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The genus Leptospira is classified into 13 named species and 4 genomospecies based upon DNA-DNA
reassociation studies. Phenotypic tests are unable to distinguish between species of Leptospira, and there is a
need for a simplified molecular approach to the identification of leptospires. 16S rRNA gene sequences are
potentially useful for species identification of Leptospira, but there are a large number of sequences of various
lengths and quality in the public databases. 16S rRNA gene sequences of near full length and bidirectional high
redundancy were determined for all type strains of the species of the Leptospiraceae. Three clades were
identified within the genus Leptospira, composed of pathogenic species, nonpathogenic species, and another
clade of undetermined pathogenicity with intermediate 16S rRNA gene sequence relatedness. All type strains
could be identified by 16S rRNA gene sequences, but within both pathogenic and nonpathogenic clades as few
as two or three base pairs separated some species. Sequences within the nonpathogenic clade were more
similar, and in most cases <10 bp distinguished these species. These sequences provide a reference standard
for identification of Leptospira species and confirm previously established relationships within the genus. 16S
rRNA gene sequencing is a powerful method for identification in the clinical laboratory and offers a simplified
approach to the identification of Leptospira species.

Leptospirosis is an acute febrile disease caused by patho-
genic spirochetes of the genus Leptospira. The disease is main-
tained in nature by chronic renal infection of carrier animals
and acquired by direct or indirect contact with urine or tissues
from infected animals. Traditionally, several hundred serovars
of Leptospira were classified into two species, Leptospira inter-
rogans and L. biflexa (13), which contained pathogenic and
saprophytic strains, respectively. These species were differen-
tiated by several phenotypic characteristics, including growth
in the presence of 8-azaguanine and growth at 13°C (14).
Based upon DNA-DNA hybridization data, the genus is now
classified into 17 species (1, 20, 22, 25, 32), several of which
contain both pathogenic and nonpathogenic serovars. Pheno-
typic characteristics previously used to differentiate L. interro-
gans sensu lato and L. biflexa sensu lato (13) are no longer
useful in the current classification.

There is a need for a method of identification for Leptospira
species that is more widely available than DNA-DNA hybrid-
ization but which will yield accurate identification to the spe-
cies level. Analysis of 16S rRNA gene sequence is now widely
used for identification of fastidious bacteria (3), including Lep-
tospira species (10, 23). Leptospire genomes contain two 16S
rRNA genes, which are not closely linked but are on chromo-
some I (21, 26). Numerous 16S rRNA sequences from Lepto-
spira serovars have been deposited in GenBank, but in many
cases these are only partial-length sequences. Even though not
all species have been sequenced, such sequences are poten-

tially useful for species identification. In the present study, we
determined nearly full-length 16S rRNA gene sequences of
approximately 1,430 bp from well-characterized type strains
and representative serovars of Leptospira species, Turneriella
parva, and Leptonema illini to evaluate the use of 16S rRNA
gene sequencing for species identification of leptospires.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Leptospira (n � 39 strains), Lep-
tonema (n � 2), and Turneriella (n � 2) strains from the Centers for Disease
Control and Prevention collection (Table 1) were maintained in semisolid
PLM-5 medium (Serologicals Corp., Norcross, GA) containing 1.5% agar
(Difco, Sparks, MD) at room temperature. Subcultures in liquid PLM-5 medium
were incubated at 30°C for 7 days. The strains were chosen to represent impor-
tant species and serovars causing human disease and include the type strain of all
described species of Leptospiraceae.

DNA extraction and 16S rRNA gene sequencing. DNA was extracted from
cultures of 43 strains of Leptospiraceae using QIAamp DNA minikits according
to the manufacturer’s directions (QIAGEN, Valencia, CA). The 16S rRNA
genes were amplified from the purified DNA by using the Expand High-Fidelity
PCR system (Roche Diagnostics Corp., Indianapolis, IN). Briefly, each 50-�l
reaction contained approximately 10 ng of DNA, 2.5 U of polymerase, 1.5 mM
MgCl2, 5% (vol/vol) dimethyl sulfoxide, 200 �M deoxynucleoside triphosphates,
and 100 nM concentrations of primers fD1 and rP2 corresponding to positions 8
and 1492, respectively, of the Escherichia coli 16S rRNA gene J01695 (Table 2).
Amplification was performed on an AB 9700 thermocycler (Applied Biosystems,
Foster City, CA) using 94°C for 5 min, followed by 35 cycles of 94°C for 15 s, 50°C
for 5 s, and 72°C for 90 s, with a final single extension of 72°C for 5 min, and then
held at 4°C. Amplified products were characterized by electrophoresis of 5 �l of
each reaction on a 1.2% agarose gel for 30 min at 85 V. Excess nucleotides and
primers were inactivated with the ExoSAP method (USB Corp., Cleveland, OH).
Cycle sequencing was performed by standard protocols (27), including the use of
a 45°C annealing temperature and the 16 sequencing primers listed in Table 2.
Primers F785 and R802 were designed in the present study, but the majority are
primers from the European rRNA database (31). Sequencing reaction products
were purified with magnetic carboxylate beads (Agencourt Bioscience, Beverly
MA). Reactions were sequenced on an AB 3100 (Applied Biosystems). Chro-
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matograms were assembled and analyzed in Seqmerge (Wisconsin Package ver-
sion 10.3; Accelrys, Inc., San Diego, CA) (6).

Phylogenetic analysis. Sequences were aligned with CLUSTAL X (29) in
Mega 3.1 (15) and trimmed to consensus, and a neighbor joining tree was
created. Gaps in the aligned sequences were replaced by Ns in BioEdit (Ibis
Therapeutics, Carlsbad CA). Evolutionary distances were estimated by using the
Jukes and Cantor model in GCG (6).

Nucleotide sequence accession numbers. DNA sequences have been deposited
in the GenBank database with the accession numbers shown in Table 1.

RESULTS

The 16S rRNA gene sequences of 43 strains, representing all
17 species of Leptospira, as well as T. parva and Leptonema
illini, were determined. The length of the sequences ranged

from 1,422 to 1,432 bp for leptospires and 1,428 to 1,440 bp for
T. parva and Leptonema illini. These sequences were compared
to each other by alignment and in dendrograms. Different
serovars of the same species showed highly similar (only an
average of 0.2 bases different of about 1,430) or identical 16S
rRNA gene sequences (data not shown). Phylogenetic analysis
of 16S rRNA gene sequences confirmed previous reports (10,
22) that the Leptospiraceae form five main clusters of species
(Fig. 1). The pathogenic species, exemplified by L. interrogans,
form one clade distinct from the nonpathogenic species, exem-
plified by L. biflexa. A third clade, comprising L. inadai, L.
fainei, and L. broomii, was clearly separate from the pathogenic
and nonpathogenic clades. These groupings are distinct from

TABLE 1. Strains studied and their 16S rRNA gene GenBank accession numbers

Clade Species Serovar Strain GenBank
accession no. Diff a Gapsb

Pathogenic Leptospira interrogans Icterohaemorrhagiae RGAT ATCC 43642T AY631894 R
Leptospira interrogans Australis Ballico AY996794 1 �1
Leptospira interrogans Autumnalis Akiyami A AY996791 1 �1
Leptospira interrogans Bulgarica Mallika AY996792 6 �1, �1
Leptospira interrogans Canicola Hond Utrecht IV AY996798 1 �1
Leptospira interrogans Copenhageni M 20 AY996790 0 0
Leptospira interrogans Hardjo Hardjoprajitno AY996796 1 �1
Leptospira interrogans Hardjo Lepto-0184 AY996797 1 �1
Leptospira interrogans Pomona Pomona AY996800 2 �1
Leptospira interrogans Pyrogenes Salinem AY996793 0 �1
Leptospira alexanderi Manhao 3 L60T ATCC 700520T AY631880 13 �1, �1
Leptospira alexanderi Manzhuang A23 AY996803 15 �3, �1
Leptospira alexanderi Nanding M 6901 AY996804 12 �2, �1
Leptospira borgpetersenii Javanica Veldrat Batavia 46T ATCC

43292T
AY887899 10 �1

Leptospira borgpetersenii Ballum Mus 127 AY631884 10 �1
Leptospira kirschneri Cynopteri 3522 CT ATCC 49945T AY631895 1 �1
Leptospira kirschneri Bim 1051 AY996802 1 �2
Leptospira kirschneri Bim PUO 1247 AY996801 1 �1
Leptospira noguchii Panama CZ 214T ATCC 43288T AY631886 9 �1
Leptospira santarosai Shermani LT 821T ATCC 43286T AY631883 17 �1
Leptospira santarosai Georgia LT 117 AY996805 15 �1
Leptospira weilii Celledoni CelledoniT ATCC 43285T AY631877 13 �1
Leptospira genomospecies 1 Sichuan 79601T ATCC 700521T AY631881 13 �1

Intermediate Leptospira inadai Lyme 10T ATCC 43289T AY631896 R
Leptospira inadai Aguaruna MW 4 AY631891 0 0
Leptospira inadai Kaup LT 64-68 AY631887 1 0
Leptospira broomii Not designated 5399T ATCC BAA-1107T AY796065 3 0
Leptospira fainei Hurstbridge BUT 6T ATCC BAA-1109T AY631885 7 0
Leptospira fainei Hurstbridge BKID 6 AY996789 7 0

Nonpathogenic Leptospira biflexa Patoc Patoc IT ATCC 23582T AY631876 R
Leptospira biflexa Andamana CH 11 AY631893 1 0
Leptospira meyeri Ranarum Iowa City FrogT ATCC 43287T AY631878 10 0
Leptospira meyeri Hardjo Went 5 AY631889 10 0
Leptospira meyeri Semaranga Veldrat Semarang AY631892 8 0
Leptospira wolbachii Codice CDCT ATCC 43284T AY631879 6 0
Leptospira wolbachii Gent Wa Gent AY631890 6 0
Leptospira genomospecies 3 Holland WaZ HollandT ATCC 700522T AY631897 4 0
Leptospira genomospecies 4 Hualin LT 11-33T ATCC 700639T AY631888 3 0
Leptospira genomospecies 5 Saopaulo Sao PauloT ATCC 700523T AY631882 5 0

Other Leptonema illini Illini 3055T AY714984 R
Leptonema illini Habaki Habaki AY996806 10 0
Turneriella parva Parva HT NCTC 11395T AY293856 R
Turneriella parva Parva S-308-81 AY398688 0 0

a Diff, number of base pairs differing from the prototype strain in that clade. R, prototype strain for that clade.
b Gaps, insertion or deletions compared to the prototype strain.

VOL. 44, 2006 LEPTOSPIRAL 16S rRNA GENES 3511



the remaining two clades, which include the species T. parva
(12, 19) and Leptonema illini (11).

Within the pathogenic clade, the eight species were readily
identified based on consistent differences in 16S rRNA gene
sequences (Fig. 2). This clade included L. alexanderi, L. borg-
petersenii, L. interrogans, L. kirschneri, L. noguchii, L. santaro-
sai, L. weilii, and Leptospira genomospecies 1. The percentage
similarity of sequences within this clade was high, �98.6% or 2
to 20/1,431 bp different (i.e., 2 to 20 bp out of 1,1431 bp were
different) (Table 3), reaffirming the high degree of species
conservation among spirochetes (16, 23).

The positions of insertions or deletions, as well as differing
and mixed bases, are shown in Fig. 2, which includes the po-
sitions that differentiate the species within the three Leptospira
clades but omits positions that only differentiate between
clades. Note that many of the positions that differentiate the
species within a specific clade are quite conserved within the
other two clades. A total of 35 dissimilar base positions distin-
guish the type strain 16S rRNA gene sequences of pathogenic
Leptospira species, previously identified by DNA-DNA hybrid-
ization studies (1) (Fig. 2). The highest 16S rRNA gene se-
quence similarity between the type strains of species was be-
tween those of L. interrogans and L. kirschneri (2/1,432 bp
different). However, L. kirschneri serovar Cynopteri strain
3522T and serovar Bim strain PUO247 were identical based on
16S rRNA sequence and were differentiated from L. interro-
gans serovar Pyrogenes strain Salinem and serovar Bulgarica
strain Mallika by a single base difference. Strain RGA of L.
interrogans serovar Icterohaemorrhagiae differs from the ma-
jority of other strains of this species by one base. In addition to
strain RGA, only serovar Copenhageni strain M20 shares an
extra G at position 784. All other strains of L. interrogans have
only five Gs in this position.

Among the nonpathogenic species, there were 3 to 12/1,422
bp differences between species (Table 3). This clade comprised
L. biflexa, L. meyeri, L. wolbachii, and Leptospira genomospe-

cies 3, 4, and 5. The similarity of sequences within this clade
was higher than among species of the pathogenic clade (Table
3). The positions of differing and mixed bases are shown in
Fig. 2.

The third cluster of Leptospira species comprised L. inadai,
L. fainei, and L. broomii (Fig. 1). The sequences in this inter-
mediate cluster were more closely related to the pathogenic
cluster than to the nonpathogenic cluster, confirming previous
reports of genetic relatedness (10, 22). A total of seven dissim-
ilar bases distinguished these three species (Fig. 2). L. broomii
was comparable to a mosaic of L. inadai and L. fainei, with
positions 143, 144, 154, and 158 identical to L. inadai and
positions 222, 1077, and 1165 identical to L. fainei, suggesting
a crossover between positions 158 and 222, but there is no
evidence for recombination by horizontal transfer or conver-
gent evolution as a mechanism.

T. parva and Leptonema illini were distant from each other
and from Leptospira species (Fig. 1), confirming their lack of
relatedness to the genus Leptospira (19). Both species were
easily identified and differentiated from Leptospira by their 16S
rRNA gene sequences.

DISCUSSION

This study was performed to evaluate the use of 16S rRNA
gene sequence analysis for the species identification of lepto-
spires. 16S rRNA gene sequencing is rapidly becoming a com-
mon technique for the identification of unknown bacterial
isolates, especially those of fastidious organisms such as Lep-
tospira species (3). The identification of Leptospira isolates has
been traditionally accomplished by serological methods (7),
and the question of species identity was decided by pathoge-
nicity. As a result, all pathogenic serovars were classified as L.
interrogans in the past (14).

The adoption of a genotypic classification complicated the
identification of leptospires because several serovars are found

TABLE 2. Primers used to determine 16S rRNA gene sequences in Leptospiraceae

Primer Sequence Usea Directionality b Source or reference

fD1 CCGAATTCGTCGACAACAGA
GTTTGATCCTGGCTCAG

P F 30

rP2 CCCGGGATCCAAGCTTACGG
CTACCTTGTTACGACTT

P R 30

fD1-5p CCGAATTCGTCGACAACAG S F This study
BSF8 AGAGTTTGATCCTGGCTCAG S F 31
F785e GGATTAGATACCCTGGTA S F This study
BSR357 CTGCTGCCTCCCGTA S R 31
R802e TACCAGGGTATCTAATCC S R This study
BSF343 TACGGGAGGCAGCAG S F 31
R536e GTATTACCGCGGCTGCTG S R 17
R536 GWATTACCGCGGCKGCTG S R 17
F519e CAGCAGCCGCGGTAATAC S F 17
BSF917 GAATTGACGGGGRCCC S F 31
BSR926 CCGTCAATTYYTTTRAGTTT S R 31
BSF1099 GYAACGAGCGCAACCC S F 31
BSR1114 GGTTGCGCTCGTTRC S R 31
BSF1391 TGTACACACCGCCCGTC S F 31
BSR1407 GACGGGCGGTGTGTRC S R 31
rP2-5p CCCGGGATCCAAGCTTAC S R This study

a P, PCR; S, sequencing.
b F, forward; R, reverse.
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in more than one species and some species contain both patho-
genic and nonpathogenic serovars (18). The determination of
serovar is no longer sufficient to assign an isolate to its correct
species. Recently, horizontal transfer of outer membrane pro-
tein genes has been shown to occur in Leptospira species (9).
Horizontal transfer was proposed as the mechanism by which

serovar Hardjo antigens are found in strains of both L. inter-
rogans and L. borgpetersenii (5). Similar horizontal gene trans-
fer probably accounts for at least five serovars (Bulgarica,
Grippotyphosa, Mwogolo, Paidjan, and Valbuzzi) being shared
between L. interrogans and L. kirschneri (18), the two most
closely related species based on DNA-based methods and their

FIG. 1. Unrooted tree of 43 Leptospiraceae 16S rRNA gene sequences. The scale bar equals the fraction of base pairs that are different.
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propensity to cause human disease. There is no reason to
suggest a relationship between serovar and species in patho-
genic leptospires. In theory, all combinations of pathogenic
serovar and species are possible, but the search for all combi-
nations has not been exhaustive as yet. The mosaic-like 16S
rRNA gene of L. broomii (compared to those of L. fainei and
L. inadai) suggests that there may also have been horizontal
transfer of ribosomal genes between leptospires, as has been
shown for outer membrane proteins (9) and an intervening
sequence (24), but there is no evidence to explain a mecha-
nism.

We sequenced 1,422 to 1,440 bp of the 16S rRNA gene from
type strains of Leptospira species, T. parva, and Leptonema
illini, in addition to a number of strains representing common
serovars. The near-full-length 16S rRNA gene sequences re-
solved in the present study allow for identification of all Lep-
tospira species. Sequence analysis of 16S rRNA genes is a
valuable tool for species identification of isolates (3), but
DNA-DNA hybridization is recognized as the definitive meth-
odology for species definition (2, 28). The value of the se-
quences derived in the present study is greatly enhanced due to
the previous characterization of these strains by DNA-DNA
hybridization (1, 32). The phylogenetic tree (Fig. 1) confirms
the previously described genetic relationships between lepto-
spires, with distinct clades comprised of pathogenic, nonpatho-
genic, and intermediate species (10, 22).

Only an insertion/deletion and a single base differentiate the
type strains of L. interrogans and L. kirschneri (Fig. 2). These
species may be confused with each other because they share
some serological properties and are frequently encountered as

causes of human disease. The close phylogenetic relationship
between these two species and between them and L. noguchii
was discussed by Haake et al. (9). It is doubtful that these
species would have been distinguished by relying on 16S rRNA
gene sequence analysis alone without the previous hybridiza-
tion studies (1, 8, 25). Over-reliance on 16S rRNA gene se-
quences to choose candidates for DNA hybridization could
have also resulted in misidentification of either of these spe-
cies.

Redundant bidirectional sequencing utilizing 16 primer ex-
tension reactions per isolate allowed a greater consistency in
resolution of mixed bases or insertion/deletions, as found in L.
alexanderi serovars Manhao 3, Manzhuang, and Nanding; L.
interrogans serovar Bulgarica; and L. kirschneri serovar Bim.
Sequencing the first 500 bases or ignoring mixed bases, while
effective for some of the genus Leptospira, would not allow the
differentiation between the nonpathogens Leptospira genomo-
species 5 and L. meyeri serovar Hardjo or Ranarum (data not
shown). Because just one dissimilar base in 1,432 (0.07%) at
position 94 and an insertion/deletion at position 784 differen-
tiate the type strains of L. kirschneri and L. interrogans, se-
quences encompassing at least these positions are required in
order to assure correct identification and differentiation of
these two species.

Intraspecies distances sometimes exceed the interspecies
distances for the 16S rRNA genes of Leptospira. A single base
difference differentiated many strains of L. interrogans and L.
kirschneri, so phylogenetic representation may be less mean-
ingful than sequence identity over the variable positions.
Searching for matching sequences may be performed with pub-

FIG. 2. Base differences in the 16S rRNA genes of type strains formatted to emphasize the differences within each of the three clades of
Leptospira. Path, pathogenic clade; Int, intermediate clade; NonP, nonpathogenic clade. Vertical numbers show the relative positions in L.
interrogans AY631894. Center dots indicate the same base as L. interrogans; a dash indicates a gap. The A at position 57 in L. alexanderi would
be inserted between 56 and 57 in the L. interrogans AY631894 sequence. The sequences indicate differences within each clade but do not include
all differences between clades. Note that positions 95, 154, 158, 222, and 952 appear twice, and position 1077 appears in all three clades. There
are �160 other positions that can be used to differentiate between Leptospira clades.
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lic databases by using BLAST or with the specialized 16S
database RDPII using Seqmatch (4). BLAST gives higher
scores for sequences that are equal in length or shorter than
the reference but identical across the region. Seqmatch gives
higher scores using mixed bases from sequences of PCR am-
plification products of multiple operons with a genome and is
probably the preferred approach for the identification of un-
known isolates.

We have shown that all recognized species of the Leptospi-
raceae can be identified by using a standardized 16S rRNA
gene sequencing approach (27) with universal primers. Early
Leptospira sequences in the public databases were frequently
short (often stopping at positions where indels occur), were
sometimes of poor quality due to early sequencing methods, or
were derived from incompletely characterized isolates. With
the addition of high-quality sequences, 16S rRNA gene se-
quencing has become an accurate tool for identification of all
described leptospires.

Identification and characterization of leptospiral isolates is
based upon polyphasic analysis, with both serological and mo-
lecular characterization being essential. For public health pur-
poses it has become essential to identify not only the serovar
but also the species of isolates in order to accurately track the
transmission of leptospires during outbreaks. An effective vac-
cine against leptospirosis will probably be composed of sero-
var- and species-specific antigens. An accurate determination
of the burden of disease will depend on both species identifi-
cation and serovar determination to aid in vaccine develop-
ment. In combination with the use of a standardized pulsed-

field gel electrophoresis approach for serovar identification (R.
Galloway and P. N. Levett, Abstr. Int. Conf. Emerg. Infect.
Dis. 2004, abstr. 214, 2004), a transition from a serological to
molecular identification and characterization of leptospires is
now possible.
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