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Genetic studies were performed on the following spirochetes: three Lyme disease spirochetes isolated from
Ixodes ticks and from human spinal fluid; three species of North American borreliae; four species of
Treponema; and two species of Leptospira. The mol% G+C values for Lyme disease spirochetes were 27.3 to
30.5%, similar to values of 28.0 to 30.5% for Borrelia species but different from the values for Leptospira or

Treponema species which ranged from 35.3 to 53%. Lyme disease spirochetes represent a new species of
Borrelia, with DNA homologies of 31 to 59% with the three North American strains of Borrelia studied. These
studies also showed that Lyme disease spirochetes from three sources constituted a single species, with DNA
homologies ranging from 76 to 100%. A high degree of relatedness was also seen between the three North
American borreliae, with homology varying from 77 to 95%, indicating that these spirochetes represent a single
species. Lyme disease spirochetes and Borrelia species exhibited almost no homology with Leptospira and
Treponema species (0 to 2%). Plasmids were detected in the three Lyme disease spirochetes and in the three
North American borreliae.

Lyme disease was first recognized in 1975 (2, 21) and
occurs in the spring, summer, and fall, beginning with a red
skin lesion, erythema chronicum migrans (ECM) (2, 21).
Accompanying this are headache, myalgia, malaise, and
arthralgias, which last for several weeks. Weeks or months
after the early clinical phase of the disease, patients may

develop neurological or cardiac abnormalities (21). Patients
may go on to develop intermittent attacks of arthritis which
may become chronic, resulting in destruction of bone and
cartilage and in the large joints (21).

Epidemiological studies suggested the involvement of an
unknown agent transmitted by the deer tick, Ixodes dam-
mini. Penicillin improved or eliminated the symptoms, sug-

gesting involvement of a penicillin-sensitive bacterium (21).
The organism responsible for the disease was discovered
during a tick and pathogen survey on Shelter Island in New
York. Sixty-one percent of the I. dammini ticks examined
contained spirochetes that were antigenically reactive with
sera from patients in convalescent stages of Lyme disease
(6). The same spirochete was isolated from blood, cerebro-
spinal fluid, and skin lesions of patients with Lyme disease,
confirming the role of these spirochetes in this malady (2,
21). Clinical and epidemiological similarities between Lyme
disease and ECM in Europe led Barbour et al. to study
Ixodes ricinus, the tick incriminated as the vector of ECM in
Switzerland. Thirty six percent of the I. ricinus ticks exam-

ined contained spirochetes that were similar, if not identical,
to the New York-isolated Lyme disease spirochetes (1).
Lyme disease in the United States covers three geographi-

cal areas: the Northeast and the Midwest, where I. dammini
carries the spirochetes, and the west, with Ixodes pacificus
ticks serving as the vector. Isolated cases of Lyme disease
have been reported in Texas, Arkansas, and Georgia and
suggest that a third tick, Ixodes scapularis, may be the
epidemiological vector involved in the southeast (7). The
Lyme disease spirochete has been isolated from white-tailed
deer, white-footed mice, and raccoon in the Long Island area

(21). The relationship of the spirochete to its vector and
animal hosts is unclear.
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We report here on the genetic relatedness of the Lyme
disease spirochete to Borrelia, Treponema, and Leptospira
spp.

MATERIALS AND METHODS
Bacterial strains and culture conditions. Borrelia turicatae,

Borrelia parkeri, and Lyme disease isolates from I. dammini
and Ixodes ricinus ticks were gifts of Alan Barbour and Willy
Burgdorfer, Rocky Moutain Laboratories, Hamilton, Mont.
Lyme disease isolates 297 from infected human cerebrospi-
nal fluid and 272 from skin lesion were gifts of Allan Steere
of Yale University, New Haven, Conn. Borrelia hermsii,
Treponema phagedenis, Treponema denticola, Leptospira
interrogans serovar hardjo, and Leptospira biflexa serovar
patoc I are stock strains maintained in our laboratory.

Borrelia hermsii, B. turicatae, B. parkeri, and Lyme
disease isolates from I. dammini and I. ricinus ticks, and
human isolate 297 were grown in BSK medium a modified
Kelly medium (22). Treponema spp. were grown in an
anaerobic medium developed by Smibert (20). Leptospira
spp. were grown in a bovine serum albumin-Tween 80
medium (3).

Radiolabeling of spirochetes. Five hundred milliliters of
appropriate medium was inoculated with 5 ml of a log-phase
culture of spirochetes and incubated at the temperature
optimal for the spirochete being labeled. Lyme disease
isolates, Borrelia spp., and Treponema spp. were labeled
with 100 ,uCi of [methyl-3H]thymidine (ICN Pharamaceuti-
cals, Covina, Calif.) for 8 to 10 days at 34°C. Leptospira spp.
were labeled with 100 ,uCi of [8-3H]adenine due to their
inability to incorporate pyrimidines. Leptospira spp. were
incubated for 8 to 10 days at 30°C.
Chromosomal DNAs were alternately labeled with

[14C]dATP by in vitro nick translation with a nick translation
kit purchased from Bethesda Research Laboratories, Rock-
ville, Md.

Isolation of chromosomal DNA. Spirochetes were harvest-
ed by centrifugation at 16,000 x g for 30 min in a GSA head
with a Sorvall RC2-B centrifuge. Cells were washed by
resuspension in 10 ml of TE buffer (10 mM Tris, pH 8.0, 1
mM EDTA) and centrifuged at 12,000 x g for 30 min.
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Washed cells were suspended in S ml of TE buffer, 0.5 ,ul of
5% sodium dodecyl sulfate was added, and the suspension
was mixed and placed in a 65°C waterbath (to inactivate
DNases and complete cell lysis) for 10 min. Pronase (200 ,ul,
S mg/ml) was added and mixed and incubated at 37°C for 1 h.
The mixture was deproteinized with phenol and chloroform
followed by treatment with 50 of boiled RNase (10 mg/ml)
for 1 h at 37°C. The mixture was again extracted with phenol
and chloroform, and the DNA was precipitated by adding
1/10 volume of 2 M sodium acetate (pH 8.0) and 2.5 volumes
of cold 95% ethanol. Precipitation was completed by placing
the mixture at -20°C for 1 h. The DNA was then collected
by centrifugation at 12,000 x g for 30 min and resuspended
in lx SSC (0.15 M NaCl plus 0.015 M sodium citrate).

Determination of moles percent guanine plus cytosine.
Moles percent guanine plus cytosine was determined by
thermal denaturation studies (12, 14). DNA (50 p.g) was

suspended in SSC and placed in a thermocuvette of a Gilford
2400-S spectrophotometer equipped with a thermoprogram-
mer. The temperature of the cuvette was raised 0.5°C/min,
with hyperchromicity developing as the DNA denatured.
The melting temperature was obtained from the absorbance
graph as being the midpoint of the curve, at which 50% of the
DNA was denatured. The moles percent guanine plus cyto-
sine was calculated by the equation mol% G+C = (Ta, -

69.3) x 2.44 (14), where T,, is the midpoint of thermal
denaturation.
DNA-DNA hybridization and calculation of percent homolo-

gy. DNA preparations were reannealed in situ by the method
of Denhardt (8). DNAs were sheared to an average length of
500 bases by DNase I treatment for 5 min. Average fragment
size was determined by electrophoresis, with phage lambda
DNA digested with restriction enzyme HindlIl as molecular
weight standards. DNA samples were then denatured by
boiling for 5 min.
Denatured bacterial DNA (10 p.g) was placed on nitrocel-

lulose filters (45 pm; HAWPO25; Millipore Corp., Bedford,
Mass.) that had been dipped in 20x SSC and allowed to dry.
The disks were then dried in vacuo at 80°C overnight.
Hybridization was performed by placing a DNA disk into a

vial containing 1 ml of Denhardt prehybridization buffer (2x
SSC with 0.02% [wt/vol] each of bovine serum albumin,
polyvinylpyrrolidone [molecular weight, 25,000], and Ficoll
400 [8]) to prevent nonspecific adherence of DNA to filters
and incubated at 65°C overnight. Heat-denatured probe
DNA (500 ng; 10,000 cpm/pg) was added and the incubation
was continued at 60°C for 24 h. After incubation, the vials
were placed on ice, and the disks were washed for 10 min
with 2x SSC three times. Washed disks were dried with a

heat lamp, and the radiolabeled content was determined with
a Beckman scintillation counter. Percent homology (relative
binding ratio) was calculated by the following equation: %
homology = 100 x {[cpm (DNA under test)- cpm (back-
ground hybridization)]/[cpm (100% control) - cpm (back-
ground hybridization)]}.

Examination of spirochetes for extrachromosomal DNA.
Plasmid DNA was isolated by a modification of the method
of Radloff (19). Ethanol-precipitated spirochete DNA was

suspended in 3 ml of TE buffer and mixed with 3.55 g of
cesium chloride (Sigma Chemical Co., St. Louis, Mo.). One
milliliter of 5-mg/ml ethidium bromide was added and over-

laid with mineral oil. The DNA preparations were centri-
fuged at 38,000 rpm for 60 h. Satellite bands were visualized
with UV light and were removed from the gradient by needle
puncture. Ethidium bromide was extracted in the dark with
one volume of NaCl-saturated isopropanol followed by two

TABLE 1. Characterization of spirochetal DNAs

Organism Tm (0C) Mol% G+C'

Ixodes dammini spirochete 81.8 30.5
Ixodes ricinus spirochete 80.9 28.3
Human cerebrospinal fluid isolate 80.5 27.3
Borrelia hermsii 81.8 30.5
Borrelia turicatae 81.5 29.8
Borrelia parkeri 80.8 28.0
Treponema denticola 84.0 36.0
Treponema vincentii 88.5 46.8
Treponema scoliodontum 84.0 36.0
Treponema phagedenis 84.0 36.0
Treponema pallidum (Nichols) 83.5-91.0 35-53b
Leptospira interrogans 84-86 35-40'
Leptospira biflexa 85.3 39'

a Calculated from thermal denaturation studies by using the formula given
in the text (13). Results are the average of three experiments.

b From reference 15.
' From reference 10.

extractions with isopropanol in room light. Samples were
diluted twofold with water and ethanol precipitated. DNA
was harvested by centrifugation at 16,000 x g for 20 min.

RESULTS
Moles percent guanine plus cytosine for B. hermsii, B.

turicatae, B. parkeri, I. dammini spirochetes, I. ricinus
spirochetes, Lyme disease human cerebrospinal fluid iso-
late, Treponema vincentii, T. scoliodonitum, T. phagedenis,
and T. denticola are shown in Table 1. I. dammini and I.
ricinus tick isolates and the human spinal fluid isolate had
mol% G+C of 30.5 to 27.3%. These values are similar to the
mol% G+C for B. hermsii, B. turicatae, and B. parkeri, of
28.0 to 30.5%. The mol% G+C of the Lyme disease spiro-
chetes and the borreliae differ from those of Leptospira and
Treponema spp., which ranged from 35 to 53% (10, 15, 16).
The degree of relatedness among spirochetes as suggested

by mol% G+C was confirmed by DNA homology studies.
When radioactive DNA from the I. dammini spirochete was
used as a probe, DNA homologies of 100 to 76% were
observed among the Lyme disease spirochetes, and homolo-
gies of 59 to 37% were seen with the Borrelia spp. (Table 2).
The above results indicated that Lyme disease spirochetes
are of the same species and also constitute a new Borrelia
species. These results were confirmed by using radiolabeled
DNA from B. hermsii and B. turicatae as probes. Homolo-
gies of 95 to 77% existed among the Borrelia (Table 3). With
B. turicatae DNA as probe, B. parkeri and B. hermsii
showed 95 and 81% homology, respectively. The B. hermsii
DNA was 58 to 31% related to the DNA of the Lyme disease
spirochetes (Table 3). A temperature profile study of homol-
ogy between B. parkeri and human cerebrospinal fluid
isolates exhibited increasing homologies of 38 to 41% as
annealing temperature was decreased from 65 to 50°C,
respectively. As suggested by the moles percent guanine
plus cytosine values (17), no significant homology (0 to 2%)
was detected between the I. dammini spirochete or B.
hermsii with the Treponema or Leptospira spp. surveyed.

Electrophoretic analysis of DNAs of Lyme disease spiro-
chetes (Fig. 1) and the three North American borreliae (Fig.
2) revealed the presence of plasmid DNA. The I. dammini
spirochete contained two plasmids, whereas the Borrelia
spp., the I. ricinus spirochete, and the human cerebrospinal
fluid isolate contained one plasmid.
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TABLE 2. DNA homologies between Lyme disease spirochetes
and other spirochetesa

Relative

Organism binding
ratio

(60oC)b

Ixodes dammini spirochete............................. 100
Ixodes ricinus spirochete ............. ................. 100
Human cerebrospinal fluid isolate....................... 76
Borrelia hermsii ...................................... 59
Borrelia turicatae ..................................... 46
Borrelia parkeri........................................ 37
Treponema phagedenis ............ .................... 2
Treponema denticola .................................. 2
Leptospira interrogans serovar hardjo ...... ............ 1
Leptospira biflexa serovar patoc........................ 1

a Probe, !. dammini spirochete DNA.
b Relative binding ratio =

cpm of heterologous DNA bound to filters - background cpm 100
cpm of homologous DNA bound to filters - background cpm

Results are the average of two experiments.

DISCUSSION
The agent of Lyme disease is a tick-transmitted spirochete

that is morphologically similar to both Borrelia and Trepone-
ma spp., with cell dimensions of 4 to 30 p.m in length and
0.18 to 0.25 pm in diameter (21). Lyme disease spirochetes
appear to contain 14 periplasmic flagella, similar to the 2 to
16 present in treponemes but different from Borrelia spp.,
which contain 30 to 40 periplasmic flagella (11). The antigen-
ic variation, seen in Borrelia spp. (5), was not observed in
the Lyme spirochetes. However, Lyme disease spirochetes
appear to be more Borrelia-like since they are tick transmit-
ted and can be cultivated in vitro in modified Kelly medium
(BSK) (21).
Our work has shown that, on the basis of moles percent

guanine plus cytosine and DNA homology studies, Lyme
disease spirochetes constitute a new species of Borrelia. In
addition, Lyme disease spirochetes isolated from different
geographical regions constitute a single species of Borrelia,
as defined by Brenner (4). These results are in agreement

TABLE 3. DNA homology between Borrelia hermsii and other
spirochetal DNAs

Relative
bindingOrganismrairatio
(60°C)'

Borrelia hermsii ................. 100
Borrelia turicatae ................... 86
Borrelia parkeri................... 77
Ixodes dammini spirochete................... 58
Ixodes ricinus spirochete ....... ............ 44
Human cerebrospinal fluid isolate................... 31
Treponema denticola................ 0
Treponema vincentii ................. 0
Treponema scoliodontum ..... ............ 0
Leptospira interrogans serovar hardjo .................. 0
Leptospira interrogans serovar canicola................. 0
Leptospira biflexa serovar illini...................0
Leptospira biflexa serovar patoc...................0

a See Table 2, footnote b for the formula used to calculate relative binding
ratio. Results are the average of two experiments.

Chromosomal DNA-"-

Plosmid DNA--

1 2 3 4 5

FIG. 1. Plasmid DNA in Lyme disease spirochetes. Lane 1, I.
dammini spirochete DNA; lane 2, I. ricinus spirochete DNA; lane 3,
human cerebrospinal fluid isolate DNA; lane 4, human skin lesion
(ECM) isolate DNA; lane 5, Escherichia coli K-12 DNA negative
control.

with those obtained by Schmid et al. (19a). Close similarities
exist between Lyme disease spirochetes isolated in this
country and spirochetes isolated from I. ricinus ticks in
Switzerland (1). An unexpected finding was that the three
North American Borrelia, B. hermsii, B. turicatae, and B.
parkeri, actually constitute a single species of spirochetes.
Additional genetic studies must be performed to elucidate
the relationship of North American borreliae to similar
organisms found in other geographical areas. However,
these studies are difficult to perform due to the inability to
grow these spirochetes in vitro.
The early manifestation of Lyme disease has been charac-

Chromosomal DNA

Plasmid DNA=|

FIG. 2. Plasmid DNA in North American borreliae. Lane 1, B.
hermsii DNA; lane 2, B. turicatae DNA; lane 3, B. parkeri DNA;
lane 4, Escherichia coli K-12 DNA negative control.

1 2 3 4
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terized by ECM skin lesions in patients from the United
States and Europe. Arthritis is a common sequelae in the
United States; in Europe, arthritis is believed to be an
uncommon sequelae of the infection. Although the I. dam-
mini spirochete and the I. ricinus spirochete appear to be
genetically homologous, the clinical manifestations resulting
from infections by these organisms differ somewhat. This
may be a result of extrachromosomal-mediated properties.
We found plasmids in the three Lyme disease organisms
studied. Plasmids have been shown to mediate such proper-
ties as antibiotic resistance and may also encode surface
antigens. The presence of plasmid in Lyme disease spiro-
chetes and Borrelia spp. sugests the potential to develop
important plasmid-mediated biological properties. Of the
other pathogenic spirochetes, only Treponema pallidum has
previously been shown to contain plasmids (18). Studies on
characterization of these plasmids are being pursued.
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