

















Flagellar Gene Expression in Paenibacillus sp.

FIG 4 Expression of P, .-gfp and P, -gfp transcriptional reporters. The indicated strains harboring P, 4-gfp or
Phag-gfp reporters were grown on 2X YT-1.5% agar plates. Expression of GFP was analyzed by fluorescence
microscopy. Phase-contrast and GFP fluorescence images are shown. Overlay images represent merged phase-
contrast (false-colored red) and GFP (false-colored green) images.

genes to the fliF mutant (Fig. 3B). These results indicate that the ¢P-FIgM regulation
system is conserved in Paenibacillus sp.

To examine promoter activity, we cloned upstream regions of flgB (the first gene of
the fla-che operon) and hag into the gfp reporter plasmid. The resulting P, 5-gfp and
Phag-gfp transcriptional fusions were introduced into Paenibacillus sp. using the multi-
copy plasmid pHY300PLK (36). Expression of green fluorescent protein (GFP) was
analyzed microscopically. To test the system, GFP expression was assessed in the
wild-type and flif and flgM mutant strains. The flif mutation had little or no effect on
expression of P4 s-gfp, but reduced expression of P,,,-gfp, compared with that in the
wild-type strain (Fig. 4). The flgM mutation had little or no effect on expression, but
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expression of P,,.-gfp was restored in the fliF fliM double mutant. These observations
were consistent with the Northern blot analysis (Fig. 3A), confirming the function-
ality of the GFP reporter system. These results indicate that like in B. subtilis, flagellar
gene transcription is controlled by an early flagellar promoter for the fla-che operon
and oP-dependent late flagellar promoters for hag and other flagellar genes in
Paenibacillus sp.

Next, we examined the effect of the degSU, wsfP, and PBN151_4312 mutations on
promoter expression. The degSU mutation greatly reduced the expression of both
Pags-gfp and Py, -gfp (Fig. 4). The figM deletion restored the expression of P, -gfp but
not the expression of P, s-gfp to the degSU mutant (Fig. 4). Consistent with this, the
degSU flgM mutant did not express flagellin (Fig. 2B) and did not spread on agar
medium (Fig. 1). Similar to the degSU mutation, the degS mutation reduced expression
of Pae-gfp and P,,,-gfp (Fig. 4). The flgM mutation did not restore motility to the deg$S
mutant (Fig. 1). Phosphorylated DegU directly activates the flgB promoter in B. subtilis
(31). The requirement of degSU for figB promoter activity indicates that phosphorylated
DegU probably directly activates the flgB promoter in Paenibacillus sp.

The wsfP mutation also reduced the expression of both P, .-gfp and P,,-gfp;
however, the effect on P z-gfp was weaker than with the degSU mutation (Fig. 4). The
flgM mutation fully restored the expression of both P, z-gfp and P,,,,-gfp to the wsfP
mutant (Fig. 4). Consistent with this, the wsfP flgM mutant expressed the wild-type level
of flagellin, as demonstrated by SDS-PAGE analysis (Fig. 2B). These results indicate that
the wsfP mutation severely affects oP-dependent promoters rather than the flgB
promoter. Despite a healthy expression of flagellar genes, the wsfP flgM mutant still
exhibited a mild defect in motility on 1% and 1.5% agar (Fig. 1). This observation
indicates that glycan chains on S-layer play important roles in Paenibacillus sp. motility.
Since lipopolysaccharides serve as wetting agents facilitating swarming motility in
Proteus mirabilis and Salmonella enterica (42, 43), glycan chains may serve a similar
function.

The PBN151_4312 mutation did not affect the expression of P4 z-gfp but reduced
Phag-gfp expression (Fig. 4). The figM mutation fully restored expression of P, -gfp to
the PBN151_4312 mutant (Fig. 4). Consistently, the figM PBN151_4312 mutant expressed
the wild-type level of flagellin and exhibited normal motility (Fig. 1 and 2B). Thus, the
PBN151_4312 mutation affects only oP-dependent promoters.

As described above, the fliB and PBN151_3459 mutations did not have severe effects
on flagellar gene expression. The flgM mutation did not restore flagellin levels or
motility to the fliB and PBN151_3459 mutants (Fig. 1 and 2B) and actually exacerbated
a motility defect in the PBN157_3459 mutant (Fig. 1). These observations support our
speculation that the fliB and PBN151_3459 mutations may not have direct effects on
flagellar gene transcription.

DegSU is a regulator that responds to surface contact signals. Paenibacillus sp.
induces flagellar gene transcription when grown on solid medium (28). wsfP and
PBN151_4312 were probably involved in cell surface structures, which directly contact
the external environment. We investigated whether wsfP and PBN151_4312 were
required to induce flagellar genes in response to surface growth conditions. Flagellar
genes were not expressed in these mutants, but the wsfP and PBN151_4312 mutants
expressed flagellin in the figM mutant background (Fig. 2B). Therefore, flagellin levels
were compared in the flgM, wsfP flgM, and PBN151_4312 flgM mutants in liquid and
solid media. The flgM mutant exhibited higher expression of flagellin on solid medium
than in liquid medium, as observed in the wild-type strain (Fig. 5A). Flagellin production
was also induced on solid medium in the wsfP flgM and PBN151_4312 flgM mutants (Fig.
5A). These results indicate that flgM, wsfP, and PBN151_4312 are not involved in the
induction of flagellar genes under surface growth conditions.

Next, we tested whether DegSU induced flagellar genes in response to surface
growth conditions. The degSU mutant did not express flagellin even in the flgM mutant
background (Fig. 2A and B). Overexpression of two-component systems often causes
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FIG 5 DegSU activates flagellar expression in response to restriction of flagellar rotation. (A) Overex-
pression of DegSU leads to constant flagellar expression regardless of growth medium. Wild-type and
mutant strains were grown in 2X YT liquid medium (L lanes) or on 2X YT-1.5% agar solid medium (S
lanes). The P,,,~degSU strain was grown in the absence or presence of 1 mM IPTG. Cell surface-
associated proteins were analyzed by SDS-PAGE. S-layer and flagellin proteins are indicated by arrows.
(B) Flagellin levels increased with increasing medium viscosity. The wild-type strain was grown to ODg,
of 0.6 in liquid medium supplemented with indicated concentrations of Ficoll. Flagellin levels were then
analyzed by SDS-PAGE. (C) The gene organization and transcriptional map of the degSU operon. Bent
arrows indicate the position and direction of promoters. Dashed arrows of a, b, and c indicate transcripts
detected by Northern blotting of degU in panel D. The deletion region of the degS mutant is indicated
below the gene map. The insert position of the lac/ and spank promoter cassette in the Pspank-degSU
strain is also shown. (D) Northern blot analysis of degSU transcription in the Pspank-degSU strain.
Wild-type and mutant strains were grown in 2X YT liquid medium (L lanes) or on 2X YT-1.5% agar solid
medium (S lanes). The P, ,,,,-degSU strain was grown with or without 1 mM IPTG. Methylene blue-stained
rRNA is shown as a loading control. (E) The effect of overexpression of DegSU on flagellar expression.
Wild-type and P,,,,,-degSU strains were grown in liquid medium (L), solid medium (S), or liquid medium
supplemented with 15% Ficoll in the presence of 1 mM IPTG. hag transcription was analyzed by Northern
blotting. rRNA stained with methylene blue is shown as a loading control. (F) The effect of flagellar stator
mutations on flagellar expression. Wild-type and AmotAB AmotCD strains were grown in liquid medium
(L), solid medium (S), or liquid medium supplemented with 15% Ficoll.

signal-independent activation of these systems (44). If DegSU activates flagellar gene
transcription in response to surface growth conditions, increased expression of DegSU
may bypass the requirement of signals for the induction of flagellar genes. To achieve
overexpression of degSU, a DNA fragment containing lac/ and a Lacl-repressive/
isopropyl-thio-B-p-galactopyranoside (IPTG)-inducible spank promoter (45) was in-
serted just upstream of the Shine-Dalgarno sequence for deg$ (Fig. 5C). The resultant
P.pank-degSU strain exhibited clear induction of degSU transcription in liquid and solid
media in the presence of IPTG (Fig. 5D). Some transcription was also observed in the
absence of IPTG, probably because the spank promoter was leaky. In the absence of
IPTG, flagellin levels were low in liquid medium and increased on solid medium (Fig.
5A). In contrast, in the presence of IPTG, high levels of flagellin were observed in both
liquid and solid media (Fig. 5A). Consistent with this observation, in the presence of
IPTG, the Pspank-degSU strain exhibited strong transcription of hag in both liquid and
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solid media (Fig. 5E, left). These results indicate that overexpression of DegSU can
bypass the requirement of signals to induce flagellar gene transcription. Thus, DegSU
is a good candidate for a regulator that responds to surface growth conditions.

The activation signals for DegSU remain unknown, even in B. subtilis. However, as
the sensor kinase DegS is a cytoplasmic protein, the mechanism does not appear to be
via direct sensing of extracellular signals. Surface contact signals are sensed by flagella
in Vibrio parahaemolyticus and Proteus mirabilis (4-9). Contact of flagellar filaments to
a surface or viscous environment physically restricts their rotation, which triggers
flagellar gene transcription (4-9). We hypothesized that restriction of flagellar rotation
might also induce flagellin expression in Paenibacillus sp. To test this hypothesis,
flagellin levels were assessed in the wild-type strain cultivated in liquid medium
containing different concentrations of a viscous agent, Ficoll, which physically restricts
flagellar rotation. As shown in Fig. 5B, flagellin levels increased with increasing Ficoll
concentrations. Specifically, the flagellin level was 3.2-fold higher in the presence of
15% Ficoll than in the absence of Ficoll. Consistent with this, hag transcription was
clearly induced in the wild-type (WT) strain in the presence of 15% Ficoll (Fig. 5E, right).
The effects of inhibition of flagellar rotation on flagellar transcription were further
investigated in disruption mutants for flagellar stators, which were responsible for
flagellar rotation. Paenibacillus sp. possesses two flagellar stator operons, motAB and
motCD, and motility was completely lost in the motAB motCD quadruple-deletion
mutant (28). Transcription of hag was substantially elevated in the motAB motCD
mutant in both liquid and solid media to levels comparable to those of the wild-type
strain grown on solid medium (Fig. 5F, left). The addition of Ficoll to liquid medium did
not further increase hag transcription in the motAB motCD mutant (Fig. 5F, right). These
observations indicate that Paenibacillus sp. also senses surface contact signals via
restriction of flagellar rotation. It is noted that, despite the high levels of hag transcrip-
tion, flagellin production was largely lost in the motAB motCD mutant (Fig. 2A). The
flagellar stator proteins appear to be indispensable for flagellar assembly or flagellar
stability in Paenibacillus sp.

The effect of the addition of Ficoll on hag transcription was also examined in the
Pspank-degSU strain in the presence of IPTG. The addition of Ficoll did not further
increase hag transcription (Fig. 5E, right). This observation indicates that restriction of
flagellar rotation and DegSU may function in the same regulatory pathway. DegSU is
shown to be activated by restriction of flagellar rotation in B. subtilis (17, 18). Taken
together, our observations indicate that DegSU may activate flagellar gene transcrip-
tion in response to restriction of flagellar rotation in Paenibacillus sp.

Role for DegSU in B. subtilis motility. DegSU controls multiple cellular functions,
such as motility, biofilm formation, poly-y-glutamate production, and protease produc-
tion in B. subtilis (references 19 and 20 and references therein). Previous studies showed
that a small amount of DegU~P, which is probably phosphorylated by low-molecular-
weight phospho-donors in a DegS-independent manner, is sufficient to induce flagellar
gene expression, whereas relatively a large amount of DegU~P, which is phosphory-
lated by DegS, is required for biofilm formation, poly-y-glutamate synthesis, and
protease production (19, 20, 32). In B. subtilis, as in Paenibacillus sp., the disruption of
the flagellar stator operon motAB or the addition of Ficoll to liquid medium induces the
transcription of DegSU-regulated genes (17, 18). However, as DegS is dispensable for
motility and a large amount of DegU~P inhibits flagellar gene transcription in B. subtilis
(19, 20, 46, 47), the activation of DegSU via restriction of flagellar rotation was
previously proposed to lead to biofilm formation, poly-y-glutamate synthesis, and
protease production rather than increased motility (17, 18). The activation of DegSU
through the restriction of flagellar rotation appears to constitute a part of the regula-
tory network for biofilm formation. An exopolysaccharide synthesis enzyme, EpsE, is a
bifunctional protein, which binds to the flagellar rotor to inhibit flagellar rotation during
biofilm formation (48). This action probably activates DegSU to enhance biofilm
formation (21). However, since our findings suggest that the motility systems in the two
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FIG 6 Motility of the B. subtilis degS mutant. B. subtilis strains were inoculated into the center of plates
containing LB solidified with the indicated agar concentrations. Plates were incubated at 37°C for 18 h.
Plate diameter, 9 cm.

bacteria share several common features, we speculated that the activation of DegSU
through restriction of flagellar rotation might enhance motility in B. subtilis. In that case,
the B. subtilis degS mutant would exhibit motility defects under certain conditions. In
previous studies, motility of the degS mutant was tested at a single agar concentration
(19, 20), and we therefore retested its motility on LB medium containing 0.3 to 0.9%
agar. The wild-type strain (NCIB 3610) was able to spread on media up to 0.7% agar,
whereas the degS mutant was able to spread on media up to 0.5% agar (Fig. 6). Under
the same conditions, the srfAC mutant, which was unable to produce surfactin, a
surface-active molecule required for swarming motility but not swimming motility (49),
spread on 0.3% agar medium but failed to spread on medium with =0.5% agar (Fig. 6).
Thus, Deg$S was dispensable on 0.3% agar (swimming motility condition) and 0.5% agar
(swarming motility condition), as described previously, but was indispensable on 0.7%
agar medium (tougher swarming motility conditions). These results indicate that the
activation of DegSU can lead to increased motility under certain conditions in B. subtilis.

Conclusion remarks. Paenibacillus sp. forms moving colonies which can move on
1.5% hard agar medium. The previous study showed that despite its unusual motility
behavior, the composition and organization of flagellar genes are quite similar to those
of B. subtilis (28). In this study, we showed that flagellar genes of Paenibacillus sp. were
also controlled by early and late promoters in a manner similar to that seen in B. subtilis.
The early promoter was regulated by DegSU, as observed for B. subtilis. However, unlike
in B. subtilis, DegS was essential for motility in Paenibacillus sp. This difference is
probably due to the function of SwrA. In B. subtilis, a small amount of DegU is
phosphorylated by small phospho-donors independently of DegS (32). SwrA facilitates
binding of a small amount of DegU~P to the promoter of the fla-che operon, which
induces flagellar gene transcription in B. subtilis (14-16). However, since Paenibacillus
sp. possesses no SwrA homolog, DegS may be required to produce enough DegU~P
to bind and activate the fla-che operon promoter in Paenibacillus sp. Thus, induction of
flagellar genes is mainly controlled by SwrA levels in B. subtilis (12), whereas it may be
controlled by DegU~P levels in Paenibacillus sp.

WsfP and PBN151_4312 were required for the activation of oP-dependent late
flagellar promoters. Since WsfP and PBN151_4312 functions were probably involved in
cell surface structures, o® activity may be subject to the regulation associated with cell
surface functions in Paenibacillus sp. Although similar regulations have not been
reported in B. subtilis, cell surface structures affect flagellar gene expression in Proteus
mirabilis, in which the loss of lipopolysaccharides reduces flagellar gene transcription
(50, 51). WsfP and PBN151_4312 were not required to induce flagellar genes in
response to surface contact signal in the flgM mutant background. However, since cell
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surface structures directly contact the external environment, the WsfP- and
PBN151_4312-related regulations are expected to play important roles under surface
growth conditions.

Flagellar gene transcription was induced when Paenibacillus sp. was grown on solid
medium or in highly viscous liquid medium. Paenibacillus sp. cells sensed surface
contact signals through restriction of flagellar rotation, as observed for the Gram-
negative bacteria Vibrio parahaemolyticus and Proteus mirabilis (4-9). DegSU is known
to respond to restriction of flagellar rotation in B. subtilis (17, 18). Our observations
indicate that DegSU induces flagellar gene in response to restriction of flagellar rotation
in Paenibacillus sp. Although the activation of DegSU through the restriction of flagellar
rotation has been thought to enhance biofilm formation rather than motility in B.
subtilis, we showed that the B. subtilis degS mutant exhibited motility defects under a
tougher swarming condition. This observation indicates that the activation of DegSU
through restriction of flagellar rotation can enhance motility in both Paenibacillus sp.
and B. subtilis, although this mechanism functions under limited conditions in B. subtilis.

The activation of DegSU plays indispensable roles in enhancing motility in Paeni-
bacillus sp. In B. subtilis, DegSU regulates multiple cellular processes that occur under
different growth conditions (17-20, 52, 53), and its action and activity are regulated by
accessory proteins SwrA and DegQ, the latter of which is required for efficient phos-
photransfer from phospho-DegS (DegS~P) to DegU (19). However, Paenibacillus sp.
does not possess SwrA and DegQ homologs. The presence and absence of these
proteins would lead to differences in these bacteria.

MATERIALS AND METHODS

Strains and growth conditions. The Paenibacillus sp. strains used in this study are shown in Table
2. Paenibacillus sp. was grown in LB (LB Lennox; Difco) or 2X YT (16 g - liter~' tryptone [Difco], 10 g -
liter—1 yeast extract [Difco], 5 g - liter—" NaCl) medium. Single colonies were isolated on 2.5% agar plates.
Antibiotics were used at the following concentrations: erythromycin, 2.5 ug - ml~; spectinomycin, 100
ug - ml=1; chloramphenicol, 2.5 ug - ml~7; and tetracycline, 10 g - ml=". Ficoll 400 was obtained from
Sigma-Aldrich. Transformation of Paenibacillus sp. was carried out using electroporation, as described
previously (28). The motility of Paenibacillus sp. was examined on 2X YT plates, as described previously
(28). For protein and RNA analyses, overnight cultures were diluted 10-fold, and 100 ul was spread on
9-cm-diameter plates. Cells were then cultivated at 37°C for 5 h prior to harvesting and analysis. B. subtilis
strain NCIB 3610 and the degS mutant were as described previously (19). Escherichia coli HB101 was used
for plasmid construction.

Mini-Tn70 mutagenesis. Paenibacillus sp. was transformed with plasmid pIC333 (29). Single colonies
of fresh erythromycin-resistant transformants were inoculated into 10 ml of LB medium containing
spectinomycin (LB-Spc) and grown at 28°C for 20 h with vigorous shaking. Cultures were then transferred
to 1 liter of LB-Spc and incubated overnight at 40°C with vigorous shaking. The next day, 10 ml of each
culture was transferred to a new liter of LB-Spc and incubated overnight at 40°C with vigorous shaking.
Part of each culture was centrifuged, and the cell pellet was suspended in the same volume of LB
supplemented with 20% glycerol and stored at —80°C. Each library was tested for its spectinomycin-
resistant (Spct) CFU and plated on LB-Spc-2.25% agar with an appropriate dilution, and the plates were
incubated at 37°C. Approximately 20,000 colonies from eight independent libraries were screened for
mutants that formed round colonies on 2.25% agar plates. Round colonies were picked, and their
mobility was subsequently tested on 1.5% agar in 24-well plates. Ninety motility-defective mutants were
isolated using this procedure. Chromosomal DNA was then isolated from the mutants as described
previously (28). Approximately 100 to 200 ng of chromosomal DNA was digested with Taql (TaKaRa Bio)
and then self-ligated overnight. The ligation mixtures were then precipitated with ethanol and used as
the template for PCR. DNA regions flanking the Tn70 insertions were amplified with the Tn70-F1/Tn70-R1
or Tn10-F2/Tn10-R2 primer set (see Table S1 in the supplemental material). The resulting PCR products
were purified and used as the template for DNA sequencing.

Strain construction. Gene disruption was performed using plasmid pMAD, as described previously
(28, 30). DNA fragments involved in gene disruption via double-crossover recombination were prepared
by PCR and cloned into the pMAD plasmid (30). The primers used for PCR are listed in Table S1. Gene
disruptions were obtained by a two-step screen (integration/excision) method, as described in supple-
mental material. Plasmid pMAD was also used for complementation test. The deletion mutants were
transformed with pMAD containing the corresponding wild-type sequence, and complemented strains
were obtained by a two-step screen method. Plasmid pHY300PLK (36) was used as a vector for
complementation and gfp reporters.

Fractionation of cellular proteins. Protein samples were prepared as described previously (28).
Strains were grown to an optical density at 600 nm (ODy,,) of 0.6 at 37°C in 2X YT liquid medium or
grown for 5 h at 37°C on 2X YT-1.5% agar medium. Cells were suspended in 10 mM Tris-HCl (pH 7.6)
and collected in 1.5-ml tubes. The number of cells in each sample was adjusted according to the ODg,,
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TABLE 2 Paenibacillus sp. strains used in this study

Applied and Environmental Microbiology

aTetr, tetracycline resistance.

value. Cells were separated by centrifugation at 15,000 rpm for 2 min. The supernatant was used as the
secreted protein fraction. The precipitated cells were suspended in 10 mM Tris-HCl (pH 7.6)-0.1% SDS
and boiled for 1.5 min to extract cell surface-associated proteins. The samples were then centrifuged at

Strain Genotype or description? Reference or strain construction

NAIST15-1 Prototroph 28

P109 AdegSU::cat PMAD45—NAIST15-1

P151 AdegS PMADdegS—>NAIST15-1

P116 AwsfP::cat pPMAD88—NAIST15-1

P117 APBN151_4312:cat PMAD96—NAIST15-1

P106 AfliB:cat PMADG60—NAIST15-1

P104 APBN151_3459::cat PMAD25—NAIST15-1

P128 AflgM (in-frame deletion) pPMADflgM—NAIST15-1

P154 AdegSU::cat AfilgM (in-frame deletion) pMADflgM—P109

P268 AdegS AflgM (in-frame deletion) pMADflgM—P1

P152 AwsfP::cat AflgM (in-frame deletion) pMADflgM—P116

P160 APBN151_4312::cat AflgM (in-frame deletion) pMADflgM—P117

P144 AfliB:cat AfigM (in-frame deletion) pPMADflgM—P106

P145 APBN151_3459::cat AflgM (in-frame deletion) pMADflgM—P104 O

P155 AfliF (in-frame deletion) 28 o

P158 AmotCD 28 %

P162 AmotAB AmotCD 28 o

P101 Ahag::cat 28 o)

P159 AfliF (in-frame deletion) AflgM (in-frame deletion) pMADflgM—P155 %

P216 lacl P qni-degSU pMADspankSU—NAIST15-1 o

P130 pHYG1-flgB (Pgys-gfp transcriptional fusion, Tet') pHYG1-flgB—NAIST15-1 =

P170 AfliF (in-frame deletion) pHYG1-flgB pHYG1-flgB—P155 @]

P166 AfigM (in-frame deletion) pHYG1-flgB pHYG1-flgB—P128 3

P171 AfliF (in-frame deletion) AflgM (in-frame deletion) pHYG1-flgB pHYG1-flgB—P159 =5

P167 AdegS pHYG1-flgB pHYG1-flgB—P151 %

P136 AdegSU::cat pHYG1-flgB pHYG1-flgB—P109 =

P169 AdegSU:cat AfigM (in-frame deletion) pHYG1-flgB pHYG1-flgB—P154 Q\,

P137 AwsfP:cat pHYG1-flgB pHYG1-flgB—P116 @D

P168 AwsfP::cat AflgM (in-frame deletion) pHYG1-figB pHYG1-flgB—P152 3

P143 APBN151_4312:cat pHYG1-figB pHYG1-igB—P117 )

P172 APBN151_4312::cat AfigM (in-frame deletion) pHYG1-flgB pHYG1-flgB—P160 )

P174 pHYG1-hag (P,,,,-gfp transcriptional fusion, Tet") pHYG1-hag—NAIST15-1 3

P183 AfliF (in-frame deletion) pHYG1-hag pHYG1-hag—P155 2

P187 AflgM (in-frame deletion) pHYG1-hag pHYG1-hag—P128 Q

P184 AMMliF (in-frame deletion) AflgM (in-frame deletion) pHYG1-hag pHYG1-hag—P159 o

P180 AdegS pHYG1-hag pHYG1-hag—P151 >

P176 AdegSU::cat pHYG1-hag pHYG1-hag—P109 =

P182 AdegSU::cat AfilgM (in-frame deletion) pHYG1-hag pHYG1-hag—P154 Q

P177 AwsfP:cat pHYG1-hag pHYG1-hag—P116 <

P181 AwsfP:cat AMigM (in-frame deletion) pHYG1-hag pHYG1-hag—P152 =

P178 APBN151_4312::cat pHYG1-hag pHYG1-hag—P117 =

P185 APBN151_4312:cat AflgM (in-frame deletion) pHYG1-hag pHYG1-hag—P160 B
N
H
o
<
«Q
c
0]
<24

15,000 rpm for 2 min, and the resulting supernatant was used as the cell surface-associated protein
fraction. The protein samples were then separated by SDS-PAGE (SuperSep Ace 10 to 20% gels; Wako
Pure Chemical Industries). The intensity of flagellin bands on SDS-PAGE was analyzed using the ImageJ
software.

Northern blot analysis. Cells were collected from 2X YT liquid or plate cultures. Total RNA was
extracted, and Northern blot analysis was performed as described previously (19). The primers used for
RNA probe preparation were described previously (28).

SUPPLEMENTAL MATERIAL
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