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Abstract. The interest in bioaerosols has traditionally been1 Introduction

linked to health hazards for humans, animals and plants.

However, several components of bioaerosols exhibit physAerosols are a suspension of liquid, solid, or multiple-phases
ical properties of great significance for cloud processespof condensed matter in the atmosphere with size ranges of
such as ice nucleation and cloud condensation. To gairca., 0.001 to 10Qwm. From the size-distribution, aerosols

a better understanding of their influence on climate, it isare divided into three categories: (1) nuclei mode (0.005 to
therefore important to determine the composition, concen0.1xm), accumulation mode (0.1+dn) and coarse mode
tration, seasonal fluctuation, regional diversity and evolu-(>2um) (Walter, 2001). The particle size is determined by
tion of bioaerosols. In this paper, we will review briefly the formation processes and subsequent atmospheric chemi-
the existing techniques for detection, quantification, physicalcal and physical transformations. Bioaerosols are a fraction
and chemical analysis of biological particles, attempting toof organic aerosols and are generally defined as living (e.g.,
bridge physical, chemical and biological methods for anal-bacteria, fungi, viruses), dead, debris, or by-products of bi-
ysis of biological particles and integrate them with aerosolological activities such as semi-volatile organic compounds
sampling techniques. We will also explore some emergingand micromolecules. As bioaerosol definition demonstrates,
spectroscopy techniques for bulk and single-particle analysishis group of aerosols includes a wide range of organic mat-
that have potential for in-situ physical and chemical analy-ter with large degree of variability in physical and chemical
sis. Lastly, we will outline open questions and further de- characteristics such as size, shape, phase, composition, struc-
sired capabilities (e.g., in-situ, sensitive, both broad and seture, solubility, volatility, hygroscopicity and surface prop-
lective, on-line, time-resolved, rapid, versatile, cost-effectiveerties. Bioaerosols can be single spore, pollen, bacteria and
techniques) required prior to comprehensive understandingiruses, to biological aggregates, to products and by-products
of chemical and physical characterization of bioaerosols. as well as attached to non-biological particles.

Bioaerosols may have a significant impact on climate, act-
ing as cloud condensation nuclei and ice nuclei which can
initiate precipitation. Aerosol particles of biological origin

Correspondence to: (cells, cell fractions or organic matter of animal, plant and
D. G. Georgakopoulos microbial origin) form a significant portion of atmospheric
BY aerosols, sometimes reaching close to 50% numerically of all

(dgeorga@aua.gr)

Published by Copernicus Publications on behalf of the European Geosciences Union.



https://core.ac.uk/display/11857131?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://creativecommons.org/licenses/by/3.0/

722 D. G. Georgakopoulos et al.: Bioaerosol characterization

aerosol particles (Jaenicke, 2005). Research on bioaeroso’s Methods based on detection of entire cells, spores,
has mostly focused on their detection and enumeration re- pollen and viruses
lated to public health hazards, and several methods for sam-
pling, and measurement of aerosol number density, shape.1 Cell culture
optical, and surface properties, chemical characterization of
condensed and semi-volatile matter and identification of bi-Classic isolation techniques on nutrient media have been
ological particles have been developed. There is not onavidely used to enumerate and characterize airborne bacte-
technique, however, capable to fully capture the physical andia and fungi (Lighthart, 1997; Andreeva et al., 2001; Bauer
chemical complexity of biological matter. et al., 2002). These are collected by impaction on a filter or
Methods of characterization target either the entire cell oran agar surface and, after incubation, visible colonies that de-
specific cell components in a sample of air or precipitation.velop are enumerated and subsequently identified. Bacteria
Methods that target the entire cell involve microscopic ex-are identified biochemically (Gram stain, metabolic profile
amination, immunological identification, or, in the case of of carbon sources, enzymes produced, pathogenicity, etc).
microorganisms, culture on various nutrient media. MethodsFungi are identified mainly by morphological characteristics
to detect cell components are very diverse: they target bioof spores and fruiting bodies. An advantage of this method is
chemical markers (proteins, fatty acids, sugars) or nucleighe compatibility with several types of air samplers, designed
acids (DNA and RNA) and are often a combination of differ- to be fitted with Petri dishes or filter holders. A limitation
ent strategies. is that it underestimates the actual number and diversity of
Biological ice nuclei (bacteria, pollen, plankton, lichens) microorganisms in a bioaerosol, because only microorgan-
are active at relatively warm temperatures, betwe@rand  isms that are metabolically active and reproduce under the
—9°C, a range where very few, if any, inorganic ice nuclei imposed culture conditions will be enumerated, but not those
are active . Although the ice nucleation property of var- in the viable but non-culturable state. In filtered air collected
ious organisms has been documented (reviewed by Lundever Salt Lake City, Radosevich et al. (2002) found that only
heim, 2002), detailed studies on the mechanism have beef.08% of all bacteria were cultivable, while in cloud water
done only for bacteria. Several bacterial ice nucleation genesamples collected at the Puy déie, France, by Amato
have been cloned from all known species with ice nucleatioret al. (2005) the range was 0.02—-0.8%. Interestingly, Tong
activity. The genes have been sequenced and the gene prodnd Lighthart (2000) recorded a high variability in summer
uct, a protein on the outer cell membrane, has been isolatedbove pastures of 0-50%, but typicalyl0%. As, there is
and its structure described (Warren, 1995). For other ice nuno nutrient medium suitable for growth of all microorgan-
cleating organisms, the nature of the ice nucleation factor igsms, a variety of media and incubation conditions is nec-
not known. Even if the gene responsible for this property isessary for a provisional assessment of bioaerosol diversity or
present in the genome, bacterial ice nucleation is not alwayenumeration of a selected group of microorganisms. For bac-
fully expressed. Nutritional and environmental factors influ- teria, R2A, designed for stressed, water-borne heterotrophs,
ence this expression and the subsequent ice nucleation actiwas recommended as a standard general medium by Kellogg
ity of the bacterium (O’Brien et al., 1988; Nemecek-Marshall and Griffin (2006), and when used with Trypticase Soy by
etal., 1993). Itis not known if such variability exists in other Amato et al. (2007) did recover a wide diversity of Gram-
organisms with ice nucleation activity. It is possible to char- positive and -negative species. However, to revive bacteria
acterize all species present in an aerosol sample and identififom a 3.6 km deep ice core sample, Christner et al. (2001)
those with reported ice nucleation activity. It is a lot more used 10 media. Even with groups considered amenable, cul-
difficult, however, to directly prove that these species are iceturing may show bias. For example, when Pseudomonads
nucleation active in situ. isolated from a cloud sample on nutrient agar amended with
Here we present the main methods that are used to chasycloheximide were compared with Pseudomonads identi-
acterize the biological component of aerosols, starting withfied in the same sample by direct DNA-based analysis us-
methods to quantify and identify entire cells, followed by ing ARDRA (see below) the two sets tended to cluster into
methods to measure total biomass or specific cell composeparate groups (Fig. 1).
nents and those that allow quantification and identification Fungi are selectively isolated in acidified media and me-
of cells down to species level. We review the techniques fordia containing antibiotics to prevent bacterial growth. To
studying specific properties of individual biological particles. eliminate variability in results, especially for microorganisms
We also show that it is possible to identify and quantify a found in low numbers in bioaerosols, large sample sizes and
class of biological ice nuclei in bioaerosols, ice nucleationreplications are required. A source of variability is also the
active bacteria, the best described biological ice nuclei. error associated with air samplers where air passes through
This paper originates from the European Science Foundaholes: microorganisms that pass through the same hole and
tion workshop on Microbial Meteorology held in Avignon, land on the agar surface as aggregates may produce only one
France in 2006. It is part of a series of papers from this work-colony, thus underestimating their actual number (manufac-
shop in this journal. turers do provide statistical corrections for the number of
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teria can also be drawn into a liquid which is subsequently
concentrated for improved counting. An advantage of mi-
croscopy over culture techniques, especially when dyes such
as acridine orange are used to detect viable cells, is the pos-
sibility to enumerate the non-culturable fraction of microor-
ganisms, which may be significant. However, it is possible
to misidentify microorganisms from debris of non-biological
origin. The use of fluorescent in situ hybridisation (FISH)
with specific probes targeted at the small subunit of riboso-
mal RNA (16S rRNA) (Amann and Ludwig, 2000) is now

a widely used tool to distinguish certain groups of bacteria
or even clones (Pernthaler et al., 1998). For the creation of
probes, see Sect. 3.3.2. The method also works in dilute sam-
ples but seems to be limited by the number of ribosomes per
cell. To overcome these problems, Pernthaler et al. (2002)
developed a method (CARD-FISH) that enhances the fluo-
rescent signal by more than an order of magnitude. This
method allows, in principle, counting of the number of cells

Fig. 1. Comparison of strains obtained by culturing (labelled “Iso- . -
late”) with those obtained by direct DNA-based analysis (labelled by using a general probe for Bacteria or Archaea, but detec-

“Clone”) of a Scottish cloud sample. Reference strains are showrfion of specific groups, genera or species is time consuming
underlined, and the scale bar equates to a 1% difference between sand limited by their total abundance.
guences (region used was from 530 to 1390 of the 16S rRNA gene). It is more difficult to determine the total number of
viruses in environmental samples. The presence of viruses in
bioaerosols is usually monitored for human, animal, or plant
microorganisms). In principal, however, we have to acknowl- health purposes, but in most cases, only one or few species of
edge that cultivation means selection, and the number of culviruses are counted, using methods to specifically detect par-
turable microorganisms in environmental samples is generticles of the viruses under investigation. Studies of total virus
ally low (1% or less). Generally, unless one is interested in gparticle numbers in environmental samples are rare and rely
particular group whose growth requirements are well docu-mostly on counts of virus-like particles in several fields of
mented, culturing is not a practical approach for communitymicroscopic observation after staining with fluorescent dyes
characterisation. (Noble and Furhman, 1998).
2.2 Microscopy 2.3 Immunological detection
Microscopic examination and enumeration of airborne bi-Immunological detection has been widely used to detect mi-
ological particles is done with air samples that are drawncroorganisms of medical or phytopathological significance.
onto appropriate glass slides, glass rods, or filters fitted orAntibodies isolated from the serum of inoculated animals can
the sampler. Slides are divided into grids and many (typi-detect a number of different microorganisms. They are pro-
cally >30) fields of view are necessary to estimate the num-duced by the immune system of the animal as a reaction to
ber of particles of biological origin in a given volume of specific antigens on the surface of the microorganism, such
air. For most microorganisms, species identification is notas proteins, polysaccharides, etc. It is therefore necessary to
possible without processing the sample with a technique deproduce antibodies with specificity towards a single species,
signed to identify taxa or species, such as immunospecifi¢do avoid false positive detection and errors in counts. Mono-
staining with fluorescent dyes. To facilitate enumeration of clonal antibodies offer increased specificity and may be use-
fungal spores, for example, several stains that differentiatdul for characterization of bioaerosols.
fungal spores from debris are available (Burge, 1995). Fun- Antibodies can be used as vectors carrying a label to vi-
gal spores and pollen are also identified by morphology, al-sualise a cell or virus. Labels include fluorescent dyes (flu-
though it requires a significant level of expertise. Bacteriaorescence microscopy), enzymes (enzyme immunoassay) or
are normally counted after staining with a fluorescent dye,a radioactive compound. In fluorescence microscopy, only
such as DAPI (%6 diamidino-2-phenylindol) or SYBR Green cells to which the antibody/fluorescent dye conjugate binds
I and Il, that binds to DNA; however, a large number of bac- will be visible (fluoresce) under the microscope. Theoreti-
teria must be present in the sample (ovef 1183) to avoid  cally it should be possible to selectively stain and detect ice
errors. The number of bacteria in cloud water can be muchucleation active bacteria, using an antibody with specificity
lower (1G1~1), thus special care is necessary to preventfor the ice nucleation protein. Although antisera against this
overestimation of cell densities (Sattler et al., 2001). Bac-protein have been produced they have not been used to detect
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bacterial ice nuclei in environmental samples. These meth- In general, the distinct types of biological particles have
ods have been used to measure allergens in bioaerosols, amell-defined size ranges and characteristic shapes that en-
are compatible with bioaerosol sampling techniques (Chapable their identification using microscope techniques (Ta-

man, 1995). ble 3). The larger particles, including spores and pollen, can
be studied using optical microscopy (OM) and epifluores-
2.4 Flow cytometry cent microscopy (described in Sect. 2.2). Scanning electron

_ . microscopy (SEM) in combination with energy-dispersive
In flow cytometry, asuspension of gells_ (from culture Or envi- % ray spectrometry (EDS) has been used for studying sin-
ronmental samples) is passed rapidly in front of a measuringe atmospheric particles since the 1980s (Anderson et al.,
window. Light emitted from a source is scattered by particlesjggg. van Borm et al. 1989). In the past two decades
in the liquid and several parameters such as size, shape, bigg s equipped with field-emission guns became available
logical and chemical properties can be measured simultanesj their improved spatial resolution made the observation of

ously. Agtof_luorescence or indirect fluorescence _of c_ells af'the morphologies of bacteria and viruses also possible (Ebert
ter labelling is also used to detect cells. Cell labelling is doneg; 4. 2004). Using secondary electron images, the three-

with DNA or RNA-binding fluorescent dyes (as described in gimensjonal shapes of the particles can be visualized. Chem-
section 2.2), fluorochromes conjugated to taxa-, Species- O information is usually obtained using an EDS detector

protein-specific antibodies, or probes for nucleic acids. ItiSgiached to the microscope. EDS analyses of the concen-
possible to differentiate live from dead cells, metabolically ,4tions of light elements (including C, N, and O) are gener-
active from non-active cells, particles of biological and non- ally inaccurate or semi-quantitative at best&@st al., 2000:
biological origin, and to identify taxa, or even species, and\yorohiec et al., 2003); thus, elemental compositions are

viruses. For bioaerosol samples drawn into a liquid, & mini-p ot generally useful for the identification of specific biolog-
mum concentration of 1000 cellsriis necessary for detec- o5 components. Nevertheless, on the basis of size, shape,
tion. This limitation can be overcome by allowing for longer 4nq elemental composition, the particles can be confidently
sampling times. Viruses in environmental samples can alsQggigned into relatively broad categories such as “marine”,
be identified using SYBR Green | (which binds to their nu- “crustal’, or “biological” (Ebert et al., 2004; de Hoog et al.,
cleic acid) and counting for particles with scatter character—2005; Laskin et al., 2006). A great advantage of SEM is that

istics of known viruses (Marie et al., 1999). Flow cytometry paticle analysis can be automated and thousands of single
offers great speed in sample processing and 'dent'f'cat'onparticles can be analyzed in each sample.

Automaf[ion gllovys for more accurate enumeration of biolog-"  Transmission electron microscopy (TEM) provides the

ical particles in bioaerosols and flow cytometry has been useghghest specificity among the microscope methods for the
to monitor biocontaminants in indoor agrosols_(Bwenzwge etanalysis of several particle properties. The sizes and the two-
al.,, 2003; Stetzenbach et al., 2004; Chi and Li, 2005). dimensional projected shapes of any types of biological par-

To identify bacterial ice nuclei in bioaerosols using flow {igjes  including bacteria and viruses, are conveniently stud-
cytometry, a specific antibody recognizing the ice nucleation;, 4 using TEM (Matthias-Maser and Jaenicke, 1998sfgi

protein on cell membranes, or a nucleic acid probe specifiGt 41 2003: Niemi et al. 2006). The high resolution of
for the IN gene conjugated to a fluorochrome, could be usedy,e TEM permits the observation of minute details within

particles. Particle aggregations and thus the degree of in-
ternal mixing of the individual components of the aerosol
can be assessed. A unique capability of TEM is that the

The physical and chemical characterization of atmospheriétrucwres of particlgs can b_e st_udied “S"‘Q eIeptr_on diffrac-
particles traditionally involves the study of bulk samples. ion (ED). Structuralinformation is used for identifying crys-
However, since biological particles form a small fraction of t@lliné substances and for obtaining a better understanding
the total aerosol, the analysis of bulk samples rarely produce8f the structure-dependent properties of amorphous particles
detailed information on the properties of such particles. In(Posfai etal., 1995; Kis etal., 2006).

contrast, studies of individual particles can provide data on Elémental compositions can be obtained in the TEM by
the sizes, shapes, compositions, structures, and surface progSlng EDS or electron energy-loss spectroscopy (EELS).
erties of any types of particles. Various microscope and spec-0mpared to EDS analysis in the SEM, the TEM provides

troscopic methods are now routinely applied in atmospheri¢"ore spatial .detail within individual and potentially com-
science, but single-particle studies specifically aimed at unP€x particles; however, the TEM is operated manually, and

derstanding the atmospheric effects of biological particlesMuch fewer particles can be analyzed than in an automated
are scarce. Below we review the techniques, both establishegdEM- EELS s particularly suited for the SFudy of Ilght eI.-
and emerging, that have been used or are potentially usefiments (such as C, N, and O) that are important in bio-

for studying specific properties of individual biological par- 09ical particles (Katrinak et al., 1992; Chen et al., 2005).
ticles. By selecting energy windows at specific core-loss regions

of the EEL spectrum, it is possible to obtain compositional

2.5 Physical and chemical characterization of biological
atmospheric particles: single particle methods
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maps that show the distributions of the selected elementsre not affected by the vacuum as in conventional SEM and
within the particles. This technique is usually referred to asTEM studies. In a controlled specimen environment both the
energy-filtered TEM (EFTEM), and is gaining popularity in hygroscopic and chemical behavior of aerosol particles can
the study of atmospheric particles (Maynard, 1996sfRi be observed (Kllensperger et al., 1999; Ramirez-Aguilar et
and Molrar, 2000; Maynard et al., 2004pBfai et al., 2004; al., 1999). However, the lack of direct compositional infor-
Chen et al., 2005). A major limitation of EFTEM is that the mation and artifacts arising from the interactions between the
particles have to be thin{100 nm in the case of organic par- cantilever tip and the specimen has hindered the widespread
ticles) for a meaningful analysis. use of AFM in atmospheric science. Nevertheless, AFM
Since TEM micrographs provide only two-dimensional could prove to be the method of choice for solving specific
projections of the studied objects, it has been a problem tgroblems related to the surface properties of bioaerosol par-
obtain reliable data about the third dimensions of particlesticles.
As demonstrated recently, accurate three-dimensional mor- All microscope methods are offline: the samples have to
phological data can be obtained from atmospheric particlede collected on a surface, then stored and studied under vari-
using electron tomography (ET) (van Poppel et al., 2005).ous conditions, all of which can potentially change the prop-
ET involves the acquisition of a series of images taken at dif-erties of the original particles. Aerosol mass spectrometry
ferent specimen tilt angles. If the tilt range is large enough(AMS) is immune from such problems, since AMS provides
(at least~+70°), and images are obtained &tdr 2° inter- almost real-time analysis of aerosol particles. Typically, air-
vals, the shape of the particle can be reconstructed from thborne particles enter a vacuum chamber, where single par-
series of images. Although ET is time-consuming and cannoticles are detected and sized by a continuous laser beam,
be performed on a large number of particles, it can provideand then ablated and ionized by a laser pulse. The result-
important data for particles that have complex shapes. Sinceng ions are analyzed using a time-of-flight mass spectrome-
shapes significantly affect the optical properties of particles,ter. Both positive and negative ion mass spectra can be col-
ET will likely emerge as a useful tool in the study of indi- lected. There are several major types of instrumental setups
vidual atmospheric particles, including those of biological for obtaining mass spectra of individual aerosol particles,
origins. the discussion of which is beyond the scope of the present
Since in most studies that are concerned with the atmostudy. Depending on the particular type of instrument, sev-
spheric effects of particles the objective is a general chareral acronyms are in use, including AMS, PALMS (Particle
acterization of the aerosol, the specimens are, in generalnalysis by Laser Mass Spectrometry), ATOFMS (Aerosol
not prepared in any special way to preserve biological struc-Time-Of-Flight Mass Spectrometry), and MALDI (Matrix-
tures. Moreover, in conventional SEM and TEM the sampleAssisted Laser Desorption/lonization Mass Spectrometry).
is in vacuum and thus dehydrates and its morphology mayDetails about the various AMS methods can be found in re-
change, potentially making it impossible to recognize thecent reviews by Sullivan and Prather (2005) and Murphy et
particles. These problems have been partly overcome by real. (2006).
cent developments of electron microscopes in which the sam- In addition to being an effectively real-time method, the
ple can be studied in low-vacuum conditions. The environ-main advantage of AMS is its high sensitivity. Very low
mental SEM (ESEM) is now an established tool in the studyconcentrations€0.01,.g m~2) of both inorganic and organic
of atmospheric particles, and has been used for characterizonstituents can be detected. The AMS is also used for the
ing the hygroscopic behaviour of a variety of particle types quantitative chemical analysis of single particles, although
and for studying heterogeneous surface reactions (Ebert éhe results are affected by ionization efficiencies and ma-
al., 2002; Krueger et al., 2003; Kaegi and Holzer, 2003). En-trix effects, which make the reliable analysis of both inor-
vironmental TEM (ETEM) is an emerging technique that hasganic components and organic molecular compositions dif-
only been used in a handful of atmospheric studies but, orficult. Nevertheless, by the analysis of fragment ions that
account of the superior resolution of TEM, appears to holdare specific to distinct microorganisms, the types of viruses,
great promise for the analysis of biological particles (Wise bacteria, and fungi present in the air can be assessed on an
et al., 2005). Certainly, near-atmospheric conditions in theindividual-particle basis. The analysis of biomarker ions
sample chambers of both the ESEM and the ETEM can onlyfforms the basis of bioaerosol mass spectrometry (BAMS),
be achieved at the expense of the image resolution of the coa new and highly efficient method for the detection of both
responding high-vacuum instruments. Yet, the use of ESEMspores and vegetative cells of airborne pathogens and bio-
and ETEM offers exciting new possibilities for the study of terrorism agents (Russell et al., 2004, 2005; Tobias et al.,
biological atmospheric particles. 2005; van Wauijckhuijse et al., 2005; Beddows and Telle,
Atomic force microscopy (AFM) appeared as a promising 2005). AMS is now a widely used single-particle method
complementary technique to the electron microscope methin aerosol science, with unique capabilities for obtaining
ods for studying atmospheric particles (Friedbacher et al.species-specific data from biological particles. However,
1995; Psfai et al., 1998; Barkay et al., 2005). AFM operates the detailed chemical composition and structural information
under ambient conditions and so the shapes of the particlesan still not be produced using today’s AMS protypes.
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Fourier Transform Infrared Spectroscopy (FTIR) and Nu- biological ice nuclei in samples of bioaerosols, for example,
clear Magnetic Resonance (NMR) Spectroscopy (Posfai etvhen isolated bioaerosol particles are finally suspended in
al., 1994; Blando et al., 1998; Ariya et al., 2002; Soban-water.
ska et al., 2003; Liu et al., 2005; Cote et al., 2008) for bio-
material atmospheric analysis are grouped here together be-
cause the information available from both methods, and thu$ Methods based on detection of cell components
their strengths and drawbacks, are similar. A larger fraction ]
of the material is amenable to analysis than with chromato3-1 General biomass measures

graphic methods (Blando et al., 1998), and the sample neeﬁih tul to determine th . b tent of
not necessarily be pre-fractionated or extracted, although i €se are useiul to determine e organic carbon content o
aerosols, but the small biomass of cloud/rain samples limits

may in fact be further fractionated before NMR (Decesari et ) ) . .
y ( the available methods. C:N:P ratios typical of organisms are

al., 2000, 2001; Sannigrahi et al., 2006), or rinsed with suc- ft dt . lankt les f h th
cessive solvents between FTIR spectra (Blando et al., 199g2"en compared fo marine plankion samp'es irom where the

Maria et al., 2003). Classical Redfied stoichiometry of 106:16:1 has been derived.

.y . . . . However, as the group of Mikal Heldal from the University of
$|m|IarIy, FTIR provides functional group |nformat|on Bergen, Norway, has shown for marine and freshwater bac-
Wh'(.:h can be used to compare samples tp material Of knoWrt]eria, this ratio fluctuates over a wide range and may thus not
origin or age. An FTIR study of organic aerosols in the be used as an unambiguous indicator of living cells
Smoky Mountains (Blando et al., 1998) determined the size '
distribution of compound classes, including carbonyls and3 2 Measures of ATP levels
organosulfur compounds, finding that much of the material

was polar, and showed that FTIR could characterize amountgyegpective of the substrate metabolised the ultimate energy
of material too small to be analyzed chromatographically. carrier for biosynthesis in all cells is ATP (adenosine triphos-
FTIR with successive solvent rinses showed that a Va”ablebhate). Energy cannot be stored in ATP as it is transient and
fraction (50—90%) of organi.c material in size-fractionated only produced when cells are active. For many years it has
aerosols in the Eastern Caribbean free troposphere was Nyseen used by soil scientists and food microbiologists as a
ql’.ophoblc; fgncnonal groups in each size fraction Were quanmeasure of microbial viability. Amato et al. (2007) were the
tified. Functional groups may also be summed to estimate tOfjrst to measure ATP levels in cloud water and, based on the
tal organic carbon (Blando et al., 1998; Zappoli et al., 1999;5y4j|aple figures for the amount of ATP per viable cell, con-

Maria et al., 2002, 2003; Decesari et al., 2007; Gilardoni etg)yded that the vast majority of bacteria in their eight samples
al. 2007; Samburova et al., 2007), avoiding some of the artiyyere in a viable but non-culturable state.

facts which affect TOCA.

3.3 Methods based on detection and analysis of nucleic
2.6 Characterization of biological ice nuclei in environ- acids

mental samples

3.3.1 DNA/RNA isolation
Biological ice nuclei in environmental samples such as
bioaerosols and precipitation can be detected and enumef©ne major limitation of DNA extraction is that all poten-
ated when particles in samples are isolated and suspended fial sources (e.g., bacterial cells, fungal spores, or plant tis-
water, because they cause immersion freezing of water (Valisues) all require different extraction conditions. DNA is ex-
1971) at various subzero temperatures. This test, howevetracted either from liquid samples or filters. To settle parti-
cannot differentiate biological ice nuclei from abiotic ones, cles in liquid samples a centrifugation force of 36Q9 for
although all known biological ice nuclei are active at warmer at least 20 min, seems to be the minimum recommended, but
temperatures than abiotic nuclei. A simple and elegant ap=>5000x g is preferable. If cloud water, rain or snow is col-
proach has been described in two recent papers by Christnéected directly into RNAater (essentially a saturated solution
et al. (2008). They estimated the abundance of biological iceof ammonium sulphate made by Ambion), to also preserve
nuclei in snow and rain by treating their samples with agentsthe RNA, it should be diluted to a final sample:RIsdfer
that destroy cell integrity and ice nucleation activity. In all volume ratio of 1:1 immediately before centrifugation oth-
known biological ice nuclei, intact cells are more active than erwise it may be too dense to allow the particles to settle (its
disrupted cells or isolated cell components (Warren, 1995)density also requires that it be continuously stirred during
Christner et al. treated their samples with heat(®30 de-  collection). Since the pellet is often invisible and easily dis-
nature most proteins, and lysozyme, an enzyme that destroysirbed, we recommend removal of the supernatant by aspira-
the cell wall of bacteria. By estimating the number of total tion. Filters can either be cut up and used directly for DNA
ice nuclei and eliminating the activity of biological ice nuclei extraction (so long as the filter used doesn’t bind DNA) or
in a sample, they calculated their percentage in samples ashaken to dislodge the aerosol particles. Peccia and Hernan-
snow and rain. This strategy can easily be adapted to detectez (2006) recommend shaking filters at 100 rpm for 12 h in
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conical flasks on a rotary shaker. However, we found thatstrategy to overcome inhibition. For each reaction one needs
this may be too gentle and that additional intermittent vigor-to experiment empirically with the conditions, but especially
ous shaking by hand was required. with the extraction kit and the choice of polymerase.

For DNA extraction, various methods and kits are avail- e high sensitivity of PCR introduces the risk of am-
able, and the method used should be chosen depending diifying any trace amounts of contaminant DNA which, if
the aims of the analysis (Degwet al., 2007). In comparison undetected, may cause serious misinterpretation of the data.
to other commercial kits the FastDNA Spin kit for soil (Bio For example, Desgs et al. (2007) found that while glass fi-
101 Systems) used with Lysing Matrix E proved to be the bre filters were sterile, up to;ig DNA was found on new
most appropriate to extract DNA from different organisms polypropylene filters. However, contamination with DNA or
(Bacterig fungi, plants, animalsirchaed on different filter ~ €Ven bacterial or fungal spores can be avoided by decontam-
materials (glass or quartz fibre, cellulose nitrate, p0|ypr0py_ination prior to sampling. For example, filters can be auto-
lene). Lowering the pH of the extractant to7.5 with 3M  claved (and/or pre-soaked in 3%@®, for 2h) or baked at
sodium acetate (pH 5) before the silica step will dramatically300°C for 12h. Peccia and Hernandez (2006) warn against
increase DNA recovery in dilute samples. Kits tend to user®lying upon autoclaving alone for decontamination. Gas
chaotropic guanidine salts for lysis and are reliable and veryPlasma HO sterilisation can be used on larger equipment.
convenient. However, we got higher DNA yields from bac- Additionally, gloves and breamed tweezers should be used
teria and no carry-over of PCR-inhibiting salts using the sur-t0 avoid direct contact. In any case, it is necessary to ex-
factants SDS and CTAB (Ahern et al., 2007). Pre-digestiontract blanks along with the samples to monitor for possible
of the sample with both lysozyme (to digest cell walls, es- contamination, and if detected, such contamination can be
pecially of Gram positives) and proteinase K (Read, 2001)analyzed and compensated for (Déspet al., 2007).

is important, as is the use of bead beating to mechanically Techniques can be used to discriminate between DNA
disrupt cells. from sources that are alive or active, although the distinc-

The subsequent PCR reaction can be inhibited by addi_tlon between these is debatable. RNA rather than DNA can

tional substances present in the samples, which bind to thbe isolated as this gives an indication of which cells are ac-

S ive. Alternatively a vital stain can be used and the viable
template DNA or to the polymerase. This inhibition can be cells obtained by flow cytometry. A simpler approach, EMA
severe and prevent DNA amplification completely. The char- y Y. P PP '

. A, PCR, based on the same concept of membrane integrity but
acteristics of such inhibitory substances are only partly un- = . .
. : . using ethidium monoazide, can be used to prevent DNA from
derstood. It is for example known that humic acids act as Lo ; )
S . dead cells being included in the analysis (Knut et al., 2004).
inhibitory substances, and also that soot or sea salt particle

might influence the reaction. Preliminary observations reveaﬁowever, this technique has proven to be efficient only for

some patterns: the more air sampled and the finer the partfc-1 limited number of species. A more robust technique with

clesfiltered (PM 5 vs. PM>2 5) the more inhibition; aerosols wider app_lications is based on propidium monogzide (PMA)
from highly industrialised cities show more inhibition than " Selective removal of DNA from dead cells in a sample

from smaller cities in rural regions; and we have found that('\lOCker etal., 2006).

samples from the coast can be very inhibited by the salt. 3.3.2 Using the Polymerase Chain Reaction (PCR) with

To reduce inhibition it is necessary to remove or minimize bioaerosols
these inhibitors by performing additional purification steps
or by reducing the amount of template DNA (and its co- The PCR has revolutionised microbial ecology by facilitat-
extracted inhibitors)(see Peccia and Hernandez 2006). Howing the direct analysis of nucleic acids in any sample. It is
ever, we have found that reducing the quantity of DNA or used to copy, many million-fold, specific regions (typically
increasing the amount of polymerase enzyme were oftenc1000 bases) of the genome, providing enough for analy-
not successful (but worth testing). We do, however, rec-ses. Often<100 target molecules are sufficient template for
ommend using Kits for extracting DNA from soils because a successful amplification, and a single bacterium or fungal
they are designed to cope with common inhibitors such aspore can be detected in fully optimised reactions (e.g., Zeng
humic acids. In a careful comparison of methods, Kempet al., 2004).
et al. (2006) recommended repeated silica extractions, using The most common gene used for community analysis
Promega Wizar® PCR Preps, to simply remove inhibitors. is the gene coding for the 16S rRNA subunit of the ribo-
We have also found that running the genomic DNA thoughsomes (coded by16S rDNA) &acteriaand Archaea and
a 0.5% agarose gel is highly effective at removing inhibitory its analogue, the gene for the 18S rRNA subunit of the ri-
salts and tannins; the tannins run ahead of the DNA enablindposomes (coded by 18S rDNA), in eukaryotic microorgan-
the high molecular weight DNAX10 kb) to be cut out and isms, animals and plants. It is an essential structural com-
the gel used directly for PCR. ChoiceTdgalso matters; us-  ponent of the ribosome, a cell organelle which synthesises
ing the same extract some gave no product while others amprotein. Parts of its sequence are the same in all bacte-
plified well. In conclusion we found that there is no general ria while others vary to differing degrees. This allows the
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conserved sequences to be targeted for attachment of theation within the Pseudomonads, Yamamoto et al. (2000)
two flanking primers that are required for PCR amplifica- recommend the combined use of thgB andrpoD genes.

tion, while intervening variable regions are used for analysis There are no universal primers available to analyse virus
of diversity and identification. Universal 16S rDNA and 18S particles in the same way, and considering their numbers and
rDNA primers are given in Desps et al. (2007) and Ahern diversity, this is a serious impediment. Viruses in bioaerosols
et al. (2007), and probeBagatip://www.microbial-ecology.  can be detected by using specific primers for each species in
net/probebask/ and probeCheck hftp://131.130.66.200/ the PCR reaction, but quantification of the total content of
cgi-bin/probecheck/content.pl?id=homerovide compre- viruses in a sample of bioaerosols cannot be done with PCR.
hensive databases of rDNA primers and probes for prokaryMoreover, for RNA viruses, reverse transcription of the viral
otes and eukaryotes. genome from RNA to DNA precedes PCR detection.

Often the PCR products are sequenced and then the Most known alleles of the ice nucleation gene have been
next task is to determine the identity of the DNA. This is successfully amplified using PCR on mostly limited sets of
achieved by comparing the new sequence to those alreadgolates (see Table 1). Primers foaW (P. fluorescenshave
available by interrogating online databases. For 16S rRNAhad only limited success, due to its variability; Ahern (2007)
we recommend the Ribosomal Database Projeitp{/rdp.  found three times greater sequence difference (in block 4 of
cme.msu.ed)/ containing over 400,000 sequences. Thethe core and the C-terminal region) between maW genes
ARB databasef(ttp://www.arb-home.dgtontains many ad-  (Warren at al. 1986 and isolate 26 in Castrillo et al. 2000)
ditional sequences but requires UNIX to run. For bacteria thethan exists betweeimazZ, K and V.She recommended ob-
generally accepted levels of discrimination are 99% similar-taining entire gene sequences, using shotgun cloning, from a
ity for strains, 97-99% for species and 95-97% for generarange of isolates to assess its true diversity. Primers with
Often a complete or very close match is obtained. Increasproader range are being designed (Guilbaud et al. 2007).
ingly the closest matches are environmental clones whichThese target theaW, inaY andinaZ, inaK andinaV al-
give little useful information other than where the sample eles and have been tested on many diverse ice nucleation
originated. For broader coverage to include other sources dctive strains oP. syringag P. viridiflava, P. fluorescens, P.
DNA, the EMBL Nucleotide Sequence Database or one of itsputida, Panteoa agglomeramsdXanthomonas campestris
partners is recommended. This database is produced in col- |f RNA (e.g., 16S rRNA or the messenger RNA of an ac-
laboration with GenBank (USA) and the DNA Database of tively transcribed IN gene) is the target, the initial reverse
Japan (DDBJ). Each collects a portion of the total sequenceranscriptase step (enzymatic conversion of the RNA to copy
data reported and all sites are updated daily. The BLASTDNA) required for subsequent PCR is likely to be problem-
search engine provided by the National Center for Biotech-atic. Sensitivity of the reverse transcriptase enzyme to salts,
nology Information fttp://www.ncbi.nim.nih.gov/BLAST/  alcohols or phenol remaining from the RNA isolation, and
is the easiest to search for closest matches. inhibition of the polymerase enzyniaqby residual reverse

A recent approach to characterize bioaerosols used baCthanscriptase enzyme are just some of the causes of poten-
rial 16S rRNA genes in microarrays (Brodie et al., 2007). tially gross under-estimation of RNA levels in such low copy
Microarrays are chips carrying sets of DNA from known number samples. Ahern (2007) attempted to quantify 16S
genes in a predetermined order on the surface. The gengRNA from bacteria and Pseudomonads in two cloud water
pool can be designed to represent a small or large group o§amples and obtained very low apparent levels. She recom-
organisms. DNA from environmental samples is labelled, mended that without extensive initial optimisation, RNA be
heated and allowed to hybridize with the DNA on the mi- restricted to use with methods assessing the presence or ab-
croarray. If complementary sequences exist in both the samsence of specific rRNA sequences and not quantification.
ple and the microarray, then they hybridize and the sequence
determined from the position of the fluorescence on the chip3.3.3 Amplified Ribosomal DNA Restriction Analysis
Brodie et al. (2007) constructed a microarray carrying 16S (ARDRA)
rRNA genes (using 16SrDNA) from most known bacterial
taxa and used it to analyse the diversity and changes of th&he mixture of PCR products obtained from an aerosol
bacterial microflora in urban aerosol samples. Their methodsample can be separated into individual molecules by gene
required several steps of normalization and appropriate stacloning. This involves joining individual PCR products to a
tistical analysis, and was more sensitive in detecting bacteriaself replicating vector which is then transformed into a host
taxa than the standard method of cloning and sequencing ancell, usuallyE. coli. This is plated onto agar and when the
plified 16S rDNA fragments. host cell divides copies of the recombinant DNA molecule

To obtain greater resolution, other genes, or the regiongre passed onto the progeny. Following many cell divisions
between genes, can be used. For speciating fungi the spaceolonies (clones) are produced. Each of these contains a sin-
region between rRNA genes is used while for plantgtbok gle 16S rDNA sequence from one bacterial cell present in
chloroplast gene provides additional taxonomic informationthe original mixture. A number of these (generally fifty to
(see Desiirs et al., 2007). To increase intrageneric discrim-several hundred) can then be sequenced and the identity of
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Table 1. Primers used successfully to amplify ice nucleation genes from environmental isolates.

Allele Primers developed (forward & reverse positions from the stafinnealing  No. of iso- Reference
codon of the IN gene) temp €C) lates used

inaA 5-ATGAGTGTATCGCTATTGAAACTCATGG-3 (221-248) 58 1 Dimos et al. (2006)
5-ACGATATTATTGTCCTCATCCATCTGG-3 (3924—-3950)

inaW 5-GCGGTCTGGTATGGCCTATTT-3 (59-79) 47 2% Castrillo et al. (2000)
5-CCGGCGTATCGCTATTGTCC-3 (3588-3607)
5-AACCAGATTGCGAGTCATAAG-3 (3052-3072) 59 1+ Ahern (2007)
5-CATGGCTGAATCTGAGACTGG-3 (3612-3632)

inaZ 5-GAGAATGGTCTGGTCGGTTTACTGTGG-3 (124-150) 58 5 Dimos et al. (2006)

5-TCAACACCGTTCTCACCCGTTCTGG-3 (3494-3518)

5-CAAGTGTCACGTTACCGGTG-3(404-423)

5-ATCCAGTCATCGTCCTCGTC-3(3571-3590) 55 3* Castrillo et al. (2000)
inaZ/KIVIWIY Primers targeting core and C-terminal under development — ~100 Guilbaud et al. (2007)

* Product shown in paper1kb larger than expected. AlsnaW amplification of isolate 26 (used by Castrillo et al., 2000) unable to be
repeated by Ahern (2007).

** Exceptionally strong product using aforementioned isolate 26 but amplification unsuccessful when used on a range itiothecens
isolates (Caroline Guilbaud, personal communication).

members of the community determined. To enable a larger ¢ 0 00 30 40 S0 g0 J0 g0
number of clones to be analysed and so increase coveragsoo
each can first be re-amplified using vector specific primers ...

and the product cut with a restriction enzyme to generate azoc
banding pattern of between 2 and 8 fragments for each clone '™ k ) A ~
(see Sect. 3.3.4). The choice of enzyme is crucial and has I T T I
been assessed systematically (Moyer et al., 1996).The pat-
terns are then sorted on the basis of the number and size of
fragments into operational taxonomic units (OTUs) and rep-Fig. 2. T-RFLP trace of the bacteria (16S rRNA gene digested with
resentatives from each group sequenced (Moffett et al., 2003yIsp) in an aerosol sample (PM2.5) taken in Munich in spring,
Ahern etal., 2007). ARDRA is fairly labour intensive but rel- 2005.
atively inexpensive and combined with targeted sequencing
provides the identity of the dominant members of a commu-
nity After digestion the fluorescently-labelled end fragments are
separated by electrophoresis and their lengths (position of
3.3.4 Terminal Restriction Fragment Length Poly-  the peak along the profile) and intensities (peak area) can be
morphisms (T-RFLP) and Ribosomal Intergenic  calculated (Fig. 2).
Spacer Analysis (RISA) The diversity represented by a T-RFLP profile is highly
dependant upon choice of enzyme and the part of the gene
For the broad characterization of microbial community struc-used to generate the terminal fragments. For exanfégl
ture and diversity, T-RFLP can be applied. It also gives a veryis particularly good when used with the front of the 16S
rough estimate of relative abundances. As T-RFLP was origitRNA gene, using the primer 27f (confirmed on aerosols by
nally designed for bacteria, we outline here the method usinddespés et al. (2007) and rain water by Helen Ahern, un-
bacteria as the default. T-RFLP can, however, also be appliegublished data). Primer and enzyme combinations can be
to other organisms like fungi, where the ITS regions, thetested on personal and public 16S rRNA databases using
mostly non-coding spacer regions between adjacent rRNAT-RFLP simulation programs, available at MiCA Bttp://
genes, are the most informative. mica.ibest.uidaho.eduand the Ribosomal Database Project
A PCR is performed in which one primer is fluorescently Il (http://rdp.cme.msu.eduelease 8.1). Using MiCA 3 the
labelled. The amplification products are then digested with afollowing enzymes were predicted to produce the most di-
restriction enzyme which cuts the DNA at a defined site. Forverse profile using the front of the 16S gene to generate ter-
minal fragmentsHpyl188l1l, Hhal, SciFl, Hpyl188I andBfal
(Mspl is in the top 10). One complication can be clusters
the cut site varies among the different bacterial groups anf peaks. This is caused because the length between the la-
therefore the length of the labelled terminal fragment varies.belled primer and a site that is cut can naturally vary slightly

Primer

example,Msp cuts the sequen%g(ég. The position of
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between species. The result is a mound of peaks which caf.3.5 Denaturing/Thermal Gradient Gel Electrophore-
be difficult to resolve. sis (D/ITGGE)
If the PCR products are simultaneously cloned and se-
guenced the size of the terminal fragment each will producelhe mixture of PCR products can also be separated by being
can be calculated, and so each can be tentatively assigngdn on a gel which separates products on the basis of their in-
to a T-RF peak. Thus the relative abundance of taxonomiternal sequence, which affects their melting behaviour. PCR
cally identified bacterial groups can be judged. However, ongoroducts are electrophoresed on a gel with a linearly increas-
should keep in mind that different bacterial groups can haveng gradient of chemicals (DGGE) or temperature (TGGE).
the same restriction site and thus the relative amount can b&he fragments remain double stranded until the denaturing
misleading. Also, since different bacteria possess from 1-1%onditions cause melting of certain regions (domains). Prod-
copies of the 16S rRNA gene the size of the peak can only beicts with the lowest melting temperature domains (those
considered a semi-quantitative guide to abundance. with runs of A-T base pairs) melt first and the branching
Although the 16S region is particularly good for T-RFLP of the molecule causes a sharp decrease in mobility. As
analysis it also has drawbacks. At least in air samples, bactethese molecules continue to move slowly into higher con-
ria, fungi and plant material are all sampled simultaneously.centrations of denaturant, additional domains undergo strand
As the DNA is extracted in one step, chloroplast 16S rDNA dissociation. Single base changes in any of these domains
is often co-amplified with bacterial 16S rDNA since, due to will alter their melting temperature and so will lead to dif-
their common origin, they possess many similarities. Thisferent mobilities. However when the most stable domains
has to be considered in the interpretation. melt the fragment undergoes complete dissociation and the
In comparison with the analysis of clone libraries resolving power of the gel is lost. To overcome this problem
(ARDRA or direct sequencing of clones), T-RFLP is much one of the PCR primers has a GC-rich “clamp” attached to
faster and cheaper. |If the former approach is use80 it which resists the denaturing conditions of the gel (Muyzer
clones have to be analyzed to obtain reliable estimates oind Smalla, 1998; Myers et al., 1985).
abundances and diversity levels in diverse samples. Thus The end resultis a multiple-banded fingerprint of the com-
for a fast overview of the diversity and relative abundancesmunity which is very useful for comparisons to determine if
T-RFLP is highly useful. For a detailed analysis, however,there is any value in pursuing a more detailed analysis. This
subsequent sequence analysis is necessary to, for exampie,especially true for less complex communities such as those
detect species that produce the same T-RF peak. in extreme environments. Diverse samples may produce too
Another useful approach to obtain a broad profile of com-many bands to be resolved. In addition individual bands can
munity diversity is Ribosomal Intergenic Spacer Analysis also be cut from the gel and sequenced. One limitation is that
(RISA or ARISA when automated). This measures theonly PCR products up to 500 bp can be separated efficiently.
length of the gap between the 16S and 23S rRNA genesThis limits the precision of subsequent identification based
which can vary from 150 to 1550 bp (Scheinert et al., 1996;0n sequence comparison. In addition single bacteria can pro-
Maron et al., 2005). By amplifying the region in all or a duce more than one band and resolution may be insufficient
specific group of bacteria in a sample then separating thes products with different sequences may migrate to the same
products by electrophoresis a profile of peaks will be gen-position on the gel (Ranjard et al., 2000), although to a lesser
erated. Maron et al. (2005) performed ARISA on two air extent than T-RFLP.
samples, revealing both to be highly diverse and distinct. As  An analogous technique to T/DGGE, in terms of technique
with T-RFLP, but to a lesser degree, one peak may be comand gel product, is Single Strand Conformation Polymor-
prised of products of several species. But unlike T-RFLP, aphism (Schwieger and Tebbe, 1998). Smalla et al. (2007)
single species may produce two or sometimes three peakgompared DGGE, T-RFLP and SSCP for their ability to
This is because the gap between the 16 S and 23 S genes cfingerprint DNA extracts from four soils. T-RFLP and
differ in different ribosomal RNA operons in a bacterium’s SSCP produced tighter clusters of replicate soil samples than
genome. In the five fully sequenced straind®studomonas DGGE. Methodologically too, SSCP may be preferable to
fluorescensand P. syringag four have spacer regions all of T/DGGE since the equipment is cheaper, it is easier to find
one length (but unique for each strain) while dheyringae  compatible primers and it does not need a gradient gel (Birgit
strain has two (534 and 550bp). Comparing eight PseuSattler, personal communication).
domonads, Danovaro et al. (2006) found only one with two
peaks in ARISA, and clearly demonstrated the method’s su3.3.6 Quantitative PCR (qPCR)
periority over T-RFLP with this genus. Even though ARISA
has inherently greater resolving power (ie, number of peaksA more recent technique, quantitative real-time PCR, can be
produced per sample; see Danovaro et al., 2006), both greatlysed to not only detect but also determine the number of
underestimate total diversity in diverse samples (Bent et al.copies of a chosen gene in a sample. As with standard PCR,
2007). depending on the gene and primers used the target for quan-
tification can be broad (e.g., all bacteria using the 16 SrDNA)

Biogeosciences, 6, 72137, 2009 www.biogeosciences.net/6/721/2009/



D. G. Georgakopoulos et al.: Bioaerosol characterization 731

Table 2. Dominant bacterial groups found in studies using direct DNA-based methods.

Sampling site Sampling date/s Dominant bacterial groups Analysis method Reference
Urban aerosol, Oct 2000 25% High G+C Gram +ve Cloning & sequencing Radosevich et al., 2002
Salt Lake City, UT 23% Low G+C Gram +ve

23%«, B, y, § Proteobacteria
Urban aerosol, May—Aug 2003 35% Low G+C Gram +ve Bacilli; Cloning & sequencing; Brodie et al., 2007
San Antonio & Austin, TX thereafter high diversity Gene chip
Urban (but rural nearby) aerosol, Aug 2000 Great majority Low G+C Gram +ve Bicillus  Cloning & sequencing; Wilson et al., 2002
Livermore, CA LactobacillusStreptococcusubdivision Gene chip
Rural aerosol, Mar & May 2003 60% Proteobacteria Cloning & sequencing Maron et al., 2005
south of Paris, France 13% Low G+C Gram +ve

11% High G+C Gram +ve

Urban, rural & Sep 2003, 62-92%y thenp Proteobacteria Cloning & sequencing; Despés et al., 2007
high alpine aerosol, Jun—Sep 2004, (87-95% Proteobacteria using T-RFLP peal-RFLP
South Germany Feb—May 2005 intensities)

19% High G+C Gram +ve
Coastal rural cloud & rain, Oct 2003 36%, B thena Proteobacteria Cloning & sequencing Ahern et al., 2007
NW Scotland, UK (the most abundant five OTUSs)
Surface snow, May 1995 40%B Proteobacteria In situ hybridisation forg  Alfreider et al., 1996
Tyrolean Alps, Austria (of total DAPI counts) Proteobacteria;

DAPI staining

or narrow (e.g., an ice nucleating species using a specific INoine with each other during PCR to form small double-
gene). If the number of copies of the gene per cell is knownstranded primer-dimers, and fluorescence from these needs
then it can be converted to cell counts or microbial biomassto be minimised by measuring fluorescence at a tempera-
gPCR is the only practicable method available for accurateture high enough for them to have dissociated. Alternatively,
quantification of multiple samples, especially those with very fluorophore-containing DNA probes, such as TagMan, Hyb-
low numbers of cells£100). probes, molecular beacons and scorpion probes can be added
The method requires that the accumulation of PCR producto the reaction mix. These are designed so that they will
be monitored as the reaction proceeds. The number of PCRnly fluoresce if they are annealed to the correct target se-
cycles needed to first detect the product (the threshold cyclegluence. As the product accumulates, the level of fluores-
is then used to determine the number of copies present atence increases proportionally. They use different mecha-
the start. If there very few target molecules then more repli-nisms to report annealing (eg, bound TagMan probes are di-
cation cycles are needed before the product is first detectedested byTaqg polymerase, freeing the fluorophore from a
(and vice versa). The threshold cycle is proportional to thequencher embedded in the probe) but share several features:
log of the initial DNA concentration, and the number of gene they provide very specific and reliable detection of the am-
copies is determined by reference to a calibration curve genplified gene, but require careful design and optimisation, and
erated using DNA from known numbers of cells, spores orare more costly and emit less light than Sybr Green.
quantity of mycelium. Calibration curves are typically linear A potentially major problem for gPCR with environmental
over at least 5 orders of magnitude. Conversion of 16S rRNAsamples is PCR bias which can differentially affect the rates
gene copy number to cell number can introduce error sinceof amplification of the samples versus the standards, and
different species of bacteria possess from 1-15 copies of theause underestimation of the samples’ true gene copy num-
gene per cell (Cole and Girons, 1994); in Pseudomonads iber. The principal problem is from inhibitors co-extracted
varies from 4-7. Fogel (1999) reported an average of 3.8with the DNA which can inhibit the PCR of each sample to
copies per cell of the 16 S gene per bacterial species, and idiffering degrees (e.g., @ntzig et al., 2001). Jansson and
leachate and nitrifying biofilm we estimated an average ofLeser (2004) noted that the extrapolation to an external stan-
3.5. dard curve used by gPCR is not well suited to environmental
One approach to monitor product accumulation uses thesamples because a small variation in the PCR reaction effi-
dye Sybr Green which only fluoresces when it binds to dou-ciency can produce large differences in product yield in later
ble stranded DNA. A great advantage of using Sybr Greercycles. An improvement, sigmoidal curve-fitting, has been
is that it is simple and cheap to convert standard PCR tosuggested by Rutledge (2004). Samples can also be spiked
quantitative. However, reaction optimization is essentialwith a known number of copies of the targeted gene and the
to ensure amplification of only the target, since any non-level of inhibition estimated.
specific product will also be detected. Primers also com-
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Table 3. Characteristics of single-particle methods that are used for the study of the properties of atmospheric aerosol particles.

Particle properties that can be studied

Methods Size and shape Composition Structure Surface and hygroscémicantages and drawbacks
properties
oM ~0.2 um resolution epifluorescent mi- No No low resolution
croscopy for identifying
biological components
SEM ~20nm resolution elemental analysis with No ESEM for the study of hydra- can be automated, good statis-
with an FEG-SEM; EDS; semi-quantitative tion/dehydration cycles tics; relatively low spatial and
approximate 3-D for light elements compositional specificity
morphology from
secondary electron
images
TEM 1A resolution possible; elemental analysis with from electron ETEM for the study of hydra- high spatial specificity for
accurate three- EDS; elemental anal- diffraction tion/dehydration cycles shape, composition, and
dimensional mor- ysis with EELS and structure; manually operated,
phology from ET (in energy-filtered images, labor-intensive, resulting in
vacuum) suitable for light ele- poor statistics
ments in thin particles
(<100 nm)
AFM nm resolution, approx- No No works under ambient condi- mechanical properties of sur-
imate 3-D morphology tions, hydration/dehydration faces can be studied; labor-
cycles can be studied intensive, interpretation of re-
sults ambiguous; no composi-
tional information
AMS particle sizing and indi- + and — ion fragment No surface composition can befast response (down to ms);

rect shape information
from laser scattering

mass compositions; probed by two-laser AMS; extremely good sensitivity and
suitable for heterogeneousstatistics; specific biogenic
surface chemistry components can be identi-
fied (BAMS); interpretation of
compositions often ambigu-
ous; no image and no struc-

tural information

AFM: atomic force microscopy; AMS: aerosol mass spectrometry; BAMS: bioaerosol mass spectrometry; ED: electron diffraction; EDS:
energy-dispersive X-ray spectrometry; EELS: electron energy-loss spectroscopy; ESEM: environmental scanning electron microscopy; ET:
electron tomography; ETEM: environmental transmission electron microscopy; FEG: field-emission gun; OM: optical microscopy; SEM:
scanning electron microscopy; TEM: transmission electron microscopy

We have used qPCR on DNA extracted from orographicinance by the High and Low G+C Gram-positives in the USA
cloud water (Bowbeat, Scottish borders) to count the totalbut a higher relative abundance of the Proteobacteria (espe-
number of 16 SrRNA genes (ie, all bacteria) and the numberially the 8 andy subdivisions) in Europe (Table 2). Using
of 16S rRNA genes contributed by the Pseudomonads. Deeulturing, Amato et al. (2007) found that Gram-positives are
tection used Sybr Green I. The total number was around 830@nore abundant than the Proteobacteria in winter, and vice
copies mt! cloud water whereas the number contributed by versa, but no such clear trend is apparent from these studies.
the Pseudomonads was about 150. Provisional analyses in-
dicate that this ratio corresponded reasonably well with the
clone frequency of Pseudomonads using ARDRA. qPCR en4 Conclusions
ables rapid investigation of multiple samples for the abun-
dance of any chosen phylogenetic group and key functionaPetection, quantification and characterization of particles
genes. Development of primers that will detect and quantifyof biological origin in aerosols, including microorganisms,
all IN gene alleles is an urgent priority. pollen, plankton, plant and animal debris, etc., is necessary
to understand the role and the effects of bioaerosols in
a number of processes, from physical effects, such as
ice-nucleation, to atmospheric chemistry, ecology, and
health effects. It is generally believed that the biosphere
While culture-based studies of atmospheric aerosols indi{for example vegetation) influences and perhaps drives
cate dominance by Gram-positive bacteria (e.g., Kellogg anctlimate changes. Bioaerosols have been recently suggested
Griffin, 2006) direct DNA-based methods reveal a more di-as a potentially important factor, but their role in climate
verse assemblage, with an intriguing suggestion of a predomremains undetermined. What is the contribution of different

3.3.7 Dominant bacteria in bioaerosols using DNA-
based methods
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