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The quantity of Borrelia burgdorferi organisms in tissue samples is an important determinant for infection
studies in the mouse model of Lyme disease. This report presents the development of a rapid and sensitive
external-standard-based PCR assay for the absolute quantification of B. burgdorferi in mouse tissue samples.
The assay uses a double-stranded DNA dye to continuously monitor product formation and in less than an
hour was able to quantify samples ranging up to 6 log units in concentration. The PCR efficiencies of the
sample and the standard were matched by using a standard composed of purified B. burgdorferi chromosome
mixed with tissue-matched mouse genome lacking bacterial DNA. Normalization of B. burgdorferi quantities to
the mouse nidogen gene allowed comparison of B. burgdorferi numbers in samples isolated from different tissues
and strains. PCR analysis of the chromosomal gene recA in cultured B. burgdorferi was consistent with a single
recA per bacterium. The parameters defined in this assay should be applicable to quantification of other
organisms, even infectious agents for which no ready source of DNA standard is available. In summary, this
report presents a rapid external-standard-based PCR method for the quantification of B. burgdorferi in mouse

DNA samples.

The mouse model for Lyme disease offers a useful tool for
the characterization of host-pathogen interactions. The pres-
ence of bacteria in mouse tissues is an important component of
disease development (22). Various assays for the detection of
Borrelia burgdorferi in tissues have been developed, including
culturing, histochemical and silver staining of thin sections, in
situ hybridization, and PCR (1, 5, 7, 14, 22). Of the available
techniques for the quantification of bacteria, PCR-based meth-
ods with limiting dilution or internal or external standards are
the most sensitive and accurate. These techniques measure the
number of bacteria indirectly by assuming that the number of
bacterial DNA sequences in the sample is proportional to the
number of bacteria. Studies demonstrating rapid loss of bac-
terial DNA following antibiotic treatment of mice indicate a
direct correlation between B. burgdorferi DNA in tissues and
live bacteria (13).

The choice of PCR quantification method depends on fac-
tors such as the number and quality of samples and the accu-
racy of quantification required. Our laboratory measures B.
burgdorferi in thousands of mouse samples each year from a
variety of mouse strains and tissue sources. We have utilized
PCR-based methodology that is dependent upon a DNA iso-
lation protocol that yields uniform and pure samples. This
report focuses on the development of a rapid and sensitive
external-standard PCR-based assay. This method makes use of
continuous monitoring to enhance accuracy and increase the
sampling dynamic range (9, 19). It employs the double-
stranded DNA (dsDNA) dye SYBR green, which allows easy
quantification of the product without isotope or gel electro-
phoresis. Comparisons of the numbers of bacteria in samples
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isolated from different mouse strains and tissues and at differ-
ent postinfection times were made.

MATERIALS AND METHODS

Chemicals were purchased from Sigma, St. Louis, Mo., unless otherwise spec-
ified. Molecular biology and culture reagents were purchased from Gibco-BRL,
Grand Island, N.Y.

Bacteria. The N40 isolate of B. burgdorferi was provided by Stephen Barthold
(University of California at Davis) at passage 3 from an infected mouse (4).
Passage 4 cultures were maintained as 0.5-ml frozen stocks at —70°C. Fresh
aliquots of frozen stocks were seeded in 15 ml of BSK-H medium containing 6%
rabbit serum (Sigma) and cultured at 32°C for 3 to 5 days prior to injection.

Mice. Male C3H/HeJNCr and C57BL/6NCr mice were obtained from the
National Cancer Institute at 5 weeks of age. The mice were housed in the Animal
Resource Center at the University of Utah Medical Center according to the
guidelines of the National Institutes of Health for the care and use of laboratory
animals.

Infection of mice with B. burgdorferi. Spirochete concentrations of 3- to 5-day
cultures were determined by dark-field microscopy with a Petroff-Hauser cham-
ber. Dilutions were made with sterile culture medium to allow injection of 20 .l
per animal. Mice 5 to 6 weeks of age were infected by intradermal injection with
2 X 10? B. burgdorferi organisms in the shaven back, a mode of infection reported
to require the fewest spirochetes and to most closely mimic tick transmission (3,
15). Control mice were injected with an equal volume of sterile medium.

Preparation of DNA from infected tissues. The control and infected mice were
sacrificed at 2 or 4 weeks following infection, and rear ankle joint, bladder, ear,
brain, and heart tissues were prepared as previously described (18). The tissues
were placed in individual 15-ml polypropylene tubes containing 2.5 ml of a 0.1%
collagenase A (Boehringer Mannheim, Indianapolis, Ind.) solution in phosphate-
buffered saline (pH 7.4). Samples were digested with collagenase for 4 h at 37°C
and then mixed with an equal volume of 0.2-mg/ml proteinase K (Boehringer
Mannheim) in 200 mM NaCl, 20 mM Tris-HCI (pH 8.0), 50 mM EDTA, and 1%
sodium dodecyl sulfate for 16 h at 55°C. DNA was recovered by extraction with
an equal volume of phenol-chloroform and precipitation with ethanol. Following
digestion with 1 mg of DNase-free RNase/ml, the DNA samples were subjected
to a second extraction and precipitation and finally resuspended at 50 pg/ml in
TE (0.5 mM EDTA and 5 mM Tris-HCI, pH 7.5). This protocol, which requires
3 days to complete, generates higher yields and more uniform DNA samples than
column-based purification methods (data not shown).

Measurement of B. burgdorferi seq es by conti monitoring of PCR.
PCR was performed in a fluorescence temperature cycler (LightCycler LC24;
Idaho Technology, Idaho Falls, Idaho). Amplification was performed in a 10-pl
final volume containing 3 mM MgCl,, 50 mM Tris (pH 8.3), 500 ng of bovine
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serum albumin/pl, 200 uM (each) deoxynucleoside triphosphate, 1:30,000 dilu-
tion of SYBR Green I (Molecular Probes, Eugene, Oreg.), 5 uM (each) primer,
0.05 U of Taq polymerase/pl, 11 ng of TaqgStart antibody (ClonTech, Palo Alto,
Calif.)/l. All solutions were centrifuged prior to use in order to pellet particles
that might interfere with the LightCycler optics. The oligonucleotide primers
used to detect B. burgdorferi recA were nTM17.F (5'-GTG GAT CTA TTG TAT
TAG ATG AGG CTC TCG-3') and nTM17.R (5'-GCC AAA GTT CTG CAA
CAT TAA CAC CTA AAG-3'). The oligonucleotide primers used to detect
mouse nidogen were nido.F (5'-CCA GCC ACA GAA TAC CAT CC-3’) and
nido.R (5'-GGA CAT ACT CTG CTG CCA TC-3') (22). The standard ampli-
fication program included 40 cycles of three steps each, comprised of heating at
20°C/s to 95°C with a 1-s hold, cooling at 20°C/s to 60°C with a 1-s hold, and
heating at 1°C/s to 84°C for recA and to 86°C for nidogen. Fluorescent product
was detected at the last step of each cycle. After amplification, a melting curve
was acquired by heating the product at 20°C/s to 95°C, cooling it at 20°C/s to
60°C, and slowly heating it at 0.2°C/s to 94°C with fluorescence collection at 0.2°C
intervals. Melting curves were used to determine the specificity of the PCR (16).

Purification of PCR product standards. Standard amplification mixtures were
as described above, with the exception that the total reaction volume was 100 .l
and contained 1 pg of C3H mouse DNA or 33 ng of purified B. burgdorferi DNA
as a template source for the nidogen or recA reactions, respectively. Equal
aliquots were divided among five glass capillary tubes (no. 1607; Idaho Technol-
ogy) and temperature cycled in a rapid air thermal cycler (Rapid Cycler; Idaho
Technology) for 25 cycles of 95°C for 1 s, 60°C for 1 s, and 72°C for 5 s. PCR
products were purified with a QIAquick PCR purification kit (Qiagen, Chats-
worth, Calif.). Part of each sample was examined for purity by gel electrophore-
sis. The copy number (copies/pl) for the PCR product standards was based on
absorbance at 260 nm (Spectra Max 250; Molecular Devices, Sunnyvale, Calif.)
and confirmed by limiting-dilution assay (see below). The rec4 PCR product was
cloned into the pGEM-T Easy vector (Promega, Madison, Wis.) to generate
pTM201.

Purification of B. burgdorferi recA DNA standard. B. burgdorferi organisms
were grown in culture to saturation (10° cells/ml) under the conditions described
above. Genomic DNA was isolated with cetyltrimethylammonium bromide (2).
Recovery of B. burgdorferi DNA during purification was determined by spiking
whole cells with 32P-labeled B. burgdorferi DNA. The fraction of DNA recovered
was estimated from the recovery of label. The recA concentration in B. burgdor-
feri DNA (copies/ul) was estimated by optical absorbance, assuming a 1.5-Mbp
B. burgdorferi genome (8). Alternatively, the recA concentration was determined
by limiting-dilution assay (described below) and confirmed by continuously mon-
itored PCR with an external PCR product standard. Both quantification methods
were used under the reaction conditions described below.

External standards. Copy number standards and samples were simultaneously
amplified. The recA copy number standard contained purified B. burgdorferi
DNA mixed with 200 ng of DNA isolated from uninfected mouse tissue (i.e.,
tissues lacking B. burgdorferi DNA). The nidogen standard used purified PCR
product and lacked mouse DNA. Copy numbers for the mouse samples were
calculated with the LightCycler software. The software first normalizes each
sample by background subtraction. Then, a fluorescence threshold (=5% of
full scale) is used to determine fractional cycle numbers that correlate in-
versely to the log of the initial template concentration. The least-squares best
fit of the standards is used to calculate the template copies initially present in
the unknowns. Variations in sample load were corrected by normalization of
the recA copies to 10* nidogen copies (=10* nidogen copies/200 ng mouse
DNA).

PCR-based limiting-dilution assay. Dilutions of purified B. burgdorferi DNA
were amplified under the standard conditions for continuously monitored PCR.
The initial dilutions consisted of 10-fold serial dilutions that allowed a rough
estimation of recA copies followed by six replicate samples of 2-fold serial
dilutions that flanked an average of a single copy per reaction. The presence or
absence of specific product was determined by observing the presence of an
85.5°C melting peak. The concentration of starting PCR product was estimated
with the Macintosh program Quality (17).

Measurement of B. burgdorferi seq es by radiolabeled endpoint PCR. Mea-
surement of B. burgdorferi in tissue was performed as described previously (12).
Briefly, chromosomal primers for mouse nidogen or the B. burgdorferi flagellum
gene were used to generate radiolabeled PCR products from 150 ng of mouse
DNA. Primer sequences and reaction conditions can be found in reference 22.
The reactions were separated on a 6% polyacrylamide sequencing gel and sub-
jected to phosphorimager analysis for quantification. DNA from each group of
animals was amplified with nidogen-specific primers and analyzed on a single gel.
Equal loading of tissue DNA was achieved by adjusting the samples to fall within
a twofold range for nidogen product, which was confirmed by analysis of a second
set of reactions. Amplification of B. burgdorferi sequences was performed with
the flagellum gene primer at cycle numbers within the linear range for product.
A standard curve for detection of B. burgdorferi DNA in mouse tissue was
generated by spiking a constant number of freshly isolated mouse splenocytes
with increasing numbers of B. burgdorferi organisms.
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RESULTS

Previous methods for PCR-based quantification of B. burg-
dorferi in mouse tissues employed measurement of product
formation by subjecting the radiolabeled PCR end product to
gel electrophoresis and then visualizing the products by audio-
radiography of incorporated radiolabel (22). Though sensitive,
this method was laborious, and the reliability of the data was
very sensitive to reagent quality and operative handling. A
newly available PCR quantification technology based on fluo-
rescent monitoring of rapidly cycling PCR was examined to
determine if it could improve upon the deficiencies of the
radiolabeled-DNA protocol (21). With this technology, sample
amplification and quantification takes place in a sealed tube in
less than an hour, making this approach over 10-fold faster
than the previous method.

Chromosome copy number. PCR-based measurement of B.
burgdorferi in tissues requires that the starting copy of the
bacterial DNA target sequence accurately indicate the number
of bacteria within a sample. For this study, the rec4 gene was
selected (6). The recA gene is located on the chromosome and
therefore should be present in every bacterium (8). Further,
since recA has a 37% GC content, whereas the B. burgdorferi
genome averages 28%, it should be easier to generate a highly
specific primer set for this target sequence. Lastly, evolutionary
conservation of recA might allow this primer set to detect other
Borrelia species.

The accuracy of a quantitative primer set depends on its
sensitivity, which arises from its PCR efficiency. PCR-based
limiting-dilution assay requires single-copy sensitivity for accu-
rate quantification. To determine if the rec4 primers had sin-
gle-copy sensitivity, it was necessary to ascertain whether the
concentration calculated by limiting dilution was equivalent to
the concentration derived by physical measurement. The con-
centration of a recA PCR product cloned into the vector
pGEM-T Easy had 3.0 X 10'° copies/ul by optical absorbance
at 260 nm and 3.5 X 10'° = 1.12 X 10" copies/pl by limiting
dilution. Purified B. burgdorferi DNA was also tested: it had
2.5 X 107 copies/pl by optical absorbance at 260 nm, assuming
a 1.5-Mbp genome size, and 1.9 X 107 = 0.44 X 107 copies/ul
by limiting dilution. Both methods generated concentrations
within 25% of each other, indicating that limiting dilution
accurately predicted the concentration of two different DNA
samples. Further, the limiting-dilution assay proved insensitive
to the presence of 200 ng of mouse DNA, indicating that this
primer set maintains its single-copy sensitivity under conditions
that mimic mouse samples. These results indicate that the rec4
primer set should have single-copy sensitivity when measuring
B. burgdorferi chromosomes in mouse DNA samples.

In order to estimate the number of B. burgdorferi organisms
per sample, the average number of recA genes per bacterium
was determined. B. burgdorferi were grown in culture and
counted by dark-field microscopy with a Petroff-Hauser cham-
ber. The B. burgdorferi genomic DNA was purified from cul-
tured organisms, and the concentration of recA sequences was
measured by PCR-based limiting-dilution assay. The recovery
of radiolabeled B. burgdorferi DNA during purification was
60%. This allowed calculation of a 1.3 = 0.41 ratio between
recA starting copies and bacteria (Table 1). Thus, one recA
copy per bacterium is most consistent with a single chromo-
some per bacterium.

Development of external standard for PCR quantification.
To allow higher sample throughput, quantification of B. burg-
dorferi in mouse tissue samples was performed with an exter-
nal-standard-based PCR. The accuracy of external standards
depends on matching the PCR efficiency of the target sequence
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TABLE 1. B. burgdorferi chromosome copy number

Sample Quantification method n® Ratio”
Purified B. burgdorferi Limiting-dilution assay 24 1.3 £0.41
recA PCR product as external standard 3 0.22 = 0.030
Limiting dilution assay in presence of 200 ng of joint DNA 24 0.92 = 0.26
Culture-spiked spleen B. burgdorferi DNA as external standard in presence of 200 2 1.0 = 0.12

ng of spleen DNA

“n, number of samples.

b Ratio, number of recA molecules per estimated number of bacteria in sample. The error values are standard deviations of replicate samples.

in both standard and sample. To enhance this match, the stan-
dard consisted of a known amount of purified B. burgdorferi
DNA mixed with mouse DNA. The mouse DNA was isolated
from the same tissue type as the sample but lacked bacterial
DNA.

The dynamic range of this assay was then tested by measur-
ing the amplification of recA from samples containing B. burg-
dorferi DNA serially diluted with mouse joint DNA. Cycle-by-
cycle collection of fluorescence generated a series of sigmoidal
amplification profiles (Fig. 1A). For each sample, the fluores-
cent signal demonstrated three phases: at early cycles there
was not enough dsDNA product to raise the fluorescence
above background; at log-linear phase, exponential replication
was detected; and at plateau phase, the PCR was saturated.
With fewer starting copies, more cycles were required for de-
tection of the log-linear phase. The data depict the ability of a
single PCR experiment to detect differences in starting copy
numbers ranging over 5 log units.

Another feature of this assay was its ability to specifically
track the formation of recA PCR product. For the recA primer
set, the melting point (7,,,) for the recA product was 85.5°C
while the majority of nonspecific products melt below 84°C
(Fig. 1B). Acquisition of fluorescent data at 84°C causes the
nonspecific products to melt, resulting in a loss of binding to
the dsDNA-specific dye. Thus, the nonspecific products do not
contribute to the total fluorescent signal. The selective acqui-
sition of specific product was best observed in the no-template
reaction (Fig. 1A). Despite the presence of nonspecific prod-
ucts (Fig. 1B) the absence of any specific product was accu-
rately reflected in the lack of fluorescent signal when data was
collected at 84°C.

The most reliable point for the quantification of the sample
starting copy number is found by determining the cycle number
at which the product fluorescence becomes greater than a
defined threshold. This point, termed the fluorescent thresh-
old, represents the cycle number at which there are enough
PCR products bound to dye to generate a signal approximately
3 standard deviations above background (0.2 fluorescent
units). The fluorescent threshold is calculated from the cross-
over point between the log-linear portion of an amplification
curve with 0.2 fluorescent units (Fig. 2A). The more starting
copies in a sample, the fewer PCR cycles are required to reach
this threshold (20). When fluorescent thresholds were plotted
as a function of the log of the starting copy number, a standard
curve was generated (Fig. 2B). The linearity of this plot ex-
tends over a 10°-fold range. The variation between PCR ex-
periments was less than one cycle for samples containing
greater than 10 copies (data not shown). Below 10 copies,
stochastic effects and reduced PCR efficiency interfere with
precise quantification.

As a possible substitute for purified B. burgdorferi DNA, the
accuracy of a PCR product-based external standard was also
tested. A recA PCR product was purified, and its concentration

was calculated by absorbance at 260 nm and confirmed by
limiting-dilution assay (data not shown). The purified recA
PCR product was then used as an external standard to measure
the recA sequences in a purified B. burgdorferi DNA sample
(Table 1). The PCR product standard indicated that the sam-
ple had one-fifth the predicted number of rec4 sequences. This
underestimate likely arose from greater efficiency of amplifi-
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FIG. 1. Fluorescent-amplification profiles and melting curves for B. burgdor-
feri recA PCR product in the presence of SYBR Green I. Serially diluted samples
of purified B. burgdorferi DNA containing an estimated 10°, 10°, 104, 103, 500,
250, 125, 63, 31, 16, 8, or 0 starting templates of rec4 in 200 ng of C3H/HeNCr
mouse joint DNA were prepared and amplified for 40 cycles as described in
Materials and Methods. (A) Background-subtracted fluorescent emissions of
samples plotted as a function of cycle number. The number associated with each
curve is the starting recA copy number, with the bracketed numbers correspond-
ing to the boxed curves. (B) PCR end products for samples containing either two
(solid line) or zero (dashed line) starting rec4 templates. Following amplifica-
tion, dsDNA fluorescence was measured as the temperature was increased at
0.2°C/s from 65 to 94°C. The rate of fluorescence change with changing temper-
ature (—dF/dT) was plotted as a function of temperature. The recA product T,,
was 85.5°C and, nonspecific products melted between 75 and 87°C.
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FIG. 2. B. burgdorferi recA standard curve generated by PCR and SYBR
Green I fluorescence. (A) Log-linear plot of the amplification profile for the
10%-recA-starting-copy sample presented in Fig. 1. The dashed line represents a
linear-regression fit to the log-linear portion of the amplification profile. The
fluorescence threshold (arrow) is the fractional cycle number indicated by the
crossover point of the dashed line with 0.2 fluorescence units. Panel B depicts the
fluorescence threshold for the samples presented in Fig. 1A plotted as a function
of the starting copy number. The dashed line indicates a linear regression fit to
this data (> = 0.998).

cation for the smaller PCR product than for the same target
sequence within the 1-Mbp B. burgdorferi chromosome. For
purposes of accuracy, only the purified B. burgdorferi DNA was
used as an external standard.

Quantification of mouse samples. As a way of validating this
new technique, samples from mice sacrificed 2 weeks postin-
fection were measured for their B. burgdorferi chromosome
content by two methods: the new continuously monitored PCR
technique and the standard radiolabeled endpoint PCR of this
laboratory (Fig. 3). Both methods generated the expected
trends: the two strains of mice have approximately the same
number of B. burgdorferi organisms in their joints, and the
C3H/HeN heart had an average of eightfold more Borrelia
organisms than C57BL/6N hearts (12). There were two impor-
tant issues raised by this comparison. First, to generate this
data, the radiolabeled endpoint method required about four
labor-intensive days, whereas the continuously monitored PCR
method required only 2 h. Second, because of differences in
experimental design, this comparison required sample normal-
ization by optical absorbance (i.e., starting copies per 200 ng of
total DNA). However, DNA purity and PCR efficiency varies
between DNAs isolated from different tissues; therefore, com-
parisons of numbers of bacteria between tissues would be like-
wise affected.

For accurate comparison of B. burgdorferi in different tissue
samples, the amount of total mouse DNA in each sample
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FIG. 3. Comparison of quantitative PCR methods. Two weeks following in-
fection of C3H/HeNCr or C57BL/6NCr mice with 2,000 B. burgdorferi organisms,
DNA samples from joint and heart tissues were prepared as described in Mate-
rials and Methods. Each DNA sample (200 ng) was subjected to two quantitative
methods: radiolabeled endpoint PCR with flagellum gene primers (open circles;
see text for more details) or continuously monitored PCR with rec4 primers
(solid circles) as described in Materials and Methods. The values assume one
gene per bacterium. The bars indicate the averages of the data sets.

requires normalization. As a first step in normalizing the DNA
for PCR, DNA samples were diluted to a 260-nm optical ab-
sorbance of 1.0. Further normalization refinement relied on
the PCR quantification of a single-copy mouse gene, nidogen,
within each sample. The previous PCR-based method required
at least two rounds of radiolabeled endpoint PCR for this
normalization (22). After the first round of PCR, load volumes
were adjusted and the samples were retested until all samples
had equivalent amounts of radiolabel incorporated into nido-
gen product. Once the DNA was normalized, the number of B.
burgdorferi organisms in a sample was assayed. For the new
method reported here, nidogen and recA copies per sample
were measured with an external standard. Because each mouse
sample of 200 ng of DNA contains an average of 10* nidogen
copies, normalization of recA for each sample was performed
arithmetically by multiplying the measured recA copies by 10*
and dividing by the number of nidogen copies. The old method
did not normalize with a fixed amount of nidogen, therefore
only the samples analyzed on the same gel could be accurately
compared. Normalizing to a fixed nidogen concentration sim-
plifies the assay and allows comprehensive comparisons of
mouse strain, time postinfection, and tissue type to bacterial
numbers.

The results in Fig. 4 depict the quantification of B. burgdor-
feri numbers in a broad range of sample sources. These results
are in agreement with trends observed from earlier quantifi-
cation studies that used radiolabel endpoint PCR analysis (22).
The data for this figure required about 8 h to collect, whereas
the old quantification method would have required over a
week of labor to collect the same data. Further, the data in Fig.
4 should represent a more accurate comparison of B. burgdor-
feri numbers in different tissues than those obtained from the
old method.

To test the detection limits of this assay, a single-copy de-
tection assay was performed. The measurement of small num-
bers of bacteria requires an approach that is more qualitative
than quantitative because low-copy-number amplification is
sensitive to stochastic and high-cycle PCR effects. Therefore,
for this assay, either the presence or absence of a recA-specific
product was scored. Figure 5 depicts the endpoint products for
21 samples diluted to an average of 1.9 copies per reaction in
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FIG. 4. Number of B. burgdorferi organisms present in different strains of
mice harvested at different times postinfection. DNA samples from the indicated
tissues of C3H/HeNCr (left) or C57BL/6NCr (right) mice infected for 2 weeks
(solid circles) or 4 weeks (open circles) with 2,000 B. burgdorferi organisms were
prepared as described in Materials and Methods. Each DNA sample (200 ng)
was measured for mouse nidogen and B. burgdorferi recA copy numbers by
continuously monitored PCR (see Materials and Methods for details). The
sample load was corrected by presenting the rec4 copy number normalized to 10*
nidogen copies. Samples negative for recA are plotted at zero on the y axis. The
bars represent the averages of the samples.

the presence of mouse joint DNA. Based on Poisson distribu-
tion, 85% of these samples were expected to contain one or
more recA starting copies while 15% of the samples were
expected to lack recA. The observed frequency of positive
samples was 71%. In combination with other serial dilutions,
the limiting-dilution assay gave approximately the same recA
concentration as the same assay performed in the absence of
mouse DNA (Table 1). Similar tests and results were observed
with DNA prepared from uninfected brain, bladder, heart, and
skin tissue, indicating that these mouse DNA preparations lack
significant PCR inhibitors that could reduce the sensitivity of

-dF/dT

Temperature (°C)

FIG. 5. An overlay of melting curve profiles following PCR with a calculated
average of 1.9 recA starting copies. recA template was diluted into 21 samples
containing 200 ng of C3H mouse DNA and a calculated average of 1.9 recA
copies per reaction. The samples were amplified, and melting curves were gen-
erated by the protocol described in the legend to Fig. 1. The melting profiles fit
into two categories: nonspecific products with no rec4 product peak (dashed
lines; n = 6) and recA product peaks with nonspecific product peaks (solid lines;
n = 15).
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the assay (data not shown). Therefore, the negative results for
the brain and bladder samples in Fig. 4 likely arose from the
absence of recA sequences in the reaction.

Another possible reason for negative recA copies in a sample
could arise from loss of B. burgdorferi DNA during sample
purification. To test for such loss, cultured bacteria were added
to mouse spleen cells. Mouse and bacterial DNA were isolated
by tissue DNA preparation, and the amount of rec4 in each
sample was measured. Based on back calculations, the number
of recA molecules per sample corresponded to the expected
bacterial equivalence in each sample (Table 1). These results
indicate that there was no significant loss of bacterial DNA
during preparation of tissue DNA.

DISCUSSION

This report describes the development of a new technique
for external-standard PCR quantification of B. burgdorferi or-
ganisms in mouse tissue samples. To measure absolute num-
bers of bacteria per sample, it was necessary to measure the
number of recA copies per bacterium. Analysis of B. burgdorferi
isolated from culture is most consistent with a single chromo-
some per bacterium. This differs from a closely related species,
Borrelia hermsii, which has an average of 4 chromosomes per
cultured bacterium and 16 chromosomes per bacterium when
isolated directly from a mouse (11). Currently, it is not possible
to determine whether the B. burgdorferi chromosome copy
number is altered when the bacteria are colonizing the mouse.

The B. burgdorferi plasmids LP54, LP16, and CP26 were
demonstrated by Hinnebusch and Barbour to be in equal ratio
with the chromosome (10). Taken together with our findings,
these results indicate that these plasmids should also have a
single copy per bacterium. Further, B. burgdorferi may have
evolved a low-copy-number replication and segregation mech-
anism for maintenance of all DNA. Additional study will be
required to support this hypothesis.

In a single experiment, this assay has been shown to accu-
rately measure samples containing 10 to 10° bacteria. A recA-
specific product peak was detected in melting curves for sam-
ples containing as few as a single bacterium. The use of the
dsDNA dye SYBR Green I simplified quantification because
sample amplification and analysis were performed simulta-
neously. Further, quantification of DNA samples was possible
in1 h.

The dynamics of B. burgdorferi dissemination can be fol-
lowed by this technique. For example, the highest concentra-
tion of B. burgdorferi, in tissue at 2 weeks was in the skin. At 4
weeks, higher levels were found in the ankle joints. The prev-
alence in skin is expected, as this is the site at which ticks
acquire the bacteria from infected mice. The prevalence in the
joint is associated with the pathology resulting from persistent
infection. The brain appears to be less favorable for coloniza-
tion, since most of these samples were negative for recA. Im-
portantly, in these DNA samples, no tissue-specific inhibitors
of PCR were detected that could cause underestimation of
recA copy numbers.

The assay presented in this report should be applicable to
the quantification of other pathogens. The parameters defined
here include the use of an external standard for quantification,
detection threshold calculation, sample normalization by quan-
tification of a mouse gene, and tissue-to-tissue comparison.
The use of the dsDNA dye SYBR Green I for detection of
product should allow this protocol to be readily adaptable to
already-existing pathogen primer sets used for quantification.
For infectious agents in which a source of pure DNA is un-
available, a highly infected sample source could be diluted with
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an uninfected sample to generate an external standard. Alter-
natively, fluorescent threshold or PCR product standard alone
should provide reliable estimates for rapid semiquantitative
determinations.
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