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Single-Tube Nested Polymerase Chain Reaction
Assay Based on Flagellin Gene Sequences
for Detection of Borrelia burgdorferi sensu lato

M.M. Pickenl->* R.N. Picken3, D. Han3, Y. Cheng3, F. Strle4

An inherent drawback of nested PCR systems to increase sensitivity of PCR-based as-
says is that tubes must be opened after the first round of ampilification in order to trans-

fer template molecules to the second am

plification reaction; this procedure introduces

the risk of carry-over contamination of negative specimens. To obviate this disadvan-
tage, a nested PCR assay for detection of Borrelia burgdorferi in which both amplifica-
tions are performed in a single tube that remains closed throughout the entire process
was devised. The assay is based on flagellin gene sequences with previously determined
Species-wide and species-specific properties. The nested PCR system proved to be 1000
times more sensitive than the conventional assay. Using the nested PCR system, ten

spirochaetes could be routinely detected b
as the conventional PCR system could de
ditions. After Southern transfer of amplific.

Yy agarose gel electrophoresis alone, where-
tect only 104 spirochaetes under these con-
ation products and hybridization with 32P- or

chemiluminescent-labeled probes, the nested PCR system could easily detect a single
spirochaete by both means, whereas the sensitivity of the conventional PCR assay var-

ied from 10 (32P) to 103 (chemiluminescence)
system should be a useful addition to the cu

borreliosis.

Lyme borreliosis is a multisystem  infection
caused by spirochaetes of the genus Borreliz and
acquired as a consequence of a bite from an infect-
ed tick of the Ixodes ricinus complex (1,2).In Eu-
TOpe, at least three species are known to be caus-
ative agents of the disease: Borrelia burgdorferi
sensu stricto, Borrelia garinii, and Borrelia afzelii
(3). Although the earliest manifestations are usu-

ally cutaneous (erythema migrans is the pathog-

nomonic lesion), the disease may progress to in-
volve the joints, heart, nervous System or even eyes

(4).
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spirochaetes. This single-tube nested PCR
rrent range of diagnostic assays for Lyme

Despite the distinctive appearance of typical ery-
thematous eruptions, the clinical course is fre-
quently atypical, and a diagnosis cannot always be
made on clinical grounds alone. Currently, serolog-
ic tests are most often used as a laboratory aid. but
sensitivity is often low and the results can be in-
conclusive (5). Culture of organisms can also be
used for diagnosis, but does not always yield spi-
rochaetes and often requires lengthy growth
times varying from weeks to months, Moreover,
Lyme borreliosis is a disease in which the response
to treatment declines as the duration of illness in-
creases. This makes a quick and accurate diagno-
sis and the institution of early antibiotic therapy
highly advantageous. For these reasons, investiga-
tors have sought other methods of direct detection
that are faster and more sensitive than culture.

The technique of in vitro amplification of DNA se-
quences using the polymerase chain reaction
(PCR) was quickly exploited as a new means of
directly identifying the presence of the spiro-
chaete. PCR assays based on a number of well
characterized borrelial genes have been de-
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Table 1: Borrelia species and strains used to test PCR assay.

Species Strain Biological origin Geographic location ~ Source

B. burgdorferi sensu stricto B31 (ATCC 35210) tick (scapularis) USA ATCC

B. garinii PBi cerebrospinal fluid Germany R.C. Johnson
B. afzelii PGau skin (ACA) Germany S.W. Barthold

ACA, acrodermatitis chronica atrophicans.

scribed (reviewed in 6). Several studies have used
Borrelia burgdorferi sensu lato flagellin gene se-
quences as the basis for PCR amplification assays
(7-13) and some investigators have devised nest-
ed PCR systems in an attempt to improve the sen-
sitivity of the assay (14-17).

An inherent drawback of nested PCR amplifica-
tion assays is the need to open tubes after the first
round of amplification to transfer products to a
second PCR amplification reaction that utilizes a
different primer pair or to introduce new reagents
and/or primers. This process carries with it the pos-
sibility of cross-contamination of negative speci-
mens with amplicons derived from positive spec-
imens during the first round of amplification. To
circumvent this problem, we set out to devise a
nested PCR amplification assay that can be per-
formed in a single tube, which does not have to be
opened until the amplicon analysis stage when the
amplification reaction itself is complete. We have
previously devised a PCR assay based on flagel-
lin-gene sequences that was shown to detect a
wide cross-section of Borrelia burgdorferi sensu la-
to isolates (18). We have used this system as the
basis for our single-tube nested PCR assay. We de-
scribe here the design and development of the sys-
tem, and present comparative data on the relative
levels of sensitivity of the nested and convention-
al PCR assays.

Materials and Methods

Bacterial Strains and Growth Conditions. Reference strains of
Borrelia burgdorferi sensu lato used in the development of
the nested PCR assay are listed in Table 1. The sources of the
strains have been described previously (18). All strains were
grown in BSK II medium (19) modified by the addition of L-
cysteine (1 mM) and dithiothreitol (1 mM) (20). Cultures
were incubated at 33°C.

Clinical Specimens. Skin biopsy specimens from erythema mi-
grans (EM) lesions were obtained from patients who present-
ed to the University Medical Centre, Ljubljana, Slovenia. The
tissue was placed in 500 ! of digestion buffer (25 mM Tris. pH
8.0.25 mM EDTA. pH 8.0, 1.2% Triton X-100) contained in 2
ml O-ring-sealed, screw-cap tubes (Sarstedt, USA) and then
shipped to Chicago, USA, by express mail at ambient temper-
ature for processing by PCR.

Skin biopsy specimens were prepared for PCR using a modi-
fication of the method described by Boom et al. (21). On re-
ceipt of the specimens in tissue digestion buffer, proteinase K
was added to a final concentration of 1.5 mg/ml and the tubes
incubated at 55°C overnight. After dissolution of the skin tis-
sue, 1 ml of L2 buffer (21) was added and the tubes incubat-
ed at 65°C for 15 min. Eighty pl of Celite suspension (21) was
then added and the tubes placed on a rotating mixer for 1 h
at room temperature. The Celite was then pelleted by centrif-
ugation and washed sequentially with L2 buffer (2 times).
70% ethanol (2 times) and 100% ethanol. The Celite pellet
was then dried in a 65°C heating block for 15 min and resus-
pended in 100 .l of Tris-EDTA buffer (10 mM Tris. pH 8.0. 1
mM EDTA, pH 8.0). DNA was allowed to elute from the Ce-
lite at 55°C for 1 h. the Celite was pelleted by centrifugation
and the supernatant transferred to a new tube. Patient speci-
mens prepared for PCR analysis were stored at —70°C until
needed. In control experiments, no inhibition of PCR ampli-
fication was observed when specimens were prepared using
this protocol. However, after re-amplification of specimens
stored at —70°C, the signal obtained often appeared weaker
than that obtained after the first amplification.

Polymerase Chain Reaction Primers and Probes. The oligonu-
cleotide primers and probes used in this study are listed in Ta-
ble 2. For experiments involving the development of the assay
and utilizing three species of Borrelia burgdorferi sensu lato.
the oligonucleotide sequences appropriate to each species
were used. For the investigation of clinical specimens. where
the infecting species was unknown. all three sets of primers
were routinely included in amplification reactions to further
increase the sensitivity of detection. The primer concentra-
tions used were: FL3b. FL3g, FL3a. FL5b. FL5g, FL5a. 0.0033
M each; FL6b. FL6g, FL6a, FL7b. FL7g, FL7a.0.33 wM each.
Oligonucleotide probes for the three species (FL8.FL15 and
FL16) were also mixed in equal proportions after labeling
with 32P.

For the preparation of chemiluminescent (ECL)-labeled
probe. PCR primers FL1 and FL2 were used to amplify an in-
ternal 220 bp fragment of the flagellin gene of Borrelia burg-
dorferi sensu stricto strain B31. This fragment was then puri-
fied from a 2% low-melting temperature agarose gel by phe-
nol extraction and ethanol precipitation (24). The purified
fragment was labeled using an ECL kit (Amersham. USA) in
accordance with the manufacturer's recommended proce-
dures. Oligonucleotide probes (FL8. FL15, FL16) were 5
end-labeled using vy32P ATP and T, polynucleotide kinase as
described previously (18).

Design of the Single-Tube Nested Polymerase Chain Reaction
Amplification System. The design is shown diagrammatically
in Figure 1. The system makes use of different regions of the
flagellin gene sequence with different G + C contents from
which primers with vastly different optimum annealing tem-
peratures were chosen. The system comprises an outer set of
primers (FL3 and FL5) that are 31 and 32 base pairs (bp) long
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Borrelia burgdorferi flagellin gene

Long product = 874 bp

Intermediate product = 655 bp [

Intermediate product = 493 bp

Short product = 276 bp

RS = N terminal region of gene

= C terminal region of gene

‘ - Primers with high GC content
::> C:! Primers with low GC content

Figure 1: Diagrammatic representation of the single-tube nested PCR system. The Borrelia burg-
dorferi flageliin gene is shown (1011 bp) with the location of the primer pairs and all possible am-
plification products. Nucleotide numbers are based on the sequence of GaBman et al. (22).

and have a high G + C content. These primers anneal and
prime the amplification of an 874 bp fragment (the long prod-
uct) at an annealing temperature of 70°C. The internal set of
primers (FL6 and FL7) have been described previously (18).
They are substantially shorter (25 bp) and have a much low-
er G + C content. They prime the amplification of a 276 bp
fragment (the short product) at an annealing temperature of
54°C but, at the 70°C annealing temperature. these primers
are at a disadvantage in the annealing reaction.

Both sets of primers are added together at the start of the am-
plification reaction along with buffers, nucleotides, polyme-
rase and template. The tube is then sealed and the amplifica-
tion started. During the first 30 cycles of amplification the an-
nealing temperature is kept high (70°C), only the outer set of
primers anneal and the long product is synthesized. After 30
cycles. the outer primers are substantially depleted. During
the next 30 cycles, the annealing temperature is lowered to
54°C, the internal primers FL6 and FL7 anneal to the long
product. and the short product is synthesized. It can be seen
from Figure 1 that the possibility of synthesizing two products
of intermediate length also exists (produced by primers
FL3/FL7 and FL6/FLS5). The system was therefore optimized
to reduce amplification of the intermediate products.
Conventional Polymerase Chain Reaction Amplification. This
was performed as described previously (18) except that the fi-
nal concentration of gelatin in the amplification buffer was in-
creased from 0.001 to 0.005%. Primer pairs FL6 and FL7 were
used at a final concentration of 1 M. Amplification reactions
routinely contained 5 U of Uracil-N-glycosylase (Amperase,
Perkin-Elmer-Cetus, USA) and 400 wM uracil triphosphate
instead of deoxythymidine triphosphate. For this reason. the
previously described denaturation, annealing and amplifica-
tion conditions were preceded by incubation of PCR assays at
22°C for 10 min followed by denaturation at 94°C for 12 min.
For purposes of comparison with nested PCR. 60 cycles of

conventional PCR amplification were used. Conventiona]
PCR. without addition of new reaction components, gives a
maximal yield of product after 45 cycles: however. no net loss
of product was seen after a further 15 cycles.

Nested Polymerase Chain Reaction Amplification. This was
performed using the same amplification buffer as in conven-
tional PCR except that a Mg?* concentration of 2.0 mM was
found to be optimal for nested PCR (see Results). Amplifica-
tion reactions also contained primer pairs FL6 and FL7 at a
final concentration of 1 uM and primer pairs FL3 and FLS at
a final concentration of 0.01 uM (see results section for opti-
mization of primer pair ratios). For nested PCR amplifica-
tions, the following incubation times, temperatures. and cycle
parameters were used: 22°C for 10 min (uracil-N-glycosylase
excision of uracil bases); 94°C for 12 min (uracil-N-glycosy-
lase inactivation and denaturation) followed by 30 cycles of
amplification at 94°C for 1 min (denaturation), 70°C for 2 min
(high-temperature annealing), and 72°C for 3 min (exten-
sion); followed by a further 30 cycles of amplification ar 94°C
for 1 min (denaturation), 54°C for 2 min (low-temperature
annealing), and 72°C for 3 min (extension): followed by a fi-
nal extension at 72°C for 7 min.

Analysis of Amplification Products. For the analysis of PCR
amplification products, aliquots of amplification reactions
were applied to 2% agarose gels and electrophoresed for 4 h
at 90 V. Preparation of total genomic DNA from Borrelia
burgdorferi sensu lato strains, ethidium bromide staining of
gels, photography, Southern transfer procedures, hybridiza-
tion with radioactively labeled oligonucleotide probes. wash-
ing and autoradiography were all performed as described pre-
viously (18). Hybridization with ECL-labeled chemilumines-
cent probes, washing and exposure of films were performed
as recommended by the manufacturer (Amersham).
Optimization of Primer-Pair Ratios. For the optimization of
the above parameters, nested PCR amplification assays were
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Table 2: Nucleotide sequences of PCR primers and probes.

Species Oligo- Nucleotide Sequence
nucleotide numbers?
B. burgdorferi FL1P 520-540 5 AGAGTTCATGTTGGAGCAACC &'
B. burgdorferi ~ FL2° 717-737 5 GCATCAACTGTAGTTGTAACA 3’
B. burgdorferi ~ FL3b 112-142 5 CGAGCTTCTGATGATGCTGCTGGCATGGGAG 3’
B. garinii FL3g® 112-142 5" AGAGCTTCTGATGATGCTGCTGGTATGGGGG 3’
B. afzelii FL3ac 112-142 5 CGAGCTTCTGATGATGCTGCTGGTATGGGGG 3’
B. burgdorferi FL5b 954-985 5 GGGGAACTTGATTAGCCTGCGCAATCATTGCC 3’
B. garinii FL5g® 954-985 5 GGGGAACTTGATTAGCTTGCGCAATCATTGCC 3’
B. afzelii FlL5ac 954-985 5" GAGGAACTTGATTAGCCTGTGCAATCATTGCC 3’
B. burgdorferi FL6b 492-516 5 TTCAGGGTCTCAAGCGTCTTGGACT &
B. garinii FLB6g® 492-5186 5 TTCAGGATCTCAAGCTTCTTGGACC &'
B. afzelii FLoac 492-516 5" TTCAGGATCTCAAGCTTCTTGGACT 3’
B. burgdorferi FL7b 743-767 5 GCATTTTCAATTTTAGCAAGTGATG 3’
B. garinii FL7g® 743-767 5 GCATTTTCTATTTTAGCAAGAGATG 3
B. afzelii FL7ac¢ 743-767 5 GCATTTTCTATTTTAGCAAGTGATG 3
B. burgdorferi ~ FL89 594-642 & CTCTGGTGAGGGAGCTCAAACTGCTCAGGCTGCACCGGTTCAAGAGGGT 3’
B. garinii FL15d 594-641 5 CTCTGGTGAAGGAGCTCAGGCTGCTCAGACTGCACCTGTTC_AAGAAGG 3
B. afzelii FL16mYe  594-644 g TGCTGGTGAGGGAGCTCAAGCTGCTCAGGCTGCACCTG'TTCAAGAGGGTGC s

aNucleotide numbers are based on the sequence of GaBman et al. (22);

Bprimers used for manufacture of a chemiluminescent probe;

csequence derived by Jauris-Heipke et al. (23); 9%2P-labeled oligonucleotide probes; emodified from Picken (18).

set up using 1 ng of purified Borrelia burgdorferi sensu lato
DNA as template and various primer pair ratios. At a ratio of
1:1. reactions contained 100 pmol each of FL3/FL5 and 100
pmol each of FL6/FL7. For a ratio of 1:10. reactions contained
10 pmol each of FL3/FL5 and 100 pmol each of FL6/FL7. For
a ratio of 1:100, reactions contained 1 pmol each of FL3/FL5
and 100 pmol each of FL6/FL7. The relative amounts of long,
short and intermediate amplification products were gauged
by agarose gel electrophoresis.

Optimization of Magnesium lon Concentration. Nested PCR
amplification assays were set up using various numbers of in-
tact spirochaetes of strain B31 (7.6 X 10*.10% 10%. and 10?) as
template material and PCR buffers containing 1.5.2.0.and 4.0
mM Mg?™ concentrations. The degree of amplification ob-
tained and the size of amplification products were monitored
by agarose gel electrophoresis.

Determination of the Relative Sensitivity of the Conventional
and Nested Polymerase Chain Reaction Assays. Borrelia burg-
dorferi sensu stricto strain B31 was grown in BSK II medium
until the medium turned yellow. An aliquot was taken from
the top of the culture. diluted 20-fold in sterile phosphate-buf-
fered saline (pH 7.0) and vortexed extensively to break up
clumps of spirochaetes. The spirochaetal cell density was de-
termined by dark-field microscopy using a Petroff-Hausser
counting chamber. The culture was then diluted to 10%ml in
sterile Tris-EDTA buffer. and a ten-fold dilution series pre-
pared in the same diluent. containing 103.10%.10%.10%. 10! and
109 spirochaetes/ml. Ten pl aliquots of the dilutions were then
added to conventional and nested PCR amplification assays
such that they contained 104, 10%, 102, 10, 10°. 107, and 10
spirochaetes/100 ! reaction. For PCR amplification assays
nominally containing one spirochaete (109). both nested and
conventional PCR assays were set up in quintuplicate to al-
Jow for sampling bias in the addition of the 10 pl aliquot. To
allow for errors in determining the initial spirochaete concen-
tration by counting, the PCR amplifications nominally con-

taining 10! and 107! spirochaetes were also set up in quintu-
plicate. Negative controls contained 10 pl of Tris-EDTA buf-
fer. Primer sequences were based on the B31 flagellin gene
sequence (Table 2). Amplification reactions were placed in
separate. identical thermocyclers and subjected to 60 cycles of
amplification according to either the nested or conventional
protocol. Twenty pl aliquots of the amplification products
from both conventional and nested PCR assays were then an-
alyzed by agarose gel electrophoresis and Southern hybridi-
zation as described above.

Comparison of the Conventional and Nested Polvmerase
Chain Reaction Assays Using Patient Specimens. To directly
compare the two PCR amplification assays using clinical
specimens. six samples prepared as described above and dis-
playing a range of signal intensities after amplification were
selected from a pool of known positive samples identified us-
ing the conventional PCR assay and a 32p_jabeled oligonu-
cleotide probe. Twenty wl aliquots of these samples were add-
ed to conventional and nested PCR assays and subjected to

-60 cycles of amplification according to either the nested or

conventional protocol. After amplification. 20 wl aliquots
were analvzed by agarose gel electrophoresis and Southern
hybridization using an ECL-labeled chemiluminescent probe.

Results

Optimization of Primer-Pair Ratios. Nested PCR
amplification assays were set up as described in the
methods section using template DNA from each
of the three species associated with Lyme borre-
liosis [Borrelia burgdorferi sensu stricto (strain
B31), Borrelia garinii (strain PBi), and Borrelia af-
zelii (strain PGau)]. For each strain, primer se-



Vol. 15,1996

quences derived from the appropriate species
were used (Table 2). Figure 2A shows the results
of amplification using three primer-pair ratios: 1:1,
1:10 and 1:100. It can be seen that a primer pair
ratio of 1:100 was optimal for the suppression of
intermediate product amplification and pro-
duced the best yield of the desired 276 bp short
product. This primer-pair ratio was therefore
used in all subsequent experiments.

It is apparent from Figures 2 and 3 that synthesis
of the 493 bp intermediate product (from primers
FL6 and FL5) greatly exceeded that of the 655 bp

intermediate product (from primers FL3 and

FL7). This was presumably due to the fact that FL7
has a much lower G + C content (32%) than prim-
er FL6 (52%), making it unstable at the 70°C an-
nealing temperature.

Optimization of Magnesium Ion Concentration.
Experiments designed to determine the optimum
magnesium concentration of the PCR buffer for
nested PCR were set up as described in the meth-
ods section, using the optimum primer pair ratio
of 1:100. The primer sequences used were based
on the B31 flagellin gene sequence (Table 2).Fig-
ure 2B shows the results of amplification reactions
set up with 1.5, 2.0, and 4.0 mM magnesium and
7.6 X 104,10 103, or 102 strain B31 spirochaetes.
Although a magnesium concentration of 1.5 mM
was previously found to be optimal for the con-
ventional flagellin gene PCR (18), it is apparent
from Figure 2B that 2.0 mM is optimal for the nest-
ed PCR system.

Specificity of the Nested Polymerase Chain Reac-
tion System. In addition to the representative iso-
lates of Borrelia burgdorferi sensu stricto, Borre-
lia garinii and Borrelia afzelii listed in Table 1, the
specificity of the system was tested using a previ-
ously described panel of Borrelia species and
strains (18). The results were the same as described
for the conventional PCR assay (18) (data not
shown). Also, strains of Borrelia burgdorferi sen-
su lato derived from Slovenian ticks (25) were test-
ed, including Borrelia garinii isolates of MLg
classes 1 to 6 (26) (data not shown). All of these
strains gave rise to an amplification product of 276
bp. .

Determination of the Sensitivity of the Nested Pol-
ymerase Chain Reaction System. This was deter-
mined using a model system, in which seria] ten-
fold dilutions of spirochaetes were used in both
nested and conventional PCR amplification assays,
as described in the methods section. After ampli-
fication, products were separated by agarose gel
electrophoresis and visualized by staining with
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Figure 2: (A) Results of agarose gel electrophoresis of nest-
ed PCR amplification reactions set up with template DNA
from each of the strains listed and containing different ratios
of the primer pairs (FL3/FL5:FL6/FLY). 1, FL3/FL5 = 100
pmol, FL6/FL7 = 100 pmol (ratio 1:1); 2, FL3/FL5 = 10 pmol,
FL6/FL7 = 100 pmol (ratio 1:10); 3, FL3/FLS = 1 pmol,
FLB/FL7 = 100 pmoi (ratio 1:100); M, 123 bp ladder molec-
ular size marker. (B) Optimization of magnesium concentra-
tion. Nested PCR assays were set up using a primer pair ra-
tio of 1:100, containing 7.6 x 10%, 104, 108, or 102 spiro-
chaetes and different concentrations of magnesium as
shown.

ethidium bromide. After agarose gel electropho-
resis, a band corresponding in size to the expect-
€d 276 bp fragment could be seen on both conven-
tional and nested PCR. Conventional PCR ampli-
fication detected 104 spirochaetes by this means;
using the nested PCR amplification system, 10
spirochaetes could be detected routinely (data not



494

Eur. J. Clin. Microbiol. Infect. Dis.

[T

[

Figure

sonizmg
BoUeR

369
246

[N

c EraescacaE I ER IS AR LI eI+

a

1492
1369

(]

3: Comparison of the sensitivity of the nested and conventional PCR flagellin gene assays.

(A) Results of agarose gel electrophoresis of ampilification products, Southern transfer and 32p-ja-
beled oligonucleotide probe detection. The top half of the gel shows the results of nested PCR am-
plification, and the lower half the results of conventional PCR. Ampilification reactions, both nest-
ed and conventional, were set up containing different dilutions of spirochaetes as shown above each
lane. C, negative control containing only Tris-EDTA buffer as template. M, 123 bp ladder molecu-
lar size marker. In the lower half of the figure (conventional PCR) a band was visible on the original
autoradiograph corresponding to the third replicate of 107 spirochaetes. (B) As in (A), but PCR prod-
ucts were detected using an ECL-labeled chemiluminescent probe. In the lower half of the figure
(conventional PCR) an amplification product corresponding to 103 spirochaetes was visible on the

original autoradiograph.

shown). The amplification products were also
transferred to a nylon membrane by the method
of Southern (27), and probed using both 32P-la-
beled and chemiluminescent probes. The results
of these experiments are shown in Figure 3.Itis
apparent from Figure 3 that, using a 32P-labeled
oligonucieotide probe, conventional PCR ampli-
fication could detect in the range of 10-100 spir-
ochaetes whereas the nested PCR reaction
could easily detect a single spirochaete (Figure
3A).In these experiments, it was sometimes dif-
ficult to obtain a smooth dilution series because
of the well-known propensity of Borrelia spiro-
chaetes to form clumps. The incongruously
strong signal obtained at a dilution of 10! spiro-
chaetes in the lower half of Figure 3A is presum-
ably due to the detection of just such a clump.
Figure 3B shows that, using the chemiluminescent
probe, conventional PCR detected only 103 spi-
rochaetes (a weak band was visible on the orig-
inal autoradiograph), whereas nested PCR was

still able to easily detect a single spirochaete with
a strong signal.

Comparison of the Nested and Conventional As-
says Using Patient Specimens. To test the assay us-
ing patient samples, six skin biopsy specimens

‘that were known to be positive by conventional

PCR and probing using a 32P-labeled oligonu-
cleotide probe were retested using both the con-
ventional and nested PCR assays. Specimens
were chosen that displayed a range of signal in-
tensities from strong to the very weakest that we
were able to detect. Aliquots of DNA prepara-
tions from these samples that had been stored at
—70°C were re-amplified and, after agarose gel
electrophoresis and Southern transfer, the blot
was probed using a chemiluminescent probe.The
results of this experiment are shown in Figure 4;
while only three of the six specimens were posi-
tive by conventional PCR, all six specimens were
positive by nested PCR.
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Discussion

Nested PCR amplification systems have found an
increasing application in the direct detection of
Borrelia burgdorferi sensu lato (14, 15, 28-36).
Most recently, several studies have described
their use in the investigation of patient samples
and experimentally infected animals (16, 17, 37,
38),and two of these latter studies (16,17) utilized
the FL6 and FL7 flagellin gene primer sequences
that we have described previously (18).The advan-
tages of nested PCR systems include (1) vastly in-
creased sensitivity, and (ii) dilution of inhibitory
compounds that could be present in the clinical
sample. Unfortunately, the technique also has a
major disadvantage associated with the possibili-
ty of carry-over contamination of negative speci-
mens with amplicons derived from positive ampli-
fication reactions. Also, because of the two-step na-
ture of nested PCR, decontamination procedures
designed to prevent this, such as the incorporation
of uracil-N-glycosylase or psoralen in PCR reac-
tions, cannot be used.

We have devised a nested PCR system that elim-
inates the opening of tubes between the two stag-
es of amplification and also permits the use of car-
Iy-over contamination-prevention procedures.
Thus, the amplification reactions used to generate
the data of Figure 4 included the use of uracil-N-
glycosylase as a contamination preventative. We
have also described the optimization of the assay
and its use in the investigation of patient skin spec-
imens. The current nested PCR assay is derived
from our original conventional PCR assay, which
was developed using primer and probe sequenc-
es from the conserved flagellin gene of Borrelia
burgdorferi sensu lato (8, 22). These sequences
have been demonstrated to detect a wide Cross-
section of European and North American Borre-
lia burgdorferi sensu lato isolates without Cross-

reacting with other closely related relapsing fever.

spirochaetes (18). The outer primer set
(FL3/FL5) utilizes sequences from highly-con-
served regions of the flagellin gene (18) and is
therefore genus-specific. However, since the con-
centration of these outer primers is only 0.01 uM,
the 874 bp fragment synthesized by them does not
contribute significantly to the overall yield of am-
plification products; the 874 bp product serves on-
ly to boost the second stage amplification reaction.
The inner primer set is specific for Borrelia burg-
dorferi sensu lato (18). The overall nested PCR as-
say thus retains the same ‘species-wide’ and ‘spe-
cles-specific’ properties as that described previous-
ly (18). The use of PCR assays based on flagellin
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Figure 4: Comparison of nested and conventional PCR in the
investigation of clinical specimens. This experiment shows
the chemiluminescent detection of a range of skin biopsy
specimens (from strongly positive to very weakly positive)
previously identified by S2P detection. The results for six dif-
ferent skin biopsy specimens are shown: lanes suffixed N
show the results of nested PCR amplification, lanes suffixed
C show conventional PCR resuits. M, 123 bp ladder molec-
ular size marker. On the original autoradiograph a band was
visible in lane 6N.

gene sequences may continue to be an important
consideration in the detection of European iso-
lates of Borrelia burgdorferi sensu lato, which are
highly variable in the amino acid sequence of their
outer-surface proteins.

Since complete flagellin gene sequences from all
three European species of Borrelia burgdorferi
sensu lato (3) are now available (23), we used
primers based on these sequences to further en-
hance the sensitivity of detection. However, it
should be noted that the sequences are sufficient-
ly similar for amplification to proceed using Bor-
relia burgdorferi sensu stricto, Borrelia garinii or
Borrelia afzelii DNA as template and primer se-
quences based on only one species (18).

The one possible advantage that conventional,
double-tube nested PCR assays may possess over
the system described here, is in the matter of di-
lution of Tag I polymerase inhibitors during
transfer of amplification products from the first
stage of amplification to new reactions in the sec-
ond stage of amplification. However, in cases
where inhibitors are not removed by an adequate
sample preparation procedure, it may be envis-
aged that they will have a detrimental effect on the
first amplification reaction and reduce the over-
all sensitivity of detection. We have found the sam-
ple preparation procedure of Boom et al. (21) to
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be completely effective in removing PCR inhibi-
tors and therefore do notregard this as a problem.
In our view, the advantages associated with elim-
inating the possibility of carry-over contamination
more than outweigh this single, minor disadvan-
tage. For example, in one of the studies cited
above (16), where nested PCR was used for the in-
vestigation of patient specimens, contamination-
prevention procedures included the use of a ded-
icated biological containment cabinet for the set-
up of the second amplification reaction and the
cleaning of this cabinet with an aqueous hypo-
chlorite solution between PCR runs. We anticipate
that our single-tube, nested PCR assay will obvi-
ate these somewhat tedious, albeit necessary, pre-
cautions. The application of this assay to our own
work, on the PCR diagnosis of Lyme borreliosis
has freed us from the routine use of 32P-labeled
probes, without there being any concomitant loss
in the sensitivity of detection.

A number of publications have reported on the
sensitivity of both conventional (8-13) and dou-
ble-tube nested PCR assays (15-17) based on fla-
gellin gene sequences. Some of these studies used
serial dilutions of purified DNA (8,10,12, 13,17),
some used dilutions of intact spirochaetes (9, 11,
15), and others used both (10, 13, 17). The sensi-
tivity threshold was reported for two detection
methods: (i) agarose gel electrophoresis and
ethidium bromide staining of amplification prod-
ucts, and (ii) probing with 3?P-labeled probes. Re-
sults showed wide variations.

Using conventional PCR, purified DNA and aga-
rose gel electrophoresis, the sensitivity threshold
varied from 200 fg DNA (equivalent to 200 spi-
rochaetes) (8) to 10 fg DNA (equivalent to 10 spi-
rochaetes) (10, 12), and using 3P detection, from
12.5 fg DNA (12-13 spirochaetes) (8) to 2 fg
DNA (2 spirochaetes) (10). Using the same
methods but with intact spirochaetes, the sensitiv-
ity threshold varied from 10 spirochaetes or
fewer (11) to 2-3 spirochaetes (10) on agarose gel
electrophoresis, and from 50 spirochaetes (9)to 10
spirochaetes (13) on 2P detection. Our findings
with regard to the sensitivity threshold of conven-
tional flagellin-gene PCR using intact spiro-
chaetes were lower. Thus, the lower limit of detec-
tion using agarose gel electrophoresis was 10* spi-
rochaetes. Using Southern transfer and a
32p_Jabeled oligonucleotide probe we could detect
10-100 spirochaetes. In these and other experi-
ments, we have typically found that 3P detection
is approximately 100 to 1000 times more sensitive
than agarose gel electrophoresis and ethidium
bromide staining alone. Since in our hands chem-

iluminescent-labeled probes have not been as
sensitive as 32P-labeled probes, the limit of detec-
tion using this method in conventional PCR was
only 10° spirochaetes. For this reason some of the
skin specimens amplified using conventional
PCR and shown in Figure 4 did not generate a de-
tectable signal on chemiluminescence.

Using double-tube nested PCR systems, the re-
ported sensitivity threshold for agarose gel elec-
trophoresis has varied from < 10 spirochaetes
(15) to < 5 spirochaetes (16) and for 3P detection
a 10 spirochaete level of sensitivity was reported

for both intact spirochaetes and purified DNA

(17). Sensitivity results for our single-tube nested
PCR system compare favorably with these report-
ed results. On agarose gel-electrophoresis alone
we could typically detect 10 spirochaetes, and us-
ing Southern transfer and either a 3P-labeled or
chemiluminescent-labeled probe we could easily
detect a single spirochaete.

In conclusion, the single-tube nested PCR flagel-
lin gene assay described provides improved sen-
sitivity over conventional flagellin gene PCR
without the accompanying risk of carry-over am-
plicon contamination. The increase in the sensitiv-
ity of detection of nested PCR over conventional
PCR using three different methods of detection
was (i) for agarose gel electrophoresis from 104
spirochaetes to 10! spirochaetes; (ii) for chemilu-
minescent detection from 103 spirochaetes to 1
spirochaete; (iii) for 32P detection from 10'-10°
spirochaetes to 1 spirochaete. The use of conserved
flagellin gene sequences for primers and probes
averts the possibility of failing to detect positive
specimens as a result of sequence variation in pol-
ymorphic outer surface protein genes.
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