
JOURNAL OF CLINICAL MICROBIOLOGY, Dec. 1994, p. 2980-2988
0095-1137/94/$04.00+0
Copyright © 1994, American Society for Microbiology

Detection of Borrelia burgdorferi Sensu Lato in Lesional Skin of
Patients with Erythema Migrans and Acrodermatitis

Chronica Atrophicans by ospA-Specific PCR
SABINE E. MOTER,1* HEIDELORE HOFMANN,2 REINHARD WALLICH,3

MARKUS M. SIMON,4 AND MICHAEL D. KRAMER'

Institute of Immunology, Immunopathology Laboratory, University of Heidelberg, 69120 Heidelberg,'
Department of Dermatology, Technical University Munchen, 80802 Munich,2 Department of

Applied Immunology (FS0440), German Cancer Research Center, 69120 Heidelberg,3
and Max Planck Institute for Immunobiology, 79108 Freiburg,4 Germany

Received 1 June 1994/Returned for modification 2 August 1994/Accepted 21 September 1994

develop a sensitive burgdorferi

DNA. The plasmid-located gene coding for the outer surface protein A (OspA [31-kDa protein]) was used as

a target. Nucleotide sequence information from different B. burgdorferi ospA genotypes was used to design
primers homologous to different genotypes. The sensitivity of the nested PCR differed from 1 fg to 1 pg of
borrelial DNA, depending on the strain analyzed. No cross-reactions with DNA from spirochetes other than B.
burgdorferi or with human DNA were observed. A total of 22 skin biopsy samples from patients with erythema
migrans (EM [n = 10]) or acrodermatitis chronica atrophicans (ACA [n = 12]) were examined for the
presence of B. burgdorferi by nested PCR. Of 22 biopsies, 80%o from EM patients and 92% from ACA patients
were positive by PCR amplification. By comparison, 50%o of the EM patients had elevated B. burgdorfri-specific
immunoglobulin M (IgM) and/or IgG antibody levels as tested by enzyme-linked immunosorbent assay

(ELISA) using purified B. burgdorferi flagella as antigen. A total of 33% of ACA patients had elevated IgM
titers, and all had high IgG titers in their sera. Only 30%Yo of specimens from patients with EM and none from
patients with ACA were positive by culture. All culture-positive specimens were also positive by PCR. Thus, the
sensitivities of the PCR were 80 and 92%, respectively, for patients with EM and ACA on the basis of the clinical
and histopathological diagnoses of Lyme disease. From these results, we conclude that PCR is a suitable
method to detect B. burgdorfieri sensu lato DNA in skin biopsy samples and could be applied as an additional
diagnostic tool.

Lyme disease, a multisystem disorder caused by the tick-
borne spirochete Borrelia burgdorferi, is the most common
arthropod-borne human infection in North America and Eu-
rope (53, 54). In humans, spirochetal infection leads to a

variety of clinical symptoms involving different organ systems,
in particular the skin, nervous system, heart, and joints (54). A
manifestation of the early stage of the disease is erythema
migrans (EM), a local infection of the skin at the site of the tick
bite (3) recognized in about 50% of patients with Lyme disease
(53). In most untreated cases, EM resolves spontaneously or

can be treated successfully with antibiotics (6, 38, 55). After
hematogenous or lymphatic spread, spirochetes colonize inter-
nal organs and eventually the skin. A skin manifestation of the
chronic stage of Lyme disease is acrodermatitis chronica
atrophicans (ACA) (3). ACA may develop years after the
onset of the disease and presents as an inflammation of the
skin which is followed by atrophy. ACA does not resolve
spontaneously, and during these later stages of the disease
intravenous application of antibiotics is recommended. Re-
lapses may occur in spite of antibiotic therapy. Both EM and
ACA are well-defined clinical symptoms of B. burgdorferi
infection. In particular, when internal organs are involved,
diagnosis of Lyme disease by clinical criteria alone is often
difficult, since many of the described symptoms are less char-
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acteristic (54). Therefore, diagnosis of the disease has to be
confirmed by laboratory methods. Most of the serological
testing systems used thus far are fraught with problems (10,
50), such as (i) low sensitivity due to antibody titers which
are poorly correlated with the infection, (ii) cross-reactivi-
ties due to antigenic epitopes shared by other microorgan-
isms, (iii) low predictive values due to long-lasting antibody
titers even after successful antibiotic treatment, as judged by
clinical signs, and (iv) polymorphism of immunogenic pro-
teins, e.g., OspA (outer surface protein A [31-kDa protein])
(58).

Moreover, isolation and/or visualization of the etiologic
agent is critical because of the low numbers of spirochetes in
infected tissues and their low growth rates in vitro (4). For this
reason, culturing is not used as a routine method. Recently,
PCR, which has been shown to provide both high sensitivity
and specificity (47), has been applied for the detection of B.
burgdorferi DNA (33, 39, 42, 45, 46, 60, 62) in the tissues of
infected ticks (41) and in several species of mammals (1, 5, 20,
31), as well as in human specimens, such as cerebrospinal and
synovial fluid, (11, 21, 23, 24, 26, 27, 29, 30, 32, 40), urine (16,
21, 23, 30, 34), blood (15, 17, 34), and skin (35, 43, 44, 49, 52).
However, the specificity and sensitivity of PCR with respect to
individual primer pairs corresponding to the polymorphic ospA
gene (58) have not been evaluated.
The aim of the present study was to develop a sensitive and

specific PCR assay for the plasmid-encoded ospA gene, to
identify primer sequences that allow amplification of ospA
sequences irrespective of the ospA genotype, and to compare
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DETECTION OF B. BURGDORFERI IN EM AND ACA BY ospA-PCR 2981

TABLE 1. Clinical characteristics and laboratory findings for patients examined in this study'

Patient Clinical diagnosis (period between tick bite and Serology Southernaient Sex presentation of patient/duration Histopathology IFTabs ELISA Culture PCR blot
no. and location of lesion) (IgG) IgG gM(A/B) (A/B)

la F EM (6 wks/2 wks, fossa of left knee) EM - (+) + + +I+ +1+
lb F EM (2 wks after therapy/2 wks, fossa of left Scar tissue (biopsy excision) - + + - -I- -I-

knee)
2 F EM (NR/l wk, NDC) EM _ _ _ + +1- +/+
3 F EM (3 mos/4 wks, right thigh) EM - - - - -I- -I-
4 M EM (NR/NR, right knee) EM - + - - +I+ +I+
5 M EM (NR/1 wk, left arm) EM - - (+) - +/+ +I+
6 M EM (frequent/5 wks, NDC) ND - _ _ - -I- -I-
7 M EM (NR/NR, NDC) EM - - - - +/+ +I+
8 M Multiple EM, NAP (6 wks/3 days, NDC) EM + + + - +I- +I-
9 F EM (NR/l wk, NDC) EM - - - - +I+ +I+
10 M Neurological symptoms of EM (NR/6 wks, EM + + - + +I+ +I+

NDC)
11 F ACA, early stage (NR/3 yrs, left leg) ACA + + - - +/+ +I+
12 F ACA, arthritis (NR/3 yrs, leg, relapses) ND + + - - -/+ -/+
13 F ACA (NR/NDC, NDC) ACA + + + - +I+ +I+
14 M ACA, early stage, with sclerosis (NR/10 ACA + + - - +/+ +/+

mos., right leg)
15 M ACA, early stage (NR/EM 1 yr before right ACA + + - - +/+ +/+

-knee)
16 M ACA (NR/1 yr; left thigh) ACA + + - - -I- -I-
17 M ACA (NR/3 to 4 yrs, left leg) ACA + + + - +/- +/-
18 F ACA, early stage (NR/1.5 yrs, left ankle and ACA + + + - -/+ -/+

lower leg)
19 F ACA (NR/3 yrs, left leg) ACA + + + - +/- +/-
20 M ACA and morphea (NR/2 yrs, NDC) ACA and morphea + + - ND +/+ +I+
21 F ACA, arthritis, (NR/1 yr, left arm) ACA + + - - +/- +/-
22 M ACA, benign lymphoma (1.5 yrs/1 yr, left ACA, benign lymphoma + + - - +/- +/-

hand and arm)
23 M Tick bite (1 day/i day, NDC) ND ND ND ND - -I- -I-
24 M Tick bite (3 days/3 days, NDC) Vasculitis after tick bite ND ND ND - -I- -I-
25 F Normal skin Normal skin ND ND ND ND -I- -I-
26 M Normal skin Normal skin ND ND ND ND -/- -I-
27 M Normal skin Normal skin ND ND ND ND -I- -I-
28 M Normal skin Normal skin ND ND ND - -I- -I-
a Results are expressed as follows: +, positive result; (±), weakly positive reaction (in case of flagellum-specific ELISA); -, negative result. A/B, results of two

experiments, named A and B, respectively. F, female; M, male; Frequent, frequent tick bites; NAP, nervus abducens paresis; NDC, not documented; ND, not done;
NR, tick bite was not recalled by the patient; relapses, relapses after antibiotic therapy.

the data obtained by PCR with those obtained by methods of
cultivation, serology, and histology as well as clinical diagnosis.
The PCR method was used for the detection of B. burgdorfeni
in skin biopsies of patients with EM and ACA, which are
clinically typical manifestations of Lyme disease.

MATERMILS AND METHODS

Patients, skin biopsy, culture, and histology. Skin biopsies
were obtained from patients with Lyme disease who had skin
manifestations (Table 1) and who visited the Department of
Dermatology, University of Homburg-Saar, Homburg, Ger-
many, between January 1990 and December 1991. Areas of an
EM lesion, an ACA lesion, or a tick bite, respectively, were
disinfected for 30 min with 70% (vol/vol) ethanol, and a punch
biopsy 6 mm in diameter was taken and cut in half for culturing
and histology. For EM, the punch biopsies were taken at the
margin of the rash. Immediately after removal, one-half of the
tissue was ground in a tissue grinder and placed into an 8-ml
glass tube containing 7 ml of complete Barbour Stoenner Kelly
(BSK) medium (4) supplemented with antibiotics. The tubes
were tightly capped and incubated at 33°C. Aliquots (10 Pdl) of
each biopsy culture were examined weekly for the presence of

spirochetes by dark-field microscopy for up to 3 months of
incubation. Biopsies from healthy individuals with no signs of
skin disease were included as negative controls. Half of each
biopsy sample was formalin fixed and paraffin embedded.
Sections were stained with hematoxylin and eosin and with
Giemsa stains. In most cases, patients did not recall being
bitten by ticks. In two cases (patient nos. 23 and 24), the ticks
were partially fed when they were removed. Ticks were iden-
tified as members of the genus Ixodes by visual inspection and
most probably belonged to the species LIodes ricinus, since this
species is by far the most common species of Ixodes in
Germany.

Serology. Patient serum samples were tested for B. burgdor-
fen-specific immunoglobulin G (IgG) and IgM antibodies by
the following two different test methods: (i) immunofluores-
cence after absorption of sera with Treponema phagedenis
(IFTabs) using B. burgdorfeni B31 as antigen (28), and (ii) an
enzyme-linked immunosorbent assay (ELISA) system with
purified flagella as antigen (Lyme-Borreliosis-ELISA; Dako-
patts, Gostrup, Denmark) according to the manufacturer's
instructions. Extensive evaluation of the serological assay
systems by using sera of patients with clinically defined Lyme
borreliosis and sera from healthy blood donors revealed a
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2982 MOTER ET AL.

prZS7/31-1
5'- nt 18-39

primr: GG6AATAGGTCTAATATrAGCC
strain:

ZS7: ------_______________

N40: ---------------------

131: ----------------------
25015: ---------------------T

682: ----------------------
B29: ----------------------
ZQI: ----------------------

rP90: ---------------------A
PBi: ----------------------

19857: ----------------------
PKo: ----------------------

ACA-1: ----------------------

mx: 1
sum: 1

OspA-6
nt 54-76

GCAAAATGTTAGCAGCCTTGACG

_____._______--------T-
____________---------T-
_____ _______--------T-

_ _______------------T-
___ _________--------T-
____________----------T-

____________---------T-
1
1

OspA-8
nt 424-445

GGAACCAGACTTGAATACACAG

-------T--------------

-----6-----
_____T-CT---------T--C
-------AA--------T----

-______JAA--------T---
4
6

OspA-5
nt 658-679 -3'

ACTrCCACTMTTAACAAAGTG

-----A------------C--
-----A-------------C--
-----A---------------
A--------------------
________ _____________T--------_____________

---AG---C-------------
-T----------------
-T----------------

3
6

FIG. 1. Nucleotide sequence of ospA-specific primers and comparison of primer annealing sites in B. burgdorferi strains with different ospA
genotypes. Orientations (indicated by arrows) and locations of primers in nucleotides (nt) according to the sequence of B. burgdorferi ZS7
published by Wallich and coworkers (61) are indicated at the top. Nucleotide sequences are given in 5' to 3' orientation. Denominations of different
strains are indicated at the left. The maximal numbers of nucleotide mismatches of the primers compared with the ospA sequence of a particular
sequence (max) and the total number of mismatches compared with all sequences (sum) are indicated in the bottom lines.

specificity of 96% for the IFTabs and 97% for the flagellum-
specific ELISA, respectively (data not shown).

Spirochetal strains and cultivation. B. burgdorferi B31
(ATCC 35210), B. coriaceae (ATCC 43381), and B. hermsii
(ATCC 35209) were obtained from the American Type Cul-
ture Collection (Rockville, Md.). One strain (S90) was isolated
by H. Hofmann. Other B. burgdorferi strains were isolated and
kindly provided by our colleagues J. F. Anderson, New Haven,
Conn. (strain 19857); E. Asbrink, Stockholm, Sweden (strain
ACA-1); G. Bigaignon, Brussels, Belgium (strain 20047); and
U. E. Schaible, Freiburg, Germany (strains ZS7, ZQ1). Trepo-
nema pallidum (Nichols pathogenic strain) cultures grown in
rabbit testicles were kindly provided by R. Schroter, Depart-
ment of Dermatology, University of Heidelberg, Heidelberg,
Germany. Treponema denticola (ATCC 33521) was provided
by R. Lange, Berlin, Germany. B. burgdorferi strains were
cultivated in BSK medium as described elsewhere (28). The
cultures were grown to a density of 108 bacteria per ml.
Bacteria were counted in a Neubauer cell counting chamber
with a 0.01-mm thickness.

Purification of spirochetal DNA. Total genomic DNA was
extracted from spirochetes by a method using cetyltrimethyl-
ammonium bromide (CTAB) as a cationic detergent. Cultures
were centrifuged for 30 min at 4°C and 6,000 rpm in a Heraeus
minifuge RF and washed twice in phosphate-buffered saline
(PBS)-5 mM MgCl2, and the pellets were resuspended in
Tris-EDTA (TE), pH 8. Sodium dodecyl sulfate (SDS) and
proteinase K (Boehringer Mannheim) was added to yield a
final concentration of 100 ,ug of proteinase K per ml in 0.5%
(vol/vol) SDS. After incubation for 1 h at 37°C, NaCl was
added to a final concentration of 0.7 M NaCl. Following the
addition of a 1/10 volume of 10% CTAB in 0.7 M NaCl and
incubation at 65°C for 10 min, the mixture was extracted twice
with phenol-chloroform-isoamyl alcohol (25:24:1) and precip-
itated with a 0.6 volume of isopropanol. The pellet was
dissolved in 100 ,ul of TE, pH 8, and the concentration was
determined spectrophotometrically by measuring the A260.
Sample preparation for PCR from cultivated B. burgdorferi

cells. The analytical sensitivity of the PCR assay on serially
diluted, purified B. burgdorferi DNAs of strains 19857, 20047,
ACA-1, S90, ZS7, and ZQ1 was determined. The dilutions
ranged from 100 ng/10 RIl to 0.1 fg/10 ,ul. Furthermore, the
sensitivity was determined by using cultivated B. burgdorferi
cells without previous DNA extraction. For this purpose,
samples with a cell density of from 106 to 10-1 B. burgdorferi

organisms per 10 ,ul were used. These were obtained by a
10-fold dilution in BSK medium starting from 107 bacteria per
100 ,ul, as determined by counting using dark-field microscopy.
The cells were pelleted by centrifugation, washed three times
in PBS, resuspended in 100 RI of TE, pH 8, boiled for 15 min
at 100°C, and immediately stored on ice. A 10-,ul aliquot was
used as template DNA for amplification.
Sample preparation for PCR from skin biopsy tissue cul-

tures. Skin biopsy cultures were used for sample preparation
for the PCR after incubation for 6 and 12 weeks in the case of
positive cultures and in the case of negative cultures, respec-
tively. A 5-ml volume of the skin biopsy culture was centrifuged
for 30 min at 4°C (10,000 x g) to pellet spirochetes and tissue.
The pellet was washed three times with PBS (pH 7.2) to
remove the culture medium. Tissue specimens, which were not
disintegrated during cultivation, were cut into small pieces in a
petri dish using a sterile scalpel and a dissecting steel needle.
To the pellet and remaining biopsy tissue, 1 ml of proteinase K
digestion buffer (10 mM Tris-HCl [pH 8], 100 mM NaCl, 25
mM EDTA [pH 8], 0.5% SDS) and 200 ,ug of proteinase K per
ml were added, and the samples were incubated overnight at
55°C. After vigorous mixing, 500 ,ul of the suspension was
transferred to 1.5-ml reaction tubes for DNA extraction.
Samples were boiled for 10 min at 95°C to inactivate protein-
ase K and were stored on ice. Samples were extracted with
phenol-chloroform-isoamyl alcohol (25:24:1 [vol/vol]) and with
chloroform-isoamyl alcohol (24:1 [vol/vol]) and were precipi-
tated with ethanol.
PCR. As a target for PCR amplification, the gene coding for

the outer surface protein A (OspA) of B. burgdorferi was
selected (Fig. 1). The ospA gene is located on a 49-kb linear
plasmid and is present in a single or low copy number (19, 22).
Target sequences within the ospA gene offer the advantage that
no cross-reactions with other spirochetal species should occur.
To obtain an optimal sensitivity for the detection of B.

burgdorferi-specific DNA sequences in infected human tissues,
in which only small numbers of B. burgdofenr organisms are to
be expected, we developed a nested PCR assay. At the
beginning of the present study, oligonucleotide primers were
designed to obtain maximal homology of nucleotide sequence
for ospA gene sequences of strains B31 (8 [ospA genotype I]),
ZS7 (61 [ospA genotype I]), and ZQ1 (58 [ospA genotype II]).
Among several primers analyzed, the ones depicted in Fig. 1
(top) were considered optimal in priming efficiency, with the
best matching to the three sequences known at that time.
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DETECTION OF B. BURGDORFERI IN EM AND ACA BY ospA-PCR 2983

When later during the course of this study additional ospA
gene sequences were published, the primer sequences were
compared with the ospA nucleotide sequences of strains 19857
(58), 25015 and N40 (14), ACA-1 and IP90 (25), B29 (13), Go2
(12), and PBi and PKo (63) (Fig. 1). From this new informa-
tion, it became obvious that there are certain ospA-specific
mismatches at the primer annealing sites. Then, testing was

undertaken to determine whether the primers were suitable for
amplification of B. burgdorferi strains belonging to different
ospA types or strains of which the ospA type was unknown.
Figure 1 delineates all ospA sequence data for the annealing
sites of primers used in the present study known thus far.
Figure 1 includes sequence data of the three B. burgdorferi
species (B. burgdorferi ZS7 and B31, B. garinii [e.g., Ip90)], and
B. afzelii [e.g., ACA-1]) and those of four of the six ospA
genotypes (I [ZS7], B31], II [ZQ1], III [19857], and IV
[ACA-1]) according to restriction fragment length polymor-
phism analysis (58, 59). The ospA sequence of strain S90
(OspA type VI) was determined by Reinhard Wallich (57a)
from nucleotides 240 to 630 only and showed a 100% homol-
ogy to the sequence of strain ZS7 in this part of the ospA gene.
To our knowledge, the sequence of strain 20047 (ospA type V)
has not yet been determined and published. Additional nucle-
otide sequence information was available for annealing sites of
primers OspA-6 (nucleotides 70 to 76 only), OspA-8, and
OspA-5. Nucleotide sequences of the above-mentioned prim-
ers were 100% homologous to the ospA sequences of strains
19535, 42373, HB19, 27985, 41552, 21343, CA3, CA7, CA8,
and 21343, with the exception that strain 21343 has an A
instead of a G at position 431, which is located within the
annealing site of primer OspA-8 (9). Oligonucleotide primers
were synthesized by using a DNA synthesizer (Applied Biosys-
tems) and 3-cyanoethyl chemistry at the oligonucleotide syn-
thesis service facility of the German Cancer Research Center,
Heidelberg, Germany. Oligonucleotides were precipitated with
ethanol and alkaline ammonium acetate and were used with-
out further purification.
The reaction mixture (total volume, 50 ,u) contained 10 ,ul

of the isolated DNA derived from a biopsy culture, PCR buffer
(50 mM KCI, 10 mM Tris-HCl [pH 8.3], 1.5 mM MgCl2, 0.01%
[vol/vol] gelatin), 100 ,uM (each) deoxynucleoside triphosphate
mixture (Promega), 0.25 ,uM each external primer (prZS7/31-1
and OspA-5 [Fig. 1]), and 1.5 U of Taq DNA polymerase
(Boehringer Mannheim). The reaction mixture was overlaid
with 50 RI of mineral oil to prevent evaporation. A total of 30
cycles of the amplification reaction were carried out in a DNA
thermal cycler (thermocycler 60; Biomed) with the following
cycling profile: denaturation at 94°C for 90 s, primer annealing
at 45°C for 60 s, and extension at 72°C for 120 s. Low-
stringency conditions were used for optimal amplification.
After the last cycle, 5 pul of the reaction mixture was added to
a new PCR mixture containing 0.125 puM each internal primer
(OspA-6 and OspA-8 [Fig. 1]). The target sequence was
subjected to 25 additional cycles. The annealing temperature
was raised to 55°C, in order to achieve high-stringency condi-
tions. PCR products were analyzed by gel electrophoresis using
a 1.5% agarose gel stained with ethidium bromide and were
photodocumented.
A panel of positive and negative controls was included in

each experiment to control for contaminations and for false-
negative amplification results. Positive controls included
genomic DNA in concentrations close to the detection limit of
the assay, i.e., 1 fg of B. burgdorferi ZS7 DNA in the first 30
cycles of amplification using external primers and 10 ng of
DNA in the second 25 cycles of amplification using internal
primers. Negative controls included normal skin biopsy tissue

culture and sample preparation buffer, which were processed
like sample specimens during sample preparation and PCR but
lacked both target DNA and tissue-derived samples. In each
PCR experiment, a reaction mixture in which water replaced
template DNA served as an additional negative control. Each
human skin biopsy culture specimen was separated from the
next sample by a negative-control sample containing water
instead of a tissue culture specimen. When a negative speci-
men was contaminated, the results were not considered for
interpretation, and the experiment was repeated.
For each specimen, amplification was performed twice using

identical DNA preparations. A sample was considered positive
when a positive result was obtained after gel electrophoresis in
at least one of two separate experiments (A and B in Table 1).
The results were confirmed by Southern blot hybridization
using an ospA probe. Setup of the PCR mixtures, sample
preparation, and analysis of amplification products took place
in separate working areas to avoid contamination. Sample
preparation was performed using aerosol-resistant pipette tips.
For handling of DNA samples and for amplification products
of the external PCR, pipettes with disposable plungers were
used. To transfer the outer PCR product into the reaction
setup for the inner PCR, fresh latex gloves were used for the
handling of each specimen.

Southern blot hybridization. The specificities of the PCR
amplification products were confirmed by radioactive DNA-
DNA hybridization. Southern blotting of PCR amplification
products onto nylon membranes (Hybond N; Amersham) was
done by capillary blotting as previously described (48). DNA
fragments were cross-linked by UV irradiation using a UV
cross-linker (Stratagene) with a 306-nm-wavelength lamp and
120 mJ. Hybridization was according to the procedure de-
scribed by Church and Gilbert (9a). Briefly, hybridization with
a 32P-labeled ospA probe was done overnight at 65°C in 0.5 M
NaHPO4-7% SDS, pH 7.2. After being washed in 40 mM
NaHPO4-1% SDS, pH 7.2, at room temperature for 10 to 30
min, the damp membrane was autoradiographed on Kodak
XAR-5 film with intensifying screens at -80°C for 4 to 16 h. To
prepare a hybridization probe for B. burgdorferi ospA, a 950-bp
fragment of the gene was cloned into pGem-3Z (61). Labeling
was done with Klenow enzyme using a randomly primed
hexamer labeling kit (Boehringer Mannheim) according to the
manufacturer's instructions.

RESULTS

Patients. A total of 29 biopsy samples were taken from 28
individuals. These included (i) 11 biopsy samples from 10
patients with clinically diagnosed EM (duration of EM of 2
weeks to several months), (ii) 12 biopsy samples originating
from patients with clinically defined ACA, (iii) 2 biopsy
samples from patients with tick bites, and (iv) 4 biopsy samples
from patients without skin manifestations (Table 1).

Histopathology of EM biopsy samples revealed perivascular
inflammatory infiltrates of lymphohistiocytes and sometimes
plasma cells in the corium. In the case of ACA (n = 11), the
inflammatory perivascular infiltrate contained a moderate to
rich admixture of plasma cells. Epidermal atrophy, dilation of
dermal vessels, and degeneration of collagen were pronounced
in patients with long-standing ACA. One patient (no. 20)
displayed histopathological features of ACA and localized
scleroderma (morphea); the infiltrate of inflammatory cells
was less pronounced, and a marked collagen degeneration
without alteration of the elastic fibers was observed. Several
patients also displayed neurological symptoms (nos. 8 and 10)
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FIG. 2. Sensitivity of ospA based nested-PCR amplification for
genomic DNA of B. burgdorferi ZS7. The indicated amounts of B.
burgdorferi ZS7 DNA were subjected to nested-PCR amplification with
the primers prZS7/31-1 and OspA-5 in the first reaction and with
OspA-6 and OspA-8 in the second reaction as described in Materials
and Methods. The PCR products were electrophoresed on a 1.5%
agarose gel. The detection limit was 1 fg. Asterisks, positive and
negative controls (TE, pH 8) of the second PCR amplification using
internal primers. S, DNA molecular size markers, which are indicated
in base pairs at the left. The positions of the amplification products are
indicated by arrows.

or arthritis (nos. 12 and 21). One patient (no. 22) showed a
benign lymphoma (Table 1).

Culture and detection of antibodies. From each patient, a
single lesion was excised before therapy. In one case, a biopsy
sample was taken before and after antibiotic therapy. When
samples were tested in the ELISA using flagella as antigen, 5
of 10 patients with typical EM had elevated IgM and/or IgG
antibody titers (Table 1). In 2 of 10 patients, elevated IgG
antibody titers were detectable by IFTabs (Table 1). In 3 of 10
biopsy samples from untreated patients with EM, B. burgdorferi
was cultivated (Table 1) and could be subcultured.

All serum samples from ACA patients (n = 12) had elevated
titers of B. burgdorferi-specific IgG antibodies. IgM antibodies
were detected in four patients. B. burgdorferi could not be
cultivated from any of the ACA biopsy samples (Table 1).
Two specimens from two patients with tick bites and without

elevated IgM or IgG titers were also culture negative. A
control specimen from a patient without skin manifestations
was culture negative.

Sensitivity and specificity of the PCR for the detection of B.
burgdorferi. Amplification of the ospA gene from genomic B.
burgdorferi DNA by nested PCR yielded a single amplification
product with the expected size of 392 bp. When B. burgdorferi
ZS7 DNA was analyzed, the detection limit of the nested PCR
assay was about 1 fg, corresponding to approximately one
spirochete (Fig. 2).
The specificity of the PCR assay for the species B. burgdorferi

sensu lato was tested in a standard assay with the external
primers prZS7/31-1 and OspA-5. No amplification products
were observed when 10 ng of DNAs of several other Borrelia,
species, i.e., B. hemnsii, B. parken, B. turicatae, and B. coriaceae,
or Treponema species, i.e., T pallidum and T. denticola, was
amplified (data not shown). This was also true when 1 pg of
DNA of the species mentioned above was tested in a nested
PCR (Fig. 3, top) or by Southern blotting (Fig. 3, bottom).
These findings indicate the specificity of the ospA primers for
B. burgdorfen.

Considerable intraspecific heterogeneity for the ospA gene
of B. burgdorferi is known (9, 58). DNAs from representative B.
burgdorferi strains of each ospA genotype were analyzed by
nested PCR using ospA primers as described in Materials and
Methods. All ospA genotypes tested were detected by nested
PCR, although variations in sensitivity were observed among

S Bh Bt Bp Bc Td Tp Bb bp

4- 392

4 392

FIG. 3. Specificity of ospA-specific nested-PCR amplification. The
indicated isolates of B. hermsii (Bh), B. turicatae (Bt), B. parken (Bp),
B. conaceae (Bc), T. denticola (Td), and T. pallidum (Tp) were
amplified by nested PCR. The PCR product from the equivalent of 1
pg of DNA was electrophoresed (top), blotted onto a nylon filter,
hybridized to an ospA probe, and autoradiographed using XAR-5 film
(bottom). Bb, 1 pg of B. burgdorfen DNA as positive control. No
cross-reactions with spirochetal DNAs other than B. burgdorferi DNA
were observed. S, DNA molecular size markers, which are indicated in
base pairs at the left. The positions of the amplification products are
indicated by arrows.

different B. burgdorferi strains. The detection limits were as
follows: 1 fg for B. burgdorfeni ZS7 and ZQ1 (ospA genotypes
I and II, respectively), 10 fg for strain S90 (ospA genotype VI),
100 fg for strain ACA-1 (ospA genotype IV), and 1 pg for strain
19857 and 20047 (ospA genotypes III and V, respectively). Not
surprisingly, a high degree of sensitivity was correlated with a
low number of mismatches between the primer sequences and
the ospA nucleotide sequence of the representative strain (Fig.
1). The difference in the amplification efficiency between
strains ZQ1 and 19857, both of which belong to ospA genotype
II, is most likely due to the number of mismatches at the 3' end
in two of the four primers (OspA-5 and OspA-8). Taken
together, the detection limit for all B. burgdorferi strains tested
was at least 1 pg of genomic DNA, corresponding to 1,000
spirochetes. The authenticity of the amplification products was
confirmed by Southern blotting using an ospA probe comple-
mentary to the ospA sequence of B. burgdorferi ZS7 (Fig. 3,
bottom; see Fig. 5). Because of awareness of the possible
variability in sampling at very low concentrations (Poisson
distribution), the level of sensitivity was determined by re-
peated experiments using different series of dilutions. In the
case of ospA genotype I (strain ZS7), positive results by PCR
were seen in -2 of 3 experiments using 1 fg of DNA per 10 pul
and in -1 of 3 experiments containing 0.1 fg ofDNA per 10 RI.
Therefore, the sensitivity was claimed to be 1 fg. The levels of
sensitivity for other ospA genotypes were determined accord-
ingly.

Amplification of B. burgdorfieri DNA in skin biopsy cultures.
Of 22 biopsy samples obtained from 22 patients with EM or
ACA (Table 1), 8 of 10 (80%) from EM patients (Fig. 4 and 5;
patient nos. la and 10 [top] 4, 5, and 8 [bottom]) and 11 of 12
(92%) from ACA patients (Fig. 4 and 5; patient nos. 13, 20, 14,
and 18 [top]) yielded positive signals for the detection of B.
burgdofferi DNA by nested PCR (Fig. 4) and by Southern
blotting (Fig. 5).
One biopsy sample excised after clinically successful antibi-

otic therapy of an EM patient was negative by PCR (patient lb
[Fig. 4 and 5; Table 1]). Neither of the two skin samples from
sites of tick bites was positive by PCR. All control specimens
from individuals with normal skin yielded negative results by
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pat. #
bp

1033
653
394-

1033
653-
394

bp bp

4- 392

4- 392

S 4 5 3 16 19 6 17 7 8 lfg
pat. #

FIG. 4. Ethidium bromide-stained agarose gel (10 ,ul of a 50-,ul
reaction mixture) showing representative nested-PCR results for hu-
man skin biopsy culture specimens from patients (pat.) with EM and
ACA. Results correspond to results of experiment B as indicated in
Table 1. Examples are from EM patients (nos. la, lb, 2, 3, 4, 5, 6, 7, 8,
and 10), ACA patients (nos. 13, 14, 16, 18, 19, and 20), and individuals
with normal skin (nos. 26 and 27). lfg, 1 fg of B. burgdorferi ZS7 as a
positive control. S, DNA molecular size markers, which are indicated
in base pairs at the left. The positions of the amplification products are
indicated by arrows.

1033-
653-
394-

1033
653-
394-

pat. #
1a 2 13 10 20 14 18 26 27 1b bp

4 392

4 392

bp 4 5 3 16 19 6 17 7 8 lfg
pat. #

FIG. 5. Southern blot hybridization of agarose gel shown in Fig. 4,
after blotting onto a nylon filter, hybridization to an ospA probe, and
autoradiography using XAR-5 film (Kodak). Representative nested-
PCR results for human skin biopsy culture specimens from patients
(pat.) with EM and ACA are shown. The results correspond to results
of experiment B as indicated in Table 1. Examples are from EM
patients (nos. la, lb, 2, 3, 4, 5, 6, 7, 8, and 10), ACA patients (nos. 13,
14, 16, 18, 19, and 20), and individuals with normal skin (nos. 26 and
27). lfg, 1 fg of B. burgdorferi ZS7 as a positive control. S, DNA
molecular size markers, which are indicated at the left in base pairs.
The positions of the amplification products are indicated by arrows.

PCR (patient nos. 26 and 27 [Fig. 4 and 5]). All three cultures
in which growth of B. burgdorferi was observed were positive by
PCR. The duration of culture did not correlate with the PCR
results, since all three biopsy samples that were positive by
both culture and PCR were incubated for 6 weeks, whereas
some biopsy samples that were positive by PCR but not by
culture were incubated for 12 weeks. The percentage of
specimens positive for B. burgdorferi was approximately 86% by
PCR and was thus considerably higher than those by cultiva-
tion (3 of 22 [14%]) and serology (17 of 22 [77%]). No
cross-reactions with DNAs from unrelated spirochetal species
were observed (Fig. 3).

All five EM patients with positive serology also showed
positive PCR results. One patient (no. lb) still showed positive
serology after antibiotic therapy, although the PCR result was
then negative. Three EM patients with negative serology
results tested positive by PCR. Two EM patients were negative
by both serological testing and PCR. Of 12ACA patients, all of
whom were positive by serology, only 1 showed a negative PCR
result (Table 1).

DISCUSSION

This study shows that PCR for the ospA gene of B. burgdor-
fedi is a reliable method to detect spirochetal DNA in biopsy
samples of patients with EM or ACA. The application of
suitable primer pairs homologous for all ospA genotypes that
are thus far known (58) allows identification of most B.
burgdorferi strains by this method. In addition, this study shows
that the PCR assay is specific for B. burgdorfed, is able to detect
DNA in amounts equivalent to 1 to 1,000 spirochetes and is
superior to cultivation of bacteria.

Diagnosis of Lyme disease is based mainly on clinical
evidence, detection of B. burgdorferi-specific IgG- and IgM

antibodies in serum or cerebrospinal fluid, and culture of the
pathogen; all methods have inherent limitations (50, 56). In
cases of skin manifestations of the early and chronic stages of
B. burgdorferi infection, e.g., EM and ACA, diagnosis is based
mainly on clinical diagnosis. Isolation of B. burgdorferi from
skin biopsy samples has been reported to be more successful
than that from other organs, although results vary between
different laboratories (2, 7, 36). Therefore, we have chosen skin
biopsy samples from patients with EM and ACA to evaluate
the sensitivity of PCR for the detection of B. burgdorferi.
An optimal target sequence for PCR would allow species-

specific detection of all pathogenic B. burgdorferi sensu lato
strains. For the detection of B. burgdorferi in skin biopsy
samples of patients with Lyme disease, we chose ospA as target
sequence, since in preliminary experiments we have observed a
better performance for this assay than for a PCR protocol
based on the more conserved flagellin gene (37). This phenom-
enon needs to be clarified, since in experiments in which skin
samples were spiked with B. burgdorferi spirochetes or with
borrelial DNA, both assays performed equally well with regard
to sensitivity. This difference in sensitivity may be due to a
slightly higher target copy number of the plasmid-encoded
ospA gene (19) in naturally infected tissues compared with that
of the chromosomal single-copy flagellin gene (60). Further-
more, a weak cross-reaction with B. hernsii DNA was observed
when flagellin primers were used, although this may not cause
a problem in Europe.

Recently, several PCR assays for the detection of B. burg-
dorfedi based on flagellin, ospA, rRNA, or randomly cloned
chromosomal gene sequences have been described (33, 39, 42,
45, 46, 60, 62). Thus far, there have been only a few reports
that have described the use of PCR on clinical samples from
patients with skin manifestations in the early and chronic
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stages of Lyme disease (35, 43, 44, 49, 52). The strain-specific
sensitivities of these PCR assays were tested only by using
relatively large amounts of B. burgdorfeni DNA. In conse-
quence, the PCR assays were claimed to exhibit identical
sensitivity for all B. burgdorferi strains. We were able to detect
more than 50 B. burgdorferi strains with different ospA geno-
types by ospA-specific PCR using 10 ng of DNA (59 and
unpublished results), although the primers used exhibit 5'-end
and 3'-end mismatches. Therefore, a wide range of B. burgdor-
feri isolates may be readily detected when large amounts of
DNA are used, although detection of small amounts may fail.
The ospA gene of B. burgdorferi is genetically heterologous

among different strains (8, 9, 12, 14, 25, 58, 61, 63). Accord-
ingly, six so-called ospA genotypes have been defined (58). For
diagnostic purposes, primers should allow detection of all
pathogenic B. burgdorferi sensu lato strains. In the present
study, we wanted to evaluate the sensitivity of a nested ospA
PCR for different ospA genotypes. We have therefore designed
nested primers exhibiting maximal homology to ospA nucle-
otide sequences of each B. burgdorferi ospA genotype. The
sensitivity of the nested PCR was dependent on the ospA
genotype tested, ranging from 1 fg to 1 pg of DNA, corre-
sponding to about 1 to 1,000 B. burgdorferi organisms. The
difference in the amplification efficiency between strains 19857
and ACA-1 (ospA types III and IV, respectively) on the one
hand and strains ZS7 and ZQ1 (ospA types I and II, respec-
tively) on the other hand is most likely due to the number of
mismatches at the 3' ends of primers OspA-8 and OspA-5. We
consider the amplification efficiency to be related to the ospA
genotype to some extent, since classification of B. burgdorferi
isolates was based on restriction fragment length polymor-
phism analyses (58), which rely on sequence homologies.
Recently, Ranki and coworkers (44) have also emphasized the
importance of using primers homologous to the ospA nucle-
otide sequences of the strains analyzed. Future experiments
will make use of primers optimally designed according to the
latest information. The sequence homology of primers, how-
ever, may not be necessarily improved by shifting the primers
to the 5' direction along the ospA nucleotide sequence, since
this will result in new mismatches, although with minor influ-
ences compared with those at the 3' ends of primers.

In 22 biopsy samples obtained from patients with EM or
ACA, 8 of 10 EM patients and 11 of 12 ACA patients gave
positive results by nested PCR. The number of positive results
by PCR (19 of 22) was significantly higher than that by
culturing (3 of 22). B. burgdorferi was also detected by PCR in
16 of 19 samples in which B. burgdorferi did not grow. The
reasons may be (i) a greater sensitivity of the nested PCR
compared with that of dark-field examination of culture media,
(ii) the presence of viable spirochetes not proliferating in
culture, or (iii) the presence of nonviable spirochetes. The
yield of culture-positive results presented here is low in
comparison with data presented by others (52). This may be
due to insufficient culture conditions or to strain differences in
growth capacity among regional populations of B. burgdorferi.
In line with these considerations, the efficiency of spirochete
reisolation from skin lesions has been reported to differ among
laboratories (2, 7, 18, 36, 52).
Comparison of PCR results with those from serological

testing by flagellum-specific ELISA showed that all five EM
patients with positive serology were also positive by PCR and
that two EM patients were negative by both serological testing
and PCR. The remaining three EM patients with negative
serology tested positive by PCR. The sensitivity of the PCR in
EM patients was 80% (8 of 10) compared with 50% (5 of 10)
by the flagellum-specific ELISA. In ACA patients, the sensi-

tivity of serological testing was 100% (12 of 12) compared with
that by PCR, by which 92% (11 of 12) of patients tested
positive (Table 1).

Negative PCR results in 3 of 22 biopsy samples with
clinically diagnosed EM (2) or ACA (1) may be due to (i)
patients being infected by spirochetes with ospA genotypes not
homologous to the primer pairs used in this study, (ii) numbers
of spirochetes in the tissue and culture medium being below
the detection limit of the PCR, (iii) inhibitors for the Taq
polymerase being present in some skin sample, and, most
trivially, (iv) absence of spirochetes from the excised area of
skin.

In eight patients with skin manifestations typical of Lyme
disease, conflicting positive and negative results were obtained
when two different PCR amplifications from an identical
sample were performed. This inconsistency may be due (i) to
the heterologous clusterlike distribution and to the paucity of
spirochetes in lesional human skin, (ii) to inadequate sample
preparation, (iii) to inhibitors not being eliminated during
preparation of DNA, or (iv) to the presence of a spirochetal
strain which is not readily detected by our primers but which
may be detectable in cases in which a higher number of
spirochetes was contained in the sample aliquot. We believe in
the first explanation, since (i) spirochetes are present in low
numbers in skin lesions of Lyme disease patients, (ii) B.
burgdorferi in skin lesions could be detected only by nested
PCR exhibiting a high level of sensitivity of 1 fg to 1 pg of
DNA, which corresponds to approximately 1 to 1,000 spiro-
chetes, and (iii) in control experiments, inconsistent PCR
results were obtained only when normal skin biopsy specimens
spiked with small amounts of borrelial DNA (0.1 to 10 fg per
sample) were assayed in several independent experiments. The
last point was expected, since the distribution of DNA in
dilutions containing very low quantities of DNA follows a
Poisson function. The hypothesis that divergent PCR results
are due to the small number of spirochetes in human skin is
further supported by the observation that PCR results were
more consistent in tissues of SCID mice infected with a high
dose of 108 B. burgdorferi organisms (37).
A biopsy sample from a patient (no. lb) with previous

antibiotic treatment was negative by both culture and PCR;
however, the patient still had positive antibody titers by IFTabs
and ELISA. This could mean that antibiotic treatment elimi-
nated the microorganisms, although the immune reaction still
persisted. However, general conclusions from this anecdotal
finding cannot be drawn.
Whether PCR may be also suitable for the detection of B.

burgdorferi organisms in other tissues must await further
experimentation. The relevance of a positive PCR result for
the evaluation of the stage of infection and the development of
clinical symptoms remains unclear, since it is not yet known
whether spirochetes detected by PCR are still active in terms
of pathogenicity. Recently, isolation of B. burgdorferi organ-
isms from apparently healthy skin at sites of a previous
erythematous skin lesion in untreated patients with early
disseminated Lyme disease has been reported (57). Therefore,
it can be assumed that spirochetes survive in the skin during
the course of Lyme disease and may disseminate to other
tissues or become pathogenic again in the skin during later
stages of Lyme disease. On the basis of these findings, antibi-
otic therapy seems to be recommended in the case of a positive
PCR result, whereas a negative PCR result does not necessar-
ily mean that spirochetes are absent. For the interpretation of
PCR results, the clinical diagnosis has to be considered.
Whenever possible, other methods (e.g., serological testing)
should be used to provide supplementary evidence for a B.
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burgdorferi infection. Nevertheless one should bear in mind
that concordant results between PCR and serologic tests are
not to be expected a priori, since different targets are detected
by these tests, namely, direct demonstration of DNA versus
indirect demonstration of the pathogen by measuring the
antibacterial antibody response.

Diagnosis based on recognition of the characteristic appear-
ance of EM or ACA lesions is the method of choice. However,
in cases of atypical skin lesions, PCR analysis of skin biopsy
sample specimens may provide a more informative technique
for the diagnosis of Lyme disease and may be applied to
differentiate manifestations induced during Lyme disease from
those of other diseases.
The nested PCR protocol presented herein provides a

sensitive and specific method for the detection of B. burgdorferi
DNA in biopsy specimens from naturally infected human skin.
We have designed primers which are capable of detecting all
known ospA subtypes of different B. burgdorferi isolates, al-
though with differing sensitivities. Detection of all genospecies
is of great importance for the PCR amplification in samples in
which the state of infection is unknown, since a considerable
genetic heterogeneity among ospA genes of B. burgdorferi
isolates is known (9, 58). Since none of the control specimens
of normal skin was positive for B. burgdorferi DNA and no
cross-reactions with DNAs from related Borrelia species were
observed, the PCR assay presented exhibits a high degree of
sensitivity and specificity.
On the basis of our observations reported here, we conclude

that PCR is suitable as a method to detect B. burgdorferi sensu
lato DNA and that it should be applied as an additional
diagnostic tool.
We believe that in patients with skin manifestations of Lyme

disease, freshly excised skin biopsy samples are a more suitable
source of DNA for the diagnosis of B. burgdorfen infection
than are cultures of skin biopsy samples, since preparation of
PCR samples from cultured material increases the risk of
contamination. Also, amplification of sequences from a human
ubiquitious gene to serve as an internal control for PCR
performance is desirable. In our laboratory, work is in progress
to establish such protocols for the detection of B. burgdorfeii in
human skin biopsy samples.
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