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Culture and the polymerase chain reaction (PCR) were compared for detection of Borrelia burgdorferi
infection in wild-caught Peromyscus leucopus and experimentally inoculated C.B-17 scid/scid (severe combined
immunodeficient) mice. PCR targeted highly conserved regions of the ospA gene and could detect one to five
cultured organisms and 10 to 50 copies of molecularly cloned ospA DNA. Organs (kidney, spleen, and urinary
bladder) and/or ear biopsy samples were obtained from 108 captured P. keucopus mice, and tissues were
obtained from 7 experimentally inoculated mice. A simple sample-processing procedure with proteinase K and
detergent treatment was used in the PCR analysis. Overall, B. burgdorferi was detected in 29 of 108 (27%) P.
leucopus mice by culture and in 31 of 108 (29%o) mice by PCR. As assessed by the kappa statistic, agreement
between PCR and culture was high for ear and bladder (kappa = 0.80 and 0.65, respectively) and low for
kidney and spleen (kappa = 0.37 and 0.03, respectively). While concordant results were obtained from 98
animals, PCR detected B. burgdorferi from 6 additional mice for which cultures were negative and culture
detected B. burgdorferi from 4 animals which were PCR negative. Further phenol-chloroform extraction of
DNA in a limited number of samples improved the sensitivity of PCR compared with that of culture. These
results indicate that PCR may be as sensitive as culture for detecting B. burgdorferi in ear samples and that
PCR analysis is suitable for establishing the infection status of animals in mark-release-recapture studies.

Detection of Borrelia burgdorferi, the spirochete which
causes Lyme disease (7, 11), by culture or by immunostain-
ing has played an important role in determining the epizooti-
ology of infection in Peromyscus leucopus (1, 2), the primary
mammalian reservoir (24), and other host species (3, 9, 32).
Methods for direct detection of the organism, its antigens, or
nucleic acids have proven especially important, since anti-
body-based assays are in poor agreement with infection
status, as determined by culture, in natural populations of P.
leucopus (22). Additionally, detection of the organism by
culture and histopathological methods (6, 15, 29, 34) has
been essential in determining the suitability of various ani-
mals as experimental models for Lyme disease. The use of
the polymerase chain reaction (PCR) has been described
elsewhere (14, 17, 18, 21, 23, 25-27, 33) as an alternative to
the previously mentioned direct diagnostic methods because
of its potentially greater sensitivity in detecting the organism
and its facility of use. Recently, the detection of B. burgdor-
feri in the tissues of experimentally infected gerbils by PCR
has been reported and compared with in vitro isolation (21),
but the relative merits of the two methods for examining
field-collected materials remain unexplored.
Most methods for the detection of B. burgdorferi have

involved sacrifice of the animal and examination of its
internal organs, primarily the kidney, spleen, and urinary
bladder. Animal sacrifice obviously precludes longitudinal
study of infected individuals in field populations. Culturing
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the organism from blood, a method which does not neces-
sarily require the sacrifice of the animal, has proven to be
inefficient in animal models of Lyme disease (6, 12, 15, 34).
In contrast, ear punch biopsy samples have been reported to
be highly efficient tissues for culturing the organism from
experimentally and naturally infected animals (30). Our
objective was to develop a PCR assay that could be used for
longitudinal study of individual mice infected with B. burg-
dorferi. To establish the utility of these methods, we com-
pared the results of PCR and culture for the detection of B.
burgdorfer in different tissues obtained from naturally and
experimentally infected mice. We describe the development
of a specific PCR assay for the ospA gene of B. burgdorferi
and compare the agreement between PCR and culture for the
detection of B. burgdorferi in tissues obtained from experi-
mentally infected C.B-17 scid/scid mice and P. leucopus
mice captured at a Lyme disease enzootic site in Maryland.

MATERIALS AND METHODS
Specimens. (i) Borrelia specimens. Specimens of B. burg-

dorferi tested included the highly passaged strains B-31, Plag
9T-3-1-7, Boutin, and Guilford (provided by D. Malloy,
Maryland Medical Laboratory, Baltimore, Md.); low-pas-
sage tick isolate 31248 (provided by J. Anderson, Connect-
icut Agricultural Experiment Station, New Haven, Conn.);
and three low-passage field isolates from P. leucopus (cul-
tured from mice captured as part of this study). Other
culture-adapted members of the genus Borrelia that were
tested included B. hermsii, B. coriaceae, B. parkeri, B.
turicatae, B. anserina, and B. crocidurae (all provided by
R. C. Johnson, University of Minnesota Medical School,
Minneapolis).
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(ii) Animal specimens. In order to provide DNA from
animals known to be free of infection with B. burgdorferi for
PCR studies, kidney, spleen, bladder, and ear punch biopsy
specimens were obtained from six colony-reared P. leucopus
mice (Peromyscus Stock Center, University of South Caro-
lina, Columbia). To provide tissues from animals of known
infection status for PCR and culture studies, kidney, liver,
heart, brain, and ear tissues were removed from seven severe
combined immunodeficient (SCID) mice (C.B-17 mice defi-
cient in functional B and T lymphocytes [10]) experimentally
inoculated with three low-passage strains (cultured from P.
leucopus mice in Maryland) and the laboratory-adapted B-31
strain of B. burgdorferi. For experimental inoculations, cul-
tures were grown to late log phase in BSK II medium (4) at
34°C, quantitated in a Petroff-Hausser counting chamber
under dark-field conditions, washed once in sterile phosphate-
buffered saline (PBS; pH 7.4), and inoculated into each mouse
by an intraperitoneal injection (5.5 x 107 to 7.5 x 107 live
spirochetes). The experimental inoculation of each field strain
and the B-31 strain was replicated in two SCID mice (with the
exception of one field isolate, which was inoculated into only
one SCID mouse). Five weeks after inoculation, the mice
were observed for signs of arthritis and then sacrificed and
tissue samples were removed.

Tissue specimens were also obtained from 108 P. leucopus
mice captured live in Sherman traps (H. B. Sherman Traps
Inc., Tallahassee, Fla.) between July 1990 and January 1992
at two sites in Baltimore County, Md., at which Lyme disease
is enzootic. Field-captured mice were either sacrificed (39
animals) or captured, sampled, and released (69 animals).
Kidney, spleen, and bladder tissues from 16 mice sacrificed in
July 1990 (group 1) were sampled, and, in addition to these
organs, ear tissue was obtained from 23 mice sacrificed
between March and May 1991 (group 2). Duplicate ear biopsy
samples were obtained with sterile disposable biopsy instru-
ments from 69 mice captured and released for longitudinal
study between June 1991 and January 1992 (group 3).

Culture. (i) Cultivation and identification of spirochetes.
Laboratory-adapted Borrelia strains and passages of field
isolates were grown in BSK II medium at 34°C. Primary
isolates of B. burgdorferi from field-collected specimens
were incubated at 34WC in BSK-RAP medium (BSK II
medium containing 10 p,g of rifampin, 4 ,ug of amphotericin
B, and 1,000 ,g of phosphomycin per ml [all antibiotics were
from Sigma Chemical Co., St. Louis, Mo.]). The quality of
BSK II and BSK-RAP media was monitored by inoculating
samples of each batch of medium with strains B-31 and 31248
and quantitating viable spirochetes at 4 days postinocula-
tion. All cultures were examined by dark-field microscopy at
weekly intervals for spirochetes with morphology consistent
with that ofB. burgdorferi. Cultures not exhibiting growth of
spirochetes by 6 weeks were discarded.

Spirochetes from positive cultures were identified as B.
burgdorfen by immunofluorescence staining (IFA) with
monoclonal antibody H5332 specific for OspA (5) (provided
by A. G. Barbour, University of Texas Medical School,
Austin). The presence of ospA sequences in these spiro-
chetes was confirmed by PCR with a pair of ospA primers
(described below). For IFA, spot slides were prepared from
spirochetes harvested from BSK II medium by centrifuga-
tion and washed once in PBS. The slides were then reacted
with a 1:100 dilution of monoclonal antibody H5332 in PBS,
incubated at 37°C for 1 h, washed, reacted with a 1:30
dilution of fluorescein isothiocyanate-conjugated goat anti-
mouse immunoglobulin G (Kirkegaard & Perry Laborato-
ries, Inc., Gaithersburg, Md.), and observed for fluores-

cence at x400 magnification. For PCR, a 1:100 dilution of
spirochetes from those harvested for the preparation of spot
slides or a 1:10 dilution of spirochetes taken directly from
BSK II medium was placed in a boiling water bath for 10
min. All dilutions of spirochetes were prepared with sterile
distilled water. A 10-,ul sample containing approximately 104
organisms from these preparations was added to the reaction
mixture prior to thermal cycling.

Tissue processing. From sacrificed animals, separate 10- to
20-mm3 samples of tissue were aseptically removed from each
sampled organ and placed directly in 8.5 ml of BSK-RAP
medium for culture and in 100 ,ul of tissue extraction buffer
(TEB) for PCR studies. TEB contains 50mM Tris-HCl, 1 mM
EDTA, 1% (vol/vol) Laureth 12 (PPG/Mazer Chemicals,
Gurnee, Ill.), and 100 p,g of proteinase K (GIBCO-BRL,
Gaithersburg, Md.) per ml. The instruments used to remove
tissue from sacrificed animals were dipped in 90% ethanol and
flamed between tissues. Ear biopsies were obtained by first
swabbing the surface of the ear with 90% ethanol and,
following air drying, biopsying the central area (equidistant
from the outer margin of the ear) with a sterile disposable
2-mm skin biopsy punch (Accuderm Inc., Ft. Lauderdale,
Fla.). Duplicate ear tissue samples from individual mice were
placed separately in 8.5 ml of BSK-RAP medium and TEB.
To prevent carryover contamination of ear biopsy samples of
released animals, the forceps used in handling ear tissue
samples were placed in 10 mM HCI between examinations of
animals and rinsed with 90% ethanol prior to use. The efficacy
of this decontamination procedure was tested at each capture
session by placing the decontaminated forceps in TEB and
processing the negative-control TEB sample in the same
manner as that used for the ear biopsy samples.
PCR. (i) Oligonucleotide sequences for primers and probes.

Published B. burgdorferi ospA DNA sequences (8) were
examined, and sequences for primers BAE-1 (5'-CTG
CAGCTTGGAATTCAGGC-3') and BAE-2 (5'-ATITGGT
GCCATITGAGTCG-3') were selected at nucleotide posi-
tions 788 to 807 and 913 to 894, respectively. The expected
amplification product of these primers was 126 nucleotide
pairs in length. A third sequence, designated BAE-3 (5'-AC
TAAAGACClT7GTGT1T1 lAC-3'), was selected at nucleotide
position 844 to 863 to be used as a specific probe to identify
the B. burgdorferi ospA sequences in the amplification
products. Additionally, primers BBC-1 and BBC-3 were
synthesized corresponding to published sequences for B.
burgdorferi chromosomal PCR primers which produce an
amplification product of 371 nucleotide pairs in length (27).
Oligonucleotide primers were synthesized on an Applied
Biosystems synthesizer (model no. 380A, Foster City, Cal-
if.) and purified on a reverse-phase high-performance liquid
chromatography column.

(ii) Amplification. For PCR, tissue specimens in TEB were
incubated overnight at 37°C and then placed in a boiling
water bath for 10 min. DNA from colony-reared P. leucopus
was further extracted with phenol-chloroform and precip-
itated in ethanol (28). TEB alone was utilized as a negative
control following every fifth tissue sample and was proc-
essed in the same manner as that used for tissue samples.
DNA target sequences were amplified in a total reaction
volume of 50 ,ul containing 10 ,ul of sample DNA, 200 ,uM
(each) the four deoxynucleotide triphosphates, 2.5 U of Taq
polymerase (Perkin-Elmer Cetus, Norwalk, Conn.), and
reaction buffer (50 mM KCl, 10 mM Tris-HCl [pH 8.3], 1.5
mM MgCl2, and 0.01% [wt/vol] gelatin). The ospA amplifi-
cation reaction mixtures contained 1.0 ,M BAE-1 and 0.5
,M BAE-2. The reaction mixtures were overlaid with min-
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eral oil prior to the addition of sample DNA and were
subjected to 40 cycles of thermal cycling in a DNA thermal
cycler (Perkin-Elmer). Thermal cycles of 30 s each at 94°C
for denaturation of DNA, 61°C for annealing of primers, and
72°C for product extension were used for ospA amplification.
Chromosomal amplification was performed as previously
described (27). Reaction mixtures were prepared and the
samples were added with a set of positive-displacement
pipettes that were used only for this purpose. All manipula-
tions were conducted in a laminar flow hood in which PCR
product was not handled. Distilled H20 was used in place of
template DNA after every 10th specimen to serve as a
negative PCR control.
To standardize the ospA PCR assay, known quantities of

molecularly cloned ospA DNA (pTRH44 [20] provided by
A. G. Barbour) were used as templates and amplified by
primers BAE-1 and BAE-2. Plasmid pTRH44 was purified
and quantitated by standard procedures (28) prior to ampli-
fication. The sensitivity of the PCR assay was evaluated by
amplifying a dilution series of pTRH44 and B. burgdorfei
B-31 in TE (10 mM Tris and 0.5 mM EDTA) containing 0.1
,ug of Eschenchia coli DNA (Sigma Chemical Co.) per ml.

(iii) Detection and identification of reaction products. PCR
amplification products were detected and identified as B.
bugdorfei-specific DNA sequences by visualization of
bands of the expected size on agarose gels and by Southern
hybridization. For visualization on agarose gels, 10 ,ll of
PCR product was electrophoresed on a 4% agarose gel
(NuSieve 3:1 Agarose; FMC Bioproducts, Rockland, Maine)
containing 0.05% ethidium bromide and examined. The
DNA was then transferred from the gels to nylon membranes
(Nytran; Schleicher & Schuell, Inc., Keene, N.H.) by the
technique described by Southern (31). Following Southern
transfer, the filters were exposed to UV light for 2 min and
allowed to air dry. The filters were prehybridized for 1 h at
42°C with a solution containing 3x SSPE (20x SSPE con-
tains 3.6 M NaCl-200 mM NaH2PO4-20 mM EDTA [pH
7.4]), 5 x Denhardt's solution (10x Denhardt's contains
0.2% bovine serum albumin-0.2% polyvinylpyrrolidone-
0.2% Ficoll), 0.5% sodium dodecyl sulfate (SDS), and 0.25
mg oftRNA per ml. Ten nanograms of oligonucleotide probe
BAE-3 per ml, end-labeled with 32P by using T4 polynucle-
otide kinase (GIBCO-BRL) to a specific activity of 4 x 10' to
6 x 108 cpm/,ug, was added, and the solution was incubated
for 5 h at 42°C. The filter was washed once for 5 min at room
temperature in 3 x SSPE, three times for 5 min each at room
temperature in lx SSPE containing 0.1% SDS, and once for
10 min at 55°C in 5 x SSPE containing 0.1% SDS. The filter
was then exposed to X-Omat XAR-5 film (Eastman Kodak
Co., Rochester, N.Y.) with intensifying screens for 12 to 24
h at -70°C.
Data analysis. The agreement between PCR and culture

was quantitated by calculating kappa (range, -1.0 to +1.0)
and its standard error (16). The calculation of kappa, the
ratio of chance-corrected observed agreement to chance-
corrected complete agreement between two assays, was
used because some degree of agreement by chance alone
was expected. The one-sided hypothesis test of kappa = 0
versus kappa > 0 was conducted, and calculated agreement
between PCR and culture was characterized as excellent
(kappa > 0.75), moderate (kappa 2 0.40 and c 0.75), or poor
(kappa < 0.40) (16). For comparisons of PCR and culture in
detecting infection with B. burgdorfeni in individual mice, a
mouse was designated as infected if any tissue was positive
by either assay.
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FIG. 1. Sensitivity of PCR for the detection of B. burgdorferi
molecularly cloned DNA (pTRH44) and B. burgdorfen DNA ex-
tracted from strain B-31 organisms grown to early log phase in BSK
II medium. Amplification products (10 jLl) were analyzed by agarose
gel electrophoresis (A) and by Southern hybridization with 32p_
labeled probe BAE-3 (B). The autoradiographic exposure time in
panel B was 18 h. The numbers of copies of pTRH44 added to 50-,ul
reaction mixtures prior to amplification were 103 (lane 2), 102 (lane
3), 10 (lane 4), 1 (lane 5), and 10-1 (lane 6). Similarly, the numbers
of B-31 organisms were 103 (lane 8), 102 (lane 9), 10 (lane 10), 1 (lane
11), and 10-1 (lane 12). Lane M contains 123-bp markers (GIBCO-
BRL), and lane 7 does not contain a sample. np, nucleotide pair.

RESULTS

PCR sensitivity and specificity. On the basis of the sensi-
tivity studies, PCR amplification followed by Southern hy-
bridization with BAE-3 detected 10 to 50 copies of pTRH44
and 1 to 5 B-31 organisms prepared in culture (Fig. 1). The
lower estimate represents the preamplification number of
copies per organisms contained in a 10-,ul sample (volume
examined after amplification), whereas the higher estimate
approximates the entire 50-,ul reaction mixture. All culture-
adapted laboratory strains ofB. burgdorferi, the low-passage
tick isolate 31248, and the field isolates inoculated into SCID
mice were successfully amplified by primers BAE-1 and
BAE-2 and yielded positive hybridization signals with
BAE-3 (Fig. 2). In contrast, no amplification product (Fig. 2)
was seen on agarose gels following the testing of other
Borrelia species, and the results of Southern hybridization
with the BAE-3 probe were consistently negative.

Detection of B. burgdorferi by culture. (i) Experimental
infections. Our ability to obtain B. burgdorferi from mice of
known infection status was confirmed by culturing spiro-
chetes from all sampled tissues (kidney, liver, heart, brain,
and ear) from all SCID mice experimentally inoculated with
field isolates of B. burgdorferi. All five mice inoculated with
field isolates of B. burgdorferi also developed clinical signs
of tibiotarsal arthritis consisting of lameness, swelling, and
red discoloration of the skin over affected joints, indicating
the pathogenic potential of the isolates in this animal. In
contrast, spirochetes were not recovered from the two mice
inoculated with the B-31 strain of B. burgdorferi nor were
clinical signs of arthritis observed in these animals.

(ii) Natural infections. Overall, B. burgdorferi was isolated
in culture from 29 of 108 (27%) captured P. leucopus mice.
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FIG. 2. Detection of ospA-coding sequences in DNA extracted
from strains of B. burgdorferi (lanes 2 to 5) and specificity analysis
of oligonucleotide primers BAE-1 and BAE-2 in non-B. burgdorferi
strains (lanes 7 to 12). Organisms grown to early log phase in BSK
II medium and 10 p,l of amplification products were analyzed by
agarose gel electrophoresis (A) and by Southern hybridization with
3 P-labeled probe BAE-3 (B). The autoradiographic exposure time
in panel B was 18 h. Lanes: 2, Plag 9T-3-1-7; 3, Boutin; 4, Guilford;
5, 31248; 7, B. hermsii; 8, B. coriaceae; 9, B. parken; 10, B.
turicatae; 11, B. anserina; 12, B. crocidurae. Lane M contains
123-bp markers (GIBCO-BRL), and lane 6 does not contain a
sample. np, nucleotide pair.

The mice were grouped on the basis of tissues sampled as
described in Materials and Methods. Culture results showed
isolation rates of 38% (6 of 16) in group 1, 35% (8 of 23) in
group 2, and 22% (15 of 69) in group 3 (Table 1), suggesting
that organs were an important source of parasites. Overall,
in order of positive findings by tissues, spirochetes were
detected in 11 of 37 (30%) bladder, 10 of 36 (28%) spleen, 22
of 92 (24%) ear, and 5 of 37 (14%) kidney cultures (Table 2).
From captured mice in groups 1 and 2 with one or more
culture-positive organs, B. burgdorferi was detected by
culture in 11 of 12 (92%) bladders, 6 of 7 (86%) ears, 10 of 12
(83%) spleens, and 5 of 14 (36%) kidneys.
The identity of the spirochetal isolates as B. burgdorferi

was established on the basis of IFA and PCR analyses (see
below). B. burgdorfeni chromosomal DNA was successfully
amplified by PCR with chromosomal primers BBC-1 and
BBC-3 in all field isolates (results not shown). All field
isolates were positive for OspA by IFA with monoclonal

.O -l

FIG. 3. B. burgdorferi ospA sequence in tissue specimens and
field isolates from captured mammals by PCR and analysis of 10 ,ul
of amplification products by gel electrophoresis (A) and Southern
hybridization with probe 32P-labeled BAE-3 (B). The autoradio-
graphic exposure time in panel B was 18 h. Lanes: 2, 103 copies of
pTRH44 per 50-pl reaction mixture; 3 to 5, spleen, bladder, and ear
tissue from P. leucopus 90-18; 6, ear tissue from P. leucopus 91-230;
7, kidney tissue from P. leucopus 91-234; 8 to 11; kidney, spleen,
bladder, and ear tissues from the colony-reared P. leucopus; 12,
isolate from P. leucopus 90-18; 13, isolate from P. leucopus 91-230.
Lane M contains 123-bp markers (GIBCO-BRL). np, nucleotide
pair.

antibody H5332. Additionally, ospA sequences were ampli-
fied in all isolates by BAE-1 and BAE-2 primers and specif-
ically hybridized with BAE-3 (as shown for two of the
isolates in Fig. 3).

Detection of B. burgdorferi by PCR. (i) Experimental infec-
tions. Overall, B. burgdorfen ospA sequences were detected
by PCR in at least two tissues from each of the five SCID
mice inoculated with field isolates ofB. burgdorferi. In SCID
mice inoculated with the B-31 strain of B. burgdorferi, ospA
was detected by PCR in the heart and brain tissue of one
mouse and in none of the tissues sampled in the second
mouse. By tissue, ospA sequences were detected by PCR in
2 of 2 (100%) bladder, 5 of 5 (100%) ear, 4 of 5 (80%) heart,
4 of 5 (80%) brain, and 3 of 5 (60%) liver specimens examined
from the SCID mice inoculated with field isolates of B.
burgdorfen. ospA was not detected by PCR in any of the
tissues removed from the six colony-reared uninfected
P.leucopus mice (Fig. 3).

TABLE 1. Overall detection of B. burgdorferi infection in three groups of field-collected
P. leucopus mice (n = 108) by PCR and culturea

Groups No. No. positive (%) by: No. negative (%)
of mice" tested Both methods PCR ony Culture only by both methods kappa (SE)

1 16 6 (37.5) 0 (0) 0 (0) 10 (62.5) 0.98 (0.129)d
2 23 7 (30.4) 2 (8.7) 1 (4.3) 13 (56.5) 0.72 (0.208)d
3 69 12 (17.4) 4 (5.8) 3 (4.3) 50 (72.5) 0.71 (0.105)d

Total 108 25 6 4 73
a Agreement between PCR and culture, beyond chance, is indicated by kappa values.
b Mice were grouped on the basis of tissues sampled. Group 1, kidney, spleen, and bladder; group 2, kidney, spleen, bladder, and ear; group 3, ear only.
c Tissues for PCR treated with TEB only.
d p < 0.01 for the one-sided hypothesis test of kappa = 0 versus kappa > 0.
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TABLE 2. Detection of B. burgdorferi from different tissues obtained from naturally exposed
P. leucopus mice (n = 108) by PCR and culturea

Tissue No. No. positive (%) by: No. negative (%)
examinedb tested Culture only by both methods kappa (SE)

Kidney 37d 2 (5.4) 2 (5.4) 3 (8.1) 30 (81.0) 0.37e (0.163)
Spleen 36d 1 (2.7) 2 (5.6) 9 (25.0) 24 (66.7) 0.03 (0.130)
Bladder 37d 7 (18.9) 1 (2.7) 4 (10.8) 25 (67.6) 0.65f (0.161)
Ear 92 19 (20.7) 4 (4.3) 3 (3.3) 66 (71.7) 0.80' (0.105)

Total 202 29 9 19 145

a Agreement between assays, beyond chance, is indicated by kappa values.
b Tissues were obtained from 16 mice sampled for kidney, spleen, and bladder (group 1), 23 mice sampled for those organs plus ear (group 2), and 69 mice

sampled for ear alone (group 3).
c Tissues for PCR treated with TEB only.
d Discrepancy in the number of samples tested and number of animals tested represents contaminated cultures (two kidney, three spleen, and two bladder

cultures).
I P < 0.05 for the one-sided hypothesis test of kappa = 0 versus kappa > 0.
fP < 0.01 for the one-sided hypothesis test of kappa = 0 versus kappa > 0.

(ii) Natural infections. Overall, ospA was detected by PCR
in one or more tissues from 31 of 108 (29%) captured P.
leucopus mice (Table 1). According to sampling group, ospA
was detected by PCR in 38% (6 of 16) of captured P.
leucopus mice in group 1, 39% (9 of 23) in group 2, and 23%
(16 of 69) in group 3 (Table 1). By tissue, PCR detected ospA
in 23 of 92 (25%) ear, 8 of 37 (22%) bladder, 4 of 37 (11%)
kidney, and 3 of 36 (8%) spleen specimens examined from
captured P. leucopus mice (Table 2). From captured mice in
groups 1 and 2 with one or more culture-positive organ
samples, ospA was detected by PCR in 6 of 7 (86%) ear, 8 of
14 (57%) bladder, 4 of 14 (29%) spleen, and 3 of 14 (21%)
kidney samples. From captured mice in group 3 with culture-
positive ear biopsy samples, 12 of 15 (80%) ear samples were
also positive by PCR analysis. Additionally, ospA was not
detected by PCR in any ear biopsy sample obtained from 13
culture-negative mice in group 2.
Agreement between PCR and culture on detection of B.

burgdorferi. (i) Experimental infections. The concordance
between assays was 100% when PCR and culture were
compared for the detection of B. burgdorferi in individual
SCID mice experimentally inoculated with field isolates of
the organism. By tissue, we observed 100% concordance
between the assays in bladder and ear specimens removed
from experimentally inoculated SCID mice. Culture, how-
ever, detected B. burgdorfeni in liver and brain specimens
removed from one SCID mouse, heart from a second mouse,
and brain from third mouse, whereas PCR tests for those
samples were negative. As mentioned previously, heart
tissue from one animal inoculated with B-31 was positive by
PCR but negative when cultured.

(ii) Natural infections. The relative agreement between
PCR and culture in detecting infection with B. burgdorferi in
captured P. leucopus mice in the three sampling groups is
shown in Table 1. Excellent agreement between assays was
observed in group 1 (kappa = 0.98). However, only moder-
ate agreement between assays was observed in groups 2 and
3 (kappa = 0.72 and 0.71, respectively). PCR detected ospA
in six additional P. leucopus mice from which the organism
was not isolated (two mice by two or more organ samples
and four mice by ear sample alone), whereas the organism
was isolated from four animals in which PCR was negative
(one mouse by spleen and bladder samples, and three mice
by ear sample alone) (Table 1). Complete agreement be-
tween PCR and culture was observed for ear samples
obtained from mice in group 2 (data not shown).

The relative abilities of PCR and culture to detect B.
burgdorferi in different tissues removed from naturally in-
fected P. leucopus are shown in Table 2. Overall, more
infections were detected by culture (48 total) than by PCR
(38 total), and this finding was consistent for all tissues, with
the exception of ear tissue. The kappa value was signifi-
cantly greater than 0 in comparisons of PCR and culture for
kidney, bladder, and ear tissue; however, estimates of the
standard error of kappa were large. The degree of agreement
between assays, as measured by kappa, was excellent for ear
tissue (kappa = 0.80), moderate for bladder and kidney, and
poor for spleen. In tissues in which discrepant results were
observed, PCR alone detected ospA in 9 samples (5 organ
and 4 ear samples) compared with 19 samples (16 organ and
3 ear samples) that were positive for B. burgdorferi by
culture alone.

(iii) Discordant results between PCR and culture. To further
investigate the discordant results between PCR and culture,
we determined the contribution of the minimal tissue-pro-
cessing method to the potential loss of sensitivity by PCR.
DNA was extracted by phenol-chloroform followed by pre-
cipitation in ethanol from tissues that were culture positive
but PCR negative. Tissues in which sufficient sample was
available included liver (n = 2), heart (n = 1), and brain (n =
1) from experimentally inoculated SCID mice and kidney (n
= 3), spleen (n = 9), bladder (n = 4), and ear (n = 3) from
field-collected P. leucopus mice. Upon retesting these sam-
ples by PCR, DNA extraction procedures resulted in detect-
able ospA sequences in one additional liver and heart spec-
imen from SCID mice, one additional kidney and spleen
specimen from naturally infected mice, and two additional
ear specimens.
To investigate whether false-positive PCR assays contrib-

uted to the discordant results, we examined the individual
capture histories and assay results from the four P. leucopus
mice which were PCR positive and culture negative. Multi-
ple-organ samples from two mice in group 2 were positive by
PCR for B. burgdorfen following phenol-chloroform extrac-
tion and retesting. We concluded that these results indicated
real infections. Three of the remaining four mice with
discordant ospA PCR results (group 3) were positive only by
Southern hybridization but were negative by band visualiza-
tion on agarose gels. Reamplification of the original ear
biopsy digest from these three mice resulted in detection of
ospA in only one sample, indicating either a low copy
number of DNA template in the PCR or false-positive

VOL. 30, 1992



2630 HOFMEISTER ET AL.

results. The fourth mouse, which was positive for ospA on
agarose gel and by Southern hybridization, was recaptured
as part of a longitudinal study and resampled by ear biopsy
8 weeks after the first capture. At that time, B. burgdorferi
was detected by both ospA PCR and culture, indicating that
the first PCR result was probably specific.

DISCUSSION

This report describes the development and preliminary
application of a PCR-based assay for detection of infection
with B. burgdorferi in P. leucopus mice captured in a Lyme
disease enzootic area. When the results by PCR are com-
pared with the standard of culture of the spirochete, we
conclude that in longitudinal studies, in which individual P.
leucopus mice are repetitively captured and sampled, PCR
examination of ear tissue may be nearly as sensitive, but not
as specific, as culture for detection of B. burgdorferi. Our
data also indicate that PCR of organ tissue, minimally
processed in TEB alone, was generally less sensitive than
culture for detection of the spirochete. However, in studies in
which captured mice are sacrificed and multiple organs are
sampled, PCR may be as sensitive and specific as culture for
the determination of overall infection with B. burgdorferi in
individual mice. We conclude that both PCR and culture may
be required to detect all mice infected with B. bugdorferi.
The ospA gene of B. burgdorferi has been the amplifica-

tion target in a number of published reports (14, 18, 23, 25,
26) in which PCR was utilized to detect B. burgdorferi. We
selected nucleotide sequences to be used as oligonucleotide
primers from a region of ospA likely to be highly conserved
between ospA and ospB, on the basis of the published
homology between the amino acid sequences of the OspA
and OspB proteins (8). With the exception of Nielsen et al.
(25), the PCR primers described in previous reports (14, 18,
23, 26) amplified ospA sequences falling in regions less likely
to be highly conserved. While a lack of sensitivity for detecting
ospA by PCR has been reported elsewhere for some isolates
(14, 26), we found PCR primers BAE-1 and BAE-2 to be highly
sensitive for the laboratory-adapted strains of B. bwgdorferi
and for the field isolates of the organism that were examined.
The analytic sensitivity of PCR with BAE-1 and BAE-2 used
for B-31 grown in culture observed in this study (1 to 5
spirochetes) was similar to that observed in other published
reports with ospA as an amplification target (14, 23) but more
sensitive than that reported by Nielsen et al. (25) (50 fg =
approximately 45 spirochetes). The sensitivity which we ob-
served is comparable to that reported utilizing PCR primers
designed to amplify flagellin (33) and chromosomal (17, 27)
gene sequences. Additionally, our results are in agreement
with those of others (14, 18, 23) who have found ospA primers
to be specific for B. burgdorferi.

In determining the infection status of field-captured P.
leucopus mice by culture, our observation that the bladder
was the most efficient organ for obtaining B. burgdorferi,
followed by the spleen and kidney, was in accord with a
previous report, according to which the bladder and the
spleen were the most efficient organs for culturing spiro-
chetes from wild-caught P. leucopus mice (13). However,
the proportion of spleen and bladder cultures positive for the
organism in infected mice observed in that study was 57%
each, compared with our findings, which were 77 and 85%,
respectively. Additionally, in our field-captured mice with
one or more culture-positive organ samples, the frequency of
culture-positive ear samples (86%) was comparable to that
previously reported from wild-caught P. leucopus mice

(85.7%) which were prescreened for infection with B. burg-
dorferi by xenodiagnosis (30).
When we compared the results of PCR and culture for

detection of B. burgdorferi in tissues obtained from captured
P. leucopus (Table 2) and experimentally infected SCID
mice, we observed that PCR of tissues minimally processed
in TEB alone was consistently less sensitive than culture of
organ and ear samples. In contrast, Lebech et al. (21), using
a tissue digestion step followed by phenol-chloroform ex-
traction of the DNA, reported an increase in sensitivity in
the ability to detect B. burgdorferi in kidneys, spleens, and
urinary bladders obtained from experimentally infected ger-
bils by PCR compared with that of culture. Our results also
indicate that addition of a phenol-chloroform extraction step
increases sensitivity. In our study of infected mice, the low
level of agreement between PCR for ospA and culture, as
quantitated by kappa, of kidney and spleen samples may
have been affected by the DNA extraction method. Our
method allowed known inhibitors of Taq polymerase activity
(e.g., hemoglobin) (19) to be added to the PCR. Repeat
testing by PCR of phenol-chloroform-extracted DNA from a
small number of culture-positive and PCR-negative samples
only slightly improved the sensitivity of PCR in organ tissue
but resulted in a marked improvement in the sensitivity of
PCR in ear samples obtained from mice in group 2. In this
study, we chose minimal tissue processing in TEB alone in
order to limit cross-contamination of samples during the
tissue-processing steps. However, it appears that tissue
digestion in TEB followed by phenol-chloroform extraction
may be necessary for optimal sensitivity of the PCR assay of
both organ and ear tissues.

It is difficult to conclusively establish that a new tech-
nique, such as PCR, may be more sensitive than an accepted
technique, such as culture, for detection of B. burgdorferi in
infected mice. However, the sensitivity of culture of ear
tissue appears to be approximately 85% in naturally infected
P. leucopus prescreened for infection with B. burgdorfen by
xenodiagnosis (30) and, in the present study, by culture of
internal organs. Because PCR has the ability to detect
nonviable B. burgdorferi, we were unable to determine
whether the detection of ospA sequences in culture-negative
tissue samples was due to the presence of organisms or due
to false-positive results. We believe that detection of ospA
sequences on retesting by PCR in the PCR-positive, culture-
negative tissues from mice in groups 2 and 3 indicated
true-positive results but did not necessarily indicate detec-
tion of viable organisms. Only through longitudinal study of
individual animals exposed to the organism can this question
be better resolved. In this regard, we detected B. burgdorferi
by both PCR and culture in one mouse from group 3, 8 weeks
after obtaining the initial PCR-positive culture-negative ear
sample. However, because the animal was potentially ex-
posed to infected ticks after the first ear sample was ob-
tained, we cannot rule out the possibility that the infection
had been acquired during the intervening period.
While the observed differences in agreement between PCR

and culture on detection of infection with B. burgdorferi
between study groups was not significant (Table 1), the
variation in agreement between assays may be influenced by
seasonal variation in the ability to detect B. burgdorferi in
organs obtained from mice. Complete agreement between
PCR and culture was observed (kappa = 0.98) in group 1
mice, which were sacrificed in July immediately after the
period of peak nymphal Ixodes dammini activity. In con-
trast, only moderate agreement was observed in group 2
mice (kappa = 0.72), sacrificed between March and early
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May, prior to the period of nymphal L dammini activity.
Therefore, the intensity of B. burgdorfien transmission cer-
tainly varied over the period during which the two sets of
samples were gathered.
The findings of this study are of considerable practical

importance, since PCR analysis for ospA in DNA from ear
biopsy samples will permit prospective analyses of individ-
ual reservoir animals in the field. The agreement between
PCR and culture was the highest (kappa = 0.80) with ear
tissue, indicating the validity of PCR as a detection method.
In addition to demonstrating a comparable sensitivity to
culture, PCR permitted a more rapid determination of infec-
tion than culture of ear tissue. For most longitudinal field
studies, simple DNA extraction procedures (TEB) may be
suitable to determine the infection status of individual ani-
mals. If the goal of the study is to document all infections,
then organ sampling may be necessary when both culture
and PCR, with additional phenol-chloroform extraction, are
performed.
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