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The treponemal fla operon is comprised of numerous motility-related genes; however, the initial gene of this
operon, tap1, has no known function. A recently developed system to generate specific mutants in Treponema
denticola was utilized to determine if Tap1 was essential for motility. T. denticola tap1 and flanking DNA were
identified, cloned, and sequenced, and a suicide plasmid that contained tap1 interrupted with an erythromycin
resistance cassette (ermF and ermAM) was constructed. Because of potential polar effects from this cassette, a
second plasmid that contained tap1 interrupted with a modified erythromycin resistance cassette that lacked
the putative ermF transcription terminator was constructed. Electroporation-mediated allelic exchange incor-
porated the interrupted tap1 genes into the T. denticola chromosome, creating Tap1-deficient mutants. Reverse
transcriptase PCR revealed that the erythromycin resistance cassette within tap1 did not terminate fla operon
transcription in either mutant. Moreover, the phenotypes of the two mutants were indistinguishable. These
mutants lacked motion in liquid culture, were unable to spread on agar plates, and lacked flagellar filaments
as determined by electron microscopy. Immunoblots revealed a marked reduction in detectable FlaB flagellar
filament protein compared to that of wild type; however, flaB RNA was easily detectable, and transcription
levels did not appear to be altered. The basis for the lack of filament protein expression is unknown.
Immunoblotting also showed that the flagellar hook protein (FlgE) was synthesized in the Tap1-deficient
mutant; however, electron microscopy revealed that the mutant possessed unusual elongated hooks of variable
lengths. We propose that treponemal Tap1 is analogous to FliK, which is involved in monitoring the flagellar
hook length of Salmonella typhimurium.

Treponema denticola is an anaerobic spirochete that is asso-
ciated with periodontal disease (32, 33). As with all spiro-
chetes, the structure and motility of T. denticola are unusual
and enable movement in highly viscous environments (17, 18).
A unique feature of T. denticola (and all spirochetes) is the
location of the flagellar filaments within the periplasmic space,
although under certain conditions they may protrude from the
cell (3, 15). The T. denticola flagellar filaments are complex,
consisting of three core proteins (FlaB1, FlaB2, and FlaB3)
and a major sheath protein, FlaA (29). However, the general
structure of the flagellum appears similar to that of other
bacteria, since it consists of a basal body, rod, flagellar hook,
and filament (25, 29). In contrast to the structural similarities,
DNA sequencing and transcription studies have clearly shown
that the organization and expression of motility genes are
unique in the spirochetes (7–10, 12, 13, 22).

Motility of spirochetes is complex and likely requires ap-
proximately 50 genes, many of which are organized into several
large operons (7–10, 12, 13, 22). The extensive treponemal fla
operon in Treponema phagedenis and Treponema pallidum
comprises genes directly associated with motility, including the
flagellar hook gene (flgE) and flagellar motor genes (motA and
motB), in addition to genes of unknown function (tap1) (12,
22). Previous studies have shown that T. phagedenis Tap1 is a
soluble protein that partitions in the aqueous phase during
Triton X-114 extraction and is associated with motility, be-
cause tap1 is the first gene of the fla motility operon (22).

However, there has been no direct evidence for a role of tap1
in the motility of treponemes.

Genetic analysis of T. denticola, like that of other spiro-
chetes, has been hampered by a paucity of genetic tools for
analysis. Recently, Li et al. showed that a gene cassette that
includes ermF and ermAM in tandem (ermF-ermAM) conferred
erythromycin resistance in T. denticola (ermF) and also in
Escherichia coli (ermAM) (19). This cassette was inserted into
flgE, and a specific mutant was created by electroporation-
mediated allelic exchange of the insertionally inactivated flgE.
This nonmotile mutant lacked flagellar hooks and filaments, as
determined by electron microscopy. Using immunoblotting,
Ruby et al. revealed that this mutant was also deficient in
flagellar filament proteins (29). Specifically, FlaB polypeptides
were not detected and minimal amounts of FlaA were detected
in the flgE-deficient mutant. These results demonstrated the
utility of the erythromycin resistance cassette in generating
specific mutants for analysis.

The ermF-ermAM cassette used by Li et al. was postulated by
Fletcher et al. to have a potential transcription terminator
located between ermF and ermAM (6). This terminator-like
sequence would potentially cause polar effects when inserted
within an operon, but it is not known if the terminator is
functional in T. denticola. For analysis of single genes of the fla
operon, it is critical to have a nonpolar cassette available for
gene interruptions. Conceivably, removal of this putative ter-
minator would permit the erythromycin resistance cassette to
be used to study single genes located within operons without
affecting downstream genes.

Our goal was to identify the fla operon of T. denticola and
interrupt the T. denticola tap1 gene with a nonpolar erythro-
mycin resistance cassette to determine whether tap1 is involved
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in motility. We found that the organization of the T. denticola
fla operon is similar to that for other treponemes, and inter-
ruption of T. denticola tap1 with a nonpolar cassette resulted in
a nonmotile cell. The Tap1-deficient mutants possessed unusu-
ally long and variable-length flagellar hooks, suggesting that
Tap1 may be involved in monitoring hook length, analogously
to FliK of Salmonella typhimurium (14).

MATERIALS AND METHODS

Culture media and conditions, strains, and molecular methods. T. denticola
(ATCC 33520) was grown in new oral spirochete medium (NOS) with 10%
heat-inactivated rabbit serum and 10 mg of cocarboxylase per ml at 36°C in an
anaerobic chamber (Coy Laboratory Products, Inc., Grass Lake, Mich.) with an
atmosphere of 85% nitrogen, 5% carbon dioxide, and 10% hydrogen. For growth
on semisolid media, 0.5% agarose was included with NOS.

E. coli DH5a (Gibco BRL, Grand Island, N.Y.) was used for most transfor-
mations and was grown in Luria-Bertani (LB) broth at 37°C with shaking.
Nonmethylated plasmid DNA was prepared in E. coli SCS110 (Stratagene Corp.,
La Jolla, Calif.) for electroporation of T. denticola.

The PCR and reverse transcriptase PCR (RT-PCR) were performed with
reagents and thermal cyclers available from Perkin-Elmer (Foster City, Calif.).
Plasmid pCRII-TOPO was purchased from Invitrogen Corp. (Carlsbad, Calif.),
and pUC19CAT, which contains a chloramphenicol resistance gene in pUC19,
was a lab stock. Lambda ZAP Express was obtained from Stratagene. Ligations
were performed either via rapid ligations (Boehringer Mannheim Corp., India-
napolis, Ind.) or traditional 16-h ligations with T4 DNA ligase (New England
BioLabs, Beverly, Mass.) or directly by the TOPO TA cloning system (Invitro-
gen). Total T. denticola RNA was isolated as previously described for T. phage-
denis with materials available through Amresco (Solon, Ohio) (24). Plasmid
minipreparation DNA was isolated by standard techniques (26), and Qiagen
Midi columns (Qiagen Corp., Chatsworth, Calif.) were used for purification of
larger amounts of DNA for transformation of T. denticola. Radioisotopes were
obtained from Amersham Life Sciences, Inc. (Arlington Heights, Ill.).

The ermF-ermAM cassette and a plasmid containing the T. denticola flgE gene
interrupted with this cassette were kindly provided by Howard Kuramitsu (State
University of New York, Buffalo).

Antiserum against T. pallidum recombinant FlgE was previously generated by
mouse immunizations in our laboratory (20, 23). Rabbit antisera generated with
T. phagedenis FlaB and FlaA polypeptides were kindly provided by Nyles Charon
(West Virginia University, Morgantown) (20).

Identification of the T. denticola fla operon. The 59 end of the T. denticola fla
operon was identified by screening a Lambda ZAP Express library prepared by
partial Sau3AI digestion of T. denticola chromosomal DNA by previously de-
scribed methods (24). The probe was a segment of flgE made by PCR of T.
denticola with a DNA sequence available from Li et al. (19) (GenBank accession
no. L75953). DNA sequencing at the Wadsworth Center Molecular Genetics
Core facility was done with the Perkin-Elmer ABI Prism 377 and ABI 373A
sequencers. In addition, approximately 78 bp at the 39 end of flgE of T. denticola
was previously determined by amplification of this region by degenerate primer
PCR and DNA sequencing (4, 5). Sequences were assembled and analyzed with
the Wisconsin package, version 9.1 (Genetics Computer Group, Madison, Wis.).

Primer extension. To identify the start site of transcription of the T. denticola
fla operon, primer extension was performed. TDW13 (59-CAGAGTCTTCTCT
TTCCG-39) was labeled with 32P by T4 polynucleotide kinase, and the primer
extension reaction was performed with the Primer Extension System (Promega
Corp., Madison, Wis.). In the extension reaction, 1 pmol of labeled TDW13 was

used. For determining the length of the primer extension products, a 35S-labeled
DNA ladder was generated by PCR with the control sequence from the Ampli-
Cycle sequence kit (Perkin-Elmer) and the forward M13 primer. The Burst-Pak
sequencing gels were used (Owl Scientific, Inc., Woburn, Mass.) to prepare 6%
polyacrylamide gels for electrophoresis. Autoradiography was performed with
XAR-2 film (Eastman Kodak, New Haven, Conn.) at 270°C with an intensifying
screen.

Construction of two plasmids containing T. denticola tap1 interrupted with
modified erythromycin resistance cassettes. A DNA fragment containing T.
denticola tap1 was prepared by PCR of T. denticola chromosomal DNA with
primers TDW8 (59-CTGATGAAGCCCGATTTG-39) and TDW5 (59-GTTTAC
CTGCATAAACTACCTC-39) and ligated to pCRII-TOPO. A clone harboring
the 1,230-bp insert was selected, the plasmid DNA was digested with EcoRI, and
the insert DNA was ligated to pUC19CAT. A clone containing the 1,230-bp
insert of tap1 DNA was digested with BglII, which cut at a site 706 bp down-
stream from the start of the tap1 gene (see Fig. 1). Tap1 was then inactivated by
cloning the two erythromycin resistance cassettes into the BglII site as indicated
below.

Two different erythromycin resistance cassettes were constructed and used for
insertional inactivation of T. denticola tap1. The first utilized the ermF-ermAM
cassette described by Li et al. (19). To facilitate genetic manipulations, this
cassette was amplified from pHfLE (19) with the primers ERMBGLF (59-TAT
AAGATCTCCGATAGCTTCCGCTATTGC-39) and ERMBGLR (59-TATAA
GATCTGAAGCTGTCAGTAGTATACC-39), which both contain synthetic
BglII sites, and then cloned into pCRII-TOPO. This plasmid was digested with
BglII, and the 2.1-kb DNA product (ermF-ermAM cassette) was gel purified,
phenol extracted, and ethanol precipitated. The ermF-ermAM cassette was then
ligated into the BglII-digested pUC19CAT plasmid that contained T. denticola
tap1, transformed into E. coli DH5a, and plated on LB plates containing 300 mg
of erythromycin per ml. Erythromycin-resistant E. coli colonies were picked and
grown in LB broth, and plasmid DNA was isolated. Orientation of the tap1 gene
and ermF-ermAM cassette was determined by PCR and DNA sequencing; only
those clones containing the ermF-ermAM cassette oriented in the same direction
as tap1 were chosen for the insertional inactivation in T. denticola.

The second strategy involved construction of an erythromycin resistance cas-
sette that did not contain putative transcription terminator or ermF promoter
sequences. The ermF gene possesses sequences resembling a transcription ter-
minator following the end of the coding region (6). This terminator-like region,
as well as DNA preceding the ermF region (including the ermF promoter), and
some nonessential DNA flanking the ermAM gene were removed by the follow-
ing procedure. An oligonucleotide primer that annealed just upstream of the
ribosome binding site of ermF and contained a synthetic BglII site was synthe-
sized (ERFNEWF, 59-TATAAGATCTATTATCCGCACCCAAAAAG-39) to-
gether with a second primer that anneals to the complementary strand at the stop
codon of ermF (ERFNEWR, 59-TATACCCGGGCAACCACCCGACTTTGA
ACTA-39). A synthetic SmaI site was engineered into the second primer. After
amplification from the pHfLE template DNA, this ermF gene was cloned into
pCRII-TOPO and verified by DNA sequencing. This vector containing ermF was
digested with SmaI to open a blunt-end cloning site just downstream of ermF.
Next, ermAM was amplified with primers that anneal just upstream of the reg-
ulatory region (ERAMNEWF, 59-GAAGCAAACTTAAGAGTGTG-39) and
also near the stop codon of ermAM (ERAMNEWR, 59-TATAAGATCTGAAG
CTGTCAGTAGTATACC-39). A synthetic BglII site was incorporated into
ERAMNEWR. This fragment was blunt end ligated to the SmaI site of the
pCRII-TOPO/ermF plasmid, transformed into E. coli, and selected with 300 mg
of erythromycin per ml. Proper orientation of the insert DNA was confirmed by
PCR and DNA sequencing. The resulting clone had ermF and ermAM in tandem
and no putative transcription terminator. This erythromycin resistance cassette
was removed from the plasmid by digestion with BglII and cloned into the BglII

FIG. 1. Diagram of the fla operon organization of T. denticola and 59 upstream region. Pfla indicates the approximate location of the fla operon promoter. The
ermF-ermAM cassette is indicated above the operon and is shown where it is inserted in the BglII site for creating Tap1-deficient mutants. The locations of primer pairs
used for RT-PCR are indicated by arrows and are represented as follows: 1, TDW8; 2, TDW9; 3, TDW12; 4, TDW5; 5, TDWFLGEF; 6, TDWFLGER. Sequences of
the primers are given in Materials and Methods.
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site of tap1 as indicated above for the original ermF-ermAM cassette. This
cassette that lacked the ermF promoter and the putative transcription terminator
was designated ermF-ermAMnp.

Insertional inactivation of T. denticola tap1 with the ermF-ermAM and ermF-
ermAMnp cassettes. The protocol developed by Li et al. was used with some
minor modifications for insertional inactivation of T. denticola (19). Briefly, 100
ml of T. denticola was grown to an optical density of 0.3 at 600 nm. Cells were
washed three times with cold 10% glycerol in water and resuspended in a final
volume of 2 ml on ice. Electroporation was done with 10 mg of linearized DNA
with a Bio-Rad Gene Pulser at 1.8 kV, 200 V, with 25 mF and a 0.1-cm cuvette.
Time constants of 4.1 to 4.6 were considered optimal. After overnight incubation
in 10 ml of NOS broth without erythromycin, plating was done on NOS contain-
ing 0.5% agarose and 20 mg of erythromycin per ml. Colonies usually were visible
within 7 days. PCR and Southern blotting were used to determine that the
wild-type tap1 gene was replaced with the insertionally inactivated tap1 gene by
allelic exchange (21, 31).

Identification of T. denticola flaB. T. denticola contains three flaB genes (29).
To obtain a partial sequence from one of these genes, primers from conserved
regions of T. phagedenis flaB were used in a PCR amplification of T. denticola
(24). The primers FLAB2 (59-GTGGTTCCATATCGGGGCC-39) and FLAB4
(59-CCTGCAAAAAGTTTAGCGC-39) amplified a 620-bp fragment of T. den-
ticola DNA which was cloned into the pCRII-TOPO cloning vector and se-
quenced to confirm a flaB identity.

Isolation of flagellar hooks and electron microscopy. Flagellar hooks were
isolated by a modification of previously described methods (23). Approximately
109 cells of T. denticola were washed twice with Tris-buffered saline, the outer
sheath was removed with 2% Triton X-100, and the cells were washed once with
Tris-buffered saline. The final pellet was resuspended in 10 mM sodium phos-
phate buffer and sonicated on ice for 1 min at a 1-s cycle time and 50% duty cycle.
DNase, RNase, and lysozyme (20 mg each) were added to the sonicate along with
final concentrations of 0.05% Triton X-100, 0.02 mM EDTA, 2.5% glycerol, and
25 mM MgSO4, and the mixture was incubated overnight at 4°C. Next, Triton
X-100 was added to a final concentration of 2% and the incubation was contin-
ued for 1 h at 20°C. The lysate was centrifuged at 41,000 3 g in an SW-28 rotor

for 30 min through a gradient containing 100, 75, 50, and 25% glycerol. The
viscous material at the 75%–100% glycerol interface was collected and dialyzed
overnight against water at 4°C. This fraction was enriched for flagellar hooks;
some material was saved for electron microscopy, and the remainder was treated
with pH 2.2 glycine buffer to remove any flagellar filaments as previously de-
scribed (23).

For electron microscopic visualization of T. denticola cells, 1 ml of logarithmic-
phase culture was centrifuged for 1 min at 10,000 3 g. The pellet was resus-
pended in the same amount of water containing 1% Triton X-100 reduced, a
chemically modified form of Triton X-100 (Aldrich Chemical Co., Milwaukee,
Wis.), and incubated overnight at 4°C. The sample was centrifuged for 1 min at
10,000 3 g, and the pellet was resuspended in 100 ml of water.

Negative staining was used to visualize cells or purified hooks. Drops (40 ml)
of the sample were placed on dental wax. Formvar-coated copper grids were
floated on the drops for 2 to 4 min; excess liquid was removed by wicking with
filter paper, and the grids were immediately washed by floating them on 2 drops
of double-distilled water. After the final wash, excess water was removed, the
grids were briefly floated on 2% sodium phosphotungstate (pH 7.0), liquid was
removed by wicking, and the samples were viewed in a Zeiss (LEO) 910 trans-
mission electron microscope operating at 80 keV.

Transcription analysis. RT-PCR was used to determine whether genes of the
fla operon were transcribed (22). Northern blots are ineffective because the fla
operon transcript is very large and the RNA transcript is significantly degraded.
For analysis of transcription by RT-PCR (see Fig. 1), primers for upstream of the
ermF-ermAM cassette insertion within tap1 were TDW8 (59-CTGATGAAGCC
CGATTTG-39) and TDW9 (59-TTTAGCAAATCCTTGGGC-39), and primers
for genes immediately downstream of the ermF-ermAM cassette were TDW12
(59-CGGGAACAGTAACTGTTGCCTC-39) and TDW5 (59-GTTTACCTGCA
TAAACTACCTC-39). Primers located within flgE were TDWFLGEF (59-CGT
TGCCAACGTAAATAC-39) and TDWFLGER (59-AAATTCGGTAGACCAA
GTAG-39). Oligonucleotide primers for detection of flaB RNA were
TDWFLABF (59-CTGCAAATAGGAGCATTGGAAC-39) and TDWFLABR
(59-GCTATTGTTATTAGCCTGAGCGAG-39).

Production of Tap1-MBP fusion protein, antiserum production, and immu-
noblotting. T. denticola tap1 was amplified with the primers TDWTAPF (59-TA
TAGAATTCCAGGCTTTGCCGGTAAAAGAGC-39) and TDWTAPR (59-TA
TACTGCAGGTTTACCTGCATAAACTACCTC-39), which contains synthetic
EcoRI and PstI sites, respectively. TDWTAPF anneals 21 nucleotides (nt) down-
stream of the ATG start codon of tap1, and TDWTAPR includes the native stop
codon. After amplification, the 1,372-bp product was cloned into pCRII-TOPO.
This plasmid was then digested with EcoRI and PstI to liberate the fragment
containing tap1, which was ligated into pMAL-c2 (New England BioLabs). The
ligation mixture was transformed into CaCl2-competent E. coli DH5a, heat
shocked, and plated on LB agar plates containing X-Gal (5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside) and IPTG (isopropyl-b-D-thiogalactopyranoside)
as previously described (24). White colonies were picked, and clones with the
proper insert were identified by restriction endonuclease digestion followed by
sequencing of the plasmid-insert junctions. Tap1–maltose-binding protein
(MBP) fusion protein was induced with IPTG and purified over amylose resin by
previously described methods (23). Immunization of rabbits with the Tap1-MBP
fusion protein and collection of antisera were done by Biodesign Inc. (Kenneb-
unkport, Maine).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot-
ting were performed as previously described, and the blots were developed with
alkaline phosphatase-labeled secondary antibody (20). About 50 mg of each cell
lysate was loaded per lane, and primary antisera were used at a 1:50 or 1:100
dilution.

Nucleotide sequence accession number. The GenBank nucleotide sequence
accession number for T. denticola tap1, flgD, and partial flgE is AF049342 and for
partial flaB is AF072133.

FIG. 2. Identification of the fla operon promoter. (A) DNA sequence includ-
ing the proposed 210 and 235 regions of Pfla. The large arrow indicates the start
site of transcription determined by primer extension. M indicates the first amino
acid of the Tap1 polypeptide. (B) Primer extension assay to determine the start
site of transcription of Pfla. A, C, G, and T indicate nucleotides used to generate
a size ladder with unrelated DNA. Lanes 1 and 2 contain the primer extension
reaction products of 2 and 5 ml, respectively.

FIG. 3. Comparison of the T. denticola fla promoter sequence with promoter
sequences from various spirochete motility genes and consensus sigma 28 se-
quences.
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RESULTS

Identification and molecular characterization of the T. den-
ticola fla operon. After screening of the T. denticola Lambda
ZAP Express library, one clone that possessed a 3,902-bp in-
sert was obtained. This cloned DNA was sequenced in both
directions with synthetic oligonucleotides and revealed the 59
region of the T. denticola fla operon (Fig. 1). As noted with
other treponemal fla operons, T. denticola fla begins with tap1
(457 amino acids), followed by flgD, which is involved in flagel-
lar hook assembly (169 amino acids) (28), and flgE, the flagel-
lar hook protein (the first 237 amino acids were deduced) (23).
In addition, there is an open reading frame upstream of tap1
that is transcribed in the opposite direction from the fla oper-
on; this is similar to the gene arrangement in T. phagedenis and
T. pallidum (8, 22).

Preceding tap1 is a sigma 28-like sequence (Fig. 2A) that is
likely involved in transcription of the fla operon. Primer exten-
sion analysis revealed that the start site of transcription was
located 9 nt downstream of this promoter and 32 nt upstream
from the ATG translational start site (Fig. 2B). The promoter
sequence was very similar to the Pfla and sigma 28 sequences in
other treponemes (Fig. 3). RT-PCR also revealed that tran-
scription proceeded from Pfla through flgD and flgE, which
confirmed the organization of these genes into an operon (data
not shown).

The deduced amino acid sequence of T. denticola Tap1 was
aligned with those of other known treponemal Tap1 homologs
(Fig. 4A). This alignment revealed extensive amino acid se-
quence identity within a 90-amino-acid region near the C ter-
minus with less identity in the remainder of the polypeptide
(Fig. 4A). The overall T. denticola Tap1 identity as determined
with the GAP program was 32% with T. phagedenis and 21%
with T. pallidum. Within the conserved 90-amino-acid region
from F-324 to G-394, T. denticola has 30% amino acid se-
quence identity with FliK of S. typhimurium (16) as shown in
Fig. 4B. BLAST 2.0 searches (2) with the 90-amino-acid con-
served region also revealed a similar sequence identity with
FliK proteins of Bacillus subtilis and Rhodobacter sphaeroides
(references 1 and 11 and data not shown).

Identification of a T. denticola flaB gene. PCR of T. denticola
DNA with primers located in a conserved region of treponemal
FlaB resulted in a 620-bp amplicon. Sequence analysis re-
vealed the highest amino acid sequence identity (76%) with
FlaB1 of T. pallidum. However, a definitive identity was not
assigned to this T. denticola flaB gene because the 59 end of the
gene was not sequenced. That sequence could have been used
for comparison with the published N-terminal amino acid se-
quences of T. denticola FlaB1, FlaB2, and FlaB3 (29). The T.
denticola flaB DNA sequence was essential for designing oli-
gonucleotides for use in RT-PCR to determine whether a flaB
gene was transcribed. Because of the extensive identity among
flaB genes, we cannot exclude the possibility that the primers
used in RT-PCR have amplified more than one flaB gene.

Interruption of tap1 with antibiotic resistance cassettes. To
create a specific mutant that was deficient in Tap1, a suicide
plasmid that contained an ermF-ermAM cassette inserted
within T. denticola tap1 was constructed (Fig. 1 and 4A). Elec-
troporation-mediated allelic exchange replaced the wild-type
tap1 with the interrupted version in the T. denticola chromo-

some. Although the yields of double-crossover recombinants
are sometimes quite low (,10 colonies per electroporation),
this transformation with the ermF-ermAM cassette produced
533 colonies with linear DNA and 71 colonies with uncut
plasmid DNA after 1 week of incubation following electropo-
ration. Although nonmethylated plasmid DNA was used for
these transformations, we have subsequently found that E.
coli-methylated DNA may also be used. Several colonies were
selected for further analysis, but additional testing suggested
that these were indistinguishable clones that had undergone a
similar double-crossover recombination event to inactivate
tap1 (data not shown). Therefore, one clone was used for all
subsequent analysis and is termed JS97. Southern blotting and
PCR revealed that JS97 had incorporated the erythromycin
resistance cassette within tap1 via double-crossover recombi-
nation (data not shown).

A second tap1-deficient mutant was generated with the mod-
ified ermF-ermAMnp cassette. This construct contained the
ermF-ermAMnp cassette, which lacked the putative terminator
and nonessential DNA upstream of ermF. The transformation
of T. denticola with the ermF-ermAMnp cassette produced an-
other mutant, termed AS98. As indicated below, there was no
major difference in transcription between the T. denticola mu-
tants containing ermF-ermAM or ermF-ermAMnp cassettes
within tap1. Therefore, except as indicated, the data presented
below were obtained from the tap1 mutant containing the
original ermF-ermAM cassette (JS97). The MIC of erythromy-
cin is at least 300 mg/ml for both JS97 and AS98.

Analysis of the Tap1-deficient mutant JS97 of T. denticola.
(i) Colony and cell morphology and motility. The tap1 mutant
JS97 produced greyish white raised colonies on 0.5% NOS-
agarose with a colony diameter of 1 to 2 mm after 7 days of
incubation. There was no subsurface migration of JS97 in agar
plates even after 3 weeks of incubation (data not shown). In
contrast, the wild-type colony spread beneath the agar surface
to about 9 mm in diameter during this time. Figure 5 shows the
relationship of spreading of the wild-type T. denticola to that of
JS97. In NOS broth, the tap1 mutant JS97 grew more slowly
and to a lower density than the wild type (data not shown).
Dark-field microscopic observations revealed that individual
cells of JS97 were generally longer than the wild type and
tapered at the cell ends (Fig. 6A). The cells exhibited no
movement in liquid or viscous media. Electron microscopic
analysis of the mutant JS97 showed a lack of flagellar fila-
ments; however, the mutant did possess elongated flagellar
hooks of variable length with a wavelike morphology (Fig. 6B,
C, and D). To confirm the identity of the flagellar hooks, a cell
lysate was enriched for hooks by a modification of procedures
described earlier (23). The final step of this procedure was to
treat the samples with a low-pH (2.2) glycine buffer, which
disrupts flagellar filaments and basal bodies but leaves the
flagellar hooks intact. As shown in Fig. 6C and D, electron
microscopic analysis revealed that the long wavelike hooks
remained after acid treatment, indicating that these structures
were not of flagellar filament origin. This sample reacted
strongly on immunoblots with antibodies raised against recom-
binant T. pallidum FlgE (data not shown and reference 23).

(ii) Transcription analysis. RT-PCR was used to analyze
transcription in the tap1 mutants containing ermF-ermAM

FIG. 4. Alignment of Tap1 amino acid sequences. (A) Identical amino acids from three treponemes are boxed and shaded with SHADYBOX, which reveals the
conserved region near the carboxyl terminus. The dark inverted triangle indicates the location of the point of insertion for the erythromycin resistance cassette into
the T. denticola tap1 gene to generate a Tap1-deficient mutant. (B) Alignment of the conserved C-terminal region of T. denticola Tap1 with FliK of S. typhimurium (16).
Identical amino acids are boxed and shaded as described above.
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(JS97) and ermF-ermAMnp (AS98). Because the tap1 gene is
located in an operon, there was concern that potential polar
effects from the ermF-ermAM cassette could result in lack of
transcription of all downstream genes. Previous studies sug-
gested that a putative transcription terminator was located
between ermF and ermAM (6). By RT-PCR, transcription was
analyzed upstream of the ermF-ermAM cassette (within tap1)
and downstream of the ermF-ermAM cassette (within flgD and
flgE) (Fig. 1). Results indicate that transcription of these genes
was not significantly altered and that the levels of RNA were
comparable to those of the wild type (Fig. 7). In addition, flaB
RNA was easily detectable by RT-PCR (Fig. 7) as were fliG,
ermF, and ermAM RNA (data not shown).

(iii) Protein expression determined by immunoblotting. Im-
munoblotting was done to assess expression of proteins within
the fla operon (Tap1 and FlgE) and outside of the fla operon
(FlaB) in the Tap1-deficient mutant. The T. denticola Tap1
antisera reacted with Tap1 (Fig. 8A) and also with at least one
other polypeptide (data not shown) in wild-type T. denticola.
The basis for this cross-reaction is unknown. As shown in Fig.
8A, the Tap1-deficient mutants JS97 and AS98 produced no
detectable level of Tap1. In contrast, these mutants synthesized
FlgE at approximately wild-type levels (Fig. 8B). Surprisingly,
the Tap1-deficient mutants expressed only trace amounts of
FlaB polypeptide compared to wild-type T. denticola (Fig. 8C).
This result was unexpected because these mutants possess a
level of flaB RNA comparable to that of the wild type. Using
immunoblotting, we determined that the flagellar sheath
polypeptide, FlaA, was also present in only trace amounts
(data not shown).

DISCUSSION

The genetic analysis of spirochetes has been hindered by the
inability to generate specific mutations. In S. typhimurium and
other better-defined systems, specific mutations have helped to
ascertain the function and regulation of genes involved in bac-

FIG. 5. T. denticola wild type (WT) and Tap1-deficient mutant JS97 after
growth for 7 days on NOS plates containing 0.5% agarose. Approximately 0.1 ml
was placed on the plate and incubated at 36°C in an anaerobic chamber.

FIG. 6. Microscopic analysis of the Tap1-deficient mutant JS97. (A) Dark-
field micrograph. Bar, 5 mm. (B) Electron micrograph of a JS97 cell showing
elongated hooks that do not possess flagellar filaments. The outer sheath was
removed by treatment with 1% Triton X-100 reduced as indicated in the text.
Bar, 100 nm. (C and D) Electron micrographs of preparations of enriched hooks
from JS97. Bars, 100 nm.
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terial motility. Although spirochetes and enteric bacteria have
many homologs that are presumed to be involved in motility,
the functions in spirochetes are inferred from nucleotide and
amino acid sequence identities. Comparative sequence analy-
sis, although quite useful, has limitations for ascertaining the
function of genes that have no homologs in other bacteria. The
recent discovery by Li et al. that an erythromycin resistance
cassette could be used to inactivate T. denticola genes has
proven to be a valuable tool for genetic manipulation (19).

This work was designed primarily to identify, characterize,
and then determine whether T. denticola tap1, a gene of un-
known function, was essential for treponemal motility. T. den-
ticola tap1 was identified as the first gene of the fla motility
operon, an arrangement found in T. phagedenis and T. palli-
dum as well, which suggested a role of Tap1 in motility. Align-
ment of the amino acid sequence of T. denticola Tap1 with
other treponemal Tap1 sequences revealed a well-conserved
90-amino-acid region near the C terminus and little identity in
the remainder of the polypeptide. Moreover, the amino acid
sequence of the conserved 90-amino-acid C-terminal region of
T. denticola Tap1 possessed a modest identity with FliK pro-
teins of R. sphaeroides, B. subtilis, and S. typhimurium (1, 11,
16). These comparisons suggest that the C-terminal region
provides a fundamental conserved region necessary for the
structure or function of tap1. However, since there is limited
amino acid sequence identity to known genes, genetic evidence
was required to determine the role of Tap1 in T. denticola
motility.

Using the gene interruption technique of Li et al. (19), we
specifically interrupted the carboxy-terminal region of T. den-
ticola Tap1. The resulting mutant, JS97, was completely non-
motile and lacked periplasmic flagellar filaments but possessed
flagellar hooks. Thus, genetic evidence showed that Tap1 was
essential for T. denticola motility. Interestingly, these hooks
were elongated and of variable length compared with wild-type
hooks. Our hypothesis is that Tap1 is involved in monitoring
the length of the flagellar hook in T. denticola, a function that
is performed by FliK in enteric bacteria (14, 16, 27, 34). It has
been postulated previously that the N terminus of FliK might
function as a hook length measurement domain and that the C

terminus is responsible for flagellar export specificity in S.
typhimurium (16). Frameshift mutants disrupted in the C-ter-
minal region of S. typhimurium FliK have a hook length control
defect together with a flagellar filament-negative phenotype
(34). The variable hook length of T. denticola JS97 together
with a lack of flagellar filaments is similar to the phenotype of
these FliK mutants of S. typhimurium (16, 34). Moreover, iso-
lated hooks from JS97 clearly demonstrated variable length,
suggesting a lack of control on the hook length assembly. The
morphology of these polyhooks is similar to that of known
FliK-deficient mutants of S. typhimurium (34). On the amino
acid level, the modest identity of the conserved C-terminal
region of Tap1 with S. typhimurium FliK suggests that these
polypeptides are homologs. Therefore, on the basis of the
remarkable similarity of the phenotype of the Tap1-deficient T.
denticola to that of the FliK mutants of S. typhimurium, we
propose that Tap1 be designated T. denticola FliK.

One unexpected finding was that the Tap1 (FliK)-deficient
mutant JS97 synthesized abundant levels of flaB flagellar fila-
ment RNA and yet lacked flagellar filaments and FlaB
polypeptides. Presumably, either the flagellar filament proteins
are synthesized and then rapidly degraded or there is an un-
known form of translational control of filament protein syn-
thesis. Enteric mutants with C-terminal deletions of FliK also
fail to assemble flagellar filaments (14, 34); however, whether
flagellar filament RNA is transcribed is not clear. This pheno-
type has been noted for other spirochete motility mutants as
well. For example, we reconstructed the T. denticola flgE mu-
tant HL51 (29) and found wild-type levels of flaB RNA. How-
ever, HL51 does not possess flagellar filament structures (21,
29). In the FlgE-deficient mutant HL51, the lack of a flagellar
hook structure should prevent the filament from assembling. In
contrast to the FlgE mutant, the Tap1 (FliK)-deficient mutant
JS97 synthesizes an intact hook structure, albeit one that is
abnormally long; however, the flagellar filament may be unable
to be assembled because the FliK deficiency renders the cell
unable to switch to filament export (34). Both of these T.
denticola mutants, HL51 and JS97, together with a previously
described chemically derived mutant of T. phagedenis (20) and
a spontaneous mutant of Borrelia burgdorferi (30) have a flagel-
lar filament structure-deficient phenotype despite adequate fil-
ament RNA expression, suggesting a common spirochete re-
sponse to mutations within certain motility genes. The basis for
this unusual regulation of spirochete flagellar filament protein
synthesis is unknown.

The ermF-ermAM construct utilized by Li et al. possessed a
putative transcription terminator (6). Consequently, we were
concerned that the tap1 mutant JS97 was nonmotile because of

FIG. 7. RT-PCR products after agarose gel electrophoresis and staining with
ethidium bromide. W, wild-type T. denticola; A, Tap1-deficient mutant JS97;
tap1, RT-PCR with primers 1 and 2 within tap1; tap1-flgD, RT-PCR with primers
3 and 4 downstream of the BglII site; flgE, RT-PCR with primers 5 and 6 (see
Fig. 1 for the location of these primers); flaB, RT-PCR of the flagellar filament
flaB gene with primers as described in Materials and Methods. Note that levels
of RT-PCR products in the wild type and in JS97 are similar. Numbers at right
are the molecular size markers in base pairs. Control reactions without RT did
not show any bands (data not shown).

FIG. 8. Western blots with T. denticola Tap1 antiserum (A), T. pallidum FlgE
antiserum (B), and T. phagedenis FlaB antiserum (C). Lanes 1, JS97; lanes 2,
AS98; lanes 3, wild type. The arrow in panel A indicates the Tap1 polypeptide
band. In panel B, the polypeptide ladder is a typical pattern found in treponemal
hook polypeptides that may be due to cross-linking. The significance of the minor
band missing in lane 3 is unknown. Numbers at right of each panel represent
molecular masses in kilodaltons.
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polar effects on downstream genes. However, when the ermF-
ermAM cassette was analyzed with the TERMINATOR or
RNAFOLD program in the Wisconsin package no significant
transcription terminator was identified. To show that transcrip-
tion was not terminated, we removed the putative terminator
and some noncritical DNA to create a second erythromycin
resistance cassette. Both of these cassettes were incorporated
into T. denticola tap1 and showed similar levels of fla operon
RNA that were comparable to that of the wild type. Although
quantitative RT-PCR or RNase protection studies were not
performed, it is clear that levels of RNA downstream of the
ermF-ermAM cassette were comparable to those of the wild
type and were sufficient for synthesis and assembly of flagellar
components such as FlgE. On the basis of the good transcrip-
tion and translation of flgE in JS97, we believe that this cassette
is useful for studying genes both within and outside operons.

In summary, using specific gene inactivation, we have shown
that Tap1 is involved in the motility of T. denticola, perhaps by
perturbation of the ability of the cell to monitor flagellar hook
length or export. Various lines of evidence suggest that Tap1
performs a function analogous to that of FliK in other bacteria.
Because the motility of spirochetes contributes to their patho-
genesis, these studies could prove useful in creating specific
avirulent or less-virulent strains as potential vaccine candi-
dates.
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