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Bordetella pertussis is a Gram-negative pathogen causing the human respiratory disease called pertussis or whooping cough.
Here we examined the role of the RNA chaperone Hfq in B. pertussis virulence. Hfq mediates interactions between small regula-
tory RNAs and their mRNA targets and thus plays an important role in posttranscriptional regulation of many cellular processes
in bacteria, including production of virulence factors. We characterized an hfq deletion mutant (�hfq) of B. pertussis 18323 and
show that the �hfq strain produces decreased amounts of the adenylate cyclase toxin that plays a central role in B. pertussis viru-
lence. Production of pertussis toxin and filamentous hemagglutinin was affected to a lesser extent. In vitro, the ability of the
�hfq strain to survive within macrophages was significantly reduced compared to that of the wild-type (wt) strain. The virulence
of the �hfq strain in the mouse respiratory model of infection was attenuated, with its capacity to colonize mouse lungs being
strongly reduced and its 50% lethal dose value being increased by one order of magnitude over that of the wt strain. In mixed-
infection experiments, the �hfq strain was then clearly outcompeted by the wt strain. This requirement for Hfq suggests involve-
ment of small noncoding RNA regulation in B. pertussis virulence.

The RNA chaperone Hfq was discovered and characterized
more than 40 years ago in Escherichia coli as a host factor re-

quired for replication of the bacteriophage Q� (1). Biochemical
and structural studies revealed that Hfq forms a hexameric ring-
shaped doughnut structure and contains two distinct RNA bind-
ing surfaces on proximal and distal sites of the hexamer (2–4).
More recently, Hfq has been recognized as a global posttranscrip-
tional regulatory factor involved in numerous functions in bacte-
ria (5). Several lines of evidence indicate that in its hexameric form
Hfq binds cellular mRNAs and small noncoding RNAs (sRNAs) at
its distal and proximal sites, respectively (2, 6). In addition, bind-
ing of Hfq was shown to induce conformational changes in mRNAs
and sRNAs, as well as to modulate their stability (7–10). Bacterial
trans-encoded sRNAs are transcribed in response to various
stresses and regulate gene expression by base pairing with target
mRNA, resulting in either translational activation or repression
(11–13). Currently, the ability of the Hfq protein to facilitate in-
teraction between sRNAs and their target mRNAs is considered to
be its most prominent feature (14). Disruption of the hfq gene
causes broadly pleiotropic effects in Escherichia coli, such as a de-
creased growth rate and increased sensitivity to stresses, such as
UV or high osmolarity (15), showing that Hfq plays a general role
in bacterial physiology. Indeed, Hfq-associated sRNAs were shown
to be involved in regulation of a variety of cellular processes, in-
cluding catabolite repression, iron homeostasis, cell envelope in-
tegrity, and pathogenesis (16–20). Accordingly, Hfq appears to be
essential for the physiological fitness and virulence of a broad
spectrum of bacterial pathogens (21). In one of the first studies of
Hfq, Hfq was shown to be required for efficient translation of the
�S factor of Salmonella enterica serovar Typhimurium, a factor
that is crucial for virulence (22). Consequently, an hfq mutant of S.
Typhimurium was found to be highly attenuated in a mouse in-
fection model (23). Similarly, experiments employing murine or
rat infection models revealed a role of Hfq in the virulence of
several pathogenic bacteria (24–28).

Bordetella pertussis is the causative agent of human whooping
cough (pertussis), a highly contagious disease that remains one of

the 10 most common causes of death from infectious diseases
worldwide (29). According to WHO, pertussis accounts for the
death of almost 300,000 infants annually, predominantly in devel-
oping countries. Despite extensive vaccination programs, the in-
cidence of pertussis is again on the rise even in industrialized
countries (30–32). Therefore, there is an urgent need for a better
understanding of the molecular mechanisms underlying the
pathogenesis of B. pertussis infection. B. pertussis produces a com-
plex array of virulence factors, including adhesins and toxins (33).
Among the major adhesins are the filamentous hemagglutinin
(FHA), fimbriae, and pertactin. These factors ensure adhesion of
B. pertussis to human respiratory tract cells (34). Furthermore, B.
pertussis produces two major toxins required for virulence, the
pertussis toxin (PT) and the adenylate cyclase (AC) toxin (ACT).
The first catalyzes transfer of an ADP-ribosyl group onto the G�i

subunit of the heterotrimeric guanine (G) nucleotide regulatory
proteins that regulate endogenous adenylyl cyclase activity (35,
36). The second toxin carries out unregulated conversion of cyto-
solic ATP to the key second messenger signaling molecule cyclic
AMP (cAMP) (37, 38). Both toxins, hence, manipulate cAMP
levels in cells, and their cytotoxic enzymatic activities blunt the
innate immunity functions of mammalian phagocytes by short-
circuiting central signaling pathways. Together, these toxin activ-
ities constitute a strategy for B. pertussis to modulate the host
immune system and evade its immune response (39–41).

Transcription of the majority of B. pertussis virulence genes,
including adhesins and toxins, is controlled by a two-component
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system encoded by the bvg locus. This consists of a transmem-
brane sensor kinase (BvgS) and of a response regulator (BvgA),
which in its phosphorylated form binds to promoter regions and
activates transcription of dependent virulence genes (42). The ac-
tivity of the BvgAS system can be modulated under laboratory
conditions, as growth of B. pertussis cells at 37°C induces BvgAS
activity, while growth at temperatures below 25°C or in the pres-
ence of millimolar amounts of sulfate or nicotinic acid renders the
BvgAS system inactive (43, 44).

Posttranscriptional regulation of B. pertussis virulence has not
been studied, and data on Hfq-mediated and sRNA-dependent
posttranscriptional regulation of virulence in B. pertussis are lack-
ing. Recently, several sRNAs were identified and characterized in
B. pertussis (45), and the gene for an Hfq homologue was identi-
fied in the genomes of both fully sequenced B. pertussis strains,
Tohama I and 18323 (http://www.sanger.ac.uk). However, its role
in the virulence of B. pertussis has not yet been studied.

In this study, we examined the function of Hfq in B. pertussis
virulence using an hfq deletion strain of B. pertussis 18323 (WHO
reference strain). We show that compared to its parental strain,
the �hfq strain is impaired in growth and produces reduced
amounts of one of the key virulence factors of B. pertussis, the
adenylate cyclase toxin. Examination of the role of Hfq in B. per-
tussis virulence in vitro and in vivo revealed that the �hfq strain is
significantly attenuated. Moreover, in the mixed-infection exper-
iment, the hfq mutant was clearly outcompeted by its parental
strain.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The WHO reference strain Bor-
detella pertussis 18323 (ATCC strain 97-97) and its derivatives were grown
on Bordet-Gengou agar (BGA) supplemented with 15% defibrinated
sheep blood for 3 to 4 days at 37°C. For liquid cultures, bacteria were
grown in Stainer-Scholte (SS) medium (46) at 37°C. Samples for protein
analyses were taken at early exponential phase (optical density at 600 nm
[OD600], 0.7 and 0.4 for the wild-type [wt] and �hfq strains, respectively),
late exponential phase (OD600, �1.3 and 0.7, respectively), early station-
ary phase (OD600, �3.0 and 1.3, respectively), and late stationary phase
(OD600 of �4.5 and �1.8, respectively) of growth. Escherichia coli strains
were cultured on Luria-Bertani (LB) agar or in LB broth (47). When
appropriate, culture media were supplemented with 5 �g/ml of chloram-
phenicol (Cm) to maintain the �hfq::Cmr strain and 30 �g/ml of chlor-
amphenicol to select for the pBBRhfq plasmid in the �hfq strain.

Construction of hfq deletion in B. pertussis and its complementa-
tion. To delete the hfq gene in B. pertussis 18323, two DNA fragments of
approximately 750 bp corresponding to either the 5= or the 3= flanking
region of the hfq gene were created using PCR, as follows: the region
upstream of hfq was amplified using forward primer 5=-AAGGATCCCC
AATCCCAATGCCCCGAC-3= containing a BamHI site (underlined) and
reverse primer 5=-AAAGCTAGCCATTGGCCAGGCTCCATTTGTTTG
T-3= containing an NheI site (underlined) and the ATG initiation codon
of the hfq gene (bold). Similarly, the region downstream of hfq was am-
plified using forward primer 5=-AAAGCTAGCTAATCGCCTCGCTCCA
GCATTACCCTTGA-3= containing an NheI site (underlined) and the
TAA stop codon of the hfq gene (bold) and reverse primer 5=-AAGGATC
CCGACCGTGTCCGACAGCACCACCGA-3= containing a BamHI site
(underlined). Both PCR products were cleaved by NheI and ligated. The
ligation mixture was then used as a template for the next PCR, together
with BamHI site-containing primers. In the resulting product, the start
and stop codons of hfq separated by an NheI restriction site create a mark-
erless in-frame hfq deletion. The amplified PCR product was cleaved with
BamHI and inserted into the corresponding site of allelic exchange plas-
mid pSS4245 (48) (kindly provided by Scott Stibitz). The resulting plas-

mid, pSS4245�hfq, was transformed into the E. coli SM10 strain (donor
strain) and transferred to B. pertussis 18323 (recipient strain) by conjuga-
tion, as described elsewhere (48). As a result of two subsequent recombi-
nation events, the strain carrying a chromosomal in-frame deletion of the
hfq gene was obtained. The deletion of the hfq gene and the sequences of its
5= and 3= adjacent regions in the mutant strain were confirmed by DNA
sequencing. To generate the �hfq::Cmr strain, a chloramphenicol resis-
tance cassette flanked by NheI sites was generated by PCR using the vector
pBBR1MCS (49) as the template and was inserted into NheI site of plas-
mid pSS4245�hfq. The resulting plasmid was used to construct the B.
pertussis �hfq strain resistant to chloramphenicol by homologous recom-
bination, as described above.

To obtain a strain in which the hfq deletion is complemented, plasmid
pBBRhfq carrying the hfq gene of the B. pertussis 18323 strain including its
own promoter sequence was constructed as follows: the fragment contain-
ing the hfq gene was amplified by PCR using the forward primer 5=-CCCGT
ATCGATCAATTCCTGCGT-3= and the reverse primer 5=-CTCCTCGA
CCTTGCCTGAACCG-3=. The blunt-ended PCR product was inserted
into the EcoRV site of the cloning vector pBBR1MCS, which replicates in
the Bordetellae. The resulting plasmid, pBBRhfq, was transformed into
competent cells of E. coli SM10 and transferred into the B. pertussis 18323
�hfq strain by conjugation. All plasmid constructs were confirmed by
DNA sequence analysis.

Determination of enzymatic and biological activities of ACT. For
quantification of the amounts of produced and secreted ACT in cultures,
the B. pertussis 18323 wt, �hfq, and complemented strains were cultivated
in SS medium. Samples were taken in duplicate at the times indicated in
Fig. 1B and C. The first sample was directly mixed with 8 M urea (1:1) and
served for determination of total AC enzyme activity (that secreted into
medium plus that associated with cells). The second aliquot was first cen-
trifuged at 16,000 � g to pellet the cells. The supernatant obtained was
then mixed with 8 M urea (1:1) and was used to determine the AC activity
of the toxin secreted into the medium. For determination of the toxin
secretion efficiency, presented in Fig. 1E, the activity of the AC toxin
attached to the bacterial surface was assayed in the pelleted fraction. Cell
pellets were resuspended in 4 M urea, incubated for 20 min at room
temperature to extract the toxin, and centrifuged for 10 min at 13,000
rpm. The soluble fraction was used for determination of extracytoplasmic
toxin activity. Aliquots of extracts and of washed cells were loaded on
SDS-polyacrylamide gels to check the integrity of the cells after extraction
with 4 M urea. AC activities were measured in the presence of 1 �M
calmodulin as described previously (50). One unit of AC activity corre-
sponds to 1 �mol of cAMP formed per min at 30°C and pH 8.0. Enzyme
activities in samples were normalized to the OD600 of the culture.

Cell binding and the invasive capacity of the ACT present in urea
extracts of bacterial cells were determined as previously described (51).
Briefly, sheep erythrocytes (5 � 108 cells/ml) were incubated at 37°C in
TNC buffer (20 mM Tris at pH 8.0, 150 mM NaCl, 2 mM CaCl2) with urea
extracts of wt and �hfq cells adjusted to an 80 mM final urea concentra-
tion and equal AC enzyme activity. Mock urea buffer was diluted into
control erythrocyte suspensions. After 30 min, cells were washed three
times in TNE buffer (20 mM Tris at pH 8.0, 150 mM NaCl, 5 mM EDTA)
to remove unbound ACT and divided into two aliquots. The first aliquot
was directly used to determine the amount of cell-associated AC activity.
The second aliquot was treated with 20 �g of trypsin for 15 min at 37°C in
order to inactivate the extracellular AC toxin which did not translocate
into cells. Fifty micrograms of soybean trypsin inhibitor was added to stop
the reaction before the samples were washed three times in TNE buffer
and used to determine the amount of cell-invasive AC activity.

Separation of total membrane fractions. The B. pertussis 18323 wt
and �hfq strains were cultivated in SS medium at 37°C. Samples (�20
OD600 units) were harvested at late exponential and stationary phases of
growth, and cells were pelleted by centrifugation, washed in 20 ml of
ice-cold Tris-NaCl (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA), and
resuspended in 10 ml of Tris-NaCl containing protease inhibitor cocktail
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(Complete Mini; Roche) and 0.1 �g/ml lysozyme. Cells were broken by
sonication, and samples were cleared of unbroken cells by centrifugation
at 5,000 � g for 10 min. Cleared lysates were centrifuged at 140,000 � g for
1 h to separate the membrane and soluble fractions. After centrifugation,
the pellet (total membrane fraction) was resuspended in 1 ml of Tris-
NaCl, divided into aliquots, and stored at 	80°C. Membrane fractions
were examined by immunoblotting using polyclonal antibodies raised
against PtlH (52) and PtlI (kindly provided by C. Locht).

Immunoblotting. The B. pertussis 18323 wt and �hfq strains were
cultivated in SS medium at 37°C, and cells from 1-ml aliquots were lysed
and boiled in sample buffer. To analyze the supernatant fractions, 20-ml
aliquots of cell-free supernatants were filtered through 0.22-�m-pore-size
filters and precipitated with 10% (wt/vol) trichloroacetic acid, and the
precipitates were washed with 80% acetone, dissolved in sample buffer,
and boiled. Samples with ODs equivalent to 1 OD600 unit (supernatants)
or 0.1 OD600 unit (whole-cell lysates) were separated on SDS-polyacryl-
amide gels and transferred onto a nitrocellulose membrane. Membranes
were probed with mouse polyclonal antibodies raised against the ACT,
FHA, and PT proteins (kindly provided by Nicole Guiso) and the BvgA
protein (kindly provided by K. Keidel), followed by incubation with
anti-mouse IgG conjugated with alkaline phosphatase. The antibody-

antigen complexes were visualized using nitroblue tetrazolium–
5-bromo-4-chloro-3-indolylphosphate staining according to the stan-
dard protocol.

qPCR. Bacterial pellets were lysed, and total RNA was extracted using
TRI reagent solution (Molecular Research Center), including a treatment
with DNase I (Promega, Madison, WI). RNA integrity was checked by
electrophoresis. The concentration and purity of RNA were determined
using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scien-
tific). To study the effect on gene expression, duplicates of 1 �g of total
isolated RNA were reverse transcribed into cDNA following the manufac-
turer’s instructions in a 25-�l reaction mixture using a reverse transcrip-
tion (RT) system (Promega). All primers (Table 1) were designed to
anneal at 60°C and were analyzed for secondary structures and for cross-
dimers in primer pairs. Quantitative PCR (qPCR) was performed on a
Bio-Rad CFX96 instrument using SYBR green JumpStart Taq ReadyMix
(Sigma). Briefly, 200 nmol/liter of each primer together with 40 ng of
reverse-transcribed RNA was used in a 20-�l qPCR mixture volume, with
PCR consisting of an initial step at 95°C for 2 min, followed by 40 cycles of
95°C for 15 s, 60°C for 30 s, and 72°C for 30 s and then recording of the
melting curve. The rpoB gene was used as the reference gene, and relative
gene expression was quantified using amplification efficiency values (53).
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FIG 1 Effect of hfq gene deletion on growth and ACT production. (A) Growth curves of the B. pertussis 18323 wt, �hfq, and complemented strains. The strains
were cultured in SS medium, and the OD600 was measured at the indicated times. (B) Total AC enzyme activities in cultures of the wt, �hfq, and complemented
strains. Culture samples were taken at the indicated times and mixed with 8 M urea (1:1), and cells were lysed by freezing and thawing and used to determine the
total AC enzyme activity (that secreted into medium plus that associated with cells). (C) AC activities in culture supernatants of the wt, �hfq, and complemented
strains. (D) Western blot analysis of cell-associated ACT protein levels in both the wt and �hfq strains. Samples were taken at the early exponential (EE), late
exponential (LE), early stationary (ES), and late stationary (LS) phases of growth. Samples equivalent to 0.1 OD600 units of initial culture were separated on
SDS-polyacrylamide gels and analyzed by immunoblotting using anti-ACT antibody. (E) The extent (percent) of ACT secretion by the wt and �hfq strain was
determined in samples from exponential (exp) and stationary (stat) phases of growth. The percentage of secreted AC was calculated as the ratio between the AC
activity of the secreted toxin (the AC extractable from the bacterial cell surface in 4 M urea plus the AC released into the supernatant fraction) and the total AC
activity. Total AC activity in the sample (determined as described for panel B) was set equal to 100%. Bars represent means 
 standard deviations of three
experiments. (F) Cell-associated activities of AC toxins produced by B. pertussis wt and �hfq cells. Sheep erythrocytes (5 � 108/ml) were incubated at 37°C with
4 M urea extracts of wt and �hfq bacteria adjusted to 5 mU/ml of input AC enzyme activity. After 30 min of incubation, aliquots of cell suspensions were
repeatedly washed to remove unbound ACT and used to determine the amounts of cell-associated and cell-invasive AC enzyme activities. The activities of ACT
produced by the wt strain were taken as 100%. Bars represent the means 
 standard deviations of three experiments.
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Macrophage infection assay. B. pertussis cells were suspended in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% bo-
vine serum albumin, and RAW 264.7 murine macrophages were infected
at a multiplicity of infection (MOI) of 10 bacteria per cell. Bacterial inoc-
ula were quantified by plating appropriate dilutions on BGA plates. After
addition of bacteria, tissue culture plates were centrifuged for 5 min at
300 � g to facilitate bacterial interaction with macrophage cells. After 60
min of incubation at 37°C with 5% CO2, nonadherent bacteria were re-
moved by three washing steps in DMEM. Then, medium containing 100
�g/ml of polymyxin B sulfate was added for 60 min at 37°C with 5% CO2

to kill extracellular bacteria. Next, infected macrophages were washed
with fresh medium containing 30 �g/ml of polymyxin B sulfate and fur-
ther incubated at 37°C with 5% CO2. The number of viable intracellular
bacteria was determined immediately after washing with fresh medium (2
h postinfection) and at 24 and 48 h postinfection. Infected macrophages
were lysed with sterile water, and serial dilutions of lysates were rapidly
plated in triplicate onto BGA plates to enumerate the CFU.

Mouse infection. Four-week-old CD-1 Swiss outbred mice were ob-
tained from Charles River Laboratories and maintained under specific-
pathogen-free conditions. B. pertussis 18323 strains were grown to expo-
nential phase of growth at 37°C. On the next day, the OD600 values of the
cultures were measured and cells were resuspended in sterile phosphate-
buffered saline (PBS; pH 7.4) to adjust the cells to the appropriate con-
centrations. Bacteria were administered intranasally in suspensions of 50
�l. In all experiments, the exact number of delivered bacteria was deter-
mined in parallel by plating serial dilutions of challenge suspensions on
BGA plates. All experiments were performed at least twice and yielded
consistent results.

To determine the 50% lethal dose (LD50) values, groups of five animals
were infected with doses of 6 � 106 to 1.5 � 109 CFU/mouse. Mortality
was recorded daily for 7 days.

To test the ability of the B. pertussis wt and �hfq strains to colonize
mouse lungs, cohorts of 15 animals were challenged with 2 � 105 CFU/
mouse of the wt strain and with either 2 � 105 or 2 � 106 CFU/mouse of
the �hfq strain. Three mice per group were sacrificed at 2 h and 5, 8, 14,
and 21 days postinfection. The lungs were removed aseptically and ho-
mogenized in 2 ml of PBS using a cell grinder (Heidolph RZR2020). The
resulting homogenates were serially diluted with PBS and plated in dupli-
cate on BGA plates, and colonies were counted to calculate the numbers of
CFU per mouse.

In the mixed-infection competition experiments, a 1:1 mixture of
both wt and �hfq::Cmr strains (1 � 105 CFU/mouse of each strain) was

used to infect mice. Serial dilutions of the infection mixture were plated to
determine the input number of CFU (CFUin) for both strains. The bacte-
rial colonization of the lungs was assayed as described above. The lung
homogenates were plated in parallel on BGA plates with 5 �g/ml of chlor-
amphenicol (BGACm) or without chloramphenicol to determine the out-
put number of CFU (CFUout). The numbers of CFU of the �hfq::Cmr

strain were calculated directly from BGACm plates, and the numbers of
CFU of the wt strain were calculated as the difference between the num-
bers of CFU obtained from BGA plates and the numbers obtained from
BGACm plates. The competitive index (CI) was calculated by the follow-
ing formula: (number of CFUout of �hfq::Cmr/number of CFUout of wt)/
(number of CFUin of �hfq::Cmr/number of CFUin of wt) (54).

All animal experiments were approved by the Animal Welfare Com-
mittee of the Institute of Microbiology of the ASCR, v.v.i., in Prague,
Czech Republic. Handling of the animals was performed according to the
Guide for the Care and Use of Laboratory Animals (55); the Act of the Czech
National Assembly, Collection of Laws No. 149/2004, inclusive of the
amendments on the Protection of Animals against Cruelty; and the Public
Notice of the Ministry of Agriculture of the Czech Republic, Collection of
Laws No. 207/2004, on the care and use of experimental animals.

Statistical analysis. When appropriate, the Student t test (SigmaPlot,
version 1; Systat Software Inc., CA) was used to compare the mean values
between two groups. Differences were considered significant at P values of
�0.05.

RESULTS
The B. pertussis hfq mutant is impaired in growth and produc-
tion of ACT. To determine the impact of hfq gene deletion on B.
pertussis physiology, we first compared the growth of the �hfq
mutant in SS medium at 37°C to that of parental strain 18323 (wt).
As shown in Fig. 1A, the �hfq strain grew slower (doubling time
[Td], �6 h) and reached a lower final optical density than the wt or
the complemented �hfq strain (Td, �4 h) that carried the hfq gene
on the pBBRhfq plasmid. To examine whether deletion of the hfq
gene affected expression of important virulence factors of B. per-
tussis, we first analyzed the production of the adenylate cyclase
(AC) toxin. Therefore, the amounts of the AC enzyme were deter-
mined and normalized to the OD600 values of the bacterial cul-
tures, in order to compensate for the growth defect of the �hfq
mutant. As also shown in Fig. 1, in all phases of growth the hfq

TABLE 1 PCR primers used for quantification of gene expression

Protein Gene Orientationa Oligonucleotide sequence (5=–3=) Amplicon size (bp)

Hemolysin-adenylate cyclase cyaA F CGAGGCGGTCAAGGTGAT 93
R GCGGAAGTTGGACAGATGC

Virulence factor transcription regulator bvgA F AGGTCATCAATGCCGCCA 140
R GCAGGACGGTCAGTTCGC

Filamentous hemagglutinin fhaB F CAAGGGCGGCAAGGTGA 120
R ACAGGATGGCGAACAGGCT

RNA polymerase subunit beta rpoB F GCTGGGACCCGAGGAAAT 95
R CGCCAATGTAGACGATGCC

Pertussis toxin subunit 1 ptxA F CCAGAACGGATTCACGGC 112
R CTGCTGCTGGTGGAGACGA

Pertussis toxin transport protein A ptlA F CCCTTGAAAGACTTGAGAGCATC 154
R GCCGCGCAGTACGACCA

Pertussis toxin transport protein F ptlF F TGTGCTGTATATCAAGGCCAAAT 96
R GTTTTGACGAGCAGATTGGTGT

Pertussis toxin transport protein G ptlG F CACGTTTATCGATTGCATCCTG 140
R GTATTCGCCCACCACTGTCG

Pertussis toxin transport protein H ptlH F ATATAGCGGAAATCTGCGTGAA 150
R GGCAAATGTCGCGGTCG

a F, forward primer; R, reverse primer.
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mutant produced significantly smaller total amounts of ACT (Fig.
1B) and it also released much less ACT into the culture superna-
tants (Fig. 1C) than the wt or the complemented strain. The
amounts of cell-associated ACT detected by immunoblot analysis
of whole-cell lysates then paralleled well the total amounts of cell-
associated AC enzyme activity measured (cf. Fig. 1B and D).

Typically, most of the ACT secreted by B. pertussis stays firmly
bound to the outer bacterial surface (56) and can be extracted
from unbroken cells with 4 M urea (57). To test whether the hfq
deletion did selectively impair ACT secretion to the bacterial cell
surface, the amount of secreted AC activity (i.e., the amount sur-
face bound plus the amount released into the medium) and the
amount of total AC activity produced in the bacterial cultures
were compared. As shown in Fig. 1E, however, no specific intra-
cellular accumulation of ACT was observed for the �hfq mutant,
and for both the �hfq and the wt strains, the secreted activity

represented about 70 to 80% of the total amount of ACT activity
produced per unit of bacterial culture. Apparently, the total level
of production rather than the efficacy of ACT secretion specifically
was reduced in the �hfq strain. As further shown in Fig. 1F, the
�hfq strain still produced an active AC toxin that was properly
activated for target cell interaction by the essential posttransla-
tional fatty acylation by the CyaC protein, as the AC toxins pro-
duced by the �hfq and wt strains exhibited the same specific eryth-
rocyte binding and cell-invasive AC activities.

Expression and production of virulence factors in wt and
�hfq strains. To assess if the production of other virulence factors
of B. pertussis was affected in the �hfq strain, we analyzed the
production of pertussis toxin (i.e., production of its S1 subunit,
PTS1) and of the filamentous hemagglutinin (FHA). As shown in
Fig. 2A, the levels of PTS1 detected in whole-cell lysates of the hfq
mutant (row P) by Western blotting were at least as high as or
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FIG 2 Effects of hfq deletion on expression and production of virulence factors in B. pertussis 18323. (A) Western blot analysis of pertussis toxin (PTS1 subunit),
FHA, and BvgA protein levels in both wt and �hfq strains. Samples were taken at early exponential (EE), late exponential (LE), early stationary (ES), and late
stationary (LS) phases of growth. Samples equivalent to 0.1 OD600 units (pellets [rows P]) or 1 OD600 unit (supernatants [rows S]) of the initial culture were
analyzed by immunoblotting using anti-ACT, anti-PTS1, anti-FHA, and anti-BvgA antibodies. Relevant parts of the membrane are shown. (B) Western blot
analysis of pertussis toxin (PTS1 subunit) protein levels in the wt, �hfq, and complemented strain. Samples were taken at late exponential (Ex) and late stationary
(St) phases of growth. Samples equivalent to 0.1 OD600 units (pellets) or 1 OD600 unit (supernatants) of the initial culture were analyzed by immunoblotting using
anti-PTS1 antibodies. Relevant parts of the membrane are shown. compl, complemented strain. (C) RT-qPCR analysis of ptxA, cyaA, fhaB, and bvgA transcript
levels in wt and �hfq bacteria. Total RNA was isolated from cells grown to late exponential (exp) and late stationary (stat) phases, and RT-qPCR was performed
using primers specific for the ptxA (encoding PTS1), cyaA, fhaB, and bvgA genes. Target expression levels in the �hfq and wt strains were normalized to the
expression level of the reference gene rpoB, and the �hfq strain/wt expression ratios were calculated (50). Bars represent means 
 standard deviations from three
experiments. (D) RT-qPCR analysis of ptlA, ptlF, ptlG, and ptlH transcript levels in both wt and �hfq strains was performed as described for panel C. (E)
Composition of membrane fractions of the wt and �hfq strains (top) and Western blot analysis of PtlH and PtlI protein levels (middle and bottom). Samples of
total membrane fractions (10 �g per lane) isolated from wt and �hfq cells grown to late exponential or late stationary phases were loaded in duplicate onto
SDS-polyacrylamide gels and either stained with Coomassie brilliant blue (top) or transferred onto a nitrocellulose membrane. Membranes were probed with
anti-PtlH and anti-PtlI antibodies (middle and bottom; the relevant parts of the membrane are shown). Asterisks, major differences in membrane protein
composition between wt and �hfq samples. The positions of molecular size markers are indicated in the lane on the left.
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higher than those detected in whole-cell lysates of the parental
strain. In culture supernatants (row S), however, lower PTS1 levels
were observed, suggesting that the capacity of the �hfq strain to
secrete the toxin across the outer bacterial membrane was af-
fected. This defect was hfq specific, as PT secretion was fully re-
stored in the complemented �hfq mutant (Fig. 2B).

Similar to PT secretion, FHA secretion was also altered in the
�hfq strain. When grown to exponential phase, the mutant re-
leased smaller amounts of FHA into the culture supernatants than
the wt strain and the FHA produced accumulated in association
with �hfq cells (Fig. 2A). In the stationary phase, however, the
levels of cell-associated and secreted FHA were comparable for
both strains.

To analyze in more detail the potential differences in expres-
sion of the virulence factor genes between the wt and the �hfq
strains, total RNA was purified from bacterial cells grown to ex-
ponential and stationary phases and the relative levels of cyaA,
ptxA, and fhaB mRNAs (encoding ACT, PTS1, and FHA, respec-
tively) were analyzed by quantitative PCR (RT-qPCR). As shown
in Fig. 2C, similar relative levels of cyaA gene expression were
observed for the wt and the �hfq strain, thus suggesting that post-
transcriptional regulation may be accounting for the reduction of
ACT production by the �hfq strain (Fig. 1). Interestingly, in the
stationary phase of growth, the relative amount of the ptxA tran-
script was even increased in the �hfq strain, which was in good
agreement with the increased levels of the PTS1 protein in extracts
of the �hfq cells. The relative levels of the fhaB transcript, then, did
not differ importantly between the strains. To assess whether al-
teration of bvgAS expression might have accounted for the de-
crease of ACT production and decreased secretion of PT and FHA,
the bvgA mRNA level and the level of BvgA protein production
were examined. As shown in Fig. 2C and A, however, the levels of
these proteins did not markedly differ between the wt and the �hfq
strain.

To corroborate these observations, we examined whether the
decreased secretion of PT by the �hfq strain could be due to al-
tered expression of the ptl genes. Secretion of PT across the outer
bacterial membrane depends on the function of a dedicated type
IV transport system that is encoded by nine ptl genes located di-
rectly downstream of the ptx genes within a single ptx-ptl operon
(58, 59). Therefore, we quantified by RT-qPCR the transcription
levels of the ptlA, ptlF, ptlG, and ptlH genes, which are located at
the 5= and 3= ends of the multicistronic ptl transcript. As shown in
Fig. 2D, however, similar to ptxA, the relative expression level of
the ptl genes was also increased severalfold in the hfq mutant.
Nevertheless, this did not translate into increased Ptl protein in-
corporation into the bacterial cell envelope, since similar amounts
of the PtlH and PtlI proteins were detected in total membrane
fractions of the �hfq and wt bacteria by Western blotting (Fig. 2E).
As further indicated by asterisks in Fig. 2E, some differences in the
protein compositions of the membrane fractions of the �hfq and
wt bacteria were already observed upon a simple one-dimensional
SDS-PAGE analysis. This suggests that alterations of PT and FHA
secretion may have been due, at least in part, to unspecific altera-
tions of the cell envelope composition/functionality in the �hfq
bacteria.

The �hfq strain is significantly attenuated in virulence. Ma-
nipulation of cAMP signaling in immune cells by the AC toxin
results in inhibition of the chemotactic, phagocytic, and oxidative
burst capacities of host phagocytes and thereby contributes to the

persistence of B. pertussis in the host (37, 57). Since the �hfq strain
produced smaller amounts of AC toxin, we predicted that its ca-
pacity to persist within immune cells could be compromised.
Therefore, the intracellular survival of wt and �hfq bacteria in
RAW 264.7 macrophages was compared. As shown in Fig. 3, the
relative survival capacity of the hfq mutant in macrophages was,
indeed, significantly affected. Compared to the wt or the comple-
mented strain, about 2-fold lower numbers of viable �hfq bacteria
were recovered from macrophages at 2 h postinfection. The dif-
ference was even more pronounced at later time points, and in
contrast to the results for the wt strain, no viable �hfq bacteria
could be recovered from macrophage cells at 48 h postinfection.
The numbers of complemented �hfq bacteria recovered at 2, 24,
and 48 h postinfection did not differ statistically significantly from
the numbers determined for the wt strain. It can, hence, be con-
cluded that Hfq is required for expression of factors involved in
the intracellular persistence of B. pertussis in macrophages in vitro.

To analyze the impact of hfq deletion on B. pertussis virulence
in vivo, the mouse intranasal infection model was used. As shown
in Fig. 4A, while administration of 1.5 � 108 CFU/mouse of the wt
bacteria caused the death of all inoculated mice within 4 days, no
lethality was observed with the same dose of �hfq bacteria, which
caused a comparably lethal infection only at a 10-fold increased
challenge dose (1.5 � 109 CFU/mouse). When the doses causing
the death of 50% of the infected animals (LD50s) were calculated
from several infection experiments, values of 6 � 107, 7 � 107, and
8 � 108 CFU/mouse were found for the wt, the complemented,
and the �hfq strains, respectively. Clearly, a lack of Hfq function
resulted in an important reduction of B. pertussis virulence.

Therefore, the capacity of the �hfq strain to colonize the lungs
of mice infected with sublethal doses of 2 � 105 CFU/mouse was
assessed. As illustrated in Fig. 4B, at this inoculation dose, the wt
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strain was able to proliferate in lungs and its counts increased by
almost 2 orders of magnitude within 8 days, with approximately
7 � 106 CFU being recovered from mouse lungs at days 5 and 8
postinfection. In contrast, the hfq mutant was unable to prolifer-
ate and colonized mouse lungs with a significantly lower efficacy at
all times. Moreover, as shown in Fig. 4C, the �hfq strain was un-
able to proliferate or colonize mouse lungs even when its infection
dose was increased 10-fold (2 � 106 CFU/mouse), in order to
compensate for the extended generation time of the hfq mutant.
This suggests that the colonization defect of the hfq mutant was
primarily due to reduced expression of virulence factors rather
than due to its reduced growth rate.

The �hfq strain is outcompeted in mixed-infection experi-
ments. To determine whether the �hfq strain was at a competitive
disadvantage when coinfecting mice together with the wt strain,
we performed competitive infection experiments. Mice were in-

fected intranasally with a sublethal dose of a 1:1 mixture of wt and
�hfq bacteria (1 � 105 CFU/mouse of each strain). In order to
distinguish viable wt and �hfq cells recovered from lungs, an iso-
genic hfq mutant carrying a chloramphenicol resistance cassette
(�hfq::Cmr) was used here. As a parallel noncompetitive condi-
tion control, both wt and �hfq::Cmr strains were also adminis-
tered separately (data not shown). As shown in Fig. 4D, in a
mixed-infection experiment, the wt strain colonized lungs at lev-
els which were significantly higher than those reached by the hfq::
Cmr mutant. Similar to the findings for the single-strain infection
(Fig. 4B and C), the wt bacteria exhibited a typical initial rise in
numbers of CFU, peaking at days 5 and 8, while at between days 8
and 21, the wt bacteria were progressively cleared from the lungs.
In contrast, the �hfq bacteria already began to be cleared from day
0 in the mixed-infection experiment, and �hfq cells were com-
pletely eliminated from mouse lungs by day 12. As expected, how-
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ever, in the single-strain infection, the �hfq::Cmr bacteria per-
sisted in the lungs up to day 21 (data not shown), as did the
markerless �hfq strain (Fig. 4B). Hence, in the mixed-infection
experiment, the hfq mutant was much less competitive than its
parental strain, exhibiting a dramatically decreased persistence
capacity and calculated competition indexes (CIs) of only 0.003
and 0.001 on days 5 and 8 postinfection, respectively.

DISCUSSION

We show here that the RNA chaperone Hfq is required for full
expression of B. pertussis virulence and persistence in in vitro and
in vivo models of infection. This indicates that expression of at
least some of the virulence genes of B. pertussis might involve
regulatory sRNA that depends on the function of Hfq.

In agreement with the phenotypes of the �hfq derivatives of
other bacteria (15, 25), the B. pertussis 18323 hfq mutant was mod-
erately impaired in growth, exhibited a longer replication time,
and reached a lower final culture density than the parental strain.
This phenotype was expected, as pleiotropic effects of deletion of
the hfq gene on the physiology of Gram-negative bacteria were
previously reported (15, 21). Furthermore, Hfq was also previ-
ously implicated in the regulation of toxin production in several
pathogenic bacteria (24, 60, 61). In line with this, we observed that
Hfq function was required for the production and/or secretion of
several key virulence factors of B. pertussis, such as the adenylate
cyclase toxin, the pertussis toxin, and the filamentous hemagglu-
tinin.

Compared to the parental strain on a per bacterial cell basis, the
�hfq strain produced about 5-fold lower total amounts of the AC
toxin. The AC toxin, however, exhibited the same specific activity
in binding and penetration of red blood cells as the toxin pro-
duced by the wt strain. Hence, the ACT produced by the �hfq
strain appeared to be properly activated through posttranslational
palmitoylation by the CyaC expressed from the cya locus (62, 63).
Moreover, the fraction (in percent) of the total amount of AC
toxin produced that was secreted out of the bacterial cytosol to the
outer bacterial surface and to the culture supernatants was similar
for the parental and the �hfq strain. The decreased production of
ACT was not due to a reduced transcription of the cyaA gene, since
normal levels of the cyaA transcript were detected in �hfq cells
(Fig. 2C) and the levels of transcription of the cyaBDE genes were
also comparable for both the �hfq and the wt strains (data not
shown). It appears that the decrease of ACT secretion by the hfq
mutant was primarily due to a reduction in the level of ACT pro-
tein synthesis. The possibility that the ACT protein may have been
produced at a normal rate in �hfq cells and was rapidly turned
over intracellularly remains to be excluded. More plausibly, how-
ever, these results indicate that translation of cyaA mRNA may be
subject to posttranscriptional regulation dependent on the func-
tion of the RNA chaperone Hfq, such as riboregulation by an
Hfq-dependent sRNA.

A somewhat different picture was observed for production and
secretion of PT and FHA. Secretion of FHA was reduced in the
�hfq strain, albeit only in the exponential phase, while expression
of the fhaB gene was not affected. The �hfq strain was then found
to secrete smaller amounts of PTS1 into culture supernatants than
the parental strain, suggesting that secretion of PT was affected in
the hfq mutant. This, however, was not due to reduced expression
of the ptx-ptl operon. Expression of the ptxA gene encoding the S1
subunit of PT (PTS1) was found to be increased, and increased

amounts of the PTS1 protein accumulated in �hfq cells. Similarly,
expression of the ptl genes, encoding proteins involved in secre-
tion of pertussis toxin, was elevated in the hfq mutant, while the
levels of PtlH, a transport protein with ATPase activity (52), were
comparable in both the �hfq and the parental strains. Since the
levels and membrane localization of the PtlH protein depend on
the presence and localization of the PtlD, PtlE, PtlF, and PtlG
proteins (52), it is plausible to assume that the levels of all of the Ptl
proteins produced were similar for the hfq mutant and the paren-
tal strain. These results indicate that the observed reduction of PT
secretion by the �hfq strain was not due to a problem in expres-
sion of the type IV translocator of PT but, rather, that it was due to
a more general alteration of cell envelope composition and func-
tion in the �hfq bacteria. Similarly, secretion of FHA was reduced
in the �hfq strain as well; however, it was reduced only in the
exponential phase (Fig. 2A), while there was no difference in ex-
pression of the corresponding gene, fhaB (Fig. 2C). Since the ex-
pression of virulence factors is under the control of the BvgAS
two-component system, both the protein and transcript levels of
the transcriptional regulator BvgA and its structural gene were
analyzed as well. Compared to the wt strain, neither protein nor
relative transcript levels were significantly changed in the hfq mu-
tant (Fig. 2A and C). Although we did not analyze the phosphor-
ylated form of BvgA, which is the only active form, we believe that
the observed effects are linked to hfq.

Loss of Hfq was, indeed, previously reported to induce cell
envelope stress and was shown to affect membrane homeostasis in
several pathogenic bacteria (23, 27, 64). In line with that, we also
observed differences in the protein compositions of membranes
from wt and �hfq bacteria (Fig. 2E). On the other hand, no differ-
ence in sensitivity to the membrane-disrupting activity of the an-
timicrobial compound polymyxin B was observed between wt and
�hfq cells (data not shown). Hence, the integrity of the outer
membrane of the B. pertussis �hfq strain was not as importantly
compromised, as previously reported for the hfq mutant of a uro-
pathogenic E. coli strain (65).

Besides impacting the growth rate, deletion of the hfq gene
resulted in reduced production of both the adenylate cyclase toxin
and the pertussis toxin, which are required for the efficient and
successful establishment and persistence of B. pertussis infections
(66, 67). Therefore, we further analyzed if reduced fitness and
toxin production compromised the survival of the �hfq strain
within macrophage cells in vitro. While no significant difference in
the ability to associate with cells was observed with the �hfq strain
(data not shown), its relative survival capacity in macrophage cells
was significantly reduced compared to that of the wt or the com-
plemented strain (Fig. 3). A similar phenotype was, indeed, also
recently reported for hfq mutants of Yersinia pestis and S. Typhi-
murium (23, 25).

Not surprisingly, the reduced growth rate and altered produc-
tion and secretion of such central virulence factors like ACT, PT,
and FHA resulted in a decrease of virulence of the �hfq strain in
the in vivo challenge model of intranasal mouse infection. The hfq
mutant was affected both in its capacity to cause a lethal infection
(LD50) and in its ability to efficiently multiply and persist in mouse
lungs. The LD50 value for the �hfq strain was about 10-fold higher
than that of the parental strain or of the complemented strain.
These results go well with the previous observations obtained with
�cyaA strains of the Tohama I and 18323 strains, which also ex-
hibited a colonization defect in mice (67, 68). Importantly, the
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impairment of proliferation of the �hfq strain in mouse lungs was
not primarily due to slower growth of the mutant, since it could
not be compensated for by a 10-fold increased infection dose (Fig.
4C), and even a 100-fold increase of the infection dose did not
allow the colonization deficiency of the �hfq strain to be overcome
(data not shown).

Previous mixed-infection experiments demonstrated that in
contrast to PT, which acts as a soluble factor benefiting the whole
infecting bacterial population (69), ACT acts more as a cell-asso-
ciated factor that benefits only the cells that produce it, and there-
fore, cells lacking ACT have been outcompeted in mixed infec-
tions (68). Therefore, we have asked whether the �hfq strain
would also show a competitive disadvantage in a mixed-infection
experiment. The hfq mutant of B. pertussis exhibited, indeed, a
striking colonization defect, when used in coinfection experi-
ments with the wt strain. In contrast to single-strain infections,
where �hfq bacteria could be detected in lungs until day 21, in the
mixed infection, the �hfq strain was outcompeted by wt bacteria
and was already completely eliminated from mouse lungs by day
12. The competitive index (CI) is considered a sensitive measure
with which to assay virulence attenuation (54, 70). CI indexes
calculated at days 5 and 8 postinfection were found to be only
0.003 and 0.001, respectively, which were values very similar to
those obtained in mixed infections with wt and �hfq strains of Y.
pestis and S. Typhimurium (23, 25).

To conclude, the results reported here clearly point toward the
requirement for Hfq function in posttranscriptional regulation of
B. pertussis virulence. It will, hence, be of interest to use the �hfq
strain characterized here to unravel the sRNA-mediated regula-
tion of B. pertussis virulence genes by employing genome-wide
expression analysis methods, such as DNA microarray analysis
and high-throughput sequencing.
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