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EVOLUTION OF PNEUMOCOCCAL SEROGROUP 6
PRESTON EUGENE BRATCHER
MICROBIOLOGY
ABSTRACT

Serogroup 6 of Streptococcus pneumoniae has been known to contain three
serotypes, named 6A, 6B and 6C, with highly homologous capsule gene loci. The 6A and
6B capsule gene loci consistently differ from each other by only one nucleotide in the
wciP gene. The 6A capsule gene locus has a galactosyltransferase (wciN,), which has
been replaced with a glucosyltransferase (wcilNg) in the 6C capsule gene locus. We
considered that a new serotype, 6D, would be possible if the glucosyltransferase found in
6C strains was combined with the wciP gene from a 6B strain. We demonstrate that this
gene combination yields a viable pneumococcal strain and that the capsular
polysaccharide (PS) from this strain has the predicted chemical structure and serological
similarity to the capsular PS of the 6B serotype. The new 6D serotype can be
distinguished from serotype 6B strains with a set of mAbs, and by using these mAbs, we
were able to discover two 6D isolates obtained from Korea. Therefore, the novel 6D
serotype is structurally unique and clinically relevant. After the discovery of 6C and the
novel 6D, it became necessary to reexamine the evolution relationship of serogroup 6. In
addition to supporting the conclusions from previous studies, the results presented in this
study have allowed us to build a hypothetical model for serogroup 6 evolution. By
analyzing sequences of a diverse set of 6C strains, we hypothesize that the cps loci from
all these strains have a single origin, due to their low level of diversity. While the source

of the foreign gene incorporated into a serogroup 6 strain to create 6C is still unknown,



our results provide evidence that the source of this gene in 6D was from a 6C strain.
Furthermore, through MLST analysis we have examined the mechanism of the well-

documented expansion of serotype 6C post common use of the PCV-7 vaccine.
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INTRODUCTION

Streptococcus pneumoniae is a gram positive bacterium commonly found
asymptomatically colonizing the human nasopharynx, which is its natural niche as an
obligate human bacterium. S. pneumoniae can, however, invade further into the body,
causing diseases such as otitis media, pneumonia, sepsis, and meningitis (Kaijser, 1979).
Pneumococcal disease is most common in populations with weak immune systems,
mainly children, the elderly, and the immunocompromised (Lynch & Zhanel, 2009). In
order to persist and disseminate from its natural reservoir, the pneumococcus has evolved
several colonization/virulence factors which facilitate the persistence in and
dissemination from its natural reservoir. Amongst these factors are antibiotic resistance,
the ability to form biofilms, an IgA protease, three surface-bound exoglycosidases, a
pneumolysin, natural competence, and the polysaccharide capsule (Kadioglu et al.,
2008). The last of these is thought to be one of the most important of these factors, if not
the most important, as unencapsulated variants are avirulent in animal models of disease
and are unable to colonize the upper respiratory tract in animal models (Magee & Yother,
2001; Morona et al., 2004). Additionally, the majority of disease isolates possess a
capsule.

The pneumococcus coats itself with a polysaccharide capsule, which is thought to
function by shielding the bacterium from recognition by the host. This includes reducing
inflammation in the host and a reduction in opsonophagocytosis (Avery & Dubos, 1931;
Tuomanen et al., 1985). Each bacterium produces a capsule of a single structure
(referred to as a serotype), and at least 93 unique structures have been discovered so far

(Bratcher et al., 2009; Calix & Nahm, 2010; Henrichsen, 1995; Park et al., 2007b). Some
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of these structures are very closely related, both serologically and structurally, and these
closely related types are said to belong to the same serogroup.

For 91 of the 93 known serotypes, all genes responsible for the synthesis of the
polysaccharide capsule are found at a single locus in the genome between the dexB and
alid genes. This locus is referred to as the capsular polysaccharide synthesis (cps) locus.
Downstream of the dexB gene are four capsule regulatory genes, wzg, wzh, wzd, and wze
(or cpsABCD), which are common to the 91 serotypes. Downstream of the regulatory
genes are the genes responsible for building the specific capsule repeating unit, a flippase
(wzx), a polymerase (wzy), as well as genes necessary for synthesizing necessary
precursors for building the capsule repeating unit. Interestingly, these central region,
capsule-specific genes have a lower G+C content than the average for the pneumococcal
genome and the capsule regulatory genes, suggesting they may have originated from a
foreign source. Downstream of the central region and upstream of ali4, 40 serotypes
have four genes responsible for rhamnose synthesis, and these genes all have the average
pneumococcal G+C content (Bentley ef al., 2006).

Because the pneumococcal capsule is shielding the bacteria’s surface, it is the
main antigen presented to the host, and it has been shown that natural colonization results
in antibodies specific to the capsule type present (Musher ef al., 1997). It may be
because of this capsule-specific protective response that pneumococci have diversified
the structures of their capsular polysaccharides to such an extent. This same strategy of
raising antibodies against the capsule is used today for immunizations to protect against
pneumococcal infections. Currently used vaccines contain purified capsule to create

serotype-specific protection in immunized people. PPV-23 (Pneumovax) contains
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capsular polysaccharide from 23 different serotypes, but is only effective in adults, as
children do not respond well to T cell-Independent antigens (Barrett, 1985). For children,
polysaccharide conjugated to a diphtheria toxid is used to induce protective immunity,
and the conjugate vaccine, PCV-7 (Prevnar), contains capsular polysaccharide from
seven serotypes (Rennels et al., 1998). PCV-10 (Synflorix), which is licensed in Europe,
contains ten polysaccharides, eight of which are conjugated to non-typeable Haemophilus
influenzae protein D (Prymula & Schuerman, 2009). Recently, a 13-valent conjugate
vaccine was licensed in the United States (2010).

The 93 known serotypes are not equally prevalent in carriage and infections.
Therefore, vaccines only incorporate polysaccharides from the most prevalent serotypes
in order to increase effectiveness in reducing disease. For example, polysaccharide from
serotype 6B is included in PPV23, PCV-7, PCV-10, and PCV-13. Both established
members of serogroup 6, 6A and 6B, are prevalent in both carriage and disease, and
immunization with 6B polysaccharide is thought to produce a response that is cross-
protective against 6A infection (Gould et al., 1987; Inostroza et al., 1998; Vakevainen et
al.,2001). Because of the prevalence of serogroup 6 isolates worldwide, this serogroup
has been well studied epidemiologically, biochemically, and genetically. Biochemically,
the repeating units of the two polysaccharides have closely related structures; the 6A PS
repeating unit has the structure of [—2) galactose (1—3) glucose (1—3) rhamnose (1—3)
ribitol (5—phosphate] (Figure 1). The 6B repeating unit differs only in the rhamnose-
ribitol linkage, which is (1—4) in 6B (Kenne et al., 1979; Rebers & Heidelberger, 1961).

Genetically, they are also closely related, with the only conserved difference between the
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abbreviated as follows: glucose (glc), galactose (gal) and rhamnose (rha).
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two serotypes being a SNP in the wciP gene, which codes for the rhamnosyltransferase
(Figure 2). All 6A strains contain a G at nt 584 of wciP [resulting in a serine at residue
195 (referred to as wciP,)], while all 6B strains have an A at this location [resulting in an
asparagine at residue 195 (referred to as wciPp)]. It is interesting to note that there seems
to be two divergent classes of serogroup 6 sequences, which have around 5.4%
divergence between them, with both 6A and 6B equally containing what will be referred
to as class 1 sequences and 6B alone containing class 2 sequences. In addition to the
sequence divergence between the two classes, the majority of class 2 sequences contain a
putatively nonfunctional region of ~300 bps referred to as the INDEL sequence
(Mavroidi ef al., 2004).

In 2006, a study to validate a multiplex serotyping assay led to the discovery of a
subtype within the collection of 6A strains which had a different monoclonal antibody
binding profile than 6A, while genetically containing wciP, (Lin et al., 2006).
Biochemical analysis revealed that this subset has a unique repeating unit structure, with
a glucose replacing the galactose residue in the 6A repeating unit (Figure 1), and
therefore this subtype was declared a new serotype, 6C (Park et al., 2007b). Further
study showed that, genetically, these 6C strains are different from 6A in that they have
replaced the wciN gene found in 6A and 6B [referred to herein as wciN,, (previously
called wciNs4)], with a gene from a foreign source that has only 50% homology to wciN,
[referred to as wcilNg (previously called wciNsc)] (Park et al., 2007a) (Figure 2). Since
the discovery and characterization of this new serotype, several studies examining the
epidemiology of 6C have been published, which collectively have led to the conclusion

that serotype 6C is increasing in prevalence in populations vaccinated with 6B (Carvalho
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Mda et al., 2009; Leach et al., 2009; Nahm et al., 2009; Park et al., 2008; Tocheva et al.,
2010). The discovery of this new serotype has raised several questions which we have
sought to answer in the research presented within this dissertation. By examining the
sequence variation in a locationally diverse set of 6C clinical isolates, we are able to gain
insights into relationships amongst the 6C strains, the number of 6C creation events, and
the mechanism of 6C expansion.

Due to the fact that, genetically, there are two genes responsible for the structural
differences amongst the members of serogroup 6 (wcilN and wciP), and that each of these
genes has two “versions”(a and ), we hypothesized that a fourth member could exist
which contained wcilNg and weiPg (Figure 2). The resulting polysaccharide produced
from this strain would have a 1—4 rhamnose-ribitol linkage while lacking galactose and
having two glucoses in the repeating unit (Figure 1). The work contained in this
dissertation sought to answer the questions of whether this genetic combination produces
a capsular polysaccharide, what would be the structure of the capsule if one were
produced, and does this serotype exist in nature.

Although the evolution of serogroup 6 has been examined previously, the
discovery of a new member of serogroup 6 has prompted us to take another look at the
genetic evolution of these serotypes. By combining our data with that of the previous
study, we are able to compose a model of the evolution of the serogroup 6 cps loci as
well as form hypotheses based on the data as to the mechanisms controlling this

evolution.
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Abstract

Serogroup 6 of Streptococcus pneumoniae contains three serotypes, named 6A,
6B and 6C, with highly homologous capsule gene loci. The 6A and 6B capsule gene loci
consistently differ from each other by only one nucleotide in the wciP gene. The 6A
capsule gene locus has a galactosyltransferase, which has been replaced with a
glucosyltransferase in the 6C capsule gene locus. We considered that a new serotype
named ‘6X1’ would be possible if the galactosyltransferase of the 6B capsule gene locus
is replaced with the glucosyltransferase of 6C. We demonstrate that this gene transfer
yields a viable pneumococcal strain and that the capsular polysaccharide (PS) from this
strain has the predicted chemical structure and serological similarity to the capsular PS of
the 6B serotype. The new strain (i.e. serotype 6X1) is typed as 6B by the quellung
reaction, but it can be distinguished from 6B strains with mAbs to 6B PS. Reexamination
of 264 pneumococcal isolates that had been previously typed as 6B with classical typing
methods revealed no isolates expressing serotype 6X1. Nevertheless, this study shows

that this capsular PS is biochemically possible and could exist/emerge in nature.

Introduction
Streptococcus pneumoniae is a major human pathogen commonly responsible for
pneumonia, bacteremia, meningitis and otitis media, especially among young children
and older adults (Fedson, 1988). The most prominent virulence factor of the
pneumococcus is the capsular polysaccharide (PS), which coats the surface of the
bacterium to block antibodies and complement from binding to surface moieties and

being recognized by phagocytic cells (Avery & Dubos, 1931). To avoid host immunity, S.
9



pneumoniae, as a species, can express at least 91 distinct capsules which are chemically
and serologically distinct (Henrichsen, 1995; Park et al., 2007b). Antibodies against this
PS have been shown to provide serotype-specific protection from infection, and vaccines
against pneumococcus incorporate capsular PSs of the most prevalent strains (Cole,
1913). For example, serogroup 6 strains are very common in invasive pneumococcal
disease and the current vaccines are formulated to protect against serogroup 6 infections
(Hausdorff et al., 2000).

Serogroup 6 has classically contained two serotypes, 6A and 6B (Kamerling,
2000). These two serotypes produce capsules with very similar structures. Both of these
PSs have repeating units composed of galactose—glucose—rhamnose-ribitol-phosphate,
but the linkage between rhamnose and ribitol is 13 for 6A and 1—4 for 6B (Kamerling,
2000). The two serotypes also have very similar capsule gene loci, which are about 17 kb
in size and contain all the genes for capsule biosynthesis (Jiang etal., 2001; Park et al.,
2007a). The only genetic difference between 6A and 6B serotypes has been attributed to
one nucleotide of wciP, which encodes a rhamnosyltransferase responsible for the
rhamnose-ribitol linkage (Aanensen et al., 2007; Mavroidi et al., 2004). WciP with a
codon for serine at residue 195 is associated with serotype 6A, but a codon for asparagine
is associated with 6B (Mavroidi et al., 2004).

Recently, a new serotype, 6C, was discovered using two mAbs (Lin et al., 2006;
Park et al., 2007b). Although 6C was previously typed as 6A with classical serotyping
tools, chemical analysis revealed that the galactose of the 6A PS is replaced by a glucose
residue in 6C. Genetic studies of the 6A and 6C capsule gene loci have shown that wciN

is responsible for the difference, as substitution of wciNgc (WciN of 6C) for wciNga (WCiN
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of 6A) through homologous recombination results in a serotype switch from 6A to 6C
(Park et al., 2007a).

The discovery of 6C led to the logical suggestion that recombination might also
produce a new member of the serogroup 6 family, herein labeled *6X1’, which would
have wciP of 6B and wciNgc. The designation 6X1 is used to distinguish this artificial
serotype from the next naturally found serogroup 6 member, which, if discovered, might
be designated 6D. Chemically, 6X1 PS may have glucose instead of galactose and have a
14 rhamnose-ribitol linkage. However, it was not clear whether the theoretical 6X1
serotype was indeed biologically feasible, nor was it clear whether it might already exist
in nature. Therefore, we have produced a serotype 6X1 strain and examined our

laboratory collection of pneumococcal isolates for a possible 6X1 strain.

Methods

Bacterial strains and culture

To determine whether 6X1 exists in nature, 264 pneumococcal isolates that were
previously serotyped as ‘6B’ by classical means were reserotyped for serotypes 6B or
6X1 using mADbs. The isolates were a part of our laboratory collection of 6B isolates,
which have originated from Africa, Asia, Australia, South America, North America and
Europe. In addition to these, TIGR6A, TIGR6AX and TIGR6C, which are isogenic
strains of TIGR4 expressing the 6A-type capsule, no capsule, and 6C-type capsule (Park
et al., 2007a), were used as assay controls or as a source of DNA. The source of the
TIGR4 strain was the authors' laboratory (Tettelin et al., 2001). Additional TIGR4

variants, TIGR6B, TIGR6BX and TIGR6X1, were prepared as described below. All
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bacteria were grown in Todd—Hewitt broth (BD Biosciences) supplemented with 0.5%
yeast extract (THY) and kept frozen at —80°C until used. The TIGR6X1 strain will be
available upon request from the University of Alabama at Birmingham (UAB) to all
qualified investigators for research purposes.
PCR and DNA sequencing

PCR mixtures contained 38.8 microliters sterile water, 2 microliters of each
primer (5 pmol/microliter), 2 microliters 10 mM dNTP, 5 microliters 10x LA Taq buffer
solution (Takara Biochemical), and 0.2 microliters LA Taq polymerase (2.5 U/microliter;
Takara Biomedical). As template, either chromosomal DNA isolated with a Wizard
genomic DNA purification kit (Promega) or colonies grown on blood agar plates were
used. Thermal cycling conditions varied depending on the primer setused. PCR products
were analyzed by electrophoresis in 1% agarose gels. The primers used are listed in
Table 1. PCR products were purified using the Wizard PCR Clean-up System (Promega),
and the DNA sequencing was performed by the Genomics Core Facility at UAB. DNA
sequences were analyzed with Lasergene v5.1 software (DNASTAR) and were compared
with the previously reported sequences of the 6B and 6C cps loci in GenBank (accession
nos CR931639 and EF538714, respectively) (Mavroidi et al., 2004).
Construction of TIGR6X1 by replacing wciNga of TIGR6B with wciNgc

Our strategy for creating TIGR6X1 is described in Fig. 1. First, TIGR6B
expressing serotype 6B was prepared by inserting the 6B capsule gene locus region into
the TIGR4 genetic background using the Janus-cassette system, as previously described

in detail (Park et al., 2007a). Second, the wciN gene was removed from TIGR6B (Park et
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Table 1. List of PCR primers

Primer Sequence (5'-3") Source or
reference

Forward

primers

5103 AAACATGACATCAATTACA Park et al.
(2007a)

5106 TACCATGCAGGGTGGAATGT Park et al.
(2007a)

5108 ATGGTGAGAGATATTTGTCAC Park et al.
(2007a)

5113 GGGAAAAATAAAAAATAGGTCGGG Park et al.
(2007a)

5114 TTAGTGACGGAGGCAGGTGAA This study

5129 TCCTACTTACAGCAACTTCTCGTG This study

5138 AAAGCTATGTCGCCTGCTAAAAAAGCAATGGCTA This study

Reverse

primers

3102 CTGGCATGTCATCTTTAGAAAA This study

3104 CCTGAAAACAATACTACTT This study

3105 TTCCCATCTCTAAACATTCTCCT This study

3141 GGCGACATAGCTTTTCTTTCAATATCTT This study

13



al., 2007a) by transforming it with cassette 1 and selecting for kanamycin-resistant
isolates. Cassette 1 has the Janus cassette, which contains a kanamycin-resistance gene
(kanAR) and a streptomycin-sensitivity gene (rpsL™), and two flanking regions designed
for homologous recombination to the 6B capsule gene locus (Park et al., 2007a). A
kanamycin-resistant strain was obtained and back-crossed into TIGR6B three times using
genomic DNA from this resistant strain. Back-crossing was performed in order to
minimize the possibility of unwanted mutations in the TIGR6B background. The
resulting strain, which was labeled TIGR6BX, lost wciN and did not produce capsular PS.
To insert wciNgc, TIGR6BX was transformed with Cassette 2. Cassette 1 and Cassette 2
were prepared from the genomic DNAs of TIGR6AX and CHPA388, respectively, using
primer set5113 and 3102 (Park et al., 2007a). While Cassette 2 contained a part of wciP
in addition to wciNgc, it did not contain the wciP codon responsible for distinguishing 6A
and 6B serotypes (Fig. 1). After selection for streptomycin resistance and back-crossing
against TIGR6BX three times, a streptomycin-resistant strain was produced, designated
TIGR6X1. When the capsule gene locus of TIGR6X1 was sequenced from wchA to wciP,
the sequence showed that wciNgg had been replaced with the wciNgc gene, as intended.
For this sequencing, primer sets 5114-3141, 5138-3104 and 5106-3105 were used to
produce amplicons, and primers 5103, 5108 and 5129 were used in sequencing (see
Table 1 for primer sequences). The TIGR6X1 sequence has been deposited in GenBank
(accession no. EU714777). TIGR6X1 was morphologically indistinguishable from
TIGR6B when grown on blood agar plates. Also, TIGR6X1 grew as well as other

pneumococcal strains in THY broth (data not shown).

14



TIGR6B .
wciP

wchA wciN wciO
g TR T e T
3

Iy
1
1

Xbal BamHI \¥

1 wchA wciO wciP ‘\
Cassette 1 kanA’>-| rpsL‘> 6o | 6A |

______wchA wciO wciP _
T = A,}>‘ rps,_+>[ 7
4
- - - " *

TIGR6BX

wciN wciO wciP 1
Cassette 2

TIGR6X1

wciO

Fig. 1. Diagram of the wciN region exchange experiment; an asterisk at the wciP gene
indicates the critical codon (serine versus asparagine) associated with the 6A/6B serotype
difference (Mavroidi et al., 2004). kanA®, kanamycin-resistance gene; rpsL*,

streptomycin-sensitivity gene.

15



Quellung reaction

Bacterial colonies from blood agar plates were suspended ina small volume of
PBS (0.137 M NacCl, 2.31 mM KH,POy4, 7.69 mM Na;HPO, and 2.15 mM KCl), and
2 microliters of this broth was combined with 2 microliters of serum and 2 microliters of
methylene blue dye solution (3 mg/ml methylene blue, 1.5 mg/ml NaCl in sterile water)
on a glass microscope slide. After adding a coverslip, mixtures were examined under
bright-field microscopy using a 100X oil-immersion lens. The rabbit antisera specific for
serotypes 6A and 6B were prepared by the Centers for Disease Control and Prevention
(CDC). Factor 6a serum made by Staten Seruminstitut was purchased from Mira Vista
Diagnostics.
Inhibition ELISA to distinguish serotypes 6B and 6X1

The two serotypes were distinguished using an inhibition-type ELISA. Briefly, the
wells of ELISA plates (Corning Costar) were coated at 37°C with 5 microgram/ml 6B
capsular PS (ATCC) overnight in PBS. After washing the plates three times with PBS
containing 0.05% Tween 20, 50 microliters of a previously diluted bacterial culture
supernatant (or lysate) was added to the wells along with 50 microliters of anti-6B mAb.
Pneumococcal lysates were prepared by growing pneumococci overnightin 1 ml THY
broth without shaking and then incubating the tubes for 15 min at 37°C with a lysis buffer
(0.1% sodium deoxycholate, 0.01% SDS, 0.15 M sodium citrate in deionized water).
Culture supernatants of 6B-specific hybridomas Hyp6BM7 and Hyp6BM8 were used at
dilutions of 1:50 and 1:100, respectively. These hybridomas were produced from a fusion
of myeloma cells with spleen cells isolated from mice immunized with 6B PS (Sun et al.,

2001). After 30 min incubation in a humid incubator at 37°C, the plates were washed
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three times and incubated for 30 min with alkaline phosphatase-conjugated goat anti-
mouse immunoglobulin (Sigma). The plates were washed three times, and then
100 microliters of paranitrophenyl phosphate substrate (Sigma) in diethanolamine buffer
at a concentration of 1 mg/ml was added, and allowed to incubate at room temperature for
1-2 h. The A4os was read with a microplate reader (BioTek Instruments).
Purification of capsular PS

Capsular PS expressing serotype 6X1 was purified in two different ways. One
method was to purify the PS by ethanol precipitation, ion-exchange chromatography and
molecular mass-sizing chromatography, as described previously (Park et al., 2007b). The
other method, which is faster than the first method, was to purify capsular PS after
removing protoplasts, as described below. TIGR6X1 wasgrown in 1 L THY broth
without shaking until the culture reached ODgy ~0.4. The culture was then centrifuged at
15,000 g for 10 min. The cell pellet was washed twice with 1 L PBS, resuspended in
30 ml protoplast buffer [20 % sucrose, 5 mM Tris/HCI (pH 7.4), 2.5 mM Mg,SO, in
deionized water] with mutanolysin (Sigma) at a concentration of 20 U/ml, and allowed to
incubate overnight at room temperature. The next day, the bacterial cells were examined
under a phase-contrast microscope to ensure that ‘protoplasting’ had occurred, and then
protoplasts were removed by centrifugation at 27,000 g for 15 min. The supernatant was
sterilized through a 0.22 micron pore-size filter, diluted 1:1 in deionized water, and
loaded onto a DEAE-Sepharose column (Amersham Biosciences) with a 2 ml bed
volume. The column was washed with 4 ml 50 mM ammonium acetate, and the PS was
eluted from the column with 4 ml 500 mM ammonium acetate. After lyophilization, the

eluted PS was loaded on a Sephacryl S-300 HR column (Amersham Biosciences) with a
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bed volume of 130 ml and the PS was eluted with 10 mM Tris/HCI (pH 7.4). The
fractions were tested for the presence of PS by an inhibition assay using Hyp6BM8. The
first 10 ml of fractions, which contains most of the PS, were pooled and lyophilized.
Monosaccharide composition analysis of PS

A 1 mg sample of lyophilized capsular PS prepared by the protoplast method was
dissolved in 500 milliliters of 1 M methanolic HCI and incubated at 80°C for 16 h. After
evaporating the methanolic HCI using a nitrogen stream, the sample was washed twice by
dissolving in 250 microliters of methanol and drying under a nitrogen stream. The sample
was then incubated with 200 microliters of Tri-Sil Reagent (Pierce Biotech) to
trimethylsilylate all the residues. The reaction products were analyzed on a gas—liquid
chromatograph/mass spectrometer (VVarian 4000) fitted with a 15 m (0.25 mm diameter)
VFE-5 capillary column. Column temperature was maintained at 100°C for 5 min and then
increased to 275°C at 20°C/min, and finally held at 275°C for 5 min. The effluent was
analyzed by MS using the electron impact ionization mode. The area of each
monosaccharide peak in GLC-MS was determined using Varian MS Workstation v6.5
software.
Analysis of PS by MS-MS

Intact capsular PSs prepared by the ethanol-precipitation method were hydrolyzed
to their repeating units before analysis by MS. A 2 mg sample of PS was hydrolyzed in
1 ml 10 mM NaOH at 85°C for 120 hours, followed by another hydrolysis with 50 mM
NaOH at 85°C for 120 hours. At the end of hydrolysis, all samples were neutralized with

0.1 MHCI.

18



MS-MS was performed at the Mass Spectrometry Shared Facility at the UAB with
a Micromass Q-TOF2 mass spectrometer equipped with an electrospray ion source. The
samples, dissolved in distilled water, were injected into the mass spectrometer with
running buffer (50:50 acetonitrile: water containing 0.1% formic acid) at a rate of
1 microliter/min using a Harvard syringe pump. The injected sample was negatively
ionized with electrospray and detected with a time-of-flight mass spectrometer. For MS-
MS, the parent ion was fragmented into daughter ions by energizing it to either 35 or
40 eV before collision with argon gas. The daughter ions were analyzed with a time-of-
flight mass spectrometer. The MS-MS spectra were processed using the Max-Ent3
module of MassLynx 2.5.
Oxidation and reduction of PS

Capsular PSs were dissolved in 80 mM sodium acetate buffer (pH 4) at a
concentration of 1 mg/ml. Sodium periodate was added to the PS solution to a final
concentration of 40 mM and the reaction mixture was incubated in the dark at 4°C for
72 hours. Excess periodate was destroyed by adding ethylene glycol. To determine the
intact monosaccharides of the oxidized capsular PS, PS was then lyophilized and
analyzed using GLC-MS as described above. To investigate the glycosidic bonds, the
sample was reduced with sodium borohydride or sodium tetradeuteroborate as previously
described (Park et al., 2007b), before being subjected to MS-MS as described above. 6X1
PS was prepared by the protoplast method, and 6B PS was obtained fromthe ATCC.
Hydrolytic stability assay

A 0.9 ml volume of PS (2 mg/ml) in water was mixed with 0.1 ml 0.1 M NaOH,

and this solution was split into two Eppendorf tubes and incubated at 85°C. At the
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indicated times, 0.1 ml was removed from these samples, neutralized with 0.1 M HClI,
and then stored at 4°C until used in the inhibition ELISA. Using the same buffers and
incubation conditions described for the inhibition ELISA above, plates were coated with
100 microliters of 6A, 6B, 6C or 6X1PS (5 microgram/ml). The ELISA was performed
with the hydrolyzed samples on plates coated with their respective PSs. For 6A and 6C
PSs, Hyp6AG1 was used as the primary antibody (as performed in Park et al., 2007b),
and for 6B and 6X1, Hyp6BM8 was used (as described above). Data shown are the

average of samples run in duplicate.

Results

6X1 capsular PS is structurally different from 6B capsular PS

Recently, we have demonstrated the structure of 6C capsular PS by identifying its
monosaccharide composition by GLC-MS, and identifying the sequence of
monosaccharides and their glycosidic linkages by MS-MS (Park et al., 2007b). We used
similar approaches to show that TIGR6X1 produces a capsular PS that is chemically
different from that of TIGR6B. We first determined the monosaccharide/ribitol
composition of TIGR6B and TIGR6X1 capsular PS by GLC-MS. The chromatogram for
6B showed peaks for ribitol, rhamnose, galactose and glucose, as expected for 6B
capsular PS (Fig. 2). However, the 6X1 chromatogram did not show galactose peaks,
although it showed peaks for ribitol, rhamnose and glucose (Fig. 2). Thus, TIGR6X1
produces a capsular PS different from that of TIGR6B. We then analyzed the
monosaccharide composition after treating TIGR6B and TIGR6X1 PSs with sodium

periodate, which selectively destroys ribitol and monosaccharides with vicinal glycols. As
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expected for 6B PS, periodate treatment of TIGR6B PS eliminated the peaks for ribitol
and galactose (Fig. 2), but the treatment did not alter the rhamnose and glucose peaks. In
contrast, periodate treatment of TIGR6X1 PS extinguished the ribitol peak and reduced
the glucose peaks, such that the glucose peak area became similar to the rhamnose peak
area. This suggested that the repeating unit of 6X1 PS has two glucose residues, whereas
the repeating unit of 6B PS has one glucose residue and one galactose residue.

To determine whether the monosaccharide sequence of the 6X1PS is as proposed
in Fig. 3(a), we performed an alkali hydrolysis which breaks the phosphodiester bonds
and produces repeating units. As previously observed for 6C PS (Park et al., 2007b), the
hydrolysis yields two types of repeating units of identical mass, one with the phosphate
ion linked to ribitol (labeled forward fragmentation) and another linked to glucose
(labeled reverse fragmentation). The phosphate ion endows the repeating unit with a
negative charge. When the alkali hydrolysis product was analyzed for negative ions by
MS-MS, the results showed two prominent peaks of 683 and 701 amu (Fig. 3b), which
were identical to the anhydrous and hydrated masses, respectively, of the predicted
repeating unit of 6X1 PS (Fig. 3a). The peak at 260.902 amu was absent in other MS-MS
attempts and may represent a contaminant.

We then subjected the ion of 683 amu (i.e. the intact repeating unit) to argon
collision and identified its daughter ions by MS-MS analysis. We found daughter ions at
521, 359 and 213 amu, which respectively represent daughter ions that have lost the first
glucose, the second glucose and the rhamnose (Fig. 3c). Also we observed peaks at 549,
403 and 241 amu, which also correspond to the daughter ions formed after reverse

fragmentation by losing ribitol, ribitol-rhamnose and ribitol-rhamnose—glucose 2,
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Fig. 3. (a) Proposed structure of the hydrated form of the repeating unit of 6X1 capsular
PS. The calculated molecular mass is 701 amu. (b) Mass spectrum of the repeating units.
The peaks at 683.3 m/z and 701.3 m/z correspond, respectively, to the anhydrous and
hydrated forms of the repeating units. (c) Daughter ions of the ion of 683.3 amu shown in
(b). Daughter ions are identified at the bottom. The peaks at 270.825, 574.758 and
632.756 amu and their satellite peaks (separated by 2 amu due to chloride isotopes)
represent sodium chloride salt clusters (Hao et al., 2001). The peaks at 270.825 represent
(NaCl)4ClI". Peaks at 574.758 amu probably represent another salt cluster, (NaCl)oClI",
with a water molecule, like salt clusters with organic solvent molecules (Zhou &
Hamburger, 1996). The peaks at 632.7 amu have one more NaCl (i.e. 58 amu) than the

peaks at 574.758 amu.
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respectively (Fig. 3c). Three peaks with 113, 127 and 145 amu were absent in other MS-
MS analyses and may represent contaminants. Thus, the monosaccharide sequence of the
6X1 PS repeating unit is glucose 1-glucose 2—rhamnose-ribitol, as proposed in Fig. 3(a).
The two glucose residues were labeled 1 and 2 for clarity.

To determine the linkages between the residues of 6X1 PS, we examined the
periodate-treated 6X1 repeating units with MS-MS as we have done for 6C PS (Park et
al., 2007b). This showed that ribitol and glucose 1 are cleaved by periodate, while
glucose 2 and rhamnose are not. The masses of daughter ions showed that the
phosphodiester bond is made to the second position of glucose 1 and that all other
glycosidic bonds are the same as in 6B PS (data not shown). The MS-MS studies
supported the proposed structure shown in Fig. 3(a).

During the alkali hydrolysis experiments for MS, we observed that the 6X1 PS
was very resistant to alkali hydrolysis. To measure resistance to hydrolysis, we examined
the ability of 6A, 6B, 6C and 6X1 PSs to inhibit binding of Hyp6BM8 (for 6B and 6X1
PSs) or Hyp6AG1 (for 6A and 6C PSs) to target PS after alkali hydrolysis for various
time periods. 6A and 6C PSs completely lost their ability to inhibit after only 1 hour of
hydrolysis. However, 6B PS lost 90% of its inhibitory ability in 8 hours and more than
100 hours of hydrolysis was needed for 6 X1 PS to lose 90% of its inhibitory ability
(Fig. 4). Thus, 6X1 PS is much more resistant than 6A and 6C PS to alkali hydrolysis, and
may be more resistant than 6B PS.
6X1 is serologically similar to, but distinct from, 6B

When the serological properties of TIGR6X1 were examined by the quellung

reaction using polyclonal rabbit antisera, it was found to react with factor serum 6a and
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was typed as 6B. When we examined TIGR6X1 PS for binding various mAbs to 6A and
6B PS using an inhibition ELISA, we found it to be reactive with many mAbs to 6B PS.
For instance, TIGR6X1 inhibited Hyp6BM8 binding to 6B PS. These observations clearly
demonstrated that 6X1 PS is serologically very close to 6B PS. However, we also found a
mADb specific to 6B PS (Hyp6BM7) but not reactive with 6X1 PS (Fig. 5). Thus, 6X1 PS
is serologically distinct from 6B PS.
Pneumococcal isolates expressing serotype 6X1 PS were not found in nature

The serological studies described above showed that if pneumococcal isolates
expressing 6X1 PS are present in nature, they would have been typed as serotype 6B. To
look for the presence of serotype 6X1 isolates in nature, we examined 264 pneumococcal
isolates that had been previously typed as serotype 6B using an inhibition ELISA capable
of distinguishing between the 6B and 6X1 serotypes (Fig. 5). These 6B isolates came
from six continents [North America (109), South America (94), Europe (24), Asia (17),
Africa (12) and Australia (8)], and were isolated from patients with bacteremia (38),
meningitis (19), pneumonia (40) and otitis media (17), as well as from healthy carriers
(44) (106 isolates were from patients for whom the diagnosis is unknown). None of the
264 6B strains exhibited the antibody-binding profile of 6X1. Thus, the prevalence of

serotype 6X1, if itexists, is much less than that of 6B.

Discussion
The actual synthesis of the capsular PS requires cooperationamong many
different gene products. For instance, a new repeating unit made by a new

glycosyltransferase must be compatible with the existing flippase as well as the
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polymerase before it can be expressed as a new capsule. Thus, to show that serotype 6X1
is possible, we produced a “TIGR6X1’ strain by inserting wciNgc into a 6B capsule gene
locus, and demonstrated that the new strain produces a capsular PS with the predicted
structure, displays serological similarity to 6B, and can grow as well as other members of
serogroup 6 in various growth conditions. Thus, serotype 6X1 could exist in nature.

Just as 6C was previously typed as ‘6A’ by the classical typing method (Lin et al.,
2006; Park et al., 2007b), the quellung reaction method typed the new 6X1 strain as
serotype 6B. Thus, to identify natural isolates expressing serotype 6X1, we re-examined
the isolates that had been classically defined as 6B using mAbs. Despite our testing more
than 250 such isolates, we did not find 6X1 isolates in nature. Additionally, wciNgc was
not detected among the CDC isolates that were serotyped as ‘6B’ with the classical typing
method (Dr B. Beall, CDC, personal communication). Thus, pneumococcal isolates
expressing serotype 6X1 may not exist in nature. If serotype 6X1 exists in nature, its
prevalence is extremely low.

Despite the fact that it is not detected in nature, the 6X1 serotype could emerge in
nature by one of two mechanisms. One mechanism involves a mutation of the wciP gene
of 6C, since the only difference between 6A and 6B serotypes appears to be one
nucleotide in the wciP gene. The mutation rate for pneumococci is ~1x107 (del Campo et
al., 2005; Gould et al., 2007; Morosini et al., 2003) and a chronic obstructive pulmonary
disease (COPD) patient with stable pneumonia may have 2.6x10° c.f.u. of pneumococci
per milliliter of sputum (Sethi et al., 2007). Thus, the correct mutation should arise in
almost all cases of 6C pneumonia and often in other 6C infections with lower bacterial

load. The alternative mechanism involves the lateral gene transfer of wciN from a 6C
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strain into a 6B strain as we have done here. This situation could actually occur in nature,
since carriage of multiple pneumococcal serotypes can be relatively high among children
(Gratten et al., 1986; Hill et al., 2008) and serotypes 6B and 6C are fairly common in
some parts of the world (e.g. Brazil) (Lin et al., 2006; Park et al., 2007a). Furthermore,
homologous recombination would occur easily, since the 17 kb capsule gene loci of 6B
and 6C are almost identical except for the wciN gene. These considerations strongly
suggest that the circumstances for creating serotype 6X1 exist in nature.

Given that the circumstances for creating 6X1 do exist in nature, it is interesting to
consider reasons for its absence. It is possible that 6C could have appeared so recently
that there may not have been enough time for 6X1 to appear. Alternatively, there could be
natural immune barriers against 6X1, but we found that pre-immune human sera do not
kill or opsonize TIGR6X1 (data not shown). The most likely explanation is that there has
not been enough biological pressure to select 6X1 over 6A, 6B or 6C. The need for
selection pressure was recently demonstrated by an increase in the prevalence of
serotypes 19A and 6C following the use of the conjugate vaccine (Nahm et al., 2009;
Park etal., 2008). In the absence of a survival advantage, the 6X1 serotype may have
appeared in nature (as it should in almost every case of a 6C infection, as mentioned
above) but has not been propagated as a consequence of competition with more abundant
6A, 6B or 6C serotypes. In an analogous manner, antibiotic-resistant strains survive and
propagate when antibiotics are used clinically, and disappear when antibiotics are
discontinued (Katsunuma et al., 2007).

6A PS was included in the original 14-valent PS vaccine, but it was replaced with

6B PS when the 23-valent vaccine became available in 1983, because 6B PS can elicit
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antibodies that cross-react with 6A PS and is much more resistant to hydrolytic
breakdown than 6A PS (Zon et al., 1982). In this study, we also discovered that 6X1 PS is
as chemically stable as 6B PS and much more resistant to hydrolysis than 6C PS. Since
6X1 PS would likely elicit antibodies cross-reactive with 6C PS, 6X1 may be more useful
as a vaccine component than 6C PS.

As our knowledge of pneumococcal capsule genetics, biochemistry and serology
advances, we may wish to produce pneumococcal strains that express artificially created
capsular PS for various reasons. We propose that these artificially created strains should
be named in a systematic manner to avoid their names being confused with those of
natural strains. We chose to use “X’ to denote such experimental strains. We chose ‘6X1’
as the name for our strain because this experimental strain belongs to serogroup 6 and this
is the first experimental strain within serogroup 6. This systematic approach should be
applicable to any new strains created experimentally.

It is important to understand the evolution of the capsule gene locus, which
encodes the most important virulence factor of pneumococci. Even when only two
serotypes were known, the evolution of serogroup 6 was extensively studied (Mavroidi et
al., 2004; Robinson et al., 2002). Serogroup 6 has become more interesting following the
discovery of serotype 6C. Now, the serogroup would be even more interesting for

evolution studies with a potential serotype, serotype 6X1.
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Abstract

The recently discovered pneumococcal serotype 6C was created when the original
wciN gene in the 6A capsule gene locus was naturally replaced with a new gene. Since
the capsule gene loci of 6A and 6B serotypes may differ by only one base pair in the wciP
gene, it was speculated that a new serotype ‘6D’ would be possible if the new wciN gene
were inserted into the 6B capsule gene locus. Although pneumococci expressing serotype
6D could be produced in the laboratory, initial searches for natural pneumococcal isolates
expressing serotype 6D were unsuccessful. However, we now report the discovery of two
naturally occurring pneumococcal isolates from Korea that have the serological, genetic

and biochemical features predicted for serotype 6D.

Introduction

Streptococcus pneumoniae (the pneumococcus) is a significant human pathogen
(Fedson, 1988), and expresses on its surface serotype-specific capsular polysaccharides
(PSs), which greatly increase its virulence (Avery & Dubos, 1931). However, antibodies
to the capsule can abrogate the virulence and provide serotype-specific protection (Cole,
1913). S. pneumoniae as a species can produce more than 90 different capsule types (Park
et al., 2007b), but not all capsule types are equally prevalent in human diseases. For
instance, prior to the use of conjugate vaccines, several serotypes such as 6A, 6B, 14,
19A, 19F and 23F were responsible for a large number of invasive pneumococcal
diseases (Robinson et al., 2001) and consequently have been extensively studied.

Serotypes 6A and 6B have been grouped into serogroup 6 because of their

serological similarities. Also, serotypes 6A and 6B consistently differ in their 17 kb
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capsule gene loci by only one nucleotide in the wciP gene (Mavroidi et al., 2004). This
difference produces 6A WCciP with a serine at residue 195 but 6B WCciP with an
asparagine at the same residue (Mavroidi et al., 2004). Serotypes 6A and 6B produce
capsular PSs with almost identical structures except for a different rhamnose-ribitol
linkage (Kamerling, 2000). Recently, we discovered a new member of serogroup 6 which
we named 6C (Park et al., 2007b). Serotype 6C is distinguished serologically from
serotypes 6A and 6B by its uniqgue monoclonal antibody (mADb) binding profile (Lin ez al.,
2006). Subsequent genetic studies have shown that the capsule gene loci of serotypes 6A
and 6B have wciNg,4 (named alternatively as wciN,, here), but that the 6C capsule gene
locus has wciNsc (or weiNg) (Park et al., 2007a). Finally, biochemical studies revealed
that 6C PS has a glucose residue in place of the galactose residue present in the 6A or 6B
PSs (Park et al., 2007D).

Following the discovery of serotype 6C, we postulated the presence of a new
serotype, which could be created by mutating the critical nucleotide in the wciP gene of
the 6C capsule gene locus or by inserting the wciNg gene into the 6B capsule gene locus
(Bratcher et al., 2009). This new serotype, which logically could have been named 6D,
was provisionally named 6X1 because the new serotype had not been found in nature
(Bratcher et al., 2009). Nevertheless, our group continued the search and discovered

natural isolates expressing serotype 6D in Korea; we describe our findings below.

Methods

Bacterial strains and culture
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TIGR6A, TIGR6B, TIGR6C and TIGR6X1, which are isogenic strains of TIGR4
expressing the four different capsule serotypes of serogroup 6, were used as controls for
the assays (Bratcher et al., 2009). Fourteen serogroup 6 isolates, including MNZ21 and
MNZ22, were obtained from the nasopharyngeal cultures of 14 healthy children (less than
5 years old) attending a day-care centre in Jeju Island in Korea in 2008 and were
subsequently transferred to the Nahm laboratory for further analysis. These isolates
showed the typical a-hemolytic colony morphology of S. prneumococcus on blood agar
plates, were susceptible to optochin, and were bile soluble. All bacteria were grown in
Todd-Hewitt broth (BD Biosciences) supplemented with 0.5% yeast extract (THY) and
kept frozen at —80°C until used.

Flow cytometry

Aliquots of frozen bacteria were thawed, washed, resuspended in FACS buffer
(PBS containing 3% FBS and 0.1% sodium azide) and incubated with culture
supernatants of hybridomas (diluted 1:10 in FACS buffer) for 20 min at room temperature
with shaking. After washing, the bacteria were incubated with fluorescein-conjugated
goat antibody to mouse immunoglobulin for 20 min at room temperature with shaking.
After washing away unbound goat antibody, the bacteria were resuspended in FACS
buffer containing Syto9 (160 nM) and examined with a flow cytometer (FACSCalibur,
Becton Dickinson). The data were then analyzed with the Cell Quest program. Isotype-
matched negative controls were used to identify negative staining and their fluorescence
signals were less than 20 units (data not shown).

PCR and DNA sequencing
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PCR mixtures contained 38.8 microliters of sterile water, 2 microliters of each
5 pmol/microliter primer, 2 microliters of 10 mM dNTPs, 5 microliters of 10X buffer
solution and 0.2 microliters of LA Taq polymerase (2.5 U/microliter, Takara
Biomedical). For the template, either chromosomal DNA isolated with the Wizard
genomic DNA purification kit (Promega) or colonies grown on blood agar plates were
used. Thermal cycling conditions were previously described (Park et al., 2007a). PCR
products were analyzed by electrophoresis in 1% agarose gel. The primers used here were
the forward primer for wciN (5106), TACCATGCAGGGTGGAATGT; the reverse
primer for wciN (3101), CCATCCTTCGAGTATTGC,; the forward primer for wciP
(5108), ATGGTGAGAGATATTTGTCAC; and the reverse primer for wciP (3107),
AGCATGATGGTATATAAGCC. PCR products were purified using the Wizard PCR
Clean-up System (Promega), and the DNA sequencing was performed by the genomics
core facility at the University of Alabama at Birmingham. DNA sequences were analyzed
with Lasergene v. 5.1 software (DNASTAR).
Inhibition ELISA

Capsular PSs were distinguished using an inhibition-type ELISA. Briefly, the
wells of ELISA plates (Corning Costar Corp.) were coated at 37°C with 5 microgram/ml
of 6B capsular PS (ATCC, Manassas, VA, USA) overnight in PBS. After washing the
plates three times with PBS containing 0.05% Tween 20, 50 microliters of a previously
diluted bacterial culture supernatant (or lysate) was added to the wells along with
50 microliters of an anti-6B mAb. Pneumococcal lysates were prepared by growing
pneumococci overnight in 1 ml THY broth without shaking and then incubating the tubes

for 15 min at 37°C with 110 microliters of a lysis buffer (0.1% sodium deoxycholate,
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0.01% SDS and 0.15 M sodium citrate in deionized water). Culture supernatants of 6B-
specific hybridomas Hyp6BM7 and Hyp6BM8 were used at dilutions of 1:50 and 1:100,
respectively. These hybridomas were produced from the fusion of myeloma cells with
spleen cells isolated from mice immunized with 6B PS (Sun et al., 2001). After 30 min
incubation in a humid incubator at 37°C, the plates were washed three times and
incubated for 30 min with alkaline phosphatase-conjugated goat anti-mouse
immunoglobulin (Sigma). The plates were washed three times. Then 100 microliters of p-
nitrophenyl phosphate substrate (Sigma) in diethanolamine buffer at a concentration of
1 mg/ml was added, and the plates were allowed to incubate at room temperature for 1-
2 hours so that an optimal absorbance (maximal 4405 of 1.5) was reached. The 4405 was
read with a microplate reader (BioTek Instruments).
Hydrolytic stability assay

A 0.9 ml sample of 2 mg/ml PS in water was mixed with 0.1 ml 0.1 M NaOH.
This solution was then divided between two Eppendorf tubes and incubated at 85°C.
Capsular PSs from serotypes 6A, 6B, 6C and 6X1 were described before (Bratcher et al.,
2009). Capsular PS from a 2 | culture of MNZ21 was purified using ethanol precipitation
after lysis and removal of cell debris as previously described (Park et al., 2007b). The
precipitate was then subjected to molecular mass sizing chromatography (Sephacryl S-
500HR, 500 ml column volume) and fractions positive for PS were pooled and
lyophilized. At the indicated times, 0.1 ml was removed from these samples, neutralized
with 0.1 M HCI and then stored at 4°C until use in the inhibition ELISA. Using the same
buffers and incubation conditions as described for the inhibition ELISA above, plates

were coated with 100 microliters of 5 microgram/ml of 6A, 6B, 6C, 6X1 or MNZ21 PS
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(Bratcher et al., 2009). The ELISA was performed with the hydrolyzed samples on plates
coated with their respective PSs. For 6A and 6C PSs, Hyp6AG1 was used as the primary
antibody (as performed by Park ez al., 2007b); for 6B and MNZ21 PSs, Hyp6BM8 was
used (as described above). Data shown are the mean of samples run in duplicate.
Monosaccharide composition analysis of PS

Capsular PS from MNZ21 was purified as described above. 6B PS from ATCC
was used as a control. A 15 microgram sample of lyophilized capsular PS was dissolved
in 400 microliters of 1.5 M methanolic HCI and incubated at 80°C for 16 hours. After
evaporating the methanolic HCI in a vacuum centrifuge, the sample was redissolved in
250 microliters of methanol, transferred to a glass GC vial insert and again dried in a
vacuum centrifuge. The sample was then trimethylsilylated with 50 microliters of Tri-Sil
Reagent (Pierce Biotech). The reaction products were analyzed as described by Baker et
al. (2006) using a gas—liquid chromatograph (HP5890, Hewlett Packard) fitted with a
30 m HP-1 wide-bore fused-silica column coated with a 0.88 micron layer of cross-linked
methylsilicone gum. The column temperature was maintained at 100°C for 5 min and

then increased to 275°C at a rate of 20°C/min. Finally, it was held at 275°C for 5 min.

Results and Discussion
Serological findings
Studies with TIGR6X1 showed that it binds to a mAb (Hyp6BMS8), but that it
does not react with other mAbs reacting with serotypes 6A, 6B and 6C (Bratcher ez al.,
2009). We used flow cytometry to test the two isolates (MNZ21 and MNZ22) and four

laboratory strains expressing serotypes 6A, 6B, 6C and 6X1 for their ability to bind to this
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Fig. 1. Flow cytometry profiles of various pneumococcal isolates stained with mAbs. The
mADbs used were Hyp6AGL1 (thin black line), Hyp6AM3 (dashed line), Hyp6BMB8 (thick
black line), and Hyp6BM?7 (thin grey line). Studies with controls showed the staining

threshold to be about 20 fluorescence units (data not shown).
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panel of mAbs. As shown in Fig. 1, we were able to directly demonstrate that MNZ21,
MNZ22 and TIGR6X1 bound to Hyp6BMS, but did not bind to the three other mAbs. In
contrast, the three control strains bound Hyp6BMB8 (thick black line) as well as at least
one of the three other mAbs [Hyp6AM3 (dashed line) stained TIGR6A, Hyp6AGL1 (thin
black line) stained TIGR6A and TIGR6C, and Hyp6BM?7 (thin grey line) stained
TIGRG6B] in the expected manner (Fig. 1). Although Hyp6BM8 bound to all the strains
shown in Fig. 1, its binding is selective to serogroup 6 as it did not stain a 9V strain (data
not shown). These mADb binding patterns clearly show that the two isolates were
serologically comparable to TIGR6X1 but distinct from serotypes 6A, 6B and 6C.

To further confirm that the two clinical isolates behave serologically as one would
expect TIGR6X1 to behave, we examined these strains using an inhibition-type
immunoassay which tests the ability of the PS to inhibit the binding of a mAb to 6B PS.
Although Hyp6BMB8 can bind to all members of serogroup 6 PS (Fig. 1), this mAb
preferentially binds to 6B PS quite strongly and it was previously shown that TIGR6A
and TIGR6C lysates did not inhibit its binding to 6B PS (Bratcher et al., 2009), although
they are able to inhibit the binding of Hyp6BMS8 to 6A PS (data not shown). We
confirmed here again that TIGR6A and TIGR6C lysates did not inhibit the binding of
Hyp6BMB8 to 6B PS (Fig. 2) even though the lysates of TIGR6A and TIGR6C contained
6A and 6C capsular PS respectively (demonstrated by 6A and 6C PS assays; data not
shown). In contrast, binding of Hyp6BM8 to 6B PS could be inhibited by TIGR6B lysate
as well as by the lysates of the three strains TIGR6X1, MNZ21 and MNZ22 (Fig. 2a).
This indicates that MNZ21 and MNZ22 do not belong to serotypes 6A and 6C. The two

clinical isolates could be distinguished from serotype 6B with Hyp6BM7, which
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specifically reacts with 6B PS only. Its ability to bind to 6B PS could be inhibited with
TIGR6B lysate, but not with the lysates of the three strains TIGR6X1, MNZ21 and
MNZ22 (Fig. 2b). In addition, TIGR6X1, MNZ21 and MNZ22 PSs failed to inhibit the
binding of Hyp6AG1 and Hyp6AMS3 to 6A PS-coated plates (data not shown). These
serological studies clearly show that MNZ21 and MNZ22 behave like TIGR6X1.
Genetic findings

TIGR6X1 was created genetically by inserting the wciNggene into a 6B capsule
gene locus (Bratcher et al., 2009). Thus, wciNg and wciPgp are the two genetic features of
6X1. To investigate the presence of these two genetic features in isolates MNZ21 and
MNZ22, we PCR amplified the wciN and wciP regions as we described before (Bratcher
et al., 2009) and determined the nucleotide sequences of the amplicons. The sequences
have been deposited in GenBank (accession no. GQ848645 for MNZ21 and GQ848646
for MNZ22). The sequences from the two isolates were identical, suggesting that they
share a single origin. Their wciN sequences are strikingly different from the wciN,
sequence (GenBank accession no. CR931638), but are highly homologous [99.6 %
identity (1650/1656 bp) in the region sequenced using the PCR product from primers
5106 and 3101] to the wciN;sequence of strain CHPA388 (Park et al., 2007a) in
GenBank (accession no. EF538714). A characteristic of 6B wciP is the presence of an A
at position 584 (based on the sequence of wciP in a previous publication: Mavroidi et al.,
2004), which creates a codon for asparagine at residue 195 of the 6B WCciP protein. In
contrast, weiP from 6A or 6C has G at the corresponding position, creatinga codon

encoding serine (Mavroidi et al., 2004). The two new isolates had A at the corresponding
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position (GenBank accession no. GQ848645 and GQ848646). Thus, isolates MNZ21 and
MNZ22 have the two genetic features of the 6X1 serotype.

In addition, we performed multi-locus sequence typing (MLST) analysis with
MNZ21 and MNZ22 using the established method for S. pneumoniae (Enright & Spratt,
1998). The experiment showed that the two strains have identical sequences for the
3199 bp involved in MLST and both belong to ST282. As these isolates were collected
from the same day-care centre in Jeju island in Korea, we suspect that these isolates are
two members of the same clone.

Biochemical findings

Biochemical features distinguishing the PSs of the four members in the serogroup
6 are (a) rhamnose-ribitol linkage and (b) the presence of glucose instead of galactose.
The 6A and 6B PSs contain galactose while 6X1 and 6C PSs do not. Capsular PSs from
6B and 6X1 have a 1—4 rhamnose-ribitol linkage, whereas the PSs from 6A and 6C have
a 13 rhamnose-ribitol linkage. The two rhamnose-ribitol linkages can be readily
distinguished because the 1—3 linkage is very sensitive to alkali hydrolysis, but the 14
linkage is not (Zon et al., 1982).

To distinguish between the two rhamnose-ribitol linkage types, we investigated
capsular PS from MNZ21 to determine its susceptibility to alkali hydrolysis. As shown in
Fig. 3, serotype 6A and 6C PSs retained less than 1% of their original antigenicity after
1.5 hours of alkali hydrolysis. In contrast, 6B, 6X1, and MNZ21 PSs retained
significantly more of their antigenicity after 0.5 and 1.5 hours. Thus, MNZ21 PS is as
resistant to alkali hydrolysis as are the 6B and 6X1 PSs and therefore must not have the

hydrolytically unstable 1—3 linkage.
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Studies of 6X1 PS showed that the product of wciN inserts glucose instead of
galactose (Bratcher et al., 2009). To determine that the wciNg gene in the natural isolates
is functional, we purified capsular PS from MNZ21 and determined its component
carbohydrates (Fig. 4b). When we analyzed 6B PS for component carbohydrates, we
found peaks for ribitol, rhamnose, galactose and glucose (marked in Fig. 4a). Also, the
relative peak heights for the four carbohydrates were comparable. For instance, the major
rhamnose peak was as tall as the dominant glucose peak. When we examined the
component carbohydrates of MNZ21 PS (Fig. 4b), we found peaks for ribitol, rhamnose
and glucose, but we did not find the galactose peaks which precede the glucose peaks in
6B PS. Also, in contrast to 6B PS (Fig. 4a), the major glucose peak of MNZ21 PS was
much taller than the major rhamnose peak (Fig. 4b). This is also consistent with the
conclusion that MNZ21 PS has one rhamnose but two glucose residues per repeating unit.
Thus, the wciNg gene in MNZ21 PS is functional, and MNZ21 capsular PS has glucose
instead of galactose.

The above serological, genetic and biochemical studies clearly show that capsule
type 6X1 can be expressed among natural pneumococcal isolates. Also, since the
submission of our manuscript, pneumococcal isolates possessing the genetic
characteristics of serotype 6X1 were discovered in Fijian islands (Jin et al., 2009). In
view of these results, we suggest that the serotype designation 6D should be used in place
of 6X1. Furthermore, finding natural isolates expressing the 6D capsule type in two very
distant parts of the world suggests that this serotype is widespread throughout the world

and that typing for 6D should be included in the serotyping scheme for pneumococci.
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10.692 and 10.805 (for rhamnose), 12.219 and 12.414 (for galactose), and 12.585 and

12.585 (for glucose); (b) 10.323, 10.690, 10.803, 12.582 and 12.655.
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The discovery of serotype 6D completes the search for the potential members of
serogroup 6, but it now raises new questions to be studied. For instance, the prevalence of
the 6D serotype should now be investigated in different parts of the world, among
different disease types, and among different age groups. As the use of pneumococcal
vaccines may influence the prevalence of 6D asit did the prevalence of 6C (Nahm et al.,
2009; Park et al., 2008), discovery of the 6D serotype will also have an important impact

on future studies of pneumococcal conjugate vaccines.
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Abstract

Streptococcus pneumoniae strains expressing serogroup 6 capsules are frequently
detected in both asymptomatic colonization of the nasopharynx and in pneumococcal
infections. Consequently, the evolutionary origins of serogroup 6 have been extensively
studied. For many years, serogroup 6 had been known to contain serotypes 6A and 6B,
whose cps loci consistently differ by only a single base pair in wciP. Recent studies have
discovered two new serotypes, named serotypes 6C and 6D, which have wciNgin place of
the wcilN, present in the 6A and 6B cps loci. In view of these developments, we
reinvestigated the genetic diversity of serogroup 6 cps loci and genomic backgrounds by
examining the capsule gene profiles and multilocus sequence types of a diverse collection
of serogroup 6 isolates. We confirmed that there are two distinct classes of serogroup 6
cps loci: class 1 sequences (possessed by all serogroup 6 members) and class 2 sequences
(serotype 6B isolates containing an INDEL sequence). Neighbor joining phylogenetic
analysis of class 1 cps loci showed that serotypes 6A, 6B, and 6C isolates formed 3
distinct clusters, suggesting that although their cps loci may have had similar origins,
they have remained genetically independent. The cps locus of a serotype 6D strain was
associated with the class 1 6B cluster, and seems to have been created by a genetic
recombination between 6C and 6B cps loci. Few isolates are placed outside the 4 main
clusters (class 1 6A, 6B, 6C, and class 2 6B) and even fewer belong to a cluster
dominated by a different serotype. These exceptions seem to be the result of
recombination or somatic mutation in the wciP gene. In order to examine the origins of
serotype 6C, we examined the wciNg and flanking regions from our collection, and found
that there was very little diversity in this region, suggesting a single origin of the serotype

6C cps locus. The multi-locus sequence typing studies of serotype 6C isolates suggest
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that, after its creation, the 6C cps has been incorporated into many different
pneumococcal genomic backgrounds, but may preferentially enter serotype 6A genomic

background.

Introduction

Streptococcus pneumoniae (pneumococcus) is a common colonizer of the human
nasopharynx, yet it is an important human pathogen responsible for a multitude of
diseases, mainly in children, the elderly, and the immune-compromised (Lynch & Zhanel,
2009). Using a polysaccharide capsule, of which there are 93 structurally distinct types
(Bratcher et al., 2010; Calix & Nahm, 2010; Henrichsen, 1995; Park et al., 2007b), this
bacterium is able to shield its surface from recognition by the host immune system,
thereby making the capsule a potent colonization/virulence factor (Avery & Dubos, 1931;
Bogaert et al., 2004). Some capsule types (serotypes) are more prevalent in disease than
others, and serogroup 6 strains are more commonly isolated in infections than the
majority of other serotypes. Vaccination strategies in use today target the pneumococcal
capsule from the most prevalent serotypes and most pneumococcal vaccines, including
the widely used 7-valent conjugate vaccine (PCV-7), contain serotype 6B polysaccharide.

Because of its clinical importance, serogroup 6 evolution has been previously
studied in detail. Serogroup 6 capsular polysaccharide synthesis loci (cps) encode 14
ORFs and range in size from ~17 to ~19 kbps due to variations in the non-coding regions
found at either end (Figure 1) (Mavroidi et al., 2004; Mavroidi et al., 2007; Park et al.,
2007a). Like most serotypes, the central cps regions from all serogroup 6 strains have a
lower G+C content than the surrounding genes/genomic average, and three of these genes

(wciP, wzy, and wzx) are highly specific to serogroup 6 (Mavroidi ef al., 2004). Using
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DNA sequences of selected parts of these serogroup 6 specific genes to create a “cps
profile”, Mavroidi et al. showed that the only consistent genetic difference between 6A
and 6B was a single nonsynonomous polymorphism in the wciP gene (wciP, of 6A has a
G at nt 584 while wciPs of 6B has an A) and that serogroup 6 cps loci can be divided into
two distinct classes (Mavroidi et al., 2004). Class 1 6A and 6B strains do not have an
INDEL, while the class 2 strains with divergent cps profiles have an INDEL and are all
serotype 6B. The cps loci from different classes have 5.4% sequence divergence whereas
those of class 1 differ by only 1-2% (Mavroidi et al., 2004).

Since these studies have been published, two new serogroup 6 members have
been discovered. One new serotype discovered in 2007, 6C, is serologically similar to
6A and has a glucose residue replacing the galactose residue in 6A PS (Park ef al.,
2007b). The 6C cps locus is very homologous (98%) to the 6A cps except that it contains
a unique wcil gene (referred to as wciNy) which has no sequence homology (50%) with
other pneumococcal genes, including wciN,, of 6A and 6B (Figure 1) (Park ef al., 2007a).
While PCV-7 has been shown to reduce both the occurrence of carriage and invasive
disease of the vaccine related serotype 6A, the serotype 6C seems to be able to evade this
cross-reactive protection allotted by the vaccine and is, therefore, increasing in
prevalence (Carvalho Mda et al., 2009; Leach et al., 2009; Nahm et al., 2009; Park et al.,
2008; Tocheva et al., 2010). Also, discovered recently was serotype 6D (Bratcher ef al.,
2010; Jin et al., 2009), which can be genetically distinguished from serotype 6C by the
wciP gene (Bratcher ef al., 2009). Serotype 6C contains wciP, whereas serotype 6D has
wciPp. In view of these changes in serogroup 6, we have reinvestigated the genetic
evolution of serogroup 6 by studying the origins of these new serotypes as well as the

mechanism of expansion of serotype 6C.
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Methods

PCR, sequencing, and sequence analysis

Genomic DNA was purified from pneumococci using phenol-chloroform
extraction and PCR-amplified as described (Mavroidi et al., 2004) using an appropriate
pair of primers and a PCR mixture. Primers are shown in Table 1 and the PCR reaction
contained 37.75 microliters of sterile water, 1 microliter of genomic DNA, 2 microliters
of each primer (5 pmol), 2 microliters of 10mM dNTP, 5 microliters of 10X LA Taq
buffer solution, and 0.25 microliters of LA Taq polymerase (2.5 U/microliter; Takara Bio
Inc, Shiga, Japan). The DNA sequence of PCR product was determined by the Genomics
Core Facility at UAB.

DNA sequences of selected parts of wciP, wzy, and wzx genes were subjected to
cps profiling studies using approaches described previously (Mavroidi et al., 2004).
Alleles were assigned according to the designations previously used, and new alleles
were given arbitrarily numbered designations as shown in Figure 3C. The sequences of
wciP, wzy, and wzx were concatenated and the concatenated sequences were subjected to
neighbor joining analysis (Saitou & Nei, 1987) to investigate evolutionary relationship
among cps loci of different serogroup 6 isolates. Average pairwise distances were
calculated and all trees were drawn using MEGA4 (Tamura ef al., 2007).

PCR amplicons were subjected to Multilocus Sequence Typing (MLST) analysis

as previously described (Enright & Spratt, 1998). Known alleles were then identified

using the pneumococcal MLST website (http://spneumoniae.mlst.net) and new allele

numbers assigned to new sequences by the database curator. All strains with MLST data
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Table 1. List of PCR Primers

Primer
names

Forward

primers
5117
5386

5106
5108
5140

5141

Reverse
Primers
3386
3102

3101
3107
3143

3144

Location of
the primers

wchA
wcilNg

wchA
wciP
wzy

wzx

wcilNg
wciP

weiO
wciP
wzy

wzx

Primer sequence

5’-ATCAAGTGGTATTGGAAGCGGG
5’-CTGCTTTCCAAAGAGTTCG

5’-TACCATGCAGGGTGGAATGT
5’-ATGGTGAGAGATATTTGTCAC
5’-CCTAAAGTGGAGGGAATTTCG

5’-TTCGAATGGGAATTCAATGG

5’-TAATATACCTATCAACTCCACCGC
5’-CTGGCATGTCATCTTTAGAAAA

5’-CCATCCTTCGAGTATTGC
5’-AGCATGATGGTATATAAGCC
5’-CCTCCCATATAACGAGTGATG

5’-GCGAGCCAAATCGGTAAGTA

61

Source or
reference

This study
This study
(Park et al.,
2007a)
(Mavroidi et
al., 2004)
(Mavroidi et
al., 2004)
(Mavroidi et
al., 2004)

This study
This study
(Park et al.,
2007a)
(Mavroidi et
al., 2004)
(Mavroidi et
al., 2004)
(Mavroidi et
al., 2004)



listed in Table 2 have been inserted into the online pneumococcal MLST database.
Evolutionary relations among MLST types were performed with eBURST; clonal clusters
were defined by strains sharing 6 alleles, and the clusters were assigned a number
according to the predicted founder’s sequence type.
Pneumococcal isolates

Fifty-seven isolates were collected during the years 1999-2008 in 4 different
continents (Table 2). Twenty-four isolates were 6A, 25 were 6C, 6 were 6B, and 2 were
6D. These 57 isolates were subjected to cps profiling studies as well as MLST studies.
To supplement cps profiling studies, we studied an additional 12 6B isolates from the
same collection. The resulting panel of 69 isolates included 18 isolates from Asia, 18
from Europe, 19 from S. America, and 14 from N. America. Full information on the

additional 12 6B isolates is provided as a supplementary table.

Results

wcilNg and flanking region sequence variations amongst 6C and 6D isolates

When the wciNg gene and flanking region sequences (total 2782 bases) from 26
6C isolates and 2 6D isolates (Figure 2) which were obtained from 4 different continents
over a 10 year period were examined, the sequences showed little variation (16 variable
sites out of 1125 (1.42 %) with no insertions or deletions. Furthermore, 9 clinical isolates
collected from three different continents (Europe, N. America, and S. America) over an 8
year period have the exactly same nucleotide sequences in this region (Figure 2, first 9
sequences). If the 6C cps locus was created multiple times, we would expect this
diversity to be much greater, especially since we expect that the wciNg gene came from a

foreign source.
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Our previous study suggested that the insertion of wciNg may have been
facilitated by two clearly identifiable flanking regions (identified in gray in Figure 2),
which are about 300 bases and 110 bases long in the 5* and 3’ regions respectively (Park
et al., 2007a). These regions were defined by comparison to a 6A ¢ps locus in GenBank
(CR931638). Upon reanalysis, the 5’ flanking region is very similar to the corresponding
region of pneumococcal serotype 33F cps and the 3’ flanking region is very close to the
corresponding region of a class 2 6B strain ¢ps as shown at the bottom of Figure 2.
Outside these regions, however, the 6C locus is more closely related to the 6A locus used
in the previous analysis. Given that the level of diversity in the entire wcilNg and flanking
region sequenced is very low amongst 6C strains, it may be that multiple recombination
events were necessary to create the 6C locus, including incorporation of foreign DNA
(containing wcilNp) and subsequent recombination events which made the 6C locus
functional. Alternatively, the entire wciNg and flanking region could have come from a
single foreign source of unknown identity. No matter the source of the wciNg and
flanking region of 6C strains, based on the extreme homology between this region in 6C
and 6D strains, we suggest that the wciNy and flanking regions in the 6D cps locus shares

origins with this region in the 6C cps locus.

Analysis of the capsule gene loci of 6C and 6D isolates

Recently, isolates expressing serotype 6D were discovered in nature. In order to
examine the evolutionary relationship of serotype 6D with the other 3 members of
serogroup 6, we determined the sequence of the entire cps locus of a serotype 6D isolate
(GenBank accession no. HM171374). As illustrated in Figure 1, the 6D cps is bound by

dexB and aliA4 as are the other capsule gene loci (Garcia et al., 2000), and has
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transposase-like regions at each end. Between these transposase-like regions, the 6D cps
has the 14 functional genes found in the other serogroup 6 cps loci and the sequence of
the 6D cps locus is almost identical (98.6% identity in the 14,933 bps that include all the
open reading frames) to that of 6C (GenBank accession no. EF538714) except for the
known difference in wciP and differences in the non-coding regions flanking the 14
genes. We therefore conclude that the sources for the coding regions of the 6D cps locus
were previously existing pneumococcal strains.

To study evolutionary relationship of serotype 6C with the serotypes 6A and 6B,
we determined the cps profiles of 57 isolates listed in Table 2 along with 12 additional 6B
isolates from these same locations. The cps profile was determined exactly as described
previously by sequencing a portion of three genes (wciP, wzy, and wzx) that are found in
all serogroup 6 capsule gene loci (Mavroidi ef al., 2004). Our study identified 11 new
alleles (shown in Figure 3): 4 for wciP, 5 for wzy, and 2 for wzx. When we concatenated
the three sequences (wciP, wzy, and wzx) of each isolate and determined the evolutionary
tree for the 69 isolates using the neighbor joining method (Figure 3A), the class 2 isolates
(i.e. isolates with the INDEL) could be clearly separated from the class 1 isolates (isolates
without INDEL) as previously described (Mavroidi et al., 2004) with the pairwise genetic
distances between them being 5.54% or greater (class 2 vs 6A/6B class 1). When class 1
isolates are examined, they formed 3 distinct clusters as seen in Figure 3A. Although the
two 6D isolates are in the cluster for 6B isolates, each cluster is made up of primarily one
serotype, and each cluster was herein named for the dominant serotype. The genetic
distance between serotype 6A and 6B clusters was 0.259%, but the genetic distance of the

6C cluster from the 6A and 6B clusters was 0.779%.
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Figure 1. Capsule gene loci of a 6A strain (Genbank accession no. CR931638), 6B strain
(Genbank accession n0.CR931639), 6C strain (Genbank accession no. EF538714), and
6D strain (Genbank accession no. HM171374). All ORFs involved in capsule synthesis
are shown as horizontal arrows, and their direction indicates the transcriptional
orientation. The three regions of wciP, wzy, and wzx used for ¢ps profiling are shown as
three black bars above the 6A cps diagram. wciN and wciP alleles are indicated with o
and B. The gene fragment from the beginning of wciN; to the end of wzx is about 4,130

bases long.
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Figure 3. Neighbor joining trees of unique cps profiles. (A) Tree constructed with cps
profile data from our study (see Table 2 for frequency of ¢ps profiles and corresponding
strain data). 24 6A, 18 6B, 25 6C, and 2 6D isolates were studied and 22 unique cps
profiles were found. Symbols used to indicate serotypes are: 6A (solid triangle), 6B
(open circle), 6C (solid square), and 6D (solid cross). Note that three class 2 6B isolates

are shown in the right of the tree and all class 1 strains are shown in the left. (B) Tree
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constructed with cps profile data from both our current study and a published study
(Mavroidi et al., 2004). Class 2 isolates are shown in the right and two cross-over strains
(profiles 8-7-5 and 7-7-6) are shown in the middle. The bar represents genetic distance of
0.5%. (C) The polymorphic nucleotides are shown for all new alleles of the cps genes
(wciP, wzy, and wzx). Allele 1 was shown on the top for comparison. Note that wzy
alleles 11 and 12, which are associated with serotype 6C, have 6 base deletions (positions

152-157).
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Interestingly, there are two class 1 profiles (2-6-1/15-6-1) that are more closely
related to the class 2 cluster than the class 1 6A and 6B clusters (Figure 3). These strains
have four, unique SNPs which separate their wzy allele from other class 1 6A and 6B
alleles, and the class 2 sequences happen to have the same nucleotides at those locations.
The 6C cluster is separated from the class 1 6A and 6B clusters for this same reason
(allele 10 shares the four, unique SNPs mentioned above). However, the 6C cluster is
separated from even the closely related 2-6-1/15-6-1 profiles because its wzy alleles have
a 6 base pair deletion (Figure 3C). In contrast, no other wzy alleles have the deletion.
The serotype specific clustering pattern did not change when the published cps profile
data (Mavroidi ef al., 2004) is merged with our data (Figure 3B).

While most isolates fall into their own serotype specific clusters, there are
exceptional isolates. One exception is the two serotype 6D isolates, which expressed
profile 5-1-1, which falls into the class 1 6B cluster. Due to this and the fact that there is
an exact sequence match of the 6D wciNg and flank region with several 6C strains, we
suggest that the cps locus of our 6D strains was most likely generated when 6C and 6B
cps recombined at a location between wciN and wciP. More 6D isolates should be

examined to see if the 6D cps locus has been created independently on several occasions.

Analysis of the Genomic Background of 6C Clinical Isolates

Since the introduction of conjugate vaccines, the prevalence of 6C has greatly
increased in several parts of the world. To investigate whether all or selected clones of
serotype 6C were increasing in prevalence, we performed MLST analysis on a global set
of 6C isolates. Table 2 shows their sequence types (ST) along with the clonal complex to

which they belong, which were identified by performing e BURST analysis using
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resources available at the MLST website (http://www.mlst.net). Our results suggest that
serotype 6C cps is associated with STs in multiple clonal complexes, as others have
found (Carvalho Mda et al., 2009; Jacobs et al., 2009; Nunes et al., 2009). Thus, 6C cps
has moved into many different genetic backgrounds of pneumococci.

Inspection of the data in Table 2 suggested that 6A and 6C isolates often have
identical STs and this association has been observed by others (Carvalho Mda et al.,
2009; Jacobs et al., 2009). To investigate this issue more systematically, the ST
associations between serotype 6C and other serotypes were investigated using the online

MLST database (http://spneumoniae.mlst.net, accessed on 5/6/10). The website

contained 433 6A STs, 480 6B STs, 80 6C STs, and 447 19A STs. The STs of 19A
serotype was investigated because it is the most commonly found serotype in the
nasopharynx (Huang ef al., 2009). Eighteen 6C isolates shared ST with 6A (18/80) but
only 4 with 6B (4/80) and 1 with 19A (1/80). This indicates that 6C isolates share
genetic backgrounds with 6A more than with other serotypes including 6B or 19A
(p<0.0022 by Fisher’s exact test). In comparison, 6A shares a similar amount of STs
with 6B (11/433) and 19A (6/433) [p<0.33 by Fisher’s exact test]. Similar results are
seen when comparing shared clonal clusters as opposed to shared STs. While there may
be confounders in the database beyond our control (e.g., sampling bias), this finding
further suggests that the genetic backgrounds of 6C strains are more closely related to

those of 6A isolates than those of other serotypes.

Discussion
A previous study of ¢ps profiles of serogroup 6 isolates revealed two classes of

cps profiles (named classes 1 and 2) and two major clusters within class 1, one cluster
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Table 2. Strain data

cps profile data
Strain Location Year Serotype Clonal Sequence wciP | wzy | wzx Source
Isolated Complex Type
1 | MNZ664 | S. America 1999 6A CC176 4622 2 1 1 This study
2 | MNZ680 | S. America | 2001 6A CC176 4598 2 8 1 This study
3 | MNZ681 | S. America | 2001 6A CC176 4600 2 1 1 This study
4 | MNZ616 | S. America | 2004 6A CCl176 4598 2 8 1 This study
5 | MNZ631 | S. America | 2003 6A CC176 4598 2 1 1 This study
6 | MNZ632 | S. America | 2002 6A CC176 4598 2 1 1 This study
7 | MNZ208 Europe 1999 6A *NPF1 2611 2 6 1 This study
8 | MNZ446 | N. America | 2007 6A CC2090 376 2 6 1 This study
9 | MNZ428 | N. America | 2007 6A CC2090 1538 2 6 1 This study
10 | MNZ677 | S. America 1999 6A CC315 1093 2 6 1 This study
11 | MNZ218 Europe 2001 6A CC395 327 15 6 1 This study
12 | MNZ459 | N. America | 2007 6A CC460 460 2 6 1 This study
13 | MNZ497 | N. America | 2004 6A CC460 460 1 1 1 This study
14 | MNZ479 | N. America | 2004 6A CC460 460 1 13 1 This study
15 | MNZ226 Europe 2003 6A CC473 4595 2 1 3 This study
16 | MNZ239 Europe 2008 6A CC473 813 2 1 1 This study
17 | MNZ471 | N. America | 2007 6A CC473 1876 14 1 1 This study
18 | MNZ462 | N. America | 2007 6A CC473 1876 14 1 1 This study
19 | MNZ212 Europe 1999 6A CC490 4363 2 1 1 This study
20 | MNZ222 Europe 2002 6A CC690 690 14 1 1 This study
21 | MNZ19 Asia 2008 6A CC8l1 282 2 1 1 This study
22 | MNZ28 Asia 2008 6A CC8l1 81 2 1 1 This study
23 | MNZI13 Asia 2008 6A CC8l1 81 2 1 1 This study
24 | MNZ17 Asia 2008 6A Singleton 4620 2 1 1 This study
25 | MNZ31 Asia 2008 6B CC176 4604 16 15 1 This study
26 | MNZ59 Asia 2008 6B CC176 4605 16 15 1 This study
27 | MNZ02 Asia 2008 | 6BINDEL | CCI180 1624 8 14 7 This study
28 | MNZ39 Asia 2008 | 6B INDEL CC90 90 8 7 7 This study
29 | MNZ60 Asia 2008 | 6B INDEL CC90 4606 8 14 7 This study
30 | MNZ62 Asia 2008 | 6B INDEL CC90 90 8 14 7 This study
31 | MNZ440 | N. America | 2007 6C CC1379 1379 13 10 1 This study
32 | MNZ613 | S. America | 2002 6C CC1379 1379 9 10 1 This study
33 | MNZ472 | N. America | 2007 6C CC1379 1379 13 10 1 This study
34 | MNZ595 | S. America | 2001 6C CC1379 4599 13 10 1 This study
35 | MNZ480 | N. America | 2004 6C CC1390 1390 13 12 1 This study
36 | MNZ488 | N. America | 2004 6C CC1390 1390 13 10 1 This study
37 | MNZ435 | N. America | 2007 6C CC1390 1390 13 10 1 This study
38 | MNZ458 | N. America | 2007 6C CC1439 4602 13 10 1 This study
39 | MNZ219 Europe 2002 6C CC1715 1715 9 10 1 This study
40 | MNZ240 Europe 2008 6C CC176 2689 9 10 1 This study
41 | MNZ23 Asia 2008 6C CC176 4596 9 10 12 This study
42 | MNZ34 Asia 2008 6C CC176 4596 9 10 12 This study
43 | MNZ38 Asia 2008 6C CCl176 4597 9 10 12 This study
44 | MNZ604 | S. America 1999 6C CC3854 4601 9 10 1 This study
45 | MNZ678 | S. America 1999 6C CC3854 4621 9 10 1 This study
46 | MNZ597 | S. America | 2002 6C CC3854 4601 9 10 1 This study
47 | MNZ683 | S. America | 2001 6C CC3854 4601 9 10 1 This study
48 | MNZ592 | S. America | 2003 6C CC3854 4601 9 10 1 This study
49 | MNZ221 Europe 2002 6C CC395 395 9 10 1 This study
50 | MNZ213 Europe 1999 6C CC395 395 9 10 1 This study
51 | MNZ432 | N. America | 2007 6C CC473 473 9 10 11 This study
52 | MNZ209 Europe 1999 6C Singleton 4603 9 11 1 This study
53 | MNZ227 Europe 2004 6C Singleton 3531 9 11 1 This study
54 | MNZ16 Asia 2008 6C Singleton 855 9 10 11 This study
55 | MNZI18 Asia 2008 6C Singleton 855 9 10 11 This study
56 | MNZ21 Asia 2008 6D CC8l1 282 5 1 1 Bratcher et al., 2009
57 | MNZ22 Asia 2008 6D CC8l1 282 5 1 1 Bratcher et al., 2009

71




primarily containing serotype 6A and the other 6B. This study was performed before
serotypes 6C and 6D were discovered, and therefore provided incomplete evolutionary
relationship of serogroup 6 cps loci. We have now studied cps profiles of more isolates
including those of serotypes 6C and 6D. In addition to confirming the two classes, our
cps profile studies show 3 distinct clusters within class 1 and each cluster can be
associated with one of the three serotypes; 6A, 6B, and 6C. Serogroup 6 members are in
a unique situation when compared to other serotypes; they have the ability to switch their
capsule type by obtaining a single point mutation at a specific location. Given this fact
and the observation that their cps profiles form serotype-specific clusters, we conclude
that serotype switching amongst serogroup 6 members by a point mutation in wciP is a
very rare event.

Genetic recombination is common among pneumococci and recombination
between cps loci with similar sequences is thought to be frequent. For instance,
serogroup 6 cps have a long (17 kb) stretch of DNA that are highly homologous (~95-
98%) and recombination between serogroup 6 cps should be very common. Indeed, there
are examples of recombination between isolates in classes 1 and 2 (Figure 3, (Mavroidi et
al.,2004)). In the past, several cps profiles were found that were clear mosaics, showing
evidence of recombination between class 1 and class 2 sequences. As the class 1 isolates
have three genetic clusters that are associated with a single serotype, we suggest that
recombination with crossovers occurring withing the cps profile region is very rare.
Further evidence to support this comes from the fact that the 6C cluster maintained two

genetic markers (wcilNg and wzy) that are separated by about 4 kb. Again, this suggests
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then during serotype-switching events by recombination, a large portion, containing the
serogroup 6 specific genes, is transferred.

Our studies shed new insights into the origins of serotype 6C. Previously we
proposed that wciNg gene of an unknown origin was inserted into the 6A cps with the
help of two flanking regions with limited homology to a serotype 6A strain. As an
alternative hypothesis we also considered a recombination event involving wchA4 gene of
serotype 33F cps and class 2 serotype 6B cps, because about 500 bases in the 5’ end of
wciNg are closely (98.9% identity) related to wehA gene of 33F (based on Genbank
CR931702) and about 230 bases in the 3* end of wciNg are very homologous (96%) to
cps6bQ OREF present in class 2 (but not class 1) serotype 6A cps (as described in figure 2).
Given this evidence and the unexpected presence of “short” wzy allele that is specifically
associated with serotype 6C, we suggest it is possible that the creation of a serotype 6C
strain involved many recombination events in order to form a functional 6C cps locus.
However, until we know the source of the wciN; gene we can only speculate, and it is
also possible that this entire region, including the “short” wzy allele, was acquired from
this foreign source.

The source of the foreign gene segment is unclear at the moment but would likely
originate from bacteria in the nasopharyngeal tract where pneumococci normally reside.
As we found limited heterogeneity in the sequences of serotype 6C cps loci, we believe
that the 6C cps locus was created once. Based on the frequency of each profile and
minimizing diversity required for the cluster, we believe the founder may have had cps
profile of 9-10-1 and the consensus wciN and flank region (Figure 2); 5 out of the 9

strains that possess this sequence have the 9-10-1 profile. While the knowledge of the 6C
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founder sequence may help in its identification, the bacterial gene pool in the
nasopharynx is very large and identification of the exact source(s) of the 6C (or any
serogroup 6) cps would not be simple.

While the origin of serotype 6C cps requires additional studies, the cps of the two
Korean 6D isolates appears to have been created by a genetic recombination between
serotypes 6B and 6C. Their cps may have recombined between wciN and wciP but more
6D isolates should be studied before we can conclude all 6D isolates arose in this manner.
Interestingly, the Fijian 6D isolates have the same wciP allele 5 (Jin ef al., 2009) as the
Korean 6D isolates. This suggests that 6D serotype may have been created once and
spread throughout the world including to two widely separated areas: Korea and Fiji.
Given its potentially wide distribution, it is interesting to note that serotype 6D is very
rare and that it was not found in several large screens of clinical isolates (Bratcher ef al.,
2009; Carvalho Mda et al., 2009; Hermans et al., 2008; Jacobs et al., 2010). One of the
potential reasons is that vaccination with the 6B PS has provided cross-protection against
6D and has prevented the expansion of the 6D serotype.

Although serogroup 6 cps are highly homologous, serotype 6C is associated with
cps profiles that are 6C specific. However, we and others (Carvalho Mda et al., 2009;
Jacobs et al., 2009) have shown that serotype 6C cannot be associated with a specific
sequence type. While there are multiple potential explanations, we favor that entire cps
can move among different pneumococcal backgrounds. This may happen because
transposase-like regions are often found at either end of cps. The exact function of these
regions is still not well understood. However, an interesting observation is that serotype

6C may preferentially share its STs with those of serotype 6A but not 6B or other
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serotypes (e.g., serotype 19A). More studies are needed to explain how pneumococcal
cps can move among different genetic backgrounds. Regardless of the mechanism, the
observation that the 6C cps locus is expanding in diverse genetic backgrounds supports
the hypothesis that the expansion of serotype 6C is due to selective pressure based on
serotype (most likely from vaccination), not due to a 6C strain possessing a more
advantageous background (e.g. one with multidrug resistance properties).

Our studies significantly clarify the evolutionary relationships of serogroup 6
(Figure 4). After examination of the cps profiles of a diverse set of serogroup 6 strains
along with the complete sequences of several serogroup 6 cps loci, we confirm the
hypothesis that the serogroup 6 cps loci were created twice (suggested by class 1 and
class 2 (INDEL-containing) sequences). The class 1 sequences later diverged from each
other, and the resulting sequences formed two distinct, serotype-specific clusters. We
suggest that these came about from 6A and 6B remaining genetically separated,
accumulating spontaneous mutations which became serotype specific. While this model
works fine for remaining in a single genetic background or transferring into another
serogroup background, it requires that when 6A and 6B serotype switch to each other,
this must occur by transformation of the majority of the serogroup 6 specific genes (not a
portion, and not by point mutation). Later, the 6C cps locus was generated by combining
a foreign gene, wcilNg, with portions of the pneumococcal cps loci of several different
strains (possibly including a class 1 6A strain, class 2 6B strain, and a 33F strain). Given
the sequence similarity between all 6C strains and the two 6D strains we have examined,
the source of wciNg in 6D was from a 6C strain, while the rest of the 6D cps locus seems

to have come from various serogroup 6 strains. The above hypothesis is outlined in
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Figure 4A. Alternatively, it is possible that each cluster in the cps profile tree represents
a unique capture of the serogroup 6 genes from the gene pool (Figure 4B). Neither model
can be proven, and we will not know which model is more accurate until the foreign
sources have been defined. These findings show that the evolution of capsule gene loci is
very complex and can occur in various ways. Perhaps it is because pneumococci is an
expert at recombination and can create new capsule types so easily that S. pneumoniae

can express so many different serotypes.
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SUMMARIZING CONCLUSION

The discovery and characterization of 6D isolates ends the search for a potential
serogroup 6 member. Its capsular polysaccharide contains the predicted repeating unit
made up of [—2) glucose (1—3) glucose (1—3) rhamnose (1—4) ribitol (5—phosphate].
As we are able to differentiate the four serogroup 6 members by monoclonal antibody
binding profiles, we were able to screen our library for potential 6D isolates. After
screening a large number of globally diverse strains, we were only able to find two 6D
isolates that were obtained from the nasopharynx of children attending a daycare in
Korea. Genetically, the two Korean isolates were created by recombination between a
6B and 6C strain, as shown by containing wciNg with a wciPy allele belonging to a 6B
strain, not a wciP, in a 6C strain that had obtained the necessary mutation to switch to
wciPp. As our results along with the results of others who have screened for 6D in
clinical isolates show, the prevalence of 6D seems to be very low, and, so far,
undetectable in highly vaccinated populations (Bratcher ef al., 2009; Carvalho Mda et al.,
2009; Hermans et al., 2008; Jacobs et al., 2010). Regardless, it may be important to
monitor 6D prevalence in the future to see if it is selected for by vaccination, like 6C.

From closely examining several genetic properties of a diverse set of serotype 6C
strains, we were able to come to a number of conclusions. Firstly, by comparing the
sequences of the wciNg and flanking regions from these strains, we noticed that there was
a small amount of diversity (~1% of sites were variable) with no insertions, deletions, or
regions of increased amounts of variability. This suggested that there was a single origin
of the cps locus of all serotype 6C strains. This suggestion was further supported by

looking at the diversity in the cps profiles of these strains, for which there were even less
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variable sites (~0.4%). As we studied a global set of strains, we have concluded that
there was a single functional incorporation of wcilNg from an unknown foreign source
which generated the original 6C cps locus. Since this original 6C strain was created, 6C
has expanded into different genetic backgrounds, as opposed to one strain clonally
expanding due to a selective advantage in the background, such as antibiotic resistance.
This leads us to conclude that the positive selection for serotype 6C strains is mainly
influenced by vaccination.

After analysis of the cps profiles of a set of our serogroup 6 strains along with
those strains analyzed in a previous study, we came to the same conclusion that there may
have been two independent serogroup 6 cps locus creation events, leading to the two
diverse types of sequences (class 1 and class 2). In addition, amongst the class 1
sequences, phylogenetic trees show that three clusters form which are serotype specific
(except for one 6B strain in the 6A cluster which formed by point mutation and the 6D
strain). Interestingly, although we know serotype switching from one serogroup 6
member to another occurs in nature, as evidenced by isolation of multiple serogroup 6
serotypes in the same genetic background, the previous study only showed two sequences
that were recombination events within the cps profiling region (our study found none).
Therefore, we conclude that serotype switching by point mutation or recombination
within ¢ps profiling area (wciP to wzx) is a very rare event, and when serotype switching
does occur, a large portion of the cps locus is transferred. We can hypothesize that
serotype switching by point mutation should be a relatively common occurrence in any

serogroup 6 infection, but as this event is rarely detectable, we believe that there may be a
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lack of selection for 6A over 6B after exposure to 6B (or vice versa); if this selection did
commonly occur, then we would not see cps profile clusters that were serotype specific.
As the vaccines only allot protection against a portion of the serotypes found in
nature, it is important to continue monitoring serotype prevalence in the future. This is
especially the case in the present time, since we are starting to witness serotype
replacement caused by the use of the conjugate vaccine (Huang et al., 2005; Mera et al.,
2008; Singleton et al., 2007). As far as serogroup 6 is concerned, immunization with 6B
is resulting in a decrease in both 6B and 6A prevalence in infections (Carvalho Mda et
al., 2009) and now, after conjugate vaccine use, in carriage as well (Leach et al., 2009).
The reverse effect is being seen for 6C, as both in vitro experiments (Park ez al., 2008)
and epidemiological data suggest that the vaccines do not protect against 6C. Since only
a small handful of 6D strains have been isolated, it is too early to tell whether vaccination
will have an effect on 6D prevalence, but it is interesting to note that detection of 6D
strains has been limited to China, Fiji, Australia, Finland, and Korea, and even at these
locations it is very rare (http://spneumoniae.mlst.net/)(Jin ef al., 2009)(unpublished data).
The studies of serogroup 6 isolates have given us a rare insight into the evolution
of the pneumococcal capsule. For one, 6A and 6B serotypes are so closely related that
they can switch by changing a single nucleotide in the wciP gene. This observation has
allowed us to gain insight into the influence of selection on serotype switching amongst
serogroup 6 strains in their natural environment in the human nasopharynx. In addition,
the discovery of the new serogroup 6 members 6C and 6D have provided an example of
the formation of new serotypes by incorporation of a foreign gene into the cps locus of an

existing serotype. Overall, this study suggests that the cps locus of S. pneumoniae is very
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flexible, as evidenced by the multiple creations of serogroup 6 cps loci and the
replacement of a single gene to form a new serotype. These observations highlight the
need to monitor serotype prevalence as well as improve our methods for detection of new

serotypes, especially in the age of vaccines.
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