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reveals a distinct influence of iron availability on the
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One of the mechanisms involved in host immunity is the limitation of iron accessibility to
pathogens, which in turn provokes the corresponding physiological adaptation of pathogens.
This study reports a gel-free nanoLC-MS/MS-based comparative proteome analysis of Bordetella
pertussis grown under iron-excess and iron-depleted conditions. Out of the 926 proteins covered
98 displayed a shift in their abundance in response to low iron availability. Forty-seven of
them were found to be increased in level while 58 were found with decreased protein levels
under iron starvation. In addition to proteins previously reported to be influenced by iron
in B. pertussis, we observed changes in metabolic proteins involved in fatty acid utilization
and poly-hydroxybutyrate production. Additionally, many bacterial virulence factors regulated
by the BvgAS two-component system were found at decreased levels in response to iron
limitation. These results, together with the increased production of proteins potentially involved
in oxidative stress resistance, seem to indicate that iron starvation provokes changes in B.
pertussis phenotype that might shape host—pathogen interaction.
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and utilization of low-molecular-weight iron chelators named
siderophores.

Bordetella pertussis, the causative agent of pertussis or
whooping cough, is a strictly human-adapted pathogen. Bor-
detella pertussis obtains iron from the host by means of pro-

1 Introduction

Iron is a vital nutrient for bacteria. The presence of glycopro-
teins such as transferrin and lactoferrin, or hemoproteins like
hemoglobin determines a concentration of free iron in the hu-

man body too low to support bacterial growth. Pathogens have
evolved to acquire iron through different mechanisms such
as specific receptors for direct acquisition of iron from trans-
ferrin, lactoferrin, or hemoglobin, or through the production
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duction and use of the siderophore alcaligin [1] or the use of
the xenosiderophore enterobactin [2]. This bacterium is also
capable of using hemin as iron source [3]. In vivo studies
have shown that all of these systems are expressed during in-
fection [4], confirming that B. pertussis is iron-starved inside
the host and suggesting that iron acquisition is a key step in
the establishment and development of this pathogen during
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infection. The study of changes induced by iron starvation
might then contribute to gain a deeper insight into the phe-
notype induced within the host, eventually leading to a better
understanding of host—pathogen interaction.

Several of the high affinity systems through which B. per-
tussis can acquire iron have been already identified [5]. How-
ever, only a few studies aiming at dissecting the global adap-
tive response induced by iron starvation were reported so
far. Early approaches assessed differences in protein profiles
by mean of SDS-PAGE [6, 7]. These studies, however, did
not include the identification of the proteins differentially ex-
pressed. In 2003, the complete genome of B. pertussis strain
Tohama I was sequenced [8] which constituted the basis for
“omics” studies. In 2007, we reported the first analysis of the
B. pertussis Tohama [ proteome and proteome alterations in-
duced by iron starvation as performed by means of 2DE [9].
The spot excision and subsequent MALDI-TOF MS allowed
the identification of several new proteins induced by iron star-
vation. Twenty-three proteins with differentlevels in response
to low iron availability were detected, eight showing lower pro-
tein levels and 15 showing higher levels than those detected
in bacteria grown under iron replete conditions [9]. A num-
ber of new proteins with increased abundance under physio-
logical conditions were identified by that proteome analysis.
Among them were two antigens that were later recognized as
potential components of a new generation of pertussis vac-
cines [10,11]. Recently, Brickman et al. [12] have profiled gene
expression in B. pertussis grown under iron-replete and iron-
depleted conditions creating a global picture of differential
gene transcription. However, due to post-transcriptional or
post-translational regulation, as well as protein degradation,
this profile may not necessarily reflect the bacterial proteome.

The development of better techniques to separate peptides
and proteins, together with the improvements in MS in-
strumentation and computational analysis tools allowed the
analysis of complex protein samples by shotgun proteomics,
a technique that combines protein digestion, nano-LC, and
MS/MS-based peptide identification [13]. Shotgun and 2DE
proteomics are techniques that provide complementary in-
formation [14]. In this study, we used sensitive shotgun pro-
teomics to gain a deeper insight into the complex response
of B. pertussis to iron availability.

2 Material and methods
2.1 Bacterial strain and growth conditions

Bordetella pertussis strain BP536, a streptomycin-resistant
derivative of Tohama I was used in this study. For phago-
cytosis experiments, B. pertussis BP536 was transformed with
plasmid pCW505 [15] (kindly supplied by Dr. Weiss, Cincin-
nati, OH, USA) which induces cytoplasmic expression of GFP
without affecting growth or antigen expression [15]. Borde-
tella pertussis was cultured as previously described [9]. Briefly,
bacteria were grown at 35°C on Bordet Gengou agar (BGA)
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plates supplemented with 15% defibrinated sheep blood. Af-
ter 3 days, bacteria were subcultured in Stainer-Scholte (SS)
liquid medium and maintained under shaking conditions at
37°C for 24 h. Bacterial cells were harvested by centrifugation
(10 000 x g for 15 min at room temperature), washed with
sterile iron-free saline solution, and used to inoculate 100 mL
of iron-replete SS (36 pM iron) and iron-depleted SS (with-
out addition of FeSO, 7H,0). Bacteria were further cultured
at 37°C for 20 h, subcultured twice in the respective culture
media, and grown until late exponential phase. Iron-depleted
medium was prepared as described before [9]. Siderophores
in culture supernatants of B. pertussis grown in iron-depleted
medium were investigated by the chrome azurol S (CAS)
assay [16] and used to confirm iron-limited growth. Three
independent replicates were prepared for both iron-depleted
and iron-replete conditions.

2.2 Identification of B. pertussis proteins by
nano-LC-LTQ-Orbitrap-MS/MS

Bordetella pertussis grown either in iron-depleted (Bp-Fe) or
iron-replete (Bp+Fe) SS medium were harvested and cell
lysates were prepared. Briefly, cells from 10 mL of culture
were collected by centrifugation at 10 000 x g for 10 min
at 4°C, washed twice with milliQ water, and resuspended in
50 pL of urea/thiourea (8M/2M) (UT). Proteins were solubi-
lized during 1 h at room temperature (RT) and centrifuged
at 20 000 x gat 20°C for 1 h. Total protein concentration in
the supernatant was determined using a Bradford assay (Bio-
rad, Munich, Germany). Finally, 4 pg of proteins solubilized
in UT were further diluted in 20 mM ammonium bicarbon-
ate, reduced with 25 mM DTT (1 h, 60°C), alkylated with
100 mM iodoacetamide (30 min, 37°C), and proteolytically di-
gested with 4 pL of trypsin (0.25 pg/uL) (Promega, Madison,
WI, USA) overnight in a water bath at 37°C [17]. The tryp-
tic digestion was stopped by addition of trifluoroacetic acid
(TFA) (Merck, Darmstadt, Germany) to a final concentration
0f 0.1% v/v. Cellular debris was removed by centrifugation at
16 000 x gfor 10 min at RT. The supernatant was transferred
to a 1.5 mL tube and peptides were purified and desalted
using C18-ZipTip columns (Merck Millipore, Billerica, MA,
USA). A commercial vacuum centrifuge concentrator was
used to remove acetonitrile. MS was performed on a Proxeon
nano-LC system (Proxeon, Odense, Denmark) connected to
an LTQ-Orbitrap-MS (ThermoElectron, Bremen, Germany)
equipped with a nano-ESI source. For LC separation, an Ac-
claim PepMap100 column capillary of 15 cm bed length (C18,
3 mm, 100A) (Dionex, Sunnyvale CA, USA) was used. The
flow rate used was 300 nL/min for the nano column and the
solvent gradient ranged from 0% B (15 min) to 60% B (290
min). Solvent A was 0.1% acetic acid and 2% ACN, whereas
100% ACN with 0.1% acetic acid was used as solvent B. The
MS was operated in data-dependent mode to automatically
switch between Orbitrap-MS and LTQ-MS/MS acquisition.
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Survey full-scan MS spectra (m/z 300-2000) were acquired
in the Orbitrap with a resolution R 60000 at m/z 400. The
method used allowed sequential isolation of up to five of
the most intense ions, depending on signal intensity, for
fragmentation on the linear ion trap using CID at a target
value of 10 000 ions. The dynamic exclusion time window
was set to 60 s. General MS conditions were electrospray
voltage, 1.5 kV; no sheath and auxiliary gas flow. Ion selection
threshold was set to 500 MS counts for MS/MS selection. An
activation Q-value of 0.25 and activation time of 30 ms were
used.

The MS data have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org)
via the PRIDE partner repository [18] with the dataset identi-
fier PXD001280.

2.3 Analysis of MS data

For protein identification, the raw data were post-processed
with the Sorcerer™ software package v3.5 (Sage-N Research
Inc. Milpitas, CA, USA). After conversion, all tandem-MS
spectra were searched using the SEQUEST® search engine
(ThermoFinnigan, San Jose, CA, USA, version v.27, rev.11).
SEQUEST® was set up to search against the B. pertussis To-
hama I FASTA database (3761 entries for B. pertussis To-
hama I, release 02/2012) assuming the digestion with trypsin.
SEQUEST® searches were performed with a precursor ion
tolerance of 20 ppm and a fragment ion mass tolerance of 1
Da. Oxidation of methionine was specified in SEQUEST® as
variable modification. Peptide identifications were accepted
if they exceeded specific database search engine thresholds.
SEQUEST® identifications required at least deltaCn scores
of greater than 0.10 and XCorr scores of greater than 2.2, 3.8,
and 3.8 for doubly, triply, and quadruply charged peptides, re-
spectively. Proteins that contained similar peptides and could
not be differentiated based on tandem MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Scaffold
software (Proteome Software, Portland, OR, USA) was used
to validate protein identifications derived from MS/MS se-
quencing results. Scaffold verifies peptide identifications as-
signed by SEQUEST® using the X!Tandem database search-
ing program [19]. Peptide and protein identifications were
accepted if they could be established at =95% probability re-
spectively, as specified by the Peptide Prophet algorithm [20].
Protein probabilities were assigned by the Protein Prophet
algorithm [21]. Protein identifications were accepted if they
reached greater than 99% probability and contained at least
two identified unique peptides. These identification criteria
typically established <0.01% false discovery rate (FDR) based
on a decoy database search strategy at the protein level. Iden-
tified peptides/proteins were quantified using unweighted
spectral counting. To this end, spectra identified for a spe-
cific protein in a dataset were normalized to the total spec-
tra identified in that dataset and then a ratio of the relative
quantities in the different conditions was calculated. This
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normalization, which is performed by using a display option
called “quantitative value” in Scaffold v3.0, was used to deter-
mine relative abundance of proteins within datasets [22]. The
normalized data for each abundance ratio comparison was
tested for significance using two-group t-test for each condi-
tion. The p-values were further adjusted for multiple testing to
control the FDR at a cut-off of 0.05 following the Benjamini—
Hochberg procedure [23]. The two-group t-test and multiple
testing corrections were performed using the Genedata Ana-
lystv8.2 software (Genedata AG, Basel, Switzerland). Proteins
showing a Benjamini—Hochberg g-value of 0.05 or less were
regarded as significantly regulated. Eventually, proteins that
showed a g-value higher than 0.05 but lower than 0.1 were in-
cluded with the purpose of interpreting the overall trend of a
selected dataset. In those cases, the g-value was expressed be-
tween brackets. Biological relevance threshold was set when
an absolute fold change of 1.5 was exceeded.

The proteins were further functionally classified as as-
signed by the descriptive multifunctional classification of
Serres and Riley [24], in the categories “metabolism” (Mul-
tiFun category 1), “information transfer” (MultiFun category
2), “regulation” (MultiFun category 3), “transport” (Multi-
Fun category 4), “cell processes” (MultiFun category 5), and
“cell structure” (MultiFun category 6). A total of 677 proteins
were classified based on MultiFun categories. Those proteins
with a putative function that has only been assigned by ho-
mology to other proteins, without biological evidence, were
included in the MultiFun classification, according to their
respective predicted function. The other 249 proteins were
further included two other categories, namely, “virulence fac-
tors” (known B. pertussis virulence factors) and “hypothetical
and conserved hypothetical” (no Escherichia coli homolog or
unknown molecular function).

2.4 Cells

Peripheral blood neutrophils (PMN) were isolated from hep-
arinized venous blood using Ficoll-Histopaque (Sigma, St.
Louis, MO, USA) gradient centrifugation. Briefly, PMN were
harvested and treated with hypotonic solution to remove re-
maining erythrocytes. PMN purity exceeded 95%. Cell viabil-
ity, as determined by trypan blue exclusion, was 99%. PMN
were washed twice with DMEM supplemented with 0.2% of
BSA (Sigma), suspended, and used immediately. All exper-
iments described in this study were carried out with PMN
lacking FcyRI (CD64) expression, as monitored by FACS
analysis with anti-FcyRI mAb 22 (BD Biosciences, San Diego,
CA, USA).

2.5 Antibodies
The 4-37F3 (IgG1) against B. pertussis FHA monoclonal an-

tibody [25], kindly provided by the Netherlands Vaccine In-
stitute, Bilthoven, the Netherlands, was used in this study.
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Figure 1. Classification of the identified Bordetella pertussis proteins into functional categories (A) Classification of the identified proteins
according to their cellular function. (B) Proteins belonging to the category “metabolism” classified according to their known or predicted

function.

Polyclonal mouse anti-CyaA B. pertussis antiserum was gen-
erated as described before [26].

2.6 Phagocytosis assay

Phagocytosis of B. pertussis was evaluated by confocal mi-
croscopy as previously described [27] with a few modifica-
tions. GFP-expressing Bp-Fe or Bp+Fe were incubated with
PMN for 10 min at 37°C to allow interaction (multiplicity of
infection (MOI): 200), extensively washed at 4°C to remove
nonattached bacteria and further incubated for 40 min at
37°C. Phagocytosis was stopped by placing PMN on ice. Cells
were then fixed using 4% paraformaldehyde, washed once
with PBS, and incubated for 10 min at RT with PBS contain-
ing 50 mM NH,Cl. PMN surface-bound bacteria were de-
tected by a two-step antibody-dependent labeling procedure
as follows. PMN were incubated with polyclonal rabbit anti-B.
pertussis antiserum (30 min at 4°C), followed by incubation
with CY3-conjugated goat F(ab’)2 fragments of antirabbit im-
munoglobulin for another 30 min at 4°C. After two washing
steps, the cells were permeabilized by incubation with PBS
containing 0.1% saponin (Sigma-Aldrich) and 0.2% BSA for
30 min, and further incubated for other 30 min with rabbit
anti-B. pertussis antiserum in the presence of 0.1% saponin
and 0.2% BSA in order to determine the number of intracellu-
lar bacteria. After washing three times, PMN were incubated
for 30 min with FITC-conjugated F(ab")2 of goat anti-rabbit
IgG1. Labeling of the bacteria with FITC-conjugated antibod-
ies was performed to minimize the loss of read-out sensitivity
due to quenching of GFP fluorescence after internalization.
Finally, cells were spun on microscope slides. Microscopic
analyses were performed using a confocal laser scanning mi-
croscope (Leica TCS SP5, Germany). The number of extra-
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cellular (red and green fluorescent) and intracellular bacteria
(green fluorescent) per cell was determined by microscopic
examination of 20 randomly selected fields showing a mini-
mum of five cells per field.

Differences between the mean values of the phagocytosis
experiments were evaluated by mean of ANOVA. Significance
was accepted at p<0.05. Results are shown as means and
standard deviation (SD).

2.7 Western blot analysis

Ten micrograms of crude bacterial protein extract of B. per-
tussis grown in the presence (Bp+Fe) or absence (Bp-Fe) of
iron were resolved by 7.5% SDS-PAGE. Proteins were trans-
ferred to polyvinylidene difluoride (Immobilon PVDF Milli-
pore) sheets [28] and incubated with mouse anti-FHA (1:500)
or mouse anti-CyaA (1:500) antibodies. HRP-conjugated goat
antimouse IgG antibodies (Jackson ImmunoResearch, Balti-
more Pike, 1:2500) were used for immunochemical detection.
An ECL Western Blotting Detection Reagent (Pierce Biotech-
nology, Rockford, IL, USA) was used to detect specific signals.

3 Results and discussion

In this study, the proteome profile of B. pertussis grown under
either low iron availability or iron-replete conditions was ana-
lyzed and compared. This analysis provided a final list of 926
identified proteins (Supplemental Material, Supporting In-
formation Table 1) which represent 24% of all B. pertussis cod-
ing sequences [8]. The functional classification of identified
proteins showed that most of them belong to the categories
“metabolism” (39%), “hypothetical and conserved hypothet-
ical” (20%), or “information transfer” (14%) (Fig. 1A). The
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category “metabolism” was further divided into eight sub-
categories (Fig. 1B). This more specific analysis showed that
most of the identified proteins are involved in biosynthesis of
building blocks such amino acids, cofactors, and nucleotides.

The comparison of the protein patterns of iron-starved and
iron-replete bacteria revealed 98 proteins displaying differen-
tial levels (Supplemental Material, Supporting Information
Table 2, sheet 1 and sheet 2), which represent 10.5% of the
total proteins identified by the proteome analysis, suggesting
that iron starvation provoked a remarkable shift in protein
composition. The highest percentage of iron-regulated pro-
teins was found within the “virulence factors” category, with
32% of the proteins exhibiting a lower abundance under iron
starvation. Interestingly, none of proteins belonging to this
category showed higher abundance in response to iron star-
vation. Among the other categories, 19% of the proteins in-
volved in bacterial adaptation (“cell processes” category), 10%
of the proteins belonging to “metabolism”, and 6.25% of the
proteins included in “information transfer” were influenced
in level by iron availability.

3.1 Adaptation and protection proteins

Several proteins included in the “adaptation/protection” cat-
egory showed increased abundance in iron-starved B. pertus-
sis (Supplemental Material, Supporting Information Table 2,
sheet 1). Most of them are involved in iron acquisition, in-
cluding BhuT (BP0345), BhuS (BP0346), and BhuR (BP0347),
required for the uptake and utilization of heme [3], and AlcC
(BP2458), involved in alcaligin biosynthesis [29]. The level
of the putative siderophore receptors BfrB (BP2016) and BfrI
(BP1962), previously found with elevated amounts under this
environmental conditions by 2DE proteomics [9], was also ob-
served as increased. Additionally, although their differential
levels were not statistically significant, two proteins, BhuV
(BP0343, q = 0.053) belonging to Bordetella heme utilization
(bhu RSTUV) and AlcB (BP2457, g = 0.069) belonging to al-
caligin biosynthesis (alcABCDER), were also found increased
under iron starvation. The same was observed for the alcaligin
receptor FauA (BP2463, q = 0.077). ArgC (BP2960), a protein
not directly involved in iron acquisition but implicated in or-
nithine biosynthesis, an alcaligin aminoacid precursor [30],
also showed increased levels under iron starvation. Finally,
IRP1-3 (BP1152), an iron-regulated protein already identified
by 2DE proteomics [9], was also found in higher amounts
under iron starvation in this study. This protein is presumed
to play a role during infection [31] and was found to be a good
vaccine candidate [10,11].

Oxidative stress and iron metabolism are often related.
Iron reacts with hydrogen peroxide to generate hydroxyl radi-
cals [32] which are highly reactive and extremely harmful. The
increased expression of iron acquisition systems might lead
to a transient increase in the intracellular iron level despite
the low extracellular concentration, eventually determining a
higher level of reactive oxygen intermediates. In this study,
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we found iron starvation to increase the abundance of SodA
(BP0193), a Mn?*-containing superoxide dismutase [33] (Sup-
plemental Material, Supporting Information Table 2, sheet
1). Also AhpC (BP3552, g = 0.059), an alkyl hydroperoxide
reductase, involved in the bacterial defence against oxidative
stress, and AhpD (BP3551, g = 0.079), a protein predicted to
be required for the reduction of the cysteine residues of the
active site of AhpC, were found at increased levels in iron-
starved B. pertussis. Although the g-values of AhpC and AhpD
were higher than the threshold set in our statistical analysis,
the observed increase in the abundance of both proteins un-
der iron limitation is likely to be of significance since they
are proteins that are known to be induced under these envi-
ronmental conditions, as found in Campylobacter jejuni [34],
Corynebacterium diphtheriae [35], and Bacillus subtilis 36, 37].

These results suggest that iron starvation simultaneously
induced a bacterial adaptation to potentially higher levels of
reactive oxygen species during infection.

3.2 Information transfer and metabolism

We observed lower levels of NrdA (BP2983), a protein in-
volved in DNA replication, and of two proteins involved in
DNA transcription, RpoC (BP0016) and RpoB (BP0015) dur-
ing iron starvation. The same was observed for three pro-
teins involved in translation, two ribosomal proteins (BP2793
and BP3618) and glutaminyl-tRNA synthetase (BP3226)
(Supplemental Material, Supporting Information Table 2,
sheet 2). Whereas these results might initially suggest a gen-
eral shutdown of metabolic processes, a closer look at the
category “metabolism” showed that the level of many pro-
teins involved in carbon utilization, energy metabolism, and
central intermediary metabolism, was increased under iron
starvation (Supplemental Material, Supporting Information
Table 2, sheet 1). This increase is probably linked to house-
keeping functions and bacterial viability. We also observed
changes in the protein levels of different known and putative
ABC transporters for amino acids. From our results, however,
no clear conclusions on amino acids-scavenging mechanisms
favored by iron starvation could be drawn.

Fatty acid degradation and nutrient starvation were pre-
viously found connected [38, 39]. Stringent response of
E. coli comprises the upregulation of several genes in-
volved in fatty acid degradation [40]. In the present study,
we observed a similar response in B. pertussis. The abun-
dance of BP0624, BP0625, and BP2377, proteins involved
in fatty acid utilization, was found increased under iron
starvation (Supplemental Material, Supporting Information
Table 2, sheet 1). BP0624 is an acyl-CoA synthase that ac-
tivates fatty acids by binding them to coenzyme A, the first
step of fatty acids degradation. BP2377 is a putative AMP-
binding protein similar to many predicted fatty-acid-CoA
ligases. BP0625 is a probable acyl-CoA dehydrogenase in-
volved in fatty acid degradation. Through B-oxidation, fatty
acids are completely degraded to acetyl-CoA, which might
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eventually be converted to acetoacetyl-CoA. The level of the
acetoacetyl-CoA reductase (BP1150) was also found increased
in iron-starved bacteria (Supplemental Material, Supporting
Information Table 2, sheet 1). This protein catalyses the con-
version of acetoacetyl-CoA into (R)-3-hydroxybutanoyl-CoA,
a precursor of the poly-hydroxybutyrate (PHB), which serves
as a storage polymer. Another source of acetyl-CoA is pyru-
vate. Bordetella pertussis produces acetyl-CoA from pyruvate
through a pathway catalyzed by the pyruvate dehydrogenase
complex. The levels of a and B subunits of the putative
pyruvate dehydrogenase E1 (BP0629 and BP0628, respec-
tively), dihydrolipoamide acetyltransferase (BP0994), and di-
hydrolipoamide dehydrogenase (BP0995), all of them com-
ponents of the pyruvate dehydrogenase complex, were found
increased under iron starvation (Supplemental Material, Sup-
porting Information Table 2, sheet 1). Two other proteins in-
volved in butanoate metabolism, BP0627 and BP0217 (Sup-
plemental Material, Supporting Information Table 2, sheet 1)
showed higher abundance in iron-starved bacteria. BP0627
is a probable enoyl-CoA hydratase/isomerase that catalyzes
the conversion of crotonoyl-CoA, an intermediary in bu-
tanoate degradation, into (S)-3-hydroxybutanoyl-CoA. This
molecule is converted into acetoacetyl-CoA by a reaction cat-
alyzed by the 3-hydroxybutyryl-CoA dehydrogenase (BP0217),
a protein that was found twofold increased in iron-starved
B. pertussis.

Altogether, these results suggest that under iron starvation,
B. pertussis stores energy and carbon in the form of PHB (Sup-
plemental Material, Supporting Information Fig. 1), a stor-
age polymer that can be rerouted into the main metabolism,
an observation that has been made before for B. pertussis
growing under a stoichiometric excess of carbon and energy
sources [41].

3.3 Virulence factors

In the present study, the levels of most of the virulence fac-
tors regulated by the BvgAS system were found decreased
under iron starvation (Supplemental Material, Supporting
Information Table 2, sheet 2). Among them were adhesins,
such as filamentous hemagglutinin (FHA, BP1879) [42, 43]
and fimbriae (Fim, BP1119) [44], and the target of opsonic an-
tibodies, pertactin (Prn, BP1054) [45] (Supplemental Material,
Supporting Information Table 2, sheet 2). The level of bac-
terial toxin adenylate cyclase (CyaA, BP0760) was also found
decreased in iron-starved bacteria (Supplemental Material,
Supporting Information Table 2, sheet 2). Similarly, two com-
ponents of the type IV secretion system required for pertussis
toxin secretion through the outer membrane, PtE (BP3793)
and PtIF (BP3794), were found in decreased amounts (PtlF)
or were even absent (PtlE) in the proteome of iron-starved
B. pertussis (Supplemental Material, Supporting Information
Table 2, sheet 2, “transport” category). The levels of three
other virulence factors, the autotransporters TcfA (BP1201),
BrkA (BP3494), and Vag8 (BP2315), were decreased by iron
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Figure 2. Western blot analysis of Bordetella pertussis virulence
factors. Crude protein extracts of B. pertussis grown in the pres-
ence (Bp+Fe) or the absence (Bp-Fe) of iron were run in SDS-
PAGE (7.5%) and transferred to PVDF membranes. Immunoblot
analysis was performed with mouse antibodies raised against (A)
FHA, or (B) CyaA. The gels were loaded with the same amount of
proteins of each sample. For reference, the position of the molec-
ular weight marker 205 kDa is indicated in each panel.

starvation (Supplemental Material, Supporting Information
Table 2, sheet 2).

The differential abundance of the main virulence factors
was further analyzed by Western blot analysis. The decrease
in the abundance of FHA and CyaA in iron-starved bacteria
was clearly confirmed by this technique (Fig. 2).

The production of all the proteins mentioned above is
positively controlled by the BvgAS two-component signal
transduction system in response to environmental conditions
[46,47]. This system is activated when the bacteria grow at
37°C and inactivated at 25°C or in the presence of modula-
tors like nicotinic acid or MgSO, [48]. In the present study,
we showed that iron starvation triggers a decrease in the
level of most of the virulence factors regulated by the Bv-
gAS system despite the absence of the so-called modulating
conditions during growth. Previous transcriptomic studies
reported that low iron availability induces an increase in the
transcript abundance of some of the BvgAS regulated genes
in B. pertussis [12]. This discrepancy between transcriptome
and proteome data might be due to post-transcriptional or
post-translational regulation either influencing protein syn-
thesis or stability. Recently, Bibova et al. showed that Hfq,
a small RNA chaperone, is involved in post-transcriptional
regulation of B. pertussis virulence [49] suggesting a role for
SRNA in this process. The involvement of small RNA (either
dependent or independent of Hfq) in the iron-induced mod-
ulation of virulence might explain the discrepancy between
transcriptomic and proteomic data, an observation that de-
serves further investigation.

Given that most of the bacterial virulence factors men-
tioned above are implicated in host infection, the lower levels
of these proteins under physiological conditions might play a
role in this process. Bordetella pertussis infection is initiated by
the attachment of this pathogen to the upper respiratory tract
epithelial cells. The lower level of adhesins under iron star-
vation might lead to a lower attachment of B. pertussis to host
cells. However, we previously showed that this pathogen in-
creases its attachment capacity to respiratory epithelial cells
in the absence of iron in a FHA-independent manner [50].
Once the mucosal surface of the respiratory tract has been
colonized by the bacteria, the local immune response re-
cruits immune cells. The adhesin FHA is also involved in
the innate interaction of B. pertussis with host immune cells
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Figure 3. Bordetella pertussis phagocytosis by PMN. (A) Bordetella pertussis grown in the presence (Bp+Fe) or the absence (Bp-Fe) of
iron were incubated with PMN (MOI of 200) for 10 min at 37°C. After attachment, PMN were washed and further incubated for 40 min
at 37°C to allow internalization. Cells were fixed, intracellular bacteria were labeled with green fluorescent dye and extracellular bacteria
with both green and red fluorescent dyes. Bacterial phagocytosis was assessed by confocal laser scan fluorescence microscopy. To assess
the number of phagocytosed bacteria at least 100 cells were counted per slide. The data represent the mean + SD of four experiments
with PMN from different donors. Phagocytosis of Bp-Fe by PMN differed significantly (¥ p<0.05) from PMN phagocytosis of Bp-+Fe. (B)
Confocal fluorescence microscopy of PMN incubated 40 min at 37°C with B. pertussis grown in the presence (a) or the absence (b) of iron.
Representative panels of one out of four independent experiments are shown.

eventually leading to a CR3-mediated bacterial phagocytosis
[51,52]. Thus, the decrease in the level of FHA observed dur-
ing iron starvation might decrease the recognition of bacteria
by these cells without affecting the interaction with epithe-
lial cells. In order to examine the interaction of iron-starved
B. pertussis with host immune cells, we analyzed the bacterial
uptake by PMN. To this end, bacteria grown either under
iron-replete or iron-depleted conditions were incubated with
PMN for 40 min. The number of B. pertussis phagocytosed by
PMN was evaluated by double fluorescence microscopy. Iron
starvation significantly decreased the number of bacteria at-
tached to and phagocytosed by PMN (Fig. 3) suggesting that
physiological conditions might eventually increase the odds
of bacterial survival upon the encounter with immune cells.

4 Concluding remarks

Bordetella pertussis responds to the lack of free iron by chang-
ing the levels of a rather large number of proteins involved in
a wide range of bacterial functions. As expected, the levels of
proteins related to iron acquisition were found significantly
increased. Bacterial metabolism seems to be redirected to
maintain house-keeping functions and to form PHB which
might be metabolized when external carbon sources become
less available. Iron starvation was further observed to induce
a significant decrease in the cellular level of most of the viru-
lence factors regulated by the BvgAS system, eventually shap-
ing host—pathogen interaction. How iron starvation affects
B. pertussis interaction with respiratory cells was already
shown in previous studies [50], while the influence on bac-
terial interaction with immune cells was shown in this ar-
ticle. Both results support the assumption that bacterial

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

adaptation to iron starvation induces phenotypic changes that
facilitate host colonization. Proteins potentially related to ox-
idative stress resistance were produced in higher amounts in
response to low iron availability, which might further improve
the adaptation to host defense mechanisms. Taken together,
these findings open new possibilities to better understand the
role of iron in the pathogenesis of B. pertussis. Further investi-
gations on transcriptional and post-transcriptional processes
controlling the adaptation of this pathogen to low iron avail-
ability, should be considered.
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