
INFECTION AND IMMUNITY,
0019-9567/00/$04.0010

July 2000, p. 3900–3908 Vol. 68, No. 7

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

The Relapsing Fever Spirochete Borrelia hermsii Contains Multiple,
Antigen-Encoding Circular Plasmids That Are Homologous

to the cp32 Plasmids of Lyme Disease Spirochetes
BRIAN STEVENSON,1* STEPHEN F. PORCELLA,2 KATRINA L. OIE,2† CECILY A. FITZPATRICK,2

SANDRA J. RAFFEL,2 LORI LUBKE,3 MERRY E. SCHRUMPF,2 AND TOM G. SCHWAN2

Department of Microbiology and Immunology, University of Kentucky College of Medicine, Lexington, Kentucky 40536-0298,1

and Laboratory of Human Bacterial Pathogenesis2 and Microscopy Branch,3 Rocky Mountain Laboratories, National
Institute of Allergy and Infectious Diseases, National Institutes of Health, Hamilton, Montana 59840

Received 27 January 2000/Returned for modification 21 March 2000/Accepted 7 April 2000

Borrelia hermsii, an agent of tick-borne relapsing fever, was found to contain multiple circular plasmids
approximately 30 kb in size. Sequencing of a DNA library constructed from circular plasmid fragments enabled
assembly of a composite DNA sequence that is homologous to the cp32 plasmid family of the Lyme disease
spirochete, B. burgdorferi. Analysis of another relapsing fever bacterium, B. parkeri, indicated that it contains
linear homologs of the B. hermsii and B. burgdorferi cp32 plasmids. The B. hermsii cp32 plasmids encode
homologs of the B. burgdorferi Mlp and Bdr antigenic proteins and BlyA/BlyB putative hemolysins, but
homologs of B. burgdorferi erp genes were absent. Immunoblot analyses demonstrated that relapsing fever
patients produced antibodies to Mlp proteins, indicating that those proteins are synthesized by the spirochetes
during human infection. Conservation of cp32-encoded genes in different Borrelia species suggests that their
protein products serve functions essential to both relapsing fever and Lyme disease spirochetes. Relapsing
fever borreliae replicate to high levels in the blood of infected animals, permitting direct detection and possible
functional studies of Mlp, Bdr, BlyA/BlyB, and other cp32-encoded proteins in vivo.

The spirochete genus Borrelia contains many important
pathogens of humans and domestic animals, including the
causative agents of Lyme disease (the Borrelia burgdorferi sensu
lato group) and tick-borne relapsing fever (B. hermsii, B. dut-
tonii, B. parkeri, B. turicatae, and others) (43). Also within this
genus are B. anserina (the agent of avian borreliosis), B. recur-
rentis (the agent of human louse-borne relapsing fever), B.
coriaceae (the putative, yet unproven, agent of epizootic bovine
abortion), and several other species of unknown pathogenic
significance (43). All Borrelia species persist in nature through
cycles requiring humans or wild animals and blood-feeding
arthropods as hosts (9, 41, 43).

Both tick-borne relapsing fever and Lyme disease borreliae
infect their vectors during ingestion of blood and then migrate
to the salivary glands to be transmitted via the saliva as the tick
feeds on a new vertebrate host. The tick-borne relapsing fever
spirochete B. hermsii is transmitted by the argasid tick Orni-
thodoros hermsi, a relatively fast feeder that usually takes in a
complete blood meal in less than 1 h (49). B. hermsii replicates
to high levels in the blood of infected mammals, presumably as
an adaptation to ensure acquisition by the rapidly feeding tick
vectors. Relapsing fever borreliae persistently infect tick sali-
vary glands prior to vector feeding, another adaptation that
enhances transmission during the brief period the tick remains
attached to its vertebrate host (43). In contrast, Lyme disease
spirochetes are transmitted by the bites of ixodid ticks, which
attach to their hosts and feed for several days (49). Probably as
adaptations to these slow-feeding vectors, B. burgdorferi does

not produce high levels of spirochetemia and is generally dif-
ficult to observe in host blood samples. The bacteria are gen-
erally restricted to the midgut of unfed infected ticks and are
found in the tick salivary glands only transiently during vector
feeding (43).

Despite these differences, relapsing fever and Lyme disease
spirochetes appear to use homologous proteins to facilitate
interactions with their arthropod and mammalian hosts. Dur-
ing tick feeding, B. burgdorferi increases production of the
surface-exposed lipoprotein OspC (16, 17, 23, 25, 30, 45, 46).
After ingestion by its tick vector, B. hermsii increases synthesis
of a membrane-bound lipoprotein, Vsp33 (also called VmpC)
(44), that is homologous to OspC of B. burgdorferi (31, 32, 59),
and this protein continues to be made during persistent infec-
tion of the tick salivary glands (44). These observations suggest
that OspC and Vsp33 are required by their respective bacteria
for either infecting the salivary glands or infecting mammalian
hosts immediately following their transmission by tick bite.
During mammalian infection, relapsing fever spirochetes pro-
duce additional surface proteins (Vsps or Vlps), the genes for
which vary through intergenic recombination mechanisms (5,
55), and B. burgdorferi has recently been found to contain a
homologous locus (vlsE) that also undergoes genetic recombi-
nation during mammalian infection (62). These reports suggest
that other genetic similarities might exist between the relapsing
fever and Lyme disease spirochetes.

Both B. hermsii and B. burgdorferi carry numerous extrachro-
mosomal elements (7, 14, 27, 42, 60). B. burgdorferi and all
other Lyme disease spirochetes examined contain members of
a circular plasmid family designated cp32 (1, 3, 13, 15, 37, 52,
54). Individual B. burgdorferi that contain as many as nine
different cp32s, which are homologous through most of their
DNA sequences, have been identified. The cp32s generally
have circumferences of 30 to 32 kb (14, 15, 54), although
variants that are approximately 18 kb (10, 37, 52) or as small as
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8 to 10 kb in size (19, 24) have been found; a linear 56-kb
plasmid containing an entire cp32 has also been characterized
(14, 15, 63). The larger B. burgdorferi cp32s encode several
antigenic proteins, including members of the Erp, Mlp, and
Bdr protein families (S. Porcella, unpublished results; 14, 15,
28, 34, 37, 50, 52, 54, 61, 63, 64), as well as two putative he-
molysins, BlyA and BlyB (14, 26, 37). In our studies of B. herm-
sii, we found that these relapsing fever spirochetes contain
multiple circular plasmids that are homologous to the B. burg-
dorferi cp32s and encode similar proteins synthesized during
mammalian infection, suggesting conserved infection mecha-
nisms among different species of the genus Borrelia. These
similarities provide the foundation for future studies compar-
ing cp32-encoded proteins of both the relapsing fever and
Lyme disease spirochetes during their alternating infections of
mammals and ticks.

MATERIALS AND METHODS

Bacteria. B. hermsii isolate HS1, the type strain of the species, was isolated
from an O. hermsii tick collected near Spokane, Wash. (57), and has been cloned
by limiting dilution (55). B. hermsii isolates DAH, FRO, HAN, MAN, CON, and
YOR were all isolated in the western United States from human blood (27). The
HS1 and DAH isolates are genetically indistinguishable at every locus examined
previously (27). B. burgdorferi isolate B31-4a was derived from a single colony
grown in solid medium (15). Isolates of B. parkeri and B. anserina have been
described previously (27). All Borrelia species were grown at 35°C in either
Barbour-Stoener-Kelly (BSK)-II (6) or BSK-H (Sigma, St. Louis, Mo.), supple-
mented with 6% rabbit serum (Sigma).

B. hermsii circular plasmid library construction and analysis. Supercoiled
circular plasmids were purified from B. hermsii isolate HS1 by cesium chloride
gradient centrifugation (48). Purified circular DNA was digested with EcoRI and
cloned into pUC13 (Bethesda Research Laboratories, Gaithersburg, Md.) to
produce a B. hermsii circular plasmid library. Recombinant plasmids pSPR61,
pSPR63, pSPR66, pSPR67, and pSPR71 were purified from Escherichia coli
using Qiagen Midi kits (Qiagen, Santa Clarita, Calif.).

Additionally, oligonucleotide primers complementary to sequences in the in-
serts of two of the clones, pSPR67 and pSPR63, were used to PCR amplify a
DNA fragment of approximately 10 kb from B. hermsii HS1 to generate PCR#1.
This DNA was digested with either EcoRI or BamHI, ends were filled with Taq
polymerase, and fragments were cloned into pCR2.1 (Invitrogen, Carlsbad, Cal-
if.).

Total genomic DNA was purified from each of the B. hermsii, B. parkeri, and
B. anserina isolates as previously described (48). Total plasmids (both linear and
circular) were purified from B. burgdorferi by using a Qiagen Midi kit.

DNA sequencing was performed using either Sequenase (U.S. Biochemical,
Cleveland, Ohio) or a model 370A Stretch automated DNA sequencer (Applied
Biosystems, Foster City, Calif.).

Predicted protein sequences from B. hermsii cp32 open reading frames
(ORFs) were analyzed during October 1999 by BLAST-P searches from the
Institute for Genomic Research B. burgdorferi strain B31 genome web site (http://
www.tigr.org/tdb/CMR/gbb/htmls/SeqSearch.html) and the National Center for
Biotechnology Information web site (http://www.ncbi.nlm.nih.gov/blast/blast.cgi).

PCR analysis of B. hermsii circular plasmids. Cloned fragments of B. hermsii
cp32s were linked by PCR of genomic HS1 DNA. Reaction conditions for short
amplifications (less than 2 kb) consisted of 25 cycles of 94°C for 30 s, 50°C for
30 s, and extension at 65°C for 2 min. PCR amplifications for fragments greater
than 5 kb were performed using the Expand Long Template PCR system (Boehr-
inger Mannheim, Indianapolis, Ind.) with 10 cycles of 94°C for 10 s, 50°C for 30 s,

and 68°C for 10 min, followed by 20 cycles with the time of each successive
extension step increasing by 20 s.

Southern blot analysis. DNA molecules of different sizes were separated by
pulsed-field agarose gel electrophoresis or two-dimensional chloroquine agarose
gel electrophoresis and transferred to nylon membranes as previously described
(54). Membranes were incubated overnight with radiolabeled probes at either
55°C (high stringency) or 45°C (low stringency) (22). Blots were washed in either
0.23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.1% sodium
dodecyl sulfate (SDS) at 55°C (high-stringency wash conditions) or 23 SSC–
0.1% SDS at room temperature (low-stringency wash conditions). Hybridized
probes were visualized by autoradiography.

Probes for Southern blotting were produced by PCR (54) from appropriate
recombinant plasmid clones using oligonucleotides listed in Table 1. Three
different B. hermsii cp32 probes were produced using pSPR67 as template. Two
probes, one derived from the B. burgdorferi B31 erpK promoter region (22) and
one from an internal region of B31 erpM that is almost entirely composed of
GAA and AAA codons, were produced from plasmids pBLS491 and pBLS492,
respectively (15, 50). Probes were purified by dilution in 2 ml of water and
concentrated to a final volume of approximately 60 ml in Centricon-100 spin
columns (Amicon, Beverly, Mass.) (54). Purified probes were labeled with
[a-32P]dATP (DuPont, Boston, Mass.) by random priming (Life Technologies,
Gaithersburg, Md.).

Recombinant Mlp proteins and immunoblot analyses. Polyhistidine-tagged
recombinant MlpL and MlpK proteins were synthesized as follows. The mlpL
and partial mlpK genes were PCR amplified from pSPR67 and pSPR66, respec-
tively, ligated into plasmid pET-15b (Novagen, Madison, Wis.), and transformed
into E. coli BL21(DE3) (Novagen). Recombinant MlpL and MlpK proteins were
expressed and purified as specified by the manufacturer (Novagen). Purified
proteins were quantified using the Bio-Rad (Hercules, Calif.) protein assay, and
approximately 10 mg of each protein was subjected to polyacrylamide gel elec-
trophoresis and transferred to Hybond-P polyvinylidene difluoride membranes
(Amersham, Little Chalfont, England). Membranes were blocked for 2 h in
phosphate-buffered saline–Tween 20 (PBS-T; 100 mM sodium phosphate, 100
mM NaCl, 0.1% [vol/vol] Tween 20) containing 5% nonfat dry milk. Membranes
were then incubated for 1 h with a 1:200 diluted serum sample from either a
human patient diagnosed with relapsing fever or an uninfected individual,
washed thoroughly with PBS-T, and incubated for 1 h with anti-human immu-
noglobulin-horseradish peroxidase conjugate (diluted 1:20,000; Amersham).
Bound secondary antibody was detected by enhanced chemiluminescence (Am-
ersham). Serum samples from 10 clinically diagnosed relapsing fever patients and
19 uninfected humans were generously provided by Donald Anderson (Sacred
Heart Medical Center, Spokane, Wash.) and Martin Schriefer and David Dennis
(Centers for Disease Control and Prevention, Fort Collins, Colo.).

Nucleotide sequence accession numbers. The sequences of the inserts of
pSPR61-L, pSPR61-R, pSPR63, pSPR66, pSPR67, and pSPR71 have been
submitted to GenBank and given accession numbers AF209439, AF209440,
AF209441, AF209442, AF123078, and AF209443, respectively. The sequences of
the EcoRI- and BamHI-digested fragments of PCR#1 have accession numbers
AF209444 through AF209449. The sequence of PCR#2 has accession number
AF209450. Annotated sequence of the composite B. hermsii cp32 illustrated in
Fig. 3 is available from http://jenner.mi.uky.edu/bstevens/Bhcp32.htm.

RESULTS

Characterization of B. hermsii circular plasmids. Two-di-
mensional agarose gel analysis of total DNA preparations from
several isolates of B. hermsii demonstrated some DNA mole-
cules that migrated more slowly in the second dimension after
treatment (Fig. 1), indicating they were supercoiled in struc-
ture (40, 54). Electron microscopy (EM) analysis of spread
DNA samples from these same isolates all showed circular
molecules estimated to be 28 to 30 kb in size (data not shown).
However, EcoRI digestion analysis of purified circular DNA

FIG. 1. Two-dimensional agarose gel of total DNA from five B. hermsii
isolates. Molecules determined to have supercoiled (SC) structure lagged behind
the linear molecules after treatment and are shown by the arrow.

TABLE 1. Oligonucleotides used to produce DNA probes

Probe Our
designation Sequence (59 to 39)

B. hermsii PF-144 BH-2 CTTATCTCAAATTCATGACTTGCG
BH-21 TTTAGAAATACGTCAGTGGGGATG

B. hermsii PF-145 BH-35 CTGTTATTGATTTTAGAGGGTTTG
BH-36 GATATAAATAGCAAGCCAAGAATG

B. hermsii mlpL BH-40 CCCTTGATCACATACAAAGTG
BH-41 CTACATTACAAGCGCTTGATG

B. burgdorferi erpK E-506 AACTTTTTTTTACATCTTCACCAC
promoter E-513 CTGTTTGTTAATATGTAATAGCTG
B. burgdorferi erpM E-718 TTCTTTTTCTGCTTTAACCCTAGC
poly(GAA-AAA) E-721 AATCTAAAGATAAAGTTGAGGAAG
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showed that the fragment sizes added up to significantly more
than the size based on EM analysis (Fig. 2). Therefore, we
suspected that the population of 28- to 30-kb circular plasmids
was comprised of multiple similar-sized molecules that varied
in sequence.

Circular plasmid DNA from B. hermsii isolate HS1 was di-
gested with EcoRI and cloned to produce a recombinant plas-
mid library. Preliminary sequence analyses indicated that five
recombinant clones, pSPR61, pSPR63, pSPR66, pSPR67, and
pSPR71, contained different inserts and were completely se-
quenced, with insert sizes of 6,500, 5,092, 1,546, 10,099, and

2,252 bp, respectively. All five cloned DNA fragments con-
tained ORFs homologous to those found on the B. burgdorferi
cp32 family of plasmids (Fig. 3). The inserts of recombinant
plasmids pSPR61 and pSPR71 contained similar but unique
sequences, as did pSPR66 and pSPR67, indicating that they
were cloned fragments of at least two different but homologous
circular plasmids. Several identified ORFs are homologs of
B. burgdorferi genes whose proteins are involved in mammalian
infection; these are discussed in greater detail below. Many of
the B. burgdorferi cp32 ORFs are as yet unnamed, so we refer
to such ORFs by the paralog family (PF) number recently
assigned by Casjens and coworkers (14).

Recombinant plasmid pSPR67 contained the 39 end of a
homolog of the B. burgdorferi cp32 PF-165 (ORF-8/7) genes
(15, 54), while pSPR61 and pSPR71 both contained similar
59 ends of PF-165 genes. However, the pSPR61 and pSPR71
inserts did not originate from the same B. hermsii plasmid,
since their sequences were approximately 90% identical, with
significant differences in the noncoding region between their
PF-57 and PF-165 paralogs. Either pSPR61 or pSPR71 could
create an in-frame fusion with pSPR67 that would encode
a complete PF-165 protein homologous to those found on
B. burgdorferi cp32s (Fig. 3). To confirm that the recombinant
plasmid insert sequences were oriented as illustrated in Fig. 3,
total B. hermsii HS1 DNA was subjected to PCR using four sets
of oligonucleotide primer pairs, in which one primer was com-
plementary to pSPR61 and the other was complementary to
pSPR67. In all cases, PCR yielded amplicons of the anticipated
sizes (data not shown), indicating that the cloned inserts of
pSPR67 and either pSPR61 or pSPR71 (or a similar, uniden-
tified DNA sequence) represented contiguous fragments of the
same circular plasmid.

The other terminus of the pSPR61 insert contained the 39
end of an ORF homologous to the B. burgdorferi PF-142 genes
(14, 37), while the insert of recombinant plasmid pSPR63 con-
tained the 59 end of a PF-142 homolog. PCR of B. hermsii HS1
DNA with four oligonucleotide primer pairs (one of each pair
complementary to either pSPR61 or pSPR63) all yielded am-

FIG. 2. EcoRI digestion and agarose gel analysis of CsCl2 gradient-purified
supercoiled (sc) plasmids from seven B. hermsii isolates.

FIG. 3. Alignment of the composite B. hermsii cp32 and a typical B. burgdorferi cp32, cp32-8 of isolate B31 (this plasmid contains all genes carried by the majority
of studied B. burgdorferi cp32s) (14). Base pair 1 of both plasmids is defined as the first base pair of the PF-146 ORF (14). The names or PF numbers of each ORF
are indicated, as are previously used ORF designations (15, 19, 52, 54, 63). Two different B. hermsii mlp alleles (mlpL and mlpK) were discovered, both of which occupy
the same location of two different cp32 plasmids. Homologous sequences are indicated by the cross-hatched areas between the two plasmids. Note that the five genes
spanning PF-57 to bdr on the two plasmids are inverted with respect to each other. Loci found in different locations on the B. hermsii and B. burgdorferi cp32s are
indicated by horizontal hatching. ORFs located only on the B. hermsii cp32 are indicated by wide cross-hatching, while those found only on B. burgdorferi cp32s are
indicated by diagonal hatching. B. hermsii cp32 regions encompassed by circular DNA library clones or PCR products are indicated above the plasmid maps.
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plicons as expected if the inserts of pSPR61 and pSPR63 were
physically linked in B. hermsii as diagrammed in Fig. 3 (data
not shown). These two DNA fragments probably were not
derived from the same B. hermsii plasmid, since the PF-142
gene fragments cloned in pSPR61 and pSPR63 do not overlap
in frame at the EcoRI site. Alternatively, it is possible that both
cloned fragments were derived from a single B. hermsii plasmid
containing a 1-bp insertion that created a frameshift near this
EcoRI site. The overlap of the pSPR61 and pSPR63 inserts
corresponds with amino acid 152 of the B. burgdorferi PF-142
homologs, with both inserts containing .50% amino acid cod-
ing identity with B. burgdorferi homologs in the region flanking
the overlap, making it unlikely that any intervening DNA was
missed by our studies. Additionally, the above-described PCR
studies with pSPR61 and pSPR63 primer pairs yielded ampli-
cons with sizes that indicated B. hermsii does not contain ad-
ditional DNA in this region.

Sequence analysis of recombinant plasmid pSPR61 revealed
that it contained two EcoRI fragments, which we have re-
ported separately as pSPR61-L and pSPR61-R. PCR of B.
hermsii HS1 plasmid DNA with oligonucleotides derived from
sequences of the two fragments indicated that the pSPR61-L
and pSPR61-R inserts were derived from a plasmid(s) having
the orientation shown in Fig. 3. Additionally, PCR produced a
728-bp sequence, PCR#2 (Fig. 3), not represented in the re-
combinant plasmid library clones analyzed.

Since the recombinant plasmid library was constructed from
B. hermsii circular plasmids, we next used PCR of purified B.
hermsii HS1 DNA to determine the linkage between the inserts
of pSPR67 and pSPR63. PCR with three combinations of oli-
gonucleotide primer pairs, having one binding site in each
cloned fragment, produced amplicons that indicated the se-
quences were separated by approximately 10 kb (data not
shown). PCR#1, the product of one such amplification, was
cloned and sequenced; this analysis revealed two slightly dif-
ferent DNA amplicons, indicating further that there are mul-
tiple related plasmids in these bacteria.

The successful PCR linkage of all the ends of the three large
B. hermsii plasmid fragments indicated that they were derived
from circular DNA. Such a plasmid would have a size equal
to that of the inserts of pSPR63, pSPR61L, pSPR61R, and
pSPR67 plus the PCR#1 and PCR#2 amplicons, a total of
approximately 30.3 kb. This size is consistent with the results
determined by EM contour length measurements of B. hermsii
circular plasmids described above. In comparison, the cp32
plasmids of B. burgdorferi isolate B31 range between 29.8 and
30.9 kb (14). Alignment of the composite B. hermsii plasmid
with a representative B. burgdorferi cp32 indicated that the
plasmids of both Borrelia species are largely homologous, con-
taining many of the same ORFs in the same relative positions
(Fig. 3). Due to the similarities in size and sequence with the
B. burgdorferi cp32 plasmids, we designate the assembled
B. hermsii plasmid a cp32, with the caveat that the diagram in
Fig. 3 possibly includes fragments from more than one such
B. hermsii plasmid.

Genes of the borrelial paralog families 144 (ORF-10), 145
(ORF-13), and 113 (mlp) have been found only on members of
the cp32 plasmid family, and there are no known similar genes
in any non-Borrelia organism. Additionally, members of para-
log families 144 and 145 are well conserved among all cp32
family members (3, 14, 15, 24, 52, 54). For these reasons,
probes derived from the B. hermsii PF-144, PF-145, and mlpL
genes were used in Southern blot analyses of B. hermsii plas-
mids.

The PF-144 probe was used in Southern blot analysis of
B. hermsii HS1 DNA separated by two-dimensional electro-

phoresis, which confirmed that the bacteria contain circular
cp32-related DNA species (Fig. 4A). The linear DNA seen in
Fig. 4A is probably sheared cp32, but it may also include linear
plasmids with homology to cp32, similar to the linear lp56 of
B. burgdorferi (14, 64).

Individual B. burgdorferi bacteria that contain up to nine
different cp32 family members have been identified (1, 14, 15,
37). To further examine the multiplicity of B. hermsii cp32s,
genomic DNA from HS1 and five other B. hermsii isolates were
digested with restriction endonucleases, blotted, and incubated
with B. hermsii cp32-derived probes. The PF-144 probe hybrid-
ized with four or more DNA fragments from each of the six
B. hermsii isolates (Fig. 4B). The banding patterns of isolates

FIG. 4. Southern blot analysis of B. hermsii DNA hybridized with a probe
derived from the identified B. hermsii cp32 PF-144 locus. (A) Genomic DNA of
isolate DAH separated by two-dimensional agarose gel electrophoresis. Circular
DNA is indicated by an open arrow, and linear DNA is indicated by a filled
arrow. (B) Genomic DNA of isolates DAH, HS1, FRO, MAN, CON, and YOR
(lanes 1, 2, 3, 4, 5, and 6, respectively) digested with EcoRI. Molecular size
markers (in kilobases) are indicated to the left of each panel.
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HS1 and DAH were identical, further indicating that these two
isolates are very similar (27), while diversity was seen among
the other B. hermsii isolates. Multiple bands were also ob-
served when using probes derived from the mlpL and PF-145
loci, even with high-stringency hybridization and wash condi-
tions (data not shown).

B. hermsii plasmids encode antigenic proteins homologous
to proteins of B. burgdorferi. Humans and other mammals
infected with B. burgdorferi produce antibodies directed against
the Mlp (Porcella, unpublished; 61) and Bdr (64) proteins,
indicating that those proteins are synthesized during mamma-
lian infection. Additionally, the B. burgdorferi cp32 blyA and
blyB genes encode putative hemolytic proteins (26). Sequenc-
ing of the cloned B. hermsii cp32 fragments indicated that
isolate HS1 contained at least two mlp genes (mlpK and mlpL,
cloned in recombinant plasmids pSPR66 and pSPR67, respec-
tively), two bdr genes (bdrA and bdrB), and a blyAB locus.

The sequences of B. burgdorferi mlp paralogs can vary con-
siderably between different bacteria (14, 37, 61), and our se-
quencing data indicated that this was also true of the B. hermsii
paralogs. The B. hermsii mlpK and mlpL genes were identified
on different, overlapping cloned cp32 fragments, and the de-
duced MlpK and MlpL proteins share approximately 48%
identical amino acids. Compared to the B. burgdorferi B31
proteins, MlpK was most similar to B31 MlpF (located on
cp32-6, 58% identity) and MlpL was most similar to B31 MlpB
(located on cp32-2, 46% identity) (Fig. 5). Despite sequence
variability, borrelial Mlp proteins fall into two classes based on
size, hydrophilicity profiles, and antigenic cross-reactivity (37,
61), with the HS1 MlpK being a member of class 2 and MlpL
being a member of class 1.

Serum samples from humans and laboratory animals in-
fected with relapsing fever spirochetes produce antibodies that
recognize antigens with sizes similar to those of the MlpK and
MlpL proteins (4, 20, 39, 47). Recombinant MlpK and MlpL
proteins (rMlpK and rMlpL, respectively) were produced for
immunoblot analyses with relapsing fever patient sera, which
indicated that Mlp proteins are synthesized by B. hermsii dur-
ing mammalian infection. The serum samples from 2 of 10

patients examined contained detectable levels of antibodies
reactive with both recombinant proteins, although with differ-
ent intensities (Fig. 6). For example, the serum from patient
C-1 contained antibodies that reacted strongly with rMlpK but
only weakly with rMlpL, while the converse was true for serum
from patient H-1 (Fig. 6). Immunoblot signal variations were
probably due to different Mlp protein sequences of the B.
hermsii that infected the tested patients, since similar varia-
tions have been observed in analyses of Lyme disease patient
serum reactivities to different recombinant B. burgdorferi Mlp
proteins (Porcella, unpublished; 61). Control immunoblots us-
ing serum samples from 19 different uninfected humans did
not show any detectable antibody binding to the recombinant
Mlp proteins (data not shown).

All B. burgdorferi cp32 plasmids contain a locus encoding
one or two erp genes between PF-96 and PF-115 (1, 14, 15,
50–52, 54), a region occupied by the mlp locus in the composite
B. hermsii cp32 (Fig. 3). Low-stringency Southern blot analyses
were performed to search for erp homologs elsewhere in the B.
hermsii genome. Two probes were derived from highly con-
served sequences of the B. burgdorferi erp loci: the erp promoter
region and a 200-bp region found in many erp genes that is rich

FIG. 5. (A) Alignment of the B. hermsii MlpL and B. burgdorferi B31 MlpF proteins. (B) Alignment of the B. hermsii MlpK and B. burgdorferi B31 MlpB proteins.
The complete sequence of the mlpK gene is unknown, since recombinant plasmid pSPR66 contains only part of this gene. Homologous amino acids predicted to be
located in proteins of both species are boxed.

FIG. 6. Analyses of recombinant B. hermsii Mlp proteins. Purified proteins
were separated by SDS-polyacrylamide gel electrophoresis and either stained
with Coomassie brilliant blue (A) or transferred to polyvinylidene difluoride
membranes and immunoblotted with serum samples from relapsing fever pa-
tients C-1 (B) and H-1 (C). Some purified proteins appeared as multiple bands,
presumably due to multimerization or degradation. Molecular mass standards (in
kilodaltons) are shown on the left of each panel.
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in GAA and AAA codons. Both probes hybridized with mul-
tiple B. burgdorferi restriction fragments, but neither probe
hybridized with DNA from B. hermsii (data not shown). We
conclude that either B. hermsii lacks homologs of the erp genes
or, if they are present, their sequences are divergent beyond
our level of detection.

Other ORFs found on both B. burgdorferi and B. hermsii
cp32s. Alignment of the composite B. hermsii cp32 with a
typical B. burgdorferi cp32 indicated extensive regions of ho-
mology between the two species (Fig. 3). Many of the ORFs on
the B. hermsii cp32 are also in the same relative position and
orientation on B. burgdorferi cp32s, although the DNA se-
quences of the two species are not identical. For example, a
pair of oligonucleotide primers directs PCR amplification of a
region spanning the PF-115 and PF-145 loci (52) of all Lyme
disease spirochetes and has been used in differentiating these
bacteria from other Borrelia species (3). As expected, the cor-
responding regions of the B. hermsii cp32 fragments cloned in
pSPR6 and pSPR67 lack both oligonucleotide binding sites.

The B. hermsii and B. burgdorferi cp32s also differ in having
opposite orientations for the five-gene cluster spanning PF-57
through the adjacent bdr allele (Fig. 3). Unlike all known
members of the B. burgdorferi cp32 family (14, 19, 24, 52, 63),
the B. hermsii PF-57-to-bdr regions are not flanked by inverted
repeats, nor do the immediately flanking sequences resemble
those of B. burgdorferi cp32s.

An earlier study, using high-stringency Southern blotting
with probes derived from cp32s of B. burgdorferi isolate Sh-2-
82, indicated hybridization with DNA from Lyme disease spi-
rochetes but not from B. hermsii (48). Sequencing of the
B. burgdorferi Sh-2-82 DNA fragments revealed that they were
derived from the bdr-to-erp regions of two different cp32s
(pSPR13 and pSPR14) and from a cp32 PF-147-to-PF-108
region (pSPR9) (data not shown). These regions of B. hermsii
and B. burgdorferi cp32s share an average 60% or less identical
nucleotides with interspersed unrelated sequences, differences
that apparently prevented hybridization between the two spe-
cies’ DNAs under the conditions used in the earlier studies
(48).

Novel ORFs on B. hermsii cp32. The cp32 fragment cloned in
recombinant plasmid pSPR67 contained three ORFs unrelated
to any sequences on B. burgdorferi cp32 plasmids (Fig. 3). One,
designated bhm (B. hermsii methyltransferase), encodes a pro-
tein homologous to the BalI methylase of Brevibacterium albi-
dum and the StsI methylase of Streptococcus sanguis (GenBank
accession numbers D82028 and D11101, respectively). The
predicted Bhm protein bears little similarity to the putative
nucleotide methylases on the lp56 and lp25 plasmids of B.
burgdorferi (14, 24). A second unique ORF, ssb, is homologous
to genes encoding single-stranded DNA binding proteins
found on the chromosomes of B. burgdorferi (24) and many
other bacteria. None of the B. burgdorferi plasmids contain ssb
homologs (14, 24), but similar ssb genes are found on the E.
coli plasmid R64 and related conjugative plasmids (38). A third
ORF, ORF-Z, is not related to any gene or protein previously
reported to GenBank.

Homologs of B. hermsii cp32s in other relapsing fever spi-
rochetes. Having found multiple cp32 plasmids in both B.
hermsii and B. burgdorferi, we examined isolates of other Bor-
relia species for cp32-related plasmids. DNA from B. parkeri
and B. anserina were digested, blotted, and hybridized with the
B. hermsii cp32 PF-144 probe. At low stringency, this probe
hybridized with multiple DNA fragments from both B. parkeri
and B. burgdorferi, although not with any DNA from B. anse-
rina (Fig. 7A). Hybridization of the PF-144 probe with B.
parkeri DNA separated by two-dimensional gel electrophoresis

indicated the presence of related linear DNA in that species
but no circular forms (Fig. 7B). During the course of our work,
others reported that a probe derived from a B. turicatae bdr
homolog also hybridized with multiple fragments of B. parkeri
DNA (11, 12). These data indicate that B. parkeri contains
multiple plasmids related to the B. hermsii and B. burgdorferi
cp32 plasmids, although all such plasmids appear to be linear.
The isolate of B. anserina used in our studies does not appear
to contain cp32-related plasmids, although it may contain
DNAs with sequences too divergent from those of B. hermsii
for our detection.

DISCUSSION

We found that B. hermsii HS1 contains circular plasmids that
by EM contour length measurement had sizes of approxi-
mately 30 kb. Fragments of these plasmids were linked by
overlapping sequences to assemble a composite circular DNA
sequence of 30,295 bp in circumference, with extensive homol-
ogy to the cp32 family of B. burgdorferi plasmids. Sequencing of
B. hermsii HS1 cp32 fragments indicated that these clonal
bacteria contain at least two different cp32s, while Southern
blotting suggested four or more such plasmids in this strain.
The five other B. hermsii isolates examined also contain mul-
tiple cp32s. Two other species of relapsing fever spirochetes,
B. parkeri and B. turicatae, also contain linear DNAs related to
the B. hermsii and B. burgdorferi cp32 plasmids (this work and
references 11 and 12).

Comparison of the ORFs found on the B. hermsii cp32
DNAs with those on B. burgdorferi cp32s revealed the presence
of homologous genes in the two species, including members of
the mlp, bdr, and blyAB gene families. These similarities sug-
gest common functions for cp32-encoded proteins in the dif-
ferent Borrelia species. Furthermore, the presence of similar
genes in both B. hermsii and B. burgdorferi presents opportu-
nities to compare protein synthesis patterns and functions in
the two species of bacteria during mammalian and tick infec-
tions. For example, the Mlp proteins of both B. hermsii and
B. burgdorferi are synthesized in vivo, as indicated by the reac-
tivity against recombinant Mlps with serum samples from both
relapsing fever (this work) and Lyme disease patients (Por-
cella, unpublished; 61). Since B. hermsii achieves high levels of
bacteremia in the mammalian bloodstream, spirochetes can be
examined directly in blood smears from infected animals. Fu-
ture studies can determine the time course of Mlp synthesis in
both mammals and ticks, which of the Mlp proteins are pro-
duced, and the location of Mlps in the bacterial cell. Similar in
vivo studies on the synthesis and function of the Bdr antigens,
BlyA/BlyB putative hemolysins, and other cp32-encoded pro-
teins conserved in relapsing fever Borrelia species can also be
performed.

All analyzed Lyme disease spirochete cp32s contain erp
genes, which encode antigenic proteins synthesized during the
initial stages of mammalian infection (2, 28, 50, 53, 56, 58).
However, no such gene was found on B. hermsii cp32s, nor was
there hybridization evidence of erp genes elsewhere in the
B. hermsii genome. These data suggest that Erp proteins per-
form functions essential for Lyme disease borrelial infection
that are not required by relapsing fever borreliae. Additional
analyses of B. hermsii and other spirochetes of this genus will
undoubtedly reveal additional differences reflecting the dis-
tinct life histories of Borrelia species.

The B. hermsii cp32 fragments cloned in recombinant plas-
mids pSPR66 and pSPR67 contained similar sequences, al-
though differences were found throughout the two plasmid
inserts, with regions of near identity separated by regions with-

VOL. 68, 2000 B. HERMSII cp32 PLASMIDS 3905



out recognizable similarity. The B. hermsii cp32 fragment
cloned in pSPR66 appears to be badly damaged, since its
PF-115 and PF-145 ORFs contain multiple frameshifts and
premature termination codons, suggesting that the products of
PF-115 and PF-145 are not essential for B. hermsii cp32 main-
tenance. Further comparative studies will identify whether the
DNA near the B. hermsii cp32 mlp locus is a hot spot for
mutation and recombination. Additionally, the apparent mu-
tations in the cp32 fragment cloned in pSPR66 may indicate
that relapsing fever spirochetes harbor degenerated plasmids,
as do the Lyme disease borreliae (14).

Phage-like particles have been observed in B. hermsii cul-
tures (9), and since there is evidence that B. burgdorferi cp32s
may be bacteriophage genomes (14, 21), B. hermsii cp32s might
also be prophages. That hypothesis is further supported by the
presence of the B. hermsii cp32 ssb gene, since bacteriophages
often encode single-stranded DNA binding proteins (29). Such
bacteriophages may be capable of transferring DNA between
B. hermsii and thus prove to be useful genetic tools.

The B. hermsii composite cp32 contains an additional novel
gene, bhm, encoding a putative nucleotide methylase. Earlier
reports indicated the presence of methylated DNA in B. herm-
sii and other relapsing fever spirochetes (33, 35), possibly con-
sequences of the bhm gene product. The presence of a nu-
cleotide methylase in these bacteria may indicate a DNA
restriction mechanism, which could have important conse-
quences on the development of a B. hermsii recombinant ge-
netic system. DNA methylation can play other roles in pro-
karyotes, including gene regulation and the packaging of
bacteriophage DNA into capsids (36). Nucleotide methylases
may also protect bacteria from toxic substances, such as mod-
ifying rRNA to mediate resistance to macrolide antibiotics
(18).

Based on their location on almost all borrelial plasmids and
homologies with plasmid proteins of other bacterial species,
the proteins of paralog families 57, 50, 32, and 49 have been
proposed to be involved with plasmid replication and partition
(8, 14, 19, 51, 63). Sequencing and hybridization studies indi-
cate that plasmids of different B. burgdorferi isolates often
contain nearly identical PF-32 and PF-49 gene pairs (R. Iyer,
O. Kalu, I. Schwartz, and B. Stevenson, Abstr. 99th Gen. Meet.
Am. Soc. Microbiol., abstr. D/B-260, 1999; 10, 51), suggesting
that the products of these two genes specifically interact with
each other. Additionally, all cp32s in individual B. burgdorferi
encode PF-32 and PF-49 proteins with no more than 65%
identical amino acids (51), which may account for the compat-
ibility of the different plasmids. The PF-32 and PF-49 proteins
encoded by the pSPR61-L B. hermsii cp32 fragment share 76
and 75% identical amino acids with their B. burgdorferi B31
cp32-6 homologs but less than 65% identity with proteins en-
coded by the other B31 cp32s. The similarity of the B. hermsii
cp32 and B. burgdorferi cp32-6 putative segregation genes
raises the intriguing possibility that these two plasmids are
more closely related to each other than are most of the B. burg-
dorferi B31 cp32s. This implies that either B. hermsii and B.
burgdorferi have exchanged DNA at some time or the diver-
gence of cp32s predated the divergence of the relapsing fever
and Lyme disease borreliae from their common ancestor.

Many species within the genus Borrelia contain multiple
plasmids of the cp32 family (this work and references 11, 12,
15, 37, 54, and 63). The cp32 plasmids of B. hermsii and B.
burgdorferi contain many homologous genes, most of which are
located in similar positions and orientations. This conservation
of sequences indicates that they serve important functions,
either for survival of the bacteria or for maintenance of the
plasmids. Production of conserved proteins during mammalian

FIG. 7. Southern blot analysis of DNA from other Borrelia species hybridized
with a probe derived from the identified B. hermsii cp32 PF-144 locus. (A)
Genomic DNA from B. parkeri (lanes 1 to 4), B. anserina (lanes 5 to 8), and B.
burgdorferi (lanes 9 and 10). DNAs were either uncut (lanes 1, 5, and 9) or cut
with EcoRI (lanes 2, 6, and 10), EcoRV (lanes 3 and 7), or HindIII (lanes 4 and
8) and separated by pulsed-field agarose gel electrophoresis. Uncut circular
DNAs form a broad smear extending from the gel well under the electrophoresis
conditions used in these experiments (54). (B) B. parkeri genomic DNA sepa-
rated by two-dimensional agarose gel electrophoresis. Linear DNA is marked
with an arrow. Molecular size markers (in kilobases) are indicated to the left of
each panel.
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infection also implies essential functions, perhaps facilitating
interactions with tissues of the mammalian or arthropod hosts.
We propose that comparative studies of cp32-encoded proteins
of B. hermsii and B. burgdorferi will help elucidate the mecha-
nisms underlying the pathogenicity of these bacteria.
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