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Supplementary Methods 

Illumina raw read processing 

In this study, we multiplexed and sequenced 52 new samples (isolates) on an Illumina 
NextSeq instrument for 300 cycles (2×150-bp paired end), in addition to the 34 samples 
(isolates) sequenced in our previous study, which were sequenced using a MiSeq system 
for 600 cycles (2×300-bp paired-end) (1). All data were processed using Trimmomatic 
v0.38 (2) and cutadapt v1.18 (3) to remove adapter sequences and perform quality 
filtering. 

Information about S. pneumoniae G54, which was used as a reference sequence in 
this study 

S. pneumoniae G54 is serotype 19F and belongs to ST63. According to the NCBI 
database, this isolate was recovered in 1991 in Italy from respiratory samples, and its 
complete whole-genome information is available under GenBank accession No. 
NC_011072.1. The total length of the sequence is 2078953, and the isolate contains a 
total of 2269 genes and 1986 coding genes. This isolate was previously annotated by 
Dopazo et.al (4). It has a defective Tn6002-like element that is one of the Tn916-like 
elements with a 2849 bp ermB insertion between ORF19 and 20. 

Mapping and phylogenetic analysis 

To create a phylogenetic tree, we used Genealogies Unbiased By recomBinations In 
Nucleotide Sequences (Gubbins) v1.4.6 (5), which identifies recombination events 
using an algorithm that iteratively identifies loci containing increased densities of base 
substitutions while concurrently constructing a phylogeny based on the putative point 
mutations outside of these regions. To prepare input files for Gubbins with S. 
pneumoniae G54 as an outgroup isolate, we mapped processed reads to the reference 
genome of S. pneumoniae G54 (GenBank accession No. NC_011072.1) using the 
Burrows-Wheeler Aligner v0.7.17 (6). The methods used for this process were 
described previously (1). The same process was performed for foreign isolates. First, we 
downloaded read data from the Sequence Read Archive (SRA) database 
(http://www.ncbi.nlm.nih.gov/sra/). Then, we checked their serotypes based on a 
previous study (7) and performed multilocus sequence typing using the reads (8). 



We created three phylogenetic trees. For the first tree, we used all global serotype 15A-
ST63 isolates, including serotype 15A-CC63 isolates from Japan (Figure S2), with S. 
pneumoniae G54 included as an outgroup isolate. For the second tree, we used only 
serotype 15A-CC63 isolates from Japan, with S. pneumoniae G54 included as an 
outgroup isolate (Figure 1). Finally, we created a clade Y-specific tree to predict 
recombination sites that could generate the observed serotype 15A-ST9084 isolate-
specific cefotaxime resistance. 

Core-genome analysis 

To identify serotype 15A-ST9084 isolate-specific genes, we performed a core-genome 
comparison using all clade Y isolates with get_homologues using standard parameters 
(9). To create input files for get_homologues, we annotated all samples using Prokka 
v1.12 with standard parameters (10). Core-genomes of subclade CTRX isolates and 
pangenomes of the remaining clade I isolates were obtained, and subclade CTRX-
specific genes (identified within all of the subclade CTRX isolates but not identified in 
any remaining clade Y isolates) were identified. 

Genome assembly and genome comparison using BLAST+ 

The trimmed reads sequenced in this study were assembled using SPAdes v3.12.0 (11), 
with k-mer values ranging from 29 to 101 in careful mode. Foreign isolate reads were 
also assembled using SPAdes, with standard parameters in careful mode. The quality of 
the assemblies was evaluated using QUAST v5.0.0 (12), and BLAST+ v2.6.0 was used 
to identify the presence of target genes (13). The details of these processes were 
described previously (1). 

Dating the origin of the multidrug-resistant serotype 15A-ST9084 clone 

To estimate the date of the most recent common ancestor (MRCA) of the serotype 15A-
ST9084 clone, we performed Bayesian analysis of molecular sequences using Markov 
chain Monte Carlo (MCMC) in BEAST v1.10.4 (14). In this analysis, we used all of the 
clade Y isolates whose alignment of base substitutions occurring outside of putative 
recombination regions was entered into BEAUti v1.10.4 to create input data for 
BEAST. The model was selected via a comparison of the marginal likelihood using path 
sampling for a strict clock and an uncorrelated relaxed clock in a molecular clock 
model; and for a constant size, an exponential growth and Bayesian skyride in a tree 
prior model was used. Consequently, we selected an uncorrelated relaxed clock model 
and an exponential growth model. To have an effective sample size (ESS) greater than 
200 for all factors, we set the MCMC length to 2.0×108. The median (HPD interval of 
growth rate) was 0.6209 (0.0345-1.5241), with an ESS of 856.  

Accessory genome variation comparison 

To elucidate the genetic details of serotype 15A-ST9084 isolates, we analyzed the cps 
locus and the Tn916 mobile element structure. We analyzed all 86 serotype 15A-CC63 
isolates from Japan and the PMEN15A-25 isolate. In the cps locus analysis, we obtained 



the sequences of the corresponding region by mapping short reads to the previously 
published reference sequence (15) (NCBI Reference Sequence: CR931663.1) using the 
Burrows-Wheeler Aligner v0.7.17 (6). After aligning the sequence, a phylogenetic tree 
was created using RAxML v8.2.10 (16) with a GTRGAMMA DNA substitution model. 
Node support was assessed by using 500 bootstrap replicates. In the tree, the 
PMEN15A-25 isolate was used as an outgroup isolate. In the Tn916 mobile element 
analysis, we obtained the corresponding sequences from the processed contigs using 
BLAST+ v2.6.0 (13), and the sequences were compared using ACT v18.0.0 (17) with 
standard parameters in BLAST+ v2.6.0. The reference of the Tn916 mobile element 
was published as NCBI Reference Sequence U09422.1. 

 

Supplementary Results 

The amino acid sequence that was specific to subclade CTXR isolates is as follows: 

MVFAFHLPPDELITNVIFKEKINSMLKCYIDRLLYVFINPTHFTEKVNLQFYGSFF
SYEFICREVGNILKNKGVKCNLNFFEGKEYL 

 

Supplementary Dataset 

Dataset S1. Foreign isolate information used in this study. 

Dataset S2. Domestic isolate information analyzed in this study. 

Dataset S3. PBP transpeptidase domains that were not present in the US database. 

 

  



Supplementary Figures 

 

 

Figure S1. Location of the Yamaguchi prefecture in Japan and all hospitals in the 
Yamaguchi prefecture where multidrug-resistant serotype 15A isolates were identified. 
Time (month and year), diagnosis, and sequence type (ST) are indicated in that order. 
ST9084 and ST9644 were single-locus variants of ST63. BM, bacterial meningitis; OM, 
otitis media.  

  



 



Figure S2. Phylogenetic tree created by Gubbins using global serotype 15A-CC63 
isolates. The branch colors in the tree indicate where the isolates were collected: red, 
Japan; black, United States; and green, United Kingdom.  



 



Figure S3. The phylogenetic tree created by Gubbins using all clade Y isolates (Figure 1) generated a multidrug-resistant serotype 15A-
ST9084-specific clade (highlighted in pink). All isolates included in the clade, except for PC0313, were ST9084. PC0313 represents the 
multidrug-resistant serotype 15A-ST63 isolates derived from the Yamaguchi prefecture. The block chart on the right shows the 
predicted recombination sites for each isolate. Blue blocks are unique to a single isolate, while red blocks are shared by more than one 
isolate in the same node.



 

 

Figure S4. Sketch of the predicted recombination sites overlapping the pbp2x region. The green block indicates the region in which the 
recombination site was observed. The numbers indicate sequence coordinates using Streptococcus pneumoniae G54 as a reference 
sequence (NCBI Reference Sequence: NC_011072.11). This recombination site was shared by all subclade CTXR isolates and was not 
observed in any of the other clade Y isolates. 

  



 



Figure S5. Results of the date estimation for the most recent common ancestor (MRCA) of the multidrug-resistant serotype 15A-ST9084 
clone. The pink-colored clade contains multidrug-resistant serotype 15A-ST9084 isolates. The year indicated with an arrow shows the 
node year when the resistant strains separated from the other strains and the 95% HPD. 

  



 



Figure S6. Variation in the serotype 15A cps loci. Isolates with red branches were 
serotype 15A-ST9084 isolates. All isolates highlighted in light blue were recovered 
from the Yamaguchi prefecture. Six of 10 serotype 15A-ST9084 isolates were clustered 
in the highlighted cluster; however, the other four isolates were clustered outside the 
cluster. This result indicates that the origin of the 15A cps loci of the ST9084 isolates 
was different; thus, the times of acquisition were also different.



Supplementary Tables 

Table S1 Results of annotation and BLAST searching of components within recombination sites*. 

Annotation Results of blastp Sequence ID 
BLAST  
E-value 

polC DNA polymerase III 2C alpha subunit CIV85673.1 6e-85 
hypothetical protein type II toxin-antitoxin system RelB/DinJ family antitoxin WP_000041492.1 4e-55 
yafQ RelE/StbE family addiction module toxin CMX12116.1 5e-61 
hypothetical protein hypothetical protein WP_000776632.1 1e-25 
pepS aminopeptidase WP_000243971.1 0.0 
hypothetical protein GlsB/YeaQ/YmgE family stress response membrane protein WP_000901566.1 9e-44 
sorB PTS system mannose/fructose/N-acetylgalactosamine-transporter subunit 

IIB 
WP_000178620.1 4e-116 

agaC PTS mannose/fructose/sorbose/N-acetylgalactosamine transporter subunit 
IIC 

WP_000026613.1 0.0 
 

manZ PTS mannose/fructose/sorbose transporter family subunit IID WP_000148012.1 0.0 
hypothetical protein preprotein translocase subunit YajC WP_000381736.1 6e-61 
hypothetical protein oligohyaluronate lyase WP_000657050.1 0.0 
kdgR LacI family DNA-binding transcriptional regulator WP_078372374.1 0.0 
rsmH ribosomal RNA small subunit methyltransferase H WP_000159396.1 0.0 
hypothetical protein uncharacterized protein CGF52136.1 3e-32 
ccpA LacI family DNA-binding transcriptional regulator WP_078934694.1 0.0 
hypothetical protein hypothetical protein WP_000656287.1 1e-81 
sapB MgtC/SapB family protein WP_000127554.1 3e-168 
phnV iron ABC transporter permease WP_050116136.1 0.0 
malK ABC transporter family protein EIC49522.1 0.0 
hypothetical protein extracellular solute-binding protein WP_000738356.1 0.0 
hypothetical protein hypothetical protein CTF53637.1 6e-160 
iga hypothetical protein WP_088803941.1 1e-61 
sdrD hypothetical protein SPAR123_2107 EHD26016.1 4e-57 



hypothetical protein spfh domain/band 7 family CEY43605.1 2e-115 
* Annotation was performed by PROKKA with an E-value cutoff of 1e-6. Genes that were not identified as specifics gene by PROKKA 
were shown as “hypothetical proteins”. A BLAST search was performed with an E-value cutoff of 1e-10. 

  



Table S2 pbp1a transpeptidase domain amino acid substitutions that were identified in this study. 

pbp2x 

type 

MIC of CTX 

(No. of isolates) 

Coordinates of amino acids 

3

7

1 

3

8

2 

3

9

2 

3

9

3 

3

9

5 

3

9

7 

4

0

5 

4

0

8 

4

1

3 

4

1

4 

4

2

1 

4

3

2 

4

4

7 

4

5

8 

4

6

2 

4

7

5 

4

8

7 

5

4

0 

5

4

6 

5

5

0 

5

7

0 

5

7

1 

5

7

4 

5

7

5 

5

7

6 

5

7

7 

5

8

3 

5

8

5 

1a-13 0.25 (1), 0.5 (39), 

1.0 (10), 2.0 (3), 

4.0 (12) 

S L S I H V D L H V I T T S A K Y T G P K Y N T G Y M V 

1a-24 <=0.06 (2), 0.12 

(1), 0.25 (4), 0.5 

(13), 1.0 (1) 

T I T M N I S V R A L P N D S Q F S N A N H T S Q F L A 

 

 

 

 

 

 



pbp2x 

type 

MIC of CTX 

(No. of isolates) 

Coordinate

s of amino 

acids 

6

0

6 

6

0

9 

6

1

1 

6

1

2 

1a-13 0.25 (1), 0.5 (39), 1.0 (10), 2.0 

(3), 4.0 (12) 

I D F L 

1a-24 ≤0.06 (2), 0.12 (1), 0.25 (4), 0.5 

(13), 1.0 (1) 

L N L T 

 

  



Table S3 pbp2b transpeptidase domain amino acid substitutions that were identified in this study. 

 

pbp2x 

type 

MIC of CTX 

(No. of isolates) 

Coordinates of amino acids 

4

1

7 

4

2

7 

4

3

1 

4

3

2 

4

3

5 

4

4

3 

4

6

0 

4

8

1 

4

9

4 

5

1

1 

5

4

3 

6

2

9 

2b-27 ≤0.06 (2), 0.12 (1), 0.25 (4), 0.5 (12), 1.0 (1) S N T Q G Q L G S D D E 

2b-57 0.5 (1) P N T Q D E L G S E D A 

2b-JP1 0.25 (1), 0.5 (39), 1.0 (10), 2.0 (3), 4.0 (12) P Y K L G E I E T E N E 



Table S4 pbp2x transpeptidase domain amino acid substitutions that may affect the cefotaxime resistance of serotype 15A-CC63 
isolates*. 

pbp2x 

type 

MIC of CTX 

(No. of isolates) 

Coordinates of amino acids 

2 

3 

0 

2 

6 

5 

2 

6 

8 

2 

8 

1 

3 

1 

1 

3 

3 

8 

3 

3 

9 

3 

4 

3 

3 

4 

6 

3 

4 

7 

3 

5 

5 

3 

5 

8 

3 

6 

4 

3 

6 

6 

3 

6 

9 

3 

7 

1 

3 

7 

8 

3 

8 

2 

3 

8 

4 

3 

8 

9 

3 

9 

3 

3 

9 

9 

4 

0 

0 

4 

0 

1 

4 

1 

7 

4 

4 

4 

4 

4 

7 

4 

4 

9 

2x-28 ≤0.06 (2), 0.12 (1) T I P Q D T M M A A G V L I A I E G R S A G M T N N M A 

2x-JP1 0.25 (1) T I P Q D P M M A A G V L I A I E G R S A G M T N N M A 

2x-43 0.25 (4), 0.5 (52), 1.0 

(8) 

T I T L N A M T S S S Y F I A T E T G L A G M S K S Q S 

2x-112 1.0 (1) K L P L N A M T S S S Y F I A T E T G L A G M S K S Q S 

2x-JP2 1.0 (2) K I T L N A M T S S S Y F I A T D T G L A G M S S S Q S 

2x-JP19 2 (1) T L P L N A F M S S S Y F M V T G T G L A G M S K N Q S 

2x-JP3 2.0 (2), 4.0 (10) K L P L N A F M S S S Y F I A T E T G S A G T S K S Q S 

2x-JP6 4.0 (1) K L P L N A F M S S S Y F I A T A T G L V A T S K S Q S 

2x-147 4.0 (1) T I T L N A M T S S S Y F I A T E T G L A G M S K S Q S 

 



pbp2x type 

MIC of CTX 

(No. of isolates) 

Coordinates of amino acids 

4 

8 

3 

4 

8 

6 

4 

8 

8 

5 

0 

1 

5 

0 

5 

5 

0 

6 

5 

1 

0 

5 

1 

3 

5 

1 

6 

5 

1 

7 

5 

2 

3 

5 

3 

1 

5 

3 

5 

5 

3 

6 

5 

3 

7 

5 

3 

8 

5 

4 

6 

5 

5 

2 

5 

6 

3 

5 

6 

8 

5 

7 

2 

5 

7 

4 

5 

7 

6 

2x-28 ≤0.06 (2), 0.12 (1) L P D N K E V D V M T S A T V N L E T N V S H 

2x-JP1 0.25 (1) L P D N K E V D V M T S A T V N L E T N V S H 

2x-43 0.25 (4), 0.5 (52), 1.0 (8) I T N N K E T N I L L Y P I I T V Q V Y A T N 

2x-112 1.0 (1) I T N N K E T N I L L Y P I I T V Q V Y V T N 

2x-JP2 1.0 (2) I T N N K E T N I L L Y P I I T V Q V Y V T N 

2x-JP19 2 (1) I T N K E D T N I L L Y P I I T V Q V Y V T N 

2x-JP3 2.0 (2), 4.0 (10) I T N N K E T N I L L Y P I I T V Q V Y V T N 

2x-JP6 4.0 (1) I T N N K E T N I L L Y P I I T V Q V Y V T N 

2x-147 4.0 (1) I T N N K E T N I L L Y P I I T V Q V Y V T N 

* The coordinate numbers were allocated according to those of the R6 strain PBP2x. CTX, cefotaxime.
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