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Abstract

The quantity, identity, and distribution of biomass in indoor and outdoor aerosols are poorly described. This is not

consistent with the current understanding of atmospheric chemistry or the microbiological characterization of aquatic and

terrestrial environments. This knowledge gap is due to both difficulties in applying contemporary microbiological

techniques to the low biomass concentrations present in aerosols, and the traditional reliance of aerosol researchers on

culture-based techniques—the quantitative limitations and ecological biases of which have been well-documented and are

now avoided in other environmental matrices. This article reviews the emergence of the polymerase chain reaction (PCR) as

a nonculture-based method to determine the identity, distribution, and abundance of airborne microorganisms. To

encourage the use of PCR-based techniques by a broad spectrum of aerosol researchers, emphasis is given to the critical,

aerosol specific method issues of sample processing, DNA extraction, and PCR inhibition removal. These methods are

synthesized into a generalized procedure for the PCR-based study of microbial aerosols—equally applicable to both indoor

and outdoor aerosol environments.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The microbial fraction of aerosols present in the
atmosphere and in indoor air is of fundamental
environmental and public health importance. This
fraction is commonly termed ‘‘bioaerosols’’ and is a
mixture of viable and nonviable microorganisms
(e.g. pollen, algae, bacteria, fungi, yeasts) as well as
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other types of biomass, including a wide range of
antigenic compounds, dander, plant and insect
debris, microbial toxins, and viruses. Bioaerosols
are ubiquitous. Estimates of the biomass content in
atmospheric PM2.5 range from 3% to 11% by
weight; these values are much greater as a percen-
tage of the organic carbon fraction of particulate
matter (Womiloju et al., 2003; Boreson et al., 2004).
Others have estimated that up to 25% of particulate
matter suspended over land surfaces is comprised of
biological material (Jones and Harrison, 2003;
Matthais-Maser et al., 2000). Biomass is a reactive
.
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fraction of aerosol particulate matter. From an
environmental processes perspective, bioaerosols in
the troposphere may act as ice nuclei and cloud
condensation nuclei (Bauer et al., 2003; Fuzzi et al.,
1997; Maki et al., 1974; Vali et al., 1976). Viable
bacteria have been identified in super-cooled cloud
droplets, and their ability to grow in this environ-
ment has been confirmed (Sattler et al., 2001).
Airborne bacteria and fungi have also been im-
plicated in transforming dicarboxylic acids in the
atmosphere and may therefore play a previously
unknown role in catalyzing aerosol chemical reac-
tions (Ariya et al., 2002).

The most profound impact of bioaerosols is as the
causative agent of disease. A small percentage of
viable bioaerosols causes well-known infectious
human diseases, such as tuberculosis (Riley et al.,
1962), Legionnaire’s disease and various forms of
bacterial pneumonia (Fraser, 1980; Ketchum, 1988),
coccidioidomycosis (Valley Fever) (Stevens, 1995),
influenza (Moser et al., 1979), measles (Riley, 1974),
and gastrointestinal illness (Sawyer et al., 1988).
Recent evidence suggests that the airborne route
may be an important mode of transmission for the
SARS-associated coronavirus (Yu et al., 2004). The
intentional release of these pathogens and others
into the air is also a large contemporary concern
(Eickhoff, 1996; Stetzenbach et al., 2004). Finally,
some airborne fungi, bacteria, and viruses are the
causative agents of plant and animal diseases, which
can have large economic and ecological conse-
quences (Alexandersen et al., 2003; Gloster and
Alexandersen, 2004; McCartney et al., 2003).

Bioaerosols have also been associated with
noninfectious diseases, such as hypersensitivity
pneumonitis, organic dust toxic syndrome (ODTS),
allergies, and asthma (Burge, 1990; Heederik and
Douwes, 1997; Olenchock, 1994; Su et al., 1992).
The great majority of all allergens is biological
material, such as fungi or fragments of plants,
insects, or animals. Fungal-induced allergy consti-
tutes between 25% and 30% of all allergenic asthma
cases in the industrialized world and affects
approximately 6% of the general population
(Horner et al., 1995; Kurup, 2003).

1.1. Limitations associated with traditional culture

methods

Despite these environmental implications and the
substantial public health concerns, biomass identity,
distribution, and abundance in the atmosphere and
in indoor air have been poorly described. Certainly,
this is not consistent with analytical perspectives of
aerosol chemistry or the understanding of micro-
organisms in aquatic environments and potable
water supplies. There are three reasons contributing
to this knowledge gap. First, atmospheric sciences
have traditionally been paired with the analytical
chemistry efforts needed to investigate the air
pollution of the industrial age. A consequence of
this tradition is that extensive chemical rather than
biological characterization of the atmosphere exists
and that few scientists or engineers have comple-
mentary aerosol and biotechnology skill sets. The
second reason is the difficulty in detecting airborne
microorganisms due to their dilute nature (Roy and
Milton, 2004). For microorganisms, the atmosphere
is an extreme and oligotrophic environment, and
compared with sampling practices for food, aquatic,
and terrestrial environments, microorganism collec-
tion from ambient air presents a significant techno-
logical challenge. Bioaerosol sampling equipment
has collection efficiencies less than 100%, and these
efficiencies vary significantly with the aerodynamic
diameter of airborne particulate matter. Further,
conventional collection devices that harvest parti-
culate matter from air introduce significant sam-
pling stresses, which can substantially reduce the
viability and/or culturability of a broad range of
airborne microorganisms (Buttner et al., 1997;
Stewart et al., 1995).

The final reason for the relatively limited under-
standing of aerosol microbial ecology is a direct
result of the poor integration of biotechnology with
aerosol science. Conventional culturing methods,
such as plate counts, continue to be the most widely
used method in aerobiology investigations (AC-
GIH, 1999). While culturing still fills an important
role in aerosol studies, particularly with pure culture
investigations that isolate intrinsic responses of
airborne microorganisms and determine the viabi-
lity or infectivity potential, the ecological bias
introduced by culture-based microbiological assays
has been well documented (Woese, 1987). Less than
1% of bacteria from terrestrial and aquatic envir-
onments can be recovered by enrichment culture
(Amann et al., 1995; Pace, 1997). In many of these
environments, the majority of the cells are believed
to be viable but do not form colonies on agar plates.
Based on bioaerosol studies that have measured
both total and culturable microorganisms, this
low recovery of culturable microorganisms also
extends into the atmospheric environment (Table 1).
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Table 1

Culturabilty of airborne bacteria and fungi

Environment Organism (media) Culturability

percentagea
Reference

Indoor-sick buildings Bacteria (Tryptic Soy Agar (TSA)) o100 (Moschandreas et al., 1996)

Agricultural-swine confinement Bacteria (TSA) 1 (Lange et al., 1997)

Agricultural –swine confinement Bacteria and actinomycetous

spores (nutrient agar)

1–10 (Palmgren et al., 1986)

Industrial-wood chip handling Fungal spores (Malt Extract Agar

(MEA))

10–40

Rural agriculture Bacteria (Luria Bertani Agar (LB )) 0.5–4 (Tong and Lighthart, 1999)

Wastewater flood irrigation site Bacteria (R2A Agar) 0.1–1 (Paez-Rubio et al., 2004)

Indoor-therapeutic pool Bacteria (TSA) 0.1–0.2 (Angenent et al., 2005)

Outdoor urban air Bacteria (TSA) 0.02

Indoor-flooded houses Bacteria (TSA) and fungi (MEA) 0.001–30 (Fabian et al., 2005)

Outdoor air Bacteria (TSA) and fungi (MEA) 0.1–0.001

aCulturability percentage is calculated as 100 times the plate count concentration on nonselective growth media divided by total

microorganisms concentration determined by direct microscopy.
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The strong reliance on culturing has also limited the
types of bioaerosols that can be studied. The
etiological agents of many infectious airborne
diseases have never been detected in the environ-
ment, and there is still uncertainty in the transmis-
sion modes for many airborne diseases (Samet,
2004). For example, common infectious airborne
agents such as Pneumocystis carinii cannot be
cultured (Wakefield, 1996). Even though more than
one million people die of tuberculosis each year, and
one third of the world’s population has been
exposed to the causative agent Mycobacterium

tuberculosis (WHO, 2004), we are aware of no
studies in the peer reviewed literature to confirm the
culture-based detection of viable M. tuberculosis

from an ambient air sample. Further, culture-based
techniques do not apply for assaying allergenic
fractions of plants and insects, and recent applica-
tion of quantitative PCR allergenic fungi in house
dust suggested that culturing may underestimate
concentrations by 2–3 orders of magnitude (Meklin
et al., 2004). Finally, the number of environmental
bioaerosol studies reporting on the analysis of
airborne viruses is markedly less than those target-
ing other microorganisms. Classical cell culture
assays are the most common type of virus enumera-
tion technique. However, many virus particles do
not yet have cell culture assays, and the low
efficiencies associated with recovering submicron
viral particles in liquid impingers (Willeke et al.,
1998) result in the necessity to sample for viruses on
filters. Filter recovery has limitations, since dessica-
tion incurred during collection may strongly con-
tribute to significant infectivity losses and the
consequent inability to detect viruses by cell culture
analysis (Agranovski et al., 2004). In their extensive
review of viral aerosols, Sattar and Ijaz (1997)
strongly state that proper studies on the airborne
spread of many human viruses have not been
possible because many viruses cannot be readily
cultured using standard laboratory techniques.

1.2. PCR-based methods are culture-independent

In the last 15 years, techniques used to study
microorganisms in the environment have dramati-
cally expanded due to the ability to detect and
identify microorganisms and viruses by DNA or
RNA sequence comparison (Pace, 1997). This
advance has been made possible by polymerase
chain reaction (PCR), an enzymatic reaction in
which a sequence of DNA (usually a specific gene or
portion of a gene) is selected and multiple copies
produced. Using carefully designed DNA primers, a
genetic sequence representing a specific microorgan-
ism, a group of microorganisms, or a microbial
function can be targeted, amplified, quantified, and
sequenced. The resulting sequences can then be
analyzed directly and compared with existing public
databases for identification, or processed for popu-
lation fingerprinting, microarray analysis, or clone
library analysis. PCR can only be performed on
DNA sequences. RNA amplification is achieved by
first converting RNA to DNA through a reverse
transcriptase process and then PCR amplifying the
resultant DNA. The advantages of PCR-based
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techniques for aerosols include the remarkable
sensitivity and the unambiguous bioaerosol detec-
tion and identification that can be made indepen-
dent of culturing, thus circumventing the sampling
and aerosol-type limitations previously described.
The PCR method is general, as it can be applied to
any biological matter that contains nucleic acids,
such as fungi, viruses, bacteria, and many types of
allergens. The elimination of culturing pathogens
removes the need for specialized labs to perform cell
cultures that require extensive biosafety infrastruc-
ture not common in aerosol laboratories. Finally,
PCR-based methods also have the potential to
provide results more rapidly than culturing techni-
ques—on the order of hours as compared to days or
weeks.

The literature contains a very limited number of
PCR-based aerosol studies. These studies, however,
have already resulted in an increased understanding
of aerosol biomass. PCR application has led to
advances in environmental and health sciences, such
as reconsidering airborne transmission as a way of
catching the common cold (Myatt et al., 2004;
Samet, 2004), identifying pathogens in aerosols
where culture analysis failed to do so (Angenent
et al., 2005; Schafer et al., 2003; Wakefield, 1996),
developing an increased understanding of the back-
ground populations of bacteria, fungi, and aller-
genic biomass in urban air (Boreson et al., 2004;
Wilson et al., 2002), and providing previously
unknown quantitative aerosol concentration infor-
mation that can be used for epidemiology and risk
analysis (Schweigkofler et al., 2004; Zeng et al.,
2004). These studies have also yielded valuable
practical knowledge on sampling and sample
processing for PCR-based aerosol studies. Based
on the results from extensive application in aquatic
environments, PCR-based methods hold tremen-
dous promise to revolutionize the study of the
infectious and allergenic biological fraction of
indoor and outdoor aerosols.

The application of PCR-based methods towards
bioaerosol characterization is currently undergoing
a broad expansion. Approximately 30% of all peer-
reviewed aerosol research papers that included PCR
as a main analytical tool were published after 2004,
and greater than 80% of these papers have been
published since the year 2000. This progress on
PCR-based application and the resulting under-
standing of biomass in the atmosphere will continue
only if these molecular tools become more ap-
proachable to the aerosol science community.
Accordingly, the goal of this review is to identify
practical protocols and the previous barriers asso-
ciated with the application of PCR technology to
characterize atmospheric and indoor aerosols. The
intention here is not to focus on the details of the
polymerase chain reaction or the population analy-
sis methods, as these methods are the same for
water, soil, or clinical samples and robust protocols
are published elsewhere and referenced here. The
focus of the review is to provide an overview of the
sampling and sample processing methods that are
specifically tailored to efficient DNA recovery and
nucleic acid amplification of microorganisms re-
tained in aerosol samples, with consideration given
to the most recent literature examples. Further, the
aerosol scientist not familiar with these molecular
biology techniques, and the molecular biologist not
familiar with aerosol sampling, may find enabling
information here that is currently retained by only a
few specialized labs involved with both aerobiology
and PCR. Finally, a generalized procedure is
provided to aid in making this technique more
approachable, successful, and common in aerosol
arenas.

2. Aerosol sampling and sample processing

Fig. 1 is a flow chart that generically outlines
single microbe detection and microbial community
analysis of aerosols using PCR-based methods. The
significant steps for aerosol assessment include
aerosol sampling, sample concentration, nucleic
acid extraction, and PCR for either single agents
or community analysis. These steps are presented in
more detail in the following sections. Table 2 is a
description of detection limits, sampling methods,
and sample processing protocols and refers to
previous PCR-based aerosol studies that have been
published in archival journals. This table will be
referenced throughout. Table 2 is comprehensive,
with the exception that out of the various studies
that have used identical sampling and sample
processing methods, only one is represented.

2.1. Integrated sampling

On the same volumetric basis, quantities of
airborne microorganisms are typically several or-
ders of magnitude (104–106) less than quantities of
waterborne microorganisms (Stetzenbach, 2002).
Consequently, an inherent requirement for perform-
ing PCR on aerosol samples is to concentrate the
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Fig. 1. Flow chart illustrating the pathways to PCR-based analysis of aerosols. The quantities of target bioaerosols required for successful

analysis are listed within the chart.
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dilute biological aerosol. As with all aerosol
samples, quantity, capture efficiency, and size
resolution are also important considerations.
An additional unique and critical consideration
for bioaerosol monitoring is the ability to remove
all biological matter from the sampler before
reusing, as PCR is highly sensitive and a small
amount of contamination—1 target cell or 1 fg of
DNA—can result in a false positive response. PCR-
based methods do not provide information inde-
pendent from bioaerosol culturability or infectivity;
thus, ensuring that a collection process does not
compromise viability is of less concern. The three
most common methods for sampling bioaerosols for
both culturable and PCR-based studies are impac-
tion onto solid media, impaction into a liquid
(impingement), and filtration (Table 2). The dis-
tribution of sampling methods in previous aerosol
PCR-based studies is 20%, 24%, and 56%
for impaction, liquid impingement, and filtration,
respectively.

Bioaerosols collected for subsequent PCR analy-
sis can be impaction onto nonagar surfaces such as
tape, foam, or glass slides. Flow rates for the
common impactors used in bioaerosol sampling
range from 10 to 90Lmin�1 (Buttner et al., 1997).
Because impaction is based on particle inertia, some
impactors have the advantage of performing parti-
cle-size distribution of the aerosols collected (Li
et al., 1999). Spore traps, cascade impactors with
glass plates, and MOUDI impactors have all been
successfully used to collect fungi and bacteria for
subsequent PCR analysis (Calderon et al., 2002;
Schafer et al., 2003; Wakefield, 1996).

Liquid impingement is the impaction of aerosols
into a liquid and is a common method used for the
collection of viable bacteria and virus particles. All
glass liquid impingers avoid desiccation artifacts
and impart the lowest sampling stress of currently
marketed bioaerosol samplers so that culturing can
be concurrent with PCR-based analyses. The flow
rate for common impingers is 12.5 Lmin�1—the
approximate breathing rate of humans, and cells are
impinged into a 15–20mL volume of collection
fluid. While the size ranges of both bacteria and
fungi suggest efficient collection via impingement
(collection efficiency is near 100% above 0.6 mm
aerodynamic diameter; Willeke et al., 1998), liquid
impingers are more commonly used for bacteria,
since many fungal spores are hydrophobic and may
impinge with low efficiency (Eduard and Heederik,
1998). Individual or agglomerated virus particle
collection (diameters between 0.01 and 0.3 mm) via
liquid impingent is possible, but collection efficiency
declines rapidly with aerodynamic diameters less
than 0.5 mm (Willeke et al., 1998). The disadvan-
tages of common liquid impingers include the low
flow rate, the limited amount of time that impingers
can be operated before the collection fluid is
changed (although this may be extended with the
use of a more viscous, nonevaporative collection
fluid; Lin et al., 2000), and their inability to
discriminate between such relevant respirable size
ranges as PM10 and PM2.5.
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Table 2

Study description, limits of detection, aerosol sampling method, and sample processing protocols used in previous PCR-based aerosol

studies

Study and limit of detection Aerosol collection Sample processing comments

Indoor healthcare setting, varicella-zoster

virus, limit of detection was 102–103 copies

(Sawyer et al., 1994)

0.45mm cellulose filter at 2.5–9.4Lmin�1

for 0.25 h–2 h

Filters were extracted in pure water and

dialysis used to concentrate samples. Freeze-

thaw method used for cell lysis. No

purification

Indoor healthcare setting, cytomegalovirus,

no detection limit provided (McCluskey

et al., 1996)

0.1 mm polycarbonate membrane at

1.9 Lmin�1 for 6 h

Filters were minced and then extracted in a

tris buffer solution. Lysis conducted by

detergents, proteinase K, and heating at

60 1C for 1 h and reheating at 95 1C for

0.25 h. No purification

Outdoor rural ambient aerosols,

Pneumocystis carinii, no detection limit

provided (Wakefield, 1996)

� Hirst spore trap at 10 Lmin�1 for

48–240 h

� 3 stage liquid impinger at 20Lmin�1

for 9–12 h

� Cascade impactor at 17.5Lmin�1 for

48–96 h

Samples on solid supports were eluted with

0.1% Triton X-100 solution and ground in

liquid nitrogen to lyse spores. DNA was

purified by phenol:chloroform extraction

and DNA concentrated and cleaned by a

spin column

Aerosols sampled from pig rooms on seven

commercial farms, Mycoplasma

hyponeumoniae, nested PCR increased

sensitivity by 104 times (Stark et al., 1998)

0.2 mm polyethersulfone filters at

8.3–20Lmin�1
Filters were dissolved in chloroform, shaken,

and then DNA was extracted from the

solution by phenol:chloroform extraction,

followed by ethanol precipitation and

centrifugation of DNA

Outdoor wastewater treatment plant,

chemical plant, and indoor office building,

Legionella spp., PCR more sensitive than

plate counts (Pascual et al., 2001)

Impacted onto a petri dish containing 20mL

of phosphate buffered saline, flow at

100Lmin�1

Cells concentrated by centrifugation and

lysed by freeze-thaw process. No purification

Indoor and outdoor urban aerosols,

Pneumocystis carinii, limit of detection was

102 cells without inhibition (Maher et al.,

2001)

0.45mm polyvinylidene difluoride filters at

0.4 Lmin�1 for 24 h

Cells were lysed directly on the filter using

extraction buffer and DNA was purified by

phenol:chloroform followed by ethanol

precipitation. Magnetic bead capture was

used after DNA extraction and purification

to remove inhibiting compounds

Outdoor and indoor industrial sites,

selected fungi, PCR detection limit for total

fungal spores was 9–73 spores or 1.3–9.3

CFU (Wu et al., 2002a)

0.4 mm polycarbonate membrane at

1.2 Lmin�1 for 2–4 h

Filters were eluted in a DNA extraction

buffer containing 1% Triton-100. DNA was

lysed by bead beating and purified by spin

column

Ambient air samples in Mexico City,

Penicillium roqueforti and all fungi. Limit

of detection was 10 spores in wind tunnel

samples and 200 spores in Mexico City

samples (Calderon et al., 2002)

Rotating-arm spore trap onto tape at

150Lmin�1 and a Hirst-type spore trap at

10Lmin�1. Sampling times varied from

20min to 14 days

Spores were extracted from spore trap tape

in a 0.1% solution of Nonident P-40. Lysis

was performed by bead beating, followed by

phenol:chloroform purification and ethanol

precipitation with glycogen

Outdoor ambient aerosols, all bacteria, no

detection limit provided (Wilson et al., 2002)

Collected onto 80 � 100, 1 mm pore-size

track-etched polyester filter at 1000Lmin�1

for 24 h

Filters were eluted in a phosphate buffered

saline with 0.003% Tween 20. A soil

extraction DNA kit was used and cell lysis

was augmented with bead beating

Indoor aerosols above whirlpools,

Mycobacteria spp., limit of detection was 1

gene copy (Schafer et al., 2003)

1 mm PTFE filters at 3 Lmin�1 for 7 h

and an 8 stage (0.2–9.9mm) MOUDI

sampler, flow at 30Lmin�1 for 30 h

Filters were eluted in tris buffer containing

1% Triton X-100 detergent. Cells were lysed

by kit lysis agent and by heating at 60 1C for

45min. No purification

Indoor office setting, rhinovirus, no

detection limit provided (Myatt et al., 2004)

2.0 mm PTFE filter at 4 Lmin�1 for 8 h Filters were extracted in a mixture of

phosphate buffered saline and kit lysis buffer

containing carrier RNA. Extracted RNA

was purified using kit spin columns and

reverse transcriptase was used to convert

RNA to DNA for PCR

Indoor aerosols from agricultural settings,

limit of detection was 1–10 fungal spores

0.4 mm polycarbonate membrane at

1.2 Lmin�1 for 1.5 h

Filters were eluted in a DNA extraction

buffer containing 1% Triton-100. DNA was

J. Peccia, M. Hernandez / Atmospheric Environment 40 (2006) 3941–39613946
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Table 2 (continued )

Study and limit of detection Aerosol collection Sample processing comments

with either conventional PCR or real-time

PCR (Zeng et al., 2004)

lysed by bead beating and purified by spin

column

Outdoor aerosols, Fusarium circinatum, 102

gene copies for real time PCR and 1 copy for

conventional PCR (Schweigkofler et al.,

2004)

Deposition onto wetted filter paper Filters were eluted in 651C tris-EDTA

buffer. Spores lysed by bead beating,

chemical lysis, and freeze-thaw cycling and

DNA purified by phenol:chloroform

extraction with DNA capture by spin

columns

Urban and rural outdoor ambient aerosols,

all Eukaryotes, no detection limit provided

(Boreson et al., 2004)

MicroVic bioaerosol concentrator fitted with

an SKC biosampler at 400Lmin�1 for 3 h

Cells were concentrated by filtration onto a

0.20mm pore-size polycarbonate membrane

and eluted using a DNA extraction buffer

amended with 0.05% Tween 80. Lysis was

performed by bead beating and freeze-thaw

cycling and DNA purification was

performed by phenol:chloroform extraction

followed by ethanol precipitation and DNA

capture on spin columns

Indoor therapeutic pool, all microorganisms,

no detection limited provided (Angenent et

al., 2005)

SKC biosamplers at 12.5Lmin�1 for greater

than 1 h

Cells were concentrated by filtration onto a

0.20mm pore size hydrophilic

polyethersulfone membrane and eluted by

tris buffer with Igepal CA-630 (nonionic

detergent). Lysis using bead beating with

phenol:chloriform purification and ethanol

precipitation

Indoor health care setting, M. tuberculosis,

limit of detection was less than 10 genomes

(Chen and Li, 2005)

0.4mm polycarbonate filters at 22Lmin�1

for 8 h

Cells were extracted from filters using

deionized water. DNA was extracted using a

proprietary kit and cell lysis was enhanced

with a bead-vortexing and boiling protocol.

No DNA purification

Outdoor ambient aerosols, all bacteria, no

detection limit provided (Maron et al., 2005)

Wetted-wall cyclone aerosol sampler used at

800Lmin�1 for 3 h

Cells were lysed by bead beating, chemicals,

and freeze-thaw cycling, and DNA was

purified by ethanol precipitation and a final

DNA cleanup prior to PCR using a genomic

DNA purification kit

J. Peccia, M. Hernandez / Atmospheric Environment 40 (2006) 3941–3961 3947
Using filtration for bioaerosol collection generally
entails mounting a membrane of a nominal pore size
(0.01–2 mm) onto either a permanent or disposable
filter cassette and providing airflow in the range
between 1 and 50Lmin�1 (Buttner et al., 1997). Size
discrimination can be achieved by the addition of a
cyclone with a specific aerodynamic diameter cut
point in front of the filter apparatus. Material type
is selected to optimize collection, and elution/
analysis and commonly includes polycarbonate,
polytetrafluoroethyline (PTFE), polyvinylchloride,
or mixed cellulose ester. Collected bioaerosols can
be eluted from membranes and used in culture-
independent methods, such as microscopic direct
counts or PCR-based analysis (Alvarez et al., 1995;
Palmgren et al., 1986). The loss in viability of
vegetative bacteria during filter collection has been
well documented, although bacterial and fungal
spores show a much higher survival rate than
vegetative bacteria and viruses (Agranovski et al.,
2004; Jensen et al., 1992; Palmgren et al., 1986).
Filter collection efficiency for a variety of materials
and pore sizes is typically greater than 95% for
particles as small as 0.035 mm in diameter (Lee and
Mukund, 2001), and therefore, filters allow for the
efficient collection of a wide variety of bioaerosols
ranging from large fungi and pollens to airborne
viruses and particulate biotoxins. Pore sizes used in
fungi and bacteria collection have ranged from 0.2
to 1 mm (Mastorides et al., 1997; Wilson et al., 2002;
Zeng et al., 2004) while pore sizes for filters used for
virus collection have ranged from 0.1 to 2.0 mm (Bej
et al., 1991; McCluskey et al., 1996; Méndez et al.,
2004; Myatt et al., 2004; Sawyer et al., 1994). While
environmental airborne viruses and bacteriophages
have been detected by cell culture in air via liquid
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impingers (Pillai et al., 1996) and impactors filled
with fluid (Carducci et al., 1999), the successful
PCR detection of viruses from air has been most
commonly from the collection of samples on filters
(McCluskey et al., 1996; Myatt et al., 2004; Sawyer
et al., 1994).

An emerging class of aerosol samplers that may
be well suited for PCR-based measurements of
bioaerosols is high-volume samplers (greater than
100Lmin�1). The development of high-volume
samplers designed specifically for bioaerosols is
undergoing a dramatic expansion in response to
biological warfare and bioterrorism concerns. High-
volume biosamplers, such as the Spincons (Sceptor
Industries, Inc., Kansas City, MO), the BioCap-
tures 650 Air Sampler (Meso Systems, Inc.,
Kennewick, WA), and volumetric aerosol concen-
trators such as the Microvics (Meso Systems), are
commercially available and operate at greater than
500Lmin�1 in a liquid impingement format
(although their cost may be 10–200 times that of
glass liquid impingers). The ASAP sampler (Rup-
prect and Patashnick Co., Inc., East Greenbush,
NY) collects by impaction onto foam, and like high-
volume impingers, it is also marketed to allow for
both culturable analysis and the collection of cells
for DNA extraction and subsequent PCR-based
analysis. Beyond cost, the key limitation to these
samplers is a lack of performance data. In contrast
to the conventional impingers and impactors (An
et al., 2004; Juozaitis et al., 1994; Lin et al., 2000),
there is a paucity of collection efficiency perfor-
mance data and limited peer-reviewed reports
available for the new generation of high-volume
samplers. One exception is the collection efficiency
for particles of mean aerodynamic diameters of 0.5,
1, and 2.5 mm reported for the Reuter Centrifugal
agar strip samplers (RCS High Flow, Biotest
Diagnostics Corp., Denville, NJ) (An et al., 2004).

The fact that aerosols need not be viable or
culturable for PCR-based analysis is of tremendous
benefit to biomass sampling, as it allows for
collection using the full variety of particulate matter
and chemical aerosol samplers. Compared to tradi-
tional bioaerosol samplers, these samplers have
larger size ranges, a better ability to fractionate
aerosols into specific size ranges, the ability to
sample large volumes of air, and are generally better
characterized for sampling efficiency. The PM10 and
PM2.5 high-volume aerosol samplers now widely
used to collect particulate matter for gravimetric
and chemical analysis have been used for PCR-
based studies and represent a dramatic increase in
sample collection rate (typically near 1m3min�1)
(Radosevich et al., 2002). In addition, the PCR-
based bioaerosol studies using MOUDI impactors
(Schafer et al., 2003) and personal aerosol monitors
(Nugent et al., 1997) have shown the potential to
provide new relevant information as a result of
the particle size information and the personal
exposure information afforded by these nontradi-
tional bioaerosol samplers.

2.2. Filter elution and sample concentration

A common first step in processing aerosol
samples for PCR-based analysis is to elute the
collected biomass from filters. To maximize sensi-
tivity and provide for accurate quantification,
elution of biomass must be efficient, and the process
must be completed in a small volume of liquid to
ensure that either a large fraction or the entire
sample can be used in the nucleic acid extraction
and subsequent PCR. Filter elution may apply to
both aerosol samples collected on filters and aerosol
samples collected in liquid impingers, since the
volume of liquid in common impingers (20ml) is too
large to easily and economically extract DNA
(Alvarez et al., 1995; Angenent et al., 2005; Méndez
et al., 2004; Paez-Rubio et al., 2005).

Filter materials that have been successfully used
for cell concentration and elution in aerosol PCR-
based studies include nucleopore polycarbonate
filters (Paez-Rubio et al., 2005; Palmgren et al.,
1986), PTFE (Bej et al., 1991; Myatt et al., 2004),
polyethersulfone (Angenent et al., 2005; Stark et al.,
1998), and mixed cellulose ester filters (Alvarez
et al., 1995) (Table 2). Polycarbonate is the most
common type and has been used in greater than
50% of previous PCR-based aerosol studies. A
previous side-by-side comparison of polycarbonate
and PTFE filters for the collection and identification
of airborne M. tuberculosis in healthcare settings
demonstrated no differences in recovery from the
two materials (Wan et al., 2004). Track-etched
polyester filters have also been used successfully for
bioaerosol collection and elution (Wilson et al.,
2002).

The elution process is performed by placing
whole or cut filters into a solution of sterile,
DNA-free deionized water, Tris buffer, or phos-
phate-buffered saline that has been amended with
0.01–1% nonionic detergent, such as sodium
dodecyl sulfate (SDS), Triton 100X, or Tween 20
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(Wakefield, 1996; Wilson et al., 2002; Zeng et al.,
2004) (Table 2). In some previous studies, viral
particles or cells have been eluted directly in a mild
lysis buffer (Myatt et al., 2004; Paez-Rubio et al.,
2005). The agitation methods of eluting fungal or
bacterial cells or viral particles from filters include
rapid vortexing, placement on an orbital shaker
table, or sonication (McCullough et al., 1998;
Méndez et al., 2004; Palmgren et al., 1986). Elution
times depend upon mechanical agitation methods
and are typically on the order of minutes for
vortexing and hours for placement on orbital shaker
tables. It is critical that filters are removed after
elution and not subjected to DNA extraction
reagents. This important observation was reported
in a PCR optimization study that systematically
compared the level of detection associated with
common filter materials, including PFTE, polycar-
bonate, or mixed cellulose ester filters (Bej et al.,
1991). The comparisons in this case were made for
samples in which the filter was not eluted; rather, it
was placed in the DNA extraction buffer and
carried all the way through to the PCR reaction.
Only PTFE filters (hydrophobic were better than
hydrophilic) allowed for detectable PCR amplifica-
tion of samples containing 1–10 cells. Other studies
have demonstrated that when polycarbonate filters
were eluted and removed before the cell lysis step,
DNA detection limits of 1–10 cells result (Wan
et al., 2004; Wu et al., 2002a; Zeng et al., 2004).

Although many filter types, elution solutions, and
agitation methods have been used, filter elution
recovery efficiencies have not been reported for
aerosol studies and a generally accepted protocol
does not yet exists. In cases where quantitative
aerosol studies were performed, high efficiencies
may be inferred from the fact that between 1 and 10
cells seeded onto a filter produced a detectable
amount of PCR amplicons (Wu et al., 2002a; Zeng
et al., 2004). Given the current research trend to
quantify by PCR, the efficiency of filter elution is
becoming more critical and this step should be given
substantially more treatment in the literature.

2.3. Lysis and nucleic acid purification

Due to the low number of microorganisms in
most aerosols and the desire for quantitative results,
the extraction of DNA or RNA from environmental
samples must also be efficient, not damage the DNA
or RNA target, and provide nucleic acid that is free
of PCR-inhibiting compounds. Nucleic acid extrac-
tion consists of cell lysis and nucleic acid purifica-
tion. Lysis is the disruption of a cell or spore wall or
virus coating and the corresponding release of
genomic DNA or RNA. Enzymatic, chemical, or
physical methods or a combination of these
methods are used to disrupt cell walls and virus
coatings, and are typically accompanied by a
detergent such as SDS to aid in releasing the nucleic
acid from disrupted cells. The lysis protocol may be
tailored to the target microorganism. If a single
microorganism is targeted and possesses a weak cell
wall, such as the Gram-negative Neisseria meningi-

tides or Haemophilus influenzae, then a strong
surfactant coupled with enzymatic disruption of
protein and polysaccharides may be a suitable lysis
method. Many commercially available kits, which
typically use less stringent chemical lysis procedures,
can be useful for this purpose. More typically in
aerosols, the stronger Gram- positive bacterial and
fungal spore cell walls necessitate a more robust
lysis method. This involves incubation with lyso-
zyme to hydrolyze the polysaccharide components
of cell walls and incubation with protein lytic
enzymes, such as Proteinase K, to cleave peptide
bonds in cell wall proteins. These enzymatic
preparations are often followed by the use of
surfactants such as hexacetyltrimethylammonium
bromide (CTAB) or SDS (3–5%) to break up and
dissolve cell wall lipids. For most environmental
bacteria and fungi, an additional step such as high-
energy agitation with micron-sized beads (bead
beating) or rapid freeze-thaw cycling is necessary
for complete cell wall disruption. Indeed, the use of
these physical disruption steps has been associated
with 99% cell disruption in environmental samples
(Freeman et al., 2002) and large increases in DNA
yields from soils and aerosol samples (Haugland
et al., 2002, Zhou et al., 1996, Miller et al., 1999).
Other researchers, however, have cautioned that
methods such as bead beating and sonication can
shear genomic DNA into fragments (Miller et al.,
1999; Picard et al., 1992) and that these fragments
may lead to either incomplete PCR amplification or
chimera (PCR amplicon composed of DNA from
different, multiple microorganisms) production.
Miller and coworkers describe speeds and times
for bead beating that reduce this fragmentation
(Miller et al., 1999), and extraction by sonication is
not recommended. Clearly described protocols exist
for thorough cell wall lysis for small quantities of
fungi (Haugland et al., 2002; Schabereiter-Gurtner
et al., 2001) and all bacteria (Frank et al., 2003), and
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both have been employed successfully in aerosol
studies.

The second step in nucleic acid extraction is
purification, the process of separating DNA from
cell lysates (proteins, carbohydrates, and lipids) and
other environmental contaminants. This step is
necessary to avoid interferences in nucleic acid
measurement and enzymatic inhibition of the PCR
reaction (Alvarez et al., 1995; Dean et al., 2005;
Haugland et al., 2005). DNA or RNA purification is
a two-stage process in which nucleic acid is first
separated from protein typically using a phenol:-
chloroform extraction. During this first step, cell
lysate is mixed with a 1:1 phenol:chloroform
mixture. Proteins partition into the organic (chlori-
form) phase while nucleic acids are extracted into
the top aqueous (phenol) phase and removed. DNA
or RNA is recovered from the phenol by cold
precipitation in ethanol. The precipitated nucleic
acid is then collected by centrifugation. Difficulties
can arise in precipitating and collecting very small
amounts of nucleic acid, although precipitation can
be improved by the addition of tRNA or glycogen
to samples (Williams et al., 2001). Alternatively,
purification of nucleic acid can be achieved through
the use of microcentrifuge spin columns that take
advantage of silica–nucleic acid binding. Many
column manufactures exist (Qiagen, Inc., Freemont,
CA; Sephadexs Products, Sigma Chemical Co.,
St. Louis, MO; Mo Bio Laboratories, Inc., Carls-
bad, CA; Promega, Inc., Madison, WI). During
column purification, cell lysate, usually with a high
ethanol content, is loaded onto columns with high
affinity for nucleic acids. The column is cleaned by
several rinses in ethanol, and then DNA and RNA
is eluted using a small volume (50 mL or less) of
water or buffer. Recovery of DNA or RNA by filter
column is at least as efficient as the phenol:chloro-
form/ethanol precipitation method.

Many environmental studies and approximately
30% of the previous PCR-based aerosol studies
extracted nucleic acid with the aid of a commercially
available kit. Kits are commonly available for DNA
and RNA extraction from soil communities as well
as extraction from clinical samples. Most research-
ers who have used these kits have substituted a more
rigorous cell lysis method and then simply used the
kit spin columns for purification of nucleic acid
(Table 2) (Maron et al., 2005; Wakefield, 1996; Wu
et al., 2002a; Zeng et al., 2004).

The appropriate application of nucleic acid
extraction methods has commonly led to reported
recoveries of greater than 90% in environmental soil
and spiked aerosol samples (Haugland et al., 2002;
Zhou et al., 1996). There is strong evidence that
both lysis and nucleic acid purification steps are
necessary in processing aerosol samples for PCR.
Recent aerosol studies independently concluded
that inhibitory compounds produced by either
fungal cell lysates or by the environmental matrix
(dust or particulate matter) can significantly inhibit
PCR, and that these compounds and their asso-
ciated inhibition can be removed by nucleic acid
purification techniques such as phenol:chloroform
extraction with ethanol precipitation (Dean et al.,
2005; Williams et al., 2001) or by using spin columns
with cleanup and elution (Haugland et al., 2002).
The literature contains a limited amount of nucleic
acid extraction optimization studies that provide
very useful information for PCR-based aerosol
studies (Dean et al., 2005; Haugland et al., 2002;
Miller et al., 1999; Porteous et al., 1997; Zhou et al.,
1996). Details of DNA extraction protocols used in
previous aerosol studies are presented in Table 2.

2.4. Effective PCR detection levels and inhibition

The theoretical minimum amount of template
nucleic acid required for PCR amplification is a
single gene copy (Burke, 1996) or approximately
1–3 fg of genomic DNA (Schafer et al., 1999). By
extracting genomic DNA from a pure culture,
assuming a mass for 1 genome, and diluting the
sample to the equivalent of 1–10 copies, researchers
have verified this detection limit in clean laboratory
samples for relevant airborne microorganisms
(Bialek et al., 2004; Williams et al., 2001). The
process of nesting—performing two consecutive
PCR reactions on the same gene where a second
set of primers amplifies a fragment inside the
fragment circumscribed by a first set of primers—
can also be used to increase detection levels.
Although not exclusively practiced in aerosol
samples, nested PCR is common, especially when
applied to the detection of single viral, bacterial, or
fungal pathogens where concentrations may be very
low (Mastorides et al., 1997; McCluskey et al., 1996;
Wakefield, 1996). The process of nesting almost
always decreases the detection level. Stark et al.
(1998) observed a 104 increase in sensitivity by using
nested primers, although the increase is usually
approximately 1–2 orders of magnitude.

A more practical detection limit guideline for
environmental samples is somewhat greater than a
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single gene copy. The limit is increased due to losses
during filter elution, inefficient DNA extraction,
and PCR inhibition from aerosol contaminants.
Maher et al. (2001) demonstrated PCR inhibition
effects on detection limits by noting positive PCR
reactions for as few as 102 P. carinii spores spiked
onto clean filters, while the detection limit increased
to 103 cells and greater than 104 cells when spiked
onto filters exposed to indoor and outdoor air,
respectively. In a related study, PCR was compro-
mised by significant inhibition, which correlated
with aerosol biological concentrations (Alvarez
et al., 1995). In liquid impinger samples that were
seeded with Escherichia coli DH1 cells, as few as 10
cells were detected using nested PCR when samplers
were operated outdoors, and 2.1� 102CFUm�3

environmental bacteria were collected. In cases
where a greater number of environmental micro-
organisms were collected (4� 103CFUm�3), PCR
was inhibited when 10–102 CFU were purposely
spiked into the collection device. Successful PCR
amplification was restored to ‘‘pre-spike’’ levels in
this sample by serial dilution (greater than 10 times)
of the impinger collection fluid to remove most of
the inhibition. Indeed, in many cases, inhibition of
PCR amplification can be significantly reduced by
simply diluting the purified DNA extract.

Useful data on aerosol PCR detection limits also
comes from studies where PCR detection is com-
pared to other measurement methods, such as
culturable plate counts or direct microscopic counts.
Pascual et al. (2001) measured airborne Legionella

pneumophilia with concurrent culture plate counts
and PCR detection. Of 12 positive samples, 3
samples were positive for both culture plate counts
and nested PCR, and 9 samples were positive for
nested PCR only, indicating that the L. pneumophi-

lia detected by PCR and not plate counts may have
been nonviable or nonculturable. Using direct
microscopic counting of total fungal spores in
conjunction with PCR that utilized primers that
recognize all fungi, Calderon et al. (2002) estimated
a detection level in Mexico City outdoor air of 200
total fungal spores (not nested); this value is
approximately 20 times greater than the detection
level determined by the same researchers in clean
spiked laboratory samples. In another study in
which PCR with primers universal to all fungi was
paired with both direct microscopic counts and
culturable plate counts for fungi to investigate
aerosols in outdoor and indoor industrial sites, the
limits of detection for PCR amplification were 9–73
total cells or 1.3–19.3CFU fungim�3 (Wu et al.,
2002a).

Review of PCR application in aerosols suggests
that, detection levels of 10–102 gene copies can be
achieved provided that appropriate steps to mitigate
inhibition have been taken and the cell lysis and
DNA purification steps in sample processing are
efficient (Table 2).

2.5. The PCR step

PCR is a common analytical technique in medical
diagnostics and biotechnology laboratories, as well
as in environmental laboratories that study the
aquatic and terrestrial biospheres. Several books
and laboratory manuals exist as references for PCR
operation and optimization (Burke, 1996; Weissen-
steiner et al., 2004). The fundamentals of PCR are
not covered here, since the unique aspects of PCR-
based aerosol studies are sampling, sample prepara-
tion and nucleic acid extraction—the actual poly-
merase chain reaction is standard protocol
regardless of the source of target DNA. Most of
these primers are based on the sequence of the
ribosomal RNA encoding gene. The use of
the ribosomal RNA encoding gene (rDNA) as a
phylogenetic basis for microorganism identification
and primer selection is beyond the scope of this
review. Ribosomal RNA phylogenetics are exhaus-
tively described elsewhere (Amann et al., 1995; Lane
et al., 1985; Pace, 1997; Woese, 1987). Wu et al.
(2002b) provided a list of PCR primers useful in
aerosol studies for fungi.

While quality assurance is covered extensively in
PCR manuals referenced above, it deserves brief
treatment here, as one purpose of this review is to
encourage those not trained in microbial ecology
and genetics to apply nucleic acid techniques to
aerosols. Given the sensitive nature of PCR, issues
relating to contamination are common. Equipment
and reagents must be free of any contaminant cells
or nucleic acids. Because the viability of a cell is not
required for PCR, the common sterilization mea-
sure of autoclaving is not useful in decontaminating
reagents, equipment, and samplers. Common qual-
ity assurance practice for PCR laboratories includes
the following: a dedicated set of pipettors to be used
only for PCR reagents, the use of aerosol filter
pipette tips, use and frequent changing of powder-
free gloves during all PCR steps, and the use of
PCR grade reagents, water, and tubes. Finally,
preparation of PCR samples in a positive pressure
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facility or clean room or in a laminar flow cabinet is
recommended.

3. Post PCR analysis

Obtaining PCR amplicons is always an inter-
mediate step in the analysis of an aerosol sample.
Depending on the primers used, analysis can be
extended toward microorganism identification, po-
pulation analysis, or quantification. The most
common analysis in aerosol studies has involved
identifying a specific pathogenic virus or species of
bacteria or fungi (Calderon et al., 2002; Maher
et al., 2001; Mastorides et al., 1997; Myatt et al.,
2004; Pascual et al., 2001; Sawyer et al., 1994; Stark
et al., 1998; Wakefield, 1996; Wan et al., 2004). For
these types of studies, single agents can be chosen
and their DNA amplified from an environmental
sample by using a specific set of primers. While a
cursory identification can be performed by size
discrimination through gel electrophoresis, DNA
sequencing and database comparison is a necessity
for confirmation. In addition to single microorgan-
ism identification, the common methods of popula-
tion studies include DNA fingerprinting, clone
library analysis, DNA microarray hybridization,
and quantitative PCR. These methods are described
in Table 3, and their frequency of use in PCR
aerosol studies is described in Fig. 2a. For each
technique, a method reference is provided along
with a list of studies in which that method was
applied to aerosol studies. The aerosol environ-
ments where past PCR-based aerosol studies have
been applied are described in Fig. 2b. Reviews of
these and other molecular biology methods have
been published since 1993, and they describe
the potential application of PCR-based molecular
biology methods for the analysis of airborne
microorganisms (ACGIH, 1999; Griffiths and De-
Cosemo, 1994; MacNeil et al., 1995; Mukoda et al.,
1994).

3.1. Quantitative PCR analysis

Because human health and environmental pro-
cesses are related to both the bioaerosol type and
quantity, the need for quantitative PCR data is
evident, and the recent developments in applying
this technique warrant more thorough treatment.
The number of copies of a target gene in an
environmental sample can be determined through
PCR by monitoring the increase in amplicon
concentration during DNA amplification then
regressing to the original concentration. In practice,
a quantifiable signal that is proportional to the
amplicon concentration is produced at the end of
each PCR cycle by a labeled probe that fluoresces
when bound to the target DNA amplicon. Because
fluorescent data is reported for each cycle, this type
of PCR is often termed real-time PCR. The real-
time PCR measurement that is critical for quanti-
fication is achieved by tracking fluorescence inten-
sity as it progresses through successive PCR cycles
up to a cycle threshold (Ct)—the cycle number
where a statistically relevant increase in fluorescent
signal from a background is first observed (Fig. 3).
The number of target gene copies in an environ-
mental sample can then be determined from a
calibration curve of standardized DNA solutions
versus the corresponding Ct value. In all cases, a
gene copy quantity can be determined. This may or
may not be the same as a whole cell or virus
quantity since whole genomes often contain either
multiple copies of the same gene or multiple genome
copies per cell. In cases where a pure culture of
microorganisms is available, a calibration curve of
whole cells versus Ct can be produced to circumvent
this issue (Zeng et al., 2004).

Real-time PCR thermal cyclers are available from
a number of manufacturers at approximately 5–10
times the cost of conventional thermal cyclers. This
equipment is also commonly available for use on a
contract basis in biotechnology core facilities in
many universities and in federal research agencies.
The quantitative PCR technique has emerged in the
literature since the year 2000, and applications to
environmental sample analyses have been reported
steadily since 2003. Several reviews are available on
the specific techniques, protocols, and available
equipment (Ivnitski et al., 2003; Levin, 2004;
Makino and Cheun, 2003; Wilhelm and Pingoud,
2003).

Quantitative PCR studies in environmental fields
have been conducted almost exclusively in aqueous
or soil/sediment environments (Haugland et al.,
2005; Ibekwe et al., 2004). Recent studies have
shown this technique to be comparable to culturing
for the quantitative monitoring of Enterococcus spp.
fecal indicator microorganisms in lakes (Haugland
et al., 2005). As few as 27 gene copies could be
reliably detected from lake samples, and a positive
linear correlation was observed between quantita-
tive PCR results and the traditional membrane plate
count culture method. Quantitative real-time PCR
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Table 3

Description of post-PCR population analysis method relevant to environmental aerosols

Method Description Method references Aerosol studies

references

DNA fingerprinting of

microbial populations

DNA fingerprinting is a process where individual

members of a microbial community are separated to

form a pattern or fingerprint. First, PCR is

performed with group specific or universal primers.

Separation of the community PCR amplicons is

most commonly accomplished by denaturing

gradient gel electrophoresis (DGGE) resulting in a

pattern of bands in a gel, or by terminal restriction

length polymorphism (T-RFLP) to form a

fingerprint consisting a chromatographic spectra.

The fingerprints produced from different samples

can be compared to determine the differences or

similarities in two or more microbial populations

(Muyzer, 1999)

(Marsh, 1999)

(Maron et al., 2005)

Cloning Cloning is the processes of isolating and sequencing

a single DNA amplicon from a mixture of

amplicons. Cloning is performed on environmental

samples that have been PCR-amplified using group

specific or universal primers. The method provides

definitive information on the identity of the

community members and is useful in detecting the

most predominant members of the community.

Cloning is most useful in identifying the presence of

previously unidentified microorganisms in a sample

(Amann et al., 1995;

Frank et al., 2003;

Sambrook and Russell,

2001)

(Angenent et al., 2005;

Boreson et al., 2004;

Maron et al., 2005;

Paez-Rubio et al., 2005;

Schafer et al., 2003;

Wilson et al., 2002)

DNA microarrays DNA microarrays are arrays of DNA probes that

are species or group specific and are fixed on to

small glass slides. Fluorescently labeled PCR

amplicons can then be hybridized to the arrays,

washed to remove nonspecifically bound

background and then read using sensitive

fluorometric detectors. Microarrays provide a

method for high throughput community analysis.

The array can be designed to include a specific

group of microorganisms, such as bacterial airborne

pathogens with 10–100s of probes, or a broad group

of microorganisms such as all bacteria using

thousands of probes. Microarray analysis describes

the present or absence of a predetermined group of

microorganisms

(Bodrossy et al., 2003;

Loy et al., 2002)

(Wilson et al., 2002)

Quantitative PCR Quantitative PCR provides estimates of the

numbers of target genes or target organisms in an

environmental sample. The process requires

equipment that can determine the PCR cycle

number in which an increase in amplified target can

be detected. This cycle number is called the

concentration threshold (Ct). Quantification is

typically made by comparing the Ct of an

environmental sample to a standard Ct curve versus

gene copy or whole cell number. The method can be

used to quantify single agents, or groups of

microorganisms such as all bacteria or all fungi

(Arya et al., 2005; Heid

et al., 1996)

(Chen and Li, 2005;

Schweigkofler et al.,

2004; Zeng et al., 2004)

J. Peccia, M. Hernandez / Atmospheric Environment 40 (2006) 3941–3961 3953
has been extended to virus quantification in drink-
ing water and sewage and has revealed similar
advances in detection and quantification over
culturing (He and Jiang, 2005). Recently, quantita-
tive PCR has also been successfully applied to
tudy airborne microorganisms collected from the
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Fig. 2. Distribution of post-PCR analysis performed in previous aerosol studies (a), and aerosol environments in which PCR-based

aerosol experiments have studied (b).
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environment. Schweigkofler and coworkers mea-
sured aerosol concentrations of the Monterey pine
fungal pathogen Fusarium circinatum (Schweigko-
fler et al., 2004). Here, the use of PCR for
quantification allowed for the selection of primers
that were specific to only the relevant pathogenic
Fusarium species, in contrast to the many non-
pathogenic species within the genus Fusarium that
may grow on a specific media and are difficult to
morphologically differentiate from the pathogenic
strains. Quantitative PCR has also been used to
describe aerosols associated with human disease.
Chen and Li (2005) measured the quantities of
airborne M. tuburculosis pathogens in hospital
isolation rooms. Moderate correlations of airborne
M. tuberculosis concentrations and patient sputum
culture or sputum smear results were observed. In
cow barns and farms that handle hay and grain,
quantitative real-time PCR was also used to study
the aerosol concentration of the slow growing fungi
Wallemia sebi, the suspected causative agent of
farmer’s lung (Zeng et al., 2004). In all three cases,
Ct values were calibrated to a known number of
fungal spores or bacteria cells. Detection levels were
below 100 cells. In each bioaerosol study listed
above, researchers reported an enhanced ability to
detect the fungal spores and bacteria by using
quantitative PCR compared with conventional
culturing. This enhancement came through either a
more rapid or accurate quantification or qualita-
tively by the ability to control detection to target a
very specific phylogenetic grouping.

The major advantage of using real-time PCR is
that quantitative information can be rapidly ob-
tained on a specific or a general group of micro-
organisms. This is precisely the type of information
needed in exposure–response epidemiological stu-
dies. Thus, PCR holds promise in moving bioaer-
osol study away from indicator microorgansisms
such as total fungi or heterotrophic plate counts and
toward analysis of microorganisms with specifically
known health effects. In cases where infectivity or
viability information is necessary, parallel cell
culture or infectivity studies must also be per-
formed. Issues such as DNA extraction efficiency,
PCR inhibition, and gene copy number in specific
microorganisms diminish the ability to make precise
quantification with this technique in environmental
samples and must be controlled or accounted for
where possible. The strong need for quantitative
information is driving improvements in quantitative
PCR methodology and data analysis. While quanti-
tative PCR can be precise, between 76%–21%
(Rutledge, 2003) the accuracy and can be limited by
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(2004).

J. Peccia, M. Hernandez / Atmospheric Environment 40 (2006) 3941–3961 3955
reagent and operator variability and a lack of
standardization in data analysis (Burns et al., 2005;
Bustin, 2002). Commonly the accuracy has been
questioned when using the cycle threshold method
due to different amplification efficiencies between
the clean samples used to construct standard curves
and the environmental samples to which they are
compared (Meijerink et al., 2001). A recently
suggested improvement to this problem is the use
of a sigmoidal curve-fitting method to first calculate
an original fluorescence value from the real-time
amplification data and then convert fluorescence to
DNA copy number using standard curves of copy
number versus fluorescence. This sigmoidal method
removes issues associated with differing amplifica-
tion efficiencies between standards and samples, and
its simplicity makes possible increased throughput
of samples (Rutledge, 2004).

4. A Generalized procedure

A generalized procedure for sampling aerosols,
extracting DNA, and the PCR amplification step is
described for an environmental aerosol in Table 4.
This procedure is written for the amplification
of all microorganisms (primers universal to all
three domains of life are described) from a sample
collected on a common 47mm, 0.45 mm pore-size
polycarbonate or PTFE filters. The protocol repre-
sents a synthesis of the methods discussed here.



ARTICLE IN PRESS

Table 4

A generalized protocol

Reagents Apparatus and equipment Procedure

(i) Filter eluant and primary DNA

extraction solution:

� 200mM Tris (1M Tris is 0.5M

Tris base+0.5M Tris acid

adjusted to pH 8.0 with HCl)

� 20mM Na4EDTA

� 0.3% sodium dodecyl sulfate

(SDS)

(ii) Other lysing agents (Sigma Chemical

Co.)

� Lysozyme

� Proteinase K

(iii) Cell lysis and DNA extraction

secondary solutions:

� Phenol:phloroform (1:1 by

volume)

� 0.3 g of 0.1–0.5mm glass

microbeads

� 7.5M ammonium acetate

solution

� 100% ethanol

(iv) Polymerase chain reaction reagents.

A typical 50 mL PCR reaction

includes:

� 5mL 10�PCR buffer (supplied

by Taq polymerase

manufacturer)

� 5mL 50mM MgCl2 (supplied by

Taq polymerase manufacturer)

� 4mL 10mM nucleotide (dNTP)

mix (2.5mM of each dNTP)

� 4mL 10mgmL�1 bovine serum

albumin

� 1mL (200 ngmL�1 forward
primer)

� 1mL 200ngmL�1 reverse primer

� 0.5mL Taq polymerase

� 1–10mL DNA sample

� adjust volume to 50mL with H2O

(v) PCR products separations by gel

electrophoresis

� Molecular biology grade agarose:

1% in TBE buffer

� Ethidium bromide (10mgmL�1)

(Sigma Chemical Co.)

� Tris-Borate-EDTA buffer (TBE)

(10.8 g tris base, 5.5 g boric acid,

0.93 g Na4EDTA per liter, pH

8.3)

� Size standard solution and gel

loading dye (Typical: Promega,

Inc.)

(i) Micropipettors: variable range for

dispensing volumes between 0.2 and

1000 mL. Requires sterile plastic

pipette tips with embedded filter

heads

(ii) Orbital shaker capable of 100 rpm

(iii) Concentric cellular bead beater with

100mL to 2mL capacity (Typical:

Biospec Products Inc., Bartlesville,

OK) and 2mL screw top plastic vials

(iv) PCR Thermocycler

(v) Microcentrifuge capable of 13,000g

(vi) Bench-scale, gel electrophoresis

station including horizontal gel box,

250V power supply, and UV

illuminator (Typical: Owl

Separations, Portsmouth, NH)

(i) Filter elution: Place collection filters into 2mL

of sterile filter eluent contained in sterile petri

dishes or in conical 50mL centrifuge tubes.

Shake in a mechanical rotary shaker, at

100 rpm for 12 h. Filters are removed and

500–750mL contents are transferred to a 2mL

sterile screw-cap tubes

(ii) Genomic DNA extraction: Lysozyme (final

concentrations 5mgmL�1) is added to the

mixture and the solution is incubated for

30min at 37 1C. Proteinase K is then added at

a final concentration of 5mgmL�1 and the

solution incubated for 30min at 50 1C. The

solution SDS concentration is then adjusted to

5% and equal volumes of phenol and

chloroform (500–750mL total) and 0.5 g of

glass beads are added to the DNA extraction

buffer mixture. The samples are agitated in a

beadbeater at 50% speed for 2min and then

subjected to centrifugation (16,000g) for 5min.

The aqueous phase is extracted two times with

phenol–chloroform (and repeated if color is

present) and then extracted with chloroform

alone. DNA is precipitated by removing top

aqueous (phenol) layer and adding NaCl (final

concentration, 280mM) and 2.5 volumes of

100% ethanol followed by centrifugation

(16,100g) for 30min. The DNA pellets are

washed once with 70% ethanol, allowed to dry

in a laminar flow hood, and resuspended in

50mL of sterile tris-EDTA buffer (10mM tris-

HCl [pH 8.0], 1mM EDTA)

An alternative spin column method to DNA

capture after the phenol:chloroform extraction

is to pipette the top aqueous layer (phenol)

into a clean microcentrifuge tube, add a 2:1 to

4:1 volume ratio of ethanol containing DNA

precipitation solution specified by the spin

column manufacturer, and place on ice for

2min. Separate the DNA from the ethanol by

passing through a spin filter (typical: MoBio,

Solana Beach, CA) and elute in a small volume

(ca. 20mL) of tris-EDTA buffer

(iii) DNA amplification: 16S rDNA sequences

for all living organisms can be amplified

with the universal PCR primers 515F

(50-GTGCCAGCMGCCGCGGTAA) and

1391R (50-GACGGGCGGTGWGTRCA)

typically in 50-mL primary PCR mixtures.

Bovine serum albumin is recommended in all

PCR mixtures in order to help suppress PCR

inhibitors (Kreader, 1996). Thirty

amplification cycles (921C for 30 s, 521C for

60 s, and 721C for 90 s) are usually sufficient

for product visibility in ethidium bromide-

stained agarose. A final extension at 72 1C for

20min should also be performed

J. Peccia, M. Hernandez / Atmospheric Environment 40 (2006) 3941–39613956
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Table 4 (continued )

Reagents Apparatus and equipment Procedure

Sterile, DNA/RNA free molecular

biology reagents and water should be

used. Reagent storage requires �20 1C,

and long term sample storage requires

�80 1C.

(iv) Appropriate PCR control: Two negative

controls, one with a DNA extraction of sterile

cell free water, and the other with sterile cell

free water as a template should be performed

for each set of samples. Positive control PCR,

which uses a pure culture genomic DNA

sample as a template, should also be included.

For each set of samples processed, PCR

inhibition controls, which consist of equal

quantities of positive control DNA templates

added to sample PCR mixtures should be

included
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Provided that different primers are used, this
method is equally applicable to detection of a
specific bacterial or fungal pathogen, or analysis of
communities of bacteria and other eukaryotic
aerosols. Viruses typically require a less rigorous
DNA extraction method than described in this
protocol, and the reader is directed to Table 2
and Section 2.3 for information on viral DNA
extraction.
5. Concluding remarks

PCR-based analysis holds an enormous potential
for describing the biological fraction of atmospheric
and indoor aerosols. Following the experience of
aquatic and soil microbial investigations, the
application of these nonculture-based techniques
in air can broadly expand the diversity of micro-
organisms and other biological material that can be
detected, identified, and now quantified. Such data
can advance aerosol science and engineering by
adding detailed biomass information to the descrip-
tions of PM10 and PM2.5 organic fractions, tracking
infectious and allergenic materials in public health
studies, and in understanding the microbial ecology
of the atmosphere. Using patented methods licensed
from the US EPA, quantitative PCR analysis of
120–130 fungi and bacteria collected from air is
already available in selected commercial analytical
laboratories. The future directions in environmental
biotechnology such as improving quantification and
sensitivity, making techniques high throughput, and
creating robust nucleic acid and protein-based
sensors (Rittmann et al., 2006) should only serve
to expand our understanding of the complex role
airborne microorganisms play in the environment
and human disease.

While the aerosol peer reviewed literature includes
only a limited number of studies that use PCR-based
techniques, applications are growing. The critical
issues needed to encourage and enable this expansion
have been reviewed. For this technique to reach its
fully describe potential and acceptance in aerosol
science and engineering, applications must take
advantage of the advances in real-time PCR to ensure
that information produced is quantitative. Quantita-
tive PCR will require the efficiency and size ranges of
bioaerosol high-volume samplers to be more com-
pletely characterized. In addition, ensuring the
efficiency of sample preparation steps such as filter
elution/concentration and nucleic acid extraction, and
removing inhibitory PCR compounds from samples
requires a less empirical and more systematic
approached to ensure accurate aerosol quantification.
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