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Pathogens of the bacterial genus Bordetella cause respiratory disease in humans and animals. Although
virulence and host specificity vary across the genus, the genetic determinants of this diversity remain uniden-
tified. To identify genes that may underlie key phenotypic differences between these species and clarify their
evolutionary relationships, we performed a comparative analysis of genome content in 42 Bordetella strains by
hybridization of genomic DNA to a microarray representing the genomes of three Bordetella species and by
subtractive hybridization. Here we show that B. pertussis and B. parapertussis are predominantly differentiated
from B. bronchiseptica by large, species-specific regions of difference, many of which encode or direct synthesis
of surface structures, including lipopolysaccharide O antigen, which may be important determinants of host
specificity. The species also exhibit sequence diversity at a number of surface protein-encoding loci, including
the fimbrial major subunit gene, fim2. Gene loss, rather than gene acquisition, accompanied by the prolifer-
ation of transposons, has played a fundamental role in the evolution of the pathogenic bordetellae and may
represent a conserved evolutionary mechanism among other groups of microbial pathogens.

Bacteria of the genus Bordetella are important pathogens
that cause respiratory disease in humans and animals. B. per-
tussis is the causative agent of whooping cough (8), which is
responsible for up to 500,000 annual deaths worldwide in un-
vaccinated populations (52) and is increasing in incidence in
some countries with established vaccination programs, includ-
ing the United States (e.g., see references 15, 30, and 38).
Although most Bordetella species can cause similar disease in
the upper respiratory tract, their host specificities vary dramat-
ically. B. pertussis infects only humans; B. parapertussis strains
can be classified in two groups, one of which infects only
humans and one of which infects only sheep (16, 17, 25); B.
bronchiseptica causes respiratory infections in a wide variety of
mammals and birds but only rarely in humans (22, 41, 51).

These three Bordetella species are closely related at the
nucleotide sequence level (4, 24), and their relatedness has
been further established using a variety of common molecular
strain typing techniques (reviewed in reference 29). Phyloge-
netic analyses of the genus Bordetella, using pulsed-field gel
electrophoresis, multilocus enzyme electrophoresis (MLEE),
and IS typing data, suggested that B. pertussis, human-derived
B. parapertussis, and sheep-derived B. parapertussis arose inde-
pendently from B. bronchiseptica-like ancestors (46, 47). Com-
parative genome sequencing of a representative strain of each
species (33) confirmed that nucleotide sequence similarity is
very high in conserved regions of the genome but demon-
strated that B. pertussis and B. parapertussis evolved by genome
decay from a B. bronchiseptica-like ancestor.
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Although a number of critical conserved virulence mecha-
nisms have been identified in the bordetellae, the genetic basis
of these species’ phenotypic variability remains unclear. We
reasoned that a comparative analysis based on genome content
of numerous isolates of each species might clarify evolutionary
relationships between the species and identify genes that de-
termine key differences in phenotypes, such as virulence and
host specificity. Recent advances in comparative genomic
methods have illuminated the remarkable extent of variation
between microbial genomes, even among strains of the same
bacterial species (reviewed in references 9, 20, 21, and 42). We
describe here the use of microarray-based comparative ge-
nome hybridization (CGH) and suppressive subtractive hybrid-
ization (SSH) to examine the relationships between genome
content, host species, and pathogenicity.

MATERIALS AND METHODS

Bordetella DNA microarray design and construction. Three thousand six hun-
dred ninety-one probes representing 93% of the B. pertussis Tohama I predicted
coding sequences were amplified by PCR. More than 95% of the B. pertussis-
derived probes were at least 95% identical to a sequence in the other two
genomes. An additional 589 probes were amplified for B. bronchiseptica RB50
and B. parapertussis 12822 predicted coding sequences that were not at least 95%
similar to an existing probe. Microarrays were constructed using standard tech-
niques, printing each probe at least twice on every array. Complete details are in
supplementary methods. (All supplementary materials referred to within this
article are available at http://relman.stanford.edu/supplements/CGH2003.)

Strains and genomic DNA preparation. Bordetella strains used in this study are
described in supplementary Table 1 (see the above URL). Single colonies of
purity-confirmed cultures were inoculated into modified Stainer-Scholte media
and grown to saturation prior to harvesting. Genomic DNA preparation is
described in supplementary Methods (see the above URL).

Fluorescence labeling of genomic DNA. Genomic DNA was labeled by incor-
poration of dye-coupled nucleotides based on protocols found at the Brown Lab
Mguide website (http://cmgm.stanford.edu/pbrown/protocols/index.html). Test
DNA samples were labeled with Cy5. The mixed reference sample, comprising a
1:1:1 mixture of genomic DNA from B. pertussis Tohama I, B. parapertussis
12822, and B. bronchiseptica RB50, was labeled with Cy3. Two micrograms of
genomic DNA (in 10 mM Tris) was combined with 20 pl of 2.5X random
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octamers (BioPrime labeling kit; Invitrogen, Carlsbad, Calif.) in a total volume
of 41 pl. The DNA was boiled for 5 min, placed on ice for 2 min, and centrifuged
at 16,000 X g. The DNA was mixed with 5 pl of deoxynucleoside triphosphate
(dNTP) mix (120 nM [each] dATP, dCTP, and dGTP; 60 nM dTTP in Tris-
EDTA), 2.5 pl of 1 mM Cy5-dUTP or Cy3-dUTP (Amersham Biosciences, Little
Chalfont, Buckinghamshire, England), and 1 pl of Klenow (40 U/pl; BioPrime
labeling kit; Invitrogen). The reaction was incubated at 37°C for 2 h and then
stopped by addition of 5 ul of 0.5 M EDTA (pH 8.0).

Microarray hybridization and scanning. Hybridization was performed as
described in protocols found at the Brown Lab Mguide website (http://cmgm
.stanford.edu/pbrown/protocols/index.html). Test and reference labeled DNA
samples were combined and then washed two times using Microcon YM-30
columns (Millipore, Billerica, Mass.), according to the manufacturer’s instruc-
tions. One hundred fifty micrograms of yeast tRNA (ATCC, Manassas, Va.) was
added to block nonspecific binding. The probe volume was adjusted to 12 ul with
water, and then 2.55 pl of 20X SSC (1 SSCis 0.15 M NaCl plus 0.015 M sodium
citrate) and 0.45 pl of 10% sodium dodecyl sulfate were added. Fourteen mi-
croliters of the probe was placed on the array and covered with a 25- by 25-mm
no. 1 glass coverslip. The arrays were sealed in hybridization chambers (Die-
Tech, San Jose, Calif.) with 20 wl of 3X SSC to maintain humidity and incubated
at 65°C for 2 h to overnight.

Arrays were washed in 0.5X SSC, 0.005% sodium dodecyl sulfate for approx-
imately 30 s, 0.1X SSC for 30 s, 0.05X SSC for 1 min, and 0.025Xx SSC for 1 min.
The first wash was performed at 65°C, and the remaining washes were performed
at room temperature. Slides were dried by centrifugation for 5 min at 50 X g and
scanned using a GenePix 4000B scanner and GenePix 3.0 software (Axon In-
struments, Union City, Calif.).

Data filtering. Spots were screened visually to identify those of low quality.
Signals from the remaining spots were converted into Cy5/Cy3 ratios after sub-
tracting local background intensity from each spot in both channels. The ratios
for each experiment were normalized by adding a constant to the Cy5 signal so
that the mean ratio across the array was 1.0. The data set was filtered to include
only spot measurements with a net Cy3 (reference DNA) fluorescence intensity
above 50 U, greater than 60% of pixels with intensity greater than one standard
deviation above the mean Cy3 background intensity, and with usable data from
at least 26 of the 42 arrays. Background-subtracted hybridization signals from
replicate probes were averaged. After image analysis and data filtering, 4,140
independent probes remained in the data set.

Normalization against mixed reference. The mixed reference DNA sample
contained equal amounts of genomic DNA from each of the three sequenced
strains, so each probe sequence was represented in proportion to its presence in
one or more of the sequenced strains. The reference signal was normalized to
account for differences in predicted gene abundance in the reference mixture.
Based on hybridization experiments, a probe sequence was considered absent
from a sequenced strain if its top BLASTN hit had less than 80% sequence
identity over at least 100 bp. For each BLAST hit exceeding 80% identity the
species sequence dose, d, was calculated as d = (% identity — 80)/20. The total
sequence dose, D, in the reference DNA sample was calculated as the sum of d
from all three genomes, divided by 3. For each probe, the background-subtracted
Cy5/Cy3 intensity ratio was multiplied by its D value to obtain measurements
normalized for sequence copy number in the reference.

Determination of threshold log intensity ratios. Because data distributions
varied from experiment to experiment, the threshold was calculated indepen-
dently for each individual array based on its data distribution. Let x = 0.0025n
where n is the number of data points from a single experiment. In this data set,
x ranged from 8.94 to 10.33. For each array, a histogram of the log ratio values
with a bin size of 0.1 was computed. The bin value of the first bin to the left of
the “main” peak (centered near zero) that had fewer than x measurements was
chosen as the threshold. In other words, the threshold was selected by determin-
ing the point at which the left tail of the distribution representing the “detected”
sequences contained very few data points. The decision to use 0.0025 as the
multiplier for the calculation of x was empirically determined to maximize the
sensitivity and specificity for arrays of the three sequenced strains (see Results).

For determination of sequences that vary between or within species, a con-
servative approach was used to further refine “not detected” calls. Reasoning
that rare false-positive calls were unlikely to cluster by species or genome order,
“undetected” data points were counted only if the same probe was not detected
in a second strain of the same species or an adjacent probe sequence was not
detected in the same strain.

Phylogenetic analysis. The data set was recoded as a binary representation of
detected (1) and undetected (0) genes based on whether the log ratio hybrid-
ization signal was greater than or less than the threshold ratio (see above),
respectively. Maximum-parsimony analysis of the data set was performed using
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PAUP (version 3.0; Sinauer Associates) with a Camin-Sokal model (13). This
algorithm was chosen because it requires no assumption that evolutionary rates
are equivalent among lineages. All character states were assumed to evolve
independently, although a more exacting model would treat the absence of ad-
jacent genes as a single deletion event. The complete gene complement was
designated the ancestral state (state = 1), and the undetected genes resulting
from deletion events were a derived state (state = 0), which produced a rooted
phylogenetic tree. Bootstrap values (18) were calculated from 100 bootstrapped
datasets using the BOOT, MIX, and CONSENSE programs of the PHYLIP soft-
ware package (version 3.5¢ [http://evolution.genetics.washington.edu/phylip/]).

Phylogenetic analysis treated each identified prophage as a single character
state. This was done because inclusion of multiple sequences from each prophage
would give unwarranted weight to prophage loss events and potentially bias the
phylogenetic analysis. Furthermore, bacteriophage are inherently mobile and
possibly exchanged among Bordetella strains by lateral transfer and therefore do
not accurately represent the evolutionary history of the core genome.

Confirmation of microarray-identified regions of difference. Ten regions of
difference (RDs) were chosen randomly from regions where at least two adjacent
sequences were variable between the sequenced strain and another strain of the
same species and thus were not detected using genome sequence data. Four of
these regions were variable among B. pertussis strains, three were variable among
B. parapertussis strains, and three were variable among B. bronchiseptica strains.
Primers were designed flanking one junction of 10 putative RDs. Primer se-
quences are in supplementary Table 2 (see the above URL). For each RD, PCR
was performed with one strain for which the region was expected to be present
and one strain for which it was expected to be absent. In addition, a conserved
fragment of approximately 3 kb was amplified from each DNA preparation to
confirm that DNA was amplifiable. Each PCR contained 1X GC genomic PCR
buffer, 1 M GC Melt, 1.1 mM Mg(OAc),, 0.2 mM dNTPs, and 1X Advan-
tage-GC genomic polymerase mix (all from BD Biosciences Clontech, Palo Alto,
Calif.), plus 200 nM (each) primer and 1 ng of genomic DNA, in a reaction
volume of 25 ul. Touchdown PCR cycling conditions were as follows: initial
denaturation at 95°C for 1 min; 10 cycles of 94°C for 15 s, 65°C (decreased by 1°C
per cycle) for 30 s, 68° for 3 min; 25 cycles of 94°C for 15 s, 55°C for 30 s, 68° for
3 min; and a final extension at 68°C for 3 min. PCR products were run on agarose
gels and visualized with ethidium bromide to confirm the presence of a band of
the expected size.

In every case tested, no PCR product of the expected size was detected in a
strain predicted to be missing an RD. In one instance a larger PCR product was
detected, suggesting that the strain missing the RD might possess an insertion
that occurred close to the junction and disrupted or deleted the sequence found
at that position in the sequenced strain.

Subtractive hybridization. Subtractive hybridization was carried out with
Bpel59 as the tester and a mixed driver pool of genomic DNA from the three
sequenced strains of Bordetella. The PCR-Select bacterial genome subtraction kit
(Clontech) was used, with the following modifications to optimize the protocol
for the high-GC genome of Bordetella: the incubation temperatures of the two
rounds of hybridization were increased to 66°C, 1.3% dimethyl sulfoxide and 1.3
M betaine were added to the primary PCR, the primary PCR was diluted 1:15
instead of 1:40 for use as the secondary PCR template, and 12 to 15 cycles of
amplification were performed for the secondary PCR. After the generation of a
clone library containing the products of the subtractive hybridization, inserts
were screened for presence in Bpel59. This was accomplished by amplifying
approximately 300 inserts and printing them on microarrays. These screening
microarrays were hybridized with Bpe159 and mixed reference genomic DNA.
No spots had ratios significantly higher than the average. The two spots with the
highest ratio of Bpe159/mixed reference signal were sequenced to confirm that
they were present in both DNA pools.

In addition, B. pertussis strain 18323 was subjected to SSH analysis against
B. pertussis Tohama I using the same methodology. Approximately 40% of the
300 fragments printed on the screening microarrays had a high ratio of 18323/
Tohama I signal and were chosen for sequencing.

Amplification of fim2. Oligonucleotides were designed to amplify by PCR
either the Tohama I or RB50 fim2 gene (supplementary Table 2). The forward
primer was in a conserved region at the 5" end, and two reverse primers at the
3" end were specific for the two genes (supplementary Table 2). The PCR mix
contained 1X PCR buffer II (Applied Biosystems, Foster City Calif.), 1.5 mM
MgCl,, 0.6 mM dNTPs, 20 pmol of each primer, 1 ng of genomic DNA, and 1.25
U of AmpliTaq DNA polymerase (other than buffer, PCR reagents were from
Perkin-Elmer, Boston, Mass.). The reaction conditions were 96°C for 3 min; 35
cycles of 95°C for 1 min, 57°C for 1 min, 72°C for 1 min; and a final extension at
72°C for 3 min. PCR products were run on 2.5% agarose gels and visualized with
ethidium bromide staining.
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Nucleotide sequence accession numbers. The sequences of two fim2 amplifi-
cation products have been submitted to GenBank under the accession numbers
AY289620 (Bpp4) and AY289621 (Bbr77).

RESULTS AND DISCUSSION

Interspecific comparative genome hybridization. A PCR
product-based DNA microarray representing 93% of B. per-
tussis Tohama I, 75% of B. parapertussis 12822, and 73% of B.
bronchiseptica RB50 predicted coding sequences was designed
using draft genome sequence data (see the above URL for
supplementary methods). Using this array, a collection of 42 B.
pertussis, B. parapertussis, and B. bronchiseptica strains (supple-
mentary Table 1) was surveyed by CGH. The 10 B. pertussis
strains included 7 low-passage-number clinical isolates col-
lected between 1989 and 1997 in the United States and The
Netherlands and the laboratory strains Tohama I, Wellcome
28, and 18323. The 10 B. parapertussis strains comprised 3
strains isolated from sheep and 7 strains isolated from humans.
The 22 B. bronchiseptica strains were isolated from a variety of
host species, including one human. The labeled genomic DNA
of each strain was hybridized to the microarray together with a
reference composed of a 1:1:1 mixture of genomic DNA from
each of the three sequenced species. Comparison of the Bor-
detella CGH profiles revealed extensive variation between and
within species (Fig. 1 and supplementary data). Bordetella
strains exhibited multiple RDs, defined as blocks of two or
more adjacent probes that hybridize poorly to at least one
strain (Fig. 1).

For phylogenetic analysis and enumeration of variable
genes, a threshold log ratio was calculated for each hybridiza-
tion experiment and used to differentiate detected sequences
from undetected sequences, such that probes with values below
the threshold were called undetected. Accuracy of the method
was estimated by comparing, for the three sequenced genomes,
calls based on hybridization data to the “gold standard” of
sequence data (33). A sequence was classified as “known ab-
sent” based on sequence data if it had less than 80% similarity
to the microarray probe sequence. For all three sequenced
genomes, sensitivity (sequences correctly called “not detected”
from array data/total known absent sequences) and specificity
(sequences correctly called “detected”/total known present se-
quences) were calculated. Detection sensitivity for the three
sequenced genomes ranged from 94.5 to 100%, and specificity
ranged from 98.8 to 99.1% (supplementary Table 3 [see the
above URL]). Additionally, two duplicate hybridizations of a

FIG. 1. CGH of 42 Bordetella strains. Each column represents a
strain, ordered and color-coded according to the tree topology shown
in Fig. 2. The three sequenced strains are marked by asterisks. B.
pertussis strain 18323 is indicated by the dagger. Each row represents a
microarray probe, arranged in RB50 gene order from “start” to “end,”
with RB50 genome coordinates listed on the left. ¢ indicates clusters
of phage genes. Arrowheads indicate regions of >5 kb not represented
by a probe. Magenta bar, duplicated sequences in RB50. The chromo-
somal locations of the largest of these duplications, a degenerate
prophage, are marked by magenta arrowheads. Yellow bar, genes not
present in the RB50 sequence, arranged in Tohama I gene order. The
values below the color bar at the bottom refer to log,(test/reference
intensities). Missing data are gray. Bp, B. pertussis; Bb, B. bronchisep-
tica; Bpp, B. parapertussis.
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FIG. 2. Phylogeny of Bordetella strains based on CGH data. Phylogenetic associations were inferred using a maximum-parsimony algorithm,
and confidence intervals were determined from 100 bootstrapped datasets. The scale bar represents 100 evolutionary events (steps), and bootstrap
values of =50% are indicated (19). The presence of Bordetella IS elements, as detected by CGH, is indicated for each strain: blue boxes, IS481;
yellow, IS7002; and green, IS1663. The presence of IS1001 (magenta), which was not represented on the array, is taken from reference 46. In that
study, the presence of ISI001 was not determined for B. pertussis, excepting strains Tohama I and 18323. In parentheses following each strain
number are the strain’s host and alias. Sequenced strains are shaded. The diamond indicates the B. bronchiseptica clade that may be associated
with B. pertussis. The inset shows an overview tree of an equally likely phylogeny, created by collapsing all branches supported by bootstrap values

of =50.

B. pertussis genome were compared to determine reproducibil-
ity of the method. Overall, 99% of the gene calls were concor-
dant between the replicates.

Phylogenetic analysis of Bordetella. Variation in patterns of
gene content often provides important insights into microbial
evolution and population structure (21). Maximum parsimony,
previously used to analyze CGH datasets (36, 40), was em-
ployed for phylogenetic analysis of our CGH data. Because
gene acquisition appears to be infrequent in Bordetella (33, 49),
polarity was assumed such that the complete gene complement
comprised the ancestral state and deletion events were an
irreversible derived state. This analysis produced two equally
likely phylogenies (Fig. 2, large tree and inset). Both support
the proposition that B. pertussis and B. parapertussis are more
closely related to separate lineages of B. bronchiseptica than to
each other (47) and that human and sheep isolates of B. para-
pertussis derive from a common ancestor but form separate
clades. Although B. pertussis is monophyletic, the 18323 strain
is very distantly related to the others, as previously suggested
by other typing methods (10, 43, 47); 18323 may represent a B.
pertussis subspecies. IS element distribution is also useful for

determining evolutionary relationships. IS7663 was detected in
all B. pertussis strains and in two B. bronchiseptica isolates (Fig.
2). IS1001 was previously detected in B. parapertussis and a
subset of B. bronchiseptica strains. The presence of IS1002 in
B. pertussis and human-derived B. parapertussis has been pro-
posed to result from lateral transfer of IS1002 to B. paraper-
tussis from a coinfecting B. pertussis (46). The simplest expla-
nation for IS distribution is that after an early split in the B.
bronchiseptica lineage, one group acquired 1S7/663 and then
eventually gave rise to B. pertussis; the other group acquired
IS1001 (which was sporadically lost from B. bronchiseptica) and
then eventually gave rise to B. parapertussis. This is consistent
with the topology of the large tree in Fig. 2, which we assert to
be the more likely. In this phylogeny, B. pertussis is most closely
associated with a distinct clade of B. bronchiseptica that con-
spicuously includes the only human isolate in the study. The
CGH-based trees are also consistent with 16S ribosomal DNA-
based phylogenies.

Our CGH-based phylogeny shares similarity with a MLEE-
based tree that supported the independent derivation of B.
pertussis, human-derived B. parapertussis, and sheep-derived B.



1488 CUMMINGS ET AL.

parapertussis from the B. bronchiseptica lineage (47); however,
the CGH-based tree strongly supports the conclusion that the
two subspecies of B. parapertussis are more closely related to
each other than to any B. bronchiseptica strain. The CGH-
based phylogeny, supported by IS typing data, also identifies a
deep-branching clade of B. bronchiseptica that is associated
with B. pertussis, which is not supported by the MLEE-based
tree; in fact, the three members of this clade represent two
electrophoretic types (ET14 and ET29) that differ at 6 out of
15 loci. These discrepancies may be due to differences in phy-
logenetic methods but may also reflect the relatively small
number of gene content differences between individual B.
bronchiseptica strains.

Gene content diversity. To understand the molecular differ-
ences that distinguish the Bordetella species, the subset of
genes that was not detected in at least one strain of each
species was determined (see supplementary methods). Based
on our phylogenetic analysis, human- and sheep-derived B.
parapertussis were treated separately. Eight hundred twenty
probes were not detected in at least one B. pertussis strain, and
93.9% of these were located in RDs; 477 (88.7% in RDs) and
440 (86.4% in RDs) were not detected in at least one human-
derived and sheep-derived B. parapertussis strain, respectively;
and 555 (87.4% in RDs) were not detected in at least one B.
bronchiseptica strain. Although RDs were sometimes located at
similar RB50 coordinates in multiple species, the endpoints of
the RDs were often slightly different between species, suggest-
ing that similar deletions arose independently in the different
lineages. At least seven RDs represent either intact or cryptic
prophage. Ten randomly chosen RDs were independently con-
firmed by PCR analysis (supplementary methods and supple-
mentary Table 2). Functional categorization of the genes that
were not detected in each species indicated that most encode
cell envelope, periplasmic and exported proteins, global regu-
latory factors, transport proteins, laterally acquired elements
(prophage), and hypothetical open reading frames (ORFs)
(supplementary Fig. 1). A caveat for interpretation of these
data is that gene inactivation by frameshift, point mutation, IS
insertion, or regulatory mutation is not discernible by hybrid-
ization, so CGH may underestimate the number of nonfunc-
tional genes. For example, although the ptx-prl locus, encoding
pertussis toxin, is detected by CGH in all three species (data
not shown), it is known to be transcriptionally silent in B.
parapertussis and B. bronchiseptica (5), presumably due to a
small number of single-nucleotide differences in the ptxA4 pro-
moter region (33).

Species-specific sequences. Evolution of pathogenesis often
involves the acquisition of a small number of genes that en-
hance virulence or influence host range (32, 53). Eleven ORFs
and two intergenic regions from B. pertussis Tohama I were
unique to B. pertussis (supplementary Table 4). Nine ORFs fell
into two contiguous gene clusters. With 61 to 63% GC content,
both of these clusters deviate from the genome average
(67.7%), suggesting that they may have been horizontally ac-
quired. Each region contains a racemase fragment interrupted
by an IS481 element in Tohama I, suggesting that recombina-
tion may have rearranged an ancestral insertion containing all
nine genes. These sequences were not detected in B. pertussis
18323, indicating that the putative acquisition event occurred
after divergence of this strain. Because 18323-like strains have
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been isolated from pertussis patients as recently as 1993 (10),
these genes may not be necessary for B. pertussis pathogenesis
or human adaptation. Another B. pertussis-specific gene,
BP0507, encodes a hypothetical protein that is 46% similar to
an internal region of the P.69 fragment of B. pertussis pertactin,
an important adhesin and protective antigen.

One hundred forty-three sequences represented on the ar-
ray were uniquely detected in B. bronchiseptica (supplementary
Table 4). Sixty of these genes, mostly prophage components,
were detected only in the sequenced RB50 strain. Among the
83 remaining B. bronchiseptica-specific sequences, 58 are pro-
phage components. The remaining 25 probes represent 21
ORFs. These include BB0124 to BB0127 and BB0130, located
in a contiguous block just upstream of the proposed lipopoly-
saccharide (LPS) O-antigen biosynthesis locus (see below),
bbuR, which encodes a proposed transcriptional regulator of
urease expression (28), and bfrA, which encodes a ferric sid-
erophore receptor previously shown to be B. bronchiseptica
specific (6).

None of the probes on the array hybridized uniquely to
either human- or sheep-derived B. parapertussis. Because only
75% of the B. parapertussis 12822 genome was represented on
the array, B. parapertussis-specific genes cannot be ruled out,
but sequence alignment with the RB50 and Tohama I genomes
identified a maximum of 33 possible B. parapertussis 12822-
specific ORFs in the unrepresented fraction of the 12822 ge-
nome, some of which may be present in other B. bronchiseptica
or B. pertussis strains. Furthermore, a sheep-derived B. para-
pertussis strain has not yet been sequenced and may contain
genes not present in the three sequenced genomes.

Molecular discrimination of Bordetella species in the clinical
setting is imperfect. The ideal diagnostic markers would be
present in every strain of the target species and absent from all
strains of the other species. In this data set, two B. pertussis
sequences and three B. bronchiseptica sequences met these
criteria. The B. pertussis-specific sequences were BP3385 and
the B. pertussis BP0426-BP0427 intergenic region. The B. bron-
chiseptica-specific sequences were bfrA, BB4708, and fimN,
although only the 3’ end of fimN is unique. These sequences
could potentially be used as the basis for a sensitive and spe-
cific diagnostic assay.

Intraspecific variation. B. pertussis is relatively homoge-
neous by some typing techniques (e.g., MLEE [47]) but exhib-
its heterogeneity in pulsed-field gel electrophoresis patterns (7,
23), probably due to extensive genome rearrangements (44).
Among the B. pertussis strains examined in this study, 414
sequences were variably detected. The most divergent B. per-
tussis strain in this study was 18323, consistent with results with
other typing methods (4, 10, 43, 47). This strain apparently
represents an independently evolving branch of the B. pertussis
lineage with very low representation in human infections.
While this variant is pathogenic in humans (10), it is important
to appreciate its genomic uniqueness when using strain 18323
to study B. pertussis pathogenesis. When 18323 was omitted
from the analysis, only 181 sequences were variable, and 124 of
these clustered within 26 RDs. All of the sequences that were
variably detected among B. pertussis strains were also detected
on the RB50 chromosome. In the Tohama I genome, many of
these RDs are flanked by IS elements, suggesting that these
deletions may have resulted from recombination between per-
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BB0117 putative phosgholipase

BB0118 putative membrane protein
BB0119 putative membrane protein
BB0119 putative membrane protein
BB0120 Rlutatlve membrane protein
BB0121 AD dependent epimerase
BB0122 DegT aminotransferase family
BB0122 DegT aminotransferase family
BB0124 putative UDP-glucose 4-epimerase
BB0124 putative UDP-glucose 4-epimerase
BB0125 putative phosphoesterase
BB0126 conserved hypothetical protein
BB0127 putative C-methyltransferase

BB0127 ﬁutative C-methyltransferase
othetical protein

BB0131 wbmN ABC transporter ATP-binding protein
BB0132 wbmM  ABC transporter ATP-binding protein
BB0132 wbmM  ABC transporter ATP-binding protein
BB0133 wbmL ABC transporter integral membrane protein
BB0134 wbmK hypothetical protein

BB0135 wbmJ hypothetical protein

BB0136 wbml putative asparagine synthetase
BB0137 wbmH nucleotide sugar epimerase

BB0138 wbmG  nucleotide sugar epimerase

BB0138 wbmG  nucleotide sugar epimerase

BB0139 wbmF nucleotide sugar epimerase

BB0140 wbmE putative exported protein

BB0141 wbmD  putative membrane protein

BB0142 wbmC putative glutamine amidotransferase
BB0142 wbmC ﬁutative glutamine amidotransferase
BB0143 wbmB ypothetical protein

BB0143 wbmB hypothetical protein

BB0144 wbmA utative glycosyl transferase

BB0145 wibL ﬁpopolysaccharide biosynthesis protein
wibjK putative membrane protein
BB0146 wibK putative membrane protein

FIG. 3. Gene content variation and structural differences in the LPS O-antigen biosynthesis region. CGH data for the O-antigen biosynthesis
region in 42 Bordetella strains are shown, displayed as in Fig. 1, with strain groups color coded according to the tree topology shown in Fig. 2. Some
OREFs are represented by multiple probes. Coding sequence designations, gene names, and annotations are included. The color scale is as in Fig. 1.

fect repeats. The stability of gene content in B. pertussis is
notable given the high frequency of genome rearrangement
observed in natural populations (44). The majority of B. per-
tussis-variable genes with assigned functions encode cell enve-
lope components, exported, periplasmic, and lipoproteins,
transport proteins, carbon and fatty acid degradation enzymes,
and transcriptional regulators. Of potential relevance to patho-
genesis, several iron acquisition genes were variably detected.
A locus encoding the ferric citrate uptake regulators, Fecl and
FecR, and three putative iron uptake proteins was absent from
six B. pertussis strains. Probes in the alcaligin biosynthesis
operon showed consistent but small decreases in hybridization
in three B. pertussis strains, as well as other strains throughout
the genus, suggesting that the nucleotide sequence might be
divergent.

The most striking observation about the B. parapertussis
strains was the clear distinction between human- and sheep-
derived isolates. Several RDs distinguished these two subspe-
cies, including ORFs encoding transcriptional regulators, cell
surface proteins, and transporters. The genomic region from
cheR/cheX to tar/cheM was not detected in sheep-derived B.
parapertussis. If chromosomal order is conserved in all B. para-
pertussis strains, this apparent deletion removes several com-
ponents of the chemotaxis and motility apparatus, which may
explain why sheep-derived B. parapertussis strains are nonmo-
tile (2).

Within each of the two B. parapertussis subspecies, gene
content was highly conserved, with only 105 variably detected
sequences in the human-derived strains and 71 variably de-
tected sequences in the sheep-derived strains. The variable
genes with assigned functions encode cell envelope, exported

proteins, transporters, and transcriptional regulators. In one
sheep-derived B. parapertussis isolate, genes encoding compo-
nents of the type III secretion apparatus and an adjacent sigma
factor were not detected, suggesting that type III secretion may
not be required for pathogenesis of B. parapertussis in sheep.
Genes encoding two putative adhesins, fhaS and BP3204/
BPP0104, were variably detected among the B. parapertussis
strains, implying a diversity of adherence mechanisms within
this species.

B. bronchiseptica, with 453 variable sequences, exhibited the
most heterogeneity of gene content among the species exam-
ined. The genome of B. bronchiseptica RB50, which has been
isolated from the environmental gene pool as a result of lab-
oratory passage, harbors three putative prophage that are not
found in any other strain in this survey and a fourth prophage
that is fully intact only in this strain (Fig. 1). Aside from its
unusual prophage content, RB50 appeared to be a typical B.
bronchiseptica strain. The presence of two other prophage was
also variable within the species. The other variable genes with
assigned functions primarily encode cell envelope, exported
proteins, transporters, and transcriptional regulators. The pu-
tative adhesin BP3204/BPP0104 was not detected in three B.
bronchiseptica isolates or sheep-derived B. parapertussis. Seven
B. bronchiseptica strains exhibited slightly reduced hybridiza-
tion across the alcaligin biosynthesis locus, as observed for B.
pertussis.

Variation in surface molecules. LPS is the predominant cell-
surface glycolipid of gram-negative bacteria and an important
virulence factor for many pathogens. Gene content of the
Bordetella LPS biosynthetic locus was highly variable among
the strains (Fig. 3). As previously observed (37), the O-antigen
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FIG. 4. Gene content variation and sequence polymorphism in fimbriae genes. Strain groups are color coded according to the tree topology
shown in Fig. 2. For each probe, the sequenced strain from which it was amplified is listed, as well as the percent sequence identity of the probe
to each of the three sequenced genomes. The color scale and symbols are as in Fig. 1.

biosynthesis locus was not detected in any B. pertussis strains.
BB0124 to BB0127 and B0130 were not detected in 12 B.
bronchiseptica isolates and all B. parapertussis isolates. The LPS
O-antigen locus previously reported for B. bronchiseptica strain
C7635E (37) differs in this region from the RB50 locus (33). Be-
cause probes for the wbmPQRS genes identified in C7635E
were not included on the array, the presence of these genes
could not be determined, so alternative ORFs may be present
in this locus in some B. bronchiseptica strains. The ORFs in
this region may encode proteins, formyltransferases in par-
ticular, that modify the terminal sugar of O antigen (48).
Genomes of two B. bronchiseptica strains and all sheep-
derived B. parapertussis strains did not hybridize to BB0131
to BB0136 (wbmlIJKLMN) and BB0140 to BB0141 (wbmDE).
These strains may lack key O-antigen biosynthetic enzymes
and transport proteins, which could result in variant LPS struc-
tures. Three other B. bronchiseptica strains had unique LPS
locus gene content patterns. These results provide a molecular
explanation for LPS structural diversity between and within
Bordetella species (45) and could have important ramifications
for virulence and host association.

Bordetella autotransporters (e.g., BrkA, Vag-8, and SphB1)
also have been implicated in host cell interactions and viru-
lence (reviewed in reference 26). This family of proteins is
distinguished by the presence of a shared domain that inserts
into the gram-negative bacterial outer membrane and translo-
cates the attached domain to the cell surface. Several of the
Bordetella autotransporters were variably detected (supple-
mentary Fig. 2), including bapA, bapC, and three uncharacter-
ized proteins.

Fimbriae are Bordetella adhesins, major antigens, and deter-
minants of serotype (50). Absence of both fimN and a novel
putative fimbrial subunit, BB3424/BPP1684, was confirmed by
CGH for all B. pertussis strains (Fig. 4). Sequence divergence
as low as 2% could be discerned visually as blocks of consistent,
slightly negative log ratios within the species that diverged
from the probe sequence. fim2 was represented by two probes
that are only 67% identical. The RB50 fim2 probe hybridized
to all B. bronchiseptica and B. parapertussis strains but not to
B. pertussis strains. Unexpectedly, the Tohama I-derived fim2
probe hybridized to all three ovine B. parapertussis strains and
16 of the 22 B. bronchiseptica strains, as well as to the B. per-
tussis strains. This indicated that sheep-derived B. parapertussis
strains and some B. bronchiseptica strains might have both a
Tohama I-like fim2 gene and an RB50-like fim2 gene. Species-
specific fim2 PCR was performed on three sheep-derived

B. parapertussis strains and four B. bronchiseptica strains that
hybridized to both probes (supplementary methods). Tohama
I-specific primers failed to amplify a fragment, but PCR with
the RB50-specific primers amplified a product in all seven
strains (data not shown). Amplicons from a sheep-derived
B. parapertussis (Bpp4) strain and a B. bronchiseptica (Bbr77)
strain were cloned and sequenced. The 518-bp Bpp4 gene
fragment was 98% identical to the RB50 sequence and was
predicted to encode a protein with a Thr—Arg substitution
and a three-amino-acid deletion relative to the RB50 protein
(supplementary Fig. 3). The 528-bp Bbr77 fragment was 97%
identical to the RB50 sequence and encoded a protein with five
amino acid substitutions relative to the RB50 protein. Because
these sequences are less than 63% identical to that of the To-
hama I-derived probe, they do not account for the hybridiza-
tion signals obtained with that probe in the CGH experiments.
Therefore, these strains probably possess a second fim2 gene
that is similar to the Tohama I orthologue. Loss of fimbrial
structural alleles in bordetellae may be responsible in part for
a restriction in host range.

Subtractive hybridization of B. pertussis strains. An impor-
tant limitation of microarray-based CGH studies is that only
sequences on the array can be assayed. To investigate the
potential genetic diversity in B. pertussis strains that have not
been sequenced, SSH experiments were performed. SSH of
B. pertussis 18323, which is genetically distinct from Tohama I
(31), against a Tohama I driver pool produced 91 clones that
did not hybridize to Tohama I genomic DNA, all of which were
highly similar to sequences in the B. bronchiseptica RB50 or
B. parapertussis 12822 genome (data not shown). All of the
sequences identified by SSH that were also represented as
probes on the microarray were detected in 18323 and not
detected in Tohama I, further verifying the accuracy of the
methods. SSH of a recent clinical isolate, Bpel59, against a
mixed driver pool comprising Tohama I, RB50, and 12822
produced 174 clones, all of which upon screening hybridized to
the driver pool. These results provide further evidence that
gene acquisition by B. pertussis has been rare.

Pathogen evolution by gene loss. Gene loss events may have
driven the speciation of B. pertussis and B. parapertussis by
altering regulatory networks, modifying metabolic pathways (27),
or eliminating antigenic proteins that made them susceptible to
immune surveillance. These genomic modifications could have
resulted in novel virulence characteristics that made the strains
more effective at infecting a particular host (e.g., humans). Al-
ternatively, genome decay may have occurred subsequent to
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host restriction due to a loss of selective pressure against gene
loss and deleterious transposition events (3, 32). In this sce-
nario, the initial niche restriction may have been attributable to
a more subtle genetic change, such as inactivation or modifi-
cation of a key surface molecule or regulatory factor. In fact,
CGH revealed extensive variation in the complement of regu-
latory proteins and in the presence and sequence of genes
responsible for cell surface structures including LPS, fimbriae,
and autotransporters. These two hypotheses are not mutually
exclusive.

The decayed genomes of B. pertussis and B. parapertussis are
also characterized by high IS element loads (46, 47). Of par-
ticular note, many inferred genomic rearrangements between
B. bronchiseptica and the derived species are closely associated
with IS elements (33), suggesting that recombination between
identical copies of IS elements is an important mechanism in
the genesis of inversions, transpositions, and deletions. Ge-
nome rearrangement may be the inevitable consequence of
accumulating high copy numbers of one or more repetitive
sequences. Adoption of a host-restricted lifestyle may have
relaxed selection against some deleterious transposition events
and subsequent rearrangements. Furthermore, modelling ex-
periments have suggested that selection against increased
transposon copy number could be diminished in small popu-
lations, as might have been encountered by the original B.
pertussis and B. parapertussis progenitors (11).

Genome decay is frequently observed in the genomes of
obligate intracellular pathogenic bacteria (3, 32), but among
extracellular pathogens the inferred evolution of B. pertussis
and B. parapertussis from a B. bronchiseptica-like ancestor is
most similar to the proposed evolution of Yersinia pestis from
Yersinia pseudotuberculosis (1, 34). In both cases, relative to the
ancestral species, the derived species exhibit extensive genomic
deletions and rearrangements, accumulation of pseudogenes,
and high copy numbers of IS elements that result in genomic
fluidity. Genes encoding uptake and transport functions are
often inactivated, while central and intermediate metabolism
genes remain largely intact. The derived strains also share
phenotypic features, including expression of rough LPS (37, 39,
45) and limited capability to survive outside the host (1, 14, 35).
A fundamental difference is that gene acquisition has played a
fundamental role in the evolution of Y. pestis (12) but does not
appear to have contributed significantly to Bordetella evolu-
tion. Instead, the molecular events that initially resulted in
modified host adaptation and virulence traits in B. pertussis and
B. parapertussis were probably modifications or deletions of
existing genes or genome rearrangements with global regula-
tory consequences.

By elucidating the molecular differences between the Borde-
tella species, we may achieve an understanding of how host
adaptation occurs. Ultimately, our results could help to explain
the mechanisms of vaccine-induced immunity, which may have
played a role in the reemergence of B. pertussis (30) and po-
tentially to guide the design of improved vaccines.
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