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The 16S rRNA sequences were determined for species of Spirochaeta, Treponema, Borrelia, Leptospira,
Leptonema, and Serpula, using a modified Sanger method of direct RNA sequencing. Analysis of aligned 16S
rRNA sequences indicated that the spirochetes form a coherent taxon composed of six major clusters or groups.

The first group, termed the treponemes, was divided into two subgroups. The first treponeme subgroup
consisted of Treponema pallidum, Treponema phagedenis, Treponema denticola, a thermophilic spirochete
strain, and two species of Spirochaeta, Spirochaeta zuelzerae and Spirochaeta stenostrepta, with an average

interspecies similarity of 89.9%. The second treponeme subgroup contained Treponema bryantii, Treponema
pectinovorum, Treponema saccharophilum, Treponema succinifaciens, and rumen strain CA, with an average

interspecies similarity of 86.2%. The average interspecies similarity between the two treponeme subgroups was

84.2%. The division of the treponemes into two subgroups was verified by single-base signature analysis. The
second spirochete group contained Spirochaeta aurantia, Spirochaeta halophila, Spirochaeta bajacaliforniensis,
Spirochaeta litoralis, and Spirochaeta isovalerica, with an average similarity of 87.4%. The Spirochaeta group

was related to the treponeme group, with an average similarity of 81.9%. The third spirochete group contained
borrelias, including Borrelia burgdorferi, Borrelia anserina, Borrelia hermsii, and a rabbit tick strain. The
borrelias formed a tight phylogenetic cluster, with average similarity of 97%. The borrelia group shared a
common branch with the Spirochaeta group and was closer to this group than to the treponemes. A single
spirochete strain isolated from the shrew constituted the fourth group. The fifth group was composed of strains
of Serpula (Treponema) hyodysenteriae and Serpula (Treponema) innocens. The two species of this group were

closely related, with a similarity of greater than 99%. Leptonema ilini, Leptospira biflexa, and Leptospira
interrogans formed the sixth and most deeply branching group. The average similarity within this group was

83.2%. This study represents the first demonstration that pathogenic and saprophytic Leptospira species are

phylogenetically related. The division of the spirochetes into six major phylogenetic clusters was defined also
by sequence signature elements. These signature analyses supported the conclusion that the spirochetes
represent a monophylectic bacterial phylum.

The spirochetes are one of the few major bacterial groups
whose natural phylogenetic relationships are evident at the
level of gross phenotypic characteristics (58, 59). Spiro-
chetes possess a cellular ultrastructure which is unique
among eubacteria (13, 24). The helical protoplasmic cylinder
is encased by an outer sheath which has some features
analogous to the outer membrane of gram-negative bacteria.
Spirochetes possess internal organelles of motility called
periplasmic flagella (37) which are located between the
protoplasmic cylinder and the outer sheath. However, in
later stages of growth, the periplasmic flagella of some
spirochetal species have been shown to be external (44).
Periplasmic flagella are ultrastructurally and chemically sim-
ilar to the external flagella found in other eubacteria (10, 24).
Depending on the spirochete species, the number of flagella
varies from 2 to hundreds per cell. Other unifying character-
istics of spirochetes are resistance to the antibiotic rifampin
(1, 35, 50, 55) and (except for the leptospires) the presence of
ornithine in cell wall peptidoglycan (30). Earlier attempts to
produce a phylogenetic systematics for the spirochetes,
using the rRNA oligonucleotide cataloging method (41),
showed the spirochete phylum to fall into five major sub-
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classes: the genus Treponema, the genus Spirochaeta, the
borrelias, the leptospires, and Treponema hyodysenteriae.
Recently, T. hyodysenteriae and its nonpathogenic relative
T. innocens were reclassified in the new genus Serpula (51),
and henceforth these two species will be discussed as
Serpula species. The phylogenetic positions of Cristispira
spp. found in mollusks and spirochetes observed in termite
hindguts were not determined because these spirochetes
could not be cultured in vitro (7, 8). The phylogenetic
structure determined from 16S rRNA cataloging is in ap-
proximate agreement with the accepted classical taxonomy
for spirochetes (7, 11, 12, 28, 32, 48), in which the order
Spirochaetales is divided into two families, Spirochaetaceae
and Leptospiraceae, with the family Spirochaetaceae com-
prising the genera Treponema (including Serpula hyodysen-
teriae and related species), Spirochaeta, Borrelia, and Cris-
tispira and the family Leptospiraceae encompassing the
genera Leptospira and Leptonema.

Analysis of nearly complete 16S rRNA sequences (>95%)
is a more powerful and accurate method for determining
phylogenetic relationships than the earlier oligonucleotide
cataloging methods (58). The goal of this study was to use
16S rRNA sequencing to extend our understanding of spiro-
chetal phylogeny.
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TABLE 1. Sources and accession numbers of the strains sequenced

Bacterial strain Sourcea Reference(s) GenBankaccession no.

Spirochaeta aurantia Jl ATCC 25082 t 14 M57740
S. bajacaliforniensis BA2 ATCC 35968 t 16 M71239
S. halophila RS1 ATCC 29478 t 18 M34262
S. isovalerica MA-2 ATCC 33939 t 20 M34260
S. litoralis Rl ATCC 27000 t 22 M34263
S. stenostrepta Zl ATCC 25083 t 21 M34264
S. zuelzerae ATCC 19044 t 53 M34265
Treponema bryantii RUS1 ATCC 33254 t 39, 50 M57737
Treponema strain CA Hespell 39 M59294
T. denticola W ATCC 33520 23 M71236
T. denticola TD10 Hespell 23 Not deposited
T. pectinovorum D-36-DR-2 ATCC 33768 t 39 M71237
T. pallidum Nichols strain Fitzgerald 48 M34266
T. phagedenis strain K5 Stanton 48 M57739
T. saccharophilum PB ATCC 43261 t 39 M71238
T. succinifaciens 6091 ATCC 33096 t 39 M57738
Serpula hyodysenteriae B78 ATCC 27164 t 51 M57741
S. innocens B256 ATCC 297% t 51 M57744
Borrelia hermsii M1001 Johnson 4 M72398
B. burgdorferi B31 ATCC 35210 t 4 M59293
B. anserina strain ES Johnson 15 M72397
Rabbit tick spirochete 19941 Johnson 3 M72396
Leptospira turtle strain A-183 Charon 6 M34261
L. biflexa serovar patoc strain Patoc I ATCC 23582 6 Not deposited
L. interrogans serovar pomona strain Kennewicki Charon 29 M71241
L. interrogans serovar canicola strain Moulton ATCC 23606 17 X17547
Leptonema illini strain 3055 Charon 19 M34118
Shrew spirochete CT11616 ATCC 43811 2 M59179
Thermophilic strain Hi Leschine This study M71240

a Bacterial strains were obtained from the following sources: ATCC (American Type Culture Collection); collections of R. B. Hespell, T. B. Stanton, and N.
Charon (University of West Virginia), R. C. Johnson (University of Minnesota, Minneapolis), T. J. Fitzgerald (University of Minnesota, Duluth), and S. B.
Leschine (University of Massachusetts, Amherst).

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial
strains used are listed in Table 1. Except for the thermophilic
strain described below, the culture conditions can be found
in the references listed in Table 1. The isolation and culture
of thermophilic spirochete strain Hi have not previously
been published. It was isolated from Hunter Hot Spring,
Oregon. Spring temperature was 53°C. Growth medium
contained, per liter, 1.0 g of yeast extract (Difco Laborato-
ries, Detroit, Mich.), 2.0 g of tryptone (Difco), 1 g of cel-
lobiose (Sigma Chemical Co., St. Louis, Mo.), 1 g of maltose
(Sigma), 0.15 g of dithiothreitol, and 10 g of agar adjusted to
a pH of 7.0. Rifampin was not used as a selective agent for
isolation since spirochetes, as judged by morphological
criteria, were the predominant flora in specimens taken at
the time of sampling. Samples were diluted serially into agar
deeps and were incubated anaerobically at 52°C. Strain Hi
grew optimally at 50°C but was capable of growth at temper-
atures ranging from 27 to 58°C.

Isolation and purification of RNA. rRNA was isolated and
partially purified by a modification of the procedure of Pace
et al. (37) as previously described (40); alternatively, cells
were disrupted with a Mini-BeadBeater (Biospec Products,
Bartlesvilie, Okla.) directly into phenol for RNA extraction.
This step was followed by purification through cesium tri-
fluoroacetate centrifugal gradients (Pharmacia Fine Chemi-
cals AB) as previously described (57).

16S rRNA sequencing. In most cases, rRNA was se-
quenced directly, using a modification of the standard

Sanger dideoxynucleotide chain termination technique in
which reverse transcriptase was used to elongate primers
complementary to conserved regions of the 16S rRNA (34).
Seven previously described primers were used to obtain
nearly complete sequences (56). To obtain the sequence of
the 5' end of the molecule, we used an eighth additional
primer (AAGCAUGCAAGUCGARCGG) that was comple-
mentary to positions 51 to 69 of the 16S rRNA (using the
nucleotide numbering system of Escherichia coli) (9). Fur-
ther descriptions of these procedures are presented in pre-
vious publications (40, 56).
The 16S rRNA gene of Treponema pallidum was se-

quenced from a ribosomal DNA clone. It was cloned initially
as a Sau3AI partial digest into the BamHI site of lambda
phage 1059. The resulting clone began at the nearly univer-
sal Sau3AI site located at position 15 (E. coli numbering).
For subcloning into M13mp8, M13mp9, M13mpl8, and
M13mpl9, the ribosomal DNA was divided at the EcoRI site
occurring at position 680 (E. coli numbering). The T. palli-
dum sequence was determined from these subclones by
methods similar to those used for direct rRNA sequencing
(described above) but with additional sequence information
gained by the use of forward primers (57). Either Klenow
fragment or T7 DNA polymerase (Sequenase; U.S. Bio-
chemical Corp.) was used for chain elongation.

Spirochaeta halophila was sequenced partially from a
clone and partially by direct reverse transcriptase sequenc-
ing. The portion of the gene 3' to the EcoRI site at position
680 was derived from a DNA sequence, and the 5' 680
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FIG. 1. Phylogenetic tree of the spirochetes, with E. coli as the outgroup. The scale bar represents a 10% difference in nucleotide sequence
as determined by taking the sum of all of the horizontal lines connecting two species.

nucleotides were derived from rRNA templates. The cloned
sequence resulted from an initial BamHI clone in lambda
L47 which was subcloned into Ml3mpl8 (46).
Data analysis. A program set for data entry, editing,

sequence alignment, secondary structure comparison, simi-
larity matrix generation, and tree construction for 16S rRNA
data was written in Microsoft QuickBASIC for use on IBM
PC-AT and compatible computers. RNA sequences were
entered and aligned as previously described (40). Only those
base positions which were determined for every sequence
and which could be unequivocally aligned were used in the
distance matrix calculations. In addition, hypervariable re-
gions for spirochete sequences were also omitted for these
calculations. Using the numbering nomenclature for the 16S
rRNA of E. coli (9), these regions correspond to base
positions 69 to 100, 185 to 195, 201 to 219, 455 to 478, and 840
to 848. The total number of base comparisons for calculation
of distance matrices was 1,176. Presently, our data bases
contain approximately 350 sequences, including those deter-
mined in our laboratories, published sequences, and unpub-
lished sequences provided to us by other investigators.
Similarity matrices were corrected for multiple base changes
at single locations by the method of Jukes and Cantor (31).
Dendrograms were constructed by using the neighbor-join-
ing method of Saitou and Nei (45).

Nucleotide sequence accession numbers. The sequences for
the bacterial strains examined are available for electronic
retrieval from the EMBL, GenBank, and DDBJ nucleotide
sequence data bases under the accession numbers listed in
Table 1.

RESULTS AND DISCUSSION

The sequence of approximately 95% of the 16S rRNA
molecule (1,400 to 1,500 bases) was determined for each of
the spirochete strains listed in Table 1. Sequences for
Leptospira biflexa serovar patoc and turtle strain A-183 were
identical. The relatively complete sequence of Leptospira
interrogans serovar pomona (1,136 bases) differs by one
base from the previously published 16S rRNA sequence of
L. interrogans serovar canicola. The gap in serovar canicola
sequence at E. coli base position 386 (after position 370 in
reference 17) is a C in the serovar pomona sequence. Since
the complete 16S rRNA sequence was available for serovar
canicola (17), it was used for phylogenetic analysis. The two
Treponema denticola strains were also identical.
A sequence similarity mnatrix for 16S rRNAs of the spiro-

chetes and of E. coli as an outgroup is presented in Table 2.
A dendrogram derived from the similarity matrix using the
neighbor-joining method is shown in Fig. 1. The branching
order of the six major spirochete phylogenetic groups re-
mained stable when hypervariable regions were included in
the distance matrix calculations. The phylogenetic relation-
ships obtained from the 16S rRNA sequence analysis are in
overall agreement with previous catalog studies (41) and
comparative sequence analysis of the trpE gene (5). Charac-
teristics of known genera of spirochetes with respect to
physiology, ecological niche, DNA base composition, and
other traits are presented in Table 3.
Members of the genus Treponema, Spirochaeta zuelzerae,

S. stenostrepta, and thermophilic spirochete strain Hi form

J. BACTERIOL.
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TABLE 3. Characteristics of spirochetal generaa

Spirochete genus
Trait LpoeaTreponema Spirochaeta Borrelia Leptospira Serpula Cristispira

Mol% G+C 36-54 51-65 27-32 37-53 26 ?
Relationship to 02 Obligate anaerobe Obligate and facul- Microaerophilic Aerobic Microaerophilic ?

tative anaerobe
Size (,um) 0.3-0.7 by 5-20 0.3 by 10_20b 0.2-0.5 by 8-30 0.2 by 10 0.3-0.4 by 7-9 0.5-3 by 20-100
No. of flagella 2-32 2 15-30 2 18 >100
Habitat Host-associated Free-living, fresh Host associated Free-living and Host associated Digestive tract

(humans and and salt H20 (insects; humans host associated (swine) of mollusks
other mammals) and other mam- (humans and

mals) other mammals;
reptiles)

Pathogenic species + and - - + + and - + and - ?
Resistance to ri- + + + + + ?

fampin
Ornithine in pepti- + + + - ?

doglycan
Optimum growth 37-39 15-40c 37 15-37 36-42 ?
temp (°C)

a Information obtained from references 4, 7, 11, 12, 13, 47, and 50.
b Spirochaeta plicatilis, which has not been cultured in vitro, is 0.75 by 80 to 250 ,um.
c Thermophilic strain Hi (this study) and other thermophilic spirochetes have been reported (42), and optimum growth temperatures range from 45 to 60°C.

These spirochetes are presently classified as belonging to the genus Spirochaeta since they are considered free-living. However, strain Hi is related more closely
to the treponemes than to other free-living spirochetes (see text).

a phylogenetic cluster, referred to as the treponemes, with
an average similarity of 86.1%. The tree topology shows that
this cluster is divided into two subgroups. The first subgroup
is composed of T. pallidum, T. phagedenis, the human oral
T. denticola, S. stenostrepta, thermophilic strain Hi, and S.
zuelzerae, with an average similarity of 89.9%. The second
subgroup contains the rumen spirochetes, Treponema bry-
antii, T. saccharophilum, and strain CA, the pectinolytic
human oral T. pectinovorum, and the swine intestinal T.
succinifaciens, with an average similarity of 86.2%. The
average level of similarity between these two subgroups is
84.2%. The separation of the treponemes into two subgroups
was verified by base signature analysis, Bases common to
each of the two subgroups are shown in Table 4. The
significance of this subdivision within the treponemes re-
mains uncertain.

Percent similarity and single-base signature analysis dem-
onstrated that the free-living spirochetes, S. stenostrepta,
thermophilic strain Hi, and S. zuelzerae, are more closely
related to the treponemes than to other members of the

TABLE 4. Signature analysis of treponeme subgroups

Composition in:
Position of base

or pair T. phagedenis T. bryantii
subgroupa subgroupb

133.230 C-G GC
421 A G
478 A G
502.543 CG R.Y
661-744 R Y Y R
733 G A
835-851 G-C C-G
1310-1327 A.U G-C
a Contains T. phagedenis, T. denticola, S. zuelzerae, T. pallidum, S. steno-

strepta, and strain Hi.
b Contains T. bryantii, T. pectinovorum, T. saccharophilum, strain CA, and

T. succinfaciens.

genus Spirochaeta (Table 5; Fig. 1). As shown in Table 5, S.
stenostrepta, strain Hi, and S. zuelzerae possess mhore bases
in common with the sequences of the treponemes than with
the sequences of Spirochaeta species. It is tempting to
speculate that the free-living spirochetes, S. stenostrepta,
strain Hi, and S. zuelzerae, may represent descendants of
the precursors to host-associated treponemes. However,
since each species represents a single strain that was isolated
from aquatic sources, it is possible that they are fecal
contaminants from an unknown host and are true trepone-
mes. To resolve this issue, many strains of each species
should be isolated from either aquatic or host environments.

TABLE 5. Relationship of S. stenostrepta, thermophilic strain
Hi, and S. zuelzerae to the treponemes

Base compositiona in:
Base Othet

position Treponemes Strain Hi and S. zuelzerae SpirochaetaS. stenostrepta SPspp.

108 G G G A
111 U U U G
241 C C C U
242 Y C C G
285 G G G A
289 Y G U G
311 R C A C
422 A A A G
768 A G G G
986 Y U U A
1001 R G G Y
1118 C C C U
1155 G G G A
1157 A A A G
1219 R A A U
1335 Y G U G
1414 U U U C
a Underlined bases represent signature for other Spirochaeta spp.
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TABLE 6. Spirochetal base signaturesa

Position of Composition
base or Composition in other Exception(s)b
pair in spirochetes bacteria

28-555 A-U G-C A-U prpl, plnc
G-U myco, flavo

45-396 C-G G-C or UG (1); CG (1)
ex. G-C U-A
Tsa

U.A Tpe
47 U C G plnc, chlam
50 U A U prpl, plnc (2), ttoga

G chlam
52.359 AU CG or G.U dein

ex. G-C U.A
shr

53-358 G-C A.U G.U plnc, chlam
ex. A-U G-C Chloroflexus

lepto
361 A G A plnc, chlam
1415-1485 C-G G.Y Y-R plnc, myco

CGG isocy, ttoga (4)

a Abbreviations: prpl, purple bacteria (proteobacteria); plnc, planctomy-
ces; myco, mycoplasma; flavo, flavobacterium; chlam, chlamydia; dein,
deinococcus; ttoga, Thermotoga sp.; isocy, Isocystis pallida; lepto, Lep-
tonema and Leptospira spp.; ex., exception(s).

b Numbers in parentheses represent the number of strains that possess the
indicated base signatures.

16S rRNA-based DNA probes that are specific for each of
these species will facilitate the screening for these spiro-
chetes.
The closest relative of S. stenostrepta is the thermophilic

strain Hi, with 95.1% similarity. Other anaerobic thermo-
philic spirochetes isolated from thermal springs have been
described recently (42). It will be interesting to determine
whether these thermophilic strains cluster also with S.
stenostrepta or whether they occur in multiple branches of
the phylogenetic tree.
The phylogenetic position of T. pallidum, the type strain

of the genus Treponema, has been uncertain since DNA-
DNA homology studies have found little or no homology
between T. pallidum and other treponemes (36). This is not
surprising, however, since DNA-DNA hybridizations are
most useful in determining the genetic relationships of
closely related species, i.e., 16S rRNA sequence differences
of less than 5%. The 16S rRNA sequences of treponemes
differ by an average of almost 10%. For determining phylo-
genetic relationships between distantly related organisms
(even procaryote to eucaryote), 16S rRNA sequence simi-
larity is the most powerful method currently available (58).
As shown in Fig. 1, it is clear that T. pallidum does indeed
belong within the genus Treponema.

Spirochaeta aurantia, S. halophila, S. litoralis, S. isova-
lerica, and S. bajacaliforniensis form a cluster separate from
the treponemes at an average level of similarity of 81.9%.
Within the Spirochaeta cluster, the average level of similar-
ity is 87.4%. It has been suggested that S. bajacaliforniensis
may be a strain of S. litoralis, given similarities in physiology
and G+C content of their DNAs (13). However, 16S rRNA
data suggest that S. bajacaliforniensis warrants a separate
species designation within the genus Spirochaeta.
The borrelias are more closely related to members of the

Spirochaeta cluster (82.2% similarity) than to the trepone-
mes (77.9% average similarity) and share a short common
branch with the Spirochaeta cluster (Fig. 1). These results

TABLE 7. Differentiation of major spirochetal phylogenetic
groups by base signature analysis

Position of Base compositiona in:
base or Spiro- Lepto-
pair Treponemes chaeta Borrelia Shrew Serpula spires

108 G A A G A A
111 U G G G G U
1025-1035 G-C Y.G C.G
126-235 G.Y A.U G.U A-U A-U R-Y
986.1219 Y.R A-U A.U A.U Y-R Y-R
7 G G A G G G
41.401 G.C G.C A.U A.N G-C G.C
1245.1292 R.Y G-C U.A C-G AU G-C
52.359 A-U A-U A.U G.C A.U A-U
783.799 C.G C.G C.G U.A C-G C.G
36.548 CCG C.G C.G C-G U-A C-G
787 A A A A C A
655.751 A.U A-U A-U A-U G-C A-U
562 U U U U U C
53-358 G.C G-C G.C G-C G-C A-U
369392 C.G C.G C-G C.G C.G G.C

a Underlined base(s) represents signature for each phylogenetic group.-,
gap at the indicated base position.

differ slightly from previous rRNA oligonucleotide catalog
comparisons in which the borrelias were found to be equally
distant from the treponemes and the Spirochaeta species
(41). The borrelias comprise a very tight cluster, with
average interspecies similarities of greater than 97%. These
results are in agreement with DNA-DNA reassociation stud-
ies which demonstrated 30 to 70% homologies among Bor-
relia species (4, 26, 47).

Previous studies demonstrated that spirochetes isolated
from the shrew and white-footed mouse are serologically and
ultrastructurally distinct from species of Treponema, Borre-
lia, Leptospira, and Spirochaeta (2). On the basis of these
data, the authors suggested that these spirochetes may
represent a new genus. This suggestion is supported by 16S
rRNA sequence analysis in that the shrew isolate branched
separately from other spirochetes (Fig. 1).
The strains of S. hyodysenteriae and S. innocens form a

very tight cluster (e.g., greater than 99% sequence similarity)
which is only distantly related to the other spirochetes.
Because these strains do not branch with other Treponema
species, it was suggested (41) that they were clearly misclas-
sified as members of the genus Treponema and were re-
named as species of the genus Serpula (51). The sequence
analysis is consistent with DNA-DNA hybridization studies
and analyses of protein profiles which failed to demonstrate
a relationship of S. hyodysenteriae and S. innocens to other
treponemes (36, 51).

Lastly, the leptospires form the most deeply branching
cluster within the spirochetal phylum and are divided into
two subgroups. The first subgroup contains the saprophytic
leptospires (L. biflexa serovar patoc and turtle strain A-183
[which had identical sequences]) and the parasitic lepto-
spires (L. interrogans serovar canicola [17] and serovar
pomona [which had nearly identical sequences]), with 90.3%
similarity. The identical sequences of the patoc serovar and
strain A-183 were not surprising inasmuch as the patoc strain
had approximately 50% DNA relatedness with strain A-183
(6). The other subgroup consists of the single species,
Leptonema illini, with an average level of 83.2% sequence
similarity with members of the first subgroup. As suggested
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TABLE 8. 5' extension of the 16S rRNA molecule for Spirochaeta spp., Treponema spp., and leptospires

AAAUUGAAGAGUU

Treponeme cluster
T. phagedenis
T. denticola
S. zuelzerae
S. stenostrepta
Spirochete strain Hi
T. bryantui
T. pectinovorum
T. sacchrophilum
Treponema sp. strain CA
T. succinifaciens
Conserved region

Spirochaeta cluster
S. aurantia
S. bajacaliforniensis
S. halophila
S. litoralis
S. isovalerica
Conserved region

Leptospire cluster
Leptonema illini
Leptospira biflexa
Conserved region

CAGGCUCUCUUA-GCAA-UAGGAGAGnUUGAAAUA-UAAUAAUGGAGAGUU
nAACCGCUCUUUAA-GGGCGGCUU--GAAAUAAUAAUGAUGGAGAGUU

nnUCUUGAUCCC-GCAA-GGGAUUUAGA-GnA-UA-UA-UCAUGGAGAGUU
nCUUU-GGUC-UUCG-GnCC-uaA--GAAAUA-UA-UCAUGGnnAgUU
cUUUCGGGC-UUCG-GGCCcGUAA--GAnAUA-UA-UCAUGGAGAGUU
AUUAGCC-UUCG-GGCgAUU----GAAAUAA---UCAUGGAGAGUU
UUGACCC-GCAA-GGGUUUGA---GAnAUAA---UCAUGGAGAGUU
CUUUCC-UUCG-GGGgnUUA---GAA-UAA---UCAUGGAGAGUU
nnncU-uacG-GGgnnUU----GAA-UAA---UCAUGGAGAGUU

CUCCGGUCCC-CUCG-GGGGCCGAG--GAAAUAGG---CAUGGAGAGUU
...... . GAAaUA .. u.AUGGAGAGUU

nCCUUGGA-GCaA-UCCAAGGuau--------AUAUGAUGGAGAGUU
UCAACAUC-UUCG-GAUGunAACAUA------CUAUAAUGGAGAGUU
nCGUCCC-UUCG-GGGACGUACA--------AAAUCAUGGAGAGUU
naggGUC-UUCG-GacnnnnAUU--------aUAUCAUGGAGAGUU
nnUCGCAC-UUCG-GUGUnnUnnAU-------nAAUCAUGGAGAGUU

. . . . ..AUAUGGAGAGUU

UAAUCU-AUC-GCAA-GAU-AGAUU----------CAUAACGGAGAGUU
AAAUUGGUA-GCAA-UACCAGAUU----------CAUAACGGAGAGUU
.AA. U ..U.. GCAA ..A.. AGAUU CAUAACGGAGAGUU

a Potential helices are underlined.
b The sequence represents the 5' end of the 16S rRNA molecule for E. coli beginning at position 1 (9).

previously (41), these results are consistent with the
leptospiral taxonomy as proposed by Hovind-Hougen (25).
The author suggested that the now accepted family
Leptospiraceae be divided into two genera, Leptospira
(which would include the parasitic and saprophytic lepto-
spires) and Leptonema (which would include L. illini).
Recent studies have examined the DNA relatedness among
the many serovars of L. biflexa and L. interrogans (43, 60).
These studies revealed that many strains within the two
species were significantly heterogeneous, and consequently
seven new Leptospira species were proposed (60). How-
ever, by using DNA hybridization techniques, it was impos-
sible to detect the genetic relationship between the sapro-
phytic and parasitic leptospires. The present study
represents the first demonstration that the saprophytic and
parasitic leptospires are related phylogenetically. Obviously,
analysis of 16S rRNA sequences of the newly proposed
species and other strains is necessary to establish a more
complete phylogenetic structure for this diverse grouping of
spirochetes.
Because of the depth of the branching within the spiro-

chete phylum, some spirochete species are as similar to
enterobacteria as to other spirochetes. For example, the
leptospires, Serpula species, and the shrew isolate are more
closely related to E. coli than to Treponema succinifaciens
(Table 2), although the overall tree topology indicates that
they are derived from spirochetal ancestry. To verify that
the spirochetes are of monophyletic origin, individual base
signatures that are unique to the spirochetes were identified.
Table 6 provides most of these key base signatures for the
spirochete sequences. The most significant base signature is
the U at position 47, which occurs in all spirochete se-
quences. In over 350 other eubacterial and archaebacterial
sequences, a C is present at position 47; the exceptions are

chlamydiae and relatives of the planctomyces, which pos-
sess a G (56, 58). The other spirochetal base signatures listed
in Table 6 are not unique for all spirochetes or are occasion-
ally found in other eubacterial sequences, but they never-
theless present a strong argument for inclusion of all spiro-
chetes into a single monophyletic phylum.
Each of the six major phylogenetic clusters discussed

above was also defined by single-base signature analysis.
Examples of base signatures for each spirochete cluster are
given in Table 7. Not all of the signatures for each cluster are
shown. Since the shrew isolate represents the sole member
of its phylogenetic cluster, additional members of this group
will have to be analyzed to verify its signature elements.
The sequences of the species in the treponemes, Spiro-

chaeta, and leptospire clusters are unusual in that they
possess a 20- to 30-base 5' extension of the 16S rRNA
molecule. As shown in Table 8, the sequences of the
extensions are highly variable. Secondary structure analysis
suggests that the extensions may form a helix. The potential
helices contain 2 to 12 bp with a terminal loop of 4 or 5
nucleotides. The terminal loop generally consisted of the
stable sequence UUCG or GCAA (52). Since the sequence
of T. pallidum was obtained from a clone lacking the 5' end
of the molecule, the existence and sequence of such an
extension for T. pallidum remain unknown. The published
sequence of L. interrogans serovar canicola did not include
sequence information 5' to position 1 of E. coli (17).
The 5' extension found in spirochete 16S rRNA is unique

among procaryotes and eucaryotes. While its origin and
function are unknown, it may reflect some defect or altera-
tion in the processing and maturation of the 16S rRNA
transcript (33). Procaryotes usually contain the rRNA genes
grouped together in 1 to 10 nearly identical operons. The
operons in E. coli are organized with the small-subunit RNA

Organism

E. colib

5' extension'
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gene (16S rRNA) located at the 5' end, a tRNA gene, the
large-subunit RNA gene (23S rRNA), and finally the 5S
rRNA gene at the 3' end (9). The genes are separated by
spacer RNA. The spacer RNA adjacent to the 16S and 23S
RNA genes forms characteristic structures that include
double-stranded helical stems. The processing of the pre-
rRNA transcript to mature rRNAs is complex and involves
multiple enzymes (33, 49). RNase III cleaves the double-
stranded stems to separate the rRNA subunits from one
another and from the tRNA element. Poorly characterized
endonucleases affect the final 3' and 5' cleavages of the 16S
rRNA. Examination of the rRNA operons of spirochetal
species with and without the 5' extension is needed to clarify
the origin and function of the 5' extension.
As recommended by the Ad Hoc Committee on Reconcil-

iation of Approaches to Bacterial Systematics, phylogeneti-
cally based taxonomic schemes should reflect phenotypic
consistency (54). The spirochetal phylum easily satisfies
these criteria based on the unique cellular ultrastructure of
all spirochetes. Within this phylum, the spirochetes form six
distinct but deeply branching groups: Treponema (including
S. zuelzerae, S. stenostrepta, and strain H1), Spirochaeta,
Borrelia, Serpula, the shrew isolate, and leptospires. The
difference between spirochete genera is greater than the
distance between the families Enterobacteriaceae and Pas-
teurellaceae. Despite the depth of branching, we suggest
that the phylogenetic clustering of spirochetal groups, rather
than a specific percent similarity, be used as a basis for
defining spirochetal genera. We would agree with the sug-
gestion that the exact 16S rRNA similarity limits for defining
a given taxon will have to be determined for each bacterial
phylum (27).
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ADDENDUM IN PROOF

The genus designation Serpula should be changed to
Serpulina; a correction will be submitted.
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