; nine mice
per group), 15X (Œ; nine mice per group), or 15BΔcps (�; nine mice per group) bacteria. NALF was
collected, and CFU were quantified at 1, 3, 5, 7, 10, 14, 17, 20, and 25 days postinoculation. Two-way
ANOVA found significant differences between days (P � 0.0001) and between bacterial strains (P � 0.05).
Dunnett’s multiple-comparison test indicated a difference in CFU counts in NALF of mice infected with
15X compared to those infected with 15B on day 20 postinfection (P � 0.05). All data points shown in
panels A to D represent means with standard errors. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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better than the nonencapsulated strain (Fig. 4C). Finally, 15B, 15C, 15X, and the
nonencapsulated strain colonized the murine nasopharynx equally well (Fig. 4D). No
mice became ill, became septic, or died during the 25-day experiment. Taking these
findings together, WciZ-mediated O-acetylation does not seem to influence the bio-
logical properties of serotype 15B or 15C capsule.

Impact of reduced O-acetylation on opsonophagocytic killing. Previous studies
have shown that serotype 15B-specific antibodies induced by PPV23 predominantly
target WciZ-mediated O-acetylation (31); therefore, we tested opsonophagocytic killing
of serotype 15B (BLS141), 15C [BLS157, (TA)7], and 15X (BLS143) target strains (Fig. 5).
Opsonization indices (OIs) were calculated for each serum sample or antibody against
each target strain and are defined as the serum dilution at which 50% of the target
bacteria are killed. When opsonization assays were performed with antibodies that
specifically target the WciZ-mediated O-acetyl group (Hyp15BG5 and fs15b), serotype
15X was not opsonized (OIs below the limit of detection) and serotype 15C was weakly
opsonized (OIs for serotype 15C were 5- to 15-fold less than OIs for serotype 15B). This
again suggests that the WciZ-mediated acetyl group, expressed at a lower density on

FIG 5 Pairwise correlations (A to C) and comparisons (D) of opsonic indices (OIs) against serotypes 15B
(BLS141), 15C [BLS157, (TA)7], and 15X (BLS143). (A to C) Target serotypes are indicated on each axis. Each
open circle indicates a human serum sample from PPV23-vaccinated individuals (n � 28), and each open
triangle indicates an unvaccinated human serum sample. The solid triangle indicates Hyp15BG5, the solid
square indicates 007sp, and the solid circle indicates fs15b. Hyp15BG5 was 20-fold prediluted and fs15b
was 225-fold prediluted; thus, they have different minimum detection thresholds. No opsonic activity
was detected against serotype 15X using Hyp15BG5 or fs15b, and those data points are assigned as half
the minimum detectable titer. Therefore, the minimum detectable titer for fs15b is high because the
predilution was high. The 45° gray line indicates the line of identity, and the 45° black lines indicate 3-fold
deviations from the identity. Open circles and open triangles are mostly below the line of identity shown
in panels A and B, suggesting that both PPV23-vaccinated and unvaccinated individuals have generally
higher OIs for serotype 15B than serotype 15C or 15X. (D) Comparison of OIs between serotype 15B, 15C,
and 15X target strains. Each open circle represents one of the 28 sera from PPV23-vaccinated individuals,
and each open triangle represents one of the six sera from unvaccinated individuals. Repeated-measures
one-way ANOVA of log-transformed OIs found significant differences between strains (P � 0.0011), and
Tukey’s multiple-comparison test indicated a difference between serotypes 15B and 15C (P � 0.01) and
between serotypes 15B and 15X (P � 0.01) but not between serotypes 15C and 15X (P � 0.094). Error
bars represent standard errors. (A to D) Each point indicates the average from two independent
experiments with one serum or antibody, performed in duplicate. **, P � 0.01.
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serotype 15C isolates, is the target of the opsonic antibodies. Using a human serum
pool (007sp) from PPV23-vaccinated adults, the OI for serotype 15B was not signifi-
cantly different from the OIs for serotypes 15C and 15X (P � 0.45 by repeated-measures
one-way analysis of variance [ANOVA] with Dunnett’s multiple comparisons) (Fig. 5A to
C, square symbol). Further, when OIs were obtained with 28 individual sera from adults
immunized with PPV23 (open circles) and six individual sera from unvaccinated adults
(open triangles), titers against serotype 15B and 15C strains were correlated (r � 0.77)
(Fig. 5A), as were titers against serotype 15B and 15X strains (r � 0.75) (Fig. 5B). OIs were
significantly higher for serotype 15B than for serotypes 15C and 15X (1.6-fold [P � 0.01]
and 2.1-fold [P � 0.01], respectively) (Fig. 5D). OIs for serotypes 15C and 15X were
highly correlated (r � 0.99) (Fig. 5C), and OIs for serotype 15C were slightly higher than
those for serotype 15X (1.3-fold; not significant) (Fig. 5D). Thus, the degree of WciZ-
mediated O-acetylation has a small but measurable effect on the opsonic titers induced
with PPV23.

DISCUSSION

In the past, serotype 15C capsule was thought to be nonacetylated based on
chemical and serological studies that are insensitive to small degrees of O-acetylation
(29, 30). Here, using antibodies targeting the O-acetyl group, we show that serotype
15C isolates express small and variable amounts of O-acetylation. We also demonstrate
that the number of TA repeats within wciZ affects the amount of capsular O-acetylation.
wciZ genes containing �1 TA repeat relative to the serotype 15B sequence [(TA)7 or
(TA)9] result in low (~0.1%) but detectable capsular O-acetylation by inhibition ELISA,
while wciZ genes containing two fewer TA repeats [(TA)6] result in almost undetectable
O-acetylation.

Based on the geometric mean of fluorescence intensities of Hyp15BG5 and fs15b
binding (normalized to pool H binding) by flow cytometry, O-acetylation of the
serotype 15C capsule was approximately 2% relative to serotype 15B, 20-fold higher
than the value calculated by inhibition ELISA. The difference may reflect confounding
factors in these assays. While flow cytometry is more biologically relevant because
binding is detected on intact cells and may predict opsonophagocytosis, the mean
fluorescence intensity (MFI) may be affected by confounding factors, such as pneumo-
coccal chain length. Since O-acetylation is relatively unstable, it is also possible that the
O-acetyl groups were reduced during preparation of lysates for the inhibition ELISA.
However, the inhibition ELISA produces reliable results; therefore, we have reported the
percent O-acetylation of serotype 15C capsule based on the ELISA data. Despite the
apparent discrepancy in percentages of serotype 15C O-acetylation amount by inhibi-
tion ELISA and flow cytometry, the trend of decreased but detectable O-acetylation in
serotype 15C capsule is confirmed in both immunoassays.

Although O-acetylation has been shown to alter physical and biological properties
of polysaccharide, O-acetylation of serotype 15B and 15C capsule had little effect on
biofilm formation, adhesion to tumor necrosis factor (TNF)-treated nasopharyngeal
cells, survival after drying, and nasopharyngeal carriage in mice. Some have reported
that cell activation by TNF can mask the nasopharyngeal cell adhesion differences
observed between bacterial strains under resting conditions (45); therefore, slight
differences may be observed between serotypes 15B, 15C, and 15X if adhesion were
tested under resting conditions. Taken together, however, these data suggest that
O-acetylation has little effect on the biological properties of serotype 15B and 15C
capsule. These data reinforce our recent observation that the effects of O-acetylation
are polysaccharide context dependent (12), and these data are consistent with epide-
miological studies, which found that both serotypes 15B and 15C are commonly found
in the nasopharynx (46).

To our surprise, we observed that the nonencapsulated and encapsulated strains
colonized mice equally well (Fig. 4). While this is discrepant from published literature
that suggests that capsule is important for colonization (47, 48), most colonization
studies have used laboratory strains, such as D39 or TIGR4, and their derivatives (47, 48),
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and very few studies have examined colonization in mice with recent clinical isolates.
Since proteins such as PspK or AliD are known to enable colonization of nonencapsu-
lated pneumococci (49), the specific clinical isolate background used here (BLS141) may
express molecules that aid colonization. We failed to detect the presence of pspK or aliD
in the BLS141 genomic background (data not shown). Further genomic studies may
identify new molecules providing an apparent colonization advantage.

Rajam et al. reported, based on a small number of vaccinated individuals (n � 7),
that PPV23 elicits high titers of opsonic antibodies against serotype 15B with almost
undetectable titers of opsonic antibodies against serotype 15C (31). This finding
strongly implied that serotype 15C replaces serotype 15B following vaccination with
serotype 15B capsular polysaccharide. However, when we examined a larger number of
sera from immunized individuals (n � 28), we found that PPV23-elicited antibodies
opsonized serotype 15B only slightly better than serotype 15C or 15X (1.6- and 2.1-fold,
respectively). These data suggest that a conjugate vaccine containing serotype 15B
polysaccharide would elicit antibodies targeting the O-acetyl group as well as cross-
reactive antibodies targeting the core structure of the capsular polysaccharide; there-
fore, it is unlikely that serotype 15C will expand. If the serotype 15B-containing
conjugate vaccine does cause expansion of serotype 15C, however, then serotype 15C
polysaccharide could be used instead to more equally target both serotypes, since
there was no compelling reason for choosing serotype 15B polysaccharide over sero-
type 15C polysaccharide when PPV23 was designed (50).

MATERIALS AND METHODS
Bacterial strains and growth conditions. The pneumococcal strains used in this study are listed in

Table 1. Clinical isolates were obtained from the Centers for Disease Control and Prevention (CDC),
Atlanta, GA; University of Alabama at Birmingham (UAB), Birmingham, AL; Korea University Guro Hospital,
Seoul, South Korea; Adolfo Lutz Institute, São Paulo, Brazil; Children’s Hospital of Pittsburgh, University
of Pennsylvania Medical Center, Pittsburgh, PA; and Wakayama Medical University, Wakayama, Japan.
Two reference isolates were obtained from Statens Serum Institut (SSI), Copenhagen, Denmark.

Pneumococci were routinely grown in Todd Hewitt broth with 0.5% yeast extract (THY) for liquid
culture and on blood agar plates (Remel) or THY agar plates with THY agar overlay for cultivation on solid
medium as previously described (51). Kanamycin (Km; 100 �g/ml) and streptomycin (Sm; 300 �g/ml)
were added to THY agar overlay where indicated. Liquid aliquots of mid-log culture supplemented to
16% glycerol were stored at �80°C as working stocks.

Genetic manipulation of pneumococci. Transformation of DNA constructs into pneumococcal
strains was performed as previously described (52, 53). Competence was induced in a parental pneu-
mococcal strain using 50 �g/ml CSP-1 and/or CSP-2 for 9 min at 37°C, and a 1:1 mixture of construct DNA
and lysate of the parental strain (prepared as described in reference 54) was added to the competent
pneumococcal cells and incubated for 2 h. Transformations were plated as described above with
antibiotic (Sm or Km) and 2,3,5-triphenyl tetrazolium chloride (TTC).

We created parental serotype 15B and 15C strains with an Sm resistance gene, rpsL (Smr), to facilitate
subsequent genetic modifications (55). rpsL (Smr) was amplified from strain BLS101 (12, 56) and
transformed as described above with selection for Sm resistance into serotype 15B clinical isolate
0556-97 to create strain BLS141 or into serotype 15C clinical isolate 3031-06 to create strain BLS142. We
detected no differences in the O-acetylation (fs15b) or capsular amount (pool H) between the parental
clinical isolates (0556-97 and 3031-06) and the transformed reference strains (BLS141 and BLS142,
respectively) by inhibition ELISA (see Fig. S1 in the supplemental material). Isogenic wciZ variants were
created in the BLS141 background and are summarized in Fig. 1 and Table 1.

A wciZ deletion strain was made by amplifying JS from TIGRJS lysate and homologous flanking
sequence from BLS141 lysate. The construct was assembled by overlap extension PCR and transformed
into BLS141 as described above to create the wciZ-null strain BLS143. Similarly, a cps deletion construct
(dexB-JS-aliA region amplified from TIGRJS lysate) was transformed into BLS141 to create BLS147.
Km-resistant BLS143 and BLS147 transformants were analyzed by PCR and flow cytometry for their
genetic and serological properties. To create a (TA)7 serotype 15C isolate in the BLS141 background,
3031-06 wciZ [(TA)7] was amplified from BLS142 lysate and transformed into BLS143 with selection for Sm
resistance, resulting in strain BLS157. A (TA)6 serotype 15C isolate was created in the BLS141 background
by amplifying the (TA)6 region from isolate ST1058/03 using primers 5256 and 3164. The remaining
portion of the gene was amplified from BLS141 to avoid two missense mutations found early in wciZ of
ST1058/03 using primers 5168 and 3229. These fragments were joined by overlap extension PCR, the
resulting construct was transformed into BLS143 with selection for Sm resistance, and the resulting strain
was named BLS171. Primers used to create these strains are detailed in Table S2. The Heflin Center
Genomics Core Laboratory at the University of Alabama at Birmingham performed DNA sequencing.

Detection of WciZ-mediated O-acetylation by inhibition ELISA. Inhibition ELISAs were performed
as previously described, with some modifications (57). Plates were coated with 0.25 �g/ml serotype 15B
polysaccharide (SSI; Copenhagen, Denmark) in phosphate-buffered saline (PBS) for 3 h at room temper-
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ature, washed, and blocked with 1% bovine serum albumin in phosphate-buffered saline with Tween
(PBST) for 30 min. Lysates used for inhibition were made by growing strains to an optical density at 600
nm (OD600) of 1.0 and lysing as described in reference 54. Half of each lysate was treated with 0.2 M NaOH
for 2 h at room temperature to hydrolyze the acetyl groups. Hydrolyzed and nonhydrolyzed lysates were
dialyzed against water overnight. Lysates were 10-fold serially diluted, added to the ELISA plates, and
allowed to incubate for 5 min before addition of either Hyp15GB5 or adsorbed fs15b. Factor serum was
adsorbed against heat-killed TIGRJS bacteria as described previously to remove antibodies targeting
other surface molecules, such as teichoic acids or surface proteins (54). Plates were shaken for a few
seconds to mix and incubated at room temperature for 2 h. After washing, either goat anti-rabbit Ig or
goat anti-mouse IgG secondary antibody conjugated to alkaline phosphatase (1/3,000 dilution for each;
Southern Biotech, Birmingham, AL) was added to plates and incubated for 30 min at room temperature.
After extensive washing, 1 mg/ml 4-nitrophenyl phosphate disodium salt hexahydrate (Sigma; St.
Louis, MO) was added, and color was allowed to develop for several hours before reading absor-
bance at 405 nm.

Flow cytometry analyses of bacterial strains. Serological properties of serotype 15B, 15C, and 15X
strains were determined by flow cytometry as previously described (11, 27, 58). Pool H and fs15b were
obtained from SSI (Copenhagen, Denmark), and normal rabbit serum was included as a negative control.
All sera were adsorbed against TIGRJS bacteria as described in reference 54. Hyp15BG5 and Hyp6BG9 are
monoclonal antibodies specific for serotypes 15B and 6B, respectively (32). Anti-mouse IgG and anti-
rabbit Ig secondary antibodies conjugated to phycoerythrin were used to detect binding by the
above-mentioned probes (1/5,000 and 1/1,000 dilutions, respectively; Southern Biotech; Birmingham,
AL). Data were collected on a BD Accuri C6 plus (San Jose, CA), and analysis was performed using FCS
Express software, version 6.

In vitro biological assays. Biofilm formation, adhesion to nasopharyngeal cells, and survival after
short-term drying were performed as previously described (44, 59–61) using BLS141 (15B), BLS157 (15C),
BLS143 (15X), and BLS147 (Δcps) isogenic strains. Biofilm formation was measured on polystyrene
surfaces and was quantified using crystal violet staining and spectrophotometric reading at OD540.
Biofilm experiments were performed eight independent times. Percent adhesion to Detroit 562 cells
(ATCC [Manassas, VA]) was quantified as the quotient of CFU after 1 h of incubation with TNF-treated
nasopharyngeal cells divided by CFU before 1 h of incubation with TNF-treated nasopharyngeal cells.
Data are represented as log10 fold change in adhesion from that of parental strain 15B. Each experiment
was performed three independent times in triplicate. Survival after drying was quantified by plating
bacteria in PBS on polystyrene surfaces, drying for 1 h, allowing further desiccation for 1 h, scraping the
bacteria from the surface, and quantifying the surviving CFU. Percent survival was calculated as the
quotient of the CFU surviving drying divided by the CFU added to the polystyrene plate initially. Data are
represented as log10 percent survival. Drying experiments were performed eight independent times.

Intranasal murine infections. Female 6-week-old BALB/cJ mice (The Jackson Laboratory, Bar Harbor,
ME) were infected intranasally in the left nare with 107 CFU of BLS141 (15B), BLS157 (15C), BLS143 (15X),
and BLS147 (Δcps) isogenic strains in 25 �l sterile PBS at day 0. Serotype 15B was given to 10 mice, but
all other strains were given to 9 mice each. At days 1, 3, 5, 7, 10, 14, 17, 20, and 25, nasopharyngeal lavage
fluid (NALF) was collected and the CFU were determined by serial dilution. NALF was collected by quickly
pipetting 10 �l PBS in and out of the left nare of the mouse. Mice were euthanized at the end of the
experiment on day 25.

In vitro opsonophagocytic killing assay. The in vitro opsonophagocytosis assay was performed as
described in reference 62 with sera from six unvaccinated humans and 28 humans immunized with
PPV23. All unvaccinated human sera were 2-fold prediluted, all postvaccination human sera were 20-fold
prediluted, fs15b was 225-fold prediluted, and Hyp15GB5 was 20-fold prediluted. Colonies were counted
using NICE software (63), and OIs were calculated using Opsotiter (A1.0 NICE) (62).

Statistical analyses. Statistical analysis was performed using Prism7 for Windows (version 7.02;
GraphPad Software, La Jolla, CA) as described in the figure legends.

Accession numbers. The multilocus sequence type (MLST) loci of 0556-97 and 3031-06 were
amplified according to reference 64, and strains and their sequence types were deposited in the
PubMLST database. The PubMLST numbers are presented in Table S1 in the supplemental material. The
full cps loci of 0556-97, 3031-06, BLS141, BLS142, BLS143, BLS147, BLS171, and ST1058/03 and the wciZ
region of clinical isolates MHI-224, MNZ161, 3933-06, and MNK1031 were sequenced and deposited in
GenBank. The accession numbers are presented in Table 1. The cps locus sequence of 0556-97 contains
differences from the published serotype 15B sequence in GenBank (accession no. CR931664.1) (65), and
the differences are summarized in Table S3.
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