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Spirochetes are emerging pathogens for which culture and identification are partly unresolved. In fact, 16S
rRNA-based sequencing is by far the most widely used PCR methodology that is able to detect such unculti-
vable pathogens. However, this assay actually has some limitations linked to potential problems of contami-
nation, which hampers diagnosis. To circumvent this, we have devised a simple PCR strategy involving
targeting of the gene encoding the RNA polymerase beta subunit (rpoB), a highly conserved enzyme. The
complete sequence of the Leptospira biflexa (serovar patoc) rpoB gene was determined and compared with the
published sequences for Borrelia burgdorferi and Treponema pallidum. From the resulting analysis, degenerate
nucleotide primers were designed and tested for their ability to amplify a portion of the rpoB gene from various
spirochetes. Using two different pairs of these primers, we succeeded in obtaining specific rpoB-amplified
fragments for all members of the genera Leptospira, Treponema, and Borrelia tested and no other bacteria. Our
findings may have significant implications for the development of a new tool for the identification of spiro-
chetes, especially if clinical samples are contaminated or when the infecting strain is uncultivable.

In 1999, and contrary to the predictions of the middle of this
century, infectious diseases remain the primary cause of death
worldwide (17). In fact, over recent decades, many demo-
graphic, social, environmental, and economical factors have
contributed to the emergence of infectious diseases. These
emerging pathogens correspond to infectious agents that are
responsible for diseases which have increased over the last 20
years or whose incidence will most probably be enhanced in the
near future. Consequently, and in the light of the dramatic rise
in the numbers of such pathological states, the diagnosis of
infectious pathogens was one of the main priorities announced
by the Centers for Disease Control and Prevention and the
World Health Organization (3).

The need for rapid and specific characterization of such
infectious agents has stimulated the development of new mo-
lecular biological tests. Of these, PCR has emerged as a major
technique for the detection and identification of specific mi-
crobial genes (6, 16). Identification of the pathogen responsi-
ble may not always be possible, because cultures can take from
days to weeks to identify by conventional morphological meth-
ods. It is of note that, like other fastidious bacteria, spirochetes
can be difficult or even impossible to grow (19). Observation of
these non-Gram stain-reactive bacteria requires dark-field mi-
croscopy, and their identification has long relied on serotyping
(19). Diagnosis of human spirochaetal infections caused by
Leptospira sp., Borrelia sp., and Treponema sp., has been prob-
lematic (2, 4, 7, 13), and, as yet, no reliable methods have been
widely adopted. Results obtained from comparison of the se-
quences of the 16S rRNA-encoding gene (24), which is a
widely used method for identifying pathogens (5, 25), are un-
satisfactory. Indeed, the sensitivity of this approach has been
questioned (9, 22). In this study, we have devised a simple PCR
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strategy to specifically detect Leptospira, Borrelia, or Trepo-
nema. This was achieved by using consensus primers targeting
a fragment of the gene encoding the B-subunit of the RNA
polymerase (rpoB). Comparison of sequences derived from
this gene has previously been used for taxonomic analyses of a
variety of species of Archaea and Proteobacteria (11, 14, 18).

MATERIALS AND METHODS

Bacterial strains and growth conditions. Spirochete strains (Borrelia burgdor-
feri, Borrelia recurrentis, Treponema pallidum, Leptospira biflexa serovar patoc,
Leptospira interrogans serovars icterohaemmorragiac and australis) were ob-
tained from the American Type Culture Collection (ATCC). Borrelia and Lep-
tospira strains were grown at 30°C on BSK-H (Sigma Chemical Corp., St. Louis,
Mo.) or EMJH (DIFCO, Detroit, Mich.) medium, respectively. Treponema pal-
lidum was propagated by intratesticular injections in rabbits. Leptospira interro-
gans (serovar pomona), Leptospira borgpetersenii (serovars sejro¢ and tarassovi),
Leptospira kirschneri (serovars cynopteri and grippotyphosa), Leptospira noguchii
(serovars panama and louisiana), Leptospira santarosai (serovar bataviae), Bor-
relia garinii, Borrelia afzelii, Borrelia valaisiana, and Borrelia hermsii were provided
by bioMérieux, Marcy I’Etoile, France. Other bacterial strains tested as negative
controls (Campylobacter jejuni, Chlamydia pneumoniae, Chlamydia trachomatis,
Citrobacter kasei, Corynebacterium jeikeium, Coxiella burnetii, Escherichia coli
(three isolates), Francisela tularensis, Enterobacter aerogenes, Enterobacter cloa-
cae, Haemophilus influenzae, human granulocytic Ehrlichia, Klebsiella pneu-
moniae, Legionella pneumophila, Listeria ivanovii, Listeria monocytogenes, Myco-
bacterium tuberculosis, Neisseria meningitidis, Pasteurella spp., Pseudomonas
aeruginosa (two isolates), Rickettsia prowazekii, Rickettsia rhipicephali, Staphylo-
coccus aureus, Staphylococcus epidermidis, Staphylococcus haemolyticus, Strepto-
coccus B agalactiae, Streptococcus salivarius, and Yersinia enterocolitica were
either purchased from ATCC or were clinical isolates obtained from patients
hospitalized in Marseille.

DNA amplification and Leptospira biflexa rpoB gene sequencing. Genomic
DNA was extracted by standard procedures (20). PCR amplifications were per-
formed with 3.2 pmol of each degenerate SEB primer (Eurogentec, Seraing,
Belgium) (Fig. 1), 10 mM deoxynucleoside triphosphates (ANTPs), and 1 U of
Taq DNA polymerase (Gibco BRL, Gaithersburg, Md.) in 50 pl of 1X PCR
buffer. Following a first denaturation step (95°C for 1.5 min), a three-step cycle
of 95°C for 20 s, 50°C for 30 s, and 72°C for 1 min was repeated 35 times. The
final stage of the PCR program was a single 3-min extension at 72°C (Peltier
thermal cycler model PTC 200; MJ Research, Watertown, Mass.). The amplicons
obtained were then resolved by 1% agarose gel electrophoresis and visualized by
staining with ethidium bromide. For sequencing, samples were purified with a
QIAquick PCR purification kit (Qiagen, Hilden, Germany) and then incorpo-
rated into the dRhodamine Terminator Cycle Sequencing Ready Reaction buffer
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TABLE 1. Oligonucleotide primers tested for PCR
amplification of the rpoB gene

LTB

: Nucleotide sequence (5'—3")
primer

... TGGITIGAATTIGAIATIGA
AATTGICTIGAAIIAGA
.CTTGGICCIGGIGGACTTTC
...GAAAGTCCICCIGGICCAAG
...GAAGGICCAAAIATIGG
.CCIATITTTGGTCCTTC
ATGCIATITTIATTTC
AGAAATIAAIATIGCATCCTC
..GCGTGIATTTTITCATCIAC
GCTTCIAGIGCCCTIAC

(DNA sequencing kit; Perkin-Elmer). Reaction products were resolved and
translated into sequence data by using an Applied Biosystems model ABI 310
automatic DNA sequencer (Perkin-Elmer). The sequence of the 5’ extremity of
the rpoB gene was obtained by using the Universal Genome Walker kit (Clon-
tech, Palo Alto, Calif.) according to the manufacturer’s instructions. The com-
plete rpoB sequence was collected by aligning and then combining gene frag-
ments obtained in individual sequencing reactions.

PCR protocols. Bacterial DNA was purified with a QIAamp tissue kit (Qia-
gen). Oligonucleotide primers were synthesized in our laboratory (392 DNA/
RNA Synthesizer; Perkin-Elmer). Amplification of rpoB fragments was carried
out by using the LTB primers listed in Table 1 (3.2 pmol each) added to a 50-pu.l
PCR mix containing 10 mM dNTP, 1 U of Tag polymerase (Gibco BRL), and 2
wl of DNA extract. The thermal cycle comprised a first denaturation step (94°C
for 2 min) and then a three-step cycle of 94°C for 30 s, 52°C for 30 s, and 72°C
for 1 min was repeated 35 times. The final stage of the PCR program was a single
3-min extension step at 72°C. In addition, for each bacterial DNA extract, a 16S
rRNA PCR was performed in order to ensure the quality of the DNA extraction.
This PCR was performed with the same PCR program as that used for 7poB gene
amplification, but with oligonucleotide primers FD1 and RP2 (26). All amplicons
obtained from spirochetal DNA were purified and sequenced as described above.

Data analysis. The obtained sequences, which were performed at least in
duplicate, were analyzed, corrected, and assembled with the Auto-Assembler
program of the ABI PRISM 310 Genetic Analyzer package (Perkin-Elmer).
Comparisons between sequences from various spirochete strains were performed
by using the PC Gene program (Intelligenetics). Percentages of similarity be-
tween the rpoB gene of Leptospira biflexa and those of Treponema pallidum
(gbAE001205.1) and Borrelia burgdorferi (gbAE001144.1) were determined by
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using the FASTA program. Alignment of these three sequences was carried out
with CLUSTAL algorithm (10), and potential consensus primers (LTB primers
listed in the Table 1) were chosen to hybridize to highly conserved regions within
this alignhment.

Nucleotide sequence accession number. The complete sequence of the rpoB
gene has been submitted to the GenBank database under accession no.
AF150880.

RESULTS AND DISCUSSION

Sequencing of the rpoB gene for Leptospira biflexa. Oligonu-
cleotide primers targeting highly conserved regions of the rpoB
gene (15), deduced by reference to the alignment of the rpoB
and rpoC sequences of Staphylococcus aureus, Escherichia coli,
and Bacillus subtilis, permitted amplification of the 3’ terminal
end of the rpoB gene of Leptospira biflexa (Fig. 1). The se-
quence of the 5" end of the gene was obtained with the Uni-
versal Genome Walker kit. To our knowledge, this method,
which allows determination of unknown genomic DNA se-
quences adjacent to known ones without molecular cloning
(21), has not previously been used for elucidation of bacterial
genome sequence. Briefly, genomic DNA is digested with five
different restriction enzymes, and following purification of the
DNA fragments, each is ligated to a specific Genome Walker
Adaptator primer. PCR is then performed with the Adaptator
primer supplied by the manufacturer and a gene-specific
primer, the sequence of which is complementary to a region as
close as possible to the known 5’ extremity of the gene. Am-
plification and subsequent sequence determination then per-
mit recovery of the intervening sequence containing at least
part of the missing 5" gene fragment. This procedure was found
to be a convenient means of amplifying the 5'-terminal end of
the Leptospira biflexa rpoB gene.

Analysis. A full-length Leptospira biflexa rpoB gene of 3,687
bp encoding a protein of 1,229 amino acids was obtained.
Comparative analysis of this sequence with those of Borrelia
burgdorferi (1) and Treponema pallidum (23) was performed
and indicated sequence similarity values of approximately
60%. The alignment obtained meant that the most conserved
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FIG. 1. Strategy of Leptospira biflexa gene sequencing. Primers SEB 2050F and RPOC 130R were determined after alignment of the rpoB and rpoC genes of
Salmonella enterica serovar Typhimurium, Escherichia coli, and Bacillus subtilis and definition of a consensus sequence. AP, Genome Walker Adaptator primer provided
in the kit; GSP, gene-specific primer that corresponds to the 5’ end of the known sequence.
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FIG. 2. Specific PCR amplification of the spirochetal rpoB gene. The PCR
assay was performed by using Taq polymerase with an annealing temperature of
52°C. Lanes: 1, molecular mass markers (DNA molecular weight marker VI;
Boehringer); 2, Borrelia burgdorferi; 3, Borrelia recurrentis; 4, Treponema palli-
dum; 5, Leptospira biflexa serovar patoc; 6, Leptospira interrogans, serovar aust-
ralis; 7, Leptospira interrogans, serovar icterohaemmorragiae; 8, Escherichia coli;
9, Staphylococcus aureus; 10, Streptococcus salivarius; 11, Pseudomonas aerugi-
nosa; 12, negative control without DNA. (A) rpoB gene primers LTB 1730F and
LTB 2900R. (B) rpoB gene primers LTB 1730F and LTB 3700R. (C) 16S rRNA
gene primers FD1 and RP2.

regions could be determined. Consequently, it was possible to
design oligonucleotide sequences that could be used as specific
primers for spirochetes belonging to these three distinct gen-
era. Thus, 10 LTB primers in which inosine was introduced in
place of ambiguous bases (12) were chosen (Table 1).

PCR assays. To assess whether degenerated primers permit-
ted amplification of rpoB gene fragments, all possible combi-
nations were tested in PCR experiments carried out at various
annealing temperatures. Our results, presented in part in Fig.
2, illustrate the fact that amplification products of approxi-
mately 900 and 1,700 bp were obtained for all spirochete
strains analyzed. Amplification was observed with primers LTB
1730F and either LTB 2900R or LTB 3700R, with an annealing
temperature of 52°C. In contrast, all other pairs of LTB prim-
ers tested failed to yield amplification products. In a second set
of experiments, amplification of the rpoB gene fragments was
also observed with both pairs of primers by using four other
strains of Borrelia and eight other strains of Leptospira, respec-
tively (listed in Materials and Methods [data not shown]). The
successful amplification reaction was specific to spirochetes.
Among the 26 other bacterial strains tested, no rpoB amplicon
was observed. In contrast, and as expected, positive responses
were obtained from all strains with the 16S rRNA primers,
demonstrating the quality of the DNA samples tested (Fig.
2C). All amplified fragments derived from spirochetes were
then sequenced and compared with those in either the labo-
ratory or the public domain databases, confirming their nature.
Interestingly, rpoB amplicons were larger for Leptospira spe-
cies than for members of the genera Borrelia and Treponema.
This difference corresponds to a high number of nucleotide
insertions inside the Leptospira rpoB sequence compared with
those of other genera.
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FIG. 3. Detection of spirochetes from a mixed bacterial suspension using
specific primers for the rpoB gene. The PCR assay was performed under the
same conditions as described in the legend to Fig. 2, but with spirochetal DNA
previously mixed with a Staphylococcus extract. Lanes: 1, molecular mass mark-
ers (DNA molecular weight marker VI; Boehringer); 2, S. aureus DNA alone; 3,
Borrelia burgdorferi; 4, Borrelia recurrentis; 5, Treponema pallidum; 6, Leptospira
biflexa serovar patoc; 7, Leptospira interrogans serovar australis; 8, Leptospira
interrogans, serovar icterohaemmorragiae. (A) 16S rRNA primers FD1 and RP2.
(B) rpoB primers LTB 1730F and LTB 2900R.

Possible applications. The procedure described in this paper
offers a rapid, convenient, and specific tool to identify Lepto-
spira, Treponema, and Borrelia, which are all potential agents
for human spirochetal infections (19). These results are of
importance in light of the increased incidence of meningoen-
cephalitis caused by spirochetes (8). In this respect, the pro-
posed PCR methodology is a powerful molecular biological
technique which should allow, for example, the examination of
cerebrospinal fluid samples under routine conditions, without
a requirement for axenic cultivation of the pathogens involved.
The proven specificity of the rpoB gene primers is also of
importance. These oligonucleotides will enable spirochetes to
be detected even when a sample is contaminated by other
bacteria. Thus, when suspensions of spirochetes and Staphylo-
coccus aureus are mixed together before DNA extraction, the
observed 16S rRNA PCR bands most probably correspond to
the concomitant amplification of both pathogens. This point
clearly illustrates the limitation of the 16S rRNA-based PCR
protocols. Indeed, under such experimental conditions, iden-
tification was impossible, since the mixed amplicons obtained
could not be sequenced under routine conditions (personal
observation). In contrast, by using the rpoB-based PCR assay,
the presence of spirochetes can be specifically demonstrated.
Indeed, as illustrated in Fig. 3, the presence of contaminating
Staphylococcus aureus DNA was shown not to be an impedi-
ment to the detection of spirochete DNA. This is an important
point when considering the fact that Staphylococcus aureus is
the first contaminant agent in cerebrospinal fluids.

In summary, we believe that the proposed rpoB-based PCR
assay should provide a new means to detect spirochetes. More-
over, when coupled with sequence analysis of amplified frag-
ments, this technique would permit further epidemiologic in-
vestigation and thus provide an opportunity to perceive new
patterns of diseases caused by Leptospira, Borrelia, and Trepo-
nema, most particularly by the strains that we investigated
here.
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