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The majority of virulence gene expression in Bordetella is regulated by a two-component sensory transduction system encoded
by the bvg locus. In response to environmental cues, the BvgAS regulatory system controls expression of a spectrum of pheno-
typic phases, transitioning between a virulent (Bvg�) phase and a nonvirulent (Bvg�) phase, a process referred to as phenotypic
modulation. We hypothesized that the ability of Bordetella bronchiseptica to undergo phenotypic modulation is required at one
or more points during the infectious cycle in swine. To investigate the Bvg phase-dependent contribution to pathogenesis of B.
bronchiseptica in swine, we constructed a series of isogenic mutants in a virulent B. bronchiseptica swine isolate and compared
each mutant to the wild-type isolate for its ability to colonize and cause disease. We additionally tested whether a BvgAS system
capable of modulation is required for direct or indirect transmission. The Bvg� phase-locked mutant was never recovered from
any respiratory tract site at any time point examined. An intermediate phase-locked mutant (Bvgi) was found in numbers lower
than the wild type at all respiratory tract sites and time points examined and caused limited to no disease. In contrast, coloniza-
tion of the respiratory tract and disease caused by the Bvg� phase-locked mutant and the wild-type strain were indistinguish-
able. The Bvg� phase-locked mutant transmitted to naïve pigs by both direct and indirect contact with efficiency equal to that of
the wild-type isolate. These results indicate that while full activation of the BvgAS regulatory system is required for colonization
and severe disease, it is not deleterious to direct and indirect transmission. Overall, our results demonstrate that the Bvg� phase
is sufficient for respiratory infection and host-to-host transmission of B. bronchiseptica in swine.

Respiratory disease in pigs is a serious concern for swine pro-
ducers today. The most recent survey conducted by the Na-

tional Animal Health Monitoring System (NAHMS) found that
respiratory problems are a major cause of mortality in swine
herds, with 53.7% of nursery pig deaths and 60.1% of grower-
finisher pig deaths attributed to respiratory problems (36). Borde-
tella bronchiseptica is widespread in swine populations and is an
important contributor to respiratory disease in pigs. In young
pigs, it is a primary cause of bronchopneumonia and in older pigs
contributes to secondary pneumonia. It is the primary etiologic
agent of nonprogressive atrophic rhinitis, a mild to moderately
severe reversible condition, and it promotes colonization by tox-
igenic strains of Pasteurella multocida, which leads to severe pro-
gressive atrophic rhinitis (11, 22). In pigs with pneumonia, B.
bronchiseptica is often isolated in combination with other patho-
gens (29). Numerous studies have demonstrated that coinfection
with B. bronchiseptica increases colonization and exacerbates the
severity of disease caused by both viral and bacterial pathogens,
including swine influenza virus (SIV), porcine reproductive and
respiratory syndrome virus (PRRSV), porcine respiratory corona-
virus (PRCV), Haemophilus parasuis, Pasteurella multocida, and
Streptococcus suis (3, 5–8, 21, 37, 38). Additionally, there is a grow-
ing concern regarding the ability of B. bronchiseptica to inhibit the
efficacy of SIV vaccines and to exacerbate enhanced pneumonia in
pigs administered an inactivated SIV vaccine followed by chal-
lenge with a heterologous virus.

A universal underlying pathogenic mechanism is shared
among Bordetella strains in that the majority of virulence gene
expression is regulated by a two-component sensory transduction
system encoded by the bvg locus. This locus comprises a histidine
kinase sensor protein, BvgS, and a DNA-binding response regula-

tor protein, BvgA. In response to environmental cues, such as
temperature, MgSO4, or nicotinic acid concentrations, BvgAS
controls expression of a spectrum of phenotypic phases, transi-
tioning between a virulent (Bvg�) phase and a nonvirulent (Bvg�)
phase, a process referred to as phenotypic modulation. During the
virulent Bvg� phase, the BvgAS system is fully active and many of
the known virulence factors are expressed, such as filamentous
hemagglutinin (FHA), pertactin, fimbriae, adenylate cyclase-
hemolysin toxin, and dermonecrotic toxin (DNT), as well as a
type III secretion system (TTSS) (12). Conversely, BvgAS is inac-
tive during the Bvg� phase, resulting in the maximal expression of
motility loci, virulence-repressed genes (vrg genes), and genes re-
quired for the production of urease (1, 2, 25). Previous studies
involving phase-locked and ectopic expression mutants demon-
strated that the Bvg� phase promotes respiratory tract coloniza-
tion by Bordetella pertussis and B. bronchiseptica (1, 13, 14, 23, 26),
while the Bvg� phase of B. bronchiseptica promotes survival under
conditions of nutrient deprivation, such as those potentially en-
countered in an environmental reservoir (13, 14). A third pheno-
typic phase, referred to as Bvgi or intermediate phase, can be
induced by the addition of MgSO4 or nicotinic acid at concentra-
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tions lower than those needed to fully induce the Bvg� phase (14).
The Bvgi phase is characterized by the expression of a subset of the
Bvg� phase genes (such as fhaB and prn) and Bvgi-specific genes
(such as bipA and bcfA) (14, 33).

Many respiratory pathogens are highly contagious and can be
transmitted from host to host by direct and indirect means. B.
bronchiseptica is highly contagious among mammals, including
swine, and experimental direct and airborne transmission of B.
bronchiseptica has been documented (4, 35). A proposed role for
phenotypic modulation by the BvgAS signal transduction system
is to coordinate regulation of gene sets required for survival in the
different environments that may be encountered by B. bronchisep-
tica, including those encountered during transmission between
hosts. In this model, the Bvgi phase, or other phase intermediates
between Bvgi and Bvg�, is proposed to be required for aerosol or
indirect transmission (12, 14, 33). However, this frequently pro-
posed hypothesis has never been experimentally addressed. In this
report, we investigate the Bvg phase-dependent contribution to
pathogenesis of B. bronchiseptica in swine by constructing a series
of isogenic mutants in a virulent B. bronchiseptica swine isolate
and comparing each mutant to the wild-type isolate for its ability
to colonize and cause disease. Additionally, we test whether a
BvgAS system capable of modulation is required for direct or in-
direct transmission. Our results demonstrate that in a natural
host, phenotypic modulation of the Bvg� phase is not required for
respiratory infection and host-to-host transmission of B. bron-
chiseptica in swine.

MATERIALS AND METHODS
Bacterial strains and growth conditions. B. bronchiseptica strain KM22,
isolated from a swine herd with atrophic rhinitis, has been used in a num-
ber of studies by our laboratory in which we have shown it is capable of
causing atrophic rhinitis and pneumonia in piglets (3–9, 21, 28). KM22
was used for construction of strains TN23, TN30, and TN31. All B. bron-
chiseptica strains were grown at 37°C on Bordet-Gengou (BG) agar (Difco,
Sparks, MD) supplemented with 10% sheep’s blood or, in some cases, in
Stainer-Scholte (SS) broth. Escherichia coli One Shot TOP10 (Invitrogen,
Carlsbad, CA) was used for all cloning steps, and E. coli SM10�pir was
used to mobilize plasmids into B. bronchiseptica KM22. When appropri-
ate, antibiotics were included at the following concentrations: carbenicil-
lin, 100 �g/ml; chloramphenicol, 30 �g/ml; kanamycin, 100 �g/ml; and
streptomycin, 40 �g/ml.

Cloning and construction of B. bronchiseptica KM22 mutants. For
construction of TN23, the Bvg� phase-locked derivative of KM22, the
bvgS gene from KM22 was amplified by PCR using primers bvgS-for and
bvgS-rev (Table 1). The resulting amplicon was cloned into pCR2.1 (In-
vitrogen, Carlsbad, CA) to create pSMS3. The bvgS-C3 (13) mutation
R570H was introduced into pSMS3 using primers R570Hfor and
R570Hrev (Table 1) and the QuikChange site-directed mutagenesis kit
(Agilent Technologies, Inc., Santa Clara, CA) according to the manufac-
turer’s instructions. The mutation was confirmed by sequencing, and the
resulting plasmid was named pTN15. Flanking attB sites were added by
PCR using primers bvgS-5=-attB1 and bvgS-3=-attB2 (Table 1). The mod-
ified bvgS gene was cloned into pDONR201 (Invitrogen, Carlsbad, CA),
using the Gateway cloning system (Invitrogen, Carlsbad, CA), to obtain
pSMS26. pSMS26 was recombined with pABB-CRS2 (31), which confers
sucrose sensitivity, and digested with NcoI and NotI, to obtain pSMS29
using the Gateway cloning system. pSMS29 was introduced into E. coli
SM10�pir (32) and transconjugated into KM22, as previously described
(17). Transconjugates were selected on medium containing streptomycin
and chloramphenicol. Cells from a second recombination event, resulting
in the excision of the plasmid, were then selected on medium containing
sucrose. A single colony, designated TN23, was selected for subsequent

TABLE 1 Primers used for cloning and quantitative real-time PCR in
this study

Primer name or
gene target Sequence (5= to 3=)
bvgS-for ACCTCGCCAAACGCAACAATCTCG
bvgS-rev ATCTGCTGCCATGCCGGTATCTGC
bvgS-FA-for GAGCTCTTAGGTTTTGAAATCCAGCGCAGTAGTCT
bvgS-FA-rev TCTAGACCGCAGGCGGTGCGGGGCGGGCAT
bvgS-FB-for TCTAGATGGCTACGCGCCTGGCTGGAGCAAC
bvgS-FB-rev ACTTTTCCCAATCGTACTGCGTGAAGCTT
TN42-for GAGCTCTTAGGTTTTGAAATCCAGCGCAGTA
TN42-rev CCTAGGAAGCTTCACGCAGTACGATTGGGAAAAG
R570Hfor CCGCTCGGCCCGCTTGTGCTGGCGGATCTGGCG
R570Hrev CGCCAGATCCGCCAGCACAAGCGGGCCGAGCGG
T733Mfor GCCGATGATCGCGTTCATCGGCATGCGGATCTCG

TGGCTCATCG
T733Mrev CGATGAGCCACGAGATCCGCATGCCGATGAACGC

GATCATCGGC
bvgS-5=-attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTACACC

TCGCCAAACGCAACAATCTCG
bvgS-3=-attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTAATCT

GCTGCCATGCCGGTATCTGC
TN18-for CCTAGGTACTACCGCCGCGAGATGCCGCCCA
TN18-rev ACTAGTGCAACAATCTCGCCTAGCGCCGCGCAT
flhC CTCGGTGGACTGGTTCATGA

CGTTGTAGAACAGCGACGAATG
cheZ TGATGGCGCAGGATTTCC

GCCCACCACGTCCATCAT
flgB CTGATGTACCGCCTGCCTTAC

GCTGTCCATGTCGACGGTATT
bcfA GCTGCACGATCCAAATTATCG

TGTTCATGGTGTCGAGATAGATGA
cyaA CACTGAGCAGAACAATCCTTTCC

CGTGAGCATCTGGCTTTCAC
prn CAGCACGGCATCCACATC

GCCTGACGACCGCTTACC
bopN TGCCGAGGAAAAGCATCACT

GCCAGAGCATCGGACGTT
bopD CGGCTCGGTGAAGACATCTAC

GCCTCCCGCATCTGTTGA
bopB GCTCAATTCGACGAGGCCTAT

TGTGCGTACTCGCCATATCG
fim3 CATGGGCACCGACGAAA

ACATCAGTGCCCGTGAAGGT
bipA CGCGATCACGAACATGGA

TTGCCGGAGACGGTAACG
fimA CAGACGAAAGCCGACAACGT

TGGCGGAACCATCCAGAT
bvgA TTGACGATCACCCTGTACTGAGA

TCGAATCCTTCCTTTTCCATCA
bvgS CGGCCGAGTCGATTCTTG

GAATCAGTTCTTCGAGCAATTGC
bvgR TGCTTACCGTCAGTACGTTCGA

GCATACATGAGTTCTGGCATCAG
fimN GCGACGCCGTTTTCCA

CATTGCCCAGCGATTCG
fimX CACGATCGAGGACCCGAG

TTGGAGATCGTGGGCAGG
fim2 TGCGATCATCGCTGCAA

TTCTGGTTGGAGATGCGGAT
dnt GCAGAAAGTACGGCACTACAAGGT

CCTGTTGTGATTTTCGATTCCA
16S TCAGCATGTCGCGGTGAAT

TGTGACGGGCGGTGTGTA
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use. Confirmation that the introduced mutation resulted in the specified
phase-locked phenotype was obtained by growing wild-type KM22 and
TN23 on BG agar and BG agar containing MgSO4 and evaluating colony
morphology and hemolytic activity. TN23 was further confirmed by PCR
amplification of the bvgS gene and DNA sequence analysis.

For TN30, the Bvg� phase-locked mutant, a 1,046-bp DNA fragment
covering the region immediately 5=of bvgS and extending to codon 7 was
amplified by PCR from KM22 genomic DNA using primers bvgS-FA-for
and bvgS-FA-rev (Table 1), which were designed such that SacI and XbaI
sites would be generated at the 5= and 3= ends, respectively. The resulting
PCR product was cloned into pCR2.1 (Invitrogen, Carlsbad, CA) to create
pTN31. The insert of pTN31, containing the upstream region of bvgS, was
cloned into pUC19 (New England BioLabs, Ipswich, MA) via SacI and
XbaI sites to obtain pTN39. A 1,097-bp DNA fragment extending from
codon 1225 of bvgS into the adjacent downstream region was amplified
from KM22 genomic DNA by PCR using primers bvgS-FB-for and bvgS-
FB-rev (Table 1), which were designed such that XbaI and HindIII sites
would be generated at the 5= and 3= ends, respectively. The resulting PCR
product was cloned into pCR2.1 (Invitrogen, Carlsbad, CA) to obtain
pTN32. The insert of pTN32, containing the downstream region of bvgS,
was excised by XbaI and HindIII digestion and cloned into XbaI-HindIII-
digested pTN39 to create pTN42. The 2,143-bp DNA fragment, contain-
ing the upstream and downstream regions of bvgS, was amplified from
pTN42 by PCR using primers TN42-for and TN42-rev (Table 1), which
were designed such that SacI and AvrII sites would be generated at the 5=
and 3= ends, respectively. The resulting PCR product was cloned into
pCR2.1 (Invitrogen, Carlsbad, CA) to create pTN46. The insert of pTN46
was excised by SacI and AvrII digestion and cloned into SacI-AvrII-
digested allelic exchange vector pSS4245 (10, 19) to create pTN50. pTN50
was introduced into E. coli SM10�pir (32) and transconjugated into
KM22 as previously described (10, 19). Briefly, Bvg� phase B. bronchisep-
tica, obtained by growth on BG agar containing 50 mM MgSO4, was
coincubated with SM10�pir cells carrying pTN50 on BG agar containing
10 mM MgCl2 and 50 mM MgSO4 for 4 h at 37° C. Cointegrants were
selected on BG-Sm-Km-Carb agar containing 50 mM MgSO4. Cointe-
grants were then streaked onto BG agar and incubated for 2 days at 37° C,
allowing for the selection of B. bronchiseptica that had undergone a second
recombination event resulting in a loss of the allelic exchange plasmid,
pTN50. Colonies were screened for the presence of the mutant bvgS gene
by growth on BG-Sm agar and lack of growth on BG-Sm-Km-Carb agar.
A single colony, designated TN30, was selected for subsequent use. Con-
firmation that the introduced mutation resulted in the specified phase-
locked phenotype was obtained by growing wild-type KM22 and TN30 on
BG agar and BG agar containing MgSO4 and evaluating colony morphol-
ogy and hemolytic activity. TN30 was further confirmed by PCR amplifi-
cation of a DNA fragment encoding upstream and downstream regions of
the bvgS gene and DNA sequence analysis.

TN31, the Bvgi phase-locked derivative of KM22, was constructed by
generating the bvgS-I1 (14) mutation T733M using the QuikChange site-
directed mutagenesis kit (Agilent Technologies, Inc., Santa Clara, CA)
according to the manufacturer’s instructions. pTN15, carrying the bvgS
gene encoding the bvgS-C3 mutation R570H, served as the template for
use with mutagenesis primers T733Mfor and T733Mrev (Table 1). The
mutation was confirmed by sequencing, and the resulting plasmid was
named pTN18. The bvgS encoding both R570H and T733M mutations
was then PCR amplified from pTN18 using primers TN18-for and TN18-
rev (Table 1), which were designed such that AvrII and SpeI sites would be
generated at the 5= and 3= ends, respectively. The resulting PCR product
was cloned into pCR-Blunt II-TOPO (Invitrogen, Carlsbad, CA) to create
pSMS87. The insert of pSMS87 was then excised by AvrII and SpeI diges-
tion and cloned into AvrII-SpeI-digested pSS4245 to create pSMS95.
pSMS95 was introduced into E. coli SM10�pir (32) and transconjugated
into KM22 as described above for TN30. A single colony, designated
TN31, was selected for subsequent use. Confirmation that the intro-
duced mutation resulted in the specified phase-locked phenotype was

obtained by growing wild-type KM22 and TN31 on BG agar and BG agar
containing MgSO4 and evaluating colony morphology and hemolytic ac-
tivity. TN31 was further confirmed by PCR amplification of the bvgS gene
and DNA sequence analysis.

Motility assay. Motility assays were performed as previously de-
scribed (2). Briefly, plates were prepared with Stainer-Scholte medium
(SSM) containing 0.35% agarose and supplemented with 50 mM MgSO4.
A single KM22 or TN30 colony was stab inoculated into SSM or SSM and
MgSO4 and incubated at 37°C for at least 24 h. Motile organisms display
outward migration from the point of inoculation.

Quantitative real-time PCR. Mid-log-phase liquid cultures of KM22,
TN23, TN30, and TN31 were diluted in SS broth containing streptomycin
to obtain a starting optical density at 600 nm (OD600) of 0.02, in triplicate,
and grown at 37°C with shaking at 275 rpm until an OD600 of 0.8 was
reached. Bacteria were harvested, and total RNA was extracted with
TRIzol (Invitrogen, Carlsbad, CA), treated with RNase-free DNase I (In-
vitrogen, Carlsbad, CA), and purified using RNeasy columns (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. DNase-
treated total RNA (1 �g) from each biological replicate was reverse
transcribed using 300 ng of random oligonucleotide hexamers and Super-
Script III RTase (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s protocol. The resulting cDNA was diluted 1:100, and 1 �l of this
dilution was used in qPCR mixtures containing 300 nM primers and 2�
SYBR green PCR master mix (Applied Biosystems, Foster City, CA) using
an Applied Biosystems 7300 real-time PCR detection system (Applied
Biosystems, Foster City, CA). All primers were designed using Primer
Express software (Applied Biosystems, Foster City, CA) and listed in Table
1. To confirm the lack of DNA contamination, reactions without reverse
transcriptase were performed. Dissociation curve analysis was performed
for verification of product homogeneity. Threshold fluorescence was es-
tablished within the geometric phase of exponential amplification, and
the cycle threshold (CT) value for each reaction was determined. The CT

value from all three biological replicates for each strain was compiled, and
the 16S RNA amplicon was used as an internal control for data normal-
ization. Fold-change in transcript level was determined using the relative
quantitative method (��CT) (20). Results were log2 transformed and
analyzed for significance using a two-way mixed model analysis of vari-
ance (ANOVA) with a post hoc comparison of fold change in transcript
level of each isogenic mutant to the wild-type isolate using the Bonferroni
method. P values less than 0.001 were considered significant.

Cytotoxicity assays. These assays were carried out as previously de-
scribed (24, 40). Briefly, J774 macrophages were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) broth supplemented with 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin, 1% nonessential amino
acids, and 1% sodium pyruvate to 85% confluence at 37°C with 5% CO2.
Warmed RPMI medium lacking phenol red, with 5% FBS, 1%
L-glutamine, 1% nonessential amino acids, and 1% sodium pyruvate, was
then used to replace the DMEM. Bacterial infections with the indicated
bacterial strains were prepared from cultures collected in mid-log phase
and were carried out using a multiplicity of infection (MOI) of 10. Bacte-
rial suspensions were centrifuged onto the macrophages at 250 � g for 5
min, and cell cultures were incubated at 37°C with 5% CO2 for 4 h. The
cell culture supernatants were collected, and percent lactate dehydroge-
nase (LDH) release was analyzed using the Cytotox96 kit (Promega, Mad-
ison, WI) according to the manufacturer’s instructions. Results were an-
alyzed for significance using the Student’s t test, and a P value of less than
0.05 was considered significant.

Bacterial adhesion assays. L2 rat lung epithelial cells were grown to
�80% confluence in a 24-well plate using 50/50 DMEM-F12 medium
supplemented with 10% FBS and then inoculated with suspensions of the
indicated bacterial strains prepared from cultures collected in mid-log
phase and diluted using growth medium, resulting in an MOI of 100.
Dilutions of bacterial inocula were plated on BG plates containing strep-
tomycin to determine CFU counts and verify the MOI. Adhesion assays
were carried out in triplicate and performed by removing growth medium
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from L2 cells and then adding either medium alone or 1 ml of bacterial
inoculum. Plates were then centrifuged for 5 min at 250 � g and incubated
at 37°C with 5% CO2 for 40 min. Wells were then washed four times with
1 ml of the growth medium to remove nonadherent bacteria. L2 cells were
then trypsinized using 0.5 ml of 0.125% trypsin and incubated for 10 min
at 37°C. The total volume of each well was then brought up to 1 ml with
growth medium, and cells were homogenized by pipetting. Dilutions were
then plated on BG plates containing streptomycin to determine CFU
counts, which were then used to calculate the proportion of adherent
bacteria, expressed as a percentage of the original inoculum. Results were
analyzed for significance using Student’s t test, and a P value of less than
0.05 was considered significant.

Pathogenesis experiments in swine. B. bronchiseptica strains KM22,
TN23 (Bvg�), TN31 (Bvgi), and TN30 (Bvg�) were cultured on BG agar
supplemented with 10% sheep’s blood at 37°C for 40 h. Suspensions of
these cultures were prepared in phosphate-buffered saline (PBS) to con-
tain approximately 2 � 109 CFU/ml, and a 1:2,000 dilution of this sus-
pension was made in PBS for inoculation of the pigs. An aliquot of inoc-
ulum for each strain was plated on BG agar plates, with and without 50
mM MgSO4, to determine CFU/ml and to confirm the expected colony
morphology and hemolytic phenotype. All colonies from all inocula dis-
played the expected colony morphology and hemolytic characteristics. A
single isolation room in BL2 barn facilities was used to house each exper-
imental group. No B. bronchiseptica was isolated from nasal swabs prior to
the start of either experiment. For the first pathogenesis trial, 56 pigs were
divided into 3 experimental groups of 16 pigs each and 1 control group of
8. Pigs were inoculated intranasally at 1 week of age with 1 ml (0.5 ml/
nostril) of a bacterial suspension containing 106 CFU of KM22, TN23
(Bvg�), TN30 (Bvg�) or with 1 ml of sterile PBS. For the second patho-
genesis trial, 48 pigs were divided into 2 experimental groups of 16 pigs
each and 1 control group of 16. Pigs were inoculated intranasally at 1 week
of age with 1 ml (0.5 ml/nostril) of a bacterial suspension of strains KM22,
TN31 (Bvgi), or 1 ml of sterile PBS. For both trials, bacterial colonization
of the nasal cavity was quantified by nasal swabs on days 1, 3, and 5 and by
nasal washes at the indicated days postinoculation. Animals were eutha-
nized and bacterial load in the trachea and the lungs was quantified at the
indicated days postinoculation. At necropsy, snouts were transected and
removed at the level of the first premolar tooth. A 1-cm cross-section was
cut from the caudal portion of the snout and used for scoring turbinate
atrophy. The trachea was then severed just below the larynx, and the
trachea and lung were removed. All housing, husbandry, and experiments
performed with pigs were in accordance with the law and approved by the
Institutional Animal Care and Use Committee.

Determination of colonization. Nasal swabs were placed into tubes
containing 500 �l PBS and vortexed. Nasal washes were performed by
injecting 5 ml of PBS into the nasal cavity through one nostril and collect-
ing the effluent into a beaker. Tracheal washes were performed by placing
a segment of trachea approximately 8 cm in length in a 15-ml centrifuge
tube with 5 ml of PBS and shaking vigorously. Lung lavage was performed
by filling the lungs with 100 ml of sterile PBS, gently massaging, and
aspirating; approximately 50 ml of the PBS was recovered. Serial 10-fold
dilutions were made from nasal swab fluids, nasal and tracheal washes,
and lung lavages, and the number of CFU of B. bronchiseptica per ml was
determined by plating 100 �l of the dilutions on duplicate selective blood
agar plates containing 20 �g/ml penicillin, 10 �g/ml amphotericin B, 10
�g/ml streptomycin, and 10 �g/ml spectinomycin. The limit of detection
was 10 CFU/ml. B. bronchiseptica was identified on the basis of colony
morphology. Colonization levels in the TN31 (Bvgi)-inoculated pigs was
confirmed using colony lifts hybridized with a probe for the Bordetella
adenylate cyclase toxin gene, cyaA. Colonies from plates representing each
respiratory tract site (nasal cavity, trachea, and lung) from each experi-
mental group were randomly screened by PCR amplification of the bvgS
gene and DNA sequence analysis to confirm the expected bvgS genotype.
Statistical analyses of the nasal colonization data were performed using a
mixed linear model (SAS 9.2 for Windows XP; SAS Institute Inc., Cary,

NC) for repeated measures and a spatial spherical covariance structure to
best account for unequal study day intervals. Linear combinations of the
least squares means estimates for log10 CFU were used in a priori compar-
isons to test for a significant (P � 0.05) effect of the bacterial challenge
strains. Comparisons were made between challenge groups for each iso-
late at each time point using a 5% level of significance (P � 0.05) to assess
statistical differences. Endpoint data for tracheal and lung bacterial loads
were analyzed using analysis of variance using a general linear model for
unbalanced data that included treatment group and study day, with CFU
as the dependent variable. A 5% level of significance (P � 0.05) was used
to assess statistical differences.

Pathological evaluation of the lung. Sections of lung taken at nec-
ropsy for microscopic evaluation were fixed in 10% neutral buffered for-
malin for 24 h and then placed in 70% ethanol. All sections were routinely
processed and embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin. At necropsy, an estimate of gross lung involvement was
assigned based on the percentage of each lung lobe affected and the per-
centage of total lung volume represented by each lobe. Percentage of total
lung volume of each lobe was estimated as 10% for the left cranial, 10% for
the left middle, 25% for the left caudal, 10% for the right cranial, 10% for
the right middle, 25% for the right caudal, and 10% for the intermediate
lung lobes.

Turbinate atrophy scores. Each of the four scrolls of the ventral tur-
binate in snout cross-sections was assigned an atrophy score that ranged
from 0 to 4: 0 � normal, 1 � more than half of turbinate remaining, 2 �
half or less of turbinate remaining, 3 � turbinate is straightened with only
a small portion left, and 4 � total atrophy. The atrophic rhinitis score is
the sum of the four turbinate atrophy scores and ranges from 0 to 16.

Transmission experiments in swine. B. bronchiseptica strains KM22
and TN23 (Bvg�) were cultured on BG agar supplemented with 10%
sheep’s blood at 37°C for 40 h. Suspensions of these cultures were pre-
pared in PBS to contain approximately 2 � 109 CFU/ml, and a 1:2,000
dilution of this suspension was made in PBS for inoculation of the pigs. An
aliquot of inoculum for each strain was plated on BG agar plates, with and
without 50 mM MgSO4, to determine CFU/ml and to confirm the ex-
pected colony morphology and hemolytic phenotype. All colonies from
both inocula displayed the expected characteristics. A single isolation
room in BL2 barn facilities was used to house each experimental group.
For the direct transmission study, 2 experimental groups of 16 1-week-old
piglets and 1 control group of 8 were intranasally inoculated with 106 CFU
of KM22 or TN23 (Bvg�) or 1 ml sterile PBS. At 3 days postinoculation,
two naïve pigs were added to each room to serve as direct contacts. Bac-
terial colonization of the nasal cavity was assessed by nasal washes on days
2, 8, 18, 39, 46, 69, 76, and 84 postcontact. Four primary-challenged pigs
were removed on days 10, 17, 34, and 60 postcontact for necropsy, leaving
only direct contacts in the room beyond day 60 postcontact. On day 84
postcontact, necropsies were performed and pigs were euthanized with an
overdose of barbiturate. For the direct and indirect transmission study,
three isolation rooms in BL2 barn facilities were used to house each ex-
perimental group. Two isolation rooms were identically set up with two
pens placed 18 inches apart. Two pigs were intranasally inoculated with
106 CFU of KM22 and placed in a pen together in one isolation room, and
two pigs were intranasally inoculated with 106 CFU of TN23 (Bvg�) and
placed in a pen together in a second isolation room. These pigs served as
the “primary-challenged” pigs in the study. A control group of 8 pigs were
intranasally inoculated with 1 ml sterile PBS and housed together in a
third isolation room with no pens. Two days postinoculation of primary-
challenged pigs, 3 naïve pigs, serving as a direct contacts, were placed in
the pen containing the primary-challenged pigs, and 5 naïve pigs, serving
as indirect contacts, were placed in the second pen. Nasal colonization of
all pigs was monitored by periodical nasal swabbing on days 4, 7, 12, 18,
and 25 postcontact. Nasal swabs were obtained from indirect contacts
first, followed by direct contacts, and then nasal swabs were obtained from
primary-challenged pigs. Necropsies were performed on day 25 postcon-
tact, and all pigs were euthanized with an overdose of barbiturate. For all
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transmission experiments, the trachea was then severed just below the
larynx, and the trachea and lung were removed for determination of col-
onization. All housing, husbandry, and experiments performed with pigs
were in accordance with the law and approved by the Institutional Animal
Care and Use Committee.

RESULTS
Phenotype and gene expression pattern of each KM22 isogenic
mutant (Bvg�, Bvgi, and Bvg�). To investigate the role of pheno-
typic modulation by B. bronchiseptica during infection of swine,
we constructed a series of isogenic phase-locked mutants in the
virulent swine strain KM22. Since regulation of virulence gene
expression by the bvg locus is highly conserved among Bordetella
strains, we hypothesized that isogenic mutants (Bvg�, Bvgi, and
Bvg�) of KM22 would have similar phenotypes as those reported
for each corresponding isogenic mutant in the well-characterized
laboratory strain, RB50. Gene expression in TN23 (Bvg�), TN31
(Bvgi), and TN30 (Bvg�) was analyzed by quantitative real-time
PCR and compared to the wild-type KM22 strain. The phase-
locked mutants and the wild-type KM22 were grown under non-
modulating conditions at 37°C. Nineteen genes that have been
shown in RB50 to be differentially expressed in response to phase

modulation were chosen for analysis. These included genes for
regulatory proteins (bvgA, bvgS, bvgR), adhesins (prn, fimA, fim2,
fim3, fimN, fimX), toxins (cyaA, dnt), the type III secretion system
(bopB, bopD, bopN), motility (flhC, cheZ, flgB), and the
intermediate-phase-expressed genes bipA and bcfA (15, 27, 34). As
shown in Fig. 1A, the three isogenic mutant strains have unique
patterns of gene expression. The expression of prn, fim3, fimN,
fimX, and dnt were significantly increased in the Bvg� phase-
locked mutant, TN23, while the expression of flhC, cheZ, flgB,
bipA, fimA, and fim2 were significantly decreased relative to the
wild-type KM22 (Fig. 1A). The expression levels of the other eight
genes analyzed did not differ significantly from the wild-type
KM22 (Fig. 1A). In contrast, the expression of all the virulence-
associated genes analyzed was significantly decreased in the Bvg�

phase-locked mutant, TN30, relative to wild-type KM22 (Fig. 1A).
The expression of bcfA, prn, fim3, bipA, fimA, and fimN were sig-
nificantly increased in the Bvgi phase-locked mutant, TN31, while
the expression of flhC, flgB, bopN, bopD, bopB, and fim2 were
significantly decreased relative to the wild-type KM22 (Fig. 1A). In
summary, expression of all 19 genes analyzed in each isogenic
mutant of KM22 was found to be similar to that reported for the

FIG 1 (A) Gene expression changes in B. bronchiseptica TN23 (Bvg�), TN31 (Bvgi), and TN30 (Bvg�) evaluated by qRT-PCR. The x axis indicates the genes
analyzed. The y axis indicates the log2-fold change in gene expression of each strain relative to KM22 using the relative quantitative method (��CT). Values for
bvgS in TN30 (Bvg�) were not attainable since the region targeted by the primers used in the assay is missing in this strain. Error bars represent �standard errors.
An asterisk indicates that the P value is �0.001. (B) Soft-agar motility of B. bronchiseptica KM22 and TN30 (Bvg�). A single colony of either KM22 or TN30, as
indicated on the left, was stab inoculated into SSM or SSM supplemented with 50 mM MgSO4, as indicated above. Motile organisms display outward migration
from the point of inoculation.
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corresponding isogenic mutants in the well-characterized labora-
tory strain, RB50.

Perhaps the best-characterized phenotypes of the Bvg� phase
are motility and the expression of flagellar synthesis genes, which
are tightly regulated through a complex hierarchy requiring the
presence of the FrlAB regulatory locus, and the production of the
flagellin monomer, FlaA (1, 2). Relative to B. bronchiseptica RB50,
the expression of the flagellar structural gene flaA has been re-
ported to increase in RB54, the Bvg� phase-locked derivative of
RB50 (16, 33). To test whether TN30 is motile under both mod-
ulating and nonmodulating conditions, a single colony of either
wild-type KM22 or TN30 was stab inoculated into soft-agar plates
containing SSM or SSM supplemented with 50 mM MgSO4. As
shown in Fig. 1B, TN30 is motile in both nonmodulating SSM and
modulating SSM supplemented with 50 mM MgSO4 conditions,
while KM22 is motile only in modulating conditions and SSM
supplemented with 50 mM MgSO4. These data demonstrate that
the Bvg� phase-locked mutant, TN30, is expressing the Bvg�

phase phenotype motility during both modulating and non-
modulating conditions.

A well-characterized function of the Bordetella type III secre-
tion system (TTSS) is killing of mammalian cells (30, 39, 40). Since
the BvgAS system regulates the TTSS in B. bronchiseptica RB50, we
hypothesized that the BvgAS system would also regulate TTSS in
KM22. Therefore, we assessed the ability of KM22 and the isogenic
phase-locked mutants to mediate cytotoxicity in J774 murine
macrophages in vitro. Both KM22 and the Bvg�-locked mutant,
TN23, displayed a high level of cytotoxicity (Fig. 2A). In contrast,
the cytotoxic activity of the Bvgi-locked strain, TN31, and Bvg�

phase-locked strain, TN30, was statistically lower than KM22 and
similar to medium alone (Fig. 2A). These data correlate with the
gene expression data and suggest that both KM22 and TN23 pro-
duce a functional TTSS, while the decreased expression of some
TTSS genes in strains TN31 and TN30 may have resulted in the
decreased cytotoxicity, a TTSS-dependent function.

The ability of B. bronchiseptica to adhere to epithelial surfaces is
required for the initiation and establishment of infection. The
BvgAS system regulates a number of genes whose products have

been postulated or, in some cases, directly shown to function as
adhesins. To determine if the BvgAS system is involved in regulat-
ing cellular adherence by KM22, the ability of the phase-locked
mutants to adhere to L2 rat lung epithelial cells in vitro was com-
pared to that of the wild-type strain. KM22, TN23 (Bvg�), and
TN31 (Bvgi) had a similar level of adherence to L2 cells, whereas
TN30 (Bvg�) was unable to adhere (Fig. 2B). These results indi-
cate that Bvg� B. bronchiseptica does not express factors necessary
for adhesion to L2 cells, supporting the hypothesis that Bvg�

phase gene products are not involved in colonization and estab-
lishment of infection.

Full activation of the BvgAS regulatory system is required for
colonization and maximal disease severity. To investigate the
Bvg phase-dependent contribution to pathogenesis of B. bron-
chiseptica in swine, we assessed, in two separate trials, the ability of
TN23 (Bvg�), TN31 (Bvgi), and TN30 (Bvg�) to colonize and
cause disease compared to the wild-type isolate. In the first trial,
groups of 1-week-old piglets were intranasally inoculated with
KM22, TN23 (Bvg�), TN30 (Bvg�) or 1 ml sterile PBS. Clinical
signs were noted only in piglets from groups inoculated with
KM22 or TN23 (Bvg�) and consisted of sneezing and coughing.
No clinical signs were observed in piglets from groups inoculated
with TN30 (Bvg�) or PBS.

Colonization of the nasal cavity was evaluated on days 1, 3, 5, 7,
and weekly thereafter until day 57 postinfection (Fig. 3A). No B.
bronchiseptica CFU were recovered from any site in the respiratory
tract of piglets inoculated with TN30 (Bvg�) or PBS. The Bvg�

phase-locked mutant, TN23, was recovered from the nasal cavity
in numbers similar to those for the wild-type KM22 at all days
examined (Fig. 3A). Colonization of sites in the lower respiratory
tract was also assessed at days 7, 14, 31, and 57 postinfection.
Similar to nasal colonization, there was no difference in the num-
ber of CFU recovered from TN23 (Bvg�) compared to KM22 in
both the trachea and the lung (Fig. 3B and C).

The degree of atrophic rhinitis was evaluated by determining
the mean turbinate atrophy score from piglets inoculated with
KM22, TN23 (Bvg�), TN30 (Bvg�), or PBS on days 7, 14, 31, and
57 postinfection. No significant turbinate atrophy was seen in the

FIG 2 (A) TTSS-mediated cytotoxicity of B. bronchiseptica KM22, TN23 (Bvg�), TN31 (Bvgi), and TN30 (Bvg�). Cytotoxicity as measured by percent LDH
release in J774 macrophages following 4 h of exposure to medium alone or to the indicated strain, using an MOI of 10. The error bars represent �standard
deviations. An asterisk indicates that the P value is �0.005. (B) Adherence of B. bronchiseptica KM22, TN23 (Bvg�), TN31 (Bvgi), and TN30 (Bvg�). Adherence
in vitro to L2 cells is expressed as the proportion of bacteria in the original inoculum found to be adherent after centrifugation and a 40-min incubation period,
using an MOI of 100. Adherence of bacteria to L2 cells is expressed as the proportion of adherent bacteria to the original inoculum. The error bars represent
�standard deviation. An asterisk indicates that the P value is �0.005.
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pigs inoculated with either PBS or TN30 (Bvg�) on any of the days
examined (Table 2). Only piglets infected with either KM22 or
TN23 (Bvg�) had any evidence of significant nasal turbinate atro-
phy, reflective of an atrophic rhinitis score greater than 2 (Table
2). Pigs infected with TN23 (Bvg�) showed a similar degree of
turbinate atrophy as pigs infected with the wild-type KM22 on all
days except day 31, where an increased degree of turbinate atrophy
was observed in KM22-infected pigs (Table 2).

Lung pathology was assessed on days 7, 14, 31, and 57 postin-
fection by determining the mean percentage of the lung affected
by pneumonia. Overall, no pneumonia was observed in TN30
(Bvg�)- or PBS-infected piglets, whereas a similar degree of pneu-
monia was observed in TN23 (Bvg�)- and KM22-infected pigs on

days 7, 14, and 31 (Table 2). On day 57 postinfection, the mean
percentage of lung affected by pneumonia was slightly higher in
TN23 (Bvg�)-challenged pigs, with 5.625% of lungs affected com-
pared to 2.75% of lungs affected in KM22-infected pigs (Table 2).
Additionally, only one out the four pigs infected with KM22 ex-
hibited pneumonia, whereas three out the four pigs infected with
TN23 (Bvg�) exhibited pneumonia. The pneumonias exhibited in
TN23 (Bvg�)- and KM22-infected pigs were similar and consisted
of areas of red, seen on days 7 and 14 postinfection, to tan, seen on
days 31 and 57 postinfection, consolidation with well-demarcated
borders, and a cranial ventral distribution. Microscopically, the
lesions in both TN23 (Bvg�)- and KM22-challenged pigs were
typical of B. bronchiseptica pneumonia, characterized by suppura-
tive bronchopneumonia that is gradually replaced by fibroplasia.

In a second trial, we compared the ability of TN31 (Bvgi) and
the wild-type KM22 isolate to colonize and cause disease in swine
following intranasal inoculation of groups of 1-week-old piglets
with KM22, TN31 (Bvgi), or PBS. No clinical signs were observed
in piglets inoculated with TN31 (Bvgi) or in piglets receiving PBS.
Clinical signs, consisting of sneezing and coughing, were noted
only in piglets inoculated with KM22.

Nasal cavity colonization was assessed at days 1, 3, 5, and 7 and
then weekly through day 56 postinfection. The Bvgi phase-locked
mutant, TN31, was recovered at levels significantly lower than
those of wild-type KM22 on all days (Fig. 4A). Throughout the
course of the experiment, the number of CFU recovered from pigs
infected with TN31 (Bvgi) was approximately two logs less than
that from pigs infected with KM22. Additionally, the peak in the
number of CFU recovered from the nasal cavity of TN31 (Bvgi)-
infected pigs was delayed compared to that of KM22-infected pigs,
with CFU levels barely rising above detectable limits through day
14 and reaching a peak at day 28, and by day 56 CFU levels fell to
barely detectable levels (Fig. 4A). In contrast, the numbers of CFU
recovered from the nasal cavity of KM22-infected pigs were sig-

TABLE 2 Mean turbinate atrophy scores and percentages of the lungs
affected by pneumonia in pigs inoculated with B. bronchiseptica KM22,
TN23 (Bvg� isogenic mutant), or TN30 (Bvg� isogenic mutant)

Day of
necropsy Group

Mean turbinate
atrophy score
(range)

Mean % pneumonia
(range)

7 PBS control 0 (0) 0 (0)
KM22 (BvgWT) 2.25 (1–4) 1.15 (0.1–2)
TN23 (Bvg�) 1.5 (0–4) 1.275 (0.1–3)
TN30 (Bvg�) 0 (0) 0 (0)

14 PBS control 0 (0) 0 (0)
KM22 (BvgWT) 2.25 (0–4) 2.375 (0–9)
TN23 (Bvg�) 3.75 (2–5) 2.25 (0–9)
TN30 (Bvg�) 0 (0) 0 (0)

31 PBS control 1.5 (1–2) 0 (0)
KM22 (BvgWT) 4.25 (1–8) 0.625 (0–1.5)
TN23 (Bvg�) 2.0 (0–3) 0.875 (0–2.5)
TN30 (Bvg�) 0 (0) 0 (0)

57 PBS control 1.5 (1–2) 0 (0)
KM22 (BvgWT) 1.67 (0–3) 2.75 (0–11)
TN23 (Bvg�) 2.25 (2–3) 5.625 (0–18)
TN30 (Bvg�) 0 (0) 0 (0)

FIG 3 Colonization of the swine respiratory tract by wild-type B. bronchisep-
tica strain KM22 or TN23, a KM22 Bvg� isogenic mutant. Groups of 16 pigs
were inoculated intranasally with KM22 (open triangles) or TN23, a KM22
Bvg� isogenic mutant (closed circles). Bacterial load in the nasal cavity (A) was
quantified on days 1, 3, 5, 7, 14, 21, 31, 42, 49, and 57 postinoculation. Bacterial
load in the trachea (B) and the lungs (C) was quantified on days 7, 14, 31, and
57 postinoculation. The x axis indicates days postinoculation, and the y axis
indicates the mean CFU expressed as the log10 mean � standard errors (error
bars). The dashed line indicates the lower limit of detection (log101).
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nificantly higher on day 1, reached a peak on day 21, and remained
high throughout the course of the study (Fig. 4A).

Colonization of the trachea and lung was evaluated on days 7,
14, 28, and 56 postinfection (Fig. 4B and C). In general, signifi-

cantly lower CFU levels were recovered from the trachea and lungs
of TN31 (Bvgi)-inoculated pigs than from the trachea and lungs of
pigs infected with KM22 (Fig. 4B and C). Similar to nasal coloni-
zation, peak CFU recovered from the trachea and lungs was de-
layed until day 28 in pigs infected with TN31 compared to day 14
in KM22-inoculated pigs. Additionally, KM22 was able to persist
in significantly high numbers through day 56 in both the trachea
and lung, whereas the number of TN31 (Bvgi) decreased more
dramatically, approaching the lower limit of detection by day 56
(Fig. 4B and C).

No significant turbinate atrophy was seen in the pigs inocu-
lated with either PBS or TN31 (Bvgi) at any of the days examined
(Table 3). Only piglets infected with KM22 had any evidence of
significant nasal turbinate atrophy, reflective of an atrophic rhini-
tis score greater than 2 (Table 3). Pigs inoculated with TN31 (Bvgi)
displayed little to no pneumonia (Table 3), with the range of lung
percentage affected as well as the total number of pigs displaying
evidence of pneumonia similar to those of the PBS-inoculated
control group. Despite isolation of significantly lower numbers of
B. bronchiseptica from the lung, two TN31 (Bvgi)-infected pigs
displayed mild lesions on days 7 and 56. Microscopically, the le-
sions on day 7 were consistent with Bordetella infection and in-
cluded small areas of consolidated interstitial pneumonia, with
septal infiltrates consisting mainly of macrophages and neutro-
phils. Lesions detected on day 56 were suppurative bronchopneu-
monia, also consistent with Bordetella infection. The colonization
and pathology data from each of the two trials together suggest
that the full activation of the BvgAS regulatory system is required
for maximal colonization and disease severity in swine.

Phenotypic modulation of the Bvg� phase is not required for
direct or indirect transmission of B. bronchiseptica in swine. An
attractive and frequently proposed hypothesis is that a BvgAS sys-
tem capable of modulation between the Bvg� and Bvg� phases is
required for transmission (12, 14, 33). To experimentally address
this hypothesis, we undertook two separate studies designed to
test the ability of the Bvg� phase-locked mutant, TN23, to be
transmitted, either directly or indirectly, from infected pigs to
naïve pigs.

TABLE 3 Mean turbinate atrophy scores and percentages of the lungs
affected by pneumonia in pigs inoculated with B. bronchiseptica KM22
or TN31 (Bvgi isogenic mutant)

Day of
necropsy Group

Mean turbinate
atrophy score
(range)

Mean % pneumonia
(range)

7 PBS control 1.5 (0–2) 0.875 (0–2)
KM22 (BvgWT) 3.75 (1–8) 3.625 (0–10)
TN31 (Bvgi) 1.25 (0–2) 1.0 (0–3.5)

14 PBS control 0.5 (0–1) 0.75 (0–3)
KM22 (BvgWT) 4.5 (2–8) 7.5 (2–20)
TN31 (Bvgi) 1.0 (0–2) 0.25 (0–1)

28 PBS control 0.25 (0–1) 0.25 (0–1)
KM22 (BvgWT) 5.75 (3–8) 9.75 (0–17)
TN31 (Bvgi) 1.5 (1–4) 0 (0)

56 PBS control 1.25 (1–2) 0 (0)
KM22 (BvgWT) 4.75 (4–6) 5.0 (2–13)
TN31 (Bvgi) 1.5 (0–4) 0.875 (0–3.5)

FIG 4 Colonization of the swine respiratory tract by wild-type B. bronchisep-
tica strain KM22 or TN31, a KM22 Bvgi isogenic mutant. Groups of 16 pigs
were inoculated intranasally with KM22 (open triangles) or TN31, a KM22
Bvgi isogenic mutant (open circles). Bacterial load in the nasal cavity (A) was
quantified on days 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, and 56 postinoculation.
Bacterial load in the trachea (B) and the lungs (C) was quantified on days 7, 14,
28, and 56 postinoculation. The x axis indicates days postinoculation, and the
y axis indicates the mean CFU expressed as the log10 mean � standard errors
(error bars). The dashed line indicates the lower limit of detection (log101).
Statistical difference is indicated as P values of �0.0001 for TN31 (Bvgi) com-
pared to KM22, assessed as repeated measurements over all time points (a), P
values of �0.0001 for TN31 (Bvgi) compared to KM22, assessed as repeated
measurements over all time points (b), and P values of �0.0001 for TN31
(Bvgi) compared to KM22, assessed as repeated measurements over all time
points (c). A P value of less than 0.05 was considered significant.
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To assess direct transmission, groups of 16 1-week-old piglets
were intranasally inoculated with KM22, TN23 (Bvg�), or 1 ml
sterile PBS. At 3 days postinoculation two naïve pigs were added to
each room to serve as direct contacts. Nasal washes were per-
formed on the direct contact pigs to test for colonization by each
respective B. bronchiseptica strain. As shown in Table 4, the direct-
contact pigs in groups inoculated with KM22 or TN23 (Bvg�)
were rapidly colonized by each respective strain and remained
colonized for the duration of the trial. No B. bronchiseptica was
recovered from any site in the respiratory tract of piglets in the
group inoculated with PBS. Colonization of the respiratory tract
was evaluated in the direct-contact pigs from each group 84 days
postcontact with primary-infected pigs. Both direct-contact pigs
were positive for nasal colonization from the group inoculated
with KM22 and the group inoculated with TN23 (Bvg�) (Table 4
and Table 5). B. bronchiseptica was recovered from the trachea in
one direct-contact pig from the group inoculated with KM22 and
both direct-contact pigs from the group inoculated with TN23
(Bvg�) (Table 5). B. bronchiseptica was recovered from the lung of
one direct-contact pig from the group inoculated with KM22 but
neither of the direct-contact pigs from the group inoculated with
TN23 (Bvg�) (Table 5). Together, the data demonstrate that a
Bvg� phase-locked mutant can transmit directly from pig-to-pig
when animals are comingled and suggest that phenotypic modu-
lation of the Bvg� phase is not required for direct transmission in
swine.

A second trial was designed to test whether the Bvg� phase is
sufficient for both direct and indirect transmission in swine. In
this experiment, two pigs were intranasally inoculated with KM22
and placed in a pen within an isolator room (Fig. 5). These two
pigs served as primary-challenged pigs. After 2 days, three naïve
pigs, serving as direct contacts, were added to the same pen, and
five naïve pigs were placed in a second pen placed at least 18 inches
away from the first pen (Fig. 5). These five pigs served as indirect-
contact pigs. The exact experimental procedure was repeated in
a second isolation room, except that the two pigs serving as
primary-challenged pigs were intranasally inoculated with TN23
(Bvg�). In a third isolator room with no pens, pigs were intrana-
sally inoculated with sterile PBS and allowed to comingle.

Nasal colonization of all pigs was monitored by nasal swab-
bing. B. bronchiseptica was not recovered from any site in piglets
inoculated with PBS. Similar to the first trial, direct transmission
occurred rapidly for both KM22 and TN23 (Bvg�), with the ma-
jority of direct-contact pigs from each group becoming colonized
by day 4 postcontact (Table 6). Transmission by indirect contact

took longer; however, for both strains, an indirect-contact pig
demonstrated nasal colonization 12 days after initial contact (Ta-
ble 6). By day 25 postcontact, B. bronchiseptica was recovered from
the nasal cavity of all pigs (primary-challenged, direct-contact,
and indirect-contact pigs) from both the KM22 and the TN23
(Bvg�) groups. Colonization of the trachea and lungs was deter-
mined at necropsy 25 days postcontact. The B. bronchiseptica
strain given to the primary-challenged pigs from each group was
isolated from the trachea and lungs in all pigs (primary, direct
contact, and indirect contact) from both the KM22 (wild-type)
and TN23 (Bvg�) groups (Table 7). These results show that both
the wild type and the Bvg� phase-locked mutant were equally
capable of transmission in swine by both direct and indirect con-
tact. Additionally, these data demonstrate that phenotypic mod-
ulation of Bvg� B. bronchiseptica is not required for direct or in-
direct transmission in swine.

DISCUSSION

Despite widespread use of B. bronchiseptica vaccines by swine pro-
ducers throughout the world, Bordetella-associated respiratory
diseases remain a significant problem for the industry (18, 36).
The development of vaccines with improved efficacy is hindered
by the absence of definitive data related to virulence mechanisms
of B. bronchiseptica in swine. Evaluation of B. bronchiseptica-
specific virulence factors involved in pathogenesis and transmis-
sion in swine provides data directly relevant and necessary for
designing improved vaccines and therapeutic interventions. We
hypothesized that the ability of B. bronchiseptica to undergo phe-
notypic modulation is required at some point during the infec-
tious cycle in swine. To investigate the Bvg phase-dependent con-
tribution to pathogenesis of B. bronchiseptica in swine, we
constructed a series of isogenic mutants in a virulent B. bron-
chiseptica swine isolate and first evaluated the in vitro-associated
phenotypes of each KM22 isogenic mutant. We found the in vitro
phenotypes associated with each KM22 isogenic mutant (Bvg�,
Bvgi, and Bvg�) to be similar to those reported for each corre-
sponding RB50 isogenic mutant.

To investigate the Bvg phase-dependent contribution to
pathogenesis of B. bronchiseptica in swine, we compared TN23
(Bvg�), TN31 (Bvgi), and TN30 (Bvg�) to the wild-type swine
isolate for their ability to colonize and cause disease. The Bvg�

phase-locked mutant, TN30, was never recovered from any respi-
ratory tract site at any time point examined. Except for the degree
of pneumonia observed late in the infection, the Bvg� phase-
locked mutant, TN23, was indistinguishable from the wild type

TABLE 4 Direct transmission to naïve pigsa

No. of daysb

No. of contact pigs positive/total no. of pigsc

KM22 (BvgWT) TN23 (Bvg�)

2 0/2 1/2
8 2/2 2/2
84 2/2 2/2
a Three days after 16 primary pigs were challenged by the intranasal route with 106 CFU
of the contact strain, two naïve pigs were added to each room. Four primary-challenged
pigs were removed on days 7, 14, 31, and 57 for necropsy, leaving only transmission
pigs in the room beyond day 57.
b Days after initial contact with primary-challenged pigs.
c Data are reported as the number of contact pigs positive out of a possible of two pigs
for respective strain of B. bronchiseptica.

TABLE 5 Respiratory tract colonization in direct-transmission pigs 84
days after initial contact with primary-challenged pigsa

Sample site

No. of contact pigs positive/total no. of pigsb

KM22 (BvgWT) TN23 (Bvg�)

Positive CFU/ml Positive CFU/ml

Nasal wash 2/2 2.10/2.32 2/2 3.64/2.51
Tracheal wash 1/2 2.24/0 2/2 2.88/1.74
Lung lavage 1/2 2.04/0 0/2 0/0
a Pigs were euthanized on day 87 of the experiment, 84-days after first contact with
primary challenged pigs.
b Data are reported as the number of contact pigs positive out of a possible of two pigs
for a strain of B. bronchiseptica. CFU are reported as the log10.
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and caused similar disease severity. These results parallel previous
studies involving phase-locked and ectopic expression mutants,
which demonstrated that the Bvg� phase promotes respiratory
tract colonization by B. pertussis and B. bronchiseptica (1, 13, 14,
23, 26), while the Bvg� phase of B. bronchiseptica does not pro-
mote colonization or disease in a host (13, 14). The increased
pneumonia exhibited by the TN23 (Bvg�)-infected pigs late in the
infection suggests that the ability to modulate pathology during
acute infection may be biologically beneficial for B. bronchiseptica.
For example, while not evaluated here, the ability to modulate
pathology could increase the possibility that a host remains more
active and mobile, thereby increasing transmission dynamics
within host populations. The Bvg� phase of B. bronchiseptica has
been demonstrated to promote bacterial survival under condi-
tions of nutrient deprivation (13, 14). Therefore, while not tested
here, the Bvg� phase of B. bronchiseptica may promote increased
survival in containment rooms, pens, and water sources in swine
production facilities, thereby increasing the incidence of indirect
transmission between animals. The inability to monitor such
events illustrates a limitation of studying transmission in a con-
fined experimental setting.

As we followed colonization levels throughout the infection,
the Bvgi phase-locked mutant, TN31, was recovered at signifi-
cantly lower levels than the wild-type KM22 at all respiratory tract
sites and time points examined. This is in direct contrast to the in
vitro data, where we found no difference in the capacity of TN31
and KM22 to adhere to L2 cells. While it may be possible to iden-
tify a difference in the adherence capability between KM22 and
TN31 using different cell types, we found significantly increased
transcription levels for adhesion-associated genes, bcfA, prn, fim3,
bipA, fimA, and fimN, in TN31 compared to those in KM22 and
similar transcription levels for fimX in both TN31 and KM22. The
decreased bacterial burdens throughout the respiratory tract of
TN31-infected pigs observed late in the infection demonstrate the
ability of swine to clear Bvgi phase B. bronchiseptica more rapidly
than wild-type B. bronchiseptica. In addition to the decreased in
vivo adherence ability, this may be due to the lack of maximal
expression and production of characterized immune suppressors
and protective proteins. One example includes the TTSS, which is
capable of modulating the host immune response to aid in sur-
vival and persistence in vivo (30, 39, 40). The gene expression and
cytotoxicity data correlate with the in vivo colonization data and
suggest that TN31 does not produce a functional TTSS; however,
we cannot exclude the potential contribution of other factors as
well. The decreased colonization of TN31-infected pigs compared

FIG 5 Experimental design of direct and indirect contact transmission experiment. Two pens, indicated as pen A and pen B, were placed 18 inches apart in one
isolator room in a BL2 barn facility. Two pigs were intranasally inoculated with the B. bronchiseptica strain tested, placed in pen A, and served as primary-
challenged pigs, indicated by “P.” After 2 days, three naïve pigs, serving as a direct contacts, indicated by “D,” were added to pen A, and five naïve pigs were placed
in pen B, serving as indirect contacts, indicated by “I.” Nasal colonization of all pigs was monitored by periodical nasal swabbing, and necropsy of all pigs was
performed on day 25.

TABLE 6 Direct and indirect transmission to naïve pigsa

No. of
daysb

No. of contact pigs positive/total no. of pigsc

KM22 (BvgWT) TN23 (Bvg�)

Primary Direct Indirect Primary Direct Indirect

4 2/2 2/3 0/5 2/2 3/3 0/5
7 2/2 2/3 0/5 2/2 3/3 0/5
12 2/2 2/3 1/5 2/2 3/3 1/5
18 2/2 3/3 2/5 2/2 3/3 3/5
25 2/2 3/3 5/5 2/2 3/3 5/5
a Two days after 2 primary pigs were challenged by the intranasal route with 106 CFU of
the contact strain, three naïve pigs were added to the same pin and represent direct-
contact pigs. On the same day, five naïve pigs were added to a separate pin and
represent indirect-contact pigs. One isolator room was used per contact strain studied,
and the experimental procedure was duplicated in the two isolator rooms used.
b Number of days after initial contact with primary-challenged pigs.
c Contact strain is reported as the name (phenotype). Data are reported as the number
of contact pigs positive out of the total number possible for a strain of B. bronchiseptica.

TABLE 7 Respiratory tract colonization in direct- and indirect-
transmission pigs 25 days after initial contact with
primary-challenged pigsa

Sample site

No. of contact pigs positive/total no. of pigsb

KM22 (BvgWT) TN23 (Bvg�)

Primary Direct Indirect Primary Direct Indirect

Nasal wash 2/2 3/3 5/5 2/2 3/3 5/5
Tracheal wash 2/2 3/3 5/5 2/2 3/3 5/5
Lung lavage 2/2 3/3 5/5 2/2 3/3 5/5
a Pigs were euthanized on day 27 of the experiment, 25 days after initial contact with
primary-challenged pigs.
b Data are reported as the number of contact pigs positive out of a possible of two pigs
for a strain of B. bronchiseptica.
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to wild-type KM22 at all respiratory tract sites and time points
examined demonstrates that in order to adhere, initiate infection,
and persist to levels similar to those of the wild type in a natural
host, Bvg� phase factors are required. Further, pigs infected with
TN31 displayed limited to no disease and few turbinate and lung
lesions. Only pigs infected with KM22 or TN23 (Bvg�) displayed
coughing and sneezing, which are mechanisms of transmission.
These data suggest that a critical threshold of colonization is re-
quired to cause clinical signs of disease, such as sneezing and
coughing, as well as degenerative pathology, such as turbinate
atrophy, and are in agreement with previous findings (14). It is
difficult to discern if pathological differences in the TN31-
inoculated pigs were due to decreased colonization levels, lack of
virulence factor expression, or both. Given that the number of
CFU recovered from the nasal cavity of TN31-infected pigs barely
rose above detectable limits through the first 2 weeks of infection,
we were unable to test the ability of this strain to transmit to naïve
pigs.

To test whether bacteria in the Bvg� phase are readily trans-
mitted, we used the Bvg� phase-locked mutant, TN23, in direct
and indirect transmission studies. Data from the first trial showed
that a Bvg� phase-locked mutant can transmit directly from pig to
pig when animals are comingled and demonstrates that pheno-
typic modulation of the Bvg� phase is not required for direct
transmission in swine. The experimental design of the second trial
is set up to specifically address whether or not a Bvg� phase-
locked strain can transmit both directly and indirectly to naïve
pigs. Data from the second trial showed that a Bvg� phase-locked
mutant can transmit directly to naïve pigs and indirectly to naïve
pigs physically separated by pens. It is important to note that once
B. bronchiseptica was recovered from one naïve pig from the pen
containing indirect-contact pigs, it was no longer possible to dis-
cern the route of transmission, direct or indirect, that led to the B.
bronchiseptica colonization of the other four naïve pigs housed in
the same pen. In any case, the isolation of TN23 from the nasal
cavity of an indirect-contact pig in a separate pen demonstrates
that a Bvg� phase-locked mutant is capable of transmission by an
indirect route.

We observed a difference in the timing of when B. bronchisep-
tica was recovered from the nasal cavity of direct-contact pigs
from these studies. By day 2 postcontact, B. bronchiseptica was
recovered from direct-contact pigs in the first study, whereas in
the second study, B. bronchiseptica was not recovered until 7 days
postcontact. The increase in the number of days for direct trans-
mission to occur likely reflects the ratio of primary-infected pigs to
naïve pigs, where in the first trial 16 primary-infected pigs to 3
naïve pigs were used and in the second trial there were 2 primary-
infected pigs to 3 naïve pigs. These studies provide experimental
data supporting conventional practices of decreasing the number
of animals housed or comingled together in efforts to delay or
decrease transmission.

It was not unexpected to find no significant differences in
colonization between KM22-inoculated and TN23 (Bvg�)-
inoculated pigs. However, given that the hypothesis that some
degree of phenotypic modulation is required for transmission of
B. bronchiseptica between animals is frequently proposed (12, 14,
33), it was surprising to find that the Bvg� phase-locked mutant
transmitted to naïve pigs by both direct and indirect contact with
equal efficiency as the wild-type isolate. Our results demonstrate
that in a natural host, phenotypic modulation of the fully active

Bvg� phase is not required for respiratory infection and host-to-
host transmission of B. bronchiseptica.
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