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• This paper presents a review of the challenges of applying molecular methods
to bioaerosols studies
• Comparison of studies using culturedependent and culture-independent
approaches to determine the microbial
diversity over the past seven years on a
scale of 50 randomly selected studies
• Particular attention should be given to
moulds and viruses when recovered
from air samples prior to molecular
analysis
• The biases introduced by nucleic acid
extraction should be given a particular
attention when applying molecular approaches, especially next-generation sequencing approaches
• When examining bioaerosols, optimization of environmental microbiology
analyses approaches according to the
needs of each project is mandatory and
ignoring these critical steps will greatly
decrease the accuracy of the result
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a b s t r a c t
Bioaerosols are among the less studied particles in the environment. The lack of standardization in sampling procedures, difﬁculties related to the effect of sampling processes on the integrity of microorganisms, and challenges
associated with the application of environmental microbiology analyses and molecular and culture methods
frighten many young scientists. Every microorganism has its own particularities and acts differently when aerosolized in various conditions. Because the air is an extremely biologically diluted environment, it is necessary to
concentrate its content before any analysis is performed. Challenges faced when applying molecular methods to
air samples reveal the need for a better standardization of approaches for cell and nucleic acid recovery, the
choice of genetic markers, and interpretation of data. This paper presents a few of the limits and difﬁculties tackled when molecular methods are applied to bioaerosols, suggests some improvements by specifying the critical
stages that should be considered when studying the microbial ecology of bioaerosols, and provides thoughtful insights on how to overcome the challenges encountered.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction: challenges in using molecular methods for
bioaerosol studies
The use of molecular methods in microbial studies is based on the
detection of genetic material of organisms present in a given sample.
By applying these methods to different environments, it is possible to
identify the microorganisms present and to better understand the environmental impacts and ecological roles of the microbial community.
Molecular methods are criticized because they do not relate to organisms' viability or integrity. Propidium monoazide staining was applied
to bioaerosol studies of viruses (Bonifait et al., 2015) and bacteria
(Bonifait et al., 2014), thereby allowing the speciﬁc PCR ampliﬁcation
of targeted genes extracted from intact cells only. Other major challenges associated with the detection of nucleic acid to identify and
quantify microorganisms can be summarized as follows: (Bonifait
et al., 2015) concentrating and retrieving the biological material from
aerosol samples prior to analyses and (Bonifait et al., 2014) choosing
the right genomic regions to amplify and/or to sequence to obtain the
most accurate information about the microbial content of the environment samB19pled. Bacteria can be quantiﬁed and identiﬁed using the
conserved 16S rRNA prokaryotic gene, after centrifugation of liquid or
ﬁltered and re-suspended air samples. For molds, two major challenges
are confronted: they cannot be efﬁciently recovered from liquid air samples by using centrifugation protocols similar to those used for bacteria
and archaea (data not shown, manuscript in preparation and see Fig. 1)
and it is difﬁcult to choose a genomic region that will lead to a representative image of bioaerosol content. The eukaryotic conserved regions,
18S gene and internal transcribed spacer (ITS) regions, can be used depending on the context of the study. Even though these regions have
highly conserved functions in their respective organisms, there are
some distinct differences between their variability in eukaryotes and
those in prokaryotes. For example, while the V6 region in 16S has
been considered as a variable and well suited for assessing bacterial diversity (Huse et al., 2008), its equivalent in the 18S region is more conserved in eukaryotes, which is often avoided for this reason (Sogin,
1991; Hadziavdic et al., 2014). In addition, one of the disadvantages in
using molecular methods is that the majority of protocols are speciﬁc
to each project and differ from one study to another. Speciﬁc genes
from different organisms can also be detected using molecular approaches. Virulence factor genes, metabolic operons, and antibiotic resistance genes can be quantiﬁed from environmental samples
(Chizhikov et al., 2001; Martínez, 2008; Richardson et al., 2004). David
Stahl developed the concept of molecular microbial ecology on the
basis of the sequencing of the 16S rRNA gene region and compared it
with different databases (Amann et al., 1990). This concept was used
in the last decade to study the microbial diversity in environmental
samples. However, we need to be aware of the particularities and pitfalls of these molecular methods, especially when using them with air
samples. Viruses do not possess universal and conserved markers,
thereby making it impossible to use a blinded molecular approach, unless viral metagenome is retrieved by next-generation sequencing
(NGS) methods (Posada-Cespedes et al., 2016). Filtration steps for concentrating the biological material in air samples showed little efﬁcacy
when recovering viruses from air samples. The size of particles carrying
airborne viruses is not known as it may vary depending on conditions
linked to the aerosolization. In addition, the viruses contained in the
droplet nuclei, the dried residue formed by evaporation of aerosolized
droplets, may not be resuspended during liquid sampling and could remain as a complex virus-containing particle. In general, it is not possible
to concentrate viruses because they can be sheltered in a particle whose
size is not predictable, not known, or may vary from sample to sample
or even within a given sample or the size of the viruses may vary from
that of the particle they are trapped in. For example, Lindsley and collaborators showed that although inﬂuenza viruses are 80–120 nm in size,
they could be found in 1- to 4-μm particles in hospital settings
(Lindsley et al., 2010; Verreault et al., 2008).

Although molecular approaches might not provide direct information on dissemination and transmission of diseases, crucial information
can be obtained when used to detect DNA sequences of microorganisms
in an environment. Indeed, these approaches enable us to directly link
aerosol content to the source and to better evaluate air contamination.
For example, detection of high concentrations of Aspergillus fumigatus
in a composting environment by using qPCR is a good indicator that
workers might be at higher risk of developing health problems, regardless of the viability of A. fumigatus in our samples. Thus, using the NGS
approach, the most abundant microorganisms in an environment can
be found. Subsequently, qPCR can be applied to obtain a speciﬁc concentration per cubic meter of a given genus. Finally, the role of this genus in
the transmission and dissemination of diseases can be investigated.
Fig. 1 shows the proposed standardized experimental protocol applied for studying the microbial ecology of an aerial environment by
using molecular approaches, particularly the NGS approach. Depending
on the types of microorganisms assessed and the environments analyzed, every step is critical. The sampling strategy including the number
and types of replicates, volume of air sampled, microorganism concentration method, nucleic acid extraction protocol, genomic targets to be
ampliﬁed, sequencing technology, and bioinformatics work ﬂow should
be carefully chosen and speciﬁcally adapted to meet the requirements
of the project.
2. Molecular approaches vs. culture-based methods
Exposure to bioaerosols, including airborne infectious agents, indoor
allergens, fungal agents or viruses, is usually determined by collecting
such particles in solid, liquid, or agar media. This is followed by the qualitative and/or quantitative analyses of the samples by using microscopic, microbiological, biochemical, and immunochemical techniques,
which offer different degrees of sensitivity and speciﬁcity. Unfortunately, not all microorganisms can be cultured. Therefore, examining only
the cultivable fraction leads to an underestimation of the total airborne
microorganism concentration in a sample. In addition to the variations
in culturing ability of microorganisms in an environment, aerosolization
and sampling processes create additional stresses that affect the capacity of microorganisms to grow in a culture (Heidelberg et al., 1997).
Molecular-based methods can lead to a bacterial concentration of up
to 3 orders of magnitude higher than culture-based methods (Nehme
et al., 2008). Conversely, an important factor that should be considered
when using molecular detection is that not all organisms possess a
known unique region catalogued in databases; therefore, not all organisms can be identiﬁed by the same way. Viruses represent the principal
example of such cases. Moreover, contrary to the current dogma, Shade
and his collaborators (Shade et al., 2012) demonstrated that culturebased methods could reveal rare bacteria present in a community.
Their results showed that bacteria detected by culture-based methods
were either less abundant or absent when studied by molecular approaches. These observations suggest that, to have a true portrayal of
microbial richness, culture-based methods should be performed in
combination with molecular methods.
Because of the less sequencing costs, multiple studies have tried to
establish the relationship between the culture-based and molecular approaches when studying the microbial diversity. This democratization
can be visualized in Fig. 2 that shows the distribution of the number of
studies using culture-dependent and culture-independent approaches
to determine the microbial diversity over the past 7 years on a scale of
50 randomly selected studies. The selection criteria were based on studies that used either culture or sequencing approaches to study a broad
range of microorganisms in an environment. Studies that focused on a
particular phylum were eliminated. As shown in the graph, the use of
culture-independent methods has continuously increased since the
NGS methods have invaded the market. However, some studies used
both the approaches on the same samples to determine their common
potential and relevance. Although the culture-dependent techniques
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Fig. 1. From the environment to the computer. Experimental protocol of a microbial ecology study based on a sequencing approach.
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Fig. 2. Distribution of the number of studies using culture-dependent and culture-independent approaches to determine the microbial diversity over the past 7 years on a scale of 50
randomly selected studies.

provide complementary information sometimes, most studies showed a
deeper diversity proﬁle when using culture-independent techniques.
Table 1 presents a review of some studies in the last 5 years that demonstrated the link between culture-based and molecular approaches with
their outcome when determining the microbial diversity in samples
from various environments.
3. Bioaerosol sampling
Various aerosol collectors have been developed to capture and analyze airborne particulate matter for airborne pathogen detection and
quantiﬁcation and for biodiversity determination. Air samplers operate
in either of the two ways: ﬁltration or gravitational/inertial forces. There
are several available air samplers that can be used for subsequent molecular biological analyses. In ﬁltration-based air samplers, aerosols are
collected in different types of ﬁlters and then removed from the ﬁlters
by using an elution buffer (Crook, 1995). It is mandatory to remove
the particles to be analyzed from the ﬁlters to avoid any inhibition
from the ﬁlters in the following molecular analyses (Després et al.,
2007). Among air samplers that operate using gravitational/inertial
forces, the most common type used for bioaerosols is the cyclone,
where particles from the air are directly associated with the liquid.
After concentrating the microorganisms from the liquid, molecular biological method can be applied for microbial diversity analyses (Maron
et al., 2005). Electrostatic samplers can also be used for bioaerosols,
where particles are collected according to their charges after they are
passed through an electrostatic ﬁeld (Dixkens and Fissan, 1999). After
particles are deposited on a medium such as a liquid, they can be analyzed by multiple molecular techniques. One of the advantages of electrostatic sampling is that we can choose the size of the particles to be
analyzed. In such cases, dust particle interference presents a major challenge in airborne microorganism sampling. Dust particles, which are
largely polydispersed and heterogeneous in nature, may interfere with
aerosol collection and detection methods (Moon et al., 2009). The authors of the latter study suggested a new method, i.e., dielectrophoresis,
for the separation of biological particles from dust. Environmental factors such as temperature, relative humidity, and ultraviolet radiations
from different aerosol sources affect the behavior and fate of the aerosolized particles. In addition, microorganisms' nature, whether pathogenic or not; concentration; relative resistance to stress; and the type
of particle they contain must be considered when choosing the
bioaerosol sampling method.
Another factor that can affect the choice of air sampling approach is
the nucleic acid degradation, especially when studying RNA. When
studying metatranscriptomics (the entire transcript material of an environment) or RNA viruses, it becomes important to give particular care to
RNA degradation. Indeed, the ribonucleases (often shortened to RNAses) are ubiquitous in nature and are capable of degrading RNA into
smaller fragments (Ohtani et al., 1999). Therefore, using a long sampling

period can lead to the degradation of nucleic acids, especially RNA. This
phenomenon of RNA degradation is exacerbated when ﬁlters and dry
samplers are used. Turgeon et al. showed that when ﬁlters were used
for air sampling, the enzymatic activity of inﬂuenza A H1N1 neuraminidase decreased compared with that when a wet cyclone sampler was
used. They also showed that the neuraminidase enzyme was more stable than inﬂuenza RNA genome when ﬁlters were used for air sampling
(Turgeon et al., 2016). Evidently, a shorter sampling time to avoid the
long-term effect of RNAses and the use of a wet sampler should be a priority when looking for the detection and quantiﬁcation of RNA segments or organisms. The conditions and the mechanisms behind the
RNA degradation following aerosol sampling are not well understood.
Unfortunately, to the authors' knowledge, there is no aerosol study addressing RNA viruses' stability prior to RT-PCR and the exact half-life of
RNA viruses during long-term sampling.
4. Bioaerosol emission patterns and sampling strategies
Some environments and human-related activities can lead to the
generation of large numbers of bioaerosols and numerous airborne
pathogenic agents. A concrete example is industrial facilities that host
conﬁned animal feeding operations (swine barns, dairy farms, poultry,
etc.), where the bioaerosol sources are numerous and vary with time
and space (Nehme et al., 2008; Lecours et al., 2012; Oppliger et al.,
2008). These conditions lead to a constant, high bioaerosol generation
in conﬁned spaces, and sometimes with limited air change rates and
subsequent human exposure. Despite the high bioaerosol generation
rates (at some time points), the air still represents a much-diluted medium for microorganisms than other environments. In contrast to solid
or liquid matter such as a pile of compost or a lake where particles are
enclosed in a ﬁnite space, there are no physical boundaries for aerosolized particles as they are more easily dispersed (Brown and Hovmøller,
2002). A high-volume sampling regime is necessary to concentrate
bioaerosol content and to increase the probability of discovering rare
microorganisms present in this diluted biomass. The volume sampled
is linked to two parameters: the ﬂow rate and the time. High-volume
sampling can be achieved by a high ﬂow rate of sampling for a relatively
short period of time or by a low-to-moderate ﬂow rate of sampling for a
longer period of time. Both the scenarios enhance the odds of revealing
rare events. An example illustrating the importance of the high-volume
sampling for low-concentration pathogen detection was demonstrated
in 2012 when Norovirus GII RNA was recovered from air samples in
healthcare centers in Eastern Canada by using the high-ﬂow rate sampler Coriolis μ, which was operated at 200 L/min (Bonifait et al., 2015).
The nature of the aerosolization source and its environment also affect
the type of sampling strategy preferred. For example, a point source,
such as a cough or a sneeze, in a closed room requires a low volume of
air to be sampled to cover the whole area. Therefore, it will take less
time to recover the totality of what was emitted by the point source
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Table 1
Studies showing the link between the culture-dependent and culture-independent approaches when determining microbial diversity in various environments.
Sampling
environment
Bioaerosols
(compost)

Culture vs. molecular outcome

A review on bioaerosols emitted from
composting facilities highlighting the
importance of using culture-independent
approaches when studying bioaerosols
diversity. From the 53 most abundant
species, only 11 were detected by
culture-dependent methods
Plants (Cucurbita The number of genera detected with
pepo)
pyrosequencing (Perrott et al., 2013) was
higher than the number that could be
cultivated (Nehme et al., 2008).
Food (sausages)
Sequencing technologies gave more
detailed subpopulations at the species level,
which were hardly highlighted through
culture-dependent approaches.
Rhizosphere
The number of observed OTUs detected by
(Thymus zygis) next-generation sequencing was 3 order of
magnitude higher than the cultured
bacteria.
Soil (mountain)
The isolated genera, which belonged to the
phylum Firmicutes and Actinobacteria, were
fast cultivars, whereas few members of
Proteobacteria were uncultivable even with
different cultivation media and conditions.
Brewing (rice
Comparative analysis revealed that some
wine)
species could only be detected using
sequencing technique and some species
could only be detected by
culture-dependent method.
Only 8.2% of the bacterial operational
Soil
(petrochemical taxonomic units were shared between the
culture dependent and
plant)
culture-independent approaches.
Food (cheese)
Although few isolates could be identiﬁed
only by culture dependent method, the
culture-independent technique produced a
complete inventory of the bacterial species
encountered within the Oscypek
ecosystem.
endotracheal
There was little correlation between the
tube
results obtained by sequencing and by
cultivation. Pyrosequencing identiﬁed a
much wider variety of bacteria.
Insect
Pyrosequencing recovered 445 microbe
operational taxonomic units (OTUs) not
detected with traditional techniques.
Human skin
When compared to the cultured isolates,
culture–independent method showed
greater fungal diversity on all skin sites
sampled.
Water
In spite of the expected mismatch between
the bacteria targeted by culture dependent
and culture-independent methods the
results of this study demonstrate the
relevance of cultivation approaches to
characterize bacterial communities.
Human feces
The diversity indices (Shannon-Weaver)
obtained with culture techniques were
lower than those obtained with the
molecular techniques, which indicated a
superior sensitivity of the molecular
technique.
Breast-milk
Pyrosequencing demonstrated that
bacterial diversity in breast milk is by far
higher than measured by
culture-dependent methods.
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time (e.g., one sample per day for a week) to better estimate emissions
from the source and evaluate exposure (Wang et al., 2015).
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Molecular approaches for bioaerosol study were ﬁrst applied on bacteria (Alvarez et al., 1995; Lange et al., 1997; Orsini et al., 2002). Although other sample content could inhibit molecular reactions,
molecular approaches for bacteria and archaea (Nehme et al., 2008;
Lecours et al., 2012) are more straightforward, and less ﬁne-tuning is
necessary. When analysis of molds and viruses is necessary, several obstacles must be overcome.
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Because an individual airborne microorganism contains an often undetectable amount of nucleic acids, concentration of microorganisms is
necessary before applying molecular techniques to a sample. One of the
ways to recover fungi from the air is to use a sampler where the mold
spores are suspended in a liquid. Their concentration is then classically
found by centrifuging liquid samples and resuspending the pellets in a
smaller volume (Vaccari et al., 2006). Centrifugation is a commonly
used technique for concentrating bacteria and archaea (Jacobsen and
Rasmussen, 1992; Cullison and Jaykus, 2002; Lucore et al., 2000) and
can be applied for several types of samples and environmental aerosol
samples (Nehme et al., 2008; Lecours et al., 2012; Cayer et al., 2007;
Nehmé et al., 2009). However, a recent study demonstrated that centrifugation is not appropriate for mold spores and material recovery (Manuscript in preparation). A comparison between culture-based and qPCR
methods both using a centrifugation protocol prior to DNA extraction
led to inconsistent results, with the culture-based method showing
more concentrated microorganisms in samples. Fungi are particularly
difﬁcult to centrifuge as they have many particularities including
charges, hydrophobicity, and density, mainly because of their special
structure and the fungal protein “hydrophobin,” which makes them
water-repellent microorganisms. In this study, a new protocol for concentrating mold spores prior to nucleic acid extraction was developed.
Samples were ﬁltered using polycarbonate membranes and frozen
(ﬂash-frozen) in a buffer solution, after which the frozen ﬁlters were
pulverized using stainless steel beads and vortexing. Results from
using this technique were compared with those from using centrifugation protocols, which showed that the collected DNA from spores by
using centrifugation protocols was up to 3 orders of magnitude higher
than that collected using the newly developed in-house protocol (Manuscript in preparation). This simple and ﬁrst step for the recovery of
mold material from air samples therefore reveals major problems and
leads to underestimation.
5.2. Viruses

Moles et al.,
2013

Jost et al., 2013

than in a homogenously contaminated open area. In contrast, large
environmental sources such as compost piles, wastewater treatment
facilities, and swine barns necessitate longer sampling times and sometimes require multiple samples collected over an extended period of

Viruses in water samples, e.g., sea and drinking waters, are often concentrated through ﬁltration or ultracentrifugation prior to molecular
analyses. Similar to that for bacteria and fungi, this step of concentration
is also mandatory for viruses prior to applying molecular approaches to
study them in an aerial environmental sample. In contrast to the common thinking, airborne viruses are rarely found as single entities but
are rather present as numerous copies attached to particles of various
micrometer sizes (Lindsley et al., 2010; Verreault et al., 2008). This
statement suggests that the standard universal approaches used to enhance viruses' concentration are not applicable to air samples. Because
of the small size of viruses, they are usually isolated and concentrated
by ﬁltration or centrifugation. Clearly, concentrating them from an aerosol sample is a challenging task because of their small size as they may
be trapped in different and difﬁcult to predict ranges of particle sizes.
However, other organisms may need to be treated differently when airborne. Evidently, the stress of the aerosolization may lead viruses to
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behave differently compared to other environmental samples. This can
be seen in a metagenome analysis of the airborne environment in
urban spaces where viruses outnumber bacteria; however, their sequences were under-represented than those of bacteria, probably because the approach used is more suitable for bacteria than viruses (Be
et al., 2015).
Another limiting factor in the detection and quantiﬁcation of viruses,
including airborne viruses, is the lack of a universal sequence. Unlike the
16S gene for bacteria and 18S genes/ITS regions for molds, viruses do
not share equivalent sequences as no gene or genomic region is homologous across all viruses. Consequently, viral detection can only be
achieved by targeting a speciﬁc genus or family (Labrie et al., 2013). Another way to detect a broad range of viruses is to use metagenomics
(Posada-Cespedes et al., 2016). Thus, a general selection of RNA or
DNA viruses can be made by treating nucleic acids with DNases or RNases. It is one of the ways used to target a speciﬁc type of viruses.
5.3. Nucleic acid extraction approaches
The nucleic acid extraction process can greatly affect the sequencing
analyses by using either PCR or shotgun metagenomic method. Table 2
shows several examples of studies that used molecular approaches, in
which the extraction process played a major role in the obtained results.
In 2010, Morgan et al. compared different DNA extraction kits and sequencing protocols by using a standardized sample. They concluded
that the combination of these two factors considerably affected the observed relative abundances of organisms in the sample (Morgan et al.,
2010). Moreover, air samples are fundamentally overdiluted compared
to samples from other environments, which may reveal rare events and
could lead to potentially larger biases. As the targeted organisms are
often in limited concentrations, competition with the background contaminants is a real threat to the authenticity of the results. This is particularly true when working with samples containing a low microbial
biomass. Therefore, using different negative controls is crucial in this
context to segregate the biological material from the samples from
any contaminant in the extraction kit. It remains a challenge to ﬁnd molecular biology kits that are completely free of residual nucleic acids.
However, in a 2014 study, the nucleic acid contamination background
was subtracted from data sets, which led to a completely new interpretation of the results (Salter et al., 2014).
The extraction process can lead to different nucleic acid recoveries
depending on the organism. For some DNA viruses, qPCR may be

performed without DNA puriﬁcation because the heat shock used to activate the DNA polymerase is sufﬁcient to liberate the DNA from the
capsid of all DNA phages tested (Qiu, 2012). However, comparisons of
the qPCR yield with and without DNA puriﬁcation have to be made for
all DNA viruses before assuming that this step is necessary. For RNA viruses, nucleic acid extraction is mandatory. The choice of the extraction
kit and reagents will also greatly affect the extraction yield. A previous
study compared the nucleic acid recoveries of two RNA viruses by
using two different extraction methods (Qiagen's QIAamp Viral RNA
Mini Kit and Invitrogen's TRIzol®R LS Reagent). RNA extraction was
performed on a solution of 1000 plaque forming units per milliliter of
pure culture of Phi6 and MS2 phages (Gendron et al., 2010). For both
the phages, the ﬁrst extraction method gave a higher yield than the second one. Additionally, the qPCR quantiﬁcation for MS2 was two orders
of magnitude higher than that for Phi6, even when the same quantity
of phages was used. This result may be due to the RNA puriﬁcation, reverse transcription, and/or qPCR being less efﬁcient for phage Phi6 than
MS2. The recovery of fungal DNA is also affected by the extraction process as enzymatic lysis and mechanical agitation of fungal cell walls may
lead to different qPCR yields depending on the type of fungi detected
(Fredricks et al., 2005). Morgan et al. documented the biases generated
by nucleic acid extraction (Morgan et al., 2010). In some cases, it was
possible to normalize the output to compensate for less-efﬁcient qPCR
detection in the data analysis. These observations highlight the importance of ensuring that samples are prepared using a protocol that is speciﬁc to the type of organism we are working with and the need for
caution when comparing studies that use different methods.
There are only a few published, peer-reviewed studies of air
metagenomes or whole genomes sequenced from a complex environmental sample. A recent paper describing the metagenome found in
urban air (Be et al., 2015) observed that the most abundant sequences
are from bacterial cells. However, it is known that viruses outnumber
bacteria by a few orders of magnitude in the environment (Breitbart
and Rohwer, 2005). Viruses are likely underrepresented in the sequences
for three reasons: the viral entities in air samples may be difﬁcult to capture, their genetic material could be degraded during the sampling process, and their small genomes make them less likely to be sequenced
against millions of other sequences. Although there is an obvious obstacle
for concentrating viruses in air samples, the best approach for studying
this community is the isolation of virus-like particles by size fractionation
and sequencing them using metagenomics. Thus, more effort should be
made for increasing viruses' concentration in air samples.

Table 2
Examples of some studies that showcases the possible biases introduced by the extraction approaches applying molecular methods to environmental samples.
Principal ﬁndings of biases

References

Virus (RNA)

Metagenomics' &
PCR-based sequencing
Quantitative PCR

The relative abundances of organisms varied signiﬁcantly depending on the DNA extraction and
sequencing protocol utilized.
Bacterial DNA contamination in extraction kits can signiﬁcantly inﬂuence the results of microbiota
studies in low microbial biomass.
Different recovery yields depending on the extraction protocol.

Fungi

Quantitative PCR

Different recovery yields depending on the extraction protocol.

Bacteria

PCR-based sequencing

Underestimation of some phyla when applying chemical cell lysis extraction protocol

Bacteria

PCR-based sequencing

Bacteria-Fungi-Archaea

Quantitative PCR &
PCR-based sequencing

Viruses (DNA &RNA)

Quantitative PCR

Bacteria

PCR-based sequencing

The bacterial distribution varied signiﬁcantly depending on extraction methods used (bead beating vs.
silica gel columns)
Major impact of DNA extraction on microbial community structure as none of the ten extraction kits
tested resulted in 100% comparable bacterial, archaeal and fungal community composition
quantitatively and qualitatively.
Different recovery yields depending on the level of inhibitors present in the sample and on the
extraction kit used
Extraction methods were the second-greatest contributing factor to variation in community structure.

Morgan
et al., 2010
Salter et al.,
2014
Gendron
et al., 2010
Fredricks
et al., 2005
Zhan and
Guo, 2012
Starke et al.,
2014
Henderson
et al., 2013

Bacteria

PCR-based sequencing

Contamination can affect interpretation of results in microbiome analysis.

Target

Method

Bacteria-Eukaryota-Archaea Metagenomics'
Bacteria

Iker et al.,
2013
Brett et al.,
2015
Weiss et al.,
2014
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6. From the environment to bioaerosols
Even if airborne particles in an environment are often linked to a
known source, the proportion of organisms present in that source may
not be the same as that in the air. The species of microorganisms
found in the source will likely be recovered in air samples, but their proportions can greatly differ. This was ﬁrst suggested by Parker et al.
(Parker et al., 1983), who proposed that respiratory pathogens such as
Mycobacterium spp. and Legionella spp. could be found in higher concentrations in aerosols from the environment. A study comparing biogas
microbial content with that of an anaerobic digestor suggested that
some microbial phyla are overrepresented in the air than in the source
(Moletta et al., 2007). Study of aerosols in compost facilities (Veillette
et al., 2016; MBareche et al., 2015) showed that proportions of
Proteobacteria in compost piles were different from those in the air samples. Some species such as Methylobacterium were overrepresented in
air samples than in compost. Additionally, Legionella was the most
abundant airborne species in a carcass compost facility but was not detected in compost samples. This is likely due to its very low concentration relative to those of other species. Conversely, some species such
as Pseudomonas sp. were present in the compost piles but were not recovered from air samples. These observations conﬁrm that environmental sources cannot be assumed to mirror what is present in the
surrounding air. This is a concept known as preferential aerosolization.
The hypothesis suggests that some bacteria may be preferentially aerosolized compared to others. A recent in vitro study showed that some
virulent strains of Streptococcus suis were preferentially aerosolized
compared to other strains (Gauthier et al., 2016) and that aerosolization
of gram-negative (P. aeruginosa) and gram-positive (S. aureus) bacteria
are either more viable or concentrated (PCR) in in vitro aerosols (Perrott
et al., 2013). Although in vitro studies are a proof of concept, further
studies that include a larger number of strains and other types of bacteria need to be conducted to better understand the process of preferential aerosolization.
7. Challenges in the bioinformatics pipeline
Currently, microbial data are obtained predominantly using 16S
rRNA gene sequencing surveys that provide a characterization of bacterial and archaeal diversity. In studies using 16S rRNA gene sequencing,
the choice of primer set depends on a number of factors, including compatibility with previous studies and the speciﬁcities of the primers
(Soergel et al., 2012). 16S rRNA gene sequence data from different microbial environments present bioinformatical, statistical, and computational challenges. The most widely used bioinformatics tools are QIIME
and mothur (Caporaso et al., 2010; Schloss et al., 2009). Both packages
are open source and have online tutorials and forums that provide the
users a step-by-step analysis of the 16S rRNA gene sequences.
In the NGS PCR analysis, errors are common and are sometimes difﬁcult to detect. Chimeras, which are caused by the incomplete extension
of DNA strand during ampliﬁcation that results in a recombination between the two sequences, can cause biases in diversity results, particularly the alpha metrics (Haas et al., 2011; Ley et al., 2008). Multiple
chimera checking softwares are available, and they often have different
ﬁltering methods. One should choose the software that ﬁts adequately
to the project (Haas et al., 2011; Edgar et al., 2011; Wright et al., 2012;
Quince et al., 2011).
Data ﬁltering is often performed at the same stage as
demultiplexing, where each sequence is assigned to a sample on the
basis of the barcode information. Quality threshold includes quality
scores, read length, and the presence of ambiguous base calls. After
quality ﬁltering, the microbial groups must be identiﬁed through OTU
analyses where sequences are clustered together according to the sequence identity. In fact, there are different OTU clustering algorithms,
and the use of these algorithms considerably affects the ﬁndings and interpretations of data. In de novo OTU clustering, sequences are clustered

2101

into OTUs by comparing them with the whole dataset, without the use
of a reference (Schloss and Handelsman, 2005). In contrast, closed
OTU clustering uses a reference sequence database, wherein the sequences that do not match the reference sequence database are
discarded. Open-reference OTU clustering is a two-step process that
combines both the above algorithms. First, closed-reference OTU clustering is done followed by de novo clustering of sequences that fail to
match the reference database. Each of the clustering methods has pros
and cons, and it should be chosen with a particular attention. For example, if datasets that have sequences from different regions of the 16S
rRNA gene need to be combined, the closed reference algorithm should
be used, as sequences from different regions of the same 16S rRNA gene
would cluster into different de novo OTUs. In contrast, using the closed
reference algorithm in samples from an undiscovered environment
may lead to a high percentage of the sequences being discarded due
to a failure to match to a reference database.
Labeling the OTUs is the next step, which is performed using taxonomy assignment algorithm with a reference database. For the 16S rRNA
gene, the three main databases are Greengenes, Ribosomal Database
Project (RDP), and SILVA (McDonald et al., 2012; Cole et al., 2009;
Quast et al., 2013). The microbial diversity analysis is typically described
within samples (alpha diversity) and between samples (beta diversity).
Multiple scripts for data visualization are available through QIIME,
mothur, and R statistic software. A particular attention should be
given when choosing the classiﬁcation and clustering methods depending on the metadata information available about the samples. For example, classiﬁcation methods can be used to determine which taxa differ
between predeﬁned groups of samples. However, clustering methods
do not make use of any prior knowledge about the samples. Both
methods use between-sample distance metrics, and the speciﬁcities of
each method used can affect the outcome and the interpretation of
the analyses. Therefore, it is mandatory to use several different ways
of classiﬁcation and clustering to ensure that the existence of clusters
is not dependent on only one set of parameters. Finally, statistical
modeling can be used to explain the variations observed between the
different samples. As many covariates can be included and many parameters can be statistically controlled, we strongly recommend the
consultation of a statistician or a biostatistics expert during the experimental design and the analyses stages.
Characterization of fungal communities is an area that needs more
research. Although the bioinformatics pipeline may seem to be the
same for eukaryotic marker genes as that for bacterial marker genes,
there are no standardized bioinformatics protocols for 16S rRNA gene
analyses. This may be because of the lack of a standard marker gene
and a reference database. As mentioned in the introduction, several
marker gene options exist. However, the ITS region is generally preferred for obtaining high taxonomic resolution. Because of the amplicon
length limitations imposed by the sequencing platforms, only one of the
two ITS subregions (ITS1 or ITS2) can be used in a sequencing run. To
the best of our knowledge, there are no relevant studies that explored
the potential of both the subregions in the characterization of fungal
communities in an environment. A strategy that is being explored in a
bioaerosol project using multiple environments uses both the subregions to demonstrate their potential and relevance for a global fungal
characterization, thereby resulting in a standardized methodology.
The bioinformatics workﬂow used for the ITS sequences differs
greatly from the one used for the 16S rRNA gene in the alignment algorithm, as the ITS region is of different lengths compared to the 16S rRNA
gene. Therefore, OTU clustering, reference databases, taxonomy assignment, diversity metrics, data visualization, and statistical modeling
should be speciﬁc to ITS sequence analyses for the characterization of
fungal communities. The UNITE database is often used for ITS
sequence-based analyses of fungal sequences (Abarenkov et al., 2010).
However, the 18S rRNA gene can generally be used to analyze eukaryotic communities in the same manner as 16S rRNA genes are
used. The SILVA database contains many eukaryotic regions and can
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be used for such analyses. However, one should conﬁrm that the region
of the 18S gene ampliﬁed varies depending on the taxa studied and
should be aware that the 18S rRNA gene is not sufﬁcient to characterize
the fungal diversity and will likely end up to be of questionable utility.
Characterizing the virome of an environment requires a different approach because, as discussed earlier, no gene or genomic region is homologous across all viruses. Metagenomics is the solution for the
absence of ampliﬁcation primers. In addition, metagenomic data are
also used to portray functional potential. The bioinformatics workﬂow
consists mainly of processing the NGS reads by removing the adapter
ﬁrst. Subsequently, low-quality and less-complex sequences are
subtracted based on quality scores. Speciﬁc quality ﬁltering conditions
can be adapted for different downstream analyses (Bokulich et al.,
2013). Bacterial and related rRNA reads are removed, and the remaining
reads are aligned to a virus database. Different alignment softwares are
available. De novo assembly algorithms reconstruct original genomes
present in the sample by merging short genomic fragments into longer
sequences called contigs. There are two main types of de novo assembly
programs: Overlap/Layout/Consensus assemblers that are more suitable
for longer reads and de Bruijn Graph Assemblers that are suitable for
shorter reads. Metagenomic reads can be taxonomically classiﬁed into
similarity- and nonsimilarity-based methods. Similarity-based taxonomic classiﬁcations are performed by NCBI BLAST searches where sequences are compared to known genomes. However, a large number
of sequences generated from de novo assembly are unknown. To classify
sequences on the basis of the alignment results, several methods such as
MEGAN can be used (Huson et al., 2007). MEGAN uses the lowest common ancestor node of all blast-matching sequences in the phylogenetic
tree, which reduces the risk of false-positive matches. In contrast,
nonsimilarity-based methods explore the composition of the genomes
looking for parameters such as k-mers and are useful to classify sequences that do not have any homologs in reference databases. Many
programs are available to perform this composition-based method on
viral sequences (McHardy et al., 2007; Mohammed et al., 2011; Wang
et al., 2012). Programs such as PHAACS, CatchAll, and UCLUST can be
used on the contigs spectra generated by Circonspect to estimate viral
diversity (Angly et al., 2005; Bunge et al., 2012; Angly et al., 2006).
Although the bioinformatics workﬂows described earlier were developed for different environments, many of the issues apply to microbial communities of different habitats. Therefore, they can be applied to
bioaerosol samples as well. This review encourages researchers entering
the ﬁeld to use molecular tools to characterize the microbial content of
bioaerosols in different environments. This active research area needs
more standardized protocols that will help build a bioaerosol sequence
catalog, which will in turn allow cross-comparative studies globally and
give this ﬁeld of study a great impetus.

8. Conclusion
Improvements in sequencing technologies led to a decrease in DNA
sequencing costs and an increase in sequencing speed. These technologies are widely used in clinical settings but less in experimental settings.
The application of these technologies to the study of bioaerosols is a
necessary next step. It can be said that the molecular methods can be
easily applied to bioaerosol samples. However, many technical details
need to be ﬁne-tuned to obtain molecular results that are representative
of the sampled environment. Modiﬁcation of known protocols needs to
be considered at every step of an experiment to ensure that the optimum conditions for a speciﬁc situation are being used. Depending on
the target genes and/or organisms, adjustments may be required
starting with the initial sampling process. When examining bioaerosols,
other downstream steps such as cell isolation and concentration, nucleic
acid isolation, and establishment of databases also have to be retested.
Optimization can sometimes be a long and hazardous path, but omitting
this critical step will greatly decrease the accuracy of the results.
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