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We have characterized 33 isolates of Borrelia burgdorferi from northern Illinois (32 isolates) and Wisconsin
(1 isolate) representing the largest series of midwestern isolates investigated to date. The techniques used for
molecular analysis of strains included (i) genospecies typing with species-specific PCR primers, (ii) plasmid
profiling by pulsed-field gel electrophoresis of total genomic DNA, (iii) large-restriction-fragment pattern
(LRFP) analysis by pulsed-field gel electrophoresis of MluI-digested genomic DNA (J. Belfaiza, D. Postic, E.
Bellenger, G. Baranton, and I. Saint Girons, J. Clin. Microbiol. 31:2873–2877, 1993), (iv) sodium dodecyl
sulfate-polyacrylamide gel electrophoresis of total proteins, (v) microsequencing of high-performance liquid
chromatography-purified peptides derived from proteins showing high levels of expression, (vi) amino acid
composition analysis of proteins, and (vii) immunological analysis of proteins with a polyclonal antiserum of
human origin. Five reference strains as well as two atypical tick isolates from California (DN127) and New
York (25015) were included for comparison. All of the Illinois and Wisconsin isolates were typed as B.
burgdorferi sensu stricto with genospecies-specific PCR primers. The isolates were found to be heterogeneous
with regard to their plasmid and protein profiles. One isolate from Illinois possessed two large-molecular-size
plasmids instead of the usual 49-kb plasmid. Fragment patterns resulting fromMluI digestion of genomic DNA
from the 33 isolates and strains DN127 and 25015 were separable into six distinct LRFPs, five of which have
not previously been described. Strain 25015 and an isolate from Illinois (CT39) shared an unusual LRFP that
is not typical of other B. burgdorferi sensu stricto strains, suggesting that they may represent a fifth species of
B. burgdorferi sensu lato. Five of the 33 isolates and strains DN127 and 25015 showed high-level expression of
proteins with molecular masses of approximately 22 kDa. Investigation of these proteins by microsequencing
of individual peptides and total amino acid composition analysis indicated that the 22-kDa proteins expressed
by the seven strains were polymorphic OspC proteins. By using a polyclonal serum of human origin, expression
of OspC could be detected in all 33 Illinois and Wisconsin isolates.

Lyme borreliosis is a multisystem disorder caused by spiro-
chetes of the genus Borrelia and transmitted by ixodid ticks.
The disease has a worldwide prevalence in temperate zones
that harbor the tick vector and is currently the leading tick-
borne infection in North America, Europe, and Asia. Initially
it was believed that Lyme borreliosis was caused by a single
Borrelia species, Borrelia burgdorferi (16, 25), although this is
now known not to be the case. In the United States, the three
main foci of Lyme borreliosis are the northeast (Massachusetts
through Pennsylvania), the northern Midwest (Minnesota and
Wisconsin), and the Pacific coast (California, Oregon, and
Washington) (47). Despite its proximity to the expanding mid-
western endemic focus of northwestern Wisconsin (19), Illinois
has not experienced an extensive history of Lyme borreliosis
and is not a region where the disease continually prevails.
Thus, it would not generally be considered an area of ende-
micity. However, the presence of Ixodes scapularis (formerly

Ixodes dammini) ticks in certain well-defined regions of the
state has been documented (14, 15), and it has further been
demonstrated that a proportion of the ticks in these areas are
infected with Borrelia spp. (18, 26, 38). Thus, Illinois may be
considered an area of focal endemicity for both the tick vector
and the Lyme borreliosis spirochete.
Early molecular investigations of North American and Eu-

ropean isolates of Borrelia spirochetes from both patients and
ixodid ticks focused upon their major protein antigens. These
investigations indicated that North American strains were
more homogeneous than their European counterparts (1, 6–9,
17, 49, 57, 58). Analysis of North American isolates by DNA-
DNA reassociation studies confirmed the high level of relat-
edness between strains (22, 23). However, when these tech-
niques were later applied to a collection of European isolates,
three genomic groups within the species B. burgdorferi could be
delineated. Two of these groups have now been accorded sep-
arate species status, and the three genospecies are referred to
as B. burgdorferi sensu stricto, Borrelia garinii, and Borrelia
afzelii (4, 37). The genetic investigations therefore supported
the phenotypic heterogeneity seen in the total protein profiles
of European strains. While B. burgdorferi sensu stricto has been
found on the North American, European, and Asian conti-
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nents, B. garinii and B. afzelii have thus far been isolated only
in Europe and Asia. Unclassified isolates of Borrelia spp. from
ixodid ticks or Lyme borreliosis patients have been termed B.
burgdorferi sensu lato (4).
Since northern Illinois has thus far been shown to be an area

of only focal endemicity, the following question arises: do
Borrelia spp. isolated from I. scapularis ticks in this region differ
in some important regard from isolates of B. burgdorferi sensu
lato derived from true regions of endemicity? We therefore
considered it of interest to investigate the extent of the genetic
and phenotypic diversity prevalent among spirochetes from
Illinois and to compare our unclassified midwestern isolates
with reference strains of B. burgdorferi sensu lato derived from
patients and ticks in the United States and Europe. Also,
although large numbers of isolates from the northeastern and
Pacific foci have been investigated in detail, an extensive series
of isolates from the Midwest has not previously been charac-
terized.
One of the earliest and most important observations con-

cerning the differences between North American and Euro-
pean isolates was the perception that nearly 50% of European
strains expressed a major 22-kDa protein, termed pC (later
OspC), whereas proteins of this size were only rarely detected
in North American isolates (58, 59). During the course of our
molecular characterization of the midwestern isolates we no-
ticed that several strains possessed prominent proteins of ap-
proximately 22 kDa, as determined by examination of their
total protein profiles by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). Recently, the deduced amino
acid sequences of OspC (21, 24, 50, 56) and partial amino acid
sequences of several other 22-kDa proteins (30, 31, 33, 53)
from B. burgdorferi sensu lato isolates have been published. We
therefore considered it worthwhile to characterize the promi-
nent 22-kDa proteins from these strains and to compare their
amino acid sequences with published sequences. We also in-
cluded in these investigations two other North American iso-
lates with prominent 22-kDa proteins. These strains were from
California (DN127) and New York (25015). Since it has been
shown that ospC is present as a cryptic gene in almost all
strains of B. burgdorferi sensu lato, even when it is not ex-
pressed (36), we chose to investigate our midwestern isolates
by amino acid sequencing and composition analysis rather than
by cloning and determination of nucleic acid sequences.

MATERIALS AND METHODS

Collection of ticks, trapping of rodents, and isolation of spirochetes. Adult
and nymph I. scapularis ticks were collected from vegetation with cloth drags (15)
and preserved in collection tubes containing moist filter paper. For the isolation
of Borrelia spp., ticks were immersed in 70% ethanol for 2 to 5 min to reduce
surface bacterial contamination and placed on a clean glass slide and the midguts
were removed with two sterile 18-gauge needles. The midguts were then placed
in BSK II medium (modified as described below) containing rifampin (40 mg/ml)
and ciprofloxacin (0.4 mg/ml) (11). Peromyscus leucopus mice were collected in
baited traps (H. B. Sherman Traps, Inc., Tallahassee, Fla.), and 2-mm ear-punch
tissue specimens were removed and placed in the same medium. Cultures were
incubated at 338C and checked periodically for the growth of spirochetes.
Bacterial strains and growth conditions. The B. burgdorferi sensu lato isolates

used in this study are listed in Table 1. All strains were grown in BSK II medium
(5) modified by the addition of L-cysteine (1 mM) and dithiothreitol (1 mM) (2).
All cultures were incubated at 338C. Isolates from Illinois and Wisconsin were all
low-passage strains (fewer than five passages in artificial growth medium). The
seven reference strains have undergone an unknown number of passages.
Genospecies typing. Previously described, species-specific PCR primers were

used to test tick and mouse isolates. These primers were designed to differentiate
B. burgdorferi sensu lato into the three separate genospecies B. burgdorferi sensu
stricto, B. garinii, and B. afzelii (27).
PFGE and digestion of DNA in agarose. Preparation of large-molecular-size

genomic DNA and pulsed-field gel electrophoresis (PFGE) were performed as
described previously (20). A contour-clamped homogeneous electric field
pulsed-field apparatus (CHEF-DRII; Bio-Rad Laboratories, Richmond, Calif.)

was used for all separations. For the separation of undigested genomic DNA,
pulse times were ramped from 1 to 6 s for 24 h at 200 V, and for the separation
ofMluI-digested DNA, pulse times were ramped from 5 to 35 s for the same time
period. Agarose (1%) gels were used for both types of separation.
Restriction endonuclease MluI was purchased from New England Biolabs

(Beverly, Mass.) and used according to the manufacturer’s instructions. Genomic
DNA, in low-melting-temperature agarose plugs (0.8%), was digested with 40 U
of MluI in a total volume of 200 ml of digestion buffer for 24 h at 378C. The l
concatamers used as size markers for Fig. 1 and 2 were purchased from FMC
Bioproducts Corp. The monomer size of these markers is 48.5 kb, resulting in
bands of the following approximate sizes: 49, 97, 146, 194, 243, 291, 340, 388, 437,
and 485 kb. The large-molecular-size markers used for Fig. 1 and 2 were pur-
chased from Gibco-BRL Life Technologies, Inc., Gaithersburg, Md., and pro-
duce bands of the following sizes: 8.3, 8.6, 10.1, 12.2, 15.0, 17.1, 19.4, 22.6, 24.8,
29.9, 33.5, 38.4, and 48.5 kb.
Large restriction fragment patterns (LRFPs). In describing unique MluI-

PFGE profiles, we have followed the definition and nomenclature previously
devised by Belfaiza et al. (10) for bands greater than 70 kb in size.
SDS-PAGE and preparation of total cellular proteins. B. burgdorferi sensu lato

strains were grown in modified BSK II medium as described above, harvested by
centrifugation, and washed three times in phosphate-buffered saline. Approxi-
mately 108 cells were boiled for 5 min in a sample buffer containing 2% SDS,
0.125 M Tris (pH 6.8), 10% glycerol, 1% 2-mercaptoethanol, and 0.02% pyronin
Y tracking dye and were applied to the gel in various volumes (up to 20 ml).
Separation of B. burgdorferi sensu lato polypeptides was performed with a Bio-
Rad mini-Protean II apparatus with a Laemmli discontinuous buffer system (29),
a 12.5% separating gel (pH 8.8), and a 4.5% stacking gel (pH 6.8). Low-range
molecular mass markers (containing polypeptides of 14.4, 21.5, 31, 45, 66.2, and
97.4 kDa) and prestained molecular mass markers for immunoblots (containing
polypeptides of 20.7, 28.6, 33.3, 47.8, 86.8 and 139.9 kDa) were obtained from
Bio-Rad Laboratories, Inc.
Immunoblot analysis. Proteins separated by SDS-PAGE were transferred to

nitrocellulose and incubated with patient serum by a modification of the method
described by Towbin et al. (51). Prestained molecular mass markers were used
(Bio-Rad Laboratories, Inc.). Transfer of proteins to nitrocellulose was per-
formed with a Bio-Rad semidry apparatus and CAPS buffer, pH 10.5 (10 mM
cyclohexylaminopropane sulfonic acid, 0.05% dithiothreitol, 15% methanol).
Transfer was carried out for 30 min at 15 V. Nonspecific binding to membranes
was blocked by incubation overnight at 258C in TBST buffer (10 mM Tris-HCl
[pH 8.0], 150 mM NaCl, 0.1% Tween 20) containing 5% nonfat dried milk
(BLOTTO). Blots were washed three times with TBST and then incubated for 1
h at 258C with patient sera (1:100 in TBST–5% BLOTTO). The blots were then
washed four times with TBST and incubated with rabbit anti-human m-chain
antibody conjugated to alkaline phosphatase (Dako Corporation, Carpinteria,
Calif.). Finally, the blots were washed four times in TBST before the addition of
substrate (nitroblue tetrazolium-BCIP [5-bromo-4-chloro-3-indolylphosphate
toluidinium salt]). The patient serum used in these experiments possessed a
high-level immunoglobulin M (IgM) antibody titer that appeared to be directed
almost exclusively against a 22-kDa protein of the patient’s autologous B. afzelii
isolate. The serum also reacted strongly with the prominent 22-kDa proteins
from seven isolates investigated by microsequencing that were shown to be
homologs of OspC.
Transfer of protein bands to nitrocellulose membranes and digestion with

trypsin. After SDS-PAGE, samples were transferred to nitrocellulose mem-
branes with a Bio-Rad semidry apparatus and CAPS buffer, pH 10.5. Transfer
was carried out for 30 min at 15 V. After transfer, membranes were stained with
0.1% Ponceau S in 1% aqueous acetic acid for 1 min with gentle agitation;
staining was followed by incubation in 1% acetic acid for 1 min. Protein bands of
interest were excised with a new, unused razor blade, and the fragments of
membranes containing the protein were destained in 0.2 mM sodium hydroxide
for 1 min with vortexing. Membrane fragments were then blocked with 0.5%
polyvinylpyrrolidone 40 in 0.1 M acetic acid for 30 min at room temperature with
gentle agitation. The membrane fragments were washed five times in distilled
water and cut into 1- to 2-mm pieces. These smaller membrane fragments were
then incubated with 10% trypsin in 0.1 M Tris-HCl [pH 8.0]–1 mM calcium
chloride–10% (vol/vol) acetonitrile at room temperature for 16 h. After diges-
tion, the membrane fragments were pelleted by centrifugation and the superna-
tant was collected for separation of peptides by high-performance liquid chro-
matography (HPLC).
HPLC separation of peptides.HPLC separation was carried out with a Perkin-

Elmer (Norwalk, Conn.) series 410 HPLC system fitted with a Rainin Instru-
ments (Woburn, Mass.) reversed-phase C18 column (1 by 30 cm). Buffer A was
5% acetonitrile–0.1% trifluoroacetic acid in distilled water. Buffer B was 70%
acetonitrile–0.085% trifluoroacetic acid in distilled water. The column was equil-
ibrated with 95% buffer A–5% buffer B. For the separation of peptides, a flow
rate of 2 ml/min was used. The column gradients used were 5% buffer B to 50%
buffer B within 40 min, 50% buffer B to 100% buffer B within 5 min, 100% buffer
B held for 15 min, and finally to 95% buffer B within 2 min. Elution at 215 nm
was detected with a Perkin-Elmer model LC90 UV spectrophotometric detector
and flatbed chart recorder. Peptides were collected and concentrated in a Speed-
vac concentrator (Savant Instruments, Farmingdale, N.Y.) for microsequencing.
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Microsequencing of isolated peptides. Peptide sequence analysis was per-
formed with a model 473A pulsed-liquid protein sequencer (Applied Biosystems,
Inc., Foster City, Calif.). All tryptic fragments were applied to trifluoroacetic
acid-treated glass fiber filters which had been pretreated with 3 mg of Biobrene
Plus (Polybrene) and subjected to three ‘‘filcon’’ (filter conditioning) cycles on
the sequencer. This procedure was performed to enhance sample attachment to
the filter and to prevent sample washout during the initial Edman degradation
sequencing cycles.
Transfer of proteins to PVDF membranes and determination of amino acid

composition. Samples were transferred to polyvinylidene difluoride (PVDF)
membranes with the apparatus and buffers described above for transfer to ni-
trocellulose. PVDF membranes were wetted in 100% methanol and then soaked
in transfer buffer before being placed on the PAGE gel. After transfer, the
membranes were stained with 0.25% Coomassie brilliant blue in 25% isopropa-
nol–10% glacial acetic acid for 5 min with gentle agitation; staining was followed
by destaining (three times for 5 min each time) in 40% methanol–10% acetic
acid. Protein bands of interest were excised with an unused razor blade, and the
fragments of membranes containing the protein were used for composition
analysis.
Amino acid analysis was performed on a Beckman (Palo Alto, Calif.) model

121M amino acid analyzer by using postcolumn ninhydrin-dimethyl sulfoxide
detection at both 440- and 570-nm wavelengths with a 690-nm reference wave-
length. The 570-nm wavelength was used to identify and quantify all primary
amino acids, and the 440-nm wavelength was used to identify and quantify

secondary amino acids. Before analysis, samples were subjected to a 24-h acid
hydrolysis at 1208C with 6 N hydrochloric acid (double distilled constant boiling
with 0.001 M phenol and mercaptoethanol protection). Samples were then dried
in a Speedvac concentrator (Savant Instruments) and taken up in 0.15 M lithium
citrate buffer (pH 2.2) before being loaded onto the amino acid analyzer. The
resulting chromatogram was calculated to generate both moles percent and
number-of-residues compositional data based on the molecular masses of the
samples. No alkaline hydrolysis was performed to determine the tryptophane
content of the sample.

RESULTS

The techniques that we chose to employ for the molecular
characterization of strains included (i) genospecies typing with
PCR primers designed to differentiate B. burgdorferi sensu
stricto, B. garinii, and B. afzelii; (ii) PFGE of total genomic
DNA to determine plasmid profiles; and (iii) SDS-PAGE to
determine the protein profiles of strains. We also found that
digestion of total genomic DNA with the restriction enzyme
MluI and separation of the resulting fragments by PFGE could
be used to differentiate isolates (and reference strains) into

TABLE 1. Borrelia species and strains

Species Strain designation LRFP Biological origin Geographic location

B. burgdorferi B31 (ATCC 35210) MLb1 Tick (I. scapularis) New York
297 (ATCC 53899) MLb2 CSF United States

B. garinii 20047 MLg1 Tick (I. ricinus) France
PBi MLg2 CSF Germany

B. afzelii PGau MLa1 Skin (ACAa) Germany
SL-77 MLa1 Skin (EMb) Slovenia

B. burgdorferi DN127 MLb14 Tick (I. pacificus) Northern California
25015 MLx Tick (I. scapularis) New York
CT39 MLx Mouse (P. leucopus) NEc Illinois
Og3 MLb2 Tick (I. scapularis) NWd Illinois
Og7 MLb12 Tick (I. scapularis) NW Illinois
Og16 MLb2 Tick (I. scapularis) NW Illinois
Og19 MLb2 Tick (I. scapularis) NW Illinois
Og21 MLb13 Tick (I. scapularis) NW Illinois
Og22 MLb11 Tick (I. scapularis) NW Illinois
Og25 MLb13 Tick (I. scapularis) NW Illinois
Og27 MLb2 Tick (I. scapularis) NW Illinois
Og28 MLb2 Tick (I. scapularis) NW Illinois
Og30 MLb2 Tick (I. scapularis) NW Illinois
Og31 MLb2 Tick (I. scapularis) NW Illinois
Og32 MLb2 Tick (I. scapularis) NW Illinois
Og34 MLb11 Tick (I. scapularis) NW Illinois
Og36 MLb2 Tick (I. scapularis) NW Illinois
Og38 MLb2 Tick (I. scapularis) NW Illinois
OgJA MLb2 Tick (I. scapularis) NW Illinois
CR7 MLb2 Tick (I. scapularis) NW Illinois
CR17 MLb2 Mouse (P. leucopus) NW Illinois
CR19 MLb13 Mouse (P. leucopus) NW Illinois
CR23 MLb2 Mouse (P. leucopus) NW Illinois
CR24 MLb2 Mouse (P. leucopus) NW Illinois
CR25 MLb2 Mouse (P. leucopus) NW Illinois
CR35 MLb2 Mouse (P. leucopus) NW Illinois
CR49 MLb2 Mouse (P. leucopus) NW Illinois
CR57 MLb2 Mouse (P. leucopus) NW Illinois
LT1 MLb2 Tick (I. scapularis) NW Illinois
LT4 MLb12 Tick (I. scapularis) NW Illinois
LT6 MLb13 Tick (I. scapularis) NW Illinois
65468 MLb2 Tick (I. scapularis) NW Illinois
114236 MLb2 Tick (I. scapularis) NW Illinois
IS17 MLb12 Mouse (P. leucopus) Wisconsin
LT13 MLb2 Tick (I. scapularis) NW Illinois

a ACA, acrodermatitis chronica atrophicans.
b EM, erythema migrans.
c NE, northeast.
d NW, northwest.

2306 PICKEN ET AL. J. CLIN. MICROBIOL.



distinct classes. In the course of this work, similar findings were
published by Belfaiza et al. (10). We have therefore retained
their definitions and nomenclature for the classification of
MluI digestion patterns (LRFPs).
We used these techniques to investigate 32 unclassified iso-

lates of Borrelia spp. from Illinois derived from either ticks (I.
scapularis) or white-footed mice (Peromyscus leucopus) and
one isolate from a white-footed mouse captured in Wisconsin.
For comparison, we included seven well-characterized strains
of B. burgdorferi sensu lato. These were B31 (B. burgdorferi
sensu stricto, type strain [ATCC 35210]), 297 (B. burgdorferi
sensu stricto, North American cerebrospinal fluid [CSF] isolate
[ATCC 53899]), 20047 (B. garinii type strain), PBi (B. garinii),
PGau (B. afzelii), and two tick isolates from California
(DN127) and New York (25015) that had previously been
observed to possess atypical protein profiles (3, 12). In the
course of this molecular characterization, it was noticed that
four of the Illinois isolates, the Wisconsin isolate, and strains
DN127 and 25015 (as reported previously [3, 12]) possessed
prominent protein bands with molecular masses of approxi-

mately 22 kDa. We therefore decided to investigate these pro-
teins in greater detail using (i) microsequencing of HPLC-
purified peptides derived from the proteins, (ii) amino acid
composition analysis of the proteins, and (iii) Western blot
(immunoblot) analysis with a polyclonal antiserum against
OspC derived from a European patient with culture-confirmed
Lyme borreliosis.
Genospecies typing and plasmid profiles. Investigation of

the 33 isolates with genospecies-specific PCR primers (27)
indicated that all of the strains belonged to the species B.
burgdorferi sensu stricto. PFGE analysis of the total genomic
complement of the isolates showed that they were heteroge-
neous with regard to their plasmid profiles (Figures 1A and
2A). Among the 33 strains, we could identify eight distinct
DNA bands with various intensities representing plasmids of
different molecular sizes. Open circular forms of two of the
plasmids were apparent in some gels, indicating that at least
two of the plasmids were supercoiled and not linear. We noted
that the largest of the linear plasmids from the European
isolates of B. garinii (20047 and PBi) and B. afzelii (PGau)

FIG. 1. Genetic characterization of B. burgdorferi isolates from ticks and small animals collected in Illinois in comparison to some reference strains. Strain
designations are shown above their respective lanes. (A) PFGE separation of the total genomic complement of the B. burgdorferi isolates. Lanes M, DNA molecular
size markers of 8.3, 8.6, 10.1, 12.2, 15.0, 17.1, 19.4, 22.6, 24.8, 29.9, 33.5, 38.4, and 48.5 kb. Chr., position of the 950-kb chromosome. LLP, position of the largest linear
plasmid. The diffuse band of DNA between the chromosome and the largest linear plasmid represents randomly sheared, chromosomal breakdown products. (B) PFGE
separation of restriction enzyme MluI digests of total genomic DNA from the B. burgdorferi isolates. Lanes M contain DNA molecular size markers. The small-
molecular-size markers are as listed in panel A; the larger-molecular-size markers are concatamers of bacteriophage l resulting in bands of the approximate sizes shown.
The diffuse band of DNA corresponding in size to ;243 kb represents randomly sheared, chromosomal breakdown products.
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appeared to have slightly larger molecular sizes than the larg-
est, linear plasmid (49 kb) of strains B31 and 297 and the
Illinois and Wisconsin isolates (Fig. 1A). This fact has been
commented upon previously (45). One Illinois isolate (CR19)
possessed, instead of the typical 49-kb linear plasmid, two very
much larger plasmids with undetermined molecular sizes
(.150 kb). These appear as a doublet in the pulsed-field gel of
Fig. 2A, immediately below the chromosome.
Identification of distinct LRFPs and determination of frag-

ment sizes. Investigation of the 33 Illinois and Wisconsin iso-
lates and 7 reference strains by MluI digestion of genomic
DNA and separation of the fragments by PFGE revealed a
number of distinct patterns, or LRFPs, some of which have
been described previously (10). The sizes of fragments ob-
tained were determined by comparison to l standards. The
results from measuring the bands of the Illinois and Wisconsin
strains and of the 7 reference strains are shown in Table 2.
PFGE separation of MluI digestion fragments showed that

22 of the 33 Illinois and Wisconsin isolates had LRFPs that
were identical to that of strain 297, a North American CSF

isolate. This LRFP was designated MLb2 by Belfaiza et al.
(10). The 11 other Illinois and Wisconsin strains did not have
MluI digestion profiles that matched any of the nine other
LRFPs previously described by these authors (MLb1 and
MLb3 to MLb10). The 11 isolates were divisible into three
groups, each with a new LRFP. We therefore propose the
designations MLb11 (strains Og22 and Og34), MLb12 (strains
Og7, LT4, and IS17 [Wisconsin]), and MLb13 (strains Og21,
Og25, CR19, and LT6) for the new LRFPs found among these
strains. One isolate, LT1, was found to have an LRFP that was
a composite of MLb2 and MLb13. Presumably the I. scapularis
tick from which this isolate was derived must have been in-
fected with two different strains of B. burgdorferi. We also
found that strain DN127 possessed a hitherto-undescribed
LRFP; we propose the designation MLb14 for this. Its LRFP
was characterized by the 140-kb fragment that has thus far
been found in the LRFPs of all B. burgdorferi sensu stricto
isolates examined to date (reference 10 and this study).
One Illinois isolate, CT39 (described elsewhere as Illinois 1

[34–36]), shared a new and unusual LRFP with strain 25015.

FIG. 2. Genetic characterization of 20 additional B. burgdorferi isolates from ticks and small animals collected in Illinois and Wisconsin (strain IS17). Strain
designations are shown above their respective lanes. (A) PFGE separation of the total genomic complements of the B. burgdorferi isolates. Lanes M, DNA molecular
size markers of 8.3, 8.6, 10.1, 12.2, 15.0, 17.1, 19.4, 22.6, 24.8, 29.9, 33.5, 38.4, and 48.5 kb. Chr., position of the 950-kb chromosome. LLP, position of the largest linear
plasmid. The diffuse band of DNA between the chromosome and the largest linear plasmid represents randomly sheared, chromosomal breakdown products. (B) PFGE
separation of restriction enzyme MluI digests of total genomic DNA from the B. burgdorferi isolates. Lanes M contain DNA molecular size markers. The small-
molecular-size markers are as listed in panel A; the larger-molecular-size markers are concatamers of bacteriophage l resulting in bands of the sizes shown. The diffuse
band of DNA corresponding in size to ;243 kb represents randomly sheared, chromosomal breakdown products.
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Their LRFPs were very similar to the MLa1 LRFP of B. afzelii
PGau. Thus, both LRFPs were characterized by three frag-
ments. However, for strain PGau we measured these to be 440,
320, and 90 kb, and for strains CT39 and 25015 we measured
these to be 440, 300, and 100 kb. Both CT39 and 25015 lacked
the 140-kb fragment mentioned above in connection with
strain DN127.
SDS-PAGE of total proteins.All 33 isolates were found to be

very similar with regard to the size and level of expression of
their higher-molecular-mass proteins (.41 kDa) (Fig. 3A and
4A). With the exception of strains CT39 and Og38, all of the
isolates also possessed proteins of 41, 39, 34, and 31 kDa.
Polypeptides of this size are consistent with the flagellin (52),
P-39 (48), OspB (4, 55), and OspA (4, 55) proteins, respec-
tively; OspB and OspA proteins of this size are also typical for
B. burgdorferi sensu stricto. Strain CT39 (like strain 25015)
possessed higher-molecular-mass OspA and OspB proteins
that are similar in size to those of B. afzelii PGau. The levels of
expression of the 41-, 39-, and 31-kDa proteins were very
similar for all of the Illinois and Wisconsin isolates (Fig. 3A
and 4A). There was apparent variability, however, in the level
of expression of the 34-kDa protein: strain Og38 appeared to
lack a 34-kDa protein entirely, whereas strains Og36, CR7,
CR23, CR24, CR25, CR35, CR57, LT1, LT4, LT6, 65468, and
114236 possessed prominent bands of this size. As noted pre-
viously for these isolates (3, 12), strain 25015 possessed higher-
molecular-mass OspA and OspB proteins of 32.5 and 35.5 kDa
and DN127 appeared to lack OspA and OspB proteins en-
tirely.
The 33 isolates were heterogeneous with regard to the size

and level of expression of lower-molecular-mass proteins. Five
of the Illinois and Wisconsin isolates possessed a prominent
protein of approximately 22 kDa, as did strains 25015 and
DN127. However, the levels of expression of these proteins
varied. Strains DN127, 25015, CT39, and CR17 showed high-
level expression (Fig. 3A and 4A), whereas strains LT4, Og19,
and IS17 showed lower levels of expression. We considered it
worthwhile to investigate these proteins in more detail to see if
they were related to the OspC protein (21, 24, 50, 56) or other
22-kDa proteins of B. burgdorferi sensu lato that have recently
been described (30, 31, 33, 53). Protein bands, separated by
SDS-PAGE, were therefore transferred to nitrocellulose and
PVDF membranes and investigated further by microsequenc-
ing and amino acid composition analysis.
HPLC separation and microsequencing of peptides derived

from the 22-kDa proteins. As reported previously for similar
attempts to microsequence the OspC protein of B. afzelii PKo

(21) and the p23 protein of B. burgdorferi 2591 (40), we found
the 22-kDa proteins from the seven strains to be N-terminally
blocked. We therefore transferred the protein bands to nitro-
cellulose membranes, excised the proteins of interest, and di-
gested them with trypsin to release individual peptide frag-
ments as described in Materials and Methods. Peptide
fragments were then separated by HPLC, and individual, well-
separated peaks were microsequenced as described in Materi-
als and Methods. Seventeen of 20 HPLC peaks sequenced
produced readable amino acid sequences.
The peptide sequences obtained from microsequencing ex-

periments are shown in Fig. 5 in relation to the published,
deduced amino acid sequences of OspC from the European
strain PKo and the North American strain 2591 (21, 40). Di-
gestion with trypsin breaks the amino acid chain at lysine and
arginine residues. It may be seen from Fig. 5 that the majority
of the peptide sequences obtained begin and end at lysine
residues. For some peptides, the yield from microsequencing
of the last few residues was insufficient for an unambiguous
determination of their identities to be made. Since samples
were not subjected to modification reactions designed to pro-
duce pyridyl ethyl cysteine residues, the microsequencing pro-
cedure was not able to distinguish cysteine. These residues
therefore appear as blanks in the sequences obtained. Thus,
the first residue of the DN127 peptide ?SDDFTK, shown in
Fig. 5, is most probably a cysteine, as in the sequences of
strains PKo and 2591. All of the peptide sequences obtained
possessed considerable overall sequence identity with OspC
but also contained amino acid substitutions in certain positions
(Fig. 5).
Amino acid composition analysis of the 22-kDa proteins.

Sequence analysis of peptides from the seven isolates investi-
gated showed that these strains expressed polymorphic OspC
proteins. However, since only a few peptide sequences from
each strain were obtained, we performed amino acid compo-
sition analysis of intact 22-kDa proteins from the isolates in
order to gain a better understanding of their overall level of
sequence identity. The results of these analyses are presented
in Table 3 in comparison to the deduced amino acid compo-
sition of strain PKo (21).
Immunoblot analysis. SDS-PAGE of the 40 strains investi-

gated in this study identified 7 isolates that showed high-level
expression of 22-kDa proteins. Microsequencing experiments
demonstrated that these proteins were homologs of OspC.
Close scrutiny of the SDS-PAGE gels shown in Fig. 3A and 4A
revealed that faint bands with approximately the same molec-
ular masses were visible in the protein profiles of 38 of the 40

TABLE 2. Sizes of bands obtained by MluI digestion of DNA from Illinois B. burgdorferi isolates

LRFP Isolate(s)
Presence of band with the following size (kb):

440 410 390 320 300 290 260 220 210 160 140 110 100 90 80 70

MLb1 B31 1 1 1
MLb2 297 (ATCC 53899), Ill. group 1 (22 isolates) 1 1 1 1
MLb11 Ill. group 2 isolates Og22 and Og34 1 1 1
MLb12 Ill. group 3 isolates Og7, LT4, and IS17 1 1 1 1
MLb13 Ill. group 4 isolates Og21, Og25, CR19, and LT6 1 1 1 1
MLb14 DN127 1 1 1 1 1

MLx 25015 and CT39 1 1 1

MLg1 20047 1 1 1 1
MLg2 PBi 1 1 1 1

MLa1 PGau 1 1 1
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isolates. We therefore investigated all 40 strains using more-
sensitive immunoblotting techniques that would be able to
demonstrate low-level expression of OspC. For this we used a
polyclonal serum of human origin that showed a strong, al-
most-exclusive IgM reactivity with the 22-kDa proteins from
the seven isolates investigated by microsequencing and shown
to be homologs of OspC.
The results of this Western blot evaluation are shown in Fig.

3B and 4B. The patient’s autologous isolate (strain SL-77) has
also been included on these blots as a control. It can be seen
from this that the serum reacted almost exclusively with a
22-kDa protein of strain SL-77 and had less reactivity with a
41-kDa protein. It can also be seen from Fig. 3B and 4B that
the serum reacted strongly with the OspC proteins of strains
DN127, 25015, CT39, Og19, CR17, LT4, and IS17. All 33
Illinois and Wisconsin isolates investigated showed some mea-
sure of reactivity with the SL-77 serum. Some of the reference
strains showed very weak or no reactivity. Thus, all of the
midwestern isolates expressed OspC, although the levels of
expression and molecular masses of the proteins appeared to
be variable. Two Illinois strains, Og16 and Og34, showed the

presence of two bands with very similar molecular masses that
reacted with the serum. Strain Og38, which appeared to lack a
34-kDa protein entirely, also showed a very weak reactivity
with the SL-77 serum. Strains Og21, Og22, and Og25 appeared
to possess OspC proteins with lower molecular masses.

DISCUSSION

We have carried out a molecular analysis of 33 unclassified
Borrelia spp. isolated from I. scapularis ticks and white-footed
mice collected within Illinois (32 isolates) and Wisconsin (1
isolate) during 1990 and 1992. To our knowledge, this repre-
sents the largest collection of midwestern strains that have
been characterized to date. Typing with genospecies-specific
PCR primers indicated that all of the strains belonged to the
species B. burgdorferi sensu stricto. However, although the
isolates were obtained from a relatively small geographic re-
gion, they were found to be genetically and phenotypically
diverse. The isolates were heterogeneous with regard to their
protein profiles and plasmid profiles and to the physical maps
of their linear chromosomes as evidenced by MluI LRFPs.

FIG. 3. Protein profiles and antigenic characterization of the B. burgdorferi isolates and reference strains in Fig. 1. Strain designations are shown above their
respective lanes. (A) Denaturing PAGE of total proteins from the B. burgdorferi sensu lato strains. Lanes M contain molecular mass markers of the sizes shown. (B)
Immunoblot analysis of the strains in panel A with sera from a European Lyme borreliosis patient with a high-level antibody titer against an abundant 22-kDa protein
of the patient’s autologous B. afzelii isolate (strain SL-77). The first lane in each gel contains total proteins from strain SL-77 as a control and shows the antibody
response to the patient’s autologous isolate. This lane has been moved from the right side to the left side of the gel in order to align the strains in the SDS-PAGE gel
and immunoblot. Lanes M contain prestained molecular mass markers of the sizes shown.
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With the exception of the largest linear plasmid, which ap-
proximated in size that of strain B31 in all but one of the
Illinois and Wisconsin isolates, the plasmid profiles of these
low-passage strains were widely variable. In aggregate, we were
able to identify at least eight plasmids with different molecular
sizes among the 33 isolates, of which at least two were super-
coiled. All of the strains contained a variable subset of this
plasmid array. These variations were not related to the biolog-
ical origin of the strains (i.e., isolation from P. leucopus versus
I. scapularis ticks) and showed no correlation with other mo-
lecular characteristics such as protein profiles or LRFPs. We
therefore concluded that plasmid profiles were not a meaning-
ful basis on which to classify strains. One isolate from Illinois
(CR19) was very unusual in that it possessed, instead of the
typical largest, linear plasmid of 49 kb, two plasmids with very
similar, but very much larger, molecular sizes. At this time, it is
not known whether these plasmids are linear or supercoiled. In
pulsed-field gels they migrate with a relative mobility less than
that of the 146-kb l molecular size standard (unpublished
data). We therefore conclude that they are at least 146 kb or
greater in size. However, the molecular sizes of neither super-
coiled nor linear plasmids can be assessed by comparison with

linear molecular size standards (39). Thus, regardless of their
conformation, we were not able to obtain an accurate assess-
ment of the sizes of the plasmids from the gel shown in Fig. 2A.
In carrying out LRFP analysis of the isolates, we found

certain differences between our results and those of Belfaiza et
al. (10). Most of these were minor differences arising from the
difficulty in making precise measurements from pulsed-field
gels. For example, the latter authors described a fragment of
135 kb that was present in the LRFPs of all B. burgdorferi sensu
stricto strains (MLb1 to MLb10) and which they therefore
inferred to be diagnostic of the species. We determined the
size of this fragment to be 140 kb and refer to it as such. They
also described a fragment of 145 kb that was present in all MLb
LRFPs except MLb6, MLb7, and MLb9. Although the overall
patterns of the fragments for LRFPs MLb1 and MLb2 were
the same in our gels as in the study by Belfaiza et al. (10), we
measured this particular fragment as 160 kb. The PFGE-MluI
profiles of strains B31 (MLb1) and 297 (MLb2) in Fig. 1B
demonstrate that the fragment referred to migrates above the
third l marker of 146 kb. Therefore, we conclude that the size
of this fragment more closely approximates 160 than 145 kb.
LRFP analysis of the 33 strains revealed that all except one

FIG. 4. Protein profiles and antigenic characterization of the B. burgdorferi isolates shown in Fig. 2. Strain designations are as shown above their respective lanes.
(A) Denaturing PAGE of total proteins from the B. burgdorferi isolates. Lanes M contain molecular mass markers of the sizes shown. (B) Immunoblot analysis of the
strains in panel A with sera from a European Lyme borreliosis patient with a high-level antibody titer against an abundant 22-kDa protein of the patient’s autologous
B. afzelii isolate (SL-77). Lanes M contain prestained molecular mass markers of the sizes shown. The last lane in each gel contains total proteins from strain SL-77
as a control and shows the antibody response to the patient’s autologous isolate.

VOL. 33, 1995 CHARACTERIZATION OF B. BURGDORFERI FROM ILLINOIS 2311



of the Illinois and Wisconsin isolates (strain CT39) were found
to have four distinct LRFPs, of which three have not previously
been described. This latter finding was surprising considering
the small geographic area from which the ticks and mice were
collected and the fact that Belfaiza et al. (10) have already
examined a sizable collection of B. burgdorferi sensu stricto
isolates from both North America and Europe. It is notewor-
thy, however, that all three of the new midwestern LRFPs
possessed the 140-kb fragment, which the latter authors con-
sidered typical of B. burgdorferi sensu stricto. Twenty-two of
the 33 isolates had the same LRFP as strain 297, a North
American CSF isolate. This finding indicates that the 22 Illi-
nois isolates are genetically related to strain 297 with regard to
the physical maps of their chromosomes. It remains to be seen
if determination of genetic relatedness through LRFP typing
will serve to identify B. burgdorferi sensu stricto isolates with
equivalent pathogenic potential. If LRFPs can be taken as an
accurate predictor of pathogenicity, these findings presumably
indicate that the majority of the isolates obtained from ticks
and mice in northern Illinois are potentially infectious for
humans, although the incidence of overt Lyme borreliosis in

FIG. 5. Data from microsequencing of individual peptides derived from the prominent 22-kDa proteins of strains DN127 and 25015; the Illinois isolates CT39,
Og19, CR17, and LT4; and theWisconsin isolate IS17. Amino acid sequences are shown in comparison to the published OspC sequences of strains PKo (from Germany)
and 2591 (from the United States).

TABLE 3. Composition analysis of OspC proteins
from Illinois isolates

Amino
acid

No. of residues/strain:

PKoa DN127 25015 CT39 Og19 CR17 LT4 IS17

Ala 26 35 16 19 25 29 33 32
Arg 0 0 1 0 1 1 0 1
Asx 26 8 10 10 4 5 6 5
Cys 2 0 0 0 0 0 0 0
Glx 20 39 30 43 29 29 33 32
Gly 12 19 18 11 14 17 18 15
His 3 2 3 3 7 2 2 2
Ile 11 14 19 22 25 18 15 16
Leu 26 33 29 38 44 37 33 34
Lys 29 18 19 17 15 20 17 19
Met 2 0 2 1 1 1 0 1
Phe 6 2 10 10 11 4 4 6
Pro 5 11 14 9 3 6 8 8
Ser 18 5 5 0 2 9 11 8
Thr 16 11 9 4 6 12 10 8
Tyr 1 1 6 7 6 2 2 3
Val 9 16 19 17 20 19 21 22

a Data taken from Fuchs et al. (21).
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this region is very low. In 1992, we studied the infection rate
among ticks at a site in Ogle County in northwestern Illinois
using both culture and PCR for detection of spirochetes. The
infection rates that we found were 37.5% by culture and 39.5%
by PCR (unpublished data). These figures were derived from
two independent determinations, using 40 to 48 ticks per study,
and agree very closely. Given these findings, it seems surprising
that more cases of Lyme borreliosis from the surrounding area
are not reported. However, factors other than the genetic
structure of isolates could also play a role in determining the
incidence of Lyme borreliosis in the region.
Strain CT39 was unique among the 33 midwestern isolates

investigated. In its genotypic and phenotypic characteristics, it
was unlike any of the other midwestern or reference strains but
closely resembled strain 25015, which was from Millbrook,
N.Y. Thus, in addition to having the same unique LRFP, both
strains possessed OspA and OspB proteins with higher molec-
ular masses than are typical for North American isolates (3).
These isolates have been the subject of other molecular char-
acterizations (34–36) that have shown them to be very similar
to each other but different from typical B. burgdorferi sensu
stricto strains. Thus, they were shown to resemble each other
in the conformation of their ospAB operons (35) and ospC
genes (36) and in the identities of the nucleotides present at
two positions in their 16S rRNA sequences (34). Computer
analysis of the latter findings led the authors to conclude that
these strains possessed a peripheral relationship to the species
B. burgdorferi sensu stricto.
With genospecies-specific PCR primers derived from the

above-mentioned study (27), strains CT39 and 25015 were
typed as B. burgdorferi sensu stricto: the primers do not contain
sequences that discriminate between these isolates and typical
B. burgdorferi sensu stricto strains. LRFP analysis of the iso-
lates showed they lacked the 140-kb fragment considered typ-
ical for B. burgdorferi sensu stricto (10). Thus far, this fragment
has been found in the LRFPs of all isolates of this species
except CT39 and 25015 (reference 10 and this study). The
results of LRFP analysis, together with the findings of the
other molecular analyses mentioned above, suggest that CT39
and 25015 could possibly represent a fifth genospecies of B.
burgdorferi sensu lato. Recently, findings that support this view
have been published (32, 42). In view of the highly unusual and
atypical nature of the LRFP from these two strains, we propose
that it be designated MLx until the exact taxonomic status of
these isolates has been decided.
Strain DN127 is an unusual I. pacificus tick isolate from

California (13) that has previously been shown to differ from
typical North American B. burgdorferi sensu stricto isolates in
both phenotypic and genotypic characteristics (12, 41, 44, 54).
LRFP analysis revealed that this strain possesses a new and
unique pattern. The fragments that characterized it were a
large-molecular-size doublet of 300 and 290 kb and additional
fragments of 140, 100, and 70 kb. The 140-kb fragment is that
which typifies B. burgdorferi sensu stricto. The small-molecular-
size fragment of 70 kb is, thus far, unique to this strain. There-
fore, by LRFP analysis, DN127 shows both similarities to and
differences from B. burgdorferi sensu stricto. In the study re-
ferred to above, Liveris et al. (32) investigated both DN127
and strain 25015 by PCR-restriction fragment length polymor-
phism analysis. They found that the two isolates differed from
B. burgdorferi sensu stricto in the size of the fragment amplified
by PCR, but they also found that the strains could be distin-
guished from each other by HinfI restriction fragment length
polymorphism analysis. Postic et al. (42) examined these
strains using DNA-DNA reassociation and found that they had
only a 68% level of DNA relatedness with B. burgdorferi sensu

stricto; the two strains had 83% DNA relatedness with each
other. The above-described findings, and those of the present
study, indicate to us that DN127 and 25015 are different from
typical B. burgdorferi sensu stricto isolates and also from each
other.
Investigation of the prominent 22-kDa proteins from five

Illinois and Wisconsin isolates, DN127, and 25015 by microse-
quencing demonstrated that they contained a number of pep-
tides with sequence identity to the OspC proteins of B. afzelii
PKo and B. burgdorferi sensu stricto 2591. However, heteroge-
neity was also apparent within these amino acid sequences,
indicating that the OspC proteins of the seven North American
isolates are polymorphic. This study therefore confirms the
findings of Schwan et al. (46), based on immunologic studies,
that the 25-kDa protein of strain DN127 (12, 28) is a homolog
of OspC. It also demonstrates for the first time that the prom-
inent 23.5-kDa protein of strain 25015 (3) is a homolog of
OspC. The results of amino acid composition analysis (Table
3) also indicate that certain isolates possess related OspC pro-
teins. Thus, strains CT39 and 25015 show many similarities, as
do strains CR17, LT4, and IS17. However, even in these cases
there are some important differences. For example, the OspC
protein of strain 25015 was found to contain five serine resi-
dues, while that of strain CT39 contained none. This suggests
that, despite the genotypic and other similarities between the
two strains (references 34 to 36 and this study), their OspC
proteins are not identical. As determined by amino acid com-
position analysis, the OspC proteins of strains DN127 and
Og19 are considerably different from the five other North
American isolates and from each other. Overall, however, the
OspC proteins of the North American strains are more similar
to each other than to the OspC protein of the European B.
afzelii strain PKo. The composition analysis of intact proteins
thus reflects the geographic separation in the origins of these
isolates and the fact that they belong to separate genospecies.
Molecular heterogeneity of OspC proteins has previously

been demonstrated for European isolates of B. burgdorferi
sensu lato (24, 50, 56). One of these studies also identified four
hypervariable regions (around amino acids 30, 90, 150, and
180) and three conserved regions (amino acids 1 to 19, 35 to
55, and 195 to 212) within the OspC amino acid sequences
examined. In the present study, we obtained microsequencing
data for two of the three conserved regions, at amino acid
positions 35 to 55 and 195 to 212. In agreement with the
findings of Jauris-Heipke et al. (24), certain sequences from
these regions appeared to be well conserved. However, peptide
sequence data from one of the proposed hypervariable regions
(amino acid 180) showed that the peptide LAESVAGLLK
(amino acids 178 to 187) was reasonably well conserved among
the three North American strains that we studied and strain
PKo (8 of 10 amino acids were identical). Thus, some of our
peptide sequence data appear to fit the hypothesis of Jauris-
Heipke et al. (24) concerning the existence of well-conserved
and hypervariable regions, while data for other peptides ap-
pear to be in disagreement. Theisen et al. (50) concluded from
their studies that the level of sequence identity correlated with
the genospecies of strains. However, they also found that the
overall level of sequence identity between isolates ranged as
low as 60.5% and that differences were scattered throughout
the amino acid sequences. The above-described findings could
also be interpreted as supporting this view. More OspC protein
sequences (particularly from North American isolates) need to
be analyzed and compared in order to provide a better insight
into the existence or lack thereof of conserved and hypervari-
able regions.
It has previously been shown that monoclonal antibodies
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directed against OspC do not react with the 22-kDa proteins of
all strains (46), presumably because of the polymorphic nature
of their proteins (24, 50, 56). For this reason, we decided to
investigate the 33 Illinois and Wisconsin isolates using a poly-
clonal serum. In the course of performing a Western blot
evaluation of European patient sera, using the patients’ autol-
ogous isolates of B. burgdorferi sensu lato, we encountered a
serum sample (SL-77) with a strong, almost-exclusive IgM re-
activity to the 22-kDa protein of the patient’s B. afzelii isolate.
In Europe, OspC is expressed in culture as a major protein by
about 45% of B. burgdorferi sensu lato isolates (58, 59) and IgM
antibodies to OspC are detected in a higher proportion of
patients with early disease manifestations than any other pro-
tein (60). This suggested that the above-mentioned patient
serum most probably contained polyclonal IgM antibodies di-
rected against OspC. In support of this notion, the serum
reacted strongly in Western blots with the 22-kDa proteins of
strains DN127, 25015, CT39, CR17, LT4, Og19, and IS17,
which were shown by microsequencing to be homologs of
OspC. Theisen et al. (50) also encountered one patient serum
sample that recognized all of the strains used in their study,
irrespective of genospecies.
In our experiments, the only strains that did not react with

this serum were the isolates PBi and PGau; for these strains no
appropriately sized protein was detectable in polyacrylamide
gels stained with Coomassie brilliant blue. In agreement with
the findings of Theisen et al. (50), we did detect low-level
expression of OspC in the American type strain B31. The most
interesting finding to emerge from our immunoblotting studies
was the discovery of isolates (Og16 and Og34) that express two
proteins with very similar molecular masses, both of which
reacted with the human polyclonal SL-77 antiserum. It is there-
fore possible that these isolates possess genes for two related
OspC proteins that contain different numbers of amino acids.
The presence of OspC has recently been detected in other
isolates of B. burgdorferi sensu stricto from North America by
immunological methods (46). Those authors also noticed ex-
tensive variation in the molecular mass and amount of protein
expressed. Interestingly, only 14 of 32 isolates bound a mono-
clonal antibody (86DN-1) for OspC, supporting the contention
that the OspC proteins of North American isolates are poly-
morphic and may possess unique, non-cross-reactive epitopes.
It has recently been noted that, in addition to OspA, the

OspC protein could be a viable candidate for the development
of a Borrelia vaccine (43) and that this would be especially
useful in Europe, where patient isolates occasionally lack
OspA but where a strong immunologic response is usually
mounted against OspC (58, 60). The data presented here,
documenting the expression of OspC in midwestern Borrelia
isolates, as well as the above-mentioned investigations of Cal-
ifornian strains that express OspC but lack OspA, indicate that
an OspC-based vaccine could be as applicable to North Amer-
ican Lyme borreliosis as to European borreliosis. For this
reason, the heterogeneous nature of the OspC proteins of
North American isolates needs to be investigated further.
In conclusion, we find that LRFP analysis provides a mean-

ingful basis for the classification of B. burgdorferi sensu lato
isolates. We consider it the method of choice since it is more
discriminatory than typing by genospecies-specific PCR. It per-
mits the recognition of established genospecies and provides
insight into the existence of additional genomic groups. Thus,
at this time, it is by far the most convenient means of discrim-
inating isolates of the type represented by strains 25015 and
CT39. In contrast, protein profiling of isolates, although it
provides additional evidence as to their genospecies, is mostly
pertinent to the antigenic characterization of strains, while

plasmid profiling appears to provide very little information
useful for their classification. We also conclude that the ex-
pression of OspC among North American isolates may be
more widespread than has hitherto been considered. It appears
to be a consistent feature of the midwestern strains isolated to
date as well as strains of the MLx group.
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