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We have developed a sensitive assay for Treponema pallidum subsp. pallidum (T. pallidum), the agent of
venereal syphilis, based upon the polymerase chain reaction (PCR). A 658-bp portion of the gene encoding the
47-kDa membrane immunogen was amplified, and the PCR products were probed by DNA-DNA hybridization
with a 496-bp fragment internal to the amplified DNA. The assay detected approximately 0.01 pg of purified
T. pallidum DNA, and positive results were obtained routinely from suspensions of treponemes calculated to
contain 10 or more organisms and from some suspensions calculated to contain a single organism. Specific PCR
products were obtained for the closely related agent of yaws, Treponema pallidum subsp. pertenue, but not with
human DNA or DNAs from other spirochetes (including Borrelia burgdorferi), skin microorganisms, sexually
transmitted disease pathogens, and central nervous system pathogens. T. pallidum DNA was detected in serum,
cerebrospinal fluids, and amniotic fluids from syphilis patients but not in nonsyphilitic controls. T. pallidum
DNA was also amplified from paraffin-embedded tissue. The diagnosis of syphilis by using PCR may become
a significant addition to the diagnostic armamentarium and a valuable technique for the investigation of syphilis

pathogenesis.

Syphilis is a sexually transmitted disease caused by the
spirochete Treponema pallidum subsp. pallidum (T. palli-
dum). Although effective therapy has been available for
more than four decades, the disease continues to be a global
public health problem (33). Two recent developments under-
score the need for more effective means of diagnosing this
infection: (i) substantial annual increases in new cases have
been reported in the United States since 1986 (5) and (ii) a
large proportion of patients with human immunodeficiency
virus infection are coinfected by T. pallidum (15), and they
may be predisposed to more severe syphilitic manifesta-
tions, such as neurosyphilis or retinitis (3, 20, 35).

The diagnosis of syphilis is complicated because T. palli-
dum is one of the few major bacterial pathogens of humans
that cannot be cultivated on artificial medium. Current
methods for detection of T. pallidum in clinical specimens
are either insensitive, as in the case of dark-field microscopy
(46), or impractical, as with rabbit intratesticular inoculation
(rabbit infectivity testing or RIT) (21, 47). Serologic tests for
syphilis are the mainstays of laboratory diagnosis; however,
these lack sensitivity, specificity, or both for certain forms of
the disease, particularly primary syphilis, congenital syphi-
lis, and neurosyphilis (12, 21, 43, 46).

The polymerase chain reaction (PCR) can selectively
amplify the copy number of a target gene more than 10°-fold
(39). PCR, therefore, has great potential for improving the
ability to diagnose infectious diseases caused by fastidious
or slowly growing microorganisms (8), and it has already
been employed for the detection of many such bacterial
pathogens, including Mycoplasma pneumoniae (2), Myco-
bacterium tuberculosis (10), Legionella pneumophila (25,
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44), and Borrelia burgdorferi (31, 37). In this study, we
report the development of an exquisitely sensitive assay for
T. pallidum that is based upon amplification of the gene
encoding the pathogen-specific and highly conserved 47-kDa
membrane immunogen (tpp47) (9, 16, 26, 27, 32, 36, 45).
Detection of T. pallidum by amplification of a portion of the
tmpA gene was recently reported by Hay et al. (13).

(This work was presented in part at the 90th Annual
Meeting of the American Society for Microbiology, Ana-
heim, Calif., 13 to 17 May 1990.)

MATERIALS AND METHODS

Bacterial strains and culture media. 7. pallidum subsp.
pallidum Nichols (T. pallidum) and the Haiti B strain of 7.
pallidum subsp. pertenue were passaged by intratesticular
inoculation of New Zealand White rabbits and extracted in
phosphate-buffered saline, pH 7.4, approximately 10 and 14
days later, respectively (34). For isolation of chromosomal
DNA, treponemes were purified by Percoll density gradient
centrifugation (11). The Dal-1 strain of 7. pallidum was
isolated from the amniotic fluid of a pregnant woman with
untreated syphilis. Eight additional clinical isolates of T.
pallidum, three from genital ulcers and five from cerebrospinal
fluids (CSFs), were isolated in Seattle, Wash. Thioglycolate
stock cultures of the nonpathogenic Treponema phagedenis
biotype Reiter and Treponema denticola were subcultured in
Spirolate broth (BBL Microbiology Systems, Cockeysville,
Md.) supplemented with 10% heat-inactivated rabbit serum
and incubated at 34°C for 3 days. B. burgdorferi was grown in
BSKII medium at 35°C. The concentrations of spirochetes
were determined at X400 by dark-field microscopy (24).

Clinical isolates of Staphylococcus aureus, Staphylococ-
cus epidermidis, Streptococcus pneumoniae, Streptococcus
pyogenes, viridans group streptococci, Candida albicans,
Neisseria meningitidis, and Corynebacterium sp. were the
generous gifts of Sue Tyrone (Department of Microbiology,
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University of Texas Southwestern Medical Center at Dallas
[UTSWMCD)]). A clinical isolate of Neisseria gonorrhoeae
was provided by Alice Erwin (Department of Microbiology,
UTSWMCD). Cryptococcus neoformans and Streptococcus
agalactiae (group B beta-hemolytic streptococcus) were the
respective gifts of Mary Lipscomb and Rita Gander (Depart-
ment of Pathology, UTSWMCD). Listeria monocytogenes
was provided by Christopher Lu (Department of Internal
Medicine, UTSWMCD). Cells from the human T-cell line H9
containing the BAG strain of human immunodeficiency virus
type 1 were a gift of Mark Till (Department of Microbiology,
UTSWMCD). Haemophilus ducreyi was obtained from the
Dallas County Public Health Department. A mixture of
herpes simplex viruses types I and II was provided by James
P. Luby (Department of Internal Medicine, UTSWMCD).

Plasmids and DNAs. Plasmid pPH47.2, a pUC19 derivative
containing rpp47 on a 2.4-kbp DNA insert (17), was provided
by Pei-Ling Hsu (University of Texas Health Sciences
Center at Houston) and purified by CsCl density gradient
centrifugation (41).

Chromosomal DNAs from T. pallidum, T. phagedenis
biotype Reiter, T. denticola, B. burgdorferi, N. meningitidis,
Streptococcus agalactiae, Streptococcus pneumoniae, Lis-
teria monocytogenes, Cryptococcus neoformans, human
T-cell line H9 containing human immunodeficiency virus
type 1, Streptococcus pyogenes, viridans group strepto-
cocci, Staphylococcus epidermidis, Staphylococcus aureus,
Corynebacterium species, Candida albicans, H. ducreyi, N.
gonorrhoeae, and herpes simplex virus types 1 and 2 were
prepared and purified by using modifications of established
procedures (41). Final concentrations of some of the DNAs
were estimated by measurement of A,q,. Chromosomal
DNA of Chlamydia trachomatis serovar L2 was a gift from
Richard S. Stephens (University of California, San Francis-
co). Haemophilus influenzae type b and pUC19 DNA were
provided by Eric J. Hansen (Department of Microbiology,
UTSWMCD). Leptospira interrogans serovar pomona DNA
was generously provided by Niles Charon (University of
West Virginia, Morgantown). Borrelia hermsii DNA was
donated by Alan G. Barbour (University of Texas Health
Sciences Center at San Antonio). Escherichia coli DNA was
purchased from Sigma Chemical Co. (St. Louis, Mo.).

Clinical specimens. Amniotic fluids from untreated syphilis
patients and from a normal patient, obtained following
informed consent for evaluation of fetal maturity, were
generously provided by George D. Wendel (Department of
Obstetrics and Gynecology, UTSWMCD). Normal sera and
CSFs and sera and CSFs from adults with untreated syphilis
were obtained by one of the co-authors (J.D.R.) from the
Clinical Immunology Laboratory of Parkland Memorial Hos-
pital; neurosyphilis was diagnosed if a patient had a compat-
ible clinical syndrome, CSF pleocytosis (>5 leukocytes per
mm?), and a reactive CSF-Venereal Disease Research Lab-
oratory (VDRL) test. Infectivity testing of amniotic fluids
was performed by the method of Turner et al. (47). Use of
the clinical specimens for these investigations was approved
by the UTSWMC Institutional Review Board.

Preparation of samples for PCR. Two different methods
were used to prepare samples for PCR. In the first method,
whole T. pallidum was serially diluted in sterile isotonic
saline; 10- to 20-pl portions containing the desired numbers
of organisms were placed in 1.5-ml microcentrifuge tubes,
boiled for 10 min, and then amplified as described below.
Alternatively, 50-pl samples of saline containing serially
diluted treponemes or 100 pl of a clinical specimen were
subjected to alkaline lysis and DNA extraction by using a
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TABLE 1. Sequences of oligonucleotide primers

Primer Sequence Coding strand Location (nt)®
47-1 GACAATGCTCACTGAGGATAGT + 648-669
47-2 ACGCACAGAACCGAATTCCTTG - 1284-1305
47-3 TTGTGGTAGACACGGTGGGTAC + 713-734
47-4 TGATCGCTGACAAGCTTAGGCT - 1187-1208

4 nt, Nucleotides.

modification of the technique described by Kogan et al. (22).
First, portions from separate 5 M NaCl, 5 N NaOH, and 10%
sodium dodecyl sulfate (SDS) stock solutions were added to
the sample to give final concentrations of 1 M NaCl, 1 M
NaOH, and 2% SDS. The mixture then was boiled for 1 min
and neutralized with 4 volumes of 0.5 M Tris hydrochloride
(pH 7.0). DNA was extracted by using phenol-chloroform
(50:50, vol/vol) and precipitated at —70°C with 2 pg of
salmon sperm DNA in 2 volumes of 100% ethanol or in 0.6 to
1 volume of 100% isopropanol. The DNA pellets were then
dissolved in 50 pl of water for PCR.

PCR of paraffin-embedded tissues. Testes from normal and
syphilitic rabbits were cut into 2- to 3-mm pieces with a no.
11 scalpel and fixed in 10% phosphate-buffered Formalin.
Specimens were embedded in paraffin and either stained by
Warthin-Starry silver in the University of Texas Southwest-
ern Histopathology Laboratory or placed into microcentri-
fuge tubes for DNA extraction by the method of Shibata et
al. (42).

PCR. Oligonucleotide primers 47-1 and 47-2, derived from
nucleotides 648 to 669 and 1284 to 1305 of the respective
sense and antisense strands of zpp47 (17) (Table 1), were
synthesized by standard phosphoramidite chemistry (1) in
the core facility of the Howard Hughes Medical Institute,
UTSWMCD. Concentrations of Tag DNA polymerase (Per-
kin Elmer/Cetus, Norwalk, Ct.), oligonucleotide primers,
deoxyribonucleotides (Pharmacia, Piscataway, N.J.), and
Mg?*, as well as PCR cycle lengths, numbers, and temper-
atures, were optimized as previously described (19). All
PCRs were performed in final volumes of 100 wl. A typical
reaction contained S0 mM KCl, 10 mM Tris hydrochloride, 3
mM MgCl, (pH 8.3), 100 pg of gelatin per ml, 70 pmol of
primers, 300 pM deoxyribonucleotides, 2.5 U of Taq poly-
merase, and various amounts of purified DNA or boiled
whole treponemes. Reactions were performed for 40 cycles
in a Thermocycler (Perkin Elmer/Cetus) by using the follow-
ing parameters: (i) denaturation for 1 min, 15 s at 94°C, (ii)
annealing for 1 min, 15 s at 60°C, and (iii) extension for 1 min
at 72°C. After the 40th cycle, specimens were incubated at
72°C for an additional 10 min and then stored at 4°C until
analyzed. To prevent false-positives due to contamination,
all specimens were prepared under a laminar flow hood in a
PCR-dedicated facility remote from the principal laboratory.

Agarose gel electrophoresis and DNA-DNA hybridization
analyses. One-tenth of each reaction volume (10 pl) was
analyzed by electrophoresis through a 1% agarose gel con-
taining TBE buffer (0.089 M Tris hydrochloride, 0.089 M
Borate, and 0.002 M EDTA) and 0.25 pg of ethidium
bromide per ml. Gels were photographed under UV illumi-
nation and in some cases transferred to 0.2-pm-pore-size
nitrocellulose (Schleicher & Schuell, Keene, N.H.) for
Southern blot analysis. Other specimens were applied di-
rectly to nitrocellulose by using a Minifold I apparatus
(Schileicher & Schuell) for dot blot DNA-DNA hybridiza-
tion.
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The DNA probe for hybridizations consisted of an internal
496-bp fragment encompassing nucleotides 713 to 1208 of
tpp47 (17). Although originally isolated as a Kpnl-HindIII
fragment from the insert of pPH47.2 (17), in later experi-
ments the probe was synthesized by PCR by using plasmid
pPH47.2 as the DNA template and oligonucleotides 47-3 and
47-4 as the primers (Table 1). The probe was radiolabeled
with [a->2P]dCTP (New England Nuclear, Wilmington, Del.)
by using random hexanucleotide labeling (Boehringer Mann-
heim, Indianapolis, Ind.). Southern and dot blot hybridiza-
tions were performed overnight at 65°C in 1 M NaCl-10%
dextran sulfate (Pharmacia)-1% SDS-100 ng of sheared
salmon sperm DNA per ml and with 10° cpm of the labeled
probe per ml. After hybridization, blots were washed three
times at 22°C in 2X SSC (1x SSC is 0.15 M NaCl plus 0.015
sodium citrate)-0.1% SDS followed by two similar washes at
65°C. Autoradiography was performed at 22°C on Fuji X-ray
film for 1 to 24 h, depending on the specific activity of the
probe.

Determination of the sensitivity of the assay on the basis of
statistical analysis of treponemal suspensions. 7. pallidum was
freshly isolated from a single infected rabbit testis by extrac-
tion into medium composed of 50% sterile isotonic saline and
50% heat-inactivated normal rabbit serum (vol/vol). The
treponemal suspension was then diluted in the same medium
to obtain a concentration of organisms (approximately 10 per
high-power dry field) which permitted accurate enumeration
under dark-field illumination by using a microscope that had
previously been precisely calibrated with a hemacytometer.
The average concentration of treponemes was carefully
determined from this suspension by three investigators, each
counting a minimum of 20 fields. Sequential 10-fold serial
dilutions were then prepared such that 50-ul portions were
calculated to contain 1,000, 100, 10, and 1 organisms. DNA
was extracted by alkaline lysis (as described above) from
duplicate suspensions calculated to contain 10 or more
organisms and from six suspensions calculated to contain a
single organism. The results obtained following amplification
of the extracted DNAs were compared with the numbers of
treponemes in each suspension predicted (0.97 confidence
level) by the binomial probability law for random particles in
free solution (48).

RESULTS

Development of the PCR assay. The positions of primers
47-1 and 47-2 (Table 1) within the nucleotide sequence of
tpp47 (17) predicted that a 658-bp fragment would be gener-
ated following PCR of either T. pallidum chromosomal DNA
or chimeric plasmids containing the cloned gene. A fragment
of the appropriate size was visualized following PCR of T.
pallidum DNA and pPH47.2 but not following amplification
of pUC19 or reaction mixtures without DNA (Fig. 1A).
Southern analysis confirmed that the products obtained from
T. pallidum and pPH47.2 were specific for tpp47 and that
specific PCR products were absent from the negative con-
trols (Fig. 1B).

Sensitivity of the PCR assay. The sensitivity of the assay
was initially determined by using serially diluted, purified T.
pallidum chromosomal DNA. On the basis of an average T.
pallidum chromosome size of 9 X 10° Da (28), the DNA
equivalent of about 107 treponemes (0.10 pg) was detected
by dot blot hybridization of unamplified DNA (Fig. 2A); with
prolonged exposure times, approximately 10 ng of unampli-
fied DNA was detected (data not shown). Approximately
0.01 pg, or the DNA equivalent of a single treponeme, was
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FIG. 1. Amplification of the 47-kDa immunogen gene of T.
pallidum (tpp47). DNA templates consisting of 7. pallidum chromo-
somal DNA (T.p. DNA), pp47 cloned into pUC19 (pPH47.2),
pUC19, and no DNA are shown above the lanes of a 1% agarose gel
stained with ethidium bromide (A) and the corresponding Southern
blot probed with the 496-bp internal fragment (B). Kilobase pair
standards are shown on the left of each panel.

detected following amplification (Fig. 2A). Positive PCR
results were also obtained from a suspension of boiled,
whole T. pallidum calculated to contain a single organism
(Fig. 2B).

Interestingly, PCR failures consistently occurred in sam-
ples containing 10* or greater numbers of boiled whole
treponemes (Fig. 2B). Because PCR can be inhibited by
serum and tissue components (14), it was surmised that the
testicular extracts present in samples containing the higher
concentrations of treponemes were responsible for the fail-
ures. This was confirmed by the findings that 10* and greater
numbers of treponemes purified on Percoll density gradients
amplified appropriately and that the PCR was inhibited by
the addition of either normal rabbit testicular extract or

A T. pallidum Genomic DNA
Hom e n s
9006
B Whole T. pallidum
BOILED 00

10* 10%10% 10" 10°

FIG. 2. Sensitivity of the PCR assay for purified DNA and whole
organisms. (A) Dot blot hybridization of T. pallidum Nichols DNA
before (row 1) and after (row 2) amplification. The amounts of DNA
used in each reaction are shown above the lanes. (B) PCR of serially
diluted T. pallidum Nichols after boiling or after alkaline lysis and
DNA extraction.
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FIG. 3. Determination of assay sensitivity by statistical analysis.
PCR results are shown for the DNAs extracted from six T. pallidum
(Tp) suspensions calculated to each contain a single organism and
from duplicate suspensions calculated to contain 10, 100, or 1,000
organisms. Controls consisted of PCR mixtures without (—) and
with (+) pPH47.2 plasmid DNA and a sham-extracted aliquot (S) of
the medium used to harvest and dilute the treponemes.

greater than 10* human leukocytes to reaction mixtures
containing purified 7. pallidum DNA (data not shown).
Extraction of DNA following alkaline lysis eliminated the
PCR failures with a sensitivity comparable to that obtained
with boiled treponemes (Fig. 2B).

To confirm as rigorously as possible that the assay’s
sensitivity approached the detection of DNA from a single
spirochete, DNA for PCR was extracted from serially di-
luted treponemal suspensions and the PCR results were
compared with the numbers of organisms predicted to be in
the suspensions by the binomial probability law (48). Posi-
tive PCR results were obtained for all of the suspensions
calculated to contain 10 or more treponemes and for one of
the six suspensions calculated to contain a single organism
(Fig. 3). Probability analysis predicted (0.97 confidence
level) that two of the latter six suspensions contained at least
one organism.

Assay specificity. PCR was performed by using DNAs
purified from a number of pathogenic and nonpathogenic
spirochetes. Specific products were obtained only following
amplification of DN As from T. pallidum subsp. pallidum and
T. pallidum subsp. pertenue (Fig. 4A). Equally important,
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each of eight T. pallidum clinical isolates amplified success-
fully from a small number of organisms (Fig. 4B).

Specimens from patients with genital ulcers (chancres)
will inevitably contain skin flora and/or other sexually trans-
mitted disease pathogens. For this reason, the specificity of
the assay was investigated further by using a panel of
potential skin and sexually transmitted disease contami-
nants. Specific PCR products were not obtained from skin
flora (Fig. SA) or from other sexually transmitted disease
pathogens (Fig. 5B). In the case of N. gonorrhoeae, heter-
ogeneous PCR products were observed on the agarose gel,
but these did not hybridize with the zpp47-specific probe
(Fig. 5B). Such nonspecific priming occurred only when
microgram quantities of N. gonorrhoeae DNA were sub-
jected to PCR (data not shown). No PCR products were
obtained from a variety of central nervous system pathogens
including Streptococcus pneumoniae, Listeria monocyto-
genes, Streptococcus agalactiae, H. influenzae type b, N.
meningitidis, E. coli, Cryptococcus neoformans, and human
immunodeficiency virus (data not shown). Finally, amplifi-
cation of purified T. pallidum DNA or whole T. pallidum was
unaffected by amounts of human DNA ranging from 3.3 pg to
3.3 ug, the DNA equivalents of 10° to 10° human cells,
respectively (data not shown).

Detection of T. pallidum in clinical specimens. Positive PCR
results were obtained from serum, CSF, and amniotic fluids
of untreated syphilis patients but not from control speci-
mens. Representative results are shown in Fig. 6. Both the
serum and the CSF from the patient with early latent syphilis
were PCR positive (Fig. 6, dots 1 and 3); interestingly, the
CSF of this patient had normal clinical laboratory parame-
ters. The other PCR-positive CSF (Fig. 6, dot 5) was from a
patient with syphilitic meningitis, while the two PCR-nega-
tive CSFs (Fig. 6, dots 6 and 7) were from patients with
general paresis. Two amniotic fluids from untreated pregnant
women were PCR positive (Fig. 6, dots 9 and 10). The more
weakly reactive of the two (Fig. 6, dot 10) was dark-field
negative according to two different observers. Treponemes
were isolated from both amniotic fluids by RIT.
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FIG. 4. Analysis of spirochete DNAs. (A) Agarose gel electrophoresis and dot blot analyses following amplification of genomic DNAs
purified from species of Treponema, Borrelia, and Leptospira. Kilobase pair standards corresponding to marker lanes (M) are shown at the
right. (B) Dot blot hybridization following PCR of approximately 10 7. pallidum Nichols organisms (dot 9) and clinical isolates from Seattle,

Wash. (dots 1 to S, 7, and 8), and from Dallas, Tex. (dot 6).
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FIG. 5. Analysis of DNAs from skin commensals (A) and sexually transmitted disease (STD) pathogens (B). Agarose gels of unamplified
DNAs are shown in upper panels, while agarose gels and dot blot hybridizations of the resulting PCR products are presented in the middle
and lower panels, respectively. Kilobase pair standards corresponding to marker lanes (M) are shown next to each panel.

PCR of DNA from paraffin-embedded rabbit testes. Shibata
and co-workers (42) have demonstrated that DNA can be
amplified from chemically fixed, paraffin-embedded tissues.
PCR analysis of archival specimens could therefore help to
resolve a number of questions concerning syphilis in the
preantibiotic and perhaps even the prehistoric eras. To
demonstrate the feasibility of such investigations, T. palli-
dum DNA was amplified successfully from a single 5-pm
section of a syphilitic rabbit testis (Fig. 7).

DISCUSSION

Detection of T. pallidum in body fluids and tissues has
enormous appeal as a diagnostic strategy for syphilis be-
cause it provides unequivocal evidence of active infection.
Widespread application of this strategy is hindered, how-
ever, by the inability to cultivate T. pallidum on artificial
medium and by the limitations of conventional methods for
direct detection of pathogenic treponemes in clinical speci-
mens (21, 46, 47). As a result, clinical decision making is
often based upon serological tests, despite the fact that their

1 234 45 6 7 8 9 W01 1

FIG. 6. Analysis of specimens from syphilis patients and normal
controls. Dots: 1 and 3, serum and CSF, respectively, from a patient
with early latent syphilis and normal CSF laboratory parameters: 2,
normal serum control; 4, normal CSF control; 5 through 7, CSF
from patients with syphilitic meningitis (dot 5) and paresis (dots 6
and 7); 8, normal amniotic fluid; 9 and 10, dark-field-positive and
dark-field-negative amniotic fluids, respectively, from pregnant
women with untreated syphilis; 11, sham preparation (PCR mixture
without DNA); 12, positive control (10 ng of pPH47.2).

SYPHILITIC TESTIS
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FIG. 7. Detection of T. pallidum Nichols in paraffin-embedded
tissue. Single thick sections from syphilitic and normal rabbit testes
were stained by Warthin-Starry silver or processed for PCR and dot
blot analysis (magnification, X400).
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results may not correlate with disease activity (12, 21, 43,
46). We used PCR to develop a highly sensitive and specific
assay for T. pallidum in the belief that such an assay might
help to circumvent some of these problems.

Syphilis specimens, such as blood and CSF, may contain
extremely low concentrations of treponemes (6, 23, 47). It
was therefore essential that the assay’s sensitivity approach
the theoretical ability of PCR to detect a single organism (8,
39). To maximize the efficiency of amplification, reaction
parameters were carefully optimized (19). Detection of PCR
products was maximized by using a large duplex DNA
probe, rather than a synthetic oligonucleotide, since this
could be radiolabeled to a much greater specific activity. In
addition, a large probe would presumably minimize false-
negatives resulting either from sequence variation of tpp47
among wild-type strains or from base pairs substituted by
potential Taq polymerase *‘‘infidelity.’’ Several experiments,
including one based upon probability analysis, confirmed
that the assay’s sensitivity did in fact approach the detection
of a single copy of tpp47.

Inasmuch as clinical specimens are likely to contain large
numbers of cells of human and/or microbial origin, it was
equally important that the assay be highly specific for T.
pallidum. Although considerable data already existed to
support the T. pallidum specificity of the 47-kDa immunogen
and its corresponding gene (16, 26, 27, 32, 36), the specificity
of the assay was investigated extensively. The occasional
visualization of nonspecific PCR products on ethidium bro-
mide-stained agarose gels (as in the case of N. gonorrhoeae)
emphasized the need for routinely employing DNA-DNA
hybridization with the tpp47-specific probe as a means of
enhancing specificity as well as sensitivity. In addition to 7.
pallidum subsp. pallidum, specific PCR products were ob-
tained only from genomic DNA of T. pallidum subsp.
pertenue. This finding was not surprising given the extraor-
dinarily close genetic relatedness of the pathogenic trepo-
nemes (29) and the highly conserved antigenicity of their
47-kDa immunogens (9, 26, 45). Amplification of tpp47 as
performed in the present study will therefore not be able to
distinguish syphilis and yaws any better than conventional
diagnostic modalities. On the other hand, it is noteworthy
that the PCR assays developed by us and by others (31, 37)
can readily distinguish between T. pallidum and B. burgdor-
feri; cross-reactivity between the two spirochetes is a major
problem in serodiagnostic tests for syphilis and Lyme dis-
ease (7, 18). While the PCR assay for T. pallidum has yet to
be validated by extensive clinical evaluation, it seems rea-
sonable to proceed to such evaluations under the presump-
tion that it specifically amplifies only DNA from pathogenic
treponemes.

Inhibition of PCR by rabbit testicular tissue and human
leukocytes was a significant and unexpected problem. Other
investigators apparently have circumvented similar prob-
lems by using proteolysis, DNA extraction, or both to
eliminate the inhibitory substance(s) prior to PCR (2, 4, 10,
14, 22, 30, 40). In our hands, alkaline lysis followed by
phenol-chloroform extraction proved to be a sensitive and
reliable method for sample preparation. More recently, we
have obtained generally satisfactory results by using differ-
ential centrifugation to separate the majority of human cells
from spirochetes in spinal and amniotic fluids (unpublished
data). Nevertheless, we find that occasional specimens
known to contain 7. pallidum are PCR positive only follow-
ing DNA extraction. Investigators therefore need to con-
sider the possibility that PCR inhibition may be a cause of
false-negative results.
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RIT can detect a single treponeme (21, 24), a sensitivity
which has established it as the ‘‘gold standard’’ for identifi-
cation of T. pallidum in clinical specimens. Accordingly,
investigators in both pre- and the postantibiotic eras used
RIT to provide important insights into syphilis pathogenesis
(6, 21, 23, 47). These studies demonstrated that T. pallidum
invades the central nervous system early in the course of
syphilitic infection and that isolation of treponemes from the
CSF does not necessarily correlate with CSF laboratory
abnormalities or a patient’s neurological status. To illustrate
the latter point, T. pallidum can be isolated from the CSFs of
approximately 10% of early syphilis patients with normal
CSF clinical laboratory parameters (6, 23), while RIT of CSF
from neurosyphilis patients, particularly those with paren-
chymatous disease, is frequently negative (21, 47). The
preliminary PCR results reported here are consistent with
these earlier studies. Recently, Hay et al. (13) reported that
their PCR assay detected T. pallidum in over half of the
spinal fluids from patients with latent and tertiary syphilis.
While potentially important, these results are inconsistent
with published RIT analyses of spinal fluids from late syph-
ilis patients (21, 23) and they were not corroborated by
companion RIT data. It is clear, therefore, that the PCR
assay for T. pallidum will require extensive clinical compar-
ison with RIT before its precise role in syphilis diagnosis is
ascertained. Such evaluations will also be necessary to
determine whether the detection of treponemal DNA by
PCR, rather than of virulent organisms by RIT, will engen-
der errors in clinical decision making.

In addition to its obvious diagnostic applications, detec-
tion of T. pallidum by PCR may prove to be a valuable tool
for clinical and laboratory investigation of syphilis. For
example, enhanced detection of 7. pallidum in clinical
specimens will provide further insights into the kinetics and
routes of dissemination by the organism. Detection of
minute numbers of treponemes in tissue culture studies may
help elucidate some of the poorly understood aspects of T.
pallidum-mammalian cell interactions. Finally, PCR-based
detection of T. pallidum in paraffin-embedded tissues and
archaeological specimens (38) will facilitate analyses of
samples that predate the antibiotic era. Such investigations
may help to resolve many of the controversies surrounding
syphilis in the modern era, not the least of which is the
mysterious origin of the disease.

ACKNOWLEDGMENTS

We gratefully acknowledge Esther Robinson and Martin Goldberg
for their excellent technical assistance, George Wendel and Pablo
Sanchez for dark-field examination and RIT of amniotic fluids,
Donald Mclntire for assistance with statistical analysis, Robin
Isaacs and Yankel Kupersztoch for helpful suggestions, and Pei-
Ling Hsu for subcloning 7pp47 into pUC19. We also thank George
H. McCracken, Edmund C. Tramont, E. Russell Alexander, and
Robert T. Rolfs for their support and encouragement. ‘

This study was partially supported by Public Health Service
grants AI-26756 to J.D.R., AI-16692 and AI-17366 to M.V.N., and
AI-18988 and NS23677 to S.A.L. from the National Institutes of
Health and by contract 927056 from the Centers for Disease Control
to J.D.R. J.D.R. is a scholar of the American Foundation for AIDS
Research. J.M.B. is a research fellow of the Howard Hughes
Medical Institute.

REFERENCES

1. Beaucage, S. L., and M. H. Caruthers. 1981. Deoxynucleoside
phosphoramidites—a new class of key intermediates for deox-
ypolynucleotide synthesis. Tetrahedron Lett. 22:1859-1862.

2. Bernet, C., M. Garret, B. De Barbeyrac, C. Bebear, and J.



68

10.

11.

12.

13.

14

15.
16.

17.

18.

19.

20.

21.
22.

23.

BURSTAIN ET AL.

Bonnet. 1989. Detection of Mycoplasma pneumoniae by using
the polymerase chain reaction. J. Clin. Microbiol. 27:2492-2496.

. Berry, C. D., T. M. Hooton, A. C. Collier, and S. A. Lukehart.

1987. Neurologic relapse after benzathine penicillin therapy for
secondary syphilis in a patient with HIV infection. N. Engl. J.
Med. 316:1587-1589.

. Burg, J. L., C. M. Grover, P. Pouletty, and J. C. Boothroyd.

1989. Direct and sensitive detection of a pathogenic protozoan,
Toxoplasma gondii, by polymerase chain reaction. J. Clin.
Microbiol. 27:1787-1792.

. Centers for Disease Control. 1988. Syphilis and congenital syph-

ilis—United States, 1985-1988. Morbid. Mortal. Weekly Rep.
37:486—489.

. Chesney, A. M., and J. E. Kemp. 1924. Incidence of Spirochaeta

pallidum in cerebrospinal fluid during early stages of syphilis. J.
Am. Med. Assoc. 22:1725-1728.

. Dattwyler, R. J., and B. J. Luft. 1989. Immunodiagnosis of

Lyme borreliosis. Rheum. Dis. Clin. North Am. 15:727-734.

. Eisenstein, B. I. 1990. The polymerase chain reaction—a new

method of using molecular genetics for medical diagnosis. N.
Engl. J. Med. 323:178-183.

. Fohn, M. J., F. S. Wignall, S. A. Baker-Zander, and S. A.

Lukehart. 1988. Specificity of antibodies from patients with
pinta for antigens of Treponema pallidum subspecies pallidum.
J. Infect. Dis. 157:32-37.

Hance, A. J., B. Grandchamp, V. Levy-Frebault, D. Lecossier, J.
Rauzier, D. Bocart, and B. Gicquel. 1989. Detection and identi-
fication of mycobacterial DNA. Mol. Microbiol. 3:843-849.
Hanff, P, A., S. J. Norris; M. A. Lovett, and J. N. Miller. 1984.
Purification of Treponema pallidum, Nichols strain, by Percoll
density gradient centrifugation. Sex. Transm. Dis. 11:275-286.
Hart, G. 1986. Syphilis tests in diagnostic and therapeutic
decision making. Ann. Intern. Med. 104:368-376.

Hay, P. E., J. R. Clark, R. A. Strugnell, D. Taylor-Robinson,
and D. Goldmeier. 1990. Use of the polymerase chain reaction to
detect DNA seéquences specific to pathogenic treponemes in
cerebrospinal fluid. FEMS Microbiol. Lett. 68:233-238.
Higuchi, R. 1989. Simple and rapid preparation of samples for
PCR, p. 31-38. In H. A. Ehrlich (ed.), PCR technology—
principles and applications for DNA amplification. Stockton
Press, New York.

Hook, E. W., III. 1989. Syphilis and HIV infection. J. Infect.
Dis. 160:530-534.

Hook, E. W., III, R. E. Roddy, S. A. Likehart, J. Hom, K. K.
Holmes, and M. R. Tam. 1985. Detection of Treponema palli-
dum in lesion exudate with a pathogen-specific monoclonal
antibody. J. Clin. Microbiol. 22:241-244.

Hsu, P.-L., N. R. Chamberlain, K. Orth, C. Moomaw, L.-Q.
Zhang, C. A. Slaughter, J. D. Radolf, S. Sell, and M. V. Norgard.
1989. Sequence analysis of the 47-kilodalton major integral
membrane immunogen of Treponema pallidum. Infect. Immun.
57:196-203.

Hunter, E. F., H. Russell, C. E. Farshy, J. S. Sampson, and S. A.
Larsen. 1986. Evaluation of sera from patients with Lyme
disease in the fluorescent treponemal antibody-absorption test
for syphilis. Sex. Transm. Dis. 13:232-236.

Innis, M. A., and D. H. Gelfand. 1990. Optimization of PCRs, p.
3-12. In M. A. Innis, D. H. Gelfand, J. J. Sninsky, and T. J.
White (ed.), PCR protocols—a guide to methods and applica-
tions. Academic Press, Inc., New York.

Johns, D. R., M. Tierney, and D. Felsentein. 1987. Alteration in
the natural history of neurosyphilis by concurrent infection with
the human immunodeficiency virus. N. Engl. J. Med. 316:1569—
1572.

Jordan, K. G. 1988. Modern neurosyphilis—a critical analysis.
West. J. Med. 149:47-57.

Kogan, S. C., M. Doherty, and J. Gitschier. 1987. An improved
method for prenatal diagnosis of genetic diseases by analysis of
amplified DNA sequences. N. Engl. J. Med. 317:985-990.
Lukehart, S. A., E. W. Hook III, S. A. Baker-Zander, A. C.
Collier, C. W. Critchlow; and H. H. Handsfield. 1988. Invasion
of the central nervous system by Treponema pallidum: implica-
tions for diagnosis and treatment. Ann. Intern. Med. 109:855-

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

41.

42.

43,

J. CLIN. MICROBIOL.

862.

Magnuson, H. J., H. Eagle, and R. Fleischman. 1948. The
minimal infectious inoculum of Spirochaeta pallida (Nichols
strain), and a consideration of its rate of multiplication in vivo.
Am. J. Syph. Gonn. Vener. Dis. 32:1-19.

Mahbubani, M. H., A. K. Bej, R. Miller, L. Haff, J. DiCesare,
and R. M. Atlas. 1990. Detection of Legionella with polynierase
chain reaction and gene probe methods. Mol. Cell. Probes
4:175-187.

Marchitto, K. S., S. A. Jones, R. F. Schell, P. L. Holmans, and
M. V. Norgard. 1984. Monoclonal antibody analysis of specific
antigenic similarities among pathogenic Treponema pallidum
subspecies. Infect. Immun. 45:660-666.

Marchitto, K. S., C. K. Selland-Grossling, and M. V. Norgard.
1986. Molecular specificities of monoclonal antibodies directed
against virulent Treponema pallidum. Infect. Immun. 51:168—
176.

Miao, R., and A. H. Fieldsteel. 1978. Genetics of Treponema:
relationship between Treponema pallidum and five cultivable
treponemes. J. Bacteriol. 133:101-107.

Miao, R. M., and A. H. Fieldsteel. 1980. Genetic relationship
between Treponema pallidum and Treponema pertenue, two
noncultivable human pathogens. J. Bacteriol. 141:427-429.
Moser, D. R., L. V. Kirchhoff, and J. E. Donelson. 1989.
Detection of Trypanosoma cruzi by DNA amplification using
the polymerase chain reaction. J. Clin. Microbiol. 27:1477—
1482.

Nielsen, S. L., K. K. Y. Young, and A. G. Barbour. 1990.
Detection of Borrelia burgdorferi by the polymerase chain
reaction. Mol. Cell. Probes 4:73-79.

Norgard, M. V., N. R. Chamberlain, M. A. Swancutt, and M. S.
Goldberg. 1986. Cloning and expression of the major 47-kilodal-
ton surface immunogen of Treponema pallidum in Escherichia
coli. Infect. Immun. 54:500-506.

Perine, P. L. 1984. Syphilis and the endemic treponematoses, p.
247-256. In T. G. Strickland (ed.), Hunter’s tropical medicine,
6th ed. W. B. Saunders Company, Philadelphia. )
Radolf, J. D., N. R. Chamberlain, A. Clausell, and M. V.
Norgard. 1988. Identification and localization of integral mem-
brane proteins of virulent Treponema pallidum subsp. pallidum
by phase partitioning with the nonionic detergent Triton X-114.
Infect. Immun. 56:490—498.

Radolf, J. D., and R. P. Kaplan. 1988. Unusual manifestations of
secondary syphilis and abnormal humoral response to
Treponema pallidum antigens in a homosexual man with asymp-
tomatic human immunodeficiency virus infection. J. Am. Acad.
Dermatol. 18(Part 2):423-428.

Radolf, J. D., and M. V. Norgard. 1988. Pathogen specificity of
Treponema pallidum subsp. pallidum integral membrane pro-
teins identified by phase partitioning with Triton X-114. Infect.
Immun. 56:1825-1828.

Rosa, P. A., and T. G. Schwan. 1989. A specific and sensitive
assay for the Lyme disease spirochete Borrelia burgdorferi
using the polymerase chain reaction. J. Infect. Dis. 160:1018—
1029.

Rothschild, B. M., and W. Turnbull. 1987. Treponemal infection
in a Pleistocene bear. Nature (London) 329:61-62.

Saiki, R. K., D. H. Gelfand, S. Stoffel, S. J. Scharf, R. Higuchi,
G. T. Horn, K. B. Mullis, and H. A. Erlich. 1988. Primer-
directed enzymatic amplification of DNA with a thermostable
DNA polymerase. Science 239:487—491.

. Saito, I., B. O. Servenius, T. Compton, and R. I. Fox. 1989.

Detection of Epstein-Barr virus DNA by polymerase chain
reaction in blood and tissue biopsies from patients with Sjo-
gren’s syndrome. J. Exp. Med. 169:2191-2198.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning—a laboratory manual. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor; N.Y. )

Shibata, D. K., N. Arnheim, and W. J. Martin. 1988. Detection
of human papilloma virus in paraffin-embedded tissue using the
polymerase chain reaction. J. Exp. Med. 167:225-230.
Srinivasan, G., R. S. Ramamurthy, A. Rharathi, S. Voora, and
R. S. Pildes. 1983. Congenital syphilis: a diagnostic and thera-



VoL. 29, 1991

45.

peutic dilemma. Pediatr. Infect. Dis. 2:436-441.

. Starnbach, M. N., S. Falkow, and L. Tompkins. 1989. Species-

specific detection of Legionella pneumophila in water by DNA
amplification and hybridization. J. Clin. Microbiol. 27:1257-
1261.

Thornburg, R. W., and J. B. Baseman. 1983. Comparison of
major protein antigens and protein profiles of Treponema palli-
dum and Treponema pertenue. Infect. Inmun. 42:623-627.

46.

47.
48.

DETECTION OF T. PALLIDUM BY PCR 69

Tramont, E. C. 1990. Treponema pallidum (syphilis), p. 1794—
1808. In G. L. Mandell, R. G. Douglas, Jr., and J. E. Bennett
(ed.), Principles and practice of infectious diseases, 3rd ed. John
Wiley & Sons, Inc., New York.

Turner, T. B., P. H. Hardy, and B. Newman. 1969. Infectivity
tests in syphilis. Br. J. Vener. Dis. 45:183-196.

Zar, J. H. 1984. Binomial distribution, p. 378. In Biostatistical
analysis, 2nd ed. Prentice-Hall, Inc., Englewood Cliffs, N.J.



