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Treponema denticola is an anaerobic, motile, oral spirochete associated with periodontal disease. We found
that the periplasmic flagella (PFs), which are located between the outer membrane sheath and cell cylinder,
influence its morphology in a unique manner. In addition, the protein composition of the PFs was found to be
quite complex and similar to those of other spirochetes. Dark-field microscopy revealed that most wild-type
cells had an irregular twisted morphology, with both planar and helical regions, and a minority of cells had a
regular right-handed helical shape. High-voltage electron microscopy indicated that the PFs, especially in
those regions of the cell which were planar, wrapped around the cell body axis in a right-handed sense. In those
regions of the cell which were helical or irregular, the PFs tended to lie along the cell axis. The PFs caused the
cell to form the irregular shape, as two nonmotile, PF-deficient mutants (JR1 and HL51) were no longer
irregular but were right-handed helices. JR1 was isolated as a spontaneously occurring nonmotile mutant, and
HL51 was isolated as a site-directed mutant in the flagellar hook gene flgE. Consistent with these results is the
finding that wild-type cells with their outer membrane sheath removed were also right-handed helices similar
in shape to JR1 and HL51. Purified PFs were analyzed by two-dimensional gel electrophoresis, and several
protein species were identified. Western blot analysis using antisera to Treponema pallidum PF proteins along
with N-terminal amino acid sequence analysis indicated T. denticola PFs are composed of one class A sheath
protein of 38 kDa (FlaA) and three class B proteins of 35 kDa (FlaB1 and FlaB2) and one of 34 kDa (FlaB3).
The N-terminal amino acid sequences of the FlaA and FlaB proteins of T. denticola were most similar to those
of T. pallidum and Treponema phagedenis. Because these proteins were present in markedly reduced amounts
or were absent in HL51, PF synthesis is likely to be regulated in a hierarchy similar to that found for flagellar
synthesis in other bacteria.

Spirochetes are recognized for their unique cell morphology
and unusual means of motility (5, 48). In most spirochetes, the
primary structural component of the cell body is a flexible yet
semirigid helically shaped cell cylinder (5). Borrelia burgdorferi
is an exception, since it has a rod-shaped cell cylinder (13, 15).
Helical periplasmic flagella (PFs) are closely associated with
the spirochetal protoplasmic cell cylinder (PC) and are embed-
ded in the cytoplasmic membrane and cell wall near each end
of the cell (5, 6, 17); each PF is inserted at only one end.
Surrounding the entire cell is an outer membrane sheath (OS)
(5). Genetic evidence indicates that the PFs are essential for
the motility of several spirochete species (4, 8, 26, 28, 37, 44).
The PFs vary in number, length, and protein composition
among the spirochete species. Depending on the species, the
PFs may or may not overlap in the center of the cell (5, 8). PFs
from most spirochete species are composed of a sheath made
up of one to two class A proteins and a core composed of at
least two different class B proteins (3, 8, 23, 35).
Recent evidence suggests that spirochete morphology is

markedly influenced by complex interactions between the PFs

and cell cylinders. This conclusion is drawn from an analysis of
mutants which are either devoid of or have altered PFs derived
from several spirochete species, including Leptonema (former-
ly Leptospira) illini (19), Treponema phagedenis, and B. burg-
dorferi. In both L. illini and T. phagedenis, the PFs are short, do
not overlap in the center of the cell, and influence the shape of
the cell at the ends in the domain where they reside. The PFs
of L. illini cause the helically shaped cell cylinder to form either
hook- or spiral-shaped ends (1, 4, 14). In T. phagedenis, the
left-handed PFs cause the end of the cell to be bent or be
left-handed, with a larger helical pitch and diameter than the
PFs (7). The PFs overlap in the center of the cell in B. burg-
dorferi (20) and cause the entire cell to take on a flat-wave
morphology (13, 15).
Very little is known about the morphology of the oral spiro-

chete Treponema denticola, which is implicated in periodontal
diseases (30, 45). Several potential virulence factors, including
motility, are associated with these organisms (11). Compared
to other spirochetes, T. denticola cells are relatively small (0.12
to 0.25 mm in diameter and 6 to 16 mm long) (5, 46). They have
two PFs inserted subterminally at each end, and the PFs over-
lap in the center of the cell (5, 46). Conflicting reports in the
literature concern their overall morphology. Cox reported that
T. denticola has a flat-wave morphology (10), whereas Socran-
sky et al. (46) indicated that the morphology of T. denticola was
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variable, with loosely coiled, tightly coiled, and irregularly
coiled cells being present. Here, we present evidence from
dark-field microscopy that indicates that most cells of T. den-
ticola have a highly irregular morphology that is neither helical
nor a flat planar wave. Moreover, high-voltage electron mi-
croscopy indicated that the PFs interact with the PC in a very
complicated manner. We made use of both site-directed (26)
and spontaneous mutants to determine the role of the PFs in
generating these morphological characteristics. These studies,
along with those of Rosey et al. on Serpulina hyodysenteriae
(41), are among the first to exploit site-directed mutagenesis to
analyze spirochete morphology and motility. We also analyzed
the chemical composition of the PFs of T. denticola and com-
pared them to those of other spirochetes. We present evidence
that the PFs are comprised of one FlaA and three FlaB pro-
teins. These proteins are most similar to those of Treponema
pallidum and T. phagedenis, based on N-terminal amino acid
sequences, and are present in reduced amounts in both PF
mutants.

MATERIALS AND METHODS

Bacterial strains and culture conditions. T. denticola ATCC 33520 and 35405
were obtained from the American Type Culture Collection, Rockville, Md. Cells
were grown in NOS medium (25) without glucose, and colony isolation was
achieved by pipetting 1 ml of cell dilutions in NOS medium onto 0.5% Noble
agar plates (Difco Laboratories, Detroit, Mich.) that were prereduced in an
anaerobic chamber for several days. Alternatively, colonies were obtained from
pour plates as previously described (26). Cultures were incubated at 358C in a
Coy anaerobic chamber with an internal atmosphere of 80% nitrogen–10%
carbon dioxide–10% hydrogen (28). Cell densities were determined by using a
nephelometer, with readings correlated to direct cell counts (7, 43).
Isolation of motility mutants and revertant. Two different mutants were used

in the study. A wild-type clone of T. denticola 33520, which was previously
selected for maximum colony diameter (6 mm after 10 days of incubation), was
grown in broth to late logarithmic phase and spread onto agar plates. Plates were
incubated for 10 days, and small colonies (,1-mm diameter) were picked and
inoculated into NOS broth. After 48 h, the cultures were screened for motility by
dark-field microscopy. One of approximately 20 clones was nonmotile (mutant
JR1). A spontaneously occurring revertant to motility (JR1-r) was obtained by a
method similar to that described for T. phagedenis (28). JR1 cells were inoculated
into the center of swarm plates containing NOS medium plus 0.3% agarose and
incubated for 2 weeks. The outer edge of the swarm was picked, the cells were
subcloned, and the clones were screened for motility by dark-field microscopy. A
second nonmotile mutant, HL51, has been previously described (26). This mu-
tant was obtained from T. denticola 35405, and it contains a tandem erythromy-
cin-resistant cassette inserted within the PF hook gene flgE. Electron microscopy
had previously shown that this mutant contained no detectable PFs (26).
Dark-field photomicroscopy. Late-logarithmic-phase cells were analyzed by

using a Leitz microscope, a 543 or 1003 objective, and dark-field illumination as
previously described (7). PCs free of the OS were obtained by incubation in 1.0%
Triton X-100 in H2O for 1 h at 378C. Helical handedness (left or right), pitch, and
diameter were determined as previously described (7). In certain experiments,
glutaraldehyde was added to a final concentration of 1%. To assay for transla-
tional motility, methylcellulose (2% [wt/vol]; 4,000 mesh; Fisher) was added to
NOS medium without rabbit serum and incubated anaerobically overnight. Cells
were observed by dark-field microscopy by mixing an equal volume of washed
cells and NOS medium containing methylcellulose. Viscosity was measured with
a Brookfield DV III rheometer (Brookfield Engineering, Stroughton, Mass.).
Electron microscopy. Routine ultrastructural observations of negatively

stained cells were made with a JEOL 100CX or a Philips 300 microscope. One
milliliter of a late-logarithmic-phase culture was centrifuged at 14,000 3 g for
90 s at room temperature, and the pellet was washed twice in cold H2O. A drop
of the cell suspension was placed on Parafilm, and a carbon-coated Formvar grid
was floated on the drop for 30 s. The preparation was then stained with 2%
uranyl acetate for 10 s. Purified PFs were also stained by using this procedure.
Alternatively, to visualize PFs attached to cells, the OS was removed by resus-
pending washed cells in 1% Triton X-100 for 1 h at 378C and washed with H2O
as described above. The cell suspension was placed on a grid for 1 min and
stained with 1% phosphotungstate for 2 min. T. denticola cells were also fixed
and embedded according to standard protocols, and thin sections were prepared
for viewing under the electron microscope (21). The preparation and analysis of
thick sections for high-voltage electron microscopy was done as previously de-
scribed for L. illini (13).
Isolation of PFs. The method used to purify PFs combined techniques used by

Cockayne et al. (9) and Limberger and Charon (28). One liter of late-logarith-
mic-phase cells (23 109 cells/ml) was centrifuged at 12,0003 g for 10 min at 58C,

and the pellet was resuspended in 100 ml of cold 67 mM phosphate-buffered
saline, pH 7.4. The cells were washed twice with cold phosphate-buffered saline
by centrifugation, and the final pellet was resuspended in 90 ml of cold 100 mM
Tris buffer, pH 8.0 (T buffer). Ten milliliters of 10% Triton X-100 was slowly
added, and the mixture was incubated for 1 h at 378C. The cell suspension was
centrifuged at 12,000 3 g for 10 min at 58C and resuspended in 100 ml of T
buffer. Centrifugation was repeated, and the final pellet was suspended in 80 ml
of cold T buffer. PFs were sheared from the cells by using a vortex mixer with 1
mm glass beads. Specifically, the contents of a 50-ml glass tube one-third filled
with glass beads and 5 ml of the cell suspension were mixed for 30 s. After all 80
ml of cell suspension was treated, the suspension was centrifuged at 18,000 3 g
for 30 min at 58C, and the supernatant fluid containing the sheared PFs was
removed, pooled, and centrifuged at 100,000 3 g for 1 h at 58C in 0.2% Triton
X-100. The pellet was collected, layered on a 10 to 66% Hypaque gradient, and
centrifuged at 100,000 3 g for 2 h at 58C. The band containing the PFs was
removed with an 18-gauge needle and dialyzed overnight at 48C in 1.5 liter of 10
mM Tris–5 mM EDTA (pH 8.0) with 0.05% azide. The PFs were collected and
stored at 48C.
Gel electrophoresis, Western blotting, and protein sequencing. Sodium dode-

cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot-
ting were carried out as previously described (49). The resolving gels contained
10% acrylamide and were stained with Coomassie blue R. Two-dimensional gel
electrophoresis and Western blotting were carried out as described by Norris et
al. (34) except that polyvinyl difluoride (PVDF) membranes (Millipore Corp.,
Bedford, Mass.) were used in Western blot analysis (32). Blots were developed
by using horseradish peroxidase second antibody with either 4-chloronaphthol or
the ECL luminol assay of Amersham. Approximately 14 mg of PFs or 108 cells
were used in each analysis. The antisera directed to the T. pallidum 37-kDa FlaA
protein, 33-kDa FlaB2 protein, and 33- to 34-kDa T. phagedenis FlaB proteins
have been previously described (28, 29, 34). N-terminal amino acid sequence
determination was performed on spots corresponding to each of the major PF
proteins following two-dimensional electrophoresis, transfer to PVDF mem-
branes, and visualization of spots by Coomassie blue R staining (34). Sequence
analysis was performed directly from PVDF membrane fragments by Richard G.
Cook of the Baylor College of Medicine, using a model 477A sequenator (Ap-
plied Biosystems, Foster City, Calif.).

RESULTS

Cell morphology and motility of wild-type cells in broth and
methylcellulose.Dark-field microscopy was used to analyze the
morphology of exponentially growing T. denticola 33520 and
35405. Greater than 85% of exponential-phase cells in broth
culture or in methylcellulose (1.6%, centipoise 5 85 at 258C)
had an irregular (twisted) morphology along their entire
lengths (Fig. 1a), with the minority of cells having a right-
handed helical configuration (Table 1). Focusing on different
planes of these irregular cells indicated that they contain both
planar and helical regions, but it was difficult to distinguish a
distinct pattern. These morphological forms were distin-
guished only by using high-magnification ($3540) microscopy.
To determine if the two morphological forms were the result of
a genetically mixed population, several low (,5)-passage sub-
clones of each strain were analyzed. All subclones yielded
approximately the same proportion of irregularly versus heli-
cally shaped cells as the original culture. In addition, cells often
grew in chains, and we occasionally observed chains in which
both morphological forms were present. These results indicate
that the different morphological forms are the result of phe-
notypic variation. The irregular and helical morphological
forms were relatively stable when cells were tracked for several
minutes, and only rarely did one form convert to the other.
Although both forms were actively motile in broth but were
incapable of translation in a given direction (i.e., the cells
showed movement but no displacement), both forms translated
in a gel-like medium containing 1% methylcellulose. These
results are similar to those reported by others, which indicate
that T. denticola translates only in a highly viscous gel-like
medium (22, 40). No cells with a completely planar waveform
were detected. Cells with a rod-shaped appearance for part of
the cell length were occasionally detected, as were cells with
protruding helical PFs (6).
Several parameters were examined to determine the factors
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that influence cell shape. Glutaraldehyde treatment did not
change cell morphology. Cells of strain 33520 were obtained
with the OS removed were obtained by using Triton X-100.
Electron microscopy using both thin sectioning and negative
staining confirmed that these stripped cells had their OS re-
moved and that the PFs were no longer closely associated with
the cell body (42, 43). Dark-field microscopy revealed that the
isolated PCs were no longer irregular in shape; cells were
converted to a right-handed helical form with a helical pitch
and diameter slightly smaller than those of the helical wild-type
cells (Table 1). Evidently, the OS in part influences cell shape,
as removal of this structure causes the cells to lose their irreg-
ular morphology.
High-voltage analysis of wild-type cells. To analyze the re-

lationship of the PFs to the PC, stereo pairs of thick sections of
cells of strain 33520 were prepared by high-voltage electron
microscopy (Fig. 2). The helix pitch (or wavelength of planar
regions) of the cells was found to be 1.26 6 0.16 mm (n 5 20
cells), in good agreement with our measurements on light
micrographs. The cell body diameter was 0.21 6 0.01 mm (n 5
23 cells). Regions along the PC could have a right-handed
helical form (n 5 9 cells) or a flat meandering waveform (n 5
6 cells). They also had three-dimensional curves that gave them
an irregular appearance.
The PFs formed a single bundle, which could be seen as a

ridge running along its entire length in most cells. Within the
bends of the PC, the ridge was always on the axial (inner) side
of the PC (n 5 28 cells). The ridge wound around the PC body
helix in a right-handed sense (n 5 17 cells). This winding was
most pronounced when the PC had a flat waveform. Along the
cell axis, the ridge formed a left-handed helix in those regions
which had a flat waveform (n 5 9 cells). When the PC ap-
peared as right-handed or irregular, the diameter of the ridge
helix was diminished. The helix diameter of the ridge helix
could diminish enough to appear to lie along the cell axis (n 5
6 cells).
Cell morphology and motility of PF motility mutants. Two

PF-deficient mutants were analyzed with respect to cell mor-
phology. JR1 was obtained as a spontaneously occurring non-
motile mutant of strain 33520. This mutant failed to swarm on
agar plates and was completely nonmotile, as determined by
dark-field microscopy. Electron microscopy indicated that JR1
was deficient in synthesizing full-length PFs. Whereas the wild
type had two PFs inserted subterminally at each cell end that
extended along the length of the cells (Fig. 3a), JR1 had short,
stubby filaments 200 nm in length (Fig. 3b). Dark-field micros-
copy revealed that short protrusions occasionally occurred on

JR1 and rotated at .10 Hz in a manner similar to the protru-
sions on wild-type cells (6, 42, 43).
Mutant HL51 was obtained by a directed insertional muta-

tion of the flgE gene of strain 35405, and electron microscopy
indicated that this mutant lacked PFs (26). No helical protru-
sions were detected in this mutant, a result consistent with
previous observations that these protrusions are comprised of
PFs surrounded by the OS (6). Dark-field microscopy revealed
that both JR1 and HL51 cells had a right-handed helical mor-
phology with a helical pitch and diameter identical to those of
the wild-type helical cells (Fig. 1b; Table 1); no irregularly
shaped cells were detected. A spontaneously occurring motile
revertant of JR1 (JR1-r) was indistinguishable from the wild-
type with respect to presence of PFs and irregular cell mor-
phology. Taken together, these results indicate that the PFs are
involved in the motility and the formation of the irregular
morphology of T. denticola.
Structure and composition of purified PFs. The PFs of wild-

type cells of strain 33520 were analyzed in detail. Electron
microscopy revealed that the PFs were wave-like in appear-
ance and were 23 nm in diameter for most of their length. One
end often appeared tapered and was 18 nm in diameter. Sim-
ilar results have been reported by others (18). As previously
reported, purified PFs in 0.5% methylcellulose were left-
handed, with a helical pitch of 0.78 mm and a helical diameter
of 0.26 mm (Table 1) (6). Four polypeptide bands in purified
PFs were evident by SDS-PAGE (not shown). PFs were com-

TABLE 1. Shape of cell body, PC, and PFs of T. denticolaa

Cell structure Shape (%)
Mean helix
pitch (mm)

6 SD

Mean helix
diam (mm)

6 SD

Cell body of strains Irregular (.85)
33520 Right-handed (,15) 1.19 6 0.07 0.20 6 0.04
35405 Right-handed (,15) 1.05 6 0.08 0.26 6 0.06

JR1 Right-handed 1.20 6 0.10 0.20 6 0.04
HL51 Right-handed 1.08 6 0.08 0.28 6 0.06

PC of 33520b Right-handed 0.91 6 0.09 0.21 6 0.02

PFs of 33520c Left-handed 0.78 6 0.09 0.26 6 0.04

a n 5 20 for each measurement.
b The PC was obtained by removal of the outer membrane sheath with Triton

X-100.
cMeasurements from reference 6.

FIG. 1. (a) Wild-type T. denticola of strain 35405 exhibiting the typical irregular morphology. T. denticola 33520 was indistinguishable from strain 35405. (b) Mutant
HL51 exhibiting a right-handed helical morphology. The plane of focus was below the cell. Mutant JR1 was indistinguishable from HL51. Bar, 1.0 mm. Tilt angle 5
65%.
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prised of two major bands at 38 and 35 kDa and two minor
bands at 32 and 29 kDa (42, 43). These results are similar to
those reported by Cockayne et al. (9).
Two-dimensional gel electrophoresis of whole-cell lysates

(Fig. 4a) indicated that although the protein composition of T.
denticola showed some similarities to those of both T. pallidum
and T. phagedenis, the overall pattern was distinctly different
(compare Fig. 4a to Fig. 1 in reference 34). An analysis of

FIG. 2. High-voltage electron micrographs of a stereo pair of T. denticola 33520. The bottom cell has a helical region near the lower part of the figure and a planar
region near the top. Note that the PFs (arrow) wrap around the body axis in the planar region and lie along the cell axis in the helical region. The asterisk identifies
a lowermost sector of the cell in the helical region that was cut off during sectioning, revealing that the PFs lie on top. Bar, 0.5 mm.

FIG. 3. Electron micrographs of cells negatively stained with uranyl acetate. (a) Wild-type T. denticola 33520 showing the PFs extending backward along the length
of the cell; (b) mutant JR1, with short, stubby PFs. Arrows point to PFs. Bar, 0.1 mm.
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purified PFs by two-dimensional gel electrophoresis indicated
that the 35-kDa band observed during SDS-PAGE was actually
composed of two 35-kDa polypeptides and one 34-kDa poly-
peptide. In addition, the 32-kDa SDS-PAGE band was re-
solved into discrete 32- and 31-kDa polypeptide species. Other
polypeptides present in the PF preparations were at 52, 38, and
29 kDa (Fig. 4b).
To analyze these polypeptides in detail, immunoblots were

prepared by using antisera specific to the FlaA and FlaB2 PF
proteins of T. pallidum (34). Only the 38-kDa protein of T.
denticola reacted with the anti-FlaA serum in both whole-cell
lysates (not shown) and purified PFs (Fig. 4c). In assays using
antiserum to the FlaB2 protein, three protein species reacted:
two of 35 kDa (designated FlaB1 and FlaB2) and one of 34
kDa (designated FlaB3) (Fig. 4c). These results indicate that T.
denticola PFs have one 38-kDa FlaA protein and three FlaB
proteins (two of 35 kDa and one of 34 kDa).
N-terminal amino acid sequence of PF polypeptides. The T.

denticola FlaA and FlaB proteins were isolated by two-dimen-
sional gel electrophoresis and analyzed by N-terminal amino
acid sequencing. Each of the FlaA and FlaB proteins had a
unique sequence over the first 30 amino acids (Fig. 5). T.
denticola PF proteins most closely resembled those of T. pal-
lidum and T. phagedenis. T. denticola FlaA had 67% identity
with T. pallidum FlaA. T. denticola FlaB1, FlaB2, and FlaB3
had 80 to 90% identity with their T. pallidum and T. phagedenis
FlaB counterparts. In contrast, the FlaB proteins of T. denti-
cola had only 63 to 77% sequence identity. These results, as
noted for FlaB proteins of other spirochetes (8, 35, 36), suggest
that the T. denticola FlaB proteins are more closely related to
their heterologous counterparts than they are to each other.
Western blot of PF mutants. JR1, HL51, and the revertant

JR1-r were analyzed for the ability to synthesize PF proteins by
Western blot analysis. Neither of the mutants reacted with the
T. pallidum FlaA antisera as determined by SDS-PAGE and
Western blot analysis, whereas the motile revertant JR1-r re-
gained the ability to synthesize this protein in an amount sim-
ilar to that of the wild-type (Fig. 6A and B, top). Using antisera
to T. pallidum or to T. phagedenis FlaB proteins, no reaction
was detected in JR1, and only a trace was detected in HL51
(Fig. 6A and B, bottom). Thus, Western blot analysis con-
firmed the evidence from electron microscopy that the mutants
were deficient in PF synthesis.

DISCUSSION

Logarithmic-phase cells of T. denticola have both right-
handed helical and irregular forms, with the latter representing
the predominant morphological type. Because of the small
diameter of T. denticola, these forms could not be distin-
guished by dark-field microscopy at low magnification. In con-
trast to other spirochete species, the morphological types ob-
served did not readily convert from one form to another. For
example, cells of B. burgdorferi and Leptospiraceae markedly
change their shape when reversing direction or switching from
a translational to a nontranslational form (1, 14, 15). The
presence of both regular and irregular forms of T. denticola
cells has been noted by Socransky et al. (46), and Cox reported
T. denticola cells with a planar morphology (10). In our anal-
ysis, we failed to detect entirely planar cells. It should be noted,
however, that we concentrated on logarithmic-phase cells,
since cells in stationary phase appeared even more variable in
shape than those that were actively growing (42).
An analysis of the PF-deficient mutants and cells stripped of

their OS indicated that the irregular morphology results from
an interaction of the PFs with the cell cylinder. The PF-defi-
cient mutants JR1 and HL51 were helical. Because stripped
wild-type cells were helical and were morphologically similar to
both mutants, the PFs and cell cylinder are apparently held in
close juxtaposition to one another by the OS. This close asso-
ciation evidently allows the PFs to exert tension on the cell
cylinder to cause the irregular morphology.
The interaction of the PFs and the cell cylinder that leads to

the irregularly shaped forms is quite complex. The cell cylinder

FIG. 4. (a) Distribution of proteins after two-dimensional electrophoresis of
whole-cell lysates of T. denticola 33520. Proteins were visualized by silver stain-
ing. The FlaA and FlaB proteins are boxed. (b) Purified PFs of strain 33520
visualized by silver staining. The locations of FlaA and FlaB proteins are indi-
cated. (c) Western blot of purified PFs reacted with FlaA antiserum followed by
FlaB2 antiserum from T. pallidum. The proteins that reacted with specific anti-
sera are indicated.
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is right-handed, and the PFs are left-handed (Table 1). Using
stereo pairs of electron micrographs, we found the pattern of
winding of the PFs about the PC to be similar in many respects
to those of both B. burgdorferi and L. illini (13). Specifically, as
with B. burgdorferi, the PFs form a ridge extending along the
entire length of most cells. This result is consistent with the PFs
overlapping in the center of the cell, and it implies that the PFs
from opposite ends of the cell interact with one another. We
previously proposed that this interaction plays a central role in
determining cell shape for B. burgdorferi (15), and we also
believe this to be the case for T. denticola. In the planar regions
of the cell, the PFs wound around the body axis in a right-
handed sense, were on the axial side of the PC bends, and
formed a left-handed helix along the cell axis. Similar results
were found with B. burgdorferi (13). In contrast, the PFs tended
to form a straight filament along the cell axis in those regions
of the cell in which the PC had a right-handed helical or
irregular form. These results are similar to those reported for

L. illini whereby the single PF lies along the axis of the cell in
the hook-shaped region (13).
The results presented indicate that phenotypic variation ac-

counts for the two morphological forms observed. This varia-
tion could be the consequence of a variation of the PFs within

FIG. 6. (A) Western blots of PF proteins from wild-type strain 33520 and PF
mutant JR1 probed with T. pallidum FlaA (top) and FlaB2 (bottom) antisera.
Lanes: 1, purified PFs from strain 33520; 2, whole cells of strain 33520; 3, whole
cells of mutant JR1; 4, whole cells of revertant JR1-r. The blot was developed
with 4-chloronaphthol. (B) Western blot of wild-type strain 35405 and PF mutant
HL51 probed with T. pallidum FlaA (top) and T. phagedenis FlaB (bottom) anti-
sera. Lanes: 1, purified PFs from strain 33520; 2, whole cells of mutant HL51; 3,
whole cells of strain 33405. The blot was developed by using the ECL luminol assay.

FIG. 5. N-terminal amino acid sequences of class A (A) and class B (B) proteins of T. denticola 33520. Sequences are compared with those of the N-terminal PF
proteins of other spirochetes and with that of the flagellin of B. subtilis. Boxes indicate regions of amino acid identity with T. denticola FlaA and FlaB1, respectively.
Tentative amino acid identifications are indicated by parentheses.
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the population. Specifically, there are multiple PFs attached at
each end of the cell, and their number, length, and even com-
position could differ from one to the other. Moreover, the way
in which these PFs interact with one another and the cell
cylinder during rotation could markedly influence cell mor-
phology. Alternatively, phenotypic variation in the composi-
tion of the peptidoglycan in the cell cylinder could cause dif-
ferent morphological forms. For example, helical cells could
have a more rigid peptidoglycan than the irregularly shaped
cells and thus better resist the torsional forces exerted by the
PFs, which can distort the cell body. Because partially rod-
shaped cells occur in the population, as has also been observed
for T. phagedenis (7), there is evidently variation in the struc-
ture of the cell cylinder within the population.
Short rotating protrusions were noted on JR1 cells, indicat-

ing that the proximal regions of the PFs were intact and re-
tained functional hook-basal body complexes in this mutant.
Preliminary results from two-dimensional Western blot analy-
sis suggest that small amounts of FlaA, but not FlaB, protein
may be present in whole-cell lysates of JR1 (43). These stubs
could in part be comprised of FlaA proteins. Along these lines,
certain flagellin mutants of Caulobacter crescentus, whose wild-
type cells have multiple flagellin protein species, form flagellar
stubs which are composed of only one antigenic type of flagel-
lin (24).
T. denticola PFs consist of one class A protein (FlaA) and

three class B PF proteins (FlaB1, FlaB2, and FlaB3). Other
proteins copurified with the PFs, and it remains to be deter-
mined whether these are actually PF components. The 29-kDa
protein is of the same size as a protein that copurifies with the
PFs from T. pallidum (34). FlaA and FlaB PF proteins has
been found in other spirochete genera, including Spirochaeta
(3, 36), Treponema (2, 34), Leptospira (33, 47), Serpulina, and
more recently Borrelia (8, 12, 23, 27, 35). The N-terminal
amino acid sequences of the various Fla proteins indicate a
close phylogenetic relationship of T. denticola to T. pallidum
and to T. phagedenis. This close relationship of these three
spirochetes is also supported by 16S ribosomal RNA gene
sequence analysis (38, 39).
The flgE mutation in HL51 has many pleiotropic effects,

including losses in PF synthesis, helical protrusions, motility,
and the ability to form irregularly shaped cells. Although we do
not know the site of the mutation (or mutations) in JR1, we
know that HL51 resulted from insertional inactivation of the
flgE gene. Evidently flgE is involved in expression of the FlaA
and FlaB proteins, since no FlaA and only a trace of FlaB was
detected in cell lysates of HL51. Although other explanations
are possible, these results are consistent with the synthesis of
PF proteins in T. denticola being regulated in a hierarchical
manner, as is flagellar synthesis in other bacteria (31). As more
motility genes are identified in T. denticola (16), site-directed
mutagenesis studies should yield information on the nature of
the regulatory mechanisms involved in PF synthesis in these
organisms.
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