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Host immunity is a major driving force of antigenic diversity, resulting in pathogens that can evade
immunity induced by closely related strains. Here we show that two Bordetella bronchiseptica strains, RB50 and
1289, express two antigenically distinct O-antigen serotypes (O1 and O2, respectively). When 18 additional B.
bronchiseptica strains were serotyped, all were found to express either the O1 or O2 serotype. Comparative
genomic hybridization and PCR screening showed that the expression of either the O1 or O2 serotype
correlated with the strain containing either the classical or alternative O-antigen locus, respectively. Multilo-
cus sequence typing analysis of 49 B. bronchiseptica strains was used to build a phylogenetic tree, which revealed
that the two O-antigen loci did not associate with a particular lineage, evidence that these loci are horizontally
transferred between B. bronchiseptica strains. From experiments using mice vaccinated with purified lipopoly-
saccharide from strain RB50 (O1), 1289 (O2), or RB50�wbm (O antigen deficient), our data indicate that these
O antigens do not confer cross-protection in vivo. The lack of cross-immunity between O-antigen serotypes
appears to contribute to inefficient antibody-mediated clearance between strains. Together, these data are
consistent with the idea that the O-antigen loci of B. bronchiseptica are horizontally transferred between strains
and encode antigenically distinct serotypes, resulting in inefficient cross-immunity.

One of the most commonly studied examples of antigenic
diversity in bacteria is O antigen, a highly variable membrane-
distal region of lipopolysaccharide (LPS) that is known for
protecting gram-negative bacteria from complement-mediated
killing and the bactericidal effects of antimicrobial peptides
(10, 27, 37). Upon infection, O antigens induce a robust anti-
body response, the specificity of which can be used to group
microorganisms into serotypes (37). Evidence of horizontal
gene transfer of O-antigen loci between strains or species has
been detected, and more than 100 serotypes can exist in some
species (12, 26, 36–38). O-antigen diversity can allow strains to
escape cross-immunity, which can lead to the coexistence of
closely related strains that circulate in the same host popula-
tion, as has been observed with Vibrio cholerae, typhoidal Sal-
monella, and the human-adapted Bordetella species (4, 18,
21, 24).

The genus Bordetella includes a group of closely related
respiratory pathogens that cause a variety of diseases in a
broad range of animals (B. bronchiseptica) and whooping
cough in humans (B. pertussis and B. parapertussis). In Borde-
tella, the lpx, waa, wlb, and wbm loci encode the lipid A, the

inner core, the trisaccharide, and the O-antigen regions of
LPS, respectively (30, 32). While many of these LPS-related
genes are shared between these species, there are species-
specific differences. For example, the lipid A acylation patterns
differ in each species, even though the lpx genes are nearly
identical and the trisaccharide is not synthesized by B. paraper-
tussis, likely due to a point mutation in the wlb locus (1, 30).
Additionally, while B. bronchiseptica and B. parapertussis ex-
press an O antigen, the wbm locus has been deleted from B.
pertussis, resulting in a lack of O-antigen synthesis (30, 32). The
O antigens of B. bronchiseptica and B. parapertussis are highly
antigenic (41, 42), increase their resistance to complement-
mediated killing (7, 10), and contribute to the ability of these
species to colonize the lower respiratory tract of mice (7, 10).

In B. bronchiseptica and B. parapertussis, the O antigen
has been described as a polymer of 2,3-di-N-acetyl-galactos-
aminuronic acid, where some residues are present as uronamides
or it is decorated by a number of unusual substitutions (35, 40).
The O-antigen locus contains 24 genes and spans more than 29
kb (30, 32). The first 14 genes, wbmA to wbmN, are nearly
identical between species and are thought to be involved in the
synthesis of the O-antigen polymer, its linkage to the trisac-
charide or core region, and O-antigen export (30, 32, 34). The
last three genes, BB0121 to BB0123, are also nearly identical
and are therefore proposed to be involved in the synthesis of
some common structure (30, 32, 34). Between these two highly
conserved regions, there are seven genes, which are either
weakly conserved or locus specific, indicating that these genes
may synthesize type-specific modifications (30, 32, 34). More
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specifically, while B. bronchiseptica strain RB50 contains the
classical wbm genes (wbmO, wbmR, and wbmS and BB0124 to
BB0127), B. parapertussis strain 12822 and B. bronchiseptica
strain CN7635E contain the alternative O-antigen genes
(wbmOPQRSTU) (30, 32). While only the alternative locus has
been found in B. parapertussis strains, B. bronchiseptica strains
can harbor either the classical or alternative locus (9, 30, 32),
which has led to the hypothesis that different O-antigen loci
cause differences in structure and antigenicity between B. bron-
chiseptica strains (30). Previous studies have shown that the
locus type correlates with particular structural modifications,
since the classical or alternative loci correlate with an Ala-type
or Lac-type modification on the nonreducing, terminal sugar
residue of O antigen, respectively (22, 30, 35). These modifi-
cations correspond to different reactivities of the O antigen to
monoclonal and polyclonal antibodies (22, 40; A. Preston, un-
published data). However, it has not been previously deter-
mined if the O-antigen serotype correlates with locus type.

While the maintenance of different O-antigen loci, struc-
tures, and serotypes in B. bronchiseptica likely has important
epidemiological consequences, the molecular evolution of
these O-antigen loci and their role in evading cross-immunity
in an experimental model of infection have not been examined.
Here, we use a broad range of approaches to shed light on
these questions. We determined that nearly all B. bronchisep-
tica strains express one of two antigenically distinct O-antigen
serotypes that are not cross-reactive, which correlates with the
presence of either the classical or alternative O-antigen locus.
Using comparative genomic hybridization (CGH) and PCR
screening, the expression of either the O1 or O2 serotype was
shown to correlate with the strain containing either the classi-
cal or alternative O-antigen locus, respectively. When multilo-
cus sequence typing (MLST) data of 49 B. bronchiseptica
strains were used to build a phylogenetic tree, it showed that
the presence of these loci do not correlate with a particular
phylogenetic lineage, suggesting that they are horizontally
transferred between B. bronchiseptica strains. Additionally, the
O antigen from these strains did not induce cross-protective
immunity between strains, and this appears to contribute to
inefficient antibody-mediated cross-protection in a murine
model of infection. Our data are consistent with the idea that
the O-antigen serotypes of B. bronchiseptica are encoded by
separate, horizontally transferred O-antigen loci, which con-
tributes to inefficient cross-immunity between strains. We dis-
cuss the importance of this work in terms of the maintenance
of pathogen strain structure and epidemiological conse-
quences.

MATERIALS AND METHODS

Bacterial strains, growth, and LPS preparation. All wild-type B. bronchisep-
tica isolates and available information regarding source, location, date, anatom-
ical site of isolation, reference, and all available health status reports have been
previously described (6, 6a, 8, 9). Strain RB50�wbm is an isogenic mutant of
strain RB50 that lacks O-antigen expression due to deletion of wbmB to wbmD
and the N-terminal half of wbmE (7, 33). All strains were maintained on Bordet-
Gengou agar (Difco, Sparks, MD) containing 10% sheep’s blood (Hema Re-
sources, Aurora, OR) with 20 �g/ml streptomycin (Sigma, St. Louis, MO). LPS
was purified from strains RB50, 1289, and RB50�wbm as described previously
(16) using a modification of the method of Hitchcock and Brown (2, 17).

Western blots. Western blotting was performed essentially as described pre-
viously (6, 42). Briefly, B. bronchiseptica strains were grown to logarithmic phase
in Stainer-Scholte (SS) broth. The appropriate strain (1 � 108 CFU) was treated

with Laemmli sample buffer (23) and run on a 10% sodium dodecyl sulfate-
polyacrylamide gel, and protein was transferred to a polyvinylidene difluoride
membrane (Millipore, Bedford, MA). Membranes were probed with convales-
cent-phase serum from RB50- or 1289- inoculated mice (1:1,500 dilution) and
goat antimouse (immunoglobulin H�L) horseradish peroxidase-conjugated (1:
10,000) antibody (Southern Biotech, Birmingham, AL). All membranes were
visualized with ECL Western blotting detection reagents (Amersham Bio-
sciences, Piscataway, NJ).

ELISAs. Enzyme-linked immunosorbent assay (ELISA) experiments were car-
ried out essentially as described previously (28, 41). Whole-cell bacteria or
purified LPS from the indicated strains were diluted to 7 � 106 CFU/ml or 50
�g/ml in a 1:1 mix of 0.2 M sodium carbonate and 0.2 M sodium bicarbonate
buffers, respectively. These antigens were added to each well of a 96-well plate
and incubated for 1 h at 37°C in a humidified chamber. A 1:50 dilution of each
serum sample was added to the first well and serially diluted across the plates.
After another incubation period, the plates were washed and goat antimouse
(immunoglobulin H�L) horseradish peroxidase-conjugated antibody (1:10,000
dilution) was added. After another incubation period, plates were washed and
2,2�-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) in a phosphocitrate buffer
and hydrogen peroxide were added to wells and incubated for 30 min at room
temperature in the dark and read on a plate reader at 405 nm. The titer was
calculated using an endpoint, slope-adapted method by comparison to wells
treated with naive serum. Statistical significance in titers between bacterial
strains or purified LPS was calculated by using an analysis of variance and Tukey
simultaneous test in the Minitab software program (v. 13.30; Minitab Inc.). A P
value of �0.05 was used for all experiments.

Comparative genomic hybridization and statistical analysis. CGH analysis of
strains RB50, 1289, and 253 has been described elsewhere (6, 6a). Briefly, strains
RB50, 1289, and 253 were grown in SS broth, and genomic DNA was isolated
using a DNA extraction kit (Qiagen, Valencia, CA) and digested with DpnII. For
each labeling reaction, 2 �g of digested genomic DNA was randomly primed
using Cy-5 and Cy-3 dye-labeled nucleotides with BioPrime DNA labeling kits
(Invitrogen, Carlsbad, CA), and the two differentially labeled reactions to be
compared were combined and hybridized to a B. bronchiseptica RB50-specific
long-oligonucleotide microarray (6, 29). Dye swap experiments were performed.
Statistical analysis of CGH data was performed with the SAS software program,
version 9.1.3 (SAS Institute, Inc., Cary, NC). Regions of difference (RDs),
meaning genes in strain RB50 that are either divergent or absent from the query
strains, were identified using a MODECLUS procedure (PROC MODECLUS)
based on nonparametric density estimation. All genes are labeled as annotated in
the RB50 genome (30).

PCR. Genomic DNA was extracted from the appropriate strains as described
above and was screened for the classical wbm genes (forward, CATGGGTCG
ACGATTTCAGGAATGATGG; reverse, GAGACTAGCCAGGAGATTTAT
CATCCGC; product size � 728 bp, internal to BB0127 from NC_002927),
alternative wbm genes (forward, CGATGTCGATGATTTTCGGTCGCTTG;
reverse, CGAGCACGCATGCTCTTTATATGG; product size � 801 bp, inter-
nal to BPP0127/wbmR from NC_002928), and a housekeeping gene, adk (for-
ward, AGCCGCCTTTCTCACCCAACACT; reverse, TGGGCCCAGGACGA
GTAGT; product size � 513 bp, internal to BB2005) (9, 30). The same PCR
conditions were used for all primer sets: 95°C for 5 min; 95°C for 30 s, 58°C for
30 s, and 72°C 1 min, 30 times; and 72°C for 5 min.

MLST and phylogenetic tree construction. All data regarding MLST analysis
have been described previously (6, 6a, 9). Using the MEGA 4.0 software program
(39), the seven alleles sequenced from each strain were concatenated and
aligned, and a neighbor-joining tree with 1,000 bootstraps using the K2 model
was constructed for the indicated strains.

Animal care, inoculation, vaccination, and adoptive transfer protocols. Four-
to six-week-old C57BL/6 mice were obtained from Jackson Laboratories (Bar
Harbor, ME), bred, and maintained in our specific-pathogen- and Bordetella-free
rooms at the Pennsylvania State University. For inoculation, bacteria were grown
overnight at 37°C in SS broth to mid-logarithmic phase and bacterial density was
measured by an optical density read at 600 nm, followed by dilution in sterile
phosphate-buffered saline (PBS) (Omnipur, Gibbstown, NJ) to the appropriate
concentration. Inocula were confirmed by plating dilutions on Bordet-Gengou
agar and counting the resulting colonies after 2 days of incubation at 37°C as
described previously (19, 20). For inoculation, mice were lightly sedated with 5%
isofluorane (IsoFlo; Abbott Laboratories) in oxygen, and 104 CFU of the appro-
priate B. bronchiseptica strain in 50 �l of PBS was gently pipetted onto the
external nares as previously described (19, 20). The bacterial load was deter-
mined by homogenizing the lung in 1 ml of PBS, diluting to the appropriate
concentration, and plating aliquots. Two days later, the resulting colonies were
counted (20). For vaccination studies, animals were immunized twice at 2-week
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intervals with 220 �l intraperitoneal (i.p.) injections containing 10 �g of the
indicated LPS plus the Imject Alum adjuvant (Thermo Scientific, Rockford, IL).
One week after the last i.p. injection, mice received 50 �l containing 1 �g of the
indicated LPS intranasally. One week after the intranasal vaccination, animals
were challenged intranasally as described above and sacrificed on day 3 post-
challenge for determination of colonization levels. For adoptive transfer of
serum, an i.p. injection of 200 �l of convalescent-phase serum, obtained 28 days
postinoculation from mice that were infected with either strain RB50, 1289, or
RB50�wbm, was given to naive mice, which were immediately inoculated with
the appropriate bacterial strain. The mean � standard error was determined for
each treatment group. Statistical significance for the bacterial loads between
strains was calculated by using an analysis-of-variance and Tukey simultaneous
test in Minitab (v. 13.30; Minitab Inc.). A P value of �0.05 was used for all
experiments. All animal experiments were repeated at least twice with similar
results. All experiments were completed in accordance with institutional guide-
lines.

Microarray data accession numbers. All CGH data have been deposited in
MIAMExpress under the accession numbers E-MEXP-1737 and E-MEXP-1205;
they are available as supplemental data, which include the results from the
statistical analysis (see Table S1 in the supplemental material) and are described
elsewhere (6, 6a).

RESULTS

Bordetella bronchiseptica strains express antigenically dis-
tinct O-antigen serotypes. When convalescent-phase sera col-
lected from wild-type mice inoculated with either B. bronchi-
septica strain RB50 or strain 1289 were used to probe strains
RB50, 1289, and RB50�wbm (an isogenic mutant of RB50
lacking O-antigen expression) (32) in Western blot analysis
(Fig. 1A), we observed that these antibodies were not equally
reactive to each strain. While strain RB50-induced sera recog-
nized several antigens common to strains RB50, 1289, and
RB50�wbm, antibodies in this sera also recognized a broad
smear of antigens (most prominent between 15 and 37 kDa)
present in strain RB50 but not strain RB50�wbm (Fig. 1A),
which confirms previous reports showing that this smear is O
antigen (42). The O-antigen smear is also absent in the lysate
of strain 1289, which suggests that this strain either does not
express O antigen or expresses an antigenically distinct O-
antigen serotype (Fig. 1A). To distinguish between these pos-
sibilities, we probed the same lysates with convalescent-phase
sera from mice infected with strain 1289. While an O-antigen
smear was observed in the 1289 lysate, it was absent in both the
RB50 and RB50�wbm lysates (Fig. 1B). When lysates of
strains RB50, 1289, and RB50�wbm were probed with naive
sera, no bands of recognition appeared on the Western blot,
confirming that there was no nonspecific binding of antibodies
(data not shown). Additionally, when these lysates were
probed with RB50�wbm-induced sera, the smear between 15
and 37 kDa did not appear, suggesting that this smear is in fact
antibody recognition of O antigen (data not shown). Similar
results were obtained when purified LPS from strain
RB50�wbm, RB50, or 1289 were probed with RB50- or 1289-
induced sera (data not shown). Together, these data suggest
that B. bronchiseptica strains RB50 and 1289 express two an-
tigenically distinct O-antigen serotypes.

To quantify the cross-reactivities of antibodies to these B.
bronchiseptica strains, we performed ELISA analysis using con-
valescent-phase sera from RB50, 1289, and RB50�wbm infec-
tions. While all of these sera recognized whole-cell RB50 an-
tigen, the recognition of this antigen by RB50-induced sera
(titer of 15,500) was approximately 20- to 30-fold higher than
that of either the 1289-induced (titer, 550; P � 0.0001) or

RB50�wbm-induced sera (titer, 400; P � 0.0001) (Fig. 1C).
When ELISA was performed using 1289 antigen, all sera were
cross-reactive but the recognition from 1289-induced antibod-
ies (titer, 19,700) was approximately 10- to 20-fold higher that
of than either the RB50-induced (titer, 2,500; P � 0.0001) or
RB50�wbm-induced (titer, 1,000; P � 0.0001) sera (Fig. 1C).
When these sera were analyzed using RB50�wbm as the anti-
gen, the difference in antibody recognition between strains
RB50, 1289, and RB50�wbm was abrogated (P 	 0.3 for all
comparisons), suggesting that the inefficient cross-reactivity of
antibody responses between strains is caused by a difference in
recognition of O antigen. Results similar to those described for
the whole-cell antigen were obtained when purified LPS from

FIG. 1. Recognition of B. bronchiseptica strains RB50 and 1289
using antibodies from convalescent-phase serum by Western blotting
and ELISA. Western blots of B. bronchiseptica strain RB50-induced
(A) or strain 1289-induced (B) sera were used to determine if anti-
bodies raised against one strain recognized specific antigens of strains
RB50, 1289, and RB50�wbm (A and B). The numbers next to each
Western blot indicate molecular weights (in thousands). ELISA was
performed on RB50-induced (black), 1289-induced (dark gray), or
RB50�wbm-induced (light gray) serum to quantify titers of antibodies
specific for strain RB50, 1289 or RB50�wbm (C) or purified LPS from
strain RB50, 1289 or RB50�wbm (D). The dashed line represents the
lower limit of detection. Asterisks denote P values of �0.05.
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strains RB50, 1289, and RB50�wbm were used as the antigen
(Fig. 1D). Combined, these data suggest that inefficient cross-
reactivity of antibody responses between B. bronchiseptica
strains RB50 and 1289 is due to the presence of two antigeni-
cally distinct O-antigen serotypes.

To determine if these 2 O-antigen serotypes were common
to other B. bronchiseptica strains, 18 more strains were probed
with either RB50- or 1289-induced sera using Western blot
analysis. Strains 305, 367, 381, 804, 806, 807, 851, 866, 1127,
and 1128 all contain an O antigen that was solely cross-reactive
to RB50-induced sera (Fig. 2). In contrast, strains 253, 336,
796, 801, 803, 891, and 1106 contain an O antigen that was
solely cross-reactive to 1289-induced sera (Fig. 2). None of the
strains analyzed contained O antigens that were reactive to
both RB50- and 1289-induced sera (Fig. 2). Thus, of the 19 B.
bronchiseptica isolates analyzed here, only two O-antigen sero-
types were identified. Together, these data indicate that these
B. bronchiseptica strains express one of two O-antigen sero-
types that are not cross-reactive. Hereafter, these serotypes are
referred to as O1 (the RB50-like serotype) and O2 (the 1289-
like serotype).

O-antigen serotype correlates with classical or alternative
wbm genes. The expression of two antigenically distinct O
antigens led us to examine the genetic basis for this difference.
Using CGH analysis, the divergence of genes involved in LPS
biosynthesis was analyzed between strain 1289 or 253 (both O2
serotypes) and strain RB50 (O1 serotype) (6, 6a). Lipid A
(lpxA, lpxB, lpxC, lpxD, lpxH, lpxK, and lpxK), inner core (waaA
and waaC), trisaccharide (wlbA to wlbJK and wlbL), and the
majority of O-antigen-related genes (wbmA to wbmN) were
not identified as RDs between strains RB50, 1289, and 253
(Fig. 3A). However, the most distal O-antigen-related genes,
wbmO to wbmS and BB0123 to BB0127, appeared to be more
highly divergent than the other LPS-related genes between
strain 1289 or 253 and strain RB50 (Fig. 3A). The identifica-
tion of distal wbm genes as RDs suggests that either these
genes are present but have a low degree of homology or they
are absent in strains 1289 and 253.

Previously, B. bronchiseptica strains were shown to harbor
either the classical (wbmO to wbmR and BB0124 to BB0127)
or alternative (wbmO to wbmU) O-antigen locus (30, 32).
Therefore, we hypothesized that strains expressing the O1 or
O2 serotype would contain the classical or alternative O-anti-
gen locus, respectively. To test this, strains expressing the O1

or O2 serotype were PCR screened for the presence of classi-
cal or alternative O-antigen genes and a housekeeping gene,
adenylate kinase (adk) (9). adk could be PCR amplified from
all 20 B. bronchiseptica strains analyzed (Fig. 3B). The classical
O-antigen gene, BB0127, could be PCR amplified from strains
RB50, 305, 367, 381, 804, 806, 807, 851, 866, 886, 1127, and
1128 (Fig. 3B), which are all of the O1 serotype (Fig. 2). The
alternative O-antigen gene, BPP0127/wbmR, could be PCR
amplified from strains 1289, 253, 336, 796, 801, 803, 891, and
1106 (Fig. 3B), which are all of the O2 serotype (Fig. 1 and 2).
Since strains 253 and 1289 are currently undergoing full-ge-
nome sequencing (6; A. M. Buboltz, X. Zhang, S. C. Schüster,
E. T. Harvill, et al., unpublished data), we compared their
O-antigen loci to the fully sequenced alternative O-antigen
locus of B. parapertussis strain 12822 and found they were
approximately 99% identical (data not shown). We did not
identify a strain of the O1 serotype that contained the alter-
native O-antigen genes or an O2 serotype strain that contained
the classical O-antigen genes (Fig. 3B). These data indicate
that O1 strains contain the classical O-antigen genes while O2
strains contain the alternative O-antigen genes.

O-antigen serotype does not correspond to phylogenetic lin-
eage. In many gram-negative enteric bacteria, different loci
encoding an O-antigen are not associated with phylogenetic
lineage and therefore appear to be laterally transferred be-
tween strains or even species (18, 36). While enteric bacteria
are known to coexist and transfer their O-antigen loci between
strains, no previous evidence suggests that antigenic loci are
horizontally transferred between B. bronchiseptica strains. In
the absence of horizontal transfer, a distinct O-antigen locus
would be expected to correlate with a particular lineage. To
examine this, we completed MLST analysis and built a neigh-
bor-joining tree containing 49 B. bronchiseptica strains, and
then each strain was PCR screened for the presence of either
the classical or alternative O-antigen genes (Fig. 4). Of the 49
strains analyzed, 19 strains contained the classical O-antigen
genes and 27 strains contained the alternative O-antigen genes
(Fig. 4). Three strains, all of which were complex IV isolates,
did not contain either the classical or alterative O-antigen
genes (strains MO149, 309, and 755) (Fig. 4). While the type of
O-antigen locus did not vary within any sequence type (ST),
both the classical and alternative O-antigen genes were distrib-
uted throughout the tree (Fig. 4). Combined, these data indi-
cate that the classical and alternative O-antigen loci do not

FIG. 2. Determination of O-antigen serotype of 19 B. bronchiseptica strains by using convalescent-phase sera. B. bronchiseptica strain RB50-
induced and strain 1289-induced sera were used to determine if serum raised against one strain recognized antigens the same size as O antigen
in whole-cell lysates from the indicated strains. The numbers next to each Western blot indicate molecular weights (in thousands).
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correspond to a particular lineage, providing evidence that
these loci are horizontally transferred between B. bronchisep-
tica strains.

O-antigen serotypes contribute to inefficient cross-immunity
between B. bronchiseptica strains. Since antibodies raised
against one O-antigen type do not recognize the other type, we
hypothesized that these two O-antigen serotypes would not be
cross-protective in a murine infection model. To test this,
groups of three mice were vaccinated with purified LPS from
strain RB50, 1289 or RB50�wbm or left unvaccinated and
challenged 28 days later with either strain RB50 or 1289 (Fig.
5A). In naive mice, strains RB50 and 1289 grew to approxi-
mately 104.5 and 105.0 in the lower respiratory tract by 3 days
postinoculation, respectively (Fig. 5A). In comparison, vacci-
nation with RB50 LPS reduced the bacterial load of strain
RB50 by approximately 10-fold (P � 0.021) (Fig. 5A). This
relatively low level of protection is expected, considering this is
an LPS-based vaccination regimen. In contrast to results with
the vaccination with RB50 LPS, vaccination with 1289 or
RB50�wbm LPS did not lower the bacterial load of strain
RB50 (P � 0.868 and 0.120, respectively) (Fig. 5A). Vaccina-
tion with 1289 LPS reduced the bacterial load of strain 1289 by
approximately 100-fold in comparison to results for unvacci-
nated mice (P � 0.0001). Vaccination with RB50 or
RB50�wbm LPS did not lower the bacterial load of strain 1289
(P � 0.9983 and 0.6729, respectively) (Fig. 5A). Combined,
these data indicate that the protective component of the LPS

vaccine is the O antigen and LPS vaccines containing different
O antigens do not induce cross-protection.

Since the antibody responses to each of these O antigens
were poorly cross-reactive (Fig. 1), we hypothesized that there
may be inefficient cross-immunity between strains. Using ani-
mals that had whole-cell vaccine- or infection-induced immu-
nity, the level of cross-protection between strains RB50 and
1289 was examined. In these animals, tested at the height of
the immune response, the lower respiratory tracts were fully
protected against subsequent challenge with either strain (data
not shown), indicating that a full memory response, consisting
of both T- and B-cell immunity, against one strain is sufficient
to protect against infection by a heterologous strain expressing
a different O antigen. Since our Western and ELISA analyses
indicated that the antibody response to strain RB50 was not
completely cross-reactive to strain 1289 due to O-antigen vari-
ation and vice versa (Fig. 1 and 5A), we hypothesized that the
O-antigen serotypes may contribute to inefficient cross-protec-
tive antibody responses. Therefore, naive, RB50-, 1289-, or
RB50�wbm-induced sera were collected 28 days postinocula-
tion and transferred into naive mice, which were then inocu-
lated with either strain RB50 or 1289 (Fig. 5B). By 3 days
postinoculation, the bacterial numbers of strains RB50 and
1289 were 104.1 and 105.5 CFU in the lower respiratory tract of
mice treated with naive sera (Fig. 5B). When mice received
RB50-induced sera, the bacterial load of strain RB50 was near
or below the limit of detection (10 CFU), a 1,000-fold reduc-

FIG. 3. CGH and PCR analysis of LPS-related genes in B. bronchiseptica strains. (A) Comparison of LPS-related genes between strains RB50
and 1289 (black bars) or 253 (gray bars) using CGH analysis as described previously (6, 6a). The x axis indicates the gene analyzed and the LPS
structure with which it is associated. The y axis indicates the n-fold change in hybridization (FC hybridization) for each gene. Negative n-fold or
positive n-fold changes are indicative of decreased or increased hybridization of strain 1289 or 253 genomic DNA compared to results for strain
RB50. Error bars represent standard errors. The circles and stars on the x axis indicate genes identified as RDs between strains RB50 and 1289
or 253, respectively. (B) PCR screen for the presence of the classical wbm genes, the alternative wbm genes, and adk in the indicated strains. A
sample containing no DNA template was included to ensure the absence of DNA.
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tion in comparison to results for mice treated with naive sera
(P � 0.0001) (Fig. 5B). In contrast to this high level of pro-
tection afforded by RB50-induced sera, 1289-induced sera de-
creased the load of RB50 by 10-fold (P � 0.0001), which
indicates that 1289-specific antibodies did not provide as effi-
cient protection against strain RB50 as RB50-induced antibod-
ies (Fig. 5B). Transfer of RB50�wbm-induced sera did not
decrease the bacterial load of strain RB50 (P � 0.998), indi-
cating that antibodies to O antigen are required for efficient
antibody-mediated clearance of strain RB50 (Fig. 5B). When
mice infected with strain 1289 received 1289-induced antibod-
ies, a 1,000-fold decrease in the bacterial load was observed
(P � 0.0001) (Fig. 5B). In contrast to this high level of pro-
tection, RB50- and RB50�wbm-induced sera decreased the
load of strain 1289 by only 10-fold, which indicates that these

antibodies did not provide protection as efficient as that of
1289-induced antibodies (P � 0.0001 and P � 0.006, respec-
tively) (Fig. 5B) and shows that O-antigen-specific antibodies
to the O1 serotype did not contribute to the clearance of strain
1289. Taken together, these data support the conclusion that
the lack of cross-reactivity between O-antigen serotypes causes
inefficient antibody-mediated clearance of B. bronchiseptica
strains.

DISCUSSION

Using a large set of B. bronchiseptica strains, this study builds
upon previous reports suggesting that B. bronchiseptica strains
can produce one of two immunologically distinct O-antigen
serotypes (Fig. 1 and 2) (30, 32, 35). We suggest the names O1

FIG. 4. Mapping the presence of the classical or alternative O-antigen genes to ST in 49 B. bronchiseptica strains. A neighbor-joining tree with
1,000 bootstraps based on concatenated MLST gene sequence of 49 B. bronchiseptica isolates is shown. The identification number of each strain,
the ST, and the complex to which each strain belongs are listed. STs and complexes have been described previously (6, 6a, 9). The highlighting
indicates strains that contained either the classical (dark gray) or alternative (light gray) locus or were PCR negative for either locus (no
highlighting). The numbers on the tree branches indicate branch strength. All branch strengths below 50 were removed.
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and O2 to describe the O-antigen serotypes that are cross-
reactive with antibodies induced by strains RB50 and 1289,
respectively. In all cases, the O1 and O2 serotypes were asso-
ciated with the presence of the classical and alternative O-
antigen loci, respectively (Fig. 3). The phylogenetic lineage of
B. bronchiseptica strains does not appear to correlate with
either of these O-antigen loci, which strongly suggests that they
are horizontally transferred between strains (Fig. 4). This is the
first evidence of horizontally transferred genes that encode an
antigen in Bordetella. The induction of serotype-specific immu-
nity contributes to inefficient cross-protective immunity be-
tween strains (Fig. 1 and 5). Together, our data are consistent
with the idea that the O-antigen serotypes of B. bronchiseptica
are encoded by separate, horizontally transferred O-antigen
loci, which contributes to the inefficient cross-immunity be-
tween strains.

A previous study showed that the LPS-related genes of B.
bronchiseptica isolates from complex I were less polymorphic
than those belonging to complex IV, which includes strains that
are more closely related to B. pertussis than other B. bronchi-
septica strains (9). The majority of this variation was due to the
lack of wbm genes in many complex IV strains (9). Consistent
with this, we demonstrate that all complex I isolates examined
contain either the classical or alternative locus while three
complex IV isolates do not contain either the classical or al-

ternative locus (Fig. 4). As with other complex IV strains, the
most likely explanation for this is that these strains do not have
genes encoding an O antigen. One exception to this general
conclusion is strain MO149, which appeared to produce an O
antigen in a previous study despite the absence of the classical
and alternative O-antigen genes (9). When analyzed more
closely, it was determined that this strain expresses an O anti-
gen that is distinct from that of either O1 or O2 strains (E.
Vinogradov and A. Preston, unpublished data). These data are
consistent with the finding that this strain’s O-antigen did not
cross-react with sera containing antibodies to either O1 or O2
(data not shown). Sequencing of the wbm locus in strain
MO149 indicates that it contains orthologs of wbmA to wbmD
and homologs, with low levels of identity, to wbmF, wbmH to
wbmK, and BB0121 (Vinogradov and Preston, unpublished).

The majority of strains that were PCR screened for the
classical or alternative O-antigen loci were also screened for
the expression of an O1 or O2 serotype (Fig. 3 and data not
shown). While all strains expressing one of these serotypes
contained one of the loci, not all strains containing one of these
loci always expressed one of these serotypes. Two possibilities
could lead to this result. First, it may be that these B. bronchi-
septica strains lost expression of their O antigen, as has previ-
ously been observed to occur (13), potentially due to mutation
of any of the genes required for its synthesis. The second
possibility is that these strains express an antigenically distinct
O-antigen serotype, assembly of which may or may not involve
some or all of the genes detected in these assays. For example,
the strain BPP5 (ST16) was observed to contain the alternative
O-antigen locus but did not express either the O1 or O2 sero-
type. A previous study by Brinig et al. showed by CGH that the
wbm locus of this strain contains most of the alternative O-
antigen genes but with numerous differences in the wbmA-to-
wbmN region (5). While 3 of 49 strains examined did not
appear either to contain the O-antigen locus or to express
either O-antigen serotype and 6 of 46 strains containing either
O-antigen locus could not be serotyped, these “nontyped”
strains still make up a minority of B. bronchiseptica strains.
Thus, the O1 and O2 serotypes appear to dominate within B.
bronchiseptica.

With some pathogens, O-antigen serotype has been shown
to correlate with persistence of pathogens in a specific host
species, a particular disease phenotype, or the virulence of
strains as measured by 50% lethal dose in an infection model
(18). In the case of B. bronchiseptica, a correlation between
host species or virulence and O-antigen serotype does not
appear to exist. Although we did not directly test if the O-
antigen serotype caused a difference in virulence since the
“serotype-specifying region” of the O antigen is large (
9 kb)
and difficult to swap between strains, we did not observe a
relationship between the O-antigen serotype of strains and a
particular level of virulence as measured by the 50% lethal
dose in our murine model of infection. For example, we have
described O2 strains that are of substantially greater (6a) or
lesser (6) virulence than strain RB50, an O1 strain. Addition-
ally, we did not observe a correlation between serotype and
host species (data not shown). Therefore, the O-antigen sero-
type does not appear to correspond to a particular host species
or virulence in the case of B. bronchiseptica.

Ecological theory predicts that that two closely related, im-

FIG. 5. Effect of LPS vaccination and passive transfer of immune
serum on numbers of B. bronchiseptica strains RB50, 1289, and
RB50�wbm. (A) C57BL/6 mice were either left unvaccinated (black)
or vaccinated with LPS purified from strain RB50 (dark gray), 1289
(light gray), or RB50�wbm (white). (B) C57BL/6 mice were given
either naive serum (black) or RB50-induced (dark gray), 1289-induced
(light gray), or RB50�wbm-induced (white) serum and then inoculated
with either strain RB50 or 1289. The bacterial load was quantified 3
days postinoculation. Numbers of bacteria are expressed as the aver-
age log CFU � standard deviations. The dashed line represents the
lower limit of detection. Asterisks denote P values of �0.05.
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munizing pathogens cannot occupy the same host population if
immunity is cross-protective (3). However, escape of immune-
mediated competition can occur when there is antigenic diver-
sity among pathogens, which can result in the maintenance of
multiple, closely related pathogens in the same host population
(11, 14, 15, 31). For example, strains with antigenically distinct
O antigens cycle with the epidemic dynamics of cholera (21,
24). Similarly, it has been hypothesized that the four distinct
O-antigen serotypes contribute to the coexistence of four ty-
phoidal Salmonella strains (18). Evasion of B. pertussis-induced
immunity by the O antigen of B. parapertussis potentially ex-
plains the coexistence of these two etiological agents of whoop-
ing cough in the human population (4, 41). While careful
examination of the molecular epidemiology of B. bronchisep-
tica has not been completed to date (25), it is reasonable to
speculate that the generation of O-antigen diversity via hori-
zontal gene transfer between B. bronchiseptica strains may in-
crease the ability of these bacteria to circulate within a given
host population. Additionally, we speculate that avoidance of
immune-mediated competition may represent one of the driv-
ing forces for maintaining two antigenically distinct O antigens
among B. bronchiseptica strains.
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