
INFECTION AND IMMUNITY, Nov. 2007, p. 5305–5312 Vol. 75, No. 11
0019-9567/07/$08.00�0 doi:10.1128/IAI.00849-07
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Impact of Alcaligin Siderophore Utilization on In Vivo Growth
of Bordetella pertussis�

Timothy J. Brickman* and Sandra K. Armstrong
Department of Microbiology, University of Minnesota Medical School, Minneapolis, Minnesota 55455-0312

Received 20 June 2007/Returned for modification 31 July 2007/Accepted 13 August 2007

Bordetella pertussis, the causative agent of human whooping cough, or pertussis, is an obligate human
pathogen with diverse high-affinity transport systems for the assimilation of iron, a biometal that is essential
for growth. Under iron starvation stress conditions, B. pertussis produces the siderophore alcaligin. The
alcaligin siderophore gene cluster, consisting of the alcABCDERS and fauA genes, encodes activities required
for alcaligin biosynthesis, the export of the siderophore from the cell, the uptake of the ferric alcaligin complex
across the outer membrane, and the transcriptional activation of alcaligin system genes by an autogenous
mechanism involving alcaligin sensing. The fauA gene encodes a 79-kDa TonB-dependent outer membrane
receptor protein required for the uptake and utilization of ferric alcaligin as an iron source. In this study, using
mixed-infection competition experiments in a mouse respiratory model, inactivation of the B. pertussis ferric
alcaligin receptor protein was found to have a profound impact on in vivo growth and survival of a fauA mutant
compared with a coinfecting wild-type strain. The attenuating effect of fauA inactivation was evident early in
the course of the infection, suggesting that the contribution of ferric alcaligin transport to the ecological fitness
of B. pertussis may be important for adaptation to iron-restricted host conditions that exist at the initial stages
of infection. Alcaligin-mediated iron acquisition by B. pertussis may be critical for successful host colonization
and establishment of infection.

One consensus that has emerged from global analyses of a
diverse assortment of host-pathogen systems is that the most
prevalent class of in vivo-expressed genes consists of those that
function in nutrient acquisition (34). Furthermore, genes in-
volved in metal acquisition, primarily iron, dominate the nu-
trient acquisition genes expressed in the host (34). Conse-
quently, microbial iron acquisition gene expression is regarded
as a transcriptional signature of the host microenvironment
(29, 51). Active sequestration of iron by the host represents a
type of nutritional immunity mediated primarily by specific
host iron-binding glycoproteins such as lactoferrin in mucosal
secretions. The level of freely available iron in extracellular
tissue fluids of mammals is approximately 10�18 M, which is
well below the 4 � 10�7 to 4 � 10�6 M iron concentration
required to support the growth of most microorganisms (19,
59), necessitating the involvement of intensive microbial iron-
scavenging mechanisms to acquire iron for growth.

Bordetella pertussis and the other so-called classical Borde-
tella species, B. bronchiseptica and B. parapertussis, produce the
siderophore alcaligin (Fig. 1A) (11, 36). Alcaligin binds ferric
iron with a stability constant of 1037 M�1 at physiological pH
(38). The genetic organization of the alcaligin siderophore gene
cluster (Fig. 1B) is shared by all of the classical Bordetella species
(40) as well as by Bordetella holmesii (20). In B. holmesii, the
alcaligin genes reside on a genomic island apparently acquired by
horizontal transfer from B. pertussis, a process that is thought to
have contributed to the emergence of B. holmesii and its adapta-
tion to the human host. The alcABCDER genes encode alcaligin

biosynthesis and regulatory functions (4, 8, 25, 26, 31, 43), and the
alcS gene specifies a membrane efflux pump involved in alcaligin
export (16). Ferric alcaligin uptake requires the 79-kDa TonB-
dependent outer membrane receptor protein FauA (13). The
fauA gene is expressed as a monocistronic transcript from its own
Fur- and iron-repressible promoter (13, 32). Maximal expression
of fauA and alcABCDER during iron starvation requires the AlcR
regulator with the alcaligin siderophore as the inducer (13, 14).

Previous studies established the importance of heme utili-
zation for in vivo multiplication and survival of B. pertussis (17)
using mixed-infection competition experiments in mice. Com-
petition infection experiments are a preferred means to assess
the role of certain genes in microbial virulence (9, 24). The
degree of attenuation caused by a given mutation is inferred
from the relative change in strain abundance that occurs under
the selective pressures of the host environment. Typically, the
coinfecting strains are differentially marked with antibiotic re-
sistance markers for identification. In this study, the applica-
tion of competitive PCR (cPCR) (58) to determine strain ra-
tios obviates the requirement for different antibiotic resistance
phenotypes and their potential attenuating effects. The current
study was aimed at assessing the impact of ferric alcaligin
utilization on B. pertussis multiplication and survival in vivo
using a mouse respiratory infection model system.

MATERIALS AND METHODS

Bacterial strains and in vitro growth conditions. B. pertussis UT25Sm1 (12)
and PM11 were grown on Bordet-Gengou (BG) medium (10). Modified Stainer
Scholte (SS) broth (50, 53) was used as liquid medium for B. pertussis. Escherichia
coli DH5� (Bethesda Research Laboratories, Gaithersburg, MD) was used for
routine plasmid propagation and DNA cloning procedures and as the donor in
triparental matings. E. coli strain SURE (Stratagene, La Jolla, CA) was em-
ployed for the propagation of M13 mp18 bacteriophage derivatives (39), and E.
coli host strain CJ236 (30) was used for site-directed mutagenesis procedures. E.
coli strains were grown in Luria-Bertani (LB) broth or on LB agar plates (49).
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Antibiotics were used at the indicated final concentrations: ampicillin, 100 �g/ml;
gentamicin, 10 �g/ml; kanamycin, 50 �g/ml; tetracycline, 15 �g/ml; and nalidixic
acid, 35 �g/ml.

Plasmids and genetic methods. Plasmid pGEM3Z (Promega, Madison, WI)
and bacteriophage vector M13 mp18 (39) were used to construct recombinant
plasmids and bacteriophages. Plasmid pRK2013 (23) provided transfer functions
in triparental matings. Plasmid pSS1129 (54) was used in the construction of B.
pertussis mutant PM11. General genetic techniques were performed as described
previously (49). DNA and protein sequence analysis was done using Lasergene
version 5.53 software (DNASTAR, Inc., Madison, WI). Conjugal transfer of
plasmids was performed as described previously (12), and transformation of E.
coli strains used standard methods. Synthetic oligonucleotides were purchased
from Integrated DNA Technologies (Coralville, IA). Nucleotide sequencing was
performed by the University of Minnesota BioMedical Genomics Center.

Construction of B. pertussis �fauA2 mutant strain PM11. A nonpolar in-frame
B. pertussis �fauA2 deletion mutation was generated by in vitro site-directed
mutagenesis (33) as described previously (13) for the construction of B. bron-
chiseptica �fauA2 strain BRM18 except using the cloned fauA region of B.
pertussis UT25 (22) as the starting DNA template. The mutation was confirmed
by nucleotide sequencing, delivered to the chromosome of B. pertussis strain
UT25 Sm1 using allelic exchange plasmid pSS1129, and verified by PCR mapping
using oligonucleotide primers 5�-GACACTCTCGCCACGCGAAAC-3� (up-
stream primer fauA12) and 5�-CGTGATGGGCACGGAGATGTC-3� (down-
stream primer fauA13) as described previously (13).

Iron source utilization assays. Iron source utilization ability was assessed using
a radial diffusion method developed previously for B. pertussis (56). Alcaligin was
purified as previously described (11). Bovine hemin chloride (Sigma) was used as
the positive-control iron source.

Preparation of mixed suspensions with various strain ratios for cPCR anal-
ysis. Mixed suspensions of B. pertussis UT25Sm1 and PM11 used to establish the
correlation between fauA allele-specific DNA copy number ratios and CFU
ratios were prepared by culturing the strains separately in SS broth to the
mid-exponential growth phase, collecting the bacterial cells by centrifugation,
and resuspending them in SS broth at an optical density at 600 nm of 1.00. Mixed
suspensions with various estimated mutant fractions ranging from 0.00 to 1.00
were prepared. Actual CFU ratios in the mixtures were extrapolated from CFU
counting of the individual strain suspensions. DNA was prepared for cPCR
analysis by a rapid boiling method that involved suspending bacterial cells re-

covered from 100 �l of a mixed-strain suspension in 100 �l H2O, boiling for 5
min, and removal of cell debris by centrifugation.

In vitro growth competition. B. pertussis strains UT25Sm1 and PM11 were
subcultured from BG medium to SS broth at an initial optical density at 600 nm
of 0.1 and grown at 37°C with shaking (300 rpm) for 24 h. Bacteria were
recovered and suspended in phosphate-buffered saline to approximately 2 � 108

CFU/ml based on optical densities. Equal volumes of UT25Sm1 and PM11
suspensions were combined (CFU ratio of 1:1) and used to inoculate iron-replete
SS broth versus iron-replete SS broth supplemented with 25 �g/ml ethylenedi-
amine-di-[(o-hydroxyphenyl)acetic acid] (EDDA) chelator (iron-restricted SS
broth) to conditionally restrict iron bioavailability. Cultures were sampled at 0, 8,
24, and 48 h for total CFU enumeration by standard plate counting on BG
medium (in triplicate). Bacterial DNA was prepared from culture samples by the
rapid boiling method. Relative copy numbers of mutant �fauA2 and wild-type
fauA� DNA in the inoculum and in output samples were determined in triplicate
by cPCR and fluorescence image analysis as detailed in the cPCR analysis
described above in Materials and Methods. For each culture condition, the
competitive index (CI) at each time point was calculated as the mutant (normal-
ized for molar equivalence)/wild-type DNA fluorescence intensity peak area
ratio for the output divided by the mutant (normalized)/wild-type DNA fluores-
cence intensity peak area ratio determined for the input inoculum.

Preparation of inoculum for mixed-infection competition experiments in mice.
The inoculum was prepared as described previously (17), except using strains
UT25Sm1 and PM11, and the total CFU were enumerated by plate counting on
BG medium. The strain ratio in the input was determined by cPCR using
fauA-specific primers and DNA prepared from the input suspension.

In vivo mixed-infection competition. All research involving experimental ani-
mals was performed in accordance with federal guidelines and institutional
policies. Twenty-five female BALB/cAnNHsd mice (10 to 20 g) (Harlan Sprague
Dawley, Inc.) were sedated by isoflurane inhalation and infected intranasally with
�2 � 106 CFU of a 1:1 mixture of UT25Sm1 and PM11 in a 10-�l volume. At
3 days, 7 days, 14 days, and 21 days postinfection, five mice were euthanized (six
mice were taken on day 14), and respiratory tissue (lungs and trachea) homog-
enates were plated onto BG medium for total CFU enumeration. Total DNA was
isolated from the homogenates, and the ratio of mutant to wild-type bacteria was
determined by cPCR using fauA-specific primers.

Preparation of total DNA from mouse respiratory tissue homogenates. DNA
was recovered from tissue homogenates essentially as described previously (55).
Control DNA samples were prepared from uninfected mouse respiratory tissues.
For the inoculum, a scaled-down version of the same procedure was used for
isolation of genomic DNA from a 100-�l volume of the suspension.

Competitive PCR analysis. Wild-type and mutant fauA target sequences were
coamplified by cPCR using primers that flank the �fauA2 mutation and direct
the production of a 430-bp product from the wild-type fauA allele and a 175-bp
product from the �fauA2 allele (the same primer pair used to map the fauA
deletion mutation in PM11). PCR conditions used a solution containing 20 mM
Tris-HCl (pH 8.8)–2 mM MgSO4–10 mM KCl–10 mM (NH4)2SO4–0.1% Triton
X-100–100 �g/ml nuclease-free bovine serum albumin–5% dimethyl sulfoxide–1
mM deoxynucleoside triphosphates–500 nM each fauA-specific oligonucleotide
primer and 0.5 U Pfu Turbo DNA polymerase (Stratagene) with 1 �l DNA
sample in a 20-�l reaction volume. The PCR program used 35 cycles of dena-
turation at 96°C, primer annealing at 64°C, and extension at 72°C for 45 s unless
otherwise indicated. PCR products were resolved on 5% polyacrylamide gels,
stained with 0.5 �g ethidium bromide/ml, and imaged under UV transillumina-
tion using a FOTO/Analyst Archiver electronic photodocumentation system
equipped with a charge-coupled-device camera (Fotodyne Inc., Hartland, WI).
Quantitative image analysis used ImageJ version 1.36b software (http://rsb.info
.nih.gov/ij). Fluorescence intensity peak areas of PCR product bands were nor-
malized for the molar difference in ethidium bromide dye binding by multiplying
the peak areas of the �fauA2-derived PCR products by 2.457, the wild-type
product/mutant product size ratio (430 bp/175 bp). The mutant (normalized)-
to-wild-type PCR product peak area ratio corresponds to the �fauA2/fauA�

DNA copy number ratio in the tissue sample. Since fauA is a single-copy gene,
the mutant-to-wild-type DNA copy number ratios were used to derive the CI
values.

In preliminary studies of the influence of PCR cycle number and amplification
phase on PCR product molar ratios, DNA purified from a mixed-strain suspen-
sion of UT25Sm1 and PM11 was used as the template in 10 replicate PCRs. After
every three cycles, a reaction tube was removed from the thermocycler and held
on ice until completion of the amplification program. The products from each
reaction were quantitated by fluorescence image analysis of ethidium bromide-
stained gels.

FIG. 1. Molecular structure of alcaligin and the spatial organiza-
tion of the Bordetella alcaligin siderophore system gene cluster.
(A) Molecular structure of alcaligin. (B) Genetic map of the alcaligin
system gene cluster. Arrows indicate the transcriptional orientations
and spatial limits of genes. An arrow representing the 2.2-kb fauA
coding sequence is enlarged below, and the DNA region deleted in the
construction of the nonpolar �fauA2 mutant strain PM11 is indicated
by the white segment. The small arrowheads flanking the fauA region
deleted in PM11 approximate the positions of oligonucleotide primers
used in cPCR to determine strain ratios in bacterial populations re-
covered from infected mice. The small white arrowhead above the
deleted region represents the position of the oligonucleotide probe
used in confirmatory colony hybridizations to distinguish fauA� bac-
teria from �fauA2 mutants in the infection output. A 1-kb scale bar is
shown.
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Bacterial colony hybridization. The PM11/UT25Sm1 strain ratios in the input
suspension and the output from the infected mice were estimated by colony
hybridization. Approximately 100 bacterial colonies from the inoculum suspen-
sion or tissue homogenate CFU plates for each mouse were patched onto BG
medium along with PM11 and UT25Sm1 controls and cultured for 2 to 3 days at
37°C. Growth patches were lifted onto nitrocellulose filters and probed by DNA
hybridization (28) using a 32P-end-labeled oligonucleotide, 5�-CCTGAGCCAA
TGGAACTATG-3�, specific for DNA sequences deleted in the �fauA2 mutant
strain PM11. Mutant-to-wild-type strain ratios were calculated using the formula
(T � W)/W, where T is the total number of colonies, W is the number of colonies
producing positive hybridization signals, and T � W was deduced to be the
number of mutant colonies.

Statistical methods. CI values were calculated as the �fauA2/fauA� DNA
copy number ratio in mouse samples divided by the �fauA2/fauA� DNA copy
number ratio in the inoculum. For the in vivo studies, the mean CI at each time
point is the mean of five independent mouse infections. A Student’s t test was
used to determine whether the mean CI at each time point differed significantly
from the hypothesized mean value of 1.00 (the predicted mean CI if there was no
difference in fitness between the two strains used in mixed infections or in vitro
cultures) and whether the change in the mean CI between consecutive time
points was significant (hypothesized mean CI difference of 0.00 between each
time point). Probabilities (P values) of �0.001 were considered to be significant.

For estimates of the mutant-to-wild-type strain ratio in the infection output by
colony hybridization, a random sample size of 100 colonies per mouse, associated
with a maximum statistical margin of error of 	9.8% at the 95% confidence
level, was accepted as an estimate of the true relative prevalence of strains
UT25Sm1 and PM11 in the output population. Covariation analysis compared
mean CI values by cPCR at each time point, with mean CI values based on
colony hybridization results. Statistical analyses used Statview version 4.51 soft-
ware and the Analysis Toolpak add-in of Microsoft Excel 2004 for Mac software,
with assistance provided by the Statistical Consulting Service of the University of
Minnesota School of Statistics.

RESULTS

B. pertussis �fauA2 mutant PM11 is defective in the utiliza-
tion of ferric alcaligin as a nutritional iron source. B. pertussis
PM11 carries a 255-bp in-frame deletion mutation in fauA,
which encodes the TonB-dependent outer membrane receptor
for the ferric alcaligin siderophore complex (Fig. 1). PM11
showed no detectable growth stimulation by alcaligin in iron
source utilization bioassays compared with the fauA� strain
UT25Sm1 (Fig. 2) but was unaffected in its ability to utilize
hemin, a control iron source. The B. pertussis �fauA2 mutant
phenotype is similar to that previously reported for a B. bron-
chiseptica �fauA2 mutant (13). FauA production and the wild-
type ferric alcaligin utilization phenotype were restored to
PM11 by trans complementation using plasmid pRK18 (13),
which carries a 3.8-kb fauA� chromosomal DNA fragment of
B. pertussis strain UT25 (Fig. 2 and data not shown). FauA is
not required for alcaligin production, and fauA mutants do not
hyperproduce alcaligin; PM11 produces and exports alcaligin
at normal levels (data not shown).

Coamplification of �fauA2 and fauA� alleles by cPCR pro-
vides a reliable measure of the PM11/UT25Sm1 strain ratio in
a mixed bacterial population. Mixed-infection competition ex-
periments rely on the ability to measure changes in the coin-
fecting strain ratios. To determine whether cPCR could be
used to monitor strain ratios using unmarked strains, the cor-
relation between the fauA allele-specific DNA copy number
ratio determined by cPCR and the actual CFU ratio in a mixed
bacterial population was examined in vitro using defined mix-
tures of PM11 and UT25Sm1. Quantitative image analysis of
ethidium bromide-stained electrophoretic gels (Fig. 3A) con-
firmed that the molar ratio of �fauA2 to fauA� DNA copies
varied directly as the PM11/UT25Sm1 cell ratio for these mixed-

strain populations (Fig. 3B). The relationship between the fluo-
rescence peak area ratios and the actual CFU ratios for the strain
mixtures yielded a correlation coefficient r of 0.999.

Influence of PCR cycle number and amplification phase on
the �fauA2/fauA� DNA copy number ratio determined by
cPCR. Allele-specific PCR product yields and molar DNA
product ratios were determined for replicate cPCR reactions
prepared using a mixed-strain DNA template and subjected to
amplification programs varying from 3 to 30 cycles, encompass-
ing the exponential and plateau phases of PCR (Fig. 4). The
430-bp fauA�- and 175-bp �fauA2-derived PCR products were
visibly detectable in ethidium bromide-stained electrophoretic
gels after 15 cycles (Fig. 4A). Product yields increased expo-
nentially until 21 cycles (Fig. 4B), at which stage the amplifi-
cation program entered the plateau phase, and no further
increase in product yield was apparent in any reaction. Varia-
tions were observed and are included in the data shown to
exemplify some useful features of cPCR. For example, the
reduced product yields for the reaction mixture subjected to 27
cycles (Fig. 4B) are probably due to pipetting error during
template addition to the reaction or to sample loss during gel
loading. In addition, an unknown DNA species of intermediate
size, thought to represent a �fauA2/fauA� DNA heteroduplex,
was detected in products from this reaction set (Fig. 4A). It is
notable that despite these variations, the �fauA2/fauA� PCR
product DNA molar ratio was constant at 2.56 	 0.02 (mean 	
standard deviation for the reactions undergoing 15 to 30 cy-
cles) (n 
 6) (Fig. 4C). The reproducibility of this value con-
firms that the DNA copy number ratio determined by cPCR is
dependent only on the DNA copy number ratio in the initial
mixture and is independent of PCR cycle number and ampli-
fication phase, obviating the need to restrict the cPCR analysis
to any particular amplification phase.

FIG. 2. Ferric alcaligin utilization assays. Bars indicate mean diam-
eters in millimeters (n 
 3) (	1 standard deviation) of growth stim-
ulation zones surrounding wells filled with iron source solutions. Rel-
evant genotypes of B. pertussis indicator strains used are as follows:
UT25Sm1, fauA�; PM11, �fauA2; PM11(pRK415), �fauA2 (plasmid
vector control); and PM11(pRK18), �fauA2/fauA� (fauA� in trans).
The dashed line corresponds to the 6-mm diameter of the sample well
containing the iron source solution. Filled bars, alcaligin (125 �M);
open bars, hemin chloride (100 �M) (positive control iron source).
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B. pertussis �fauA2 mutant PM11 has no growth defect in
vitro. B. pertussis UT25Sm1 and PM11 were cultured in par-
allel in iron-replete SS broth (36 �M iron), and growth was
monitored by optical density and CFU counting. The strains
exhibited comparable growth with respect to duration of lag
phase, exponential growth rate, maximal growth levels at sta-
tionary phase, and rate of decline (Fig. 5), indicating that the
mutant has no fundamental growth defect in vitro.

PM11 exhibits reduced fitness relative to the fauA� parent
strain UT25Sm1 when cocultured in vitro under conditions
that restrict iron availability. PM11 and UT25Sm1 were cocul-
tured in iron-replete SS broth versus iron-restricted SS broth,
and strain ratios were determined by cPCR at 0, 8, 24, and
48 h. The relative yields of �fauA2- and fauA�-specific PCR

products are shown on the gel pictured in Fig. 6A. CI values
(Fig. 6B) derived by quantitative image analysis of a represen-
tative gel (Fig. 6A) determined that the mutant-to-wild-type
product molar ratio in the iron-replete culture remained vir-
tually unchanged from the initial ratio, indicating that PM11

FIG. 3. Relationship between �fauA2/fauA� PCR product DNA
molar ratios and cell ratios in mixed bacterial suspensions.
(A) Ethidium bromide-stained gel showing PCR products generated
by coamplification of �fauA2 and fauA� DNA copies in mixed bacte-
rial suspensions with various PM11/UT25Sm1 cell ratios (1/9 [1 volume
of mutant suspension combined with 9 volumes of wild-type suspen-
sion], 2/8 [2 volumes of mutant suspension combined with 8 volumes of
wild-type suspension], etc.). Lanes labeled WT and Mut show PCR
products generated from pure suspensions of UT25Sm1 and PM11
alone, respectively. MW, size markers with indicated sizes in bp.
(B) Plots showing raw fluorescence peaks associated with the corre-
sponding gel lanes in A. (C) Mutant-to-wild-type (WT) fluorescence
ratio as a function of the mutant-to-wild-type cell ratio in mixed strain
suspensions. Fluorescence intensity peak areas were normalized for
molar differences in the fluorescent dye-binding capacities of the wild-
type- and mutant-specific products as described in Materials and
Methods. The line represents the best-fit line (r 
 0.999).

FIG. 4. Influence of PCR cycle number and amplification program
phase on fauA allele-specific PCR product yields and �fauA2/fauA�

PCR product molar ratios in cPCR analysis of a prepared mixture of
PM11 and UT25Sm1. (A) Ethidium bromide-stained gel showing co-
amplified fauA� and �fauA2-specific PCR products produced using a
mixed-strain DNA sample and various cycle numbers of a PCR am-
plification program. Positions of the wild-type (WT) and mutant (Mu-
tant) products are indicated. The arrowhead marks the position of the
putative mutant/wild-type DNA heteroduplex species. MW, size mark-
ers. (B) Yield of �fauA2- and fauA�-specific PCR products at various
cycle numbers determined by quantitative image analysis of the gel
shown in A and normalized for their molar differences in fluorescence
dye-binding capacities. Filled squares, fluorescence peak areas for
430-bp wild-type products; open squares, fluorescence peak areas (nor-
malized) for 175-bp mutant products. (C) Mutant (normalized)/wild-
type fluorescence peak area ratios at various cycle numbers represent-
ing the exponential and plateau phases of the amplification program
calculated from product yields shown in B. The dashed line represents
the mean mutant (normalized)/wild-type molar ratio of 2.56.
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has equivalent fitness to its wild-type parent when cocultured
under iron-replete conditions. In contrast, PM11 had a relative
growth disadvantage compared to UT25Sm1 under iron-re-
stricted culture conditions with EDDA-bound iron. The mean
CI values for the iron-restricted cultures decreased to 0.51 by
24 h and 0.29 by 48 h, indicating that the inactivation of fauA
imposes a fitness cost on B. pertussis PM11 that is evident
under conditions that require the production and transport of
ferric alcaligin for iron assimilation.

FauA function contributes to in vivo fitness of B. pertussis
during primary respiratory infection in mice. Mice were in-
fected intranasally with 8.77 � 105 CFU of a 1:1 mixture of
UT25Sm1 and PM11. Typical of B. pertussis infection kinetics
in mice, total bacterial loads (Fig. 7) increased over threefold
by 3 days postinfection and reached maximal levels of approx-
imately 4.90 � 106 CFU/mouse at 7 days postinfection. Bac-
terial loads declined more than 1,000-fold between 7 and 14
days, further decreasing by another twofold between 14 and 21
days. Competitive PCR analysis and the resulting CI values
(Fig. 8A and B) revealed a marked shift in the relative abun-
dance of the coinfecting strains, which is indicative of a costly
fitness defect in the mutant strain under the selective pressures
of the host environment. Mean CI values declined significantly
to 0.53 as early as 3 days postinfection (P 
 0.0001) and further
decreased to 0.12 at 7 days postinfection (P 
 � 0.0001). This
low CI value at 7 days is coincident with peak bacterial loads,
the population level at which competition for a limiting nutri-
ent would be predicted to be most acute. The mean CI differ-
ence of 0.41 between 3 days and 7 days was also statistically
significant (P 
 � 0.0001). The mean CI did not decrease
significantly after the day 7 time point. Respiratory tissue DNA
samples from uninfected mice did not yield any detectable
fauA-specific PCR products (data not shown). Parallel studies
using colony hybridization to estimate the �fauA2/fauA� strain
ratios for viable bacteria recovered from infected mice corrob-
orated the ratios based on cPCR; by covariation analysis, a
strong correlation between the mean CI values derived using
the two different strain detection methods was found to exist
(r 
 0.948).

These results indicate that ferric alcaligin utilization contrib-
utes to the ecological fitness of B. pertussis during primary
respiratory infection in mice and that the ability to assimilate
host iron using the alcaligin siderophore system likely plays a
significant role in the early stages of host colonization.

DISCUSSION

The ability to overcome host defenses that actively restrict
iron availability for invading microbes is an elemental trait of
a successful mucosal pathogen (19, 59, 60). B. pertussis colo-
nizes ciliated cells of the upper respiratory tract epithelium,
where it multiplies, causing mild to severe local injury and
diverse systemic effects. The classical bordetellae have multiple
systems for iron retrieval (15, 18) including the three geneti-
cally characterized systems for utilization of the native alcaligin
siderophore, the enterobactin xenosiderophore, and heme (1,
4, 5, 6, 56). In vitro studies have established that these patho-
gens also have the ability to utilize several additional cat-

FIG. 5. In vitro growth of wild-type and �fauA2 B. pertussis strains
in iron-replete SS broth. Growth of fauA� strain UT25Sm1 and
�fauA2 strain PM11 cultured separately in standard SS broth for 48 h
is shown as mean CFU/ml (n 
 3) (	 standard deviation). Filled
symbols and solid line, UT25Sm1; open symbols and dashed line,
PM11.

FIG. 6. In vitro growth competition between wild-type and �fauA2
B. pertussis strains in iron-replete and iron-restricted SS broth.
(A) Ethidium bromide-stained gel showing relative yield of 430-bp
fauA�- and 175-bp �fauA2-specific PCR products coamplified from
DNA prepared from mixed-strain cultures in iron-replete and iron-
restricted SS broth. Mut, mutant; WT, wild type; MW, size markers.
(B) Mean CI values (n 
 3) (y error bars representing 	1 standard
deviation are hidden by the symbols) derived from �fauA2/fauA�

DNA copy number ratios determined by fluorescence image analysis.
Filled squares, iron-replete conditions; open squares, iron-restricted
conditions. The dashed line (y value of 1.00) corresponds to the hy-
pothesized CI value if there was no difference in fitness between the
strains cocultured under the specified conditions.
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echolate and hydroxamate class xenosiderophores (3, 37, 45).
The classical bordetellae have genes for a number of TonB-
dependent iron receptors of unknown ligand specificity (6, 7,
40, 45), implying that their iron-scavenging potential is even
more diverse than is currently recognized. An important fea-
ture shared by the iron retrieval systems for alcaligin, entero-
bactin, and heme is that each system is up-regulated in re-
sponse to its cognate iron source (2, 14, 57). This ability to
sense and respond to particular iron sources suggests that the
ability to selectively deploy different iron retrieval systems con-
tributes to successful in vivo growth.

Changes in host niche conditions over the course of infection
are proposed to alter the array of potential iron sources avail-
able to B. pertussis. Upon initial colonization, it is conceivable
that B. pertussis would exploit lactoferrin in mucosal secretions
using its native siderophore alcaligin. Utilization of human
lactoferrin and transferrin as iron sources by B. pertussis and B.
bronchiseptica in vitro (46, 47) has been shown not to require
direct bacterial cell contact with the iron-binding proteins (1,
27), implicating a siderophore in this process. Other sid-
erophores produced by respiratory commensals or transient
colonizers could also supply iron to B. pertussis, provided that
B. pertussis produces the functions required for their uptake
and utilization. As infection progresses, the inflammation and
damaging effects of Bordetella toxins may disrupt the epithelial
barrier and allow iron-loaded cellular and serum components
to escape to the mucosal surface (41). Lysis of host cells with
the release of their intracellular components might supply yet
additional iron sources such as transferrin and heme proteins
that could be assimilated by B. pertussis. Once heme sources
are released and made available to B. pertussis on the mucosal
surface, the primary host iron-withholding defense imposed by
lactoferrin is effectively bypassed since lactoferrin cannot bind
and withhold heme.

Previously published studies show the importance of iron
acquisition in the pathogenesis of B. pertussis and B. bronchi-
septica. TonB is required for high-affinity iron transport in B.
pertussis and B. bronchiseptica (37, 44), and infection studies in
mice found that a B. pertussis tonB exbB mutant strain could

not efficiently colonize the lungs (44). A B. pertussis alcR mu-
tant was found to have no significant defect in the ability to
colonize the mouse lung (43); however, alcR strains can still
produce, transport, and utilize ferric alcaligin, albeit at reduced
levels (8). In a different study, a B. bronchiseptica alcaligin-
deficient mutant was impaired in the colonization of neonatal
swine, and infected animals presented little or none of the
nasal pathology normally associated with atrophic rhinitis (48).

Using mixed-infection competition experiments in a mouse
respiratory model, the heme utilization system of B. pertussis
was previously shown to be important for multiplication and
survival in the host (17). A bhuR strain defective in heme
utilization was found to be significantly less fit than the coin-
fecting wild-type parent strain, as evidenced by a marked re-
duction in the mean CI value after 7 days postinfection. The
timing of this reduction suggests that the limiting resource or
host condition responsible for the competitive loss of the mu-
tant strain was not available or active in the host niche at the
initiation of infection but was accessible to B. pertussis later in
infection. This hypothesis is consistent with the prediction that
heme is made available by the action of Bordetella toxic factors
on the host primarily during the advanced stages of infection.

FIG. 7. Total B. pertussis wild-type and mutant CFU recovered
from mice in mixed-infection competition studies. Each symbol repre-
sents the total CFU recovered from an infected mouse at days 3, 7, 14,
and 21; CFU were recovered from only three of the five mice sampled
at day 21. The line indicates the mean CFU/mouse as a function of
time postinfection (days).

FIG. 8. PCR product yields and CI values based on cPCR analysis
of mouse tissue homogenates in mixed-infection competition studies.
(A) Ethidium bromide-stained gel images showing relative yields of
430-bp fauA�- and 175-bp �fauA2-specific PCR products coamplified
from DNA extracted from infected mouse respiratory tract tissues.
Each gel lane represents a single infected mouse. Products generated
using the input strain mixture are also shown. (B) CI values based on
�fauA2/fauA� fluorescence peak area ratios determined by cPCR.
Relative DNA copy number yields of fauA�- and �fauA2-specific PCR
products were determined by fluorescence image analysis of the
stained gels shown in A. Each symbol represents the CI calculated for
a single mouse at a given time point, and the line represents the mean
CI value. The dashed line (y value of 1.00) corresponds to the hypoth-
esized CI value if there was no difference in fitness between the strains
in this mouse model of respiratory infection.
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In vivo competition results from the current study confirm
that ferric alcaligin siderophore utilization contributes funda-
mentally to the fitness of B. pertussis in the murine respiratory
tract and that alcaligin-mediated iron transport is important
for B. pertussis adaptation to limiting iron nutritional condi-
tions that exist at the early stages of infection.

In mixed-infection competition experiments, coinfecting
strains are usually engineered to express different selectable
markers for strain identification. In this study, coinfecting
strains differed only by the chromosomal deletion mutation
responsible for the ferric alcaligin utilization defect of the
mutant. cPCR (21, 35, 42, 52, 58) was used to determine the
mutant-to-wild-type strain ratios over the course of infection,
and total bacterial loads in infected mice were monitored by
CFU counting. Control experiments established a strong pos-
itive correlation between CFU ratios based on fauA�-specific
colony DNA hybridization and fauA allele-specific target DNA
ratios based on cPCR, indicating that the clearance of B. per-
tussis from infected mouse tissues was associated with a loss of
the ability to detect B. pertussis by PCR.

There are several advantages to the application of cPCR in
mixed-infection competition experiments. The measure of rel-
ative DNA target abundance by cPCR is dependent on the
initial ratio of target templates in the samples (21, 52), which
remains constant throughout all phases of the amplification
program, so it is not necessary to base the strain ratio deter-
minations on data acquired only during the exponential phase
of the PCR program. The targets compete for the same prim-
ers, there are no priming efficiency differences, and any vari-
able effects due to differences in sample preparation, recovery,
or PCR amplification are all internally controlled and affect
the yields of wild-type and mutant product equally (52, 58).
Perhaps the main advantage of cPCR in mixed-infection com-
petition experiments is that cPCR does not require the use of
marked strains, so there is no potential influence of selectable
marker expression on virulence.

These findings provide evidence that among the diverse iron
retrieval systems of B. pertussis, the alcaligin iron retrieval
system has a distinct role in virulence. Alcaligin-mediated iron
retrieval is important under host conditions that exist in the
early stages of infection and may be essential for the successful
colonization of the human respiratory mucosa.
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