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a b s t r a c t

Current vaccines against Bordetella pertussis do not prevent colonization and transmission of the bacteria,
and vaccine-induced immunity wanes rapidly. Besides, efficacy of vaccines for Bordetella bronchiseptica
remains unclear. Novel vaccines could be based on outer-membrane vesicles (OMVs), but vesiculation of
bordetellae needs to be increased for cost-effective vaccine production. Here, we focused on increasing
OMV production by reducing the anchoring of the outer membrane to the peptidoglycan layer. Inacti-
vation of rmpM, tolR, and pal failed, presumably because their products are essential in bordetellae.
Conditional pal mutants were constructed, which were hypervesiculating under Pal-depletion condi-
tions. SDS-PAGE and Western blot analyses showed that the protein composition of OMVs produced
under Pal-depletion conditions resembled that of the outer membrane but differed from that of OMVs
released by the wild type. Pal depletion affected the cell morphology and appeared to increase the
amounts of cell-surface-exposed phospholipids, possibly reflecting a role for the Tol-Pal system in
retrograde phospholipid transport. We also identified additional lipoproteins in bordetellae with a pu-
tative peptidoglycan-anchoring domain. However, their inactivation did not influence OMV production.
We conclude that the conditional pal mutants could be valuable for the development of OMV-based
vaccines.
© 2022 The Author(s). Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Bordetella pertussis and Bordetella bronchiseptica are b-proteo-
bacteria that cause whooping cough in humans and similar dis-
eases in animals, respectively. Whooping cough is most severe in
children younger than one year of age. The first pertussis vaccines
consisted of inactivated whole cells and were introduced around
the 1940s [1]. Pertussis cases significantly dropped, but vaccine-
induced side effects, e.g. neurological disorders and fever, due to
presence of endotoxin in the vaccines [2], were of concern [3]. In
the 1980s, the first acellular vaccine was developed in Japan, and
acellular vaccines are now widely used [4]. Although vaccination
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rates are nowadays high, pertussis cases are resurging due to,
amongst others, genetic changes in circulating B. pertussis strains
and differences in immunity induced after vaccinationwith whole-
cell or acellular pertussis vaccines [5e7]. Whole-cell vaccines for
B. bronchiseptica have also been developed but their efficacy has
been studied poorly and remains unclear [8].

New generation vaccines could be based on outer-membrane
vesicles (OMVs). OMVs are blebs that pinch off from the outer
membrane (OM) and are between 20 and 200 nm in size. Their
small size allows them to be taken up easily by antigen-presenting
cells [9]. Subcutaneous immunization of mice with OMVs from
B. pertussis induced amixed T helper (Th)1/Th2/Th17 response [10].
Efficient bacterial clearance of the nasal cavity was achieved after
intranasal immunization [11]. Although OMVs are naturally
released by all Gram-negative bacteria, OMV production by Bor-
detella spp. is relatively low and needs to be increased for potential
vaccine development [12,13].
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Gram-negative bacteria have an asymmetric OM, which is
composed of phospholipids and lipopolysaccharides (LPS) in the
inner and outer leaflet of the bilayer, respectively [14]. The OM is
attached to the underlying peptidoglycan (PG) layer by covalent
and non-covalent interactions. In Escherichia coli, Braun's lipo-
protein (Lpp), the most abundant protein in this bacterium [15],
covalently links the OM to the PG layer via a peptide bond be-
tween the C-terminal lysine of Lpp and meso-2,6-diaminopimelic
acid in the PG layer [16e18]. Loss of Lpp results in hyperblebbing
due to destabilization of the bacterial cell envelope [19]. Non-
covalent interactions between the PG layer and the OM are
mediated by e.g. OmpA in E. coli [20,21]. OmpA is embedded in the
OM via its N-terminal b-barrel domain [22] and is able to bind the
PG layer via its C-terminal domain [23]. Deletion of OmpA results
in hypervesiculation in E. coli [24]. The homologue of OmpA in
Neisseria meningitidis is RmpM [25,26], which stands for
reduction-modifiable protein M, since its electrophoretic mobility
changes in the presence of a reducing agent [27]. In contrast to
OmpA, the N-terminal domain of RmpM is too short to form a b-
barrel, but this domain interacts with the OM via the porins PorA
and PorB [28]. The C-terminal domain of RmpM is an OmpA_C-
like domain that, like the corresponding domain of OmpA, forms
non-covalent interactions with the PG layer [25]. OMV production
was increased in the absence of RmpM in N. meningitidis [29].

Also PG-associated lipoprotein (Pal) is non-covalently linked to
the PG layer via a C-terminal OmpA_C-like domain [21]. Pal is
anchored to the OM via its N-terminal lipid moiety [30]. Besides its
role in anchoring the OM to the PG layer, Pal takes part in the Tol-
Pal system, which is important for OM invagination during cell
division [31]. The Tol-Pal systems consists of five proteins, namely
inner-membrane (IM) proteins TolA, TolQ, and TolR, periplasmic
protein TolB, and OM lipoprotein Pal [32]. Pal not only interacts
with the PG layer, but it can alternatively interact with TolB [33].
The PaleTolB complex is then recruited to the division site by TolA,
where Pal is released and accumulates at the septum to stabilize the
interaction between the OM and the PG layer [30]. Mutations in the
tol-pal genes have been studied in Salmonella enterica serovar
Typhimurium (S. Typhimurium), E. coli, and Helicobacter pylori,
amongst others, and mutant strains showed compromised OM
integrity and increased OMV production [31,32,34e36].

In bordetellae, no homologue of Lpp is present. A homologue of
RmpM was found (encoded by the genes with locus tags BP0943
and BB3474 in the genome sequences of reference strains
B. pertussis Tohama I and B. bronchiseptica RB50, respectively), and
we have previously shown that this protein is abundant in purified
OM preparations but barely present in OMVs released by
B. pertussis [13]. Therefore, we hypothesized that RmpM is
involved in anchoring the OM to the PG layer and prevents the
release of OMVs. Similar to RmpM of N. meningitidis, the C-ter-
minal part of B. pertussis RmpM contains an OmpA_C-like domain
involved in PG binding, and it does not contain an N-terminal b-
barrel. Therefore, RmpMmight interact with the OM via porins, as
described in N. meningitidis. Also, a Pal homologue is present in
bordetellae (locus tags BP3342/BB4238), and the gene is part of a
tol-pal operon with a similar genetic organization as in E. coli.
Furthermore, using BLASTp searches, we have identified two
additional lipoproteins (BP2019/BB1848 and BB4107) with an
OmpA_C-like domain, which could, therefore, also be involved in
OM-PG interaction. So far, RmpM, Pal, nor these additional lipo-
proteins have been functionally characterized in bordetellae. In
this study, we aimed to increase OMV production by B. pertussis
and B. bronchiseptica by decreasing the anchoring of the OM to the
underlying PG layer. To this end, we targeted rmpM, pal, BP2019/
BB1848 and BB4107 by mutagenesis, and the mutants obtained
were characterized.
2

2. Materials and methods

2.1. Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Supplementary
Table S1. E. coli strains were cultured on lysogeny broth (LB) agar
plates at 37 �C or in liquid LB while shaking at 200 rpm. B. pertussis
and B. bronchiseptica strains were grown on Bordet-Gengou (BG)
agar (Difco) plates supplemented with 15% (v/v) defibrinated sheep
blood (bioTRADING) at 35 �C. For liquid cultures, bacteria were
collected from agar plates and grown in Verwey medium [37],
Stainer-Scholte (SS) medium [38], or LB while shaking at 175 rpm.
To support growth of B. pertussis, SS medium was supplemented
with 1 g/L of heptakis (2,6-di-O-methyl)-b-cyclodextrin (Sigma-
eAldrich). For strain selection or plasmidmaintenance, mediawere
supplemented with ampicillin (100 mg/mL for B. pertussis and E. coli
or 200 mg/mL for B. bronchiseptica), gentamicin (10 mg/mL), strep-
tomycin (300 mg/mL), nalidixic acid (50 mg/mL), or cefotaxime
(5 mg/mL). To induce gene expression, media were supplemented
with 0.1 or 1 mM isopropyl-b-D-L-thiogalactopyranoside (IPTG) for
E. coli or Bordetella, respectively. Bacterial cells were inactivated for
1 h at 56 �C, unless otherwise specified.

2.2. Recombinant DNA techniques

All primers and plasmids used in this study are described in
Tables S2 and S3, respectively. To overexpress rmpM and pal, the
genes were amplified from B. pertussis strain B213 by polymerase
chain reaction (PCR) using primer pairs rmpM_Fw/rmpM_Rev and
pal_Fw/pal_Rev, respectively, with the Expand High Fidelity PCR
system (Roche). The reverse primers contained a 3’ sequence cod-
ing for a FLAG tag. The genes were cloned in pMMB67EH by
substituting the pagL gene on pPagLBb by rmpM or pal. To this end,
pPagLBb and the amplicons of rmpM or palwere digested with NdeI
and HindIII and ligated together. E. coli strain DH5a was trans-
formed with the ligation mixtures. Resulting transformants were
screened by PCR, and the nucleotide sequences were verified by
sequencing (Macrogen). Correct plasmids were used to transform
E. coli strains BL21 (DE3) and SM10lpir for protein overproduction
in E. coli and transfer of the plasmids to Bordetella, respectively.

To construct pal, tolR, BP2019, BB1848 and BB4107 mutant
strains, DNA fragments, located upstream and downstream of each
target gene, were amplified using primer pairs pal_F1/pal_R1,
pal_F2/pal_R2, tolR_F1/tolR_R1, tolR_F2/tolR_R2, BP2019_F1/
BP2019_R1, BP2019_F2/BP2019_R2 (or BP2019_F2/BB1848_R2 to
create a BB1848 knockout construct), BB4107_F1/BB4107_R1 and
BB4107_F2/BB4107_R2. Amplicons were cloned into pCRII, and
E. coli strain DH5a was transformed with the ligation mixtures.
Next, the upstream and downstream fragments of each target were
ligated together into one plasmid after digestion with XbaI and the
restriction enzyme for which the restriction site was included in
the primer (Table S2). The resulting plasmids were digested with
PpuMI, Eco81I or SalI to allow for the insertion of a gentamicin-
resistance cassette, which was obtained by PCR from plasmid
pYRC using primer pairs Gm_Fw_P/Gm_Rev_P, Gm_Fw_E/
Gm_Rev_E or Gm_Fw_S/Gm_Rev_S, respectively. Knockout con-
structs were then subcloned into suicide plasmid pKAS32 by SacI
and XbaI restriction digestion followed by ligation. The ligation
mixtures were used to transform E. coli strain SM10lpir.

To inactivate rmpM, a DNA fragment, encompassing rmpM with
upstream and downstream segments, was amplified using primers
rmpM_KO_Fw and rmpM_KO_Rev. The PCR product was cloned in
pCRII by XhoI and SpeI restriction digestion and ligation. The liga-
tion mixtures were used to transform E. coli strain GM48 to avoid
methylation of the ClaI restriction site. A gentamicin-resistance
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cassettewas amplified using primers Gm_Fw_C and Gm_Rev_C and
inserted into the ClaI restriction site, which is present in the coding
sequence of rmpM. The resulting rmpM knockout construct was cut
with XbaI and SacI and ligated into XbaIeSacI-digested pKAS32.

Plasmids were transferred from E. coli strain SM10lpir to Bor-
detella strains via conjugation. Transconjugants harboring
pMMB67EH-derived plasmids were selected on agar plates con-
taining ampicillin for plasmid selection and nalidixic acid
(B. pertussis) or cefotaxime (B. bronchiseptica) for counterselection
against E. coli. Transconjugants were screened by PCR. To create
chromosomal knockouts via allelic exchange, integration of
pKAS32-derived plasmids was obtained by using gentamicin for
selection and the antibiotics as described above for counter-
selection. Transconjugants were then streaked on agar plates con-
taining gentamicin and streptomycin to select for double
crossovers. To obtain conditional mutants, the plates were sup-
plemented with IPTG. Allelic exchange was verified by PCR.

2.3. Cell fractionation

Cells were fractionated essentially as described previously [13].
In short, B. pertussis was grown for two days in SS medium, and
B. bronchiseptica was grown overnight in LB. B. pertussis and
B. bronchisepticawere inactivated for 30 and 60min, respectively, at
56 �C. Cells were harvested, washed, and converted to spheroplasts
by incubation with lysozyme/EDTA. The spheroplasts were dis-
rupted by ultrasonication, and unbroken cells were removed via
low-speed centrifugation. Cell envelopes were pelleted from the
supernatant by ultracentrifugation, and IM and OM were then
separated via sucrose density gradient centrifugation. Sarkosyl
extraction of isolated cell envelopes was preformed as described
[39].

2.4. OMV isolation and quantification

OMVs were isolated as described previously [13] with some
modifications. Briefly, precultures were diluted to an optical den-
sity at 600 nm (OD600) of 0.05e0.1 in SS or Verwey medium and
grown for 24 h in baffled flasks or glass bottles with an air:liquid
ratio of 5:1 or 3.33:1, respectively. Where indicated, cultures were
inactivated at 56 �C before OMV isolation. After low-speed centri-
fugation, the supernatants were filtered using 0.45-mm pore-size
filters (Sarstedt). The filtrate was centrifuged for 2 h at
40,000 rpm and 4 �C (Beckman Coulter Optima LE-80K, Type 70 Ti
rotor), and pelleted OMVs were resuspended in phosphate-
buffered saline (PBS) or 2 mM TriseHCl (pH 7.5). The quality of
the OMVs was analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and OMV yield was quantified
using the Lowry DC protein assay (Bio-Rad) according to the
manufacturer's instructions.

2.5. Antisera

Antisera directed against BrkA, OmpP, RmpM, FtsH, ZnuD, E. coli
GroEL [13], E. coli BamA [40], and an antiserum directed against
E. coli porin PhoE, which also cross-reacts with the other porins
OmpF and OmpC [41], were used. Horseradish peroxidase-
conjugated monoclonal antibodies directed against the FLAG tag
were purchased from SigmaeAldrich. To obtain antisera recog-
nizing BB4107 and BP2019/BB1848, rabbits were immunized at
GenScript (Piscataway, New Jersey, USA) with peptides
CEGRAANRRVEVYLY and CKLSVRGLGAARPVQ, respectively. Pep-
tides were chosen using the OptimumAntigen design tool. Addi-
tional antisera directed against BP2019/BB1848 were raised by
immunizing two rabbits at Eurogentec (Li�ege, Belgium) with
3

peptides CGHTDSKGSDSYNKGL and CARHEGVSVRQGKDAV. An N-
terminal cysteine was included in each peptide for coupling of the
peptide to carrier protein keyhole limpet hemocyanin before
immunization.
2.6. SDS-PAGE and immunoblotting

Samples were mixed with sample buffer [42] with or without
25 mM dithiothreitol (DTT) replacing b-mercaptoethanol and
either boiled or not before loading onto polyacrylamide gels. After
electrophoresis, gels were stained with Bradford reagent [43] or
silver to stain proteins (Pierce) or LPS [44]. Alternatively, proteins
were transferred from the gels onto 0.45-mm pore-size nitrocel-
lulose membranes (GE Healthcare). The membranes were incu-
bated with the primary antisera described above and
subsequently with horseradish peroxidase-conjugated goat anti-
rabbit or anti-mouse IgG antisera (ThermoFisher) as appropriate.
Antibody binding was detected with Clarity Western ECL Blotting
Substrate (Bio-Rad).
2.7. Protease accessibility assay

Cell envelopes, isolated as described above, were incubatedwith
50 mg/mL of trypsin (SigmaeAldrich) in 20 mM TriseHCl (pH 8) for
15 min at 37 �C. Trypsin inhibitor (Boehringer Mannheim) was
added to a final concentration of 33.3 mg/mL, and the suspension
was cooled on ice. Cell envelopes were pelleted by centrifugation
(30 min at 14,000�g and 4 �C) and processed for SDS-PAGE
analysis.
2.8. Microscopy

To determine cell morphology, cells were fixed with 1% form-
aldehyde in PBS for 1 h at room temperature. Membranes were
labeled with 5 mg/mL of the lipophilic dye FM 4e64 in PBS (Invi-
trogen), and cells were spotted on 1% agarose pads. Bacteria were
visualized on a Zeiss Axioskop 2 fluorescence microscope with a
100x objective.

OMVs were visualized by transmission electron microscopy as
previously described [13].
2.9. Dynamic light scattering (DLS)

The diameter of isolated OMVs was measured by DLS as previ-
ously described [45]. Briefly, samples were 10-fold diluted and
measured in micro-volume cuvettes (Sarstedt) at 25 �C on a Zeta-
sizer nano (Malvern Panalytical). Three technical replicates were
performed per sample. Each technical replicate is an average of
10e20 measurements.
2.10. Determination of phosphatidylethanolamine (PE) at the cell
surface

Cell-surface-exposed PE was detected with a PE-specific fluo-
rescent probe consisting of FITC-PEG5000-NHS (PG2-FCNS-5k,
Nanocs) coupled cinnamycin (BioAustralis) as described previously
[46] (de Jonge et al., manuscript submitted for publication). Bac-
terial cells grown in SS medium were harvested at the specified
time point, washed with PBS, and resuspended to an OD600 of 1 in
PBS. Cells were then incubated with 0.5 mM of the PE probe for
30 min at 35 �C. After three washes with PBS, binding of the probe
was measured as fluorescence intensity at 485 nm (excitation) and
528 nm (emission).
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2.11. Susceptibility to SDS

Lysis induced by SDS was determined as previously described
[47] (de Jonge et al., manuscript submitted for publication). Bacteria
were grown in SS medium, harvested at the specified time point,
washed with physiological salt solution and resuspended to an
OD600 of 1. The bacterial suspensions were incubated with either
0 or 0.025% SDS for 5 min at room temperature, and the OD600 of
the samples was measured.

2.12. Susceptibility to rifampicin

Bacteria grown until the specified time point were diluted to an
OD600 of 0.05 in SS medium and grown for 16 h. The cultures were
then diluted to an OD600 of 0.3 in fresh medium, and they were
grown again for 8 h with either 0 or 0.25 mg/mL of rifampicin. The
OD600 was monitored over time.

2.13. Multiple sequence alignment

Amino-acid sequences were aligned with Clustal Omega [48]
and visualized using Jalview [49].

3. Results

3.1. Characterization of RmpM in bordetella

The OmpA-family protein encoded by locus tags BP0943 in
B. pertussis strain Tohama I or BB3474 in B. bronchiseptica strain
RB50 contains a PG-binding OmpA_C-like domain, but it does not
contain an N-terminal b-barrel that could anchor it in the OM. It
was therefore named RmpM after its N. meningitidis homologue,
the reduction-modifiable protein M [13]. Like N. meningitidis
RmpM, Bordetella RmpM contains two cysteines (see also Fig. 7A),
which may form a disulfide bond, and might be responsible for a
shift in electrophoretic mobility dependent on the absence or
presence of a reducing agent in SDS-PAGE analysis. First, we veri-
fied the reduction modifiability of B. pertussis RmpM by SDS-PAGE.
The electrophoretic mobility of RmpM shifted in the presence of
the reducing agent DTT (Supplementary Fig. S1), showing that
B. pertussis RmpM is indeed reduction modifiable.

To determine if RmpMmay play a role in anchoring of the OM to
the PG layer, we next analyzed if it, like N. meningitidis RmpM [50],
interacts with the OM via the porins. The major porin in B. pertussis
Fig. 1. Characterization of RmpM in Bordetella. (A) Cell envelopes of B. pertussiswere either in
analysis as indicated in the figure. Membranes were incubated with antisera directed agains
##, high-molecular-weight complexes. (B) Whole-cell lysates of E. coli strain BL21 (DE3) with
pRmpM (right panels) were analyzed byWestern blotting using anti-FLAG tag antibodies and
IPTG. *, recombinant RmpM; **, chromosomally encoded native RmpM.
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is OmpP and, like other Gram-negative bacterial porins, this protein
forms oligomers, which do not dissociate when analyzed by SDS-
PAGE under non-denaturing conditions, i.e. without boiling of the
samples [51]. Accordingly, OmpP, which migrates as a protein with
an apparent molecular weight of ~40 kDa in denatured samples,
was detected in a ~90-kDa complex in the unheated samples
(Fig.1A, left panel). Under these non-denaturing conditions, RmpM,
which migrates as a ~23-kDa protein in the heated samples, could
be detected in a complex with the same apparent molecular weight
as the OmpP complex, indicating that it is part of this complex
(Fig. 1A, right panel). As the OmpA_C-like domain of RmpM is ex-
pected to extend into the periplasm to interact with the PG layer, it
should be accessible to trypsin. Indeed, RmpM is degraded in the
presence of trypsin (Fig. 1A, right panel). However, the integral
membrane protein OmpP is not affected by trypsin, as confirmed by
Western blot analysis under denaturing conditions (Fig. 1A, left
panel). Nevertheless, the electrophoretic mobility of the high-
molecular weight OmpP complex was increased after trypsin
digestion (Fig. 1A, left panel), indicating that an interaction partner,
presumably RmpM, was degraded. These results indicate that
RmpM is associated with porin OmpP and could, therefore, form a
link between the OM and the PG layer.

To increase OMV production in B. pertussis and B. bronchiseptica,
we aimed at reducing the association of the OM with the PG layer
by constructing rmpM mutants. Despite several attempts, deletion
of rmpM was unsuccessful, presumably because RmpM is essential
in Bordetella as suggested previously [52,53]. Therefore, we tried to
create conditional rmpM mutants by inactivating rmpM in strains
carrying a plasmid that contained a recombinant rmpM gene
downstream of an IPTG-inducible promoter. The encoded RmpM
protein, which carries a C-terminal FLAG tag, could already be
detected in the absence of IPTG in E. coli strain BL21 (DE3)
harboring plasmid pRmpM, and its expression increased in the
presence of IPTG (Fig. 1B, left panels). Apart from the native RmpM,
faster and slower migrating forms could be detected in the pres-
ence of IPTG, probably correlating with a degradation product and
the unprocessed, signal-sequence-bearing precursor of RmpM,
respectively. Remarkably, overproduction of RmpM reduced the
abundance of porin OmpF in this strain (Fig. S2). Also in B. pertussis
and B. bronchiseptica containing pRmpM, recombinant RmpM
could be detected on Western blots with antibodies directed
against the FLAG tag but only after growth of the bacteria with IPTG
(Fig.1B, upper right panel).With antiserumdirected against RmpM,
recombinant RmpM could only be detected in B. pertussis (Fig. 1B,
cubated with trypsin or not, and either boiled or not, in sample buffer before SDS-PAGE
t OmpP (left panel) and RmpM (right panel). #, denatured monomeric OmpP or RmpM;
or without pRmpM (left panels) and of B. bronchiseptica (Bb) and B. pertussis (Bp) with
anti-RmpM antiserum. Strains harboring pRmpM were grownwith (þ) or without (�)



Fig. 2. Effect of Pal depletion on growth. (A) Wild-type (WT) B. pertussis (Bp) and B. bronchiseptica (Bb) and their Dpal pPal derivatives (pal) were grown on BG agar plates either
supplemented with IPTG or not. Growth of B. pertussis and B. bronchiseptica was assessed after 4 and 3 days of incubation at 35 �C, respectively. (B) Bacteria were pre-grown in SS
medium supplemented, for the Dpal pPal strains, with IPTG. After washing, the cells were diluted into fresh medium, which was, for the Dpal pPal strains, either supplemented with
IPTG or not, as indicated, and the OD600 was monitored in time. After 24 h of growth (T1), cultures were again diluted into the same medium and grown for another 24 h (T2). The
graph is a representative of three independent experiments. (C) Cells were collected at T1 and T2, and the presence of recombinant Pal was analyzed by Western blotting using anti-
FLAG tag antibodies. Equal amounts of cells were loaded on OD600 basis.

Fig. 3. OMV production under Pal-depletion conditions. Wild-type B. pertussis and B. bronchiseptica and the Dpal pPal mutant derivatives (pal) were grown in SS medium either
with or without IPTG. At T1 and T2 (where T1 and T2 are defined as in Fig. 2B), OMVs were isolated from culture supernatants. (A) OMV yield was determined based on protein
content by Lowry assays and is expressed as the amount of protein per liter per OD600 unit. Bars represent mean values with standard deviations of three biological replicates.
Significant differences were determined by one-way ANOVA followed by Tukey's multiple comparisons test using GraphPad Prism 6 (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
(B) The composition of OMVs from the Dpal pPal mutant (pal) of B. pertussis, isolated at T2 after growth without IPTG, was compared with a purified OM fraction and OMVs from the
wild-type strain by SDS-PAGE analysis. Proteins were stained with the Bradford reagent (left panel). Specific proteins were detected by Western blotting using antisera directed
against the proteins indicated in the figure (middle and right panels). Note that IM marker protein FtsH can be detected neither in the purified OM fraction nor in the isolated OMVs,
but it can be detected in IM fractions ([13] and Fig. S4). LPS content was visualized by silver staining after SDS-PAGE analysis. Positions of molecular-weight marker proteins are
indicated at the left of the panels.
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Fig. 4. Cell morphology. Wild-type B. pertussis and its Dpal pPal mutant derivative (pal), grownwith or without IPTG, were collected at T2 (where T2 is defined as in Fig. 2B), stained
with the membrane dye FM 4e64, and visualized by fluorescence microscopy. Examples of possible OMVs are indicated by white arrowheads.

Fig. 5. Size of isolated OMVs. Wild-type B. pertussis and B. bronchiseptica and their Dpal pPal (pal) derivatives were grown in SS medium with or without IPTG, and OMVs were
isolated at T2 (where T2 is defined as in Fig. 2B). (A) The diameter of the OMVs was determined by DLS. Bars represent mean values with standard deviations of three independent
experiments. Significant differences were determined by one-way ANOVA followed by Tukey's multiple comparisons test using GraphPad Prism 6 (*, p < 0.05). (B) OMVs were
visualized by transmission electron microscopy. Scale bar equals 200 nm. Black and white arrowheads indicate observed tubular structures and putative flagella, respectively.
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lower right panel) where the amount of recombinant RmpM pro-
duced appeared comparable to that of the chromosomally encoded
native RmpM. We then tried to inactivate rmpM in the strains
harboring pRmpM, but, unfortunately, this failed in either Borde-
tella species.
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3.2. Construction of conditional pal mutants

As inactivation of rmpM failed, we chose a different approach to
reduce the anchoring of the OM to the PG layer, i.e. by inactivating
the pal gene. In addition, we targeted another gene coding for a



Fig. 6. Pal depletion disrupts OM lipid asymmetry in B. pertussis. (A,B) Wild-type B. pertussis and its Dpal pPal mutant derivative (pal) were grown in SS medium with or without
IPTG and harvested at T2 (where T2 is defined as in Fig. 2B). (A) The presence of PE at the cell surface was determined by incubating intact cells with a PE-specific fluorescent probe.
Binding of the probe was measured as fluorescence intensity. (B) Bacteria were incubated with 0 or 0.025% SDS for 5 min. Cell lysis was determined by OD600 measurements. Values
are expressed as OD600 of samples incubated with SDS relative to OD600 values after incubation without SDS. (C) Cultures grown in SS mediumwith or without IPTG were diluted at
T1 (where T1 is defined as in Fig. 2B), grown for 16 h and diluted again in fresh medium. Cultures were then grown for 8 h either without (left panel) or with (right panel) rifampicin,
and growth was monitored by OD600 measurements. Graphs show mean values and standard deviations of four (A) or three (B,C) independent experiments. (A,B) Significant
differences were determined by one-way ANOVA followed by Tukey's multiple comparisons test using GraphPad Prism 6 (*, p < 0.05; ****, p < 0.0001).
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component of the Tol-Pal system, i.e. tolR. Again, like for rmpM,
repeated attempts to inactivate tolR and pal directly were unsuc-
cessful, probably because they are essential for viability as sug-
gested previously [52,53]. Hence, we aimed at constructing pal
depletion strains. Indeed, we succeeded to inactivate chromosomal
pal in B. pertussis and B. bronchiseptica strains harboring pPal, a
plasmid containing pal with a 3’ FLAG-tag-coding sequence under
an IPTG-inducible promoter. To assess the growth of the recombi-
nant strains under Pal-depletion conditions, wild-type B. pertussis
and B. bronchiseptica and their Dpal pPal derivatives were streaked
on BG agar plates either containing IPTG or not. Growth of the
B. pertussisDpal pPal strain, but not that of the B. bronchisepticaDpal
pPal strain, was heavily compromised in the absence of IPTG
(Fig. 2A). Both strains were viable on plates supplemented with
IPTG. These results confirm that Pal is essential for the viability of
B. pertussis. Leaky expression from the tac promoter could perhaps
be sufficient to sustain growth of the B. bronchisepticamutant in the
absence of IPTG. Growth of the recombinant strains was further
assessed in liquid medium. To this end, wild-type B. pertussis and
B. bronchiseptica and the Dpal pPal mutant derivatives were pre-
grown in SS medium, which was supplemented with IPTG for the
recombinant strains. After pre-growth, the cells were washed and
diluted into fresh medium, either supplemented with IPTG or not.
Growth of the wild-type and mutant strains was comparable dur-
ing the first 24 h (Fig. 2B). Western blot analysis targeting the FLAG
tag failed to detect the recombinant Pal after 24 h (time point T1) in
the Dpal pPal mutants grownwithout IPTG, i.e. under Pal-depletion
conditions (Fig. 2C). Cultures were subsequently diluted into fresh
medium and grown for another 24 h (time point T2). This resulted
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in a growth defect of the Dpal pPal mutants in the absence of IPTG
(Fig. 2B). In the case of B. bronchiseptica, the Dpal pPal mutant
grown with IPTG also exhibited some growth defect compared to
the wild type, possibly because even induced pal expression from
the plasmid is lower than chromosomal expression. Western blot
analysis again failed to detect the FLAG-tagged Pal in the pal mu-
tants grown without IPTG at time point T2 (Fig. 2C). These results
confirm that Pal is important to sustain normal growth.

3.3. Pal depletion results in hypervesiculation

To investigate the effect of Pal depletion on vesiculation in
B. pertussis and B. bronchiseptica, strains were grown in Erlenmeyer
flasks with an air:liquid ratio of 5:1, which results in efficient OMV
production by Bordetella spp., as previously reported [13,54]. Cells
were grown as above, and OMVswere isolated at time points T1 and
T2. OMV production was quantified based on protein content,
which indicated a significant increase in OMV production under
Pal-depletion conditions at T1 and T2 relative to OMV production by
the wild types or the Dpal pPal mutant strains grown in medium
supplemented with IPTG (Fig. 3A).

For potential vaccine application, it is important that relevant
OM antigens are present in the OMVs. The composition of OMVs
released by the Pal-depleted B. pertussis strain was compared with
those of OMVs and a purified OM fraction of the wild-type strain. In
accordance with previous results [13], OmpP and RmpM were
much less abundant in OMVs from the wild-type strain than in the
purified OM fraction (Fig. 3B, left and middle panel). Interestingly,
their abundance was much higher in OMVs released by the Pal-



Fig. 7. Lipoproteins potentially involved in anchoring the OM to the PG layer. (A) Multiple sequence alignment of proteins with a PG-binding domain. The two cysteines of RmpM
are indicated in blue. The OmpA_C-like domain is outlined in a black box. The lipobox and the PG-binding residues are indicated in green and red, respectively. Of OmpA, only the
periplasmic domain is included in the alignment. Ec, Escherichia coli; Bp, Bordetella pertussis. (B) Cell envelopes of B. bronchiseptica were fractionated by isopycnic sucrose-density
gradient centrifugation, and pooled fractions were analyzed by Western blotting using anti-BB4107 peptide antiserum. Pooled fraction 5/6 corresponds to an OM fraction as shown
in Fig. S4. *, cross-reacting band. (C) Wild-type B. bronchiseptica (Bb) and B. pertussis (Bp) and their DBB4107- and DBP2019-mutant derivatives, respectively, were grown in Verwey
medium and either inactivated by heat shock (HS) or not before OMV isolation, as indicated. Isolated OMVs were analyzed by SDS-PAGE, and gels were stained with silver (left
panel) or with the Bradford reagent (right panel). Five-fold dilutions of the Bb OMVs obtained after HS were loaded compared to OMVs isolated without HS. LPS (lipid A plus core
moiety) stained by both reagents, is indicated with #.
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depleted strain and similar to that in the OM fraction (Fig. 3B, left
and middle panels). Actually, the protein composition of the OMVs
produced by Pal-depleted cells closely resembled that of the OM
fraction, except for the presence of an abundant protein with an
apparent molecular weight of ~65 kDa (Fig. 3B, left panel). Using
Western blot analysis, we confirmed that this protein is the cyto-
plasmic chaperone GroEL (Fig. 3B, middle panel). The abundances
of the zinc receptor ZnuD and the autotransporter BrkA were
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comparable in all samples (Fig. 3B, middle and right panels). Like
porin OmpP and RmpM, the b-barrel assembly machinery
component A (BamA) was more abundant in the OM fraction and in
OMVs isolated from Pal-depleted bacteria than in OMVs from the
wild-type cells. To examine if the OMV preparation was contami-
nated with IMs, which could happen as a consequence of cell lysis,
we determined the presence of IM protein FtsH. However, FtsH
could not be detected in any of the samples tested (Fig. 3B, right
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panel). Probably due to the use of EDTA during the OM isolation
procedure, the level of LPS in the OM fractionwas lower than that in
OMVs, with the highest amount of LPS in OMVs released by the
wild-type strain (Fig. 3B, right panel). In conclusion, Pal depletion
results in the increased release of OMVswith a protein composition
very similar to that of the OM and deviant from that of OMVs
released by wild-type cells.
3.4. Pal depletion affects cell morphology

To determine if Pal is involved in cell division in B. pertussis, Pal-
depleted cells were stained with the fluorescent lipophilic dye FM
4e64 and visualized by microscopy. Cells of wild-type B. pertussis
and of the Dpal pPal mutant derivative grown with IPTG were
mostly visible as individual coccobacilli (Fig. 4, left and middle
panels). The Pal-depleted cells showed gross morphological
changes, including large swollen cells (Fig. 4, right panels).
Although no long chains of cells were observed, cell division
seemed to be impaired as many pairs or small clusters of cells were
detected. These results suggest a role for Pal in maintaining cell
morphology. Besides, large spherical structures, which could
represent OMVs, were detected, particularly in the Pal-depleted
mutant, but also after growth of this strain in the presence of
IPTG (indicated with arrowheads in Fig. 4). As the OMVs released
fromwild-type cells are rather small, i.e. in the range of 20e50 nm
in diameter [13], we wondered if the diameter of OMVs released
from Pal-depleted cells would be different. The average diameter of
the isolated OMVs was determined by DLS and found to be similar
between OMVs from the wild-type strain and the Pal-depleted
strain of B. pertussis (Fig. 5A). A statistically significant difference
in size was only observed between OMVs from the B. bronchiseptica
Dpal pPal mutant grown in the presence or absence of IPTG
(Fig. 5A). Furthermore, OMVs were visualized by transmission
electron microscopy. The majority of isolated OMVs was smaller
than 50 nm (Fig. 5B), which corresponds to the DLS data. This was
also the case for OMVs released by the Dpal pPal mutant strains,
although some larger vesicles (100e200 nm) were released as well,
independent of the presence of IPTG. Besides spherical OMVs, also
some tubular structures were visible (indicated with black arrow-
heads in Fig. 5B, left and middle panels), reminiscent of those
released by B. bronchiseptica in the presence of the host defense
peptide PMAP-36 [45], and similar structures have also been
described in the first study ever reporting about B. pertussis OMVs
in 1970 [55]. In the OMV preparation from wild-type
B. bronchiseptica, thinner structures were noticeable that are, pre-
sumably, flagella (indicatedwithwhite arrowheads in Fig. 5B, lower
left panel). In conclusion, although some larger OMVs might be
released by the Dpal pPal strain, the majority is of the same small
size as those released by the wild-type strain.
3.5. Pal is important for maintaining the OM barrier function

Apart from its structural role and its role in cell division, the Tol-
Pal system has been reported to be involved in maintaining the
lipid asymmetry of the OM in E. coli and S. Typhimurium by
mediating retrograde phospholipid transport [34,56]. To determine
the effect of Pal depletion on OM lipid asymmetry, the binding of a
large, membrane-impermeable, PE-specific fluorescent probe to
intact bacterial cells was studied. Binding of the PE-specific probe
was significantly increased in Pal-depleted B. pertussis cells
(Fig. 6A). This result suggests that the Tol-Pal system is required for
maintaining OM lipid asymmetry in B. pertussis, possible by
mediating retrograde phospholipid transport. However, a limita-
tion of the assay is that we cannot totally exclude the possibility
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that the OM is damaged to such an extent that even this very large
probe (>5 kDa) can pass and reach the inner membrane.

The asymmetric OM of Gram-negative bacteria forms a barrier
against detrimental compounds in the environment, such as anti-
biotics, detergents, and bile salts [57]. The increased presence of
phospholipids at the cell-surface in the Pal-depleted cells will
create phospholipid-bilayer patches, which is expected to lead to
increased susceptibility to hydrophobic noxious compounds. To
test this possibility, SDS-mediated cell lysis of wild-type B. pertussis
and its mutant derivative was determined. Cell lysis was signifi-
cantly higher in the Pal-depleted cells (Fig. 6B). Furthermore, sus-
ceptibility to rifampicin, a hydrophobic antibiotic that diffuses
through the OM via phospholipid bilayer patches [58], was deter-
mined. Cultures were adjusted to a similar OD600 and grown in the
absence or presence of rifampicin. Growth of the wild-type strain
and the Dpal pPalmutant supplementedwith IPTGwas not affected
by rifampicin (Fig. 6C). However, without IPTG, the Dpal pPal cells
were unable to grow in the presence of rifampicin. Together, these
results indicate that Pal depletion disrupts the barrier function of
the OM in B. pertussis.
3.6. Identification of proteins with a putative PG-binding C-
terminus

Searching the genome sequences of B. pertussis Tohama I and
B. bronchiseptica RB50 with BLASTp identified two additional pro-
teins containing an OmpA_C-like domain, i.e. BP2019/BB1848 and
BB4107, which has no homologue in B. pertussis. As these proteins
contain the residues within the OmpA_C-like domain that bind PG
(Fig. 7A) [59], they are potentially also involved in anchoring the
OM to the PG layer. Based on the presence of a lipobox motif
(Fig. 7A), BP2019 and BB4107 are lipoproteins, and they are prob-
ably anchored to the OM via their lipid moieties. Remarkably,
BB1848, the homologue of BP2019, is probably not a lipoprotein as
the canonical cysteine at the fourth position of the lipobox motif is
lacking (Fig. 7A). This residue, which is the first residue of the
mature protein after cleavage of the signal sequence, is essential for
lipidation [60].

Next, we wished to determine the subcellular localization of
these proteins. To facilitate their detection, antisera were raised
against BB4107 and BP2019/BB1848 peptides. Although many
cross-reacting bands were detected by Western blotting of cell ly-
sates, the BB4107-specific band could be identified by its absence in
the lysate of the constructed DBB4107-mutant strain (Fig. S3A).
After cell lysis, the protein fractionated with the cell envelopes
(Fig. S3B, lanes 1 and 2). IM and OM were then separated via
isopycnic sucrose-gradient density centrifugation, and IM marker
FtsH and OM marker RmpM were found to be most abundant in
fractions 2e4 and 5e7, respectively (Fig. S4). Fractions were then
pooled and BB4107 was found to be present mostly in pooled
fraction 5/6 (Fig. 7B), indicating that BB4107 is localized in the OM.
The observation that the protein is extractable from the cell enve-
lopes with sarkosyl (Fig. S3B, lanes 3 and 4) is in agreement with
the notion that the protein is not an integral OM protein but is
anchored to the OM via its lipid moiety. BP2019 and BB1848 could
not be detected with three antisera obtained after immunization of
rabbits with, in total, three different peptides (data not shown),
suggesting that their abundance is low in both species. Next, we
investigated if inactivation of BP2019 in B. pertussis or BB4107 in
B. bronchiseptica could improve OMV production. However, similar
amounts of OMVswere isolated from themutants as from thewild-
type strains (Fig. 7C). We previously showed that applying a heat
shock to bacterial cells results in increased OMV release [13]. Also
after applying a heat shock, OMV production in the BP2019 and
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BB4107 mutant strains was similar as in the corresponding wild
types (Fig. 7C).

4. Discussion

New generation vaccines for B. pertussis and B. bronchiseptica
could be based on OMVs, but, unfortunately, spontaneous vesicu-
lation by bordetellae is relatively low. To improve vesiculation, we
aimed in this study at reducing the links between the OM and the
PG layer.

Initially, we focused on RmpM, which has a PG-binding
OmpA_C-like domain. We previously showed that B. pertussis
OMVs are depleted of RmpM suggesting they arise at sites in the
OM where the abundance of RmpM is low [13]. RmpM of
N. meningitidis and its homologue PapA of Comamonas testos-
teroni are associated with the OM by interacting with the porins
[50,61]. The observation that B. pertussis OMVs are depleted not
only of RmpM, but also of porin OmpP [13] indicated that RmpM
is probably also associated with porins in B. pertussis. In the
current study, we provide biochemical evidence for the pre-
sumed association between RmpM and OmpP (Fig. 1A), which
shows that indeed RmpM could form a link between the OM and
the PG layer. Therefore, to increase OMV production, rmpM was
targeted by mutagenesis but despite frequent attempts, we were
not able to construct rmpM mutants, possibly because the gene is
essential for viability as suggested previously [52,53]. Attempts
to construct conditional rmpM mutants also failed, possibly
because of a polar effect of the mutation on downstream gene
BP0942, coding for a ubiquinone biosynthesis O-methyl-
transferase, which was also classified as essential [52,53]. RmpM
remains an interesting target for mutagenesis in order to in-
crease OMV production in Bordetella. Besides its role in anchoring
the OM to the PG layer, RmpM of N. meningitidis also stabilizes
porin trimers and the Bam complex. The N-terminal part of
RmpM is sufficient for this stabilization [62]. Possibly, the N-
terminal domain of B. pertussis RmpM has a similar role in sta-
bilizing OM protein complexes and then, it could be that only this
domain is essential for viability. If that is the case, mutant strains
could be constructed that only express the N-terminal segment
of RmpM, thereby maintaining the association of RmpM with OM
proteins. The lack of the C-terminal PG-binding domain is ex-
pected then to result in decreased anchoring of the OM to the PG
layer and in increased OMV production.

Since the construction of rmpM mutants failed, we switched
focus to Pal. In other bacteria, such as E. coli, S. Typhimurium and
H. pylori, tol-pal mutants could be constructed, and such mutants
are hypervesiculating [34e36,47,63]. No homologues of the Tol-Pal
system can be found by BLASTp searches in the pathogenic Neis-
seriae, N. meningitidis and Neisseria gonorrhoeae, which, like bor-
detellae, are b-proteobacteria. Therefore, we expected that the
construction of tolR and pal mutants would be feasible, but this
turned out not to be the case. In accordance with this result, the
genes for the Tol-Pal system have previously been suggested to be
essential in Bordetella [52,53]. However, we were able to construct
conditional pal mutants.

Pal depletion resulted in increased OMV production. In tol-pal
mutants of other bacteria, large OMVs are often formed at the di-
vision sites [31,47], which is probably related to the role of the Tol-
Pal system in cell division. In B. pertussis and B. bronchiseptica,
however, the majority of OMVs released from Pal-depleted cells
were 20e50 nm in diameter (Fig. 5A), which is relatively small and
not deviant fromOMVs released fromwild-type cells. The release of
small OMVsmay be advantageous for vaccine development, since it
is easier for small OMVs to reach the periphery and be taken up by
antigen-presenting cells.
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The protein composition of OMVs from Pal-depleted cells was
deviant from those of the wild-type strain, suggesting that they are
released via different mechanisms. As discussed above, OMVs of
wild-type B. pertussis are depleted of RmpM and OmpP, suggesting
that OMVs are formed in areas of the OM where RmpM-mediated
linkages to the PG are absent. Interestingly, also the BamA levels
in these OMVs were relatively low (Fig. 3B), which can be explained
if RmpM also interacts with BamA as has been demonstrated in
Neisseria meningitis [62]. Thus, like in N. meningitidis, RmpMmay be
part of the Bam complex in B. pertussis. The presence of RmpM and
associated OM proteins in the OMVs from the Pal-depleted cells
suggests that the interaction between RmpM and the PG layer is
weakened in the absence of Pal. In E. coli, Pal is known to interact
with OmpA [64,65]. If Pal similarly interacts with RmpM in
B. pertussis, the loss of Pal might affect the interaction of RmpM
with PG.

In contrast to the OMVs of wild-type cells, the protein content
of OMVs from Pal-depleted bacteria closely resembled that of the
OM of B. pertussis (Fig. 3B). The most striking difference was the
high abundance of GroEL in these OMVs. Although GroEL is a
cytoplasmic chaperone, it is well known as a surface moonlighting
protein with virulence functions in various bacteria [66]. GroEL
has also been detected as an abundant protein on the surface of
OMVs from E. coli cells that were stressed by the overproduction
of the autotransporter Hbp [67]. Probably, the Pal-depleted
B. pertussis cells are also stressed, and stress stimulates the
release of GroEL from the cytoplasm and its appearance at the
surface. GroEL has also been detected previously at the cell surface
of B. pertussis [68], and interestingly, in-vivo studies in mice
showed some protection to B. pertussis infection after immuni-
zation with GroEL [69].

Depletion of Pal altered cell morphology. In S. Typhimurium,
E. coli and Pseudomonas aeruginosa, mutations in the Tol-Pal system
often result in cell chaining [31,34,47,70], although this phenotype
was shown to be dependent on the osmolarity of the medium in
E. coli [31,71,72]. Although pairs and small clusters of cells were
observed, no long chains of cells were detected in Pal-depleted
B. pertussis, suggesting that the role of the Tol-Pal system in cell
division might be somewhat different in this coccobacillus.

The lipid asymmetry of the OM appeared to be disrupted in Pal-
depleted B. pertussis as manifested by increased amounts of PE at
the cell surface and increased susceptibility to SDS and rifampicin.
We have previously shown that the Mla system together with OM
phospholipase A (OMPLA) plays a major role in maintaining lipid
asymmetry in the OM (de Jonge et al., manuscript submitted for
publication). The results presented here indicate that the Tol-Pal
system also contributes to this process, as has been reported
before in E. coli and S. Typhimurium [34,56]. It was suggested that
the Tol-Pal system, like the Mla system, transports phospholipids in
a retrograde direction from the OM to the IM [56]. Perhaps as a
consequence of the defective retrograde transport of phospholipids
and their resulting accumulation in the OM, the amount of LPS in
the OMVs of the Pal-depleted cells appeared to be reduced as
compared to that in wild-type OMVs (Fig. 3B). This reduced LPS
content may be favorable for vaccine applications as it will reduce
the endotoxicity of the OMVs.

The accumulation of phospholipids at the cell surface in Pal-
depleted bacteria is expected to activate OMPLA which will lead
to the release of free fatty acids. As fatty acids inhibit the growth of
B. pertussis [73], the activation of OMPLA may explain our inability
to obtain clean tol-pal mutants in this species. As B. bronchiseptica
has a functional efflux pump, it is less susceptible to fatty acids [74].
Indeed, the growth of the Pal-depletion strain of this species on
agar plates was clearly less dependent on the presence of IPTG than
that of the B. pertussis mutant (Fig. 2A). Nevertheless, clean
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knockouts could also not be obtained in this organism. It will be
interesting to determine whether tol-pal mutants can be con-
structed in a mutant strain defective in pldA, the structural gene for
OMPLA. Previously, we have demonstrated that a B. pertussis
mutant lacking the Mla system shows a conditional growth defect
and can be rescued either by a pldA mutation or by supplementa-
tion of the medium with starch (de Jonge et al., manuscript sub-
mitted for publication), which is known to absorb free fatty acids
[75]. The SS medium used in the current study was supplemented
with heptakis, which also protects B. pertussis against auto-
inhibition of growth by adsorbing free fatty acids [73], perhaps
explaining the still considerable growth of Pal-depleted cells
observed in our growth assays (Fig. 2B).

Besides RmpM and Pal, we identified several other proteins in
B. pertussis and B. bronchisepticawith a high sequence similarity to
the OmpA_C domain. Cell fractionation showed that BB4107 is
localized in the OM, presumably by its lipid moiety, and, therefore,
it could play a role in anchoring the OM to the PG layer. However,
inactivation of BB4107 did not improve OMV production. We were
unable to detect BP2019 and BB1848 byWestern blot analysis using
multiple antisera raised against various peptides of these proteins.
This is probably due to the low expression of these genes [76,77].
Also in proteomic analyses of OMVs and whole cells of B. pertussis,
BP2019 was not detected [78,79]. Furthermore, inactivation of
BP2019 did not impact vesiculation, which is not surprising if,
indeed, the expression level is low.

In conclusion, the hypervesiculating phenotype makes the
conditional pal mutants potential candidates for the development
of novel OMV-based Bordetella vaccines. We have previously
described two other strategies to increase OMV production, i.e. by
applying a heat shock to the bacterial cells [13] and by mutations in
both the mla and pldA genes (de Jonge et al., manuscript submitted
for publication). The protein compositions of spontaneous and
heat-induced OMVs released from wild type strains [13] and of
OMVs produced by the B. pertussis mlaF pldA mutant are compa-
rable (de Jonge et al., manuscript submitted for publication).
However, the composition of OMVs from Pal-depleted cells is
different and more closely resembles the composition of the OM.
This difference may result in differences in induced immunity. In
future immunization experiments, the immune responses and the
protection induced by the different OMV preparations need to be
determined.
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