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poLYMERASE CHAIN RE ACTION 

SirKe Ihe work of Maddox (1857). Cunningham 
(1873), Miquel (1883) and othe.~ in the latter part of 
the 19th century, the ctele<:tion and cla~~ification of 
bioaerosols ha~ been dominated by method~ based 
00 culture and micro~opy. The invention of poly­
me ra~ chain reaction (PCR) in the 19805 tran~formed 
all of biology. includ in9 the Itudy of bioaerosols. At 
first. this te<:hnique for ampl ifying genes was primar­
i~ used for single specie~, sampled as tissue speci­
mens or as living cultures (Sonta~ke etal. 2(09). Very 
rapidly, h~ver, scientim realized that by usin.g 
mnservative gene regions as primer area~, they could 
amplify an indefmitl!ly large diversity of different spe· 
de~ from complex mixtures of organisms without a 
priori knowledge of tlM'ir DNA sequences (Nocker et 
al.20(7). ThUI. a very powerful te<:hnique for envi­
ronmental inve5tigation had been made available. 
By adjusting the primers used, amplifKation could 
be targeted at groups of organisms with any level of 
'pecificity: classes, orders, famil iel. genera, species or 
ItrainsJindividua l~. In ca~s where there was astra­
tegk advantage in limiting the diversity elucidated 
from complex environmental samples, specific prim­
en could be targeted at one, 5evef<lI, or multiple spe­
(jes (Haugland etal. 2004). These pr;mers could then 
be used as a battery 10 inve~tigate single species or to 
l imultaneously look for two to four ~pecies at a time, 
al is made possible in some quantitative 'real time' 
PeR techniques. 

There were numerous practica l problems, as with 
any newly ~veloped technology. Chemicals in en­
vironmental material~ often inhibi ted amplification 
reactions, and new techniques and kits had to be de­
~eloped for DNA extraction from various substrates, 

e.g. soil (Schneegurt er 01.2003). Conservative prim­
ers used On environmental materials often elucidated 
a far greater range of DNA types than investigators 
were prepared to deal with. Very time-consuming 
studies involving the cloning of different DNA ampli­
cons from PCR samples often resulted in sequence' 
that were mostly uninterpretable, belonging to little 
known organisms such as unclassified ~oil amoeba 
species. Nonethelesl. thank5 to the continual deposi· 
tion of even uninterpretable sequences in GenBank. 
a ba5eline was laid down for future comparison, and 
possibly for eventual taxonomic resolution of un­
known types of organism,dependin.g on fund;ng lev­
els for taxonomiC work. 

Te<:hniques such as denaturing gradient gel elec­
t rophoresis (DGG£) and temperature g radient g~1 

electrophoresis (TGG£) were ~veloped that allowed 
improved resolution 01 estimates of the numbers of 
prevalent SpeCies in natural material~ and their rela­
tive abundance (Smit er al. 1999, Nakatsu and Mar~h 
2007). Again, with verydelkate and time-consuming 
te<:hniques, individual ~equences could be retrieved 
from DGGE gels and analysed in order to determine 
the identity of tile organisms. In all environmental 
PCR·based techniques. the po~si bility of skewing of 
re~ults by differential affinity of different organisms 
fOf primer sequences was difficult to rule out. This 
potential for bias was parallel to the potential for sam­
pl ing bia~ in culture·based studies of mkroorgan­
isml. and it was repeatedly ob~rved that the similar­
ity between culture and PCR (esults in environmental 
samples was not high (Lynch and Thorn 20(6). None­
theless, it was clear that every sequence elucidated 
by PCR truly identified a DNA type that was present In 
the s.ample, as long as procedural contamination wa~ 
well-controlled, though the or9anism~ elUCidated 
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might be autochthonous or alloch thonous in the sub­
strate stud ied, a l"td might be al ive or dead. Indeed, 
t he high ab ility of PCR 10 detect dead materia ls with 
p<> rt ially intact DNA diminished its usefulness in some 
epidemio log ica l stud ies w here only living. dise"se­
causing inoculum was of Interest. 

Espe<:ially initially. there was a strong tendency lor 
such studies !><Ised on gene sequences to discover 
that organisms Wi'.e mi~lassified. or that entities 
though110 be single species or genera were actually 
multiple taxa, rometimes even very distant ly related 
taxa. Tilxonomic wo rk in the last two decades has re ­
solVEd some olthese problems, and moved some re­
markably misdassified orga flisms, such as microspo­
ridia , to Ihe kingdom, dass, order, genus, etc. where 
they belong. In the ca~ of microsporidia, t hey were 
m isclassified as kingdom Prot ista but were actual ly 
members of kingdom Fungi (Leeelol. 2(08). All such 
endeavours have cl ar ified sequence-based environ­
mental analyses and made them more ,.,ffici ent and 

effective. 
In the atmosphere. biogenic particles fo rm a major 

component of the suspended solid materia ls t hat .. re 
present (Despres eral. 2007). These part icles include 
intact b iological structures such as fungal spores, pol­
len grains, microalgae, bacteria, vi ru~s and dormant 
desiccated microarthropods and protozoans, as w,.,11 
as partia l structures such as broken fragments of fun­
gal spores and hyphae, p lant trichomes and fibres, 
and animal danders. Such particles not on ly d i sper~ 

o rganisms, ranging from ecologica lly beneflcial to 
epidemic·causing, but also ha\/e a significant effect 
on light dispersion in the atmosphere and in the nu­
cleation of cloud droplets and ice nuclei, es~nt ial in 
t he genesis of normal rainfa ll and other atmospheric 
precipitation. 

A prelim inary survey of DNA signatures in fine 
particulate matter (pM:tJ' aerodynamic diameter <2.5 
jJm) in ai r by Despres el 01. (2007) showed t hat the 
majority of sequences that could be obtained were 
bacterial, particularl y a. ~, and v-proteobacteria as 
well as actinobacteria, followed by fungi (mostly As­
comy<:ota) and plants. One animal sequence was ob· 
tained corresponding to a spore·forming protozoan 
type in the Awe%ro apjcomplexo complex. 

Microorganisms, including bacteria, fungi, micro­
algae and protozoans, often have minute vegetative 
cells or spores t hat readily become airborne. For t his 
rea SOil, they are dissemiflated very readily and, es~n ­

tial ly, in many cases may grow anywhere on our plan­
et where cond iti ons for their growth are favourable. 
Unlike animals and higher plants, t hey may have \/ery 
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few limitations in geographic range, other than being 
limited to growing where cond itions are support ive. 
There are notable exceptiolls for microorganisms that 
have a specialized relationship with a particu lar type 
of range· limited species, whether it be a plallt Or an 
alii mal. For e~ample, specialized parasites, symbionts 
and dKay orgall isms may ollly occur ill and around 
the areas where their partners Or hosts live. There are 
also some known, bl!t poor ly ullderstood, [a llge liml· 
tations ill microorganisms, as Seen in disease·causing 
fungi such as the agents of histoplasmosis and bias· 
tomycosis(Rippon 1988). 

The state of t he art w ith regard to PCR aflalysis 01 
organ ism propagules or parts potelltia lly represent_ 
ed in ai rbome particulates i, reviewed below Oil • 
group-by·group basis. 

An important extens ion of PCR analySiS has been 
made possible by t he uSe of high density micrwrray, 
(Wilson er 01. 2002, Brodie et 01. 2007, De Santi s elol. 
2007). In SOme microarray te<:hniques, array, are ex· 
po~d to DNA obtained lrom environmental samples 
using the same som of amplification, e.g. 165 rONA 
as are used in the preparatioll of clOlle libraries. In 
others, unampl ified genomic ONA obtained d ire<:tly 
by extract ing t he samples may be used (Avarre et a/ 
2007). This latter technique, however, is in the very 
earl y stages of development. 

Yet another leve l of development lies in makiog 
clone libraries of unamplified genomic DNA from en­
vi ronmental sampl,.,s a ... d then analyz ing large num· 
bers of the clones. The clohes' can be screened lor 
affin ity with taxonomically illlormative genes 'IKh 
as 16S rONA or functional genes such as cellul.ses, 
or Can be ralldomly sub·sampled for sequencing, or 
even sequenced jn 1010 (Handelsman 2004). This col· 
lection of approaches, cal led 'metagenomic,; can be 
used to explore microbial diversity or to look for par· 
ticular groups of enzymes or other genetiC features 
of interest. In addition, w hell large Ilumbers of se' 
qUellCeS are o btained in metagenomic studies, clus· 
ter analyses of va rious killds call be used to analyse 
t he data (Xu 2006, Li elal. 200B). Th is poss ibility gives 
rise to a potential for a very detailed characteriZ<ltioo 
of envi ronments, and t he statistical distillction of one 
envirollment f rom another in samples (Tringe el 01 
2005, Dinsdale erol. 2(08). 

CUlling-edge systems for h igh-throughput se ' 
quencing alld bioillformatics processing have further 
revolu tionized metagenomic alia lyses. For example, 
Dinsdale el 01. (2008) compared nearly 15 mi llion se" 
quence' from 45 microbiomes (bacterial habitats) aod 
42 viromes (e llvironmental or medical sites where";' 
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!<'~ are pre:;ent). Currently ~vaHable te<:hnologies 
~e G5 FLX nt~niunt pyro~uendng (Roche Diag­
,.."sties) allow Ih~ simultaneous ~uencmg of over 
500Mbj:). In a siogle run the PeR-amplified DNA bar­
coderegion can be ~uenced to exhaust ion in up to 
12Scomntunily DNA samples with ~r 10,000 times 
r,.dundancy. This method is suitable for the metage­
nomic ch~racterizalion of low 10 moderat~ly complex 
m,([obial communities. Communities of higher com­
plex~Y can be sequenced to exhaustion by Pfocess­
.,g fe"<Wr samples Simultaneously. 

pOLtEN, SPORES ANO PARTS OF PLANTS 

The pollen grains of wind.-pollin.ated (anemophi­
lou.) plants are amQng t~ most common airborne 
P<'rlicutales. and have been intensively studied for 
dfcadeS. The air also includes other plant parts su<:h 
as pol len grilins of In:;eet-pollinated (entomophi lous) 
ptants, spores of mQsses,.ferns and Iy.:opods (club­
moSse'i), and various trichomes (distinctively shaped 
Ie"f r...irs) and other minule fragments bmken away 
from leaves. stems and decilying wood (sarna and 
Govi11979. Kasprzyk 2004). It Is nOI clear how rel i­
.t>ty pollen and Irichomes colle<:ted from air can be 
~tudied using moIe<.:ul~rte<:hniques. DNA extr<>ction 
from such materials often involves distinct proces:;es, 
~nce the breakage of heavy ar>d chemically unusual 
cell walls is usually involved. For example, Zhou "I 
01.12007) picked individual pollen grains from Siev('d 
materials and ([acked them open belween two glass 
$Ides priOf to doing DNA extraction. Chen er of. 
(1008) developed a protocol for DNA isolation from 
~ngle pollen grains involving spedal forceps and 
alka ilidete.gent lysis of the w~lIs. Sometimes plant 
DNA interpreted as deriving from pollen has been de­
tected indirectly; for example, 8rodie et 01. (2007) de­
tected plant chloroplast DNA while DNA micrwrrily 
probing bacterial-type DNA in urban air (chlofOplast 
DNA is related to cy~nobacteri~1 DNA) ~nd st~ted that 
this was likely to be from pollen grains. Despres etol. 
(.lo(7) d~te<:ted plant nuclear DNA in urban air sam­
ple-s while using 185 RNA primers intended to am­
plify animal sequences; these sequences, which in­
dueled angiosperm, pine. and mQss sequence~ were 
<lilly detected in the spring and were interpreted a~ 
being from pollen ~ n d, in the ca:;e of moss, spores. 
~~rious studies makiog bacterial 165 ribosomal DNA 
clone libraries from colle<:ted aerosols ll<lve dete<:ted 
Plant chloroplast DNA but have not remarked on its 
Probable wurce (Radosevich ef 01. 2002, Rintala ef 01. 
~00s) . No study has been carried out to determine 
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the degree of correlation between the chloroplast 
and nuclear plant sequences obtained and the diver· 
sity and number of pol len gr~ins ~nd spores dete<:t· 
able by otherle<:hn;ques. 

Whe'e trichomes are concerned, t~re is no pub­
lished information relating 10 t~ir mQle<:olar delect­
ability from aero~1 sources. Mole<:ular studies on 
these structures are relatively common, although 
mQstiy rel~ting to the genomics of their differen­
tiation. fof example, there is a trichome harvest­
Ing te<hnique forle~ves of the genetic model pl~nt 
AroQidops;s fholiooo (Marks et 01. 2(08). designed 10 
facililate genomic sludies. A typical example of a tri· 
chome genomi<: study involving DNA extraction f,om 
the:;e thick-w~ l led structures is IlI<It of Liu et 01. (2006) 
on proteina:;e inhibitor lib expresSion in trichomes 
of nightsll<lde. Solonum omerKonum. The mQre d~ta 
are collected on DNA extraction techniques for the:;e 
structures, the more accessible they will become as 
data ~urces for mQlecular investlgator~ of biwero­
~I, 

The minute spores 01 non-vascular plants such as 
bryophytes, ferns and lycopods are capable of long­
distance airborne dispersal and thus regularly make 
up a smal l but significant component of total air­
borne parti<ulates (Stoneburne' et 01.1992, Kasprzylt 
2004, Sundberg 2(05). About 4% of total pollen be· 
longs to entomophilous vao;cular plant taxa such 
as willows, milples, elders (Sambucus). he<baceous 
plantain (Plantago), and nlio spp. (basswood. linden, 
lime). long raoge dispersal. however. is inhibited in 
that pollen grains of the:;e species are of len fused to­
gether into relatively heavy groups by th~ sticky ma­
terial known as pollenkiu (Kasprzyk 2(04). 

Generally, PCR-based plant identification involves 
sequencing one or both of the two recognized id~n · 

tificiltion barcode ' egions, Ihe nudeilr ITS region and 
the chloroplast tmH·psbA inlergenic space. (Kress er 
0/.2005). 

FUNGI 

f ungill spores and fragments a,e amoog the most 
common components of total biooerosols, and are 
alw ~mong the mQst intensively studied m<lterial, 
in terms of mQlecular dete.::ti on. This level of study 
can be partly ascribed to the high levels of interest in 
indoor fungal proliferation and fungal aero~llevels 

in 'sick' and healthy buildings. Most mQle<ular te.::h­
niques for studying airborne fungi we,e developed 
for indoor materials; however, these can readily be 
ildapted for outdoor materials ~s well. In many cases, 
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the us.:. of Otltdoor samples as controls is common in 
the study of indoor aeromy<:ota. 

The identification of indoor fungi by means of 
d iagnostic sequences has be(>n a w.:.1I -established 
and commonly used technique since the lale 1990$ 
(Haugland e/ 01. 2004). Though initially developed 
for identifying in vitro cultures. many approacl>e's can 
readily be modified to analY5e the funga l contents of 
air S<lmples collected using filte. membranes, cy<:lone 
samplers or jet-la-plate impactors. Equally, these 
methods can be used to analyse va<;uum-collected 
dusts. In an early eJC<lmple, Haugland and Heckman 
(1998) iot roduced specific primers for the important 
indoor fuogus Sra'''rootrys chortorurn. This study 
was shortly followed by the first of a series of species­
spedfk quantilati~ P(R (qPCR) studies fOf indoor 
fungi, bas~ 00 useoftheTaqManOfluorogenic probe 
system combined with the ABl Prism" Model 7700 
Sequence Detector (Haugla '1d elol. 1999). 1'1 this 
study,S. (har/orum was again the obje<t of i'1terest; 
qPCR coums of 5. c/wrfOrum oo'1idia were found to 
be highly comparable to COUl"<ts obtai'1ed with a hae­
mocytometer. The method was funherdeveloped by 
R~ er 01. (1001) for direct quantitative analysis 01 5. 
chorfOl11m in household dust samples. 

This TaqMan-based qPCR methodology was ex­
tended over subsequent years into a broad ranging 
methodology encompassi'1g many major imioor air 
fungal groups (Haugland erol., 20(4) and a variety of 
applications. 1'1 cO'1junction. key stud ies considered 
!low best to extract DNA for qPCR and related PCR­
based analyses of indoor fungi (Williams el 01. 2001-
Haugland er 01. 2002, Kabir el 01. 2003). Mekl in er 01. 
(20(4) employed qPCR to evaluate indoor dust from 
the prese'1,e of 82 mould species or species com­
p lexes, including members of the genera Aspergillus, 
Cladosporium. Penicillium, Trir;hooermo and Ul<xladi­
urn, in addition to 5rochyborrys and the closely relat­
ed Memnoniello. Comparisons between te<:hniques 
showed that culturing underestimated numbers of 
key Aspergillus species by two to three orders of mag­
nitude. "Mouldy homes" cou ld be distinguished from 
putatively uncontaminated "relerer.ce homes' using 
mould-specifk qPCR (MSQPCR)-based q uantification. 
An online information page about the now widely 
used technology developed by R.A. Haugland, SJ. 
Vesper and other members of the US Environmen­
tal Protection Agency (US-EPA) group can be found 
at <http://www.epa.govfnerlcwwwfmoldtech.htm:>. 
Curremly, 116 primerfprobe combinat ions have been 
described that target 130 species. Commercial use of 
these primer sequences for fungal detection requires 
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a licensing agreement with US-EPA. Similar restrir 
tions do not however, apply to the use 01 these 
quences for non-commercial, research purposes. 

The results 01 MSQPCR have been used to c~kul~ 
a ratio of species associated w ith water damage to 
th~ arising from outdOQf sources (e.g. phyllopla1ll' 
moutds), unrelated to indoor dampness. This ratio, 
the. Environmental Relative Moldiness Index (ERMI 
provides a single value between -10 and +2<1, thi: 
describes the patential of an indoor growth SOUr{e, 
Although this apprO<lch is aesthetically appealing far 
its simplicity, apparent obje.::tivity and ease 01 use. 
the reductive nature of the approach excludes Subtle 
leatures of the dataset that may otherwise lead an ex. 
perienced investigator to a different conclusion. Un­
til more data are aVililab le to compare ERMI with the 
results of building inspections carried out by experi. 
enced aSSeSSOfS, the technique must be considere.j 
investigational. 

More medical ly oriented environmental studie\ 
developed TaqMan qPCR for Aspergillus fumjgoM 
conidia in ~Itered ai r samples (McDevitt el 01. 2004, 
Goebes el 01. 200n MOfe recently, tile accuracy of 
qPCR for A. fumigatus detection in hospitals has been 
stringently tested by comparison with green fluores­
cent Pfotein (GFP)-expressing conid ia of this sped!'1 
(McDevitt etol. 2005). 

In conjunctiOfl with other modern techniques su<h 
as a quantitative protein translation assay for triche­
theeene toxidty, qPCR was used in an eva luation of 
5tachybolrys from a house where a use of idiopathic 
pulmonary haerno!iiderosis h<ld occurred (Vesper eI 

01. 2(00). However, haernocytometer counts 01 the 
relatively large and conspicuous 5w,hybolrys conidia 
were relied upon on for quanlitation in the data used 
in the subsequent analysis. A later, much more de· 
tililed qPCR analysis of homes where pulmonary hae· 
mosiderosis had occurred showed that S. char/arum 
was pan of a group of species. also induding A (umig­
atU5 and several other Aspergillus sPP. that was ~ 
nificantly elevated in quantity in dust samples in ~I' 
lected homes (Vesper er 01. 20(4). Species abunda<1t 

in ilfferted homes tended to be haemolytic in in vitro 
testing. whereas the common species associated with 
reference homes were generally not haemolytiC. An' 
other significant application of the qPCR teehnique 
was to sensitively monitor Aspergillus contamination 
during hospital renovation (Morrison etol. 2004iand 
related infection COfltrol applications. 

Relatively recent developments have included 
detailed studies of the fungal contents of dust from 
various sources, including studies optimizing q?CRtO 



owrwme chemical PCR inhibitors in dust (Keswani er 
I 1005, Vesper er 01. 2005). Multi·species qPCR h~s 
~n applied in comparison of outdoor with indoor 
air IMeklin er 01. 2(07) and in analysing both fungi and 
biI(terla in building component5 such ~s chipbwrd, 
p.lper" materials and insulation (Pietarioen er 01.10(8). 
ll>ese methods h~ve been combined with cloning 
and sequeocing in the analysis of indoor dust to re­
"""I a high prev~lence of taxa of the Mal~sse~iales 
(UStilaginomycotina), the lipophilic basidiomycetous 
yeast inhabiting human skin (Pitkaranta eta/. 20(8). 

In outdoor ai r studie:;. qPCR·bilsed tedlr'liques 
ha~ been used to detect airborne plant pathogens 
s",h as Monilinio fnKtico/o, the cause of brown rot 
<:I. stone fruits (Luo er 0/. 2007) ~nd Fuwrium eireino­
rum, the cause of pitch pine canker (Schweigkofler 
erol.2(04). SpOre levels of toxin·p<oducing fungi in 
.irborn.e grain dust have also been monitored using 
qP(R (Halstensen et al. 2006). In surveys involving 
l<Irge numbers o f fungal taxa, cloned libr~ries hilve 
been made from bulk amplification of small subunit 
ribowmal DNA. The result~ however, suggest skew­
iog of tile data: a small-subunit library study con­
ducted by Fierer et al. (2008) using air samples from 
Souldeo-, Colorado, found that fungal sequences from 
the order Hypocreales (Fuwrlum, Trichoderma and 
relatives) were overwhelmingly predomin.mt (90% 
t of sequences) In five librarie:<; derived from aefo-­
sol samples. It c~n readily be seen in convenHon al 
air sampling that members of this order never show 
predomin~nce on this scale; members of the Class 
Dothideomycetes (Cladosporium, A/temario) are con­
sistently predominant in outdoor ai, in temperate 
areaS lot most of the ~ar (GregOf)' 1973). Dot hideo· 
myo;etous fungi have, hOWf'ver. spores with re:<;istant 
rnelanized cell walls and may withstand some DNA 
extraction methodologies even where bead-beating 
is used to rupture cell:;. as was done by Fierer er 01. 
(2008). In the small number of fungal ribosom~1 in ­
t.rnaltranscribed spacer (ITS) sequences obtained by 
Despres elol. (2007). Cladosporium and 6<lsidiomy­
<OIa sequences were found. consl~tent with cooven­
hOflaI studie~. but no Hypocre<lle~" sequences. 

Although qPCR offers major advantage:<; ove.- tra­
dlliorlal approaches in t he detection and enumera­
tion of indoor fungi. a number offactors influence its 
performance. Be<:ause qPCR directly detects a targe! 
'lfflI' sequence. strains with variant sequences in ei­
ther of the primer Of probe regions may be missed 
«.Ise negative~). Conversely. unintended taxa may 
llodvertently be detected based on their homology 
10 tile primer/p robe sequence~ used (false positives). 

251 

Validation of the ~nalytic<ll spe<::ifidty of the primer/ 
probe sequence:<; is greatly hampered by the prev~iI­
ing lack o f knowledge of fungal biodiVf!rsity. with an 
estimated 90% of specie:<; ~t to be diS(overed (Hawk­
sworth 20(6). 

A second limita tion of qPCR-bilsed techniques re­
lates to the ability to predict biomass by the numbel" 
of copies of the target sequeoce enumerated. In the 
simp!e~t casein a h~ploid. uninud eatefungal cell, it is 
possible to establish a standard curve correlating to-­
tal bioma$~ to the number of copies of a glVf!n gene. 
The difficulty is that this aS$umptioo is not transitive 
to ~II cell ·types of a given taxOI1. e.g. monokaryotic 
vs. dikaryotic hyphae. haploid vs. diploid or polyploid 
cell:;. nuclear vs. mitochondrial target:;. nor is it direct­
ly tr~nsferable to other gene targets. which may occur 
In mult iple copies (whose total number;s species- Of 

strain-specific) within a single genome copy. e,g. 'ibo-­
somal subrepeal. 

Lastly, qPCR-bilsed method~ cannot distinguish 
viable from non-viable material, or cell-bound from 
cell ·free DNA. HOWf'Yer. the condition of cellular ma­
terial fT\ily be relevant to the inle'pretal ion of the re­
sult. e,g. in the ,iskassessment of re~ervoirs of poten­
t;;'i <tgents of nosocom;;'1 infection. A recent elegant 
study by Vesper et 01. (2008) used propidium monoa­
~ide to inactivate DNA from dead cells prior to using 
qPCR to quantify viable conid;;'. This approach and 
similar methods may hold promise in tailoring qPCR­
based methods tothe detection of cell·bound [)NA. 

Microarray studies have been out~1ted to detect 
fungal DNA signatures in filtered aerosols from Out­
door air. This entails lo.ading the arrays with a wide va­
riety of fungal ONA probe sequences suitable for de­
tecting a re<lsonable proportion of the known biodi · 
versity. Using such a technique, De Santis erol. (2005) 
found that prop;!gules o f the fungal phylum Asco, 
myo::ol a (ioclusive of moSI common mould spores of 
outdoor ~ir) and 6<lsidiomy<:ot~ (mainly represented 
by airborne spor-es of mushrooms and related fungi) 
were abundant in outdoor air from southern E.-.gland. 
They could only be elucidated efficiently. hOWf'ver, 
when the fil te.--collected aefOsol sample was subject­
ed 10 long bead-beating times to release DNA from 
cells with thick walls. This was not especially incon­
ven~nt, however, since similar ly long beating times 
were also required for some bacterial types. 

BACTERIA 

Theorganisms that have been most extensively st ud­
ied in terms of molecular detection in the air are the 
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bacteria. 6aCll'r ia Me very d iffkult to io:rentify from 
thei r phenotypic characters and, moreover, uncul· 
lurable iJ<Icleria are common; therefore, identifica­
tion wilh 16$ rlbo50mal DNA seql!ences has been 
the gold st andard since the ea rly 1~ (Wil:;on eral. 
1990). The applic.ltion of this identioc.llion standard 
\0 aerosol samples, e.g. to bacteria on air fi tters, has 
developed only in recent ye<lls. The development of 
this area of work has been detailed in a review by Pe<:­
da ,lJld Hernande~ (2Q06l. Techniques u~ \0 study 
bacterial occurrence and diversity in outdoor air have 
been SpeCifically reviewed by Kuske (2006). 

Alvarez 1'1 al. (1995) developed basic coliectio n 
and DNA purification techniq ues for sp iked E. coli in 
samples f,om ilif, and also developed some dilution 
procedures for dealing with chemical inhibito" of 
PeR in the samples. Stark el 01. (1998) developed a 
practical application for the technique for monitoring 
Mycoplo~mo hypopneumom'oe levels in commercial 
swine houM'S, and refined the techniques for extract­
ing DNA from filter samples. later, species- or genus­
sped!lc techniques _re developed fOf Legionel!o 
spp. in factory and office air, and Mymooclerium spp. 
above whirlpool facil ities in public swimming baths 
(Pascual er 01. 2001. Schafer et 01. 2(03), More recent 
developments on t his theme have featured qU<lntil a­
tive PeR techniques. to measure, fOf example, Slophy­
k>t;Q«US species levels in poultry hOIJ).l' air (Oppliger 
1'1 01. 2(08), and Mycobacterium ruberculosislevels in 
health (are facilit ies (Chen and Li 200S). Slreptomy­
ces levels in hou).l'hold dust n.ave also been studied 
using qPeR (Rintala and Nevalainen 2006). An el 01. 
(2006) compared the use of specific prime<s for E. 
coli with universal primers for total bacterial load in 
a qPeR study of particulates from laboratory-gener­
ated ai ' samples. Rinsoz el 01. (2008) u5ed th ree sets 
of broadly targeted primers to contrast qPeR results 
with those of epifluorescence microscopy and culture 
in air samples used to detect total bacterial, staphy­
lococcal and total Gram-negat ive bacteria l loads in 
poultry houses and wastewater treatment plants. 

The sampling and detai led identification of a broad 
range of bacterial types in air samples began in the 
current decade, with the publication of studies that 
fea tured cloned 16S libraries (Radosevkh etol. 2002, 
Maron er 01. 2OOS, Despres et a!. 2(07) overlapping 
in time with studies featuring the use of microarrays 
(Wilson et 01. 2002, Brodie et 0/. 2(07). Clo.-.ed library­
based studies _re also made of dust as a 'natural' 
sediment from air (Rintala erol. 2(08). A very distinc­
tive array of Wl:teriil was obt<lined by Birenzvige el 01. 
(2003) in small-scale cloned libraries from ai , samples 
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taken in an urban subway (underground ra ilroad), 
while another unique perspective was afforded by i 
cloned 16S libr<lry study of bacteria in biogas emltte.j 
by arklerobic waste digestors and landfil! sites (M(}. 
le11a et 01. 2007). The Wl:terial diversity of the air 0/ 
swine confinement houses was studied using a 165 
clo.-.ed library by Nehmeerol. (2008). An ecologically 
important extension of the cloned library te<hnique 
was made by Fierer erol. (2008), who compared bac· 
terial biodi~rs(ty from sampl<!"S taken within a singll' 
geographic area with that of S<fmples from widely 
sepilrated geographk area5. 

De Sant is 1'1 01. (2007) studied samples of uroon 
aerosol, subsurface soil and subsurface water, and 
found that high-density mlcroarra~ detected lTI()(e 
bacterial biodiversity than 16Sdo.-.ed libraries. Some 
bacterial phyla ruch as NitrospirJ were only detected 
on the arra~, signalling that there may have been 
some bi<l5 in the amplifications u~ to generate the 
cloned libraries. On the other hand, doned librilries 
detected novel bacterial types, somethi~ that is oot 

possible with microarrays, where detected spec~ 
must always match pre-selected oligonucleotide w­
gets linked to the arrays. De Santis 1'1 al. (2OOS) found 
that the bacterial types detected by microarrays also 
depended 0f1 how vigoroos cell disruptiofl was in 
DNA extraction procedures from the aerosol sail\" 
pies. Gentleextra(t ions based on short bead·beating 
times favoured detection of Mycoplasmatales and 
Burkholderiales, whereas high bead-beating times f~ · 
voured Vibrionales. Clostridia II's, and Bacil lales. Th is 
is not surpriSing, since the former g'oup contaim 
many taxa with notably thin cell walls and the latter 
group contains endospore-forfTl('«; and other bacte­
,;al types gener~ting t hick-walled cells. As mentioned 
abo~e, fungi detected in the same study tended to be 
best detected with the long bead-beating times uJ.ed 
in vigorous disrupt ion_ Various potential biases influ­
encing results of cloned library and microarray stOO­
iI'S for complex microbi<ll communities have been re­
viewed by Avarre eI al. (2007). 

An overview of the diversity of types in air samples 
was obtained in some studies by means of multi­
species DNA profiling techniques such as automated­
ribosomal in(ergenic Sp3Cer analysis, A-RISA (Maro<> 
er 01. 2005), single-mand conformationa l polymor­
phism (SSCP) profiling (Maletta el 01. 20071. fluoreS­
cent heteroduplex profiling (Merrilt ef 01. 2003), I)GG£ 
(Nehmeelal. 2008) and termina l restriction fragrne<'1 
length polymorphism analyses. T-RFLP (Despr<!s etal. 
2(07). Such techniques tend to generate one char­
acterist iC<l lly sized DNA band per species p'esent in 
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a mulli-spe<:ies sample: the "n"'y:;is thus gives" fi n­
erp<inl of the entire collection of DNA-extractecl, 

~u(cessfuIlY amplified organisms present. Working 
ent irely with the elliturable fr"elion of "ir samples. 
Kemlem and Rawa (2007) used flow cytometry to 
separate viable weteri", cells from other particulates 
mixed with them in a cyclone -sampled outdoor air 
$3mple, and then identified cultures using 16S rONA 

sequencing. 

VIRUSES 

GenetiC material, DNA Or RNA, makes upa much larg­
er (omponent of viruses than it does in other micro' 
organiSms. and the phy:;ical and chemical shielding 
that Willis this genetic material off from the outside 
environment i, often easily removed. VirU5eS thus 
lend to be very accessible to mole.:ular tffhnologies 
~sedon the study of nucleic acids. RNA-based virus­
tsare more difficult to work with than DNA-based vi­
wses because of tht ehemi~a l ly 13bile n3tur!' of RNA. 
lnd the need to make COmplementary DNA (cDNA) 
(Opies of the genet ic material prior to cooventional 
analyses. 

The PeR·based study of vimie'; in air began with 
tile detection of v3ricell3 roster virus (VN) and cy­
tomegalovi rus «(MV, also known as human herpes 
.irliS S, HHV-S) in health care settings (Sawyer tl 0/. 
1994, Mc{luskeyeral. 1996, Suzuki 1'101. 2(04). These 
are both relatively robust DNA viruses In the herpes­
viruses group. RNA viruses in indoor office 3ir, specifi · 
C.J11y rhlnoviruses caUSing commoo cold, were t3ck­
led by My3\t eral. (2004). These authors used special 
ty.;s buffer with carrier RNA to rinse filtefs, and then 
con~ted the captured viral RNA to eDNA wilh the 
reverse Ir3ns<riplase en~me. A qP(R technique for 
aerosols of anothe, importanl RNA virus, influenza vi­
M, was developed by SI3ehere era/. (2007) using the 
~IOSH miniature cyclooe samplers. 

Veterinary scientists have taken a leading role in 
~osoli~ed virus studies, particular in slUdies of the 
recently emerged porcine reprooVCl ive and respira­
tory syndrome virus, PRRSV. Qu,mtitative reverse­
Iranscriptase PeR has been the gold standard in these 
Itudies, coupled with impinger 3ir sampling by Her­
mann eral.{2007) and Micro-Tekcemrifugal ~mpling 
nto minimal vir31 medium by ( ho etal. (2007). 

~etal relatively recent Cfise~ have alsa strength­
toed meleeular biologiC<lI investigation of viruses in 
~O!.ols. For example, filters and real-time PeR (rt­
PeR) have been coupled with multiplexed immunQ-­
~l<lys in an autOlThlted pathogen detection sy:;tem 
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(APDS) designed \0 monitor air for viru~5 potentially 
dis~minated by bioterrorists (HindSOfl el 01. 2005). 

The ~me sy<;tem was alsa set up \0 dete<:t bacter ia 
3nd toxins. The severe aCUle respiratory syndrome 
(SARS) outbreak r!'Sulted in PeR-based studies on aer· 
lal dissemination of Ihe virus (Xiao er 0/.2004, Booth 
eral. 2005). Concern <lbout avian influenza led to de­
velopment of specific rtP(R techniques (p"yungporn 
er 01. 2(04), but there h3S been very little work done 
specifically on testing aerosols for Ihese vim ses. 

Aerosal methods have been developed in sHidies 
on viruses in human breath. Techniques have ranged 
from breathing directly into PeR reaction tubes for de­
tection of HHV·6 (Kelley 1'1 al. 1994) to U5e of individ­
uill mask samplers for cold viruses (Huynh er 01. 2(08) 

ami of Teflon filters for quantitative f'CR of infi uenza 
virus coupled with employment of 3n optical piutide 
counter 10 measure exhaled particle concentralions 
(Fabian etal. 2008). Some of these te<:hniques aimed 
at specific types olvirus may suggest waysolimprov­
in9 Ihe methoos used for studying Ihe ove,all virus 
load of <lerosol samples. 

More general studies have also been conducted, 
such as that of Sigari et 01. (2006) based on PeR de­
tectioo of a nl.lmber of viruses - especially ellterov;' 
ruSeS and reov irus - from aerosols around a sewage 
treatment f3dlity. The most gener,,'ized detectioo of 
viruses, however, lies in the metagenomics studies 
mentioned above, particul3rly the study of Dinsdale 
er 01. (2008). In thi~ study, viral DNA only, not RNA. 
was isola ted from the smallest-size f ract ion of a se· 
rlally filtered environmemal sample, and included <I 
Wide variety of viruses, phages and prophages. This 
was <;<I,fied out for 42 distinct sil l'S including habitats 
like wil, hypersaline water, marine W<ller, fresh water, 
microbia lites (stromatolites, thromboliles), terrestrial 
anim<ll guts and surfaces, corals and mosquitoes. 
Wilh suitable filtering, the techfliques would be read· 
ily adapt<lble for 3ir as well <IS for RNA viruses ill the 
airborne particulate material. 

MALDI-MS TECHNIQUES 

Matrix-assisted l<oser dewrptionlioniZ<lllon (MALOI) 
is a mass spectrometry (M5) technique Ihat desarbs 
the, mala bile, non-volatile organic compounds in­
cluding protein, peptide, and glycoprotein biomark­
ers in addition to oIigasaceh3rides. oligonudeotides 
and large organic molecules (Cla)'don er 01. 1996, 

Fenselau and Oemirev 2001). Unlike other conven­
tional ioniZillion methods lhilt register biomarker 
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~ns in a narrow mlz (mass to (h,nge ratio) raoge. 
MALDI is a 'softer' methodology in which sample mol· 
ecules fragment and ionize following bombardment 
with a laser light . Th is method allows the analys is of 
large biomolecules that were not possible to detect 
usiog previous MS methods. 

Samples are prepared by pre·mi. ing with a highly 
absorb<ng matrix t hat enables the transfer of laser en· 
ergy into excitation energy (Domin elol. 1999). This 
pro<:ess creates gas phase ions from the surface of 
the mixture: these ions are then pulsed into a vacuum 
chamber flight tube (Claydon et 01. 1996). Positively 
or negatively ionized biomolecules(an be generated 
and these can be aflalyzed with a time·of· flig ht (TOf) 
mass spectrometer equipped with an ion mirror that 
deflects ~ns by me..ns of an electric field. ion mirrors 
increase th~ Ion flight path and thereby increase the 
resolving power of the method to measure masses 
ffOm 2-40 kD:a. For a typical MALD!-TOF MS analy­
sis, mass spectra are expressed as a series of pe<lks 
that correspond to individual pepti des. Each mass 
spectrum that is acqui.ed using MALDI·TOF MS cor· 
responds to a molecular fragment that has been reo 
leased from the cell surface during laser desorption 
(Edwards·Jones 2000) The development of MALO!· 
TOf MS has provided a unique method fo. identify· 
ing individual microorganisms by rapidly producing 
representa tive spect ra (Ca in er 01. 1994. Claydon et 01. 
1996, Domin etal. 1999, Fenselau and Demirev, 2001) 
and these can subsequently be used to discriminate 
between microorganisms within minutes of sample 
acquisition. 

MAlDl-TOF MS has been developed as a rapid 
method to analyze various biomolecules from both 
Gram'positive and Gram·negative b<lcterial cell ex· 
tracts (Claydoo et 01. 1996, Welham et al. 1998, Clay· 
don 2000). This technique has also been performed 
on whole cell extracts and intact cells (Krishnamunhy 
and Ross 1996,Welhametal. 1998,Lynnetal. 1999, Lay 
2001. Edwards·Jones el 01. 2(00). The detection limits 
of MAlOI·TOf MS for bacterial material are as low as 
lxl0' cell s. E\ilcteria in vegeta tive growth (without 
spores) usually contain 2D--6D peaks in Ihe mass range 
\·2S kOa. Characteristic mass spectrum peaks have 
been characterized for bacteria belonging to t he En· 
terobacteriaceae (Lynn el 0/. 1999), Mycobacterium ru· 
berculo5i5 (Hettick et 01. 2004) and Staphylococcus au· 
reus (Edwards·Jones et 01. 2000). but mass rallges may 
exte lld up t040kOa (Welham elol. 1998). Larger maSS 
ranges may improve the diagnostic discrimination 
of atlalyses perfOfmed on bacterial isolates. In these 
studies. Gram·negative b<lcteria from the Emerobac' 

teri<><:eae (Welham el 01. , Claydon 2000) 

duced "~~':~:.:~~; ~;::::"~,~'~:::'~;: '~::~~~ be u~ for identification. However, the 
of more than one bacteria l spe<:ies in a sample 

ferent growth rates and 
competitive metaboli tes 
1994). The identification 
ers is required 

, '. 
oli 

the bacteria 

b<lcleria in a populatio lls 
such as normally unsterile body tissues (e.g. I' •• , ~: 
epidermal tissue), contaminated water sources 
S<lmples. Identification usi"9 specific biomarkers i 
heterogeneous samples has recently been achieved 
in the detection of Escherichia coli (Siegrist eI 01. 200n 
an-d Badllus spores (Pribil et 0/. 2005). 

MS·based identification of microorganisms hal 
mainly focused on pathogeniC bacteria, and c0m­

paratively little has been published on M5-baSfd 
strategies for fungal identificatiQn. The applications 
of physicochemica l identification of fungi using 
MALOI·TOF·MS have recently been realized. The fur)­
gal kingdom includes diverse lineages of S<lprobic 
heterotrophs that are important biohazards in food· 
processing. agriculture and health. Tradit ional meth· 
ods of identification involve subculturing inoculum 
onto nutr ient media and ident ifying the resulting 
culture semi·subject ively according to the deter· 
minations of a trained microbiologist. In the clinical 
setting, this has proved laOOrious. time·consuming. 
and, with d ifficult spe<:ies.: error·profle. Quite often, 
wltmes fa il to develop observable phenotypic struc' 
tures required for subjective classification. The ad~1 
of immunodiagnostic and molecular techniques has 
great ly improved diagnostic intervals for a few impor' 
tant pathogens such as Cryptococcus neofOlmons and 
Coccidioides posadosii. Welham et 01. (2000) demar>­
mat ed the feas ibility of identifying a variety of fungi 
via rapid MAlOl·TOF MS·based procedures. Although 
fungi were shown to produce less complex spectra 
than bacter ia, the results of analysis could still be 
used for d iscrimination. Unlike t rad itional melhod~ 
morpllologically undistinguished hyphae and ather 
simple structures could be used to make up S<lmple 
prepar<ltions that could ,ti ll be successfully identified 
(Hettick et al. 2ooBa,b). This capacity for rapid identifi­
cation has generated much research attention fa<the 
funher optimiza tion of MAlOl·TQF MS as a di,.goostIC 
method for fungal palhoge fls in the clinical setting 
(Hettick erol. 2008a,b). 

For fungi, quality control studies have demon' 
strat ed Ihat reprodUCible mass spect ra are obtainable 
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. h ~~rious AspergU/us spp. when mass speclfomet­
~Iroatrk~ such as o-cyaflO-'i-hydroKycinnamk OKid 
n
C 
d sinaptic acid a,e used (U er 0/. 2000). The spectral 

an ~Ie<; of these species are thought to be glycoprG­
::;:'.b;I!.I!!d since much of rhe fungal cell wall coosish 
01 po~cchMides. However, smaller concentrations 
01 proteins. lipids and jXIlyphosphates are alw pres­
ent (Welham etal. 20(0). The~ structural characteris­
tkl produce distinctive spectra in the mass range 2-13 
kOa. Such spectral profiles have be<!n used success­
fulty in the food processing and agriculture industries 
to distinguish aOatOKin-producing and non-produc­
ing isolates of Aspergillus flOllUs and A poTOsitkus (li 
ltDI. 2000). Medkally important Aspergillus spp. im· 
pli<;ated in invasive di~a~ have alw been shown to 
have highly reproducible mass spectral fingerprints 
(lletlkkeral. 2008a). Similar results have been shown 
for pPnkillium spp. contaminating fruit surfaces (li ef 

~I. 2000). The specificity of MALDI-TOF MS has stim­
ula/ed inter~t in developing the ~thodology as a 
diagoostic tool for various, ~elds including the Iden· 
tification of ClOp <antaminants and the diagnosis of 
invaJ.ive fungal di~a~. 

Reproducibil ity has been demonstrated for a 
/~r.ge of sampling and culture conditions for bacte­
M and fungi. However, maintaining coostiln t culture 
conditions is pivotal fo r the production of reproduc­
~ spectral profiles (Parisi et 01. 2(08). Variations in 
growth cond itions. nut rient meclilJm and growth 
time Cim strongly influence spectral reproducibil ity 
(Parisi et 01. 2(08). Stilndardization of sample prepara­
bon methods will enable the future d eV<'!lopmenl of 
algo.-ithms that can be used to discriminate spe<ies in 
'1mmown'samples. This has been demonstrated suc­
{essfully with the identification of vari(HJs pathogenic 
ilKteria (Hsieh etal. 2(Xm mch as Mycobacterium IU­

berculosis (Hettick el 01. 2(06) ilnd various E- coli types 
Vlrnold and Reilly 1998, Bright el 01. 2002). Although 
fungal cetls at different stages of their lifeq-de have 
befto shown to ha~ a similar mass spectra (Hettick 
.ral. 2008a.b). a good statistical analysis of spectral 
ltai)lI ity over the life cycle has yet 10 l>e made for any 
~!l9us. 

Other factors that require standardization include 
the !.Oivent extraction system and mass spectromet­
ricmatrix used. These items may innuence the quality 
of the mass spectral profill'5 and rn<Iy signi~cantly af­
Ieo:t the qUillity of the datil obtailled. To date. there is 
110 universal ~thod recognized for preparing mic ro­
organisms for MALDI-TOF MS analysis. Some labora­
tories prepare samples with eKtensive washing steps 
tortmove<antaminantsarising from the growth me-

25S 

dium. whereas others use a variety of different matri­
ces and sol~nts (Domin 1'1 01. 1999). Matrk~ such as 
2-(4-hyd,oxyphenylaw)benwic ildd and 2-mercap­
tobenwthiazole have been shown to yield the best 
spectral prof,les and the best mass rang<:' of tested 
matrices (Domin dol. 1999). 

Proteins may be rele<lsed and made aVililable for 
analysis by physically disrupting fungal or bacterial 
spores using wnication . This prO(;~s. in ilddition to 
the use of an acid solvent. funtler lyses the microbiill 
comjXInents ilnd releases intracellula r proteins tMt 
yield additional mass spectra. Intra.;ellular Iysates 
have been succ~sful\y used to discriminate between 
various bacteria (Glin et 01. 1994) and fungi (Hettick el 
01. 2008a,b).ln contrast. the presence of ~Ianin has 
been shown to interfeo-e with MALDI-TOF MS analy­
sis. It has been hyjXIthesi<:ed that the negative ions 
associated with melan in suppress the ionization that 
is needed to produce obse ... abie mass spectra. Heav­
ily melanlzro fungi such ilS Stochybotrys coorlarum, 
Aspergillus niger, Alternaria ollerno/O and Epkoc(Um 
nigrum produce limited mass spe<tral profil~ that do 
not enilble reliatlle discrimination. 

Although MALOI has emerged as a suitable physi­
cochemical and ImmunodiagflO'ltk te<hnique for the 
ilnalysis and idenHfication of environmental microor­
ganisms, the feasibility of this technique for the de­
tect ion of bioaerosols remains qlJeStionable. Speci~ 
spe<lfic biomarkers could be used to discriminate be­
tween bioaerQIDls in air samples; however, few st ud­
Ies have assessed the compleK dive~lty of environ­
mentally ubiquitous bacterial and fungal aerosols. 

A very important practical coosiderationlies in the 
amounts of material required for successful analysis 
of airborne particulates. The limit of detection for 
bacterial and fungal matelials in MALDI-TOF MS is 
lxlO' spores. In many environments, target micro-­
organisms lhat may be spe<ific to those environ­
ments (mushroom sjXIres. fungal phytopathogen 
spores. i)acteria) tend to occur in low concentrations 
relative to ubiquit(HJS airborne taxa. The proi)lems 
of discriminating between target ta"" and commOfl 
bioaerosols ilre challenging, requiring the develo p­
ment of complex algorithms 10 ident ify t>iomarker 
spectral profiles. These environmental surveillance 
considerations have not been explored to date and 
represent a signif>cant fUlure workload that will have 
to be completed before MALDI-TOF MS can be used 
for the detection of geogra phically loca lized bioaero­
sol sources. 
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IMMUNOCHEMICAL MeTHODS 

A numbo!. of itdditiorwll diagnostic tt<:hniques are 
available 'Of detecting and quantifying a variety of 
biooerosols tha t are aSSOCiated with pollution plumes. 
These alternative tec:hfliques range from simple tradi ­
tional m('(hods, such as direct microscopy, to more 
advanced methods thill utilize emerging quantitative 
immunodiagnoslk technologies. Unlike MALDI-TOF 
MS and PeR. the5e melhods prov;de a pIiItform for 
rapid and .l!Iiabi@ quanlllication of certain bioae.o­
sols originating from the environment. 

While dire<::t microscopy has been the troJditional 
mclhod used to identify lIOn·viable airborne j)<Ir­
II~IC'S collected on a ti lter membrane or ad~slve 
backed tape (flannigan 1997, Prezanl er al. 2(08), i\ 
requires Uraine<! microbiologist to examine depo5.il' 
ed p;I'lkles and reproductive strucwre5 and classify 
and quantify t~ according to thoei. morphological 
phenotypM:: !eiltures. This technique hits ~ lim­
itations, such as inter-arlillysl sUbjec:tlvity and difficul­
ties associated wit h the identification of incomplelely 
developed asexual fungal spores lind slmp~ IIrnetO­
SpDfes, as Wl!1I as nondescript funga l particulates like 
hyphal fragments atld submlcron particulate materi­
al derived f!'Om fractured (ells (Green et al. 2006b). 
Nonelhoeless. this direct microscopy Is widely used In 
lhoe fungal exposure assessment and indoor environ­
mental remediation Mlds. 

The delection of viable bacteria and flIngi in bio­
aerosols using culwre techniques mentioned in Chap­
ters 1,1 (lnd 4.1 is an even mo<e vAdely utilized meth­
ad (Flannigan 1997, Preumt ... , a/. 2(08). However, it 
takes severa l hours or days of exponential growth for 
development of colonies. from which, if they ultim­
ately prodoce recognizable repradoctiYe WllClures 
such as phialides or spores, a trained microbiologist 
or technician will be able to Identify taxa and incor­
porate this into quantitation procedures. ~, 
successful growth and the emergence of a colony are 
dependent Ofl the nutrient medium seleaed. the in­
cubation <:onditions and the outcome of inter-c:olony 
competition. Successful identification then depends 
on the professiOf'ill skills of the technician (Prezant el 
01.2008). 

Viable and OOIl-Vi;!bIe methods of d ire<;t identifi· 
ution offer (In ioexpensiYe alternative to MAlDl·TOf 
and PCR techniques, are ~ utilized in the expos­
ure assessment community and are often regulated 
by professional organizations soch as AIHA aocl ASTM 
(Prezant er a/. 2008). NOfl-Yiable methods in particu· 

tar would provide a relatively Inexpensive (literna 
for the Identification and quantffication of "" ... "" 
sources that nave I,mlque mo<phoiogy and that lft 
localized within regions expelling pollutants. 

The advent of immunological detectiOfl technolo; 
gles has, however, enabled the quantification of va,. 
ous microorganisms without the need for sub~ 
visual assessment of phenotypic features (Trout PI 
2004, Schmechel "'I of. 20(8). These techniques 
videquantfficat lon of v.ulou~ 5ized partides ranging 
from whole spores but remain validly interpretablt to 
moch Y03IIer detection thresholds that ind~ the 
measurement ranges of typical submicron bioIogiuI 
particulates (Douwes el al. 1997, Chew el 01. 2001 
Renstrom 2002, Schmechel el a/. 2003, Green e! aI. 
2005a,b,c, Schmechel el a/. 2005, Green eral. 2006a,b,c, 
Schmechel el al. 2(08). The ~Iopmenl of ITlOI'IO­

clonal and poIydonat antibodies (mAbs and pAW 
has been instrumenlill In achieving assay spedticicy 
as -'I as conferring ImplOYed sen~Mty (Sc~ht4 
et ai, 2003, 2(08). Development of mAbs and pAbI 
has also enabled the formu.atlon of many detection 
techniques weh as enzyme linked immunosorbfnt 
assay, ELISA (Trout el a/. 2004, Schmechel el al. 2001!), 
now CytO~11)' (R)'djord tIO/. 2(07), di rect and in 
dlrec. immunoslaining (Popp e! al. '988. ReiJula tI 
al. 1991, Takahashi el al. '993, Takahashi and Nib· 
son 1995, Por'noy et al. 1998, Schmechel ef 01.2001 
western blot (Barnes ef 01 . • 993. Cruz ef 0/. 1997, 8i$h! 
ef al. 20(4), and tile nalog@nlmmunoas .... y, HIA (M~' 
kakis ef a/. 2001. Poulos et 01. 2002. Green elol. 2001 
Mirakakis et al. 2003, ~ PI 01. 2006a,c). 

EliSAs in combinalion with mAbs or pAbs NO'! 
been widely utilized In e.posure assessment studft! 
to quantify variouS mk.oblal pathogens, bioaerosok. 
and ae.oollergens (Schmechel et al. 20(8). The meth­
ad is designed for quan'ifying various biomoIecul~ 
such as ploteins. peptide-s, antibodies and hor~ 
In an ELISA. antigens ale immobilized on a solid pr0-

tein-binding surface, and the antigen is then corn' 
pIelced wilh an antibody conjugated with an omzymt. 
Detection is accomplished by Incubating the enzyn'II! 
comple~ with a submate that produces a quantifi· 
able prodoct. The quantity of antigen in eoch .... m~ 
Is then determined by refefence 10 a standard CUIV\' 
of controls. 

To date, lhe development of specific mAbs I>ll 
no! kepi up with the diverse spectrum of micfOOJ" 
gani .. ms in the ouldoor environment (Schmechtl 
el al. 2003, Trout et 0/. 2004, Schmechel et 01. 2006:­
Many developed mAbs also lemain uncharact~ 
and the exlent of Cfoss·,eact iv'ty with olher comfTlO!1 



~ok<"Ia' methods fo, biooero.oI choI'QcrerizOfion -b~erosols is often ~llooked. Schmechel and (01-
leagueS (So::hmechel er 01. 2003, 2008) re.::ently identi· 
~ed the limitations asw<:iated with using uncharac­
t.rized antibodies. Prior to this study. an anti-Alternar­
ia pAbwas used in a multi-centre study to determine 
the concentration of A. olrernow in homes through­
out the United Stdtes (Salo et 01. 2(06). Alremorio is 
an important ae,oallergen within USA and personal 
exposure to its spores has been assoc;"'ted with res· 
piratory morbidity (LicOJish et 01. 1985, O"Holiaren er 
al. t99L Delfino er 01. 1997, Downs el 01.2001, An­
dernOn erol. 2003). This commerc;..,lIy available pAb 
waS not studied for crosHeactions prior to Its u:;e. In 
the Schmechel elol. (2008) study. it was shown that 
the pAb cross-reacted with up to 30 dillerent fungi all 
belonging to the order Pleosporales. whkh also COf>­
rains Altemorio. These data demonstrated a number 
ollimitations asw<:lated with the detection of specif­
ic: bioiIerosals using antibody-based immunoassays. 
but also h ighlighted the Glre that is required when 
lele<ting antibodies for the .quant ification of bioaero" 
soil. Another factor that requires consideration be­
fore utili~ing mAb- or pA~b<lsed ELiSAs is the differ­
ffitial expression of antigens in different stages of the 
life cyde of the organism. Relatively recently it was 
!hown that theallergen Alta 1. which was believed to 
be a spore-based allergen, was actually expressed in 
consid",ably higher (Oncentrations following spore 
germination (Mitakakis etol. 2001, Green erol. 2003). 
Based on these findings, it is critical that all5<imples 
following collection are immediately processed to 
avoid any Initiation of ge, mination, as this may result 
In misleadingly amplified resuits. These considera­
tion, are extremely important when interpreting 
datil derived from microbiologically based EUSAs. 
However, if the necessary steps are taken, ELiSAs can 
offer a :;ensit i ~e methodology capable of elUCidating 
M)micron-sized, morphologically unidentifiable par­
ticles that typkally elude direct m;croscopic cMrac­
terization by a trained analyst-

Foliowir.g the de~elopment of EUSA techlliques. 
Popp el 01. (1988) developed an indirect immunos· 
Iilining method that enabled the identification of 
IIlOrpholog;cally nondMCript particulates collected 
On fi lte! membranes. In this method. f ungill surhce 
~"tigens probed with either human antifungal anti ­
bo.>dies or mAbs form immune complexes that are 
itnmunostained with a fluorescent conjugate. Positive 
immunostaining resu lts in the fluorescent il lumina­
tk>n of the particle tMt demonstrates the presence of 
the specific antigen on the particle (Popp et 01. 1988). 
SeoJeral ~ariations followed the de~e lopment of this 
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methodology and included a press blotting tecn­
nique (Takahashi ex 01. 1993, Takahashi and Nilsson 
1995) and the HIA (Tovey el 01. 2000) Of these meth· 
ods. the HIA has provided some of the most exciting 
developments including paradigm shifts in the expos· 
ure assessment field (De Lucca el 01. 1999a.b. Poulos 
elol. 1999, De Lucca el 01. 2000. flazmovski f'1 01. 2000, 
De Lucca andTo~ey 2001. ?oulos el 01. 2002, Green et 
01. 200Sa,b,c, Green et 01. 2006a.b, Green et 01. 2009). 
Briefly, airbame particulates collected by filtration 
ontoa protein binding membfal"\eare laminated with 
an optically dear, adhesi~e-b;!cked coverslip to retain 
the particles an the membral"\e. Soluble antigens are 
extracted from the surface of the particle and im­
mobilized on the protein binding membrane in dose 
proximity to the spore (G,een er 01. 2006b). The ex­
tracted native antigens are then indirectly immuJ'los· 
tained with either pAb or mAbs or human sera, and 
the immune complexes are immunostained to form 
a halo of colour around the particle. This immunos· 
talning technique enables the formation of immune 
complexes where specific antibodies bind with the re­
specti~e antigens that are immobilized on the surface 
of the membrane. Immunostailled particles can then 
be quantified and morphologkally identified either 
by direct mkloscopy Of by dual immunoS!alning with 
a mAb or pAb (Green etol. 200Sa,b.c, 2006a. b. 20(9). 
The HIA has enabled the detection and immunolocal­
ization of aeroallergens derived from cat (De Lucca 
elol. 2000). latex (Poulos e1 01. 2002). dust m ite (De 
Lucca etol. 1999a), cockrooch (De Lucca 1'1 01. 1999b), 
pollen (Razmovski et 01. 20001 and fungi (Green et 01. 
200Sc). Unlike other diagnostic methods, HIA allows 
the identiftcatlon of morphologically nondescr ipt 
particulates t hat are pre:;ent in the environment of a 
patient (Green 1'1 01. 200Sc, Green et 01. 2006b, Green 
et 01. 20(9). Depending on the basic research need­
ed to generate specifically characterized mAbs. this 
technique may become very useful for the detectioJ'l 
of bioaero$ols locally produced in regions emitting 
pollutant sources. 

In add ition, other indirect immunostaining meth­
ods utilizing field emission scann ing electron mi­
croscopy (Sercombe et oJ. 2(06) and flow Cylometry 
(Rydjord el Cli. 2007) ha~e recently enabled the rapid 
detect ion of m icrobiolog ical submicron particulate 
material from air samples.. Each of t he:;e techniques 
provides sensitive detection and can quantify pico­
gram quantities of antigen in a sample. The improved 
detection thresholds and specificity may overcome a 
number of limitations associated with MALOI TOF-MS 
and PCR especia lly as large wncentrations of whole 
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spores are 1'\0\ required for analysis and quantifica­
tion. The main limitation is that each type of aerosol 
specifically identified must h<lve its own spec iik re­
agent. These techniques are all most easily used in 
studies involving one bioaefOsollype or a few types. 

BIOSENSORS 

Varioulalher detection methodologies have been re­
cently developed that utilile either immo.modi<>gnos­
tic or PCR techniques in combination with emerging 
di<l9nosti( technologies. Airborne biosensors, immu­
nosensors. mu lliple~ immul'lOilSS<lY'S, remote sensiog. 
and pathogen dete<:tion technologies are just a few 
examples that have signifiC<lmly improved the rapid 
dele<:tion and identification of bioaerosol sources im­
portant to homeland security. Infection control and 
occupational exposure. 

Biosenso .... are aJ'lalyt ical devices that combine 
the recognition of biomolecule~ with electronics for 
signal measurement (Carlson elol. 2000, Rossi el 01. 
2007). For the fir ~t time, tflese advilflCes prov ide ~ 
real ·time remote dete<:lion pliltform for the dete<:tion 
and quantification of dispersed biological agents (U­
gler el 01. 1998). Fibre optic biosensor~ repre~ent the 
next generation of biosensor technology (King el 01. 
2(00). These biosensor~ enilble fibre optic detection 
of fluorescent signals following the formation of im­
mune comple~es in immunoassays. Such bio~ensors 
have been successfully deployed in a remote plat­
form for the detection of pathogens, clinical samples, 
toxins in food samples. pollutilnts in ground water 
and aerosolized biological warfMe agenu (lig!er et 
01. 1998). Recen t developments have also improved 
the portability of fibre optic biosensors. This has lead 
w the integration of this technology into a remotely 
control led. unmanned aerial vehicle (UAV) de~ ig ned 

to allow secure, long distance operation of the de­
tection platform. Such met hodologies have enabled 
the remote sensing and rapid deteaion of very low 
concentrations of airborne ba<:teria l bioaerosols us­
ing simultilneoos immunoa~say~ (Dingus e1 01. 2007, 
xhma!e elal. 20(7). 

Antibody-based identification has been exploited 
in the development of numerous biosensor platforms 
beciluse of the high sensiti vity, specificity and adapt­
ability to field use. Other biosensors hilve illso been 
developed that enable the detection of microorgan­
isms important in d isease diagnosis, ph~rmilCetJtiCil I 

research, agriculture and homeland se.:urity. Some 
of these methodolog~ indude nanoporous silicon 
biosensors (Rossi el 01.2(07). quam: cry~tal microbal-

ance sensory for the detection of innuenza (Owen If 
01. 2(Xm, and multianalyte immunoassays based Olj 

surface-enhanced Raman spect rometry (McBride er 
01. 20(3). Autonomous mole<:ular platforms, Such 
some autonomous pathogen detection systems t~1 
have been developed utilizing orthogonal and mu l~ 
plexed PCR,. are also capable of continually mooit",_ 
iog the environment for biological agents (HOdson er 
01. 2005, Hofstadler el 01. 2005). The further develop. 
men! of remotely controlled biosensor platforms wjj 

have many future applications in the detection 01 
environmental contaminants, in particu lar pollutantl 
associated w ith pollution plumes. Aga in, howevE'r, I", 
these techniques to be successful the developflll'l1t 
of ~pecific ~nt i bodies is critical for the specific dete;:_ 
tion of each {~rget biO<lerosol type. 

All of the$e aforementioned metflodologies pro­
vide an alternative approach to MALDI-TOF MS or PeR 
techniques for the identification and quantification aI 
plant. algal, bryophyte, fungill ilnd bacterial bioaero­
sols. Tho:! util ization of antibody-based immurm,· 
says enables the rapid and specific detection of many 
bacterial and fungill species. These methods provide 
a cost friendly alternative to the otfler more expeo­
sive biOChemica l ~nd molecul~r techniques. Howewr, 
in the interests of this feasibility study, many of the 
specific organisms have not ~n fully characterized 
immunologically, and antibody-based reagents hove 
not been developed. This is especially the case for 
many anemophilou~ pl~nt pollen types, fungal ba 
sidiospores and algal propagules. Thus, these alterr\,l' 
tive techniques may CUffently only be useful fOl the 
do:!te<:tion of a small sele<lion of pathogenic bacteria 
and fungal spores. 
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