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ABSTRACT Streptococcus pneumoniae expresses capsular polysaccharides (CPSs) to
protect itself from opsonophagocytic killing. The genes responsible for capsules synthe-
sized by the Wzy-dependent mechanism, which accounts for 96 of the 98 known pneu-
mococcal capsule types, are in a chromosomal region known as the cps locus. The nu-
cleotide sequence in this region has been determined for all serotypes. In contrast, not
all CPS structures have been defined. The structure of the serotype 35C polysaccharide
was recently reported, but the presence of O-acetyltransferase genes in the serotype
35C cps locus suggested that it could be incomplete, as the reported structure con-
tains no O-acetylation. In addition, the genetic distinction of serotype 35C from the
closely related serotype 42 was unclear, as their reported cps loci are nearly identical. To
clarify these discrepancies, we obtained serotype 35C and 42 clinical and reference
isolates and studied their serological and genetic properties, as well as the struc-
tures of CPSs purified from reference isolates. We demonstrated that the O-
acetyltransferase WciG was functional in serotype 35C but nonfunctional in serotype
42 due to a deletion in wciG. Serotype 35C was O-acetylated at the 5- and
6-positions of 3-�-galactofuranose, as well as the 2-position of 6-�-galactofuranose.
However, serotype 42 has only O-acetylation at 3-�-galactofuranose, an observation
consistent with its loss of WciG functionality, which is associated with O-acetylation
at the 2-position and subsequent reaction with typing antiserum 35a. These findings
provide a comprehensive view of the genetic, biochemical structural, and serological
bases of serotypes 35C and 42.
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Streptococcus pneumoniae (the pneumococcus) is a major human pathogen frequently
responsible for pneumonia, as well as sepsis and meningitis. Despite the availability of

vaccines and antibiotics, pneumococcal infections remain a significant cause of morbidity
and mortality: pneumococcal infections account for �11% of all worldwide deaths of
children younger than 5 years old (1). As a species, pneumococci can express at least 98
chemically and serologically distinct capsule types (serotypes) (2, 3), but only a subset of
these is frequently observed in sepsis and meningitis, which together are termed invasive
pneumococcal diseases (IPDs). Pathogenic pneumococcal isolates from patients with IPDs
almost always express polysaccharide capsules (4), which shield pneumococci from host
immunity and dramatically increase their virulence (5).

The capsule is also the primary interface with the host, and antibodies against the
capsule are protective. The highly successful pneumococcal conjugate vaccines (PCVs)

Received 23 May 2017 Returned for
modification 15 June 2017 Accepted 26
June 2017

Accepted manuscript posted online 28
June 2017

Citation Geno KA, Bush CA, Wang M, Jin C,
Nahm MH, Yang J. 2017. WciG O-
acetyltransferase functionality differentiates
pneumococcal serotypes 35C and 42. J Clin
Microbiol 55:2775–2784. https://doi.org/10
.1128/JCM.00822-17.

Editor Paul Bourbeau

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Moon H. Nahm,
nahm@uab.edu, or Jinghua Yang,
yangjh@im.ac.cn.

BACTERIOLOGY

crossm

September 2017 Volume 55 Issue 9 jcm.asm.org 2775Journal of Clinical Microbiology

http://orcid.org/0000-0002-1514-6374
https://doi.org/10.1128/JCM.00822-17
https://doi.org/10.1128/JCM.00822-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:nahm@uab.edu
mailto:yangjh@im.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1128/JCM.00822-17&domain=pdf&date_stamp=2017-6-28
http://jcm.asm.org


are designed to elicit antibodies to the serotypes causing high rates of IPD. Widespread
vaccination has removed the vaccine-targeted serotypes from both asymptomatic
carriage (6) and IPD (7), but clearance of these serotypes from nasopharyngeal carriage
has increased the relative prevalence of rarer serotypes such as serotype 35B (8, 9).
Thus, serotypes that are currently rare may become more widespread after implemen-
tation of subsequent generations of conjugate vaccines.

Because vaccines must target serotypes that are prevalent in the populations that
will receive the vaccine, it is essential to accurately monitor the distribution of pneu-
mococcal serotypes in IPD. For example, after the 7-valent conjugate vaccine, which
contains serotype 6B, was introduced, it appeared that serotype 6A rose in prevalence
rather than being eliminated through cross-reactive immunity to serotype 6B. Through
the use of monoclonal antibodies, it was determined that the increasing serotype was
in actuality a previously unrecognized serotype, 6C and that serotype 6A had dimin-
ished as expected (10). Accurate epidemiology requires a comprehensive understand-
ing of the structural and serologic bases of pneumococcal capsules in order to
distinguish closely related serotypes. As indirect serotyping based on genetic se-
quences continues to replace traditional Quellung serotyping in popularity, it has
become essential to understand the genetic bases differentiating serotypes as well.

While extensive studies of the capsule have led us to fully understand these relation-
ships for most serotypes (2, 3), serotypes 35C and 42 are an exception. Antigenically, they
are closely related, sharing most serological reactivities and differentiated by only factor
serum 35a, which is reactive with serotype 35C but not serotype 42 (Table 1). Despite
distinct immunological profiles, their reference cps loci are nearly identical (see Table S1 in
the supplemental material) and contain the same genes in the same arrangement, with two
intact O-acetyltransferase genes (wcjE and wciG [see Fig. 2A]) (11). However, biochemical
studies showed that serotype 42 capsular polysaccharide (CPS) has two O-acetylations on
its 3-linked �-galactofuranose (Galf) (12, 13), while a commercial serotype 35C capsule
preparation contained no O-acetylation (13). In addition, both serotypes are known to bind
ficolin-2, which targets O-acetyl groups in some pneumococcal serotypes (14). Taken
together, these data suggest that our understanding of these serotypes is incomplete.
Seeking to resolve these inconsistencies, we investigated the genetic, biochemical, and
immunologic differences of the two serotypes.

RESULTS
Immunologic studies of isolates typed as serotypes 35C and 42. We obtained

nine strains putatively assigned as serotype 35C and one putatively assigned as
serotype 42 from the U.S. Centers for Disease Control and Prevention (CDC) (Table 2).
This represents their entire inventory of these serotypes, as serotypes 35C and 42 are
currently exceedingly rare in the United States (7, 15). We then characterized the
serologic properties of these isolates with a flow cytometric serotyping assay using the
commercial typing antisera listed in Table 1. Staining of the two reference isolates is
shown in Fig. 1, which is representative for the remaining isolates. Pool G typing
antiserum, which recognizes serotypes 35C and 42 (15), strongly stained all putative
35C and 42 isolates. Each isolate was positive for factor sera 35c and 42a, whereas
binding by factor sera 35b and 29b was at or below the levels of the irrelevant serotype

TABLE 1 Accepted reactivities of serotypes 35C, 42, and 4 with antisera and antigenic
formulae of these serotypes

Serotype

Reactivitya

Antiserum pool G

Factor serum

35a 35b 35c 29b 42a

35C � � – � – �
42 � – – � – �
4 – – – – – –
a�, Reaction; –, no reaction.
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control (serotype 4 strain TIGR4), which represents binding by noncapsular antibodies
in these reagents. Factor serum 35a is the sole reagent that distinguishes serotypes 35C
and 42 (Table 1), and indeed it reacted with all putative serotype 35C isolates but not
SP155, the serotype 42 reference isolate. Thus, SP155 was the sole isolate with the
serotypic features associated with serotype 42.

Genetic basis of serotype 42. We recently reported that functionality of the
putative O-acetyltransferase WciG is associated with factor serum 35a recognition in
serogroup 35 (3). Since serotype 42 is serologically identical to serotype 35C except for
recognition by factor serum 35a, we hypothesized that wciG of serotype 42 may have
inactivating mutations. Indeed, upon sequencing serotype 42 isolate SP155, we found
that the cps locus contains a single nucleotide deletion in wciG that results in frameshift
and premature termination at residue 105 of 333 (Fig. 2B). Inactivation of wciG is
consistent with the presence of only a single acetylated residue of the serotype 42
polysaccharide repeat unit, putatively mediated by WcjE, in the other reported serotype
42 structures (12, 13). The wciG genes of all isolates serologically classified as serotype
35C encoded an intact WciG (see Table 2 for accession numbers).

TABLE 2 Strains used in this study

Straina

Putative
serotype

FCSAb

serotype
wciG
status

GenBank
accession no. Sourcec

Reference isolates
SP147 35C 35C Intact KY091876 CDC
SP155* 42 42 Disrupted KY009533 CDC
TIGR4 4 4 NAd NC_003028 ATCC

Clinical isolates
5705-06† 35C 35C Intact KX470740 CDC
PATH1895 35C 35C Intact KY091869 CDC
PATH1896 35C 35C Intact KY091870 CDC
PATH1901 35C 35C Intact KY091871 CDC
PATH2897 35C 35C Intact KY091872 CDC
PATH4040 35C 35C Intact KY091873 CDC
PATH4191 35C 35C Intact KY091874 CDC
PATH4348 35C 35C Intact KY091875 CDC

Laboratory-derived strains
KAG1017†e KY124245 This study
KAG1021*f This study

a*, The mnp2 gene in strains SP155 and KAG1021 encodes 14637A¡G with respect to the reference serotype
35C cps locus (GenBank accession no. CR931706); †, the mnp2 genes in strains 5705-06 and KAG1017
correspond to CR931706.

bFCSA, flow cytometric serotyping assay.
cCDC, Centers for Disease Control and Prevention, Active Bacterial Core surveillance, Atlanta, GA; ATCC,
American Type Culture Collection, Manassas, VA.

dNA, not applicable.
e5705-06ΔwciG.
fSP155 aliA::pKAG2008; aliA� wciG�.

FIG 1 Serological analysis of putative serotype 35C and 42 reference isolates. Indicated strains were
assayed by flow cytometric staining for binding to the indicated typing antisera. Gray shading represents
binding to TIGR4, which does not contain the indicated antigens (see Table 1) and represents binding by
antibodies in these reagents directed against epitopes other than the capsule.
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Across the coding sequence of the cps locus, SP155 encodes only one other deviation
from the serotype 35C reference sequence (GenBank accession no. CR931706), a polymor-
phism in mnp2, which results in a missense substitution at amino acid 358 of 359
(G358R with respect to GenBank accession no. CR931706). Although it seemed unlikely
that the mnp2 polymorphism accounted for the phenotype, to confirm that wciG
functionality was responsible for the observed serologic differences, we created a
wciG-null mutant in the serotype 35C strain 5705-06 (Fig. 3). This strain, KAG1017, did
not react with factor serum 35a and was serologically typed as serotype 42. To perform
the complementary experiment, we introduced a functional wciG into the SP155
genome; the resulting strain, KAG1021, reacted with factor serum 35a and thus became
serologically 35C (Fig. 3). Therefore, WciG functionality is the determinant distinguish-
ing serotype 35C (functional WciG) from serotype 42 (nonfunctional WciG). Since WciG
mediates O-acetylation in serotype 35B (3), this result suggested that CPS35C was
O-acetylated and that the reported structure of CPS35C (13) was incomplete.

Structural differences between CPS35C and CPS42. To characterize the O-acetylation
of the serotype 35C and 42 capsules, capsular polysaccharides were purified from
isolates SP147 (serotype 35C) and SP155 (serotype 42) (Table 2), and their structures
were determined by high-resolution nuclear magnetic resonance (NMR) spectroscopy.
The NMR spectra and complete chemical shift assignments are presented in Fig. 4 and
5 and Tables 3 and 4. The 1H-13C heteronuclear single quantum coherence (HSQC)
spectra of these polysaccharides matched well with those of a commercial CPS42
preparation (13) with the exception of peaks corresponding to residue C (6-�-Galf) in
serotype 35C, which were shifted and suggested differences at this residue in serotype
35C (capital letters, e.g., “C,” represent the residues in capsular polysaccharides and are
underlined to distinguish these from carbon atoms).

The acetyl/methyl regions of HSQC (Fig. 5) clearly demonstrated the distinct differ-
ence between the two polysaccharides. CPS from SP147 had two O-acetyl peaks at the
same chemical shifts as those of the SP155 CPS but contained an additional peak at
2.140 ppm in 1H/21.12 ppm in 13C absent in SP155 (Fig. 5A). The site of this unique
O-acetyl/methyl group was determined using standard NMR scalar coupling correla-
tions. As noted above, the chemical shifts observed for other residues were identical in

FIG 2 Genetic and structural differences between serotypes 35C and 42. (A) Arrangement of structure-determining
genes in the published cps loci of S. pneumoniae serotypes 35C (accession no. CR931706) and 42 (accession no.
KY009533). The red “X” in wciG of cps42 reflects our finding in this study that wciG of serotype 42 is defective. (B)
Comparison of nucleotide and amino acid sequences of wciG genes. The differences between the two sequences are
highlighted in red. In cps42 of SP155, deletion of a single nucleotide “a” after nucleotide 16383 results in premature
termination of WciG translation. Numbering is with respect to GenBank accession no. CR931706. (C) Complete structures
of serotype 35C and 42 polysaccharides as determined by NMR spectroscopy. The uppercase letters in the structures
indicate the residues whose 1H and 13C chemical shifts are given in Table 3 and in the text. The sole difference between
the two polysaccharides is the O-acetylation at 2-position of residue C, which is highlighted in red.
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these polysaccharides (Table 3 and Fig. 4); thus, the unique feature of serotype 35C
must arise from O-acetylation of residue C. In all resonances of this residue, the peak at
5.192 ppm in 1H/106.70 ppm in 13C was characteristic of an anomeric center. HSQC-
total correlation spectroscopy (TOCSY) showed cross peaks between 5.192 ppm (C1-H)
and 84.40 ppm (C2-C) and 76.41 ppm (C3-C). The former peak was correlated with the
resonance at 4.990 ppm (C2-H), and the latter peak was correlated with the resonance
at 4.250 ppm (C3-H) by double-quantum-filtered coherence spectroscopy (DQF-COSY).
The assignments of the other resonances overlapped with those of the unacetylated
residue C (13). In addition, this O-acetyl/methyl group resonance was correlated with
the carbonyl carbon resonance at 174.13 ppm, which in turn showed a cross peak to
4.990 ppm (C2-H) (Table 4). These results suggested that the unique spectrum of
serotype 35C represented an O-acetyl group at the 2-position of residue C (C2). This
position was 100% O-acetylated since only one peak appeared at 4.990 ppm of C2-H in
CPS35C of SP147 in the HSQC spectrum (Fig. 4A). We found no evidence of this
O-acetylation in serotype 42, where the peak at 4.138 ppm of C2-H represented
unacetylated form (Fig. 4B).

Both polysaccharides were O-acetylated at residue A (Fig. 5). The two O-acetyl peaks
at 2.156/21.18 and 2.096/21.03 in 1H/13C represented di-O-acetyl groups at 5- and
6-positions of residue A (3-�-Galf). The relative heights of these peaks in the HSQC
spectra suggested 100% di-O-acetylation forms in both; however, in our previously
reported structure of commercial serotype 42 polysaccharide, there was one form with
54% O-acetylation at both A5 and A6, a second form with 30% acetylation at A6, and
a third form without acetylation (13).

As shown in Fig. 2C, the completed structure of serotype 35C contains O-acetylation
at the 2-position of 6-�-Galf and 5- and 6-positions of 3-�-Galf. Serotype 42 lacks
O-acetylation on 3-�-Galf because of its nonfunctional WciG.

FIG 3 Serological panel demonstrating that WciG functionality differentiates serotypes 35C and 42. The indicated strains were assayed by
flow cytometric staining for binding to the indicated typing antisera. Gray shading represents binding to TIGR4, which does not contain
the indicated antigens (see Table 1) and represents binding by antibodies to noncapsular epitopes.
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DISCUSSION

We demonstrated here the genetic, biochemical, and serological bases for serotypes
35C and 42 and revealed that WciG functionality distinguishes these closely related
serotypes. Serotype 35C encodes two functional O-acetyltransferases, WciG and WcjE,
whereas serotype 42 encodes functional WcjE but a nonfunctional WciG. The chemical
structures suggest that WcjE acetylates the 5- and 6-positions of 3-�-Galf in the
polysaccharides of both serotypes. This is consistent with other reports of O-acetylation
in serotypes 20, 31, 33A, 35A, and 47A (2), which also carry wcjE (11, 16). Thus, WciG
acetylates the 2-position of the 6-�-Galf in the serotype 35C repeat unit, and 2-OAc-
�Galf (“OAc” represents O-acetylation) is essential for factor serum 35a recognition. This
is supported by the recent report of serotype 35D, which is a WciG-deficient variant of
serotype 35B and also fails to bind factor serum 35a (3). The presence of wciG in the cps
locus is associated with 2-OAc-�Galf in many serotypes for which the structures are
known (2, 11).

FIG 4 Anomeric and central regions of multiplicity-edited HSQC spectra of serotype 35C (A) and serotype
42 (B) polysaccharides. The chemical shift of 1H in residue C at the 2-position (C2, red circle) is affected by
O-acetylation.
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The completed structure of the serotype 35C polysaccharide explains and rec-
onciles the genetic, biochemical and serologic characteristics of serotypes 35C and
42. We previously reported the structure of a commercial preparation of CPS35C,
which had no O-acetylation (i.e., �10%) (13). We speculated that the commercial
preparation was purified under different conditions and may not have preserved
the capsular O-acetylation. However, it is unclear whether these differences were due
to strain-to-strain variation or to differences in cultivation or capsular purification since
O-acetyl groups are somewhat labile. In addition, our results suggest that the previ-
ously reported DNA sequence of serotype 42 cps locus (GenBank accession no.
CR931715), which contains an intact wciG, appears to have been obtained from a

TABLE 3 Residue-by-residue comparison of HSQC 1H and 13C chemical shift of S. pneumoniae serotype 35C and 42 polysaccharides

Polysaccharide
(isolate source) Residue/structure

Chemical shift (ppm)a

1-H, 1-C 2-H, 2-C 3-H, 3-C 4-H, 4-C 5-H, 5-C 6-H, 6-C

35C (SP147) A/3-�-Galf 5.360 4.457 4.109 4.540 5.540 4.322, 4.362
108.80 79.64 85.50 82.17 70.87 64.29

42 (SP155) 5.361 4.457 4.108 4.540 5.542 4.322, 4.362
108.80 79.63 85.49 82.18 70.87 64.29

35C (SP147) B/3-�-Galp 4.692 3.824 4.241 4.231 3.721 3.763
103.55 73.06 76.76 68.21 75.25 61.41

42 (SP155) 4.703 3.820 4.243 4.229 3.722 3.765
103.57 73.07 76.80 68.20 75.25 61.41

35C (SP147) C/6-�-Galf 5.192 4.990 4.250 4.072 4.071 3.769, 4.073
106.70 84.40 76.41 84.66 70.48 72.31

42 (SP155) 5.054 4.138 4.091 4.019 4.031 3.763, 4.074
108.78 81.70 77.57 83.91 70.57 72.25

35C (SP147) D/3-�-Glcp 4.556 3.443 3.663 3.406 3.489 3.724, 3.922
103.37 74.54 81.92 68.77 76.72 61.52

42 (SP155) 4.551 3.443 3.664 3.406 3.494 3.726, 3.924
103.35 74.54 81.92 68.77 76.71 61.54

35C (SP147) E/3-�-Glcp 5.542 3.504 3.829 3.335 4.087 3.721, 3.912
97.82 72.63 73.69 70.85 72.58 61.75

42 (SP155) 5.542 3.513 3.829 3.333 4.090 3.726, 3.913
97.82 72.62 73.69 70.85 72.58 61.76

35C (SP147) F/1-Manol-6 3.669, 4.020 3.873 3.873 3.876 3.876 4.102, 4.161
70.02 69.67 70.19 70.38 69.14 68.00

42 (SP155) 3.764, 4.031 3.868 3.878 3.877 3.875 4.097, 4.158
70.52 69.72 70.26 70.39 69.12 67.97

aChemical shifts of polysaccharides were recorded at 25°C. Pairs of values separated by a comma are H, H= values. Underlined numbers indicate O-acetylated
positions, and numbers in boldface indicate di-O-acetylated positions.

FIG 5 1H-13C HSQC spectra in the O-acetyl methyl regions of serotype 35C (A) and serotype 42 (B)
polysaccharides. Chemical shifts of these peaks are listed in Table 4. This peak at 2.140/21.12 ppm is
assigned O-acetylation at 2-position of residue C (OAc-C2), which is clearly present in serotype 35C but
completely lost in serotype 42. Both isolates contain full O-acetylation at the 5- and 6-positions of residue
A (di-OAc-A5 and di-OAc-A6).
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serotype 35C isolate that was mistyped as serotype 42. Because serological discrimi-
nation of the two closely related serotypes relies on a single reagent (factor serum 35a)
targeting a labile and possibly variable modification, serotype 35C may be easily
mistyped as serotype 42 or vice versa (11). Indeed, serotype 42 was the most frequent
incorrectly assigned serotype in a study of serology-based serotyping in Europe,
assigned as serotype 35C by half the laboratories tested (17); serotype 35C was not
included in the study. In addition, some serotype 35C isolates might inherently express
reduced amounts of O-acetylation due, presumably, to the influence of elements
outside the cps locus resulting in weak factor serum 35a recognition and the recording
of a negative result. Further studies of serotype 35C isolates may provide additional
insights into this common case of mistaken identity.

Elucidation of the genetic basis for serotype 42 will directly assist studies of
pneumococcal epidemiology. Continuous monitoring of pneumococcal serotype epi-
demiology is vital to understanding the impact of PCVs since their efficacy depends on
pneumococcal serotype distributions, and PCVs have altered distributions of pneumo-
coccal serotypes. Serotypes are increasingly determined indirectly by genotyping;
indeed, the CDC currently identifies pneumococcal serotypes of isolates obtained
through their Active Bacterial Core surveillance (ABCs) program by analysis of genetic
sequences obtained by whole-genome sequencing. Our information should enable the
CDC and others to easily distinguish serotypes 35C and 42, which are difficult to
distinguish even with typing antisera.

Historically, serotype 42 was excluded from serogroup 35 because it did not react
with factor serum 35a and, according to the tradition of the Danish naming system, a
member of any serogroup should react with factor serum “a” of the serogroup. Given
the close relationship between serotypes 35C and 42, it could be reasonable to consider
serotype 42 as a member of serogroup 35. However, as our understanding of the
genetic, structural, and serological relationships between serotypes evolves, relation-
ships of the serotypes seem likely to become more muddied still, and it is more
important to be aware of the limitations of the classical nomenclature than it is to
ensure that a given serotype has the “correct” name.

Acetyl groups are often the epitopes of antibodies. They are the targets of many
serotyping reagents, innate immune molecules (e.g., ficolin-2 [14, 18] and siglecs [19]),
and vaccine-elicited antibodies (20). Pneumococcal cps loci harbor many acetyltrans-
ferase genes (11), and several serogroups contain serotype pairs: one with a functional
transferase and the other with nonfunctional transferase. For example, WcjE-positive
and -negative pairs have been observed in serogroups 9, 11, and 33 (11, 21). wciG is
carried by 13 serotypes, including serotype 42 and every member of serogroup 35 (11),
and wciG functionality differentiates serotype 35B from the recently identified serotype
35D (3, 22). Thus, wciG functionality may be an as-yet-unexplored mechanism of
significantly increasing capsule diversity among pneumococci. Since O-acetylation of
polysaccharides is an important modification in many bacteria, such as Shigella spp. (23,
24), Salmonella spp. (25), Neisseria meningitidis (26–28), and Streptococcus agalactiae
(29), it would be beneficial to systematically study variation in O-acetyltransferase
functionality in many bacterial species.

MATERIALS AND METHODS
Strains and growth conditions. The strains used in this study are indicated in Table 2. Pneumococci

were grown on blood agar plates overnight at 37°C with 5% CO2. Plated bacteria were inoculated into

TABLE 4 O-acetyl groups identified in the serotype 35C polysaccharide

Position on residuea

Chemical shift (ppm)

Methyl 1H Methyl 13C Carbonyl 13C Link 1H

6-di-OAc on residue A 2.096 21.03 174.70 4.322, 4.362
5-di-OAc on residue A 2.156 21.18 174.42 5.540
2-OAc on residue C 2.140 21.12 174.13 4.990
aThe number indicates position of the carbon atom on sugar residues. Residue A is 3-�-galactofuranose, and
residue C is 6-�-galactofuranose in the serotype 35C repeat unit. OAc, O-acetylation.
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Todd-Hewitt broth (Difco) with 5% yeast extract (THY). Glycerol stocks were prepared by mixing two
parts culture with two parts fresh THY and one part 80% glycerol and freezing at �70°C in aliquots.
Transformations were plated on THY agar plates and overlaid with THY agar containing 25 �g/ml
2-,3-,5-triphenyltetrazolium chloride to aid visualization of colonies. When specified, THY broth and THY
overlay were supplemented with spectinomycin (100 �g/ml) or erythromycin (0.3 �g/ml).

FCSAs. Flow cytometric serotyping assays (FCSAs) were performed as previously described (3) using
frozen glycerol stocks as prepared above by staining bacteria with the indicated reagents, washing by
centrifugation, and staining with secondary antibodies. Commercial typing antisera and factor sera (Table
2) were obtained from Statens Serum Institut (SSI, Denmark) and used at a 1:10,000 final dilution prior
to detection with a phycoerythrin-conjugated anti-rabbit secondary antibody (product 4010-09; South-
ern Biotech, Birmingham, AL) at a final dilution of 1:1,000. After washing, stained bacteria were read on
a BD FACSCalibur.

DNA sequencing. DNA sequencing was performed by the Heflin Center for Genomic Science at the
University of Alabama at Birmingham using Sanger sequencing, except for strain SP155. SP155 was
sequenced and assembled by the Centers for Disease Control and Prevention Active Bacterial Core
surveillance program using Illumina sequencing and VelvetOptimiser.

Genetic manipulations. Primers used in this study are presented in Table S2 in the supplemental
material. wciG was deleted in serotype 35C strain 5705-06 through allelic exchange with the aad9
spectinomycin resistance gene. Briefly, fragments of upstream and downstream flanking homology of
the cps locus were amplified from prepared chromosomal DNA using primer sets 5163/3184 and
5230/3160 with homology at the 3= and 5= ends, respectively, to aad9. aad9 was amplified from
pCLT1242 (30) using the primer set 5229/3184. Fragments were connected by overlap extension PCR and
transformed into pneumococci as previously described (3) with selection for spectinomycin resistance,
yielding strain KAG1017. The surrounding region was sequenced to verify that only the desired sequence
was affected. Strain SP155 was complemented for wciG by insertion of 5705-06 wciG downstream of aliA
using a pneumococcal suicide vector as previously described (3). The resulting strain, KAG1021, was
sequenced in the affected region to verify correct insertion of the plasmid.

Biochemical studies. Capsular polysaccharides of SP155 and SP147 were purified by ethanol
precipitation and anion-exchange chromatography as previously described (31) with the exception that
dialysis was performed against 5 mM Tris-HCl at pH �7 rather than at pH 7.4, with a subsequent
purification by size exclusion chromatography over Sephacryl S300 resin. After each purification, poly-
saccharide was detected by an inhibition enzyme-linked immunosorbent assay (ELISA) in which poly-
saccharide in purification fractions competed against plate-bound serotype 35C polysaccharide (SSI) for
binding of factor serum 42a (used at 1:2,700 dilution). Polysaccharide-containing fractions were pooled,
dialyzed against water, and lyophilized.

NMR spectroscopy. NMR studies were performed as previously described (13) with native polysac-
charides. Prior to NMR, polysaccharides (3 to 10 mg) were lyophilized twice from 99.8% D2O and taken
up in 99.996% D2O. Spectra were recorded at 25°C in Bruker Avance spectrometers running Topspin 3
software at 500 and 600 MHz. All proton and carbon chemical shifts were referenced relative to internal
acetone using � 1H � 2.225 ppm and � 13C � 31.07 ppm.

Multiplicity-edited HSQC was used to distinguish methylene from methine groups, which was useful
for identification of C6 groups of hexoses, as well as C1 and C6 groups of alditols in polysaccharides. The
common homonuclear two-dimensional NMR methods of DQF-COSY, TOCSY, and nuclear overhauser
effect spectroscopy (NOESY) were augmented by the hybrid method HSQC-TOCSY, which, in the
crowded carbohydrate spectra, was enhanced by high digital resolution in the indirect dimension (13C).
A second hybrid pulse sequence, HSQC-NOESY, also recorded at high digital resolution in 13C, was
especially valuable for correlating C5 of �-Galp with H1 and H4. Heteronuclear multiple bond correlation
(HMBC) spectra were used for identifying linkage positions and assignments of residues. All NMR data
were processed by NMRpipe and NMRDraw (NMRScience) with analysis by NMRview (One Moon
Scientific).

Accession number(s). All relevant nucleotide sequences were submitted to GenBank under the
accession numbers presented in Table 2.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JCM
.00822-17.
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