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Background 

Streptococcus pneumoniae is responsible for various infections such as pneumonia, otitis, sinusitis, 

peritonitis, endocarditis and meningitis(1). The incidence of invasive S. pneumoniae is often used as an 

indicator of the burden of pneumococcal disease. Virulence and invasiveness varies among serotypes.  

In pneumococcus, several virulence factors are known; among these, the cps locus encoded capsule is a 

crucial one, as the prime target for vaccine development. Although several vaccines (PCV-7, PCV-10, 

PCV-13 and PCV-23) with different coverage have been developed against S. pneumoniae, invasive 

pneumococcal disease remains a public health concern since a vaccine replacement phenomenon is 

observed(2).  

 

Since 1990, S. pneumoniae serotype is determined using the Quellung’s technique in most 

laboratories(3).  This standard method uses antisera to reveal the swelling of the capsule through an 

antibody-antigen reaction(1,4). This technique is laborious, expensive and requires technical expertise. 

Although this technique is recognized as the reference method, it can lead to erroneous results because 

it is subjective. Indeed, serotyping results are obtained through microscope observation of capsular 

swelling which in some cases is difficult to observe. As more than 90 serotypes of S. pneumoniae have 

been described to date(1), a serotyping algorithm must be applied using different antisera which makes 

the task tedious and time consuming. 

 

Rapid molecular techniques are now being evaluated to perform serotyping. A review of several 

published methods to determine the serotype of S. pneumoniae is presented in Table 1(4-19). Among the 

six methods presented, two cannot be used as part of a surveillance program. The whole genome 

sequencing (WGS) is a method which generates data that are not all relevant in the current context of 

monitoring(17-19). However, WGS may help to understand the mechanism of replacement and adaptation 

through possible recombination in the S. pneumoniae strains in response to vaccination (20). Although 



   

promising, EIMS(11,12) method, is not available to the Quebec market. Microarrays(13-14) technology allows 

rapid genes resistance and virulence identification. However, microarrays equipment is not more 

available at LSPQ. We retained the other three methods based on the following criteria: cost analysis, 

technology availability at the LSPQ and timely delivery of results. In the case of sequetyping(10), unlike 

multiplex PCR (which remains the most cost effective(5-9)), the method does not require adaptation to 

local epidemiology of circulating serotypes. For all molecular methods described, the literature reports 

that a certain percentage of serotype strains cannot be determined. In which case an alternative path 

must then be considered like Quellung’s serotyping method. 

We propose to evaluate various molecular techniques for rapid serotyping of S. pneumoniae strains as 

compared with Quellung gold standard, including all invasive strains isolated from children and adults in 

the province of Quebec. 

 

Methods: Molecular method comparison (using LSPQ collection of invasive S. pneumoniae strains) with 

gold standard method (Quellung) and WGS to study the impact of vaccine on serotype replacement. 

1- Monitoring tools : 

- Multiplex PCR 

- Sequetyping 

 

Phase 1 : For the development, 20 selected strains will be used to fine tune and develop the methods.  

Phase 2 : For the proof-concept, an additional 100 strains will be analyzed using the two molecular 

methods. The third method, WGS, will be performed on 10 strains. The strain collection will be 

representative of various circulating serotypes, including serotypes (19A, 7F, 3, 22F, 9N, 15A, 6C) and all 

serotypes included in currently used vaccines. Molecular methods will be compared to the Quellung 

gold standard method. After the proof-concept period, the most efficient method will be retained and 

used for surveillance programme. The choice will be based on cost effectiveness, efficiency, cost of 

reactive, cost of technical time, accuracy and professional expertise. 

 

2- Molecular basis of vaccine replacement by WGS : 

 

WGS will be performed on 10 selected strains to study pneumococcus post-vaccine changes through 

two approaches: 

 

 - Pre- and post-vaccine follow-up for serotyping evolution. 

 - Identification of putative vaccine target. 

 

Time-line (See Annex 1) 
 

Steps Lenght 

Development: 

Strains’ selection and development of 3 molecular methods for serotyping 
1 year 

Proof of concept: 

-Molecular methods will be compared with Quellung gold standard method and WGS 

-Evaluation on our surveillance programme in the design of vaccines using the new 

validated method. 

1 year 

Publication and conference organization 
At the end of 

study 

 

 



   

Project Benefits 

1- Implementation of an active monitoring tool of invasive S. pneumoniae serotypes. 

2- Reduction of delays and costs associated with the provincial monitoring program of invasive 

strains of S. pneumoniae using optimized serotyping methods. 

3- Potential increase of provincial surveillance program capacity building due to cost effectiveness. 

4- Identification of putative vaccine target. 

5- Better understanding of vaccine replacement mechanism. 

 

Deliverables 

1- Set up of a new molecular serotyping method. 

2- Data from the study will be presented at a scientific meeting and published in a peer reviewed 

journal. 
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Table 1.  Comparison of different methods for S. pneumoniae serotyping. 
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Introduction 

Since 1990, Streptococcus pneumoniae serotypes are determined using the Quellung’s technique in 

most laboratories. This standard method uses antisera to reveal the swelling of the capsule through an 

antibody-antigen reaction. This technique is laborious, expensive and requires technical expertise. 

Although it is recognized as the reference method, it can lead to erroneous results because it is 

subjective. Indeed, serotyping results are determined through microscope observation of capsular 

swelling which in some cases is difficult to observe. As more than 90 serotypes of S. pneumoniae have 

been described to date, a serotyping algorithm must be applied using different antisera which makes 

the task tedious and time consuming. 

In that context, we evaluated three molecular techniques for the rapid serotyping of S. pneumoniae 

invasive strains from children and adults in the province of Quebec. The results were compared with 

those obtained using Quellung gold standard.  

Whole genome sequencing (WGS) is a technology that determines the complete DNA sequence of a 

microorganism's genome at a single time. Sequetyping is based on polymerase chain reaction (PCR) 

amplification of cpsB (capsular polysaccharide synthesis) using a single primer pair followed by 

nucleotide sequencing. Sequential multiplex PCR was used for capsular serotyping of pneumococci 

using various primers pairs. Primer selection and their arrangement for multiplexing were optimized 

based on the capsular serotype distribution found in Quebec. 

 

Materials and Methods 

Bacterial isolates 

The 97 S. pneumoniae isolates used in this study are listed in Table 1. They cover 74 different serotypes 

previously identified by the Quellung reaction using Statens Serum Institut antisera. Purified genomic 

extracts were obtained using the QiagenTM BioRobot M48 workstation and the MagAttract DNA Mini 

M48 Kit (Qiagen). 

 

Whole Genome Sequencing (WGS) 

Genomic extracts were quantified using the Quant-It™ PicoGreen® dsDNA Assay Kit (Life Technologies) 

and diluted to the working concentration (1 ng/µl) to initiate the library preparation. 

Whole genome sequencing was performed on 21 pneumococci isolates (Table 1) using an Illumina 

MiSeq system and the Nextera XT DNA reagent kit v3 (600 cycles, paired ends).  Genome size of 

S. pneumoniae is 2.16 Mbp on average. Using this value and the MiSeq Sequencing Coverage Calculator 

(http://support.illumina.com/downloads/sequencing coverage calculator.html), a minimum depth of 

coverage per isolate averaging 50X was obtained. 
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Bioinformatics tools 

Following the MiSeq run, reads quality was evaluated with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Genome assemblies were performed 

using Spades (Bankevich et al., 2012) assembler on Calcul Quebec (http://www.calculquebec.ca/en/) 

public resources. Assemblies’ metrics for each specimen were computed and visualized with Quast 

(Gurevich et al., 2013) and R scripts tools. 

To detect the cps loci in each single fasta file assembly, 107 cps sequences representing 92 different 

serotypes (Camargo et al., 2015) were downloaded from the NCBI GenBank database 

(http://www.ncbi.nlm.nih.gov/) using an in-house Biopython (http://biopython.org/wiki/Main_Page) 

script tool. A database containing those sequences was constructed and used as a list of subjects to 

successively Blast (Basic Local Alignment Search Tool) all assembly files with a second in-house python 

script tool. For each unknown isolate, the hit with the highest bit score was retained as the most 

probable corresponding serotype. 

 

Sequential multiplex PCR  

Pneumococcal serotypes of selected isolates (n=60) listed in Table 1 were tested using a sequential 

multiplex PCR protocol designed by the Centers for Disease Control and Prevention (CDC, 

http://www.cdc.gov). The list of 41 oligonucleotide pairs of primers and the product sizes are 

accessible at: http://www.cdc.gov/streplab/downloads/pcr-oligonucleotide-primers.pdf. The names of 

the primers correspond to their respective target serotype(s). The sequential multiplex approach 

consists of eight successive PCR reactions (reactions 1 to 8) and the reaction 6C used to resolve a 

positive amplification with primers 6A/6B/6C/6D in reaction 1. Each single reaction has its serotype-

specific set of primers. They all have the universal capsular pair of primers CPSA-(forward and reverse) 

as positive control targeting every possible tested cps locus (except for serotype 38). Master mix 

component and thermal cycling parameters are detailed in the following document: 

http://www.cdc.gov/streplab/downloads/pcr-us-clinical-specimens.pdf. Electrophoresis was done 

using a 2% agarose gel and 25 µl reaction mix described in the conventional LSPQ routine procedure.  

 

Sequetyping 

Serotyping by sequetyping, based on the cpsB gene sequencing, was performed on selected isolates 
from Table 1 (n=74) according to Leung et al., (2012). The sequetyping primers are as follow: cps1, 5’-
GCA ATG CCA GAC AGT AAC CTC TAT-3’, and cps2, 5’-CCT GCC TGC AAG TCT TGA TT-3’. PCR 
amplification, amplicon purification, the first generation sequencing with the BigDye Sequence 
Terminator v.3.1 kit (Applied Biosystems) and the Genetic Analyser 3130 (Applied Biosystems) were 
performed according to the procedure commonly used in routine at the LSPQ.  
 
BioNumerics version 7.5 (Applied Maths) was used to assemble forward and reverse abi sequences and 

to edit final consensus chromatograms. Consensus sequences were exported in a single multifasta file 

to perform phylogenetic analysis and Blast queries (see below). 
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The identification could be classified into one of the following levels (adapted from Leung et al., 2012): 

1) Serotype level when the expected serotype was found with the highest identity value. 2) Serogroup 

level if the expected serotype was found with the highest identity value and this identity was shared 

with other serotype(s) of the same serogroup only. 3) Ambiguous, when condition 2) is true and the 

highest identity value is also or only shared with other serotypes. 4) Misidentified, when the highest 

identity value was obtained with a serotype different from the expected one.  
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TABLE 1 Serotypes and isolates ID used in this study and selected isolates for the seroptyping 
molecular methods tested. 

 

   Tested serotyping methods 

Serotypes(1) Isolates ID  WGS Sequetyping Sequential multiplex PCR 

      

1 LSPQ3053   � � 

2 LSPQ3054   � � 

3 LSPQ3055   � � 

4 LSPQ3124   � � 

5 LSPQ3057   � � 

6A LSPQ3058   � � 

6B LSPQ3770   � � 

6C LSPQ4242   � � 

6D MA092686   � � 

7A LSPQ4102   � � 

7B LSPQ4103   � � 

7C LSPQ4231   � � 

7F MA099461  � � 

7F KMA081946 �   

8 LSPQ3596   � � 

9A MA080418   � � 

9N MA099463  � � 

9V MA099234   � � 

10A MA090174   � � 

10A KMA095845 �   

10A KMA094933 �   

10A KMA094205 �   

10B MA080812   �  

10F MA075627   � � 

11A MA090298   � � 

11A KMA091851 �   

11B MA097930   �  

11F MA073130   �  

12A MA097699  � � 

12F LSPQ3064   � � 

13 LSPQ3065   � � 

14 LSPQ3066   � � 

15A MA099389  � � 
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TABLE 1 (continued) 

   Tested serotyping methods 

Serotypes(1) Isolates ID  WGS Sequetyping Sequential multiplex PCR 

      

15A KMA096792-1 �   

15A KMA095336 �   

15A KMA094663 �   

15A KMA093977 �   

15B MA099177  � � 

15B KMA096033  �   

15B KMA095997 �   

15B KMA094560 �   

15C MA096496  � � 

15F MA083248   � � 

16A MA065427   �  

16F LSPQ4236   � � 

16F KMA093020  �   

17F MA098807   � � 

18A LSPQ4243   � � 

18B MA066814   � � 

18C MA095139  � � 

19A LSPQ3071   � � 

19A KMA080288  �   

19A KMA080125  �   

19A KMA079789 �   

19B MA083042   �  

19C MA084138   �  

19F MA098992  � � 

20 LSPQ3072   � � 

21 LSPQ3160   � � 

22A MA095877   � � 

22F LSPQ4162   � � 

22F KMA096962 �   

22F KMA094696 �   

22F MA094689 �   

23A LSPQ3769   � � 

23B MA099469  � � 

23F MA099467  � � 
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TABLE 1 (continued)   

   Tested serotyping methods 

Serotypes(1) Isolates ID  WGS Sequetyping Sequential multiplex PCR 

      

24(2) MA096695 �   

24B MA094350   � � 

24F MA099028   � � 

27 MA088547   �  

28A MA095690  �  

29 LSPQ3079   �  

29 KMA099083   �  

31 LSPQ3080   � � 

32F LSPQ3081   �  

33A MA086628   � � 

33F MA099238   � � 

34 LSPQ3127   � � 

34 KMA099037    � 

34 KMA096961 �   

35A MA092229   � � 

35A KMA082642    � 

35B MA097723   � � 

35F MA099195  � � 

36 LSPQ3641   �  

37 LSPQ3645   � � 

38 LSPQ3642   � � 

39 LSPQ3646   � � 

40 LSPQ3162   � � 

41A LSPQ3089   �  

42 LSPQ3677   � � 

43 LSPQ3643   �  

44 LSPQ3644   � � 

45 LSPQ3092   �  

46 LSPQ3093   � � 

48 LSPQ3095   �  

 
         (1) Serotype determined by Quellung. 

(2) Serotype to be determined, unusual cross reaction (24c-, 24d+, 24e+) with Quellung. 
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Results 

Evaluation of the Whole Genome Sequencing approach 

WGS is a powerful method which generates huge amount of data. Bioinformatics tools are essential to 

extract the information. First, following a MiSeq run, generated reads must be submitted to some 

statistics measurements such as their average lengths and quality. Second, they have to be assembled 

in order to construct higher levels of DNA sequences (contigs). A fully closed genome with a single 

contig is usually not expected due to the short length of the reads. Nonetheless, contigs with high 

depth of coverage and long enough are expected so that their concatenated lengths cover the totality 

of the target genome. Resulting assemblies hold a lot of garbage data which are not always required. 

To identify genes or regions of interest, genome annotation is a strategy which is often used. However, 

simple Blast analyses have also proven very efficient and are sometimes sufficient to obtain reliable 

responses. Following are the results for each main step of our analysis pipeline to identify serotypes of 

pneumococcal isolates with the WGS approach.   

Paired end reads quality 

FastQC is a simple tool used to summarize statistics of reads in Fastq 

(https://en.wikipedia.org/wiki/FASTQ_format) format files. Figures 1 to 3 give an example of a partial 

FastQC report generated with this tool on the KMA080125 forward reads file. Results are visually very 

easy to interpret. Other metrics are also generated by the program. For example, per sequence GC 

content, Kmer content, overrepresented sequences (data not shown) but their values don’t usually 

have any impact on the rest of the pipeline steps. The focus is normally directed only on the reads 

quality score and their average length.  

In the KMA080125 example, the amount of forward reads is 1 023 720 (Figure 1). The number of 

reverse reads is always the same due to the paired end mode. Their lengths vary between 35 and 301 

bp (Figure 1) with an average around 300 bp (Figure 3) and their quality is high across most of their 

lengths. Lower quality beyond 260 bp is an expected result due to the MiSeq chemistry. Those statistics 

are deemed of good quality, albeit not optimum, and are very acceptable based on MiSeq 

specifications and appropriate for the assembly step.  

Each isolate has a FastQC report similar to the one generated for KMA080125. The metric having the 

highest variance is the number of reads (standard deviation=277 143 reads). Nonetheless, according to 

our assembly and Blast results (see below), this did not have any significant impact. The number of 

reads (forward + reverse) among isolates is given in Table 2. It varies between 543 274 reads 

(KMA096961) and 2 306 692 reads (KMA093977). The high variability and lower number of reads 

(33 570 998 reads) compared to the MiSeq performance specification (44 000 000 - 50 000 000 reads) 

could be explained by two factors : first, the high rate of reads filtration; second, the lower cluster 

density value (1000 k/mm2) obtained during the MiSeq run compared to the specification value (1200-

1400 k/mm2). The problem may stem from the library preparation which is a rather complex procedure 

compared to a simple PCR and implies many steps subject to DNA loss. Accuracy of the original DNA 

concentration assay is also a potential source of unexpected results. Optimization of the library 

preparation step and investigation regarding this issue are part of our future plan. 
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       Figure 1: Statistics summary of the KMA080125_S4_L001_R1.fastq file (forward reads) 

       computed with FastQC. 

 

 

 
Figure 2: Box plot representing the average quality across reads length for the KMA080125 forward 

reads file. Reads positions are located on the horizontal scale and the Phred quality scores on the 

vertical scale. Green, yellow and red rectangles correspond to high, medium and poor quality base 

calls, respectively.  
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                      Figure 3:  Reads length distribution for the KMA080215 forward Fastq reads file. 
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           TABLE 2 Paired end reads number generated during the MiSeq run     
    

Isolates Reads numbers(1)   

KMA079789 406 715   

KMA085125 1 023 720   

KMA080288 540 195   

KMA081946 713 798   

KMA091851 1 068 051   

KMA093020 1 053 173   

KMA093977 1 153 346   

KMA094205 1 150 155   

KMA094560 979 655   

KMA094663 406 573   

KMA094689 489 875   

KMA094696 788 724   

KMA094933 759 133   

KMA095336 814 704   

KMA095845 878 063   

KMA095997 985 351   

KMA096033 739 530   

KMA096792-1 735 845   

KMA096961 271 637   

KMA096962 301 144   

MA096695 500 784   

Total reads 15 760 171   

(1) The total reads number (forward + reverse) for one isolate is two times the displayed value. 

  

Reads assemblies metrics 

Genome assemblies is a very complex task which involve complex mathematic algorithms. To date, 

many assemblers have emerged (http://assemblathon.org/). Those implemented with De Bruijn 

Graphs (Pevzner et al., 2001) are now considered the most efficient assemblers. Spades has been 

designed using such an algorithm and is particularly well adapted to manage MiSeq paired ends reads. 

Previous comparisons with other assemblers such as Velvet (Zerbino, 2010) and Ray (Boisvert et al., 

2010) have shown Spades to generate better metrics. 

Different metrics are used to evaluate the quality of an assembly. The N50 statistic is well suitable for 

this. This parameter is defined as the length of the contig for which the sum of the length of all contigs 

of that length or shorter is higher than half of the sum of the length of the contigs collection. The 

distribution of contigs length, their coverage and the total contigs length compare to that of the 

reference genome are also indicative of good or bad assemblies. 
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To compute metrics of our assemblie’s collection, we have used another well designed quality check 

tool named Quast. This program is easy to use and generate instantly all length statistics at a glance. 

Figure 4 show an example of a Quast output generated with the KMA080288 assembly. The number of 

contigs larger than 500 bp is 59, the largest contig is 319 774 bp in length and the N50 statistic is 

69 483 bp. The graphic in the right panel is interactive and allows the user to visualize the cumulative 

length of the assembly starting with the largest contig. The example shows that at the 43rd contig, the 

cumulative length is 2 042 007 bp. Given that the average genome length of S. pneumoniae is 2.16 

Mbp, we can consider that those metrics were expected and appropriate for the current project.  

 

 

Figure 4: Contigs length statistics generated by the Quast software. KMA080288 assembly as input file is 

shown. 

 

As previously mentioned, the quality of an assembly is also based on the mean depth of coverage. In 

short, this value represents the mean frequency at which a single specific nucleotide has been called 

during a whole genome sequencing run. Generally, the higher this value is, the more confident we are 

in our assembly. Naturally, the depth of coverage will always be compromised as we increase the 

number of specimens in a single run and even more when their genome length increase. For this 

reason, the MiSeq Sequencing Coverage Calculator is highly useful during a run planning. 
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Unfortunately, Quast software is not well adapted to compute contigs coverage. All necessary data to 

make such computations belong exclusively to the assembler. In order to extract them from Spades 

and display coverage distribution graphically among contigs for every isolate, we implemented an in-

house R script. This tool reads the fasta contigs headers from their respective assembly file and 

produces two graphics for each single isolate; one histogram depicting the absolute depth of coverage 

distribution and one complement linear plot showing the coverage’s values relative to the contigs 

length. Figures 5 and 6 illustrate an output example for KMA080288. For this isolate, the average depth 

of coverage is 43X across 2 032 311 bp and that mostly smaller contigs have higher coverage. This 

observation applies to all final assemblies that we have generated in the current project. 

 

 

 

     Figure 5:  Depth of coverage distribution among the KMA080288 contigs collection generated with 

the Spades assembler. 
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Figure 6:  KMA080288 contigs depth of coverage relative to their respective length. 

 

The main assembly’s metrics for all of the 21 pneumococcal isolates are summarized in Table 3. 

Those metrics exclude contigs smaller than 500 bp. These short sequences are often unreliable 

and usually part of background data regarded as garbage. This filtration procedure has no 

impact on the final result. Globally, Table 3 shows that statistics are rather heterogeneous 

among isolates and seem to be correlated with the number of reads (Table 2). Effectively, one 

can notice for example that metrics quality of KMA093977 (the isolate having the highest 

number of reads) are considerably better than those obtained with KMA096961 (the isolate 

with the lowest number of reads). Nonetheless, based on the global view of the number of 

reads and contigs statistics, we can conclude that the MiSeq sequencing and the assembly 

steps have both been successful. That is, resulting data are and appropriate for downstream 

analysis. 
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TABLE 3 Summary of Spades assembly's metrics(1)(2)     

      

Isolates 
Assembly's Length 

(bp) 
Largest contig 

(bp) 
N50 

Mean coverage  
(X) 

KMA079789 2 111 694 289 688 71 633 31  

KMA080125 2 032 728 340 957 71 895 90  

KMA080288 2 032 311 319 774 69 483 43  

KMA081946 1 970 356 115 076 67 068 47  

KMA091851 1 984 531 151 627 71 048 77  

KMA093020 2 051 899 235 604 113 800 70  

KMA093977 2 040 673 330 076 74 270 71  

KMA094205 2 053 258 330 614 115 223 92  

KMA094560 2 118 213 151 822 80 855 83  

KMA094663 2 061 526 176 268 54 348 56  

KMA094689 2 059 983 207 974 66 632 51  

KMA094696 2 069 329 243 814 86 596 70  

KMA094933 1 994 414 303 524 86 936 80  

KMA095336 2 099 705 176 281 65 535 79  

KMA095845 2 043 568 303 918 98 395 90  

KMA095997 2 056 093 254 966 86 217 71  

KMA096033 2 168 500 169 702 84 611 66  

KMA096792-1 2 041 772 241 467 88 561 73  

KMA096961 1 968 716 133 241 64 281 30  

KMA096962 2 026 356 257 300 98 394 35  

MA096695 2 061 094 220 680 88 008 57  

      
(1) All statistics  are based on contigs having length ≥ 500 bp.    
(2) Numbers in green and red indicate the highest and lowest values, respectively.   
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Serotype determination using Blast queries 

As described in the Materials and Methods section, we have constructed a small database with 107 

different cps loci and use it as template to execute Blast queries for each assembly files. Serotype 

identifications were based on High-scoring Segment Pairs (HSP) length (an alignment length between a 

query and a subject DNA sequence) and identities values (a combination of HSP with identity value 

results in a bit score). Table 4 summarizes the Blast results for every isolates and their corresponding 

expected serotype previously obtained by Quellung reaction. Figure 7 depicts an example of HSP 

alignment for isolate KMA081946 and describes some of the technical terms appearing in the Table 4 

header. 

In every case, the correct serotype was found with 98-100% HSP identity. Nonetheless, some Blast 

results could not perfectly discriminate between two different serotypes because of their high degree 

of genetic similarities or due to the existence of DNA polymorphism among single serotype (Varvio et 

al., 2009). This is the case for KMA094560 (15B/15C), KMA095977 (15B/15C), KMA096033 (15B/15C), 

KMA095336 (15A/15F), KMA094689 (22A/22F), KMA094696 (22A/22F), KMA096962 (22A/22F), 

KMA081946 (7A/7F) and KMA091851 (11A/11D). Remember that 15B and 15C are considered as one 

serotype since they interconvert (Pai et al., 2006). Regarding unresolved serotypes 22A/22F, 7A/7F and 

11A/11D, more sensitive genetic analysis methods would be required to make a more accurate 

identification. For example, one could make the identification of non-synonymous single nucleotide 

polymorphism (SNP) and establish a relation with either serotype.  

Another observation extracted from our Blast analysis, is that most of the best hits HSP’s doesn’t 

completely cover the cps locus reference sequence. Missing segments in the query sequences are 

always located at both ends of the cps locus and correspond to transposase-like regions (tnp). Refer to 

Figure 8 for an example with isolate KMA079789. According to Bratcher et al., 2011, those regions may 

contribute to the vertical exchange of the cps locus between pneumococcal strains and hence to their 

molecular evolution and adaptation. However, the tnp regions are not always present in the cps locus 

which explains why the cps locus in our isolates is often shorter.  

Interestingly, three isolates, KMA094689, KMA094696 and KMA096962 (Table 4), match serotypes 

22F/22A but with two separates HSPs (Figure 9). We found that this unexpected Blast result is caused 

by the high divergence of two genes (wcwA and wcwC) in the cps locus of those isolates compared to 

their orthologous sequences in serotype 22F. Similar finding was reported for strain 1772-40b 

(GenBank accession HE651318; Salter et al., 2012), a 22F serotype which matches perfectly with our 

22F isolates.  
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Evaluation of the multiplex PCR CDC protocol 

PCR methods are very powerful, reliable and rather easy to perform. Multiplex PCR is an even more 

efficient technique since one single reaction allows the simultaneous detection of more than one gene 

and/or allele. However, designing a multiplex PCR protocol is not an easy task. First, primers must 

effectively target the region of interest (i.e. primers specificity). Second, the possibility of unwanted 

intra- and inter-hetero duplex structures arising between primers must be predicted in silico. Third, 

amplicon length must also have the appropriate length combination in order to facilitate the 

interpretation of the electrophoresis migration profile.   

In our case, the multiplex approach used to identify serotypes of unknown pneumococcal samples is 

further complicated by the fact that epidemiological data must also be considered. PCR master mixes in 

a sequential strategy are prepared such that most common serotypes (according to the time-space 

parameter) may be detected in the first step. Obviously, since the serotypes distribution across Quebec 

is not the same as the ones circulating in USA at the same period, the CDC algorithm should be adapted 

according Quebec’s data. The sequential reaction order could be modified but the primers combination 

in each of them must stay intact to avoid any unexpected results such as false positives and false 

negatives.  

All primer pairs have been designed in such a way that they bind DNA regions or genes specific to their 

targeted serotype cps locus. However, serotypes among a serogroup due to their high level of genetic 

homogeneity are inevitably revealed under the same signal in the current protocol. For example, 

primer pair 6A/6B/6C/6D in reaction 1 is simultaneously specific to four different serotypes. This may 

be a significant disadvantage relative to the Quellung reaction. However, the multiplex PCR approach is 

a cost effective method. 

All reaction mixtures have been tested with isolates of known serotype previously identified by the 

Quellung reaction. At this moment, our isolates library at the LSPQ doesn’t cover all of the 92 possible 

serotypes. Then, we tested at least one appropriate isolate for every primer pair’s evaluation. Notice 

that every reaction includes the primer pair CPSA-F/CPSA-R as internal control. Those primers target 

the cpsA gene, a highly conserved gene which belongs to the regulatory region of the cps locus. Figures 

10 to 18 show our electrophoresis results obtained for all PCR multiplex reactions and may be 

compared to the expected CDC results available at http://www.cdc.gov/streplab/downloads/pcr-us-

clinical-specimens.pdf.  
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Figure 10: Electrophoresis profile obtained with the multiplex reaction 1 used to detect 

serotypes 3, 6A/6B/6C/6D, 19A, 22A/22F, 16F. 

 

 

 Figure 10 (continued). 
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Figure 11: Electrophoresis profile obtained with the multiplex reaction 6C used to detect serotypes 

6C/6D. 

 

 

 Figure 11 (continued). 
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Figure 12: Electrophoresis profile obtained with the multiplex reaction 2 used to detect serotypes 

8, 33F/33A/37, 15A/15F, 7F/7A and 23A. 

 

 

 

Figure 13: Electrophoresis profile obtained with the multiplex reaction 3 used to detect 

serotypes 19F, 12F/12B/12A/44/46, 11A/11D, 38/25F/25A and 35B. 
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Figure 14: Electrophoresis profile obtained with the multiplex reaction 4 used to detect 

serotypes 24F/24A/24B, 7C/7B/40, 4, 18C/18F/18B/18A and 9V/9A. 

 

 

 

 

   Figure 15: Electrophoresis profile obtained with the multiplex reaction 5 used to detect serotypes 14, 1, 

23F, 15B/15C and 10A. 
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Figure 16: Electrophoresis profile obtained with the multiplex reaction 6 used to detect serotypes 39, 

10F/10C/33C, 5, 35F/47F and 17F. 

 

 

 

Figure 17A: Electrophoresis profile obtained with the multiplex reaction 7 used to detect serotypes 

23B, 35A/35C/42, 34, 9N/9L and 31. Isolates MA092229 (serotype 35A, expected amplicon is 280 

bp) and LSPQ 3127 (serotype 34) first genomic extracts. 
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Figure 17B: Electrophoresis profile obtained with the multiplex reaction 7 used to detect serotypes 

23B, 35A/35C/42, 34, 9N/9L and 31. Isolates MA092229 (serotype 35A, expected amplicon is 280 

bp) and LSPQ 3127 (serotype 34) second genomic extracts. 

 

 

 

Figure 17C: Electrophoresis profile obtained with the multiplex reaction 7 used to detect 

serotypes 23B, 35A/35C/42, 34, 9N/9L and 31. KMA082642 (serotype 35A, expected amplicon 

is 280 bp) and KMA099037 (serotype 34). 
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Figure 18: Electrophoresis profile obtained with the multiplex reaction 8 used to detect serotypes 

21, 2, 20 and 13. 

A total of 60 pneumococcal isolates of known serotypes were tested in order to evaluate the 

reproducibility of the CDC multiplex PCR protocol. Except for a very few cases (3% misidentified), 

results are in complete agreement with the expected results (38% to serotype, 35% to serogroup and 

23% to subset). It should be noted that bands are generally very well defined and have high intensity 

when amplicon length is greater than 200 bp. Bands under this marker are often of lighter intensity 

because of the ethidium bromide which, due to his opposite electric charge compared to DNA, 

migrates upward.     

The only puzzling result we have observed is for serotype 35A which was expected to be detected with 

reaction 7 (Figure 17A to C). This serotype, targeted by primers 35A/35C/42, was supposed to be 

revealed with a 280 bp amplicon which we did not observed using two different 35A isolates 

(MA092229 on Figure 17A and KMA082642 on Figure 17C) and two different genomic extracts of 

MA092229 (Figure 17A and Figure 17B). A problem with the quality of the 25 µM primers preparation 

was ruled out based on the positive result obtained with serotype 42 which was also detected with the 

35A/35C/42 primers. However, a non-specific band around 250 bp was detected for serotype 42 using 

the 35A/35C/42 primers (Figure 17A). More extensive studies should be undertaken to explain this 

issue. Nonetheless, the most probable assumption is that our 35A and 42 isolates are different from 

those previously tested by the CDC. They are probably sufficiently genetically different compared to 

the ones tested at the CDC as to be unrecognizable by the PCR primers. A single SNP located in a region 

needed for an appropriate primer hybridization could perturb the initiation of DNA replication by the 

polymerase and consequently prevent the amplification of the target DNA leading to an absence of the 

expected PCR product.  

A special attention must be paid to the detection of serotype 38 with PCR reaction 3 (Figure 13). This is 

the only serotype which is negative for the cpsA band. A cpsA negative result for serotype 38 and 

serotype 25F (no isolate with serotype 25F in the current study) is well documented in Carvalho et al., 

(2010).    
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Finally, another issue was observed with reaction 7 in that a weak non-specific band at around 250 bp 

occurred for serotype 34 (Figure 17A and 17B). Two different serotype 34 isolates and two different 

genomic extracts were tested to confirm this issue. The same results were obtained in all cases. 

According to the expected electrophoresis profile, this band should not appear. However, our isolates 

of serotype 34 do not necessarily have the same genetic background as those tested by the CDC.     

Evaluation of the sequetyping method based on the cpsB gene 

The last DNA-based serotyping method that we evaluated in the current project is the one developed 

by Leung et al., (2012) named sequetyping. To evaluate the sequetyping method, we have chosen 74 

pneumococcus isolates covering a total of 73 different serotypes (two isolates with serotype 29 have 

been tested). Isolates with serotypes 27, 38, 37, 39 and 43, and one of our two serotypes 29 yielded no 

amplicon after the PCR amplification step (the extracts of those isolates have tested positive for the 

presence of genomic DNA). This result is nonetheless in accordance with Leung et al., (2012) since 

those six serotypes were predicted in silico to be nonamplifiable. Actually, the Leung et al., (2012) 

method could putatively only amplify 84 among the 92 possible serotypes.     

We have successfully sequenced 68 isolates. The average sequence length is 942 bp. The shortest one 

is 860 bp and was obtained with our serotype 29 isolate. This serotype was not predicted to yield an 

amplicon and the band intensity on the gel was lower than usual. However, 860 bp is still longer than 

the 732 bp region used by Leung et al., (2012) to test all their serotypes.   

In order to verify the concordance with the Quellung expected serotypes of our isolates, we ran, for 

each cpsB sequence, the Blast algorithm on the GenBank NCBI database. All hits list was filtered to 

follow our serotype identification rule described in Material and Methods. Final results are reported in 

Table 5. They show that 32 isolates (47%) were correctly sequetyped, 9 (13%) were sequetyped to the 

serogroup level, 10 (15%) gave ambiguous results and 17 (25%) were misidentified. Misidentified 

results were obtained for serotypes 9A, 11F, 12A, 12F, 15C, 15F, 16A, 18C, 19B, 19C, 24F, 29, 35A, 41A, 

42, 44 and 46. Similar results were obtained by Leung et al., (2012) for serotype 12F; one 12F strain 

was sequetyped as 12B. LSPQ 3064 isolate was identified as serotype 12A with 100% identity (98.9% 

with a serotype 12F). Regarding 24F, both studies have sequetyped their tested strains as 24B. The 

Blast identities for the 24F isolate (MA099028) were 99.6% for 24B and only 96.3% for 24F. For 18C, 

Leung et al., (2012) has sequetyped 6 isolates to the serogroup level (18B/18C). Our 18C isolate 

(MA095139) was categorized as misidentified but shows only one mismatch with the 18B reference 

sequence. The misidentification of the 35A isolate (MA092229) is also due to one single mismatch with 

35B and 35C and was not resolved correctly in the Leung et al., (2012) study. Our serotype 29 isolate 

(KMA099083) is the only one which is very far genetically from the available serotype 29 sequences in 

GenBank; 83% identity with a serotype 29 and 100% with serotypes 35C and 35B. More serotypes 29 

should be evaluated although it is a rare occurrence in Quebec. This misidentification was not observed 

in the Leung et al., (2012) study. 

Apart from serotypes 12F, 24F, 18C, 35A, and 29, no equivalent data are available in Leung et al., 

(2012) for the other misidentified serotypes. For serotype, serogroup and ambiguous levels 

identification, our results are generally the same as the ones obtained by Leung et al., (2012). 

Comparisons, however, are not always possible since 27 of our serotypes are missing in the Leung et 

al., (2012) study. Nonetheless our evaluation of the sequetyping approach has demonstrated that this 
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Discussion and conclusion 

The aim of the current project was to evaluate three DNA-based Streptococcus pneumoniae serotyping 

approaches which could eventually replace the current Quellung gold standard method. One of those, 

the WGS, is currently not well adapted to a surveillance program. Instead, it would be valuable in the 

understanding of epidemiological phenomenon such as serotypes replacement and in the 

comprehension of the molecular mechanism implicated in the capsular polysaccharide synthesis. 

Moreover, WGS allows the analysis of molecular evolution of the strains, the identification of putative 

vaccine target in addition to the study of antibiotic resistance and virulence genes.  

WGS is costly, time consuming and relatively laborious. This is why this method is unlikely to be used as 

monitoring tool of invasive S. pneumoniae serotypes at this moment. However, bioinformatic pipelines 

are increasingly automated, costs are decreasing and the technology is more widely available in low-

resource settings. A sequencing strategy which exclusively target cps locus could be developed. For 

these reasons, it is likely that WGS will eventually replace conventional typing tools for pneumococci. 

We have tested, through a next generation sequencing pipeline, our ability to find the expected 

serotype for 21 isolates representing 10 different serotypes. Results were very convincing in that we 

were able to extract the entire capsulation locus and identify it correctly for all tested isolates (52% to 

serotype and 48% to serogroup). We are now looking forward to get a better genetic profile of some 

isolates in order to better predict their emergence capabilities following the introduction of a new 

conjugate vaccine. 

The sequential multiplex PCR and sequetyping strategy unlike WGS have specifically been developed to 

improve the serotyping response time and to reduce the associated costs. We have then mainly 

focused on those two methods in this study. The sequential multiplex approach remain the most cost 

effective choice (between 30$ and 80$ per strain according to the multiplex design) but unlike the 

sequetyping method, this method has the inconvenience of requiring an adaptation to the local 

epidemiology of circulating serotypes. Simply changing the sequential order of the reaction may be 

sufficient but more often reviewing the combination of primers in the reaction mixture is needed. 

Unfortunately, this is not always possible.  

In the current project, we have demonstrated that the sequential multiplex PCR method is very fast. 

Resulting electrophoresis patterns are also easy to interpret. Except for serotype 35A, we have 

successfully reproduced the CDC multiplex scheme. Interestingly, no band was obtained for serotype 

35A (reaction 7) using two different samples though we have confirmed the sensitivity of primers 

35A/35C/42.  to verify whether any single nucleotide polymorphism (SNP) may have prevented an 

appropriate primer pairing. In addition, reference strains from Statens Serum Institut should be tested. 

Another important issue with the multiplex method is the existence of cross reactivity between many 

serotypes. There are some serotypes (22F/22A, 33F/33A/37, 15A/15F, 6A/6B, 6C/6D, and 7A/7F…) 

which could not be resolved using this method. However, this disadvantage may be negligible if we 

take into account only the most frequently occurring serotypes. For example, serotypes 22F and 22A 

are both detected under the same PCR signal. But statistically, according to epidemiological data for 

Quebec from 2013 to 2015 (occurrence of 12.7% for serotype 22F compared to 0.2% for serotype 22A), 

22F is by far the most probable one. In that case, Quellung should be used to confirm the right 

serotype. The same rationale should be applied when facing a positive result with 7F/7A PCR in 

reaction 2; serotype 7A is very uncommon (0.1%) compared to the high frequency (8.6%) of serotype 
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7F. Conventional serological method is also needed to resolve a positive PCR signal for 6A/6B in 

reaction 6C/6D. Another alternative would be to perform a pyrosequencing assay (Pai et al., 2005). The 

latter has not been tested and was not part of the current project. 

The second DNA-based approach tested, the sequetyping method developed by Leung et al., (2012), is 

very interesting since only one primer pair is needed compared to 41 with the PCR multiplex approach. 

This method is technically very simple; it is based on the sequencing of a single variable DNA region 

inside the cpsB gene which is unique to S. pneumoniae. Furthermore, this method is insensitive to 

epidemiological data and is quite cheap (~20$). Nonetheless, results are often limited to serogroup 

identification and sometimes are even ambiguous. Then, we must have to apply some statistical 

deductions as described before or keep the Quellung reaction as final discriminator. Sequetyping does 

not always identify at the serotype level nor at the serogroup level as described in Leung et al., (2012). 

This is because some serotypes may have identical cpsB sequences as it is the case with some 6A and 

6B strains (Elberse et al., 2011). Furthermore, existing intraserotype variation (Varvio et al., 2009) in 

the cps regulatory region can lead to identification in the wrong serogroup. This issue has already been 

observed by Leung et al., (2012) with one 19F strain identified as a serotype 1.     

A proportion of 47% of our pneumococcal isolates was correctly resolved at the serotype level using 

the sequetyping approach. However, the identification level rules we used could be biased due to the 

existence of intra-serotype variation in the cpsB gene. For example, an unknown sample for which its 

cpsB region shares 945/945 identities with GenBank 6A serotype and 944/945 compared to a 6B 

serotype does not necessarily mean that this sample is a 6A serotype. We nonetheless have correctly 

identified 6 serotypes among the 8 most prevalent (22F (12.7%), 3 (11%), 19A (10.7%), 7F (8.6%), 15A 

(5.6%), 9N (4.9%), 16F (3.8%) and 23A (3.7%)) in Quebec between 2013 and 2015. Serotypes 22F and 7F 

have been identified to the serogroup level.  

The sequetyping strategy is obviously dependent on a rich sequence database. Currently all Blast 

queries rely on the collection of cpsB sequences deposited in the NCBI GenBank database. Accuracy of 

the method over time will then be considerably improved with the addition of new sequences coming 

from different laboratories worldwide. Management of an independent curated cpsB database would 

be highly recommended.  

We have demonstrated in this study that at least two molecular techniques, sequential multiplex PCR 

and sequetyping, are rapid, easy and could potentially gradually replace the traditional serological 

method. However, data shown that sequetyping is not as reliable as sequential multiplex PCR. 

Nevertheless, preliminary data show that the Quellung method could still be useful when molecular 

approaches give inconclusive results. It is important to note that rare untypeable strains, due to their 

lack of capsular polysaccharide, may generate a positive result with DNA based method. In such cases, 

the final serotype identification would be in disagreement with the Quellung reaction which would 

produce a negative result. Conversely, the sequetyping or multiplex PCR approach may rescue the 

Quellung reaction when the capsular swelling if difficult to observe through microscopic examination.  

This completes the first phase of the project dedicated to the monitoring of new molecular tools for 

the serotyping of S. pneumoniae invasive strains. Results obtained from the development phase of the 

project are summarized in Table 6.  
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WGS correctly identified serotype of all tested isolates (52% to serotype and 48% to serogroup). With a 

cheapest and automated pipeline, this method should be kept in mind for serotyping strains from 

Quebec’s surveillance program. 

In our study, 23 isolates (38%) were specifically assigned to serotype using sequential multiplex PCR 

with the results in full accordance with conventional serotyping.  Twenty-one other isolates (35%) were 

assigned to the right serogroup and 14 isolates (23%) to the correct subset. Only few isolates (n=2) 

could not be correctly associated to serotype, serogroup or subset (3%). 

Using sequetyping method, 32 isolates (47%) were specifically assigned to serotype; expected results 

according to gold standard method. Other 9 isolates (13%) were assigned to the right serogroup. 

However, 10 isolates (15%) gave ambiguous results and 17 isolates (25%) were misidentified. 

In the second phase of this project, efforts will be directed towards the proof-concept. Many additional 

strains will be tested by using the three DNA-based methods, WGS, sequential multiplex PCR and 

sequetyping. Here also, results will be compared to the Quellung gold standard method. Execution 

time, time delivery and cost will also be compiled and assessed in order to guide our final choice for the 

most efficient serotyping method to use in our surveillance program at the LSPQ.  

Here are the next steps to be performed during Part 2 of the study (proof of concept): 

• Specificity testing (serotype) for multiplex PCR. 

• Specificity testing (Streptococcus species other than S. pneumoniae) for multiplex PCR and 

sequetyping. 

• Testing of serotypes not previously available at LSPQ or problematic (9L, 10C, 11C, 11D, 12B, 17A, 

18F, 24A, 25A, 25F, 28F, 29, 32A, 33B, 33C, 33D, 35A, 35C, 41F, 47A, 47F) by WGS, multiplex PCR 

and sequetyping. 

• Strains received at LSPQ for provincial surveillance will be analyzed using WGS, sequential 

multiplex PCR and sequetyping methods. 
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<br/>Would you like to apply for a travel grant?: Yes
Objectives: Streptococcus pneumoniae is a major cause of pneumonia, meningitis and other pneumococcal infections among young
children and elders. Pneumococcal Conjugate Vaccines (PCVs) protect the population from the most prevalent serotypes of S.
pneumoniae. From a public health perspective, accurate serotyping of S. pneumoniae is essential to monitor the serotype replacement
following the introduction of PCVs. Although the Quellung reaction is the gold standard test for S. pneumoniae serotyping, this
method is costly, time-consuming and dependent on human interpretation. The purpose of this study was to test and evaluate the
efficiency of three different molecular serotyping methods as an alternative to the Quellung method.   
Methods: The performance of a sequential multiplex PCR assay from the Centers for Disease Control and Prevention, a sequence
typing assay (sequetyping) developed by Leung et al. (2012) based on the sequence of the cpsB gene within the pneumococcal
capsular locus, and the whole genome sequencing (WGS) using Illumina MiSeq system were compared using 121 strains of S.
pneumoniae previously serotyped by the Quellung method. The NCBI GenBank database was used to perform the sequetyping
method. To assess WGS-based serotyping we adopted two different approaches: an in-house assembly/Blast strategy; and the
PneumoCaT bioinformatics tool that uses read alignments rather than assemblies. All the 121 strains representing 83 different
serotypes were serotyped by sequential multiplex PCR and sequetyping while 53 strains representing 32 serotypes were tested by
WGS.
Results: The sequential multiplex PCR assay successfully identified 66% of the isolates at the serogroup or subset (cluster of
serotypes from different serogroups) level while 34% was identified at the serotype level. A large proportion (23%) of strains was not
typeable by the PCR assay. The WGS method exhibited the best performance with 91% of the isolates unambiguously identified at
the serotype (66%) or serogroup level (25%) when using the in-house strategy. Ambiguous (6%) and misidentified (3%) results were
low with WGS. PneumoCaT results revealed several misidentifications inside serogroups (21%). Interestingly, S. pneumoniae
serotype 22F was correctly identified using PneumoCaT while our in-house strategy allowed for the identification of the serogroup
only. One S. pneumoniae serotype 29 isolate was misidentified by both WGS analysis strategies, revealing divergences in serotype 29
sequences. Sequetyping was the method exhibiting the most misidentified serotypes (20%) and ambiguous results (15%). Moreover,
even though 50% of serotypes were correctly identified, the second best High Scoring segment Pair (HSP) had often only 1 or 2
mismatches with the best HSP due to intra-specific variations in cpsB gene. 
Conclusion: The proportion of serotypes identified using sequential multiplex PCR to the serotype level was too low to use as an
alternative to the Quellung method. Although the sequetyping is currently the most economical method, it exhibited a high number of
misidentified serotypes (20%). The WGS-based serotyping methods exhibited the best performance as they predicted capsular types



at serotype and serogroup levels for 91% (66% at the serotype level) of the strains tested with only one misidentified serotype. WGS
could be considered as a potent tool for S. pneumoniae serotyping and useful for epidemiological purposes.
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Introduction  

Part one of the project developed and tested three molecular serotyping methods for Streptococcus 

pneumoniae. The present report is the second phase of the project which focused on the 

confirmation of specificity and sensitivity with an increased number of serotypes and confounding 

strains. Specific specimens were tested in order to answer some issues encountered in Part 1 

(serotype 35A and 34 for multiplex PCR and serotype 29 for sequetyping). Non-S. pneumoniae 

(S. pseudopneumoniae and S. mitis) were also included in the study as controls  for the specificity of 

multiplex PCR and sequetyping. 

All testing was performed in standard reference laboratory conditions. This allowed for an accurate 

evaluation of the cost and time required for each method in order to obtain results. This is 

particularly important for the evaluation of the multiplex PCR method since several steps are 

required to identify serotypes and the number of steps differs depending on the serotype. 

 

Material and methods 

Methodology was extensively described in Part 1 of this report. Please refer to Part 1 for details. 

 

Bacterial isolates 

Ninety-four isolates of Streptococcus pneumoniae were used in this part of the study (Table 1). They 

include 49 different serotypes previously identified by the Quellung reaction using Statens Serum 

Institute antisera, 9 of which were not tested in Part 1. Strains with rare serotypes (n=13) were 

provided by the National Microbiology Laboratory (NML, Winnipeg). Thus, the full report covers up 

to 83 different serotypes (more than 90 serotypes described to date for S. pneumoniae) for 2 out of 

the 3 methods tested. Ten serotypes (9, 10C, 11D, 12B, 16A, 19B, 19C, 25A, 33C and 33D) were not 

tested in this study due to lack of availability at the LSPQ and the NML. The specificity of the 

multiplex PCR and sequetyping methods was also evaluated with three strains of 

S. pseudopneumoniae and 3 strains of S. mitis 

 

Whole Genome Sequencing (WGS) 

Whole genome sequencing was performed on 32 pneumococci isolates (Table 1) using the Illumina 

MiSeq system and Nextera XT DNA reagent kit v3 (600 cycles, paired ends). The 32 isolates were 

sequenced in a single batch; therefore lower coverage per isolate was obtained. Nevertheless, 

coverage was adequate for serotyping according to MiSeq Sequencing Coverage Calculator 

(http://support.illumina.com/downloads/sequencing coverage calculator.html).  

An average theoretical coverage of 70X should be obtained with 32 isolates and a minimum coverage 

of 35X is considered standard for detecting single-nucleotide variants (Sims et al., 2014). All best High 

Scoring segment Pairs (HSP) with a similar length and a similar nucleotide identity (< 0.5%) were 

considered for serotype identification.  
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Bioinformatics tools 

For isolate MA080904, in-house python scripts were used to remove contigs with excessive coverage 

in order to calculate relevant metrics. Metrics were then computed with Quast (Gurevich et al., 

2013). 

For isolate LSPQ4282, in-house Biopython (http://biopython.org/) scripts removed non 

S. pneumoniae contigs from the assembled sequences fasta file. Metrics computation and Blast were 

performed before and after removing contigs. 

For the other strains, bioinformatic analyses were performed as described in Part 1 of the project. 

PneumoCaT, a bioinformatics workflow designed for S. pneumoniae serotype identification, which 

did not rely on assembled contigs, was also tested against our own pipeline (Kapatai et al., 2016). 

Reads were directly mapped against a cps gene sequences database. When sequences of the same 

serotype had a high reads coverage (> 90%), this serotype was attributed to the isolate. When 

several sequences with a high coverage (> 90%) belonged to the same genogroup, a deeper analysis 

allowed the discrimination of the correct serotype (SNPs, alleles, presence of genes). When no 

sequence had enough coverage, no serotype was attributed and the flag “failed” was attributed. 

 

Sequential multiplex PCR 

PCRs were performed with the sequential reactions on 77 strains (CDC protocol). This was done to 

ensure that correct serotypes were detected at the expected multiplex PCR and to verify the 

presence of non-specific reactions in the other multiplex PCR. When correct amplification occurred, 

isolates were discarded and not tested for the following multiplex PCR as would occur routinely. 

Identification levels were defined as 1) Serotype when the correct serotype was determined, 2) 

Serogroup when several serotypes belonging to the correct serogroup were determined, 3) 

Ambiguous when several serotypes belonging to different serogroups but including the correct 

serotype were determined and 4) Misidentified when a wrong serotype was attributed. 

Isolates with serotypes not detectable according to the CDC sequential multiplex PCR protocol were 

tested with this method to confirm the presence/absence of non-specific reactions. 

Amplification issues were identified in Part 1 for serotype 35A (no amplification) and serotype 34 

(non-specific amplicons). To confirm that these results were due to the PCR protocol and not genetic 

variants, 5 isolates of serotype 35A and serotype 34 were tested for the multiplex PCR reaction 7 

(positive amplification expected). 

 

Sequetyping 

Sequetyping was performed on 54 isolates. Because we encountered some technical issues on 

isolates of serotype 29 during part 1 of the project, (absence of amplification of the cpsB gene) we 

sequenced five isolates of serotype 29.  
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Table 1 Serotypes and isolates ID used in this study and selected isolates for the serotyping 

molecular methods tested. 

      Tested serotyping methods 

Serotypes(1) Isolates ID 
 

WGS Sequetyping Sequential multiplex PCR 

1 MA096520     � � 

1 MA101323     � � 

3 MA080904   �     

3 MA081716   �     

3 MA082307   �     

3 MA086676   �     

3 MA096946   �     

3 MA100130     � � 

3 MA101386     � � 

4 MA079938   �     

4 MA100773     � � 

4 MA101744     � � 

5 MA082483     � � 

6A MA099472     � � 

6A MA101024     � � 

6B MA098599     � � 

6B MA101145     � � 

6C MA099139     � � 

6C MA100925     � � 

7F MA093680     � � 

7F MA097140     � � 

9L LSPQ4271   � � � 

9N MA080879   �     

9N MA081113   �     

9N MA098250     � � 

9N MA100245     � � 

9V MA097827     � � 

9V MA098806     � � 

10B MA080812     � � 

11B MA096566     � � 

11C LSPQ4272   � � � 

11F MA073130       � 

14 MA096954     � � 

14 MA098680     � � 

15A MA080018   �     

15A MA100658     � � 

15A MA101766     � � 
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Table 1 (continued) 

   
Tested serotyping methods 

Serotypes(1) Isolates ID 
 

WGS Sequetyping Sequential multiplex PCR 

16F MA065427       � 

17A LSPQ4273  � � � 

18C MA093772     � � 

18C MA099660     � � 

18F LSPQ4274   � � � 

19A MA083920   �     

19A MA097921   �     

19A MA098817   �     

19A MA100706      �(3)   � 

19A MA101978     � � 

19A MA083042       � 

19A MA084138       � 

19F MA100764     � � 

19F MA101680     � � 

22F MA080654   �     

22F MA100780     � � 

22F MA101987     � � 

23A MA082395   �     

23F MA100152     � � 

23F MA101159     � � 

24A LSPQ4275   � � � 

25F LSPQ4276   �  �(3)  � 

27 MA088547     � � 

28A MA099752     � � 

28F LSPQ4277   � � � 

29 LSPQ3079       � 

29 MA097586   � �   

29 MA098344     �   

29 MA098505     �   

29 MA100224     �   

29 MA101320     �   

32A LSPQ4278   � � � 

32F LSPQ3081       � 

33B LSPQ4279   � � � 

33F MA080211   �     

34 MA101496       � 

34 MA101843       � 
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Table 1 (continued) 

   
Tested serotyping methods 

Serotypes(1) Isolates ID 
 

WGS Sequetyping Sequential multiplex PCR 

34 MA102076       � 

34 MA102374       � 

34 MA102487       � 

35A LSPQ4266       � 

35A LSPQ4267       � 

35A LSPQ4268       � 

35A LSPQ4269       � 

35A LSPQ4270       � 

35A MA101545   �     

35B MA082394   �     

35C LSPQ4280   � � � 

35F MA081892   �     

36 LSPQ3641       � 

41A LSPQ3089       � 

41F LSPQ4281   � � � 

43 LSPQ3643       � 

47A LSPQ4282   � � � 

47F LSPQ4283   � � � 

45 LSPQ3092       � 

48 LSPQ3095       � 

S1 S. pseudopneumoniae(2) ID111828   � � 

S2 S. pseudopneumoniae(2) ID112065   �(3) � 

S3 S. mitis(2) ID112476   �(3) � 

S4 S. pseudopneumoniae(2) ID112502   �(3) � 

S5 S. mitis(2) MA084074   �(3) � 

S6 S. mitis(2) MA084310   �(3) � 

(1) Serotype determined by Quellung. 

(2) Non-S. pneumoniae used as controls 

(3) Strains tested by sequetyping with no amplification of cpsB observed. 
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Results 

Evaluation of the Whole Genome Sequencing approach 

Paired-end reads quality 

FastQC was used to compute and summarize reads statistics. The numbers of reads obtained for 

each isolate are shown in Table 2. A total number of 27 540 000 reads were obtained in this batch, 

representing 18% fewer reads than the batch in Part 1 of the project. This decrease can be explained 

by a lower clustering (597 k/mm2) during the sequencing procedure. However, a lower clustering 

leads to better quality of reads as it allows a better resolution. Isolates’ reads numbers varied 

between 100 065 and 884 691 with an average of 418 854. This number was particularly low for 

isolates LSPQ4271, LSPQ4272, LSPQ4273 and LSPQ4274. This may be explained by the lower 

concentration of DNA in the DNA extracts of these isolates probably caused by a less effective DNA 

extraction for these strains. Whereas these values appear to be very low, the assembling metrics are 

more reflective of the sequencing quality. Assembly metrics are compiled in table 3. 

The metrics values indicate a high quality of assembling and sequencing, except for the lowest 

coverage value of 14X. These values are similar to those obtained in Part 1 and sometimes even 

higher. As emphasized in Part 1, metrics appear to correlate with the number of reads obtained for 

each isolate. For example, the lowest coverage value (14X) is attributed to LSPQ4271 and LSPQ4272 

which also have the fewest number of reads. However, this value was high enough to perform Blast 

analysis.    

MA080904 exhibited a coverage value of 1012X, which is an average of the coverage of all contigs. 

This average does not, however, consider the length of each contig. Manual analysis revealed that 

the majority of contigs presenting with a coverage value above 1 000X, were smaller than 5 000 bp. 

Thus, for this isolate, the coverage value was not representative of the real genome coverage. After 

discarding contigs with coverage value above 1 000X, the new coverage value was 37X with a loss in 

assembly length of only 3% (2 123 274 bp to 2 061 860 bp). All these metrics are more representative 

of the average and are grouped in the row MA080904-1 of table 3.  

LSPQ4282 had an assembly length of 6 793 942 bp, representing threefold the length of 

S. pneumoniae genome (2.16 Mbp). Manual Blast analysis revealed that a significant part of contigs 

corresponded to contamination with a non-Streptococcus bacterium, mostly Bacillus subtilis. 

B. subtilis genome size is 4.2 Mbp, which explained the assembly’s length of 6 793 942 bp because it 

is nearly the sum of both genome sizes. In-house Python script allowed us to discard non-

S. pneumoniae contigs (based on Blast results) and create a clean fasta file. This file was named 

LSPQ4282-1. After cleaning, assembly length dropped to a more regular value of 1 721 249 bp, 

proving the efficiency of the script.  
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Table 2 Paired end reads number generated during the MiSeq run.  

Isolates Reads numbers(1,2) 

LSPQ4271 117 140 

LSPQ4272 100 065 

LSPQ4273 155 277 

LSPQ4274 229 176 

LSPQ4275 307 126 

LSPQ4276 545 333 

LSPQ4277 611 811 

LSPQ4278 751 230 

LSPQ4279 293 694 

LSPQ4280 285 007 

LSPQ4281 253 861 

LSPQ4282 382 521 

LSPQ4283 695 607 

MA079938 256 005 

MA080018 268 153 

MA080211 475 948 

MA080654 404 211 

MA080879 438 695 

MA080904 407 169 

MA081113 591 387 

MA081716 579 976 

MA081892 494 610 

MA082307 362 116 

MA082394 295 082 

MA082395 429 205 

MA083920 729 967 

MA086676 337 811 

MA096946 283 092 

MA097586 555 776 

MA097921 884 691 

MA098817 365 612 

MA101545 515 979 

Total reads 13 403 333 

(1) The total number (forward + reverse) for one isolate is two times the displayed value. 

(2) The four lowest values are presented in bold and correspond to samples with lowest DNA      

concentration.  
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Table 3 Summary of Spades assembly’s metrics(1)(2). 

Isolates 
Assembly's length 

(bp) 

Largest contig 

(bp) 
N50 

Mean coverage 

(X) 

LSPQ4271 2 074 016 161 368 49 807 14 

LSPQ4272 2 048 913 136 078 58 756 14 

LSPQ4273 2 104 968 305 746 98 305 17 

LSPQ4274 2 039 481 197 877 109 713 22 

LSPQ4275 2 069 490 192 635 78 434 44 

LSPQ4276 2 076 440 197 175 50 116 82 

LSPQ4277 2 061 209 239 939 90 168 76 

LSPQ4278 2 111 029 105 571 55 533 115 

LSPQ4279 2 075 758 247 620 68 772 45 

LSPQ4280 2 143 572 230 492 75 491 35 

LSPQ4281 2 044 177 158 243 72 183 52 

LSPQ4282 6 793 942 438 741 95 131 32 

LSPQ4282-1 1 721 249 146 711 49 041 6 

LSPQ4283 2 076 447 171 602 71 324 103 

MA079938 2 108 330 214 530 74 514 45 

MA080018 2 102 343 247 306 95 807 45 

MA080211 2 054 380 246 678 140 406 83 

MA080654 2 069 755 297 023 104 357 92 

MA080879 2 103 519 345 799 136 064 85 

MA080904 2 123 274 161 387 64 114 1012 

MA080904-1 2 061 860 161 387 70 238 37 

MA081113 2 066 217 276 495 85 471 97 

MA081716 2 013 057 345 480 218 480 204 

MA081892 2 043 092 299 061 126 588 104 

MA082307 2 013 998 276 730 167 190 127 

MA082394 2 063 773 202 017 101 286 58 

MA082395 2 050 026 273 953 113 480 93 

MA083920 2 066 049 328 634 86 181 131 

MA086676 1 987 104 243 817 91 651 67 

MA096946 2 035 090 263 351 136 846 58 

MA097586 2 063 487 196 889 61 494 113 

MA097921 2 129 092 355 253 162 090 171 

MA098817 2 093 975 381 909 163 676 89 

MA101545 2 075 501 286 061 162 953 296 

(1) All statistics are based on contigs with a length ≥ 500 bp. 

(2) Numbers in green and red indicate the highest and lowest values, respectively. Isolates in bold    

are not included in this count because they were treated differently.  
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All metrics for this sample were below the average, demonstrating that cleaning the file caused a 

decrease in assembly quality. This is relevant as two thirds of the sample was constituted in B. subtilis 

sequences, due to a bigger genome. Both LSPQ4282 and LSPQ4282-1 were subjected to serotyping 

determination in order to see if an external contamination can affect the serotype results.   

Serotype determination using Blast queries 

Blast searches were performed as previously described (Part 1). Serotype identification was mainly 

based on best score High-scoring Segment Pairs (HSP). HSP length and identities are also reported as 

supplementary information (Table 4). When multiple hits had high identity value (<0.5% compared to 

best hit) and HSP length (>10000 bp), all were retained for serotype attribution. 

In 29 of 32 cases (90.6%), serotype was correctly determined with no ambiguity. All isolates except 

serotype 3 demonstrated a HSP length higher than 15 000 bp. The lower HSP length obtained for 

serotype 3 HSP can be explained by the smaller cps locus length in these isolates, which is the 

smallest cps locus of all serotypes (Bentley et al., 2006). However, HSP identity was above 98% in 

every case. 

MA101545 (serotype 35A) identification was classified as ambiguous due to the presence of 3 high 

score HSP including a serotype 35A HSP. Although the identity of this HSP is the highest among the 3 

HSP, it cannot be chosen as a criterion of selection because the HSP length of serotype 35A is not the 

higher value among the 3 results obtained. MA101545 was the only isolate with this feature and 

more results are needed in order to draw conclusions about the use of HSP identity as the selection 

criterion in such cases. 

MA080654 (serotype 22F) was identified at the serogroup level, with HSP for serotype 22F and 22A 

showing an identical score and identity value. Two different HSP with high score value were found 

for both serotypes (Part 1).  

MA097586 (serotype 29) was the only isolate presenting a misidentification. A high identity value 

was obtained for serotype 35B but with a HSP length of only 10 656 bp, far below the usual length of 

correct HSP (above 15 000 bp; except for serotype 3). Serotype 35B and 29 are known to be 

genetically related, leading to cross-reactivity in antisera reactions (Bush et al., 2015). Surprisingly, 

no significant hit with serotype 29 was found in Blast searches results, meaning that no relevant 

alignment could be made. Thus, serotype 29 cps sequence was manually blasted against MA097586 

assembly. (Figure 1). The alignment resulted in 2 small HSP with low identity separated by a 2 800 bp 

gap demonstrating very low concordance between the two sequences. These results correlate with 

sequetyping results obtained for serotype 29. This strongly suggests that these issues are due to a 

lack of serotype 29 sequences available in public databases.  WGS Blast results are based on a pool of 

107 cps locus sequence with a unique serotype 29 sequence (S. pneumoniae strain 34373, Bentley et 

al., 2006). Serotype 29 cps sequence diversity could be higher than other serotypes and the addition 

of more sequences should resolve this issue. A potential solution could be to isolate the cps loci 

obtained in this study and include them in the local WGS cps database. 
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Evaluation of the multiplex PCR CDC protocol 

A total of 77 different strains were tested in this part, representing 45 different serotypes. Several 

isolates with serotypes not included in the CDC protocol were tested in order to check for specificity. 

For these isolates, non-detection is considered a good result as they cannot be detected with this 

multiplex PCR protocol. Isolate serotype was determined: 30% (18/61) at the serotype level, 34% 

(21/61) at the serogroup level, 5% (3/61) at a subset level, 31% (19/61) not determined (expected 

results) and 0% (0/61) misidentified. Detailed results are listed in table 6.  

Two different issues were highlighted in Part 1 of the project. The first one was the non-detection of 

the 280 bp amplicon expected with the 2 isolates of serotype 35A. It was suggested that the strains 

tested were genetic variants of the CDC strains of serotype 35A and that the primers 35A/35C/42 

were unable to match our strains. In order to confirm the hypothesis, 5 new isolates of serotype 35A 

were tested at multiplex #7 PCR reaction (multiplex expected for positive reaction). All 5 isolates 

presented a positive amplification at 280 bp as expected by the protocol (Figure 2A). But a 250 bp 

nonspecific amplification was also observable in 4 of 5 isolates. The second issue was the presence of 

a 250 bp nonspecific amplification in 1 of the 2 isolates of serotype 34 tested. 5 new isolates of 

serotype 34 were tested as well at multiplex #7 PCR reaction. All isolates presented the expected 

amplification at 408 bp and 3 of 5 isolates also presented a nonspecific 250 bp amplification. Thus, it 

appears that a nonspecific amplification at 250 bp may occur at multiplex #7 PCR reaction. As it does 

not appear with all isolates, it seems that small genetic changes among these isolates could 

determine the presence or absence of this amplification. This nonspecific amplification was also 

present for serotype 42 (see report of part 1, Figure 17A) 

A total of 121 strains were tested with multiplex PCR method in this project (Part 1 and Part 2), 

covering 83 serotypes. As expected, 16% (19/121) isolate serotypes were not determined because 

they are not included in the CDC multiplex PCR protocol. They will not be considered in the statistics 

in order to correctly evaluate method efficiency. Isolates were identified at the serotype level at 40% 

(41/102), at the serogroup level at 41% (42/102), at the subset level at 17% (17/102) and as 

misidentified at 2% (2/102). As described previously, several isolates with the same serotype were 

tested in order to evaluate the robustness of the method. Unfortunately, this does not reflect the 

true efficiency of the method. All results converge for the same serotype except for serotype 35A. 

However 5 out of 7 isolates were identified at the serotype level so it was considered that multiplex 

PCR was serotype-specific for this serotype. Considering only one isolate per serotype, results were: 

34% (22/64) identified at the serotype level, 38% (24/64) identified at the serogroup level, 28% 

(18/64) identified at the subset level, and 0% (0/64) misidentified. 
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Figure 2A Electrophoresis profile obtained with the multiplex reaction 7 for the detection of serotype 

34 and 35A. All reactions led to a positive amplification at the expected size. Nonspecific 

amplifications at 250 bp are visible for 7 of the 10 isolates tested. 

 

Figure 2B Electrophoresis profile obtained with the multiplex reaction 2. Nonspecific amplifications 

at 500 bp are visible but do not correspond with a specific primers pair. Bands corresponding to 

these amplifications also appear thinner and dimmer compared to correct amplifications (7F and 

15A). 
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Figure 2C Electrophoresis profile obtained with the multiplex reaction 3. Nonspecific amplifications 

at 677 bp (35B) are visible. Bands corresponding to these amplifications appear thinner compared to 

a correct amplification (19F). 

 

Figure 2D Electrophoresis profile obtained with the multiplex reaction 6. Nonspecific amplifications 

at 850 bp are visible but do not correspond to a specific primers pair. 
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Figure 2E Electrophoresis profile obtained with the multiplex reaction 7. Nonspecific amplifications 

at 250 bp are visible but do not correspond to a specific primers pair. 

 

Figure 2F Electrophoresis profile obtained with the multiplex reaction 2 for non S. pneumoniae 

isolates. Multiple nonspecific amplifications are visible but no cpsA amplification. 
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Nonspecific amplifications were present in many reactions and mainly in 4 multiplex PCR reactions. 

At the multiplex PCR 2, 500 bp nonspecific amplifications were often visible (Figure 2B). These 

amplifications do not correspond to any primer pairs but are close to other amplifications (434 bp 

and 599 bp) and could be confounded with one of them, leading to a misidentification. Nevertheless, 

nonspecific amplifications always produce thinner and dimmer bands, easily distinguished from 

correct amplifications. This was also the case for multiplex PCR 6 (nonspecific amplification at 850 bp, 

Figure 2D) and for multiplex PCR #7 (nonspecific amplification at 250 bp, Figure 2E). In multiplex PCR 

reaction #3, nonspecific amplifications at 677 bp were present in many serotypes (Figure 2C). 

Unfortunately, this corresponds to the amplification for serotype 35B, which could potentially lead to 

a misidentification when used routinely. Again, these amplifications produce thinner and dimmer 

bands unlike positive amplifications. The presence of nonspecific amplification is summarized in 

Table 6. Among the 61 isolates tested, 31% (19/61) showed nonspecific amplifications at multiplex 

PCR #2, 44% (27/61) showed nonspecific amplifications at multiplex PCR #3, 5% (3/61) showed 

nonspecific amplifications at multiplex PCR #6 and 5% (3/61) showed nonspecific amplifications at 

multiplex PCR #7. For routine analysis, nonspecific amplification may lead to an unacceptable level of 

false serotype identification. 

Non S. pneumoniae (S. pseudopneumoniae and S. mitis) were also tested for each multiplex. In all 

reactions, cpsA amplification (intern control at 160 bp) never occurred. This cannot completely 

distinguish these streptococci from S. pneumoniae, because some S. pneumoniae serotypes also do 

not lead to cpsA amplification (serotype 25F and 38). Several non-specific amplifications also occur 

for these isolates (Figure 2F). This could be used as the discrimination criteria as no S. pneumoniae 

isolates demonstrated such an amplification pattern. Moreover, S. pneumoniae strains are generally 

susceptible to optochin in contrast to other streptococci (Jorgensen et al., 2015). This test is routinely 

performed on S. pneumoniae strains. 

Sequential multiplex PCR is a user-friendly and fast serotyping method because this technology is 

common to all microbiology laboratories. However, depending on the number of multiplex PCR 

needed for the identification of an isolate, the time required for identification can dramatically 

increase. As PCR are done sequentially, a limited number of PCR can be performed in a single day.  

The time required can range from 2 days for an isolate detected in the 1st or 2nd multiplex, to 5 days 

for an isolate identified in the 8th multiplex reaction. As most common serotypes are detected in the 

first reactions, the average time for identification with sequential multiplex PCR would be 2.75 days 

according to serotype distribution in Quebec in 2016. 
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Evaluation of the sequetyping method based on the cpsB gene 

We successfully sequenced 53 isolates of the 55 S. pneumoniae isolates tested. The average 

sequence length was 799 bp, which is shorter than the average length in Part 1 (942 bp) but still 

longer than 732 bp, the length of the sequence used by Leung et al., (2012) to test all their serotypes. 

These 53 isolates were tested against the NCBI database with the same protocol used in Part 1. 

Detailed results are reported in Table 7. Approximately 53% of the isolates were identified at the 

serotype level (28/53), 23% (12/53) were identified at the serogroup level, 7% (4/53) were identified 

as ambiguous and 17% (9/53) were misidentified. Together with Part 1 results, 121 isolates were 

tested with the sequetyping method. Half of the strains (60/121) were identified at the serotype 

level, 17% (21/121) were identified at the serogroup level, 12% (14/121) were identified as 

ambiguous and 21% (26/121) misidentified. As described in Part 1, isolates of serotype 18C were 

misidentified but showed only 1 mismatch with the 18C reference sequence. The isolate of serotype 

19F was also misidentified showing a single mismatch with 19F reference sequence. Leung et al. 

(2012) correctly identified 6 of 7 strain of serotype 19F in their study. It is possible that genetic 

variations in our isolate have caused this change in the sequence and the misidentification. The same 

conclusion can be drawn with serotype 17A, showing no significant hit with the 17A reference 

sequence whereas Leung et al., (2012) identified their strain of serotype 17A as ambiguous. In Part 1 

of the project, a transcription error occurred for strains MA083042 and MA084138 (previously 

identified as 19B and 19C, respectively). Both strains were identified as serotype 19A with Quellung. 

This was considered in the final statistics. 

Seventy-nine serotypes were tested in this study. Considering only one isolate per serotype, the 

sequetyping method allows identification at 50% (39/79) at the serotype level, 15% (12/79) at the 

serogroup level, 15% (12/79) as ambiguous and 20% (16/79) misidentified. Only one isolate of 

serotype 25F did not yield cpsB amplification but this was predicted by Leung et al. (2012). 

In Part 1, only 1 of 2 isolates of serotype 29 yielded an amplification of the cpsB gene. Five more 

isolates of serotype 29 were tested and all yielded amplification. This suggests that the non-

amplifiable isolate has some genetic characteristics preventing the cpsB amplification and that this is 

not common to most of the isolate of serotype 29 in Quebec. All of these isolates were misidentified 

as described in Part 1, with perfect matches with serotype 35B and 35C sequences and poor 

sequence identity with serotype 29 reference sequences (83% identity). This means that 

S. pneumoniae strains of serotype 29 in Quebec are genetically distant from serotype 29 sequences 

available in the NCBI database. This correlated with the results found with WGS for serotype 29. This 

mistake could be avoided by creating a local cpsB sequence database incorporating serotype 29 

sequences from this study as reference sequences. 

Only one non S. pneumoniae strain (S. pseudopneumoniae) led to the amplification of cpsB. This 

sequence was associated with serotype 20 with an identity of 96%. In this study, this is the only 

isolate with a best hit with an identity lower than 97%. Thus, non S. pneumoniae strains could be 

discarded and not be identified as a proper S. pneumoniae by the sequetyping method if we apply an 

identity criterion of ≥ 97%.  
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Discussion 

The goal of this report was to evaluate 3 different DNA-based methods for the serotyping of 

Streptococcus pneumoniae for a possible replacement of the current method routinely used 

(Quellung method) at the LSPQ in the context of provincial surveillance. Information from Part 1 of 

this project (Development) and from Part 2 was gathered in order to draw a conclusion about the 

method most likely to replace the Quellung method. All information is presented in Table 8. Only one 

isolate per serotype was considered for the final data presentation. 

Before summarizing the advantages and disadvantages of the different methods, it is important to 

note that none of these methods could completely replace the gold standard Quellung method, 

particularly during the first period of transition. As shown in this report, none of the tested methods 

provided 100% correct identifications and it would not be prudent to completely trust these results 

without a period of parallel testing with two methods (Quellung and the chosen molecular method). 

Thus it appears that the Quellung method will continue to be used and the DNA-based method could 

serve as a guide for the selection of which antisera to use. Therefore, the precision of the results 

given by the method will impact the downstream Quellung reactions, a higher precision leading to 

higher cost effectiveness. Finally, not all antisera are available at the LSPQ and 10-15% of isolates 

cannot be identified in the provincial laboratory. Currently, these isolates are sent to the NML for 

identification. An effective molecular method used routinely may decrease the number of strains 

transferred to the NML, and thus reduce the overall turnaround time. 

The first method described here is Whole Genome Sequencing (WGS). It is the most technically 

difficult method to use because it requires several delicate processes. It is also the most expensive 

method but cost will likely decrease with the improvement of sequencing technology and cost of 

reagents. Bioinformatics pipeline can also be laborious to analyse given the amount of data 

generated. Nevertheless, automatic bioinformatics analyses would be easily implemented. Kapatai et 

al., (2016) developed such a pipeline for serotyping S. pneumoniae with WGS. This method does not 

rely on genome assembling and performs raw reads alignments on a cps sequence database. The 

strength of the workflow is the use of a second step for the identification of ambiguous serotypes or 

serogroup (such as 22F/22A). SNPs analysis, loss-of-function mutations and other parameters are 

checked in order to determine the serotype.  

There are many advantages to WGS. Firstly, this is the most reliable method among the 3 tested. 

Indeed, 94% of the isolates tested were identified at the serogroup (26%) or serotype level (68%). 

Isolates identified at the serogroup level would require the use of antisera to confirm the serotype 

with the Quellung reaction, directly targeting the serotypes given by the WGS. The ambiguous result 

could be easily confirmed as well. PneumoCaT, a bioinformatics workflow designed for the 

serotyping of S. pneumoniae, gave less reliable results than our own method with several 

misidentifications inside some serogroups (28%). Interestingly, it gave the correct serotype for 22F 

isolates where our method only determined the serogroup. Thus PneumoCaT could be used in cases 

where only serogroup is determined.  In order to confirm this, it is recommended that this be tested 

on several isolates identified at the serogroup level by our pipeline. 
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In this report, serotype 29 was the only serotype misidentified among the 32 tested; it was identified 

as a serotype 35B. This is a known issue as serotype 35B and 29 are genetically related. However the 

poor alignment with the serotype 29 reference sequence showed that the serotype 29 isolates from 

Quebec are genetically distant. This problem could be solved by adding the cps sequence from 

MA097586 to the cps database. Other serotype 29 strains should be tested to confirm this result, and 

thus added these new sequences to the cps database. Finally, serotype 29 has a very low incidence in 

Quebec (0.2% in 2016) so this problem will occur only occasionally. The second advantage is that the 

huge amount of data generated with WGS will eventually serve for other purposes such as Multi 

Locus Sequence Typing (MLST) or antibiotic resistance gene detection. MLST is a powerful tool 

allowing to follow the evolution of clonal complexes across the province. Antibiotic resistance genes 

(mefA and ermB) are screened at the LSPQ depending on erythromycin MIC results. From 2010 to 

2016, this concerned 31% of the S. pneumoniae strains received at the LSPQ. The detection PCR 

could be easily replaceable by an exhaustive search of mefA and ermB sequences in the genome. 

Actually, this method would be more sensitive because small mutations which could affect PCR 

(mainly in the primers sequences) would barely affect blast results. Thus, the relative WGS cost per 

strain could decrease with the extensive use of the data generated. 

Unlike WGS, sequential multiplex PCR and sequetyping are designed to target cps capsule genes. The 

data generated with these methods can only be used to determine a serotype. Multiplex PCR is the 

easiest and fastest method to use. As specified in Part 1 of this project, the multiplex designed could 

be adapted to provide a better match with the local serotype incidence. Unfortunately, this cannot 

be easily achieved because redesigning the combination of primers would be necessary. This would 

be very difficult to achieve because of amplicon size or putative cross reactivity between primers and 

optimization would be necessary. 

Multiplex PCR is the only molecular method which requires human interpretation. Electrophoresis 

gel reading by eye can be interpreted in different ways and precision is not always sufficient to draw 

conclusions about the exact size of amplicons. This is an important aspect because of the presence of 

nonspecific amplifications which could lead to interpretation errors. Nevertheless, some nonspecific 

amplification is recurring and can be identified with ease. A significant part (~50%) of isolates is 

identified at the serogroup or subset level and would require downstream identification with 

Quellung. Non detectable serotypes using PCR method have to be taken into account for 

downstream Quellung identification, which represents a substantial portion of isolates (16%, 19/121) 

of serotypes tested in the study. However, these are rare serotype and their incidence is very low in 

Quebec. 

The final DNA-based method tested in this project is the sequetyping method developed by Leung et 

al., (2012). This method is based on the sequencing of unique sequences inside the cpsB gene. The 

method is very inexpensive, easy to use and is not impacted by serotype variation over time. 

Unfortunately, this is the method with the most misidentified serotypes (21%, 26/121). Moreover, 

even if 50% of serotypes were correctly identified, the second best HSP often has 1 or 2 mismatches 

with the best HSP. As explained in Part 1 of the project, intra-specific variations in cpsB gene could 

easily bias these results in an unpredictable way (Varvio et al., 2009). Thus Quellung identification 

would always be necessary. The existence of an independent curated cpsB sequences database 

would help to improve results. 
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Conclusion 

The goal of this report was to evaluate the potential of 3 DNA-based methods for serotyping 

Streptococcus pneumoniae and provide data for the possible replacement of the actual 

serotyping method in use, the Quellung method. The most important aspects to consider for 

each method are the cost and the precision in serotype identification.  

Sequetyping is the most attractive method because of its very low cost. Unfortunately, we 

would not recommend such a method due to the high number of misidentified serotypes 

generated. This issue could be resolved in the future, with an increase in the number of 

sequences in public databases and through the creation of a curated cpsB database. This 

method cannot be implemented routinely at the present time. 

Multiplex PCR was evaluated as an efficient method with no misidentified serotypes. This was 

also the easiest method to achieve routinely. An unacceptable level of nonspecific amplification 

occurred which could lead to incorrect identifications. Overall, 4 different types of nonspecific 

amplifications occurred (usually with a thinner and dimmer band) and those nonspecific 

amplifications may be a source of error (misidentification of serotype). Also, the proportion of 

serotype identified at the serotype level is low, which means that this method will always rely 

on the Quellung method for the exact identification of serotypes and will never completely 

replace it. Instead, it could serve as a guide to perform more effective Quellung method. Finally, 

this method is more costly than it initially appears and its efficiency depends on epidemiological 

data. The cost of this method is also subject to serotype replacement. 

WGS proved to be the best molecular method among the three methods tested. Only one 

misidentification (serotype 29) due to local genetic variations was encountered. Moreover, few 

or no downstream Quellung reactions were needed in this method. Unfortunately, this is 

currently the most expensive method and the least convenient to perform. The price will 

continue to decrease with the diminution in material costs and the use of genome information 

for other purposes. Finally, WGS does not depend on serotype circulation or replacement and 

performance should not be affected over time. Currently, using WGS only for serotyping in 

S. pneumoniae surveillance is too expensive, however identification of antibiotic resistance 

genes may be a possible approach to improve cost-effectiveness. 

Multiplex PCR seems to be an acceptable option as it is easy to routinely implement. However, 

multiple nonspecific amplifications may affect the quality of the results and this method still 

relies on Quellung because numerous isolates only identify at serotype or subset level. WGS 

could become more attractive with competitive prices. This method provides excellent results 

for S. pneumoniae serotyping and is recommended as a replacement or alternative method for 

the gold standard. 
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Before implementation, the recommended DNA-based method, WGS, should be evaluated on 

S. pneumoniae strains received at the LSPQ for a determined period in parallel with the 

Quellung method to assure the quality of the data in a routine context. Non-serotyping 

S. pneumoniae strains were not tested in the project. It will be relevant to test those strains 

using WGS. 
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Objectives 

Streptococcus pneumoniae is a major cause of pneumonia, meningitis and other pneumococcal infections. Over 
90 serotypes have been described so far. The Quellung reaction is the gold standard test for S. pneumoniae 
serotyping. From a public health perspective, accurate serotyping of S. pneumoniae is essential to monitor the 
serotype replacement following the introduction of Pneumococcal Conjugate Vaccines. Unfortunately, this 
method is costly, time-consuming and dependent on human interpretation. In this study, we evaluated the 
efficiency of three different molecular serotyping methods as an alternative to the Quellung method.  
 
Methods   
One hundred twenty-one S. pneumoniae strains representing 83 serotypes were serotyped with a sequential 
multiplex PCR assay (CDC protocol) and a sequence typing assay (sequetyping) based the cpsB gene sequence. 
Furthermore, 53 S. pneumoniae strains representing 32 serotypes were serotyped with whole genome 
sequencing (WGS) assay using an in-house pipeline and the bioinformatics tool PneumoCat. The serotype of all 
these strains was previously identified by the Quellung method. 
 
Results 

The proportion of serotypes identified using sequential multiplex PCR to the serotype level was too low (34%) to 

use as an alternative to the Quellung method. Moreover, a large proportion (23%) of strains was not typeable by 

the PCR assay. Although the sequetyping is currently the most economical method, it exhibited a high number of 

misidentified serotypes (20%) and ambiguous results (15%). The WGS-based serotyping methods using our in-

house pipeline exhibited the best performance as they predicted capsular types at serotype and serogroup levels 

for 91% (66% at the serotype level) of the strains tested with only one misidentified serotype. In contrast, 

PneumoCaT results revealed several misidentifications inside serogroups (21%). 

 

Conclusion 

WGS could be considered as a potent tool for S. pneumoniae serotyping and be useful for epidemiological 

purposes. Moreover, data generated can be used for further investigations such as antibiotic resistance genes 

characterization or multilocus sequence typing. 
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Abstract 24 

Streptococcus pneumoniae is one of the major causes of pneumonia, meningitis and other 25 

pneumococcal infections in young children and elders. Determination of circulating S. 26 

pneumoniae serotypes is an essential service by public health laboratories for the 27 

monitoring of putative serotype replacement following the introduction of pneumococcal 28 

conjugate vaccines (PCVs) and of the efficacy of the immunization program. The 29 

Quellung method remains the gold standard for typing S. pneumoniae. Although this 30 

method is very effective, it is also costly, time consuming and not totally reliable due to 31 

its subjective nature. The objectives of this study were to test and evaluate the efficiency 32 

of 3 different molecular methods compared to the Quellung method. Sequential multiplex 33 

PCR, sequetyping and whole genome sequencing (WGS) were chosen and tested using a 34 

set of diverse S. pneumoniae. One-hundred and eighteen isolates covering 83 serotypes 35 

were subjected to multiplex PCR and sequetyping while 88 isolates covering 53 serotypes 36 

were subjected to WGS. Sequential multiplex PCR allowed the identification of a 37 

significant proportion (49%) of serotypes at the serogroup or subset level but only 27% 38 

were identified at the serotype level. Using WGS, 55% to 60% of isolates were identified 39 

at the serotype level depending on the analysis strategy used. Finally, sequetyping was 40 

the method resulting in the most misidentified serotypes (17%). The use of Jin cpsB 41 

database instead of the GenBank database slightly improved results but did not 42 

significantly impact the efficiency of sequetyping. Although none of these molecular 43 

methods may currently replace the Quellung method, WGS remains the most promising 44 

molecular pneumococcal serotyping method.  45 
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Introduction 46 

The Gram-positive lancet-shaped cocci bacteria Streptococcus pneumoniae is frequently 47 

associated with meningitis, pneumonia and sepsis in humans in addition to be the major 48 

cause of mortality in children (1). Pneumococcus infections mainly occur among young 49 

children and the elderly, under 5 years old and above 65 years old, respectively (2). More 50 

than 90 S. pneumoniae capsular polysaccharide (CPS) types exist resulting in a large 51 

variety of serotypes belonging to 46 different serogroups (3). In Canada, the introduction 52 

of the seven-valent pneumococcal conjugate vaccine (PCV-7) in 2005 targeting the seven 53 

predominant serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F) led to a significant decrease in 54 

invasive pneumococcal diseases (IPD) associated to these serotypes (4). However, 55 

replacement of vaccine serotypes by non-vaccine serotypes (NVT) led to the emergence 56 

of serotype 19A as the new predominant multi-drug resistant serotype (5). Following the 57 

advent of NVT, two others vaccines were released in 2008 and 2010, PCV-10 and PCV-58 

13, respectively. The monitoring of IPD serotypes became essential as new NVT may 59 

have emerged making the introduction of new vaccines necessary. 60 

Serotyping methods of S. pneumoniae can be grouped in two different categories: 61 

phenotype-based methods and genotype-based methods (6). The Quellung method (based 62 

on antisera reactions) still remains the Gold Standard method used in most laboratories 63 

(7). However this method is expensive, laborious and not fully reliable. Following the 64 

sequencing of the cps loci of 90 pneumococcal serotypes, methods based on the detection 65 

of serotype-specific genes were developed in order to provide cost-effective and reliable 66 

assays for the serotyping of S. pneumoniae (6,8). 67 



4 
 

Among these methods, three were chosen for comparison in this study: sequential 68 

multiplex PCR, sequetyping and whole genome sequencing (WGS). The sequential 69 

multiplex PCR protocol was developed by the Centers for Disease Control and 70 

Prevention (CDC) and relies on the use of primers targeting serotype- or serogroup-71 

specific regions (wzy or wzx) in the cps loci (9). PCR has been extensively used for the 72 

serotyping of S. pneumoniae and had the advantage of being easy to  use and can be 73 

performed on a large quantity of samples (10–13). The sequetyping method was 74 

developed by Leung et al. (2012) and is based on the cpsB gene sequence which appears 75 

to be specific to serotypes. WGS became a suitable method for serotyping with the 76 

improvement in accuracy and a decrease in cost which has allowed the identification of 77 

serotype by comparing cps loci sequences (14–16).  78 

The replacement of the Gold Standard Quellung method in routine laboratories by a 79 

genotype-based method is a current issue for many laboratories, requiring preliminary 80 

estimations of the efficiency and adaptability of different methods. Such comparisons and 81 

evaluations for some methods have already been conducted (17–21). Unfortunately, inter-82 

strain genome variations led to an increase in cps loci rearrangement and diversity. Thus 83 

the efficiency of molecular serotyping methods may vary between strains and/or between 84 

different regions (8,22).  85 

In this study, a large number of serotypes were included, but a focus on the most 86 

prevalent serotypes in Québec/Canada and serotypes targeted by PCV-13 were chosen. 87 

The evaluation of a potential molecular replacement for the Quellung identification 88 

method was considered.   89 
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Material and methods 90 

Isolates, culture conditions and DNA extraction 91 

One hundred eighteen invasive S. pneumoniae representing 83 serotypes previously 92 

identified by the Quellung reaction were selected from the Laboratoire de santé publique 93 

du Québec (LSPQ) provincial surveillance program (see Table S1). All the isolates were 94 

subjected to sequential multiplex PCR and sequetyping methods. Six serotype 35A 95 

isolates and six serotype 34 isolates were added to the pool tested with the sequential 96 

multiplex method as well as six serotype 29 isolates were added to the sequetyping pool. 97 

A subset of 53 isolates were tested with WGS and represented 32 different serotypes. The 98 

selection of the serotypes was performed on the basis of the most prevalent serotypes in 99 

the province of Québec in 2012-2016 (Figure 1). Rare serotypes were also included in 100 

order to test the robustness of the method. WGS data for 35 S. pneumoniae was also 101 

provided by the National Microbiology Laboratory (NML, Winnipeg, Canada), totaling 102 

88 isolates representing 53 serotypes subjected to serotyping using WGS approach. 103 

Finally, three Streptococcus pseudopneumoniae and three Streptococcus mitis were used 104 

as specificity controls for sequential multiplex PCR and sequetyping. 105 

Isolates were cultured on TSA II (Trypticase Soy Agar with 5% sheep blood) agar plate 106 

and incubated overnight at 35°C in a 5% CO2 atmosphere. Bacteria were collected with a 107 

loop and suspended in G2 buffer solution with RNase A (QIAGEN inc, Toronto, ON, 108 

Canada). Samples were then frozen at -20°C until extraction. DNA extraction was 109 

performed with the MagAttract DNA Mini M48 Kit (QIAGEN inc, Toronto, ON, 110 

Canada) and the QIAGENTM BioRobot M48 workstation according to manufacturer’s 111 

instructions. 112 



6 
 

 113 

Sequential multiplex PCR 114 

The CDC sequential multiplex PCR protocol was used as described by Carvalho et al. 115 

(2010). Briefly, primers pairs were designed to target serotype- or serogroup-specific 116 

regions in the wzy or wzx genes. The choice of primers was modeled on those included in 117 

the CDC protocol as they were adapted to the 22 most prevalent serotypes in Quebec 118 

(2012-2016). These serotypes represent 90 % of IPD in Quebec. All serotypes included in 119 

the PCV-13 (4, 6B, 9V, 14, 18C, 19F, 23F, 1, 5, 7F, 3, 6A and 19A) were also covered by 120 

this protocol. Positive and negative controls were used in each reaction. Positive controls 121 

consisted of a mix of S. pneumoniae DNA extract of serotypes present in each multiplex. 122 

S. pseudopneumoniae and S. mitis DNA extracts were tested in each multiplex as a 123 

control of specificity.  124 

 125 

Sequetyping  126 

Sequetyping procedures were conducted as described by Leung et al. (2012) with some 127 

modifications. Briefly, master mix was composed of 0.3 µl of Amplitaq DNA polymerase 128 

(5 U/µl), 38.85 µl of DNA-free water, 5 µl of 10x PCR buffer (ThermoFisher Scientific, 129 

Whitby, Canada), 1.5 µl of MgCl2 (50 mM), 0.75 µl of dNTPs (10 mM), 0.8 µl of cps1 130 

and cps2 primers (25 µM) and 2 µl of DNA extract for a final volume of 50 µl. Cycling 131 

conditions was performed as described by Leung et al. (2012). Sequencing was 132 

performed using the BigDye® Terminator v3.1 Cycle Sequencing Kit (ThermoFisher 133 

Scientific, Whitby, Canada) in a 3130xl Genetic Analyzer (ThermoFisher Scientific, 134 

Whitby, Canada).  135 
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Assembled cpsB sequences were blasted against a local and comprehensive cpsB 136 

database developed by Jin et al. (2016). This database extended the previous database 137 

created by Leung et al. (2012) by covering 95 serotypes instead of 93 and including a 138 

total of 390 sequences. Then, cpsB sequences were used to interrogate the GenBank 139 

database (https://www.ncbi.nlm.nih.gov/genbank/). In-house Python scripts allowed the 140 

automation of these processes. Serotypes were attributed considering hits with the highest 141 

bit scores.  142 

 143 

Whole genome sequencing 144 

Libraries for whole genome sequencing were prepared with the Nextera XT DNA library 145 

preparation kit and sequenced using an Illumina MiSeq reagent kit v3 (600 cycles, paired 146 

ends) following the manufacturer’s instructions. Reads quality was evaluated with 147 

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). De novo genome 148 

assemblies were performed using SPAdes version 3.9.0 (23) assembler on Calcul Quebec 149 

public resources (http://www.calculquebec.ca/en/) with standard parameters. Assemblies’ 150 

quality was assessed with Quast (24). Concerning the identification of the different cps 151 

loci, a local cps database was created with 107 cps sequences representing 92 different 152 

serotypes (3) retrieved from the NCBI GenBank database. Assembled contigs containing 153 

cps sequences were blasted against this database using BLAST+ tools suite in an 154 

automated in-house Python scripts. Hits with the highest identity value and High Scoring 155 

Pair (HSP) length were retained for serotype attribution. When multiple hits had high 156 

identity value (<0.5% compared to best hit) for an equivalent HSP length, they were all 157 

retained for serotype attribution.  158 
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PneumoCaT (Pneumococcus Capsular typing Tool), a serotyping designed workflow, 159 

was also used for serotype identification (25). Automation of PneumoCaT was performed 160 

using a shell command based script. Best hits were always considered for serotype 161 

attribution. When capsular typing variant analysis occurred (see Kapatai et al., 2016), this 162 

result was retained for serotype attribution.  163 

Isolates misidentified with the assembly-based strategy were subjected to further 164 

investigations. The cps locus was extracted from the corresponding contig according to 165 

the best hit coordinates and aligned with cps reference sequences of both best hit and 166 

expected serotype, for comparison. Alignments were done using the Artemis Comparison 167 

Tool (ACT) v6 and WebACT (26). 168 

 169 

Serotype identification levels 170 

For all the methods tested in this study, sample identification was classified as follows: 1) 171 

Serotype when the correct serotype was determined, 2) Serogroup when the correct 172 

serotype was determined as well as other serotype(s) from the same serogroup, 3) Subset 173 

when the correct serotype was determined as well as other serotype(s) from a different 174 

serogroup, 4) Misidentified when an incorrect serotype was determined and 5) Not 175 

determined (N.D.) when no amplification occurred in PCR multiplex reactions or when 176 

cpsB was not amplified in the sequetyping method. When isolates of the same serotypes 177 

had different identification levels with the same method, they were classified as 178 

inconsistent results when results per serotype were considered.  179 



9 
 

Results 180 

Sequential multiplex PCR 181 

Among all existing S. pneumoniae serotypes, the CDC sequential multiplex PCR protocol 182 

is able to detect 74 different serotypes. cpsA amplification ensures the presence of S. 183 

pneumoniae DNA in each reaction. In our experiments, cpsA amplification product was 184 

present in all reactions except for isolates of serotypes 25F and 38. The absence of 185 

amplification in those serotypes has been previously documented by Carvalho et al., 186 

(2010). Moreover, no cpsA amplification occurred with S. pseudopneumoniae and S. 187 

mitis isolates.  188 

 189 

In this study, 130 isolates were tested with multiplex PCR method, covering 83 serotypes. 190 

Of the tested isolates, 45/130 (35%) were identified at the serotype level, 42/130 (32%) 191 

were identified at the serogroup level, 22/130 (17%) were identified at the subset level, 192 

19/130 (15%) were not determined, and 2/130 (1%) were misidentified (Table 1A). All 193 

serotypes were not equally represented in our isolates selection, thus these results are not 194 

representative of the method efficiency concerning identification level. Nevertheless, all 195 

results were consistent when multiple isolates were tested for a same serotype, except for 196 

serotype 35A (1% of serotypes). Considering identification for each serotype, 22/83 197 

(27%) were identified at the serotype level, 24/83 (29%) were identified at the serogroup 198 

level, 17/83 (20%) were identified at the subset level, 19/83 (23%) were not determined 199 

and 0/83 (0%) were misidentified (Table 1B). 200 

Serotypes 34 and 35A showed unexpected results. Serotype 34 sample showed many 201 

amplicons, including a non-specific amplicon (250 bp) and the expected amplicon (408 202 
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bp), in the same reaction (multiplex PCR 7). Six more serotype 34 isolates were selected 203 

and subjected to identification with sequential multiplex PCR and the same non-specific 204 

amplification was present in 3 out of 6 reactions. The expected amplification product at 205 

280 bp was not present in the multiplex PCR 7 with serotype 35A and 6 other serotype 206 

35A isolates were further selected. For 5 out of 6 isolates, the expected amplicon was 207 

detected but a non-specific amplicon at 250 bp was also visible. It should be noted that 208 

expected amplicons bands are very well defined and have high intensity compared to 209 

non-specific amplicons bands which are generally less bright. 210 

Non-specific amplification products were present in many PCR reactions. They seemed 211 

to occur randomly and did not depend on the isolate serotype. Only 4 different sizes non-212 

specific amplicons were observed during this study, a non-specific bands at 500 bp in 213 

multiplex PCR 2, a non-specific band at 677 bp in multiplex PCR 3, a non-specific band 214 

at 850 bp in multiplex PCR 6 and a non-specific band at 250 bp in multiplex PCR 7. 215 

Except for the band at 677 bp in the multiplex PCR 3, these non-specific products did not 216 

correspond to expected product sizes in their respective multiplex PCR and were easily 217 

identified as non-specific. However, the amplification product at 677 bp in multiplex 218 

PCR 3 corresponds to the expected size for serotype 35B and is hardly identifiable as 219 

non-specific. Many non-specific amplicons were also present for S. pseudopneumoniae 220 

and S. mitis in most of the multiplex PCR. 221 

 222 

Sequetyping 223 

Of the 124 S. pneumoniae isolates subjected to sequetyping, 118 (95%) were positive for 224 

cpsB amplification (1061 bp). No cpsB amplification was obtained for serotypes 25F, 37, 225 
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38, 39 and 43 which was in accordance with results from Leung et al. (2012) as these 226 

serotypes were predicted in silico to be non-amplifiable. However, no cpsB amplification 227 

was obtained with serotype 29 although it was expected to be amplifiable according to 228 

Leung et al. (2012). Therefore, 6 other serotype 29 isolates were selected and subjected 229 

to sequetyping. All 6 samples led to cpsB amplification. After sequencing and 230 

assembling, the average sequence length was 890 bp which is longer than the 732 bp 231 

region used by Leung et al., (2012) to test all their serotypes.  232 

One hundred eighteen sequences representing 78 serotypes were subjected to blast for 233 

identification. Two different databases were chosen for the analysis: the exhaustive NCBI 234 

GenBank database and a more restrained but specific cpsB database created by Jin et al., 235 

(2016). Using the GenBank database, 61/124 (49%) were identified at the serotype level, 236 

20/124 (16%) were identified at the serogroup level, 14/124 (11%) were identified at the 237 

subset level and 23/124 (19 %) were misidentified. Using the Jin cpsB database, 65/124 238 

(52%) were identified at the serotype level, 20/124 (16%) were identified at the 239 

serogroup level, 12/124 (10%) were identified at the subset level and 21/124 (17%) were 240 

misidentified (Table 1A). Inconsistent results were obtained for some serotypes (6B, 6C, 241 

19F and 23F) when using the GenBank database but not using the Jin cpsB database. 242 

Considering only serotypes, identification with the GenBank database resulted in 35/83 243 

(42%) identifications at the serotype level, 12/83 (14.5%) identifications at the serogroup 244 

level, 12/83 (14.5%) identifications at the subset level and 14/83 (17%) misidentified. 245 

With the Jin cpsB database, 38/83 (46%) were identified at the serotype level, 14/83 246 

(17%) were identified at the serogroup level, 12/83 (14%) were identified at the subset 247 
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level and 13/83 (16%) were misidentified. Results were slightly better with the Jin cpsB 248 

database (Table 1B), in particular for inconsistent results. 249 

The majority of misidentifications were due to the attribution of closely related serotypes 250 

of the same genogroup (27). For example, one serotype 9A isolate was identified as 251 

serotype 9V, one serotype 11F isolate was identified as serotype 11C and one serotype 42 252 

isolate was identified as serotype 35B/35C see table S2 in supplemental material for a 253 

complete and detailed list). For some misidentifications, there was no association 254 

between the determined serotype and the expected one. This was the case for one 255 

serotype 15C isolate identified as serotype 24F, one serotype 19F isolate identified as 256 

serotype 10A and one serotype 17A isolate was identified as serotype 10A. Serotype 29 257 

isolates were all misidentified as serotype 35B/35C. Although these serotypes are 258 

genetically close, the percent similarity of our serotype 29 cpsB sequence compared with 259 

the serotype 29 reference sequence was only 83%. 260 

Only one S. pseudopneumoniae isolate led to the amplification of cpsB. This sequence 261 

was associated with serotype 20 with 96% similarity which was the lowest score across 262 

all isolates. 263 

 264 

Whole genome sequencing 265 

The number of paired-end reads obtained varied between 100 065 and 1 153 346 with an 266 

average of 542 388. Whereas some values appeared to be low, assembling metrics 267 

generated by Quast highlight a good sequencing quality in general (see table S3 in 268 

supplemental material). Assembling coverage varied from 14X to 296X with an average 269 

of 94X. 270 
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Serotype identification was mainly based on sequence identity level and HSP length (see 271 

Table S4). For 53 of 88 isolates (60%), serotype was correctly determined without any 272 

ambiguity. The serogroup was determined for 25 of 88 isolates (28%), 6 of 88 (7%) were 273 

determined at the subset level and 4 of 88 isolates (5%) were misidentified. Considering 274 

serotypes, they were correctly determined for 29 of 53 serotypes (55%), serogroup was 275 

correctly determined for 13 of 53 serotypes (25%), 6 of 53 (11%) were determined at the 276 

subset level and 3 of 51 (6%) were misidentified. Inconsistent results were obtained for 277 

isolates of serotype 6B and 7F, representing 3% of the serotypes tested. 278 

For some isolates, Blast results could not discriminate between two different serotypes 279 

because of their high degree of genetic similarities or due to the existence of DNA 280 

polymorphism among single serotypes (28). This was the case for 15B/15C, 22A/22F, 281 

7A/7F, 11A/11D, 25A/25F, 32A/32F, 33A/33F, 9A/9V, 12A/46, 12F/44, 18B/18C and 282 

35A/35C/42. 283 

The cps locus sequence of misidentified isolates (serotypes 6D, 7F and 29) were aligned 284 

with the corresponding best hit reference sequence given by the in-house serotyping 285 

method and with the expected serotype sequence (Figures 2A to 2C). No significant hit 286 

with 18B reference sequence was found for the misidentified serotype 18B isolate. 287 

Therefore, the cps locus was aligned with the best hit reference sequence (Figure 2D). 288 

The cps locus alignment of our serotype 29 isolate resulted in fragmented hits with low 289 

identity compared with the serotype 29 reference sequence. The region 1174-2915 bp of 290 

our serotype 29 isolate sequence did not match with both serotype 29 and serotype 35B 291 

reference sequences and coded for a tnp transposase. It appeared that the cps locus of the 292 

serotype 29 isolate was located at the end of the corresponding contig and may be 293 
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incomplete, resulting in a 1303 bp shorter sequence compared to the serotype 29 294 

reference sequence. A very poor alignment was also obtained for our serotype 7F isolate 295 

cps locus sequence compared with the serotype 7F reference sequence, with less than 296 

50% of the cps locus sequence correctly aligned. For the serotype 6D isolate, the major 297 

difference between the 2 alignments was the absence of a match with the serotype 6D 298 

reference sequence in the 5170-6608 bp region coding for the glycosyl transferase wciN. 299 

PneumoCaT was also used for serotype attribution using the same set of WGS data (reads 300 

data). The first hit was always considered for the prediction of the serotype. If a capsular 301 

typing variant analysis occurred, the serotype resulting from this analysis was retained for 302 

the serotype prediction. Sixty-one of 87 isolates (70%) were successively identified at the 303 

serotype level but all the others isolates (30%) were misidentified. Considering only 304 

serotypes, 31 of 52 serotypes (60%) were identified at the serotype level and 19 of 52 305 

(36%) were misidentified. Inconsistent results were obtained for 2 serotypes (7F and 306 

11A), representing 4% of the serotypes tested. 307 

  308 
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Discussion 309 

S. pneumoniae serotyping has become critical since the release of the different PCV for 310 

the monitoring of putative emergent NVT. Unfortunately, the gold standard Quellung 311 

method is expensive and laborious and can lead to interpretation errors. The 312 

implementation of a new and reliable serotyping method is needed, especially for 313 

surveillance programs such as the provincial surveillance held at the Laboratoire de santé 314 

publique du Québec. 315 

In this study, 3 different molecular based serotyping methods (sequential multiplex PCR, 316 

sequetyping and WGS) were compared in order to evaluate their efficiency in serotype 317 

attribution for S. pneumoniae invasive isolates. This is the first comparison between these 318 

3 methods on a common set of isolates.  319 

 320 

PCR methods are very powerful, reliable and easy to perform. Multiplex PCR is an even 321 

more efficient technique since one single reaction allows the simultaneous detection of 322 

more than one gene and/or allele. The CDC sequential multiplex PCR method gave the 323 

expected results, with 27%, 29% and 20% correct identifications of the serotype, 324 

serogroup and subset, respectively. This was also the method presenting the least 325 

misidentified isolates (1%). However, serotypes among a serogroup are inevitably 326 

revealed under the same signal in the current protocol due to their high level of genetic 327 

homogeneity. For example, primer pair 6A/6B/6C/6D in reaction 1 is simultaneously 328 

specific to four different serotypes. This is the most important limit for the efficiency of 329 

this method because no better results can be expected. Moreover, a significant number 330 

(23%) of serotypes were not detectable by this method, representing another limitation 331 
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from a surveillance perspective. It also seems that small genetic variations in some 332 

isolates (serotype 35A) could determine the presence or absence of amplicon (29). It is 333 

possible that the isolates tested were genetic variants of the CDC isolates of serotype 35A 334 

and that the primers 35A/35C/42 were unable to match these isolates. This finding would 335 

mean that the method efficiency could vary from one geographic region to another 336 

depending on the genetic distance with the isolates used for primer design. Another 337 

important aspect is the specificity of the method for S. pneumoniae. Indeed, it is not 338 

uncommon to confuse S. pneumoniae with other Streptococcus spp. due to their high 339 

degree of similarity, especially S. pseudopneumoniae (30). Here, the internal control 340 

(cpsA) allowed differentiation between S. pneumoniae and S. pseudopneumoniae or S. 341 

mitis. However, 2 serotypes (25F and 38) were also negative for cpsA amplification 342 

making this discrimination not fully reliable. Finally, non-specific amplifications 343 

occurred during the study, as specified by the CDC 344 

(https://www.cdc.gov/streplab/pcr.html). Although most of the non-specific products did 345 

not match with expected amplifications, some of them could lead to misidentification. 346 

 347 

Sequetyping is not limited to the number of detectable serotypes as cpsB sequences of 348 

almost all serotypes are present in regularly updated public database. Nevertheless, cpsB 349 

is not amplifiable in all serotypes, making these serotypes not identifiable with this 350 

method. This was the case for serotypes 25F, 37, 38, 39 and 43 in our study. Sequences 351 

for serotypes 39 and 43 were predicted to be non-amplifiable by Leung et al. (2012) even 352 

though they were amplified in their study. However, they did not obtain any 353 

amplification for serotype 25F or 38, which is consistent with our results. Finally, 354 
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serotype 37 cpsB sequence was predicted to be amplifiable but was not tested in vitro in 355 

their study.  356 

We decided to use the local cpsB sequence database created by Jin et al. (2016) instead of 357 

the database used by Leung et al. (2016) because this database was more comprehensive 358 

and covered more serotypes. Overall, we obtained more identification at the serotype 359 

level and less misidentifications using the local cpsB database as compared to the 360 

GenBank database. Significant differences were obtained for serotypes 6B, 6C, 19F and 361 

23F where results between isolates of the same serotype were concordant with the cpsB 362 

database but not with GenBank database. Only well characterized sequences with full-363 

length cpsB were chosen for this database and can explain these results. Indeed, slight 364 

variations in the cpsB sequence could have a major influence on serotype attribution 365 

when the GenBank database is used due to a lot of cpsB sequences presenting nucleotide 366 

variations not representative of the serotype. In contrast, the use of a local cpsB database 367 

with few but representative sequences avoided these mistakes. Apart from serotypes 12F, 368 

17A, 18C, 24F, 29 and 35A, no equivalent data are available in Leung et al., (2012) for 369 

the other misidentified serotypes we observed in this study. For serotype, serogroup, and 370 

subset levels identification, our results are generally the same as the ones obtained by 371 

Leung et al., (2012). However, Comparisons are not always possible since 38 of our 372 

serotypes are missing in the Leung et al., (2012) study. Most of misidentified serotypes 373 

had some nucleotides of difference (from 1 to 59) with the best hit sequence, usually of 374 

the same serogroup or genogroup (27). This is caused by intra-serotype variation (28) in 375 

the cps regulatory region and can lead to identification in the wrong serogroup. This issue 376 

has already been observed by Leung et al., (2012) with one 19F isolate identified as a 377 
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serotype 1. Furthermore, some serotypes may have identical cpsB sequences as it is the 378 

case with some 6A and 6B isolates (31). Moreover, for our serotypes 17A and 29 isolates, 379 

no significant hits were obtained with serotype 17A and 29 cpsB sequences, respectively. 380 

S. pneumoniae genome diversity may be high between geographically distant locations, 381 

leading to divergence between serotype 17A and 29 cpsB sequences present in the 382 

databases and sequences obtained in this study. However, this appears to be very unlikely 383 

(32). Our evaluation of the sequetyping approach has demonstrated that this serotyping 384 

method is not always able to correctly identify serotype probably due to short DNA sub 385 

region of a large locus used in this analysis. Of the 6 other non-S. pneumoniae isolates 386 

tested, only one S. pseudopneumoniae led to a cpsB amplicon. This was not expected as it 387 

has been reported that S. pseudopneumoniae cps locus is not complete compared to S. 388 

pneumoniae and does not contain cpsB (33). However, the low identity of the best HSP 389 

(96%) could help to discriminate this isolate. A recent method based on sequetyping 390 

including a second analysis step for homologous strains allowed to obtain more accurate 391 

results for these strains (34). Such protocol could putatively help to obtain better results 392 

and make sequetyping more attractive.  393 

 394 

Two different approaches were used for serotype identification using WGS method. Our 395 

in-house workflow consisted in assembling contigs from sequencing data and to Blast 396 

them with a cps loci sequence database. Eighty-two percent of serotypes were identified 397 

at the serotype or serogroup level, demonstrating the efficiency of this strategy. 398 

Regarding unresolved serotypes (7A/7F, 9A/9V, 11A/11D, 12A/12F/44/46, 18B/18C, 399 

22A/22F, 25A/25F, 32A/32F, 33A/33F and 35A/35C/42), these were all identified as 400 
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another serotype belonging to the same genogroup as defined by Kapatai et al., 2016. 401 

More sensitive genetic analysis methods would be required to make a more accurate 402 

identification such as the capsular variant analysis integrated in PneumoCaT (see below). 403 

Interestingly, serotype 22F isolates matched serotypes 22F/22A but with two separate 404 

HSPs. This unexpected Blast result is caused by the high divergence of two genes (wcwA 405 

and wcwC) in the cps locus of those isolates compared to their orthologous sequences in 406 

serotype 22F. Similar finding were reported for isolate 1772-40b (GenBank accession 407 

HE651318; Salter et al., 2012), a 22F serotype which matches perfectly with our 22F 408 

isolates.  409 

A serotype 29 isolate was misidentified with WGS and identified as serotype 35B. 410 

Serotype 35B and 29 are known to be genetically related, leading to cross-reactivity in 411 

antisera reactions (35). However, no significant hit with serotype 29 was found in Blast 412 

results, meaning that no relevant alignment could be made. These results were in 413 

agreement with sequetyping results obtained for serotype 29 isolates. Alignment with 414 

serotype 29 reference sequence (isolate 34373, Bentley et al., 2006) showed low identity 415 

although the serotype was confirmed by Quellung. Transposase coding region (tnp) was 416 

found downstream the dexB gene in the serotype 29 isolate. According to Bratcher et al., 417 

2011, those regions may contribute to the vertical exchange of the cps locus between 418 

pneumococcal isolates and hence to their molecular evolution and adaptation, which 419 

could explain the low identity with serotype 29 reference sequence. Serotypes 6D and 6B 420 

belong to the same genogroup. However, the glycosyl-transferase wciN is present in the 421 

6B cps locus and not in the 6D cps locus, distinguishing those (36). This gene was 422 

present in the studied serotype 6D isolate, which explains the misidentification with 423 
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serotype 6B. It has been suggested that serotype 6D could have emerged from 424 

recombination between serotypes 6B and 6C but Song et al. (2011) highlighted the 425 

implausibility of this event because of a high genetic distance between these serotypes. 426 

Therefore, this gene acquisition was probably due to homologous recombination events 427 

or horizontal genetic transfers. The misidentification of serotype 7F isolate with serotype 428 

14 and serotype 18B with 7B were surprising as these 2 serotypes belong to different 429 

genetic clusters (Kapatai et al., 2016). 430 

PneumoCaT is the second approach we used for WGS serotyping and totally integrates a 431 

capsular variant analysis step in its workflow. Single Nucleotide Polymorphisms (SNPs) 432 

analysis, allelic variations or presence/absence of genes are analyzed when more than one 433 

locus is matched or if the match corresponds to a defined genogroup (25). Although the 434 

first step gave results similar to the results obtained with the assembly-based approach, 435 

the variant-based step missed the correct serotype for half of the serotypes tested. 436 

However, PneumoCaT attributed the correct serotype for 8 serotypes (7A, 9V, 12A, 12F, 437 

15C, 22A, 22F and 33F) which were only identified at the serogroup level or subset with 438 

the assembly-based approach. 439 

The aim of this study was to evaluate 3 DNA-based S. pneumoniae serotyping methods 440 

which could eventually replace the current Quellung gold standard method. Above all, 441 

none of the methods tested showed enough efficiency to be able to completely replace the 442 

Quellung method in surveillance programs. Indeed, identifications at the serogroup level 443 

were obtained with all of them but more particularly with sequential multiplex PCR. 444 

Though WGS produces reliable serotyping results, currently this method is still costly 445 

and time consuming. Nevertheless, with the automation of bioinformatic pipelines and 446 
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the constant drop of reagent costs, this method could become very attractive for 447 

monitoring invasive S. pneumoniae serotypes. Moreover, WGS allows the analysis of 448 

molecular evolution of the isolates, the identification of putative vaccine targets in 449 

addition to the study of antibiotic resistance and virulence genes. The sequential 450 

multiplex PCR and sequetyping strategy unlike WGS have specifically been developed to 451 

improve the serotyping response time and to reduce the associated costs. PCR has the 452 

inconvenience of requiring an adaptation to the local epidemiology of circulating 453 

serotypes. Simply changing the sequential order of the reaction may be sufficient but 454 

more often reviewing the combination of primers in the reaction mixture is needed.  455 

In this study, we have demonstrated that WGS was the most reliable method among the 3 456 

methods tested for serotyping of S. pneumoniae. However, serotype validation with 457 

Quellung is still required as some serotypes cannot be clearly distinguished with the cps 458 

sequences. Sequential multiplex PCR and sequetyping have the advantage to be cheaper 459 

than WGS and could also serve as a guide for Quellung method. But these methods have 460 

drawbacks making them less attractive. It is important to note that rare untypeable 461 

isolates, due to their lack of capsular polysaccharide, may generate a positive result with 462 

DNA based method (37). In such cases, the final serotype identification would be in 463 

disagreement with the Quellung reaction which would produce a negative result. 464 

Conversely, the sequetyping or multiplex PCR approach may be used when the capsular 465 

swelling of the Quellung reaction is difficult to observe through microscopic 466 

examination. Finally, a total replacement of the Quellung reaction by a molecular method 467 

seems not possible yet. Nevertheless, WGS appears to be a very promising tool and could 468 
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replace the Quellung method in the near future with its extensive use and the 469 

development of databases. 470 



23 
 

Acknowledgements 471 

We want to thank all the clinical laboratories of the province of Quebec for their 472 

participation in the S. pneumoniae surveillance program. We also thank the LSPQ and 473 

NML personnel for their precious technical assistance.  474 

 475 

Disclaimer 476 

This study was partially funded by Pfizer Canada (grant IIR number WI197603) 477 



24 
 

References 478 

1.  Feikin DR, Schuchat A, Kolczak M, Barrett NL, Harrison LH, Lefkowitz L, et al. 479 
Mortality from invasive pneumococcal pneumonia in the era of antibiotic resistance, 480 

1995-1997. Am J Public Health. 2000 Feb;90(2):223–9.  481 

2.  Black RE, Cousens S, Johnson HL, Lawn JE, Rudan I, Bassani DG, et al. Global, 482 
regional, and national causes of child mortality in 2008: a systematic analysis. The 483 
Lancet. 2010 Jun;375(9730):1969–87.  484 

3.  Camargo DRA, Pais FS, Volpini ÂC, Oliveira MAA, Coimbra RS. Revisiting 485 

molecular serotyping of Streptococcus pneumoniae. BMC Genomics. 2015;16 486 
(Suppl 5):S1.  487 

4.  Deng X, Church D, Vanderkooi OG, Low DE, Pillai DR. Streptococcus pneumoniae 488 
infection: a Canadian perspective. Expert Rev Anti Infect Ther. 2013 489 
Aug;11(8):781–91.  490 

5.  Munoz-Almagro C, Jordan I, Gene A, Latorre C, Garcia-Garcia JJ, Pallares R. 491 

Emergence of Invasive Pneumococcal Disease Caused by Nonvaccine Serotypes in 492 
the Era of 7-Valent Conjugate Vaccine. Clin Infect Dis. 2008 Jan 15;46(2):174–82.  493 

6.  Jauneikaite E, Tocheva AS, Jefferies JMC, Gladstone RA, Faust SN, 494 
Christodoulides M, et al. Current methods for capsular typing of Streptococcus 495 
pneumoniae. J Microbiol Methods. 2015 Jun;113:41–9.  496 

7.  Sørensen UB. Typing of pneumococci by using 12 pooled antisera. J Clin 497 

Microbiol. 1993 Aug;31(8):2097–100.  498 

8.  Bentley SD, Aanensen DM, Mavroidi A, Saunders D, Rabbinowitsch E, Collins M, 499 
et al. Genetic Analysis of the Capsular Biosynthetic Locus from All 90 500 

Pneumococcal Serotypes. PLoS Genet. 2006 Mar;2(3).  501 

9.  Carvalho M da G, Pimenta FC, Jackson D, Roundtree A, Ahmad Y, Millar EV, et 502 
al. Revisiting Pneumococcal Carriage by Use of Broth Enrichment and PCR 503 
Techniques for Enhanced Detection of Carriage and Serotypes. J Clin Microbiol. 504 

2010 May 1;48(5):1611–8.  505 

10.  Shakrin NNSM, Balasubramaniam SD, Yusof HA, Mastuki MF, Masri SN, Taib 506 
NM, et al. Evaluation of PCR-based approach for serotype determination of 507 

Streptococcus pneumoniae. Trop Biomed. 2013 Jun;30(2):338–44.  508 

11.  Siira L, Kaijalainen T, Lambertsen L, Nahm MH, Toropainen M, Virolainen A. 509 
From Quellung to multiplex PCR, and back when needed, in pneumococcal 510 
serotyping. J Clin Microbiol. 2012 Aug;50(8):2727–31.  511 



25 
 

12.  Slinger R, Hyde L, Moldovan I, Chan F, Pernica JM. Direct Streptococcus 512 

pneumoniae real-time PCR serotyping from pediatric parapneumonic effusions. 513 
BMC Pediatr. 2014 Jul 24;14:189.  514 

13.  Yu J, Lin J, Kim K-H, Benjamin WH, Nahm MH. Development of an automated 515 

and multiplexed serotyping assay for Streptococcus pneumoniae. Clin Vaccine 516 
Immunol CVI. 2011 Nov;18(11):1900–7.  517 

14.  Everett DB, Cornick J, Denis B, Chewapreecha C, Croucher N, Harris S, et al. 518 
Genetic Characterisation of Malawian Pneumococci Prior to the Roll-Out of the 519 
PCV13 Vaccine Using a High-Throughput Whole Genome Sequencing Approach. 520 

PLoS ONE. 2012 Sep 10;7(9).  521 

15.  Gladstone RA, Jefferies JM, Tocheva AS, Beard KR, Garley D, Chong WW, et al. 522 

Five winters of pneumococcal serotype replacement in UK carriage following PCV 523 
introduction. Vaccine. 2015;33(17).  524 

16.  Metcalf BJ, Gertz Jr. RE, Gladstone RA, Walker H, Sherwood LK, Jackson D, et al. 525 
Strain features and distributions in pneumococci from children with invasive disease 526 

before and after 13-valent conjugate vaccine implementation in the USA. Clin 527 
Microbiol Infect. 2016 Jan;22(1):60.e9-60.e29.  528 

17.  Al-Sheikh YA, Gowda LK, Marie MAM, John J, Dabwan KHM, Cs P. Distribution 529 
of Serotypes and Antibiotic Susceptibility Patterns Among Invasive Pneumococcal 530 
Diseases in Saudi Arabia. Ann Lab Med. 2014;34(3):210.  531 

18.  Dube FS, van Mens SP, Robberts L, Wolter N, Nicol P, Mafofo J, et al. Comparison 532 

of a Real-Time Multiplex PCR and Sequetyping Assay for Pneumococcal 533 
Serotyping. PloS One. 2015;10(9):e0137349.  534 

19.  Ogami M, Hotomi M, Togawa A, Yamanaka N. A comparison of conventional and 535 

molecular microbiology in detecting differences in pneumococcal colonization in 536 
healthy children and children with upper respiratory illness. Eur J Pediatr. 2010 537 

Oct;169(10):1221–5.  538 

20.  Richter SS, Heilmann KP, Dohrn CL, Riahi F, Diekema DJ, Doern GV. Evaluation 539 

of Pneumococcal Serotyping by Multiplex PCR and Quellung Reactions. J Clin 540 
Microbiol. 2013 Dec 1;51(12):4193–5.  541 

21.  Shaaly A. Comparison of serotyping, pulsed field gel electrophoresis and amplified 542 

fragment length polymorphism for typing of Streptococcus pneumoniae. J Med 543 
Microbiol. 2005 May 1;54(5):467–72.  544 

22.  Wen Z, Liu Y, Qu F, Zhang J-R. Allelic Variation of the Capsule Promoter 545 
Diversifies Encapsulation and Virulence In Streptococcus pneumoniae. Sci Rep. 546 

2016 Jul 28;6:30176.  547 



26 
 

23.  Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. 548 

SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell 549 
Sequencing. J Comput Biol. 2012 May;19(5):455–77.  550 

24.  Gurevich A, Saveliev V, Vyahhi N, Tesler G. QUAST: quality assessment tool for 551 

genome assemblies. Bioinformatics. 2013 Apr 15;29(8):1072–5.  552 

25.  Kapatai G, Sheppard CL, Al-Shahib A, Litt DJ, Underwood AP, Harrison TG, et al. 553 
Whole genome sequencing of Streptococcus pneumoniae: development, evaluation 554 
and verification of targets for serogroup and serotype prediction using an automated 555 
pipeline. PeerJ. 2016;4:e2477.  556 

26.  Carver TJ, Rutherford KM, Berriman M, Rajandream M-A, Barrell BG, Parkhill J. 557 
ACT: the Artemis comparison tool. Bioinformatics. 2005 Aug 15;21(16):3422–3.  558 

27.  Mavroidi A, Aanensen DM, Godoy D, Skovsted IC, Kaltoft MS, Reeves PR, et al. 559 

Genetic Relatedness of the Streptococcus pneumoniae Capsular Biosynthetic Loci. J 560 
Bacteriol. 2007 Nov 1;189(21):7841–55.  561 

28.  Varvio S, Auranen K, Arjas E, Mäkelä PH. Evolution of the Capsular Regulatory 562 

Genes in Streptococcus pneumoniae. J Infect Dis. 2009 Oct;200(7):1144–51.  563 

29.  Wu J-H, Hong P-Y, Liu W-T. Quantitative effects of position and type of single 564 

mismatch on single base primer extension. J Microbiol Methods. 2009 565 
Jun;77(3):267–75.  566 

30.  Arbique JC, Poyart C, Trieu-Cuot P, Quesne G, Carvalho M d. GS, Steigerwalt AG, 567 

et al. Accuracy of Phenotypic and Genotypic Testing for Identification of 568 

Streptococcus pneumoniae and Description of Streptococcus pseudopneumoniae sp. 569 
nov. J Clin Microbiol. 2004 Oct 1;42(10):4686–96.  570 

31.  Elberse K, Witteveen S, van der Heide H, van de Pol I, Schot C, van der Ende A, et 571 

al. Sequence Diversity within the Capsular Genes of Streptococcus pneumoniae 572 
Serogroup 6 and 19. Lin B, editor. PLoS ONE. 2011 Sep 16;6(9):e25018.  573 

32.  Hiller NL, Janto B, Hogg JS, Boissy R, Yu S, Powell E, et al. Comparative 574 
Genomic Analyses of Seventeen Streptococcus pneumoniae Strains: Insights into 575 

the Pneumococcal Supragenome. J Bacteriol. 2007 Nov 15;189(22):8186–95.  576 

33.  Skov Sørensen UB, Yao K, Yang Y, Tettelin H, Kilian M. Capsular Polysaccharide 577 

Expression in Commensal Streptococcus Species: Genetic and Antigenic 578 
Similarities to Streptococcus pneumoniae. mBio. 2016 Dec 30;7(6):e01844-16.  579 

34.  Nagaraj G, Ganaie F, Govindan V, Ravikumar KL. Development of 580 
PCRSeqTyping—a novel molecular assay for typing of Streptococcus pneumoniae. 581 
Pneumonia [Internet]. 2017 Dec [cited 2017 Jul 26];9(1). Available from: 582 
http://pneumonia.biomedcentral.com/articles/10.1186/s41479-017-0032-3 583 



27 
 

35.  Bush CA, Cisar JO, Yang J. Structures of Capsular Polysaccharide Serotypes 35F 584 

and 35C of Streptococcus pneumoniae Determined by Nuclear Magnetic Resonance 585 
and Their Relation to Other Cross-Reactive Serotypes. Schneewind O, editor. J 586 
Bacteriol. 2015 Sep 1;197(17):2762–9.  587 

36.  Song J-H, Baek JY, Ko KS. Comparison of Capsular Genes of Streptococcus 588 
pneumoniae Serotype 6A, 6B, 6C, and 6D Isolates. J Clin Microbiol. 2011 May 589 
1;49(5):1758–64.  590 

37.  Kaijalainen T, Rintamäki S, Herva E, Leinonen M. Evaluation of gene-591 
technological and conventional methods in the identification of Streptococcus 592 

pneumoniae. J Microbiol Methods. 2002 Sep;51(1):111–8.  593 

38.  Leung MH, Bryson K, Freystatter K, Pichon B, Edwards G, Charalambous BM, et 594 

al. Sequetyping: Serotyping Streptococcus pneumoniae by a Single PCR 595 
Sequencing Strategy. J Clin Microbiol. 2012 Jul 1;50(7):2419–27.  596 

39.  Bratcher PE, Park IH, Oliver MB, Hortal M, Camilli R, Hollingshead SK, et al. 597 
Evolution of the capsular gene locus of Streptococcus pneumoniae serogroup 6. 598 

Microbiology. 2011 Jan 1;157(1):189–98.  599 

40.  Salter SJ, Hinds J, Gould KA, Lambertsen L, Hanage WP, Antonio M, et al. 600 

Variation at the capsule locus, cps, of mistyped and non-typable Streptococcus 601 
pneumoniae isolates. Microbiology. 2012 Jun 1;158(Pt_6):1560–9.  602 

603 



28 
 

Table 1 Serotype identification results according to the 3 molecular methods tested and 604 

considering (A) isolates or (B) serotypes. 605 

Table S1 S. pneumoniae isolates and serotypes included in this study. 606 

Table S2 Serotypes and identification level determined using the multiplex PCR and 607 

sequetyping methods. 608 

Table S3 WGS and assembly quality metrics. 609 

Table S4 Serotypes and identification level determined with WGS methods. For 610 

PneumoCaT, the serotype chosen after the capsule variant analysis step is represented in 611 

bold. 612 



Figure 1: S. pneumoniae serotype distribution in the province of Québec in 2016. Grey bars represent serotypes tested by WGS in this study.    
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A
NCBI online 

database     (n 

= 124)

Curated cpsB 

database       (n 

= 124)

Assembling 

strategy                

(n = 88)

PneumoCaT                   

(n = 87)
(1)

Serotype 35% 49% 52% 60% 70%

Serogroup 32% 16% 16% 28% 0%

Subset 17% 11% 10% 7% 0%

Misidentified 1% 19% 17% 5% 30%

N.D. 15% 5% 5% 0% 0%

B

NCBI online 

database     (n 

= 83)

Curated cpsB 

database       (n 

= 83)

Assembling 

strategy                

(n = 53)

PneumoCaT                   

(n = 52)
(1)

Serotype 27% 42% 46% 55% 60%

Serogroup 29% 14,5% 17% 25% 0%

Subset 20% 14,5% 14% 11% 0%

Misidentified 0% 17% 16% 6% 36%

Inconsistent 1% 6% 1% 3% 4%

N.D. 23% 6% 6% 0% 0%

N.D. = not determinable (not detectable in CDC PCR protocol or cpsB  not amplified).
(1)

 One sample analysis failed because of too low reads number

Table 1 Serotype identification results according to the 3 molecular methods tested and considering (A) isolates or (B) serotypes.

Sequetyping WGS

CDC sequential multiplex PCR (n 

= 130)

CDC sequential multiplex PCR (n 

= 83)

Sequetyping WGS



Table S1 S. pneumoniae  isolates and serotypes included in this study.

Serotypes according to 

Quellung
Isolates ID Sequential multiplex PCR Sequetyping WGS

1 MA096520 � �

1 MA101323 � �

1 LSPQ3053 � �

2 LSPQ3054 � �

3 MA100130 � �

3 MA101386 � �

3 MA080904 �

3 MA081716 �

3 MA082307 �

3 MA086676 �

3 MA096946 �

3 LSPQ3055 � �

3 SC0174 �

3 SC0286 �

4 MA100773 � �

4 MA101744 � �

4 MA079938 �

4 LSPQ3124 � �

5 MA082483 � �

5 LSPQ3057 � �

6A MA099472 � �

6A MA101024 � �

6A LSPQ3058 � �

6A SC0022 �

6B MA098599 � �

6B MA101145 � �

6B LSPQ3770 � �

6B SC0023 �

6B SC0169 �

6C MA099139 � �

6C MA100925 � �

6C LSPQ4242 � �

6C SC0262 �

6D MA092686 � �

6D SC0129 �

7A LSPQ4102 � �

7A SC0025 �

7B LSPQ4103 � �

7C LSPQ4231 � �

7F MA093680 � �

7F MA097140 � �

7F MA099461 � �

7F MA081946 �

7F SC0218 �

8 LSPQ3596 � �

8 SC0028 �

9A MA080418 � �

Tested serotyping methods



Table S1 S. pneumoniae  isolates and serotypes included in this study.

Serotypes according to 

Quellung
Isolates ID Sequential multiplex PCR Sequetyping WGS

Tested serotyping methods

9A SC0029 �

9L LSPQ4271 � � �

9L SC0011 �

9N MA098250 � �

9N MA100245 � �

9N MA080879 �

9N MA081113 �

9N MA099463 � �

9N SC0031 �

9V MA097827 � �

9V MA098806 � �

9V MA099234 � �

9V SC0172 �

10A MA090174 � �

10A MA095845 �

10A MA094933 �

10A MA094205 �

10B MA080812 � �

10F MA075627 � �

11A MA090298 � �

11A MA091851 �

11A SC0035 �

11B MA096566 � �

11C LSPQ4272 � � �

11D SC0271 �

11F MA073130 � �

12A MA097699 � �

12A SC0066 �

12B SC0268 �

12F LSPQ3064 � �

12F SC0199 �

13 LSPQ3065 � �

14 MA096954 � �

14 MA098680 � �

14 LSPQ3066 � �

15A MA100658 � �

15A MA101766 � �

15A MA080018 �

15A MA099389 � �

15A MA096792 �

15A MA095336 �

15A MA094663 �

15A MA093977 �

15A SC0042 �

15B MA099177 � �

15B MA096033 �

15B MA095997 �



Table S1 S. pneumoniae  isolates and serotypes included in this study.

Serotypes according to 

Quellung
Isolates ID Sequential multiplex PCR Sequetyping WGS

Tested serotyping methods

15B MA094560 �

15B SC0044 �

15C MA096496 � �

15C SC0045 �

15F MA083248 � �

16F MA065427 � �

16F LSPQ4236 � �

16F MA093020 �

17A LSPQ4273 � � �

17F MA098807 � �

18A LSPQ4243 � �

18A SC0009 �

18B MA066814 � �

18B SC0049 �

18C MA093772 � �

18C MA099660 � �

18C MA095139 � �

18C SC0050 �

18F LSPQ4274 � � �

18F SC0051 �

19A MA101978 � �

19A MA083042 �

19A MA084138 �

19A MA083920 �

19A MA097921 �

19A MA098817 �

19A LSPQ3071 � �

19A MA080288 �

19A MA080125 �

19A MA079789 �

19A MA083042 �

19A MA084138 �

19A SC0010 �

19F MA100764 � �

19F MA101680 � �

19F MA098992 � �

20 LSPQ3072 � �

21 LSPQ3160 � �

22A MA095877 � �

22A SC0059 �

22F MA100780 � �

22F MA101987 � �

22F MA080654 �

22F LSPQ4162 � �

22F MA096962 �

22F MA094696 �

22F MA094689 �



Table S1 S. pneumoniae  isolates and serotypes included in this study.

Serotypes according to 

Quellung
Isolates ID Sequential multiplex PCR Sequetyping WGS

Tested serotyping methods

22F SC0188 �

22F SC0291 �

23A MA082395 �

23A LSPQ3769 � �

23B MA099469 � �

23F MA100152 � �

23F MA101159 � �

23F MA099467 � �

24A LSPQ4275 � � �

24B MA096695 �

24B MA094350 � �

24F MA099028 � �

25F LSPQ4276 � � �

27 MA088547 � �

28A MA099752 � �

28F LSPQ4277 � � �

29 LSPQ3079 �

29 MA097586 � �

29 MA098344 �

29 MA098505 �

29 MA100224 �

29 MA101320 �

29 LSPQ3079 �

29 MA099083 �

31 LSPQ3080 � �

32A LSPQ4278 � � �

32F LSPQ3081 �

32F LSPQ3081 �

33A MA086628 � �

33A SC0082 �

33B LSPQ4279 � � �

33F MA080211 �

33F MA099238 � �

33F SC0190 �

34 MA101496 �

34 MA101843 �

34 MA102076 �

34 MA102374 �

34 MA102487 �

34 LSPQ3127 � �

34 MA099037 �

34 MA096961 �

35A LSPQ4266 �

35A LSPQ4267 �

35A LSPQ4268 �

35A LSPQ4269 �

35A LSPQ4270 �



Table S1 S. pneumoniae  isolates and serotypes included in this study.

Serotypes according to 

Quellung
Isolates ID Sequential multiplex PCR Sequetyping WGS

Tested serotyping methods

35A MA101545 �

35A MA092229 � �

35A MA082642 �

35B MA082394 �

35B MA097723 � �

35C LSPQ4280 � � �

35F MA081892 �

35F MA099195 � �

36 LSPQ3641 � �

37 LSPQ3645 � �

37 SC0086 �

38 LSPQ3642 � �

39 LSPQ3646 � �

40 LSPQ3162 � �

41A LSPQ3089 � �

41F LSPQ4281 � � �

42 LSPQ3677 � �

43 LSPQ3643 � �

44 LSPQ3644 � �

44 SC0212 �

45 LSPQ3092 � �

46 LSPQ3093 � �

46 SC0096 �

47A LSPQ4282 � � �

47F LSPQ4283 � � �

48 LSPQ3095 � �

S. mitis
(1) ID112476 � �

S. mitis
(1) MA084074 � �

S. mitis
(1) MA084310 � �

S. pseudopneumoniae
(1) ID111828 � �

S. pseudopneumoniae
(1) ID112065 � �

S. pseudopneumoniae
(1) ID112502 � �

(1) Strains used as controls for specificity



Table S2 Serotypes and identification level determined using the multiplex PCR and sequetyping methods.

Serotype(s) 

determined
Identification level

Serotype(s) 

determined

Identification level (Online 

NCBI database)

Serotype(s) 

determined

Identification level (Local 

cpsB  database)

1 1 Serotype 1 Serotype 1 Serotype

2 2 Serotype 2/41A Ambiguous 2/41A Ambiguous

3 3 Serotype 3 Serotype 3 Serotype

4 4 Serotype 4 Serotype 4 Serotype

5 5 Serotype 5 Serotype 5 Serotype

6A 6A/6B Serogroup 6A Serotype 6A Serotype

6B Serotype (n=1)

6F/6B/6A Serogroup (n=2)

6C Serotype (n=1)

6C/6D Serogroup (n=2)

6D 6C/6D Serogroup 6C/6D Serogroup 6C/6D Serogroup

7A 7A/7F Serogroup 7A/7F Serogroup 7A/7F Serogroup

7B 7B/7C/40 Subset 40/7B Ambiguous 40/7B Ambiguous

7C 7B/7C/40 Subset 7C Serotype 7C Serotype

7F 7A/7F Serogroup 7F/7A Serogroup 7F/7A Serogroup

8 8 Serotype 8 Serotype 8 Serotype

9A 9A/9V Serogroup 9V Misidentified 9V Misidentified

9L 9N/9L Serogroup 9L Serotype 9L Serotype

9N 9N/9L Serogroup 9N Serotype 9N Serotype

9V 9A/9V Serogroup 9V Serotype 9V Serotype

10A 10A Serotype 10A Serotype 10A Serotype

10B No amplification ND 10B Serotype 10B Serotype

10F 10C/10F/33C Subset 10F/10C Serogroup 10F/10C Serogroup

11A 11A/11D Serogroup 11A/11D/18F Ambiguous 11A/11D/18F Ambiguous

11B No amplification ND 11B/11C Serogroup 11B/11C Serogroup

11C No amplification ND 11B/11C Serogroup 11B/11C Serogroup

11F No amplification ND 11C Misidentified 11F/11C Serogroup

12A 12A/12F/44/46 Subset 12F Misidentified 12F Misidentified

12F 12A/12F/44/46 Subset 12A Misidentified 12A Misidentified

13 13 Serotype 13/20 Ambiguous 13/20 Ambiguous

14 14 Serotype 14 Serotype 14 Serotype

15A 15A/15F Serogroup 15A Serotype 15A Serotype

15B 15B/15C Serogroup 15B Serotype 15B Serotype

15C 15B/15C Serogroup 24F Misidentified 24F Misidentified

15F 15A/15F Serogroup 15A Misidentified 15A Misidentified

16F 16F Serotype 16F Serotype 16F Serotype

17A No amplification ND 10A Misidentified 10A Misidentified

17F 17F Serotype 17F Serotype 17F Serotype

18A 18A/18B/18C/18F Serogroup 18A Serotype 18A Serotype

18B 18A/18B/18C/18F Serogroup 18B Serotype 18B Serotype

18C 18A/18B/18C/18F Serogroup 18B Misidentified 18B Misidentified

18F 18A/18B/18C/18F Serogroup 11A/11D/18F Ambiguous 11A/11D/18F Ambiguous

19A 19A Serotype 19A Serotype 19A Serotype

19F Serotype (n=2)

10A Misidentified (n=1)

20 20 Serotype 20/13 Ambiguous 20/13 Ambiguous

Serotype(s) 

determined
Identification level

Serotype(s) 

determined

Identification level (Online 

NCBI database)

Serotype(s) 

determined

Identification level (Local 

cpsB  database)

21 21 Serotype 21 Serotype 21 Serotype

22A 22A/22F Serogroup 22F/22A Serogroup 22F/22A Serogroup

22F 22A/22F Serogroup 22F/22A Serogroup 22F/22A Serogroup

23A 23A Serotype 23A Serotype 23A Serotype

23B 23B Serotype 23B Serotype 23B Serotype

23F Serotype (n=1)

14/12/21/23F Ambiguous (n=2)

24A 24A/24B/24F Serogroup 24A Serotype 24A Serotype

24B 24A/24B/24F Serogroup 24B Serotype 24B Serotype

24F 24A/24B/24F Serogroup 24B Misidentified 24B Misidentified

25F 38/25A/25F Subset

27 No amplification ND 27 Serotype 27 Serotype

28A No amplification ND 28A Serotype 28A Serotype

28F No amplification ND 28F Serotype 28F Serotype

No cpsB  amplification

Serotype Serotype23F

Sequetyping  (NCBI database) Sequetyping  (cpsB  database)

Sequetyping  (NCBI database) Sequetyping  (cpsB  database)

Serotype19F 19F Serotype 19F

Serogroup6C/6D

Serotype6BSerogroup

Serotype
(1)

CDC sequential multiplex PCR

6C 6C/6D Serogroup

6A/6B6B

Serotype

CDC sequential multiplex PCR

23F 23F



Table S2 Serotypes and identification level determined using the multiplex PCR and sequetyping methods.

Serotype(s) 

determined
Identification level

Serotype(s) 

determined

Identification level (Online 

NCBI database)

Serotype(s) 

determined

Identification level (Local 

cpsB  database)

Sequetyping  (NCBI database) Sequetyping  (cpsB  database)

Serotype
(1)

CDC sequential multiplex PCR

35C/35B Misidentified (n=6) 35C/35B Misidentified

31 31 Serotype 31 Serotype 31 Serotype

32A No amplification ND 32F/32A Serogroup 32F/32A Serogroup

32F No amplification ND 32F/32A Serogroup 32F/32A Serogroup

33A 33A/33F/37 Subset 33A/33F/35A Ambiguous 33A/33F/35A Ambiguous

33B No amplification ND 33B Serotype 33B Serotype

33F 33A/33F/37 Subset 33F/33A/35F Ambiguous 33F/33A/35F Ambiguous

34 34 Serotype 34/17A Ambiguous 34/17A Ambiguous

No amplification Misidentified (n = 2)

35A/35C/42 Subset (n = 5)

35B 35B Serotype 35C/35B Serogroup 35C/35B Serogroup

35C 35A/35C/42 Subset 35C/35B Serogroup 35C/35B Serogroup

35F 35F/47F Subset 35F/47F Ambiguous 35F/47F Ambiguous

36 No amplification ND 36 Serotype 36 Serotype

37 33A/33F/37 Subset

38 38/25A/25F Subset

39 39 Serotype

40 7B/7C/40 Subset 40/7B Ambiguous 40/7B Ambiguous

41A No amplification ND 41F Misidentified 41F Misidentified

41F No amplification ND 41F Serotype 41F Serotype

42 35A/35C/42 Subset 35C/35B Misidentified 35C/35B Misidentified

43 No amplification ND

44 12A/12F/44/46 Subset 12B Misidentified 12B Misidentified

45 No amplification ND 45 Serotype 45 Serotype

46 12A/12F/44/46 Subset 12A Misidentified 12A Misidentified

47A No amplification ND 47A Serotype 47A Serotype

47F 35F/47F Subset 47F/35F Ambiguous 47F/35F Ambiguous

48 No amplification ND 48 Serotype 48 Serotype

(1)
 Serotype determined with Quellung method

35A 35C/35B Misidentified 35C/35B

No cpsB  amplification

Misidentified

No cpsB  amplification

No cpsB  amplification

No cpsB  amplification

No cpsB  amplification (n=1)
29 No amplification ND



Table S3 WGS and assembly quality metrics.

Serotype Reads numbers Largest contig (bp) N50 Mean coverage (X)

3 407 169 161 387 70 238 36

3 579 976 345 480 218 480 204

3 362 116 276 730 167 190 127

3 337 811 243 817 91 651 67

3 283 092 263 351 136 846 58

3 306 962 390 935 205 071 138

3 653 001 463 112 340 013 69

4 256 005 214 530 74 514 45

8 591 174 417 290 141 800 129

29 555 776 196 889 61 494 113

34 271 637 133 241 64 281 30

37 549 878 323 230 85 740 125

44 294 317 444 288 199 942 102

46 480 479 365 956 149 388 115

10A 1 150 155 330 614 115 223 92

10A 759 133 303 524 86 936 80

10A 878 063 303 918 98 395 90

11A 1 068 051 151 627 71 048 77

11A 569 660 333 166 125 531 122

11C 100 065 136 078 58 756 14

11D 610 239 344 620 132 147 136

12A 401 728 176 564 74 831 104

12B 632 729 59 472 10 314 68

12F 510 777 159 692 81 473 113

15A 268 153 247 306 95 807 45

15A 1 153 346 330 076 74 270 71

15A 406 573 176 268 54 348 56

15A 814 704 176 281 65 535 79

15A 735 845 241 467 88 561 73

15A 451 169 198 861 124 602 99

15B 979 655 151 822 80 855 83

15B 985 351 254 966 86 217 71

15B 739 530 169 702 84 611 66

15B 562 415 321 118 105 197 125

15C 522 019 388 494 128 627 120

16F 1 053 173 235 604 113 800 70

17A 155 277 305 746 98 305 17

18A 472 449 744 739 424 607 102

18B 381 836 216 017 82 749 67

18C 489 331 350 049 138 595 103

18F 229 176 197 877 109 713 22

18F 539 149 417 980 393 351 127

19A 729 967 328 634 86 181 131

19A 884 691 355 253 162 090 171

19A 365 612 381 909 163 676 89

19A 406 715 289 688 71 633 31

19A 1 023 720 340 957 71 895 90

19A 540 195 319 774 69 483 43



Table S3 WGS and assembly quality metrics.

Serotype Reads numbers Largest contig (bp) N50 Mean coverage (X)

19A 424 005 300 204 132 496 101

22A 556 649 204 552 86 425 115

22F 404 211 297 023 104 357 92

22F 489 875 207 974 66 632 51

22F 788 724 243 814 86 596 70

22F 301 144 257 300 98 394 35

22F 416 774 276 645 60 906 175

22F 703 146 412 859 151 633 84

23A 429 205 273 953 113 480 93

24A 307 126 192 635 78 434 44

24B 500 784 220 680 88 008 57

25F 545 333 197 175 50 116 82

28F 611 811 239 939 90 168 76

32A 751 230 105 571 55 533 115

33A 514 867 387 226 216 927 109

33B 293 694 247 620 68 772 45

33F 475 948 246 678 140 406 83

33F 466 007 337 630 200 157 87

35A 515 979 286 061 162 953 296

35B 295 082 202 017 101 286 58

35C 285 007 230 492 75 491 35

35F 494 610 299 061 126 588 104

41F 253 861 158 243 72 183 52

47A 382 521 438 741 95 131 32

47F 695 607 171 602 71 324 103

6A 613 299 384 514 143 208 119

6B 632 742 561 617 145 339 137

6B 579 748 367 297 111 737 135

6C 684 939 323 480 144 636 159

6D 517 590 265 830 158 680 129

7A 633 052 143 961 76 126 250

7F 713 798 115 076 67 068 47

7F 553 480 317 583 105 433 133

9A 592 150 379 087 157 384 144

9L 117 140 161 368 49 807 14

9L 486 383 236 509 79 857 128

9N 438 695 345 799 136 064 85

9N 591 387 276 495 85 471 97

9N 634 222 362 428 157 652 141

9V 538 233 326 364 126 138 138

Mean 542 388 280 491 115 625 94



Table S4 Serotypes and identification level determined with WGS methods. 

For PneumoCaT, the serotype chosen after the capsule variant analysis step is represented in bold.

Best hits
(1) Identification level Best hits

(1) Identification level

3 3 Serotype 3 Serotype

4 4 Serotype 4 Serotype

6A 6A Serotype 6A Serotype

6A/6B Serogroup (n=1) 6A-6E Misidentified (n=1)

6B Serotype (n=1) 6A Misidentified (n=1)

6C 6C Serotype 6D Misidentified

6D 6B Misidentified 6A-6E Misidentified

7A 7A/7F Serogroup 7A-7F Serotype

14 Misidentified (n=1) 14 Serotype (n=1)

7A/7F Serogroup (n=1) 7F Misidentified (n=1)

8 8 Serotype 8 Serotype

9A 9A/9V Serogroup 9A-9V Misidentified

9L 9L Serotype 9L-9N Misidentified

9N 9N Serotype 9L-9N Serotype

9V 9A/9V Serogroup 9V Serotype

10A 10A Serotype 10A-10B Serotype

11A-11D Misidentified (n=1)

11A Serotype (n=1)

11C 11C Serotype 11C-11C Serotype

11D 11D Serotype 11A-11D Misidentified

12A 12A/46 Ambiguous 12A-46 Serotype

12B 12B Serotype 12A Misidentified

12F 12F/44 Ambiguous 12F Serotype

15A 15A Serotype 15A Serotype

15B 15B/15C Serogroup 15B-15C Misidentified

15C 15B/15C Serogroup 15C Serotype

16F 16F Serotype 16F Serotype

17A 17A Serotype 17A Serotype

18A 18A Serotype 18A Serotype

18B 7B Misidentified 7B Misidentified

18C 18B/18C Serogroup 18B Misidentified

18F 18F Serotype 18F Serotype

19A 19A Serotype 19A Serotype

22A 22F/22A Serogroup 22A-22F Serotype

22F 22F/22A Serogroup 22A-22F Serotype

23A 23A Serotype 23A Serotype

24A 24A Serotype 24A Serotype

24B 24B Serotype 24B-24F Misidentified

25F 25A/25F Serogroup 25A-25F Misidentified

28F 28F Serotype 28F Serotype

PneumoCaT

11A 11A/11D Serogroup

Serotype

Assembly method

6B

7F



Table S4 Serotypes and identification level determined with WGS methods. 

For PneumoCaT, the serotype chosen after the capsule variant analysis step is represented in bold.

Best hits
(1) Identification level Best hits

(1) Identification level

PneumoCaT

Serotype

Assembly method

29 35B Misidentified 35B Misidentified

32A 32A/32F Serogroup 32A-32F Misidentified

33A 33A/33F Serogroup 33A-33F Misidentified

33B 33B Serotype 33B Serotype

33F 33A/33F Serogroup 33F Serotype

34 34 Serotype 34 Serotype

35A 35C/42/35A Ambiguous 35C-42 Misidentified

35B 35B Serotype 35B Serotype

35C 35C/42 Ambiguous 35F Misidentified

35F 35F Serotype 41F Serotype

37 37 Serotype 37 Serotype

41F 41F Serotype 41A-41F Serotype

44 12F/44 Ambiguous 12A Misidentified

46 12A/46 Ambiguous 12A Misidentified

47A 47A Serotype

47F 47F Serotype 47F Serotype

(1) Best hit according to blast score and coverage

Failed
(2)






