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A 419-bp region of the flagellin gene sequence of Borrelia burgdorferi was used as a target for the polymerase
chain reaction. With a nonradioactively labeled gene-specific probe, sensitivity to as few as 1 to 10 spirochetes
was observed. The targeted gene fragment was conserved in the American and European strains of B.
burgdorferi tested and among several other pathogenic borreliae.

Lyme disease is a multisystem disorder caused by the
spirochete Borrelia burgdorferi (8, 29). The symptoms asso-
ciated with the early stages of Lyme disease are rather
general (e.g., fever and malaise) and make diagnosis difficult
(29). Furthermore, the immune response early in Lyme
disease is unpredictable, which renders antibody detection
via enzyme-linked immunosorbent assay of limited diagnos-
tic value (10, 13). However, early detection and treatment
reduce the probability of the more severe complications
associated with later stages of Lyme disease (28).
Use of the polymerase chain reaction (PCR) has recently

attracted much interest as a genetic approach to microbial
diagnostics (1, 11, 21, 30). Rosa and Schwan were the first to
apply the PCR to detection of B. burgdorferi (25). Of the 18
strains of B. burgdorferi examined, 17 were detected and no
reactivity was associated with the other Borrelia species
tested. The outer surface protein A gene has also been used
as a PCR target for detection of B. burgdorferi (23, 24). This
gene is located on a linear plasmid associated with the
spirochete (4). In a study by Nielsen et al., amplification
products were identified with a radioactively labeled oligo-
nucleotide probe selected from the outer surface protein A
gene (23).
We chose to evaluate the flagellin gene as a PCR target for

detection of B. burgdorferi. The flagellin gene sequence was
known; it was located on the chromosome and had not been
previously examined with a PCR-based detection method.
Furthermore, we wanted to examine the sensitivity of a
nonradioisotopic detection system when coupled with PCR
for detection of B. burgdorferi. The nonradioisotopic detec-
tion method has advantages over radioisotopic methods in
that problems of expense due to a short half-life, storage,
and disposal associated with radioactively labeled probes are
avoided (19). In addition, biotinylated probes have been
determined to have sensitivities approaching those reported
with radioactively labeled probes.
Two strains of B. burgdorferi, the American prototype

strain (ATCC 35210) and an isolate from Switzerland (ATCC
35211), were obtained from the American Type Culture
Collection, along with cultures of B. hermsii (ATCC 35209)
and Treponema pallidum (ATCC 27087). Cultures of B.
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anserina, B. coriaceae, B. hermsii, B. parkeri, and B.
turicatae were provided by Thomas Schwan, Rocky Moun-
tain Laboratories, National Institute of Allergy and Infec-
tious Diseases. The B. burgdorferi strains were maintained
in BSKII medium (2). The culture of T. pallidum was
reconstituted in 0.5 ml of BSKII medium and used immedi-
ately. Other cultures were used as received.
The target for PCR amplification was located within the B.

burgdorferi flagellin gene sequence (12). Two primers, both
18-mers, were selected from a portion of the gene sequence
conserved in both the American and European strains of B.
burgdorferi. Primers 1F (5' GCATTAACGCTGCTAATC)
and 2F (5' TTGCAGGCTGCATTCCAA) were located at
nucleotides 50 to 67 and 451 to 468, respectively, on the basis
of the published flagellin gene sequence (12). Also selected
from the flagellin gene sequence was a 20-mer probe (nucle-
otides 300 to 319) for detection of the amplified product by
hybridization. The probe was selected such that it did not
hybridize with either of the primer sequences, and both ends
were biotinylated (B): 5' BCACATATTCAGATGCAGA
CAB. The oligonucleotide primers and probe were synthe-
sized by Genesys Biotechnologies, Inc., Woodlands, Tex.
Enumeration of B. burgdorferi was routinely performed

by the method of Stoenner (31). For sensitivity studies,
appropriate amounts of culture were aliquoted such that
0.5-ml tubes (Sarsted, Newton, N.C.) theoretically con-
tained 10,000, 1,000, 100, 10, and 1 cell, and volumes were
adjusted to 10 RI with 0.9% NaCl. For specificity analysis, 2
,ul of culture was placed into tubes with 3 RI of 0.9% NaCl.
An equal volume of the detergent Nonidet P-40 (Sigma
Chemical Co., St. Louis, Mo.) was added to the cells. The
tubes were placed in a boiling water bath for 5 min and then
cooled rapidly on ice. PCR reagents were added directly to
the entire contents of the tubes. A negative control was
prepared with BSKII medium and treated like sample tubes.
B. burgdorferi DNA was purified as described by Marmur
(20). A positive control was prepared with 20 ng of purified
B. burgdorferi ATCC 35210 DNA as the template. The PCR
reagent mixture contained 10 mM Tris hydrochloride, 50
mM MgCl2, 0.01% gelatin, each deoxynucleostide triphos-
phate at 200 ,uM, and each primer, 1F and 2F, at 1 ,M. All
reactions were performed in a TempCycler 50 (Coy, Ann
Arbor, Mich.). The temperature profile used was as follows:
template denatured at 94°C for 2 min, primers annealed at
55°C for 2 min, and extension at 72°C for 3 min, for a total of
30 cycles. The amplification products were analyzed in 2%
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FIG. 1. Electrophoresis of the 419-bp amplification product re-
sulting from the use of B. burgdorferi cell extracts derived from 1 to
10,000 cells as templates.

agarose by submarine gel electrophoresis using a standard
TAE buffer (19). Ethidium bromide (1 ,ug/ml) was included in
the electrophoresis buffer and gel, and bands were visualized
by UV transillumination.

Five-microliter aliquots of the PCR amplification products
were heat denatured and directly spotted onto a nitrocellu-
lose membrane (Bethesda Research Laboratories, Inc.,
Gaithersburg, Md.) which had been wetted in 2x distilled,
autoclaved water and briefly soaked in lOx SSC (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate) and then blotted
between two sheets of Whatman no. 1 chromatography
paper. The membrane was then baked at 80°C for 1.5 h,
prehybridized for 30 min in a solution of 5 x SSC-5 x
Denhardt's solution-5 mM EDTA, 0.2% sodium dodecyl
sulfate (SDS)-0.05% sodium PPi50 jig of Escherichia coli
tRNA (Sigma) per ml. The probe was diluted in the prehy-
bridization solution to 25 ,ug/ml, and this mixture was used
as the hybridization solution. Hybridization was allowed to
take place overnight at 42°C. The membrane was washed
three times in 0.16x SSC-0.1% SDS, i.e., twice for 5 min
each time at room temperature and once for 30 min at 42°C.
The membrane was then rinsed once in 1 x SSC for 3 min at
room temperature and once in 0.1 M Tris (pH 7.5)-0.15 M
NaCI for 3 min at room temperature. Hybrids were detected
by using the BluGENE Nonradioactive Nucleic Acid Detec-
tion System (Bethesda Research Laboratories). The only
modification of the protocol suggested by the manufacturer
was that the 3% bovine serum albumin wash was performed
for 1.5 h at 42°C rather than for 1 h at 65°C.
When we examined the sensitivity of our assay, the 419-bp

amplification product from as few as 1 to 10 spirochetes was
directly visible in the agarose gel (Fig. 1). The 419-bp PCR
amplification product was seen in lanes 3 to 6, ranging from
10 to 10,000 cells. A faint band was visible in the one cell

FIG. 2. DNA hybridization results of amplification products
generated in the PCR with DNA from various numbers of B.
burgdorferi cells as templates. The positive control was 5 ng of the
biotinylated 20-mer probe. The positive PCR control was the
amplification product resulting from 20 ng of purified B. burgdorferi
DNA used as the template in the PCR. The negative control was the
amplification product resulting from BSKII medium used as the
template in the PCR. NP-40, Nonidet P-40.

lane on the transilluminator. No amplification was observed
in the negative control lane. The lower limits of detection
were made more visible by use of hybridization, and single-
cell dilutions were readily detected by spot blot (Fig. 2). No
reactivity was noted in the various negative control spots,
and the 1- and 10-cell spots were clearly visible. As evi-
denced by visible bands in the agarose gel and visualization
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FIG. 3. Electrophoresis of amplified spirochete DNA generated
from a variety of Borrelia species and T. pallidum.
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FIG. 4. Hybridization of the flagellin gene probe to spirochete
DNA. The first row of dots, on the left below the positive control
spot (upper left-hand corner), is a 10-fold dilution of the second row

of spots, on the right, except for the control spots themselves. The
positive control is 5 ng of the biotinylated 20-mer probe. The
negative control spots are Nonidet P-40 (upper right-hand corner),
the 500-bp amplified lambda control DNA (second row, left), and the
amplification product resulting from BSKII medium used as the
template in the PCR (second row, right).

by hybridization, our assay approaches the single-cell detec-
tion limit. These sensitivity levels are comparable to those
demonstrated by other PCR-based assays for detection of B.
burgdorferi (23, 25).
When we examined the specificity of our assay, the 419-bp

amplification product was directly visible in all of the Bor-
relia species pathogenic in mammals both in the agarose gel
and by hybridization (Fig. 3 and 4). No amplification product
was noted with the avian pathogen B. anserina, and only
faint reactivity was noted with B. parkeri. In DNA homology
studies, B. burgdorferi has 31 to 59% homology with other
borreliae; it is most closely related to B. hermsii, with 59%
homology, and less related to B. parkeri, with 37% homology
(16). Thus, the lower reactivity with B. parkeri is consistent
with the overall DNA homologies. In a recent study, a

monoclonal antibody to a flagellar epitope was seen to bind
with all of the Borrelia species evaluated in our assay,

including B. anserina and B. parkeri, suggesting that the
flagellin gene is highly conserved throughout the genus (5).
As evidenced by the bands in the agarose gel and the spot
blots, our assay also suggests a genus-specific nature of the
flagellin gene among the Borrelia species pathogenic in
mammals. No reactivity with T. pallidum in our assay was

noted. Immunological testing has demonstrated that borre-
liae and treponemes have antigens in common, and as a

result, patients having antibodies to T. pallidum have yielded
false-positive results in serological tests for B. burgdorferi
(14, 18). The N-terminal ends of the T. pallidum and B.
burgdorferi flagellin amino acid sequences have been re-
ported as having 80% homology (9). Even with this degree of
homology, however, the stringency of our assay allowed
discrimination between these two pathogens.

It has been reported in different studies that European and
American strains differ in many ways, such as DNA homol-
ogy, outer surface proteins, and plasmid composition (3, 6,
7, 17, 22, 27). In addition, it has been reported that European
strains are more diverse than American strains (6). Both the
European and American strains of B. burgdorferi examined
were detected in our study.
Our method is a direct, PCR-based, genus-specific method

for detection of mammalian pathogenic borreliae. Because
human clinical samples were not evaluated and a limited
number of strains were examined in this study, any potential
application to clinical diagnostics must be considered pre-
liminary. Nevertheless, treatments associated with Lyme
disease and other borrelial diseases are similar enough (15)
and epidemiologies are different enough (26) that a genus-
specific detection method may be both versatile and useful.
Furthermore, since the flagellin gene is conserved among the
various Borrelia species, this method may be suitable for
evaluation of a wide variety of B. burgdorferi strains and
may therefore prove useful for direct detection of the Lyme
disease spirochete.

This work was supported by a grant from Clark Laboratories Inc.,
Jamestown, N.Y.
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