


To answer the puzzle of why only one primer pair gave a
PCR product from B31-RML, we cloned its EA-A–EA-B am-
plicon into the TA vector pCR2.1 (Invitrogen, San Diego,
Calif.) and sequenced the insert. The identified sequence did
not precisely match any in the Institute for Genomic Research
B. burgdorferi B31 database (http://www.tigr.org/tdb/CMR/gbb
/htmls/SeqSearch.html) and did not contain sequences comple-
mentary to oligonucleotides EA-C and EA-D. The B31-RML

amplicon sequence contained an open reading frame that
shared 72% identical nucleotides with the B31-MI eppA gene
and encoded a protein predicted to share 63% identical amino
acids with B31-MI EppA (Fig. 1). The DNA sequence flanking
the B31-RML open reading frame was very similar to that
flanking B31-MI eppA, indicating that a second B31 allele of
eppA had been identified. We designate the previously re-
ported B31 allele (11, 15) eppA1 and the new allele eppA2.
Since PCR of B31-4a with EA-A and EA-B did not yield a
product, it was concluded that this clonal culture did not con-
tain eppA2.

bapA, another B31 gene with similarity to eppA1, has been
mapped to a 32-kb circular plasmid (42), and so we sought
to identify the genomic location of eppA2. Two-dimensional
Southern blotting was utilized to address whether eppA2 is
located on a circular or a linear plasmid. B31-RML plasmid
DNAs were electrophoresed at 1.3 V/cm for 12 h in a 0.35%
agarose gel, whereupon the gel was rotated 90°, soaked in 15
mM chloroquine, and again electrophoresed for 12 h. Chloro-
quine has different effects on the supercoiling of linear and
covalently closed circular DNAs, and so these two forms are
readily distinguishable in two-dimensional gels (28). Different
forms of a circular DNA species can typically be visualized on
such two-dimensional gels, with linearized and open circular
forms appearing on an axis, while the supercoiled form mi-
grates off that axis. Linear plasmids, however, will resolve as a

FIG. 1. Comparisons of eppA1 and eppA2 and their predicted proteins. (A) Nucleotides common to both eppA alleles are boxed and shaded. Predicted start and
stop codons of each gene are indicated by boldface and asterisks. Additional DNA flanking eppA1 that corresponds with oligonucleotides EA-A and EA-B is also shown.
(B) Amino acids predicted to be contained in both EppA1 and EppA2 are boxed and shaded.

TABLE 1. Oligonucleotides used in this work

Oligo-
nucleotide Sequence (59 to 39)

EA-A .............AGCCCCTTTATCTCTATTATTGTTAATGGTCTTATT
ATTTGG

EA-B .............CTCGCTTTATATAATGCTATCTATACGCCTCATA
AGG

EA-C .............AAAAGTGCTTTTTATGAGTCAAG
EA-D.............TTTCTATTTTTAAAATTAATCTTTAGG
EA-E .............TGCTAAAGCTCCAGAAATTAGGGG
EA-F..............TAGCTTTTTCTCCATATTTTTCGG
EA-G.............CTCCCCCCTAATTTCTGGAACACG
EA-H.............TATGGAGAAGAGGCTAGGGAAAAG
1 .....................GAACAAGGATTAATTCTTAAGTGG
2 .....................GAACTTATAAAAACCTATTCTCTA
3 .....................ACTATATTAAGTGTGTAGTAATAG
4 .....................AATTTTGAGATTATTTGTGTATTG
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single band (14, 28, 39, 42). Separated DNAs were transferred
to a Biotrans nylon membrane (ICN, Irvine, Calif.) and cross-
linked in a Stratalinker 1800 (Stratagene, La Jolla, Calif.). A
DNA probe was synthesized from the eppA2-containing re-
combinant plasmid by two rounds of PCR, using oligonucleo-
tides EA-E and EA-F (Fig. 1 and Table 1) and conditions as
previously described (42). The eppA2 probe was labeled with
[a-32P]dATP (ICN) by random priming (Life Technologies,
Gaithersburg, Md.) and hybridized with the nylon membrane
overnight at 45°C, as previously described (22). The membrane
was then washed at 55°C in 0.23 SSC (13 SSC is 0.15 M NaCl,
0.015 M sodium citrate, pH 7.0)–0.1% (wt/vol) sodium dodecyl
sulfate at 55°C, and hybridized probe was visualized by auto-
radiography. The eppA2 probe gave a two-dimensional South-
ern blot pattern consistent with a circular plasmid (Fig. 2A), in-
cluding hybridization with an approximately 9-kb linear DNA
species that was presumably plasmid linearized by shearing dur-
ing preparation.

The circular nature and size of the eppA2-containing plas-
mid were further addressed by PCR, using oligonucleotide
primers directed away from eppA2 (Fig. 2B). This technique
can amplify the remainder of a circular plasmid, a method used
previously to confirm circularity of other borrelial plasmids
(39, 40). B31-RML and B31-4a DNAs were subjected to PCR
using oligonucleotides EA-G and EA-H (Fig. 2C and Table 1)
with an Expand amplification system (Boehringer Mannheim,
Indianapolis, Ind.). PCR conditions consisted of 10 cycles of
94°C for 10 s, 50°C for 30 s, and 68°C for 10 min, followed by
20 cycles with extension steps increasing by 20 s each cycle, as
recommended by the manufacturer. Reaction products were
separated by agarose gel electrophoresis and visualized with
ethidium bromide, revealing the production of an approxi-
mately 9-kb amplicon from B31-RML, but not from B31-4a
(Fig. 2C). A smaller, minor DNA product was also produced
from both B31-RML and B31-4a (Fig. 2C), which was not a
product of eppA2 extension, since B31-4a lacks this gene (see
above).

Both two-dimensional Southern blotting and long-range PCR
indicated that eppA2 is located on a circular plasmid having a
size of approximately 9 kb, a size similar to that of the plasmid
carrying eppA1 (11, 15). We therefore designate the eppA2-
containing plasmid cp9-2 and rename the originally identified
eppA1-carrying plasmid cp9-1.

Since some B. burgdorferi plasmids are known to encode
virulence-associated proteins, it is of interest to identify which
plasmids are essential for bacterial infectivity and which are
dispensable. While an efficient method to analyze the plasmid
content of infectious B31 cultures is by PCR with oligonucle-

otide primers derived from B31-MI plasmid sequences, a sig-
nificant drawback to this approach was illustrated by our stud-
ies. PCR using oligonucleotide primers derived from the cp9-1
sequence can fail to amplify DNA from B31 cultures contain-
ing only cp9-2, which would lead one to incorrectly conclude
that such bacteria lack an eppA-encoding plasmid. It is im-
portant for researchers to acknowledge that the reported se-
quence of the B31-MI genome does not represent all DNA
species that can be carried by bacteria in B31 cultures and that
plasmid content analyses of B31 cultures should not be based
solely upon the sequences found in B31-MI.

To examine whether additional sequence similarities exist
between cp9-1 and cp9-2, four oligonucleotide primers com-
plementary to cp9-1 sequences were constructed: 1 and 2, flank-
ing rev, and 3 and 4, flanking the paralog family 32 (ORF-3)
gene (Table 1). PCR of B31-RML DNA failed to yield prod-
ucts with any combination of these primers. Likewise, no am-
plicons were produced from B31-RML DNA by PCR using
cp9-1 primers paired with eppA2-specific primers. Control PCR
of B31-MI with cp9-1 primer pairs yielded appropriately sized
amplicons, as anticipated. We conclude that cp9-2 does not
contain precise paralogs of the cp9-1 sequences comprising
oligonucleotide 1, 2, 3, or 4.

Restriction mapping experiments also indicated differences
between cp9-1 and cp9-2. The cp9-2 amplicon obtained with
oligonucleotides EA-G and EA-H was digested with restriction
endonucleases ApaLI, Bsu36I, EcoRI, EcoRV, and EcoO109
(New England Biolabs, Beverly, Mass.), enzymes that are pre-
dicted to cut cp9-1 (GenBank accession no. AE000791). Di-
gested cp9-2 amplicons were separated by agarose gel electro-
phoresis and stained with ethidium bromide, and restriction
fragment sizes were compared with those predicted for the
non-eppA1 portion of cp9-1. cp9-2 contains single ApaLI,
Bsu36I, and EcoRI sites, as does cp9-1, and digested fragments
were of sizes similar to those predicted for cp9-1, indications of
sequences held in common by both plasmids. In contrast, cp9-1
is predicted to contain two sites each for EcoRV and EcoO109,
while the cp9-2 amplicon was digested only once by EcoO109,
and not at all by EcoRV (data not shown).

As noted above, B31-4a, a clonal derivative of B31-RML,
lacks eppA2 and, therefore, cp9-2. Experiments were per-
formed to examine the frequency of cp9-2 in other clonal
cultures derived from B31-RML. A mid-logarithmic-phase cul-
ture of B31-RML (approximately 107 bacteria/ml) was plated
in solid medium, as previously described (19, 26). Visible col-
onies appeared after incubation for approximately 1 week at
37°C in a 5% CO2 atmosphere. Ten colonies were each inoc-
ulated into liquid medium, and bacteria were grown to mid-

FIG. 2. (A) Two-dimensional Southern blotting of B31-RML plasmids hybridized with an eppA2-derived probe. Three forms of cp9-2 are evident and marked as
CCC (covalently closed circular), OC (open circular), and Linear. (B) Diagram of cp9-2 indicating the locations of sequences complementary to oligonucleotides EA-G
and EA-H, with 59-to-39 directions indicated by arrows. (C) Results of long-range PCR of B31-RML and B31-4a. The approximately 9-kb PCR product of cp9-2 is
indicated by an arrow. A smaller PCR product was obtained from both cultures and is marked with an asterisk. Positions of DNA size standards (in kilobases) are
indicated to the left of panels A and C.
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logarithmic phase. Bacteria from each culture were pelleted by
centrifugation, washed twice with phosphate-buffered saline,
resuspended in water, and lysed by boiling. An aliquot of each
lysate was subjected to PCR with oligonucleotides EA-A and
EA-B, using PCR conditions as described above. No amplicons
were obtained from any of the 10 clonal cultures, while a
product was obtained from a control PCR using uncloned
B31-RML (data not shown). Since 11 separate clones of B31-
RML lack cp9-2 (the 10 analyzed here plus B31-4a), it appears
that a majority of bacteria in this infectious culture do not
contain that plasmid. These data also indicate that bacteria
lacking both cp9-1 and cp9-2 can be infectious, suggesting that
neither of these plasmids contains genes essential for mamma-
lian infection. Other researchers also found that B31 cultures
lacking a 9-kb circular plasmid (it is unknown whether this was
cp9-1 or cp9-2) could still infect hamsters, although the bacte-
ria lacking such a plasmid were less infectious than those con-
taining the plasmid (47). We are not aware of any studies that
have compared the relative abilities of B31-MI, B31-RML, and
B31-4a to infect animals. It is possible that the cp9s are some-
what redundant, since all the identified open reading frames on
cp9-1 and cp9-2 have paralogs on other B31 plasmids that
might compensate for loss of the 9-kb circular plasmids (9).
For example, the B31 cp32-3 encodes BapA (42), which is
homologous to EppA1 and EppA2 (45), and thus may perform
functions similar to those proteins.

The similar sizes and presence of eppA genes on both cp9-1
and cp9-2 suggest relatedness between these two plasmids.
Likewise, restriction mapping with ApaLI, Bsu36I, and EcoRI
indicated the presence of other homologous DNA sequences
on the two plasmids. However, EcoRV and EcoO109 restric-
tion mapping and PCR analyses indicated that cp9-1 and cp9-2
contain many unique sequences, suggesting that cp9-2 is not
simply cp9-1 with a variant eppA locus. The two identified B31
cp9s are similar in this regard to the cp32 plasmid family,
whose members contain regions of highly conserved sequences
interspersed with divergent sequences (9, 43). Perhaps not
coincidentally, analysis of the cp9-1 DNA sequence indicated
that it evolved from a cp32 (9). Clonal B. burgdorferi cultures
that contain multiple different cp32s have been identified, in-
dicating that many of those plasmids are compatible with each
other (1, 10, 13, 42). We have yet to identify a clonal B31
culture that contains both cp9-1 and cp9-2, and so it is un-
known whether the two cp9s are likewise compatible. We note,
however, that B31 was reported as clonal when first described
(3), and so the ancestral B31 organism presumably contained
both cp9-1 and cp9-2.

Circular plasmids of approximately 9 kb have also been
observed for other B. burgdorferi isolates, although the pres-
ence of eppA genes on such plasmids is unknown (8, 10, 12, 16,
29, 32–34, 37, 48). To address that question, we used Southern
blot analyses to examine 16 additional B. burgdorferi isolates,
all cultured from human Lyme disease patients (22) (provided
by M. Schriefer and K. Davis, Centers for Disease Control and
Prevention, Ft. Collins, Colo.). Total genomic DNA was puri-
fied (22), separated by agarose gel electrophoresis, transferred
to nylon membranes, incubated at 45°C overnight with the B31
eppA2-derived probe, and washed at 45°C in 23 SSC–0.1%
sodium dodecyl sulfate. Autoradiography revealed that 7 of the
16 human isolates contained DNA that hybridized with the
B31 eppA2 probe, all of which had the appearance of being
circular DNAs of approximately 9 kb in size (Fig. 3 and data
not shown). Southern blot signal strengths ranged from very
intense (e.g., isolate 91-1223) to barely detectable (e.g., isolate
119aP3), which may indicate differences in sequences from that
of B31 eppA2 or may be due to only a small fraction of the

bacteria in some isolates carrying an eppA-containing plasmid
(similar to B31-RML). The other nine examined isolates may
have lacked cp9s or lost them during laboratory cultivation, as
apparently happens frequently with the B31 cp9s (47). Alter-
natively, these other isolates may contain plasmids related to
the B31 cp9-1 and cp9-2 but which lack an eppA locus, similar
to the cp8.3 of isolate Ip90 (12). The widespread occurrence of
eppA genes and 9-kb circular plasmids suggests that they con-
tribute to the survival of B. burgdorferi in nature, and possibly
to the pathogenesis of Lyme disease.

Nucleotide sequence accession number. The sequence of
B31 eppA2 has been deposited in GenBank and given acces-
sion no. AF213472.
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