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Chlamydia pneumoniae is a common and important intracel-
lular bacterium implicated in upper and lower respiratory tract
infections in humans. Also, C. pneumoniae has been associated
with chronic diseases such as atherosclerosis and asthma. Since
C. pneumoniae can cause severe clinical disease, correct diag-
nosis and therapy are important issues. However, conventional
assays for the detection of C. pneumoniae have limitations, and
there is a need for more accurate diagnostic methods. Nucleic
acid amplification (NAA) techniques have the potential to
offer clinical laboratories a convenient means of detecting C.
pneumoniae rapidly and reliably, ensuring optimal clinical de-
cisions and patient care, including choice of appropriate anti-
biotic therapy. This minireview discusses the molecular biolo-
gy-based amplification methods that are currently available for
the detection of C. pneumoniae as well as potential new tech-
niques. Topics that are discussed include specimen collection,
preparation of nucleic acid from samples, choice of gene target
and primer set selection, optimal amplification conditions, and
detection of the amplification product. Also reviewed are
methods for recognition and prevention of false-positive and
false-negative results, evaluations of new and old tests, and
clinical applications.

METHODOLOGICAL ASPECTS

General. Routine implementation of NAA techniques re-
quires that several methodological issues be considered. Issues
that must be addressed include the selection of appropriate
gene targets for amplification, choice of appropriate primers,
specimen collection, nucleic acid preparation, detection and
attenuation of inhibitors of the amplification reaction, appro-
priate detection of amplification products, and the use of con-
trols for contamination and nonspecific reactions (33, 57, 67).
Because of the inherent complex interactions of the PCR com-
ponents, no single PCR protocol will be appropriate for all
situations. Therefore, each new diagnostic PCR application
will require careful optimization of procedures. Common
problems include no detectable product or a low yield of the
desired product, nonspecific background DNA products, prim-
er-dimer formation, and mutations or heterogeneity due to
misincorporation of nucleotides in the genome (34). Subopti-
mal reaction conditions may occur for a number of reasons,
including the use of inappropriate primers, the use of improper
cycling time and temperature conditions, variable polymerase
enzyme quality, temperature inconsistencies across the block
of the thermal cycler, and the use of suboptimal Mg>* con-

* Corresponding author. Mailing address: Department of Clinical
Virology, University Hospital of Ume4, Building 6G, Room 178, S-901
85 Umead, Sweden. Phone: 46-90-7851304. Fax: 46-90-129905. E-mail:
jens.boman@climi.umu.se.

3791

centrations (92). Reagent concentrations to be optimized by
titration include those of the enzyme, deoxynucleoside triphos-
phates, magnesium, and primers. Additional considerations
include the performance of enzymes from different suppliers,
variations in PCR buffers, use of proteins for enzyme stabili-
zation, and alteration of annealing, extension, and denatur-
ation temperatures and times and cycle number (34, 67, 76).
Higher-stringency annealing temperatures during the first cy-
cles will help to increase specificity, and the touchdown PCR
(19) with decreasing annealing temperatures is a technique
that has been adopted for reduced background amplification
and thus increased specificity (10, 85). Nested PCR with am-
plification in two steps with two different primer pairs may also
be used to greatly increase both the sensitivity and the speci-
ficity of the PCR procedure (6, 10). The nested PCR technique
requires careful control of product carryover contamination.
However, in this technique the final and shorter PCR product
generated during the second amplification cannot serve as a
target of the primers of the first PCR step, providing additional
specificity. This is an important advantage compared to ream-
plification with the same primer pair, e.g., booster PCR (75).
Another technique that may be used for increased specificity is
hot-start PCR, in which all the PCR components except one
critical reagent are mixed together and kept at a temperature
above the threshold of nonspecific binding of primer to tem-
plate. The missing component is then added immediately be-
fore cycling to allow the cycling to begin at a high temperature,
precluding nonspecific primer binding (57).

The use of an expanded “gold standard” with a second NAA
test that targets a different gene (78, 79) is needed to accurately
validate new nucleic acid-based techniques since culture may
lack sufficient sensitivity. Presently, the lack of a consensus
standard makes it difficult to evaluate new methods, and, thus
far, few PCR tests for the detection of C. pneumoniae DNA
have been adequately evaluated in comparison with culture,
species-specific serology, and alternative NAA assays in studies
with large numbers of clinical specimens. The fact that C.
pneumoniae may be carried in the respiratory tract for pro-
longed periods (29) may make it difficult to evaluate the use of
different diagnostic tests for the diagnosis of acute infections,
especially in comparisons of serology and detection methods
such as PCR and culture. A relative comparison of PCR with
cell culture inclusion-forming units (IFU) per milliliter from
stock solutions may not be very informative since different
culture systems may vary considerably in sensitivity. If an in-
sensitive culture system is used, the PCR may appear to be very
sensitive, which may not be the case. Since PCR can detect the
presence of C. pneumoniae DNA derived from noninfectious
reticulate bodies and nonviable elementary bodies, a PCR sen-
sitivity less than 1 IFU can be expected, even if a very sensitive
culture system is used (93). Comparison with elementary body
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count, e.g., by using direct fluorescent assay (DFA), can, in the
hand of an experienced microscopist, be a better method for
estimation of PCR sensitivity (42, 85). Since NAA techniques
aimed at targeting DNA can detect both viable and nonviable
organisms, detection of cDNA by reverse transcription-PCR of
mRNA may be a useful complement to cell culture to establish
if the C. pneumoniae infection is productive (41).

False-positive results. In order to minimize the risk of false-
positive results due to contamination of specimens with previ-
ous amplification products (product carryover), positive con-
trols or positive specimens (cross-contamination), or
exogenous sources such as an infected technician, guidelines
have been formulated. It is imperative to pay attention to these
recommendations, which include the use of meticulous labo-
ratory techniques, strict physical separation of work areas and
containment devices, inactivation protocols, and environmen-
tal decontamination (47, 91). The use of strongly positive con-
trols, i.e., highly concentrated solutions of extracted C. pneu-
moniae DNA, should be avoided. It is also recommended that
several well-characterized negative controls and multiple re-
agent controls be included with each amplification (48). The
negative controls, which should include all PCR components
except the target DNA, should be run in parallel with the
samples throughout the whole procedure, beginning with ex-
traction of the nucleic acid from the clinical specimens to
detection of amplification product. The positive controls
should consist of low and very low DNA levels for C. pneu-
moniae. Confirmation of all positive findings by reanalysis with
reextraction of the original sample and repeat PCR is recom-
mended to minimize the risk of false-positive results due to
sporadic contamination events, since there is a low risk that a
sporadic contamination event occurs twice in the same way (11,
47). Nonreproducible PCR results can be due to contamina-
tion, low copy number, inhibition, primer mismatch due to
strain variation at the primer recognition site, or technical or
methodological errors.

False-negative results. False-negative results may be due to
inhibitors, human error including volume sampling error, in-
adequate extraction of nucleic acid, equipment failure, reagent
problems such as use of an inappropriate magnesium concen-
tration or of an inappropriate primer synthesis procedure, low
sensitivity of the detection system, low organism load, or poor
specimen quality (91). False-negative results can often be de-
tected by means of good quality control procedures, and it is
recommended that a positive control that amplifies weakly but
consistently be used (48). PCR inhibitors generally act at one
or more of three essential points in the reaction: interference
with lysis of the host cell in the clinical specimen, target nucleic
acid degradation, and inhibition of polymerase activity for am-
plification of target DNA (92). Sophisticated and complicated
DNA extraction methods for the removal of PCR inhibitors
may be used in research laboratories but create work-flow
problems in routine diagnostic laboratories. In order to iden-
tify inhibitors of the PCR, the negative samples can be spiked
with a small amount of target DNA (36), but this procedure is
labor-intensive. Another solution for direct monitoring of in-
hibitory activity is to include a competitive hybrid internal
control for each sample that is coamplified (when inhibition
does not occur) in the reaction mixture with the same primers
as those used for the real target. A low concentration of inter-
nal control is added to each PCR mixture to confirm true-
negative PCR results by ruling out the presence of detectable
PCR inhibition and to identify those specimens that require
specific measures in order to attenuate PCR inhibitors. A pos-
itive internal control amplification indicates the lack of conse-
quential inhibitors in the clinical specimen (70, 86).
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By adding the internal control before the DNA extraction
procedure (43), the control not only detects inhibition of the
PCR but also monitors the sample preparation procedure (33),
with the exception of the release of nucleic acid from the cell.
Nonamplifiable samples can be reanalyzed after dilution of the
processed sample, storage at 4°C, freezing-thawing, heating, or
treatment of the sample by an alternative extraction protocol
(50, 70). Dilution of samples is a simple method that may
improve amplification by reduction of inhibitors; however, the
sensitivity may also be reduced as a result of dilution of target
DNA, and consequently, samples with low copy number might
be false negative due to this procedure. The use of a nested
PCR reduces the problem with PCR inhibitors substantially,
since present PCR inhibitors are diluted between the first and
the second amplification reactions (6).

In theory, use of a larger volume of the sample in the am-
plification reaction may increase the sensitivity, but this strat-
egy may be hampered by an unacceptable increase in the level
of PCR inhibitors in a subset of the samples (2, 13, 33). Am-
plification of human genes such as the B-globin gene can be
valuable for confirming the presence of human DNA in the
sample (11), i.e., confirming that the sample contains cellular
material, but is not recommended as a test of inhibition since
the number of copies of this gene in each sample may be much
higher than the number of copies of the C. pneumoniae target
gene. In addition, the requirement for different amplification
conditions may be another limitation when housekeeping
genes are used for control of inhibition (79).

A large number of DNA polymerases originating from dif-
ferent sources are commercially available. These enzymes may
exhibit differences in processivity and fidelity (1, 92), and some
enzymes may be more suitable than others for specific tasks; it
is therefore worthwhile to compare enzymes from different
suppliers. A large number of endogenous and exogenous com-
ponents that may inhibit or facilitate the amplification reaction
are listed by Wilson (92). Compounds that may cause complete
reaction failure or reduced sensitivity include phosphates when
phosphate-buffered saline buffer is used to collect samples,
hemoglobin, urea, heparin, constituents of bacterial cells, non-
target DNA, pollen, glove powder, dust, UV light-irradiated
mineral oil, and laboratory plasticware including some micro-
centrifuge tubes.

Specimen collection. The specimen collection depends on
the type of clinical condition. Suitable specimens for use in the
detection of C. pneumoniae include sputum specimens (10, 85),
bronchoalveolar lavage (BAL) specimens (17, 22), swabs of the
nasopharynx and throat (6, 10, 20, 25, 29), nasopharyngeal (42,
86) and ear fluid (9, 82) aspirates, gargled water (71), and
tissues from a biopsy or autopsy (45, 68). A few studies on the
detection of C. pneumoniae DNA in blood specimens have
been published (11, 61, 62), but the use of blood samples for
direct detection of C. pneumoniae needs further evaluation.
Deep-seated tissues are not easily accessible, and hence, de-
tection of C. pneumoniae in blood specimens may be a valuable
tool for the identification of individuals with systemic infection
and for monitoring the response to antichlamydial therapy.
Boman et al. (10) compared different respiratory sampling
sites, and sputum samples seem to be superior to nasopharyn-
geal and throat swabs for the detection of C. pneumoniae.
Nasopharyngeal and throat swab samples are of value for pa-
tients who cannot produce a sputum sample (10), such as
young children. However, not all protocols seem to be useful
for the detection of C. pneumoniae in sputum (20, 87). In a
pneumonia treatment study with 260 previously healthy chil-
dren aged 3 to 12 years, it was shown that the posterior naso-
pharynx may be superior to the throat as a source for isolation
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of the organism (8, 30). Of 34 children from whom C. pneu-
moniae was isolated, nasopharyngeal samples were positive for
all children, but throat samples were positive for only 50% of
the same children (30).

For collection of nasopharyngeal specimens, a Dacron fiber-
tipped swab with a plastic shaft is preferred over a calcium
alginate fiber-tipped swab with an aluminum shaft since the
latter may contain PCR inhibitors (88). For cell culture, some
adhesives used to attach the Dacron to the swab can be toxic to
the cells or inhibit the growth of C. pneumoniae (30). Sucrose-
phosphate buffer containing heat-inactivated fetal calf serum
and antibiotics is commonly used for collection and transport
of samples for Chlamydia culture. However, Chlamydia trans-
port media intended primarily for cell culture may not be
optimal for the collection and transport of samples that should
be analyzed by an NAA test (5). When only PCR is to be
performed, simpler and more appropriate collection buffers
that do not contain PCR inhibitors should be used (67). Black
et al. (6) found that transport media commonly used for chla-
mydial swab specimens were inhibitory for PCR. Therefore,
both sampling devices and transport media should be checked
for the presence of PCR inhibitors. The samples should be
transported to the laboratory as soon as possible and kept at
4°C or frozen at —70°C. For mRNA determinations it is im-
portant to freeze the samples at —70°C as soon as possible to
prevent degradation (74).

Processing of specimens. For routine diagnostic purposes,
the use of a simple method for processing of clinical samples is
important. The main goal is development and evaluation of
uncomplicated processing methods that efficiently release tar-
get DNA from the specimen without sacrificing sensitivity, in
combination with successful removal of PCR inhibitors that
may be present in the DNA preparation. The optimal tech-
nique used for extraction of nucleic acid depends on the type
and amount of starting material, the amount of potential PCR
inhibitors present in the sample, and the type of nucleic acid
being extracted (65).

Gnarpe and Eriksson (25) compared use of the Amplicor
sputum sample preparation kit (Roche Diagnostics) with pro-
teinase K treatment with throat samples collected from 53
patients seeking medical attention for symptoms of long-stand-
ing respiratory infection. They found that the sensitivity of the
C. pneumoniae PCR was increased by treatment involving
more complete lysis of cells derived from the specimen by use
of the Amplicor sputum sample preparation Kkit.

Daugharty et al. (18) evaluated seven procedures for extract-
ing chlamydial DNA from buffy coats spiked with Chlamydia
elementary bodies. The investigators concluded that the
QIAamp kit (Qiagen) was the extraction method of choice due
to its simplicity, rapidity, and sensitivity. Maass and Dalhoff
(50) assessed the presence of PCR inhibitors in 75 BAL spec-
imens after treatment by three common sample preparation
methods. PCR inhibitors were present in 31% of the samples
processed by heat treatment, in 12% of the samples for which
single-step proteinase K digestion was used, and in 0% of the
samples that were subjected to cetyltrimethylammonium bro-
mide-based DNA purification. Unfortunately, the sample
preparation method most effective in identifying C. pneu-
moniae-infected patients was the least convenient since it is
labor-intensive.

Wilson et al. (93) compared four methods for DNA extrac-
tion from dilutions of cultured Chlamydia: (i) a guanidine
isothiocyanate-silica method, (ii) an extraction method with
Chelex, (iii) boiling of samples for 15 min followed by high-
speed centrifugation for 10 min, and (iv) proteinase K treat-
ment for 30 min followed by inactivation of the protease by

MINIREVIEW 3793

boiling for 10 min. The proteinase K digestion-based method
was 10 times more sensitive than the guanidine isothiocyanate-
silica-based method. The Chelex-based method was between
10- and 100-fold less sensitive than the guanidine isothiocya-
nate-silica-based method. Finally, the boiling method was the
least efficient one.

Meijer et al. (58) developed an extended procedure for
isolation of DNA from vascular tissue using a commercial
DNA extraction kit (Easy-DNA Kit; Invitrogen) followed by a
silica-based method. PCR inhibitor-free chlamydial DNA was
obtained from vascular tissue samples spiked with C. pneu-
moniae DNA. To increase the specificity of the reaction, anti-
polymerase antibodies were used. The antibodies prevented
primer-dimer formation. The investigators concluded that the
method can serve as a reference method.

If a swab is used for collection, the tube should be vortexed
with glass beads before removal of the swab from the collection
medium (10). Sputum samples and other viscous samples
should be treated with a mucolyzing agent (e.g., N-acetylcys-
teine), washed, and concentrated before the extraction of
DNA (10, 80). Protein digestion with proteinase K followed by
DNA extraction with phenol-chloroform and precipitation
with alcohols could be used for high purity, but this extraction
procedure is labor-intensive and evaluation of simpler methods
should be made in clinical studies with different types of sam-
ples. Methods useful for extraction of DNA from swabs may
not be appropriate for extraction of DNA from tissue (54).

Target regions and choice of primers. C. pneumoniae has a
genome size of 1,230,230 bp, consisting of 1,073 likely protein-
coding genes (39). For design of primers it is important to
choose a gene sequence that is highly conserved within the
species to avoid failure of the PCR due to mismatches between
the primers and the target gene. Moreover, the sequence
should differ significantly from other gene sequences, including
sequences of other Chlamydia species, in order to avoid false-
positive results due to amplification of non-C. prneumoniae
sequences.

Several different targets, primers, and reaction protocols
have been described; commonly used PCR methods and target
regions are summarized in Table 1. Unfortunately, not many
studies comparing the performance of PCR methods with dif-
ferent C. pneumoniae target regions and primers have been
published (55). Important general and specific considerations
for optimal primer design for the detection of Borrelia burg-
dorferi DNA have recently been described by Schmidt (79).
These recommendations could also be adopted for use in
choosing primers for amplification of C. pneumoniae DNA.
The primer pair should (i) amplify all strains of the bacterium,
(ii) amplify all strains with the same sensitivity, (iii) not amplify
DNA from other microbes (i.e., it should be highly specific),
(iv) form stable duplexes with the template, (v) be 15 to 30
nucleotides long, (vi) have a high G+C content (generally
accepted value, 50%), (vii) not form 3’ end duplexes with
themselves, (viii) not contain homo-oligomers or short re-
peated sequences, (ix) be stable at the 5’ termini but somewhat
unstable at the 3’ ends, (x) be free of significant complemen-
tarity at their 3’ ends (which may promote primer-dimer for-
mation), (xi) have melting temperatures that are very close to
each other, and (xii) have a difference in melting temperatures
with respect to the target that does not exceed 20°C (target
self-annealing will otherwise predominate).

As mentioned above, when NAA-based methods are devel-
oped, attention must be paid to test specificity so that DNA
from genetically related pathogens is not amplified by the
primers. In general, the test specificity increases with elevated
annealing temperature (long primers and primers with high
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TABLE 1. In-house-developed PCR assays for detection of C. pneumoniae®

Author(s) Year of publication Reference Gene target Product size (bp) Type
Holland et al. 1990 31 MOMP 144 S+R
Watson et al. 1991 89 60-kDa protein 582 S+R
Campbell et al. 1992 13 Cloned Pst1 474 S+H
Gaydos et al. 1992 21 16S rRNA 463 S (+EIA)
Kaltenboeck et al. 1992 40 MOMP 1,120, 930 M+R (N)
Black et al. 1992 5 MOMP 1,070 S+R
Rasmussen et al. 1992 73 MOMP 145 S+R+H
Tong and Sillis 1993 85 MOMP 333, 207 N
Tjhie et al. 1993 84 MOMP 360, 320, 237 S+N+H
Black et al. 1994 6 16S rRNA 397, 858 N
Kubota 1996 44 53-kDa protein 499 S
Ong et al. 1996 66 MOMP 498, 227 N
Khan et al. 1996 41 DnaK 415 RT
Wilson et al. 1996 93 16S rRNA 317, 178 N
Khan and Potter 1996 42 Cloned Pstl 474, 204 N+H
Maass et al. 1997 51 Cloned Pst1 474, 128 N+H
Messmer et al. 1997 60 16S rRNA 436, 221 M
Nystrom-Rosander et al. 1997 64 16S rRNA 463, 269 N
Yoshida et al. 1998 94 MOMP 258 S+R
Jantos et al. 1998 36 16S rRNA 465 S+EIA
Petitjean et al. 1998 69 60-kDa protein 183 S+EIA
Madico et al. Submitted 56 16S rRNA 195 SorM

“ Abbreviations: S, single-step PCR; N, nested PCR; M, multiplex PCR; RT,

G+C contents). It is necessary to use computer programs and
sequence databases for selection of optimal primers. However,
this procedure does not exclude subsequent careful practical
and clinical experiments for testing of specificity since com-
plete sequence information is not available for most organisms
(57). Not only serial dilutions of cultured purified target DNA
but also clinical specimens that may contain interfering extra-
neous DNA and inhibitory substances should be used to test
for sensitivity (79).

PCR methods. Holland et al. (31) developed a major outer
membrane protein (MOMP)-based PCR test that could iden-
tify three species of Chlamydia (C. trachomatis, C. pneumoniae,
and C. psittaci) using three primer pairs and one restriction
enzyme digestion.

Rasmussen et al. (73) described a protocol that amplifies a
conserved genus-specific target of the chlamydial MOMP gene
followed by restriction enzyme digestion for species identifica-
tion.

Watson et al. (89) developed a PCR assay based on ampli-
fication of the 60-kDa cysteine-rich outer membrane protein
genes of C. psittaci, C. pneumoniae, and C. trachomatis, fol-
lowed by species differentiation with four restriction endonu-
clease digestion enzymes. Similarly, Tjhie et al. (84) developed
a general PCR with a target within the MOMP gene. Subse-
quent species-specific differentiation of C. trachomatis, C.
pneumoniae, and C. psittaci was performed by hybridization of
the amplified PCR product with internal probes.

Several of the early methods described for the detection of
C. pneumoniae are rather complicated and have been poorly
evaluated with clinical specimens. The PCR protocol described
by Tong and Sillis (85), in which a nested touchdown PCR with
a target within the MOMP-coding gene is used, has proved to
be both sensitive and specific compared with other diagnostic
methods including cell culture, DFA, and microimmunofluo-
rescence (MIF) serology (10, 36, 85). The outer primers am-
plify a 333-bp product from both C. pneumoniae and C. psittaci
but do not amplify DNA from C. trachomatis. One of the
internal primers is specific for C. pneumoniae; therefore, only

reverse transcriptase; R, restriction enzyme digestion; H, hybridization.

the first-stage product from C. pneumoniae can be amplified in
the nested PCR, yielding a 207-bp product.

16S rRNA genes (21) have also been widely used as the
target, and a combined PCR and enzyme immunoassay (EIA)
method developed by Gaydos et al. (22-24) has proved to be
specific and fairly sensitive for detection of C. pneumoniae in
respiratory specimens, although its sensitivity may be im-
proved. The single primer pair product (463 bp) is detected in
an EIA after hybridization to a biotinylated RNA probe com-
plementary to a part of the amplified 16S rRNA gene. Thus,
the method combines the sensitivity and specificity of PCR
with a convenient and objective detection system based on the
EIA technique after hybridization with an RNA probe.

Nystrom-Rosander et al. (64) have developed a nested PCR
using the 16S rRNA primers Cpn A and Cpn B described by
Gaydos et al. (21) as the outer primers and Cpn 1 and Cpn 2
as the internal primers, generating a 269-bp product. The test
was used to detect C. pneumoniae in sclerotic aortic valves of
patients undergoing valve replacement.

Black et al. (6) used a nested primer strategy for direct
species-specific detection of the 16S rRNA gene of C. pneu-
moniae. The test was applied to 58 swab specimens collected in
two different studies with patients with respiratory illness and
was found to be as sensitive as culture or serology for the
detection of C. pneumoniae infection. Black and colleagues
concluded that single-step PCR may be unreliable for direct
testing of clinical specimens, regardless of the size of the prod-
uct amplified, unless a nested PCR is performed, sensitive
PCR product detection methods are used, or steps are taken to
eliminate inhibitors in the transport medium or in the speci-
men itself. The nested PCR overcame the inhibition problem
with crude specimen preparations and was found to be a fast
alternative to time-consuming and labor-intensive DNA puri-
fication and extraction methods. The satisfactory performance
of a nested PCR has recently been confirmed (10).

Wilson et al. (93) have designed a one-tube nested PCR
using two primer pairs with different melting points in one
reaction mixture for amplification of a C. pneumoniae-specific



VoL. 37, 1999

region of the 16S rRNA gene. The initial thermal cycles were
selected to allow annealing and extension of only the outer
primer pair, while in later cycles a temperature that allowed
inner primer annealing was used. The inner primers were la-
beled with biotin (one primer) and fluorescein (the other
primer) so that the dually labeled PCR product could be im-
mobilized onto antibiotin-coated microtiter plates and then
detected colorimetrically with an antifluorescein-enzyme con-
jugate.

Jantos et al. (36) have developed a simplified PCR-EIA
based on the 16S rRNA primers described by Gaydos et al.
(21). Biotin-labeled C. pneumoniae PCR products hybridize to
a digoxigenin-labeled probe. The complex is captured in
streptavidin-coated microtiter plates and then detected with an
antidigoxigenin-peroxidase conjugate and a colorimetric sub-
strate. The PCR-EIA was found to be much more sensitive
than visualization of PCR products on an agarose gel and as
sensitive as Southern blot hybridization.

Perhaps the most frequently used PCR system for the de-
tection of C. pneumoniae DNA is the system developed by
Campbell and colleagues (13), derived from a cloned 474-bp C.
pneumoniae-specific Pst] fragment targeted by the primers HL
and HR and the probe HM. A modification of this PCR test
was made by Khan and Potter (42), who designed a fourth
primer (primer HR-2) and developed a nested PCR with the
internal primers HM-1 and HR-2, which generate a product of
204 bp. Also, Maass et al. (51) have developed a nested PCR
method based on the method originally described by Campbell
et al. (13). That PCR method yields a 128-bp amplification
product. For additional confirmation, nonradioactive DNA hy-
bridization was performed (51).

Kubota (44) has designed a PCR test that amplifies a se-
quence within the 53-kDa protein gene of C. pneumoniae. By
this PCR, DNA was amplified from 24 C. pneumoniae strains
collected from different geographical locations. DNAs from C.
trachomatis, C. psittaci, C. pecorum, or several other bacteria
commonly related to respiratory tract infections were not de-
tected. Unfortunately, the test was not evaluated with clinical
specimens.

Recently, Yoshida et al. (94) designed a primer pair for
genus-specific detection of Chlamydia MOMP DNA. By re-
striction endonuclease analysis of the amplified products with
Alul and Pvull, detection and differentiation of the four known
Chlamydia species can be achieved.

Multiplex PCR. Multiplex PCR tests with primer sets in-
cluded in the PCR for the amplification of more than one
target sequence have also been developed. Kaltenboeck et al.
(40) simultaneously used one genus-specific primer and three
species-specific primers for amplification of the MOMP-coding
gene of different Chlamydia groups (trachoma, pneumonia,
and polyarthritis). The groups were differentiated by the length
of the amplified DNA fragment. To discriminate the organisms
at the species level, restriction endonuclease analyses are nec-
essary after the second PCR step. Messmer et al. (60) devel-
oped a nested multiplex PCR for the simultaneous detection of
C. trachomatis, C. psittaci, and C. pneumoniae with the 16S
rRNA gene as the target. Madico et al. (56) developed a
multiplex PCR for the determination and differentiation of C.
pneumoniae, C. trachomatis, and C. psittaci using primer sets
from the 16S-23S rRNA genes, which provides excellent sen-
sitivity and specificity.

Potential problems with multiplex PCR include sensitivity
and specificity problems that might occur if the optimal an-
nealing temperatures for the individual primers are not iden-
tical (33). Grondahl et al. (28) developed a multiplex PCR
method to allow in one test the detection of nine different
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microorganisms including C. pneumoniae. Nasopharyngeal as-
pirates were collected from 1,118 children with acute respira-
tory tract infections. Only one sample (<0.1%) was positive for
C. pneumoniae, a surprisingly low detection rate.

Detection of PCR product. If a one-step-based PCR method
is used, detection of the PCR product by a specific probe-based
hybridization assay is recommended for increased sensitivity
and specificity (79). Microplate-based colorometric methods
with EIAs (PCR-EIAs) may give results comparable to those
provided by Southern and dot blot hybridization and offer
some advantages in terms of simplicity and speed (24, 36, 67,
93). For the detection of the products generated by nested
PCR, agarose gel electrophoresis followed by ethidium bro-
mide staining seems to be a reliable detection method (6, 10).

Quantification of C. pneumoniae nucleic acid. Direct, quan-
titative, real-time DNA and RNA detection is possible by using
specifically designed automated equipment such as the Perkin-
Elmer Applied Biosystem 7700 DNA sequence detector (65).
Development of methods for quantitation of C. pneumoniae
nucleic acid has begun, but the expense associated with the
advanced instrumentation is a limitation that may make such
systems prohibitive to many investigators.

Standardization of different PCR protocols. Presently, 14
laboratories in Europe (n = 9) and the United States (n = 5)
are participating in a study comparing different PCR methods
for the detection of C. pneumoniae. The results obtained in
that study may be a guide in the choice of an appropriate PCR
method, including choice of target gene, primers, PCR condi-
tions, and detection system. Until then, it is too early to rec-
ommend a standard PCR procedure due to the lack of com-
parative studies.

Alternative amplification techniques. Besides PCR, alterna-
tive amplification techniques have been developed, including
nucleic acid sequence-based amplification, transcription-medi-
ated amplification, ligase chain reaction, QB replicase ampli-
fication, and strand displacement amplification (81, 90). These
techniques may all be useful alternatives to PCR, but so far, no
study describing the application of any of these methods for
the detection of C. pneumoniae has been published.

DIAGNOSTIC ASPECTS

General clinical aspects. Several clinical studies with PCR
for the detection of C. pneumoniae in respiratory samples have
been performed and their results have been published (6, 10,
17, 23, 26). Although the performance of many PCR methods
seems to be very good, most of these studies have been con-
ducted by skilled research personnel under carefully controlled
conditions. These methods may not perform equally well in
routine laboratories with crude specimen preparations. In ad-
dition, some of these methods are cumbersome and time-
consuming and are not easily adapted or practical for use in
routine clinical laboratories. Moreover, the risk of contamina-
tion is greatly increased when large numbers of specimens are
analyzed in the laboratory (79). More studies need to be con-
ducted to determine the sensitivity and specificity of PCR by
testing large numbers of clinical specimens from symptomatic
and asymptomatic individuals (30). The samples should be
tested in parallel with a sensitive culture system (10, 23) and by
one or several alternative amplification methods (e.g., a PCR
that targets alternative gene sequences). Serology should also
be performed to distinguish a carrier state from acute infection
(10, 23, 87).

Introduction of highly sensitive NAA techniques such as
PCR may increase our ability to identify C. pneumoniae carri-
ers who are latently or persistently infected. Since the clinical
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TABLE 2. Comparison of methods for diagnosis of respiratory C. pneumoniae infection

J. CLIN. MICROBIOL.

No. (%) of samples positive by the

Confirmation by
MIF-serology

" No. of Subject age following detection test:
Reference Sample (no. of samples
samples range (yr) o
PCR Culture EIA DFA positive/total no. of
samples tested [%])
6 Np, Th 58 NS? 10 (17) 8 (14) ND¢ ND 6/9 (67)
10 Np, Th, Sp 116 3-79 30 (26) 23 (20) 26 (22) ND 26/27 (96)
16 Npa 108 9-11 43 (45) ND ND ND ND
17 Ba 104 NS 15 (14) 4(4) ND ND ND
22 Ba 108 NS 12 (11) 0(0) ND ND 4/8 (50)
23 Np 136 NS 27 (20) 31(23) ND 6/124 7/23 (30)¢
24 Ba 385 NS 13 (3) 3(1) ND ND 3/13 (23)
26 Th 54 NS 8 (15) 7 (13) ND ND 9/9 (100)
28 Npa 1,118 NS 1(0.1) ND ND ND ND
32 Np 104 21-53 2(2) 1(1) ND 11 0/2 (0)
36 Th 368 NS 15 (4) 1(0.3) ND ND ND
42 Npa 152 0-2 1) ND ND ND ND
59 Urs, Npa, Ba 135 NS 19 (14) ND ND ND ND
69 Npa, Ba 68 32-90 4 (6) ND ND ND 3/4 (75)%
70 Np 237 NS 21(9) ND ND ND ND
7 Gw 193 5-16 ND 0 (0) ND ND
85 Sp 26 <65 10 (38) 1/10 9/10 10/10 7/10 (70)
86 Npa 71 NS ND ND ND ND
87 Np, Th, Sp 156 20-93 31 (20) 1(0.6) ND ND 7/31 (23)

“ Np, nasopharyngeal swab; Th, throat swab; Sp, sputum; Npa, nasopharyngeal aspirate; Ba, BAL specimen or bronchial aspirate; Urs, upper respiratory samples;

Gw, gargled water.
P NS, not stated.
¢ ND, not done.
@ Results are number of samples positive/number of samples tested.
¢ Only a single serum was available.
/ Confirmation was performed by an alternative PCR method.
¢ Immunoglobulin A titer, =1/32.

relevance of asymptomatic infection and prolonged carriage is
unclear, NAA sensitivity may exceed clinical relevance (63,
87), and the interpretation of results may occasionally be prob-
lematic when there is no corresponding serologic response. In
symptomatic patients, detection of a persistent and perhaps
harmless C. pneumoniae coinfection may actually obscure the
true etiology. A single PCR result, especially a qualitative one,
negative or positive, must always be viewed with caution and
interpreted in the context of the patient’s symptomatology and
together with clinical findings and the results of other proce-
dures for the detection of C. pneumoniae and for other patho-
gens. Continuous education of clinicians in the proper use and
interpretation of PCR-generated results, as well as in the lim-
itations of the tests, is also of importance.

Comparison of the data from different clinical studies is
complicated due to differences in sample collection, transpor-
tation, and extraction procedures, input sample volumes, tar-
get genes, primers, cycling parameters, and detection systems.
More important, the lack of a consensus method for appropri-
ate evaluation of the different methods precludes comparisons.
The good test performance obtained in research studies with
artificially prepared samples may not be achieved when the test
is then used for amplification of targets from clinical samples
(81). Nonetheless, various PCR procedures seem to be at least
as sensitive as culture (10, 87), but specificity figures may be
difficult to interpret due to the lack of an appropriate gold
standard. Highly sensitive and specific, standardized, and com-
mercially available amplified nucleic acid tests are sorely
needed.

Respiratory infection. Since 1985 (77), C. pneumoniae has
emerged as a common and important respiratory pathogen.
More attention has recently been directed to diagnosis, since
the acute infection is treatable with antibiotics. Appropriate

therapy can be offered early in the course of the disease,
provided that a rapid and reliable diagnostic test is available.
This strategy may prevent the development of a chronic C.
pneumoniae infection, although the opposite effect cannot be
excluded (4). An outbreak of C. pneumoniae infections among
University of Washington students was studied by Grayston
and colleagues (26). Oropharyngeal swab specimens were col-
lected and analyzed by culture and PCR; acute- and convales-
cent-phase serum samples were analyzed by MIF and comple-
ment fixation assays. A C. pneumoniae infection was diagnosed
in 12 of 54 students with acute respiratory disease (pneumonia,
n = 7; bronchitis, n = 4; sinusitis, n = 1) by MIF serology; 11
(92%) of these 12 MIF-positive students were also positive by
the complement fixation test. C. pneumoniae was isolated from
the oropharynges of 7 of the 12 MIF-positive students and was
detected by PCR in the throat swab specimens of all 6 students
with isolation-positive specimens examined and in 2 additional
patients (8 of 11 patients tested). There was no evidence of C.
pneumoniae organisms in the oropharynges by isolation or
PCR in either patients (n = 42) or control persons (n = 51)
without a serologic result that indicated acute C. pneumoniae
infection. The investigators concluded that PCR is a promising
technique for the quick demonstration of the organism in clin-
ical specimens. Moreover, the findings provided evidence for
an etiologic association of C. pneumoniae with pneumonia and
bronchitis.

Dalhoff and Maass (17) used a PCR method based on pub-
lished primers (12) and cell culture with HEp-2 cells to eval-
uate the incidence and clinical characteristics of C. pneumoniae
in 57 hospitalized patients with pneumonia, 47 human immu-
nodeficiency virus (HIV)-infected persons who were evaluated
because of opportunistic lung disease or for staging of pulmo-
nary involvement in systemic disease, and 100 control subjects
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with noninfectious bronchopulmonary disorders. A BAL sam-
ple was collected from all 204 subjects included in the study. By
using PCR, C. pneumoniae was detected in 16% of the patients
with pneumonia, and 13% of HIV-infected persons but in none
of the control persons. The sensitivity of cell culture was found
to be much lower than that of PCR (4 versus 15 positive
specimens), and no culture-positive but PCR-negative subjects
were observed. That study (17) shows that C. pneumoniae may
frequently be detected by PCR in samples from the lower
respiratory tracts of hospitalized patients with pneumonia but
is uncommon in immunocompetent patients without pneumo-
nia, showing that the PCR results obtained with BAL samples
are of clinical relevance in immunocompetent patients. Fur-
thermore, C. pneumoniae seems to be common in BAL sam-
ples collected from HIV-infected persons. The finding of C.
pneumoniae in BAL samples from immunocompromised pa-
tients has also been reported by Gaydos and colleagues (22),
who demonstrated a prevalence of 11% by PCR of BAL sam-
ples from immunocompromised patients with pneumonia. C.
pneumoniae may also be detected in the upper respiratory
tracts of healthy subjects. Hyman et al. (32) addressed this
question and conducted a prospective study with 104 subjec-
tively healthy health care workers. Nasopharyngeal swab spec-
imens were obtained and analyzed by culture and PCR-EIA. C.
pneumoniae was detected by PCR-EIA in two (2%) individuals
(one of whom was culture positive); none of them had sero-
logic signs indicating acute infection. However, as the investi-
gators concluded, these findings might not be generalized since
health care workers can be expected to be exposed to patients
with respiratory tract infections.

A comparison of different methods for the diagnosis of re-
spiratory C. pneumoniae infection is presented in Table 2. It is
obvious that the agreement between different methods is not
always high or that confirmation of PCR findings by one or
several alternative methods has not been performed.

Cardiovascular infection. PCR is commonly used, alone or
in combination with other diagnostic methods, for the detec-
tion of C. pneumoniae in the cardiovascular system. C. pneu-
moniae DNA has been detected in atherosclerotic plaques in
coronary arteries (14, 45, 52, 53), carotid arteries (15, 27, 35,
51), arteries of the lower extremities (46), abdominal aortic
aneurysms (7, 38, 68), sclerotic heart valves (37, 64), and atrial
tissue from donors of hearts for transplantation (83). The fre-
quency of positive results varies considerably (from 0 to 100%)
among different studies (3, 38, 49, 66, 90), which may be ex-
plained by the use of different PCR techniques and popula-
tions. However, even if samples from the same patients are
investigated by different laboratories, the variation in the fre-
quency of positive findings may be significant (72). Unfortu-
nately, in a study by Ramirez et al. (72), the same tissue was
not sent to the different laboratories since the samples were
too small to divide; the samples submitted to each laboratory
were therefore taken from different coronary arteries and from
different sections of the atherosclerotic lesions. As C. pneu-
moniae may be randomly distributed in the plaques in the same
patient (7, 35), it is difficult to compare the performance of the
PCR methods used in that study. Only if the DNA extractions
had been shared and analyzed by all the participating labora-
tories performing the PCR would it have been possible to
compare the performances of the different PCR methods. In
the future, such studies should be performed to elucidate the
reported discrepancies in results among different laboratories.

Other clinical applications. Khan et al. (41) developed a
reverse transcriptase (RT) PCR-based method to determine
the antibiotic susceptibility of Chlamydia species. Those inves-
tigators found that the MICs for C. pneumoniae determined by
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RT-PCR were generally higher compared with those estimated
by immunofluorescence staining. The authors concluded that
the antibiotic concentrations which were sufficient to suppress
detectable IFU were insufficient to cause complete inhibition
of multiplication of C. pneumoniae, as measured by determi-
nation of RNA transcripts. Thus, the RT-PCR may provide a
more sensitive and less subjective method than immunofluo-
rescence staining for estimation of MICs and may even have
applications for the diagnostic utility of NAA for detection of
active multiplication of C. pneumoniae in patients with various
disease states.

CONCLUSIONS

Conventional methods for the detection of C. pneumoniae
are complicated, time-consuming, and not always of high sen-
sitivity and specificity. The application of NAA technology to
Chlamydia research and routine diagnostics opens up new pos-
sibilities for the direct detection of C. pneumoniae. With fur-
ther optimization, standardization, and simplification, NAA
technology will certainly provide diagnostic laboratories with
powerful and rapid means for the direct identification of C.
pneumoniae in a variety of clinical specimens. Furthermore,
researchers will be better equipped with tools to define the
clinical spectrum of disease caused by this organism. However,
until simplification and standardization of the NAA-based
techniques have been achieved and/or commercial kits have
been developed, diagnostic laboratories should implement
these new techniques with caution and should pay attention to
strict quality control procedures so that reliable results can be
obtained.
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