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Bordetella pertussis causes whooping cough, a highly con-
tagious respiratory disease that is reemerging in many world
regions. The spread of antigen-deficient strains may threat-
en acellular vaccine efficacy. Dynamics of strain transmis-
sion are poorly defined because of shortcomings in current
strain genotyping methods. Our objective was to develop a
whole-genome genotyping strategy with sufficient resolution
for local epidemiologic questions and sufficient reproducibil-
ity to enable international comparisons of clinical isolates.
We defined a core genome multilocus sequence typing
scheme comprising 2,038 loci and demonstrated its congru-
ence with whole-genome single-nucleotide polymorphism
variation. Most cases of intrafamilial groups of isolates or of
multiple isolates recovered from the same patient were dis-
tinguished from temporally and geographically cocirculating
isolates. However, epidemiologically unrelated isolates were
sometimes nearly indistinguishable. We set up a publicly ac-
cessible core genome multilocus sequence typing database
to enable global comparisons of B. pertussis isolates, open-
ing the way for internationally coordinated surveillance.

hooping cough (or pertussis) is a vaccine-prevent-

able disease caused mainly by the bacterium Borde-
tella pertussis, and to a lesser extent by B. parapertussis.
The infection is most severe in infants who are too young to
be vaccinated or are not yet fully vaccinated. The burden of
disease is still high: 24 million pertussis cases and 160,700
deaths from pertussis in children <5 years of age in 2014
(1). The introduction of vaccination using whole-cell vac-
cines in the 1950s, and the switch to acellular vaccines tar-
geting only some antigens in the 1980-1990s, have played
a central role in the control of whooping cough. However,
increasing incidence of the disease and large outbreaks
have been reported recently in many countries (2—5). The
observed resurgence of whooping cough underlines the
need for reinforced surveillance of strain evolution, local
spread, and global transmission. For example, the relative
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contributions of intercountry spread compared with local,
independent evolution of strains that do not express pertac-
tin (6-8), one of the components of acellular vaccines, are
unknown. This gap limits our ability to interpret the local
prevalence of pertactin-negative isolates and to define the
effects of country-specific vaccine strategies on the emer-
gence of antigen-deficient isolates.

Until now, strain genotyping for surveillance and
epidemiology has been based mostly on pulsed-field gel
electrophoresis (PFGE), antigen and virulence factor ge-
notyping, 7-gene multilocus sequence typing (MLST),
or multilocus variable-number tandem-repeat analysis
(MLVA) (9-11). PFGE achieves some level of resolution
given the high structural dynamics of B. pertussis genomes,
driven by insertion sequence elements dynamics (/2), and
is more discriminatory than MLVA or MLST. However, B.
pertussis clinical isolates exhibit strong genetic homoge-
neity (/1,13). Therefore, these traditional typing methods
have largely failed to define local chains of transmission.

Whole-genome sequencing (WGS) provides the high-
est possible resolution of genetic differences among in-
dividual isolates. Working with WGS of an international
collection of B. pertussis isolates collected through 2010,
Bart et al. (/3) provided a global phylogenetic structure
of B. pertussis and analyzed genome evolutionary dynam-
ics across the prevaccine and vaccine eras. This pioneer-
ing study found genotype mixing across countries at shal-
low phylogenetic depth, revealing frequent long-distance
spread of B. pertussis isolates and underlining the impor-
tance of defining standard genotyping methods that would
allow tracing international transmission. Core genome
MLST (cgMLST), using the set of genes conserved among
isolates of a given bacterial group, represents an approach
that combines the high resolution of genome-level varia-
tion and the high reproducibility and portability of MLST
(14). cgMLST genotyping strategies were recently imple-
mented for international coordinated surveillance of sev-
eral pathogenic bacterial species (/5-20).
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We report on the development and evaluation of a
cgMLST scheme for genotyping of B. pertussis clini-
cal isolates. We demonstrate the resolution power of this
approach to recognize groups of intrafamilial isolates or
multiple isolates recovered from the same patient. We also
show that, in some cases, temporally or geographically un-
related isolates can be nearly undistinguishable, illustrat-
ing the rapid diffusion of isolates through hidden chains of
transmission. We made the cgMLST strategy for B. per-
tussis isolate characterization publicly available through
a Web-accessible genotyping platform (http://bigsdb.pas-
teur.fr/bordetella), providing a novel tool for tracking the
international spread of B. pertussis variants.

Materials and Methods

Isolates and DNA Preparation

We sequenced a set of 55 isolates, (online Technical
Appendix 1 Table 1, https://wwwnc.cdc.gov/EID/article/
24/6/17-1464-Techappl.pdf). Of these, 24 isolates corre-
sponded to 11 related groups of isolates: 8 isolates originat-
ed from 4 different pairs of intrafamilial transmission cases
and 16 isolates corresponded to multiple isolates collected
from 7 patients (6 pairs and 1 quadruplet); 30 corresponded
to a random selection of temporally cocirculating isolates.
We used as reference the Tohama isolate (GenBank acces-
sion no. NC_002929).

We grew isolates at 36°C for 72 hours on Bordet-
Gengou agar (Becton Dickinson, Le Pont de Claix, France)
supplemented with 15% defibrinated horse blood (Bio-
Meérieux, Marcy I’Etoile, France) and subcultured them in
the same medium for 24 hours. We suspended the bacteria
in physiologic salt to reach an optical density at 650 nm of
1, and pelleted 400 pL. We suspended the pellets in 100
pL of 1x phosphate-buffered saline, 100 pL of lysis buffer
(Roche), and 40 pL of proteinase K; heated them at 65°C
for 10 minutes and then at 95°C for 10 minutes; and used
them for DNA extraction.

PFGE

We obtained PFGE profiles using the Xbal enzyme, as de-
scribed previously (9,21). We conduated analyses by using
BioNumerics version 6.6 (Applied-Maths, Sint-Martens-
Latem, Belgium).

MLVA Analysis

We identified variable-number tandem-repeat (VNTR) se-
quences (22) on each whole-genome sequence using blastn
(https://blast.ncbi.nlm.nih.gov/Blast) with Tohama alleles
as query. To define Tohama alleles, we located the loci us-
ing the primer sequences defined for each locus (VNTR-1,
-3, -4, -5, and -6) in the Protocols and Tables section of
the Netherlands’ National Institute for Public Health and
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the Environment’s MLVA website (http://www.mlva.net/
bpertussis/default.asp). We defined alleles by counting the
number of repeats in the retrieved sequences. We then de-
termined MLVA types using the Single Profile Query sec-
tion at the same website.

WGS, Definition of the Core Genome, and Data Analysis
We describe WGS, our definition of the core genome,
and data analysis in online Technical Appendix 1. The
study accession number in the European Nucleotide Ar-
chive is PRJEB21744, including samples ERS1869830—
ERS1869884 and their corresponding sequence data.

Results

Constitution of the cgMLST Scheme

We identified protein-coding genes of B. pertussis that
were found in >95% of a set of 300 genomes of B. per-
tussis gathered from publicly available data and from our
sequencing of isolates from France. We subjected these
genes to several filters designed to ensure robustness of
genotyping data (online Technical Appendix 1). We then
chased artifactual variation of allele calls using assemblies
available for 3 reference strains obtained from different
sequencing methods and assemblies of 17 isolates from
France sequenced with different Illumina (San Diego, CA,
USA) sequencing systems (HiSeq and NextSeq; online
Technical Appendix 1 Table 2). We also assessed the de-
pendency of allele calls to assembly coverage depth, by us-
ing randomly selected read pairs from raw sequencing data
of 1 isolate (FR6072), and eliminated the loci that showed
variation above 20x coverage depth. These steps led to a
final set of 2,038 gene loci, together constituting a B. per-
tussis cgMLST scheme that should minimize artifactual
variation caused by the use of different sequencing plat-
forms or sequencing depths. The set of 2,038 core genes
had a total length of 1,751,253 bp, covering 42.9% of the
Tohama reference genome. The median gene length was
~1,000 bp (online Technical Appendix 1 Figure 1). Eleven
loci were >3,000 bp long and corresponded to genes encod-
ing large proteins such as BrkA, DnaE, RpoB or CyaA (on-
line Technical Appendix 2, https://wwwnc.cdc.gov/EID/
article/24/6/17-1464-Techapp2.xlsx). Most core genes had
<10 alleles within our selection of 300 B. pertussis ge-
nomes used to define the cgMLST scheme, consistent with
previous estimates of sequence variation within this homo-
geneous pathogenic species (/7,13). Core genes belonged
to diverse gene classification categories (online Technical
Appendix 1 Figure 2).

Phylogenetic Analysis of cgMLST

Phylogenetic analysis of the 55 isolates of the study based
on concatenated alignments of the 2,038 gene sequences
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showed 2 early diverging branches comprising the refer-
ence strain Tohama, which belongs to the early-diverging
pixP1 clade (13), and ptxPI strain FR6022 (Figure 1). Of
the clinical isolates, 49 belonged to clade p&xP3 and 4 be-
longed to the previously described clade ptxP21, which
is derived from ptxP3 (23) (online Technical Appendix 1
Table 1). These 53 non-ptxP/ isolates were separated ac-
cording to their fim3 allele, either fim3-1 or fim3-2. These
results are congruent with previous phylogenetic analyses
(13). Cluster analysis of the cgMLST allelic profiles led to
a very similar grouping of isolates (online Technical Ap-
pendix | Figure 3), indicating that this method can be used
for rapid classification purposes.

70177

100, W//L

Groups of intrafamilial or of multiple isolates from
the same patient were largely distributed across the phy-
logenetic tree (Figure 1). Although most groups formed a
distinct branch (Figure 1), 3 sets of isolates (FR3916 and
FR3917, FR5859 and FR5860, and FR5791 and FR5793),
were intermixed in the tree with isolates with no document-
ed epidemiologic link.

Numbers of Allelic Differences among
Epidemiologically Related or Nonrelated Isolates
When considering the 55 isolates of the study, we found
only 1 or 2 uncalled allele(s) among the 2,038 loci of the
cgMLST scheme: 53.6% of the isolates had 2,038 core
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genes tagged, 42.8% had | missing allele, and 3 (5.4%)
isolates had 2 missing alleles. We evaluated the pairwise
comparisons of allelic profiles and recorded the number of
mismatches, defined as allelic differences at loci where both
isolates had an allele called. We found the highest numbers
of allelic mismatches (close to 66 allelic differences) for
the comparisons of non-P#xP/ isolates with the Tohama
reference strain, consistent with this strain belonging to a
distant lineage. In turn, comparisons of the p&xP/ isolate
FR6022 with the non-ptxP1 clinical isolates showed 15-25
allelic differences. Among non-ptxP1 clinical isolates, the
number of allelic mismatches varied from 0 to 15 (median
9). All pairwise comparisons between pairs of intrafamil-
ial isolates or pairs of multiple isolates collected from the
same patient showed a median value of 1 allelic mismatch
(maximum 2). However, 2.8% (39 of 1,415) pairs of non-
related isolates also showed either 1 or 2 mismatches only.

Comparison of cgMLST with PFGE and MLVA

Based on PFGE, all clinical isolates belonged to PFGE
group IV. This group is highly predominant in France
among contemporaneous (post-2000) isolates, and is sub-
divided into 3 different subgroups, IVa, IV, and IVy
(24,25), which were all represented in our selection. Analy-
sis of the distribution of PFGE profiles along the cgMLST-
based phylogenetic tree (Figure 1) revealed that subgroups
IVa and IVP were separated into 2 clades, corresponding
with fim3-1 (associated with IVa) and fim3-2 (associated
with IVp). In contrast, PFGE subgroup IVy was found
interspersed in these 2 clades, indicating that it does not
represent a natural (monophyletic) grouping of B. pertus-
sis isolates. As expected, the same PFGE subgroups were
shared by nonrelated and related isolates (Figure 1).

We extracted MLVA profiles from whole-genome se-
quence assemblies. The main MLVA types were MLVA-
27 (38.9%), MLVA-95 (18.5%), MLVA-5 (11.1%), and
MLVA-25 (7.4%). The first 3 genotypes were distributed
widely across the phylogenetic tree (Figure 1), indicating
that, similar to PFGE subgroups, they do not represent
proper phylogenetic clades.

Comparison of cgMLST with a Whole-Genome
Single-Nucleotide Polymorphism—Based Approach

We used a mapping approach against the Tohama strain ge-
nome as reference (GenBank accession no. NC_002929),
and compared the derived single-nucleotide polymorphism
(SNP)-based phylogenetic tree to the one inferred from the
concatenated multiple sequence alignments obtained from
the cgMLST loci (online Technical Appendix 1 Figure 4).
Both approaches were highly congruent, grouping the iso-
lates in nearly identical clades. The SNP-based approach
led to the identification of 721 variable positions. The high-
est numbers of SNPs were found for the comparisons of
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recent isolates (ptxP3 and ptxP21) with the Tohama ref-
erence strain (266 + 10 SNPs) and with the ptxP] isolate
FR6022 (98 = 5 SNPs). Among unrelated ptxP3 clinical
isolates, the number of SNPs was 34 + 9. In the cgMLST
gene sequences, there were 206 variable positions, 83.5%
of which were included in those identified in the SNP-based
analysis. The genome-wide SNP approach might thus be
useful as a complementary approach when very high reso-
lution is needed. Comparisons among the 11 related cases
showed a very low number of SNPs (no SNP in 9 out of 11
comparisons, 1 SNP in 1 comparison, and 2 SNPs in the re-
maining comparison), consistent with the cgMLST results.
When considering the 3 pairs of isolates not fully resolved
using cgMLST, we noticed that FR3916 and FR3917 dis-
played no SNP between each other, and no SNP with co-
circulating isolate FR3903; FR5859 and FR5860 displayed
no SNP between each other but >18 SNPs compared with
FR5940 and 12 SNPs compared with FR5841; and FR5791
and FR5793 displayed no SNP between each other but 3
or 4 SNPs with cocirculating isolate FR5984. These obser-
vations show that, except for the first case, whole-genome
SNPs discriminate the related pairs from epidemiologically
nonrelated isolates better than cgMLST does. Altogether,
these results emphasize that, for the highly monomorphic
B. pertussis, genotyping data will need to be complemented
with epidemiologic data to unravel transmission chains.

Application of cgMLST to Study of Outbreaks

from Different Countries

We analyzed publicly available whole-genome sequences
corresponding to 3 outbreaks that occurred in California and
Vermont (26,27), USA, and in the United Kingdom (4) (on-
line Technical Appendix 1 Table 3). Figure 2 illustrates the
phylogenetic relationships of these isolates compared with
those from France, based on cgMLST gene sequences. We
observed that all pairs of intrafamilial isolates from France
and all pairs of multiple isolates recovered from the same
patient remained grouped. Isolates from each of the 3 US
and UK outbreaks were found in different branches of the
phylogenetic tree, consistent with previous results showing
that they did not result from the spread of a unique strain (4).
This finding confirms that the outbreaks of pertussis disease
we analyzed corresponded to the simultaneous emergence of
multiple strains, consistent with the hypothesis of the silent
maintenance of a genetically heterogeneous pool of B. per-
tussis strains in the human population (4,27).

Discussion

We developed a cgMLST scheme for B. pertussis, one of
the most monomorphic bacterial pathogens (/17,13,28).
Resolving groups of related isolates (such as intrafamil-
ial cases or multiple isolates recovered from the same pa-
tient) from nonrelated cocirculating isolates is challenging,
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given that the B. pertussis population is very homoge-
neous. Consistent with expectations, few of the 2,038 gene
loci of the genotyping scheme were variable among non-
pixP1 isolates. Despite this low level of genetic diversity,
the cgMLST scheme grouped most sets of isolates from
direct transmission chains and distinguished them most of
the time from cocirculating unrelated isolates. Therefore,
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this genotyping approach will help define chains of trans-
mission of B. pertussis. Nevertheless, close genetic related-
ness does not demonstrate direct epidemiologic relatedness.
Conversely, isolates from different outbreaks (as defined by
the notable increase of clinical cases in defined geographic
areas) were genetically heterogeneous, demonstrating a di-
versity of isolates circulating during pertussis epidemics.
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Figure 2. Maximum-likelihood phylogenetic tree for Bordetella pertussis based on the concatenated alignments of the 2,038 cgMLST
loci sequences of isolates from France (this study) and isolates from outbreaks in the United States and the United Kingdom. The tree
was rooted on the Tohama reference isolate (GenBank accession no. NC_002929). Black tree branches indicate fim3-1 clade and green
tree branches indicate fim3-2 clade. Intrafamilial groups of isolates and multiple groups of isolates recovered from the same patient are
represented by sectors of the internal circle surrounding the tree (corresponding to colors in column 1 of Figure 1). The external circle
indicates the geographic origin of isolates (blue, France; red, Vermont, USA; orange, California, USA; light pink, other United States;
green, United Kingdom). Scale bar indicates nucleotide substitutions per site.
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Given our ambition to develop a universally applicable
cgMLST B. pertussis genotyping scheme, we selected the
core genes using 300 B. pertussis genomes of international
origins. Although we cannot exclude that some sublineages
of B. pertussis, not represented among the 300 isolates, may
have lost several of the core loci selected here, we regard this
possibility as unlikely and believe that most cgMLST gene
loci selected here will be present in most B. pertussis isolates.

Remarkably, cgMLST was much more discriminant
than PFGE or MLVA, 2 reference epidemiologic typing
methods, which appeared unable to distinguish related in-
trafamilial isolates or isolates collected from the same pa-
tient from cocirculating unrelated ones. PFGE and MLVA
are widely used and will likely continue to be used until
WGS is largely implemented (29-32), especially in set-
tings in which WGS cannot be achieved because of cost
considerations. Our work provides a correspondence be-
tween whole-genome—based phylogenetic data and both
PFGE and MLVA genotypes and thus provides essential
information for the accurate interpretation of typing data
from these legacy typing methods.

Even though standardization efforts have been made, it
remains difficult to compare PFGE data from different coun-
tries. Using isolates from France and the French nomen-
clature for PFGE profiles (9), we demonstrated that some
PFGE subtypes, such as type IV-y, conflate phylogenetical-
ly distinct B. pertussis sublineages. MLVA typing is more
comparable across laboratories but even less discriminatory
than PFGE. In contrast to these 2 legacy typing methods,
the phylogenetic tree based on cgMLST genes was highly
congruent with that obtained from whole-genome SNPs.
Therefore, the cgMLST loci, used in combination, represent
powerful phylogenetic markers and will enable identifica-
tion of meaningful groupings of B. pertussis isolates. The
cgMLST scheme developed here may therefore be a power-
ful approach for identifying emerging B. pertussis sublin-
eages. Because the cgMLST scheme covers only 43% of
the genome, a complementary full-genome analysis will be
required to define the particular biologic features, such as the
loss of vaccine antigen expression, of emerging sublineages.

The cgMLST scheme developed here forms the ba-
sis of a unified allele nomenclature database, which was
made openly accessible online at http://bigsdb.pasteur.fr/
bordetella. This novel gene-by-gene genotyping strategy
(14) opens the prospects of an internationally unified sur-
veillance, whereby emerging genotypes and sublineages
can be recognized in real time by surveillance laboratories.
The ability of different national reference centers, micro-
biology laboratories, and public health agencies to com-
pare B. pertussis genotypes will facilitate understanding of
transmission dynamics. Further, the harmonization of epi-
demiologic typing practice by the use of the same genotyp-
ing approach will facilitate sharing of experiences among
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national surveillance systems and has the potential to pro-
mote collaboration. Finally, phylogenetic comparisons of
isolates from different countries and world regions will
facilitate the much-needed studies of the impact of whole-
cell or acellular vaccines and the various vaccination strate-
gies in use (33,34) on the transmission success of particular
B. pertussis lineages, such as those that evolve toward a
lack of expression of vaccine antigens.
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Genomic Sequencing of Bordetella
pertussis for Epidemiology and Global
Surveillance of Whooping Cough

Technical Appendix 1

Whole-Genome Sequencing

We constructed libraries using the Nextera XT DNA Library Preparation kit (Illumina,
San Diego, CA). We performed WGS on a NextSeq 500 system (lllumina) using a 2x150 paired-

end protocol at the Mutualized Platform for Microbiology of Institut Pasteur.

De Novo Genome Assembly

For de novo assembly, paired-end reads were clipped and trimmed with AlienTrimmer
(1), corrected with Musket (2), merged (if needed) with FLASH (3), and subjected to a digital
normalization procedure with khmer (4). For each sample, remaining processed reads were
assembled and scaffolded with SPAdes (5).

Definition of Core Genome

We selected 300 genomes of Bordetella pertussis. Of these, 29% were downloaded from
NCBI (https://www.ncbi.nIm.nih.gov/genome/genomes/1008; Technical Appendix 1 Table 4);
the others were genomes of French isolates selected according to the following criteria: all
isolates collected in 2015 and 2016 at the date of study design; a random selection of 10 isolates
per year from 2004 to 2014; and a representative selection of at least 5 vaccine antigen-deficient

isolates per year and as many antigen producing isolates in the same year.

From this set of 300 genomes, we inferred the species core genome using the
CoreGeneBuilder pipeline (https://zenodo.org/record/165206#. WVpT7155EQU) with B.
pertussis strain Tohama | (GenBank accession no. NC_002929) as reference. CoreGeneBuilder

automatically removed genomes for which the size was too divergent compared with the whole
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set. We applied the following quality filters: a maximum of 500 contigs and a minimum N50 of

10,000 bp. With those criteria, no genome was filtered out.

The pipeline’s next step relies on the eCAMBer software (6), which consists of a de novo
annotation of the genomes (except the reference) using Prodigal (7) and in the harmonization of
the positions of the stop and start codons. In the last step, the core genome is inferred using a
bidirectional best hits approach, following Touchon et al. (8). We used CoreGeneBuilder default
settings, and considered a gene as part of the core genome if it was found in at least 95% of the
300 selected genomes. This resulted in an initial core genome containing 3,125 loci.

Core Gene Filtering

To obtain a set of loci that would be highly robust to genotyping artifacts, we filtered out

some genes based on several criteria.

First, we removed potential paralogs. The presence of paralogs inside a typing scheme
can lead to ambiguities, because a candidate gene might be attributable to 2 different core gene
loci. To detect those potential paralogs, we compared each allele of each locus against all the
alleles of all the other loci using the software BLAT (9). If a single hit was found between 2
different loci (more than 70% amino acid sequence identity between two alleles), we removed

both. A total of 187 loci were discarded that way.

We also decided to remove genes that belong to the MLST scheme (10) and the
ribosomal genes that are used in the ribosomal MLST approach (11), so that they could be
analyzed independently.

We also removed loci whose length varies too much among alleles, which is useful to
reduce ambiguities during the genotyping process. We therefore aligned the amino acid
sequences and removed those for which the alignment contained more than 10% of gaps (total
number of gaps compared with the total number of character states). This concerned 903 loci.

Allele calling relies on BLASTn (12), which does not produce full-length alignments
when the start or stop codons differ. We thus decided to remove all loci with variation within the
start and stop codons. We discarded 363 loci this way. In addition, we removed 1 locus because
at least 1 allele showed 1 or more ambiguous character state(s).
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Finally, to avoid redundancy in the information contained within the cgMLST scheme,
we removed 60 loci that were overlapping others in the reference genome. We used the
definitions of Prodigal for the overlapping genes: a minimum of 60 bp of overlap if genes are on
the same strand, and 200 bp if genes are on different strands. A single locus might correspond to
several of those filtering criteria. The total number of removed loci was 1,020. Therefore, 2,105

loci were retained at this stage.

The reproducibility of allele calling results at each locus of the core genome was checked
by proceeding to pairwise allelic comparisons from several whole-genome assemblies. We first
compared assemblies available for each of 3 reference strains (Tohama I, Cs, and 18323), which
were obtained from different sequencing methods (online Technical Appendix 1 Table 2). We
next compared allele calls for 17 pairwise comparisons for French isolates sequenced with
different Illumina sequencing systems (HiSeq and NextSeq). WGS using the HiSeq 2000
instrument (lllumina) was performed at the Institut Pasteur Genomics Platform. In addition, we
tested the robustness of allele calling to coverage depth. For that purpose, we used a random
selection of reads representing 10 to 50x coverage depths by selecting, after quality
preprocessing of the reads, a random subsample of reads obtained from the FR6072 isolate using
an Illumina NextSeq 500 sequencing system (corresponding to an initial 94x coverage depth).
For each of the simulated coverage depth levels, we evaluated the reproducibility of allele calling
using 10 distinct genome assemblies. We detected 67 loci that showed variation of allele calls
with these tests. Most were variable within multiple comparisons of assemblies derived from
single isolates. Visual inspection of coverage depth at these loci by using a read mapping
approach revealed a local drop in sequencing depth, attributable in many cases to a very high
G+C content of 1 or more sequence region(s) of the loci. All loci with variation in at least 1 pair
from these reproducibility tests were discarded.

We thereby obtained a final set of 2,038 core genes, which together constitute the B.

pertussis cgMLST scheme that was evaluated in this study.

Phylogenetic Analysis
To derive a phylogenetic tree based on cgMLST loci, we extracted the amino acid allele
sequences of each locus and aligned them with MAFFT v7 (13). We then back-translated

multiple amino acid sequence alignments to codon alignments; a concatenation of all loci yielded
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a supermatrix of 1,751,253 nt characters. We used I1Q-TREE v1.5.4 (14) to infer a phylogenetic
tree from this supermatrix of characters with a GTR+I"4+I evolutionary model. We assessed
branch supports with both bootstrap (1,000 replicates) and aLRT-SH methods (15).

SNP-Based Analysis

We selected the assembled genome of the strain Tohama | (GenBank accession no.
NC_002929) as a reference to perform read mapping of each of the sequenced samples with
BWA (16). For each sample, we defined each nucleotide base of the reference as undercovered if
the number of aligned reads was lower than the 25th or or overcovered if the number of aligned
reads was higher than the 975th permille of the overall read coverage distribution. For each

sample, read alignments were used to infer a pseudo-genome with the following 3 rules:

1) Each position is replaced by the degenerated character state N if every nucleotide
base occurs in <80% of the covering character states at that position, or otherwise by the most

frequently occurring character state, which can be ACGT or a gap, denoted by a dash (-).
2) Every undercovered position is replaced by the unknown character state ?.

3) Every SNP position (i.e., the reference and inferred character states are different)
located within a region that is overcovered or strand-biased (i.e., <5 aligned reads on at least 1

strand) was replaced by the character state X.

Following this approach, we obtained pseudo-genome sequences with identical lengths,
leading to a multiple sequence alignment. After removing every position containing >25%
undefined character states (—, N, X and ?), we used the remaining characters to infer a maximum
likelihood phylogenetic tree with 1Q-TREE (14) and the same evolutionary model as for the

cgMLST gene loci concatenated (as discussed previously).

Recommendation for Querying cgMLST Alleles Inside a Genome

When using de novo assembly of Illumina reads, we recommend a coverage depth of at

least 40x after preprocessing (e.g., quality trimming) of reads to define alleles accurately.
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Technical Appendix 1 Figure 1. Distribution of the number of cgMLST loci of B. pertussis as a function

of the number of distinct alleles (A) and of locus length (B).
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Technical Appendix 1 Figure 2. Repartition of the cgMLST genes of B. pertussis into functional
categories (in blue), compared with all genes of the Tohama reference strain (in orange). Gene
categories were obtained from Bart et al., MBio 2014 (17). X_genes correspond to loci that were not

annotated as CDSs on the reference strain.
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Technical Appendix 1 Figure 3. Maximum parsimony tree rooted on the Tohama strain of B. pertussis,
based on the matrix of the number of allelic mismatches among cgMLST profiles (obtained using
Bionumerics v7.6, Applied-Maths, Sint-Martens-Latem, Belgium). The colors of tree leaves circles indicate
intrafamilial groups and groups of multiple isolates from single patients (colors are the same as in Figure
1 in the main article text). Pairwise comparisons leading to no allelic differences were merged in the same

circle.
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Technical Appendix 1 Figure 4. Comparison of the phylogenetic trees of B. pertussis obtained either
from the concatenated cgMLST loci (left) or from the read mapping approach (3). The figure was obtained
with Dendroscope (http://dendroscope.org/) using the tanglegram functionality. The colored squares in
front of groups of isolates indicate intrafamilial groups and groups of multiple isolates from single patients
(colors are the same as in Figure 1 in the main article text).
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Technical Appendix 1 Table 1. Characteristics of B. pertussis isolates and their genome assemblies*

N50_

Name of Avg_fit_ Total No._ contig_
isolate Id_isolate Country Type ofisolate  Year PFGE MLVA Serotype ptxP ptxA fim2 fim3 PRN cov length contigs  length
FR3883 FR3883  France Co-circulating 2008 IVB 95 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 87 3860563 295 20090
FR3894 FR3894  France Co-circulating 2008 IVau 95 2-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2 89 3857564 283 20927
FR3903 FR3903  France Co-circulating 2008 IVB 211 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 90 3867534 285 20805
FR3916 FR3916 France Intrafamilial 2008 IVB 95 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 85 3858307 291 20751
FR3917 FR3917 France Intrafamilial 2008 IVB 95 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 91 3853135 291 20490
FR3919 FR3919 France  Co-circulating 2008 IVy 5 2—/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2 91 3858784 293 20532
FR3927 FR3927  France  Single patient 2008 IVB 27 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 94 3871790 283 20533
FR3928 FR3928  France  Single patient 2008 IVB 27 2-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 94 3853225 285 20490
FR3940 FR3940 France Co-circulating 2008 IVB 91 2—-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 74 3869563 304 20107
FR3948 FR3948 France Co-circulating 2008 IVB 5 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 60 3861132 303 20086
FR3951 FR3951 France  Co-circulating 2008 IVy 95 2-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 87 3857150 284 20927
FR3955 FR3955 France Co-circulating 2008 IVB 5 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 84 3850150 294 20334
FR3959 FR3959  France Co-circulating 2008 IVau 95 2—-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2 79 3859301 299 20093
FR3977 FR3977  France Co-circulating 2008 IVB 95 2—-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 84 3877182 305 20421
FR4208 FR4208 France  Single patient 2009 IVy 95 2—-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2 95 3865790 283 20790
FR4229 FR4229  France  Single patient 2009 IVy 27 2-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2 95 3864088 288 20356
FR4929 FR4929- France  Single patient 2009 IVy 27 2-/3+ ptxP21  ptxAl fim2-1 fim3-2 PRN2 96 3874730 286 20827

P2M
FR4930 FR4930 France  Single patient 2009 IVy 27 2—-/3+ ptxP21  ptxAl fim2-1 fim3-2 PRN2 79 3840923 284 20728
FR4991 FR4991  France  Single patient 2009 IVy 27 2—-/3+ ptxP21  ptxAl fim2-1 fim3-2 PRN2 80 3846706 292 20140
FR5009 FR5009 France Single patient 2011 IVy 43 2—-/3+ ptxP21  ptxAl fim2-1 fim3-2 PRN2 79 3846125 293 20504
FR5029 FR5029  France  Single patient 2011 IVB 109 2-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 92 3859785 287 20755
FR5030 FR5030 France  Single patient 2011 IVB 109 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 91 3859996 287 20346
FR5438 FR5438 France  Single patient 2013 Vo 27 2—-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN15 88 3867428 296 19922
FR5439 FR5439  France  Single patient 2013 IVau 27 2-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN15 85 3885947 298 20138
FR5782 FR5782  France  Single patient 2014 IVau 27 2-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2 83 3863866 289 20543
FR5791 FR5791- France Intrafamilial 2014 Iy 25 2-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 73 3862290 298 19922

P2M
FR5793 FR5793 France Intrafamilial 2014 IVy 25 2—-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 80 3857762 293 20143
FR5795 FR5795 France  Co-circulating 2014 (\/§) 5 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 81 3936522 296 20516
FR5809 FR5809 France Single patient 2014 Iy 64 2+/3— ptxP3  ptxAl fim2-1 fim3-1 PRN2 84 3855030 298 20099
FR5810 FR5810- France Single patient 2014 Iy ND 2+/3— ptxP3  ptxAl fim2-1 fim3-1 PRN2 91 3860415 290 20354

P2M
FR5811 FR5811 France  Single patient 2014 Vo 27 2—-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2 85 3867077 297 20346
FR5841 FR5841  France Co-circulating 2014 IVy 5 2-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 88 3885468 290 20497
FR5859 FR5859  France Intrafamilial 2014 VB 27 2-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 95 3869507 312 19411
FR5860 FR5860 France Intrafamilial 2014 IVB 27 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 86 3863579 295 20353
FR5869 FR5869 France  Co-circulating 2014 Vo New 2—/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2, 85 3878775 288 20411

SNP1812
FR5899 FR5899  France Co-circulating 2014 IVa 27 2+/3— ptxP3  ptxAl fim2-1 fim3-1 PRN2 83 3867799 291 20562
FR5905 FR5905 France Co-circulating 2014 IVa 27 2-/3+ ptxP3  ptxAl fim2-1 fim3-1 Deletion 64 3859440 297 20755
till 1603
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N50_

Name of Avg_fit_ Total No._ contig_
isolate Id_isolate Country Type ofiisolate  Year PFGE MLVA Serotype  ptxP ptxA fim2 fim3 PRN cov length  contigs  length
FR5910 FR5910 France  Co-circulating 2014 Va 95 2-/3+ ptxP3  ptxAl fim2-1 fim3-1 Deletion 82 3842529 287 19850
till 1603
FR5920 FR5920 France Co-circulating 2014 IVau 95 2-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2 91 3849490 292 20336
FR5940 FR5940  France Co-circulating 2014 IVB 27 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 59 3863832 300 19682
FR5942 FR5942 France  Co-circulating 2014 IVy 27 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 85 3889660 288 20903
FR5943 FR5943 France  Co-circulating 2014 IV B New 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 90 3861086 287 20338
FR5980 FR5980 France  Co-circulating 2015 IVy 16 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 80 3856261 297 20683
FR5984 FR5984  France Co-circulating 2015 IVB 25 2—-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 80 3861931 305 20346
FR5985 FR5985  France Co-circulating 2015 IVB 27 2+/3— ptxP3  ptxAl fim2-1 fim3-2 PRN2 80 3856579 295 20494
FR5990 FR5990 France Co-circulating 2015 IVau 27 2-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2, 78 3859870 290 20596
1S1613
FR5992 FR5992  France Co-circulating 2015 IVB 27 2-/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 77 3859556 293 20799
FR6005 FR6005  France Intrafamilial 2015 IVa 27 2-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2 82 3859942 302 20879
FR6006 FR6006  France Intrafamilial 2015 Vo 27 2-/3+ ptxP3  ptxAl fim2-1 fim3-1 PRN2 81 3863715 314 20510
FR6013 FR6013  France Co-circulating 2015 IVy 5 2+/3— ptxP3  ptxAl fim2-1 fim3-1 PRN2 65 3860466 308 20728
FR6022 FR6022  France Co-circulating 2015 ND 211 2+/3— ptxP1  ptxAl fim2-1 fim3-1 PRN2 77 3930904 304 19926
FR6029 FR6029 France  Co-circulating 2015 (\/§) 16 2—/3+ ptxP3  ptxAl fim2-1 fim3-2 PRN2 77 3902002 287 20544
FR6031 FR6031  France Co-circulating 2015 IVB 25 Auto ptxP3  ptxAl fim2-1 fim3-2 PRN2 70 3869787 293 20346
FR6050 FR6050 France Co-circulating 2015 ND 43 2—-/3+ ptxP3  ptxAl fim2-1 fim3-1  PRN2, 76 3854706 300 20142
1S1613
Tohama Tohama2 Japan Reference 1954 1l 83 2+/3— ptxP1  ptxA2 fim2-1 fim3-1 PRN1 98 3875676 279 21069
P2M

*MLVA, multilocus variable number of tandem repeats; ND, not defined; PFGE, pulsed-field gel electrophoresis
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Technical Appendix 1 Table 2. Characteristics of B. pertussis isolates used in reproducibility tests

Name of No. Assembly GenBank
isolate Id_isolate Technology contigs length (bp) accession no. Reference
18323 18323 PacBio 4 4135236 ASM152555v1 Unpublished
18323-2 Sanger 1 4043846 NC_018518.1 (18)
18323-R1" lllumina NextSeq 285 3826649 This study
18323-R2" lllumina NextSeq 283 3852915 This study
Tohama E476 PacBio/lllumina 1 4102978 CP010964 (19)
Tohama2_P2M"  lllumina-NextSeq 271 3918005 This study
8132-P2M" lllumina-NextSeq 279 3875676 This study
Cs Cs Roche454+Sanger 1 4124236 NC_017223 (20)
C393 PacBio 1 4133777 CP010963 (19)
FR5819 FR5819-P2M" lllumina-NextSeq 302 3870191 This study
FR5819-P2M2" lllumina-NextSeq 292 3861533 This study
FR6072 FR6072 lllumina-NextSeq 279 3868752 This study
FR6072-R1" lllumina NextSeq 284 3881279 This study
FR6072-R2" lllumina NextSeq 286 3876991 This study
FR0432 FR0432 lllumina HiSeq 278 3912480 This study
FR432-P2M" lllumina NextSeq 298 3882826 This study
FR0658 FR0O658 lllumina HiSeq 272 3898466 This study
FR658-P2M" lllumina NextSeq 287 3872071 This study
FR3469 FR3469 lllumina HiSeq 268 3895018 (21)
FR3469-P2M" lllumina NextSeq 282 3867615 (21)
FR3693 FR3693 lllumina HiSeq 270 3898970 (22)
FR3693-P2M" lllumina-NextSeq 282 3868130 (22)
FR3749 FR3749 lllumina HiSeq 273 3873750 (22)
FR3749-P2M" lllumina NextSeq 293 3838247 (22)
FR5388 FR5388 lllumina HiSeq 273 3865427 (23)
FR5388-P2M" lllumina NextSeq 284 3885354 (23)
FR5392 FR5392 lllumina HiSeq 274 3860575 (23)
FR5392-P2M" lllumina NextSeq 286 3937575 (23)
FR5947 FR5947 lllumina HiSeq 270 3899479 This study
FR5947-P2M" lllumina NextSeq 289 3861575 This study
FR5787 FR5787 lllumina HiSeq 274 3930834 This study
FR5787-P2M" lllumina NextSeq 294 3898919 This study
FR5791 FR5791 lllumina HiSeq 268 3860976 This study
FR5791-P2M" lllumina NextSeq 298 3862290 This study
FR5794 FR5794 lllumina HiSeq 271 3864747 This study
FR5794-P2M" lllumina NextSeq 301 3870678 This study
FR5810 FR5810 lllumina HiSeq 273 3864244 This study
FR5810-P2M" lllumina-NextSeq 290 3860415 This study
FR5819 FR5819 lllumina HiSeq 272 3864507 This study
FR5819-P2M" lllumina NextSeq 302 3870191 This study
FR5819-P2M2" lllumina NextSeq 292 3861533 This study
FR5845 FR5845 lllumina HiSeq 270 3862629 This study
FR5845-P2M" lllumina NextSeq 285 3864915 This study
FR5851 FR5851 lllumina HiSeq 270 3863269 This study
FR5851-P2M" lllumina NextSeq 298 3854851 This study
FR5869 FR5869 lllumina HiSeq 270 3864372 This study
FR5869-P2M" lllumina NextSeq 288 3878775 This study

*-R1/-R2/-P2M/-P2M2: internal labels for biological replicates of sequencing using lllumina NextSeq technology.
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Technical Appendix 1 Table 3. Outbreak genomes of B. pertussis

GenBank

Isolate_Id accession no. Origin Year of collection Reference
CHLA-13 GCA_000479415.2 California 2010 (24)
CHLA-15 GCA_000479435.2 California 2010 (24)
CHLA-20 GCA_000479915.2 California 2012 (24)
CHLA-26 GCA_000479935.2 California 2010 (24)
H374 GCA_001605035.1 California 2010 19)
H375 GCA_001605135.1 California 2010 19)
H378 GCA_001605055.1 California 2010 (29)
H379 GCA_001605075.1 California 2010 19)
H380 GCA_001605095.1 California 2010 19)
H489 GCA_001605175.1 California 2010 (29)
H542 GCA_001605195.1 California 2010 19)
H559 GCA_001605115.1 California 2010 19)
H561 GCA_001605215.1 California 2010 (29)
H563 GCA_001605235.1 California 2010 19)
H564 GCA_001605345.1 California 2010 19)
H622 GCA_001605255.1 California 2010 (29)
H627 GCA_001605155.1 California 2010 19)
H788 GCA_001605365.1 Vermont 2011 19)
H918 GCA_000479475.2 Washington 2012 (24)
H921 GCA_000479495.2 Washington 2012 (24)
H939 GCA_000479575.2 Washington 2012 (24)
H973 GCA_000479595.2 Washington 2012 (24)
1002 GCA_000479395.2 Washington 2012 (24)
1036 GCA_000479515.2 Washington 2012 (24)
1176 GCA_000479535.2 Washington 2012 (24)
1468 GCA_001605385.1 Vermont 2012 19)
1469 GCA_001605405.1 Vermont 2012 19)
1472 GCA_001605425.1 Vermont 2012 (29)
1475 GCA_001605705.1 Vermont 2012 (29)
1476 GCA_001605445.1 Vermont 2012 (29)
1480 GCA_001605465.1 Vermont 2012 (19)
1483 GCA_001605485.1 Vermont 2012 19)
1488 GCA_001601785.1 Vermont 2012 19)
1496 GCA_001605505.1 Vermont 2012 19)
1498 GCA_001605525.1 Vermont 2012 (19)
1517 GCA_001601775.1 Vermont 2012 (29)
1518 GCA_001605545.1 Vermont 2012 19)
1521 GCA_001605565.1 Vermont 2012 (19)
1538 GCA_001605585.1 Vermont 2012 19)
1539 GCA_001605605.1 Vermont 2012 (19)
1646 GCA_001605625.1 Vermont 2012 (19)
1656 GCA_001605645.1 Vermont 2012 19)
1669 GCA_001605665.1 Vermont 2011 (19)
1707 GCA_001605685.1 Vermont 2012 (19)
STO1-CHLA-0006 GCA_000479555.2 California 2010 (24)
STO1-CHLA-0011 GCA_000479695.2 California 2010 (24)
STO1-CHOC-0008 GCA_000479795.2 California 2010 (24)
STO1-CHOC-0016 GCA_000479895.2 California 2010 (24)
STO1-CHOC-0017 GCA_000479755.2 California 2010 (24)
STO1-CHOC-0018 GCA_000479775.2 California 2010 (24)
STO1-CHOC-0019 GCA_000479835.2 California 2010 (24)
STO1-CHOC-0021 GCA_000479815.2 California 2010 (24)
STO1-CHOM-0012 GCA_000479855.2 Michigan 2010 (24)
STO1-CNMC-0004 GCA_000479875.2 Washington 2010 (24)
STO1-SEAT-0004 GCA_000479615.2 Washington 2011 (24)
STO1-SEAT-0006 GCA_000479715.2 Washington 2012 (24)
STO1-SEAT-0007 GCA_000479675.2 Washington 2012 (24)
2250905 GCA_000479635.2 California 2010 (24)
2356847 GCA_000479655.2 California 2010 (24)
2371640 GCA_000479735.2 California 2010 (24)
ERS176862 ERS176862 UK 2012 (25)
ERS176863 ERS176863 UK 2012 (25)
ERS176864 ERS176864 UK 2012 (25)
ERS176865 ERS176865 UK 2012 (25)
ERS176866 ERS176866 UK 2012 (25)
ERS176867 ERS176867 UK 2012 (25)
ERS176868 ERS176868 UK 2012 (25)
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GenBank

Isolate_Id accession no. Origin Year of collection Reference
ERS176869 ERS176869 UK 2012 (25)
ERS176870 ERS176870 UK 2012 (25)
ERS176871 ERS176871 UK 2012 (25)
ERS176872 ERS176872 UK 2012 (25)
ERS176873 ERS176873 UK 2012 (25)
ERS176874 ERS176874 UK 2012 (25)
ERS176875 ERS176875 UK 2012 (25)
ERS227757 ERS227757 UK 2012 (25)
ERS227758 ERS227758 UK 2012 (25)
ERS227759 ERS227759 UK 2012 (25)
ERS227760 ERS227760 UK 2012 (25)
ERS227761 ERS227761 UK 2012 (25)
ERS227762 ERS227762 UK 2012 (25)
ERS227763 ERS227763 UK 2012 (25)
ERS227764 ERS227764 UK 2012 (25)
ERS227765 ERS227765 UK 2012 (25)
ERS227766 ERS227766 UK 2012 (25)
ERS227767 ERS227767 UK 2012 (25)
ERS227768 ERS227768 UK 2012 (25)
ERS227769 ERS227769 UK 2012 (25)
ERS227770 ERS227770 UK 2012 (25)
ERS227771 ERS227771 UK 2012 (25)
ERS227772 ERS227772 UK 2012 (25)
ERS227773 ERS227773 UK 2012 (25)
ERS227774 ERS227774 UK 2012 (25)
ERS227775 ERS227775 UK 2012 (25)
ERS227776 ERS227776 UK 2012 (25)
ERS227777 ERS227777 UK 2012 (25)
ERS227778 ERS227778 UK 2012 (25)
ERS227785 ERS227785 UK 2012 (25)
ERS227786 ERS227786 UK 2012 (25)
ERS227787 ERS227787 UK 2012 (25)
ERS227788 ERS227788 UK 2012 (25)
ERS227789 ERS227789 UK 2012 (25)
ERS227790 ERS227790 UK 2012 (25)
ERS227791 ERS227791 UK 2012 (25)
ERS227792 ERS227792 UK 2012 (25)
ERS227793 ERS227793 UK 2012 (25)
ERS227794 ERS227794 UK 2012 (25)
ERS227795 ERS227795 UK 2012 (25)
ERS227796 ERS227796 UK 2012 (25)
ERS227797 ERS227797 UK 2012 (25)
ERS227798 ERS227798 UK 2012 (25)
ERS227799 ERS227799 UK 2012 (25)
ERS227800 ERS227800 UK 2012 (25)
ERS227801 ERS227801 UK 2012 (25)
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Technical Appendix 1 Table 4. NCBI genomes of B. pertussis isolates used to define the core genome (from
https://www.ncbi.nlm.nih.gov/genome/genomes/1008)

Name Accession no.

18323 GCA_000306945.1
2250905 GCA_000479635.2
2356847 GCA_000479655.2
2371640 GCA_000479735.2
18323-2 GCA_001525555.1
ATCC BAA-1335D-5 GCA_001558395.1
B1838 GCA_001307585.1
B1865 GCA_001307605.1
B1917 GCA_000193595.3
B200 GCA_000662235.1
B3405 GCA_001307625.1
B3582 GCA_001307645.1
B3585 GCA_001307665.1
B3621 GCA_001307565.1
B3629 GCA_001307525.1
B3640 GCA_001307685.1
B3658 GCA_001307705.1
B3913 GCA _001307725.1
B3921 GCA_001307745.1
Bp137 GCA_000812165.1
BpC90 GCA _001187405.1
C393 GCA_001605275.1
CHLA-11 GCA_000504325.1
CHLA-13 GCA _000479415.2
CHLA-15 GCA_000479435.2
CHLA-20 GCA_000479915.2
CHLA-26 GCA_000479935.2
Cs GCA_000212975.1
E476 GCA_001605295.1
H374 GCA_001605035.1
H375 GCA_001605135.1
H378 GCA_001605055.1
H379 GCA_001605075.1
H380 GCA_001605095.1
H489 GCA_001605175.1
H542 GCA_001605195.1
H559 GCA_001605115.1
H561 GCA_001605215.1
H563 GCA_001605235.1
H564 GCA_001605345.1
H622 GCA_001605255.1
H627 GCA_001605155.1
H788 GCA_001605365.1
H897 GCA_000479455.2
H918 GCA_000479475.2
H921 GCA_000479495.2
H934 GCA_000662295.1
H939 GCA_000479575.2
H973 GCA_000479595.2
1002 GCA_000479395.2
1036 GCA_000479515.2
1176 GCA_000479535.2
1468 GCA_001605385.1
1469 GCA_001605405.1
1472 GCA_001605425.1
1475 GCA_001605705.1
1476 GCA_001605445.1
1480 GCA_001605465.1
1483 GCA_001605485.1
1488 GCA_001601785.1
1496 GCA_001605505.1
1498 GCA_001605525.1
1517 GCA_001601775.1
1518 GCA_001605545.1
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Name

Accession no.

1521

1538

1539

1646

1656

1669

1707
STO1-CHLA-0006
STO1-CHLA-0011
STO1-CHOC-0008
STO1-CHOC-0016
STO1-CHOC-0017
STO1-CHOC-0018
STO1-CHOC-0019
STO1-CHOC-0021
STO1-CHOM-0012
STO1-CNMC-0004
STO1-SEAT-0004
STO1-SEAT-0006
STO1-SEAT-0007

GCA_001605565.1
GCA_001605585.1
GCA_001605605.1
GCA_001605625.1
GCA_001605645.1
GCA_001605665.1
GCA_001605685.1
GCA_000479555.2
GCA_000479695.2
GCA_000479795.2
GCA_000479895.2
GCA_000479755.2
GCA_000479775.2
GCA_000479835.2
GCA_000479815.2
GCA_000479855.2
GCA_000479875.2
GCA_000479615.2
GCA_000479715.2
GCA_000479675.2
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