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Lyme disease is the most common vector-borne disease in the United States. The causative agent is the
spirochete Borrelia burgdorferi. The copy number and organization of the genes encoding the rRNAs of this
organism were determined. There is a single gene for 16S rRNA and two copies each of the 23S rRNA and 5S
rRNA genes. All of the genes are located within a chromosomal fragment of approximately 9.5 to 10.0 kb. The
23S and 5S rRNA genes are tandemly duplicated in the order 23S-5S-23S-5S and are apparently not linked to
the 16S rRNA gene, which is situated over 2 kb upstream from the 23S-5S duplication. The individual copies
of the 23S-5S duplication are separated by a 182-bp spacer. Within each 23S-5S unit, an identical 22-bp spacer
separates the 23S and 5S rRNA sequences from each other. The genome organization of the 23S-5S gene cluster
in a number of different B. burgdorferi isolates obtained at a number of different geographical locations, as well
as in several other species of Borrelia, was investigated. All isolates of B. burgdorferi tested displayed the
tandem duplication, whereas the closely related species B. hermsii, B. anserina, and B. turicatae all contained
a single copy of each of the genes. In addition, different geographical isolates of B. burgdorferi can be
differentiated on the basis of a restriction fragment length polymorphism associated with the 23S-5S gene
cluster. This polymorphism can be a useful tool for the determination of genetic relatedness between different
isolates of B. burgdorferi.

Lyme disease is characterized initially as a skin lesion
usually caused by the bite of an infected tick of the genus
Ixodes (36). Lyme disease is now the most common vector-
borne disease in the United States, with cases having been
reported from 46 states (9). The etiologic agent of the
disease, which is transmitted by a tick bite, is the spirochete
Borrelia burgdorferi (6, 35). The organism grows slowly and
requires a complex culture medium (3), and these factors
have limited the ability to analyze the metabolism of the
spirochete and its regulation.
rRNA genes for many other prokaryotic organisms have

been studied. Typically, the genes for the rRNAs are orga-
nized into operons with the general structure 16S-23S-SS
(33). The operon is transcribed as a single, large precursor
RNA from a promoter(s) in front of the 16S gene, and this
primary transcript is processed to yield the mature, individ-
ual rRNA molecules (33). In many species, tRNA genes are
located in the spacer between the 16S and 23S genes (33).
Although rare, exceptions to this characteristic rRNA op-
eron structure have been demonstrated, particularly for
organisms in which the rRNA genes are completely unlinked
(12, 28).

In order to begin to characterize the molecular physiology
of B. burgdorferi, the cloning and sequencing of its rRNA
genes were undertaken. We report here the copy number
and organization for the rRNA genes of B. burgdorferi. This
organism contains a single 16S rRNA gene and two copies
each of the 23S and SS genes. The two latter genes are tightly
linked and tandemly duplicated. In contrast, the 16S rRNA
gene is physically separated from the tandem 23S-5S gene
cluster by more than 2 kb. The duplication of the 23S and 5S
genes is unique to B. burgdorferi and was not observed for
the closely related species Borrelia hermsii, Borrelia anse-
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rina, or Borrelia turicatae. On the basis of this finding, a
simple restriction fragment length polymorphism (RFLP)
assay which can specifically differentiate B. burgdorferi from
other species of Borrelia was developed.

MATERIALS AND METHODS

Bacteria and plasmids. The bacteria and plasmids used in
this study are listed in Table 1.
Enzymes and biochemicals. Restriction endonucleases

were purchased from GIBCO-BRL or New England Biolabs
and used according to the manufacturer's instructions. The
5'-end labeling kit and terminal deoxynucleotidyl transferase
were obtained from GIBCO-BRL. Modified T7 DNA poly-
merase (Sequenase) and the Sequenase sequencing kit were
obtained from U.S. Biochemicals. All radiochemicals were
obtained from Dupont-New England Nuclear. Oligonucleo-
tides were synthesized by the phosphoramidite method on a
Milligen/Biosearch Cyclone DNA synthesizer.
Growth of B. burgdorferi. B. burgdorferi cells were rown

at 34°C in BSKII medium (3) to a density of 107 to 10§ cells
per ml. Cells were harvested by centrifugation at 10,000 x g
and washed once with TE buffer (10 mM Tris-HCl [pH 8.0],
1.0 mM EDTA). Cell pellets were frozen and stored at
-20°C until further use.
Preparation of rRNA. B. burgdorferi cells (0.5 g) were

ground with an equal weight of alumina in 2 ml of TMAI
buffer (10 mM Tris-acetate [pH 7.8], 40 mM magnesium
acetate, 30 mM ammonium acetate, 7 mM 3-mercaptoetha-
nol, 0.1 mM EDTA), and ribosomes were prepared by
successive centrifugation at 10,000 x g for 10 min, 30,000 x
g for 45 min, and 45,000 rpm for 2.5 h in a Beckman 5OTi
rotor. The resultant pellet was resuspended in 0.5 ml of
TMAI buffer. A typical yield of 200 ,ug of ribosomes was
obtained from 0.5 g (wet weight) of B. burgdorferi cells.
rRNA was prepared from the ribosome preparation by
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TABLE 1. Bacterial strains, isolates, and plasmids

Organism or Strain Biological origin Geographic location Source
plasmid or Isolate (Lwdes species)

Bacteria
B. burgdorfeni B31 Tick (I. dammini) New York American Type Culture

Collection (ATCC 35210)
IP21 Tick (I. persulcatus) St. Petersburg, Russia A. Barbour
IP3 Tick (I. persulcatus) St. Petersburg, Russia A. Barbour
IP90 Tick (I. persulcatus) Khabarovsk, Russia A. Barbour
20004 Tick (I. ricinus) France J. Anderson
20047 Tick (I. ricinus) France J. Anderson
24330 Tick (I. dentatus) New York J. Anderson
24352 Tick (I. dammini) New York J. Anderson
HK Blood New York C. Pavia
Gl Cerebrospinal fluid Germany A. Barbour
297 Cerebrospinal fluid Connecticut C. Pavia

B. hemsii Serotype C A. Barbour

B. turicatae A. Barbour

B. anserina A. Barbour

E. coli DH5o GIBCO-BRL

Plasmids
pUC19 GIBCO-BRL
pRC2 3.2-kb PstI fragment This study

of B. burgdorferi
DNA in pUC19

phenol extraction as previously described (20). 32P-labeled
rRNA probes were prepared by 5'-end labeling with T4 DNA
kinase and [_y-32P]ATP as previously described (31).
Genomic DNA isolation and cloning. Genomic DNA was

isolated by established procedures (32) with minor modifi-
cations. High-molecular-weight B. burgdorferi DNA (60 ng)
was digested with PstI and ligated into 20 ng of PstI-cleaved
pUC19 DNA. The resultant recombinant plasmid bank was
transformed into Escherichia coli DH5a, and transformants
were selected on LB agar plates containing 100 pLg of
ampicillin per ml. Recombinant clones containing rRNA
genes were identified by colony hybridization (21) by using
2Plabeled B. burgdorferi rRNA as the probe.
DNA sequencing. Plasmid DNA-was isolated from a posi-

tively hybridizing clone by a rapid alkaline lysis procedure
(8). The DNA sequence of the insert was determined by
double-stranded dideoxy sequencing with modified T7 DNA
polymerase (Sequenase) and [35SIdATPaS (10). The se-
quences of both strands were determined, and areas of band
compression were resequenced with 7-deazaGTP.

Southern blot analysis. High-molecular-weight chromo-
somal DNA from B. burgdorferi B31 or 297 was isolated as
described above. For the other Borrelia spp., genomic DNA
was obtained from 10-ml cultures essentially as described by
LeFebvre et al. (16). High-molecular-weight DNA (10 ,ug)
was digested with 10 to 20 units of each restriction endonu-
clease at 37°C overnight, with buffers provided by the
manufacturers. Digested DNAs were resolved by electro-
phoresis through a 0.85% agarose gel containing 0.5 ,ug of
ethidium bromide per ml in lx TBE buffer (0.09 M Tris-
borate, 2 mM EDTA [pH 8]) at 100 V for 4 h. Gels were
soaked in 0.4 N NaOH for 10 min, and the DNA was
transferred to a nylon membrane (GeneScreen; DuPont-New
England Nuclear, Boston, Mass.) by capillary action over-

night, with 0.4 N NaOH as the transfer solution. Membranes
were neutralized with 6x SSPE (6x SSPE is 0.9 M NaCl,
0.06 M NaPO4, 6.0 mM EDTA [pH 7.4]) and allowed to air
dry. Dried membranes were rehydrated in 25 mM sodium
phosphate (pH 6), placed DNA-side down on the surface of
a long-wave UV light box, and exposed for 2 min to facilitate
covalent linkage of DNA to the membranes.

Prehybridization was performed for 1 h at 42°C in a
solution containing 5x Denhardt's solution, 5x SSPE, 5%
sodium dodecyl sulfate (SDS), and 10 pg of denatured
salmon sperm DNA per ml for 1 h. Hybridizations were
accomplished by the addition of the radiolabeled probe (106
to 5 x 106 cpm/ml) to the same solution and overnight
incubation at 42°C. Blots were washed in 6x SSPE-0.5%
SDS at room temperature three times for 15 min each, with
a final 15-min wash in this solution at 42°C. Hybridized
bands were visualized by exposure to Kodak XAR-5 film for
24 to 72 h.

Oligonucleotide probes were labeled at their 3' ends with
[a-32PJdATP and terminal deoxynucleotidyl transferase es-
sentially as described previously (11). Unincorporated nu-
cleotide was removed by NACS column chromatography
according to the supplier's instructions (GIBCO-BRL,
Gaithersburg, Md.). Oligonucleotides labeled in this manner
had specific activities of 109 to 1010 cpm/nfg as determined by
trichloroacetic acid-precipitable radioactivity.
PCR. The polymerase chain reaction (PCR) amplification

was carried out in a 50-,lI solution containing 10 mM
Tris-HCl (pH 8.3), 1.5 mM MgCl2, 50 mM KCI, 0.1%
(wt/vol) gelatin, 100 ,uM (each) dATP, dGTP, dCTP, and
TTP, 1.25 U of Taq polymerase (Perkin-Elmer Cetus), 15
pmol each of the indicated primers, and 20 to 50 ng of
chromosomal DNA. The amplification reaction was carried
out for 35 cycles in a DNA thermal cycler (Perkin-Elmer
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TABLE 2. Oligonucleotides employed as probes
and PCR primers

Oligo- Sequence rRNA Position in rRNA
nucleotide

BS1R CCATGATGATTTGACGT 16S 1180Q1196a (inverse
complement)

FS1 AGTCTGTTTAAAAAGGCA 23S 820-837a
P1 TAGTCGATGGGAAACGG 23S 1446-1462a
P19 CCCGCGAACTCGCAGTA 5S 76-92b (inverse

complement)
P12 ACTCTTATTACTTTGACC 23S 1-18b (inverse

complement)
P3 GGAATCGCTAGTAATCG 16S 1326-1342a
P8-28 AGAGTTTGATCCTGGCTTAG 16S 8-28a
a 16S and 23S rRNA sequences have been deposited in GenBank with

accession numbers M88329 and M88330, respectively (31a).
b This study.

Cetus), with a profile of denaturation at 94°C for 1 min,
annealing at 43°C for 1 min, and extension at 72°C for 1 to 2
min, depending on the expected size of the amplified prod-
uct. Following amplification, 5 to 10 ,ul of the reaction
mixture was subjected to electrophoresis on 0.85% agarose
gels as described above.

Nucleotide sequence accession number. The sequence
shown in Fig. 2 has been assigned EMBL accession number
X57791.

RESULTS

rRNA gene copy number. The number of copies of the 16S
and 23S rRNA genes in B. burgdorferi were determined by
Southern blot hybridization with oligonucleotide probes
which were complementary to specific sequences in either
the 16S or 23S gene. The sequences of these probes are given
in Table 2. Chromosomal DNA was isolated from B. burg-
dorferi B31 and digested with either EcoRI, HpaI, PstI,
AvaI, BglII, or EcoRV. The digests were subjected to
electrophoresis and blot hybridization. The identical blot
was hybridized with either a 16S or 23S rRNA gene probe. In
all of the digests, a single major hybridizing band was
observed for the 16S rRNA probe (Fig. 1B). A fragment of
approximately 9.4 kb was the main band in the EcoRI digest
(lane 1). A second, minor band migrating at 1.7 kb was
observed in this experiment but was absent in other blots.
Minor bands were also observed in the PstI digest (lane 3),
but the major band is the one migrating at approximately 23
kb. By contrast, the 23S rRNA-specific probe hybridized to
two bands in the HpaI, PstI, AvaI, and EcoRV digests (Fig.
1A). A common fragment of 3.2 kb was observed for each of
these digests, in addition to a second fragment of variable
size. The additional fragment of approximately 6.4 kb in the
EcoRV digest is barely visible in this figure (lane 6) but was
observed consistently in other experiments. A hybridization
pattern similar to that found with the 23S rRNA probe was
observed when the same blot was probed with a 5S rRNA-
specific probe (data not shown). The results strongly suggest
that there is a single 16S rRNA gene in B. burgdorferi but
two copies each of the genes for 5S and 23S rRNA. It should
be noted that all three probes appeared to hybridize to the
same EcoRI fragment, which migrated with an apparent size
of approximately 9.4 kb. This finding implies that all the
rRNA genes may be contained in a region of the B. burg-
dorferi chromosome spanning 9.4 kb.
The 23S-5S rRNA genes are tandemly duplicated. The
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FIG. 1. rRNA gene copy number determination by Southern

blotting. Total genomic DNA from B. burgdorferi B31 was digested
with the indicated enzymes, and the digests were analyzed by
Southern blot hybridization. Lanes 1 to 6 are digests with EcoRI,
Hpal, PstlI Aval"Bglll, and EcoRV, respectively. Migration posi-
tions of DNA marker fragments (in kilobases) are indicated on the
right. Blots were probed with the 23S (A) or the 16S (B) rRNA-
specific oligonucleotide (FSI or BS1R, respectively; Table 2).
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JTAAGTGGAAGCCTTCCTCAAGATGAGATATCCTTTAAGGGTCCTGAAGAATACCAGGTTG

IATAGGTTAGAAGTGTAAGTATAGCAATATATTAAGCTGACTAATACTAATTACCCGTATC
5S

ITTTGGCCATPTTTTTGTCTTCCTTGTAAAAACCCTGGTGGTTAAAGAAAAGAGGAAACAC
ICTGTTATCATTCCGAACACAGAAGTTAAGCTCTTATTCGCTGATGGTACTGCGAGTTCGC
IGGGAGAGTAGGTTATTGCCAGG TTTTTATTTTTATACTTTAAACTTTGATTTTATTTTT

ATGTTTTTTAAATATTGGTGTTTTTGAATGGGTTGTTTAAATAACATAAAAAATAAAATA

TATATTGACATGCATTAAACAAAGATATATATTATTTTATGTTGTATAAATAAATTGGCA
Ws

AAATAGAGATGGAAGATAAAAATAIGGTCAAAGTAATAAGAGTCTATGGTGAATGCCTAGj

JGAGCTTTAAGGCGAAGAAGGTCGTGGTAAGCTGCGAAAAGCTTGGGGGAGAAGCAAACAT'I
ITTATTGATCCCAAGATTACCGAATGGAGTAATCCAGCTAGCAAGATGCTAGCTATTAI
ATTTAAATAATAGAGCI
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FIG. 2. Sequence of B. burgdorfeni chromosomal DNA fragrnent containing the 3' end of the 23S rRNA gene (copy 1) and the 5S rRNA

gene and 5' end of the 23S rRNA gene (copy 2). The mature rRNA sequences are enclosed in boxes.

rRNA genes were further characterized by sequence analy-
sis. A total B. burgdorferi chromosomal DNA library (from
isolate 297) was constructed in pUC19, and clones contain-
ing rRNA sequences were selected by colony hybridization
employing B. burgdorferi rRNA as the probe. One clone,
designated pRC2, contains 3,240 bp of B. burgdorferi DNA.
Sequencing revealed that the insert included the 3' 90% of a
23S rRNA gene, followed by a short spacer, a complete 5S
rRNA gene, another spacer region, and the 5' 10% of a
second 23S rRNA gene. A 616-bp sequence encompassing
the 3'-terminal 129 nucleotides of the first 23S rRNA gene, a
316-nucleotide spacer which includes a 5S rRNA gene, and
the 5'-terminal 171 nucleotides of the second 23S rRNA gene
is presented in Fig. 2. The results indicate that the 23S rRNA
genes are tandemly duplicated.
To confirm that the observed duplication was not caused

by a cloning artifact, the equivalent region was amplified
directly out of the chromosome by PCR. Two amplimer pairs
were used in these experiments. The forward primer in both
cases was the sequence of the B. burgdorferi 23S RNA from
positions 1445 to 1461 (primer P1; Table 2). The 3' primer
was either P19 (Table 2), which is complementary to a
sequence in the 5S RNA, or P12 (Table 2), which is comple-
mentary to nucleotides 1 to 18 of 23S RNA. On the basis of
the above sequence information, the Pl-P19 primer pair
should yield an amplified product of approximately 1.6 kb,
and the P1-P12 primer pair should lead to the synthesis of a
1.8-kb product (see Fig. 5). An ethidium bromide-stained gel
of the PCR reaction products is shown in Fig. 3 and indicates
that the resulting amplification products are precisely those
expected. It should be stressed that the only way for the
Pl-P12 amplimer pair to yield a discrete amplification prod-
uct would be for there to be a direct tandem duplication of
the 23S RNA gene. To our knowledge, this is the first

- 4 . 3~~~~~~~-.

- 2 . 3~~~~~~~~~.
- 2 . 0~~~~~~~-.

-1 ~~~~~~~~~.3

1 ~~~~~~~~~~.0

1 2 3 4 5 6 7

FIG. 3. Analysis of B. burgdorferi rRNA gene organization by
PCR amplification. Genomic DNAs from B. burgdorferi B31, B.
hemnsi, or B. anserina were employed as templates in PCR ampli-
fication reactions with P1 and P19 (lanes 2, 5, and 6), P1 and P12
(lane 3), or P3 and P12 (lane 4) as primers. PCR amplification was
carried out as described in Materials and Methods. Five microliters
of the reaction mixture was electrophoresed on a 1% agarose gel and
stained with ethidium bromide. Lanes 2 to 4, B. bwgdorfen; lane 5,
B. anserina; lane 6, B. hersuii. Lanes 1 and 7 are a mixture of
HaeIII-digested 4X174 DNA and HindIll-digested A DNA as mo-
lecular weight markers. DNA fragment sizes (in kilobases) are
indicated on the right.
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A

B

FIG. 4. RFLP analysis of Borrelia isolates. Total genomic DNA
from the indicated Borrelia isolates (designated above each lane)
was digested with HpaI and analyzed by Southern blot hybridiza-
tion. Migration positions of DNA fragment markers are indicated on
the left. Ba, B. ansenna; Bt, B. turicatae; Bh, B. hennsii. The blots
were probed with a 5S (A) or 16S (B) rRNA-specific oligonucleotide
(P19 or P8-28, respectively; Table 2).

description of such a direct rRNA gene duplication in
prokaryotes.
Use of B. hernsii or B. anserina chromosomal DNA as the

template in a PCR reaction with primers P1 and P19 resulted
in a product with a size of approximately 1.6 kb (Fig. 3, lanes
5 and 6). This result indicates that these Borrelia species also
contain a 23S-5S gene cluster. In contrast, use of the P1-P12
primer pair did not result in any amplification (data not
shown). This finding is in agreement with the results of
Southern blotting experiments (Fig. 4A), which indicated
that there is only a single copy of both the 5S and 23S RNA
genes in these Borrelia species.

Location of the 16S rRNA gene of B. burgdorferi. The
results of the Southern blotting experiments in Fig. 1 indi-
cate that there is a single copy of the 16S rRNA gene in B.
burgdorferi. As already noted, oligonucleotide probes spe-
cific for each of the three rRNA species all apparently
hybridized to the same EcoRI fragment with an approximate
size of 9.4 kb. This finding suggests the possibility that all of
the rRNA genes are physically associated in the B. burgdor-

feri genome. This likelihood was tested by the following PCR
amplification experiment. Chromosomal DNA isolated from
B. burgdorfen B31 was employed as the template in a
reaction using an oligonucleotide with a sequence identical
to nucleotides 1326 to 1344 of 16S RNA as the forward
amplimer (P3, Table 2) and P12 as the 3' amplimer. The
results are presented in Fig. 3 (lane 4) and indicate that an
amplified product with an approximate size of 2.7 kb was
obtained. This demonstrates that the 16S and 23S rRNA
genes are, in fact, in physical proximity on the B. burgdorferi
chromosome and that the 16S gene is located 5' to the 23S-5S
duplication.
An RFLP characterizes different geographic isolates of B.

burgdorferi. A large number of B. burgdorferi isolates have
been obtained from tick vectors, animal hosts, and human
clinical material from varied geographic locations. It was of
interest to determine whether the unusual gene organization
observed for B. burgdorfieri B31 exists in other isolates of B.
burgdorfen. Chromosomal DNA was isolated from 11 dif-
ferent B. burgdorfen isolates, as well as from B. hermsii, B.
ansenna, and B. turicatae. These DNAs were digested with
HpaI; the digests were separated on an agarose gel, blotted
to nylon membranes, and probed with a 5S RNA-specific
oligonucleotide (P19, Table 2). The results are presented in
Fig. 4A and reveal that all B. burgdorferi isolates contain
two copies of the 5S rRNA gene. This finding is in contrast
to those for the other Borrelia species, which have only one
hybridizing band, suggesting that these species contain a
single 5S RNA gene. When this blot was stripped and
reprobed with an oligonucleotide specific for the 3' end of
23S RNA (P21, Table 2), an identical hybridization pattern
was observed (data not shown).

Perhaps of greater interest is the RFLP associated with the
5S and 23S RNA gene cluster in B. burgdorfen. Three
different RFLP patterns were observed. All the isolates
share a common 3.2-kb band. This band represents a frag-
ment which begins at nucleotide 1511 in the first gene copy of
23S RNA; includes the 23S-5S spacer, the 5S RNA gene, and
the 5S-23S spacer; and ends at nucleotide 1510 in the second
copy of the 23S RNA gene. In addition, there is a second
band which contains the remainder of the second 23S RNA
gene, the second copy of the 5S RNA gene, and the
downstream region until the next HpaI site. The nature of
the second band appears to correlate with the geographic
origin of the isolate. Thus, for all the North American
isolates (HK, 297, B31, 24352, and 24330), the polymorphic
band has an apparent size of 1.8 kb. The European isolates
Gl and 20047 display a band of approximately 1.6 kb.
Interestingly, three Russian isolates, which were initially
obtained from the tick, Lxodes persulcatus, were included in
this analysis. IP21 and IP3, which were isolated in the St.
Petersburg area, share a common polymorphic band of
approximately 3.6 kb. IP90, which was obtained from a tick
in Russian Asia, has a pattern identical to that of the German
(Gl) and French (20047) isolates.
The blot shown in Fig. 4A was stripped and reprobed with

a 16S RNA-specific oligonucleotide (P8-28, Table 2). As
expected, only one band hybridized to this probe in all the B.
burgdorfen isolates tested (Fig. 4B). This hybridization
pattern confirms the results presented in Fig. 1 and indicates
that B. burgdorferi contains only one gene for 16S rRNA.
Hybridization to the 16S rDNA-containing fragment in iso-
lates IP21 and IP3 was quite weak; however, a band of >20
kb was observed. The reason for the weak hybridization is
not known but is probably the result of removal of DNA
from the filter by the stripping procedure. This result may
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FIG. 5. Schematic diagram of chromosomal region containing B. burgdorferi rRNA genes.

represent an additional rDNA-linked polymorphism unique
to these two isolates.

DISCUSSION

A schematic diagram of the organization for B. burgdorfeni
rRNA genes is presented in Fig. 5. The B. burgdorfeni
genome contains one gene for 16S rRNA and two genes each
for both 23S and 5S rRNA. This conclusion is based on
Southern blotting experiments (Fig. 1 and 4) which produced
only one hybrid band with 16S rRNA probes but two bands
with both 23S and 5S probes. Since the probes employed
were relatively short oligonucleotides (17- to 20-mers), and
none contained the restriction sites for the enzymes used in
the digestion, the appearance of two bands in a blotting
experiment is strong evidence for the existence of two
separate genes for 23S and 5S rRNA. The arrangement
depicted in Fig. 5 was confirmed by analysis of PCR ampli-
fication products produced by specific primer sets. Thus, the
location of the 16S gene 5' to the 23S-5S duplication was
demonstrated by PCR-directed synthesis of an approxi-
mately 2.7-kb amplicon when P3 (nucleotides 1326 to 1342 in
16S rRNA) and P12 (inverse complement of nucleotides 1 to
18 in 23S rRNA) were used as the 5' and 3' amplimers,
respectively. The size of the amplicon indicates that the two
genes are separated by approximately 2.4 kb.
The tandem duplication of the 23S-5S genes was con-

firmed in two ways. DNA sequencing of a cloned fragment
containing a 5S rRNA sequence revealed that this sequence
was flanked on either side by 23S rRNA-specific sequences
(Fig. 2). That the arrangement detected in the cloned frag-
ment was characteristic of the genomic organization, and not
an artifact of the cloning itself, was also shown by PCR
analysis. An amplified fragment of the expected size was
obtained when P1 (nucleotides 1445 to 1461 in 23S rRNA)
and P12 were used as the 5' and 3' primers, respectively.
Only a gene arrangement such as that shown in Fig. 5 could
result in the synthesis of this DNA fragment. It should be
noted that physical mapping of the B. burgdorferi genome
with several restriction enzymes, and probing for rRNA
genes with total E. coli rDNA, yielded an rRNA gene
organization essentially identical to that shown here (lla).
Two recent reports of Southern blotting experiments for

several isolates of B. burgdorferi, including a number of
isolates employed in the present study, have been presented
(22, 26). Postic et al. utilized a mixture of E. coli 16S and 23S
rRNA as the probes for the rRNA genes and presented
schematic graphs for blots obtained with EcoRI-, EcoRV-,
and PstI-digested B. burgdorferi DNA (26). Similarly, Mar-
coni and Garon employed a single probe for all rRNA genes,
in this case plasmid pKK3535, which includes the entire rrnB
operon of E. coli (22). The EcoRV digests presented in these
accounts show hybridizing bands of 6.4 and 3.2 kb. These

results are similar to those presented here. In the present
study, oligonucleotide probes specific for each rRNA spe-
cies were employed individually, and this method facilitated
the determination of the copy number for each of the rRNA
genes. The importance of this approach is indicated by the
fact that Postic et al. concluded that all the rRNA genes are
contained on a single large EcoRI fragment but also inferred
that there are single copies of both the 16S and 23S rRNA
genes (26). The data presented here demonstrate that the
latter conclusion was not correct but rather that the 23S and
5S rRNA genes are duplicated.

In experiments not described here, we have isolated a
series of overlapping clones encompassing the entire chro-
mosomal region depicted in Fig. 5. Over 90% of this region
has been sequenced, including 5' and 3' flanking and spacer
regions (unpublished data). This sequence revealed that
there is a gene for tRNAAa located 168 bp downstream of
the 16S rRNA gene. This arrangement is a common feature
in many other bacterial rRNA operons. Furthermore, it was
confirmed that there is an identical 22-bp spacer between the
23S and 5S RNA genes in both copies of the duplication.
To our knowledge, this is the first description of a tandem

duplication of this sort in eubacteria, although such rRNA
gene organization has been described for eukaryotes (e.g.,
yeast cells) (34). rRNAs (and the genes encoding them) are a
very highly conserved class of molecules, with respect to
sequence, structure, genetic organization, and function (23,
33, 40, 41). In most eubacteria, the rRNA genes are arranged
into single operons in the order 16S-23S-5S and the rRNA is
usually synthesized as a single primary transcript (33, 34).
The number and chromosomal location of the rRNA operons
can vary greatly from species to species. For example, E.
coli has seven copies of the rRNA operon, Bacillus subtilis
has ten, and some species of Mycoplasma contain only one
(33). There are, however, a number of exceptions to this
characteristic operon organization. Thermus thermophilus
and Pirellula marina have two copies of a 23S-5S operon and
two copies of an unlinked 16S gene (14, 15, 18). Leptospira
interrogans and Thiobacillus acidophilum contain separate
operons for each of the different rRNA species (12, 28). In
virtually all prokaryotes studied to date, regardless of op-
eron organization and linkage, the number of gene copies for
each rRNA species is identical. Presumably, this would
ensure stoichiometric production of each of these RNA
species for ribosome assembly, since one molecule of each
RNA is present in functional ribosomes. Hence, B. burgdor-
feri rRNA operon organization is unique among eubacteria
in two ways: it has two copies of the 23S and 5S genes but
only one copy of the 16S gene, and the two copies of the
23S-5S gene cluster are arranged as a tandem repeat.

Transcription of the rRNA genes in B. burgdorfeni is an
open question. It seems highly likely that the 23S and 5S
genes are transcribed to produce a single precursor RNA
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FIG. 6. Schematic diagram indicating putative processing inter-
mediates for 23S and 5S rRNA. The arrows indicate the 5' and 3'
ends of the mature rRNAs.

since the two sequences are separated by only 22 bp. It
appears less plausible that the 16S rRNA gene is cotrans-
cribed with the 23S-5S gene cluster since these are separated
by over 2 kb. This spacer is currently being sequenced in
order to further clarify the nature of potential transcription
and processing signals. An additional issue is whether both
copies of the 23S-SS duplication are transcribed together or
as separate transcription units. In this regard, it is interesting
to note that a relatively good E. coli-like promoter sequence
is found in the 182-bp spacer between the first 5S gene and
the second copy of the 23S gene (the -10 is located 53
nucleotides upstream of the 5' end of the mature 23S RNA;
Fig. 2). Several promoterlike sequences have been identified
for protein-coding regions of B. burgdorfieri, and they appear
to be very similar to the consensus E. coli promoter se-
quences (7, 24, 38). If the 16S gene is transcribed separately
from 23S-5S cluster, the transcriptional activity of its pro-
moter(s) would have to be double that of the 23S-5S promot-
er(s) in order to maintain stoichiometric synthesis of all three
rRNA species. Alternatively, the 23S-5S repeat may be
transcribed at half the efficiency of the 16S rRNA gene.
As already noted, the common expression motif of rRNA

operons in most eubacteria is the cotranscription of rRNA
genes in the order of 5'-16S-23S-5S-3' (33). The areas of the
primary transcript not found in the mature RNAs are spliced
out and degraded (33). The spacer regions flanking rRNA
genes are highly conserved among the seven operons of E.
coli (19). Long inverted repeats, flanking the 16S and 23S
rRNA sequences, form long double-stranded stem structures
which serve as the recognition signals for processing endo-
nucleases (e.g., RNase III in E. coli) (33). Additional nu-
cleases are needed to yield the mature RNA species (33).
The 5' and 3' sequences flanking the mature ends of both the
23S and 5S genes of B. burgdorferi have the potential to form
helical extensions of 23 and 17 nucleotides, respectively. A
putative structure for the primary transcript of the 23S-5S

repeat, including the potential processing stems, is presented
in Fig. 6. While there is precedent to expect that these
helices may be involved in processing, this involvement has
not yet been demonstrated experimentally.
The studies presented here revealed a characteristic of

rRNA gene organization, specifically a direct tandem dupli-
cation of the 23S and 5S RNA genes, which appears to be
unique to B. burgdorferi. This attribute was found only for
B. burgdorferi and not in any of the other closely related
Borrelia species (Fig. 1 and 4) or other bacterial species (data
not shown). Furthermore, for B. burgdorferi itself, different
isolates displayed an RFLP which was related to the 5S
RNA gene. It has been demonstrated that restriction pat-
terns of rRNA genes can be extremely useful in identifying
closely related isolates of the same species which might be
difficult to type by more standard methods (13, 37). Cases of
Lyme disease have been reported in most countries of the
Northern hemisphere, and spirochetes have been detected in
a variety of tick vectors or human hosts from these locations
(2, 6, 35). A clearer understanding of the epidemiology and
phylogeny of the Lyme disease spirochete depends on
methods that will permit discrimination between closely
related species and between different isolates within the
same species. RFLP analysis of rRNA genes (ribotyping)
has several advantages over other available methods in that
it measures relatively stable chromosomal differences, while
other phenotypic marker techniques evaluate enzymes and
antigens which may not be stably expressed.
Many different geographic isolates of B. burgdorferi have

been identified previously, mainly on the basis of monoclo-
nal antibody reactivity (1, 2, 4, 5). Additionally, many of
these isolates are distinguishable by SDS-polyacrylamide gel
electrophoresis protein profiles, plasmid profiles, and gross
DNA restriction patterns (1, 5, 17, 30, 39). RFLP analysis
provides a much simpler tool for such comparative analysis.
Ribotyping was performed with 11 isolates of B. burgdorferi
obtained from different geographic locations, as well as the
related species B. anserina, B. turicatae, and B. hermsii,
with a probe complementary to the 5S rRNA gene of B.
burgdorferi (Fig. 4). Three different ribotype groups were
identified: group 1 includes the North American isolates
B31, 297, HK, 24330, and 24352 and a French isolate, 20004;
group 2 comprises European isolates Gl (Germany), 20047
(France), and an Eastern Russian isolate (IP90); group 3
includes St. Petersburg isolates IP21 and IP3.
A number of other recent studies have indicated that

distinct geographical isolates of B. burgdorferi can be dis-
criminated on the basis of DNA sequence analysis of specific
genes. Both Rosa et al. (29) and Postic et al. (26) reported the
differentiation of North American and European isolates into
two distinct groups based on differential PCR amplification
and ribotyping, respectively. Similar groupings have been
described by others (22, 25). The present study represents
confirmation and extension of these previous findings in
several important respects. Our studies indicate that only B.
burgdorferi contains the tandem duplication of the 23S-5S
genes. Furthermore, all B. burgdorferi isolates analyzed
exhibited this property. This duplication can, therefore, be
employed as a simple and rapid test for typing clinical and
biological isolates as authentic B. burgdorferi. Secondly, we
have identified three distinct RFLP groups. Preliminary data
obtained with an additional 20 isolates suggest that European
isolates can be divided into three different RFLP classes
(data not shown). Thus, RFLP typing of the 23S-SS gene
cluster may provide a useful tool for determination of genetic
relatedness between different B. burgdorferi isolates.
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French isolate 20004 yielded an RFLP pattern more char-
acteristic of the North American isolates rather than of the
European one. A similar grouping of 20004 with North
American isolates has been reported by others (22, 29). It
should also be noted that B. burgdorfen isolate IP90 dis-
played the same 5S rRNA RFLP pattern as the Western
European Gl and 20047 (Fig. 4) as opposed to the distinct
pattern observed with the other two Russian isolates (IP21
and IP3), which were isolated in St. Petersburg. Interest-
ingly, Rosa et al. (29) included these two latter isolates in
their PCR-based typing study and classified them with the
other European isolates (including GM). This classification
further demonstrates the increased capability of the RFLP
analysis described here to differentiate closely related iso-
lates.
The correlation of geographic isolates with a specific

RFLP is particularly interesting in light of the reported
differences in the clinical manifestations of Lyme disease in
the United States and Europe. In the United States, there is
a greater tendency for the disease to develop into arthritis,
whereas neurological, cardiac, and cutaneous manifestations
are more common in Europe (27). rRNA genes are certainly
not likely to be determinants of bacterial pathogenesis.
However, the presence of an RFLP which groups the
American isolates together and separate from the European
isolates may provide a helpful correlate to genetic related-
ness which, in turn, may also be related to the pathogenicity
of local populations of B. burgdorfen. While more isolates
need to be tested, this RFLP should prove useful in epide-
miologic studies of Lyme disease. Such investigations are
currently in progress.

ACKNOWLEDGMENTS
We thank Alan Barbour, John Anderson, and Charles Pavia for

providing B. burgdorferi isolates, Isabelle Saint Girons and Barrie
Davidson for communicating results prior to publication, Isabelle
Saint Girons for comments on the manuscript, and Durland Fish for
helpful discussions.

This work was supported in part by grants from the New York
State Tick-Borne Disease Institute and the New York Medical
College Lyme Disease Center.

REFERENCES
1. Adam, T., G. S. Gassmann, C. Rasiah, and U. B. Gobel. 1991.

Phenotypic and genotypic analysis of B. burgdorferi isolates
from various sources. Infect. Immun. 59:2579-2585.

2. Anderson, J. F. 1991. Epizootiology of Lyme borreliosis. Scand.
J. Infect. Dis. Suppl. 77:23-32.

3. Barbour, A. G. 1984. Isolation and cultivation of Lyme disease
spirochetes. Yale J. Biol. Med. 57:521-525.

4. Barbour, A. G., and S. F. Hayes. 1986. Biology of Borrelia
species. Microbiol. Rev. 50:381-400.

5. Barbour, A. G., R. A. Heiland, and T. R. Howe. 1985. Hetero-
geneity of major proteins in Lyme disease Borrelia: a molecular
analysis of North American and European isolates. J. Infect.
Dis. 152:478-484.

6. Benach, J. L., E. M. Bosler, J. P. Hanrahan, J. L. Coleman,
G. S. Habicht, T. F. Bast, D. J. Cameron, J. L. Ziegler, A. G.
Barbour, W. Burgdorfer, R. Edelman, and R. A. Kaslow. 1983.
Spirochetes isolated from the blood of two patients with Lyme
disease. N. Engl. J. Med. 308:740-742.

7. Bergstrom, S., V. G. Bundoc, and A. G. Barbour. 1989. Molec-
ular analysis of linear plasmid-encoded major surface proteins
OspA and OspB of the Lyme disease spirochete Borrelia
burgdorfen. Mol. Microbiol. 3:479-486.

8. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction
procedure for screening recombinant plasmid DNA. Nucleic
Acids Res. 7:1513-1523.

9. Centers for Disease Control. 1991. Lyme Disease Surveillance

Summary, vol. 2(3). Division of Vector-Borne Infectious Dis-
eases, Centers for Disease Control, Atlanta, Ga.

10. Chen, E. Y., and P. H. Seeburg. 1985. Supercoil sequencing: a
fast and simple method for sequencing plasmid DNA. DNA
4:165-170.

11. Collins, M. L., and W. R. Hunsaker. 1985. Improved hybridiza-
tion assays employing tailed oligonucleotide probes: a direct
comparison with 5'-end-labeled and nick-translated plasmid
probes. Anal. Biochem. 151:211-224.

11a.Davidson, B., and I. Saint Girons. Personal communication.
12. Fukunaga, M., T. Masuzawa, N. Okuzako, I. Mifuchi, and Y.

Yanagihara. 1990. Linkage of ribosomal RNA genes in
Leptospira. Microbiol. Immunol. 34:565-573.

13. Grimont, F., and P. A. D. Grimont. Ribosomal ribonucleic acid
gene restriction patterns as potential taxonomic tools. Ann.
Inst. Pasteur Microbiol. 137B:165-175.

14. Hartmann, R. K., and V. A. Erdmann. 1989. Thermus thermo-
philus 16S rRNA is transcribed from an isolated transcription
unit. J. Bacteriol. 171:2933-2941.

15. Hartmann, R. K., B. Kr6ger, D. W. Vogel, N. Ulbrich, and V. A.
Erdmann. 1987. Characterization of cloned rDNA from Ther-
mus thermophilus HB8. Biochem. Int. 14:267-275.

16. LeFebvre, R. B., J. W. Foley, and A. B. Thiermann. 1985. A
rapid and simplified protocol for isolation and characterization
of leptospiral chromosomal DNA for taxonomy and diagnosis.
J. Clin. Microbiol. 22:606-608.

17. LeFebvre, R. B., G. C. Perng, and R. C. Johnson. 1989.
Characterization of Borrelia burgdorferi isolates by restriction
endonuclease analysis and DNA hybridization. J. Clin. Micro-
biol. 27:636-639.

18. Liesack, W., and E. Stackebrandt. 1989. Evidence for unlinked
rrn operons in the planctomycete Pirellula marina. J. Bacteriol.
171:5025-5030.

19. Lindahl, L., and J. M. Zengel. 1986. Ribosomal genes in
Escherichia coli. Annu. Rev. Genet. 20:297-326.

20. MacKeen, L. A., L. Kahan, A. Wahba, and I. Schwartz. 1980.
Photochemical crosslinking of initiation factor-3 to Escherichia
coli 30S ribosomal subunits. J. Biol. Chem. 255:10526-10531.

21. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

22. Marconi, R. T., and C. F. Garon. 1992. Phylogenetic analysis of
the genus Borrelia: a comparison of North American and
European isolates of Borrelia burgdorferi. J. Bacteriol. 174:241-
244.

23. Noller, H. F., D. Moazed, S. Stern, T. Powers, P. N. Allen, J. M.
Robertson, and B. Weiser. 1990. Structure of rRNA and its
functional interactions in translation, p. 217-235. In W. E. Hill,
A. Dahlberg, R. A. Garrett, P. B. Moore, D. Schlessinger, and
J. R. Warner (ed.), The ribosome: structure, function, and
evolution. American Society for Microbiology, Washington,
D.C.

24. Perng, G.-C., R. B. LeFebvre, and R. C. Johnson. 1991. Further
characterization of a potent immunogen and the chromosomal
gene encoding it in the Lyme disease agent, Borrelia burgdor-
feri. Infect. Immun. 59:2070-2074.

25. Picken, R. 1992. Polymerase chain reaction primers and probes
derived from flagellin gene sequences for specific detection of
the agents of Lyme disease and North American relapsing fever.
J. Clin. Microbiol. 30:99-114.

26. Postic, D., C. Edlinger, C. Richaud, F. Grimont, Y. Dufresne, P.
Perolat, G. Baranton, and P. A. D. Grimont. 1990. Two genomic
species in Borrelia burgdorferi. Res. Microbiol. 141:465-475.

27. Rahn, D. W. 1991. Lyme disease: clinical manifestations, diag-
nosis and treatment. Semin. Arthritis Rheum. 20:201-218.

28. Ree, H. K., and R. A. Zimmermann. 1990. Organization and
expression of the 16S, 23S and SS ribosomal RNA genes from
the archaebacterium Thermoplasma acidophilum. Nucleic Ac-
ids Res. 18:4471-4478.

29. Rosa, P. A., D. Hogan, and T. G. Schwan. 1991. Polymerase
chain reaction analyses identify two distinct classes of Borrelia
burgdorferi. J. Clin. Microbiol. 29:524-532.

30. Schwan, T. G., W. Burgdorfer, and C. F. Garon. 1988. Changes

J. BACTERIOL.



B. BURGDORFERI rRNA GENE ORGANIZATION 3765

in infectivity and plasmid profile of the Lyme disease spiro-
chete, Borrelia burgdorferi, as a result of in vitro cultivation.
Infect. Immun. 56:1831-1836.

31. Schwartz, I., R.-A. Klotsky, D. Elseviers, P. Gallagher, M.
Krauskopf, M. A. Q. Siddiqui, J. F. H. Wong, and B. A. Roe.
1983. Molecular cloning and sequencing of pheU, a gene for
Eschenichia coli tRNAphe. Nucleic Acids Res. 11:4379-4389.

31a.Schwartz, J. J., A. Gazumyan, and I. Schwartz. Unpublished
data.

32. Silhavy, T., M. Berman, and L. Enquist. 1984. Experiments with
gene fusions. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

33. Srivastava, A. K., and D. Schlessinger. 1990. Mechanism and
regulation of bacterial ribosomal RNA processing. Annu. Rev.
Microbiol. 44:105-129.

34. Srivastava, A. K., and D. Schiessinger. 1991. Structure and
organization of ribosomal DNA. Biochimie 73:631-638.

35. Steere, A. C., R. L. Grodzicki, A. N. Kornblatt, J. E. Craft,
A. G. Barbour, W. Burgdorfer, G. P. Schmid, E. Johnson, and
S. E. Malawista. 1983. The spirochetal etiology of Lyme dis-

ease. N. Engl. J. Med. 308:733-740.
36. Steere, A. C., and S. E. Malawista. 1979. Cases of Lyme disease

in the United States: locations correlated with distribution of L
dammini. Ann. Intern. Med. 91:730-733.

37. Stull, T. L., J. J. LiPuma, and T. D. Edlind. 1988. A broad-
spectrum probe for molecular epidemiology of bacteria: ribo-
somal RNA. J. Infect. Dis. 157:280-286.

38. Wallich, R., S. E. Moter, M. M. Simon, K. Ebnet, A. Heiberger,
and M. D. Kramer. 1990. The Borrelia burgdorferi flagellum-
associated 41-kilodalton antigen (flagellin): molecular cloning,
expression, and amplification of the gene. Infect. Immun. 58:
1711-1719.

39. Wilske, B., V. Preac-Mursic, G. Schierz, R. Kuhbeck, A. G.
Barbour, and M. Kramer. 1988. Antigenic variability of Borrelia
burgdorferi. Ann. N.Y. Acad. Sci. 539:126-143.

40. Woese, C. R. 1987. Bacterial evolution. Microbiol. Rev. 51:221-
271.

41. Woese, C. R., R. Gutell, R. Gupta, and H. F. Noller. 1983.
Detailed analysis of the higher-order structure of 16S-like ribo-
somal nucleic acids. Microbiol. Rev. 47:621-669.

VOL. 174, 1992


