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Pathogen transmission cycles require many steps: initial colonization, growth and persistence, shedding, and transmission to
new hosts. Alterations in the membrane components of the bacteria, including lipid A, the membrane anchor of lipopolysaccharide, could affect any of these steps via its structural role protecting bacteria from host innate immune defenses, including antimicrobial peptides and signaling through Toll-like receptor 4 (TLR4). To date, lipid A has been shown to affect only the withinhost dynamics of infection, not the between-host dynamics of transmission. Here, we investigate the effects of lipid A
modification in a mouse infection and transmission model. Disruption of the Bordetella bronchiseptica locus (BB4268) revealed
that ArnT is required for addition of glucosamine (GlcN) to B. bronchiseptica lipid A. ArnT modification of lipid A did not
change its TLR4 agonist activity in J774 cells, but deleting arnT decreased resistance to killing by cationic antimicrobial peptides,
such as polymyxin B and ␤-defensins. In the standard infection model, mutation of arnT did not affect B. bronchiseptica colonization, growth, persistence throughout the respiratory tract, recruitment of neutrophils to the nasal cavity, or shedding of the
pathogen. However, the number of bacteria necessary to colonize a host (50% infective dose [ID50]) was 5-fold higher for the
arnT mutant. Furthermore, the arnT mutant was defective in transmission between hosts. These results reveal novel functions of
the ArnT lipid A modification and highlight the sensitivity of low-dose infections and transmission experiments for illuminating
aspects of infectious diseases between hosts. Factors such as ArnT can have important effects on the burden of disease and are
potential targets for interventions that can interrupt transmission.

L

ipopolysaccharide (LPS), the major component of the outer
membrane of Gram-negative bacteria is known to affect interactions with the host in a variety of ways that have been illuminated using host infection models. Upon initial contact with the
host mucosa, LPS can protect pathogens from innate host defenses, such as complement and cationic antimicrobial peptides
(CAMPs) (1). When the lipid A portion of LPS binds to host
membrane complexes, including MD2 and CD14, a signaling cascade is initiated through Toll-like receptor 4 (TLR4) (2). This
signaling pathway mobilizes the transcription factor NF-B and
induces the expression of proinflammatory cytokines and chemokines in cells of the innate immune system (2). TLR4 signaling also
facilitates the recruitment of adaptive immune responses, particularly through the activation of dendritic cells (DC), which are
induced by LPS to migrate to regional lymph nodes and present
antigens to T cells (3). Lipid A-TLR4 interactions are therefore
central to host-pathogen dynamics during infections by Gramnegative bacteria. Consequently, it is not surprising that pathogens regulate their lipid A structures through a number of covalent
modifications, which can affect interactions with host immunity
(1, 4).
Bordetella bronchiseptica is a Gram-negative coccobacillus,
closely related to Bordetella pertussis and Bordetella parapertussis,
the causative agents of whooping cough in humans. B. bronchiseptica is highly infectious in mice, providing a model system in
which the role of specific Bordetella virulence factors during
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infection can be probed in the context of a natural host infection (5). Adhesins, toxins, and other factors that enable B.
bronchiseptica to thrive within the host are chiefly controlled by
the two-component regulatory system, BvgAS (6, 7). These virulence-associated genes are expressed maximally in the Bvg⫹
phase and transcriptionally repressed in the Bvg⫺ phase (8).
Modifications of the lipid A of B. bronchiseptica are regulated
by BvgAS (9–11). B. bronchiseptica lipid A consists of a glucosamine disaccharide backbone anchored to the bacterial outer
membrane by a series of acyl groups (9) (Fig. 1C, D, and E,
showing the structure of the lipid A). Normally, B. bronchiseptica lipid A is penta-acylated with 3-OH C14 acyl groups at the
2 and 2= positions and a 3-OH C10 at the 3= position. The 3
position is “empty” due to the deacylase activity of the outer
membrane enzyme PagL (9). Secondary, or piggyback, acyla-
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FIG 1 Ions corresponding to glucosamine additions in RB50 are not seen in RB50 ⌬arnT. (A) Mass spectra of B. bronchiseptica RB50 ions corresponding to
glucosamine additions are identified by mass-to-charge ratios (m/z) of 1,651, 1,667, and 1,731 (*). (B) RB50 ⌬arnT mutant strain with no glucosamine peaks.
Lipid A structures corresponding to m/z 1,570 (C), 1,808 (D), and 1,651 (E) are shown.

tions at the 2 position are either a 2OH-C12 or C12, with the
presence of 2OH-C12 dependent on the lipid A dioxygenase,
LpxO (9). PagP is a Bvg-regulated lipid A palmitoyl transferase
that adds palmitate as a secondary acylation at the 3= position,
generating a hexa-acylated structure (12, 13). Finally, the major lipid A species contains a single phosphate at the C-4= position although some molecules are also phosphorylated at the
C-1 position (10). In monophosphorylated lipid A species, the
C-4= phosphate is decorated with a GlcN molecule; however, in
lipid A molecules that possess two phosphate groups, only one
GlcN modification is observed at either the C-1 or the C-4=
position. Orthologues of the lipid A modification enzyme,
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ArnT, which decorates the lipid A phosphates of Salmonella
enterica serovar Typhimurium with aminoarabinose are conserved among Bordetella species (14). The modification of
phosphate groups with aminoarabinose decreases the net negative charge on LPS and renders S. Typhimurium resistant to
the antimicrobial cationic peptide, polymyxin (15). In B. pertussis, the ArnT activity of the homologue LgmB is induced in
the Bvg⫹ phase and mediates the addition of GlcN to both
terminal phosphate groups of the lipid A, which is associated
with increased stimulation of TLR4 activity in an HEK-Blue
assay and upon infection of human macrophages (10, 11, 16).
Deletion of arnT from B. pertussis did not affect resistance to
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killing by polymyxin B (10). ArnT-mediated addition of GlcN
has also been reported for B. parapertussis (17) and B. bronchiseptica strain 4650 (11).
In this work, we characterized the function of the B. bronchiseptica arnT homologue, BB4268, by the construction and analysis of an arnT mutant in B. bronchiseptica strain RB50, henceforth
referred to as RB50 ⌬arnT. We found that, similar to its function
in B. pertussis, B. bronchiseptica arnT was required for Bvg⫹ phasedependent addition of GlcN to the lipid A. No change in the TLR4
agonist activity of the mutant strain was observed; however, loss of
resistance against polymyxin B and ␤-defensin (BD)-mediated
killing was detected. Loss of arnT had no effect on bacterial growth
or persistence when bacteria were seeded throughout the respiratory tract by standard high-dose inoculation; however, the arnT
mutant was not transmitted between mice even though the mutant was shed from index cases at the same level as the wild type.
Furthermore, RB50 ⌬arnT required approximately a 5-fold increase in mean inoculation dose compared to the wild type to
initiate infections. Together, these results show that deleting arnT
had no observable effects in standard virulence and pathogenesis
assays but did affect LPS modification, which had a major impact
on shedding and transmission of B. bronchiseptica.
MATERIALS AND METHODS
Bacterial strains and growth. Bordetella bronchiseptica strains RB50 (8),
RB50 ⌬wbm (18), and RB50 ⌬arnT were maintained on Bordet-Gengou
(BG) agar (Difco) supplemented with 10% defibrinated sheep blood
(Hema Resources) and 200 g/ml streptomycin (Sigma-Aldrich) and cultured in Stainer-Scholte broth (19) at 37°C until grown to mid-log phase,
approximately an optical density at 600 nm (OD600) of 0.5. For a bacterial
killing assay using murine ␤-defensin 3 (mBD3), Escherichia coli K-12
bacteria were grown in Luria Bertani broth at 37°C until mid-log phase.
Mutation of BB4268. Genomic DNA template was made by resuspending several colonies of plate-grown bacteria in 0.5 ml of water, boiling the samples in a water bath for 5 min, spinning them at top speed in a
benchtop microcentrifuge for 2 min, and then taking a 0.2-ml sample of
the supernatant. One microliter of supernatant was used per PCR. Each
PCR mixture comprised genomic DNA template, buffer as directed by the
manufacturer, deoxynucleoside triphosphate (dNTPs; 25 mM each), 20
ng of each primer, 5% (vol/vol) dimethyl sulfoxide (DMSO), 5 mM
MgCl2, and 2.5 units of Taq DNA polymerase (Promega). Primers used to
amplify an approximately 1-kb section of B. bronchiseptica 4268 were 5=ATGTAGCCGACCAGCTTG-3= and 5=-ATCCATGCAACCCCATGC3=, corresponding to bases 4544225.0.4544242 and 4545223.0.4545206,
respectively, of the B. bronchiseptica RB50 genome sequence, GenBank
accession number BX470250 (20). PCRs were incubated at 94°C for 5
min, followed by 30 cycles of 94°C for 75 s, 60°C for 75 s, and 72°C for 90 s,
with a final step of 72°C for 7 min.
The PCR product was cloned into pGEM-T Easy (Promega) according
to the manufacturer’s instructions. A nonpolar kanamycin resistance cassette was ligated into a unique StuI site residing in the middle of the cloned
BB4268 region. The resulting BB4268-kan region was subcloned into
pEX100T (21), and the resulting construct was moved into the conjugation donor strain SM10 (22) by transformation. Bacterial conjugations
were performed as described previously (18). The expected chromosomal
rearrangements in conjugants were confirmed by Southern hybridization
analyses.
B. bronchiseptica arnT was amplified by PCR using primers incorporating NdeI and HindIII restriction endonuclease recognition sites at the
5= and 3= ends of the amplicon, respectively. Following digestion of the
PCR product with NdeI and HindIII, this fragment was cloned behind
the B. bronchiseptica pagP promoter into pBBRkanpagP (12), replacing
the pagP coding sequence (CDS) in this construct. The arnT-containing
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construct was moved into wild-type B. bronchiseptica and the B. bronchiseptica arnT mutant by conjugation as described previously (12).
Lipid A purification. LPS was purified from 1 liter of overnight B.
bronchiseptica cultures as described previously (23). Further treatment of
LPS with RNase A, DNase I, and proteinase K ensured removal of contaminating nucleic acids and proteins (24). Hydrolysis of LPS to isolate
lipid A was accomplished with 1% sodium dodecyl sulfate (SDS) at pH 4.5
as described previously (19).
Confirmation of lipid A structures. The lipid A structures were confirmed by matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) mass spectrometry. LPS was isolated using a rapid smallscale isolation method (25). Cell culture pellets (1 to 10 ml of an overnight
culture) were resuspended in a 1.0-ml aliquot of TriReagent (Molecular
Research Center, Cincinnati, OH, USA) and incubated at room temperature for 15 min. Chloroform (200 ml) was added, and the samples were
vortexed and incubated at room temperature for 15 min. Samples were
centrifuged for 10 min at 13 400 ⫻ g, and the aqueous layers were collected. Water (500 ml) was added to the lower layer and vortexed. After 30
min, the samples were centrifuged as above, and the aqueous layers were
pooled. Two more aliquots of water were added to each sample, for a total
of four extractions. The combined aqueous layers were frozen and lyophilized. The LPS was then hydrolyzed to lipid A. Lyophilized LPS was resuspended in 0.5 ml of 1% sodium dodecyl sulfate (SDS) in 10 mM sodium acetate buffer, pH 4.5 (19). Samples were incubated at 100°C for 1 h,
frozen, and lyophilized. The dried pellets were washed in 0.1 ml of water
and 1 ml of acidified ethanol (EtOH) (100 ml of 4 N HCl in 20 ml of 95%
EtOH). Samples were centrifuged at 2,300 ⫻ g for 5 min, and the supernatant was discarded. The lipid A pellet was further washed (twice for a
total of three washes) in 1 ml of 95% EtOH. The entire series of washes was
repeated twice. A final wash step was carried out in 100% ethanol. Lipid A
was extracted in a mixture of chloroform, methanol, and water (3:1:0.25,
vol/vol/vol). One microliter of this extract was then spotted onto a
MALDI target plate followed by 1 l of Norharmane matrix and air dried.
Samples were analyzed on a Bruker AutoFlex Speed (Bruker Daltonics,
Billerica, MA) mass spectrometer, which was calibrated using Agilent
Tuning Mix (Agilent Technologies, Foster City, CA).
In vitro macrophage stimulation and TNF-␣ detection. J774 murine
macrophages were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Difco) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin-streptomycin, 1% nonessential amino acids, and 1% sodium
pyruvate (wt/vol). The cells were grown to approximately 85% confluence
in a 96-well plate. In order to compare tumor necrosis factor alpha
(TNF-␣) secretion, J774 cells were inoculated with RB50 or RB50 ⌬arnT
at a multiplicity of infection (MOI) of 0.001, 0.01, 0.1, or 1. Medium was
harvested 2 h postinoculation, and an enzyme-linked immunosorbent
assay (ELISA) to detect TNF-␣ concentrations was performed according
to the manufacturer’s instructions (R&D Systems). These assays were performed two times in quadruplicate.
Adherence assay. Rat epithelial (L2) cells were grown to 80% confluence in 96-well plates using DMEM (Difco)–F-12 medium supplemented
with 10% fetal bovine serum. These cells were inoculated with 104 CFU of
RB50 or RB50 ⌬arnT (MOI of 0.2). Plates were then centrifuged for 5 min
at 250 ⫻ g, followed by incubation 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 treated with 0.5 ml of 0.125%
trypsin (Sigma-Aldrich), followed by incubation for 10 min at 37°C. The
total volume of each well was brought up to 1 ml with growth medium and
homogenized by pipetting. Dilutions were plated on BG plates containing
40 g of streptomycin/ml to determine CFU counts, which were then
used to calculate the proportion of adherent bacteria, expressed as a percentage of the original inoculum.
Serum killing assay. Approximately, 103 CFU of RB50, RB50 ⌬wbm
(O-antigen mutant), or RB50 ⌬arnT in 50 l of phosphate-buffered saline
(PBS) was incubated with serum from mice naive to Bordetella at concentrations ranging from 0 to 15% solution by volume. After 1 h of incuba-
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tion at 37°C followed by a 5-min incubation on ice, the entire 50-l
sample was plated onto Bordet-Gengou blood agar containing streptomycin (20 g/ml). Colonies were enumerated after 2 days of incubation at
37°C. This assay was performed two times in quadruplicate.
␤-Defensin killing assay. A total of 106 CFU of RB50 and RB50 ⌬arnT
was incubated with 0, 5, and 10 g/ml of synthetic porcine ␤-defensin 1
(pBD1) (26) and mBD3 (R&D Systems) in 100 l of PBS at 37°C for 2 h,
after which the reaction mixture was plated on BG agar and incubated at
37°C for 2 days to calculate the number of CFU. For the mBD3 assay, E.
coli K-12 bacteria were used as a positive control.
Polymyxin B susceptibility assay. Cultures of RB50 or RB50 ⌬arnT
were diluted to 106 CFU/ml into a final 1-ml volume of PBS, PBS containing 10 mg/ml polymyxin B, or PBS containing 100 mg/ml of polymyxin B.
Suspensions were incubated for 2 h at 37°C, following which the number
of organisms remaining in each sample was determined by quantitative
culture on BG agar plates.
Colonization studies. C57BL/6 (wild type) and C3H/HEJ (TLR4 deficient) mice were obtained from Jackson Laboratories and bred in our
Bordetella-free, specific-pathogen-free facilities at The Pennsylvania State
University. Bacteria grown overnight to an optical density at 600 nm of
approximately 0.3 in liquid culture were diluted in PBS to approximately
2 ⫻ 106 CFU/ml. For a high-dose/high-volume inoculation, 50 l of the
inoculum (104 CFU) was pipetted on to the external nares of 4- to 6-weekold mice that had been lightly sedated with 5% isoflurane in oxygen. For
low-dose/low-volume inoculations, bacterial cultures were further diluted in PBS to concentrations of 103 CFU/ml, and for high-dose/lowvolume inoculations, they were diluted to 4 ⫻ 104 CFU/ml. Mice were
inoculated with doses of 5 CFU and 200 CFU in 5 l using the previously
described procedure. Groups of three or four animals were sacrificed on
days 3, 7, 14, and 28 postinoculation or as indicated (see Fig. 5A), and the
nasal cavity, trachea, and lungs were excised. Bacterial numbers in the
respiratory tract were quantified by homogenization of each tissue in PBS,
followed by plating onto Bordet-Gengou blood agar containing streptomycin (20 g/ml). Colonies were enumerated after 2 days of growth at
37°C. All protocols were reviewed and approved by The Pennsylvania
State University Institutional Animal Care and Use Committee (IACUC),
and all animals were handled in accordance with institutional guidelines.
Shedding analysis. Shedding was assessed by lightly swabbing the external nares for 10 s using a Dacron-polyester tipped swab. Swab tips were
cut off and placed into 1 ml of PBS. Samples were vortexed vigorously and
cultured on Bordet-Gengou agar (Himedia).
Analysis of leukocyte recruitment. Prior to dissection, 10 to 20 ml of
PBS was perfused through the left ventricles of the mice while venous
runoff was collected from the orbits. Nasal bones were dissected and
placed in 1 ml of DMEM containing 5% FBS and 1 mg/ml collagenase D.
Samples were incubated for 45 min at 37°C and subsequently disaggregated into a single-cell suspension by mechanical disruption over a 70-m
mesh screen. A total of 2 ⫻ 106 cells per well were then added to 96-well
plates. Samples were resuspended in FC blocking buffer (200:1, antiCD16/32 [BD Biosciences] in PBS–2% FBS) and incubated on ice for 20
min. Following a washing step, cell surface markers were labeled with the
following antibodies in PBS–2% FBS: anti-CD45 allophycocyanin (APC)Cy7 (400:1; BD Biosciences), anti-CD11b Horizon V450 (BD Biosciences), and anti-Ly6G APC (E Bioscience).
Statistical analysis. Data analysis between groups was performed using a two-tailed Student’s t test to evaluate statistical significance.

RESULTS

ArnT is required for modification of lipid A with glucosamine.
To investigate the role of ArnT enzymatic activity in GlcN modification of lipid A, the B. bronchiseptica RB50 arnT homologue,
previously designated BB4268, was mutated to generate strain
RB50 ⌬arnT. Purified lipid A isolated from RB50 or RB50 ⌬arnT
was analyzed by matrix-assisted laser desorption ionization–time
of flight (MALDI-TOF) mass spectrometry in the negative-ion
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mode. Bordetella bronchiseptica lipid A had previously been characterized by Preston et al. (12). Peaks indicating a glucosamine
addition were present at m/z 1,651 and 1,667, representing the
monophosphorylated penta-acylated lipid A with a two acyl-oxoacyl C12 and 2OH-C12, respectively, and m/z 1,731, corresponding
to the 1,651 species with diphosphate additions (Fig. 1A) as previously described (12). These peaks were entirely absent in the
RB50 ⌬arnT spectrum (Fig. 1B). Complementation with the arnT
gene restored the phenotype (data not shown), demonstrating
that ArnT is required for addition of glucosamine to Bordetella
bronchiseptica lipid A. All other characteristic peaks were observed
for both the wild type and RB50 ⌬arnT.
TLR4 stimulation in murine macrophages, serum resistance,
and adhesion are not affected by arnT mutation. ArnT-mediated
modification of lipid A has been shown to enhance stimulation of
TLR4 by B. pertussis LPS (10). To determine if the increased TLR4
agonist activity of B. bronchiseptica LPS was dependent on GlnN
addition, cultures of murine macrophages (J774) were inoculated
with either wild-type strain RB50 or the arnT mutant. Release of
the proinflammatory cytokine TNF-␣ into the medium was used
as a surrogate measurement of TLR4 receptor activity. Cultures
were inoculated at MOIs ranging from 0.001 to 1, and the concentration of TNF-␣ in the medium was determined 2 h after inoculation by quantitative ELISA (Fig. 2A). The amount of TNF-␣
detected in the supernatant of cells exposed to B. bronchiseptica
increased in a dose-dependent manner; however, at each MOI, the
amounts of TNF-␣ released by macrophages were similar between
RB50- and RB50 ⌬arnT-inoculated cell cultures. These data suggest that agonist activity of lipid A for TLR4 is not affected by
ArnT-mediated addition of glucosamine.
B. bronchiseptica is protected from the antimicrobial activities
of serum complement by its LPS; strains lacking either O-antigen,
such as RB50 ⌬wbm (18), or the outer core oligosaccharide and
O-antigen portions of LPS are highly susceptible to killing by serum complement. The B. bronchiseptica RB50 mutant with a deletion of wbm, a locus necessary for the assembly of the O antigen,
lacks this structure and has the aforementioned defect in resistance to complement-mediated killing (18). To determine
whether mutation of arnT affects serum resistance, approximately
103 CFU of RB50, RB50 ⌬wbm, or RB50 ⌬arnT was incubated
with concentrations of serum ranging from 0 to 15% (by volume).
Whereas RB50 ⌬wbm was killed by 5% serum, serum concentrations of up to 15% had no effect on either wild-type or arnT
mutant bacteria, demonstrating that mutation of arnT does not
affect serum resistance (Fig. 2B).
Loss of the GlcN substitution might alter the structure of the
outer membrane and destabilize interactions that facilitate bacterial adherence to respiratory epithelial cells. To test this, L2 rat
lung epithelial cells were inoculated with between 5 and 1,000
CFU of the wild-type strain or RB50 ⌬arnT. No significant difference was observed in the number of wild-type or mutant bacteria
recovered from the trypsin-treated epithelial cells (Fig. 2C). This
result suggests that binding of RB50 to the respiratory epithelium
is not affected by deletion of arnT.
Glucosamine additions to lipid A contribute to resistance
against cationic antimicrobial peptides. Host epithelial cells and
leukocytes produce small cationic peptides, defensins, and cathelicidins that exhibit antimicrobial activity against numerous bacterial species (27–29). Defensins are amphipathic molecules
proposed to intercalate into the bacterial cell membrane and use
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FIG 2 ArnT is not required for induction of TNF-␣ in murine macrophages, complement resistance, or adherence to the lung epithelial cells. (A) J774

macrophages were incubated for 2 h in the presence of RB50 or RB50 ⌬arnT at an MOI of 0.001, 0.01, 0.1, or 1.0. Gray bars represent cultures treated with
medium only. (B) A total of 103 CFU of either B. bronchiseptica strain RB50, RB50 ⌬arnT (black diamonds), or RB50 ⌬wbm (black circles) was incubated for 1
h in PBS only or PBS with 5, 10, or 15% naive mouse serum. Symbols represent the mean log10 CFU ⫾ standard error of four individual samples recovered after
incubation. The limit of detection is marked by a dashed line. (C) Increasing MOIs of RB50 or RB50 ⌬arnT were inoculated onto cultured L2 rat lung epithelial
cells. The quantity of CFU of RB50 or RB50 ⌬arnT adhering to epithelial cells following incubation was determined by culture. Symbols represent the mean CFU
counts ⫾ standard error of four individual samples.

like-charge repulsion to disrupt membrane integrity (29). Disruption of the arnT locus rendered S. Typhimurium susceptible to
killing by cationic peptides. To test whether arnT provided a similar adaptation for B. bronchiseptica, we compared the ability of
RB50 and RB50 ⌬arnT to survive in the presence of various concentrations of antimicrobial peptides. RB50 was resistant to killing
by polymyxin B at concentrations up to 100 g/ml. However,
greater than 90% of RB50 ⌬arnT bacteria were killed by 10 g/ml,
and 99.99% of the mutant bacteria were killed by 100 g/ml of
polymyxin B (Fig. 3A). In addition, wild-type RB50 survived a
concentration of 10 g/ml of the porcine ␤-defensin 1 (pBD1),
whereas more than 99% of RB50 ⌬arnT was killed by 5 g/ml of
pBD1. Surprisingly, RB50 and the arnT mutant showed no significant difference in susceptibilities to killing by mouse ␤-defensin
3, which shares homology with pBD1 (Fig. 3C). Our results suggest that modification of lipid A by GlcN renders RB50 more resistant to killing by some, but not all, antimicrobial cationic peptides.
B. bronchiseptica arnT is not necessary for infection of the
mouse respiratory tract. To determine whether decreased resistance to CAMPs would result in reduced fitness within a host, we
compared the ability of the RB50 and the arnT mutant to grow and
persist during experimental infections of mice. Following inoculation of C57BL/6 mice with 104 CFU of either RB50 or RB50
⌬arnT in 50 l of PBS, mice were dissected after 3, 7, 14, and 28
days. At each time point the number of CFU recovered from the
respiratory tract of mice inoculated with RB50 ⌬arnT was similar
to that recovered from RB50-inoculated mice (Fig. 4). This result
suggests that addition of GlcN to the lipid A is not required for
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FIG 3 ArnT is required for resistance to killing by cationic antimicrobial
peptides. Bacteria (106 to 108 CFU) were incubated for 2 h in PBS (white bars)
or PBS with increasing concentrations, as indicated, of polymyxin B (A), pBD1
(B), or synthetic mBD3 (C). B. bronchiseptica strains RB50 and RB50 ⌬arnT
were incubated with mBD3, or E. coli K-12, whose susceptibility to mBD3 was
previously shown, was used as a control to determine whether mBD3 was
active. Bars represent the mean log10 CFU ⫾ standard error of four individual
samples in each group. *, P ⬍ 0.05; **, P ⬍ 0.01. The limit of detection is
marked by a dashed line.
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FIG 5 ArnT decreases the mean infectious dose of B. bronchiseptica. (A)

C57BL/6 mice were inoculated with 5 CFU in 5 l of either RB50 or RB50
⌬arnT. Dots represent the number of CFU recovered from the nasal cavity of
individual mice dissected 7 days after inoculation. The whiskers span the 1st
and 4th quartiles. The limit of detection is marked by a dashed line. The
proportion of infected mice in each group is listed above the box-and-whisker
plot. (B) Percentage of C57BL/6 mice infected after inoculation with either 5
CFU (10 mice/group), 50 CFU (12 mice/group), or 200 CFU (16 mice/group)
of RB50 or RB50 ⌬arnT.

FIG 4 ArnT does not contribute to growth or resistance in the respiratory
tract in a high-dose model of respiratory infection. Groups of four mice were
inoculated with 5 ⫻ 104 CFU of RB50 (white squares) or RB50 ⌬arnT (black
diamonds) in 50 l of PBS. Symbols represent the mean log10 CFU count ⫾
standard error recovered from either the nasal cavity (A), trachea (B), or lungs
(C) at 3, 7, 14, and 28 days following inoculation. The limit of detection is
marked by a dashed line.

growth and persistence of B. bronchiseptica in the murine respiratory tract when it is introduced in a high-dose inoculum.
RB50 ⌬arnT is unable to colonize mice when inoculated in a
low dose. Although RB50 ⌬arnT grew and persisted similarly to
the wild-type strain following high-dose inoculation challenge, we
hypothesized that high-dose infections may not accurately reproduce the interactions taking place when B. bronchiseptica initially
seeds the respiratory mucosa. For example, CAMPs may not be
sufficiently potent to control the initial influx of large quantities
of infectious organisms, or the epithelial cells that produce
CAMPs may be rapidly damaged by bacterial toxins. A functional
defect resulting from decreased CAMP resistance could therefore
be more effectively determined using low-dose inoculations. To
approximate a mean infectious dose, 5, 50, or 200 CFU of either
RB50 or RB50 ⌬arnT was inoculated in a 5-l droplet onto the
external nares of C57BL/6 mice. Seven days postinoculation, the
presence of B. bronchiseptica in the nasal cavity was determined
(Fig. 5A). Five CFU of wild-type RB50 was sufficient to infect 5 of
10 mice, whereas 50 CFU resulted in stable colonization of 11/12
mice. Additionally, 12/12 mice became infected following inoculation with 200 CFU of RB50. By comparison, 5 CFU of RB50
⌬arnT infected only 1/16 mice, 50 CFU infected 4/12 mice, and
200 CFU infected 12/12 mice (Fig. 5B). Using the Reed-Muench
calculation (30), we determined that the 50% infectious dose
(ID50) of wild-type RB50 was approximately 6.2 CFU, whereas the
ID50 of RB50 ⌬arnT was 30 CFU.
RB50 ⌬arnT fails to transmit between mice. Although the
presence of ArnT did not affect the infectious burden following
high-dose inoculation, subtle functional deficiency resulting from
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mutation of arnT would be more likely resolved by analysis of
transmission efficiency. We have previously demonstrated that
RB50 transmits efficiently between C3H/HeJ mice (32). To evaluate whether the increased experimental ID50 of RB50 ⌬arnT corresponded to changes in transmission efficiency between animals,
mice were inoculated with 500 CFU of RB50 or RB50 ⌬arnT.
Inoculated individuals (index mice) were placed in a cage with two
to three naive mice (secondary mice). After mice were housed
together for 21 days, mice were dissected, and bacterial numbers
in the nasal cavity were determined (Fig. 6). Five out of six secondary mice exposed to RB50-inoculated index mice became colonized, whereas none of the secondary mice exposed to RB50
⌬arnT-infected index mice became colonized (Fig. 6).
RB50 ⌬arnT is not defective at being shed by the host. Although the inability of RB50 ⌬arnT to be transmitted corresponded with an increased ID50, this did not exclude the possibility that RB50 ⌬arnT might also be shed at a reduced rate. We have

FIG 6 ArnT is required for transmission of B. bronchiseptica between mice.
Two index C3H/HeJ mice per group were inoculated with 500 CFU of either
RB50 or RB50 ⌬arnT in 5 l of PBS. Index mice were housed with two to three
secondary mice for 3 weeks following inoculation. The quantity of CFU of
RB50 or of RB50 ⌬arnT recovered from the nasal cavity of individual secondary mice is represented by dots. The box spans the interquartile range, and the
median value is represented by a bar. The whiskers span the 1st and 4th quartiles. The proportion of infected mice in each group is listed above the boxand-whisker plot. The limit of detection is marked by a dashed line.
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FIG 7 ArnT does not affect neutrophil recruitment or shedding from the host.

C57BL/6 mice were infected with 500 CFU in 5 l of PBS of either RB50 or
RB50 ⌬arnT. (A) Mice were sacrificed at either 7 or 14 days after inoculation,
and the mean ⫾ standard error neutrophil counts from nasal cavities of mice
infected with RB50 (white bars) or RB50 ⌬arnT (black bars) were obtained by
flow cytometric detection of CD45⫹ CD11b⫹ Ly6G⫹ cells. (B) Shedding was
detected by culture of bacteria from a 10-s swab of the external nares. Symbols
represent the mean log10 CFU ⫾ standard error shed from four mice/group
infected with RB50 or RB50 ⌬arnT. The limit of detection is marked by a
dashed line.

demonstrated that the shedding intensity of index mice correlates
with the probability of transmission to other hosts (32). To determine whether RB50 ⌬arnT is shed at a lower rate than wild-type
RB50, C57BL/6 mice were inoculated with 500 CFU of either
RB50 or RB50 ⌬arnT. Shedding was monitored by swabbing the
external nares at multiple time points over the course of 14 days.
Neutrophil recruitment to the nasal cavity, previously shown to
correlate with shedding intensity (31), was also determined at 7
and 14 days after inoculation. Shedding intensity of RB50 ⌬arnT
was not different from that of RB50 at any time point over a
14-day course (Fig. 7B). Furthermore, neutrophil numbers in the
nasal cavity of mice inoculated with RB50 ⌬arnT were similar to
those obtained from RB50-inoculated mice at day 7 and day 14
postinoculation (Fig. 7A). These results demonstrate that ArnT is
not required to induce neutrophil recruitment or enhance bacterial shedding from the murine nasal cavity.
DISCUSSION

Phenotypic assessment of an arnT-deficient derivative of B. bronchiseptica strain RB50 showed that this gene is required for the
modification of lipid A with GlcN (9). Deletion of arnT was associated with decreased resistance to killing mediated by cationic
antimicrobial peptides (CAMPs). ArnT did not affect the growth
or persistence within the host but was required for transmission.
The failure of mice to transmit RB50 ⌬arnT corresponded with a
5-fold increase in the mean infectious dose. Together, these results
suggest that ArnT-mediated addition of glucosamine to lipid A
confers resistance to certain CAMPs and increases the frequency
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with which pathogens that seed the nasal mucosa are able to successfully colonize and initiate infections.
The protein encoded by arnT shares homology with Salmonella
ArnT, a periplasmic enzyme that catalyzes the transfer of aminoarabinose from an undecaprenyl donor to the phosphate groups
of lipid A and results in resistance to CAMPs (14). This protein is
100% identical at the amino acid level to the B. pertussis ArnT
homologue, encoded by the gene designated BP0398. While the B.
pertussis ArnT homologue mediates substitution of GlcN for lipid
A(11), this activity was not associated with decreased resistance to
CAMP-mediated attack but, rather, with increased TLR4 agonist
potency (15). Deletion of the B. bronchiseptica ortholog did not
alter the TLR4 stimulatory activity of the bacteria, suggesting that
ArnT activity is not required for maximal stimulation of TLR4 by
B. bronchiseptica. The differences between the observed effects of
ArnT in B. bronchiseptica and B. pertussis may relate to their relative TLR4 stimulatory activities, which differ by an order of magnitude. The other structural differences between the LPSs (actually lipooligosaccharide [LOS] for B. pertussis) of these two
organisms and the basis for these differences remain to be elucidated.
B. bronchiseptica is strongly resistant to the bactericidal activity
of porcine ␤-defensin 1 (26). In the absence of arnT, B. bronchiseptica is more susceptible to the bactericidal effects of polymyxin B
and pBD1. These results are analogous to findings reported for
deletion mutants of arnT in S. Typhimurium. As with 4-amino
L-arabinose, replacement of the phosphate group with GlcN could
decrease the anionic character of the outer membrane. The
charge-neutralizing effect of GlcN may therefore represent an adaptation that destabilizes CAMP binding within the membrane
and thus mitigates its activity. It is unclear why RB50 ⌬arnT is
more susceptible to killing by pBD1 but is unaffected in its sensitivity to mBD3. Although CAMPs are hypothesized to have a common mechanism of action based on conserved structural motifs,
the multitude of genes encoding CAMPs in eukaryotic genomes
and the divergence of sequences from one host species to another
suggests that individual CAMPs may have some specificity regarding the microbes they target and/or their mechanisms of action
(29). Alternatively, it is possible that mBD3 is not highly active on
its own but acts in cooperation with other antimicrobial mechanisms in vivo.
Since ArnT activity is increased in the Bvg⫹ phase, which is
thought to contribute to growth during infection, one would expect this gene to contribute to fitness within the host. When RB50
and RB50 ⌬arnT are compared in mouse infections, differences
between the two strains were observed upon titration of the infectious dose toward the lower limits. When mice were inoculated
with RB50 ⌬arnT at a volume and dose sufficient to seed the entire
respiratory tract with high bacterial numbers, no difference between the wild-type parental strain and the arnT mutant was detected. When the fitness levels of the wild type and the mutant
introduced in very low numbers (50 CFU or less) were compared,
the mean infectious dose required to stably infect 50% of mice
(ID50) with RB50 ⌬arnT was approximately 5-fold greater than
the ID50 of the wild-type strain. These data suggest that the likelihood of B. bronchiseptica successfully colonizing the respiratory
tract of a new host is greatly enhanced by ArnT. The lipid A modification mediated by ArnT is likely an adaptation to host antimicrobial defenses, which, while effective against small numbers of
pathogens, may be overwhelmed by increased doses of bacteria.
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When pathogens seed mucosal surfaces and begin the process of
invasion and colonization, CAMP molecules, in particular ␤-defensins, are among the first elements of host resistance encountered. Resistance to CAMP killing may play a role in the survival of
bacteria during the initial colonization process. However, due to
the number of genes encoding CAMPs, knockout systems may not
be a practical way of demonstrating that ArnT activity enables B.
bronchiseptica to colonize mice by conferring resistance to CAMPmediated attack.
Our results indicate that ArnT mediates GlcN modification of
lipid A and contributes significantly to the infectiousness and
transmissibility of B. bronchiseptica. We also demonstrate that directly quantifying transmission and infectivity using low-dose infection models can be a more sensitive approach for probing interactions that are important for the initial colonization of new
hosts, aspects not clearly observed when higher-dose inocula are
delivered. An approach focusing on lower, more natural, doses
and on transmission between animals revealed phenotypes dependent on ArnT that are likely to have important implications to
the spread of infection and, therefore, the burden of this infectious
disease at the population scale.
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