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Reference strains from 48 selected serovars representing eight species of Leptospira were examined by two
polymerase chain reaction (PCR)-based strategies. First, mapped restriction site polymorphisms (MRSP) were
examined in PCR products from portions of rms (16S rRNA gene) and rrl (23S rRNA gene). Twenty MRSP and
2 length polymorphisms were used to group reference strains into 16 MRSP profiles. Species assignments were
consistent with those obtained by a second method, genomic fingerprinting with arbitrarily primed PCR, in which
strains within a species were characterized by many shared arbitrarily primed PCR products. The results of both
of these methods were in general agreement with those of previous studies that used DNA-DNA relatedness and
confirmed the high level of divergence among the recognized species of Leptospira. However, Leptospira meyeri
serovar ranarum and evansi strains were indistinguishable from some strains of Leptospira interrogans sensu
stricto. Intervening sequences of about 485 to 740 bp were located near base 1230 in rrl of some strains.

A comparison of the many sequences available for rrs (16S
rRNA gene) (11) indicates that restriction site polymor-
phisms can distinguish between taxa at the species, genus,
and higher levels. It should also be possible to use other
relatively conserved genes, such as rrl (23S rRNA gene), in
the same way. Polymerase chain reaction (PCR) primers
directed toward sequences that evolve slowly in rRNA genes
can be used to amplify portions of these genes from widely
divergent species (40). Previously, Vilgalys and Hester (39)
used fingerprints of restriction sites in a 2-kb region of the
23S rRNA gene and part of the 5S rRNA gene to categorize
strains and species of Cryptococcus. A strategy based on
mapped restriction site polymorphisms (MRSP) in such PCR
products should be useful for the rapid categorization of
strains into subspecies, species, and genera. Potentially,
MRSP data for a group of related species could also be used
to construct a preliminary phylogeny (37).
Another potentially rapid and convenient strategy for

classification involves arbitrarily primed PCR. This method
generates a fingerprint of PCR products (41, 44, 45) that can
be used to compare strains within a species or closely related
species. For instance, in bacteria, arbitrarily primed PCR
provides evidence of intra- and interspecific differences (41)
and resolved strains of Borrelia burgdorferi into three phyl-
etic groups (45), in agreement with DNA homology and
multilocus enzyme electrophoresis data (3).
We applied these two PCR-based classification methods to

the spirochete genus Leptospira, which originally was con-
sidered to contain two species, Leptospira interrogans, a
species pathogenic for animals as well as humans, and
Leptospira biflexa, a saprophytic species found in surface
water and soil (7, 19). Traditionally, each Leptospira species
was divided into taxa, called serovars, by a classification
based on a pairwise comparison of the extent of cross-

* Corresponding author.

absorption of antisera raised against each serotype (8).
Antigenically related serovars constitute serogroups; in to-
tal, L. interrogans included at least 202 serovars in 23
serogroups (21). The classification of strains into serovars is
tedious, requiring the maintenance of a comprehensive col-
lection of strains and their corresponding rabbit immune sera
(19), and does not resolve strains into species. Recently,
Yasuda et al. (47) further divided a collection of 40 patho-
genic L. interrogans serovar reference strains into species
by DNA-DNA hybridization with the hydroxyapatite meth-
od; they found that members of the pathogenic species L.
interrogans sensu lato were very heterogeneous at the DNA
level and separated them into at least six species, only one of
which is now L. interrogans sensu stricto. Ramadass et al.
(34) obtained similar conclusions by slot blot DNA hybrid-
ization and classified some serovars into a new species,
Leptospira kirschneri. Restriction analysis by pulsed-field
gel electrophoresis (16, 17) or by Southern blotting with
recombinant DNA probes (23, 25, 29, 31, 38, 48) has been
used to distinguish strains within species.
Only about one quarter of the known pathogenic Lepto-

spira serovars have been studied by DNA relatedness. As it
is difficult to obtain the quantities of leptospiral DNAs
required for extensive DNA relatedness studies by conven-
tional methods, we categorized species by using two PCR-
based strategies that were both simple and reliable, used less
DNA, and could be compared with the various methods used
previously.

MATERUILS AND METHODS

Strains. Forty eight Leptospira strains from the French
National Reference Center Collection are listed in Table 1.
Genomic DNAs. Total genomic DNAs were prepared as

described by Perolat et al. (31).
Data base searches and alignments. 16S rRNA sequences

available for members of the family Leptospiraceae included
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TABLE 1. Leptospira strains used in this study

Serovar Strain Speciesa MRSP profileb Lanec

icterohaemorrhagiae
copenhageni
djasiman
hebdomadis
jalna
bratislava
gurungi
kremastos
paidjan
bangkinang
hardjo
jonsis
lai
mooris
ranarum
evansi
cynopteri
grippotyphosa
vanderhoedeni
kamituga
ndambari
galtoni
ratnapura
javanica
ballum
mini
sejroe
arborea
jules
kenya
tarassovi
saxkoebing
balcanica
sorexjalna
hardjo
panama
uncertaind
louisiana
hermani
atlantae
bakeri
babudieri
canalzonae
navet
tabaquite
celledoni
sarmin
patoc

RGA (type strain)
M 20
Djasiman
Hebdomadis
Jalna
Jez-bratislava
Gurung
Kremastos
Paidjan
Bangkinang I
Hardjoprajitno
Jones
Lai
Moores
ICF
267-1348
3522 C (type strain)
Moskva V
Kipod 179
Kamituga
Ndambari
LT 1014
Wumalasena
Veldrat Batavia 46 (type strain)
Mus 127
Sari
M 84
Arborea
Jules
Njenga
Perepelicyn
Mus 24
1627 Burgas
Sorex Jalna
Hardjo bovis/Sponselee
CZ 214 (type strain)
Uncertain
LSU 1945
1342 K (type strain)
LT 81
LT 79
CI 40
CZ 188
TRVL 109873
TRVL 3214
Celledoni (type strain)
Sarmin
Patoc I (type strain)

L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. interrogans
L. meyeri
L. meyen
L. kirschneri
L. kirschneri, L. interrogans
L. kirschneri
L. kirschneri
L. kirschneri
L. kirschneri
L. kirschneri
L. borgpetersenii
L. borgpetersenii
L. borgpetersenii
L. borgpetersenii
L. borgpetersenii
L. borgpetersenii
L. borgpetersenii
L. borgpetersenii
L. interrogans, L. borgpetersenii
L. borgpetersenii
L. borgpetersenii

L. noguchii
L. noguchii
L. noguchii
L. santarosai
L. santarosai, L. interrogans
L. santarosai
L. santarosai
L. santarosai
L. santarosai
L. santarosai
L. weillii
L. weillhi
L. biflexa

inteA
inteA
inteA
inteA
inteA
inteA
inteA
inteA
inteA (23S only)
inteB
inteB
inteB
inteB
inteB (23S only)
inteB
inteB
kirsA
kirsA
kirsA
kirsB
kirsB
kirsC
kirsC
borgA
borgA
borgA
borgA
borgA
borgA
borgA
borgB
borgC
borgC
borgC
borgD
noguA
noguBd
noguB
santA
santA
santA
santA
santA
santB
santB
weilA
weilB
biflexa

1
2
3
4
5
8
9
13
16
7
10
12
14
15
48
49
17
19
23
20
21
18
22
24
25
26
27
29
31
32
28
6
30
33
50
35
36
37
38
39
40
42
43
41
44
45
46
47

a Previous assignments of strains to species were as follows, with the strains represented as numbers listed in the righthand column of the table. For strains
1 to 5, 24 to 28, 35 to 41, and 45 to 48, the species were defined in reference 47. Our data conflict for serovars grippotyphosa and saxkoebing. For strains 7 to
9, 13, 15, 16, 18, 20, 21, 23, 29, 30, 33, 42, and 44, the species were defined in reference 20. For strains 10, 12, 14, 22, 31, 32, and 43, the species were suspected
from rRNA gene restriction patterns (31). For strains 49 and 50, the species were defined elsewhere (30a). The results in reference 34 are consistent with our results
for strains 1 to 6, 8, 10, 13, 17, 19, 26, 28, 30, 36 to 38, 40, and 45 but not strain 39. The results in reference 38 are consistent with our results for strain 50.

b Shown are the 16 different rRNA profiles of MRSP observed (see Table 2): inteA and inteB, interrogans A and B, respectively; kirsA, kirsB, and kirsC,
kirschneri A, B, and C, respectively; borgA, borgB, borgC, and borgD, borgpetersenii A, B, C, and D, respectively; noguA and noguB, noguchii A and B,
respectively; santA and santB, santarosai A and B, respectively; weilA and weilB, weillii A and B, respectively; and biflexa, biflexa.

C Listed are the lanes in which the PCR product from a strain appears in Fig. 1 and 2. Lane 50 is not present in Fig. 2.
d The status of this strain, which was initially believed to be fortbragg, is not yet settled.

L. interrogans serovars canicola (GenBank accession num-
ber X17547) and pomona (GenBank accession number
M71241) and Leptonema iMini (GenBank accession number
M34118) (30). A 23S rRNA sequence was available for L.
interrogans serovar canicola (GenBank accession number
X14249) (12). By aligning these sequences with the eubacte-
rial rrs and n-l genes available in GenBank version 69 by
using the MacVector program (IBI-Kodak, New Haven,

Conn.), we developed primers in highly conserved regions
that showed at least a 90% match with almost all such genes.
PCR. Oligonucleotides manufactured by Genosys, Hous-

ton, Tex., were as follows: 16S-1507, CCAGATCTGAGC
TCAAGGAGGTGATCCAGC; 16S-11, GGCTGCAGTC
GACGT'lT-GATCCTGGCTCAG; 23S-1432, GGTGLTCGAC
TATGAACCTGCTlCCCATCGACTAC; and 23S-220, AAC
CAGAATTCCGTCAGTAGCGGTGAGCGAA. The under-
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lined sequences are restriction sites for cloning. At least 18
nucleotides at the 3' end are homologous to the rRNA genes
for each primer. The numbers indicate the first base showing
homology with the rRNA gene sequence (see Results). The
primers were located at bases 11 to 27 and at bases 1507 to
1492 in the rrs gene (GenBank accession number X17547) and
at bases 220 to 239 and at bases 1466 to 1432 in the rrl gene
(GenBank accession number X14249). The primer spanning
bases 11 to 27 in the irs gene was located at the same place as
a conserved primer used by Weisburg et al. (40).
PCR was performed with approximately 1 ng of genomic

DNA-500 nM primer-1.25 U of Taq polymerase (Perkin
Elmer Cetus, Norwalk, Conn.)-0.2 mM each deoxynucleo-
side triphosphate-2.5 mCi of 3,000-Ci/mmol [32P]dCTP in a
volume of 50 RI of the recommended buffer (with 1.75 mM
MgCl2). Cycling was done as 30 cycles of 1 min at 940C, 1
min at 50'C, and 2 min at 720C.

Restriction digestion. Restriction enzymes AluI, AvaII,
DdeI, FokI, HhaI, Hinfl, HphI, MnlI, MaIV, Pall, RsaI,
Sau3A, Sau96I, ScrFI, and TaqI were purchased from
Stratagene, La Jolla, Calif., AciI, BfaI, BsrI, and MseI were
purchased from New England Biolabs, Beverly, Mass.
Four microliters of PCR product was cleaved without

further processing by 1 to 5 U of each restriction enzyme in
a reaction volume of 24 1I; the manufacturer's recom-
mended buffer and incubation temperature were used. Each
PCR amplification of 50 AI produced enough material for 12
restriction digestions.

Electrophoresis. Three microliters of each restriction di-
gest was mixed with 1 RI of glycerol-dye loading buffer, and
the mixture was electrophoresed on a 0.35-mm-thick 5%
acrylamide native gel with lx TBE (90 mM Tris-borate, 2
mM EDTA). After electrophoresis, the gel was dried on a
vacuum dryer and autoradiographed for 12 to 72 h on Kodak
X-Omat X-ray film.

Arbitrarily primed PCR. Fingerprinting was performed as
described previously (41, 44) with minor modifications.
Primers KG (5'-CACACGCACACGGAAGAA-3') and KF
(5'-CACGCACACGCACAGAGAG-3') were purchased
from Genosys. Fifty-microliter reaction mixtures were pre-
pared with 5 or 1 ng of DNA-i x Taq polymerase buffer-4
mM MgCl2-0.2 mM each deoxynucleoside triphosphate-1
p.M single oligonucleotide primer-5 p.Ci of [32P]dCTP-1.25
U of Taq polymerase (Perkin Elmer). These reactions were
cycled 2 times through a low-stringency temperature profile
(940C for 5 min for denaturation, 40'C for 5 min for low-
stringency annealing, and 720C for 5 min for extension) and
then 40 times through a high-stringency temperature profile
(940C for 1 min for denaturation, 60'C for 1 min for high-
stringency annealing, and 720C for 2 min for extension). Two
microliters of each reaction mixture was combined with 10
RI of 80% formamide-dye, and this mixture was heated to
680C for 15 min; 2.5 pI of each sample was loaded on a 4%
acrylamide-50% urea sequencing gel and run in the Poker
Face SE 1500 sequencer apparatus (Hoefer Scientific Instru-
ments, San Francisco, Calif.). Electrophoresis was done at
1,500 V until the xylene cyanol tracking dye was approxi-
mately 10 cm from the bottom. The gel was exposed to
Kodak X-Omat X-ray film.
Computer programs. The parsimony analysis package for

the Macintosh computer was kindly supplied by D. L.
Swofford (37). The PHYLIP package was developed by J.
Felsenstein (9). The programs were run on a MacII ci.

RESULTS

PCR primers directed toward conserved regions of the 16S
rRNA (mrs) and 23S rRNA (rrl) genes of eubacteria. Lepto-
spira rrs and rrl gene sequences were aligned with the
eubacterial rrs and rrl gene sequences available in GenBank
version 69. We developed primers for highly conserved
regions that showed at least a 90% match with almost all
eubacterial genes. The primers allowed amplification of PCR
products of bases 11 to 1507 in the irs gene and bases 220 to
1466 in the rrl gene from all the Leptospira genomes listed in
Table 1 and from genomes of a variety of other genera, §uch
as Borrelia and Pseudomonas (data not shown). Most PCR
amplifications contained only one prominent product of the
expected size. An exception was a found in the PCR
amplifications for all strains of Leptospira borgpetersenii.
This product is labeled B in Fig. 1. The origin of the product
is unknown.
MRSP. Restriction digestions were performed on the

PCR-amplified portions of the rRNA genes by use of restric-
tion endonucleases that are known to cleave frequently in
these genes, and the resulting fragments were separated by
electrophoresis. A total of 172 restriction sites representing
about 700 bp were examined; 22 of these sites were poly-
morphic among Leptospira isolates (excluding the divergent
L. biflexa group). The following enzymes yielded no poly-
morphisms in two strains from each of the seven pathogenic
species examined and were not used against the set of 48
strains: AciH, Alul, AvaII, BfaI, FokI, MseI, Pall, Sau3A,
Sau96I, and ScrFI.
Enzymes that detected polymorphisms were BsrI, DdeI,

Hinfl, HhaI, HphIl, MnlI, NlaIV, RsaI, and TaqI. As an
example, the Hinfl digests of the PCR products from the rrs
genes of all strains are presented in Fig. 1. Two of eight Hinfl
sites were polymorphic. The map locations of the polymor-
phic restriction sites in the genes could be inferred from the
known gene sequences for some strains (12, 40). The fragment
labeled A is due to the loss of the site at base 974. When the
site at base 974 is present, two fragments, of 302 and 445 bp,
result. The fragments labeled C and D are derived from the
224-bp fragment when the site at base 198 is present.
A total of 20 MRSP and 2 length polymorphisms were

detected in 47 strains of seven pathogenic Leptospira spe-
cies. These polymorphisms occurred in 16 different patterns,
or MRSP profiles (Table 2). The sequence divergence be-
tween MRSP profiles, estimated on the basis of divergence
in the restriction sites, ranged from less than 0.5% base
substitutions within species to about 2% base substitutions
between the most divergent species (as previously defined
[34, 47]).
The irs and rrI genes occur in two copies in the L.

interrogans genome (13) and, unusual among eubacteria, are
apparently not closely linked (13, 14, 24, 35). Occasionally,
a restriction site may differ between rRNA gene homologs in
the same genome (e.g., reference 27 and references therein),
but this situation was not observed and, in any case, should
not interfere with the ability to group strains into species.

Arbitrarily primed PCR. Arbitrarily primed PCR finger-
prints of leptospiral genomic DNA consisted of discrete and
reproducible sets of products. An example of such a set of
fingerprints is shown in Fig. 2. Strains within a species
shared many arbitrarily primed PCR fingerprints, and the
fingerprints differed markedly between strains from different
species (as previously defined (34, 47]). Relationships ob-
served with arbitrarily primed PCR data were entirely con-
sistent with those observed with MRSP data.
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FIG. 1. Hinfl restriction digests of PCR-amplified portions of 16S genes. Shown is an autoradiograph of a native 5% acrylamide gel with
TBE. The lane assignments are given in Table 1. The numbers on the right are nucleotides determined from the sequence of the rrs gene of
L. interrogans (GenBank accession number X17547). Hinfl polymorphisms at bases 198 and 974 are responsible for the variations in
restriction patterns. Fragments labeled A, B, C, and D are discussed in the text.
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Although primers as short as 10 bases can be used for
arbitrarily primed PCR (46), we used primers 18 or more
bases long because they generally produce more polymorphic
PCR products. These products are up to 1,500 bases long and
are therefore easier to score reliably on a high-resolution
acrylamide gel (41, 44, 45) than on an agarose gel (46).

Insertion element in the rrl gene. One striking feature of the
restriction data for the rrl gene is the occurrence of inser-
tions ranging from about 485 to 740 bp in some species.
These various insertions are summarized as types b through
f in Table 2. Preliminary DNA sequencing data indicate that
these insertions replace a short stretch of sequence spanning
base 1230 in the rrl gene (33).

Phylogenetic analysis. Restriction site polymorphisms can
potentially be used to construct a phylogenetic relationship
between taxa (9). If one can map restriction sites, parsimony
analysis may use the data more efficiently than genetic
distance analysis (6, 37).

Trees were constructed for the Leptospira data in Table 2
by a variety of methods, including genetic distance analysis
with the additive or the ultrametric assumption (9) and

parsimony analysis with a weighting in favor of site loss
versus site gain (6, 37). A potential phylogenetic relationship
between species was evident. An example of such a phylo-
genetic tree is shown in Fig. 3; for this experiment, parsi-
mony analysis was performed with the PAUP phylogenetic
package under the assumption that the loss of a site was
favored three to one over the gain of a site. Most of the
groupings seen in this hypothetical phylogenetic tree were
also observed in a majority of trees generated by genetic
distance analysis either with Fitch' or with Kitch' in the
PHYLIP package of computer programs (9) or by the
Felsenstein bootstrap method (10). The relative virtues of
these methods and the different assumptions that they use
are still a topic of active debate. The caveats attached to the
phylogenetic hypothesis presented are discussed below.

DISCUSSION

We have used two simple PCR-based methods to classify
a group of 48 Leptospira serovar reference strains. The two
methods, (i) PCR of rRNA genes followed by restriction and

J. BACT1ERIOL.
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TABLE 2. Data matrix for polymorphisms detected by restriction digestiona

16S gene 23S gene

00

MRSP No. of o
b strains 1.4 ~O 00 -4 O C O O r O 00

profile' C

00
CD as

'Nprofilerb examined °0 >0
= -

E

inteA 9 - + + - + + + + - - _ + - + +
inteBc 7 - + + - + + + + - + + + - + +
kirsA 3 - + - - + + + - - + - + - + +
kirsB 2 - + - - + + - + + - + - - - + +
kirsC 2 - + - - + + - a - - + - + - + +
borgA 7 - + - - + - + - _ _ + + + + + + - +
borgB 1 - + - - + - + - - - + + + + + + + +
borgC 3 - + - - + - + - - - + + + + + + + + b
borgD 1 - + - - + + + - - - + + + + + + + + b
weilA 1 - + - + + - + - - + + + + + + - + c
weilB 1 - - - + + - + - + + - - + + d
noguA 1 - + - - - - + + - + - - + + + - + +
noguB 2 + + - - - - + + + - + - - + + + - + + e
santA 5 + - - - - + + + _ + _ - - + + + - + - f
santB 2. . . . - + + + a + - - - + + + - + + f
biflexa 1 . . . . . . . . . . . . + + - + + + ?

a The position of each restriction polymorphism is given for the sequence having GenBank accession number X17547 or X14249. Polymorphisms that
distinguish only L. biflexa are excluded. + and - indicate the presence and absence of a restriction site, respectively. The single length polymorphism between
bases 27 and 133 in the rrs gene is scored as present (a) or absent (-). Length polymorphisms at about base 1230 in the rrl gene are scored as absent (-) or as
lengths designated b through f. Restriction site polymorphisms within these insertions were not scored.

b The type strain in each species is designated as having profile A. See Table 1, footnote b, for explanations of designations.
c Seven for interrogans B and two for meyeri.

(ii) fingerprinting by arbitrarily primed PCR, provided taxo-
nomic results that were in agreement with each other and
generally in agreement with the species assignments based
on DNA-DNA homology (34, 47).
The differences in MRSP and in arbitrarily primed PCR

products for strains belonging to different species were
usually considerable and presumably reflect the large
amount of sequence divergence between species. More than
one MRSP profile was obtained for most species, although
the profiles for any single species generally differed by only
one or two restriction sites. Thus, MRSP data alone will

622-

404-

309

generally be insufficient to define a species. There are
DNA-DNA hybridization data (34, 47) for almost all strains
in each MRSP profile and arbitrarily primed PCR data for all
strains (41, 43) to support the translation of MRSP profiles
into species designations. Once species designations are
established, as we have done here, it should be possible to
use the MRSP profiles for the analysis of strains in the
future, without recourse to serology or DNA-DNA hybrid-
ization. Similarly, each species was usually characterized by
at least three prominent arbitrarily primed PCR fingerprint-
ing products per primer that were not shared with the other

w 0 1W wOwm0 , N 0 I t r 0 00- N X V U WD 0
N N1 w N 1 Em Ac Ag Ac Ac e ar Ac m 0An Ac vvtv?vavt vvtd

FIG. 2. Arbitrarily primed PCR fingerprints of Leptospira genomic DNAs. Shown is an autoradiograph of a denaturing 5% acrylamide gel
with TBE. Arbitrarily primed PCR was performed with primer KG. The lane assignments are given in Table 1. The numbers on the left are
nucleotides determined from pBR322 digested with HaeIII.
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----------- noguB

----------------------------------------------------------- biflex
FIG. 3. Phylogenetic tree constructed by parsimony analysis. Shown is a cladogram constructed with the PAUP phylogenetic package of

Swofford (37). All MRSP characters were weighted three to one against the reappearance of a restriction site (37). The insertion sequence in
the rrl gene was set as a six-state unordered character type. A very small length polymorphism in the rrs gene was also set as unordered.
Characters that did not show evidence of intraspecific variation were given a double weighting. L. biflexa was defined as the outgroup. The
cladogram was constructed by use of a complete search by the Branch-Bound method (37). See Table 1, footnote b, for explanations of
designations.

species. These shared PCR products allowed simple and
rapid categorization of strains into the species L. interro-
gans, L. kirschneri, L. borWetersenii, or Leptospira santa-
rosai. However, arbitrarily primed PCR is probably more
sensitive to sequence divergence than MRSP in rRNA
genes. Thus, intraspecific comparisons can be made by this
method. For instance, data obtained with primers KG (Fig.
2) and KF (data not shown) indicate that L. interrogans
serovars icterohaemorrhagiae and copenhageni (Fig. 2, lanes
1 and 2) are closely related, as previously suggested (16, 31).
By use of MRSP profiles and arbitrarily primed PCR,

species designations were obtained for several serovar ref-
erence strains not previously studied by DNA-DNA hybrid-
ization. Serovar jonsis and lai strains are members of L.
interrogans, serovar canalzonae strains are members of L.
santarosai, and serovar galtoni, kamituga, ndambari, rat-
napura, and vanderhoedeni strains are assigned to L. kir-
schneri. These designations are consistent with previous
data (20, 31).
Three serovar reference strains in our collection had a

status that was already in dispute (34, 47). These strains
were in serovar saxkoebing, serovar grippotyphosa, and
serovar atlantae. By using arbitrarily primed PCR and MRSP
profiles, we determined that the reference strain for serovar
grippotyphosa is a strain of the species L. kirschneri. This
result is consistent with the results of Ramadass et al. (34)
and Kaufmnann (20) but not consistent with the results of

Yasuda et al. (47), who assigned this strain to L. interrogans.
Conversely, our reference strain for serovar atlantae is a
member of L. santarosai, as indicated by Yasuda et al. (47)
but in contrast to the results of Ramadass et al. (34). The
reference strain for serovar saxkoebing from the Pasteur
collection and the collection of Ramadass et al. (34) is a
member of L. borgpetersenii. However, we determined that
an isolate ofwhat should have been the same strain (received
from David Miller, U.S. Department of Agriculture, Ames,
Iowa) is a member of L. interrogans (data not shown). The
disagreements among reference collections in assignments
for reference strains of serovars saxkoebing, grippotyphosa,
and atlantae will need to be resolved by serotyping the
strains from each laboratory again.
Our data suggest that some of the strains now grouped

within a single species may be sufficiently divergent to
warrant further investigation to determine whether they are
separate species. The patterns determined for the two sero-
vars of Leptospira weilhi by use of MRSP and arbitrarily
primed PCR are relatively divergent. There is a possibility
that the two serovars of L. weillii are not members of a single
species. In a similar manner, Leptospira noguchii serovars
louisiana and fortbragg present MRSP profiles and arbitrarily
primed PCR fingerprints that are somewhat different from
those generated by serovar panama (from the type strain).
Since MRSP profile and arbitrarily primed PCR fingerprint
data alone are generally insufficient to define a species, these
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questions will remain until DNA hybridization or rRNA
sequence data are available. At the other extreme, serovars
evansi and ranarum (from reference strains of Leptospira
meyeri) are very similar to each other (1, 2, 4, 21) and yield
arbitrarily primed PCR fingerprints similar to those of L.
interrogans and MRSP profiles identical to those of one
group of L. interrogans. It is not clear why Yasuda et al. (47)
determined the serovars they assigned to L. meyeri to be a
species distinct from L. interrogans, whereas we and others
(4, 36) did not.

Insertion sequence in the 23S rRNA gene. The presence of
an insertion in the rrl gene was observed as a PCR length
polymorphism (26, 42). An insertion ranging from about 485
to 740 bp occurs in the rrl gene in some strains of some
species of Leptospira. The site of this insertion is approxi-
mately base 1230 in the rrl gene. The fact that only some
strains of some species have this insertion suggests that the
intervening sequence may be a sequence-specific mobile
element.
The presence of an insertion in the rrl gene of some

Leptospira strains is not unprecedented in eubacteria (5) but
represents the first observation of this phenomenon outside
the family enterobacteriaceae. Intervening sequences of
about 90 bp have been found in the rrl gene of some strains
of Salmonella typhimurium (5). One of the two places in the
S. typhimurium rrl gene in which insertions were observed is
very close to the site of insertion in the Leptospira rrl gene.
The insertion sequences in S. typhimunum are cleaved from
the mature 23S rRNAs but not spliced. Thus, the rrl gene is
fragmented but apparently functional. Hsu et al. (18) showed
that the 23S rRNA molecules of certain Leptospira strains
are fragmented into 14S and 17S pieces. Our data include six
of the strains that they examined, and our data for insertions
in the rrl gene are completely concordant with the appear-
ance of the fragmented 23S rRNA molecules, strongly sug-
gesting that, as previously observed for S. typhimurium, the
insertions are processed but not religated.
The sequences of the insertions in the S. typhimurium 23S

rRNA gene show no evidence of the mechanism of insertion.
The 720-bp insertion that we observed in some Leptospira
strains is by far the largest insertion observed in an rrl gene
in eubacteria to date and may retain evidence of the mech-
anism of insertion. We have cloned and are sequencing
insertions. Preliminary data indicate that a conserved open
reading frame occurs in a shared portion of these intervening
sequences (33).

Hypothesized phylogeny. Restriction site polymorphisms
can potentially be used to construct a phylogenetic relation-
ship between taxa. Vilgalys and Hester (39) used the Fitch-
Margoliash genetic distance method in the PHYLIP package
(9). If one can map restriction sites, parsimony analysis may
use the data more efficiently than genetic distance analysis
(6, 37). However, rRNA genes undergo intense selection, so
one can expect that some restriction sites will vary because
of sequence changes over only a very limited repertoire of
possibilities. In parsimony analysis, homoplasies due to the
reappearance of a character can be expected to occur much
more frequently during the evolution of highly selected DNA
than during the drift of purely neutral DNA. Also, one must
be cautious when comparing strains that are very closely
related and that may undergo genetic exchange, since strains
that undergo genetic exchange do not fit the assumption of a
bifurcating tree, although the algorithms nevertheless build a
tree. However, there is no evidence yet of genetic exchange
in Leptospira or other spirochetes, and even if genetic

exchange occurs, it is unlikely that there will be significant
amounts of exchange between species.
With these considerations in mind, trees were constructed

for the Leptospira data (Table 2) by a variety of methods,
including genetic distance analysis with the additive or the
ultrametric assumption (9) and parsimony analysis with a
weighting in favor of site loss versus site gain (6, 37). An
example of a phylogenetic tree constructed by parsimony
analysis is shown in Fig. 3. This particular tree was con-
structed after weighting in favor of site loss and weighting in
favor of characters that did not show evidence of intraspe-
cific variation. A potential relationship between species was
usually evident with a variety of different phylogenetic
methods: (i) L. noguchii was grouped with L. santarosai, (ii)
all three L. kirschneni profiles were grouped together, (iii) L.
interrogans was grouped with L. meyeri and, more tenta-
tively, L. kirschneri, and finally, (iv) L. borgpetersenii was
grouped with L. weilli. However, the L. weifiii profiles often
seemed as closely related to L. borgpetersenii profiles as to
each other, perhaps indicating, as did the arbitrarily primed
PCR data, that the two L. weilii serovars are not members of
the same species. The Felsenstein bootstrap method (10)
yielded a phylogeny in which groupings i, ii, and iii were
supported. The four groupings were observed in a majority
of trees generated by genetic distance analysis either with
Fitch' or with Kitch' in the PHYLIP package of computer
programs (9). Even though these methods for constructing
phylogenies all supported similar groupings, the nature of
the characters and the small size of the data set make these
groupings tentative.
The paucity of arbitrarily primed PCR characters shared

between species limits phylogenetic analysis of genomic
relationships among Leptospira species and reflects the high
level of DNA divergence between Leptospira species: the
highest level of DNA homology between species type strains
is 54% (L. borgpetersenii versus L. weilli [48]), and almost
all of the type strains show less than 40% DNA homology in
pairwise comparisons (48). However, in principle, an in-
traspecific phylogenetic tree could be constructed on the
basis of the shared derived characters observed within
species, as was shown for the Lyme disease borreliae (45),
although the possibility of extensive genetic exchange within
species makes such phylogenies tentative.
Advantages of PCR-based methods as a way to group

strains. MRSP profiles and arbitrarily primed PCR finger-
prints generally supported previous species assignments and
provided information for species designations of strains that
had not been previously studied by DNA-based methods.
MRSP profiles for rRNA genes and arbitrarily primed PCR
fingerprints were consistent with the high genomic diver-
gence of Leptospira species inferred from DNA-DNA hy-
bridization data (34, 47).

Classification by use of MRSP in PCR products should be
quite general. In the case of pathogenic Leptospira species,
restriction digestion of the PCR product from rrs with DdeI,
HhaI, MaIV, and TaqI should categorize most new strains
into the appropriate group. In addition, not all restriction site
polymorphisms for these enzymes present in the population
will have been detected by our sample, so additional new
profiles may be found in a more extensive survey. Also, it is
possible that the antigens responsible for serotypes are
laterally transferred, in which case, strains with the same
MRSP profiles or with similar arbitrarily primed PCR finger-
prints may not be of the same serotype.

In experiments similar to those presented here, we have
demonstrated that clinical isolates of Pseudomonas aerugi-
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nosa can be distinguished into at least three profiles on the
basis of restriction site polymorphisms and that these can be
further divided by use of arbitrarily primed PCR (15).
Similarly, members of the B. burgdorferi species cluster,
which includes B. burgdorfien sensu stricto, Borrelia gannii,
and Borrelia group VS461 (3, 45), can all be reliably distin-
guished by restriction site polymorphisms (32) and further
divided by arbitrarily primed PCR (45).
RFLP analysis by Southern blotting, restriction analysis

by pulsed-field gel electrophoresis (17), and DNA-DNA
hybridization all have many virtues for categorizing strains,
and DNA sequencing remains one of the most effective ways
to obtain data for grouping strains and constructing phylog-
enies (e.g., 30). However, all of these methods are more
laborious than scoring of restriction site polymorphisms in
PCR products (32, 39) or arbitrarily primed PCR fingerprint-
ing (41, 45). Furthermore, RFLP analysis and genomic
fingerprinting by pulsed-field gel electrophoresis (17) do not
allow for the unambiguous assignment of restriction site
polymorphisms unless a restriction map can be produced, a
limitation that reduces the usefulness of the observed differ-
ences in constructing phylogenetic relationships. DNA hy-
bridization, in addition to being more laborious, yields a
single measure of distance that is probably less reliable when
highly divergent organisms are being compared (e.g., 22).
Finally, PCR uses much less DNA, an issue for some
organisms that grow slowly or are potentially pathogenic,
and the use of MRSP in PCR-amplified rRNA genes should
be applicable to species that cannot be cultured at all.
MRSP and arbitrarily primed PCR appear to be simple and

fast tools for the study of the genomic diversity of Lepto-
spira strains and for preliminary identification at the species
level. These tools should be useful for the rapid preliminary
classification of strains in many species of microorganisms.
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