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Abstract

Recent metagenomic studies of environments, such as marine and soil, have significantly enhanced our understanding of the diverse
microbial communities living in these habitats and their essential roles in sustaining vast ecosystems. The increase in the number of
publications related to soil and marine metagenomics is in sharp contrast to those of air, yet airborne microbes are thought to have
significantimpacts on many aspects of our lives from their potential roles in atmospheric events such as cloud formation, precipitation,
and atmospheric chemistry to their major impact on human health. In this review, we will discuss the current progress in airborne
metagenomics, with a special focus on exploring the challenges and opportunities of undertaking such studies. The main challenges
of conducting metagenomic studies of airborne microbes are as follows: 1) Low density of microorganisms in the air, 2) efficient
retrieval of microorganisms from the air, 3) variability in airborne microbial community composition, 4) the lack of standardized
protocols and methodologies, and 5) DNA sequencing and bioinformatics-related challenges. Overcoming these challenges could
provide the groundwork for comprehensive analysis of airborne microbes and their potential impact on the atmosphere, global
climate, and our health. Metagenomic studies offer a unique opportunity to examine viral and bacterial diversity in the air and monitor
their spread locally or across the globe, including threats from pathogenic microorganisms. Airborne metagenomic studies could also
lead to discoveries of novel genes and metabolic pathways relevant to meteorological and industrial applications, environmental
bioremediation, and biogeochemical cycles.

Key words: airborne microorganisms, culture-independent studies, microbial diversity, metagenomics, 16S rRNA sequencing,
metabolic potential.

formation. The increase in cloud formation may potentially

Introduction be responsible for earth’s climate changes (Rosenfeld et al.

The impact of airborne microbes and their overall contribu-
tions to global ecosystem is disproportionally understudied,
even though microorganisms are ubiquitously present in the
air. Airborne microbes were considered passive dwellers
moving with the wind; however, several studies strongly sug-
gest that atmospheric microbes are metabolically active.
Microorganisms metabolize the organic matter in cloud
water and potentially contribute to the biogeochemical
cycles of earth (Amato et al. 2005, 2007; Hill et al. 2007).
Some authors suggest that microbes affect atmospheric
chemistry and the precipitation cycles of earth (Delort et al.
2010; Morris et al. 2011) implicating airborne microbes in
atmospheric processes, such as ice nucleation and cloud

2014). Beyond these studies, relatively little data exist on the
potential impact of airborne microbes upon our planet.

The current understanding of airborne microorganisms
comes from culture-based studies; however, the majority of
environmental microbes cannot be cultured in this way.
Moreover, as pure cultures of microorganisms contain a
single type of microbes, culture-based approaches miss the
opportunity to study the interactions among different mi-
crobes and their surrounding environment; therefore, they
cannot uncover the genomic variances and biological func-
tions associated with such interactions. The main advantage
of culture-dependent studies is the ability to grow microor-
ganisms in bulk and study them at the both molecular and
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cellular levels. Their main disadvantage is that they dispropor-
tionally favor some microbes over others, providing an
inaccurate representation of the microbial community as a
whole.

In recent years, our knowledge of airborne microbial
diversity and their potential metabolic impact has increased
significantly through molecular analysis of microbial genetic
material through culture-independent studies of environmen-
tal samples. Two common approaches to investigate microbial
diversity and/or their metabolic potential in the environment
are 1) the polymerase chain reaction (PCR)-based rRNA (16S
and 18S) gene sequencing approach for assessment of
microbial diversity in which a single rRNA gene is used as a
phylogenetic marker to compare relatedness between micro-
organisms; and 2) the whole-genome shotgun metagenomics
approach for assessment of microbial diversity and function, in
which the entire microbial genome is sheared into smaller
fragments, sequenced, and reconstructed to assess their di-
versity and metabolic potential (fig. 1).

In this article, we use the term metagenomics in its original
sense to mean the application of whole-genome shotgun se-
guencing to environmental samples. With the advent of next-
generation sequencing (NGS), shotgun metagenomic studies
of various environments, including soil (Fierer et al. 2012;
Sangwan et al. 2012), marine (La Cono et al. 2011), and
human biome (Methe et al. 2012), have expanded signifi-
cantly as evidenced by the large data sets available for these
ecosystems. In contrast, progress in air metagenomic research
has been relatively slow (fig. 2). Here, we will explore current
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Fic. 1.—Flow chart of the process involved in shotgun metagenomic
sequencing of airborne microbes from collection of air samples to analysis
of its microbial content.

progress in airborne metagenomics with a particular emphasis
on the challenges associated with these studies and their po-
tential opportunities.

Airborne Microorganisms Play Active Roles in the
Atmosphere; Exploration of This Seemingly Untouched
Frontier Has Great Potential

A number of studies conducted in culture suggest that air-
borne microorganisms play active roles in atmospheric events
and/or are metabolically active. For example, airborne bacteria
were shown to metabolize glucose (Dimmick et al. 1975).
More recently, Hill et al. (2007) used the uptake of tetrazolium
dye by bacteria as an indicator of metabolic activity in cells and
showed that 76% of the bacteria in cloud water were active.
High concentrations of inorganic and dissolved organic nitro-
gen were found in cloud waters that contained nitrifying bac-
teria, suggesting that the bacteria in cloud water play a role in
the cycling of organic nitrogen in the atmosphere (Hill et al.
2007). Amato et al. (2005) used the increase in ATP concen-
tration in cloud water as an indicator of cell metabolic activity
and showed that the bacteria in cloud water were growing
exponentially and metabolically active. The bacteria isolated
from cloud water metabolized the main carboxylic com-
pounds (formate, acetate, lactate, and succinate) in cloud
water; the end products of these metabolic activities were
commonly found in cloud water, suggesting that these bac-
teria were actively involved in transformation of organic com-
pounds in the atmosphere (Amato et al. 2007; Vaitilingom
et al. 2010). Durand et al. (2006) identified a bacterial strain
capable of biodegrading the herbicide mesotrione. Through
biodegradation of organic matters in the atmosphere, air-
borne microorganisms could play a role in the bioremediation
of environmental pollutions.

Airborne bacteria could also affect atmospheric conditions
by engaging in ice-nucleating activities, cloud formation, or
precipitation (Bauer et al. 2003; Mohler et al. 2008; Morris
et al. 2011). Ice-nucleating proteins were identified on the
outer membrane of plant associated Gram-negative bacteria
such as Pseudomonas syringae, Pseudomonas fluorescens,
and Erwinia herbicola (Deininger et al. 1988; Kozloff et al.
1991; Turner et al. 1991). Ice-nucleation active bacteria are
present in the atmosphere (Constantinidou et al. 1990;
Bowers et al. 2009). Some strains of fungi including
Fusarium avenaceum and related genera also possess ice-
nucleating abilities (Pouleur et al. 1992; Hasegawa et al.
1994). Biological ice-nuclei can catalyze ice formation at tem-
peratures as high as —2 °C, higher than the temperature re-
quired for ice-nucleation by nonbiological particles (Mohler
et al. 2007). Knowledge of the components involved in ice-
nucleating activities of airborne microbes is paramount to un-
derstanding their roles in atmospheric events.

Most assays examining the metabolic activities of airborne
microbes were conducted under laboratory conditions, prone
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Fic. 2.—Relative number of publications related to metagenomic studies of soil, marine, and air. The graph was generated with the data obtained from
Scopus using the search words: “soil metagenomic,” “marine metagenomic,” and “air/airborne metagenomic,” respectively.

to bias as the exact atmosphere environment is not replicated.
These studies were also mainly conducted on samples taken
from cloud water. Cloud-borne microbes are not necessarily
the same microbes that thrive in dry or humid air; therefore,
they do not paint a full picture of airborne microbial ecosys-
tems. However, these discoveries underscore the potential im-
portance of airborne microbes and the need to characterize
them in their entirety. As culture-based studies represent only
a minority of the microbial population, they are not up to this
task. Culture-independent studies are required.

Exploring Diversity of Microorganisms in the
Atmosphere through Culture-Independent Analysis
of Their rRNA Gene

It is estimated that in a cubic meter of air there can be hun-
dreds of thousands of individual microbes (Burrows et al.
2009), with a diversity of taxa comparable to what has been
found in soil (Franzetti et al. 2011). “Who" are these microbes
and “what” do they do? In recent years, through use of
culture-independent approaches and in particular with PCR-
based applications such as rRNA gene sequencing, we have
managed to answer the first question about who these mi-
crobes are through their phylogenetic diversity (table 1).
However, the answer to the second question regarding the
function of airborne microbes remains largely incomplete.
The PCR-based rRNA gene sequencing studies successfully
demonstrated that air can harbor vastly diverse microbes.
The composition of these microbes continuously changes in
response to meteorological, regional (coastal, urban, and

forest), seasonal, and diurnal patterns (Gandolfi et al. 2013).
Gram-positive as well as Gram-negative spore and nonspore
forming bacteria are both present in the air. The most
common bacterial groups identified were Protobacteria,
Firmicutes, Bacteriodetes, Actinobacteria, Acidobacteria, and
Cyanobacteria (table 1), some of which contain gene se-
quences classically found in bacteria dwelling in soil, water,
or plants (Maron et al. 2005; Brodie et al. 2007). Known ice
nucleating plant-associated bacteria including P. syringae,
P. fluorescens, E. herbicolas, and Sphingomonas spp were
also present in the atmosphere (Bowers et al. 2009). A portion
of microorganisms in the air was found to be potentially path-
ogenic to plants, animals, and humans (Brodie et al. 2007).
Various fungal genera including those of Cladosporium,
Asperqgillus, and Penicillium also dwell in the air, many of
which are potential allergens (Oh et al. 2014). Although var-
ious studies identified plant, animal, and human pathogens in
the air, a systematic approach to monitoring airborne patho-
gens and examining their impact on global ecosystems is
lacking.

Research on the source of airborne microorganisms reveals
that although the majority of these microbes originate from
local sources (soil, plants, and marine), some are unigue to the
local atmosphere. These microbes could originate from
distant sources transported by strong winds, sandstorms, or
hurricane. A recent study by An et al. (2014) using amplicon-
based 16S rRNA gene sequencing demonstrated that the
atmospheric sand-associated bacterial composition was mod-
ified during sandstorm events in China and South Korea. In
particular, they found an increase in the level of putative
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human bacterial pathogens in samples obtained during sand-
storms (An et al. 2014). Microbes from sandstorm events,
such as the ones originating from Gobi desert, can be trans-
ported very large distances, even reaching across the Pacific
Ocean to North America (Bishop et al. 2002). This has signif-
icant implications for the dispersal of pathogenic microbes
around the globe. Deleon-Rodrigues et al. (2013) show that
hurricanes, similar to sandstorms, dramatically change atmo-
spheric bacterial composition, even at high altitudes (10 km
above the sea level), suggesting that hurricanes aerosolize and
transport bacterial cells over long distances (Deleon-
Rodriguez et al. 2013).

Diverse and viable communities of bacteria reside high in
the troposphere despite the extreme cold, high UV irradiation,
and thin air, suggesting adaptive mechanisms. Surprisingly,
viable bacteria form up to 20% of the total number of parti-
cles found in the troposphere (DeLeon-Rodriguez et al. 2013).
Some atmospheric regions have extreme conditions, but mi-
croorganisms already live under even harsher environments
with extremes of pH, temperatures, and radiation (Pikuta
et al. 2007). The roles of high-altitude dwelling bacteria are
not well understood. It is likely that these microbes affect
meteorological events, such as cloud formation, precipitation,
or atmospheric chemistry.

The PCR-based rRNA gene sequencing approach has pro-
vided a glimpse into the phylogenetic diversity of microorgan-
isms in the atmosphere. However, this approach has many
limitations, as follows: 1) It is challenging to identify novel
microorganisms with this approach; the universal rRNA pri-
mers used to amplify the rRNA genes are designed based
on preexisting rRNA sequences in the gene database, and
these primers might not amplify new genes (Rajendhran and
Gunasekaran 2011); 2) characterization of microorganisms
based on a single rRNA gene is difficult due to potential hor-
izontal gene transfer of the rRNA gene between distally re-
lated microorganisms (Acinas et al. 2004); 3) due to a high
degree of similarity in the rRNA gene among related species
and strains, this approach is limited to characterizing microbes
mostly at higher taxonomic levels, such as family or genus
where the difference in the rRNA gene is more significant,
but not so at lower taxonomic levels, such as species or strains
where more similarities in the gene are observed (Bowers et al.
2009; Deleon-Rodriguez et al. 2013); 4) amplicon-based
methods in general result in bias due to preferential amplifi-
cation and generation of artifacts and erroneous products in-
troduced during PCR steps (Hong et al. 2009; Wylie et al.
2012; Logares et al. 2014; Sharpton 2014); 5) As this ap-
proach is based on the analysis of a single rRNA gene, it can-
not provide information on the function of other microbial
genes and their metabolic potential; and 6) it cannot be
used to study viruses because they lack common phylogenetic
markers such as the rRNA gene.

Whole-genome shotgun metagenomics, on the other
hand, provides a more powerful approach to direct

sequencing of microbial genomes, and to the assessment of
their diversity, and metabolic potential (Sharpton 2014). This
approach is relatively new but has revolutionized environmen-
tal microbiology by providing new insights into the diversity
and metabolic potential of microbes in their natural habitat,
such as marine, soil, and human biome. Due to its unique
properties, air could be another promising frontier for discov-
ery of unexplored microbial ecosystems with unique genes,
biomolecules, and novel enzymes waiting to be discovered.

Current Progress in Airborne Metagenomics and Its
Potential Opportunities

Although progress in air metagenomics has been slow relative
to other environments, the little progress that has been made
is promising. In a recent study, Cao et al. (2014) used meta-
genomics to analyze the microbial composition of air samples
during a severe smog event in China and successfully identi-
fied various airborne microorganisms including double-
stranded DNA viruses. Their work identified the sequences
of several respiratory pathogens and allergens in the air, and
showed that their relative abundance increased with increased
air pollution. Yooseph et al. (2013) established a metagenomic
framework for studying the microbial composition of air sam-
ples from several indoor and outdoor environments, and suc-
cessfully identified highly diverse microbial communities with
genes involved in metabolism, transport, translation, and
signal transduction. Tringe et al. (2008) studied the airborne
metagenome in an indoor environment and identified genes
for potentially adaptive mechanisms involved in resistance to
desiccation and oxidative damage. Whon et al. (2012) inves-
tigated viral diversity in the near-surface atmosphere over
three distinct land locations (residential, forest, and industrial),
and showed the presence of diverse airborne viruses including
those that infect plants and animals. They also revealed sea-
sonal changes in the abundance of airborne viral communities
with higher viral abundance toward winter and lower abun-
dance toward spring. The increase in viral abundance during
winter could explain higher rates of influenza viral transmis-
sion during cold and dry season (Lowen et al. 2007; Shaman
and Kohn 2009). With continuous progress and advances in
the field, metagenomic approaches could become convenient
tools for monitoring airborne viral, bacterial, and fungal path-
ogens and studying their global distribution patterns.

There are also strong indications, based on culture-depen-
dent studies, that airborne microorganisms can transform or-
ganic matters in clouds (Durand et al. 2006; Amato et al.
2007), or contribute to atmospheric events such as ice nucle-
ation and cloud formation (Gurian-Sherman and Lindow
1993; Mohler et al. 2007, 2008; DelLeon-Rodriguez et al.
2013), but the extent of microbial involvement and the mech-
anisms involved are unclear. Metagenomic studies can help
identify the airborne microbes, and their genes and metabolic
pathways that potentially contribute to these events. These
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studies have great potential for novel and advanced discover-
ies with applications in atmospheric transformation, meteoro-
logical applications, environmental bioremediation, and
health. Among the challenges of metagenomic studies are
unraveling this vast potential and finding ways to incorporate
these finding into novel applications.

Current airborne metagenomic research demonstrates, in
principle, that it can identify and characterize microorganisms
in the air. However, considerable advances in the field are
required to enable sufficient characterization of the entire air-
borne microbiome.

Challenges in Conducting Airborne Metagenomics
The Low Density of Microorganisms in the Air

Microorganisms including bacteria, viruses, and fungi are scat-
tered throughout the atmosphere. The bacterial concentration
in air is estimated to range between 10% and 10° microbes/m?
(Lighthart et al. 2000) much lower than those of marine and
soil environments, where 1 g of topsoil is believed to contain
approximately 108-10° prokaryotes, and 1 ml of marine water
is believed to contain approximately 10%-10 microorganisms
(Whitman et al. 1998).

A number of studies investigated the concentration of air-
borne microorganisms, but it is difficult to relate their data
because they used different methodologies. Traditional meth-
ods use culture-based techniques, which measure the concen-
tration of microorganisms as colony-forming units per cubic
meter of air (CFU/m?). As the vast majority of environmental
microbes cannot be cultured, culture-based methods likely
underestimate microbial concentrations (Li and Huang
2006). In recent years, microorganisms have been primarily
quantified directly from the environment using techniques
such as quantitative PCR (QPCR), epifluorescence microscopy,
and flow cytometry. These techniques provide different esti-
mates of microbial density in air, sometimes by a few orders of
magnitude (Gandolfi et al. 2013). Airborne bacterial concen-
trations, for example, were reported over the following
ranges: Approximately 0-10% CFU/m? using culture-based
methods (Fahlgren et al. 2010; Rawva et al. 2012; Haas et al.
2013), approximately 10°-10° cells/m? by epiflourescence mi-
croscopy (Bowers et al. 2009, 2011; Vaitilingom et al. 2012),
and approximately 10'-10° cells/m* by gPCR (Lee et al. 2010;
Cho and Hwang 2011; Bertolini et al. 2013). Unfortunately,
without base-line comparative studies, these numbers can
only be understood in isolation. A precise comparison be-
tween various quantification techniques is only possible
when samples are collected from the same location using
the same collection device. This is important as microbial con-
centration varies significantly depending on the location
where the air samples were taken and the type of air samplers
used. Current air sampling devices often do not capture mi-
croorganisms at maximum efficiency. It is likely that the abun-
dance of microorganisms in the air is greater than what has

been reported. If that is the case, the bottleneck lies with
current technology.

Whole-genome shotgun sequencing requires large quanti-
ties of the starting genetic material, which entails collecting
thousands of liters of air. In practice, capturing large quantities
of microorganisms from air is challenging. Improving the col-
lection efficiency of air sampling devices would help mitigate
this. To circumvent the problem of low DNA vyield from air,
some metagenomic protocols incorporate an additional step
of amplifying the environmental DNA prior to sequencing
using methods such as Multiple Displacement Amplification
(Lasken 2009; Yooseph et al. 2013). These amplification steps
can produce micrograms of DNA from femtograms of the
starting genetic material (Lasken 2009), ensuring that suffi-
cient amounts of DNA are available for sequencing. However,
amplification can generate primer mismatches, chimeras, and
sequence biases—the degree of which depends upon the
quantity and quality of the starting genetic material, and the
number of required amplification cycles.

Metagenomic studies require high quantities of DNA,
which could potentially be obtained through efficient collec-
tion of microorganisms from the air, and the development of
unbiased methodologies to enhance DNA yield following
extraction.

Efficient Collection of Microorganisms from the Air

Due to the lower density of microorganisms in air, it is para-
mount that air-sampling devices collect microorganisms from
the air with high efficiency. Typical air samplers draw air con-
taining various particles into an airflow nozzle, which then
directs the air toward a collection surface. The sampling effi-
ciency of such devices is affected by a combination of factors
including intake air velocity, the shape and diameter of the
airflow nozzles, the distance between the nozzle and the col-
lection surface, the properties of the collection surface, the
particle cut-off diameter, and collection times (Nevalainen
et al. 1992; Whyte et al. 2007). The sampling efficiency is
also influenced by the inertial properties of microorganisms,
related to their size and density (Nevalainen et al. 1992).
Two air sampling strategies are commonly used to collect
microorganisms from air for molecular analysis: Filtration-
based air samplers work by drawing air, either through
pumps or vacuum lines, through filters of varying pore sizes,
shapes, and composition (Lundholm 1982; Brodie et al. 2007;
Bowers et al. 2009; Fahlgren et al. 2010, 2011). These sam-
plers are the most commonly used devices for aerosol collec-
tion. They are relatively easy to use and less expensive, but
have shortcomings. The low porosity of the filters can dramat-
ically reduce the airflow rates, increasing sample collection
time. Long collection times on dried filters lead to desiccation
of the collected microbes. Furthermore, these devices are not
suitable for quantification-type studies due to difficulty in
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retrieving intact microorganisms from filters (Fahlgren et al.
2011).

Liquid impinger-based samplers work by drawing high-
flow-rate, high-velocity air through a nozzle into a liquid col-
lection medium. The particles in the air stream are impacted
on the collection plates, wetted, and retained in the collection
medium (Burge and Solomon 1987; Fierer et al. 2008;
Fahlgren et al. 2011). Due to their high air-flow rate, they
can collect larger biomass in shorter time, relative to filter-
based devices. As the microbes are collected in liquid
medium, their viability is retained. These devices are typically
designed for relatively short sample collection times, which is
required to prevent evaporation of the liquid collection
medium and loss of cell viability (Fahlgren et al. 2011). This
could prevent collection of sufficient biomass for studies re-
quiring large concentrations of nucleic acids. Modifications,
such as replenishing liquids, could lengthen sample collection
times and overcome this problem.

Specific types of studies necessitate the use of particular
types of air samplers. For example, culture-based studies re-
quire air samplers that can maintain cell viability during the
collection period. Metagenomic studies of the entire microbial
communities require devices that can provide sufficient micro-
bial biomass representing the sampled community. Studies
examining specific types of microorganisms (viruses vs. bacte-
ria vs. fungi) need devices that preferentially and efficiently
collect microbes based on size. Once the capturing strategy
is decided, that is, using filtration versus impingement, then
the efficiency of the various devices using the same strategy
must be thoroughly investigated before embarking on a large-
scale study.

Variability in Airborne Microbial Community Composition

The composition of airborne microbes continuously changes
due to meteorological, spatial, and temporal patterns (Brodie
et al. 2007; Frohlich-Nowaoisky et al. 2009; Bowers et al. 2011,
Franzetti et al. 2011; Bertolini et al. 2013; Gandolfi et al.
2013). Bowers et al. (2011) investigated the spatial variability
in airborne microbial composition in the near surface atmo-
sphere, and showed that bacterial composition significantly
varied depending on the land-use type, suggesting that bac-
teria from the local land sources contributed to this variability.
Bertolini et al. (2013) demonstrated temporal variability in
airborne bacterial community composition in an urban atmo-
sphere, showing that bacterial composition varied significantly
depending on the season. Even within the same season, bac-
terial composition was significantly different between consec-
utive days.

This inherent variability makes studies of airborne microbial
composition challenging. It is difficult, for example, to study
the possible contribution of environmental pollution or an-
thropogenic factors to microbial dynamics, if a background
level cannot be established, due to variability (Brodie et al.

2007). Without the reproducible background level, monitor-
ing of environmental pathogens becomes complicated. The
continuous change in composition of microbes in the atmo-
sphere also makes it difficult to compare across different stud-
ies as the outcome of these studies could vary significantly
depending on location, time of day, season, altitude, and
other environmental factors.

Lack of Standardized Methodologies in Sample Collection
and Processing

The procedures and protocols used to obtain nucleic acids
from the air play a significant role on the outcome of meta-
genomic studies. As metagenomic sequencing is conducted
on the nucleic acids extracted directly from the environment,
the quantity and quality of these nucleic acids determine the
outcome of these studies. If sufficient DNA is not obtained,
the metagenomic data will not sufficiently represent the sam-
pled community. Similarly, if the composition of the extracted
DNA does not sufficiently represent that of the sampled com-
munity, neither will the metagenomic data.

Air samplers can affect the outcome of metagenomic stud-
ies, as their collection efficiencies can differ significantly.
Although many studies have investigated sampling efficiencies
of various types of air samplers (Fabian et al. 2009; Griffin
et al. 2011; Li 2011; Dybwad et al. 2014; Hoisington et al.
2014), no consensus exists on standardized sampling
approaches across various studies. Li (2011) compared perfor-
mances of different air samplers using gPCR and fingerprint-
ing by denaturing gradient gel electrophoresis. The authors
showed that although impactor-based samplers provided
higher efficiency for culturable bacteria in terms of their
count and diversity, impinger- and filter-based devices both
demonstrated highest efficiency for total bacteria (Li 2011).
Fahlgren et al. (2011) used 16S rRNA gene sequencing to
examine whether different air samplers, including an impin-
ger-, an impactor-, and a filter-based sampler, affected out-
comes. They showed that all three air-samplers provided
similar representations of higher abundant bacterial species
and their overall composition in the atmosphere; however,
the bacterial composition and diversity were considerably dif-
ferent for the lower abundant species depending on the sam-
pler (Fahlgren et al. 2011). Hoisington et al. (2014) used
pyrosequencing to examine bacterial and fungal diversity in
indoor air using four different air samplers, and showed that
only 14% of bacterial operational taxonomic units (OTUs) and
44% of the fungal OTUs were similar in samples collected by
the four different bioaerosol samplers. These studies stress the
use of standardized air-sampling techniques and devices to
generate data that sufficiently represent the sampled commu-
nity, and to compare between different studies.

The protocols used to extract nucleic acids from the col-
lected microbes also significantly affect the outcome of studies
(Morgan et al. 2010; Momozawa et al. 2011; Yuan et al.
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2012). However, no consensus exists across laboratories to
use standardized protocols for extraction. Microbes have vary-
ing degrees of susceptibility to the chemicals used during DNA
extraction procedures. For example, Gram-positive bacteria
with thicker peptidoglycan layers in their cell walls are less
susceptible to certain chemicals or treatments compared
with Gram-negative bacteria. In other words, certain DNA
extraction procedures might preferentially lyse specific types
of cells but be biased against others. This could result in DNA
samples that are not representative of the microbial commu-
nities in the environment (Yuan et al. 2012). Yuan et al. (2012)
evaluated six commonly used DNA extraction methods on a
mock microbial community that contained 11 different
human-associated bacteria, and showed that each of the six
methods provided significantly different 16S rRNA gene se-
guencing profiles of the mock microbial community. These
profiles were also different than those of the expected mock
community profile. In other words, none of the methods pro-
vided an accurate representation of the mock microbial com-
munity. The optional steps that are added to the DNA
extraction protocols to help with cell lysis also contribute to
additional variability. For example, protocols that use bead
beating (Brodie et al. 2007; Yamamoto et al. 2012) to me-
chanically disrupt cells appear to provide better representa-
tions of microbial community profiles compared with those
that do not (Yuan et al. 2012).

In summary, studies that use different approaches and pro-
tocols generate different outcomes concerning microbial
quantity, diversity, and composition. Establishment of stan-
dardized strategies and methodologies across studies can
eliminate experimental variability, and make comparison of
data between studies feasible.

DNA Sequencing and Bioinformatics Related Challenges

With rapid advances in the NGS technologies, metagenomics
has become one of the fastest growing disciplines in the field
of environmental microbiology. In spite of well-deserved suc-
cess, metagenomics still faces many challenges that need to
be addressed. We will briefly review some of the relevant
challenges. For more detailed descriptions, refer to the follow-
ing subject reviews: Wooley et al. (2010), Teeling and
Glockner (2012), and Thomas et al. (2012).

Although metagenomics has a potential to identify and
characterize the entire microbial communities and their
genome from the environment, the identification and charac-
terization of potentially millions of genes in a soup of nucleic
acids remains a daunting task. In contrast to cultured-based
studies where the genomic contents of single known micro-
organisms are examined, environmental samples typically con-
tain diverse communities of unknown species of high and low
abundance whose genomes need to be sorted and identified.
Theoretically, metagenomic data should be able to provide an
exact representation of both high and low abundant

microorganisms in the environment; however, the higher
abundant species are generally overrepresented in metage-
nomic data, which leads to bias. This problem can be reme-
diated, somewhat, through deep sequencing of DNA and by
increasing the depth of coverage (reads per nucleotide) to
confirm that every nucleotide in the sample is sequenced at
least once or preferably numerous times to ensure that low
abundant microorganisms have a representation in the envi-
ronmental metagenome. Deep sequencing, however, requires
high quantities of starting genetic material, which is challeng-
ing to obtain from an environment such as the air with rela-
tively low concentrations of microorganisms.

As current DNA sequencing technologies are incapable of
sequencing long intact genomes, environmental DNA needs
to be sheared into small fragments before metagenomic se-
guencing. The millions of small reads that are subsequently
generated need to be reassembled de novo using advanced
bioinformatics tools and software. The reassembly of these
reads into contiguous fragments (contigs) is a substantial com-
putational challenge for metagenomics. Although great prog-
ress has been made in the development of bioinformatics
software and tools, the complete reconstruction of the
entire genome of microorganisms in environmental samples,
in particular those from complex environments, remains diffi-
cult. The read lengths obtained from the current NGS plat-
forms typically range between 75 and 1,000 bp, depending
on the platform used (Henson et al. 2012). When the read
lengths are short and the depth of coverage is shallow, large
gaps are introduced in the assembled contigs. Depending on
the length and number of these gaps, accurate assembly of
the contigs, and thus reconstruction of the entire gene se-
guences, can become cumbersome or even impossible.
Assembly of short reads becomes even more challenging
when many long repeat sequences are present in the genes,
which is usually the case for bacterial and archael genomes. It
is often impossible to reconstruct the entire genome of micro-
bial communities. These challenges are surmountable through
development and refinement of high throughput gene se-
guencing technologies, and the establishment of methodolo-
gies used to sequence longer reads with greater depth and
accuracy. For example, the third generation sequencing plat-
form, Single Molecule Real Time Sequencing technology, is
the latest innovation developed by Pacific Biosciences
(PacBio), which has the potential to overcome the limitations
of the current gene sequencing platforms by providing longer
reads, up to 30kb with the PacBio RS Il platform, with an
average read length of near 3,000bp (Wu et al. 2014).
Long overlapping reads, together with increased depth of cov-
erage, make genome reconstruction less challenging.

One current issue with the analysis of metagenomic data is
the limited availability of reference sequences in genome data-
bases, particularly for airborne microorganisms. Very few
databases for environmental microbes currently exist (for a
review of metagenomic databases, see Thomas et al. 2012;
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Kim et al. 2013; Sharpton 2014). This complicates identifica-
tion of novel genes. The solution is more metagenomic study.
Metagenomic studies lead to larger genomic databases,
whereas larger databases make metagenomic analysis easier.

Another issue is the current state of the art with respect to
computational software and tools. New tools that can identify
genome-specific markers within metagenomic data, for ex-
ample, could be useful in identifying related species or strains
that share high sequence similarity (Tu et al. 2014). In general,
the more complex a data set, the more advanced the compu-
tational software and analytical tools needed to make sense of
the data. Tremendous progress has been made in the area
and further advances in analytical software and tools will
make metagenomics a more practical and desirable approach
to studies of environmental microbes in general and those of
air in particular. For a review on the list of available software
and tools for metagenomics, please refer to Bahassi and
Stambrook (2014), Kim et al. (2013), and Sharpton (2014).

With continued advances in gene sequencing platforms,
more complete genomic databases, and advancements in bio-
informatics, many of these constraints should resolve in the
near future. These new capabilities would enable fuller under-
standing of the potential impact of airborne microorganisms
on global ecosystems.

Conclusions

Metagenomics is a powerful approach to screening microbial
diversity and metabolic capabilities in any environment. The
approach has proven effective in characterizing the genomic
diversity and metabolic potential of many environments, in-
cluding soil, marine, and the human guts, and has unraveled
the vast impact of microorganisms on these ecosystems. The
air harbors vastly diverse microorganisms with a potentially
diverse range of metabolic activities. This frontier of microbial
discoveries has largely been unexplored due to a number of
challenges, which are due to the lower density of mi-
croorganisms in the air; inefficient retrieval of microbes and
their nucleic acids from the air; lack of standardized
approaches and methodologies; and bioinformatics-related
challenges of de novo genome reconstruction. Overcoming
these challenges could potentially pave the way to discoveries
of novel pathways and genes important in meteorological and
industrial applications, and environmental bioremediation.
Metagenomic studies can additionally facilitate monitoring
of airborne microorganisms through identifying pathogenic
microbes and their distribution patterns and involvement in
disease outbreaks that impact plant, animal, and human
health.

We propose a consortium of interested parties to establish
uniform approaches and methodologies designed to improve
the collection efficiency, protocol reproducibility, and subse-
guent comparative analysis of airborne microbes. Conferences
or meetings specifically designed for airborne metagenomics

would provide the necessary forums for interested parties to
discuss potential solutions to the present challenges.
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