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Borrelia burgdorferi Uniquely Regulates Its Motility Genes and Has an
Intricate Flagellar Hook-Basal Body Structure䌤
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Borrelia burgdorferi is a flat-wave, motile spirochete that causes Lyme disease. Motility is provided by
periplasmic flagella (PFs) located between the cell cylinder and an outer membrane sheath. The structure of
these PFs, which are composed of a basal body, a hook, and a filament, is similar to the structure of flagella
of other bacteria. To determine if hook formation influences flagellin gene transcription in B. burgdorferi, we
inactivated the hook structural gene flgE by targeted mutagenesis. In many bacteria, completion of the hook
structure serves as a checkpoint for transcriptional control of flagellum synthesis and other chemotaxis and
motility genes. Specifically, the hook allows secretion of the anti-sigma factor FlgM and concomitant late gene
transcription promoted by 28. However, the control of B. burgdorferi PF synthesis differs from the control of
flagellum synthesis in other bacteria; the gene encoding 28 is not present in the genome of B. burgdorferi, nor
are any 28 promoter recognition sequences associated with the motility genes. We found that B. burgdorferi
flgE mutants lacked PFs, were rod shaped, and were nonmotile, which substantiates previous evidence that PFs
are involved in both cell morphology and motility. Although most motility and chemotaxis gene products
accumulated at wild-type levels in the absence of FlgE, mutant cells had markedly decreased levels of the
flagellar filament proteins FlaA and FlaB. Further analyses showed that the reduction in the levels of flagellin
proteins in the spirochetes lacking FlgE was mediated at the posttranscriptional level. Taken together, our
results indicate that in B. burgdorferi, the completion of the hook does not serve as a checkpoint for transcriptional regulation of flagellum synthesis. In addition, we also present evidence that the hook protein in B.
burgdorferi forms a high-molecular-weight complex and that formation of this complex occurs in the periplasmic space.

minor flagellin (FlaA) (6, 21, 28). The location of FlaA in B.
burgdorferi is unknown, but preliminary evidence indicates that
this protein is on the surface of a PF proximal to the basal body
(S. Satoshi, M. Motaleb, S. Aizawa, and N. W. Charon, unpublished data). Not only are the PFs essential for motility, but
these structures are also critical in providing the characteristic
flat-wave morphology of the intact spirochete (46, 59). Rotation of the PF bundles in opposite directions, as viewed along
a PF from its distal end to where it inserts into the cell cylinder,
generates backward-moving waves along the cell body that
propel the cell forward (12, 24, 25, 38).
The flagellum synthesis described for Escherichia coli and
Salmonella enterica serovar Typhimurium is a well-studied paradigm model. It is a finely orchestrated succession of motility
gene expression and protein assembly that requires tight regulation. Flagellum synthesis is regulated by a cascade of transcriptional events involving the ordered expression of class 1,
class 2, and class 3 motility genes (2, 14). Expression of class 1
genes, which comprise the master operon, directs the transcription of class 2 genes encoding the structural proteins involved in basal body synthesis, as well as specific regulatory
proteins. These regulatory proteins control the expression of
the class 3 genes, including those encoding flagellin and chemotaxis proteins. Among the class 2 regulatory genes are fliA,

Borrelia burgdorferi, the causative agent of Lyme disease, is a
spirochete with a characteristic flat-wave morphology (24, 25;
for a review, see reference 12). As a result of their unusual
morphology, B. burgdorferi and other spirochete species have a
highly specialized ability that allows them to traverse viscous
gellike media (8). This unique swimming ability enables these
bacteria to penetrate into specific host connective tissues and
ecological niches (43). The importance of motility as a virulence factor has been implicated in several spirochete species,
including Treponema denticola (42), Brachyspira hyodysenteriae
(54), Borrelia garinii (60), and B. burgdorferi (10, 56).
Motility in B. burgdorferi is provided by bundles of between
7 and 11 periplasmic flagella (PFs) that are subterminally attached near the cell ends. These PFs extend inward along the
cell cylinder beneath an outer membrane sheath (6, 24, 28, 46).
B. burgdorferi PFs have a structure similar to that of flagella of
other bacteria; a PF is composed of a basal body, a hook, and
a filament containing a single major flagellin (FlaB) and a
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MATERIALS AND METHODS
Bacterial strains and growth conditions. High-passage B. burgdorferi sensu
stricto strain B31A and the derived flaB mutant MC-1 (referred to as the flaB
mutant) have been described previously (9, 46). Strain N40 was kindly provided
by E. Fikrig, Yale University. Cells were grown at 34°C in BSK-II liquid medium
or on plates in the presence of 3% carbon dioxide. Mutant cells derived from
B31A were grown in the presence of kanamycin (300 g/ml) or streptomycin (80
g/ml). Swarm plate assays were performed using 0.35% agarose with BSK-II
medium diluted 1:10 as previously described (46, 47). E. coli JM109 cells were
grown in Luria-Bertani broth with the appropriate antibiotic.
Construction of flgE and fliF mutants and complemented strains. Standard
methods were used to construct flgE mutants (9, 47). Briefly, the flgE gene and

TABLE 1. Oligonucleotide primers
Primer

Descriptiona

P1
P2
P3

flgE (F)
flgE (R)
kan, EcoRI (F)

P4

kan (R)

P5

aadA-1 (F)

P6

aadA-2 (R)

P7
P8
P9

P13
P14

fliF (F)
fliF (R)
flgE, complement,
NdeI (F)
flgE, stop, HindIIISacI (R)
flgB, promoter,
HindIII (F)
flgB, promoter,
NdeI (R)
flgE, start (F)
flgE, stop (R)

P15
P16
P17
P18
P19
P20

flaA, RT (F)
flaA, RT (R)
flaB, RT (F)
flaB, RT (R)
eno, RT (F)
eno, RT (R)

P10
P11
P12

a

Sequence
5⬘-CCCCACCCAATTATACTAGC-3⬘
5⬘-GTCGCGTCACAAACATTAAG-3⬘
5⬘-GAATTCGGCGAATGAGCAAGCGCC
G-3⬘
5⬘-ACCGGTGGCGAATGAGCTTGCGCC
GTCC-3⬘
5⬘-GAATTCGCTACCCGAGCTTCAAGGA
A-3⬘
5⬘-GAATTCGAAGTCGTCCTCCACGAAG
T-3⬘
5⬘-GTGGGCAAACTAGAGAGAAT-3⬘
5⬘-GCCTCACAGAGTTCTTGACC-3⬘
5⬘-CATATGATGAGGTCTTTATATTC-3⬘
5⬘-GAGCTCAAGCTTATTAATTTTTCAAT
CTTACAAGTTC-3⬘
5⬘-AAGCTTTAATACCCGAGCTTCAA
G-3⬘
5⬘-CATATGGAAACCTCCCTCAT-3⬘
5⬘-AGGTCTTTATATTCTGG-3⬘
5⬘-GAGCTCAAGCTTATTAATTTTTCAAT
CTTACAAGTTC-3⬘
5⬘-TCATCTGCTATGATTATGCCACC-3⬘
5⬘-AGAATAAGCATATTCCATGCCAT-3⬘
5⬘-CATATTCAGATGCAGACAGAGG-3⬘
5⬘-CCCTGAAAGTGATGCTGGTGTG-3⬘
5⬘-AACAGGAATTAACGAGGCTG-3⬘
5⬘-AAATTGCATTAGCACCAAGC-3⬘

F, forward; R, reverse; RT, reverse transcription.

the antibiotic resistance genes fused to the B. burgdorferi flgB promoter were
amplified by PCR with primers P1 to P6 (Table 1), and the resultant PCR
products were cloned into a pGEM-T vector (Promega). The kanamycin (kan)
and streptomycin (aad) resistance cassettes were inserted into flgE at its single
EcoRI site (9, 18). The resultant flgE-kan and flgE-aad portions of the constructs
were amplified by PCR, and approximately 5-g portions of PCR products were
electroporated into competent B. burgdorferi cells. After 28 days of incubation,
antibiotic-resistant colonies were picked and grown in liquid BSK-II medium for
further analysis. A fliF mutant was isolated using the same technique with
primers P7 and P8 (Table 1), with the kan cassette inserted into the NcoI site in
the fliF gene. Restriction mapping indicated that the direction of transcription of
kan in this insert was opposite that of fliF.
For complementation, the flgB promoter was first amplified by PCR with an
engineered HindIII site at the 5⬘ end and an NdeI site at the 3⬘ end. The intact
flgE gene was also amplified by PCR with an engineered NdeI site at 5⬘ end and
a HindIII site at the 3⬘ end. The resultant PCR fragments were cloned into the
pGEM-T Easy vector. The flgE gene was fused to the 3⬘ end of the flgB promoter
at the NdeI site and confirmed by DNA sequence analysis. The HindIII-digested
flgB-flgE fragment was further cloned into pBSV2 (62), which resulted in the
complementing plasmid flgB-flgE/pBSV2.
PFs and hook-basal body complex purification. We developed a new method
to obtain PFs having attached hook-basal body complexes. Approximately 200 ml
of late-logarithmic-phase cells (1 ⫻ 108 cells/ml) were centrifuged at 8,000 ⫻ g
for 20 min, washed in 10 ml of 150 mM phosphate-buffered saline (pH 7.4)
(PBS), and centrifuged at 8,000 ⫻ g for 10 min at room temperature. The cell
pellet was resuspended in 10 ml of PBS with 1% (final concentration) myristate
and gently shaken at 37°C for 30 min. Samples were centrifuged at 17,000 ⫻ g for
20 min at 4°C. The supernatant fluid (designated S1) containing the PFs was
moved to another tube, polyethylene glycol 6000 was added to a final concentration of 2%, and the preparation was kept on ice for several hours. The pellet
fraction was resuspended in 5 ml of a sucrose solution (0.5 M sucrose, 0.15 M
Tris [pH 8]). Following addition of lysozyme (0.1 mg/ml) and disodium EDTA (2
mM, pH 8.0), the suspension was stirred on ice for 30 min and then at room
temperature for 20 min. Myristate was added to a final concentration of 1%, and
the preparation was stirred at room temperature for 30 min. Samples were
centrifuged at 17,000 ⫻ g for 10 min at 4°C. Polyethylene glycol (2%) was added
to the supernatant (designated S2), which was then incubated on ice for 30 min.
S1 and S2 were centrifuged at 27,000 ⫻ g for 20 min at 4°C. The pellets were
washed in 10 ml water and ultracentrifuged at 80,000 ⫻ g for 30 min at 4°C.
Finally, the PFs were resuspended in 10 l water and stored at 4°C. To obtain
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encoding the motility-specific transcription factor 28, and
flgM, encoding the anti-28 factor FlgM. FlgM and 28 remain
bound as a complex in the cytoplasm during basal body and
hook synthesis. Upon completion of the hook, the hook-basal
body complex provides an export route for FlgM. As FlgM
exits the cell, 28 is free to initiate the transcription of the class
3 late genes, including the genes encoding flagellin and chemotaxis proteins. Thus, completion of the hook-basal body
structure acts as a general assembly checkpoint in the regulation of flagellum synthesis whereby flagellin and other genes
are transcriptionally controlled in response to the state of hook
completion (30). A similar scheme of cascade control of motility gene expression is found in many species of bacteria, and
in some species, 54 (RpoN) also directly participates in the
cascade control of motility gene regulation (1, 4, 16, 44, 50).
The regulation of PF synthesis in B. burgdorferi, however,
differs markedly from the regulation of flagellum synthesis in
other species of bacteria. Homologs of the class 2 transcriptional regulatory genes fliA and flgM are not apparent, and no
28 promoter consensus sequences are evident in the B. burgdorferi genome (19, 22, 38). Furthermore, when promoter sequences in B. burgdorferi are analyzed, only 70 promoters are
evident for initiation of motility and chemotaxis gene expression (19, 22, 38).
Little is known about the regulation of flagellum synthesis in
B. burgdorferi. Recently, Motaleb et al. described a targeted
mutant with a mutation in the major flagellin gene flaB that did
not synthesize PFs, was nonmotile, and was rod shaped (46).
The only putative motility and chemotaxis protein that did not
accumulate at wild-type levels in this mutant was the minor
filament protein FlaA; the decrease in the level of FlaA, however, in the flaB mutant was found to occur at the posttranscriptional level (49). As described above for other bacteria,
the hook is necessary for flagellum structure and also provides
a regulatory checkpoint during flagellum synthesis. We tested
these two factors with regard to the importance of the hook in
B. burgdorferi by targeting the gene (BB0283) that encodes the
hook structural protein FlgE. Our results support the hypothesis that the PFs are important for the motility and morphology
of B. burgdorferi. Furthermore, the inhibition of flagellar hook
protein synthesis negatively impacted FlaA and FlaB filament
protein accumulation, and FlaB synthesis was likely posttranscriptionally controlled. Finally, in the process of carrying out
these experiments and producing FlgE antibodies, we found
that FlgE forms a high-molecular-weight complex similar to
that found in T. denticola and Treponema phagedenis (13, 40).
Our results suggest that this complex is present once FlgE is
secreted into the periplasmic space.
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photungstate (pH 7.0) and observed with a JEOL JEM 1220 electron microscope
using 80-kV acceleration.

RESULTS
Isolation of the SC-E1 mutant. The flgE gene of B. burgdorferi was first identified by annotation in the published genomic
sequence (19) and on the basis of similarity to its counterparts
in other bacteria; the B. burgdorferi flgE product shares 41%
identity and 63% similarity at the amino acid level to FlgE of
E. coli and 44% identity and 59% similarity to FlgE of T.
denticola. B. burgdorferi flgE was targeted by insertion mutagenesis using the kan cassette (9). Tiny kanamycin-resistant
colonies appeared 28 days after mutagenesis, which is considerably longer than the time required for the appearance of
wild-type colonies (diameter, 2 to 3 mm) after plating (10 to 14
days) and the appearance of colonies of the previously isolated
chemotaxis and flaB mutants (45; C. Li, M. Motaleb, and N. W.
Charon, unpublished). One of the clones, SC-E1, was characterized in detail. Southern blot analysis of SC-E1 indicated that
the labeled kan probe hybridized to one unique HindIII fragment that was 3.8 kb long, which is the predicted fragment size
for kan inserted into flgE (57). PCR analysis revealed that this
cassette was inserted within and transcribed in the same direction as flgE (57). Furthermore, Western blot analysis using
antibody to the recombinant FlgE confirmed that SC-E1 was
deficient in FlgE synthesis (see Fig. 6). Taken together, these
results indicate that kan specifically inserted within flgE at the
desired EcoRI location in SC-E1.
Altered motility and morphology of mutant SC-E1. Analysis
of targeted mutations in the major flagellin gene, flaB, indicated that loss of PFs in B. burgdorferi influences both cell
morphology and motility (46, 59). Because the hook is essential
for flagellum assembly in other bacteria, we determined if the
cell morphology and motility of SC-E1 were also altered. Darkfield microscopy revealed that whereas wild-type spirochetes
had a flat-wave morphology, SC-E1 cells were rod shaped and
often grew in chains (Fig. 1a and b). Moreover, electron microscopic examination of thin sections of SC-E1 revealed that
the cells completely lacked PFs (Fig. 1c and d). These observations further support the conclusions, drawn from analysis of
the flaB mutant, that the PFs influence the shape of cells and
have a pronounced skeletal function (46). We also tested
whether the motility of SC-E1 was altered. Dark-field microscopy examination of SC-E1 indicated that the cells were completely nonmotile. Furthermore, in contrast to the wild-type
cells, SC-E1 cells did not swarm on swarm agar plates (Fig. 1e
and f). These results indicate that SC-E1 resembles the previously characterized flaB mutant (46, 59); both strains were
deficient in filament synthesis, were rod shaped, and were
nonmotile.
Decrease in PF filament proteins in SC-E1. In most bacteria,
mutants that do not form the flagellar hook are deficient in
flagellar filament proteins (3, 34, 36, 39, 55). Accordingly, we
used Western blot analyses to monitor the accumulation of the
major FlaB PF filament protein (41 kDa) and the minor FlaA
filament proteins (37 and 38 kDa) (21) in SC-E1. To visualize
several of the reactions, relatively large amounts of cellular
protein from SC-E1 were loaded in the gels. Using densitometry with DnaK as a control (Fig. 2, top panel), we detected a
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purified hook-basal body complexes, intact PFs were diluted in 50 mM glycine
(pH 2.5) (total volume, 3 ml) and shaken gently at room temperature for 30 min.
The preparation was then centrifuged at 100,000 ⫻ g for 30 min at 4°C. The
pellet containing the purified hook-basal body structures was resuspended in 10
l water and stored at 4°C.
Electrophoresis, Western blot, and Southern blot analyses. Sodium-dodecylsulfate polyacrylamide-gel electrophoresis and Western blotting using the enhanced chemiluminescent detection system were performed as previously described (21). All gels were 10% polyacrylamide gels unless otherwise noted.
Either labeled secondary antibodies or protein A was used for reaction detection.
Whole-cell lysates were prepared by first washing cells in PBS and then boiling
them for at least 5 min in Laemmli sample buffer. Polyclonal and monoclonal
antibodies were kindly provided by the following investigators. Polyclonal antibodies directed against B. burgdorferi FlaB and MotB and E. coli FliM were
provided by M. Caimano (University of Connecticut Health Center, Farmington), J. Carroll (University of Pittsburgh, Pittsburgh, PA), and D. Blair (University of Utah, Salt Lake City), respectively. Monoclonal antibodies to FlaB
(H9724), FlaA, and DnaK were provided by A. Barbour (University of California, Irvine), B. Johnson (Centers for Disease Control and Prevention, Atlanta,
GA), and J. Benach (State University of New York, Stony Brook), respectively.
Polyclonal anti-FliI, anti-CheA2, anti-CheX, and anti-CheY3 were described
previously (22, 37, 48). Polyclonal anti-recombinant CheW3 was provided by C.
Li (unpublished data). The amounts of immunoreactive protein in the gels were
determined using FluorChem spot densitometry as previously described (49). To
analyze the stability of the FlgE high-molecular-weight complex, lysates were
incubated for 60 min 23°C with either 8 M urea or 8 M guanidine-HCl. The
urea-treated lysate was boiled in sample buffer, whereas the guanidine-HCl
lysate was not boiled before the gel was loaded. Southern blotting was performed
using standard techniques and HindIII-digested genomic DNA, and the blots
were probed with a digoxigenin (Roche)-labeled kan cassette.
Generation of polyclonal antiserum directed against FlgE. The flgE gene from
B. burgdorferi was amplified using primers P9 and P10 (Table 1), and the PCR
product was cloned into the pCR T7/NT-TOPO expression vector (Invitrogen)
that encodes an amino-terminal histidine tag. The recombinant FlgE protein was
induced using 0.1 M isopropyl-␤-D-thiogalactoside, purified by using a nickel
agarose column, and concentrated in 10-kDa-cutoff Amicon Ultra centrifugal
concentrators (Millipore). Rabbits were immunized with 200 g of purified
recombinant FlgE protein for 1 month, with the first injection (100 g) in
Freund’s complete adjuvant and the other two boosters in incomplete adjuvant.
Due to the presence of nonspecific reactive bands in Western blots (see Fig. 6),
polyclonal antisera were subsequently preadsorbed with acetone-treated E. coli
(26), affinity purified using recombinant FlgE and an AminoLink Plus immobilization kit (Pierce), and eluted as recommended by the manufacturer.
qRT-PCR. Quantitative reverse transcriptase PCR (qRT-PCR) analysis was
carried out as previously described (49). Briefly, total RNA was isolated using an
RNeasy kit (Qiagen) and treated with DNase (Turbo DNase I; Ambion) to
remove contaminating DNA. Reverse transcription was performed with 100 ng
of total RNA using the Reverse Transcription System (Promega) and random
hexamers (Roche). Negative controls in which reverse transcriptase was omitted
were included for each sample. The cDNA was amplified (ProofStart DNA
polymerase; Qiagen) using the flaA P15 and P16 primers or the flaB P17 and P18
primers to generate DNA for use as standards. Sample cDNA, genomic DNA
controls, and negative controls (no reverse transcriptase) were run simultaneously with flaA or flaB primers. Quantitative PCR was performed with a
LightCycler (Roche) using a QuantiTect SYBR green PCR kit (Qiagen). RNA
from the enolase gene (eno, BB0337) was amplified with primers P19 and P20
and was used as an internal control to normalize qRT-PCR data (29). The results
were expressed as the threshold cycle at which the measured fluorescence increased above the background level.
Protein turnover assay. The method used to assay turnover of FlaA and FlaB
has been described previously (49). Briefly, cells (2 ⫻ 108 cells/ml) were incubated in BSK-II medium supplemented with spectinomycin (100 g/ml) at 34°C.
Five-milliliter samples were withdrawn at the indicated time points and centrifuged (8,000 ⫻ g at 4°C for 15 min). The cell pellets were washed by resuspension
in 5 ml water and centrifugation at 13,000 ⫻ g for 5 min at 23°C. Cell lysates were
then analyzed by Western blotting.
Light and electron microscopy. The cell morphology and motility of wild-type
and flgE mutant cells were characterized by light microscopy using previously
described methods (46). To assay for the presence of PFs by electron microscopy,
wild-type and mutant cells were fixed, embedded, and observed by transmission
electron microscopy as previously described (39). Purified PFs and basal bodies
were negatively stained on carbon collodion-coated copper grids with 2% phos-
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FIG. 1. Cell morphology and swarming of SC-E1. (a and b) Darkfield micrographs showing (a) the flat-wave morphology of the wild
type and (b) the rod-shaped morphology of SC-E1. (c and d) Thinsection electron micrographs showing (c) the PFs (arrow) in the wild
type and (d) the lack of PFs in SC-E1. (e and f) Plate assays showing
(e) the swarming of the wild type and (f) the lack of swarming of
SC-E1. The white ring (arrow) indicates the area that was inoculated
initially.

marked reduction (approximately 70 to 82%) in FlaB accumulation in SC-E1 compared to the wild type (Fig. 2, middle
panel). FlaA has previously been shown to produce two bands
on Western blots: a major band at 38 kDa and a minor band at
37 kDa (49). Although we were unable to detect the 37-kDa
FlaA band, we found that there was a ⬎85% reduction in the
level of the 38-kDa band of FlaA in SC-E1. The reduction in
the level of FlaA in SC-E1 exceeded that previously found in
the flaB mutant (Fig. 2, bottom panel). These results indicate
that the flgE mutation markedly inhibits FlaA and FlaB accumulation.
Influence of the flgE mutation on the synthesis of select gene
products encoded in motility operons. flgE maps near the center of the large flgB motility operon in the B. burgdorferi chromosome (19, 22). This operon is approximately 21 kb long and
consists of 26 putative open reading frames. To determine the
effect of the flgE mutation on the accumulation of protein
products of this operon, we carried out a Western blot analysis
of proteins encoded by genes both upstream (fliI) and downstream (motB and fliM) of flgE (Fig. 3a). The flagellum assembly protein FliI (22, 45) and the motor protein FliM (63) were
present at similar levels in the wild type and SC-E1, while the
level of MotB, which is part of the flagellar stator (33), was
slightly reduced in SC-E1 compared to the wild type. Taken

together, the Western blot analyses indicated that insertion of
kan into flgE did not appreciably alter the amounts of proteins
encoded by other select motility genes that were located either
upstream or downstream of the mutation.
Because both FlaA accumulation and FlaB accumulation
were affected by the flgE mutation (Fig. 2), we tested whether
this mutation affects other genes in the flaA operon. flaA is
followed by the downstream chemotaxis genes cheA2, cheW3,
cheX, and cheY3, which are transcribed as an operon (20).
Furthermore, these genes have been shown to be involved in
chemotaxis (5, 37, 48; M. Motaleb, C. Li, and N. Charon,
unpublished). In contrast to the results for FlaA, blots probed
with antisera to CheA2, CheW3, CheX, or CheY3 revealed
that these proteins accumulated at wild-type levels in SC-E1
cells (Fig. 3b). These data strongly suggest that within this
operon, the mutation in flgE specifically affects the accumulation FlaA. Similar results were obtained for a flaB mutant (49).
Decreases in FlaA and FlaB levels are unrelated to mRNA
synthesis. Although flagellin synthesis is regulated at the transcriptional level in other bacteria, the regulation of PF gene expression in B. burgdorferi is poorly understood. We used qRTPCR to determine if the reduction in FlaB and FlaA levels in
SC-E1 was the result of transcriptional regulation. Using the
enolase gene as an internal control (29), we found that the levels
of flaA (Fig. 4a) and flaB (Fig. 4b) transcripts in SC-E1 were
similar to those in the wild type. These results differ from those
obtained for other bacteria, in which inhibition of hook protein
synthesis results in the cessation of flagellin transcription (3, 34,
36). Thus, in B. burgdorferi, completion of the PF hook is not a
checkpoint for transcriptional control of PF synthesis.
PF filament protein turnover in mutant SC-E1. qRT-PCR
results indicated that the lack of accumulation of FlaA and
FlaB in SC-E1 occurs posttranscriptionally. This lack of accumulation could result from protein turnover or from translational control. To examine these possibilities, spectinomycin
was added to growing cells of the wild type and SC-E1 to arrest
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FIG. 2. Analysis of the FlaA and FlaB proteins in SC-E1. Cell lysates
from the wild type and the SC-E1 and flaB mutants were analyzed by
Western blotting, and DnaK was used as an internal control. The amount
of total protein loaded in each well is indicated. The levels of both FlaA
and FlaB in the mutants were markedly decreased compared to the levels
in the wild type.
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translation, and the levels of FlaA and FlaB were assayed over
time. Gels were loaded with approximately 10 to 20 times more
protein from lysates from SC-E1 than protein from lysates
from the wild type for detection of FlaA and FlaB. We found
that FlaA accumulation in the wild type was stable (Fig. 5, top
left panel). However, the level of FlaA in SC-E1 decreased,
and the estimated half-life was 2 h; by 12 h, only a trace amount
of FlaA was detected (Fig. 5, bottom left panel). These results
indicate that the decrease in FlaA accumulation in SC-E1
could be explained, at least in part, by protein degradation. In
contrast to FlaA levels, FlaB levels remained stable over 12 h
in both wild-type and SC-E1 cells (Fig. 5). Because no turnover
of FlaB was detected in SC-E1, translational control is evidently involved in the decrease in FlaB accumulation. These
results suggest that the hook, while not a transcriptional checkpoint for filament gene transcription, still plays a key role in the
accumulation of both FlaA and FlaB.

FIG. 4. qRT-PCR. Reverse transcription with random hexamer
primers generated cDNA using total RNA from the wild type (WT)
and SC-E1. Signals from qRT-PCR using specific primers for flaA or
flaB were quantified with SYBR green fluorescent dye. The data from
one representative experiment are expressed as the average threshold
cycles (Ct) for duplicate samples. The experiment was repeated two
more times, and similar results were obtained. The enolase gene, eno,
was used as a control for data normalization in each experiment.

Reactivity with FlgE antiserum. We tested for production of
the FlgE protein by performing a Western analysis using a
rabbit antiserum raised against recombinant FlgE. Surprisingly, multiple bands from the wild type were found to react to
the antiserum (Fig. 6). One band was at approximately 46 kDa,
which is the predicted size of monomeric FlgE. A nonspecific
band at approximately 140 kDa was present in all samples, and
in subsequent experiments affinity-purified antibodies were
used. No breakdown of the large complex was detected even
after 10 min of boiling in sample buffer, and the complex was
stable in the presence of ␤-mercaptoethanol, dithiothreitol, 8
M guanidine-HCl, and 8 M urea. Formation of a high-molecular-weight FlgE complex was previously reported for T. den-
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FIG. 3. Western blot analysis of gene products of the flgB and flaA
operons. Equal amounts of cell lysates from the wild type and SC-E1
were loaded on the gels, and Western blotting was carried out using
the indicated antisera; DnaK was used as an internal control (not
shown). The relative locations of genes in the (a) flgB operon and (b)
flaA operon are shown, and the direction of transcription is indicated
by the arrows. Each dash represents an open reading frame between
the genes tested by Western blotting. Reverse transcription-PCR analysis indicated that both the flgB and flaA operons are polycistronically
transcribed (20, 22).
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ticola and T. phagedenis (13, 40), and several lines of evidence
indicated that formation of this complex is the result of crosslinking of FlgE. In contrast, Jwang et al. reported that such a
complex was absent in B. burgdorferi (31).
Several mutants were tested using this antiserum. As expected, flgE mutant SC-E1 failed to react at 46 kDa (Fig. 6). In
addition, the SC-E1 lane did not contain bands corresponding
to the high-molecular-mass complex observed in the wild type,
although a weak nonspecific band was observed at approximately 140 kDa (see below). These results verify that inactiva-

FIG. 6. Reactivity of SC-E1 with anti-FlgE. Cell lysates of the wild
type and the SC-E1, flaB, and fliF mutants were reacted with an
antiserum to recombinant FlgE. Nonspecific binding was observed at
approximately 140 kDa for each sample, as indicated by the asterisk.

tion of flgE inhibits FlgE synthesis. Cells of the flaB mutant had
a pattern of reactivity identical to that of the wild type (Fig. 6).
These results suggest that inhibition of filament synthesis did
not influence formation of the high-molecular-weight FlgE
complex. However, cells of the fliF mutant were quite different.
fliF in other bacteria encodes the MS ring, which is essential
for flagellar rotation and basal body, hook, and flagellum assembly (7, 35). Consistent with this proposition, the B. burgdorferi fliF mutant was found to be nonmotile, had undetectable amounts of FlaA and FlaB as determined by Western blot
analysis, and was rod shaped (M. Motaleb and N. Charon,
unpublished). Western blot analysis using the FlgE antiserum
indicated that cells of the fliF mutant did not form the highmolecular-weight FlgE complex (Fig. 6). Reactivity was detected at approximately 46 kDa, and new bands appeared in
this region compared to the wild type. These results suggest
that in a fliF mutant, FlgE is synthesized but formation of the
high-molecular-weight complex is inhibited.
Complementation of flgE mutation. One concern was whether
a secondary mutation was responsible for the altered phenotype of SC-E1. To test this possibility, we attempted to genetically complement the SC-E1 mutation. We were unable to
successfully complement SC-E1 despite using several different
vectors, various methods for preparing competent cells, and
different plating techniques (57). Because different antibiotic
cassettes influence the plating efficiency of B. burgdorferi on
selective media and could have influenced our ability to
achieve complementation (18), we constructed a new mutant
strain (LC-E1) by replacing the kan cassette at the same EcoRI
site in flgE with the aad streptomycin resistance cassette.
LC-E1 had the same phenotype as SC-E1; it formed tiny colonies, was rod shaped, and was nonmotile. Furthermore, West-
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FIG. 5. FlaA and FlaB stability. Spectinomycin (100 g/ml) was added to wild-type or mutant SC-E1 cells to arrest translation. Samples were
withdrawn at the indicated time points and analyzed by Western blotting (left panels). Protein density was determined for FlaA (Œ) and FlaB (f)
for the wild type (top right panel) and mutant SC-E1 (bottom right panel). The results are expressed as the percent protein density at zero time
compared to subsequent time samples. Gels were loaded with 5 g of lysate of the wild type, 100 g of SC-E1 for the FlaA blot, and 50 g of lysate
for the FlaB blot. Five micrograms of lysate was loaded for each strain for the anti-DnaK blot.
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ern blot analysis of gene products of the flgB operon indicated
that there were no polar effects resulting from the aad mutation (not shown) and that the mutation also reduced accumulation of FlaA and FlaB, as found in SC-E1 (Fig. 7, top panel).
LC-E1 was successfully complemented with the flgE/pBSV2
vector containing kan and the intact flgE gene preceded by the
flgB promoter. PCR analysis indicated that the entire flgE gene
was present as a replicating plasmid (not shown). Phenotypic
analysis of the complemented strain (designated LC-E1⫹) revealed that the cells exhibited both the flat-wave morphology
and motility based on dark-field microscopy and swarm plate
assays (not shown). Furthermore, Western blotting indicated
that complementation of flgE resulted in the production and
accumulation of FlaA and FlaB at levels similar to wild-type
levels (Fig. 7, top panel). We tested lysates of the wild type,
LC-E1, and LC-E1⫹ with the affinity-purified anti-recombinant FlgE antiserum. As observed for SC-E1 (Fig. 6), FlgE
accumulation in LC-E1 (Fig. 7, bottom panel) was inhibited. In
addition, the nonspecific band at approximately 140 kDa was
absent when this purified FlgE antibody was used. The Western blot patterns of the wild type and LC-E1⫹ were similar
(Fig. 7). There was a new band at 70 kDa in LC-E1⫹ compared to the wild type. The basis for this band is unclear, but
it could have been the result of overproduction of a highmolecular-weight FlgE intermediate, followed by degradation.
These results verify that inactivation of flgE inhibits FlgE synthesis and results in the altered phenotype.
High-molecular-weight complex of FlgE is associated with
the basal bodies. We directly tested if the FlgE antiserum
specifically reacts with the flagellum basal body apparatus and
another strain previously reported not to form a high-molecular-weight complex of FlgE. We purified PFs containing intact hook-basal body structures using a new gentle lysis procedure (Fig. 8, top panel). We also purified the hook-basal body

FIG. 8. Electron micrographs of (top panel) purified PFs containing hook-basal body complexes (arrowheads) and (bottom panel) purified hook-basal body complexes. Samples were negatively stained
with phosphotungstate.

structures from these PFs (Fig. 8, bottom panel). The hook
length was determined to be 61 ⫾ 4.4 nm (mean ⫾ standard
deviation), which is slightly longer than the 50 nm reported for
other Borrelia species (6). The PFs and purified hook-basal
body structures were analyzed by Western blotting using affinity-purified FlgE antibodies. The molecular mass of most of
the FlgE protein was found to be greater than 160 kDa in the
lanes containing the hook-basal body complexes, PFs, and
whole-cell lysates, and there were only small amounts of the
monomeric 46-kDa protein in the PFs and whole-cell lysates
(Fig. 9). These results indicate that FlgE exists as a stable
high-molecular-weight complex within the basal bodies. We
also tested the affinity-purified antiserum with B. burgdorferi
strain N40, which reportedly did not form the high-molecularweight complex (31). We found that the analysis of strain N40
yielded results identical to those obtained with strain B31 (Fig.
9). These results suggest that formation of the large FlgE
complex is not unique to strain B31.
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FIG. 7. Western analysis of the LC-E1 mutant and complemented
strain. Cell lysates were reacted with anti-FlaA, anti-FlaB, and antiFlgE affinity-purified antibodies. LC-E1 did not react to the FlgE
antiserum, and the wild type and LC-E1⫹ reacted at 46 kDa and at
higher molecular masses.
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DISCUSSION
The flagellar hook acts as a flexible coupling linking the
flagellar motor to the filament (58). In addition, it also plays a
central role in flagellum assembly, as it acts as a checkpoint for
late motility gene transcription (2, 14, 30). In several bacterial
species, including the spirochete T. denticola, inactivation of
flgE results in a failure to complete flagellum filament synthesis
(34, 36, 39, 55). In the studies reported here, we found that
inactivation of flgE resulted in cells that were nonmotile and
deficient in PFs. In addition, flgE mutant cells were not flat
waves but were rod shaped. Because both motility and the
flat-wave morphology were restored by complementation, secondary mutations were not involved in these altered phenotypic characteristics. Similar results were obtained for a flaB
mutant, which was also nonmotile and rod shaped and lacked
the flat-wave morphology of the wild type (46, 59). Our results
obtained with the two flgE mutants, along with the results for
the fliF mutant also presented here, extend these findings and
thus further support the conclusion that the PFs have a skeletal
function and that this organelle is essential for motility.
Three lines of evidence strongly indicate that B. burgdorferi
has a unique system for controlling its motility genes. First, as
mentioned above, there are neither 28 recognition sequences
upstream of the motility genes nor any detectible genes encoding 28 transcription factors (fliA) and anti-28 factors (flgM)
(19). In addition, all of the motility promoters identified so far
are 70-like (19, 22, 38). However, discrimination between S
and 70 promoters in B. burgdorferi based on promoter consensus sequences is problematic (11, 66). Recently, using microarray and transcriptional analysis, Caimano et al. have
shown that whereas flagellum biosynthetic genes are controlled
by 70 both in vitro and in vivo, the methyl-accepting chemotaxis genes mcp1, mcp4, and mcp5 and the chemotaxis gene
cheW2 are upregulated by S (RpoS) (11) during growth in
vivo. For B. burgdorferi, evidence suggests that S is directly

controlled by 54 (61, 66). 54 directly participates in the transcription of motility gene expression in other bacteria, such as
Caulobacter crescentus, Vibrio species, Pseudomonas aeruginosa, and Helicobacter species (4, 16, 44, 50). Although it has
been speculated that 54-like promoter sequences are upstream of some of the motility genes in B. burgdorferi (17),
there is no definitive proof that transcription is initiated at
these sites. Furthermore, B. burgdorferi lacking S or 54 remains motile (17). Taken together, these results suggest that B.
burgdorferi is not dependent on 28-, S-, or 54-mediated
cascade transcriptional control for flagellar gene expression.
Second, as described here, inactivation of flgE dramatically
decreases the accumulation of FlaB. The amounts of flaB message in the flgE mutant SC-E1 and the wild type were essentially equivalent. The results of the decreased amount of FlaB
in the flgE mutant can best be explained by translational control. Although sigma factor cascade transcriptional control of
flagellum synthesis is a major mechanism of control in C.
crescentus, Bacillus subtilis, and S. enterica, translation control
of flagellin also occurs in these species (1–3, 41, 65). As suggested by Yakhnin et al. for B. subtilis, such control could
fine-tune flagellin synthesis in response to the environment
(65). In the absence of cascade control of motility gene transcription, B. burgdorferi appears to rely exclusively on translational control of its motility genes. Finally, as found in many
other species of bacteria, mutation of flgE results in inhibition
of the expression of chemotaxis genes (16, 34, 36). These genes
are generally the last genes transcribed in the cascade. We
found no inhibition of CheA2, CheX, and CheY3 after inactivation of flgE. These results further reinforce the hypothesis
that there is a lack of cascade control of motility gene transcription in B. burgdorferi.
The results obtained for the filament protein FlaA are complex. We found that whereas FlaA accumulation was inhibited,
the levels of the downstream genes in the operon encoding
CheA2, CheW3, CheX, and CheY3 were the wild-type levels.
Similar results were obtained in an analysis of a flaB mutant
(49). In this previous study, we speculated that the low rate of
turnover noted for FlaA in the flaB mutant is likely the result
of excretion of this protein into the periplasmic space by a
SecA-dependent mechanism and then degradation due to its
inability to complex with FlaB. As reported in this paper,
inactivation of flgE resulted in a decrease in the accumulation
of FlaA but not in the accumulation of the encoding message.
Slow turnover occurred with FlaA in the flgE mutant, as observed for the flaB mutant; both proteins had a half-life of 2 h
(49). Because FlaA was turned over in the mutant, it is not
possible at this time to sort out whether the decrease can be
attributed to translational control, to turnover, or to both of
these factors. However, if translational control was responsible, it did not affect the translation of the other genes in the
operon. Remarkably, the amount of FlaA that accumulated in
the flgE mutant was dramatically less than the amount found in
the flaB mutant. These results indicate that the presence of the
hook positively influences FlaA accumulation.
Although transcriptional cascade control is not involved in
the regulation of B. burgdorferi motility genes, the expression of
some of these genes is modulated. Specifically, as shown by
microarray analysis, multiple chemotaxis-related genes are upregulated in B. burgdorferi either in vivo or under in vitro
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FIG. 9. Western blot analysis of purified components and strain
N40. Hook-basal body complexes, PFs, and cell lysates of different
strains were run on an 8% polyacrylamide gel and then reacted with
affinity-purified FlgE antibodies after blotting.

1919

1920

SAL ET AL.

genera (51), we speculate that cross-linking of FlgE will be
found in other spirochete species as well. Our results, however,
do not rule out the possibility that other proteins besides FlgE
are part of the high-molecular-weight complex.
The unique cell features and specialized motility of B. burgdorferi make this organism challenging to study. Characterization of B. burgdorferi lacking the hook protein FlgE has reinforced the idea that PFs are essential for the flat-wave
morphology, as well as for motility. In addition, the flgE mutant
strains have provided important insight into the regulation of
PF synthesis in B. burgdorferi. From studies of these mutant
strains, we have concluded that the PF hook is not a transcriptional checkpoint for the regulation of PF synthesis. The FlaB
flagellin and possibly the flagellin FlaA appear to undergo
posttranscriptional regulation beyond simple protein degradation in the absence of the PF hook. The nature of posttranscriptional flagellin regulation in B. burgdorferi and the formation of the complex flagellar hook structure of this organism
remain exciting areas to be explored.
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conditions that mimic the mammalian or tick hosts (11, 17, 53,
64). qRT-PCR confirmed that there is upregulation of some of
these genes (M. Caimano and J. Radolf, personal communication). We previously hypothesized that motility and chemotaxis gene expression is constitutive in B. burgdorferi (12, 22).
We based this hypothesis on the lack of 28-dependent cascade
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The nature of FlgE cross-linking in both Treponema spp. and
B. burgdorferi is unknown, but to a large extent this crosslinking resembles the cross-linking of phage head proteins of
HK-97 and the recently reported cross-linking of pilus proteins
in Streptococcus pyogenes (27, 32, 52). As observed for HK-97
phage head proteins (52), the high-molecular-weight complex
was found to be stable when it was boiled and when it was
exposed to a number of protein-denaturing agents. Because
the PFs necessarily rotate in the confined region between the
outer membrane sheath and the cell cylinder, perhaps this
cross-linking adds extra strength and flexibility to the hook as
a means to promote more efficient swimming. It is interesting
that the fliF mutant did not form the high-molecular-weight
FlgE complex and only the monomeric FlgE species was detected. Because FliF would be essential for FlgE secretion in B.
burgdorferi, as it is in most bacterial species (7, 35), our results
suggest that the cross-linking occurs in the periplasmic space.
In contrast to other bacteria, in which the flagella are exposed
to the ambient medium, in spirochetes the flagellum organelles
are located intracellularly. Thus, because of the location of the
PFs, perhaps spirochetes are more enzymatically capable of
cross-linking their flagellar structures than most bacteria. Because Treponema and Borrelia are phylogenetically divergent
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