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Comparative Omics Analysis
of Historic and Recent Isolates
of Bordetella pertussis and
Effects of Genome
Rearrangements on Evolution
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Despite high vaccination coverage, pertussis is in-
creasing in many industrialized countries, including
the Czech Republic. To better understand Bordetella
pertussis resurgence, we analyzed historic strains and
recent clinical isolates by using a comparative omics
approach. Whole-genome sequencing showed that his-
toric and recent isolates of B. perfussis have substan-
tial variation in genome organization and form sepa-
rate phylogenetic clusters. Subsequent RNA sequence
analysis and liquid chromatography with mass tandem
spectrometry analyses showed that these variations
translated into discretely separated transcriptomic
and proteomic profiles. When compared with historic
strains, recent isolates showed increased expression
of flagellar genes and genes involved in lipopolysac-
charide biosynthesis and decreased expression of
polysaccharide capsule genes. Compared with refer-
ence strain Tohama |, all strains had increased expres-
sion and production of the type Ill secretion system
apparatus. We detected the potential link between
observed effects and insertion sequence element—in-
duced changes in gene context only for a few genes.

ordetella pertussis is a gram-negative, strictly hu-
man pathogen of the respiralory tract and the ma-
jor causative agent of whooping cough. This highly
contagious disease is especially severe in infants and
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remains a major cause of infant illness and death
worldwide, predominantly in industrialized coun-
tries (I). Although pertussis is a vaccine-preventable
disease, increased incidence is being observed in
some countries that have highly vaccinated popula-
tions, including the Czech Republic (2-4). Although
several factors are contributing to pertussis resur-
gence in these countries (5-7), the 2 prominent factors
are incomplete and short-lived immunity induced by
current acellular vaccines (8-10) and genetic varia-
tion, leading to escape from immunity by antigenic
variation (11-13).

B. pertussis has an efficient mechanism of ge-
nome structure diversification because it contains
>200 copies of insertion sequence 481 (IS481) in its
genome (14). 1S element-mediated homologous re-
combination results in excision or insertion of flank-
ing genome regions and leads to genome reduction
and decay (14-16), as well as genome rearrange-
ments (17,18) and large duplications (19). Further-
more, a previous study indicated that gene order re-
arrangements associated with IS elements can alter
gene expression profiles in B. pertussis (20). Recently,
we have shown that, besides their effect on genome
structure and stability, ISs can affect expression pro-
files of neighboring genes by IS element-specific
promoters (21).

On the basis of these observations, we hypothe-
sized that strains with different genomic organization
should display altered global transcriptomic and, con-
sequently, proteomic profiles, and thereby genome
rearrangements might contribute to strain variation
and adaptation. To validate this assumption, we have
performed genomic, transcriptomic, and proteomic
analyses of recent clinical isolates from the Czech
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Republic obtained during 2008-2015, previously char-
aclerized vaccine strains isolated during 1954-1965
(22) (hereafter referred to as historic strains), and the
reference strain Tohama I.

Materials and Methods

Bacterial Strains and Growth Conditions

Recent isolales of B. pertussis from the Czech Repub-
lic were obtained from the National Institute of Pub-
lic Health in Prague (Table 1). Historic strains from
the Czech Republic (22) and reference strain Tohama
I (23) have been described. All strains were culti-
vated on Bordet-Gengou agar plates supplemented
with 15% sheep blood for 3-4 days at 37°C. For liquid
cultures, bacleria were grown in Stainer-Scholte me-
dium (24) supplemented with 0.1% cyclodextrin and
0.5% casamino acids (Difco, https://www fishersci.
com) at 37°C. To harvest samples for DNA, RNA,
and protein isolation, B. pertussis cells were grown
overnight in Stainer-Scholte medium to mid-expo-
nential phase of growth (optical density =1.0). Three
independent cultivations were performed Lo collect 3
biologic replicates of each of the strains for RNA and
protein isolation.

Genomic Analyses

For the genome organization analysis, genomic
sequences were aligned by using the progressive
Mauve algorithm (25) and clustered on the basis of
their genome organization similarity by using the
maximum-likelihood for the gene order pipeline (26).
For single-nucleotide polymorphism (SNP) analysis,
IS elements within the genomes were masked with
Ns, and resulting sequences were aligned by using
Mugsy software (27). SNPs were extracted by using
custom scripts (https://genohub.com). Maximum-
parsimony phylogenetic analysis was performed
on sequences with masked IS elements by using the
kSNP3 program with a k number of 23 (28). The un-
rooled phylogenelic lree was visualized by using
iTOL (29).

RNA Isolation, Sequencing, and Data Analysis

We provide information on RNA isolation, sequenc-
ing, and data analysis (Appendix 1, https://wwwnc.
cde.gov/EID/article/27/1/19-1541-Appl.pdf). RNA
sequencing data from sequencing runs were deposit-
ed in the European Nucleotide Archive under project
accession no. PRJEB34096. We defined significance as
a q value <0.05 (p value adjusted for multiple testing
correction [Appendix 1]).

Protein Sample Preparation and Proteomic Analysis
We compiled information on protein sample prepa-
ration and label-free proteomic analysis, which used
liquid chromatography with mass tandem spectrom-
elry analyses (Appendix 1). Proteomics data were
deposited in the ProteomeXchange Consortium by
using the PRIDE partner repository with the dataset
identifier PXD015184.

Results

Genome Organization and Content of Recent Isolates

We determined complete de novo genome assemblies
of 9 recent isolates of B. pertussis strains collected in
the Czech Republic during 2008-2015 from patients
representing different age groups and vaccination
status (Table 1). Genotyping of recent strains showed
that they belonged to ptxP3 lineage. SNP-based phy-
logenetic analysis of these strains and >350 complete
B. pertussis genome sequences currently deposited in
GenBank (Appendix 2 Table 1, https:/ /wwwnc.cdc.
gov/EID/article/27/1/19-1541-App2.xlsx) showed
that recent B. pertussis isolates cluster with ptxP3 iso-
lates from other countries, demonstrating worldwide
spread and lack of geographic signature (Figure 1).
The genome alignment of recent isolates and previ-
ously characterized historic strains belonging to the
ptxP1 lineage (22) showed that all genomes contain
large-scale structural rearrangements (Figure 2,
panel A). According to their genome organization,
sequenced strains could be classified into 8§ groups.
None of the historic strains clustered with any of the

Table 1. Characteristics of recent isolates of Bordetella pertussis and 9 infected patients, Czech Republic*

Strain information

Patient information

Year Name Genotype Age, y/sex Vaccination status
2008 Bp155 ptxP3, fim2—1, fim3B, prn2 <1/M Not vaccinated
2008 Bp312 ptxP3, fim2-1, fim3B, pm2 45/F wP

2012 Bp6260 ptxP3, fim2-1, fim3A, prn2 <1/F Not vaccinated
2012 Bp6242 ptxP3, fim2-1, fim3B, pr2 67/F Not vaccinated
2012 Bp6384 ptxP3, fim2-1, fim3A, prn2 69/M Not vaccinated
2012 K10 ptxP3, fim2-1, fim3B, prn3 8/F aP

2014 Bp82 ptxP3, fim2—1, fim3A, prn2 14/F wP plus aP
2014 Bp46 ptxP3, fim2—1, fim3A, prn2 15/M wP plus aP
2015 Bp318 ptxP3, fim2—1, fim3A, prn2 7/F aP

*aP, acellular vaccine; wP, whole-cell vaccine.
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Figure 1. Maximum-
parsimony, unrooted
phylogenetic tree based

on single-nucleotide
polymorphism analysis of
available genome sequences
of Bordetella pertussis.

Red dots indicate recent
isolates from the Czech
Republic. Year and country
of isolation are color-coded.
The 3 black dots indicate
time span between 1999 and
2016. Asterisk (*) indicates
association of historic strains
from the Czech Republic with
the ptxP1/ptxP2 clade. Scale
bar indicates nucleotide
substitutions per site.

recent isolates. The separation of these 2 groups was
verified by using a maximumd-likelihood phylogenet-
ic tree, which was constructed on the basis of the ge-
nome organizalion of all sequenced strains from the
Czech Republic (Figure 2, panel B).

To check whether there are also sequence sig-
natures differentiating these 2 groups of strains, we
performed SNP analysis, which yielded 35 SNPs
(15 synonymous, 13 nonsynonymous, and 7 inter-
genic) (Appendix 2 Table 2) and distinguished his-
toric and recent isolates. Variants found in historic
strains were also present in Tohama 1. One of the
new SNPs specific for recent isolates was identified
in the promoler region of the bfeA gene, which en-
codes the type 11l secretion system (T3SS) effector.
Approximately one third of the SNPs have been re-
ported to be specific for the ptxP3 lineage isolates
from other countries (30). When compared with
those of historic strains, the genome size of recent
isolates was substantially reduced, thereby con-
firming ongoing gene loss within the global popu-
lation of B. pertussis (Appendix 2 Table 3). Analysis
of genome alignments showed 2 regions of differ-
ence (RD) between the 2 groups of strains from the
Czech Republic, which corresponded to previously

identified regions RD3 and RD10 (20). Although
RD?3 (28.7 kb, spans genes BP0910A-BP0937) is ab-
sent in all recent isolates, the RD10 (25.1 kb, spans
genes BP1948-BP1968) is absent in all recent iso-
lates and historic strain V67.

Transcriptomic Profiles and Genomic

Structure Alterations

Total RNA was isolated from biologic triplicates of
B. pertussis Tohama [ strain; historic strains V5393,
V567, and V5401; and recent isolates Bp318, Bp155,
Bp46, Bp6242, and BpK10 and analyzed by using
RNA sequencing. These strains were selected on
the basis of genome organization and phylogenet-
ic distances to encompass the highest variability
among the studied strains (Figure 2, panel B). Hier-
archical clustering of RNA sequence data showed
that samples from both groups of strains from the
Czech Republic clustered separately from each
other and from Tohama | (Figure 3). Consistent
with phylogenetic analysis (Figure 2, panel B), we
found that samples of strain V567 formed a sepa-
rate cluster. These analyses suggested that among
historic strains, the V567 strain displays closest dis-
tance to recent strains, which is consistent with our
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previous observation Lhalt the V567 strain cluslers
Llogether with a recent U.S. isolate (22).

Differential expression (DE) analysis identified
78, 124, and 115 significantly (q<0.05 for all compari-
sons) modulated B. pertussis genes (-1>log,FC>1) be-
tween recent isolates and hisloric strains, recent iso-
lates and Tohama 1, and historic strains and Tohama
L, respectively (Appendix 2 Table 4). Among the DE
genes, 30 were up-regulated in recent isolales com-
pared with historic strains, including those encoding
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the flagella apparatus (flgB-]), LuxR (BP1969), and
ArsR (BP2946) [amilies of transcriplional regulators,
phosphoglucomutase (pgm), phosphoglucose isom-
erase (pgi), and nicotinate-nucleotide diphosphory-
lase (nadC). Conversely, among the 48 DE genes
down-regulated in recent isolates were genes encod-
ing the polysaccharide capsule proteins (kpsEMT),
several ABC transporters, and central metabolism
enzymes, including those involved in Lrypltophan
synthesis (trpDEG). Expression of several virulence

Figure 2. Genomic analyses

of Bordetella pertussis isolates
from the Czech Republic. A)
Genome alignment of historic and
recent isolates showing large-
scale genome rearrangements.
Homologous gene blocks are
denoted by the same color. B)
Maximum-likelihood phylogenetic
tree based on genomic
organization of historic (blue) and
recent (red) isolates. Asterisk

(*) indicates strains selected for
transcriptomic and proteomic
analyses. Scale bar indicates
nucleotide substitutions per site.
kbp, kilobasepairs.
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Figure 3. Heat map of sample-
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factors, including pertactin, tracheal colonization
factor, filamentous hemagglutinin, and pertussis
toxin subunit S3, was significantly up-regulated in
recent isolates. However, the increase did not reach
the 2-fold threshold. A recent isolate-specific SNP,
which was identified in the promoler region of the
bteA gene, did not result in a significant change of
gene expression (Appendix 2 Table 4). Among the
DE genes that showed increased expression in both
groups of strains from the Czech Republic com-
pared with Tohama I, we identified numerous genes
within the T3SS bes/ btr locus, including bsp22, bopN,
bopB, and bopD and several genes involved in sulfate
metabolism (cysADITWV).

Gene ontology enrichment (Figure 4, panel A)
showed that within the set of genes, which were
significantly modulated between recent and historic
isolates, categories such as bacterial type flagellum-
dependent cell motility, polysaccharide biosynthe-
sis, and tryptophan biosynthesis were highly en-
riched. Conversely, when we compared both groups
of isolates from the Czech Republic to Tohama I
(Figure 4, panel C), genes associated with sulfate
transmembrane transport, pathogenesis, and pro-
tein secretion by the type Il secretion system terms
were enriched among the DE genes.

Clustering of Proteomic Profiles of Recent Isolates,
Historic Strains, and Tohama | Strain
The cell-associated (bacterial pellets) and cell-free
(culture supernatants) fractions of selected B. pertussis
strain cultures were analyzed by using liquid chroma-
tography with mass tandem mass spectrometry. First,
hierarchical clustering of the cell-associated protein
profiles showed that consistent with RNA sequenc-
ing data, strains from the Czech Republic cluster sep-
arately from Tohama I and despite high variability
among biologic replicates, separation of historic and
recent strains was still apparent (Figure 5, panel A).
Similarly, hierarchical clustering of secreted proleins
indicated that recent isolates cluster apart from his-
toric strains and Tohama I (Figure 5, panel B).
Label-free quantification of cell-associated protein
intensities identified 33, 132, and 87 proteins showing
significantly changed abundance between recent and
historic strains, recent strains and Tohama I, and his-
Loric strains and Tohama I, respectively (Appendix
2 Table 5). In good correlation with transcriptomic
data, we found that protein levels of hydroxymethy-
glutaryl-CoA lyase (BP3695), ArsR family transcrip-
tional factor BP2946, small lipoprotein BP2782, and
nicotinate-nucleotide diphosphorylase NadC were
increased, but levels of several central metabolism
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enzymes (BP0624-BP0629), tryptophan synthesis
genes, and polysaccharide capsule proteins were de-
creased in recent isolates compared with historic strains
(Table 2). Also in support of RNA sequencing data, we
determined that various components of the T35S appa-
ratus and several proteins involved in metabolism of
sulfate showed increased abundance compared with
Tohama I (Table 3). All strains from the Czech Repub-
lic produced pertactin, but flagellar proteins were not
detected in any of the studied strains.

Label-free quantification analysis of secreted
proteins showed that 121, 130, and 43 proteins dis-
played significant changes in abundance between re-
cent and historic strains, recent strains and Tohama
I, and historic strains and Tohama I, respectively
(Appendix 2 Table 6). Levels of several secreted
proteins were in good agreement with transcrip-
tomic data (e.g., strains from the Czech Republic and
in particular recent isolates secreted increased
amounts of several T35S proteins compared with
Tohama I) (Table 3). Abundance of all pertussis
toxin subunits and associated transport protein PUE
was higher in recent isolates than in historic strains,

A Bacterial-type B

flagellum-dependent
cell motility

Tryptophan
biosynthesis

which suggests that some of the differences between
the ptxP1 and ptxp3 strains are also manifested at the
level of protein secretion.

Changes in Genome Structure and Alterations in

Gene Expression

Considering the observed differences between histor-
ic and recent strains, we attempted to track back the
modulated gene expression profiles to alterations in
the genome sequence and structure. Because our SNP
analysis (Table 2) suggested that there were no SNPs
that could explain the altered expression of the DE
genes, we have addilionally inspected the upstream
regions of all DE genes for larger sequence varia-
tions. We identified such variations in 4 genes. The
gene toh_02779 (BP2827) was preceded by an 15481
element in Bp155, Bp6242, and BpK10, but not in oth-
er strains. In addition, 3 DE genes with an upstream
15481 element had varying gene context further up-
stream of the transposase in the studied strains (Table
4). Apparently, the observed differences in expres-
sion of these genes could be potentially linked to the
upstream IS elements.

Figure 4. Gene ontology
enrichment analysis of genes
down-regulated or up-regulated
between recent and historic
strains of Bordetella pertussis
from the Czech Republic (A,
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B) or between both groups

of strains from the Czech
Republic and Tohama | (C,

D). Enriched terms from the
domains’ biological process
(A, C) and molecular function
(B, D) and their catenations,
shown as green circles (down-
regulated genes) and red
circles (up-regulated genes),
were summarized by using
Revigo (http://revigo.irb.

hr) and visualized by using
Cytoscape (https://cytoscape.
org) as interactive scatter
plots. Circle size indicates
level of enrichment. Asterisks
(*) in panels A and B indicate
gene ontology terms that were
enriched also for genes down-
regulated in recent isolates
compared with Tohama I.
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