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Resistance profiles of the two Bordetella species B. bronchiseptica and B. pertussis against various antimicro-
bial peptides were determined in liquid survival and agar diffusion assays. B. bronchiseptica exhibited signif-
icantly higher resistance against all tested peptides than B. pertussis. The most powerful agents acting on B.
bronchiseptica were, in the order of their killing efficiencies, cecropin P > cecropin B > magainin-II-amide >
protamine > melittin. Interestingly, for B. bronchiseptica, the resistance level was significantly affected by phase
variation, as a bvgS deletion derivative showed an increased sensitivity to these peptides. Tn5-induced prota-
mine-sensitive B. bronchiseptica mutants, which were found to be very susceptible to most of the cationic
peptides, were isolated. In two of these mutants, the genetic loci inactivated by transposon insertion were
identified as containing genes highly homologous to the wibA and wibL genes of B. pertussis that are involved
in the biosynthesis of lipopolysaccharide (LPS). In agreement with this finding, the two peptide-sensitive
mutants revealed structural changes in the LPS, resulting in the loss of the O-specific side chains and the
prevalence of the LPS core structure. This demonstrates that LPS plays a major role in the resistance of B.
bronchiseptica against the action of antimicrobial peptides and suggests that B. perfussis is much more

susceptible to these peptides due to the lack of the highly charged O-specific sugar side chains.

Bordetella pertussis and Bordetella bronchiseptica are highly
related pathogens causing infections of the upper respiratory
tract in humans and various mammalian species, respectively
(8, 49, 50). These organisms produce a variety of virulence
factors such as several adhesins, including the filamentous
hemagglutinin, pertactin, and fimbriae, as well as the cytotoxic
factor adenylate cyclase toxin (20, 29, 38, 48). The expression
of these virulence factors is coordinately regulated by the
BvgAS two-component system (6, 45, 48) in response to certain
environmental stimuli (49, 50). Due to the genetic instability of
the bvgAS locus, so-called phase variants, which do not pro-
duce virulence factors due to mutations in the bvg locus, arise
with a strain-dependent frequency (20, 32). Phase variants are
avirulent in animal models and cannot initiate colonization of
the ciliated epithelium of the respiratory tract (21, 50).

Although very closely related, Bordetella species show sev-
eral significant differences regarding their virulence properties.
Whereas B. pertussis, the causative agent of whooping cough, is
an obligate human pathogen (50), B. bronchiseptica has a
broader host range and causes respiratory infections in several
mammalian species but only occasionally in humans (52).
Some virulence factors possibly involved in differences of the
pathogenic potential of the two Bordetella species for different
hosts have been identified. For example, only B. pertussis is
able to produce a tracheal colonization factor (16) and the
pertussis toxin which ADP-ribosylates GTP-binding proteins in
the cell membrane of eukaryotic cells (20). There are also
interesting variations in the lipopolysaccharide (LPS) structure
between the two species, although the contribution of LPS to
Bordetella virulence is not yet clear (12, 37). Both organisms
also show remarkable differences in their interactions with
eukaryotic cells. Bvg-activated factors are required for invasion
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of B. pertussis in epithelial cells (13, 26, 41), whereas these
factors are not required by B. bronchiseptica (22, 40, 41), which
in contrast to B. pertussis has a very significant intracellular
survival potential in epithelial cells and macrophages (5, 18).

To unravel putative virulence-relevant features which differ
for the two species, we analyzed their susceptibilities to various
antimicrobial peptides. Cationic peptides may be encountered
by these pathogens after engulfment by professional phago-
cytic cells or during colonization of the epithelium of the upper
respiratory tract (14, 19, 33). Indeed, in mammalian airway
epithelia, such peptides, including the human B-defensin 1
(hBD1) and the bovine tracheal antimicrobial peptide, have
been recently identified (7, 11, 23, 31). The fact that the rela-
tively high salt concentrations present in the lungs of cystic
fibrosis patients cause the inactivation of the defensin hBD1
and thereby apparently contribute to the successful coloniza-
tion of Pseudomonas aeruginosa indicates that such peptides
also constitute an important part of the natural defense system
in the upper airways (17). Cationic host defense peptides are
very widespread in nature and are produced by organisms as
different as insects (e.g., cecropins), frogs (e.g., magainin), and
mammals (e.g., defensins). Since these peptides possess some
similar features, such as their cationic properties, the ability to
form amphipathic structures, their size, and possibly a similar
mode of action, some commercially available peptides derived
from insects and amphibia are frequently used as model sub-
stances to characterize the effect of cationic peptides on mi-
croorganisms. It is believed that they interact with anionic
phospholipids of the target cell and destabilize the cytoplasmic
membrane (30).

Preliminary reports indicated a certain degree of resistance
of the two Bordetella species against antimicrobial peptides of
various origins, but neither a direct comparison of the two
species nor an attempt to characterize the molecular basis of
resistance has been undertaken so far (15, 28, 42). Here we
show that B. bronchiseptica is very resistant to various peptides
of different origin, whereas B. pertussis exhibits a much higher
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TABLE 1. Bacterial strains and plasmids used in this study

Bacterial strains and plasmids Description

Source and/or reference

B. bronchiseptica BB7865 Wild type but Str"

LR.LS., Siena, Italy; Culture Collection,
University of Goteborg; reference 41

B. bronchiseptica BB-PS1 Derivative of BB7865 but wibA::Tn5 This study
B. bronchiseptica BB-PS2 Derivative of BB7865 containing an unmapped This study
TnphoA insertion on the chromosome
B. bronchiseptica BB-PS3 Derivative of BB7865 but wibL::Tn5 This study
B. bronchiseptica BB7866 As BB7865 but AbvgS LR.LS., Siena, Italy; reference 41
B. pertussis Tohama I Wild type 49
B. pertussis BP347 As Tohama I but bvgS::Tn5 49
E. coli DH5a High-efficiency transformation GIBCO
pUCIS8 Cloning vector Pharmacia
pSS-TN Derivative of pSS1129 carrying TnphoA D. Beier

sensitivity towards these agents. Furthermore, phase variants
and transposon-induced LPS mutants of B. bronchiseptica are
much more susceptible to these peptides than the wild-type
strain. Possible implications of these results for the virulence of
members of the genus Bordetella are discussed.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and media. The strains and plasmids
used are described in Table 1. The B. pertussis Tohama I wild type, its derivative
BP347, which carries a Tn5 insertion in the bvgS gene, the B. bronchiseptica
wild-type strain BB7865, and its bvg mutant derivative BB7866, which contains a
241-bp deletion in the bvgS gene, have already been described (41, 49). Esche-
richia coli K-12 DH5« was used as a control strain for various studies throughout
this report. Bordetella strains were grown on Bordet-Gengou (BG) agar plates
(Difco Inc.) (8) supplemented with 1% glycerol and 20% defibrinated horse
blood (Oxoid Inc.), on charcoal agar plates (Difco Inc.), or in SS liquid medium
(44).

Radial diffusion and liquid killing assay. The radial diffusion assay was per-
formed as described by Lehrer et al. (27) with some modifications as recently
described (15). Briefly, bacteria grown on BG agar plates were harvested and
resuspended in modified SS liquid medium to a final optical density at 600 nm of
0.2. Two-tenths milliliter of this suspension was added to 10 ml of melted 1%
low-electroendosmosis agarose type I (Sigma, Deisenhofen, Germany) in SS
medium containing supplements and 0.15% bovine serum albumin. The agarose
was dispensed into a petri dish and allowed to solidify. Holes (diameter, 3 mm)
were made with an aspirator punch (ICN Biomedicals), and 5 pg of the various
peptides (Sigma) diluted in H,O (1 pg/nl) were placed therein. After incubation
for 4 h at room temperature, the plates were overlaid with 10 ml of sterile SS
agarose. After incubation at 37°C, the resulting inhibition zones were measured
with a metric scale under a stereomicroscope.

The liquid killing assay was performed as follows. Serial dilutions of cationic
peptides were prepared in phosphate-buffered saline, and 50 pl of each dilution
was transferred to a 96-well microtiter plate (final peptide concentrations rang-
ing from 20 pg/ml to 1 mg/ml). Bordetellae were grown to mid-log phase in SS
liquid medium; E. coli DH5«a was grown in SS liquid medium containing 0.5%
glucose. The bacteria were then diluted in SS liquid medium, and 50 pl of the
bacteria was added to each well in the microtiter plate to a final concentration of
5 X 10* CFU/ml. After 1 h of incubation at 37°C, 50 pl of each sample was
diluted in 450 pl of SS liquid medium and the number of surviving bacteria was
determined by plating 10-fold serial dilutions on BG or LB agar plates. All
experiments were carried out three times in duplicate, and the Student ¢ test was
used to analyze the data for their statistical significance.

Transposon mutagenesis and screening for peptide-sensitive mutants. For
transposon mutagenesis, a derivative of the suicide vector pSS1129 (45) carrying
the TnSphoA transposon (pSS-TN) was used. The vector was introduced into B.
bronchiseptica by conjugation as described previously (20). Transposon mutants
were selected on BG agar plates containing 75 g of kanamycin per ml and 100
ng of streptomycin per ml. Protamine-sensitive clones were identified after
replica plating the bacteria on BG agar plates containing 1.5 mg of protamine
sulfate per ml (34).

Cloning of the transposon integration sites by inverse PCR. Chromosomal
DNA of the transposon mutants was isolated as described previously (18). Ali-
quots of the chromosomal DNA were digested with PstI in the case of B.
bronchiseptica mutant BB-PS1 or Pvull in the case of mutant BB-PS3 and
religated with T4 ligase. After precipitation, aliquots were used in a PCR (40
cycles of 1 min at 94°C, 1 min at 53°C, and 80 s at 72°C). The region adjacent to
one end of the transposon insertion in BB-PS1 was amplified with the oligonu-
cleotides TninvL (5'-GCTAAGAGAAGCTTGCAGAGCGGCAG-3') and Pst-
invL (5'-CGGTCTGTGATCTA-GAAGCCGATATTC-3"), resulting in the am-

plification of a 850-bp fragment. In the case of BB-PS3, the oligonucleotides
TninvR (5'-GTTATCATGAAGCTTACCATGTTAGGA-3") and PvullinvR
(5'-ATGGCGATATCTAGACTGGGCGGTT-3") were used for PCR, resulting
in a 280-bp fragment. The two PCR products were cloned into pUCI18 and
sequenced by using the oligonucleotides applied for amplification as primers in
accordance with standard procedures (39). The DNA sequences were subjected
to homology searches in the GenEMBL database by using the FASTA program
(10).

Preparation and gel electrophoresis of the LPS of Bordetella species. The
preparation of LPS from Bordetella species was carried out as described else-
where (35). Briefly, bacteria grown on BG agar plates were harvested in phos-
phate-buffered saline and diluted to a final optical density at 540 nm of 0.3. The
bacteria were centrifuged for 10 min at 10,000 X g, resuspended in 100 pl of
Laemmli solubilization buffer, and boiled for 5 min (24). Then, 10 pg of pro-
teinase K was added and the samples were incubated at 60°C for 2 h with
intermittent vortexing. After the samples were cooled to room temperature, the
LPS was precipitated by the addition of 9 volumes of acetone and incubation on
ice for 1 h. After centrifugation at 10,000 X g for 10 min, the pellet was
resuspended in 150 pl of Laemmli solubilization buffer and boiled for 5 min. The
LPS samples were separated on discontinuous sodium dodecyl sulfate-15%
polyacrylamide gels (24). The gels were fixed and silver stained in accordance
with the protocol of Tsai and Frasch (46).

RESULTS AND DISCUSSION

Susceptibility of Bordetella species to the bactericidal action
of cationic peptides. In the present paper, we compared the
susceptibilities of B. pertussis and B. bronchiseptica strains to
antimicrobial peptides. The bactericidal potential of several
peptides was tested in liquid survival and radial diffusion as-
says. In both assay systems, B. bronchiseptica BB7865 was
found to be far more resistant to these peptides than B. per-
tussis Tohama I (Fig. 1 and 2). According to the results of the
radial diffusion assay, in the case of B. bronchiseptica, the
analyzed peptides could be ranked in decreasing potency as
follows: cecropin P > cecropin B > magainine-II-amide >
protamine > melittin, whereas the B-defensin HNP1 did not
affect viability of the bacteria. Similarly, cecropin P was most
efficient against B. pertussis, followed by cecropin B, prota-
mine, magainin-II-amide, and melittin. In contrast to the case
with B. bronchiseptica, HNP1 had a significant inhibitory effect
on B. pertussis. The very pronounced resistance of B. bronchi-
septica to antimicrobial peptides belonging to various sub-
classes is in agreement with that described in previous publi-
cations, which showed that in contrast to other tested bacteria,
including Listeria monocytogenes, Staphylococcus aureus, Strep-
tococcus pneumoniae, and Pseudomonas aeruginosa, a B. bron-
chiseptica strain was highly resistant to cationic peptides de-
rived from rabbit lung macrophages or from rabbit peritoneal
granulocytes (28, 42).

Interestingly, genetic inactivation of the bvg locus in B. bron-
chiseptica (strain BB7866) resulted in a significant increase in
susceptibility to all tested peptides, with the exception of
HNP1 (Fig. 2). This is in contrast to the case with B. pertussis,
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FIG. 1. Susceptibility of Bordetella strains to the action of protamine as determined in a liquid bactericidal assay. Stars above the bars indicate statistically significant
differences in survival of the various strains at different protamine concentrations in comparison to that of the B. bronchiseptica wild-type strain, BB7865 (P < 0.01).

in which genetic inactivation of the virulence regulatory bvg
locus (strain BP347) generally resulted in much milder effects
on peptide resistance and a peptide-specific pattern of increase
or decrease of susceptibility (Fig. 2) (15). The fact that B.
bronchiseptica, a pathogen exhibiting a relatively broad host
range, is significantly more resistant to the action of antimi-
crobial peptides than the obligate human pathogen B. pertussis
may indicate that it encounters different cationic peptides dur-
ing infection as part of the innate immunity of various mam-
malian hosts. In contrast, the specialization of B. pertussis to a
single host may have allowed the loss of protection against a
broad range of antimicrobial peptides, which may not be en-
countered anymore in humans. However, in the future it will
be important to analyze the resistance profile of B. pertussis to
cationic peptides of human origin such as the B-defensin hBD1
(7, 31, 53).

Isolation of B. bronchiseptica transposon mutants with in-
creased peptide susceptibility. To elucidate the molecular ba-
sis of peptide resistance in B. bronchiseptica, we generated
transposon-induced mutants and screened them for increased
susceptibility to protamine, which similar to other antimicro-
bial peptides exhibits a destabilizing effect on the cytoplasmic
membrane (4, 34). For this purpose, Tn5 was delivered to B.
bronchiseptica BB7865 after conjugation with the suicide vec-
tor pSS-TN. Transconjugants containing Tn5 on their chromo-
some were selected on kanamycin-containing BG agar plates.
About 15,000 transconjugants were replica plated on SS agar
plates containing 1.5 mg of protamine per ml. Twenty clones
unable to grow on the protamine-containing plates were se-
lected and further analyzed for their growth properties and
resistance patterns against protamine in a liquid survival assay.
Several mutants were impaired in their growth characteristics
in SS broth and were not considered for further investigations
(data not shown). Three mutants (BB-PS1 to BB-PS3) could
not be distinguished from the wild-type strain in their growth
properties and were significantly more sensitive to the action of
protamine. These three mutants were further characterized.
The integration of a single copy of Tn5 into their chromosome
was confirmed by Southern blotting (data not shown). As in the

case of the wild type, the B-defensin HNP1 did not affect
growth of any of the mutant bacteria (Fig. 2). All three mutants
showed significantly increased sensitivities to the various cat-
ionic peptides, with the exception of cecropin P (Fig. 2).

Cloning and characterization of genes involved in the resis-
tance of B. bronchiseptica to cationic peptides. To understand
the molecular basis of peptide resistance, we attempted to
clone the gene loci inactivated by Tn5 insertions. In the case of
the two mutants BB-PS1 and BB-PS3, an inverse PCR strategy
allowed the amplification of DNA sequences containing the
transposon ends and the flanking DNA regions. DNA sequenc-
ing revealed that the transposons were integrated in the B.
bronchiseptica counterparts of two genes recently implicated in
the biosynthesis of LPS in B. pertussis (1), wlbA in the case of
strain BB-PS1 and wibL in the case of BB-PS3. Partial DNA
sequences of both genes were determined and found to be
identical to those of the corresponding B. pertussis genes (data
not shown). This suggests that the wib locus is highly conserved
between B. pertussis and B. bronchiseptica (Fig. 3), confirming
recent data obtained by a comparison of several restriction
digest patterns of the cloned B. pertussis and B. bronchiseptica
wlb loci (2). The wibA gene was recently proposed to code for
a dehydrogenase which is involved in the biosynthesis of 2,3-
dideoxy-2,3-di-N-acetylmannosaminuronic acid (2,3-diNAc-
ManA), a constituent of the so-called band A trisaccharide of
B. pertussis LPS (see below). The product of the wibL gene
shows significant homologies with proteins of various bacteria
involved in modification of nucleotide sugars and may be re-
quired for biosynthesis of the 2,6-dideoxy-galactose derivative
of N-acetyl-N-methylfucosamine (FucNAcMe), which is also a
constituent of the band A trisaccharide (1). Unfortunately, so
far we have not been able to identify the transposon integra-
tion site in the third mutant, BB-PS2.

Changes in the LPS of mutated peptide-sensitive B. bron-
chiseptica strains. The identification of mutations in LPS bio-
synthesis genes in two of the peptide-sensitive strains sug-
gested alterations in their LPS structure. The LPS of B.
pertussis does not contain extended O-specific side chains com-
mon to many enteric bacteria. In LPS preparations of B. per-
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FIG. 2. Susceptibility of B. bronchiseptica and B. pertussis wild-type and mutant strains to various cationic peptides as determined in radial diffusion assays. (A)
Comparison of wild-type B. bronchiseptica BB7865, B. pertussis Tohama I, and their bvg mutant derivatives, BB7866 and BP347, respectively. Stars above the bars
indicate statistically significant differences in growth inhibition of the various strains in comparison to that of the B. bronchiseptica phase-variant strain BB7866 (P <
0.01). (B) Comparison of wild-type B. bronchiseptica BB7865, its phase variant BB7866, and transposon-induced protamine-sensitive mutants (BB-PS1 to BB-PS3) in
radial diffusion assays. Stars above the bars indicate statistically significant differences in growth inhibition of the various strains in comparison to that of the B.

bronchiseptica wild-type strain, BB7865 (P < 0.01).

tussis, typically two bands are visible in silver-stained acryl-
amide gels (9, 35). The slower-migrating band A corresponds
to a charged trisaccharide containing N-acetylglucosamine
(GIeNAC), 2,3-diNAcManA, and FucNAcMe linked to the
LPS core region. The faster-migrating band B corresponds to
the core region lacking the trisaccharide (3). In contrast, B.
bronchiseptica strains were shown to contain a smooth LPS
form with O-specific side chains linked to the trisaccharide and
consisting of linear unbranched polymers of 1,4-linked 2,3-

diacetamido-2,3-dideoxy-a-L-galactopyranosyluronic acid resi-
dues (12). Some strain-dependent polymorphism of these
structures regarding the presence or absence of the O-specific
side chains, but also concerning variations in other parts of the
LPS molecules, has been reported (25). Whereas the wib loci
of B. pertussis and B. bronchiseptica containing genes involved
in the biosynthesis of the trisaccharide have been characterized
(1, 2), the genes required for the biosynthesis of the O-specific
side chains in B. bronchiseptica have not yet been identified.
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two genes sequenced during this study.

The LPSs of B. bronchiseptica BB7865, BB7866, BB-PS1,
BB-PS2, and BB-PS3, B. pertussis Tohama I, and B. pertussis
BP347 were isolated and separated on polyacrylamide gels.
After silver staining, in the case of the B. pertussis Tohama I, a
single band which corresponds to the previously described LPS
band A could be detected. The Tohama I-derived bvg mutant
BP347 mainly expressed band B. A bvg-dependent switch from
band A to band B has already been described for various B.
pertussis strains (37). In the case of the B. bronchiseptica strain
BB7865, a diffuse smear of higher-molecular-weight bands,
which represents O-specific side chains, could be seen in ad-
dition to band A. Similarly, in the case of the phase variant
BB7866, O-specific side chains appear to be present, although
there are some differences in the pattern of LPS-derived bands
as compared to that of the wild-type strain, suggesting that as
in the case of B. pertussis, phase variation affects LPS structure
in B. bronchiseptica (Fig. 4).

As suggested by the TnS insertions into the wibA and wibL
genes of the peptide-sensitive BB-PS1 and BB-PS3 mutants,
respectively, these mutants showed major changes in the LPS
profile as compared to that of their parent strain BB7865. In
agreement with the assumed function of the wlbA and wibL
gene products in the biosynthesis of the trisaccharide linked to
the LPS core (1, 2), band A was replaced by band B in the two
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FIG. 4. Silver-stained polyacrylamide gels with LPS preparations of various
Bordetella strains. The positions of band A and band B are indicated. O-specific
side chains in the BB7865, BB7866, and BB-PS2 strains are visible as a diffuse
cloud above band A. Abbreviations: BB 7865 PS1, PS2, and PS3, mutants BB-
PS1, BB-PS2, and BB-PS3, respectively; Bp TI, B. pertussis Tohama I; Bp 347, B.
pertussis BP347.

<« band A
<« band B

mutants. In line with the absence of band A, the O-specific side
chains linked to the trisaccharide disappeared in BB-PS1 and
in BB-PS3. In the case of BB-PS1, a new band of unknown
composition appeared above band B, which had a slightly
higher molecular weight than band A. Therefore, the Tn5
insertions in BB-PS1 and BB-PS3, which rendered them highly
susceptible to cationic peptides, caused alterations in the LPS
structure resulting in a change from a smooth to a rough
phenotype. The fact that phase variation also influences the
LPS structure in B. bronchiseptica may explain the increased
susceptibility of strain BB7866 to the various peptides, at least
in part.

Interestingly, the third transposon mutant, BB-PS2, did not
reveal any obvious change in its LPS profile (Fig. 4). As already
mentioned, so far we have not been able to identify the gene
locus inactivated by the transposon in this mutant. However,
since no changes in the LPS profile could be detected, it is
likely that as-yet-unknown LPS-independent mechanisms ac-
count for the observed increase in the susceptibility of this
mutant to the cationic peptides. Alternative resistance strate-
gies may involve efflux pumps such as the recently identified
mtr system of Neisseria gonorrhoeae (43). Additional mecha-
nisms may account for the still very significant difference be-
tween rough B. bronchiseptica mutants and the “naturally”
rough B. pertussis strains in their susceptibility to cationic pep-
tides.

The identification of mutations in LPS biosynthesis genes
after screening for peptide-sensitive B. bronchiseptica strains
confirms previous studies which indicated that factors impli-
cated in the transport of peptides across the outer membrane
are important for peptide resistance in gram-negative bacteria.
These factors include the charge of the LPS molecules, the
LPS concentration, the presence or absence of the O-antigen
side chains, and their length (36, 51). Since the LPS of B.
bronchiseptica is highly charged due to the presence of uronic
acids in the O-specific side chains, they may shield the negative
charges present on the membranes and thereby prevent an
efficient membrane attack by the peptides. Surface charges also
seem to be involved in the susceptibility of B. pertussis to
various antibiotics, including tetracycline and novobiocin, as
transposon-induced LPS mutants were recently shown to have
altered susceptibilities to these drugs (47).
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