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We describe here a side-by-side comparison of murine respiratory infection by Bordetella pertussis and
Bordetella bronchiseptica strains whose genomes are currently being sequenced (Tohama I and RB50, respec-
tively). B. pertussis and B. bronchiseptica are most appropriately classified as subspecies. Their high degree of
genotypic and phenotypic relatedness facilitates comparative studies of pathogenesis. RB50 and Tohama I
differ in their abilities to grow in the nose, trachea, and lungs of BALB/c mice and to induce apoptosis, lung
pathology, and an antibody response. To focus on the interactions between the bacteria and particular aspects
of the host immune response, we used mice with specific immune defects. Mice lacking B cells and T cells were
highly susceptible to B. bronchiseptica and were killed by intranasal inoculation with doses as low as 500 CFU.
These mice were not killed by B. pertussis, even when doses as high as 105 CFU were delivered to the lungs. B.
bronchiseptica, which was highly resistant to naive serum in vitro, caused bacteremia in these immunodeficient
mice, while B. pertussis, which was highly sensitive to naive serum, did not cause bacteremia. B. bronchiseptica
was, however, killed by immune serum in vitro, and adoptive transfer of anti-Bordetella antibodies protected
SCID-beige mice from B. bronchiseptica lethal infection. Neutropenic mice were similarly killed by B. bronchi-
septica but not B. pertussis infection, suggesting neutrophils are critical to the early inflammatory response to
the former but not the latter. B. bronchiseptica was dramatically more active than B. pertussis in mediating the
lysis of J774 cells in vitro and in inducing apoptosis of inflammatory cells in mouse lungs. This side-by-side
comparison describes phenotypic differences that may be correlated with genetic differences in the comparative
analysis of the genomes of these two highly related organisms.

Bordetella pertussis and Bordetella bronchiseptica are closely
related gram-negative bacteria that cause respiratory tract in-
fections in their respective hosts. Although extensively studied
in vitro, limitations of the B. pertussis mouse model have hin-
dered a full exploration of the infectious process in vivo. While
B. pertussis is highly infectious in humans, mouse infection
models require inoculation with high numbers of bacteria de-
livered in a large liquid volume or in aerosolized form directly
to the lungs. The bacteria grow transiently and are cleared
from the animals over a period of weeks. These models are
likely to bypass many of the mechanisms that normally allow
small numbers of bacteria to efficiently adhere, grow, and
spread throughout the respiratory tract during a natural infec-
tion. The mouse model is therefore unlikely to accurately re-
flect the roles of adhesins and colonization factors that are
believed to contribute to the highly infectious nature of B.
pertussis in humans.

B. pertussis and B. bronchiseptica are so closely related as to
be considered subspecies (20). They express a similar set of
virulence factors and use a conserved and functionally inter-
changeable two-component signal transduction system, BvgAS,
to regulate the expression of virulence genes (4, 17). They
differ, however, in their propensity to cause disease and in their
nonoverlapping host ranges. While B. pertussis causes a severe,
acute disease that can be life-threatening in unvaccinated pa-

tients, B. bronchiseptica typically establishes asymptomatic in-
fections that persist indefinitely in the upper respiratory tract
of infected animals. B. pertussis has a highly restricted host
range which is exclusively confined to humans. In contrast, B.
bronchiseptica has a broad host range which includes rodents,
pigs, dogs, and cats but only rarely humans (11, 29). This broad
host range has allowed the development of natural host animal
models that use B. bronchiseptica and rabbits, rats, and mice (1,
5, 12). The remarkable efficiency with which B. bronchiseptica
establishes persistent colonization in rodents suggests that rel-
evant virulence factors are functional in these models. In con-
trast to B. pertussis, B. bronchiseptica requires fewer than 10
organisms delivered in a 5-ml droplet to the external naris to
establish murine infections that last for the life of the animal
(12). In the context of this infection model, interactions be-
tween bacteria and host may be dissected at the molecular level
with the confidence that findings are likely to be relevant to
natural infections.

Here we describe a side-by-side comparison of the B. per-
tussis and B. bronchiseptica strains whose genomes are cur-
rently being sequenced, Tohama I and RB50, respectively
(20a). Sequence data will allow future comparative studies to
use powerful genome-based techniques to investigate the ge-
netic basis for differences between these closely related organ-
isms. The prerequisite for such studies is a careful comparative
analysis of their phenotypic differences. Mice are the most
advanced system available to study the role of host immune
functions and have been used extensively in the study of B.
pertussis. We have recently shown that the manipulation of
mouse immunity can increase the sensitivity of infection mod-
els to the effects of specific bacterial virulence factors (12). This
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approach is now applied to the comparative analysis of B.
bronchiseptica and B. pertussis.

Strains Tohama I and RB50 differ in their ability to grow in
various respiratory organs and to induce lung pathology and
antibody responses in BALB/c mice. We used immunocom-
promised mice to compare the role of particular aspects of the
host immune response to each subspecies. Mice deficient in
either acquired immunity or neutrophils were highly suscepti-
ble to lethal infections by low doses of B. bronchiseptica, but
were not killed by B. pertussis, even when doses as high as 105

CFU were delivered to the lungs. B. bronchiseptica was resis-
tant to serum killing, was highly cytotoxic for J774 cells in vitro,
and induced apoptosis of inflammatory cells in the lungs of
infected mice. B. pertussis was deficient in all of these virulence
characteristics, indicating that this subspecies has a dramati-
cally different virulence strategy or that the B. pertussis mouse
model does not accurately reflect natural infection of its hu-
man host.

MATERIALS AND METHODS

Bacteria. Bacteria were maintained on Bordet-Gengou (BG) agar (Difco) and
were grown to mid-log phase in Stainer-Scholte broth for assays and inocula-
tions. Tohama I was originally isolated from a human patient with whooping
cough and has been extensively studied for 4 decades (13). RB50 was isolated
from a naturally infected rabbit colony (5). Bvg1 and Bvg2 derivatives of RB50
(RB53 and RB54, respectively) and Tohama I (370 and 369, respectively) have
been described (5, 18, 25, 26).

Animals. Bordetella-free rabbits were obtained from Charles River Laborato-
ries and inoculated as described earlier (5) to obtain immune serum. BALB/c
mice were obtained from Charles River Laboratories. G-CSF2/2 and beige mice
were obtained from Jackson Laboratories. SCID-beige and SCID mice were
obtained from facilities at the University of California, Los Angeles. Four- to
six-week-old, female BALB/c or SCID-beige mice or four- to eight-week-old
G-CSF2/2 mice were used. Mice lightly sedated with halothane were inoculated
with the indicated dose by pipetting the inoculum into the tip of the external
nares. For the time course experiment, groups of four animals were sacrificed at
days 0, 3, 5, 7, 14, 21, 28, and 50 postinoculation. Colonization of the nasal cavity,
a 0.5-cm portion of the trachea, and the entire lungs was quantified by homog-
enizing each tissue in phosphate-buffered saline (PBS), plating aliquots onto BG
blood agar, and counting the colonies after 2 (B. bronchiseptica) or 4 (B. pertussis)
days of incubation at 37°C. BALB/c mice were made neutropenic by intraperi-
toneal injection of 0.25 g of cyclophosphamide per kg of body weight 4 days prior
to inoculation. Blood leukocytes were counted by using a hemocytometer, and
blood smears were stained with Diff-Quik (Baxter Scientific Products) and ob-
served microscopically to confirm that neutrophils were reduced by more than
90%. For survival curves, after the progression of the disease became clear,
moribund animals were euthanized to prevent unnecessary suffering. Antibody
treatment involved intraperitoneal injection of 0.2 ml of immune rabbit serum
once every 45 days starting 1 day postinoculation. Animals were handled in
accordance with institutional guidelines. Statistical significance was determined
by using an unpaired t test.

Histology and apoptosis assays. For histological examination, lungs and tra-
chea were excised as a unit. The trachea was cannulated with a blunt-ended
18-gauge needle attached to a syringe. Lungs were carefully inflated with 10%
formalin and immersed in 10% formalin for 24 h before they were embedded in
paraffin and sectioned. Sections were hematoxylin and eosin stained and graded
by observers blinded as to the treatment of the samples, and the results were
confirmed by an independent assessment by a pathologist consultant. For apo-
ptosis assays, paraffin was removed from sections by xylene-ethanol washes, and
sections were rehydrated in water before the fluorescent TUNEL (terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling)-based In
Situ Cell Death Detection Kit was used according to manufacturer’s protocol
(Boehringer Mannheim).

Cytotoxicity. J774 cells were cultured in Dulbecco modified Eagle medium
with 10% fetal bovine serum. Cells were grown to approximately 80% conflu-
ency, and bacteria in 10 ml of PBS were added at a multiplicity of infection
(MOI) of 10. After a 5-min centrifugation at 500 3 g, the mixture was incubated
at 37°C for 4 h. The cytotoxicity was determined by using the Cytotox96 Kit
(Promega) according to the manufacturer’s protocol.

Analysis of antibody response and serum resistance. Blood was collected from
rabbits that were Bordetella-free (naive) or B. bronchiseptica infected for 6
months (immune). Serum aliquots were frozen at 280°C. Bacteria were grown in
Stainer-Scholte broth to mid-log phase and diluted in PBS to 100 CFU/ml. Serum
was thawed on ice, and 90 ml of serum or PBS was mixed with 10 ml of PBS
containing 1,000 CFU of bacteria. The mixture was incubated at 37°C for 1 h.
Dilutions from samples were spread on BG plates and incubated for 2 to 4 days
to determine the bacterial numbers. The classical pathway of complement acti-

vation was inhibited with 10 mM EGTA and 5 mM MgCl2. For immunoblots,
total bacterial cell proteins were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene difluoride
membranes, and probed with sera from mice infected for 28 days with B. bron-
chiseptica (RB50) or B. pertussis (Tohama I). Enzyme-linked immunosorbent
assays (ELISAs) were performed as previously described (5). Immunoelectron
microscopy was performed by using immune serum as previously described (1).

RESULTS

Respiratory tract colonization of BALB/c mice by B. pertussis
and B. bronchiseptica. BALB/c mice were inoculated intrana-
sally with 5 3 105 CFU of B. bronchiseptica (RB50) or B.
pertussis (Tohama I) in 50 ml of PBS to compare their relative
abilities to colonize the respiratory tract. This inoculation reg-
imen consistently delivers bacteria to the nasal cavity, trachea,
and lungs (Fig. 1, day 0). Both B. pertussis and B. bronchiseptica
were subsequently recovered from all three sites at higher
numbers, indicating that both subspecies were able to colonize
and multiply throughout the respiratory tract. B. bronchiseptica
grew to higher numbers than B. pertussis in the nasal cavity and
the trachea. This situation was reversed in the lungs, however,
where B. pertussis colony counts were higher than that of B.
bronchiseptica on day 3 postinoculation. By later time points,
both subspecies were cleared from the lower respiratory tract.
B. bronchiseptica, but not B. pertussis, persisted in the nasal
cavity for at least 270 days. These data demonstrate several

FIG. 1. Kinetics of colonization of BALB/c nose, trachea, and lungs by B.
bronchiseptica and B. pertussis. Groups of four female 4-week-old BALB/c mice
were inoculated with 5 3 105 CFU of either B. bronchiseptica (RB50, open
circles) or B. pertussis (Tohama I, open squares) delivered in a 50-ml volume of
PBS into the nares. Datum points are the means 6 the standard error. p, P #
0.001.
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differences in the abilities of B. bronchiseptica and B. pertussis
to infect the respiratory tract of mice. B. bronchiseptica more
efficiently infects the nasal cavity and trachea and persists in
the nose. B. pertussis, however, grows more rapidly in the lungs
early after inoculation. We also intranasally inoculated
BALB/c mice with low numbers of bacteria in 5 ml of PBS and
recovered bacteria 7 days later to determine the 50% infective
dose (ID50). While mice inoculated with doses as low as 20
CFU of B. bronchiseptica were consistently infected with ca.
106 bacteria in the nasal cavity, B. pertussis required 500 CFU
to consistently infect these mice, and roughly 104 bacteria were
recovered from the nasal cavity of these animals.

Lung pathology and polymorphonuclear leukocyte (PMN)
recruitment in response to B. bronchiseptica and B. pertussis.
To compare the inflammatory responses to B. pertussis or B.
bronchiseptica infection, BALB/c mice were sacrificed 3 days
postinoculation for bronchoalveolar lavage (BAL) or histolog-
ical examination of trachea and lungs. Compared to control
mice inoculated with PBS (Fig. 2A, D, and G), the lungs of
mice inoculated with B. pertussis contained little perivascular
and peribronchiolar inflammation (Fig. 2B) but did contain a
modest hypercellularity of alveoli consisting of mostly macro-
phages (Fig. 2E and H). Cells recovered in BAL fluids from B.
pertussis-infected lungs on day 3 postinoculation consisted
mostly of macrophages (67%) with fewer PMNs (32%) (data
not shown). B. bronchiseptica-infected lungs, in marked con-

trast, showed extensive perivascular and peribronchiolar in-
flammation (Fig. 2C), with large numbers of infiltrating cells,
primarily PMNs, located throughout the lungs, and some areas
were consolidated and necrotic (Fig. 2F and I). Greater num-
bers of cells were recovered in BAL fluids from B. bronchisep-
tica-infected lungs and consisted predominantly of PMNs
(74%) with a smaller proportion of macrophages (25%). These
results demonstrate dramatically different innate immune re-
sponses to B. bronchiseptica and B. pertussis infections.

Mouse antibody response to B. bronchiseptica and B. pertus-
sis. To compare the antibody response to B. bronchiseptica and
B. pertussis infection, serum was taken from mice 28 days
postinoculation. High titers of anti-Bordetella antibodies were
detected by ELISA in sera from B. bronchiseptica-infected
mice (data not shown). Western blot analysis showed that
antibodies recognized many different B. bronchiseptica
polypeptides (Fig. 3). In contrast, anti-Bordetella antibodies
were not detected by ELISA or Western blot analysis of sera
from mice infected with B. pertussis (Fig. 3 and data not
shown). These and other results (1, 5) demonstrate that a
strong antibody response was mounted against B. bronchisep-
tica. We found no evidence of a serum antibody response
against B. pertussis after the infection of BALB/c mice.

Virulence of B. bronchiseptica and B. pertussis in B-cell- and
T-cell-deficient mice. The innate and adaptive immune re-
sponses to B. bronchiseptica and B. pertussis appear to differ in

FIG. 2. Comparison of mouse lung inflammation on day 3 postinoculation. Groups of five 4-week-old female BALB/c mice were inoculated with a 50-ml volume
of PBS (A, D, and G) or PBS containing 5 3 105 CFU of either B. pertussis (B, E, and H) or B. bronchiseptica (C, F, and I) delivered to the nares. Animals were sacrificed
on day 3 postinoculation, and histological sections of lung tissues were prepared as described in Materials and Methods. Magnification, 3200 (A to F) or 31,000 (G
to I).
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BALB/c mice. To examine the role of innate immunity more
closely, we used SCID-beige mice (BALB/c genetic back-
ground) which are deficient in B and T cells, as well as natural
killer cell activities (9, 23). A low-dose–low-volume inoculum
of 500 CFU in 5 ml was delivered to the external nares of these
mice, and their survival was monitored over time. Both groups
of mice remained healthy for 30 days. As we have previously
shown (12), after 30 days animals infected with B. bronchisep-
tica began to display signs of illness, such as piloerection,
weight loss, hunched stature, labored breathing, listlessness
(Fig. 4A), and eventually, loss of responsiveness followed by
death. All of the animals died between days 40 and 70 post-
inoculation (Fig. 4B). In striking contrast, B. pertussis-inocu-
lated SCID-beige mice showed no signs of illness for more
than 200 days, although B. pertussis was recovered from the
respiratory tracts of these animals throughout the time course
of the experiment (data not shown). We repeated the experi-
ment with the same inoculation regimen as described for
BALB/c mice above (5 3 105 CFU in 50 ml of PBS). Although
this regimen deposits approximately 105 CFU directly in the
lungs at day 0, B. pertussis still did not cause a lethal infection
(Fig. 4B, open symbols). The time to death was only marginally
accelerated by this high-dose inoculation of B. bronchiseptica,
indicating that disease progression is not limited by slow
growth in the nose and the rate of spread down the trachea to
the lungs.

Separate groups of SCID-beige mice inoculated with either
B. bronchiseptica or B. pertussis (5 3 105 CFU in 50 ml of PBS)
were sacrificed at day 45 postinoculation to determine the
numbers and distribution of bacteria in these animals. B. bron-
chiseptica was recovered at more than 10-fold higher numbers
than B. pertussis throughout the respiratory tract (Fig. 4C). B.

bronchiseptica was also consistently recovered from various
other organs, including the liver, spleen, kidney, and heart, and
from blood. Each of 10 moribund animals euthanized between
days 40 and 70 were systemically infected in all organs exam-
ined, indicating that systemic infection consistently accompa-
nies the final stages of B. bronchiseptica infection. B. pertussis,
however, was limited to the respiratory tract and was recovered
in lower numbers on days 45 and 200 postinoculation (Fig. 4C
and data not shown). B. bronchiseptica also killed SCID mice
(both BALB/c and C3H background) and RAG-12/2 mice

FIG. 3. Infected BALB/c mice mount an antibody response to B. bronchisep-
tica but not to B. pertussis. Total bacterial cell proteins of the indicated strain
were separated by SDS-PAGE and transferred to polyvinylidene difluoride
membranes. Two membranes each were probed with sera from mice infected for
28 days with B. bronchiseptica (anti-RB50) or B. pertussis (anti-Tohama I).

FIG. 4. Comparison of B. bronchiseptica and B. pertussis infection of SCID-
beige mice. (A) Representative mice were photographed on day 40 after intra-
nasal inoculation with 50 ml of PBS containing 5 3 105 CFU of B. bronchiseptica
(right) or B. pertussis (left). (B) Survival of SCID-beige mice inoculated with
either B. bronchiseptica (circles) or B. pertussis (squares) is presented as a func-
tion of time. Bacteria were delivered intranasally at either a low-dose–low-
volume of 500 CFU in a 5-ml PBS droplet (solid symbols) or a high-dose–high-
volume of 5 3 105 CFU in 50 ml of PBS (open symbols). (C) Colonization of
various tissues by B. bronchiseptica or B. pertussis. Groups of four 4-week-old
female SCID-beige mice were inoculated with 5 3 105 CFU in 50 ml of PBS of
either B. bronchiseptica (solid bars) or B. pertussis (hatched bars) and sacrificed
at 45 days postinoculation, and the colonization levels in the nasal cavity, trachea,
lungs, and liver were determined. The mean log10 CFU per organ or tissue is
shown. The dashed line represents the lower limit of detection.
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(C57BL/6 background), but not mice carrying the beige muta-
tion alone (C57BL/6 background), indicating that T cells
and/or B cells are required to limit B. bronchiseptica infection.
B. pertussis, however, was controlled by immune mechanisms
active in all of these T-cell- and B-cell-deficient mice, suggest-
ing it may be less efficient in modulating innate immune mech-
anisms retained in these immunodeficient animals.

Virulence of B. bronchiseptica and B. pertussis in neutropenic
mice. In the lungs of BALB/c mice, proliferation of B. pertussis
was about 100-fold higher than that of B. bronchiseptica by day
3 but B. bronchiseptica induced dramatically more neutrophil
infiltrate. To investigate the importance of neutrophils in con-
trolling Bordetella infections, we inoculated neutropenic mice
intranasally with either B. bronchiseptica or B. pertussis at the
same dose as was used for BALB/c mice above (5 3 105 CFU
in 50 ml of PBS). G-CSF2/2 mice (B6,129 genetic background)
lack both chromosomal copies of the G-CSF gene and have
.90% reduction in neutrophil numbers and a severe defect in
neutrophil chemotaxis (15). B. bronchiseptica rapidly killed
these mice between days 1 and 4 postinoculation, indicating
that neutrophils are a critically important component of the
primary immune response to B. bronchiseptica infection (Fig.
5A). B. bronchiseptica killed G-CSF2/2 mice even at doses as
low as 5,000 CFU (data not shown). B. pertussis, in contrast, did
not kill neutropenic mice, suggesting recruitment of these in-
flammatory cells is not required to control B. pertussis infection
in mice.

Since G-CSF2/2 mice may be deficient in additional im-
mune functions, we also used mice rendered neutropenic by
intraperitoneal injection of cyclophosphamide. These mice
were confirmed to be depleted of .90% of peripheral blood
neutrophils by microscopic examination of blood smears. Mice
were inoculated intranasally with either B. bronchiseptica or B.

pertussis (5 3 105 CFU in 50 ml). Consistent with the results for
G-CSF2/2 mice, B. bronchiseptica rapidly killed these mice but
B. pertussis did not (Fig. 5B).

Serum resistance of B. bronchiseptica and B. pertussis. Un-
like B. pertussis, B. bronchiseptica has been isolated from the
blood of human patients (usually aged or immunocompro-
mised) and SCID-beige mice, suggesting it can survive the
antimicrobial agents present in blood and lymph fluids (11, 12).
We therefore compared the susceptibility of B. pertussis and B.
bronchiseptica to factors in serum. Naive serum obtained from
Bordetella-free rabbits contained no detectable antibodies rec-
ognizing Bordetella antigens as determined by Western immu-
noblot (data not shown). We compared Bvg1- and Bvg2-phase
derivatives of B. bronchiseptica RB50 (RB53 and RB54, re-
spectively) and B. pertussis Tohama I (370 and 369, respec-
tively) for their ability to survive in serum. A total of 1,000
bacteria taken from mid-log-growth-phase liquid cultures was
incubated in 100 ml of 90% serum to ensure that serum com-
ponents were not limiting. Both Bvg1- and Bvg2-phase B.
bronchiseptica organisms were resistant to naive serum, while
Bvg1- and Bvg2-phase B. pertussis organisms were highly sen-
sitive (Fig. 6). Inhibition of complement with EDTA prevented
the serum killing of B. pertussis. B. bronchiseptica, but not B.
pertussis, is therefore resistant to the innate antimicrobial ac-
tivities of serum, including the alternative pathway of comple-
ment.

Immune sera were obtained from a rabbit that had been
infected with B. bronchiseptica for 6 months. Only RB54, the
Bvg2-phase B. bronchiseptica strain, was resistant to killing by
this postinfection serum (Fig. 6). Similar results were obtained
with all four strains with immune serum from infected rabbits,
rats, and mice or from vaccinated rabbits and humans. In all
cases B. pertussis was killed by naive serum but B. bronchisep-
tica was only killed by immune serum.

Immune serum, which killed only Bvg1-phase B. bronchisep-
tica, recognized predominantly Bvg1-phase-specific polypep-
tides, as detected by immunoblot (Fig. 7). Minimal reactivity
was detected to antigens common to the Bvg1 and Bvg2

phases. The low-molecular-weight smear observed in both

FIG. 5. Comparison of B. bronchiseptica and B. pertussis infection of neutro-
penic mice. Groups of five G-CSF2/2 mice (A) or BALB/c mice (B) rendered
neutropenic by cyclophosphamide treatment were inoculated with 5 3 105 CFU
of either B. bronchiseptica (circles), B. pertussis (squares), or Bvg2-phase locked
B. bronchiseptica (RB54, diamonds) delivered in a 50-ml volume. The percent-
ages of animals surviving over time are indicated.

FIG. 6. Serum resistance of B. bronchiseptica and B. pertussis. Bvg1 and Bvg2

derivatives of RB50 (RB53 and RB54, respectively) and Tohama I (370 and 369,
respectively) were grown to mid-log phase in Stainer-Scholte broth and diluted
in PBS. A total of 1,000 bacteria was incubated at 37°C for 1 h in 100 ml of 90%
serum. Serum resistance is presented as the percent survival. Naive and immune
serum are described in Materials and Methods.
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Bvg1 and Bvg2 phases was not present in a strain containing a
deletion of the wlb locus, suggesting these antigens consist of
lipopolysaccharide (LPS) (11a). Consistent with previous ob-
servations, antibodies to Bvg2-phase-specific antigens were
not detected in immune serum by ELISA (11a), and this serum
did not kill Bvg2-phase B. bronchiseptica, suggesting that an-
tigens common to the Bvg1 and Bvg2 phases are not surface
exposed. Immunoelectron microscopy studies showed that im-
mune serum recognized antigens exposed on the surface of
Bvg1-phase, but not Bvg2-phase, B. bronchiseptica (Fig. 7), a
result consistent with other data indicating that the Bvg2 phase
is not expressed in vivo (1, 16). Together, these data indicate
that B. bronchiseptica, but not B. pertussis, is able to resist
killing by the alternative pathway of complement. However,
antibodies specific for B. bronchiseptica surface antigens medi-
ate killing via the classical pathway of complement activation.

The ability of B. bronchiseptica to resist serum complement
may relate to the ability of this organism to survive in blood
and cause bacteremia in immunocompromised mice and hu-
mans. Since B. bronchiseptica is sensitive to antibody-mediated

complement activation, we hypothesized that the addition of
anti-B. bronchiseptica antibodies to SCID-beige mice might
protect these mice from bacteremia. We intranasally inocu-
lated groups of mice with 5 3 105 CFU of B. bronchiseptica in
50 ml of PBS and adoptively transferred naive or immune
serum by intraperitoneal injection on postinoculation days 1,
45, 90, and 135. The animals given immune serum were healthy
for more than 200 days, whereas the group given naive serum
died between days 20 and 32 postinoculation (Fig. 8). Adoptive
transfer of serum antibodies is therefore sufficient to limit B.
bronchiseptica infection in SCID-beige mice.

Macrophage cytotoxicity of B. bronchiseptica and B. pertussis.
Neutropenic mice died rapidly after B. bronchiseptica inocula-
tion, whereas SCID-beige mice died over an extended time
period, suggesting neutrophils are critical to the early response
to B. bronchiseptica infection. In contrast, B. pertussis did not
kill neutropenic mice, indicating that other aspects of innate
immunity were sufficient to contain this infection. To investi-
gate the possibility that the different virulence characteristics
of these two subspecies in neutropenic mice were due to dif-

FIG. 7. Convalescent serum recognizes surface antigens specific to the Bvg1 phase. (A) Whole-cell extracts of Bvg1- or Bvg2-phase bacteria were separated by
SDS-PAGE, transferred to polyvinylidene difluoride membranes, and probed with immune serum from a rabbit infected for 6 months with B. bronchiseptica (RB50).
(B) Immunoelectron micrograph showing that convalescent serum recognized the surface of Bvg1- but not Bvg2-phase B. bronchiseptica.

6114 HARVILL ET AL. INFECT. IMMUN.



fering interactions with resident macrophages in the lungs, we
compared their macrophage cytotoxicity in vitro. J774 cell cul-
tures were inoculated with either organism by adding bacteria
at an MOI of 10 and centrifuging the mixture at 500 3 g for 5
min to synchronize bacterial contact with cultured cells. At this
time similar numbers of each strain of bacteria were in contact
with macrophages. The plate was then incubated at 37°C for
4 h, after which we assessed total cellular lysis by measuring
lactate dehydrogenase release. In this assay a high proportion
(95% 6 2%) of J774 cells was consistently killed by B. bron-
chiseptica, but B. pertussis was minimally cytotoxic (12% 6 5%)
(P , 0.001) (Fig. 9). B. bronchiseptica macrophage cytotoxicity
is a Bvg1-phase-specific characteristic, since RB53 killed these
macrophages but RB54 did not. A filamentous hemagglutinin-
reversed strain (FHAr), expressing FHA in the Bvg2 phase (6),
was not cytotoxic, indicating that FHA-mediated adherence
was not sufficient and that other B. bronchiseptica Bvg1-phase
factors are required (11a). In addition to Tohama I, we tested
other B. pertussis strains, including 18-323 and two recent clin-
ical isolates, GMT1 and 17471, and found all three to have
minimal cytotoxic activity in this assay. B. pertussis strains were
cytotoxic only after a longer incubation with macrophages at a
higher MOI (results not shown). These results indicate B.
bronchiseptica and B. pertussis differ dramatically in their cyto-
toxicity for J774 cells in vitro.

Induction of apoptosis in mouse lungs by B. bronchiseptica
and B. pertussis. In a concurrent report we show that the B.
bronchiseptica type III secretion system mediates cytotoxicity
for macrophages by inducing apoptosis in vitro and in vivo
(29a). We have previously shown that Tohama I does not
express the type III secretion system under laboratory growth
conditions (30), although B. pertussis has been shown to induce
apoptosis under conditions that involve longer incubation at a
higher MOI (10, 14). To compare B. bronchiseptica and B.
pertussis for their ability to induce apoptosis in vivo, lung sec-
tions of mice infected with RB50 or Tohama I were assayed for
the presence of apoptotic nuclei by using the TUNEL reaction.
Fluorescent (apoptotic) nuclei were not detected in lungs from
mice inoculated with PBS (Fig. 10A and D) and only rarely in
lung sections from mice infected with B. pertussis (5 3 105 in 50

ml of PBS) (Fig. 10B and E). Lung sections from mice inocu-
lated with B. bronchiseptica (5 3 105 in 50 ml of PBS), however,
showed fluorescent nuclei throughout the lungs with dense
areas containing many apoptotic nuclei (Fig. 10C and F). Al-
though on day 3 B. pertussis was present in higher numbers in
infected mouse lungs (Fig. 1), B. bronchiseptica induced a dra-
matic increase in the number of apoptotic bodies.

DISCUSSION

B. pertussis infection of humans is characteristically an upper
respiratory infection involving the nasopharynx and trachea.
Although the infection appears to be limited to the epithelial
surface, systemic effects, such as leukocytosis, are common. A
marked antibody response is induced that typically persists for
life and is thought to be protective. Vaccination also induces
antibodies that correlate with protection from disease but do
not necessarily protect against subclinical infection (8). In ad-
dition to the antibody response, T-cell responses have been
described (7, 24). The relative roles of humoral and cell-me-
diated immunity in the control of pertussis, however, are not
well understood. Experimental models for pertussis have fo-
cused primarily on mouse lung colonization after high-dose–
high-volume inoculation. Correlating observations made with
B. pertussis in mouse lungs with natural infection of human
trachea compound problems of host specificity with those of
tissue tropism. The immune response of mice to high-dose B.
pertussis inoculation may also differ from that of infected hu-
mans. Dissecting the immune response by adoptive transfer of
its components from immune to naive BALB/c mice suggested
a dominant role for T cells in immunity (19). However, only a
small fraction of the level of protection observed in convales-
cent mice could be transferred by this approach, indicating that
the most effective immune functions are not yet understood. In
stark contrast to the human response, mice produce little or no
antibody response to B. pertussis infection (21, 22). Murine

FIG. 8. Adoptive transfer of antibody protects SCID-beige mice from B.
bronchiseptica lethal infection. Survival of SCID-beige mice intranasally inocu-
lated with B. bronchiseptica, 5 3 105 CFU in 50 ml of PBS. On postinoculation
days 1, 45, 90, and 135, mice were given 0.2-ml intraperitoneal injections of either
naive serum (open symbols) or immune serum (solid symbols). Sera are de-
scribed in Materials and Methods. Survival is presented as the percentage of
animals alive at the given day postinoculation.

FIG. 9. Cytotoxicity of Bordetella species for the mouse macrophage-like cell
line J774. Bacteria were added at an MOI of 10 to J774 cells in culture medium
in a 96-well plate. The plate was spun at 500 3 g for 10 min and then incubated
at 37°C for 4 h. Cytotoxicity was assessed by using the Cytotox96 Kit according
to manufacturer’s instructions. The average and standard error of three samples
are presented as a percentage of total lysis with detergent. Bacterial strains
include RB50 and its Bvg1 and Bvg2 derivatives (RB53 and RB54, respectively)
and a Bvg2 strain ectopically expressing FHA (FHAr). Tohama I and three other
B. pertussis strains (18-323, 17471, and GMT1) are compared.
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colonization by B. pertussis, and the resulting immune response,
bear little resemblance to B. pertussis infection of humans.

We have previously described models of Bordetella respira-
tory tract infection by using B. bronchiseptica and several of its
natural hosts: rabbits, rats, and mice (1, 5, 12). Like B. pertussis
infection of humans, B. bronchiseptica efficiently establishes
respiratory tract infections in these hosts. In mice, for example,
ID50 values are as low as 10 organisms in a 5-ml droplet deliv-
ered to the external nares (12). The bacteria grow to high
numbers in the nasal cavity and trachea and induce a strong
serum antibody response that correlates with protection
against superinfection (unpublished results). Therefore, by
these measures of efficiency of bacterial infection and the im-
mune response, B. bronchiseptica infection of rodents appears
to be similar to B. pertussis infection of humans. Unlike B.
pertussis infection of humans, B. bronchiseptica typically per-
sists in the upper respiratory tracts of its animal hosts for life.
Furthermore, B. bronchiseptica infections are often asymptom-
atic, whereas B. pertussis causes acute disease.

Similarities and differences between closely related Borde-
tella subspecies provide fertile grounds for comparative studies
of pathogenesis. We therefore initiated a side-by-side compar-
ison of B. bronchiseptica RB50 and B. pertussis Tohama I in
murine models of respiratory tract infection. Tohama I was
initially isolated from a child with whooping cough, and it has
been used in numerous studies since that time (27). RB50 is a
recent clinical isolate obtained from the nasal cavity of a New
Zealand White rabbit (5), and it has also been subjected to

considerable experimental analysis (1, 2, 12). The complete
genomic sequence of Tohama I has been determined, and the
sequence of RB50 is well underway (20a).

Both Tohama I and RB50 are capable of multiplying in the
respiratory tracts of BALB/c mice. The two strains differ, how-
ever, in that RB50 grows to higher numbers in the nasal cavity
and persists there indefinitely. Tohama I, in contrast, grows to
higher numbers in the lungs but is cleared from all sites by day
50. Histological examination of respiratory tract tissue shows
that RB50 induces considerably greater lung pathology than
Tohama I, mostly due to infiltration by large numbers of neu-
trophils. Significantly, an antibody response to Tohama I in-
fection was not observed, whereas a vigorous response to RB50
was noted.

We also compared the role of adaptive immunity in modu-
lating the course of infection by RB50 and Tohama I. In SCID-
beige, SCID, and RAG-12/2 mice the differences between B.
bronchiseptica and B. pertussis were striking. B. pertussis caused
a persistent infection, confirming earlier reports that B and T
cells are required for the clearance of high doses of B. pertussis
delivered to the lungs (19). Interestingly, infection was asymp-
tomatic. B. bronchiseptica, however, grew progressively within
the respiratory tract and reached 10-fold-higher numbers,
causing bacteremia and death of these animals. We have pre-
viously shown that the virulence of B. bronchiseptica strain
RB50 in SCID mice is dependent on the expression of the
adenylate cyclase toxin (12). Since B. pertussis strains also ex-
press this toxin, there is apparently some other factor, unique

FIG. 10. B. bronchiseptica, but not B. pertussis, induces apoptosis in mouse lungs. Mice were inoculated with PBS (A and D), B. pertussis (B and E), or B.
bronchiseptica (C and F), and 3 days later lungs were excised, fixed, paraffin embedded, and sectioned as in Fig. 2. Sections were stained for apoptosis as described in
Materials and Methods. Magnification, 3200 (A to C) or 31,000 (D to F).
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to B. bronchiseptica, that is responsible for virulence in these
immunodeficient mice. In all of the animals examined, lethal
infection by B. bronchiseptica correlated with bacteremia,
which requires resistance to the antimicrobial activities present
in serum. In vitro, B. bronchiseptica was highly resistant to
antimicrobial components in naive serum, whereas B. pertussis
was killed. Immune serum, however, killed Bvg1-phase B.
bronchiseptica in vitro and protected SCID-beige mice from B.
bronchiseptica infection. LPS structures are known to affect
serum resistance in other organisms, and a recent report cor-
relates the LPS structure of these two subspecies with serum
resistance phenotypes (28). Furthermore, we have shown that
deletion of genes involved in LPS assembly affects serum re-
sistance as well as virulence in SCID-beige mice (unpublished
results). Together, these data suggest that one or more struc-
tural features of B. bronchiseptica LPS may promote serum
resistance, resulting in a highly virulent phenotype in B-cell-
and T-cell-deficient mice. The relationship, if any, between
serum resistance and colonization of the respiratory epithe-
lium is currently unclear.

Similar to results obtained with B-cell- and T-cell-deficient
mice, neutropenic mice were also found to be highly suscepti-
ble to lethal infection by B. bronchiseptica at doses as low as
5,000 CFU. Although B. pertussis grew more rapidly in the
lungs of BALB/c mice, neutropenic mice were not killed by
doses of B. pertussis as high as 5 3 105 CFU. Neutrophils are
therefore critical components of resistance to lethal infection
by B. bronchiseptica but not by B. pertussis. It is possible that
neutrophils may be more important in B. bronchiseptica infec-
tion because this subspecies may be able to kill resident and
recruited phagocytes in the lungs. This suggestion is supported
by the cytotoxicity of B. bronchiseptica for J774 cells in vitro
and by the dramatically higher number of apoptotic nuclei in
the lungs of B. bronchiseptica-inoculated mice. It is also possi-
ble that resident alveolar macrophages, which can be immu-
nomodulatory, are sufficient to control B. pertussis infection
with little additional inflammation or immune response.

Although some of the differences observed may reflect the
fact that mice are natural hosts for B. bronchiseptica but not for
B. pertussis, others may reflect inherent differences in the
pathogenic strategies of these subspecies. Discriminating be-
tween these and other possibilities will improve both our un-
derstanding of the mechanistic basis for host specificity and our
ability to apply the power of the B. bronchiseptica natural host
model to the analysis of infection by a human-adapted patho-
gen. The availability of the genomic sequence of the strains
used here will also allow the phenotypic differences we have
described to be correlated with genotypic differences identified
in silico and gene expression differences identified by using
genome-based assays such as microarrays. Traditional methods
have already revealed differences between B. bronchiseptica
and B. pertussis in their expression of pertussis toxin, LPS, and
the type III secretion system (2, 3, 30). We have begun to
determine which of these virulence factors may be involved in
species-specific characteristics by testing genetically deleted
strains in the assays we have described here. In this way we
have shown that the type III secretion system is required for
persistence in the rat and mouse trachea (reference 29 and
unpublished results) and that wlb genes involved in LPS syn-
thesis are required for serum resistance of B. bronchiseptica
(unpublished results). By swapping genes between B. bronchi-
septica and B. pertussis we are currently determining whether
these genes are sufficient to confer the virulence characteristics
of one organism on the other. Genome-based approaches will
reveal other genes differentially expressed by these two organ-
isms that may likewise be tested for their roles in species-

specific characteristics. The close phylogenetic relationship be-
tween Bordetella subspecies and the growing availability of
phenotypic and genotypic methods for their analysis make
these organisms excellent models for understanding compara-
tive pathogenesis and the evolution of bacterium-host interac-
tions.
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