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The genome of Borrelia burgdorferi, the etiologic agent of Lyme disease, is composed of a linear chromosome
and more than 20 linear and circular plasmids. Typically, plasmid content analysis has been carried out by
pulsed-field gel electrophoresis and confirmed by Southern hybridization. However, multiple plasmids of
virtually identical sizes (e.g., 1p28 and cp32) complicate the interpretation of such data. The present study was
undertaken to investigate the complete plasmid complements of B. burgdorferi clinical isolates cultivated from
patients from a single region where early Lyme disease is endemic. A total of 21 isolates obtained from the skin
biopsy or blood samples of Lyme disease patients were examined for their complete plasmid complements by
Southern hybridization and plasmid-specific PCR analysis. All clinical isolates harbored at least six of the nine
previously characterized cp32s. Fourteen isolates harbored all B31-like linear plasmids, and seven isolates
simultaneously lacked 1p56, 1p38, and some segments of 1p28-1. The distinctive plasmid profile observed in
these seven isolates was specific to organisms that had ribosomal spacer type 2 and pulsed-field gel type A,
which implies a clonal origin for this genotype. The presence of nearly identical complements of multiple linear
and circular plasmids in all of the human isolates suggests that these plasmids may be particularly necessary

for infection, adaptation, and/or maintenance in the infected host.

Lyme disease is the most prevalent vector-borne infectious
disease in the United States (39). The spirochete Borrelia burg-
dorferi is the etiologic agent of the disease. B. burgdorferi sensu
lato consists of 10 distinct species; only B. burgdorferi sensu
stricto, Borrelia afzelii, Borrelia garinii, and Borrelia bissettii
have been found to be pathogenic to humans (64). B. burgdor-
feri is the only pathogenic species isolated from humans in
North America. The genetic heterogeneity of B. burgdorferi has
been established by analysis of varied molecular targets. North
American B. burgdorferi isolates from ticks, rodents, and hu-
mans are heterogeneous with regard to their macrorestriction
chromosomal restriction fragment length polymorphism (RFLP)
patterns (32), sequences of various coding and noncoding re-
gions (24, 28, 30, 65), plasmid contents (8, 9, 12, 13, 27, 44, 68,
69), and protein profiles (20, 21, 41). Earlier studies employing
three different typing methods with a large number of clinical
isolates cultured from erythema migrans lesions or from the
blood of Lyme disease patients in Westchester County, N.Y.,
revealed substantial genetic diversity of B. burgdorferi in this
single region of endemicity (23, 28-30).

The genome sequence of B. burgdorferi B31, the B. burgdor-
feri sensu stricto type strain, has been elucidated (16). The
genome is unusual in that it includes a linear chromosome 910
kb in size and numerous linear and circular plasmids totaling
an additional 610 kb (12, 16). The linear plasmids are present
at a copy number of approximately one per chromosome (16,
19). Linear plasmid content analysis of tick and wildlife isolates
showed overall uniformity (11, 40). Long-term culture of B. burg-
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dorferi results in the loss of some plasmids and has been asso-
ciated with the inability of the spirochete to infect laboratory
animals (33, 37, 46, 69), suggesting that the plasmids encode
important proteins involved in virulence (13, 48, 50, 53, 71).
Extensive plasmid content analyses have been reported for
several North American tick isolates (strains B31 and N40),
and the results were compared to those of European isolates
(B. afzelii and B. garinii) (12, 40). Studies of the plasmid con-
tents of isolates from Lyme disease patients are limited; only
human cerebrospinal fluid (CSF) strain 297 has been well
characterized (2, 9). The present study was undertaken to
elucidate the complete plasmid complements for clinical iso-
lates of B. burgdorferi sensu stricto from a primary site (ery-
thema migrans lesions) and a disseminated site (blood) of
patients with early Lyme disease by using a combination of
plasmid-specific PCR and Southern hybridization.

MATERIALS AND METHODS

Strain source and cultivation. B. burgdorferi isolates were obtained either from
skin biopsy samples (diameter, 2 mm) from primary erythema migrans lesions or
from the blood of patients presenting at the Lyme Disease Diagnostic Center of
the Westchester Medical Center (Valhalla, N.Y.). Both skin biopsy and blood sam-
ples were obtained on the same day for cultivation in Barbour-Stoenner-Kelly II
medium as described previously (36, 47, 66, 67). Clinical isolates were numbered
with a prefix designating tissue source, namely, B for skin biopsy sample and BL for
blood. Low-passage-number cultures (those with fewer than five passages) were
grown in Barbour-Stoenner-Kelly H medium supplemented with 6% rabbit serum
(Sigma Chemical Co., St. Louis, Mo.) for 2 to 4 weeks at 33°C.

DNA isolation and PCR amplification. DNA was isolated from 10 ml of B. burg-
dorferi culture (5 X 107 to 1 X 10® cells/ml) by using a commercial nucleic acid
extraction kit (IsoQuick; Orca Research, Bothell, Wash.). Isolated DNA was resus-
pended in 100 pl of nuclease-free water. PCR primers specific for each circular and
linear plasmid have been described previously (44, 52) and are listed in Table 1.

Amplification of nine linear plasmids and cp26 was accomplished by multiplex
PCRs in three separate reaction mixtures. Each PCR mixture contained 10 ng of
DNA, 250 pM deoxynucleoside triphosphate, 10 ng of each primer, and 1.25 U



TABLE 1. Oligonucleotides used for plasmid content analysis

. . , , R Predicted fragment Strain B31 source, genome
Plasmid Primer sequences, 5’ to 3’ (position) size (bp) designation, or reference

1p56 TTTCTTAAGCTGAAATCTTAGGGG (3586) 380 From clone”
TTACCAAAGAGGAGATATTTGCTC (3109)

Ip56 ACTATTAAGACGAGCAATAAAAAGTCCA (42929) 596 BBQ67
GACGAAGCAAAGAAGGATTTGGATCACCC (43524)

Ip54 GGGAATAGGTCTAATATTAGCC (9410) 770 BBAI15
TTTCAACTGCTGACCCCTC (10160)

1p38 GGTCTCAATATCTTGTGITCATG (6134) 720 BBJ09
CAAGGCCACAACTTCTTGTAC (6831)

1p36 TTCTTATCCCTGACTTTCACTTTCACTTTTGAGG (7247) 381 BBK11-K12
TCCTTTACTTCTATGITTTTACTTTCCTTGGT (7627)

1p28-1 CGGGGATCCAGCCAAGT TGCTGATAAGGACGACCC 263 44
ACGGCAGT TCCAACAGAACCTGTACTATCT
AGTAGTACGACGGGGAAACCA (370) 670 70
ACTTTGCGAACTGCAGAC (1040)

1p28-1 TTCTGATGGCACTGAGCAAACCA (1309) 150 BBF01
AACCCTTTACACTTTCTTCGATTGCCCT (1457)

1p28-2 CCCTCATCAAGTTTTTCCATGTGITTTT (13824) 453 BBG17
AGGTGCCCTTTCCGAGCTTGTACCTTAC (14277)

1p28-3 TAAACAAAAAAGCCCAGCGAAGCATCAA (11432) 395 BBH16-H17
GCCCCCATGCAGAAAGAAACCCTATAAC (11826)

1p28-4 TCACCTCAGCTAATCTATTTATCGACAC (9005) 215 BBI17-118
AAGCGCGGAGTTTTCGGECTG (9219)

1p25 AGAATTATGTCGGTGGCGTTGT (14663) 260 BBE21-E22
ATTAAAGCCGCCTTTTCCTTGGT (14899)

Ip17 ACTGCAATCTGCCCAAGCTACATAATCT (7657) 283 BBD12
AAGGTAAGGACGGT TGTCTACATGGATT (7939)

cp26 GGGAAAGATGCGAATACATCTGC (16971) 524 BBB19
GCTTACAAGCCCTGITGTGGCAG (17495)

cp32-1 ACGATAGGGTAATATCAAAAAAGG (21583) 471 BBP33
AGTTCATCTAATAAAAATCCCGTG (22054)

cp32-2/7 GGAATGTATTAATTGATAATTCAG (20986) 370 BBO32
GCGAAATAAATAGTGCCTTATGGSG (21356)

cp32-3 TTACGAAAAAATAGAAAAACTAGG (21412) 328 BBS35
TTTCCACTGCCCACTTTTCAGCCG (21740)

cp32-4 AGATCCTCAAAATAGT TTAACCAG (20737) 373 BBR33
TTAATATTGGCAGAGAGTCTACAG (21110)

cp32-5 ACTGATAATGATGTTATGGTTAGG (3221) 365 From clone®
TTTCTTAAGCTGAAATCTTAGGGEG (3586)

cp32-6 GACTTTACATAGTATAAATGCTTTTGG (21008) 273 BBM32
TCTCGTTATTATAAAATAAGTAGG (21281)

cp32-8 GAAGATTTAAACAAAAAAATTGCG (21376) 235 BBL32-1.33
GTAATCACTTCTTTTTTACCATCG (21610)

cp32-9 TATCAAAAAAGTCCTGTTTTATAG (21473) 248 BBN32-N33
TAATCTCAAATATTCTTCTTTATG (21721)

cp32-11 ATTTAAGCTTACATATGCTTAACG (286) 595 From clone”

CGTTGTCCTTTTCTTCCAAATTTC (881)

“ For each primer pair, the top sequence is the forward primer and the bottom sequence is the reverse primer. Numbers in parentheses indicate the position of the
5’ nucleotide of each primer in the relevant plasmid sequence.

 GenBank accession number X87201.

¢ GenBank accession number X87202.

4 GenBank accession number AY090888.
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FIG. 1. Simultaneous detection of 10 plasmids of B. burgdorferi by
multiplex PCR. PCR amplification by using genomic DNA from strain
B372 or B297 as a template was performed as detailed in Materials and
Methods with the primers listed in Table 1. Products obtained using
primer sets A, B, and C are shown in lanes 3 and 4, 5 and 6, and 7 and
8, respectively. Lanes 1 and 2 contain DNA molecular size markers and
a control lacking DNA, respectively.

of Tag DNA polymerase (Roche Molecular Biochemicals, Indianapolis, Ind.) in
10 mM Tris-HCI-1.5 mM MgCL,-50 mM KCI, pH 8.3. For primer set A, three
amplification cycles of 94°C for 30 s, 48°C for 30 s, and 72°C for 30 s were carried
out with primers specific for 1p38, c¢p26, and 1p28-3. Primers for 1p17 and 1p28-4
were then added, and amplification was continued with the same cycling param-
eters for an additional 35 cycles. Amplification for 1p54, 1p28-2, and 1p25 (primer
set B) and for 1p36 and 1p28-1 (primer set C) involved 35 cycles of 94°C for 30 s,
52°C for 30 s, and 72°C for 30 s.

For cp32 content analysis, the orfC-orf3 region (PF-32-PF-49, plasmid main-
tenance locus) of each cp32 and 1p56 was amplified separately by using 10 ng of
DNA and 10 ng of each primer (Table 1), as described above. The PCR condi-
tions were 95°C for 2 min followed by 35 cycles of 94°C for 30 s, 48°C for 30 s,
72°C for 30 s, and a final extension at 72°C for 2 min.

Restriction enzyme digestion and Southern hybridization. One microgram of
total genomic DNA obtained from B. burgdorferi clinical isolates was digested for
2 h at 37°C with 10 U of EcoRI in 50 mM Tris-HCI-100 mM NaCl-10 mM
MgCl,-1 mM dithioerythritol, pH 7.5. Digested genomic DNA was electropho-
resed on a 0.8% agarose gel in 1X Tris-borate-EDTA buffer, stained with
ethidium bromide, denatured in 0.4 N NaOH-1.5 M NaCl for 30 min, and
neutralized with 1.0 M Tris-HCI-1.5 M NaCl (pH 8.0) for 30 min. The DNA was
transferred to positively charged nylon membranes (Roche Molecular Biochemi-
cals) by using 10X SSPE (1x SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM
EDTA [pH 7.4]) as a transfer buffer. After transfer, DNA was cross-linked to the
membrane by UV irradiation for 20 s and dried at room temperature. Mem-
branes were hybridized overnight at 55°C with digoxigenin-labeled 1p56, 1p28-1,
or c¢p32 PCR products. Membranes were washed with 2X SSC (1X SSC is 0.15
M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS)
followed by 0.5X SSC-0.1% SDS at 55°C and treated with blocking reagent
containing 2% milk in 0.1 M Tris-HCI-0.15 NaCl, pH 7.5, for 1 h at room
temperature. The membranes were incubated in a 1:10,000 dilution of digoxige-
nin-labeled anti-alkaline phosphatase antibody and washed twice in 0.1 M Tris-
HCI-0.15 NaCl, pH 7.5. The blots were then washed in 100 mM Tris-HCI-100
mM NaCl-50 mM MgCl,, pH 9.5, for 15 min. The chemiluminescent substrate
CDP-Star (1:100 dilution) was added, and the membranes were exposed to X-ray
film for 2 to 5 min to visualize the hybridization pattern. One microgram of
purified PCR product for the BBQ67 (Ip56), BBFO1 (1p28-1), BBF32 (Ip28-1), or
cp32 gene was labeled with digoxigenin—11-dUTP using a random prime labeling
method as described by the manufacturer (Roche Molecular Biochemicals).
Twenty microliters of digoxigenin-labeled DNA diluted in 10 ml of 5X SSC-
0.1% lauryl sarcosine-0.02% SDS-1% milk powder was used as a probe for
Southern analysis.

Nucleotide sequencing. PCR products for 1p28-1 (visE region, BBF32) and
Ip56 (BBQO67 region) from representative isolates were sequenced commercially
(Davis Sequencing, Davis, Calif.). Sequences obtained in this manner were
compared to those in GenBank by means of the BLAST homology search
algorithm from the National Center for Biotechnology Information (available at
http://www.ncbi.nlm.nih.gov).
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RESULTS

Plasmid content of B. burgdorferi sensu stricto clinical iso-
lates. We have previously differentiated B. burgdorferi clinical
isolates into three genotypes based on ribosomal DNA spacer
sequence type (RST; RST1 through RST3) and demonstrated
a significant correlation between RST and both the Miul re-
striction site polymorphism of chromosomal DNA (pulsed-
field gel [PFG] types A through F) and the presence of the
linear plasmid 1p38 (23, 28). Isolates for the present study were
chosen to represent all three RSTs: eight isolates were RST1,
seven isolates were RST2, and six isolates were RST3. The
total plasmid content for these 21 clinical isolates (16 from the
skin and 5 from the blood) was determined by a combination
of linear-plasmid-specific multiplex PCR, cp32 plasmid-spe-
cific PCR, and Southern hybridization. For multiplex PCR, 10
plasmid-specific primers were combined into one of three dif-
ferent sets. Primer set A contained primers for specific ampli-
fication of 1p38, 1p28-3, 1p28-4, 1p17, and cp26; primer set B
contained primers for Ip54, 1p28-2, and 1p25; and primer set C
contained primers for 1p36 and 1p28-1. Results for the simul-
taneous detection of these 10 plasmids for two representative
isolates by using the above-named primer sets are presented
in Fig. 1. Isolate B372 (RST1) yielded PCR products for all
10 plasmids (Fig. 1, lanes 3, 5, and 7), whereas isolate B297
(RST2) lacked an Ip38-derived PCR product (Fig. 1, lane 4), as
well as a PCR product for 1p28-1 (Fig. 1, lane 8). Based on
these assays, the presence or absence of all known B31-MI
linear plasmids (except Ip21 and 1p5) and cp26 was determined
for these 21 clinical isolates (Table 2).

Six of the seven RST2 isolates lacked 1p38 and some portion
of 1p28-1 (Table 2). A negative result on plasmid content anal-
ysis by PCR does not rule out the possibility that the plasmid
is present, because PCR failure may be due to sequence het-
erogeneity at the priming sites. To confirm the PCR-based

TABLE 2. Plasmid characteristics and contents of
B. burgdorferi clinical isolates

RFLP  Mlul restriction type

Isolate(s)* Plasmid(s) absent®

RST’ (PFG type)”
B349, BL203 1 B None
B352 1 B None
BL206 1 B cp32-8
B363 1 B None
B372, BL219 1 D None
B373 1 D cp32-5
B149 2 A 1p56, 1p38, segment of 1p28-1
B265, BL162 2 A 1p56, 1p38, segment of 1p28-1
B297 2 A 1p56, 1p38, segment of 1p28-1
B379, BL224 2 A 1p56, 1p38, segment of 1p28-1
B376 2 F Ip56
B161 3 A 1p38
B327 3 F cp32-3
B331 3 C Ip56
B333 3 C None
B348 3 E Segment of 1p28-1
B356 3 E cp32-1, cp32-8

“ Isolates listed together on a row and isolates B352 and BL206 were obtained
from the skin biopsy (B prefix) and blood (BL) samples of the same patient on
the same day.

® RFLP RSTs and PFG types are as defined in Iyer et al. (23).

¢ “None” indicates that these isolates harbored all 20 plasmids listed in Ta-
ble 1.
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FIG. 2. Plasmid analysis for four representative isolates by Southern hybridization. (A) PFG electrophoresis blot hybridized with an 1p38-
specific probe (ospD); (B) blot hybridized with an 1p28-1-specific probe (bbf01); (C) blot in panel B stripped and hybridized with a second
1p28-1-specific probe (vIsE); (D) blot hybridized with an Ip56-specific probe (bbg67). Lanes 1 through 4 contain undigested genomic DNA (A) or
EcoRI-digested genomic DNA (B through D) from isolates BL219, B149, BL162, and B297, respectively.

results, representative RST?2 isolates were also analyzed by
Southern hybridization of total genomic DNA separated by
PFG electrophoresis (Fig. 2A). The results confirm that RST2
isolates lack 1p38, which is in agreement with previous reports
(23).

Plasmid 1p28-1. Two primer sets for detection of 1p28-1 were
employed, one targeted at vIsE and the other at a conserved
portion of the vis cassette region (Table 1) (44, 70). All RST1
isolates (eight of eight) and five of six RST3 isolates yielded
PCR products of the predicted size (660 or 260 bp). By con-
trast, PCR amplification of six of seven RST2 isolates and a
single RST3 isolate (with primer set AGTAGTACGACGG
GGAAACCA and CGGGGATCCAGCCAAGTTGCTGA
TAAGGACGACCC) produced a 400-bp product (data not
shown). DNA sequencing of the latter amplicon revealed 47%
identity (176 and 376 nucleotides) to a region in 1p28 that
corresponds to the vis cassette region (nucleotides 25490 to
25871 in the strain B31-MI 1p28-1 sequence). Southern hybrid-
ization of EcoRI-digested genomic DNA using a vISE probe
detected vis-like sequences in all isolates examined (Fig. 2C),
which is consistent with an earlier report for a different set of
clinical isolates (22).

500 bp
300 bp

1 23 456 789

A

BBFO01 was chosen as a third target for PCR analysis of
1p28-1. The same isolates which yielded the 400-bp PCR prod-
uct on visE amplification (six of seven RST2 isolates and one
RST3 isolate) produced no product with the BBFO1 primers.
Southern hybridization confirmed that this BBF01 region is
absent in these isolates (Fig. 2B). The remaining 14 isolates
yielded the expected PCR product and positive hybridization
with the BBF01 probe (e.g., isolate BL219) (Fig. 2B).

cp32 plasmid content. The plasmid maintenance and parti-
tion protein region (orfC-orf3) was selected to discriminate
among the different cp32s since this region is one of the three
hypervariable regions on these plasmids. Primers specific for
each cp32 (and for 1p56, which contains a complete cp32 se-
quence) were employed for PCR. Figure 3 displays represen-
tative results. Isolate B297 (RST2) lacked only the Ip56 PCR
product, whereas isolate B372 (RST1) yielded products corre-
sponding to all cp32s and to 1p56. A single PCR product of a
predicted size (based on the B31-MI genomic sequence) was
obtained for all isolates analyzed. The results for all 21 clinical
isolates (Table 2) indicated that all cp32s were present in
81% of the isolates studied and that cp32-2/7, -4, -6, -9, and
-11 were universally present in the B. burgdorferi sensu

500 bp

300 bp

1 23 456 7 89

B

FIG. 3. Detection of multiple cp32 plasmids by PCR amplification of the orfC-orf3 locus. PCR analysis was performed for each cp32 as
described in Materials and Methods by using the primers shown in Table 1. (A) Isolate B297; (B) isolate B372. In each panel, the lanes contain
products obtained with primers specific for cp32-1 (lane 1), cp32-2/7 (lane 2), cp32-3 (lane 3), cp32-4 (lane 4), cp32-5 (lane 5), cp32-6 (lane 6),
cp32-8 (lane 7), cp32-9 (lane 8), and 1p56 (lane 9). Migration positions for DNA molecular size markers are indicated to the left of each panel.
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stricto isolates examined. One isolate lacked both c¢p32-1 and
cp32-8, one lacked cp32-8, one lacked cp32-3, and another
lacked cp32-5.

To ensure the accuracy of PCR analysis, Southern hybrid-
ization of EcoRI-digested genomic DNA for a set of eight
isolates was performed by using orfC-orf3 gene probes specific
for each of the nine cp32s (data not shown). In all cases, the
data obtained by PCR and Southern hybridization were com-
patible, indicating that the cp32 content as determined by PCR
is accurate. Some differences in the restriction patterns were
noted among the isolates for a given cp32 probe, suggesting
sequence heterogeneity among these plasmids. Although the
probes used in hybridization experiments were obtained from
the B31-MI DNA template, the positive hybridization results
for all isolates indicated that all B. burgdorferi isolates con-
tained multiple cp32s and that these cp32s are related to those
of strain B31 at their partition loci.

Plasmid 1p56. Linear plasmid Ip56 contains within it an
essentially complete copy of ¢p32 (12). Two regions were cho-
sen for PCR detection of Ip56, one in the putative cp32 region
(BBQ40-Q41) and one in the non-cp32 portion of the plasmid
(BBQ67). Seven isolates (six of RST2 and one of RST3)
yielded no PCR product for the BBQ40-Q41 region. For these
seven isolates, amplification with BBQ67 primers resulted in a
product of approximately 200 bp rather than the expected 596
bp. This 200-bp product was sequenced and found to be ho-
mologous (83% identity) to members of paralogous gene fam-
ily 1 that are present in 1p36, Ip25, and 1p28-3, but it had no
homology to any sequences in Ip56. Southern blotting of
genomic DNA from these isolates with a BBQ67 probe (gen-
erated from B31-MI genomic DNA) did not result in any
hybridization (Fig. 2D). Thus, these isolates lacked the evi-
dence of either the linear plasmid portion of 1p56 or the inte-
grated cp32. In contrast, representative RST1 and RST3 iso-
lates yielded positive hybridization signals. Taken together,
these results indicate that Ip56 is missing from these isolates
(all RST?2 isolates except B376 and RST3 isolate B331).

For one RST2 isolate, B376, a positive PCR product was
obtained with both the BBQ40-Q41 and BBQ67 primer sets.
However, sequencing of the BBQ67-derived PCR product re-
vealed it to be closely related to paralogous family 156 se-
quences rather than to the Ip56-specific BBQ67 sequence.
With a BBQ67 probe generated from B31-MI genomic DNA,
no hybridization was detected for B376 genomic DNA, al-
though positive hybridization was observed for representative
RST1 isolates. Based on these findings, we conclude that iso-
late B376 either lacks Ip56 or contains an 1pS6 whose sequence
differs substantially from that of B31 ML

Comparison of skin and blood isolates from the same pa-
tient. Of the 21 isolates examined for plasmid content, 10 were
paired isolates (from skin and blood samples) obtained from
the same patients at the same time. These are indicated in
Table 2. Identical plasmid profiles were obtained for four sets
of paired isolates (two RST1 and two RST2). For the remain-
ing isolate pair, the blood isolate (BL206) appears to have lost
cp32-8. This isolate is infectious and spreads among mice (61,
62), so cp32-8 is apparently dispensable for infectivity and
hematogenous dissemination.

B. BURGDORFERI PLASMID CONTENT 3703

DISCUSSION

Elucidation of the genome sequence of B. burgdorferi strain
B31-MI revealed the presence of 12 linear and 9 circular plas-
mids (12, 16). A number of previous studies have examined
plasmid contents in various isolates of B. burgdorferi (27, 33, 40,
44, 49, 69). However, no comprehensive analysis of the com-
plete plasmid complements of clinical isolates from Lyme dis-
ease patients has been reported. In the present investigation,
the available sequence information for strain B31-MI (RST1,
PFG type B) (30, 32) was employed to design probes and
primers for analysis of the plasmid complements of 21 isolates
from human patients. The analysis involved all the known B31
plasmids except for Ip5, Ip21, and cp9. All 21 isolates in the
present study were examined for the presence of cp9 by am-
plification of the rev gene (BBC10); no amplification was ob-
tained with any of the RST3 isolates. Stewart et al. (57) re-
ported that the sequence of cp9 of strain N40 (also RST3)
varies from that of strain B31 and lacks some of the genes
present in the corresponding B31 plasmid. Indeed, strain B31
can carry at least two different 9-kb circular plasmids, with the
plasmid designated as cp9 in the B31-MI genome sequence
now being designated cp9-1 and a second cp9 being designated
cp9-2 (34). The sequences of B31 cp9-1, B31 cp9-2, and N40
cp9 are divergent from each other. For these reasons, cp9 was
excluded from this study.

The data presented in Table 2 demonstrate that numerous
circular and linear plasmids are nearly ubiquitous among B.
burgdorferi clinical isolates from Lyme disease patients. Twelve
of the 19 plasmids examined were uniformly present in all
isolates. In addition, 14 of 21 isolates either harbored all the
plasmids or lacked only a single plasmid. The nearly universal
presence of most plasmids in all clinical isolates suggests that
these plasmids may be necessary for infection and/or mainte-
nance of B. burgdorferi in humans or adaptation to diverse
environments during the infectious cycle. Only three plas-
mids—Ip38, 1p56, and segments of 1p28-1—were absent from
multiple isolates. The absence of all three linear plasmids si-
multaneously was specific to isolates that shared an identical
ribosomal spacer type (RST2) and chromosome macrorestric-
tion type (PFG type A), strongly suggesting a clonal origin for
this group of isolates.

Palmer et al. reported the distribution of 12 linear plasmids
in 15 B. burgdorferi isolates from geographically diverse sites in
the United States (40). Only one of these isolates was of hu-
man origin, the remainder having been isolated from either
ticks or wildlife hosts. They found that most plasmids were
present in all isolates tested, the notable exceptions being
1p28-1, 1p38, and 1p56, which were present in 10, 10, and 3
isolates of 15, respectively. Thus, despite the differences in
isolate source between the two studies, the overall results are
comparable. Some differences between the findings of the two
studies are also noteworthy. Ip17 was absent in 5 of 15 isolates
analyzed by Palmer et al. but was present in all isolates in the
present study. In addition, 1pS and Ip21 were present in only
three and two isolates, respectively, in the earlier study (40).
These plasmids were not tested in the present investigation;
however, the absence of these plasmids from most isolates in
the previous analysis suggests that they are dispensable for
maintenance in either ticks or humans.
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Southern blot analysis of pulsed-field-gel-separated genomic
DNA employing probes specific for plasmid 1p54 (ospA), 1p38
(ospD), and cp26 (ospC) indicated that they hybridize to plas-
mids of the same size in all isolates tested. This finding dem-
onstrates the constancy of the plasmid structure in these iso-
lates. By contrast, the structure of 1p28-1 varied among the
isolates. The precise nature of the alteration in 1p28-1 is not
clear. Although all isolates yielded positive hybridization with
a vIsE probe, the sizes of the hybridized bands varied, as re-
ported previously for a different set of clinical isolates (22).
vis-like sequences may be carried on other plasmids in these
isolates. Alternatively, the structure of 1p28-1 may be altered in
some of these isolates, e.g., by truncation. This possibility is
discussed further below.

Substantial evidence linking plasmid content and pathogen-
esis of B. burgdorferi has been reported. Repeated culture
passage results in loss of plasmids and reduced infectivity (6,
46), and Xu et al. (69) found a correlation between the loss of
plasmids of 7.6 kb (probably cp9), 22 kb, and 24.7 kb (matching
the restriction pattern of 1p25) and a reduced infectivity in
mice or hamsters. More recently, plasmids 1p25 and 1p28-1
were shown to be necessary for a high-infectivity phenotype in
clonal isolates of B31-MI (27, 44). However, clonal isolates
retaining these two plasmids may also demonstrate reduced
infectivity in mice (33), suggesting that factors other than the
absence of specific linear plasmids likely contribute to loss of
infectivity. The virulence of a number of the clinical isolates
analyzed here was tested previously in C3H/HeJ mice. Inocu-
lation with isolate BL203, BL.206, or B348 resulted in dissem-
inated infection, high spirochete loads in tissues, and moderate
to severe carditis and arthritis. By contrast, inoculation with
isolates B331 and B356 did not result in any disseminated
infection (62). It is noteworthy that isolate B331 lacks only 1p56
and isolate B356 lacks cp32-1 and cp32-8, supporting the view
that the presence of 1p25 and 1p28-1 is not sufficient to confer
a highly pathogenic dissemination phenotype. In addition, iso-
late B348 does not contain a B31-like Ip28-1 (Table 2) but does
retain pathogenicity in mice. Taken together, these findings
underscore the role of factors other than plasmid presence or
absence in B. burgdorferi pathogenicity.

The most extensive set of multiple, highly similar sequences
in the B. burgdorferi genome are the cp32 plasmids (2, 10, 56).
These plasmids possess up to 45 open reading frames, virtually
all of which have paralogues in each cp32 (12). Despite this
substantial sequence homology, each plasmid contains three
relatively variable regions: (i) a plasmid partition and mainte-
nance locus, (ii) the erp locus, and (iii) a bdr/mip locus (56). In
addition, strain B31-MI harbors a linear plasmid, 1p56, that
contains an intact copy of a cp32-like plasmid (12). cp32-like
plasmid content has been elucidated for only a small number
of B. burgdorferi sensu stricto isolates (56). The overall cp32
contents and gene organizations are similar in the tick isolates
B31 and N40 and in the human CSF isolate 297 (1, 2, 9, 15; B.
Stevenson and J. C. Miller, unpublished results). Both isolate
N40 and CSF isolate 297 harbor truncated plasmids of approx-
imately 18 kb, referred to as cp18 (9, 53). However, regardless
of the isolate, all cp32-like plasmids have a unique plasmid
partition and maintenance (orfC-orf3) locus (14, 52, Stevenson
and Miller, unpublished). We therefore utilized this region to
examine the plasmid contents of clinical isolates.
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Most isolates analyzed in this study carried a full comple-
ment of B31-like cp32 plasmids (Table 2). Only one isolate
(B356) lacked more than one cp32. Thus, the presence of all
the cp32 plasmids appears to be a common property of B.
burgdorferi sensu stricto rather than a trait peculiar to strain
B31. Furthermore, these plasmids are not readily lost upon
moving from a natural environment (either reservoir host or
tick) to humans. It should be noted that our analysis could
reveal only the presence or absence of B31-like cp32s but that
the plasmid size was not determined. Therefore, the presence
of truncated cp32-like plasmids similar to those observed in
strains 297 and N40 (9, 53) cannot be ruled out.

The fact that these highly homologous plasmids are main-
tained despite extensive sequence identity among many paralo-
gous open reading frames carried on each plasmid suggests
that at least some proteins encoded by each plasmid perform
functions crucial to spirochete maintenance, growth, transmis-
sion, or infectivity. Differential levels of expression for a num-
ber of paralogous gene families carried by cp32 have been
demonstrated. In strains 297 and B31, some members of the
mip family (paralogous family 113) were not expressed at 23°C,
were expressed somewhat at 35°C, and were expressed more
substantially at 37°C (2, 42). Studies of multiple borrelial
strains have shown that some members of the erp and bdr gene
families are regulated by temperature and other mammal-
specific factors (1, 3, 7, 17, 45, 51, 52, 55, 58, 60). Interestingly,
Miller et al. reported only limited reactivity to B31 Erp pro-
teins in Lyme disease patient sera, although these proteins are
highly immunogenic in mice by needle inoculation (35). Sev-
eral recent studies have demonstrated that Erp proteins of
strains B31, 297, and N40 can bind complement inhibitory factor
H (4, 5, 18, 25, 26, 54). Expression of multiple Erp proteins in a
single spirochete may facilitate protection from complement-me-
diating killing in a range of wildlife hosts (54). It is tempting to
speculate that this may be one reason for maintenance of multiple
homologous cp32 plasmids in a single isolate.

In a previous study, isolates from Lyme disease patients were
characterized by PCR-RFLP analysis of the 16S-to-23S ribo-
somal DNA spacer, the macrorestriction pattern of Mlul-di-
gested genomic DNA, and the presence or absence of plasmid
1p38. There was a significant (P < 0.001) association between
the three typing methods, suggesting a clonal origin for each
genotype (23). The present data confirm and extend the results
of the earlier analysis to include the full plasmid complement.
It is striking that six of seven RST2 isolates simultaneously lack
1p56, 1p38, and a segment of 1p28-1 (Table 2). The remaining
RST2 isolate (B376) lacks only 1p56 but also has a different
MIul macrorestriction pattern. Clearly, these three plasmids
are not required for human infection and dissemination (two
of the studied RST2 isolates were cultured from patient
blood). The well-characterized human CSF isolate 297 displays
an RST2 pattern (30), is highly pathogenic in mice (1), and was
shown to lack Ip56 (14). Moreover, primers based on the strain
B31 sequences for 1p38 and 1p28-1 do not amplify the corre-
sponding regions in this human CSF isolate (M. Caimano, C.
Eggers, and J. Radolf, personal communication). The absence
of 1p38 in natural isolates has been reported, and loss of in-
fectivity does not correlate with the absence of this plasmid
(31, 37, 38, 43). Very-high-passage-number isolates of strain
N40 lacked 1p38 and 1p28-1 and were not found to be infectious
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in C3H mice by needle inoculation (59). As described earlier,
the loss of infectivity of strain B31 clones in mice correlates
with the absence of 1p28-1 and 1p25 (27, 44). The present
studies clearly show that clinical isolates may not harbor Ip56,
1p38, and segments of 1p28-1 yet maintain infectivity in humans.

As noted earlier, the structure of Ip28-1 was unusual in seven
isolates. The presence of Ip28-1 was scored on the basis of PCR
for visE, the vis cassette region, or BBF0O1 and Southern blot-
ting with a visE' or a BBF01 probe. Both PCR and Southern
analysis for BBFO1 were negative, suggesting the absence of
B31-like 1p28-1 in these isolates. By contrast, either PCR or
hybridization for visE resulted in positive findings. These find-
ings suggest the presence of the vis sequences in these isolates
on a plasmid with a structure substantially different than that of
B31 1p28-1. The precise nature of this structural alteration is
not clear. Since BBFO01 is at the left end of 1p28-1 and the vis
region is at the right end, it is possible that this plasmid is
truncated. Alternatively, the vis genes may be located on a
different non-Ip28-1 plasmid. Although extensive analyses of
the vis region of 1p28-1 in several isolates have been reported
(63), very little is known regarding other regions of [p28-1 in
isolates other than B31-MI.

In conclusion, multiple circular and linear plasmids are ubig-
uitous among the clinical isolates of B. burgdorferi from Lyme
disease patients. The absence of three linear plasmids (Ip56,
1p38, and segments of 1p28-1) was specific to isolates that were
characterized as RST2 and PFG type A, which suggests a
clonal origin for this genotype. The presence of nearly identical
complements of plasmids in all human isolates implies that
these plasmids may be necessary for infection, adaptation, and/or
maintenance of B. burgdorferi in humans during early Lyme dis-
ease or during other stages of the spirochete life cycle. Con-
versely, the absence of plasmids comparable to B31 Ip56, 1p3S,
and possibly 1p28-1 does not impair either the infectivity or the
hematogenous dissemination of B. burgdorferi in humans.
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