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A Siderophore Production Mutant of Bordetella bronchiseptica
Cannot Use Lactoferrin as an Iron Source
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Bordetella bronchiseptica secreted a hydroxamate siderophore when grown in Fe-depleted medium. A Tn5lac
insertion mutant of B. bronchiseptica, DBB22, did not produce this hydroxamate siderophore and was
incapable of using lactoferrin as an Fe source. Our data suggest that B. bronchiseptica uses a siderophore for
removal of Fe from lactoferrin and transferrin rather than relying upon a receptor for these host Fe-binding

proteins.

With one exception (2), iron (Fe) has been shown to be an
essential nutrient for all organisms examined. Fe is impor-
tant for a variety of biochemical oxidation-reduction reac-
tions, such as oxidative phosphorylation and synthesis of
DNA precursors (18). Most Fe in mammalian hosts is found
intracellularly in ferritin, hemosiderin, and hemoproteins
(28). Extracellular Fe** is bound to lactoferrin (LF) in
exocrine secretions, such as saliva, tears, and mucosal
secretions, and to transferrin (TF) in plasma. One conse-
quence of extracellular Fe sequestration is that LF and TF
bind Fe** with such high avidity (K, =1072° M) that many
microbes cannot remove the ion for microbial metabolism
(27). Thus, Fe sequestration is a nonspecific mechanism that
prevents or suppresses microbial growth in mucosal secre-
tions and tissue fluids, termed nutritional immunity (27).

Obviously, bacterial pathogens have evolved ways to
remove Fe from LF and TF and allow growth of the
pathogen despite nutritional immunity. Bordetella bronchi-
septica is a mucosal pathogen which is commonly associated
with respiratory diseases in domesticated animals (7). B.
bronchiseptica is thought to initiate atrophic rhinitis (atro-
phy of the nasal turbinates) in confinement-reared swine
(26), a syndrome that commonly results from a mixed
infection with Pasteurella multocida (6). Atrophic rhinitis
can also predispose swine to further respiratory infections,
including pneumonia, and such infections are of consider-
able economic importance (7). B. bronchiseptica infects
dogs, causing kennel cough, a severe respiratory infection
similar in some respects to human pertussis. B. bronchisep-
tica has been reported to infect humans, but this is rare (31).

Since it is believed that LF is the primary Fe source on the
mucosal surface (13) (with uncertain contributions by TF,
heme, and other Fe sources), it is likely that B. bronchisep-
tica evolved a specialized mechanism involved in the acqui-
sition of Fe from this Fe-binding protein. Redhead et al. (22)
published the first report on Fe uptake by Bordetella spp.
This report concluded that B. pertussis does not produce a
siderophore and utilizes a TF-LF receptor-mediated mech-
anism of Fe removal from TF and LF. We, and others, had
reported that B. pertussis secretes a hydroxamate sidero-
phore under conditions of Fe stress (1, 9). Other reports in
the literature have suggested that B. pertussis and B. bron-
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chiseptica possess two Fe transport systems. Redhead and
Hill (21) reported that B. pertussis internalized much less Fe
from TF when physical contact between the cell and the
protein was prevented. They concluded that B. pertussis
possesses a receptor for TF which enables the bacterium to
acquire Fe from the protein relatively efficiently and that
siderophore-mediated delivery of Fe to the bacterium is not
very efficient. Menozzi et al. (14) identified a TF-LF-binding
protein in both B. pertussis and B. bronchiseptica. They
found that growth of B. pertussis and B. bronchiseptica with
TF and LF reached a higher cell density when the bacteria
were able to contact the protein physically. However, the
kinetics of growth was not examined in these experiments,
as Menozzi et al. (14) reported growth density at only one
time point. Again, these researchers suggested that Borde-
tella spp. possess two separate mechanisms for acquiring Fe
from TF and LF and that the receptor is more efficient than
the siderophore at removing Fe from the proteins. These
conclusions were in contrast to our previous findings. We
had demonstrated that B. pertussis grew with the same
doubling time in the log phase and reached the same final cell
density whether the LF was free in the medium or seques-
tered inside a dialysis membrane (blocking physical contact
between the cell and the Fe carrier) (1).

To resolve these conflicting data, we isolated a Tn5lac
insertion in B. bronchiseptica that blocked siderophore
production. This allowed us to test whether siderophore
production is essential for removal of Fe from TF and LF.

Iron-limited growth of B. bronchiseptica. By using condi-
tions previously described for B. pertussis (1), we were able
to Fe limit the growth of B. bronchiseptica MBORD 846
(obtained from James Musser) in Chelex-treated Stainer-
Scholte medium (CSSM; 1, 25) and in Chelex-treated defined
medium (CDM; 30). Fe-limited growth in CDM was reversed
by addition of 10 uM FeSO,, 30% saturated LF (33 uM
protein, 10 uM Fe), 10 uM heme, and Fe-dicitrate (data not
shown). In these experiments, we used bovine LF (Sigma
Chemical Co., St. Louis, Mo.) as a nonhuman source of the
Fe-binding protein, as we were unable to locate a commer-
cial source of porcine LF in the United States. When human
LF or TF was used as the sole source of Fe in CDM,
MBORD 846 grew at the same rate and to the same final
extent in the presence of the human proteins as with the
bovine LF, indicating that the organism does not discrimi-
nate between these mammalian Fe-binding proteins.
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MBORD 846 was also capable of growth with bovine LF
when physical contact between the cell and the protein was
prevented by a dialysis membrane (data not shown).

Siderophore production by B. bronchiseptica. Filter-steril-
ized culture supernatant from Fe-limited MBORD 846 re-
acted positively in the Csaky assay (4), which detects
hydroxamates. In a representative experiment, Fe-starved
MBORD 846 culture supernatants contained 78 pM hydrox-
amate (compared with a hydroxylamine standard), while
culture supernatants from Fe-replete cells did not react in
the Csaky assay. This indicated that the hydroxamate mate-
rial in MBORD 846 culture supernatants was produced in
response to Fe limitation, a characteristic common to micro-
bial siderophores (19). No phenolic compound was detected
in the culture supernatants as determined by the Arnow
assay (3).

Tn5lac mutagenesis. Tn5lac was delivered to MBORD 846
on pDLAI, a derivative of suicide vector pGP704 (16).
SF800 (P1::TnSlac) (obtained from D. Kaiser; 10) was the
source of TnSlac. The bacteriophage lysate was used to
transduce SY327[\pir)(pGP704) (16). Plasmid DNA was
isolated from pooled transductants by an alkali lysis proce-
dure (12) and transferred to Escherichia coli SY327[\pir] by
electroporation by using a Gene Pulser (Bio-Rad, Richmond,
Calif.) and the manufacturer’s protocol. Plasmid DNA was
isolated from each transformant and electroporated into
SM10[rpir] (16). One of these transformants, SM10
(pDLAL), mobilized the plasmid at a higher frequency than
the others, as determined by spot matings, and was used in
subsequent experiments.

pDLA1 was conjugally mobilized into MBORD 846 es-
sentially as previously described (29). Transconjugants
were replica plated onto CSSM-10 pM FeSO,-5-bromo-4-
chloro-3-indolyl-B-D-galactopyranoside (X-Gal) at 40 pg/ml;
CSSM-50 pM 2,2'-dipyridil-X-Gal; and CSSM-chrome
azurol S dye (CAS; which detects all types of Fe-chelating
compounds [24]) and a streptomycin- and kanamycin-con-
taining Bordet-Gengou agar plate and incubated at 37°C for
24 h. Residual Fe in the CSSM agar plates was reduced by
using Bacto Agar (Difco, Detroit, Mich.) washed extensively
with methanol (30). Colonies were examined for differences
in B-galactosidase expression on high- and low-Fe plates and
for differences in the sizes of the yellow halos surrounding
the colonies on CAS plates.

A total of 13,000 transconjugants were screened in plate
assays. We did not detect significant differences in B-galac-
tosidase activity in any TnS5lac insertion in response to Fe
availability. We did isolate several insertions that behaved
atypically on CAS plates compared with the wild-type par-
ent, which typically produced yellow halos about 0.5 cm in
diameter. These insertion mutants either produced very
large halos or grew poorly on CAS plates. These mutants
were further examined in broth culture for growth rate,
siderophore production, and B-galactosidase production by
the method of Miller (15).

We identified one insertion mutant, designated DBB22,
which showed no siderophore production. This insertion
mutant grew at the same rate and to the same final extent as
MBORD 846 in minimal medium, suggesting that the trans-
poson insertion did not create auxotrophy. No hydroxamate
was detected when the organism was grown in CSSM or
CDM, which contains all amino acids and several vitamins
(30). No Fe-binding material was detected in the culture
supernatant from Fe-starved DBB22 with the CAS assay (24)
or by examination of the difference absorption spectrum of
filter-sterilized culture supernatant (Fig. 1) as previously
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FIG. 1. Comparison of the difference absorption spectra of cul-
ture supernatants from Fe-starved MBORD 846 and DBB22, indi-
cating that DBB22 excretes no Fe-binding material into the culture
supernatant.

described (1). Disruption of Fe-starved DBB22 cells by
treatment in a French press also did not release any intra-
cellular hydroxamate (data not shown).

Outer membrane protein components of bacterial Fe
transport systems are often synthesized in greater quantities
in response to Fe starvation (19). Therefore, we prepared
Triton X-100-insoluble membranes from MBORD 846 and
DBB22 grown in CSSM with or without 10 pM FeSO, as
described by Redhead and Hill (20). The Triton X-100-
insoluble fractions were subjected to sodium dodecyl sulfate
(SDS)-7.5 and 15% polyacrylamide gel electrophoresis
(PAGE) (11), and the proteins were visualized by silver
staining (32). MBORD 846 and DBB22 both expressed
several proteins that were consistently regulated by the Fe
levels in the medium (Fig. 2). Fe-repressible proteins (ex-
pressed only during low Fe availability) migrated at 104, 98,
88, 77, 63, 34, and 23 kDa in SDS-PAGE. It is possible that
the Fe-repressible protein we observed at 34 kDa is the
TF-LF-binding protein reported by Menozzi et al. (14).
Conversely, Fe-inducible proteins (expressed during high Fe
availability) migrated at 101, 70, and 67 kDa in both wild-
type and mutant strains. Thus, we concluded that the
transposon insertion in DBB22 had minimally affected the
metabolism and cell surface components of the organism and
had only blocked siderophore production.

Southern blot analysis of DBB22. Genomic DNA from
DBB22 was examined on Southern blots as previously
described (12), to determine whether lack of siderophore
production was the result of a single transposon insertion.
Bordetella genomic DNA was isolated (5), digested to com-
pletion with EcoRI (Promega, Madison, Wis.), and electro-
phoresed on a 0.6% agarose gel at 25 V for 18 h. The DNA
was transferred to a NitroPlus membrane (Micron Separa-
tions, Inc., Westboro, Mass.) as previously described (12).
Prehybridization, hybridization, and washing were per-
formed as previously described (12). The filters were hybrid-
ized with pGP704, the parent plasmid of pDLA1, or a 1.2-kb
BglII-Pst] fragment containing the Kan-encoding gene of
Tn5. We also probed genomic DNA with an 800-bp fragment
homologous with the IS50 elements of Tn5. Probes were
labelled with [a->2P]dCTP (New England Nuclear) by using
a random primer labelling kit (Bethesda Research Laborato-
ries, Gaithersburg, Md.) in accordance with the manufactur-
er’s specifications. After hybridization, the filter was washed
(12), dried, wrapped in Saran Wrap, and exposed to AR film
(Kodak, Rochester, N.Y.).
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FIG. 2. SDS-PAGE of Triton-insoluble membrane fractions isolated from MBORD 846 and DBB22 grown with 10 uM FeSO, (+) or without
Fe (—). The proteins were separated on 7.5% (a) and 15% (b) gels and stained with silver. Open arrows indicate proteins observed to be
consistently Fe repressible in several different experiments. Closed arrows point to Fe-inducible proteins consistently observed in several
experiments. Other proteins that appear to be responsive to Fe levels in this figure were not observed in all experiments. kD, kilodaltons.

The probe specific for the Kan*-encoding gene hybridized
to a single 11.2-kb fragment (Fig. 3), indicating that the
TnS5lac element was present at a single site in DBB22. When
DBB22 genomic DNA was probed with vector plasmid
pGP704, two fragments, of 8.4 and 5.9 kb, hybridized to the
plasmid-specific probe, indicating that plasmid DNA was
still present in DBB22 (Fig. 3). We could not isolate plasmid
DNA from DBB22 by SDS lysis followed by a CsCl-ethidium
bromide gradient purification procedure (12). When the
IS50-specific probe was used, these same three fragments,
(11.2, 8:4, and 5.9 kb) hybridized to the probe (Fig. 3). These
results suggested that pDLALI integrated into the chromo-
some in its entirety and was present at a single site as a
plasmid cointegrate. Cointegration of the plasmid was pre-
sumably mediated by the intact IS50; element on TnS5lac
(10). We did not detect differences in the levels of B-galac-
tosidase produced in different high- and low-Fe environ-
ments, as would be expected if the transposon had inserted
itself into genes involved in the synthesis of an Fe-regulated
compound. This was not surprising, since the insertion left
the lacZ gene of Tn5lac downstream of promoters on the
plasmid rather than downstream of B. bronchiseptica
genomic sequences.

Siderophore production is essential for growth of B. bron-
chiseptica with LF. We compared the abilities of DBB22 and
MBORD 846 to use bovine LF as the sole Fe source in CDM
(Fig. 4). MBORD 846 was capable of using bovine LF as an
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FIG. 3. Autoradiograph of Southern blots probed with a 1.2-kb
Bglll-Pst1 fragment of the kanamycin resistance gene of Tn5 (A),
pGP704 (B), and the IS50-specific probe (C). The lanes contained
EcoRlI-digested genomic DNAs from DBBI1 (lane 1) and DBB22
(lane 2). Lambda HindIII molecular weight standards are indicated
at the left.
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FIG. 4. Growth of MBORD 846 (a) and DBB22 (b) in CDM
containing 5 pM Fe-citrate (+), bovine LF (@), or no added Fe (A).

Fe source (Fig. 4A), but DBB22 was unable to utilize the Fe
bound to bovine LF (Fig. 4B). Further, LF severely inhib-
ited the growth of DBB22, far below the growth of DBB22 in
CDM (no Fe). We interpret this to indicate that LF bound
the residual Fe in CDM and blocked the ability of DBB22 to
obtain this modest amount of Fe. DBB22 was capable of
using heme and Fe-dicitrate as sole Fe sources (data not
shown).

The conclusion that B. bronchiseptica may use only a
siderophore-mediated Fe transport system is also consistent
with what is known about the biology and genetic relation-
ships between Bordetella spp. Although B. pertussis is
thought to be an exclusively human pathogen (8), the Bor-
detella spp. that infect mammalian hosts (B. pertussis, B.
parapertussis, and B. bronchiseptica) are highly related at
the genetic level. On the basis of the results of multilocus
enzyme electrophoretic comparison of these three species,
Musser et al. (17) suggested that these should actually be
considered variants of a single species. Thus, it is likely that
the Fe transport systems of these organisms are closely
related, if not identical. Further, B. bronchiseptica often
infects a variety of mammalian hosts (7, 31) and does not
have the restricted host range of B. pertussis and B. para-
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pertussis. This suggests that the Fe transport system of B.
bronchiseptica (and, by inference, those of B. pertussis and
B. parapertussis) evolved to utilize Fe sources from a
variety of different hosts. By contrast, the TF and LF
receptor-mediated Fe transport systems produced by a va-
riety of pathogens all depend upon a receptor that is highly
specific for the TF and/or LF from the host species that the
pathogen infects (23). Thus, we suggest that it is unlikely that
Bordetella spp. depend upon a TF-LF receptor for removal
of Fe from these host proteins and instead uses a sidero-
phore to obtain Fe during infection.

This work was supported by grant 91372046731 from the U.S.
Department of Agriculture.
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