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Southern tick-associated rash illness (STARI) is a Lyme disease-like infection described in patients in the
southeastern and south-central United States, where classic Lyme disease is relatively rare. STARI develops
following the bite of a lone star tick (Amblyomma americanum) and is thought to be caused by infection with
an “uncultivable” spirochete tentatively named Borrelia lonestari. In this study, wild lone star ticks collected
from an area where B. lonestari is endemic were cocultured in an established embryonic tick cell line (ISE6).
The cultures were examined by dark-field microscopy for evidence of infection, and spirochete identity and
morphology were evaluated by flagellin B and 16S rRNA gene sequence, by reaction to Borrelia-wide and B.
burgdorferi-specific monoclonal antibodies, and by electron microscopy. Live spirochetes were first visualized
in primary culture of A. americanum ticks by dark-field microscopy 14 days after the cell culture was inoculated.
The sequences of the flagellin B and 16S rRNA genes of cultured spirochetes were consistent with previously
reported sequences of B. lonestari. The cultured spirochetes reacted with a Borrelia-wide flagellin antibody, but
did not react with an OspA antibody specific to B. burgdorferi, by indirect fluorescent antibody testing. Electron
microscopy demonstrated organisms that were free and associated with ISE6 cells, with characteristic Borrelia
sp. morphology. This study describes the first successful isolation of B. lonestari in culture, providing a much
needed source of organisms for the development of diagnostic assays and forming a basis for future studies

investigating the role of the organism as a human disease agent.

Lyme disease, caused by Borrelia burgdorferi sensu lato, is the
most common tick-borne disease of humans worldwide and the
most frequently reported vector-borne disease in the United
States. The hallmark of acute Lyme disease is erythema mi-
grans, which is present in 60 to 90% of patients (13, 45),
although several other nonspecific multisystemic symptoms
also occur (9). B. burgdorferi is maintained in nature through a
cycle involving rodent reservoir hosts and Ixodes sp. tick vec-
tors (1, 28, 46). The disease is endemic throughout much of the
Northeast, mid-Atlantic states, Midwest, and West Coast; how-
ever, in much of the South, where Ixodes sp. ticks are seldom
found on humans (17, 18), epidemiologic evidence and case
reporting suggest that classic Lyme disease is relatively rare,
despite the presence of B. burgdorferi in wild rodent popula-
tions and ticks (16, 36, 37, 38, 40).

Since the mid-1980s, physicians have described a Lyme dis-
ease-like illness in patients from the southeastern and south-
central United States in which an erythema migrans rash and
mild flu-like symptoms develop following the bite of a lone star
tick, Amblyomma americanum (2, 3, 12, 19, 31, 43). This dis-
ease is alternatively referred to as southern tick-associated rash
illness (STARI), Master’s disease, or southern Lyme disease
(23, 30). A. americanum has been shown to be an incompetent
vector for B. burgdorferi, and serologic testing of STARI pa-
tients does not support a diagnosis of classic Lyme disease
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despite microscopic evidence of spirochetes in biopsy samples
of affected skin, leading researchers to speculate that another
Borrelia sp. may be responsible (16, 24, 29, 31, 33, 35, 39, 42, 48,
49). However, all attempts to culture spirochetes from patients
with STARI and from ticks have failed.

Molecular evidence of a novel Borrelia sp. has been reported
from lone star ticks, from white-tailed deer, and from the skin
of a patient with STARI, as well as from a lone star tick
removed from that patient (2, 10, 11, 23, 32, 47). The organism,
tentatively named Borrelia lonestari, has been described only by
PCR amplification of the flagellin B gene and 16S ribosomal
DNA (rDNA). Complete understanding of B. lonestari and its
role in STARI has been hampered by the inability to culture
the etiologic agent. Here, we report the first culture isolation of
B. lonestari and provide a microscopic and ultrastructural de-
scription of the organism in cell culture.

MATERIALS AND METHODS

Tick specimens. Adult A. americanum ticks were collected, using dry ice (CO,)
traps (25), from Whitehall Experimental Forest, an 800-acre forest owned by the
University of Georgia in Clarke County, Ga., during March and April 2003. This
population of ticks had been previously confirmed to harbor B. lonestari (A. S.
Varela, V. A. Moore, and S. E. Little, unpublished data). The ticks were main-
tained at 94% humidity in chambers containing saturated potassium nitrate for
~2 months before they were cultured.

Culture isolation. Procedures for the coculture of B. burgdorferi in a tick cell
line modified from previous studies were used to isolate B. lonestari from wild-
caught ticks (26, 27, 34). Ten adult A. americanum ticks (five female and five
male) collected from Whitehall Experimental Forest on 12 March 2003 were
washed under sterile conditions by vortexing them for 3 min in successive solu-
tions of 3% hydrogen peroxide, 95% alcohol, 0.1% sodium hypochlorite, and 1X
phosphate-buffered saline (PBS; pH 7.2). After being washed, the ticks were
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FIG. 1. Bootstrap consensus (1,000 times) of phylogenetic tree of Borrelia sp. 16S rDNA gene sequences generated using maximum-parsimony
analysis with close-neighbor interchange. The number at each node indicates the percentage of times that node was supported by bootstrap

analysis.

placed in a sterile petri dish and individually dissected using fine forceps and a
no. 11 scalpel blade. The instruments were sterilized between individual tick
dissections with a bead sterilizer, and the scalpel blades were changed between
ticks. Tissues from each dissected tick were pooled in a sterile 1.5-ml tube with
1 ml of complete Barbour-Stoenner-Kelly II (BSKII) medium prepared by the
College of Veterinary Medicine, University of Georgia, as previously described
(6, 7) using bovine serum albumin fraction V (catalog number 81003; ICN Bio
medicals, Costa Mesa, Calif.). The medium was supplemented with 6% rabbit
serum (catalog number 16120099; Invitrogen, Carlsbad, Calif.), phosphomycin
(0.02 mg/ml), rifampin (0.05 mg/ml), amphotericin (2.5 pg/ml), and 1.4% gelatin,
hereafter referred to as BSKII/G. The contents of the tube were mixed well by
vortexing, transferred to a sterile 4.5-ml snap cap tube with ~3 ml of BSKII/G
medium, and maintained at 34°C overnight to test for contamination.

‘When no evidence of contamination was observed after 24 h, the snap cap tube
was centrifuged at 75 X g for 5 min to pellet the contents. After 4 ml of
supernatant was removed, the pellet was resuspended in the remaining 0.5 ml of
BSKII/G and added to 4.5 ml of L-15B300 medium consisting of L-15B (catalog
number 41300; Invitrogen) supplemented with 5% fetal bovine serum (catalog
number F0643; Sigma, St. Louis, Mo.), 10% tryptose phosphate broth (catalog
number T9157; Sigma), and 0.1% bovine lipoprotein concentrate (catalog num-
ber 191475; ICN Biomedicals) (34). This 5-ml suspension was transferred to a
12.5-cm? flask with a confluent culture of ISE6 cells, an embryonic Ixodes scapu-
laris tick cell line (kindly provided by Uli Munderloh, University of Minnesota).
The culture was fed every 3 to 4 days, and the spent medium was transferred to
a separate sterile tube and centrifuged at 210 X g for 5 min to pellet spirochetes
and cells. After all but 0.5 to 1 ml of medium was removed, the pellet was
resuspended and saved at —20°C for PCR assay and/or used to prepare slides for
dark-field microscopy, for indirect fluorescent antibody (IFA) testing, or for
subsequent passages. Subsequent passages of the original isolate were main-
tained in L-15B300 with 10% BSK-H (catalog number B3528; Sigma); the
BSK-H medium was supplemented with 6% rabbit serum and antibiotics as
described for the BSKII medium above.

Upon detection of live spirochetes under dark-field microscopy and confirma-
tion of their identity by PCR, samples of the primary culture of the isolate,
designated strain LS-1, were passaged into additional flasks of ISE6 cells to
maintain the culture and into cell-free culture tubes with BSK/G or L-15B300
with or without supplemental BSK/G; culture aliquots were also frozen in liquid
nitrogen for future use. As a positive control for IFA tests, B. burgdorferi SH2-82
was cultured in cell-free BSK/G medium and passaged to ISE6 cells with
L-15B300 and 10% BSK/G. All cocultures in ISE6 cells were fed twice weekly,
and the spent media were assessed by dark-field microscopy for the presence of
spirochetes. Samples of cultured tick spirochetes in cell-free tubes were moni-
tored for color change as evidence of growth and harvested after 30 days in
culture to check for live spirochetes.

Molecular analysis. DNA was extracted from 100 pl of tick cell culture 3, 14,
and 17 days after inoculation into ISE6 cell monolayers, using the GFX Genomic
Blood Purification kit (Amersham Pharmacia Biotech, Piscataway, N.J.). The
sample collected on day 3, which contained remnants of the tick tissue inoculum,
was tested to determine whether the original inoculum contained Borrelia spp.
Two DNA targets were amplified and sequenced to identify the organisms: a
330-bp region of the flagellin B gene and a 1,336-bp region of the 16S rRNA
gene. The external primers FLALL and FLARL and the internal primers FLALS
and FLARS were used in a nested-PCR assay to amplify the flaB target as
previously described (32). Due to failure to amplify the 16S rDNA target using
a previously described protocol (10), we used a heminested-PCR assay to in-
crease amplification of the template. The primary reaction mixture consisted of
2.5 U of Tag DNA polymerase (Promega, Madison, Wis.), 0.5 pM primers 8F
(5'-AGTTTGATCATGGCTCAG-3") and 16RnaR, 200 pM each deoxynucleo-
side triphosphate, 50 mM KCI, 2.5 mM MgCl,, and 10 mM Tris-HCI (pH 9.0),
with 5 pl of DNA template in a final reaction volume of 100 wl (10). The same
reagent concentrations and 2 pl of primary product were combined in a second-
ary reaction using primers 16RnaLL and 16RnaR. Thermal cycling for amplifica-
tion of the 16S rDNA followed the program used by Barbour et al. (10). Water
controls were included in each step of each reaction, and DNA extraction,
primary and secondary PCR, and gel visualization were performed in separate
laboratories to reduce the risk of contamination. Amplicons were visualized by
electrophoresis on a 2% agarose gel stained with ethidium bromide under UV
transillumination.

Amplicons were purified and concentrated using a Microcon 100 microcon-
centrator (Amicon, Inc., Beverly, Mass.) and submitted to MWG Biotech (High
Point, N.C.) for direct sequencing of both forward and reverse strands. The
resultant sequences were aligned using the ClustalX muliple-alignment program
and directly compared to published 16S rDNA and flaB sequences of B. lonestari
(= Borrelia barbouri) and other Borrelia spp. available in GenBank. To further
compare the 16S rDNA sequence from our isolate with those of other Borrelia
spp., phylogenetic analysis was performed using the Molecular Evolutionary
Genetics Analysis program version 2.1. For phylogenetic analysis, sequence
alignment was performed using the ClustalX multiple-alignhment program on the
16S rDNA fragment sequenced from the LS-1 isolate, corresponding to positions
190 to 1076 of the B. lonestari 16S tDNA sequence U23211. The lengths of
analyzed 16S rDNA sequences were limited by the amount of sequence data
available for Borrelia theileri and thus did not include the entire available LS-1
sequence. Accession numbers for all Borrelia sp. sequences used in the construc-
tion of the phylogenetic tree are provided in Fig. 1.

IFA testing. Samples of ISE6 cell cultures infected with LS-1 and separate
ISEG6 cell cultures infected with B. burgdorferi SH2-82 were fixed on microscope
slides with acetone and tested by IFA assay for reactivity with a Borrelia-wide
monoclonal antibody (MAD) against flagellin (H9724) and a B. burgdorferi-
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TABLE 1. Comparison of B. lonestari flagellin B gene sequences
from GenBank with those amplified from our isolate

Nucleotide difference at

Source” State GenBank position”
(reference) accession no.

330 331 332 348
Cell culture GA AY442141 * * * A
LST (4) MO AY166716 * * * A
LST (10) X U26074 * * * G
LST (10) NJ U26075 * * * A
LST (11) AL AF298653 * * * A
LST (11) AL AF298654 * * * A
Human (23) NC, MD AF273670 A G A A
LST (23) NC, MD AF273671 A G A A
WTD (32) NC AF538851 * * * A
WTD (32) GA AF538852 A G A A

@ LST, lone star tick; WTD, white-tailed deer.

> Numbers correspond to nucleotide position of B. lonestari flaB sequence
U26074. An asterisk indicates no corresponding base at the position.

¢ Sequence of the isolate reported in this study; originally isolated from A.
americanum from Georgia.

specific MAb which recognizes OspA (H5332) (both MAbs were kindly provided
by Tom G. Schwan, Rocky Mountain Laboratories, Hamilton, Mont.) (5, 8).
Slides were incubated with undiluted primary antibody for 25 min and then
washed twice in 1X PBS for 5 min each, rinsed in distilled water for 5 min, and
allowed to dry. A 1:30 dilution of fluorescein isothiocyanate-labeled goat anti-
mouse secondary antibody was applied, and the slides were incubated for 25 min
and subsequently washed in PBS as described above and then counterstained
with eriochrome black T. After drying in the dark, the slides were examined with
a compound microscope under UV illumination.

Light and electron microscopy. For measuring the lengths of spirochetes,
samples prepared by cytocentrifugation from culture passages were fixed in
methanol, stained with Giemsa stain, and examined by light microscopy. For
scanning and transmission electron microscopy (SEM and TEM), a sample of
spirochetes was prepared from the primary isolate, LS-1, cocultured in ISE6
cells. Approximately 5 ml of medium from the original flask, containing nonad-
herent ISE6 cells and spirochetes, was initially centrifuged at 83 X g for 1 min.
Two milliliters of supernatant was removed for subsequent passage of cell-free
spirochetes. The remaining 3 ml was resuspended; 0.5 ml was retained for
dark-field examination, PCR, and further passage, and 2.5 ml was centrifuged at
210 X g for 5 min to pellet spirochetes and ISEG6 cells. The supernatant was
removed, and the pellet was fixed in 2% glutaraldehyde— 2% (para)formalde-
hyde- 0.2% picric acid in 0.1 M cacodylate-HCI buffer (pH 7.0 to 7.3).

The fixed cell suspension was divided for TEM and SEM preparation. For
TEM, the portion was centrifuged at 9,550 X g, the fixative was removed, and the
pellet was resuspended in buffer. This was repeated once, and then the sample
was centrifuged a third time, the buffer was removed, and the pellet was resus-
pended in 50°C molten agar. The agar suspension was centrifuged at 9,550 X g
for 5 min and allowed to solidify at 4°C. When solid, the pellet was cut into
sections no greater than 1 mm thick, placed in buffer solution, and subsequently

TABLE 2. Comparison of B. lonestari (= B. barbouri) 16S TRNA
gene sequences from GenBank with those amplified from our isolate

Nucleotide difference at
GenBank position”

accession no.

Source?

(reference) State

522 698 1065 1201

Cell culture®  GA AY442142 c T G C
LST (4) MO  AY166715 c T A C
LST (10) TX BLU23211 cC C G T
LST (41) MD U38374 T NRY NR?Y NRY

“ LST, lone star tick.

® Numbers correspond to nucleotide position of B. lonestari 16S rDNA se-
quence U23211.

¢ Sequence of the isolate reported in this study; originally isolated from A.
americanum from Georgia.

4 NR, not reported.
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FIG. 2. Immunofluorescence antibody and Giemsa staining of cul-
tured spirochetes. (A) Immunofluorescence antibody staining of spi-
rochetes isolated from lone star ticks using Borrelia-wide anti-flagellin
antibody (H9724). (B) ISE6 tick cell cultures of spirochetes were
Giemsa stained; spirochetes are present free and attached to ISE6
cells. Magnification, X1,000.

postfixed in 1% OsO4- 0.1 M cacodylate-HCI buffer. The sections were rinsed
four times in deionized water for 10 min each time, stained en bloc with 0.5%
uranyl acetate (aqueous) for 1 h, and rinsed with deionized water three times for
2 min each time. After being dehydrated with increasing concentrations of
alcohol, the sections were infiltrated with Epon-Araldite (EMS, Hatfield, Penn.)
and then polymerized at 75°C prior to examination with a JEOL JSM-1210
transmission electron microscope.

The fixed portion retained for SEM was rinsed three times in 0.1 M buffer for
15 min each time and allowed to adhere to a coverslip as follows. Briefly, a drop
of poly-L-lysine (in PBS) was placed onto a 12-mm-diameter round coverslip and
allowed to set at room temperature for 1 h and was then rinsed in running water.
A drop of washed cell suspension was placed on the coated coverslip, and the
coverslip was stored in a humidity chamber to allow the cells to settle. The
coverslip was critical-point dried, mounted on an aluminum stub with Electrodag
502 (Ted Pella, Inc., Redding, Calif.) to dry, and overlaid with sputter coat prior
to examination with a JEOL JSM-5800 scanning electron microscope.

A separate sample for negative staining was taken from a second passage of
LS-1 spirochetes in ISE6 cell culture. Medium with nonadherent ISE6 cells and
spirochetes was centrifuged at 302 X g for 10 min, and the pellet was resus-
pended in sterile filtered PBS and centrifuged at 302 X g for 10 min. The washed
pellet was resuspended in Karnovsky’s type fixative, fixed at 4°C for 1 h, and
centrifuged at 302 X g for 10 min. The pellet was washed in sterile filtered PBS,
centrifuged at 302 X g for 10 min, and resuspended once more with a small
(~50-p1) volume of PBS. A 40-pl volume of suspension in a drop of deionized
water was airfuged (pounds per square inch gauge 10) on a copper grid at 43,110
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FIG. 3. Transmission electron micrographs of cultured spirochetes. (A) Spirochetes are present free and associated with ISE6 cells (arrows).
Transverse sections of intracellular spirochetes showing periplasmic flagella (PPF) are evident within membrane-bound vacuoles. (B) Bundles of
flagella can be seen running along oblique and transverse sections of spirochetes (arrowheads). (C) Spirochete and ISEG6 cell in close association,
with loss of resolution at the site of contact (arrow). The trilaminar membrane (TLM), consisting of an outer sheath, cell wall, and inner
cytoplasmic membrane, is also seen more directly. Bars, 500 (A), 200 (B), and 100 (C) nm.

X g for 5 min and stained with 2% phosphotungstic acid (pH 7.0) for 30 s for

TEM examination.
Nucleotide seq e acc bers. The GenBank accession numbers for

the B. lonestari flagellin gene and the 16S rRNA gene reported in this paper are

AY442141, and AY442142, respectively.

RESULTS

Culture isolation. Live spirochetes from the primary culture
were first visualized both free in the medium and attached to
ISEG6 cells under dark-field microscopy 14 days after the flask
was inoculated and then twice weekly thereafter from spent
cell medium that was removed when the flask was fed. A
thawed aliquot that had been frozen for 3 days in liquid nitro-
gen was proven viable after passage into a confluent monolayer
of ISE6 cells. Spirochetes passed into culture tubes with cell-
free medium were not viable after 30 days in culture.

Molecular characterization. flaB sequences of cultured spi-
rochetes collected 3, 14, and 17 days postinoculation were
identical to each other and to previously published flaB se-
quences of B. lonestari (Table 1), including the original flaB
sequence of B. lonestari described from A. americanum col-
lected in New Jersey (10) and flaB sequences subsequently
described from ticks from Alabama and Missouri and deer
from Georgia and North Carolina (4, 11, 32). The 3-bp insert
at nucleotides 330 to 332 that has been described from several
other flaB sequences of B. lonestari (23, 32, 47) was not present

in our isolate. The 16S rDNA sequence from our isolate also
was consistent with sequences previously reported from B.
lonestari (= B. barbouri) (Table 2) and differed by 1 base from
the 16S rDNA sequence of B. lonestari reported from A. ameri-
canum from Missouri and by 2 bases from the 16S rDNA
sequence of B. lonestari reported from A. americanum from
Texas (4, 10).

Phylogenetic trees constructed using 16S tDNA sequences
from our isolate and other Borrelia spp. resulted in B. lonestari
forming a group with Borrelia miyamotoi and B. theileri that is
more closely related to the relapsing fever Borrelia spp. than
either group is to B. burgdorferi and its allies (Fig. 1), as pre-
viously described (10, 44).

IFA testing. The anti-flagellin MAb H9724, which recog-
nizes all Borrelia spp., bound to whole-cell antigen from the
LS-1 strain spirochetes (Fig. 2A) as well as to that from B.
burgdorferi SH-1 spirochetes in ISE6 cell culture. The anti-
OspA MAD specific to B. burgdorferi recognized B. burgdorferi
but not the LS-1 isolate (data not shown).

Light and electron microscopy. The morphology of B. lon-
estari was typical for Borrelia spp. (7, 15, 20, 21, 22). Spiro-
chetes were seen free and attached to or closely associated with
ISES6 cells and other spirochetes and within cells on TEM (Fig.
2B, 3A, and 4B). Under light microscopy, spirochetes were 11
to 25 wm long and 0.23 to 0.26 wm wide. The average length of
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FIG. 4. Scanning electron micrographs of cultured spirochetes.
(A) Single spirochete with characteristic tapered ends, relatively flat
wavelength, and a cytoplasmic bleb. (B) The arrow points to a spiro-
chete with a counterclockwise helix (left handed; moving away from
the observer); also evident are spirochetes entangled with each other
and closely associated with the ISE6 cell. (C) Greater magnification of
a cytoplasmic bleb (arrow).

most spirochetes was 15.48 wm. Several apparently longer spi-
rochetes (37 to 40 wm) were suspected to be in the process of
dividing or attached to another spirochete in tandem.

Several spirochetes were intimately associated with ISE6
cells and appeared to be indenting the cell surface; in these
areas, the spirochete-ISE6 cell interface seemed less distinct,
suggesting that the spirochetes were in the process of entering
the cells (Fig. 3A and C). Within ISE6 cells, multiple spiro-

FIRST CULTURE ISOLATION OF BORRELIA LONESTARI 1167

A

FIG. 5. Transmission electron micrographs of negatively stained
spirochetes.(A)Spirochete with a prominent outer membrane extend-
ing over one end. (A and B) Flagella can be seen running along the axis
of the spirochete.(B)Flagellar bundles are evident on either side of the
curvature of the spirochete (bars). (C) Greater magnification of the
spirochete from panel B reveals the trilaminar membrane (TLM) with
evidence of multiple flagella running periplasmically and more clearly
demonstrates a single flagellar bundle (bars). Bars,200 (A), 100 (B),
and 50 (C)nm.

chetes were seen inside membrane-bound vacuoles (Fig. 3A).
Transverse sections of spirochetes revealed a trilaminar mem-
brane consisting of an outer membrane (sheath), a cell wall,
and an inner cytoplasmic membrane, analogous to what has
been described for other Borrelia spp. (7, 49) (Fig. 3C and 5C).
Periplasmic flagella were seen as bundles on one side of the
spirochete, between the outer membrane and the cell wall of
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the spirochete in transverse sections, and emerging along the
submembranous surfaces of organisms in oblique sections.

The majority of spirochetes appeared to have a flat, wavelike
shape, with widely variable wavelengths (1.5 to 2.36 wm) and
amplitudes (0.45 to 0.53 wm). In spirochetes that appeared
helical, the spirals were directed counterclockwise (Fig. 4B).
Flagella were not apparent on SEM, but protrusions resem-
bling cytoplasmic blebs, as well as less distinct membrane-
associated debris, were observed on the surfaces of spirochetes
(Fig. 4A and C). A trilaminar membrane was confirmed on
TEM of negatively stained spirochetes, with a prominent outer
membrane extending over the end of an organism (Fig. 5A).
Bundles of 6 to 11 flagella were present in the submembranous
space directed parallel to the long axis (Fig. 5B). The widths of
flagellar bundles ranged from 0.105 to 0.156 wm.

DISCUSSION

Our cell culture and molecular, immunological, and electron
microscopy data all indicate that we have made the first isola-
tion of B. lonestari in culture; we have designated this strain
LS-1. We were able to cultivate this fastidious organism using
a tick cell line and a source of organisms from naturally in-
fected lone star ticks. The spirochetes were found to possess
molecular characteristics consistent with the organism tenta-
tively named B. lonestari and morphological and IFA staining
properties distinct from those of B. burgdorferi.

The flagellin B gene sequence of our B. lonestari isolate
(LS-1) is identical to B. lonestari flaB sequences previously
reported from lone star ticks and white-tailed deer in that it
lacks a 3-base insert at positions 330 to 332 (4, 10, 11, 32).
Although the LS-1 isolate differs in this respect from the single
flaB sequence of B. lonestari reported from a human clinical
case (23), the significance of this 3-base insert is not clear.
Nucleotide differences have been observed at four base posi-
tions in the 16S rRNA gene among the reported sequences of
B. lonestari (= B. barbouri). Our LS-1 isolate 16S rRNA gene
sequence matched one of the two published sequences for B.
lonestari at three of these base positions and both B. lonestari
sequences at the fourth position (base 522) (10). The published
sequence for B. barbouri contained a single base difference at
position 522, but because this was a partial sequence (355 bp)
that did not include bases 698, 1025, and 1201, nucleotide
similarity could not be evaluated at those positions (41). While
it is important to note them, these differences are minor, and
both the 16S rRNA and flagellin B gene sequences of the LS1
spirochetes support the identification of the organisms we have
cultured as B. lonestari.

We also report here the first ultrastructural description of B.
lonestari. The LS-1 organisms had typical spirochete morphol-
ogy and characteristics consistent with Borrelia spp. (7, 22).
Their lengths, although variable, also fell within the range of
Borrelia spp. The ends of LS-1 organisms, like those of Borrelia
anserina and Borrelia recurrentis, were tapered, but the tips
were relatively blunt in comparison to those of B. burgdorferi;
unlike B. anserina, strain LS-1 was not regularly waved (15, 22).
Cytoplasmic protrusions or blebs on the surfaces of LS-1 or-
ganisms were consistent with protrusions that have been de-
scribed for other spirochetes (7, 14).

TEM showed multiple sections of spirochetes inside vacu-
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ole-like, membrane-bound organelles within the ISE6 cells.
Transverse organism sections that shared the same periplasmic
flagellar bundle were evidently the same organism; other ap-
parently unassociated sections may have been the same organ-
ism or another organism within the same organelle. The pres-
ence of multiple membrane-bound organelles within the same
ISEG cell, as well as single spirochetes that appeared to be free
within the cytoplasm, suggests that B. lonestari may replicate
within membrane-bound organelles of cells and then emerge
from the organelles and cells. Spirochetes seen in close asso-
ciation with ISE6 cells on SEM, often indenting the host cell
membrane, may represent the attachment and subsequent in-
vasion of ISE6 cells, suggesting a possible dependence on the
host tick cell. The interactions between these spirochetes and
their growth in culture are among many significant life history
characteristics that await investigation.

The findings in this study establish the critical foundation
necessary for further investigations of B. lonestari that were
previously hampered by the lack of a live isolate. Although
culture isolation of B. lonestari from human cases of STARI is
necessary to demonstrate a causative link to the illness, our
results are an important step toward a greater understanding
of STARI and the variable presentation of this Lyme disease-
like illness. Cultured organisms are critical for the develop-
ment of accurate human diagnostic assays; this will allow in-
vestigation of the clinical manifestations of infection in
humans, as well as further our understanding of the epidemi-
ology and natural history of B. lonestari, including host and
vector competence, natural maintenance cycles, and geograph-
ical distribution. In addition, an in vitro source of organisms is
now available for controlled experiments using animal hosts as
models for human infection, as well as tick transmission stud-
ies. The knowledge gained from studies using cultured B. lon-
estari will be fundamental in differentiating between B. lones-
tari and B. burgdorferi infections and ultimately in revealing the
true occurrence of Lyme disease and STARI in the southeast-
ern and south-central United States.
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