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ABSTRACT

Bordetella pertussis is a bacterium that is considered to be highly adapted to humans, and it has not been isolated from the envi-
ronment. As this bacterium does not utilize sugars, the abundant supply of glutamate in Stainer Scholte (SS) medium enables B.
pertussis to grow efficiently in liquid culture in vitro, and as such, SS medium is a popular choice for laboratory experiments.
However, the concentration of glutamate in the in vivo niche of B. pertussis is quite low. We investigated the bacterial response
to low concentrations of glutamate to elucidate bacterial physiology via the expression of the type 3 secretion system (T3SS), and
we discuss its relationship to the Bvg mode in which the two-component regulator of pathogenesis (BvgAS) is activated. Gluta-
mate limitation induced the expression of both the T3SS apparatus and effector genes at the transcriptional level. (p)ppGpp, a
modulator of the stringent response, was necessary for maximum expression of the T3SS genes. These observations indicate that
the expression of the T3SS is managed by nutrient starvation. In addition, the autoaggregation ability was high in the absence of
glutamate and no autoaggregation was observed in glutamate-replete medium. Taken together, glutamate-limited conditions in
Bvg� mode elicit the high expression of T3SS genes in B. pertussis and promotes its sessile form.

IMPORTANCE

Bordetella pertussis is a highly contagious pathogen that causes respiratory infectious disease. In spite of the increasing use of
vaccination, the number of patients with pertussis is increasing. The proteins produced in vivo often are different from the pro-
tein profile under laboratory conditions; therefore, the development of conditions reflecting the host environment is important
to understand native bacterial behavior. In the present study, we examined the effect of glutamate limitation, as its concentra-
tion in vivo is much lower than that in the culture medium currently used for B. pertussis experiments. As predicted, the T3SS
was induced by glutamate limitation. These results are suggestive of the importance of regulation by nutrient conditions and in
the pathogenicity of B. pertussis.

One of the major amino acids that compose the structural and
functional biosynthesized proteins, L-glutamate (glutamate)

is also utilized as an energy source as a result of its conversion to
�-ketoglutarate, one of the intermediate products of the tricar-
boxylic acid (TCA) cycle. In addition to uptake from the environ-
ment, cells are able to utilize cellular enzymes to synthesize gluta-
mate from proline or arginine. While central neurons in animals
possess high concentrations (10 to 20 mM) of glutamate in their
cells for use as a neurotransmitter, most eukaryotic cells metabo-
lize glutamate rapidly. Even near nerve cells, extracellular gluta-
mate is actively imported via a glutamate transporter to avoid
damage to neurons by high concentrations of extracellular gluta-
mate (1). By this mechanism, extracellular concentrations of glu-
tamate are kept much lower than the intracellular concentration
at approximately 10 to 100 �M (2).

Bordetella pertussis is known as one of the etiological agents of
pertussis (whooping cough), together with B. parapertussis and B.
holmesii. B. pertussis utilizes neither glucose nor other sugars, as
this bacterium possesses an incomplete TCA cycle, lacking several
enzymes in this pathway (3). Since glutamate is a valuable carbon
source for B. pertussis, abundant glutamate (63.4 mM) is supplied
in the Stainer Scholte (SS) medium used for its liquid culture
(4, 5).

In vivo B. pertussis adheres to and persists on the surface of cells,
an environment with relatively low glutamate concentrations.
Therefore, we investigated the physiology of B. pertussis growing

under glutamate-limited conditions and whether this could exact
further regulation of pathogenesis in its host.

The type 3 secretion system (T3SS) is a widely distributed se-
cretion system in Gram-negative bacteria and is known as the
injectisome/injectosome due to its function of injecting bacterial
proteins (effectors) into host cells (6). Although the genes are
present and expressed as mRNA, it had been thought that B. per-
tussis did not produce or utilize the T3SS. Recently, the produc-
tion of the T3SS proteins was discovered by analysis of fresh clin-
ical isolates (7), and laboratory-adapted strains showed the
production of the T3SS in cultures grown under iron-depleted
conditions (8).

The pathogenesis of B. pertussis is regulated by the BvgAS two-
component system at the transcriptional level (9). In Bvg� mode,
BvgAS is fully activated and all Bvg-dependent virulence factors
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are expressed. In contrast, bacteria in Bvg� mode do not express
any of these. Between Bvg� and Bvg� modes is Bvgi mode, in
which bacteria express only adhesins and a specific gene, bipA.
Basically, bacteria are in Bvg� mode unless specific modulators,
such as a high concentration of MgSO4 or nicotinic acid, inacti-
vate this two-component system (10–12). It has been shown that
btrS, which encodes an extracellular sigma factor required for the
transcription of T3SS genes, is exclusively expressed in Bvg�

mode, thereby activating the production of the T3SS in Bvg�

mode in B. pertussis as well as in Bordetella bronchiseptica (13).
In response to nutrient starvation, concentrations of small nu-

cleotide second messengers, guanosine pentaphosphate or tetra-
phosphate [pppGpp or ppGpp, respectively; collectively named
(p)ppGpp], are increased in bacterial cells, and the expression of
many genes is modulated at the transcriptional and posttranscrip-
tional levels (14). This response, called the stringent response, is
triggered by various nutrient limitations, such as the depletion of
amino acids or carbon sources (15–17). Previously, it was shown
that a deficiency of (p)ppGpp synthesis repressed the expression
of bsp22, which encodes a component of the T3SS, as well as de-
creased autoaggregation accompanied by a decreased number of
filamentous structures. In the present study, it was determined
that T3SS expression was upregulated by glutamate limitation un-
der activation of BvgAS. Based on these findings, we further inves-
tigated the effect of glutamate on autoaggregation and suggest that
under glutamate-limited conditions, B. pertussis tends to autoag-
gregate and increase the expression of T3SS genes.

MATERIALS AND METHODS
Bacterial strains and cultivation. B. pertussis strains used in the present
study are listed in Table 1. B. pertussis was routinely cultured on Bordet-
Gengou agar supplemented with 15% defibrinated sheep blood or, for
nutrient-rich conditions, in SS medium supplemented with Casamino
Acids at a final concentration of 0.5% (SSC medium) under vigorous
shaking at 35°C.

For glutamate limitation response experiments, decreased amounts of
glutamate, at 50% (SSC-0.5E), 20% (SSC-0.2E), or 0% (SSC-0E) of that in
SSC medium, were used. To ensure uniform conditions, B. pertussis was
cultured in a similar manner except as described for individual experi-
ments. Bacterial cells from overnight cultures were harvested, washed,
and resuspended in appropriate medium for each experiment. After ad-
justing the turbidity to an optical density at 600 nm (OD600) of 0.1, 30 ml
of bacterial suspension was subcultured in 250-ml plastic flasks with shak-
ing at 200 rpm. Antibiotics were added as necessary at the following con-

centrations: 10 �g per ml of gentamicin, 12 �g per ml of tetracycline, and
100 �g per ml of streptomycin.

Quantification of glutamate in the bacterial culture milieu. To mea-
sure concentrations of glutamate, bacterial cells were removed by centrif-
ugation at 12,000 � g for 5 min and passed through a 0.45-�m-pore-size
membrane filter. After this, samples were treated with 5 U of L-ascorbic
oxidase per ml for 5 min at room temperature to digest vitamin C in the
medium (which inhibits the reaction of L-glutamate oxidase in the L-glu-
tamate assay kit II; Yamasa, Co., Choushi, Japan). Samples were diluted 1-
to 40-fold with HEPES (pH 7.1) to obtain glutamate concentrations in an
appropriate concentration range for measurement (0.05 mM to 3 mM),
and 15-�l aliquots of the solutions were added to 96-well flat-bottom
plates containing 225 �l of enzyme-reagent mixture. After mixing, they
were incubated at room temperature for 20 min. Absorbance at 595 nm of
100 �l of reaction mixture was measured with a microplate reader
(iMARK plate reader; Bio-Rad, Hercules, CA). Concentrations of gluta-
mate in the samples were determined by the calibration curve method.

Preparation of protein samples and SDS-PAGE. Protein samples
used for SDS-PAGE analysis were prepared as described previously, with
some modifications (23). Briefly, proteins in the culture fluids were pre-
cipitated with 15% trichloroacetic acid after removing bacterial cells by
centrifugation at 7,500 rpm at 4°C for 10 min and passing through a
0.45-�m-pore-size membrane filter. Bacterial cells were harvested and
lysed with CelLytic B cell lysis reagent (Sigma-Aldrich) in the presence of
protease inhibitor cocktail (P8849; Sigma-Aldrich). Proteins in the cell-
free culture fluids corresponding to B. pertussis culture at an OD600 of 1.2
were analyzed on a 12.5% SDS-PAGE gel except as indicated in the text.
Bacterial lysates were normalized with respect to protein concentration,
with 40 �g of protein in each sample.

Identification of proteins. Proteins were separated on a 12.5% SDS-
PAGE gel and stained with Coomassie brilliant blue R250, cut out, and
treated with trypsin. Digested peptides were separated by a direct nano-
liquid chromatography (LC) system (DiNA-KYA Technologies) and an-
alyzed by mass spectrometry (LTQ Orbitrap Velos mass spectrometer).
The data were analyzed using the Mascot search engine in the NCBI da-
tabase.

Immunoblotting. Proteins separated by SDS-PAGE were transferred
to a polyvinylidene difluoride (PVDF) membrane and reacted with di-
luted antibodies at room temperature for 1 h. Unless described elsewhere,
dilution ratios were 1,500-fold for antipertactin (anti-Prn) (24), anti-per-
tussis toxin (anti-PTX) (Santa Cruz Biotechnology, Inc.), and anti-ade-
nylate cyclase toxin (anti-ACT) (Santa Cruz Biotechnology, Inc.) anti-
bodies from mouse and anti-Bsp22 (kind gift from Akio Abe, Kitasato
University) and anti-filamentous hemagglutinin (anti-FHA) antibodies
from rabbit (23). Rabbit anti-BspR antibody (kind gift from Akio Abe,
Kitasato University) was diluted 800-fold. Appropriate secondary anti-
bodies were diluted 20,000-fold for use. Specific proteins were detected
using ECL Prime Western blot detection reagents (GE Healthcare) and
visualized with ImageQuant LAS-4000 (GE Healthcare).

Quantitative reverse transcription-PCR (qRT-PCR). The extraction
of total RNA and quantification of specific mRNAs were performed as
described previously (19). Briefly, harvested bacterial cells were treated
with RNAprotect bacterial reagent (Qiagen), and total RNA was ex-
tracted. After treatment with DNase, RNA concentrations of 50 ng per ml
were used for the synthesis of cDNA with reverse transcriptase in the
presence of RNase inhibitor (PrimeScript RT reagent kit; TaKaRa, Otsu,
Japan). The cDNA fractions were used for quantitative PCR by the SYBR
green method (SYBR premix Ex Taq GC; TaKaRa, Otsu, Japan) with a
real-time PCR system 7500 (Applied Biosystems) using primer pairs de-
scribed in Table 2. The data were normalized to the endogenous recA level
and analyzed by the ��CT method (where CT is threshold cycle) (19). The
data were used to calculate relative fold changes in SSC medium com-
pared to the level in medium with a modified glutamate concentration
(SSC-0.2E). The error bars represent the standard deviations of the values.

TABLE 1 Bordetella pertussis strains and plasmids used in this study

Strain or plasmid Relevant genotype/description Reference

Strains
UT25Sm1 Clinical isolate 18
PMK21 Derivative of UT25Sm1, �relA �spoT 19
Tohama I Clinical isolatea 20
BP157 Clinical isolate 21
BP159 Clinical isolate 21
BP163 Clinical isolate 21
BP228 Clinical isolate 21
BP235 Clinical isolate 21

Plasmids
pRK415 Cloning vector for B. pertussis, Tetr 22
pRKTY01 Derivative of pRK415, relA gene 19

a Isolated in 1954 and used for production of acellular vaccine.
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Autoaggregation. Exponentially growing bacterial cells in SSC me-
dium were harvested and washed with SSC medium or SSC-0E. Two-
milliliter aliquots of bacterial suspensions normalized to the same value
were dispensed into polystyrene round-bottom tubes and incubated at
35°C for 6 h. The OD600 values for 500-�l samples of the upper portion of
each suspension and resuspension following mixing were measured.

Statistical analysis. The Student t test was used to determine statistical
significance, with a P value of less than 0.05 being considered significant.

RESULTS
Decreased glutamate in the medium alters the quantity of T3SS
proteins in the culture milieu. B. pertussis strains were cultured
for 30 h in SSC, SSC-0.5E, SSC-0.2E, SSC-0E, or SS medium, and
then proteins in the culture fluids were analyzed by SDS-PAGE
(Fig. 1). The amounts of several proteins in the culture milieu were
altered under lower glutamate concentrations compared to their
levels in SSC medium. Proteins with molecular masses of approx-
imately 69 kDa, 38 kDa, 32 kDa, and 24 kDa apparently were
increased at low glutamate concentrations, with the maximum
amounts of these proteins detected in cultures with SSC-0.2E me-
dium. These proteins were identified by mass spectrometric anal-
ysis as BteA (also known as BopC), BopN, BopD, and Bsp22, re-
spectively (Fig. 1). Interestingly, these proteins are T3SS secreted
proteins that must be secreted for the construction of the active
form of the apparatus. Therefore, these results suggest that the
T3SS was upregulated by decreased concentrations of glutamate
in the medium.

Consumption of glutamate in the medium. To analyze gluta-
mate consumption by B. pertussis, glutamate in the culture me-
dium was quantified at the indicated times after starting the cul-
ture. The initial glutamate concentration in SSC medium was
slightly higher than that in SS medium due to the glutamate pres-
ent in the Casamino Acids (Fig. 2A and E). During bacterial pro-
liferation, the concentration of glutamate decreased, as it was ca-
tabolized by B. pertussis, with consumption and depletion under
all conditions examined (Fig. 2). Interestingly, bacterial glutamate
consumption patterns were different depending on the presence
or absence of Casamino Acids (Fig. 2A and E). Glutamate was
consumed from the beginning of bacterial growth in the absence
of Casamino Acids, and bacterial growth was arrested despite
glutamate (approximately 50 mM) remaining in the medium. Ad-
ditionally, the maximum turbidity of the culture was much lower
than that in the presence of Casamino Acids (Fig. 2A and E).
Therefore, we can infer that in the absence of Casamino Acids,
termination of bacterial growth is due to factors other than gluta-
mate depletion. In cultures in SSC-0.5E or SSC-0.2E, the timing of
entry into stationary phase was accelerated (Fig. 2B and C). In the

presence of both Casamino Acids and glutamate, a delay of gluta-
mate consumption occurred regardless of glutamate concentra-
tion (Fig. 2A to C). B. pertussis still grew modestly in the presence
of Casamino Acids even in the absence of glutamate (Fig. 2D). If
neither glutamate nor Casamino Acids was supplied, then no bac-
terial growth was observed (data not shown). These results suggest
that amino acids other than glutamate are utilized first in the
presence of Casamino Acids. Subsequently, B. pertussis cells con-
sume glutamate efficiently as a carbon source until depletion, fi-
nally entering stationary phase (Fig. 2A to D).

Since B. pertussis growth is affected by glutamate in the pres-
ence of Casamino Acids, bacterial growth in media with different
concentrations of glutamate can be considered to show a response
to various stages of glutamate limitation. Therefore, cultures
grown for 30 h in SSC and SSC-0.2E medium were used to com-
pare glutamate-replete and -limited conditions, respectively, in
the ensuing experiments (Fig. 2A and C).

Effect of glutamate limitation on the expression of the T3SS.
The genes encoding the T3SS are located in the bsc and btr loci in
B. pertussis, except for bteA (bopC). The expression of Bordetella
T3SS genes is regulated hierarchically, similar to those in other
bacteria (25). The bsc locus contains the T3SS apparatus and ef-
fector genes, and the regulatory proteins for expression of the
T3SS are encoded by the btr locus. BtrS, encoded by the btr locus,
is an extracellular sigma factor for RNA polymerase, which tran-
scribes the genes of both the btr and bsc loci by binding to specific
promoters, regulating T3SS protein expression.

Bsp22, a tip protein of the T3SS, is secreted via the T3SS appa-
ratus and is the most abundant of the T3SS secreted proteins
found in the culture. Similar to secreted Bsp22, the amount of
Bsp22 in the lysate was found to be altered depending on the
glutamate concentration (Fig. 3A). Both bscN, encoding the

FIG 1 Proteins secreted by wild-type B. pertussis growing in modified SS
media. B. pertussis strain UT25Sm1 was cultured in SSC (lane 1), SSC-0.5E
(lane 2), SSC-0.2E (lane 3), and SSC-0E (lane 4) medium. Proteins in the
cell-free culture fluids were prepared and applied to 12.5% polyacrylamide
SDS-PAGE gels. The protein bands indicated by arrowheads were identified as
described in Materials and Methods. P1, P2, P3, and P4 are BteA (coverage
rate, 91.92%; number of unique peptides, 26; score, 30,179.41), BopN (cover-
age rate, 65.75%; number of unique peptides, 17; score, 4,058.76), BopD (cov-
erage rate, 62.30%; number of unique peptides, 18; score, 3,416.24), and Bsp22
(coverage rate, 99.51%; number of unique peptides, 8; score, 21,064.88), re-
spectively.

TABLE 2 PCR primers used for quantitative PCR in this study

Name Sequence (5=–3=) Target gene

bsp22F rt CGAACTCCTCACGGCTCAAATG bsp22
bsp22R rt GACAGCGCGGACAGGACCTC bsp22
btrS-F rt CAGAGATTCATCGCCAAGCACATC btrS
btrS-R rt GAGTCGCCACGGAACGATTGATAC btrS
btrV-F rt GGATTTGGGGCGGCTTGACTAC btrV
btrV-R rt CTTCAGTTCGCACAGCACCAGTTC btrV
bopN-F rt CATCACTCCGAACGCAAGGTCAC bopN
bopN-R rt GTCGGGGTCGTGGGTGTGG bopN
bscN-F rt CAACCGCCATCGCCGAATAC bscN
bscN-R rt CTGCCGCCAAGCCGATTTC bscN
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ATPase essential for secretion activity, and bopN, encoding an
effector, are located in the bsc locus. To analyze the regulation of
transcription by glutamate limitation, B. pertussis UT25Sm1 was
cultured in 10 ml of SSC and SSC-E0.2 for 22 h in a 100-ml flask
with shaking at 295 rpm, and total RNA was extracted to quantify
bsp22, bscN, and bopN transcripts by qRT-PCR. Glutamate in the
cultures used for this experiment was abundant in SSC medium
(68.7 mM) and limited (3.4 mM) in SSC-0.2E medium, and T3SS
proteins were produced only in the culture growing in SSC-0.2E
medium (data not shown). The levels of gene transcripts in bacterial
cells grown under glutamate-limited conditions were significantly
higher than those in bacteria grown under glutamate-replete condi-
tions (Fig. 3B). Unlike the bsc locus genes, the transcript level of the
btrS gene was not significantly induced by glutamate limitation. Sim-
ilarly, the production of the transcript of the btrV gene in the btr locus
showed no significant alteration under glutamate limitation (data not
shown).

The bspR gene is present in the btr locus in B. bronchiseptica and
is conserved in B. pertussis. Its product, BspR, is one of the T3SS
secreted proteins that is translocated into host cell nuclei and is
also a negative transcriptional regulator of T3SS genes in the bac-
terial cytosol (26). To assess the effect of BspR on the expression of
the T3SS, the levels of BspR were analyzed by immunoblotting.
Glutamate limitation significantly increased BspR levels in the
culture fluid, although it did not alter the amount in the lysate
(Fig. 3C).

These data suggest that glutamate limitation induces the ex-
pression of bsc locus genes at the transcription level but did not
affect the expression of btr locus genes.

Induction of the T3SS by glutamate limitation in Tohama I
and clinical isolates. B. pertussis UT25Sm1 is a streptomycin-re-
sistant strain derived from a clinical isolate (18). To investigate
whether the glutamate limitation response is conserved in other B.
pertussis strains, Bsp22 in the culture fluid of the B. pertussis To-

FIG 2 Patterns of glutamate consumption in the culture medium. B. pertussis strain UT25Sm1 was cultured in SSC (A), SSC-0.5E (B), SSC-0.2E (C), SSC-0E (D),
and SS (E) medium. Growth was traced by measurement of culture OD600 values (open circles). The concentration of glutamate in the culture was quantified as
described in Materials and Methods (closed circles) at the indicated time points.

FIG 3 Effect of glutamate limitation on the expression of genes encoding the T3SS. (A) Bsp22 production by B. pertussis UT25Sm1. Lysate was prepared using
bacteria cultured in SSC (lane 1), SSC-0.5E (lane 2), SSC-0.2E (lane 3), and SSC-0E (lane 4) for 30 h and analyzed by immunoblotting as described in Materials
and Methods, except the dilution of anti-Bsp22 antibody was 2,500-fold. (B) Effect of glutamate limitation on transcription of the T3SS genes. Total RNA was
extracted from B. pertussis cells, and bsp22-, bscN-, bopN-, and btrS-specific transcripts were quantified. Results presented are averages from three independent
experiments. Error bars indicate standard deviations of the means. Asterisks indicate significant differences (P � 0.05) as determined by Student t test. (C) B.
pertussis was cultured in SSC or SSC-0.2E medium for 30 h, and protein samples were prepared. The production of BspR under glutamate-replete (odd-
numbered lanes) or -depleted (even-numbered lanes) conditions was analyzed by immunoblotting. Bvg� mode bacteria were obtained by the addition of 50 mM
MgSO4 to the culture medium.
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hama I vaccine strain and five clinical isolates was analyzed (Fig.
4). Clinical isolates secreted Bsp22 at detectable levels into their
culture milieu, and they were induced by glutamate limitation
(Fig. 4A and C). Bsp22 production by the B. pertussis Tohama I

strain was not detected under glutamate-replete conditions, but it
was induced at detectable levels under glutamate limitation even
though the level was significantly lower than that of clinical iso-
lates (Fig. 4A and B). Taken together, these results suggest that the
mechanism of regulation of expression of the T3SS by glutamate
limitation is conserved in B. pertussis strains.

Role of BvgAS in the induction of T3SS genes by glutamate.
The BvgAS system positively regulates the transcription of T3SS
genes as well as most virulence factors in B. pertussis. To clarify the
role of glutamate limitation in BvgAS-mediated regulation, the
production of Bsp22 in Bvg� mode generated by addition of 50
mM MgSO4 to the culture medium was analyzed. The results
show that B. pertussis cells in Bvg� mode did not produce detect-
able levels of Bsp22 even under glutamate limitation (Fig. 5).
Therefore, glutamate limitation regulation is thought to occur
exclusively via BvgAS activation. The response of other BvgAS-
dependent virulence factors to glutamate limitation also was as-
sessed by immunoblotting. FHA, ACT, PT, and Prn are Bvg-de-
pendent virulence factors repressed in Bvg� mode and are not
produced under Bvg� in vitro modulating conditions by addition
of 50 mM MgSO4 in the culture medium. The production of sim-
ilar levels of FHA, ACT, and PT regardless of glutamate concen-
tration indicates that the expression of these genes is not affected
by glutamate limitation (Fig. 5B and D). This control mechanism
therefore is likely to be specific to genes encoding the T3SS pro-
teins and dependent on BvgAS activity.

(p)ppGpp is necessary for the maximum production of the
T3SS proteins. Cells accumulate (p)ppGpp, which is synthesized by
RelA/SpoT homologues (RSH) (27), in response to nutrient starva-
tion due to the activation of the stringent response. Previously, we
demonstrated a significant reduction of the T3SS in strain PMK21, a
(p)ppGpp-deficient mutant in which both the relA and spoT genes
have been deleted, even though the expression of other virulence fac-
tors was not affected (19). Therefore, it was anticipated that glutamate
limitation would elicit a stringent response in B. pertussis. Using B.

FIG 4 Production of T3SS proteins in clinical isolates and a laboratory strain
of B. pertussis in response to glutamate limitation. B. pertussis clinical isolates
(BP157, BP159, BP162, BP228 and BP235) and a laboratory-adapted strain
(Tohama I) were cultured in SSC medium (odd-numbered lanes) or SSC-0.2E
medium (even-numbered lanes). At 30 h after starting the culture, proteins in
the culture fluid were prepared. (A) The quantities of proteins were normal-
ized with the bacterial cell number corresponding to an OD600 of 1.2 (clinical
isolates) or 2.0 (Tohama I) and applied for analysis by immunoblotting using
a 2,500-fold dilution of the primary antibody. (B and C) Protein profiles de-
veloped in 12.5% polyacrylamide gels by SDS-PAGE were analyzed.

FIG 5 Production of Bvg-dependent proteins in B. pertussis. B. pertussis strain UT25Sm1 was cultured in SSC medium (odd-numbered lanes) or SSC-0.2E
medium (even-numbered lanes). Bacteria cultured in the presence of 50 mM MgSO4 were used as Bvg� mode bacteria. At 30 h after starting the culture, bacterial
protein samples were prepared as described in Materials and Methods. SDS-PAGE gels of protein in cell lysates and culture fluids were visualized by staining with
Coomassie brilliant blue (A and C). Bsp22, FHA, ACT, and PTX in protein samples were analyzed by immunoblotting (B and D). For the detection of Bsp22 in
the cell-free culture fluids, the primary antibody was diluted 2,500-fold.
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pertussis strain PMK21, we examined the involvement of the strin-
gent response in T3SS induction by glutamate limitation. Prn pro-
duction was not affected by either (p)ppGpp depletion or gluta-
mate limitation (Fig. 6). In contrast, Bsp22 was significantly
reduced by the depletion of (p)ppGpp, similar to previous results
(19). Moreover, Bsp22 was slightly induced by glutamate limita-
tion in both cell-free culture fluids and lysates (Fig. 6). These re-
sults not only indicate that (p)ppGpp is essential for full expres-
sion of the T3SS but also imply that T3SS gene expression is
regulated by other factors via glutamate limitation.

Autoaggregation is affected by glutamate in B. pertussis
strains. Since filamentous structures such as the T3SS often are
involved in cell aggregation, we investigated the correlation be-
tween T3SS production and the ability to autoaggregate under
glutamate-limited conditions. In SSC medium with abundant
glutamate, B. pertussis in Bvg� mode did not aggregate at all dur-
ing 6 h of incubation, but autoaggregation was significantly in-
creased under glutamate-depleted conditions (Fig. 7A). Under
Bvg-modulated conditions with 50 mM MgSO4, bacterial cells did
not aggregate regardless of the presence of glutamate (Fig. 7A). On
the other hand, Bsp22 was already induced 6 h after transferring
bacterial cells to SSC-0E or SS medium (Fig. 8). In particular, B.
pertussis responded by altering protein production by 6 h after
exposure to glutamate limitation. As shown in Fig. 7B, all clinical
isolates examined showed no autoaggregation under glutamate-
replete conditions and high autoaggregation under glutamate-
limited conditions. On the other hand, B. pertussis Tohama I did
not autoaggregate at all (Fig. 7B). The (p)ppGpp-deficient strain
B. pertussis PMK21 partially autoaggregated under glutamate-
limiting conditions, but full autoaggregation was restored when
the relA gene was provided on pRKT01 (Fig. 7C). These results
suggest a role for (p)ppGpp in the induction of autoaggregation
under glutamate-limited conditions; however, other factors likely
are involved.

DISCUSSION

The construction of the T3SS apparatus or activation of the secre-
tion machinery often is stimulated by specific culture conditions,
presumably corresponding to the strain’s required microenviron-
ments. Modifications of culture conditions therefore are required

to analyze the T3SS by in vitro experiments. Many bacterial strains
cultured in nutrient-poor media express high levels of the T3SS
while producing undetectable levels under nutrient-rich condi-
tions (28–30). In the case of both enterohemorrhagic and
enteropathogenic Escherichia coli, bacteria that are cultured in
Dulbecco’s modified Eagle’s medium with low glucose and grown

FIG 6 Production of Bsp22 and pertactin (Prn) in B. pertussis strains
UT25Sm1 and PMK21. B. pertussis strains were cultured in SSC (lanes 1 and 5),
SSC-0.5E (lanes 2 and 6), SSC-0.2E (lanes 3 and 7), and SSC-0E (lanes 4 and 8)
medium. At 30 h after starting the culture, protein samples were prepared and
separated by 12.5% polyacrylamide SDS-PAGE gels. Prn and Bsp22 were de-
tected by immunoblotting as described in Materials and Methods.

FIG 7 Autoaggregation of B. pertussis strains under various nutritional con-
ditions. (A) B. pertussis strains were cultured in SSC medium for 24 h, and
autoaggregation was evaluated by measurement of OD600 values from the
upper portion of the culture (closed bars) and following resuspension by vor-
texing (open bars) after incubation in SSC medium (�) or SSC-0E medium
(�) or in the absence (Bvg�) or presence (Bvg�) of 50 mM MgSO4. (B) The
autoaggregation of B. pertussis clinical isolates and Tohama I strains was ana-
lyzed, and the effect of (p)ppGpp production on autoaggregation is shown. (C)
B. pertussis strains PMK21 and PMK21, carrying pRKT01 (relA�) or pRKT415
(vec�), were cultured and autoaggregation was investigated. OD600 values are
the averages from three independent experiments. Error bars indicate stan-
dard deviations of the means. Representative results from three independent
experiments are indicated in the figures.

FIG 8 Production of cellular Bsp22 in response to nutrient limitation. Expo-
nential-phase B. pertussis UT25Sm1 cells cultured in SSC medium were col-
lected and resuspended in fresh SSC medium, SSC-E0 medium, or SS medium.
At 3, 6, and 9 h after changing the medium, bacterial cells were lysed and Bsp22
was visualized by immunoblotting using a 2,500-fold dilution of anti-Bsp22
antibody. Before replacement of the medium, a portion of the bacterial cells
was stored and used for preparation of lysate at 0 h.
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overnight at 37°C without agitation produce T3SS proteins
(31–33). This obviously indicates that the expression of the T3SS
is activated under nutrient limitation; therefore, there is tight con-
trol in response to the microenvironment.

In the present study, we investigated the effect of glutamate
limitation on B. pertussis. The production of the T3SS proteins
was significantly increased when glutamate was depleted from the
medium. Conversely, FHA, ACT, PTX, and Prn, which also are
BvgAS-dependent virulence factors, were not regulated by gluta-
mate. The unaltered production of other Bvg-dependent viru-
lence factors suggests that the function of BvgAS itself is not di-
rectly modified by glutamate limitation. BvgAS activation is
necessary for the transcription of T3SS genes but is insufficient for
maximum expression of T3SS proteins. We assessed the possibil-
ity of an effect on BspR; however, the level in the lysate remained
the same despite glutamate limitation (Fig. 3C). Thus, the tran-
scription of genes of the bsc locus, which is BtrS dependent, was
upregulated by glutamate limitation, whereas the expression of
the btr locus genes was not significantly altered. Therefore, it
seemed that the upregulation of the bsc genes occurs after the
transcription of btr locus genes.

The effect of glutamate limitation on gene expression in B.
pertussis first was investigated by DNA microarray analysis (34).
Contrary to the case in the present study, the amount of T3SS
transcripts was decreased under glutamate limitation. Moreover,
decreased transcript levels were observed during the transition
from exponential to stationary phase (34). It is notable that Nich-
olson et al. demonstrated that B. bronchiseptica expressed higher
levels of T3SS genes and cytotoxicity mediated by T3SS in late
exponential phase and stationary phase than during mid-expo-
nential phase (35). At the entry into stationary phase, the nutrient
limitation response is an important aspect of growth phase-de-
pendent gene regulation in addition to other factors, such as the
effect of metabolite accumulation. The reason why these results
are inconsistent with those of the present study is not clear but
may be due to culture conditions or differences between analyses
of transcripts and gene products.

The stringent response is triggered by the accumulation of
(p)ppGpp in bacterial cells by RelA/SpoT homologues (RSH pro-
teins), which have a (p)ppGpp synthase domain (27). Since other
genes encoding RSH proteins except for relA and spoT have not
been found in B. pertussis (19), strain PMK21 did not synthesize
detectable (p)ppGpp even in the presence of serine hydroxamate,
a strong (p)ppGpp inducer, and it showed significantly decreased
production of Bsp22 (19). (p)ppGpp is required for SPI-1 activa-
tion under low oxygen conditions and positively regulates PI-2
genes in Salmonella enterica serovar Typhimurium (36). Recently,
the regulation of the T3SS by (p)ppGpp was demonstrated in Er-
winia amylovora via a sigma factor cascade (37). In B. pertussis, the
production of the T3SS was significantly decreased by a deficiency
of (p)ppGpp (19), and the level still was low even though the
amount of glutamate was limited (Fig. 6). Taking these results
together, (p)ppGpp is necessary for maximum induction of the
T3SS under conditions of BvgAS activation. Additionally, these
results strongly suggest that glutamate limitation is one of the
triggers for induction despite the lack of direct evidence for induc-
tion of (p)ppGpp by glutamate limitation.

The accumulation of (p)ppGpp is induced by depletion of
amino acids and iron (14, 17). The induction of (p)ppGpp accu-
mulation by carbon starvation initially was shown in E. coli (15)

and subsequently demonstrated in several other bacteria (16, 38–
41). It was reported that T3SS production in both B. pertussis and
B. bronchiseptica was upregulated when bacteria were cultured in
iron-depleted medium (8, 42). We cultured strain PMK21 under
iron-limited conditions to assess the role of the stringent response
in the iron limitation response, but it did not grow in iron-de-
pleted SSC medium (data not shown). Meanwhile, SS medium is
relatively low in amino acids because only 0.03 mM cysteine and 2
mM proline are supplied in addition to glutamate, and SSC me-
dium is more amino acid rich because of the inclusion of Casa-
mino Acids. Bsp22 in the bacterial lysate was induced by exposure
to the amino-acid-poor conditions of SS medium (Fig. 8).

Autoaggregation was stimulated in response to glutamate
limitation in B. pertussis strains except for Tohama I, and the
stringent response seemed partially related to this stimulation.
FHA, which is one of the adhesins for B. pertussis and an important
virulence factor, is localized on the cell surface and also released
into the medium. In the absence of cyclodextrin, FHA associates
with the cell surface and causes strong autoaggregation via FHA-
FHA binding, probably due to its hydrophobicity (43). This is
likely the reason for the decreased autoaggregation in Bvg�-mode
bacteria, but it is not clear why the Tohama I strain was unable to
autoaggregate, because this strain evidently produces FHA, which
was utilized as a vaccine component. Moreover, glutamate limita-
tion did not alter the amounts of FHA in either the cell lysate or the
culture fluid. Therefore, additional relationships involving other
factors that are induced by glutamate limitation are likely.

The functions of the T3SS in B. pertussis have not been fully
elucidated, although the facilitation of colonization and suppres-
sion of proinflammatory cytokine production have been reported
in a murine model (28). There is both direct and indirect evidence
for in vivo expression of the T3SS in B. pertussis. For example,
Bsp22 was detected in lung homogenate of B. pertussis-infected
mouse (7, 44, 45). In addition, some clinical isolates that did not
produce BteA (one of the effectors of the T3SS) due to an insertion
sequence (IS) in the promoter of bteA still secreted BopD and
produced a functional T3SS apparatus (21). According to these
results, it is possible that the T3SS has an alternative role in colo-
nization or persistence in addition to the roles of T3SS effectors in
modulating immunity and regulating pathogenesis. Also, the ex-
pression of the T3SS genes might be tightly controlled depending
on the environment in the host.

The expression of Bsp22 was slightly increased by glutamate
limitation in strain PMK21, although the level was much lower
than that in the wild-type strain under glutamate-replete con-
ditions. Even when glutamate is the main carbon source, it is
also an amino acid that could be an important nitrogen source;
therefore, its limitation will affect other aspects of metabolism,
such as the glutamate-glutamine cycle. Thus, the glutamate
limitation response is probably a component of the complex
stringent response as well as other regulatory systems. In-
creased production of T3SS proteins and enhanced autoaggre-
gation ability in response to glutamate limitation provides an
adhesive phenotype that tends to persist in vivo. Future studies
will unveil further details regarding the role of glutamate lim-
itation in pathogenicity.
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