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Five Borrelia burgdorferi sensu lato isolates from Missouri are described. This represents the first report and
characterization of such isolates from that state. The isolates were obtained from either Ixodes dentatus or
Amblyomma americanum ticks that had been feeding on cottontail rabbits (Sylvilagus floridanus) from a farm in
Bollinger County, Mo., where a human case of Lyme disease had been reported. All isolates were screened
immunologically by indirect immunofluorescence by using monoclonal antibodies to B. burgdorferi-specific
outer surface protein A (OspA) (antibodies H3TS and H5332), B. burgdorferi-specific OspB (antibody H6831),
Borrelia (genus)-specific antiflagellin (antibody H9724), and Borrelia hermsii-specific antibody (antibody
H9826). Analysis of the isolates also involved a comparison of their protein profiles by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Finally, the isolates were analyzed by PCR with six pairs of primers
known to amplify selected DNA target sequences specifically found in the reference strain B. burgdorferi B-31.
Although some genetic variability was detected among the five isolates as well as between them and the B-31
strain, enough similarities were found to classify them as B. burgdorferi sensu lato.

Considerable controversy exists as to whether Borrelia burg-
dorferi and Lyme disease (LD) occur in the southern United
States, particularly in Missouri (21). There is clinical evidence
of LD there (16–19) and strong evidence of B. burgdorferi in
nature (9). Some also have proposed that the human cases
reported in Missouri are not true LD but are “Lyme disease-
like” (8).

Various methods have been used to determine the presence
of B. burgdorferi in a geographic area or in a host species.
However, the one indisputable method is the isolation of spi-
rochetes from ticks or hosts in nature in Barbour-Stoenner-
Kelly (BSK) culture medium and subsequent determination
that the spirochete is B. burgdorferi. We sampled ticks and tick
hosts in southeastern Missouri from July 1993 through June
1996 in attempts to obtain B. burgdorferi or other spirochetal
isolates. A brief preliminary report at the Sixth International
Conference on Lyme Borreliosis noted our initial success in
isolating in culture the first B. burgdorferi isolates from Mis-
souri (22). Here we present a fuller account and the first
descriptions and characterizations of these and additional B.
burgdorferi sensu lato isolates from Missouri. The five isolates
described in this paper are from one farm in Bollinger County,
Mo., where a physician-diagnosed case of LD was reported
(17). These five isolates are among 44 that we have currently
obtained from eight geographic areas within five counties in
southeastern Missouri.

MATERIALS AND METHODS

Spirochetal isolates. Eastern cottontail rabbits (Sylvilagus floridanus) were
collected from September 1993 through September 1995 on a single farm in
Bollinger County, which is in southeastern Missouri. Larval and nymphal Ixodes
dentatus and larval Amblyomma americanum ticks removed from rabbits were
surface sterilized, triturated, and inoculated into BSK II medium (3) containing
0.023% L-cysteine hydrochloride, 0.015% DL-dithiothreitol (Sigma Chemical Co.,
St. Louis, Mo.), 1 mg of L-glutamine (GIBCO Laboratories, Fairfield, N.J.) per
ml, 0.15% soft agarose (Seakem; FMC Bioproducts, Rockland, Maine), 50 mg of
rifampin (Sigma) per ml, 20 mg of phosphomycin (Sigma) per ml, and 2.5 mg of
amphotericin B (Fungizone; GIBCO) per ml (13, 26). Cultures were incubated
in a 5% CO2 atmosphere at 33 to 34°C and were examined for spirochetes by
dark-field microscopy twice weekly for 2 weeks and weekly thereafter for 6
weeks.

Monoclonal antibodies. Spirochetal isolates were screened immunologically by
indirect fluorescent-antibody (IFA) analysis with a series of monoclonal anti-
bodies (see Table 1). They included two B. burgdorferi-specific anti-outer surface
protein A (OspA) monoclonal antibodies (H3TS and H5332), one B. burgdorferi-
specific anti-outer surface protein B (OspB) monoclonal antibody (H6831), a
Borrelia (genus)-specific antiflagellin monoclonal antibody (H9724), and a Bor-
relia hermsii-specific monoclonal antibody (H9826).

SDS-PAGE. Whole spirochetal lysates were prepared from each BSK II cul-
ture for characterization by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE). Fifty-milliliter aliquots of each spirochetal culture were
centrifuged at 10,000 3 g for 30 min and the supernatants were removed. The
spirochetal pellets were washed three times in 10 ml of phosphate-buffered saline
(120 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 10 mM KH2PO4 [pH 7.4]) with
5 mM MgCl2. The pellets were then suspended in 0.2 ml of sterile deionized
water and frozen-thawed at 280°C for 30 min five times. After the final thaw, the
pellets were vortex mixed and aliquots were taken for protein determination by
the method of Bradford (6). SDS-PAGE was carried out by the method of
Laemmli (14), with the following modifications. Each spirochetal lysate was
mixed with an equal volume of denaturing buffer containing 20% 2-mercapto-
ethanol. The lysates were then heated at 100°C for 15 min with vigorous vortex-
ing at 5-min intervals. For each sample, a volume containing 30 mg of protein was
loaded into a 4% stacking gel and was resolved through a 14% separating gel that
had been precooled to 0°C. Low-molecular-weight protein standards (Bio-Rad
Laboratories, Richmond, Calif.) were included with each run. Coolant at 0°C was
circulated through a Protean II xi cell (Bio-Rad Laboratories) until electro-
phoresis was complete. The samples were electrophoresed at 80 mA of constant
current until the dye front had migrated 10 cm through the separating gel. The
gel was stained overnight with 0.2% Coomassie brilliant blue R-250. It was then
destained, photographed, and scanned at a wavelength of 600 nm with a Shi-
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madzu densitometer (model CS-9000U) interfaced with a CSTURBO analysis
program (Shimadzu Corp., Tokyo, Japan).

PCR. PCR with six primer pairs was used to amplify known DNA target
sequences present in the reference strain B. burgdorferi B-31 (see Table 2). The
primers and parameters are listed in a report by Oliver et al. (23). Before PCR
amplification, each spirochetal lysate was centrifuged at 600 3 g for 15 min to
sediment cellular debris. Spirochetal supernatant (0.5 mg of protein) was placed
in 10 ml of distilled water and was heated at 100°C for 10 min to inhibit
proteolytic activity prior to adding it to the PCR mixture. Ten microliters of this
solution was used as template for PCR amplification in a final reaction volume
of 50 ml that contained 2.5 U of Taq DNA polymerase, 10 mM Tris-HCl (pH 8.3),
50 mM KCl, 2 mM MgCl2, 200 mM (each) deoxynucleotide triphosphate (dATP,
dTTP, dCTP, and dGTP), and 50 pmol of each appropriate primer (23). Am-
plification was performed with a Perkin-Elmer/Cetus (Norwalk, Conn.) thermal
cycler (model 9600). Four pairs of primers (primers 149-319, 149-459, 788-946,
and 39-59) amplified 170-, 310-, 158-, and 879-bp sequences, respectively, within
the B. burgdorferi B-31 strain outer surface protein A (ospA) gene (24). A fifth
pair of primers (primers 245 and 855) amplified a 610-bp target sequence found
in the flagellin (fla) gene of the B-31 strain (12). A sixth pair of primers (primers
147 and 520) was specific for a 373-bp chromosomal target present in 17 of 18
documented strains of B. burgdorferi worldwide (25). Pure genomic DNA (5 ng)
of B. burgdorferi B-31 was used as a positive control for each PCR assay, and
sterile distilled water was used as a negative control. PCR-amplified products
were electrophoresed in 2% agarose gels, stained with ethidium bromide, and
visualized by UV light. Amplification products seen as distinct bands were com-
pared to known standards and documented for permanent record by Polaroid
(Cambridge, Mass.) photography of UV-transilluminated gels.

RESULTS
Monoclonal antibodies. All of the Missouri isolates (Table

1) reacted positively to the Borrelia (genus)-specific antibody
(H9724) and failed to react to the B. hermsii-specific antibody
(H9826). The MOD-5 isolate reacted to one of the OspA
monoclonal antibodies (H5332), but not to the other one
(H3TS); however, it reacted to the OspB antibody (H6831).
The other isolates (MOD-1, MOD-2, MOD-3, and MOD-6)
did not react to any of the antibodies tested except the Borrelia
(genus)-specific antibody (H9724). An exception was MOD-3,
which in one of the three replicate tests contained approxi-
mately 15% of the spirochetes that strongly reacted to the
OspA H5332 and H3TS antibodies and the OspB H6831 an-
tibodies. On the basis of the results obtained with the mono-
clonal antibodies tested, the five isolates can be arranged into
two groups: group 1, MOD-1, MOD-2, MOD-3, and MOD-6;
group 2, MOD-5 (Table 1). They can be arranged into three
groups if the MOD-3 culture contains two strains.

SDS-PAGE. All major proteins of the B. burgdorferi B-31
reference strain, including the 31-kDa OspA, the 34-kDa
OspB, and the 41-kDa flagellin proteins, were readily resolved
in a Coomassie brilliant blue-stained 14% polyacrylamide gel.
The major proteins of the B-31 strain were identical to those
reported previously (3, 4). The major proteins of the five Mis-
souri isolates and the B-31 reference strain were compared by
SDS-PAGE and by overlaying visible bands on densitometer

tracings. The 41-kDa flagellin protein of all five Missouri iso-
lates appeared to be identical to that of the B-31 strain when
comparing the migration patterns, which were equivalent.
However, the composition of the outer surface proteins of all
of the Missouri isolates differed, some only slightly, from that
of the B-31 reference strain (Fig. 1). For all of the Missouri
isolates except MOD-5 there was a shift in both OspA and
OspB proteins to higher molecular masses ('32 and 35 kDa,
respectively, compared to '31 and 34 kDa, respectively, for
the B-31 strain). For isolate MOD-5, however, only one major
Osp band was resolved, and it coincided with the OspA band of
the B-31 reference strain; an OspB band was not detectable in
the SDS-polyacrylamide gel, but an OspB reaction was ob-
tained by IFA analysis with monoclonal antibody H6831 (Ta-
ble 1). Lastly, for all Missouri isolates in which it could be
resolved, there was a shift in the major low-molecular-mass
protein (approximately 21 to 22 kDa) compared to that for the
B-31 strain.

PCR. PCR consistently amplified target sequences in DNA
from the cultured B. burgdorferi B-31 reference strain when the
fla primer pair (primers 245 and 855), the conserved chromo-
somal primer pair (primers 147 and 520), and all four pairs of
ospA primers (primer pairs 788-946, 149-319, 149-459, and
39-59) were used (Table 2). PCR also amplified target se-
quences in DNAs from all of the Missouri isolates when the fla
and all ospA primer pairs but not the 788-946 primer pair were
used. Isolates MOD-1 and MOD-5 also amplified the latter

FIG. 1. SDS-PAGE of whole spirochetal lysates. Lane 1, molecular size stan-
dards; lane 2, reference strain B. burgdorferi B-31; lane 3, isolate MOD-1; lane 4,
isolate MOD-2; lane 5, isolate MOD-3; lane 6, isolate MOD-5; lane 7, isolate
MOD-6.

TABLE 1. Immunofluorescent reactivities of spirochetal isolates to monoclonal antibodies

State, isolate Tick speciesa

Immunofluorescent reactivity

OspA OspB
(H6831)

Borrelia genus
(H9724)

B. hermsii
(H9826)H3TS H5332

Missouri
MOD-1 I. dentatus (2 N) 2 2 2 1 2
MOD-2 I. dentatus (2 N) 2 2 2 1 2
MOD-3b I. dentatus (4 L) 2 2 2 1 2
MOD-5 I. dentatus (N) 2 1 1 1 2
MOD-6 A. americanum (L) 2 2 2 1 2

Georgia, BC-1 I. dentatus (N) 2 2 2 1 2

a N and L, nymphs and larvae, respectively.
b In one of three replicates, approximately 15% of spirochetes reacted strongly to monoclonal antibodies H5332, H3TS, and H6831.
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primer pair. The chromosomal target sequence (primers 147
and 520) was repeatedly amplified and detected in DNA from
isolate MOD-5 but not in DNAs from any of the other Mis-
souri isolates. Agarose gel electrophoresis of the PCR-ampli-
fied products of the B-31 reference strain and the five Missouri
isolates with primers 149-459 and 39-59 for the ospA gene,
primers 245-855 for the fla gene, and primers 147-520 for the
conserved chromosomal gene are illustrated in Fig. 2 to 5,
respectively. DNA from the B. burgdorferi B-31 reference
strain served as a positive control for PCR and yielded clearly
visible amplification products of the expected size, seen as
distinct bands after appropriate primers were used and after
gel electrophoretic analysis of the products. Negative control
reactions did not yield any amplified products.

DISCUSSION

The five spirochetal isolates reported here were collected
over a 2-year period from ticks feeding on different rabbits at
several locations on the same farm. Ticks feeding on other
vertebrate species at the farm were analyzed, but only ticks
from rabbits were infected with B. burgdorferi. Moreover, two
of the five isolates reported here were cultured from larval-
stage ticks. Since transovarial transmission of B. burgdorferi is
extremely rare (several references cited in reference 21), those
larvae almost certainly acquired the infections from the rab-
bits. We have fed uninfected I. dentatus ticks on naturally

infected cottontail rabbits from Missouri, and approximately
64% of them became infected. We have yet to complete the
laboratory cycle of transmission of B. burgdorferi back to an
uninfected cottontail rabbit, but attempts to do so will be made
in the future. Nevertheless, the spirochetes reported here are
almost certainly part of a local enzootic cycle involving B.
burgdorferi sensu lato, the cottontail rabbit, and I. dentatus.
Three of the isolates (MOD-1, MOD-2, and MOD-3) were
obtained in September 1993 from ticks collected in August
1993; in May there was a physician-diagnosed case of LD in a
member of the family who was living on the farm (17). In
August 1995, a second member of the family who lived 6 miles
from the farm also was diagnosed as having LD (16). Both of
these patients presented classic erythema migrans lesions and
other symptoms typical of LD (17). The time and geographic
sites of occurrence of the human cases of LD and the presence
of an enzootic cycle of the spirochete on the family farm
suggest a potential causal association. I. dentatus usually does
not bite humans, but recently, there was a report of I. dentatus
ticks attached to three humans in three different counties in
North Carolina (11). Moreover, a partially fed I. dentatus
nymph infected with a novel B. burgdorferi strain was removed
from a human in the northeastern United States (2). The
spirochetal isolate was similar to previous isolates from I. den-
tatus ticks feeding on rabbits in that area (1), and these isolates
are now recognized as belonging to genomic group 21038,
named Borrelia andersonii (15). The isolate from the I. dentatus
tick feeding on a human and 6 other novel B. burgdorferi
isolates from Ixodes scapularis ticks among the 99 isolates ex-

FIG. 2. Agarose gel electrophoresis of PCR products amplified with primers
for the 310-bp sequence of the B. burgdorferi ospA gene (primers 149 and 459).
Lane 1, DNA size standards; lane 2, B. burgdorferi genomic DNA (positive
control); lane 3, sterile distilled water (negative control); lane 4, the B. burgdorferi
B-31 reference strain; lane 5, isolate MOD-1; lane 6, isolate MOD-2; lane 7,
isolate MOD-3; lane 8, isolate MOD-5; lane 9, isolate MOD-6.

FIG. 3. PCR amplification of the entire ospA gene (primers 39 and 59) of
B. burgdorferi. The electrophoresed products in lanes 1 to 9 are identical to those
described in the legend to Fig. 2.

TABLE 2. Results of PCR assay of spirochetal isolates from Missouri and Georgia with six B. burgdorferi-specific primer pairs

Strain, date of isolation Tick

Reactivities of the indicated primer pairs with the following gene sequences:

ospA fla
(245-855)

Chromosomal
(147-520)788-946 149-319 149-459 39-59

MOD-1, September 1993 I. dentatus, two nymphs 1 1 1 1 1 2
MOD-2, September 1993 I. dentatus, two nymphs 2 1 1 1 1 2
MOD-3, September 1993 I. dentatus, four larvae 2 1 1 1 1 2
MOD-5, November 1994 I. dentatus, one nymph 1 1 1 1 1 1
MOD-6, October 1995 A. americanum, one larva 2 1 1 1 1 2
BC-1, February 1993 I. dentatus, one nymph 2 1 1 1 1 2
B-31, reference strain I. scapularis 1 1 1 1 1 1
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amined in the study reacted with sera from humans with early
or late LD. Clearly, novel borreliae occur in ticks feeding on
humans, and thus, at least some humans in the northeastern
United States are probably being exposed to borreliae other
than the classic B-31 type strains that have thus far been iso-
lated from humans. A similar situation may exist in Missouri.
Interestingly, the isolate from I. dentatus and the other six
novel B. burgdorferi isolates from I. scapularis apparently do
not infect C3H or white-footed mice when these rodents are
parenterally injected with the isolates (2). The infectivities of
the isolates from I. dentatus ticks or rabbits from New York,
Georgia, or Missouri for humans are unknown.

Several tick species feed on cottontail rabbits at the farm
where we conducted our investigations. Two of them (A. ameri-
canum and I. scapularis) commonly bite humans. Indeed, the
MOD-6 isolate was derived from an A. americanum larva feed-
ing on a rabbit, and this tick species is an avid biter of humans
(10). As noted, I. dentatus ticks sometimes bite humans, but
they would not be expected to commonly transmit B. burgdor-
feri to humans. However, I. scapularis or A. americanum ticks
might act as a “bridge” vector of Borrelia species from rabbits

to people in a manner similar to that of Ixodes pacificus, which
serves as a bridge vector of B. burgdorferi from kangaroo rats
(Dipodomys californicus) and dusky-footed wood rats (Neo-
toma fuscipes) to humans in California (7).

Several attempts to isolate spirochetes from biopsy speci-
mens of erythema migrans lesions on humans from Missouri
were unsuccessful when tissues were placed directly in BSK II
medium. Perhaps some of the B. burgdorferi strains that infect
humans in Missouri are so genetically different that their cul-
ture requirements are not met by the BSK medium. There also
is the possibility that a unique species that does not grow in
BSK medium is involved. A Borrelia species (Borrelia lonestarii)
found in A. americanum that does not grow in BSK medium
was recently recognized by molecular biology-based techniques
(5).

Analyses of the five spirochetal isolates characterized in this
paper indicate that they are B. burgdorferi sensu lato. Initial
comparisons among isolates from I. dentatus ticks from New
York (15), Georgia (20, 23), and Missouri (20) show consid-
erable genetic diversity. Indeed, there appears to be at least
two immunological groups (Table 1) and possibly three immu-
nological groups on the basis of the variability detected in the
MOD-3 culture. There are at least three genetic groups (Table
2). The isolate from I. dentatus from Georgia (BC-1) is similar
immunologically to MOD-1, MOD-2, MOD-3, and MOD-6
but is different from MOD-5. On the basis of PCR analysis, the
Georgia BC-1 isolate from I. dentatus is similar to MOD-2,
MOD-3, and MOD-6 but different from MOD-1 and MOD-5;
the last two are different from each other (Table 2). Further
analyses and comparisons of the isolates from I. dentatus from
Missouri, Georgia, and New York are under way.
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