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Sera from animals infected with Borrelia burgdorferi isolates yield intense immunoblot signals from the B31
ErpA/I/N and ErpB/J/O proteins, which have apparent molecular masses of 19 and 60 kDa, respectively. Since
B. burgdorferi proteins with those molecular masses are of immunodiagnostic importance, Lyme disease patient
sera were used in studies of B31 lysates and recombinant B31 ErpA/I/N and ErpB/J/O proteins. Immunoblot
analyses indicated that only a minority of the patients produced antibodies that recognized the tested B31 Erp
proteins. Southern blot analyses of Lyme disease spirochetes cultured from 16 of the patients indicated that
all these bacteria contain genes related to the B31 erpA/I/N and erpB/J/O genes, although signal strengths
indicated only weak similarities in many cases, suggestive of genetic variability of erp genes among these
bacteria. These data indicate that Erp proteins are generally not the 19- and 60-kDa antigens observed on
serodiagnostic immunoblots.

Lyme disease is caused by the spirochete Borrelia burgdorferi
and other, very closely related, Borrelia genospecies (9). These
bacteria are generally difficult to isolate from infected humans,
and Lyme disease can be complicated to diagnose clinically
due to variability of symptoms between patients. Human in-
fection is frequently, although not always, accompanied by an
expanding “bull’s-eye” rash, erythema migrans (EM). Lyme
disease may or may not also affect various other tissues and
organs, resulting in rheumatologic, cardiac and/or neurologic
abnormalities (35). In the absence of EM or another charac-
teristic manifestation, serologic testing is often used to assist
diagnosis (8, 51, 55). Unfortunately, there is no widely ac-
cepted standardized test for Lyme disease, and different labo-
ratories may utilize dissimilar diagnostic procedures and ref-
erence materials, possibly yielding conflicting results from
different analyses of the same serum sample (7, 8, 17, 24, 55).

The Centers for Disease Control and Prevention (CDC) and
other authorities recommend a two-step method for the sero-
diagnosis of suspected Lyme disease, consisting of a semispe-
cific primary assay (such as enzyme-linked immunosorbent as-
say or immunodot analysis), followed by a second, more
specific immunoblot (Western blot) analysis (4, 6, 8, 13, 50).
Immunoblot analyses generally utilize whole-cell lysates of B.
burgdorferi, and a number of immunoglobulin G (IgG) and
IgM immunoblot bands have been identified as being charac-
teristic of Lyme disease (6, 13, 20, 26, 50). However, the iden-
tities have been confirmed for only a small number of these
diagnostic antigens (15, 21–23, 40, 53). As a result, it is unclear
whether, for example, the 19-kDa IgG immunoblot band ob-
served when using two different reference strains corresponds
to the same protein in both bacteria. Cross-reactivity can
present an additional problem to serodiagnosis (14, 24, 25, 32);

for example, serum antibody binding to the 41-kDa antigen
FlaB (flagellin) is suggestive of Lyme disease, but that immu-
noblot band is not specific for the disorder, since this protein is
antigenically similar to flagellar components of other spiro-
chetes (31). As further complications to the use of bacterial
lysates for diagnostic immunoblot analyses, it is becoming ap-
parent that the sequences of antigenic proteins often vary
considerably between different Lyme disease spirochetes (28,
30, 33, 37, 42, 54) and that protein synthesis can be dramati-
cally influenced by prolonged laboratory cultivation (38) or by
variations in culture conditions (10, 27, 39, 46). It is not sur-
prising, then, that serodiagnosis by using whole-cell lysates can
be imprecise, and it is clear that tests could be greatly improved
through use of purified, recombinant forms of specific, widely
conserved antigens.

Within the first 4 weeks of infection, animals experimentally
infected with Lyme disease spirochetes consistently produce
antibodies directed against borrelial Erp lipoproteins (3, 29,
36, 43, 48, 52). erp genes are located on members of the cp32
plasmid family (a group of closely related 30- to 32-kb circular
plasmids, although linear and smaller circular variants have
been identified) (2, 11, 12, 45, 47). Individual bacteria can
contain several different cp32 plasmids (one clonal culture of
isolate B31 carries nine different cp32 plasmids [11]), and so
can potentially synthesize a large number of different Erp
proteins. All Lyme disease spirochetes that have been exam-
ined carry cp32 plasmids and erp genes (2, 3, 5, 11, 12, 19, 29,
34, 41, 47–49, 52, 56), which have also been given various
names such as ospE, ospF, p21, pG, elpA, elpB, bbk2.10,
bbk2.11, and “upstream homology box genes” (2, 3, 29, 34, 48,
52). Sequence analyses of the known erp genes indicate that,
while there may be extensive diversity among these genes, very
similar genes can be carried by different bacteria, or even
within a single bacterium. For example, the 10 loci of isolate
B31 include 17 erp genes, of which erpA, erpI, and erpN encode
identical proteins, as do erpB, erpJ, and erpO, and their en-
coded proteins are designated ErpA/I/N and ErpB/J/O, respec-
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tively (11, 12, 43, 44). Additionally, extensive homology is
found between the B31 erpA/I/N genes and the B31 erpP gene,
and also between the erpB/J/O genes and the erpM, erpQ, and
erpX genes of that isolate, so much so that a DNA probe
derived from one gene often hybridizes with DNA carrying
homologous genes, and antibodies directed against one Erp
protein sometimes bind to other Erps (12, 43, 47; our unpub-
lished results).

The B31 ErpA/I/N and ErpB/J/O proteins are the dominant
19- and 60-kDa antigens of B31 lysates observed when sera
from animals infected with that isolate are used in immunoblot
analyses (43). The antigenicity and electrophoretic mobilities
of these two Erp proteins raise the possibility that they repre-
sent the 18- to 20- and 58- to 60-kDa IgG immunoblot bands
that are diagnostic for Lyme disease (6, 13, 20, 26, 50). We
previously reported that sera from 10 of 10 Lyme disease
patients from eastern Long Island, N.Y., contained antibodies
that recognized ErpA/I/N, and 8 of the 10 contained antibodies
recognizing ErpB/J/O (43). We therefore analyzed sera from
additional Lyme disease patients, collected from other geo-
graphic locations, to determine whether these B31 Erp pro-
teins are universally recognized by patient antibodies and
might be useful components of serodiagnostic tests.

MATERIALS AND METHODS

Bacteria. B. burgdorferi isolate B31 was originally isolated from an infected tick
collected on Shelter Island, N.Y. (near the eastern end of Long Island) (9), and
the culture used in this study is infectious to both mice and ticks (39). These
bacteria carry plasmids cp32-1, cp32-3, cp32-4, cp32-5, cp32-6, cp32-7, cp32-8,
cp32-9, and lp56, and so contain three genes encoding both ErpA/I/N and
ErpB/J/O (erpAB on cp32-1, erpIJ on cp32-5, and erpNO on cp32-8) (11, 12).
Bacteria were cultivated at 34°C in modified Barbour-Stoener-Kelly medium
containing 6% rabbit serum (Sigma, St. Louis, Mo.). After reaching mid-loga-
rithmic phase (approximately 107 bacteria per ml), B31 cultures were harvested
by centrifugation, were washed three times with phosphate-buffered saline, were
resuspended in distilled water, and were lysed by boiling for 5 min.

Martin Schriefer (CDC, Fort Collins, Colo.) kindly provided B. burgdorferi
isolated from 16 Lyme disease patients (described further below): GR 90-2631,
MD 91-1458, WI 93-0208, WI 93-1426, WI 91-1222, CA 92-1682, WI 93-0206, WI
93-1414, WI 94-0880, NY 96-1050, NY 96-1055, NY 96-1063, NY 96-1069, NY
96-1078, NY 96-1088, and NY 96-1103. These bacteria have been passaged in
culture medium fewer than five times (M. Schriefer, personal communication).

Human and animal sera. Sera from each of the 16 culture-confirmed Lyme
disease patients were obtained from M. Schriefer. Sera were also provided from
two additional patients, without corresponding cultured bacteria. The sera were
collected at the times after disease onset indicated in Table 1, although all were
treated with antibiotics within 2 months of onset (M. Schriefer, personal com-
munication). Eight of the patients were diagnosed in upstate New York (prefix
NY), six were diagnosed in Wisconsin (prefix WI), and one each was diagnosed
in Michigan, Maryland, California, and Germany (prefixes MI, MD, CA, and
GR, respectively). To serve as negative controls, M. Schriefer also provided sera
from six healthy individuals who live in areas where Lyme disease is not known
to be endemic.

An additional 20 sera, selected at random from patients symptomologically
diagnosed with Lyme disease in upstate New York, were generously provided by
Gary Wormser (New York Medical College, Valhalla). All of these sera were
collected approximately 1 month after the probable date of infection (G. Worm-
ser, personal communication) and are designated herein as NY-1 through -20.

Antisera directed against the B31 ErpA/I/N or ErpB/J/O proteins were gen-
erated by vaccinating New Zealand White rabbits with one of the respective
fusion proteins (described below). Approximately 50 mg of purified protein in
complete Freund’s adjuvant was injected into each rabbit, followed by booster
vaccinations 2 and 4 weeks later with the same dose of protein in incomplete
Freund’s adjuvant. Rabbits were exsanguinated 2 weeks after the final boost.

Serum was also collected 4 weeks postinfection from a white-footed mouse
(Peromyscus leucopus) that had been infected with B31 via tick bite (43).

Immunoblot analyses. Recombinant B31 ErpA/I/N or ErpB/J/O proteins were
purified from Escherichia coli engineered to overexpress polyhistidine-linked
fusion proteins (43). Bacteria were lysed either by sonication or suspension in
B-PER bacterial protein extraction reagent (Pierce, Rockford, Ill.), and fusion
proteins were purified with His-Bind kits (Novagen).

B31 lysates or recombinant Erp proteins were separated by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis, were electrotransferred to ni-
trocellulose membranes, and were blocked with 5% nonfat dried milk in Tris-
buffered saline–Tween-20 (20 mM Tris [pH 7.5], 150 mM NaCl, 0.05% [vol/vol]

Tween-20). The membranes were incubated with either patient serum, infected
mouse serum, or Erp-directed rabbit antiserum by using a Mini-Protean II
multiscreen apparatus (Bio-Rad, Hercules, Calif.). Sera were diluted in Tris-
buffered saline–Tween 20 at the following ratios: human sera at 1:200, infected
mouse serum at 1:250, and ErpA/I/N- and ErpB/J/O-directed rabbit antisera at
1:200 and 1:50, respectively. After incubation with primary antibodies, mem-
branes were incubated with either goat anti-human IgG- or IgM-horseradish
peroxidase conjugates (ICN/Cappel, Aurora, Ohio) (for human sera) or protein
A-horseradish peroxidase conjugate (Amersham, Piscataway, N.J.) (for mouse or
rabbit sera). Bound secondary antibody or protein A conjugates were visualized
by enhanced chemiluminescence (Amersham).

DNA analysis. Each of the 16 B. burgdorferi samples isolated from Lyme
disease patients was grown to late logarithmic phase (approximately 108 bacteria
per ml) in 100 ml of Barbour-Stoener-Kelly medium, and plasmid DNAs were
purified by using plasmid purification kits (Qiagen, Chatsworth, Calif.). Aliquots
of each plasmid preparation and, as a control, B31 genomic DNA (47) were
digested with EcoRI (New England Biolabs, Beverly, Mass.). Cut DNAs were
separated by pulsed-field agarose gel electrophoresis (19) and were transferred
(47) to a Biotrans nylon membrane (ICN).

The membrane was alternately hybridized with one of two radiolabeled probes
derived from either the B31 erpA or erpB gene. All probes were synthesized from

TABLE 1. Reactivities of human Lyme disease patient sera against
B31 whole-cell lysate or recombinant B31 Erp proteins

Patient designation
Interval of

onset to
collectiona

Reactivity againstc:

;19-kDa
antigen rErpA/I/N ;60-kDa

antigen rErpB/J/O

GR 90-2631b 146 1 2 1 2
MD 91-1458b 54 1 2 1 2
WI 93-0208b 263 2 2 1 2
WI 93-1426b 89 1 2 1 2
WI 91-1222b 33 1 2 1 2
CA 92-1682b 141 1 2 1 2
WI 93-0206b 254 1 1 1 2
WI 93-1414b 21 1 2 1 1
WI 94-0880b 7 1 2 1 2
NY 96-1050b 115 2 2 1 2
NY 96-1055b 416 2 2 1 1
NY 96-1063b 10 1 2 1 2
NY 96-1069b 831 2 2 1 1
NY 96-1078b 1424 1 1 1 1
NY 96-1088b 1323 1 1 1 1
NY 96-1103b 19 1 2 2 2
NY 96-1060 25 2 2 1 2
MI 92-1941 77 1 2 1 2
NY-1 ;30 2 2 1 2
NY-2 ;30 2 2 1 1
NY-3 ;30 1 2 1 2
NY-4 ;30 2 2 1 2
NY-5 ;30 1 2 1 2
NY-6 ;30 1 2 1 2
NY-7 ;30 1 1 1 1
NY-8 ;30 2 2 1 2
NY-9 ;30 2 2 2 2
NY-10 ;30 1 2 1 2
NY-11 ;30 1 2 2 2
NY-12 ;30 2 2 1 2
NY-13 ;30 1 2 1 2
NY-14 ;30 1 2 2 2
NY-15 ;30 2 2 1 2
NY-16 ;30 1 2 2 2
NY-17 ;30 2 2 1 2
NY-18 ;30 1 2 1 2
NY-19 ;30 2 2 1 1
NY-20 ;30 2 2 1 1

a Duration (in days) between the date signs and/or symptoms were first noted
and the date a serum sample was collected (M. Schriefer and G. Wormser,
personal communications).

b Bacteria were cultured from these patients, and bacterial DNA was analyzed
by Southern blotting (Fig. 2).

c Sera were scored for the production of a detectable immunoblot band (1) or
the failure to detect a band (2).
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cloned DNAs containing the appropriate sequence by two rounds of PCR, as
previously described (19). The erpA-derived probe was amplified from recombi-
nant plasmid pBLS510 by using oligonucleotides E-141 (AGAATAATAGTAA
TAACTGGG) and E-142 (CTAGTGATATTGCATATTCAG). The erpB-de-
rived probe was amplified from recombinant plasmid pBLS434b by using
oligonucleotides E-113 (AGAATTATGCAATTAAAGATTTAG) and E-114
(GATTCTTCTACTTTTTTCACTTTC) (47). Each probe was radiolabeled with
[a-32P]dATP (ICN) by random priming (Life Technologies, Gaithersburg, Md.)
and was individually incubated overnight with the nylon membrane at 45°C in a
solution containing 63 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 0.1% (wt/vol) SDS, and 5 g of nonfat dried milk per liter. The membrane
was then washed in a solution of 23 SSC and 0.1% SDS at room temperature,
and the hybridized probe was visualized by autoradiography. The membrane was
stripped of hybridized probe before reuse by extensive washing with boiling
water, and probe removal was confirmed by overnight exposure to X-ray film.

RESULTS

Analyses of B31 extracts. B31 extracts initially cultivated at
23°C then shifted to 34°C produce significantly greater
amounts of Erp proteins than do bacteria cultured at a con-
stant 23°C (43, 46). Since the production of Erp proteins by
B31 grown at a constant 34°C was unknown, a whole-cell ex-
tract was immunoblotted with rabbit polyclonal antisera raised
against either recombinant ErpA/I/N or ErpB/J/O, which dem-
onstrated Erp synthesis at this temperature (Fig. 1, first 2
lanes). Immunoblot analyses with the antiserum raised against

ErpB/J/O indicated cross-reactivity with additional B31 pro-
teins (Fig. 1) that additional studies demonstrated to be ErpM,
ErpQ, and ErpX (our unpublished results). The bacterial ly-
sate was next tested with serum from a mouse that had been
infected for 30 days with B31, which yielded strong immuno-
blot bands corresponding to both ErpA/I/N and ErpB/J/O (Fig.
1, third lane). In contrast to our earlier observations when
immunoblotting with B31 that had been shifted from 23 to
34°C (43), the constant 34°C bacteria also synthesized an an-
tigenic protein of approximately 66 kDa (Fig. 1).

Immunoblot analyses of B31 extract and recombinant Erp
proteins with human sera. The B31 whole-cell extract was next
IgG immunoblotted with sera from 38 different human Lyme
disease patients (Fig. 1). Even though many of the patients had
been infected for comparable lengths of time, the sera did not
all produce identical immunoblot banding patterns, nor were
all immunoblot signal strengths of comparable intensities. IgM
immunoblot analyses with patient sera yielded results similar
to those of the IgG immunoblot analyses, with the same or
fewer bands being visible (data not shown). Note that immu-
noblot analyses of some patient sera (e.g., NY 96-1063) yielded
results that might be classified as seronegative by CDC criteria
despite the fact that B. burgdorferi strains were isolated from

FIG. 1. Immunoblots of B31 whole-cell lysates using polyclonal rabbit antisera raised against recombinant ErpA/I/N or ErpB/J/O (labeled a-ErpA/I/N and
a-ErpB/J/O, respectively), serum from a mouse infected with B31 via tick bite (labeled B31 Inf. Mouse), human Lyme disease patient sera (labeled by patient
designation), and control serum from a healthy human (CDC serum WY 92-1318, labeled Neg. Control). Enhanced chemiluminescence exposure times were equal for
all human serum strips in each panel. Bacteria cultured from the first 16 patients (GR 90-2631 through NY 96-1103) were also analyzed for erpA/I/N- and erpB/J/O-like
genes by Southern blotting (Fig. 2). Positions of molecular mass standards (in kilodaltons) are indicated to the left of each panel.

VOL. 38, 2000 Erp PROTEINS AND LYME DISEASE SERODIAGNOSIS 1571



those patients, highlighting the need for improved Lyme dis-
ease serodiagnostic tests.

Of the 38 patient sera, 23 yielded IgG immunoblots with an
approximately 19-kDa band (Fig. 1 and Table 1). Subsequent
immunoblotting with recombinant B31 ErpA/I/N protein indi-
cated that only four of the sera contained detectable levels of
IgG antibodies which recognized that protein (Table 1). These
results indicate that the B31 culture contained at least one
additional antigen with an apparent molecular mass of approx-
imately 19 kDa, and close examination of several B31 lysate
IgG immunoblots revealed a protein with an electrophoretic
mobility slightly slower than that of ErpA/I/N (compare the
NY 96-1088 and NY 96-1103 immunoblots in Fig. 1).

A majority of patient sera (33 of 38) contained IgG antibod-
ies that reacted with a B31 protein having an approximate
molecular mass of 60 kDa, although there was considerable
variability in signal intensity (Fig. 1 and Table 1). However,
immunoblot analyses with recombinant B31 ErpB/J/O showed
that only 9 of the 38 sera contained detectable levels of IgG
antibodies that bound that protein (Table 1). Isolate B31 ap-
parently produces additional proteins with molecular masses of
approximately 60 kDa that are recognized by antibodies in
some patient sera, possibly the circa 66-kDa antigen that was
recognized by the B31-infected mouse, or the previously char-
acterized 60-kDa heat shock protein (25).

None of the control human sera contained antibodies that
recognized either recombinant ErpA/I/N or ErpB/J/O (Fig. 1
and data not shown). Some contained antibodies that bound
other B. burgdorferi proteins, presumably due to cross-reactiv-
ity of antibodies formed in response to unrelated infections.

Southern blot analyses. As discussed above, all previously
examined Lyme disease spirochetes contain erp loci. However,
the lack of immunoblot reactivity against the recombinant B31
ErpA/I/N and ErpB/J/O proteins by most patient sera raised
the possibility that the bacteria infecting these patients lack
genes similar to those of B31. To test this hypothesis, Southern
blot analyses of DNA from the human Borrelia isolates were
performed by using probes derived from the B31 erpA and erpB
genes.

A number of different Lyme disease borreliae are known to

contain genes that are greater than 80% identical in nucleotide
sequence to the B31 erpA, erpI, and erpN genes (2, 11, 12, 29,
34, 43, 44, 47–49). Since many of the identified erpA/I/N-like
genes contain an EcoRI site near their 59 ends, a probe that
excludes that sequence was used. Southern blotting with this
B31 erpA-derived probe indicated that all of the human patient
isolates contain DNA sequences similar to the B31 erpA/I/N
genes (Fig. 2A). Although approximately equal amounts of
total DNAs were used in the blotting, signal intensities varied
between isolates, suggesting that the bacteria carry genes with
varying degrees of similarity to those of B31, and/or that some
bacteria also carry multiple B31 erpA/I/N-like genes with over-
lapping EcoRI digestion patterns. Multiple bands were ob-
served for several isolates, indicating that these bacteria may
carry multiple homologous genes. Alternatively, since none of
the human isolates have been cloned in the laboratory, it is
possible that the cultures contain mixtures of unrelated bacte-
ria. There was no direct correlation between erpA Southern
blot signal strength from a bacterial isolate and production of
ErpA/I/N-binding IgG antibodies by humans infected with
those bacteria (Table 1 and Fig. 2A).

Genes similar to B31 erpB/J/O have been identified from
only three B. burgdorferi isolates (2, 11, 12, 19, 43, 47, 48), but
there are few published reports of deliberate attempts to char-
acterize such genes. At low Southern blot stringency, all cul-
tured bacteria were found to contain DNA that hybridized with
the erpB probe, albeit such signals were barely detectable in
many cases (Fig. 2B). All bacteria isolated from patients whose
sera contained ErpB/J/O-binding IgG antibodies contained
DNA that gave strong Southern blot signals, although the
converse was not necessarily true (Table 1 and Fig. 2B).

Blotting of B31 DNA with the erpA- and erpB-derived
probes revealed single hybridization signals corresponding to
an approximately 3-kb EcoRI fragment (Figs. 2A and B, lanes
1), as would be expected from restriction maps of the plasmids
carrying the B31 erpAB, erpIJ, and erpNO genes and of the
plasmid carrying the similar B31 erpPQ locus (11, 12, 45).
Many of the human isolates exhibited digestion profiles similar
to B31, suggestive of widespread cp32 plasmid sequence con-
servation. Other restriction patterns were observed, however.

FIG. 2. Southern blots of B31 and human isolate DNAs digested with EcoRI and hybridized with probes derived from B31 erpA (A) and erpB (B). DNA from B31
(lane 1) and bacteria cultured from patients GR 90-2631 (2), MD 91-1458 (3), WI 93-0208 (4), WI 93-1426 (5), WI 91-1222 (6), CA 92-1682 (7), WI 93-0206 (8), WI
93-1414 (9), WI 94-0880 (10), NY 96-1050 (11), NY 96-1055 (12), NY 96-1063 (13), NY 96-1069 (14), NY 96-1078 (15), NY 96-1088 (16), and NY 96-1103 (17). Positions
of DNA size standards (in kilobases) are indicated to the left of each panel.
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For example, an approximately 1.5-kb EcoRI fragment from
several isolates was detected with the erpA probe, suggesting
other patterns of sequence conservation in the plasmids of
those bacteria. Larger erpA-hybridizing EcoRI fragments were
also observed, with sizes of approximately 9 and 6.6 kb in the
bacteria cultured from patients GR 90-2631 and CA 92-1682,
respectively (Fig. 2A, lanes 2 and 7), and an approximately
3.5-kb fragment from both NY 96-1050 and NY 96-1063 (Fig.
2A, lanes 11 and 13).

DISCUSSION

Within 4 weeks of infection with B. burgdorferi isolate B31,
laboratory animals produce antibodies that recognize all mem-
bers of the Erp protein family (43; our unpublished results).
Additionally, immunoblot analyses with sera from such in-
fected animals yield relatively intense signals from B31 pro-
teins with apparent molecular masses of 19 and 60 kDa, which
were previously demonstrated to be ErpA/I/N and ErpB/J/O,
respectively (43). Other researchers have indicated that immu-
noblot antigens with these approximate sizes are of diagnostic
importance when testing human Lyme disease patient sera. In
the present study, we observed that while a majority of sampled
Lyme disease patient sera contained antibodies that bound
B31 proteins of approximately 19 and 60 kDa, in only a small
percentage of cases were these antigens Erp proteins. Similar
findings were also reported by Nguyen et al. (36) and Wallich
et al. (52), who found that only minor proportions of patient
sera contained antibodies that recognized other recombinant
Erp proteins.

All Lyme disease spirochetes, including those studied in this
work, have been found to contain erp genes, yet a majority of
the tested humans did not produce antibodies that recognized
the examined B31 Erp proteins. There are several possible
explanations for the lack of antibodies in the patient sera that
recognized B31 recombinant Erp proteins, any or all of which
could have contributed to our results. First, the Southern blot-
ting data reported herein, in combination with previously re-
ported sequencing results (2, 11, 29, 34, 44, 47–49), suggest that
there are often differences among the erp gene sequences of
different Lyme disease bacteria. This diversity of erp gene se-
quences is due, at least in part, to intergenic recombination
among these genes (44). Second, the intense response of B31-
infected animals to ErpA/I/N and ErpB/J/O may be due to the
presence of three genes each for these proteins, possibly re-
sulting in protein levels that are greater than those for proteins
encoded by single erp genes. If triplication of erpA/I/N- and
erpB/J/O-like genes is rare among Lyme disease borreliae, then
this may have contributed to the general lack of antibodies in
patient sera that bound B31 ErpA/I/N and ErpB/J/O. Third, it
has been reported that some B. burgdorferi do not express all
their erp loci during the initial stages of mammalian infection
(1, 16). It is possible that some of the sampled Lyme disease
patients were infected with bacteria carrying genes that encode
proteins quite similar to B31 ErpA/I/N and ErpB/J/O, but
which were not synthesized during the times prior to antibiotic
treatment and serum acquisition. Fourth, differences of infec-
tion duration, degree of bacterial dissemination, or immuno-
competence or other variations among the patients assayed
could all have contributed to the results of our studies.

The lack of antibodies in the patient sera recognizing the
B31 ErpA/I/N or ErpB/J/O proteins does not appear to be
related to the general paucity of B. burgdorferi-directed anti-
bodies. As examples, sera from patients WI 94-0880 and NY-3
both yielded strong immunoblots, with readily detectable sig-
nals from both 19- and 60-kDa B31 proteins, yet neither con-

tained antibodies that bound either B31 Erp protein. While it
is possible that the recombinant Erp proteins may have differ-
ent conformations than the native proteins, this is not likely to
be a significant reason for the lack of antibody binding when
using the recombinant proteins, since serum from the mouse
infected with B31 contained significant levels of antibodies that
bound the recombinant Erps. Those results suggest that if the
tested humans were infected with bacteria that synthesized
proteins similar to B31 ErpA/I/N and ErpB/J/O, antibodies
directed against such proteins would have been detected in our
testing.

The present findings stand in contrast to our earlier study of
Lyme disease patients from eastern Long Island, N.Y., which
found that a majority of the sera contained antibodies recog-
nizing recombinant B31 ErpA/I/N and ErpB/J/O proteins (43).
Since B31 was isolated from Shelter Island, located between
the forks of eastern Long Island, the results from our studies
may reflect variations between Lyme disease-causing bacteria,
with those near Shelter Island being more similar to B31 than
spirochetes found elsewhere. It has been argued that Lyme
disease borreliae are essentially clonal (18, 54), which predicts
localized similarities, and further analyses of erp genes from
additional B. burgdorferi isolated on eastern Long Island and
elsewhere would address this hypothesis.

In conclusion, our studies indicated that while animals in-
fected with B. burgdorferi isolate B31 produced significant lev-
els of antibodies directed against the ErpA/I/N and ErpB/J/O
proteins, sampled infected humans rarely produced antibodies
that recognized either B31 protein. These data indicate that
recombinant B31 ErpA/I/N and ErpB/J/O are not broadly ap-
plicable for serodiagnosis of human Lyme disease.
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