




potential presence of inhibitors in some of the patient samples
that were not assayed by the b-globin PCR.

Analysis of patient specimens. A total of 349 specimens
were tested by PCR. Of those, 280 specimens were from the
original outbreak and 69 were received as follow-up specimens.
Of the 280 specimens tested initially, 73 were positive and 207
were negative after PCR and hybridization. A typical ethidium
bromide-stained 2% agarose gel, containing 11 patient speci-
mens along with both positive and negative controls, is shown
in Fig. 3. A total of 108 initial specimens were also tested by

culture. Of those initial specimens tested, 22 were culture pos-
itive and 86 were culture negative.

PCR and culture results on posttherapeutic follow-up. The
second follow-up specimen collected from 69 individuals was
taken 3 to 6 weeks after antibiotic therapy. It was of interest to
determine the effect that antibiotic treatment would have on
the detection of M. pneumoniae by PCR and culture. Most of
the individuals retested (53 of 69) were originally positive. Of
those individuals retested, 8 remained positive by PCR and 61
were negative by PCR. All of those who were originally PCR
negative remained PCR negative. The eight secondary speci-
mens that remained positive by PCR were also tested by cul-
ture. Of these, three specimens were positive by culture and
had initially been positive by culture. The other five specimens

FIG. 1. Primer design strategy for the forward and reverse PCR
primers (primers MP-F and MP-R, respectively) indicating the binding
positions within the M. pneumoniae genome (10). The primer se-
quences are shown at the bottom of each panel. Shaded areas indicate
mismatches between the primer and the genome sequences within
REPMP2/3 regions. The P1 adhesin gene sequence (P1) is indicated by
the appropriate genome sequence. (A) Alignment of forward primer
MP-F; (B) alignment of reverse primer MP-R.

FIG. 2. Ethidium bromide-stained 2% agarose gel showing sensi-
tivity of PCR after dilution of viable M. pneumoniae. Lane 1, 1-kb
DNA ladder (numbers on the left are in base pairs); lanes 2, 3, and 4,
amplified M. pneumoniae culture extracts containing 60, 6, and 0.6
CFU, respectively, in the total PCR mixture; lanes 5 and 6, extracts
that did not produce any CFU (extrapolated to dilutions of 0.06 and
0.006 CFU, respectively); lane 7, negative control.

FIG. 3. PCR amplification of repetitive element REPMP2/3 within
the P1 operon for direct detection of M. pneumoniae in patient sam-
ples. Samples were centrifuged, lysed, amplified by PCR, electropho-
resed, and stained with ethidium bromide. Lane 1, 1-kb ladder (num-
bers on the left are in base pairs); lanes 2 to 8, patient specimens; lane
9, negative control; lane 10, positive control.
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were negative by culture. Two of these were initially culture
negative, one was initially culture positive, and two had not
been previously tested by culture.

Dot blot hybridization analysis. Hybridization analysis was
carried out to confirm the specificity of the PCR. Figure 4
shows a typical blot with positive and negative controls, organ-
isms used for testing of specificity (Treponema pallidum and
Chlamydia pneumoniae), and 65 patient specimens that were
analyzed by PCR. A total of 131 patient specimens (initial and
follow-up specimens) were tested by hybridization. Of those
tested, 81 (73 initial specimens and 8 follow-up specimens)
were positive by DNA hybridization and 50 were negative.
These results correlated with the PCR results; thus, no PCR-
negative specimens were determined to be positive by hybrid-
ization and no PCR-positive samples were determined to be
negative by hybridization. Thus, as expected, the hybridization
assay provided sensitivity equivalent to those of PCR and Gel
Doc gel analysis system for the 131 samples tested, and none of
the observed PCR products from patient specimens had false-
positive results.

Comparison of culture and PCR. A total of 116 patient
specimens (108 primary specimens and 8 follow-up specimens)
were tested by both PCR and culture. A comparison of the
results obtained by these methods with patient specimens is
summarized in Table 1. All samples that were culture positive
were also PCR positive. Of the 91 specimens found to be
culture negative, 28 were PCR positive. The data in Table 1
demonstrate that PCR analysis was capable of markedly in-

creasing the level of detection of M. pneumoniae. It should be
noted that the first 87 outbreak-related specimens were tested
by both culture and PCR; thereafter, the remaining specimens
were tested only by culture if they were PCR positive. As a
consequence of using PCR to prescreen samples for culture,
the culture positivity rate was slightly higher than it would have
been had all samples been cultured.

DISCUSSION

Pneumonia caused by M. pneumoniae has long been a diffi-
cult disease to diagnose because there are both clinical and
laboratory diagnostic problems associated with its identifica-
tion. It has been realized for quite some time that the detection
of M. pneumoniae is greatly enhanced by the use of the PCR
methodology. PCR methods have provided an advantage be-
cause they are fast, specific, and sensitive: in this case 1 day is
required for amplification and 1 day is required for the dot blot
assay, whereas 1 to 3 weeks is required for traditional culture
methods. We have designed a genomics-based PCR primer
pair that targets multiple sites and that, we believe, on the basis
of published CFU, provides an improvement over the current
published methods.

An outbreak of M. pneumoniae in New York State provided
the opportunity to both validate our procedure and compare
its sensitivity and specificity to those of culture. This outbreak
was also the largest outbreak in New York State and one of the
largest in the country to be evaluated by testing of specimens
by PCR. Before development of this PCR assay, our New York
State reference laboratory had gained significant experience
with and expertise in Mycoplasma culture. The results of the
present study indicate that our PCR method is at least twice as
sensitive as the current culture methodology. Our PCR
method was highly sensitive (0.006 CFU) and specific and
displayed no nonspecific inhibition due to the transport or
processing of throat swab specimens.

The present PCR method was designed to amplify the P1
adhesin gene of M. pneumoniae. Numerous investigators have
recognized the benefit of using the P1 adhesin gene as a target
for PCR identification of M. pneumoniae. A number of inves-
tigators have published descriptions of PCR methods that tar-
get sequences within this gene (3, 4, 5, 12, 17, 21). The P1
adhesin gene is an ideal amplification target for PCR because
primers can be designed to target conserved regions within
known repeats of the M. pneumoniae genome. Portions of this
gene are repeated up to 10 times within the genome, thus
allowing an increase in the sensitivity of a PCR assay above
that of a typical one-target PCR method. Our efforts were
focused on taking full advantage of the repetitive elements in
the genome by creating an assay that would be capable of
amplifying the genome in the maximum number of regions.
The newly designed PCR had the theoretical advantage of
amplifying nine regions of the M. pneumoniae genome (Fig. 1).
The method was demonstrated to be further improved by in-
cluding the addition of a reverse primer to bind to the 10th
region (data not shown). Indeed, this method was highly sen-
sitive (0.006 CFU). This detection limit is the equivalent to 3
serial dilutions below the 6 CFU concentration of Mycoplasma
determined by culture. In addition to the multiple-target ad-
vantage of this PCR, it is also possible that nonviable bacterial

FIG. 4. Dot blot hybridization assay of amplified DNA from clini-
cal specimens. Dots A1 to A3 represent hybridization to an M. pneu-
moniae PCR product diluted 1:10, 1:40, and 1:160, respectively. Dot F1
is a negative control. Dots F2 and F3 indicate Treponema pallidum and
Chlamydia pneumoniae DNA samples, respectively, that were used as
part of the specificity assessment. The remaining dots are patient
specimens. Negative samples are dots A8, A9, B4 to B6, B10, B11, C7,
C9, C12, D1, D6, E8, E9, E11, and F1 to F10; the rest of the samples
are positive.

TABLE 1. Summary of results for paired outbreak-related
specimens tested by both culture and PCR

Result
No. of specimens

PCR negative PCR positive Total culture results

Culture negative 63 28 91
Culture positive 0 25 25

Total PCR results 63 53 116
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cells and extracellular DNA contribute to the discrepancy be-
tween the high level of sensitivity of PCR compared to that of
culture.

Other groups have also attempted to capitalize on this re-
petitive aspect of the genome, but analysis suggests that those
methods can potentially amplify only six or seven regions of the
genome (3, 12, 21). From our sensitivity experiments, on the
basis of serial dilution of M. pneumoniae (ATCC 29342) and
comparison of plate counts to PCR results, we found the level
of detection of PCR to be 0.006 CFU. This was considerably
more sensitive than the sensitivity reported for most M. pneu-
moniae PCR assays. One group (1) found a similar sensitivity
(0.019 CFU), but a nested PCR was used to achieve its PCR
sensitivity. Because nested PCR methods can be troubled by
contamination problems (1, 6, 15), the simple, nonnested PCR
assay described here, which has a sensitivity comparable to that
of nested PCR, should provide an improvement over the cur-
rent diagnostic tools used for laboratory detection of M. pneu-
moniae by PCR.

Hybridization by a dot blot method and with an internal
probe specific for our PCR product was used to add specificity
to our level of detection. On occasion, after specimen ampli-
fication we found secondary PCR products in addition to the
expected 309- to 339-bp product. Additionally, we occasionally
found nonspecific PCR products in the PCR-negative speci-
mens. Both of these events usually occurred when specimens
were tested on the same day that they were received or when
recently obtained specimens were tested, and spurious bands
often disappeared upon retesting. For these reasons, it was
important to probe the PCR products with a specific oligonu-
cleotide internal to the PCR primer set to ensure that any
positive result was truly a positive result and any negative result
was truly a negative result. This added test allowed confirma-
tion that the specimen was indeed M. pneumoniae.

Amplicon contamination is an important issue that must be
addressed with any PCR assay, especially one that is used
frequently in a setting such as a large outbreak. Appropriate
precautions were taken to maintain standard laboratory prac-
tices to avoid contamination. At least one negative control,
which contained no template, was run in every PCR, and this
control was always negative. The hybridization reactions also
contained multiple negative controls that were never positive.
Finally, a second PCR was used to confirm the results for a
number of specimens with PCR-positive, culture-negative re-
sults. The PCR assay amplified a different portion of the P1
adhesin gene that was included in the REPMP4 portions of the
M. pneumoniae genome (21).

As noted earlier in the report, there were twice as many
PCR-confirmed cases of M. pneumoniae infection as there
were culture-confirmed cases. We believe that these PCR-
positive, culture-negative cases were true cases of M. pneu-
moniae infection for several reasons. There have been studies
that suggest that PCR can detect mild cases of infection (8, 18),
infection in patients who have previously been treated with
antibiotics (8, 14), and infection in patients believed to be late
in the course of disease (24). Moreover, PCR can detect non-
viable bacteria, and in each of these instances culture would be
negative. Epidemiological analysis suggested that the commu-
nity members who were PCR positive had reported contact
with patients in this closed community confirmed to be positive

by culture (data not shown). Conceivably, the significance of
M. pneumoniae as a cause of infection is underestimated be-
cause of the difficulties in the past of obtaining samples from
patients with laboratory-confirmed cases of M. pneumoniae
infection.

Of the 172 primary specimens tested only by PCR and hy-
bridization, a positivity rate of 30% was established within the
community during the outbreak period. By comparison, a 20%
positivity rate was demonstrated by culture. However, this
number is probably the maximum culture positivity rate be-
cause many of these specimens tested by culture were tested
only after they were determined to be PCR positive to de-
crease the amount of laborious culture manipulation during
the outbreak. Because the sensitivity of this PCR assay is quite
good, the likelihood of finding a culture-positive, PCR-nega-
tive specimen was extremely unlikely. Most likely, the use of
culture methods on all of the samples would have resulted in a
lower culture positivity rate.

In the present study PCR provided a marked improvement
over culture, as was expected. Table 1 illustrates the results for
those paired samples that were tested by both PCR and cul-
ture. These data demonstrate that, of the specimens tested, no
PCR-negative specimen was found to be culture positive. This
indicates the increased sensitivity of PCR over that of culture.
Additionally, when those specimens that were PCR positive
were observed for their rate of culture positivity, it was deter-
mined that PCR was approximately twice as sensitive as cul-
ture. Additionally, our sensitivity studies revealed that the level
of detection by PCR was 2 log units above the level of detec-
tion by culture and above the levels of detection by many of the
published PCR assays.

An additional question addressed in the present outbreak
study was what effect treatment with the antibiotic azithromy-
cin would have on the ability of members of the community to
harbor M. pneumoniae. To address this question, secondary
specimens were taken from selected members of the commu-
nity 3 to 6 weeks following the initial specimen collection from
a group of 53 patient specimens that were initially positive by
PCR, 8 specimens remained positive by PCR (including three
specimens that remained culture positive). Because this group
of specimens contained specimens from both symptomatic and
asymptomatic patients, no clear link between the duration of
therapy or the presentation of the infected individual and the
persistence of the organism can be concluded from these re-
sults. However, a marked decrease in the number of affected
individuals was found after the 3- to 6-week period. Azithro-
mycin therapy has previously been found to be effective at
preventing outbreaks of infection with M. pneumoniae (9).
Additionally, the combined use of the 1,500-mg cumulative
dose of azithromycin and standard epidemic control measures
has been associated with a significant reduction in the rate of
transmission of M. pneumoniae (13).

The results of the follow-up testing could be interpreted in
several ways. First, the result can be interpreted as a 15% rate
of carriage of M. pneumoniae within the community following
an outbreak, which would be consistent with past studies (23).
One study (8) examined families in Seattle and found that a
carrier state that lasted up to several months did exist, regard-
less of symptoms or treatment with a broad-spectrum antibi-
otic. That group also concluded that the rate of carriage of M.
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pneumoniae may increase during epidemic periods within com-
munities. Second, the result can be interpreted as a failure of
the antibiotic treatment to completely clear the infection be-
cause of either the therapy or patient compliance. Third, the
result can be interpreted as a possible reinfection of the patient
due in part to the closeness of the community. Fourth, it is also
possible that PCR testing is detecting nonviable organisms or
residual cellular DNA that has not been cleared. However, it is
possible that the very high sensitivity of PCR achieved the
detection of infections that were not clinically relevant. This is
a question relevant to a number of diseases that has not yet
been fully addressed.

In conclusion, this report describes a genomics-based PCR
that provided rapid detection of M. pneumoniae in a closed
community during a large outbreak. This PCR assay was de-
veloped for the testing of throat swab specimens suspected to
harbor M. pneumoniae and is highly sensitive (0.006 CFU)
without the addition of a nested PCR component. This PCR is
also 100% specific. In our hands this method was found to be
twice as sensitive as culture, and as expected for a PCR pro-
cedure, it is extremely rapid, especially when compared to the
speed of culture.
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