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Real-time quantitative PCR (qPCR) for rapid and specific enumeration of microbial agents is finding
increased use in aerosol science. The goal of this study was to determine qPCR accuracy, precision, and method
detection limits (MDLs) within the context of indoor and ambient aerosol samples. Escherichia coli and Bacillus
atrophaeus vegetative bacterial cells and Aspergillus fumigatus fungal spores loaded onto aerosol filters were
considered. Efficiencies associated with recovery of DNA from aerosol filters were low, and excluding these
efficiencies in quantitative analysis led to underestimating the true aerosol concentration by 10 to 24 times.
Precision near detection limits ranged from a 28% to 79% coefficient of variation (COV) for the three test
organisms, and the majority of this variation was due to instrument repeatability. Depending on the organism
and sampling filter material, precision results suggest that qPCR is useful for determining dissimilarity
between two samples only if the true differences are greater than 1.3 to 3.2 times (95% confidence level at n �
7 replicates). For MDLs, qPCR was able to produce a positive response with 99% confidence from the DNA of
five B. atrophaeus cells and less than one A. fumigatus spore. Overall MDL values that included sample
processing efficiencies ranged from 2,000 to 3,000 B. atrophaeus cells per filter and 10 to 25 A. fumigatus spores
per filter. Applying the concepts of accuracy, precision, and MDL to qPCR aerosol measurements demon-
strates that sample processing efficiencies must be accounted for in order to accurately estimate bioaerosol
exposure, provides guidance on the necessary statistical rigor required to understand significant differences
among separate aerosol samples, and prevents undetected (i.e., nonquantifiable) values for true aerosol
concentrations that may be significant.

Real-time quantitative PCR (qPCR) is an analytical method
for the rapid and potentially sensitive enumeration of broad
and specific microbial populations in environmental samples
(17). For bioaerosol analysis, this method allows for detection
and enumeration independent of culturing, thereby circum-
venting the significant concerns surrounding the uncultur-
ability of environmental microorganisms and loss of cultur-
ability due to aerosol sampling (1, 2, 18, 34, 46, 55). Over the
last decade, the application of qPCR has advanced research
in the human health, environmental, and the national secu-
rity arenas by enabling the specific measurement of airborne
allergenic mold, pathogenic bacteria, and human viruses (6,
7, 9, 13, 37, 45).

The quantitative nature of this technique as well as the
documented advantages over culturing provides the potential
for integrating microbial measurements with physical and
chemical aerosol processes to understand exposure and to de-
scribe the fate and sources of biological aerosols in indoor
environments and the atmosphere. However, the logarithmic
amplification that is the basis of qPCR results in significant
standard deviations among repeated qPCRs (25, 50). This vari-
ability rarely constrains the use of qPCR in aquatic and ter-
restrial systems, where biological growth typically dictates
concentrations above detection limits and multiple order-

of-magnitude differences in microorganism concentrations be-
tween treatments. However, the volume concentrations of bi-
ological agents in air (103 to 106 per m3 of air) are dramatically
more dilute than those measured in environmental waters
(1012 to 1014 per m3 of water) (4, 5, 10, 12, 20, 52), and
processes that result in indoor and atmospheric bioaerosol
concentrations are growth independent. These processes in-
clude aerosol infiltration and exfiltration, resuspension, and
deposition and typically result in less than an order of magni-
tude of variability in aerosol or biological particulate matter
(PM) concentrations (22, 29, 41). As qPCR becomes more
commonly used in indoor and outdoor air quality research, it is
necessary to know the analytical variability and method detec-
tion limits (MDLs) to determine whether the method is suit-
able for estimating exposure and delineating the experimental
differences observed in aerosol processes.

The goal of this study was to estimate the accuracy, preci-
sion, and MDLs associated with qPCR of aerosol samples.
These concepts were applied to air sampling filters loaded with
three test organisms, including spores of Aspergillus fumigatus
and vegetative bacterial cells from the Gram-negative Esche-
richia coli and Gram-positive Bacillus atrophaeus. The efficien-
cies associated with DNA extraction and with extraction of
whole cells from aerosol filters were measured to describe the
statistical accuracy of common qPCR bioaerosol protocols.
Overall precision (reproducibility) as well as instrument re-
peatability were determined, and a binary method for describ-
ing MDLs was developed and applied to fungal spores and
bacterial cells. Such experimental and statistical treatment of
qPCR-based aerosol measurements is expected to guide im-
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proved estimates of human exposure, incorporate limits of
qPCR precision into experimental design, and provide a con-
text for undetected (i.e., nonquantifiable) values.

MATERIALS AND METHODS

Test organism preparation. Bacterial test organisms included vegetative cells
from E. coli (ATCC 15597) and B. atrophaeus (ATCC 49337). These two organ-
isms have commonly been used in bioaerosol sampling research (3, 21, 32, 33, 36,
49, 54), represent Gram-positive (B. atrophaeus) and Gram-negative (E. coli) cell
wall types, and cover a broad range of cell lysis resistances. Spores from A.
fumigatus (ATCC 34506) were used as a fungal test organism due to their
ubiquity in the environment and their allergenic and infectious potential (30, 31).

To produce bacterial and fungal stocks for qPCR testing, 6 ml of tryptic soy
broth (Difco Laboratories, Detroit, MI) was inoculated with pure cultures of E.
coli and B. atrophaeus cells and grown overnight at 37°C and 28°C, respectively.
Pure cultures were isolated by centrifugation and resuspension in phosphate-
buffered saline ([PBS] 10 mM phosphate, 137 mM sodium chloride, pH 7.4) to
a concentration of 108 cells ml�1. A. fumigatus was grown on malt extract agar
(Difco Laboratories) in the dark at 23°C for 21 days. Spores were removed from
hyphae using sterile cotton applicators and then suspended in 50 ml of 70%
ethanol and divided into subsamples containing 1.25 � 108 spores per tube. The
tubes were centrifuged at 10,000 � g for 3 min to pelletize the spores, the
supernatant ethanol was removed, and the remaining spore pellets were stored
at �20°C prior to analysis.

To quantify whole-cell concentrations, fungal spores and bacterial cells were
counted under a Zeiss AX10 microscope using a 2 � 10�5-ml Coulter counting
chamber (Hausser Scientific, Horsham, PA) at magnifications of �400 and
�1,000 for fungi and bacteria, respectively. For each enumeration, three to five
independent replicate volumes of fungal spores or bacterial cells, each including
at least 25 fields and 1,000 total counts, were performed. Replicate results were
pooled and averaged, and standard deviation microorganism concentrations
(ml�1) were determined.

Accuracy, precision, and MDL calculations. Accuracy is the degree of close-
ness of a measured value to the true value (35). In aerosol samples collected by
filtration, accuracy is limited by efficiencies in DNA extraction from cells and
whole-cell extraction from sampling filters. To determine the percent DNA
extraction efficiency (�DNA), the DNA from test microorganisms in aqueous
solution was extracted, and the DNA mass was estimated as described below with
a PicoGreen assay. This value was compared to the theoretical value of total
DNA mass of a selected microorganism (equation 1). The theoretical mass
concentration of DNA per cell for each test organism was estimated by the
following: DNA mass (in pg) in one cell equals the genome size (in bp) divided
by 0.978 � 109 bp/pg (11). No biases have been reported with this method due
to relative differences in CG content (48). Five replicate DNA extraction effi-
ciencies were performed for each organism.

�DNA � 100 �
Measured DNA mass recovered

Theoretical DNA mass (1)

To determine extraction efficiency of whole cells or spores from sampling filters
(�filter), a known quantity of cells was spiked onto clean or PM-loaded quartz
fiber or polycarbonate track-etched (PCTE) filters and entered into the DNA
extraction protocol. The recovered DNA mass (in pg) was divided by the recov-
ered mass of DNA (in pg) from the same number of cells originally spiked into
PBS (equation 2). Five independent �filter experiments were performed for each
of the 12 cases (three test organisms, PM-loaded filters and clean filters, and
PCTE filters and quartz glass fiber filters).

�filter � 100 �
Measured DNA mass recovered from filter

Measured DNA recovered from aqueous solution (2)

Precision is the degree to which repeated measurements under unchanged con-
ditions show the same results (35). Here, precision is separated into the total
precision (reproducibility) and precision associated with the analytical instru-
ment (instrument repeatability). Reproducibility experiments for A. fumigatus, E.
coli, and B. atrophaeus included spiking seven independent PM-loaded quartz
fiber and seven PM-loaded PCTE filters and determining the coefficient of
variation (COV) as a measure of reproducibility. Reproducibility experiments
were conducted with two different operators and at cell concentrations near the
limits of detection and included a set of experiments spiked with 103 cells and
another set of experiments spiked at 104 cells. This cursory limit of detection of
103 to 104 cells was based on 90% to 95% losses in sample preparation (�DNA

plus �filter), assuming that 10% of the DNA extract is used in qPCRs as the
template and that 10 to 50 cells are required for positive qPCRs. Instrument
repeatability experiments for A. fumigatus, E. coli, and B. atrophaeus included
spiking one PM-loaded quartz fiber and one PM-loaded PCTE filter with 103 and
104 microorganisms, extracting nucleic acids, and repeating the qPCR analysis at
least seven times for each spiked concentration. Instrument repeatability was
also quantified by calculating the COV of replicates.

For MDL, detection by qPCR is based on a logarithmic signal amplification
and is binary, i.e., either positive or negative. Thus, a probability distribution was
used to estimate the qPCR MDL. For a binominal distribution, the probability of
a successful detection (P) of n positive results out of N trials is described by the
probability mass function (equation 3):

P �
NCn

2N (3)

where NCn represents the number of n factorial combinations from a given set of
N elements:

NCn �
N!

�N � n�!n! (4)

In order to detect a microorganism concentration at the 99% confidence level
(26), at least n � 7 successful detections out of N � 7 trials (P � 1/128) are
needed to claim that the detection appears with a probability greater than 0.99%.
These qPCR instrument MDLs were performed by producing a serial dilution of
standard B. atrophaeus and A. fumigatus DNA samples corresponding to a known
cell number and identifying the minimum cell concentration where seven of
seven analyses were positive. Estimations of the overall MDLs are the instrument
qPCR MDLs (in number of cells) adjusted for the DNA extraction (�DNA) and
whole-cell filter extraction (�filter) efficiencies as well as the ratio (F) of total
extracted DNA to DNA used as the template in the qPCRs (equation 5):

MDL �
qPCR instrument MDL

��DNA���filter�
� F (5)

Values of F typically vary from 5 to 25, depending on both the elution volume
used to wash off DNA from the spin filter in the last step of DNA extraction and
on the volume of DNA used as the qPCR template. Where relevant in equations
1 through 5, background levels of DNA and A. fumigatus, E. coli, and B. atro-
phaeus gene copies in PM-loaded filters were subtracted from spiked values. For
�DNA and �filter calculations, standard deviations of each term were propagated
through the efficiency equations by the use of accepted methods for random
error propagation in multiplicative expressions (39).

Spiking microorganisms onto filters. Aerosol samples collected onto filters
were considered here as this sampling method is the most commonly used in
bioaerosol molecular biology studies (44), provides aerosol collection efficiencies
near 100%, and takes advantage of preexisting, well-described particulate matter
samplers that allow for a variety of flow rates and control of particle sizes.
Aqueous solutions containing known amounts of microorganisms were spiked
onto either clean filters or filters preloaded with particulate matter (PM-loaded
filters) for whole-cell elution efficiency tests. Filter materials included 81-mm
diameter quartz glass fiber filters (New Star Environmental, Inc., Roswell, GA)
and 37-mm-diameter, 0.8-�m pore-size PCTE membrane filters (SKC, Inc.,
Eighty Four, PA). PM-loaded quartz fiber filters were obtained by sampling air
for 72 h in an urban location using a high-volume, PM10 (for particulate matter
smaller than 10 �m in aerodynamic diameter) sampler (HiVol3000 Ecotech,
Enviro Technology Services, PLC, Gloucestershire, United Kingdom) operated
at a flow rate of 1.13 m3 min�1 with Whatman EPM2000 quartz fiber filters
(Whatman International, Ltd., Maidstone, United Kingdom). Except for the
shape of the filters, physical properties of both Whatman and New Star Envi-
ronment quartz fiber filters were the same (100% pure borosilicate glass, 99%
minimum collection efficiency for particles of �0.3 �m). PM-loaded PCTE filters
were obtained by loading clean filters onto SKC PM10 personal exposure mon-
itors (PEMs) at a flow rate of 10 	 0.5 liters min�1 (single-stage impactor) (SKC,
Eighty Four, PA) and resuspending floor dust sieved through an 37-�m-pore-size
mesh in a cubic aerosol chamber (0.28 m3) until 500 �g of PM10 were collected.
To spike clean and loaded PCTE filters with test organisms, a backing filter was
loaded onto a sterile filtration gallery, and volumes containing the desired quan-
tity of microorganisms were directly pipetted onto the filters under vacuum.
Spiking cells and spores onto glass fiber filters was performed by pipetting
directly onto filters placed in sterile petri dishes. A. fumigatus-spiked filters were
dried at 23°C for 1 h in sterile petri dishes to evaporate residual ethanol.

Efficiency studies associated with environmental sample preparation have typ-
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ically provided comparative measures of efficiency rather than absolute measures
of accuracy. Spiking cells onto filters allows for a well-documented starting
concentration and enables the absolute estimation of sample preparation losses
and method detection levels. A disadvantage associated with spiking filters is that
this loading technique may not capture the true cell-filter interactions produced
by impaction and interception in an aerosol sampling scenario.

DNA extraction, purification, and qPCR. A predetermined amount of whole
cells or spores was eluted from filters by incorporating 1-cm2 sections of the
spiked filters directly into the DNA extraction protocol. DNA was extracted
using a modified Mobio kit (Mobio Laboratories, Carlsbad, CA) protocol for
high yield. The modifications included supplementing the provided extraction
tubes with 300 mg of 0.1-mm-diameter silica beads and 100 mg of 0.5-mm-
diameter silica beads and bead-beating the microorganisms on aerosol filters in
2-ml screw-cap tubes at 3,450 oscillations min�1 for 3 min (bacteria) or 5 min
(fungi). An additional modification included DNA elution off Mobio spin filters
using only 50 �l of prewarmed elution buffer. Total genomic DNA was quantified
after extraction using a fluorescent assay (Quant-iT PicoGreen, Invitrogen,
Carlsbad, CA). In brief, 50 �l of genomic DNA was mixed with 50 �l of 2�
PicoGreen dye in TE buffer (200 mM Tris-HCl, 20 mM EDTA, pH 7.5) and
incubated for 5 min at 23°C (48). Fluorescence emission was read at 520 nm with
excitation at 497 nm in 96-well plates following the manufacturer’s protocol.
Corrections for well bias were estimated and accounted for by measuring the
fluorescence in different wells containing the same amounts of a standard DNA.
Triplicate DNA extraction and measurement experiments were performed for
each test organism, and concentrations are reported in pg/cell.

Quantitative PCR was performed using an ABI 7500 Prism sequence detector
(Applied Biosystems, Forest City, CA). Specific primers and TaqMan probes
selected for each microorganism included the following: for E. coli, uidA primer
and probe set (14) (forward [F], 5
-GGGCAGGCCAGCGTATC; reverse [R],
5
-CCCACACTTTGCCGTAATGA; probe, 6-FAM-5
-TGCTGCGTTTCGAT
GCGGTCA-3
-TAMRA, where FAM is 6-carboxyfluorescein and TAMRA is
6-carboxytetramethylrhodamine); for B. atrophaeus, recA gene primer and probe
set (8) (F, 5
-ACCAGACAATGCTCGACGTT; R, 5
-CCCTCTTGAAATTCC
CGAAT; probe, 6-FAM-5
-ACTGAACAGCTGATCGAGACAGCTGC-3
-
TAMRA); and for A. fumigatus, Afumi primer and probe set (53) (F, 5
-
GCCCGCCGTTTCGAC; R, 5
-CCGTTGTTGAAAGTTTTAACTGATTAC;
probe, 6-FAM-5
-CCCGCCGAAGACCCCAACATG-3
-TAMRA). The ampli-
con sizes were 293 bp, 131 bp, and 136 bp, respectively. Commercial TaqMan
probes were labeled with 5
 fluorophore FAM and 3
 Black Hole Quencher dye
BHQ-1 (Biosearch Technologies, Novato, CA). For E. coli and B. atrophaeus,
20-�l qPCR mixtures were prepared including 10 �l of 2� TaqMan Universal
PCR master mix with 6-carboxy-X-rhodamine (ROX) passive reference dye
(Roche Diagnostics, Indianapolis, IN), 2 �l of 0.4 mg ml�1 bovine serum albu-
min, 0.4 �l of each 10 �M primer, 0.8 �l of 5 �M probe, and 5 �l of DNA
template. For A. fumigatus, 50-�l qPCR mixtures included 25 �l of 2� TaqMan
Universal PCR master mix, 1.67 �l of each 30 �M primer, 0.4 �l of 10 �M probe,
and 2 to 5 �l of DNA template. Quantitative PCR was performed under thermal
cycling conditions consisting of an initial 2-min denaturation at 50°C and 10 min
of further denaturation at 95°C, followed by 45 cycles of 15 s of denaturation at
95°C and 60 s of annealing/extension. Standard curves were developed for each
qPCR bacterial and fungal species using dilutions from a known concentration of
genomic DNA. To test for inhibition, extracts from PM-loaded quartz fiber and
PCTE filters were also added to subsets of diluted A. fumigatus DNA, and
standard curves were produced. No significant inhibition was observed. Molec-
ular water blanks were run on each qPCR 96-well plate for negative control, and
all qPCR measurements were replicated a minimum of three times.

RESULTS

Accuracy. When filters are used for efficient aerosol collec-
tion, the difference between the measured value and true value
is related to efficiencies of DNA extraction from cells and
extracting cells from aerosol collection filters. DNA extraction
efficiencies were measured as the ratio of extracted DNA per
cell or spore to the theoretical DNA mass per cell or spore.
The percent extraction efficiency, �DNA, and standard devia-
tions for five independent experiments, from highest to lowest,
included the following: for E. coli, �DNA of 16.3% 	 2.1%; for
A. fumigatus, �DNA of 8.8% 	 0.7%; and for B. atrophaeus,
�DNA of 8.3% 	 1.0%. These values were based on the E. coli,

B. atrophaeus, and A. fumigatus DNA masses per cell or spore
of 4.74 � 10�3 pg, 4.31 � 10�3 pg, and 3 � 10�2 pg, using
genome lengths of 4,639,221 bp, 4,214,810 bp, and 29,384,958
bp, respectively (27, 28, 42).

The efficiencies associated with extracting whole cells from
filters (�filter) were determined for clean and PM-loaded
quartz and PCTE filters for each test microorganism. Whole-
cell extraction efficiencies for these test organisms are pre-
sented in Fig. 1 and ranged from 40% to 150%, with PM-
loaded filters exhibiting a slightly higher average efficiency than
clean filters. Two-tailed t tests at 95% confidence comparing
clean and PM-loaded filters indicated no significant differences
for the three test organisms. While no significant differences in
�filter values were observed between quartz and PCTE filters
for the bacteria, �filter values for A. fumigatus were significantly
higher than filter efficiencies for bacterial test organisms on
quartz fiber filters. Overall, the efficiency associated with DNA
extraction and filter extraction can be characterized by multi-
plying �DNA by �filter. These overall efficiency values for each
organism and filter type are reported in Table 1, and their
magnitude suggests that without inclusion in sample concen-
tration calculations, measured aerosol concentrations would
underestimate the true concentrations by 10 to 16 times for E.
coli, 20 to 24 times for B. atrophaeus, and 7 to 20 times for A.
fumigatus.

Precision. Precision can be stratified into the subjects of
reproducibility and instrument repeatability. Reproducibility is
the overall variation and incorporates errors from sample load-
ing, sample preparation, and the error inherent in analytical
instruments. For instrument repeatability, only the error in
analytical equipment is measured. Figure 2 shows plots dem-
onstrating the reproducibility (circles) of qPCR results from
samples near the detection limit. The detected numbers were
adjusted for �DNA and �filter using the overall values listed in
Table 1 and demonstrate that inclusion of these efficiencies
results in measured values appropriately adjusts them to the
true values (dashed lines). The COVs of the detected gene
copy quantities were calculated to assess reproducibility of E.
coli, A. fumigatus, and B. atrophaeus qPCR results and are
presented in Table 2. Reproducibility COVs ranged from 28%
to 79%, averaging 61% for microorganism concentration of
�103 per filter and from 47% to 70% averaging 58% at con-
centrations of � 104 microorganisms per filter. Reproducibility
experiments were performed on PM-loaded filters and there-
fore required subtraction of the E. coli, B. atrophaeus, and A.
fumigatus concentrations present in the aerosol samples prior
to spiking filters. Only A. fumigatus was found in these samples
(on the PM loaded onto the quartz fiber filters) at levels above
the MDL. In this case, the quantities of the measured spores
were above the detection level (total of �DNA plus �filter ad-
justed average of 1,670 spores/filter) with a COV of 42% (n �
7) and demonstrated reproducibility similarities between nat-
urally occurring and spiked A. fumigatus samples.

Using the largest measured reproducibilities for each of the
three organisms and a 95% confidence interval (n � 7 repli-
cates), the dissimilarity in the microbial quantities of two sam-
ples cannot be resolved unless the true difference is greater
than 3.2 times for E. coli, 2.5 times for B. atrophaeus, and 2.5
times for A. fumigates. For a given reproducibility COV, this
value increases significantly as the number of replicates de-
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creases. For example, for E. coli with a COV of 79%, the two
true values must be dissimilar by at least 3.2 times (n � 7), 5.8
times (n � 5), and 35 times (n � 4) to ensure that these
differences can be significantly identified by qPCR.

The COV values for instrument repeatability are also pre-
sented in Table 2 for all species. Average COV values for
instrument repeatability for the �103 and �104 cases were
32% and 40% for all organisms. Instrument repeatability ac-
counted for more than 50% of the reproducibility.

Method detection limit. In order to detect a microorganism
concentration with 99% confidence (26), at least n � 7 suc-
cessful detections out of N � 7 trials (P � 1/128) are required.
The smallest amount of DNA at which seven successful detec-

tions can be observed out of seven trials was measured to be
the genomic DNA from five cells of B. atrophaeus (1 qPCR
target gene/genome) and the genomic DNA from 0.05 spores
for A. fumigatus (average of 54 qPCR target genes per ge-
nome) (Table 3). Overall MDL values that account for extrac-
tion efficiencies �DNA and �filter as well as the ratio of extracted
DNA to the DNA used as template (F) in the qPCRs are also
presented in Table 3 for an F of 25. Figure 3 integrates sam-
pling into MDL estimates by demonstrating the volume of air that
must be sampled to meet detection levels for a particular organ-
ism based on the overall MDL values presented in Table 3.

DISCUSSION

The rapidly expanding field of environmental molecular bi-
ology brings the promise of describing how physical, chemical,
and biological processes influence human exposure to aller-
genic, toxic, or pathogenic microorganisms in air. The compre-
hensive treatment of accuracy, precision, and MDLs presented
here provides guidelines enabling researchers to prevent un-
derestimation of exposure due to sample processing inefficien-
cies, to define a level of statistical rigor for aerosol qPCR
experimental design such that real differences are not obscured
by experimental error, and to choose sampling strategies to
ensure that MDLs are below relevant aerosol concentrations.
Such information is required if qPCR measurements are to
advance exposure science and enable mechanistic investiga-
tions of the fate and sources of indoor and ambient biological
aerosols. An inherent limitation of this study was that accuracy,
precision, and MDL estimates are influenced by organism and
sampling processing protocols. Thus, these values cannot be
directly interpreted for every aerosol study but, rather, are
meant to demonstrate the need for a more statistically rigorous

FIG. 1. Filter extraction efficiencies associated with recovery of E. coli, B. atrophaeus, and A. fumigatus spiked onto clean and PM-loaded quartz
fiber and PCTE filters. Spikes contained 108 cells or spores. Error bars represent standard deviation (n � 5 experiments).

TABLE 1. Overall efficiencies associated with preparing aerosol
samples for qPCR

Organism Filter type Overall
efficiency (%)a

E. coli Quartz fiber 9.55 	 2.4
PM-loaded quartz fiber 10.5 	 2.3
PCTE 6.4 	 2.7
PM-loaded PCTE 8.1 	 0.5

B. atrophaeus Quartz fiber 4.2 	 1.6
PM-loaded quartz fiber 4.3 	 1.5
PCTE 3.4 	 2.2
PM-loaded PCTE 4.8 	 0.7

A. fumigatus Quartz fiber 13.3 	 1.6
PM-loaded quartz fiber 10.4 	 2.7
PCTE 6.4 	 1.0
PM-loaded PCTE 5.0 	 1.2

a These efficiencies were calculated as the product of �DNA and �filter (mean 	
standard deviation).
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qPCR approach and to provide a template for these ap-
proaches. While laboratories that perform qPCR on aerosol
samples must determine these parameters with their particular
equipment, personnel, sample types, and target organisms,

many general concepts can be taken from the results presented
here. The estimates here included Gram-positive and Gram-
negative bacteria and a common airborne fungus as well as
readily available and common DNA extraction methods.

Results from DNA and whole-cell filter extraction efficiency
demonstrated that these values are significant and that exclud-
ing them may cause a dramatic underrepresentation of air-
borne concentrations or exposure. DNA extraction was the
most pronounced source of these inefficiencies. DNA extrac-
tion methods used here were included because they are com-
monly used in environmental analysis and because many aero-
sol labs have limited expertise and resources in molecular
biology and rely on kits for DNA extraction. More rigorous
custom methods for extracting and recovering DNA from
aerosols have been published (15, 43) although direct compar-
isons with the �DNA presented here are complicated by the fact
that these literature values are based on comparative efficien-
cies rather than on absolute efficiencies. Beyond DNA, extrac-
tion efficiencies of whole cells from common aerosol filter
material have not been systematically reported in the literature
(16, 24, 40, 44).

Collection efficiencies for aerosol sampling devices may also
contribute to inaccurate aerosol qPCR measurements. At com-
mon aerodynamic diameters for bacteria and fungi, bioaerosol
sampling efficiencies associated with filtration are near 100%;
thus, sampling was not included in this study. However, many
bioaerosol samplers used for viability sampling have variable
collection efficiencies (23), and a firm knowledge of these ef-
ficiencies is requisite for use in bioaerosol studies that seek to
quantify absolute exposure. An alternate method for obtaining
accurate aerosol qPCR values is to calibrate qPCR output with
samples collected at a known aerosol concentration (3). This

FIG. 2. Reproducibility of qPCR near detection levels (�103 and
�104 cells). Each data point represents one of seven independent spiked
filter replicates. Dashed lines indicated true values of spiked cultures.

TABLE 2. Reproducibility and instrument repeatability as COV (n � 7) of qPCR measurements of microorganisms spiked onto filters

Culture Filter type

Accuracy (%) in terms of no. of organisms spiked on filter
True difference for 95% confidence

(n-fold concn of sample)aReproducibility Instrument repeatability

�103 �104 �103 �104

E. coli Quartz 78 60 36 44 3.1
PCTE 79 70 11 26 3.2

B. atrophaeus Quartz 64 47 57 41 2.4
PCTE 60 57 58 51 2.2

A. fumigatus Quartz 61 67 17 61 2.5
PCTE 28 49 15 21 1.3

a For 95% confidence, n � 7 replicates.

TABLE 3. MDLs for B. atrophaeus and A. fumigatus

Parameter

Value for the organisma

B. atrophaeus
(no. of cells)

A. fumigatus
(no. of spores)

qPCR instrument MDL 5 0.05
Overall MDLb 2,083–2,941 9.6–25

a B. atrophaeus has one recA gene per genome (47). A. fumigatus has an
average 54 copies (range 38 to 91) copies of 18S rDNA gene per genome
depending on the strain (19).

b Including �DNA, �filter, and an F of 25.
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calibration technique thus incorporates all of the unknown
efficiencies but requires specialized equipment for aerosolizing
a known stream of pure culture organisms, and this may not be
practical for the diverse group of researchers and practitioners
engaged in bioaerosol quantification. Results here also suggest
that a standard curve produced by spiking a known content of
target organisms onto the relevant sampling substrate will also
produce an accurate strategy for aerosol qPCR-based mea-
surements. Finally, while PCR inhibition was not observed
here, inhibition from particulate matter has been previously
demonstrated to reduce accuracy and precision associated with
qPCR and must be reduced or removed when relevant (15, 38).

The results presented here also contribute to bioaerosol
quantification by defining the precision that can be expected in
qPCR analysis of PM-loaded filters. The experimental varia-
tions inherent in qPCR place practical limits on resolving the
differences among different aerosol samples or treatments. Us-
ing the highest COV values (n � 7) for reproducibility, sam-
ples that were different in concentrations by less than 3.2 times
could not be statistically distinguished. This value increased
when fewer replicates were used (Table 3). While including a
large amount of replication should be standard practice in
qPCR aerosol investigations, there are additional opportuni-
ties to improve precision. The largest uncertainties in repro-
ducibility were embedded in the instrument repeatability,
which accounted for greater than 50% of the total variation.
Instrument repeatability, however, can be improved if the
quantity of sample template is significantly greater than the
MDLs (50). The MDL experiments performed here on seven
replications for different concentrations demonstrated that the

instrument repeatability (as COV) decreases by 1.6 to 2.5 times
at approximately 2 orders of magnitude above the qPCR limits
of detection (Fig. 4). More generally, others have suggested
that threshold cycle (CT) values below 30 results in improved
instrumental repeatability (25).

The MDL concept has added importance in bioaerosol re-
search. The constant exposure of humans through inhalation
results in health effects (allergenic response, infection, etc.) at
low aerosol concentration levels. Thus, impacts may occur at
levels that go undetected in aerosol samples when collection
time is limited. Where health-relevant or other regulatory
guideline exposure levels can be defined, knowledge of the
MDL can be used to determine the volume of air that must be
sampled to reach these relevant levels. In cases where agents
are not detected, MDLs and sample volume information pro-
vide insight into the importance of values below the limits of
detection. The overall MDLs reported for the test bacteria B.
atrophaeus and test fungi A. fumigatus ranged from 2,000 to
3,000 bacteria and 10 to 25 spores, respectively. The major
differences in these two values was due to the number of target
gene copies in each organism, with one copy per cell of the
recA gene for B. atrophaeus and an average of 54 gene copies
per spore of the 18S rRNA gene in A. fumigatus. Detection
limits are also strongly influenced by the ratio (F) of total DNA
extracted to the DNA that is used in the final qPCRs. This
ratio and the overall MDL can be reduced by concentrating the
DNA in the final extract by either evaporation or ethanol
precipitation although losses in these processes are possible
from inefficient precipitation and collection or from increased

FIG. 3. Volume of air that must be sampled to meet MDLs for B. atrophaeus and A. fumigatus. Upper and lower dashed lines represent ranges
due to sample processing. Upper dashed lines represent overall MDL using an F of 25 and lowest value for �DNA and �filter; the lower dashed lines
represent an F of 10 and highest value of �DNA and �filter.
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PCR inhibition caused by concentrating contaminants in the
extract.

Finally, E. coli was not included in MDL determinations due
to the presence of contaminant DNA from recombinant E. coli
DNA polymerase production. When E. coli or universal bac-
terial primers are applied to no-template controls, qPCR typ-
ically produces a positive signal ranging from 101 to 102 gene
copies. In these cases, custom qPCR master mixes may be
produced in order to independently dilute the DNA polymer-
ase concentration (51), which, in turn, reduces the signal in
no-template controls. This reduction, however, changes the
shape of qPCR curves plotting fluorescence versus cycle num-
ber and requires that full standard curves be produced at these
reduced DNA polymerase amounts. Such concerns with posi-
tive no-template controls are also associated with qPCR using
universal primers and have been reported for other specific
primer sets (50). In these cases, qPCR MDLs are more appro-
priately defined by identifying a template quantity that is sig-
nificantly greater than the response generated by a no-tem-
plate control. These MDLs will be greater than those reported
for assays where no-template controls consistently produce a
negative response.

Conclusion. Application of quantitative molecular methods
to indoor and outdoor aerosols shows promise for elucidating
the physical, chemical, and biological processes that influence
human exposure to infectious and noninfectious agents. Vari-
ables that influence accuracy, precision, and method detection
limits of qPCR for bioaerosols include sample collection effi-
ciency, efficiencies associated with extracting target cells from
sampling medium and extracting DNA from cells, the number
of target gene copies per genome, PCR inhibition, and the

inherent variable in the qPCR instrument (especially at low
template concentrations). The results presented here are
meant to provide guidance on the experimental and statistical
rigor that must accompany qPCR aerosol measurements,
which are unlike water and terrestrial matrices in that differ-
ences between aerosol samples are smaller and concentrations
typically hover near MDLs. This guidance includes recommen-
dations on the importance of accounting for sample prepara-
tion efficiencies, requirements for sample replication, oppor-
tunities for improving precision, and approaches for estimating
and meeting method detection limits. With these controls in
place, the continued use of qPCR in aerosol science and en-
gineering is expected to lead to more robust estimations of
exposure and contribute to elucidating the processes that in-
fluence biological concentrations and fate in indoor air and the
atmosphere.
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