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Partial sequences of 23S rRNA gene PCR products from 23 strains of 6 pathogenic Leptospira genospecies
and from 8 strains of the saprophytic Leptospira biflexa were determined. Sequence analyses enabled Leptospira
genus-specific amplification primers and pathogen-specific fluorogenic adjacent hybridization probes to be
designed and synthesized. A PCR protocol was developed in which changes in fluorescence emission resulting
from specific annealing of fluorogenic adjacent hybridization probes to the target DNA were continuously
monitored. Nine strains of the pathogenic Leptospira genospecies could be differentiated from Leptonema illini,
Escherichia coli, and eight strains of Leptospira biflexa. The PCR method was rapid, requiring 18 min for the
completion of 45 cycles. It was also simple and flexible, as DNA templates prepared by four different methods,
including the simple boiling method, could be used without adverse effects. Two hundred copies of target,
equivalent to 100 cells, could be detected.

Leptospirosis, a zoonotic disease with worldwide distribu-
tion, is caused by seven genospecies of the genus Leptospira.
Many species of wild and domestic animals serve as reservoirs
of the bacteria and excrete them in their urine, contaminating
soil and freshwater. Human infections result from contacts
with contaminated soil or water or with the body fluid of in-
fected animals. Mild infections are self-limiting and character-
ized by flu-like symptoms, whereas the severe forms require
intensive medical care and are characterized by kidney or liver
damage, hemorrhage, or death.

Conventional identifications of Leptospira genospecies are
based on serology, and the serovar is the basic taxon; serolog-
ically related serovars are grouped into serogroups. Leptospira
biflexa, one saprophytic genospecies of Leptospira, is nonpatho-
genic. Pathogenic Leptospira and L. biflexa are morphologically
similar but distinguishable from each other on the basis of
pathogenicity to laboratory animals, serological properties,
or physiological characteristics. Such methods are either ex-
pensive, slow, or unreliable. Alternative molecular techniques
based mainly on PCR have been developed with limited suc-
cess. PCR methods published to date have either involved
amplification of sequences of unknown function (5, 6, 10, 12,
17, 19, 26) or, with a few exceptions (14, 23, 25), have been
used for identification of only a fraction of all possible mem-
bers of this genus (11, 15, 16, 20, 24).

Partial DNA sequences of PCR products from the 23S
rRNA genes (rDNAs) of 23 strains representing six pathogenic
genospecies of Leptospira and of eight strains of L. biflexa were
determined, and signature sequences were identified for dif-
ferentiating pathogens from saprophytes. A pair of genus-spe-
cific PCR amplification primers and two species-specific flu-

orogenic adjacent hybridization probes, placed internal to the
amplification primers and separated from each other by one
nucleotide, were synthesized. The upstream probe was labeled
at the 39 end with fluorescein, whereas the downstream probe
was labeled at the 59 end with Cy5. The change in fluorescence
emission due to fluorescence resonance energy transfer
(FRET) (4), resulting from the annealing of the probes to the
specific target regions of the amplicons during PCR, was con-
tinuously monitored in an air thermal cycler with a built-in
fluorometer (22). Using this approach, we have developed an
extremely rapid and specific assay for the identification of
pathogenic Leptospira.

MATERIALS AND METHODS

Bacterial strain. Twenty-six strains representing 7 pathogenic genospecies of
Leptospira, 8 strains of L. biflexa, and Leptonema illini 3055 (Table 1) were grown
to stationary phase for up to 7 days in EMJH medium (7). Strain 48/95 was an
Indian rodent isolate which could not be assigned serologically to Leptospira
interrogans with confidence, but the partial 16S rDNA sequencing and sequence
analysis firmly placed it as a member of L. interrogans.

DNA preparation. Genomic DNA was prepared from 1-ml cultures with a
etyltrimethylammonium bromide (CTAB)-based miniprep method (21) or from
50-ml cultures with QIAGEN genomic Tip-100 columns (QIAGEN, Santa
Clarita, Calif.). Two other miniprep methods, a simple boiling method (5) and a
guanidinium thiocyanate-silica-based method (2), were also used. The DNA
preparations were stored at 4°C until used. Concentrations of DNA extracted
from the 1-ml cultures were estimated by comparing the amount of fluorescence
of the DNA sample with that of DNA standard in ethidium bromide-stained
agarose gel, whereas the concentration of DNA extracted from the 50-ml culture
was determined by spectrophotometric measurement at 260 nm. The Escherichia
coli DNA was obtained from Pharmacia (Uppsala, Sweden). For determining the
sensitivity of the assay, the template DNA extracted from a pure culture of
L. interrogans M 20 was serially diluted with TE buffer (10 mM Tris [pH 8], 1 mM
EDTA). A similar test to determine the sensitivity of the assay with blood
samples was performed by adding 10 ml of the serial dilutions of an L. interrogans
Zanoni culture (2 3 108 cells/ml) to 190 ml of human whole blood containing
EDTA as the anticoagulant. Total DNA was then extracted with the QIAamp
Tissue Kit (QIAGEN) and eluted with 50 ml of buffer from the spin columns, and
1 ml was used in the PCR.

Partial sequencing of 23S rDNA. PCR products of the 23S rDNA were se-
quenced as described previously (23). The region selected for sequencing was
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chosen on the prediction that it had relatively little homology with all the
non-Leptospira 23S rDNA sequences in the GenBank database.

Design of PCR primers. DNA sequences were edited and aligned with the
Genome Assembly Program of the Staden Package (1). PCR primers covering all
sequenced Leptospira strains were designed with the PRIME program of the
Wisconsin Sequence Analysis Package (9), which allowed selection criteria such
as product lengths, optimal PCR annealing temperatures, and predictions of
primer self-annealing to be used. The sequences of the recommended primers
were checked against the GenBank nucleotide sequence database to estimate
specificity for Leptospira by the FASTA program (18); base mispairs between the
primer and non-Leptospira sequences were placed near the 39 end of the primer
to maximize specificity. The PCR amplification primers were synthesized by the
Center for Molecular and Cellular Biology, University of Southern Cross, Lis-
more, N.S.W., Australia.

Design of adjacent hybridization probes. The fluorogenic adjacent hybridiza-
tion probes were designed according to guidelines recommended by Idaho Tech-
nology (Idaho Falls, Idaho): (i) Probe melting temperatures (Tms) should be
near equal and 5 to 10°C greater than primer Tms; (ii) the 39 end of the upstream
probe should be labeled by fluorescein, which serves as the donor in the FRET
and blocks extension from the probe; (iii) the 59 end of the downstream probe
should be labeled by Cy5, which serves as the acceptor in the FRET, and the 39
end of the probe should be phosphorylated to block extension; (iv) the probes
should be separated by one base; and (v) the probes should be placed on one
strand near a primer on the opposite strand. Regions in the sequence alignment
that were potential candidates for differentiating pathogenic from saprophytic
Leptospira were checked against the GenBank nucleotide sequence database to
estimate specificity for Leptospira by the FASTA program. The Tms of the probes
were estimated on the basis of thermodynamic data of base pairing (3) by using
a web site-based calculator at the URL site http://alces.med.umn.edu/rawtm-
.html. The propensity of the probes to self-anneal and to anneal with the PCR
amplification primers was predicted by the Oligo Selection Program (13). The
fluorogenic probes were synthesized by Bresatec (Adelaide, S.A., Australia).

Rapid cycle PCR and continuous monitoring of product. The monitoring of
fluorescence emission during PCR was performed with a LightCycler (Idaho
Technology), which is an air thermal cycler with a built-in fluorometer. A 10-ml
PCR mixture contained 0.5 mM primer L737 and primer L1218, 2 ng of purified
genomic DNA (or less than 2 ng for DNA template prepared by the boiling
method), 0.2 mM deoxynucleoside triphosphate, 3 mM MgCl2, 50 mM Tris-HCl
(pH 8.3), bovine serum albumin (0.25 mg/ml; catalog no. A2153; Sigma), 0.4 U
of Taq DNA polymerase (Promega, Madison, Wis.), 0.2 mM Cy5-labeled probe
AP1075, and 0.16 mM fluorescein-labeled probe AP1053. It was necessary to
lower the concentration of the fluorescein-labeled probe AP1053 from the 0.2
mM recommended by Idaho Technology, so as to bring the initial fluorescence
reading within the scale of the LightCycler. The reaction mixture was loaded into
a glass capillary tube and snap sealed with a plastic cap (part 1720; Idaho
Technology). The PCR cycle was as follows: initial denaturation at 94°C for 15 s,
followed by 45 cycles of denaturation at 94°C for 0 s and combined annealing-
extension at 60°C for 20 s. The temperature transition rate was set at 20°C per s.
Acquisitions of fluorescence signals from up to 24 samples were carried out at
the end of every annealing-extension step for 100 ms. In the preliminary exper-
iment, a melting curve to determine the optimal annealing temperature of the
fluorogenic probes was obtained immediately after PCR, by increasing the tem-
perature linearly from 45 to 94°C at a rate of 0.5°C per s over a 2-min period, with
the signal acquisition mode set to continuous. A PC and software accompanying
the LightCycler provided an interface for the operation and the analysis of the
results. Cycle-to-cycle fluorescence emission readings were plotted on the com-
puter screen for continuous monitoring of PCR product. At the end of each run,
experimental data were saved to text files which could be analyzed with the
software provided or imported into a spreadsheet program for normalization or
presentation. The effect of sample-to-sample variation was minimized by nor-
malization of raw fluorescence data. This was achieved by subtracting the min-
imum value from all data points, dividing the result by the maximum value, and
multiplying by 100. For verifying PCR results, reaction mixtures were removed
from the capillary tubes and examined on a 1.5% agarose gel by electrophoresis
in Tris-acetate-EDTA buffer. The Low Mass Ladder (GIBCO BRL) was used as
a size marker.

Nucleotide sequence accession numbers. The DNA sequences have been de-
posited in the GenBank database under accession no. U90843 to U90874.

RESULTS AND DISCUSSION

Partial sequencing of 23S rDNA. DNA sequences between
664 and 732 nucleotides in length, corresponding to positions
532 to 1299 of the 23S rDNA of L. interrogans Moulton, were
determined from the amplified products of the 23S rDNAs of
23 strains representing six pathogenic genospecies of Lepto-
spira and of eight strains of L. biflexa.

Design of PCR primers and adjacent hybridization probes.
Alignment of the partial 23S rDNA sequences enabled the
design of Leptospira genus-specific PCR primers, designated
L737 (59 GACCCGAAGCCTGTCGAG 39) and L1218 (59 GC
CATGCTTAGTCCCGATTAC 39), which corresponded to
positions 737 to 754 and 1218 to 1198, respectively, based on
the numbering scheme for L. interrogans Moulton 23S rDNA
(Fig. 1). The L737-L1218 primer pair was expected to produce
an amplicon of 482 bp. Two regions specific for the pathogenic
genospecies, corresponding to positions 1053 to 1073 and 1075
to 1102, respectively, that are useful as targets for fluorogenic
adjacent hybridization probes designated AP1053 (59 CCAG
ACCGTCGTTTAAGGCCC 39) and AP1075 (59 AAAGTTC
ATGCTAAGTGGCAAAGGATGT 39) were identified inter-
nal to the L737-L1218 primer pair (Fig. 1).

Rapid-cycle PCR and continuous monitoring of product.
The theoretical Tms of 0.5 mM primer L737 and primer L1218
when reconstituted in 50 mM monovalent cations were calcu-
lated to be 66.1 and 64.3°C, respectively, with the optimal PCR
annealing temperature calculated to be 60.5°C. The theoretical
Tms of probe AP1053 and probe AP1075 under the same
conditions were calculated to be 70.6 and 69.7°C, respectively.
The Tms of the fluorogenic probes were approximately 5 to
10°C higher than that of the amplification primers, enabling
the probes to hybridize with the target regions of the amplicons
during the annealing-extension segment of each PCR cycle,
which resulted in an increase in Cy5 fluorescence emission

TABLE 1. Strains of Leptospira used in this study

Serovar Strain Genospecies

Pathogenic
ballum Mus 127 L. borgpetersenii
javanica Veldrat Batavia 46 L. borgpetersenii
mini Sari L. borgpetersenii
sejroe M 84 L. borgpetersenii
tarassovi Perepelitsin L. borgpetersenii
kaup LT 64-68 L. inadai
australis Ballico L. interrogans
bataviae Swart L. interrogans
canicola Hond Utrecht IV L. interrogans
copenhageni M 20 L. interrogans
djasiman Djasiman L. interrogans
evansi 267-1348 L. interrogans
hebdomadis Hebdomadis L. interrogans
icterohaemorrhagiae RGA L. interrogans
pomona Pomona L. interrogans
pyrogenes Salinem L. interrogans
rachmati Rachmat L. interrogans
zanoni Zanoni L. interrogans
cynopteri 3522 C L. kirschneri
grippotyphosa Moskva V L. kirschneri
louisiana LSU 1945 L. noguchii
panama CZ 214 L. noguchii
shermani 1342 K L. santarosai
celledoni Celledoni L. weilii
manhao 2 L 105 L. weilii
sarmin Sarmin L. weilii

Saprophytic
andamana CH 11 L. biflexa
aurisina Aurisina L. biflexa
bosavizza Bosavizza L. biflexa
bovedo Bovedo L. biflexa
lucaia Lucaia L. biflexa
maintenon Maintenon L. biflexa
patoc Patoc 1 L. biflexa
rupino RPE L. biflexa
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(F2), with a concomitant decrease in fluorescein emission (F1),
and was measured as a ratio of F2/F1. Accordingly, an increase
in the F2/F1 ratio was observed for the CTAB-purified DNA
template of L. interrogans M 20 but not for the CTAB-purified
DNA template of L. biflexa Patoc 1, Leptonema illini, and
E. coli (Fig. 2). Increases in the fluorescence ratio were also
detected for CTAB- or QIAGEN-purified DNA templates of
another six pathogenic strains (Hond Utrecht IV, Pomona,
Salinem, 1342 K, CZ 214, and Zanoni) but not for CTAB- or
QIAGEN-purified DNA templates of the seven L. biflexa
strains (CH11, Bovedo, Lucaia, Maintenon, Aurisina, Bosa-
vizza, and RPE). The subsequent agarose gel electrophore-
sis of these samples revealed the presence of the 482-bp
PCR product in all Leptospira samples but not in Leptonema
illini or E. coli (Fig. 3). The presence of considerable
amounts of the intended PCR product from all L. biflexa
samples but the concomitant lack of fluorescence signal

FIG. 1. Partial 23S rDNA sequences from 23 strains of six pathogenic genospecies of Leptospira and eight strains of L. biflexa (corresponding to positions 737 to
1218 based on the numbering scheme of L. interrogans Moulton [GenBank accession no. X14249]). Dots represent nucleotides identical to those in the consensus sequence.
Shaded boxes show sequences that are genus specific for Leptospira and targeted by the PCR primers L737 and L1218. Unshaded boxes, internal to L737 and L1218, show
sequences that are pathogen specific and targeted by the fluorogenic adjacent hybridization probes AP1053 and AP1075. FITC, fluorescein isothiocyanate.

FIG. 2. Continuous monitoring of fluorescence emission during rapid-cycle
PCR of template DNA from representative strains of L. interrogans and L. biflexa
as well as from Leptonema illini and E. coli.
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demonstrated the very high species specificity of the hybridiza-
tion probes.

When DNA templates from the pathogenic strains 48/95 and
LT 64-68 prepared by the simple boiling method and the gua-
nidinium thiocyanate-silica-based method, respectively, were
used in the PCR protocol, an increase in the fluorescence ratio
was also observed and the agarose gel electrophoresis also
showed the presence of the intended PCR product (Fig. 3). We
found that these simple methods of DNA extraction have con-
sistently yielded DNA templates which can be used instead of
CTAB- and QIAGEN-purified DNA templates.

Primer dimers were present in all the samples, and high-
molecular-weight nonspecific PCR products were observed,
particularly in those samples containing template DNA ex-
tracted by the CTAB-based or QIAGEN column-based meth-
od (Fig. 3). However, these nonspecific products did not ad-
versely affect hybridization probe specificity. We have always
observed similar high-molecular-weight nonspecific PCR prod-
ucts when high concentrations of DNA extracted by the CTAB-
based method are used with the RapidCycler (Idaho Technol-
ogy), which is also an air thermal cycler. Similar situations
occurred even with different primer pair combinations, sug-
gesting that the primers were not the cause (unpublished re-
sults).

The detection of a rise in fluorescence signal due to probe
hybridization was directly related to the initial template con-
centration (Fig. 4). Accordingly, fluorescence signals were de-
tectable as early as cycle 20 for the high template concentration
of 100,000 copies of 23S rDNA, whereas the signals were
detectable in cycle 30 for the low template concentration of
200 copies. The lowest limit of detection was 200 copies of 23S
rDNA, which is equivalent to the detection of 100 cells and is
based on the assumption that two copies of 23S rDNA are
present per Leptospira genome (8).

When DNA extracted from blood samples spiked with dif-
ferent numbers of leptospiral cells were used as PCR tem-
plates, the limit of detection was 104 cells (Fig. 5). This sensi-
tivity was 100 times lower than that obtained with DNA
samples extracted from pure cultures but was expected. The
presence of human leukocyte DNA copurified from the blood
samples contributed to the lower sensitivity, perhaps in two
ways. First, the leukocyte DNA competed with the leptospiral
DNA in binding to the resin of the spin column, leading to a
lower recovery of leptospiral DNA. Second, the increased tem-
plate complexity gave rise to nonspecific amplification prod-
ucts, which competed with the specific 482-bp product as tem-
plate in the PCR. An indirect evidence of this came from the
observation that nonspecific products were produced at the
expense of the specific product when total DNA extracted
from blood was mixed with pure leptospiral DNA to act as the
PCR template (Fig. 6).

The increase in the fluorescence ratio for pathogen samples
but not for L. biflexa, Leptonema illini, and E. coli demon-
strated that the fluorogenic probes AP1053 and AP1075 were
specific for the pathogenic genospecies of Leptospira. The tem-
perature for the annealing of the probes to the PCR product in
our protocol was 60°C, and as the specificity was satisfactory,
optimization of magnesium chloride concentration was not
necessary. Under the prescribed conditions, the dissociation of
fluorogenic adjacent hybridization probes from the PCR prod-
uct began around 60°C, with complete dissociation occurring
around 72°C (Fig. 7).

The assay reported here is based on continuous monitorings
of PCR products by fluorogenic probes. The assay is rapid, spe-
cific, and robust. A run consisting of 45 cycles with concomitant
detection of specific product took an average of 18 min. In
contrast, an equivalent run on a heat block PCR machine and
the subsequent detection of specific product by membrane
hybridization with either radioactive or nonradioactive probes
would have required many hours to complete. Rapid cycle
PCR and continuous monitorings of fluorescence during PCR

FIG. 3. (A) Genus-specific amplifications by primers L737 and L1218. The
intended 482-bp PCR product was detected in all Leptospira samples. (B)
Fluorescence signals from pathogen-specific adjacent probes AP1053 and
AP1075. 1, fluorescence emissions detected; 2, fluorescence emissions not
detected.

FIG. 4. (A) Effects of different initial template concentrations (copies per microliter of DNA sample) on detection of fluorescence emission. The sample was
L. interrogans M 20. (B) Agarose gel electrophoresis of PCR samples showed effects of different initial template concentrations (numbers of copies are shown at the
top of the gel).
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in the LightCycler are achieved due to the fast temperature
transition of air, the use of thin-walled glass capillaries for
holding samples, which ensures efficient heat transfer, and the
built-in fluorometer for precise optical measurement of hybrid-
ization signals.

The CTAB-based miniprep and QIAGEN column-based
midiprep methods gave good yields of template DNA for PCR.
Although in our experience the quicker and cheaper boiling
method gave considerably lower yields of the template DNA,
targets present in 1 out of 100 ml of the crude cell extract of the
L. interrogans field isolate 48/95, obtained from a 1-ml culture,
were still detectable by this assay (Fig. 3). The guanidinium
thiocyanate-silica-based miniprep method, which has been
used to extract bacterial DNA from clinical specimens for
PCR, also gave a good yield of template DNA. Our ultimate
goal is to perform rapid PCR-based detection of Leptospira in
clinical specimens such as blood culture and serum, for which
high sensitivities are required. Further work is required to
determine whether the detection limit of 104 cells per 0.2 ml of
whole blood achieved in the mock clinical sample experiment
is sensitive enough in practice and how to increase the sensi-
tivity if needed.

Although the purchase of a LightCycler and syntheses of
fluorogenic probes represent a substantial investment, the as-
say that has been reported in this paper may provide an alter-

native to the conventional PCR methods because of the higher
speed and the use of fewer reagents in a 10-ml reaction mixture
rather than a 50-ml reaction mixture. When this assay is even-
tually optimized to achieve the sensitivity to detect leptospires
in blood specimens, the resulting rapid diagnosis of leptospi-
rosis may not only benefit patients but also reduce medical
costs by decreasing the number of tests to determine other
possible causes of illnesses. Once laboratory personnel are
trained to operate the equipment, cost savings can also be
made by higher throughput, which is required in laboratories
serving regions with high incidences of leptospirosis. In labo-
ratories where a relatively small number of new leptospirosis
cases are encountered, the equipment may be shared with
laboratories doing diagnostic PCR of viruses or other bacteria.
We have estimated the costs of disposable items in an assay to
be about $0.65, which includes $0.40 for the cost of the re-
agents and about $0.25 for the cost of a capillary tube. These
costs may decrease as more protocols for continuous monitor-
ing of PCR products for the identification, detection, and
quantitation of different genes are developed. As far as the
composition of the PCR mixture is concerned, BSA must be
included to prevent the DNA and the enzyme from binding to
the glass surface, and according to Idaho Technology and our
experience, the more expensive acetylated BSA is unsuitable
for such use.

FIG. 6. Effect of human leukocyte DNA on PCR with DNA extracted from
104 cells of L. interrogans M 20.

FIG. 7. Melting curve showing gradual dissociation of the fluorogenic adja-
cent hybridization probes from the PCR products of L. interrogans M 20.

FIG. 5. Sensitivity of PCR assay using DNA extracted from blood samples spiked with leptospiral cells. (A) Effects of different cell concentrations (cells per 0.2 ml
of whole blood) on detection of fluorescence emission. (B) Agarose gel electrophoresis of PCR samples showed effects of different cell concentrations (numbers of cells
are shown at the top of the gel).
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