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Bordetella pertussis is readily killed after uptake by professional phagocytes, whereas its close relative
Bordetella bronchiseptica is not and can persist intracellularly for days. Phagocytosis of members of either
species by a mouse macrophage cell line results in transport of the bacteria to a phagosomal compartment
positive for the lysosome-associated membrane protein 1, the protease cathepsin D, and the late endosomal
vacuolar proton-pumping ATPase but negative for the early endosome antigen 1 and the early endosomal
transferrin receptor. In addition, we demonstrate that Bordetella-containing phagosomes rapidly acidify to pH
4.5 to 5.0. Taken together, these data demonstrate that Bordetella-containing phagosomes rapidly mature to an
acidic late endosomal/lysosomal compartment. Following up on this observation, we determined that B.
pertussis does not survive in bacterial growth media adjusted to a pH of 4.5, whereas this pH has only minor
effects on the growth of B. bronchiseptica. Raising the intracellular pH in infected macrophages by the addition
of bafilomycin A1, ammonium chloride, or monensin increases the survival of acid-sensitive B. pertussis but,
surprisingly, decreases that of acid-tolerant B. bronchiseptica. In summary, we hypothesize that the differential
survival of B. pertussis and B. bronchiseptica in macrophages is, at least in part, due to the differences in their
acid tolerance.

Bordetella pertussis is the causative agent of whooping cough
(27). Its close relative Bordetella bronchiseptica causes infec-
tions of the respiratory tract in a variety of mammals and
occasionally in humans (18, 63). Although they were previously
considered to be extracellular pathogens, several recent re-
ports have indicated significant cell invasive properties of these
bacteria, e.g., for various typically nonphagocytic epithelial cell
types (11, 32, 54, 55). However, the bacterial factors involved in
the uptake of either species appear to be different, because
invasion by B. pertussis depends on the presence of factors
transcriptionally activated by the BvgAS two-component sys-
tem (11, 32), the master regulator of virulence in these bacteria
(5), whereas invasion by B. bronchiseptica was shown to occur
independently of these factors (54, 55).

While the invasion of epithelial cells requires dedicated
bacterial features, these are not necessary for the uptake by
professional phagocytes, such as macrophages. When macro-
phages ingest bacteria, they wrap them with their plasma mem-
brane and incorporate the newly formed so-called phago-
somes. Phagosomes are not static organelles, but structures
which undergo several maturation steps that transform the
newly formed phagosomes into phagolysosomes. In detail,
phagosome maturation is characterized by the sequential ac-
quisition and loss of early endosomal, late endosomal, and
lysosomal structural and compositional features (9, 10). The
transition of an “early phagosome” into a phagolysosome is
also accompanied by the exposure of the ingested bacteria to a
number of potentially bactericidal mechanisms, such as the
generation and release of reactive oxygen metabolites (super-
oxide and nitric oxide radicals) into the phagosome, acidifica-
tion of the phagosome to a pH of below 5.0, and release of
lysosomal hydrolases into the phagosomal space (9, 10, 24, 25,

46). A low pH may be toxic by itself but, in addition, it en-
hances the efficiency of other bactericidal mechanisms. For
instance, spontaneous dismutation of O2

2 within the phago-
some is maximal at a pH of 4.8 (15), and many lysosomal
proteins such as acidic hydrolases have their optimal activity at
a low pH (25).

Several intracellular pathogens have developed mechanisms
to survive this hostile environment (reviewed in reference 24):
for example, Legionella pneumophila and Mycobacterium tuber-
culosis inhibit the maturation of their phagosomes to phagoly-
sosomes. Other pathogens, such as Listeria monocytogenes and
Shigella flexneri, escape from the phagosome into the cyto-
plasm early after uptake. Salmonella spp. and other members
of the Enterobacteriaceae developed the so-called acid toler-
ance response (ATR) system activating more than 50 acid
shock proteins, which enables them to withstand the low pH
encountered in maturing phagosomes (14). Salmonella enterica
serovar Typhimurium even requires acidification of phago-
somes for the transcriptional induction of a subset of virulence
genes that enables it to multiply in macrophages (42, 52).

The interaction of B. pertussis and B. bronchiseptica with
professional phagocytes was the subject of several recent re-
ports (2, 12, 16, 23, 31, 57, 58, 60). Both Bordetella species
secrete several well-characterized factors which can impair cel-
lular defense mechanisms (27, 62). For example, the adenylate
cyclase toxin was shown to inhibit phagocytosis of the bacteria
and can even induce apoptosis of phagocytic cells (20, 31, 45).
In spite of this toxin equipment, it is not clear whether the
bordetellae, once engulfed by phagocytic cells, will be quanti-
tatively eliminated. Our current knowledge about the intracel-
lular fate of these bacteria is very limited, and only some
conflicting results have been published. For example, although
it was reported that B. pertussis may survive at least for several
hours after uptake by certain phagocytes, including human
macrophages and polymorphonuclear leukocytes (16, 57, 58),
efficient killing of B. pertussis was observed in other phago-
cytes, such as murine J774.A1 macrophage-like cells and
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mouse bone marrow-derived macrophages (BMMs) (2). B.
bronchiseptica, in marked contrast to B. pertussis, can survive in
various cell types, including macrophages and dendritic cells,
for several days (2, 12, 23). It was shown that the uptake of
either Bordetella species by phagocytic cells induces a signifi-
cant oxidative burst activity (19, 57). The intracellular com-
partments to which the bacteria localize are not well charac-
terized, although evidence was reported indicating that B.
pertussis may interfere with the maturation of its phagosomes,
whereas B. bronchiseptica may not (2, 23, 58).

To be able to compare the intracellular fates of B. pertussis
and B. bronchiseptica directly, we investigated the intracellular
survival of the two Bordetella species after uptake by murine
MH-S alveolar macrophage-like cells and analyzed the matu-
ration of Bordetella-containing phagosomes. We show that, in
contrast to B. pertussis, B. bronchiseptica is insensitive to an
acidic pH as low as 4.5 and that the acidic environment in
phagolysosomes contributes to increased survival of this patho-
gen.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains used in this study are
described in Table 1. Bordetella isolates were grown at 37°C on either Bordet-
Gengou agar plates (Difco) containing defibrinated horse blood (20% [vol/vol])
or charcoal agar plates (Difco). Liquid cultures were cultivated in Stainer Scholte
(SS) broth (56). Salmonella and Escherichia coli were grown on Luria Bertani
(LB) agar or in LB liquid culture. Antibiotics were used at the following con-
centrations: streptomycin sulfate, 100 mg/ml; and gentamicin, 50 mg/ml.

Determination of the pH-dependent growth limits and of the acid tolerance
response. Cells were initially grown overnight, pelleted (room temperature, 5,000
rpm; 15 min; Eppendorf microfuge), and diluted to an optical density at 595 nm
(OD595) of 0.2 in SS broths of various pHs between 4.0 and 6.25. The growth rate
was determined in log phase. To analyze the ATR, cells were initially grown to
stationary phase in SS broth (Bordetella) or LB broth (Salmonella) and harvested.
Unadapted cells were directly resuspended to 3 3 108 cells per ml in SS or LB
broth of various pHs. Adapted cells were first resuspended in an adequate
medium with a pH that was 0.75 pH units higher than the minimal growth pH of
the organism for 4 h (pH 5.75 for B. pertussis, pH 5.25 for B. bronchiseptica, and
pH 5.50 for serovar Typhimurium) and then shifted to otherwise lethal pH (pH
4.50, 4.25, and 4.00 for B. pertussis; pH 4.50, 3.50, 3.25, and 3.00 for B. bronchi-
septica; and pH 3.50 for serovar Typhimurium). Numbers of surviving bacteria
were determined at various times via plate counts. Each experiment was carried
out independently at least three times.

Phagocytosis assay. Phagocytosis assays were carried out as previously de-
scribed (2). The mouse alveolar macrophage cell line MH-S (36) was cultivated
at 37°C and 5% CO2 in RPMI 1640 medium with L-glutamine (Gibco) and the
following additives per 500 ml: 50 ml of heat-inactivated fetal bovine serum
(Gibco), 0.75 g of NaHCO3, 2.25 g of glucose, 1.19 g of HEPES, 1.7 ml of
b-mercaptoethanol (14.3 M), and 55 mg of pyruvate. One milliliter of this culture
medium containing 105 macrophages was added to each well of a 24-well plate.
Macrophages were permitted to adhere and grow overnight. Infection was car-
ried out with freshly harvested bacteria at a multiplicity of infection (MOI) of
100. After 1 h at 37°C, macrophages were washed thrice with phosphate-buffered
saline (PBS), and fresh medium containing 100 mg of gentamicin/ml was added.
After 2 h, cells were washed thrice with PBS, and the gentamicin concentration

was reduced to 20 mg/ml for the remaining time of the assay. Macrophages were
lysed with deionized water at various times after three washing steps with PBS to
remove gentamicin. Numbers of surviving bacteria were determined via plate
counts. Where indicated, 100 nM bafilomycin A1 (Calbiochem Inc.), 25 mM
NH4Cl, or 5 mM monensin (ICN Biochemicals) was added. Bafilomycin A1 was
added 15 min prior to infection, as described elsewhere (49, 52). None of these
inhibitors interfered directly with the viability of the bordetellae (data not
shown).

Fluorescence labeling of bacteria. Bacteria were surface labeled with either
the succinimidyl ester of carboxyfluorescein (Molecular Probes Inc.) or the
succinimidyl ester of Oregon green 488 carboxylic acid (Molecular Probes Inc.).
Cells were grown overnight and then harvested. In some experiments, bacteria
were heat killed by incubation at 60°C for 10 min. Bacteria corresponding to 7
OD595 units were then resuspended in 190 ml of bicarbonate buffer (100 mM; pH
8.0). Ten microliters of labeling reagent in dimethyl sulfoxide was added to a final
concentration of 1 mg/ml. Cell suspensions were incubated at room temperature
for 20 min and washed twice with 10 mM bicarbonate–100 mM Tris-HCl (pH
8.0) to quench nonreacted label. The pellet was resuspended in PBS. Survival
rates were determined by plate counts and were greater than 90% compared to
those of the unlabeled control bacteria. Recently it was reported that fluores-
cence labels may influence the interaction of B. pertussis with eukaryotic cells
(60). Therefore, we determined the rate of intracellular survival of fluorescence-
labeled bordetellae in MH-S macrophages, but no significant difference from the
nonlabeled bacteria could be observed (data not shown).

Determination of phagosomal pH. Infection was carried out with 6 3 105

MH-S macrophages per well in 6-well plates at an MOI of 1,000 with fluores-
cence-labeled bacteria. Oregon green was used to determine pH values below
6.0, and fluorescein was used to determine those above pH 6.0. At various times,
macrophages were washed thrice with PBS and resuspended in 3 ml of PBS.
Macrophages were counted microscopically in a Fuchs-Rosenthal chamber. Flu-
orescence excitations at 495 and 450 nm (lEm 5 520 nm) were determined with
a Spex FluoroMax fluorescence photometer. Phagosome pH calibration graphs
were obtained by equilibrating intracellular and extracellular pH with the ion
transporters 28 mM nigericin and 5 mM monensin in the presence of 120 mM
KCl. To correct for the fluorescence intrinsic to the macrophages used, fluores-
cence was calculated for 3 3 105 macrophages per ml by subtracting the intrinsic
fluorescence of macrophages from each measured value, yielding the fluores-
cence produced by phagosomal bacteria only. Using the calibration graphs (see
above), phagosomal pH could be determined from the relevant pH/fluorescence
intensity data set. Because the intrinsic fluorescence of macrophages was found
to be pH dependent, different calibrations were performed for each pH. All
experiments were repeated at least three times, and values for B. bronchiseptica
were calculated from the means of three calibration graphs.

FIG. 1. B. bronchiseptica survives in MH-S macrophages 20 h after phagocy-
tosis, whereas B. pertussis does not. The columns represent the percentage of
surviving bacteria. The time scale refers to the time after elimination of the
extracellular bacteria by gentamicin treatment and extensive washing of the cells,
when the number of intracellular bacteria of each strain was set as 100%. Each
experiment was carried out at least three times in duplicate. The vertical bars
indicate the standard deviations.

TABLE 1. Bacterial strains used in this study

Bacterial strain and plasmid Relevant features Source or
reference

B. pertussis Tohama I Wild type 29
B. pertussis TI Dtox As Tohama I but Dptx 48

B. pertussis BP347 As Tohama I but bvgS::Tn5 61
B. pertussis W28 Wild type 33
B. pertussis 18323 Wild type and type strain 47
B. bronchiseptica BB7865 Wild type but Strr 55
B. bronchiseptica BB7866 As BB7865 but DbvgS 55
B. bronchiseptica Rem1 Wild type 22
B. bronchiseptica MUCOB4 Wild type 38
Serovar Typhimurium LT2 64
E. coli DH5a GIBCO
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FIG. 2. B. pertussis and B. bronchiseptica colocalize with proteins of late endosomal/lysosomal but not with early endosomal macrophage compartments. Exem-
plarily, double labeling of bacteria and the transferrin receptor or lysosome-associated membrane protein 1 (LAMP-1) are shown. (A) Fluorescein-labeled bacteria.
(B) Position of the subcellular markers. (C) A magnification of the areas of panels A and B indicated by arrows. The length of the bars in panels A and B corresponds
to 10 mm.
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Fluorescence microscopy. MH-S macrophages (2 3 105) were grown on glass
coverslips in 24-well plates overnight. Infection was carried out as described
above with fluorescein-labeled bacteria. One hour after infection, macrophages
were washed thrice with PBS, and fresh medium without gentamicin was added.
Four hours after infection, macrophages were washed twice with PBS and then
fixed with PLPS fixative (51) for 10 min. Cells were washed twice with PBS, once
with PBS-50 mM NH4Cl, and then permeabilized with ice-cold methanol for 2
min. Again the cells were washed twice with PBS and then were covered with

blocking solution (1:10 diluted horse serum in PBS–0.05% saponin [Sigma]) for
at least 10 min. Glass coverslips were incubated with antibody solutions at the
appropriate dilutions in blocking solution for 1 h at room temperature and then
washed with blocking solution. Incubation with secondary antibodies labeled
with lissamine-rhodamine was carried out likewise. After a last washing step with
blocking solution, glass coverslips were mounted using Mowiol (Calbiochem
Inc.) according to the protocol of Ojcius and coworkers (44). Analysis was done
with a confocal laser scanning microscope (Leica Lasertechnik, Heidelberg,
Germany), and frequencies of label colocalizations were determined. The anti-
bodies to compartmental marker proteins were as follows: a rabbit polyclonal
antibody to vacuolar ATPase holoenzyme from Dictyostelium (kindly provided by
T. L. Steck, University of Chicago [41]), a rabbit polyclonal antibody to cathepsin
D from murine liver (kindly provided by J. S. Mort, Shriner’s Hospital, Montreal,
Quebec, Canada [1]), a rabbit polyclonal antibody to a polypeptide fragment of
early endosome antigen 1 (EEA1) (kindly provided by M. J. Clague and I. G.
Mills, University of Liverpool [39]), monoclonal antibody 1D4B (developed by T.
August [7]; obtained from the Developmental Study Hybridoma Bank; devel-
oped under the auspices of the NICHD and maintained by the University of
Iowa), and monoclonal murine antibody H68.4 raised to the cytoplasmic tail of
the human transferrin receptor (Zymed Laboratories Inc., San Francisco, Calif.).

Statistical analysis. All experiments were evaluated for their statistical signif-
icance using the Sigma Plot program package.

RESULTS

B. bronchiseptica survives in MH-S macrophages, whereas B.
pertussis is readily killed. It has been reported that, in contrast
to B. pertussis, B. bronchiseptica survives well in several types of
professional phagocytes (2, 23). In the present study, we ana-
lyzed the intracellular survival of these two Bordetella species
in a mouse alveolar macrophage cell line (MH-S). Our choice
of MH-S cells as host macrophages was based on their close
relatedness to in vivo target cells, as alveolar macrophages are
encountered by the bacteria early during infection of the re-
spiratory tract (27, 61) and because these cells apparently share
several functional features with freshly harvested alveolar mac-
rophages (28, 36). Figure 1 shows that after ingestion by the
macrophages, B. bronchiseptica strains survived for more than
24 h without much reduction in viability whereas B. pertussis
was eradicated within several hours. We reasoned that this
could have been due to the expression of pertussis toxin, which
is produced only by B. pertussis (27). However, deletion of the
ptx operon in B. pertussis did not have any significant effect on
intracellular survival in our system (data not shown). In agree-

FIG. 3. Bordetella-containing phagosomes in MH-S cells are acidic. The pH
was determined with Oregon green-labeled bacteria in the acidic range and with
fluorescein-labeled bacteria in the neutral range, as described in Materials and
Methods. As an example, the kinetics of acidification of phagosomes containing
B. pertussis strains are shown. Each experiment was performed three times, and
the means of these data are presented with the vertical bars representing the
standard deviation.

FIG. 4. B. bronchiseptica still grows at an acidic pH which inhibits the growth of B. pertussis. The pH-dependent growth rate (in percent) of B. bronchiseptica and
B. pertussis wild-type strains and the bvg mutants are shown relative to the growth rate at pH 6.25. The graphs were fitted sigmoidally (three parameters) with the Sigma
Plot program.
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ment with previous studies using other macrophages (2), bvg
mutants of B. pertussis and B. bronchiseptica survived better in
the MH-S cells than the corresponding wild-type strains (Fig.
1).

B. pertussis and B. bronchiseptica are localized to a late en-
dosomal/lysosomal compartment soon after phagocytosis. In
the past few years, it has become clear that phagosome matu-
ration is very similar to endosome maturation (9, 10, 46) and
that at least some of the same molecular key players that
regulate fusion of, e.g., early endosomes with each other, also
regulate the fusion of early endosomes with “early phagosomes”
(reviewed in reference 24). To describe the intracellular com-
partmentation of the bacteria, we determined the occurrence
of various marker proteins of the host’s endosome-lysosome
continuum in compartments containing phagocytosed bacteria.
The colocalization frequency of fluorescein-labeled bordetel-
lae 4 h after infection was analyzed using fluorescence micros-
copy. Most bacteria clearly colocalized with late endosomal/
lysosomal markers, independent of the Bordetella species
investigated (Fig. 2 and Table 2). E. coli DH5a was used as a
control organism that does not interfere with phagosome mat-
uration and, accordingly, colocalized to a similar extent (data
not shown). Markers characteristic of early endosomes, such as
the transferrin receptor or the EEA1, however, did not colo-
calize significantly with the bacteria (Fig. 2 and Table 2). These
data demonstrate that both Bordetella species are transported
to a late endosomal/lysosomal compartment during the first
4 h after engulfment. Frequent colocalization of bacteria
with v-ATPases was observed (Table 2), indicating that sig-
nificant acidification of the phagosomes may have occurred
(see below).

Phagosomes containing Bordetella spp. are acidic. The
above data suggested that bordetellae would not interfere with
maturation of their phagosomes, notably not with acidification.
To directly investigate this, phagosome acidification was deter-
mined in situ using bacteria labeled with either fluorescein or
Oregon green, whose emission intensities are dependent on
pH. These two different dyes were needed to cover the whole
pH spectrum of interest (pH 4 to 8), because the pH-depen-
dent fluorescence of Oregon green is linear only in the acidic
range whereas that of fluorescein is linear in the slightly acidic
to neutral range (59). To measure acidification of the phago-
somes, the bacteria were surface labeled with a reactive deriv-
ative of Oregon green and used to infect MH-S macrophages.
The fluorescence at 450 nm is invariant (isosbestic point) and
can therefore be used as an internal indicator for the number
of bacteria present in the sample, whereas fluorescence at 495
nm is pH dependent. Therefore, the overall fluorescence of the
infected macrophages was determined, and 495 nm/450 nm
ratios (lEM 5 520 nm) were calculated. The phagosomal pH

can be directly determined by comparison with a calibration
graph. In the experiments that involved the use of acidification
inhibitors (see Fig. 6), the bacteria were labeled with fluores-
cein only, and phagosomal pH was determined as described
above.

In the case of wild-type B. pertussis, the pH dropped to 5.1
within 1 h after infection and reached a pH of 4.5 after an
additional 3 h (Fig. 3). Considering the fact that the fluoro-
metric method integrates all phagosomes present in the sample
and considering that the phagolysosomal pH is typically be-
tween 4.5 and 5.0 (44, 49), these data indicate that acidification
is accomplished in most phagosomes within 1 h. The same data
were obtained when a bvg mutant of B. pertussis or heat-killed
bacteria were used (Fig. 3). As a control, we added 50 mM
NH4Cl to one sample 4 h after infection (see the arrow in Fig.
3). Ammonium chloride permeates cell membranes and, as a
weak base, should accumulate in acidic compartments and
neutralize them. This was also true for Bordetella-containing
phagosomes when we used this method of pH determination
(Fig. 3) and hence validated our methodology. The determi-
nation of the pH of B. bronchiseptica-containing vacuoles was
hampered by the low surface-labeling efficiency of these bac-
teria, with the fluorescent dyes leading to greater variations
than in the data obtained with B. pertussis. Nevertheless, the
data clearly show that 4 h after infection, the pH of these
vacuoles is acidic, although with a mean value of 5.0 (6 0.5),
the vacuoles appear to be slightly less acidic than in the case of
B. pertussis.

B. pertussis and B. bronchiseptica differ substantially in their
acid tolerance in vitro. To investigate the impact of low pH on
the survival of Bordetella species, we compared the growth rate
of B. pertussis Tohama I and B. bronchiseptica BB7865 strains
at different pHs. Interestingly, as shown in Fig. 4, these two
strains differ significantly in their minimal growth pH. B. per-
tussis can multiply only at a pH above 5.0 whereas B. bronchi-
septica is still able to multiply at a pH as low as 4.5. The
corresponding bvg mutants of these strains behaved essentially
like their wild-type strains. To exclude the possibility that these
differences in acid tolerance are characteristic only of these
two Bordetella isolates, we analyzed two more independent
isolates of each (Table 1). All B. bronchiseptica strains exhib-
ited a high level of acid tolerance whereas all B. pertussis strains
were equally acid sensitive (data not shown). This suggested
that the differential survival of B. bronchiseptica and B. pertussis
in macrophages may have been due to their different sensitiv-
ities to acidic pH.

Some bacteria, including Salmonella spp., are protected
from very low pH through the products induced by their ATR
system, which allows their survival at a pH close to the minimal
growth pH if the ATR is first induced at a nonlethal low pH
(14). To investigate whether Bordetella species may also be
endowed with an ATR, we determined the survival rate of the
bacteria either previously exposed for a short period of time or
not exposed to acidic pH and compared these data with acid-
induced Salmonella serovar Typhimurium as a positive control.
None of the Bordetella strains tested showed any significant
difference in their survival whether or not they were preincu-
bated at low pH, whereas, as described previously (14), pH
adaptation led to a dramatic increase in the survival of serovar
Typhimurium (Fig. 5). We conclude that the analyzed Borde-
tella strains do not possess a stationary phase ATR system
functionally similar to that of Salmonella spp. In addition,
these data provide further evidence for the significant differ-
ence in acid resistance of B. pertussis and B. bronchiseptica,
because the same killing rate of the two organisms is achieved
with a difference of an entire pH unit (Fig. 5).

TABLE 2. B. pertussis and B. bronchiseptica colocalize with late
endosomal/lysosomal macrophage proteins 4 h postinfection

Antibody directed
againstb:

% Colocalizationa

B. pertussis B. bronchiseptica

LAMP-1 75 6 5 74 6 4
Cathepsin D 79 6 7 83 6 11
v-ATPase 69 6 14 75 6 10
EEA1 3 6 1 3 6 2
Transferrin receptor 5 6 2 4 6 1

a Numbers indicate the percentage of colocalization of vacuoles (stained with
the respective antibody) and bacteria 6 the standard deviation. The average of
three experiments is shown, and 50 macrophages were counted each time.

b LAMP-1, lysosome-associated membrane protein 1.
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In order to further affirm the observed differences in acid
sensitivity, B. pertussis and B. bronchiseptica were challenged at
various pHs, and percent survival was determined after 4 h.
Table 3 shows that B. bronchiseptica tolerates acidic pH much
better than B. pertussis, which is eradicated at pH 4.00. In
contrast, we found surviving B. bronchiseptica even at pH 3.00.

Differential effect of drugs inhibiting the acidification of
phagosomes on intracellular survival of B. pertussis and B.
bronchiseptica. As shown above, the pH of Bordetella-contain-
ing phagosomes decreases to a level critical for the survival of
B. pertussis but not of B. bronchiseptica. Differences in the acid
tolerance between the two species may, therefore, contribute
to their different intracellular survival. To test this hypothesis,
we infected MH-S cells and simultaneously blocked phago-
some maturation and/or acidification by the addition of bafilo-
mycin A1, ammonium chloride, or monensin. Bafilomycin is a
membrane-permeant macrolide antibiotic specifically inhibit-
ing vacuolar-type proton translocating ATPases (v-ATPases)
which are involved in phagosome acidification (6). We con-
firmed the inhibition of the proton pumps by demonstrating
that the phagosomal pH of macrophages treated with the an-
tibiotic did not drop below a value of 7.0, at least during the
first 6 h after infection (done as in Fig. 3; data not shown).
Ammonium chloride not only neutralizes acidic compartments
(Fig. 3) but can also interfere with the maturation of phago-
somes and inhibit phagosome lysosome fusion (26). Monensin
acts as an ion carrier equilibrating extra- and intracellular pH
(50) and, due to this property, is frequently used to establish
calibrations for pH determination (see Materials and Methods).

As would be expected, all three compounds had a protective
effect on the intracellular survival of B. pertussis, and a signif-
icant increase (P , 0.05) in the viable counts could be observed
10 h after infection in their presence. In marked contrast, the
number of viable B. bronchiseptica wild-type bacteria had al-
ready decreased significantly (P , 0.05) in macrophages treated
with either bafilomycin, monensin, or ammonium chloride 4 h
after infection compared to untreated cells (Fig. 6). Due to the
cytotoxic effects of constantly present monensin, experiments
with this drug could be performed only for 10 h postinfection
(Fig. 6). The survival rates of a bvg mutant of B. bronchiseptica
did not reveal any differences with or without bafilomycin,
whereas the bvg mutant of B. pertussis showed an increased
survival rate in the presence of the compound compared to the
wild type (data not shown).

DISCUSSION
Several recent reports demonstrated that B. bronchiseptica

can survive in professional phagocytes (2, 12, 23). However, the
specific properties of this pathogen leading to resistance
against the otherwise bactericidal host cell defense mecha-
nisms are not characterized. In this study, we investigated the
intracellular fate of B. pertussis and B. bronchiseptica in a mu-
rine macrophage line and began to characterize differences
between the two species relevant for intracellular survival. We
demonstrate that B. bronchiseptica is much better adapted to
acidic environments than B. pertussis. In fact, B. bronchiseptica
strains are still able to slowly multiply at pH 4.5 and survive
even lower pH. This surprisingly places B. bronchiseptica in one
line with those of the very distantly related Enterobacteriaceae
known to be especially acid resistant, such as serovar Typhi-

FIG. 5. Absence of an ATR system in Bordetella strains. Time-dependent
survival of the microorganisms in acidic media is shown. (A) B. bronchiseptica at
pH 4.25. (B) B. pertussis at pH 3.25. (C) Serovar Typhimurium at pH 3.50.
Unadapted bacteria were directly resuspended in the acidic media, whereas the
adapted microorganisms were first resuspended and incubated in an adequate
medium with a pH that was 0.75 pH units greater than the minimal growth pH

of the respective organism for 4 h. Surviving bacteria were quantified at the time
points indicated. Each experiment was repeated at least three times, and the
means of these data are presented.
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murium (pH 4.0), E. coli (pH 4.4), and S. flexneri (pH 4.8) (34).
B. pertussis tolerates only relatively mild acidic pH values
(pH . 5), similar to many soil bacteria (34). However, we
demonstrate that in contrast to the Enterobacteriaceae, neither
Bordetella species is endowed with an ATR system similar to
that of serovar Typhimurium, which would allow them to adapt
efficiently to very low pH environments (14). In addition, the
virulence-regulating BvgAS two-component system did not af-
fect acid tolerance in our experiments. The adaptation to

acidic pH is particularly important for those facultative intra-
cellular members of the Enterobacteriaceae, which not only
encounter the extremely acidic environment of the stomach
but also survive and multiply subsequently in acidic compart-
ments in professional phagocytes. Since we have shown here
that B. bronchiseptica survives well in macrophages, its acid
tolerance may also be relevant for pathogenicity.

Uptake of either B. bronchiseptica or B. pertussis by MH-S
macrophages leads to efficient and fast fusion of the bacterium-

FIG. 6. B. pertussis survives better in neutralized phagosomes, whereas elimination of B. bronchiseptica is enhanced. Bordetella-containing phagosomes were
neutralized by ammonium chloride (A), bafilomycin A1 (B), or monensin (C). The time scale refers to the time after elimination of the extracellular bacteria by
gentamicin treatment and extensive washing of the cells. At this time, the number of intracellular bacteria of each strain was set as 100%. Each experiment was carried
out at least three times in duplicate, and the means of these data are presented. (D) For direct comparison of the effects of the various drugs, the fraction of surviving
bacteria in the presence of the neutralizing drugs compared to surviving bacteria in the absence of these drugs (competition factor) is shown for each time.

TABLE 3. Percent survival after 4 h of challenge at the given pH

Bacterial strain
% Survival after 4 h ata:

pH 4.50 pH 4.25 pH 4.00 pH 3.50 pH 3.25 pH 3.00

B. pertussis TIDtox 1.07 6 0.94 0.0001 6 0.0001 0 6 0 ND ND ND
B. bronchiseptica BB 7865 55.9 6 8.1 ND ND 17.4 6 10.6 0.0006 6 0.0006 0.0001 6 0.0001

a Presented values are the means of three independent experiments with the standard deviations. ND, not determined.
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containing phagosomes with lysosomes to form phagolyso-
somes, as demonstrated by a highly significant colocalization of
their phagosomes with the late endosomal/lysosomal markers
lysosome-associated membrane protein 1, cathepsin D, and
functional v-ATPase, whereas no colocalization of the bacteria
could be observed with early endosomal markers such as the
transferrin receptor and the EEA1. No differences were ob-
served between heat-killed and viable bordetellae and a non-
pathogenic E. coli control strain. These data agree with previ-
ous experiments which indicated fusion of at least some B.
bronchiseptica-containing phagosomes with lysosomes in den-
dritic cells and in BMMs (2, 23). We did not obtain any indi-
cation of an inhibition of phagosome-lysosome fusion by B.
pertussis in the MH-S macrophages, although evidence for the
inhibition of phagosome-lysosome fusion in B. pertussis-in-
fected human polymorphonuclear leukocytes was reported by
others previously (58). At present, it is not clear whether this
discrepancy is caused by the use of different phagocytic cells.
We find that in the phagolysosomal compartment of MH-S
cells, B. pertussis is readily killed but B. bronchiseptica strains
are able to withstand the macrophage attacks, and although
they do not multiply, they remain viable for several days.

The presence of v-ATPases in the bacterium-containing
compartments suggested that these phagosomes were acidi-
fied. To determine the phagosomal pH, we labeled the bacteria
with the pH-dependent fluorescent dyes Oregon green and
fluorescein. Soon after phagocytosis, the pH of phagosomes
containing B. pertussis or B. bronchiseptica dropped to about
4.5 and 5.0, respectively (Fig. 3). Such low pH values are
usually considered to be a typical feature for mature lysosomal
compartments (24, 44, 49). The low pH reached in the Borde-
tella-containing phagosomes is clearly critical for the killing of
B. pertussis in vitro but, as described above, not of B. bronchi-
septica (Fig. 4 and Table 3). Acidification of phagosomes and
differences in acid tolerance between B. pertussis and B. bron-
chiseptica may therefore explain, in part, the different survival
rates of these species in macrophages. This assumption is fur-
ther supported by experiments in which we inhibited the acid-
ification of endosomal compartments by the addition of bafilo-
mycin A1, ammonium chloride, or monensin. Bafilomycin A1
selectively acts on v-ATPases and is able to block acidification
in phagosomes. Similarly, the other two inhibitors are known
to raise the phagosomal pH (26, 50). In infection experiments
with macrophages treated with these compounds, we observed
an increase in survival of the acid-sensitive B. pertussis strains
4 h after infection for all compounds but bafilomycin. A sta-
tistically significant increase in survival was found at later time
points. This demonstrates that acidification is in fact involved
in efficient killing of intracellular B. pertussis and may be of
increasing relevance with time. However, the protective effect
of ammonium chloride and monensin on B. pertussis survival
was stronger than that of bafilomycin, although bafilomycin
inhibited acidification completely. Acidification is one of the
factors that contributes to the clearance of bacteria, though
other factors contribute as well or may even predominate since
B. pertussis is killed even when acidification is blocked. In this
case, however, long-term survival is significantly higher. Sur-
prisingly, treatment of the macrophages with either of the
three inhibitors caused a significant decrease in the viability of
wild-type B. bronchiseptica soon after infection (Fig. 6). This
unexpected result is reminiscent of recent reports about the
intracellular growth rates of Brucella suis and Francisella tula-
rensis, which were also decreased by blocking the endosome
acidification (13, 49). In the case of F. tularensis, the acidity is
required to release iron from transferrin essential for the
growth of the bacteria (13). It is possible that, similar to the

situation for serovar Typhimurium (14), acidic pH is a signal
for B. bronchiseptica which leads to a better adaptation to an
intracellular environment. However, this effect was not seen
with B. bronchiseptica bvg mutants, which survive better intra-
cellularly than the isogenic wild type (2). As the BvgAS system
does not affect acid tolerance in vitro and as no ATR system
could be identified, the significance of this phenomenon re-
mains unknown, although it may indicate that other signal
transduction systems are engaged in the adaptation to hostile
intracellular compartments.

Interestingly, apart from the BvgAS system, a role was re-
cently attributed to the RisAS two-component system for ef-
ficient intracellular survival of B. bronchiseptica controlling the
expression of an acid phosphatase. In addition, a urease pro-
duced by B. bronchiseptica but not by B. pertussis was reported
to contribute to intracellular survival (8, 30, 37). These results
are in agreement with our conclusions because only B. bron-
chiseptica is both ureolytic and produces the acid phosphatase
and because both factors are negatively affected in their ex-
pression by the BvgAS system. In fact, bvg mutants of B. bron-
chiseptica expressing these factors constitutively have an ad-
vantage over the wild-type strains in long-term intracellular
survival (Fig. 1) (2).

B. pertussis and B. bronchiseptica show a remarkable differ-
ence in their lipopolysaccharide structures, as only B. bronchi-
septica is able to produce O-antigen-specific side chains (27,
38), which make it remarkably resistant to antimicrobial pep-
tides such as the defensins (17). Hence, this difference in their
lipopolysaccharide structure may contribute to the different
survival properties of the two species (3). However, in the
MH-S cells and in BMMs, no difference in intracellular sur-
vival between wild-type B. bronchiseptica and mutant deriva-
tives lacking the O-antigen-specific side chains could be ob-
served during the first 24 h after their uptake (data not shown).

A further understanding of the intracellular survival strate-
gies will help to elucidate the relevance of intracellular stages
for the pathogenesis by B. bronchiseptica. In this respect it is
interesting to note that a significant Th1-type T-cell response is
induced after infection of mice with bordetellae, which may
indicate the occurrence of relevant intracellular phases of
these bacteria during infection (4, 21, 35, 40, 53). Moreover, in
agreement with the pronounced intracellular survival of B.
bronchiseptica, infections with this organism tend to take a
chronic course, e.g., in subclinical purulent pneumonia in pigs,
in chronic lung lesions in rabbits, or in chronic bronchopneu-
monia in humans (22, 63). The identification of factors re-
quired for the intracellular survival of these bacteria will per-
mit an evaluation of the significance of intracellular stages
during infection and may provide insights into the persistence
strategies of Bordetella species in the host organisms.
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