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Abstract 11 

Streptococcus pneumoniae is characterised into 92 serotypes based on antigenic reactions of 12 

commercial rabbit sera to the capsular polysaccharides. During development of a bioinformatic 13 

serotyping tool (PneumoCaT), an isolate exhibited a novel codon at residue 385 of the 14 

glycosyltransferase gene wcwK encoding a distinct amino acid, which differentiates genogroup 7. 15 

Investigation by repeat serotyping and Quellung reaction revealed a novel pattern of factor sera 16 

with the isolate reacting very strongly with 7f, but also with 7e factor sera. The structure of the 17 

capsular polysaccharide was determined by NMR spectroscopy to be an approximately 5:1 18 

combination of the structures of 7C and 7B, respectively, and the structure of 7C was also 19 

elucidated. All data from whole genome sequencing, NMR spectroscopy, production of antisera 20 

and serotyping of the novel 7 strain shows that it is a new serotype, which will be named in the 21 

Danish nomenclature as 7D. 22 
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1 Introduction 30 

Streptococcus pneumoniae (pneumococcus) is a major cause of morbidity and mortality worldwide. 31 

The pneumococcal capsular polysaccharide (CPS) which surrounds the organism is a major 32 

virulence factor, enabling the cell to evade phagocytosis [1]. The currently licensed 23–serotype 33 

valent plain polysaccharide (PPV23) and 7, 10 and 13-valent protein-conjugate vaccines (PCV7, 34 

PCV10 and PCV13) cover the most important circulating serotypes. 35 

To date, 92 serotypes of pneumococcus have been described based on reaction of their capsule 36 

with the commercial rabbit antisera [2,3] available from SSI Diagnostica A/S; in this scheme 37 

immunogenically cross-reactive serotypes are assigned to serogroups in the Danish serotype 38 

classification system. As the capsule is the target of all currently licensed vaccines, accurate 39 

surveillance of pneumococcal serotypes is essential for the evaluation of the efficacy of the 40 

vaccines and to inform national vaccine policies. Vaccine pressure has resulted in an increase in 41 

the prevalence of non-vaccine serotypes and could also result in emergence of novel serotypes as 42 

the organism evolves to escape the vaccine. 43 

However, many additional novel serotypes have been proposed based on genotypic analysis [4,5] 44 

or reaction with monoclonal antibodies [6]. Some of the described novel variants based on 45 

genotypic differences actually produce no difference in the structure of the polysaccharide, for 46 

example the putative serotype 6E which in fact produces a polysaccharide identical to serotype 6B 47 

[7], and the genetic variant of 23B which, although it has low sequence homology in the capsular 48 

operon and is from an entirely different genetic lineage to the originally described 23B, produces 49 

an identical polysaccharide and is therefore the same phenotypic serotype [8]. In other cases, the 50 

capsular polysaccharide produced appears to be either a hybrid or variable expression of distinct 51 

polysaccharide structures. This has been seen in the case of rare serogroup 6 variant isolates 52 

[9,10] and 11A variants [11], though in neither of these cases it is possible to determine a 53 

difference to standard 6A, 6B or 11A serotypes, using the widely available commercial typing sera. 54 

During development and evaluation of a new bioinformatic serotyping tool (PneumoCaT, 55 

Pneumococcal Capsule Typing) [12] by Public Health England (PHE) ,to aid in surveillance of 56 

pneumococcal serotypes using whole genome sequence (WGS) data, a novel variant within 57 

serogroup 7 was discovered. The source of the pneumococcal isolate demonstrating a novel 58 

sequence was from an ear swab from an outpatient attending a London hospital in 2012, submitted 59 

for antibiotic susceptibility testing. The WGS data from this strain have been submitted to the 60 

European National Archive (designated PHESPD0846 - 61 

https://www.ebi.ac.uk/ena/data/view/ERS1194144). 62 
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Serogroup 7 is an important serogroup as it contains the vaccine type 7F which is included in the 63 

currently licensed PPV23, PCV10 and PCV13 vaccines. Serogroup 7 contains four recognised 64 

serotypes, 7F, 7A, 7B and 7C, of which 7F is by far the most common worldwide, representing 65 

98.8% of serogroup 7 isolates in UK serotype surveillance for epidemiological years 2006-2014 66 

with serotypes 7A, 7B, and 7C, representing 0.2%, 0.2%, and 0.8% respectively (PHE surveillance 67 

data). 68 

The polysaccharide repeat unit structures of serotypes 7F [13], 7A [14] and 7B [15] are known, 69 

shown in figure 1. All of the serotypes contain cell wall polysaccharide (CWPS), also known as 70 

teichoic acid, as well as their respective CPS, and the structure of the CWPS has been elucidated 71 

[16]. The antigenic formula of serotype 7F and 7A is similar and the only structural difference 72 

between them is the presence of a terminal side-chain β-D-galactose residue in 7F. Serotype 7B 73 

only has one antigenic component in common with serotype 7F and 7A and does not have O-74 

acetyl groups [17]. These assignments all relied primarily on NMR spectroscopy, and to our 75 

knowledge there was no published structure or structural data for serotype 7C. In the present 76 

study, it was realised that in order to describe structure of the newly isolated serotype, it was 77 

necessary to first make a full structural identification of 7C. 78 
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 79 

Figure 1: Structures of the serogroup 7 capsular polysaccharides as well as CWPS. The A-G labels for 7C have been 80 
highlighted, and are used for reference in the structure elucidation. 81 

The genetic arrangement of the cps operon in serogroup 7 was described by Mavroidi et al. [18] in 82 

2007 and the cps loci forms two syntenic pairs, 7F/7A and 7B/7C and the two pairs cluster apart 83 

from each other on amino acid sequence comparisons [18]. The lack of the side chain in 7A 84 

compared to 7F can be explained by a frameshift mutation in wcwD which codes for a 85 

glycosyltransferase [19]. 86 

During development of PneumoCaT, nine single-nucleotide polymorphism (SNP) positions in 87 

wcwK, a glycosyltransferase, which can be used to differentiate serotype 7B from serotype 7C and 88 

also serotype 40 which is closely genetically related to 7B and 7C [12], were described. Nucleotide 89 

differences at residues 46 and 385 of wcwK are considered as more significant, as both result in 90 

distinct amino acids in the three serotypes differentiated in this way. 91 

When the PneumoCaT was evaluated on panels of previously serotyped isolates, one 7C isolate 92 

(PHESPD0846) displayed an atypical SNP pattern which did not fit the expected patterns in the 93 

Capsular Type Variant (CTV) database used by the tool to define serotypes [12]. 94 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 
 

This paper describes the serological, genetic and structural properties of this novel variant, which 95 

is to be named in the Danish nomenclature as serotype 7D. We also describe the structure of the 96 

capsular polysaccharide of serotype 7C which has not been published previously. Furthermore, as 97 

the NMR assignment of the different capsular polysaccharides have been obtained using different 98 

conditions, and in some cases have incomplete assignments, the full assignment of 7F, 7A 99 

(supporting information) and 7B (table 2) was also performed. 100 

2 Methods 101 

2.1 DNA extraction and sequencing 102 

The isolate was grown overnight on horse blood agar (PHE Media Services) with 5% CO2. DNA 103 

was extracted from an entire agar plate of growth using the QIAsymphony SP automated 104 

instrument (Qiagen, Hilden, Germany) and QIAsymphony DSP DNA Mini Kit, using the 105 

manufacturer’s recommended tissue extraction protocol for Gram negative bacteria (including a 1 106 

hour pre-incubation with proteinase K in ATL buffer and RNAse A treatment). DNA concentrations 107 

were measured using the Quant-iT dsDNA Broad-Range Assay Kit (Life Technologies, Paisley, 108 

UK) and GloMax® 96 Microplate Luminometer (Promega, Southampton, UK). DNA was sent for 109 

whole genome sequencing by Illumina sequencing using the PHE Genomic Services and 110 

Development Unit (Colindale, UK) 29. Illumina Nextera DNA libraries were constructed and 111 

sequenced using the Illumina HiSeq 2500. 112 

2.2 Bioinformatic methods 113 

Raw Illumina reads were pre-processed as described by Kapatai et al. [12]. KmerID 114 

(https://github.com/phe-bioinformatics/kmerid) was used to confirm species identification as part of 115 

the PHE WGS workflow. Multi-locus Sequence Typing on short-read data was performed using 116 

Metric Oriented Sequence Typing [20]. 117 

PneumoCaT (https://github.com/phe-bioinformatics/PneumoCaT) was used to predict capsular 118 

type from WGS data as described by Kapatai et al. [12]. In brief, processed reads are initially 119 

mapped to capsular locus sequences for all 94 serotypes (92 serotypes plus 2 molecular subtypes) 120 

which predicts serotype or genogroup based on mapping coverage (> 90%). If genogroup is 121 

predicted the analysis uses the capsular type variant database and the reads are mapped to 122 

genogroup relevant genes allowing for variant analysis. Serotype can be predicted if 100% match 123 

with an available variant profile is achieved. 124 
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2.3 Assembly-based sequence analysis 125 

Genomic reads were assembled using SPAdes (version 2.5.1) de novo assembly software [21] 126 

with the following parameters ‘spades.py --careful -1 strain.1.fastq.gz -2 strain.2.fastq -t 4 -k 127 

33,55,77,85,93’. The resulting contigs.fasta file was annotated using Prokka [22] and the capsular 128 

locus was extracted using the Artemis Comparison Tool [23]. 129 

2.4 Serotyping  130 

Isolates were initially serotyped at the Pneumococcal Reference Laboratory, PHE - National 131 

Infection Service, London, using slide agglutination. Briefly, cultures were grown in 5 ml of MAST 132 

Todd Hewitt Broth (PHE media services) for four hours, at 35°C with 5% CO2, centrifuged at 453 133 

xg for 30 min, and the supernatant removed. Cell pellets were re-suspended in a small residual 134 

volume of broth and subjected to slide agglutination tests with latex absorbed pool antisera 135 

(ImmuLex™ Pneumotest kit) or standard  group and factor sera (SSI Diagnostica A/S, Hilleroed, 136 

Denmark) [24]. 137 

Isolates were serotyped at SSI Diagnostica using the gold-standard method for Pneumococcus 138 

serotyping - Quellung reaction and with latex agglutination [2,25]. The cultures were grown in 139 

serum broth (SSI Diagnostica A/S, Hilleroed, Denmark) overnight. Two to four µL of culture were 140 

added onto a glass slide and mixed with the same amount of either pool, group or factor antisera 141 

(SSI Diagnostica A/S, Hilleroed, Denmark). The mixture was then observed for capsule swelling 142 

reaction in a phase contrast microscope, and typed using the Key to pneumococcal factor serum 143 

from SSI Diagnostica A/S [26]. 144 

2.5 Production of antiserum at SSI Diagnostica A/S  145 

A vaccine was developed from the novel strain, and rabbits were immunised. Bleeds from the 146 

rabbits were taken throughout the immunisation period, and the titer of the reaction between 147 

antiserum and the novel strain was monitored using the Quellung reaction. 148 

The titer of the antiserum was found by making a twofold dilution of the antisera from each bleed 149 

and mixing it with either serotype 7F, 7A, 7B, 7C and the novel strain. 150 

2.6 Capsular polysaccharide purification 151 

The polysaccharides were isolated from cultivated pneumococcus bacteria of the relevant 152 

serotypes. The 7D pneumococcus was grown in serum bouillon. The cells were harvested by 153 

centrifugation and lysed using deoxycholate. The solution was adjusted to pH 5.0 and the 154 
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precipitate, deoxycholate and cell debris, was removed by centrifugation. Proteins were 155 

precipitated by adding CaCl2 to reach 0.1% concentration followed by ethanol to reach 25% 156 

concentration and removed by filtration. Polysaccharides were precipitated by increasing the 157 

concentration of ethanol to 80% and recovered by centrifugation. Subsequently, the precipitate 158 

was dissolved in 0.05 M acetate buffer, pH 5.0 and DNAse and RNAse were added to the solution. 159 

The pH was adjusted and trypsin was added to decompose any remaining protein residues. 160 

Finally, the polysaccharides were freeze-dried after diafiltration. 161 

2.7 NMR spectroscopy 162 

Polysaccharide samples (10 mg) were dissolved in 99.9% D2O (500 µL, Sigma Aldrich, Munich, 163 

Germany), and spectra were recorded at 40 °C on a Bruker Avance (798.80 MHz for 1H and 164 

200.88 MHz for 13C) equipped with a 5 mm TCI 1H/(13C, 15N) cryoprobe using acetone as reference 165 

(2.22 ppm and 30.89 ppm for 1H and 13C, respectively). 1H-NMR spectra were acquired with 166 

presaturation, sweep widths of 6393.9 Hz and 32768 points zero filled to 65536 points. 13C-NMR 167 

spectra were acquired with power-gated decoupling of 1H, sweep widths of 48076.9 Hz and 32768 168 

points zero filled to 65536 points. The DQF-COSY spectra were acquired with sweep widths of 169 

6393.9 and 6390.4 Hz in F2 and F1, respectively, and 4096x512 points zero filled to 8192x1024 170 

points. The TOCSY spectra were acquired width the same sweep widths and number of points as 171 

the DQF-COSY using MLEV17 spinlock sequence with a mixing time of 60 ms and 31887.8 Hz 172 

spinlock power. The NOESY spectra were acquired with presaturation and the same sweep widths 173 

and number of points as the DQF-COSY spectra with a mixing time of 200 ms. The multiplicity 174 

edited 1H-13C HSQC were recorded with 2048x512 points zero filled to 4096x1024 points with 175 

sweep widths of 6393.9 and 35354.2 Hz in F2 and F1, respectively. The 1H-13C HSQC-TOCSY 176 

spectra were acquired with 1024x512 points zero filled to 4096x1024 points and the same sweep 177 

widths as the HSQC spectra using the DIPSI2 spinlock sequence with a mixing time of 60 ms and 178 

31887.8 Hz spinlock power. The long range optimised 1H-13C HMBC spectra, optimised for 8 Hz 179 

couplings, were recorded with 4096x512 points zero filled to 8192x1024 points with sweep widths 180 

of 6393.9 and 44192.7 Hz in F2 and F1, respectively. The DOSY NMR spectra were recorded with 181 

32768 points with sweep widths of 9615.4 Hz using gradients from 0.96 to 47.19 G/cm in 16 182 

increments. 183 

The 31P NMR was recorded at 40 °C on a Bruker 400 AvanceIII with a 5 mm Smartprobe. The 1D 184 
31P NMR spectra was recorded with sweep widths of 12931.0 Hz and 65536 points zero filled to 185 

131072 points. The 1H-31P HMBC was optimised for 8 Hz coupling constants with 2406.9 and 186 

1944.2 Hz in the F2 and F1, respectively, and 4096x512 points zero filled to 8192x1024. 187 
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The CLIP-HQSC [27] spectra was measured at 25 °C on a Bruker AvanceIIIHD with a 5 mm 188 

prodigy cryoprobe using 4795.4 and 16668.5 Hz in F2 and F1, respectively, and 2048x512 points 189 

zero filled to 4096x1024 points. 190 

With the exception of the CLIP-HSQC, all two-dimensional spectra were recorded using standard 191 

Bruker pulse sequences and were acquired using TopSpin 2.1. The CLIP-HSQC was recorded 192 

using TopSpin 3.2. All NMR data were processed using TopSpin 3.5. 193 

3 Results 194 

When run through the PneumoCaT pipeline, the isolate demonstrated a novel codon at residue 195 

385 which results in a novel amino acid change (CTT (Leu) compared to ACT (Thr) for serotype 196 

40, TTT (Phe) for 7B and TGT (Cys) for 7C), the rest of the capsular variant pattern was otherwise 197 

the same as expected for 7B in the CTV database [12]. When tested by slide agglutination at PHE 198 

a non-recognised pattern of reaction was seen with the serogroup 7 factor serum, giving reactions 199 

with both factor 7e and 7f. 200 

The novel 7 isolate was sent to SSI Diagnostica A/S, Denmark for confirmation of serotype. The 201 

isolate was confirmed to have an unusual pattern of factor sera reactions by Quellung test. 202 

Subsequently, it was grown in serum broth and then tested with ImmuLex Pneumotest (SSI 203 

Diagnostica A/S, Denmark), which is a latex agglutination test. The novel 7 isolate agglutinated 204 

with Pool C and P, which shows that the isolate belonged to serogroup 7. The result was then 205 

confirmed with Group 7 antiserum, and further serotyped using factor 7b, 7c, 7e and 7f antisera. 206 

The novel 7 strain showed capsule swelling with factor 7e and 7f, the capsule swelling was very 207 

strong with factor 7f. The Key to pneumococcal factor serum from SSI Diagnostica A/S [26], 208 

adapted in table 1, shows that serotype 7B only reacts with factor 7e and serotype 7C only reacts 209 

with factor 7f, so when the novel 7 isolate shows a reaction with both factor 7e and 7f, this 210 

indicates that it is a new serotype within serogroup 7. 211 

  212 
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Table 1: Serogroup 7 agglutination results. 213 

Type Reaction in factor serum 

 7b 7c 7e 7f 

7F +++    

7A (+) +++   

7B   +++  

7C    +++ 

7D   + +++ 

Rabbits were immunised with a vaccine made from the novel 7 strain, and when examining the 214 

antiserum from the rabbits it showed reactions with both serotype 7B, 7C and the novel strain. The 215 

antiserum showed a stronger reaction with the novel strain than with the serotype 7B and 7C 216 

strains. This also indicated that the strain was a novel strain, which shares antigenic epitopes with 217 

both serotypes 7B and 7C. 218 

Further genomic analysis at PHE showed that the novel 7 isolate was multi-locus sequence type 219 

(ST) 1533 (allelic profile 8,10,2,1,1,26,1), which was the same as four other serotype 7B isolates in 220 

the PneumoCaT evaluation analysis, and has 3 of 7 alleles in common with  the most common 221 

serotype 7F sequence type in PHE data, ST191 (allelic profile 8,9,2,1,6,1,17). Comparison of the 222 

7B capsular locus (CR931641.1) and the extracted capsular locus for the novel 7 isolate revealed 223 

that the two sequences differ by a single non-synonymous SNP at position 385 of wcwK. 224 

In order to elucidate the structural background for the serological results, the strains were grown 225 

and polysaccharides were isolated. The yield of the 7D CPS purification was 83.6 mg from 5 L of 226 

cell broth, and using NanoDrop the protein impurities was determined to be 1.4%. The remaining 227 

serogroup 7 strains are commercially available (SSI Diagnostica A/S). 228 

The NMR investigation started by inspection of standard 1D 1H spectra, and all samples (7B, 7C 229 

and the new serotype) resulted in good NMR spectra as seen in figure 2, indicating that the 230 

polysaccharides in the concentrations used demonstrate good solubility. Initial NMR data of the 231 

CPS of the novel 7 strain revealed that it had many similarities to the spectra of 7B and 7C. As the 232 

structure for 7C was not previously described, it was necessary to fully assign this structure before 233 

focusing on the novel 7D strain. The spectra for 7C contained signals corresponding to seven 234 

different anomeric signals, see figure 3, one of which had a phosphodiester linkage, and these 235 

were labelled A to G in order of descending 13C chemical shift. Furthermore, signals corresponding 236 

to five methyl groups were observed, three of which had almost identical chemical shifts 237 

corresponding to the methyl of 6-deoxy sugars. The remaining two were slightly more downfield 238 
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with chemical shifts corresponding to the methyl of acetyl groups. The assignment of the different 239 

carbohydrate units were performed using DQF-COSY, NOESY, TOCSY, HSQC, HSQC-TOCSY 240 

and HMBC. 241 

 242 

Figure 2: 1H NMR spectra of serogroup 7 serotypes. From top to bottom: 7F, 7A, 7B, 7C, 7D. 243 

One of these anomeric signals, A, was identified as originating from a furanoside, while the 244 

remaining six were identified as pyranosides. The anomeric configuration of the six pyranosides 245 

were determined using the 1JH,C coupling constants [28], shown in supplementary table S1, and 246 
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four of them, D, E, F and G, were identified as having α-configuration, 1JH1,C1 of ~170 Hz, while the 247 

remaining two, B and C, were identified as having β-configuration, 1JH1,C1 of ~160 Hz. 248 

 249 

Figure 3: HSQC spectrum of the 7C sample. The 1H and 13C projections are from separate experiments. The labels 250 
correspond to the anomeric positions of the seven monosaccharides. 251 

The three pyranosides C, D and E had very similar couplings constants (table S1 in supplementary 252 

information), including the 3JH1,H2 coupling constant, even though only one was of β-configuration, 253 

and all three were determined to be monosubstituted rhamnoses. The presence of three 254 

rhamnoses would also explain the three upfield methyl groups described earlier. The β-rhamnose 255 

C was determined to be 2-substituted, as evident by its downfield 13C chemical shift, as was the α-256 

rhamnose E while the other α-rhamnose, D, was 4-substituted. The rhamnoside configurations 257 

were determined by the 3JH,H coupling constants, which corresponded to 6-deoxy mannose 258 

configurations with the 2-position proton being equatorial, and the 3, 4 and 5-position protons being 259 

axial. 260 

The pyranoside B was determined to be a β-glucose, as it only has large 3JH,H coupling constants, 261 

and was found to be 4-substituted, based on the downfield chemical shift of the respective position. 262 

The pyranoside F was also of glucose configuration, but contained a 2-N-acetyl, and had α-263 

configuration. F was found to be 6-substituted with a phosphodiester. The last pyranoside, G, was 264 

determined to be an N-acetyl α-galactosamine and was 3,4-substituted as well as being 265 
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anomerically bound to the aforementioned phosphodiester. This galactoside configuration was 266 

determined mainly from the 3JH,H coupling constants, as seen in supplementary table S1, as 267 

determination of configuration could not rely on chemical shifts as they were quite heavily shifted 268 

due to the disubstitution compared to unsubstituted α-galactosamine [29]. Finally, the furanoside A 269 

was determined to be a terminal β-ribose as the chemical shifts matched those of methylated β-270 

ribofuranose [29], as well as those of the corresponding β-ribofuranose in 7B [15].  271 

Finally connection of the different monosaccharide units was determined using HMBC and NOESY 272 

correlations (table S2 in supplementary data). Starting from the 6-substituted α-GlcpNAc F, the 273 

anomeric proton had HMBC and NOESY correlations to the 2-position of the α-rhamnose E, as 274 

well as NOESY correlations to the anomeric proton of E, further confirming the 2-substitution. From 275 

the anomeric position of E there were HMBC and NOESY correlations to the 2-position of the β-276 

rhamnose C, the anomeric of which had HMBC and NOESY correlations with the 4-position of the 277 

β-glucose B. This in turn had correlations to the 4-position of the disubstituted α-GalpNAc, which 278 

were the last part of the backbone of the repeating unit as the anomeric position of G were 279 

connected to the same phosphodiester as the 6-position of F, which was confirmed by 1H, 31P 280 

HMBC (figure S17 in supplementary data). The terminal β-ribose A had HMBC and NOESY 281 

correlations to the 4-position of the α-rhamnose D, which in turn had correlations with the 3-282 

position of G. This means the CPS structure of 7C was almost identical to that of 7B, with the only 283 

difference being a α-GalpNAc (G) in 7C instead of an α-glucose in 7B, and all of the signals from 284 

A, C, E, and F were practically identical to their counterparts in 7B. The signals from B and D, 285 

which were the two carbohydrates directly connected to the α-GalpNAc G, are shifted to some 286 

extent relative to the corresponding residues in 7B. The full assignment of the 7C CPS is given in 287 

table 2. During the elucidation of 7B, Jansson et al. [15] determined monosaccharide composition, 288 

assigned fragments obtained by partial acid hydrolysis and determined absolute configuration, and 289 

due to the high similarity to the CPS in 7B and the good agreement with assigned chemical shifts, 290 

the sugars in 7C were assumed to have the same absolute configuration.291 
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Table 2: Table containing the assignments of 7C, 7B and 7D as it contains both repeating units in a 5:1 ratio. 292 

7C table 1 2 3 4 5 6 NAc-Me C=O 
β-Ribf-(1- 
A 

5.330 
108.84 

4.054 
75.63 

4.124 
71.64 

4.024 
83.17 

3.691/3.824 
63.77 

N/A N/A N/A 

-4)-α-Rhap-(1- 
D 

4.956 
100.90 

3.771 
71.39 

3.916 
71.24 

3.510 
79.31 

4.401  
67.71 

1.276  
17.60 

N/A N/A 

O-P-6)-α-GlcpNAc-(1- 
F 

4.964 
96.63 

3.921 
54.39 

3.808 
71.18 

3.571 
70.25 

4.154  
71.72 

4.113/4.154 
65.17 

2.049  
22.60 

N/A 
174.99 

-2)-α-Rhap-(1- 
E 

5.049 
99.48 

4.089 
77.10 

3.967 
70.01 

3.508 
72.62 

4.066  
69.56 

1.324  
17.54 

N/A N/A 

-2)-β-Rhap-(1- 
C 

4.874 
101.33 

4.131 
77.95 

3.659 
73.93 

3.39 
72.69 

3.414  
73.19 

1.317  
17.77 

N/A N/A 

-4)-β-Glcp-(1- 
B 

4.509 
102.01 

3.240 
74.02 

3.594 
76.71 

3.283 
79.69 

3.447  
76.06 

3.688/4.054 
62.63 

N/A N/A 

-3,4)-α-GalpNAc-(1-O-P- 
G 

5.422 
94.94 

4.234 
54.45 

4.014 
74.56 

3.976 
73.37 

4.002  
73.25 

3.909  
59.94 

2.076 
22.78 

N/A  
174.87 

7B table 1 2 3 4 5 6 NAc-Me C=O 
β-Ribf-(1- 5.330 

108.85 
4.062 
75.61 

4.146 
71.61 

4.022 
83.10 

3.699/3.837 
63.89 

N/A N/A N/A 

-4)-α-Rhap-(1- 5.222 
100.89 

3.999 
71.17 

3.989 
71.28 

3.524 
79.64 

4.401  
67.50 

1.290  
17.61 

N/A N/A 

O-P-6)-α-GlcpNAc-(1- 4.968 
96.56 

3.933 
54.35 

3.804 
71.11 

3.596 
70.13 

4.145  
71.67 

4.119/4.188 
64.99 

2.048 
22.56 

N/A  
174.96 

-2)-α-Rhap-(1- 5.046 
99.42 

4.087 
76.98 

3.967 
69.96 

3.506 
72.53 

4.062  
69.53 

1.331  
17.47 

N/A N/A 

-2)-β-Rhap-(1- 4.881 
101.24 

4.130 
77.87 

3.657 
73.90 

3.385 
72.64 

3.421  
73.14 

1.330  
17.54 

N/A N/A 

-4)-β-Glcp-(1- 4.473 
102.00 

3.237 
74.05 

3.586 
76.59 

3.292 
79.54 

3.433  
76.01 

3.687/4.066 
62.61 

N/A N/A 

-3,4)-α-Glcp-(1-O-P- 5.493 
95.95 

3.746 
73.26 

4.003 
75.29 

3.869 
72.81 

3.967  
72.86 

3.893  
59.90 

N/A N/A 

(N/A for non applicable) 293 

 294 
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295 
After having elucidated the structure of 7C it was evident from the 7D spectra, as seen in the 1D 296 

spectra in figure 2 and overlay of the anomeric region of the 2D HSQC spectra, figure 4, that 7D 297 

was a combination of the repeating unit structures of 7B and 7C. The relative ratio was 298 

approximate 1:5 between 7B and 7C, as measured by integrals from 1H NMR, 31P NMR (figure S8 299 

in supplementary data) and HSQC. In an attempt to deduce if the repeating units corresponding to 300 

7B and 7C are in the same polymer, a DOSY NMR experiment, which separate the NMR signals 301 

based on diffusion rate, was performed. The DOSY data showed some very small differences for 302 

signals unique to 7B and 7C, but the overall pattern were unclear, so no conclusion could be 303 

drawn. However, the experiment clearly showed that the CWPS polysaccharide is significantly 304 

smaller in size having approximately one order of magnitude faster diffusion. It cannot be 305 

determined based on the current data if the polysaccharide for 7D is one long chain with both 306 

structural elements present, or if it is a mixture of the two structures in separate chains. The peaks 307 

corresponding to the CWPS [16], which is present in all the samples, was in higher concentration 308 

in the 7D sample, and the sample also had a higher salt concentration compared to the 7B and 7C 309 

samples. As CWPS is highly charged, containing both phosphocholine groups and backbone 310 

phosphodiesters, some of the signals have shifted markedly compared to the CWPS present in the 311 

7B and 7C samples. This illustrates the importance of considering differences in sample 312 

preparation methodologies and reagent concentrations when comparing chemical shifts between 313 

different studies. 314 
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 315 

Figure 4: HSQC of 7D (blue) with 7B (red) and 7C (green) superimposed. The projections are from separate 7D 1H and 316 
13C NMR, note that the signals from 7C are more intense in 7D compared to signals originating from 7B. The signals 317 
marked with * are from CWPS and the A-G labels correspond to the 7C labels in figure 3 and table 2. 318 

4 Discussion 319 

With modern developments in both serological and genomic techniques the ability to detect novel 320 

variants of previously described serotypes has improved and many potential novel pneumococcal 321 

serotypes have been reported. However the question remains, when is a novel variant a real “new 322 

serotype”? In the case of pneumococcus, the phenotypical serotype is the most important 323 

determinant for surveillance purposes as vaccine-driven immunity against the pneumococcus is 324 

based on serotype-specific immune responses to polysaccharide and conjugated-polysaccharide 325 

vaccines. Therefore we would argue that the determination of a “serotype” should be aligned with 326 

the immunological properties of the organism in order to accurately reflect the efficacy of a 327 

vaccination program. 328 

As observed in the agglutination test, the novel serotype described here was determined to be part 329 

of serogroup 7 and acted as a hybrid between serotype 7C and 7B, although more like 7C than 7B. 330 

After full structure elucidation of the new CPS, as well as the previously isolated 7C, it was evident 331 

that this serological observation was is in good agreement with the structure elucidation where the 332 

7D CPS was identified as an approximately 5:1 combination of the 7C and 7B CPS repeating units, 333 

figure 4, respectively. The full assignment for 7D, as well as 7C and 7B, can be found in table 2. 334 
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However, whether the 7C and 7B CPS repeating units are both present as separate CPS, or if it is 335 

mixed into a hybrid CPS is still unknown. The mixed structure would also serve to explain why 7D 336 

reacts with antiserum of rabbits immunised with 7B or 7C, as both repeating units are present, and 337 

explain its stronger reaction with factor 7f than 7e in the agglutination test, as it has higher amounts 338 

of the repeating unit from 7C than from 7B. 339 

As the structure of the CPS of 7C was previously unknown, it was fully assigned, see table 2, and it 340 

was determined that the only difference between 7B and 7C was the presence of a branched α-341 

GalpNAc in 7C instead of the branched α-Glcp in 7B, see figure 1. As result of this, the NMR 342 

spectra of 7B and 7C are quite similar, with the largest differences, aside from the changed 343 

monosaccharide, being from the positions directly attached to this monosaccharide. The only part 344 

of the serogroup 7 CPS that is maintained in all five serotypes is the presence of the α-GlcpNAc-345 

1,2-α-Rhap, although in 7F and 7A these are on a branch off of the backbone and in 7B and 7C, 346 

and thus also 7D, it is part of the backbone. Another part of the CPS that is only partly maintained 347 

across the serogroup is the β-L-Rhap-1,4-β-D-Glcp, which is present in 7B, 7C and 7D, whereas in 348 

7F and 7A the β-L-Rhap is 2-O-acetylated. Additionally, all the samples contained the same 349 

CPWS, but varied slightly in chemical shift, likely due to slightly different CWPS concentrations. 350 

The new serotype, 7D in the Danish serotype system, was both serologically, genetically and 351 

structurally different from other serotypes, although the CPS was a hybrid of 7C/7B. Its hybrid 352 

nature was also evident from the rabbit sera results, in which 7D reacted like both 7C and 7B, but 353 

mostly like 7C. Compared to the reported hybrids in serogroup 6 [9,10,30], in which 6F, 6G and 6H 354 

are hybrids of 6A/6C, 6B/6D and 6A/6B, respectively, though they do not give distinct reactions 355 

using typing sera. In the case of 6F, which genetically similar to 6A, the enzyme that differs 356 

between production of 6A or 6C had a single point mutation resulting in the ability to produce both. 357 

This is similar to the case for 7D, which is most similar to 7B, but the enzyme responsible for the α-358 

Glcp unique to 7B has been mutated to be capable of transferring both α-Glcp and α-GalpNAc, 359 

making the CPS a mixture of 7C and 7B. While there is no direct evidence of the two repeating 360 

units being covalently bound, the overall results indicates that they are, as the expressed 361 

glycosyltransferase unique to 7D can transfer both the α-Glcp and the α-GalpNAc, and antiserum 362 

from 7D immunised rabbits also reacted with 7B and 7C. 363 

In the future, in order to avoid confusion on the naming of pneumococcal “serotypes”, we would 364 

propose an ideal solution would be to have an official overarching body with rules for accepting 365 

new serotype designations. For example, that the isolate should exhibit both a genetic difference 366 

and a serological difference as demonstrated by rabbit sera (enabling possible commercial supply 367 
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of typing sera to identify it), plus elucidation of a distinct structural difference to other existing 368 

serotypes. We would further propose that other variants noted by genetic analysis or only 369 

demonstrated by use of specific monoclonal antibodies, should be named in a different way to 370 

avoid confusion. To realise this goal would require international agreement on typing methods and 371 

nomenclature for both serological and genotypic capsular types. With serotypes designated only if 372 

there are widely available serologically based methods to determine them and enable global 373 

comparison between laboratories. 374 
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• Discovery of the 7D serotype and description of its hybrid capsular polysaccharide 

• The new serotype was identified as a hybrid between 7B and 7C 

• Structural elucidation of the capsular polysaccharides by NMR spectroscopy 

• From genetics to serotyping and structure, the results support the new serotype 


