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PCR detection methods are useful in studies of organisms not amenable to culture. Inhibitors in environ-
mental samples can interfere with such assays. We describe a magnetic bead DNA capture protocol that
removes inhibitors from outdoor air samples, maintaining the sensitivity of a 16S Pneumocystis carinii mito-
chondrial rRNA gene-based PCR.

Pneumocystis carinii pneumonia (PCP) remains the most
common opportunistic infection among individuals diagnosed
with AIDS in the United States (5). However, basic knowledge
of the ecology and epidemiology of the causative agent, P.
carinii, is still lacking. The once widely accepted theory of PCP
reactivation in severely immunosuppressed persons is currently
being questioned in favor of the view that most episodes of
PCP result from a de novo acquisition of the organism through
inhalation of contaminated air (8, 11–13, 16, 18, 19, 21–24).

There is anecdotal evidence supporting the hypothesis that
patients with fulminant PCP are the source of infectious P.
carinii, shedding large numbers of organisms into their imme-
diate environment as is the case with tuberculosis (2, 3, 7, 9, 10,
17). Alternatively, some studies suggest the existence of envi-
ronmental reservoirs (20, 25), a transmission model which
more closely resembles that of aspergillosis. Determining the
source(s) of infectious P. carinii organisms is key to under-
standing when and how potential exposure control measures
could be instituted.

PCR-based detection methods used in conjunction with en-
vironmental sampling are key tools in understanding the ecol-
ogy and epidemiology of pathogens, such as P. carinii, that are
difficult or impossible to culture. However, PCR results may be
compromised by the presence of inhibitors in environmental
samples. Such inhibitors have been reported in air, soil, and
water samples (1, 4, 15). These include humic acid, clays,
various organics, and large amounts of nontarget DNA in the
collected sample, although additional types of inhibitors are
likely to exist (4). Here we describe a methodology that allows
for successful amplification of a target P. carinii DNA sequence
spiked onto on a membrane filter containing inhibitory mate-
rials collected from a suburban outdoor environment.

Air samples were collected from an urban indoor environ-
ment and from a suburban outdoor environment during the
autumn in the Southeastern United States. Air samples were
collected over a 24-h period at approximately 0.4 liters per min

using polyvinylidene difluoride filters (pore size, 0.45 mm) for
use with PCR analysis and at approximately 0.25 liters per min
using polycarbonate filters (pore size, 0.45 mm) for use with
microscopic analysis. Indoor air sampling for viable fungi was
accomplished using an Andersen impactor containing malt ex-
tract agar plates which were incubated at 25°C for approxi-
mately 1 week.

Fungal concentrations (in CFU per cubic meter) in the in-
door environment were performed to assess the potential for
microbial contamination. The rationale for this was that a high
indoor fungal concentration would be indicative of conditions
that encourage microbial contamination and thus potentially
lead to PCR inhibition due to the presence of a large amount
of nontarget DNA in the extract. The outdoor air samples were
collected in autumn from a suburban location to provide a
worst-case scenario for fungal concentrations in the general
outdoors, and to permit collection of samples potentially con-
taining other PCR inhibitors, such as partially combusted or-
ganic materials.

Polyvinylidene difluoride filters collected from both environ-
ments were spiked with various numbers of P. carinii cells (14),
and DNA was prepared from the material adhering to each
filter. Cell lysis was carried out directly on the filter by incu-
bating the filter in a solution containing 150 mM NaCl, 10 mM
Tris-HCl (pH 8.0), 1 mM EDTA, 0.5% sodium dodecyl sulfate
and proteinase K (0.4 mg/ml) after incubating for 1 h at 55°C.
DNA was extracted with phenol-chloroform followed by eth-
anol precipitation. The DNA pellet was resuspended in 20 ml
of sterile water, and 10 ml was used as a template in the PCR
to specifically amplify a fragment of the P. carinii 16S mito-
chondrial rRNA as described elsewhere (26), with the excep-
tion that the annealing temperature was raised from 50 to
55°C.

In the absence of any contaminants from the airborne envi-
ronment, the PCR assay produced a strong signal from DNA
prepared from as few as 102 organisms applied to and eluted
from a filter (Fig. 1). In contrast, significant inhibition of the
PCR was noted with filters used to collect outdoor air samples,
while only slight PCR inhibition was noticed with filters used to
collect indoor samples. In filters used to collect air samples
from an indoor environment, a diminished signal was detected
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from filters spiked with 102 and 103 organisms (Fig. 1). In
contrast, no signals were detected in filters exposed to outdoor
air and spiked with up to 104 organisms (Fig. 1). These results
suggested that unknown materials present in the outdoor air
samples resulted in a PCR sensitivity loss of 1 to 2 logs and a
slight loss of PCR sensitivity in the indoor samples. Samples
from the indoor environment collected on malt extract agar
indicated that there was an average viable fungal airborne
concentration of 2.5 3 102 CFU/m3, most of which were fungi
normally found in the outdoor environment, such as Aspergil-
lus, Cladosporium, and Penicillium species. Direct microscopic
analysis of the polycarbonate filters indicated that the average
fungal spore concentration was approximately 103/m3 (which
includes both nonviable spores and organisms not capable of
growth on the malt extract agar). The outdoor fungal spore
concentration was estimated to be 104/m3 from direct micro-
scopic examination of the filters (Fig. 2). It is possible that the
10-fold difference in fungal contamination between the indoor
and outdoor environments explains a portion of the PCR in-
hibition exhibited by the indoor and outdoor samples. Alter-
natively, the polymorphic, submicrometer particles found in
abundance on the outdoor filters (Fig. 2) and not on the filter
samples taken indoors might have been responsible for the
PCR inhibition.

A previous study demonstrated that hybridization of crude
nucleic acid preparations with biotinylated pathogen-specific
oligonucleotides followed by capture employing streptavidin-
coated magnetic beads was useful in eliminating PCR inhibi-
tors (6). To determine if this approach might be successful in
restoring the sensitivity of the P. carinii PCR, filters exposed to
outdoor air as described above were again spiked with P. carinii
organisms. DNA was extracted and precipitated as before. The
crude DNA preparations were adjusted to a total volume of
100 ml with DNA binding buffer (100 mM Tris-HCl [pH 7.5],
100 mM NaCl) containing a 25 nM concentration of a biotin-
ylated primer derived from the P. carinii 16S rRNA sequence
(59 biotin-GATGGCTGTTTCCAAGCCCA 39) . The mixture

was heated to 95°C for 3 min and cooled to 35°C, and 100 mg
of streptavidin-coated magnetic beads (Dynabeads M-280
Streptavidin) equilibrated in DNA binding buffer was added to
each sample. The mixture was incubated at room temperature
overnight. The beads were washed four times with 1 ml of
DNA binding buffer per wash, and the bound DNA was eluted
from the beads by resuspension of the beads in 10 ml of dis-
tilled water, followed by heating at 80°C for 2 min. Five mi-
croliters of eluted DNA was then used directly as a substrate in
the 16S rRNA PCR assay as described above.

Dynabead purification of the crude nucleic acid preparations
prepared from the spiked filters exposed to outdoor air re-
stored the sensitivity of the assay to levels comparable to those
seen in filters not exposed to the ambient environment (e.g.,
Fig. 3). In contrast, nucleic acid prepared from identical filters
but not subjected to the Dynabead purification remained un-
able to support DNA amplification (Fig. 3). To determine if
these results reflected a significant improvement in the sensi-
tivity of the assay, a total of 46 replicate filters were analyzed.
These replicates concentrated on outdoor air samples, as these
were found to be most inhibitory to the PCR, as described
above. In the group of samples spiked with P. carinii but in
which the DNA was not subjected to magnetic bead purifica-
tion, 0 of 12 samples produced positive results in the P. carinii
PCR. In contrast, 28 of 30 samples subjected to magnetic bead
purification were positive in the PCR. As expected, zero of
four control filters not spiked with P. carinii were negative,
confirming the specificity of the assay. These results demon-
strated that magnetic bead capture significantly improved the
sensitivity of the PCR assay for the detection of P. carinii in the
presence of outdoor air samples (P , 0.0001; Fisher’s exact
test).

These results demonstrate that substances collected during
normal air sampling protocols may contain inhibitors that can
drastically affect the sensitivity and accuracy of PCR-based
detection assays. Although simple techniques such as a 10- to
20-fold dilution of the DNA extract have proven useful in

FIG. 1. PCR inhibition occurring in the context of air samples. DNA was prepared from the filters and used as a template in the mitochondrial
PCR as described in the text. Lane 1, 103 P. carinii organisms spiked onto a filter previously exposed to a contaminated indoor environment; lane
2, 102 P. carinii organisms spiked onto a filter previously exposed to a contaminated indoor environment; lane 3, 104 P. carinii organisms spiked
onto a filter previously exposed to the outdoor environment; Lane 4, 103 P. carinii organisms spiked onto a filter exposed to the outdoor
environment; lane 5, 102 P. carinii organisms spiked onto a filter previously exposed to the outdoor environment. Lane 6, 103 P. carinii organisms
spiked onto an unexposed filter; lane 7, 102 P. carinii organisms spiked onto an unexposed filter; lane 8, positive control; lane 9, negative control.
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preventing PCR inhibition (1), purification of the crude nucleic
acids employing biotinylated pathogen-specific oligonucleo-
tides and magnetic capture allow for successful DNA amplifi-
cation without a loss in sensitivity. This method of DNA puri-

fication will be applicable to most indoor and outdoor
environments, including clinical and outpatient settings where
P. carinii is most likely to be present. This method will there-
fore be useful in testing the hypothesis that individuals with

FIG. 2. Digital image of polycarbonate filter surface exposed to 360 liters of outdoor air over a 24-h period. Arrows indicate fungal spores. Small
polymorphic particles represent the partially combusted organic particles discussed in the text. The number of fungal spores calculated to be on
the surface of the entire filter was 10,800. Magnification, 31,000.

FIG. 3. PCR signal recovery from air samples following magnetic bead purification. Magnetic bead purification and PCR amplification of the
templates were carried out as described in the text. Lanes 1 and 2, 104 P. carinii organisms spiked onto filters previously exposed to the outdoor
environment and purified by magnetic bead capture; lane 3, 104 P. carinii organisms spiked onto filters exposed to the outdoor environment without
the capture assay; lanes 4 and 5, 103 P. carinii organisms spiked onto filters exposed to the outdoor environment after use of the capture assay;
lane 6, 103 P. carinii organisms spiked onto filters exposed to the outdoor environment without capture assay; Lanes 7 and 8, 102 P. carinii organisms
spiked onto filters exposed to the outdoor environment after use of the capture assay; lane 9, 102 P. carinii organisms spiked onto filters exposed
to the outdoor environment without capture assay; lane 10, negative control.
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patent PCP are capable of seeding their environments with
large numbers of organisms and in determining the persistence
of these organisms in airborne samples.
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