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Abstract: The atmosphere has been described as one of the last frontiers of biological
exploration on Earth. The composition of microbial communities in the atmosphere is still
not well-defined, and taxonomic studies of bacterial diversity in the outdoor air have just
started to emerge, whereas our knowledge about the functional potential of air microbiota is
scant. When in the air, microorganisms can be attached to ambient particles and/or
incorporated into water droplets of clouds, fog, and precipitation (i.e., rain, snow, hail).
Further, they can be deposited back to earth’s surfaces via dry and wet deposition processes
and they can possibly induce an effect on the diversity and function of aquatic and terrestrial
ecosystems or impose impacts to human health through microbial pathogens dispersion. In
addition to their impact on ecosystem and public health, there are strong indications that air
microbes are metabolically active and well adapted to the harsh atmospheric conditions.
Furthermore they can affect atmospheric chemistry and physics, with important implications
in meteorology and global climate. This review summarizes current knowledge about the
ubiquitous presence of microbes in the atmosphere and discusses their ability to survive in
the atmospheric environment. The purpose is to evaluate the atmospheric environment as a
source of pathogenic or beneficial microbes and to assess the biotechnological opportunities
that may offer.
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1. Introduction/Motivation

Microbes, which make up most of the Earth’s biomass, have been found in virtually every
environment, surviving and thriving in extremes of heat, cold, radiation, pressure, salinity, acidity, and
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darkness. The presence of these life forms has predominantly been studied on land and in water, but his
focus is challenging. A variety of sites including geysers and oceanic thermal vents, deep-sea,
hypersaline basins, Antarctic sea ice and oxygen-depleted rivers and lakes have been increasingly and
extensively explored for their biology within the past few years [1]. However, the atmospheric
environment has been not appreciated as a biological entity so far, even if it is as alive as soil or
water [2].

The air that we breathe not only comprises nitrogen, oxygen and carbon dioxide but also traces of
other gases, inorganic particles and particles of biological origin [3]. The latter are termed bioaerosols
and a large part of them are microorganisms that colonize soil, water bodies, plant surfaces, rocks and
buildings and readily released into the air by wind erosion and splashing water [4,5]. When in the air,
microorganisms can be attached to ambient particles and/or incorporated into water droplets of clouds,
fog, and precipitation (i.e., rain, snow, hail) [6—11], while they can be transported to long distances by
advection processes. In turn, air microbiota can be further deposited back to earth’s surfaces via dry and
wet deposition processes and they can possibly induce an effect on the diversity and function of aquatic
and terrestrial ecosystems [12] or impose impacts to human health through microbial pathogens
dispersion [13]. Bioaerosol particles can include viruses, bacteria, fungi and their spores, lichen
fragments, protists (e.g., protozoa, algae and diatoms), spores and fragments of plants, pollen, small
seeds, invertebrates (e.g., nematodes, mites, spiders and insects) and their fragments as well as fecal
material [3].

In addition to their impact on ecosystem and public health, there are strong indications that air
microbes are metabolically active and well adapted to the harsh atmospheric conditions [1].
Furthermore they can affect atmospheric chemistry and physics, with important implications in
meteorology and global climate [14]. This review summarizes current knowledge about the ubiquitous
presence of microbes in the atmosphere and discusses their ability to survive in the atmospheric
environment. Further, it is evaluated whether the atmospheric environment acts as a conveyor of
pathogenic or beneficial microbes with potential biotechnological applications.

2. The Ubiquitous Presence of Microbes in the Atmosphere

Bioaerosols are considered ubiquitous constituents of the atmosphere, as a large number of these
particles are small-sized microorganisms. Estimates of the biomass content in atmospheric particulate
having an aerodynamic diameter of less than 2.5 um (PM 2.5) range from 3% to 11% by
weight [15,16], whereas other studies have estimated that up to 25% of the insoluble fraction of
aerosols is made of biological material [16,17]. At remote sites representing background atmospheric
conditions, airborne bacterial and fungal cells have been found to reach concentrations of ~10* and ~10°
cells m >, respectively [18,19]. Many of the identified microbes in outdoor air are similar or identical
to known soil bacteria or fungi as well as to isolates previously characterized from aquatic
environments [20].

Interestingly, bacteria and fungi have been detected in various atmospheric layers, such as the
boundary layer (up to 1.5 km altitude), the upper troposphere (up to 12 km altitude) and even the
stratosphere at altitudes of 20 km and 41 km above the sea surface [21,22]. In addition, isolated
cultures of the common mould, Penicillium notatum, have been collected at an altitude of 77 km, and
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the bacteria Micrococcus albus and Mycobacterium luteum at an altitude of 70 km [23]. Due to their
small size, microbes can be transported by upper air currents over long distances within or between
continents, and thus are able to travel/deposited to the most distant areas of the world. In these terms,
the movement of air masses serves as the primary mechanism for the rapid conveyance of
microorganisms among widely dispersed habitats [24,25].

More recently, desert dust storms have been shown to be an important source and the most efficient
transportation mechanism of bioaerosols, enabling the spread of microbes for over 5000 km away from
their sources [25-27]. The largest sources of dust to Earth’s atmosphere are the Sahara and Sahel
regions of North Africa and the Gobi, Taklamakan, and Badain Juran deserts of Asia [27]. The current
estimate for the quantity of arid soil that moves some distance in Earth’s atmosphere is 2 billion metric
tons per year [28], whereas 50% to 75% of this quantity is believed to originate from the Sahara and
Sahel [29-32]. These regions serve as a source of dust to Earth’s atmosphere throughout the year
affecting the air quality in the Middle East, Europe, the Caribbean, and the Americas [29,33]. On the
other hand, the desert dust events of Asia are seasonal and it has been shown that they can impact the
atmosphere of remote areas including the French Alps, the Arctic, and the North Pacific [34-36].

In addition to inorganic particles, the clouds of desert dust can carry a sizable inoculum of
microorganisms and microbiological materials [13,37]. Though, very few publications have investigated
desert dust-associated microbes after long-distance transport at both the African and Asian dust
systems [27]. Different analytical approaches have been applied to answer different questions, as the
focus of the previous investigations varied from allergens [38—40], to coral pathogens [41] and the
phylogenetic characterization of the dust-associated microbial community [20,25,26,42-44].
As a rough approximation, Griffin and Kellogg [45] adopted a conservative estimate of 10* bacteria per
gram of soil and calculated that 10'® dustborne bacteria are moving around the atmosphere for every 1
million tons of emitted soil particles (this estimate does not include the prevalent populations of fungi
and viruses [45].

With the rise of genetic techniques, a great degree of automation was achieved, which hold particular
promise for exploring the vast amounts of biological material in the air. In addition to culture-
independent techniques such as the qualitative 16S rRNA gene clone library analysis, the quantitative
polymerase chain reaction (Q-PCR) allows the genetic identification of bioaerosol particles to at least
the genus level, whereas it is possible the simultaneous counting of the number of cells of each
microorganisms [46]. This quantitative molecular technique is finding increased use in indoor and
outdoor aerosol science. However, Hospodsky, et al. [47] has shown that several variables can
influence accuracy, precision and method detection limits of qPCR for bioaerosol research. Despite the
weakness of these methods, the use of genetic techniques is gaining popularity in environmental
microbiology and several studies focus on using genetic methods for detailed analysis of the
biological aerosols.

Only a handful of studies have attempted to use culture-independent techniques in outdoor
aeromicrobiology, but such studies can help identify ubiquitous species that are likely to have large
geographical range sizes. Spore-forming organisms, such as Bacillus species (phylum of Firmicutes) and
other Gram-positives such as Actinobacteria, tend to dominate culture-dependent surveys of airborne
microbial diversity [2]. Firstly, Maron, et al. [48] applied culture-independent methods, such as
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automated-ribosomal intergenic spacer analysis (ARISA) and clone libraries of 16S rDNA, in air
samples collected north of France in order to analyze community composition and diversity. Most of the
identified bacteria, which were affiliated within Proteobacteria, Firmicutes and Actinobacteria, were
found to be closely associated with soil or plant communities. De Santis, et al. [49] performed a
comparative analysis between 16S rRNA gene clone libraries and microarrays using samples from air,
soil, and water. In 2007, Brodie, et al. [50] used clone libraries and high-density DNA microarrays to
detect a diverse bacterial community in the urban aerosols of two large US cities. Using these highly
selective techniques, they were able to identify pathogenic members including environmental relatives of
bioterrorism significance. However, they did not attempt to investigate the particle size distribution of
the detected microorganisms, as was the case in our recent study [44]. In this study, we investigated the
bacterial community composition in the atmosphere of the Eastern Mediterranean during an intense
African dust event. During this strong event, we used a five-stage cascade impactor for bioaerosol
collection and the bacterial communities associated with aerosol particles of six different size ranges
were characterized following clone library analysis of 16S rRNA genes. Spore-forming bacteria, such as
Firmicutes, dominated large particle sizes (>3.3 pum in diameter), whereas clones affiliated with
Actinobacteria (commonly found in soil) and Bacteroidetes (widely distributed in the environment)
gradually increased their abundance in aerosol particles of reduced size (<3.3 um). A large portion of
the clones detected at respiratory particle sizes (<3.3 pum) were phylogenetic neighbors to human
pathogens that have been linked to several diseases. Our results demonstrated the potential of
aerosolized bacteria for long-range transboundary transportation and foreshadowed their negative
impact on human, agricultural and ecosystem health [44].

Very few studies have attempted also to approach the biogeography of the atmosphere by
investigating the spatial-temporal variability of microbial community composition in the air using
culture-independent methods. These studies have mostly demonstrated significant differences on
community structure in short-term (daily) and seasonal cycles and a relatively static community
structure across time [2]. In 2008, a short-term temporal variability in the airborne microbial
assemblages was investigated at a single site using 16S rRNA gene analysis [51]. At this site, the air
samples were dominated by ascomycete fungi of the Hypocreales order and a diverse array of bacteria,
including members of the proteobacterial and Cytophaga-Flavobacterium-Bacteroidetes groups that are
commonly found in comparable -culture-independent surveys of airborne bacteria. Later,
Frohlich-Nowoisky, et al. [52] investigated the seasonal cycles of various groups of fungi in coarse and
fine particulate matter in aerosol samples collected for over 1 year in Mainz, Germany. The same year,
the atmospheric microbial abundance, community composition, and ice nucleation was investigated at a
high-elevation site in northwestern Colorado for a 2-week collection period [53]. The diversity and
composition of the airborne microbial communities were found to be relatively static dominated by
members of the proterobacterial groups Burkholderiales and Moraxellaceae. Similar observations
(static communities) were made by Pearce, et al. [54] who investigated airborne microbial diversity
over an isolated scientific research station on an ice-shelf in continental Antarctica. In this study no
significant patterns were detected in aerial biodiversity between the austral summer and the austral
winter. Recently, Fahlgren, et al. [55] monitored the airborne bacterial community during an annual
survey using samples collected from a 25-m tower near the Baltic Sea coast. 16S rRNA gene clone
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library analysis revealed a highly diverse community with a few abundant operational taxonomic units
which most of them belonged to the genera Sphingomonas sp. and Pseudomonas sp. Potentially
pathogenic strains as well as sequences closely resembling bacteria known to act as ice nuclei were also
found whereas the origin of the sampled air mass indicating a predominant marine source [55].

3. The Atmosphere as a Source of Pathogenic Microbes

To date, most of the studies dealing with the presence of microbes in the atmosphere were devoted
to the investigation of possible links between dust-related aerosol dispersal with the transportation of
potential pathogens. These studies represent significant starting points in efforts to understand the
composition and viability of potential pathogens in outdoor air and to assess their negative impact on
ecosystem and public health on a global scale. Recently, this issue raised special concern due to the
close link between climate change and bacterial aerial dispersal. More specifically, the increase of
desertification during the last decade has resulted in a concomitant increase of atmospheric particulates,
whereas a connection between El Nino weather events and increased flux of Saharan dust across the
Atlantic has also been observed [32,50,56]. These effects from climate change may also induce an
increase in the dispersal of airborne pathogens.

In the last decades, there have been increasing numbers of reports of marine diseases and epidemics,
affecting a wide range of organisms, such as plants, invertebrates and mammals [45,57]. Several
attempts have been made to connect these diseases with climate change, whereas special attention has
been given on identifying possible connections among dust, iron, microbes, and climate change. Recent
studies have assumed that the iron carried with desert dust, in addition to triggering harmful algal
blooms can also trigger growth of opportunistic marine microbial pathogens that may be present in the
transported dust or may already exist in the ecosystem [58]. The first substantial evidence of
a microbial link was provided when the terrestrial fungus Aspergillus sydowii, which is unable to be
reproduced in seawater but can be carried with dust storms, was identified as the causative agent of sea
fan disease [59]. Furthermore, a strong connection between African desert dust and Caribbean coral
reef decline was also demonstrated when Shinn, et al. [60] noticed a relation between two decades of
coral reef decline and the coincident increase in African dust being monitored by Prospero [61] for more
than 40 years in Barbados. Because of these observations, scientists have started to connect several
diseases of marine organisms, such as the disease outbreak in Caribbean sea urchins
Meoma ventricosa, and the reported septicemia in sea turtle Caretta caretta from the Canary Islands, to
microbial pathogens that have been identified in dust storms [45].

In addition to their impact on ecosystem health, airborne microorganisms carried by dust clouds can
also directly impact human health via pathogenesis, the exposure of sensitive individuals to cellular
components (e.g., pollen and fungal allergens and lipopolysaccharide), and the development of
sensitivities (i.e., asthma) through prolonged exposure [13]. It has been demonstrated that exposure to
airborne fungal and bacterial spores can cause a series of allergic reactions. In addition to intact
microbial cells, numerous microorganism-derived molecules, such as endotoxins (membrane
lipopolysaccharides shed by Gram-negative bacteria) and fungal mycotoxins can also trigger respiratory
problems [62,63].
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The closest known associations of human disease of microbial origin and dust storms are the
outbreaks of meningitis (primarily due to Neisseria meningitidis infection) that occur within the
“meningitis belt” of North Africa [64]. These outbreaks occur frequently in the Sahel region of North
Africa between the months of February and May and affect as many as 200,000 individuals
annually [64,65]. Isolates of Neisseria meningitidis have also been retrieved from settled-dust samples
from Kuwait together with other pathogens such as Staphylococcus aureus (wide range of infections)
and Ralstonia paucula (e.g., septicemia, peritonitis). Bacterial species that are known human pathogens
have also been collected in the air of Bamako, Mali during strong dust events [20] as well as in the
African dust corridor over the mid-Atlantic ridge [66]. In the atmosphere over the USA Virgin Islands,
the opportunistic pathogen Pseudomonas aeruginosa, which can cause fatal infections in burn patients,
has been isolated [26], whereas several pathogens have also been identified in the atmosphere of
Erdemli, Turkey [13] and Crete, Greece [44], during dust events. A detailed overview of studies
associated with desert dust transportation of microorganisms and their implication for human health has
been presented by Griffin, ef al. [13]. According to this review the microbiological research conducted
to date has identified a wide range of airborne pathogenic microorganisms that move great distances
through the atmosphere and thus more risk-oriented studies need to be conducted.

4. The Atmosphere as a Source of Beneficial Microbes in the View of Their Metabolic Activities

During the last decade scientists have discovered novel “extremophiles”, microorganisms capable of
living in seemingly intolerable environments, such as those with extreme acidity or alkalinity, high salt
concentrations, low oxygen levels, extreme temperatures (as low as —20 °C and as high as 300 °C), high
concentrations of heavy metals, and high pressure [67—70]. Considering the extremes of temperature
(both low and high), solar irradiation (especially the ultraviolet-UV portion of the spectrum) and
desiccation (drying in ambient air), as well as the presence of strong chemical oxidants (e.g., ozone,
hydroxyl and nitrate radicals), the earth’s atmosphere can be considered as an extreme environment
where microbes can reside [71]. However, according to Womack, et al. [2], the atmosphere is not the
most extreme microbial habitat. By several measures (pH, temperature, ultraviolet-UV radiation,
resource and water availability), the atmosphere appears to be less extreme than many other microbial
habitats that permits microbial residence and growth. Despite these conditions, biologists and microbial
ecologists have not yet conceived the atmosphere as a source of beneficial microbes by exploring their
metabolic properties either have assessed the biotechnological opportunities that may offer.

Although microorganisms can be found in the ambient air, it is still unclear whether these are
metabolically active or simply use the atmosphere as a path for the transportation of their live but
largely inactive cells and spores [l]. For microbial cells, the atmosphere is a very stressful
environment [17]. Low temperature is considered to be a limiting factor for cell activity in the air,
although some studies have demonstrated that bacterial activity can occur at subzero
temperatures [7,8,72]. Microbes are capable of adopting several survival mechanisms with their
genomes containing the directions for countless biochemical transformations. For instance, in cold
temperatures they can reduce their cell size and the thickness of their capsular polysaccharide by
changing their phospholipids composition or by creating microenvironments of ice crystals through
catalytic redox reactions [73]. In addition to temperature, other limiting factors constraining the
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survival of microbes in the atmosphere are the presence of oxidants and solar radiation.
However, microbial cells can reduce or trap radicals through the expression of specific enzymes
(e.g., superoxidase or peroxydases; [74]), whereas they can produce a diverse range of pigments
(e.g., carotenoids) that absorb from UV-B to red wavelengths, avoiding DNA damage [75]. The
majority of isolates from the atmosphere are usually bacteria of high guanine (G) and cytosine (C)
content DNA, which is more resistant to UV damage compared to low G/C content, and/or with
pigmented cell walls, which enhance their UV blocking capacity [76,77]. Air microbiota can also suffer
from dehydration and desiccation, but their incorporation into clouds and fog droplets can protect
them and sustain their viability and activity [78—80]. Viable bacteria, fungi and yeasts have been
observed in fogs, super-cooled cloud droplets, and snow samples [10,11,81]. For example,
Fuzzi, et al. [9] observed the presence of viable bacteria in fog droplets, whereas Sattler, et al. [11] collected
bacteria from cloud droplets and demonstrated their growth ability at low temperatures. Since cloud
droplets are a liquid solution which contains carbon and nitrogen sources, it could be a privileged
medium for microbial activity in the atmosphere [81].

In addition to their ability to survive in the extremes of cold, oxidants, irradiation and desiccation,
the presence of microorganisms in the atmosphere has many meteorological and climatic implications
through their impact on atmospheric chemistry and physics [14]. Bioaerosols in the troposphere may act
as efficient cloud condensation nuclei or ice nuclei thus affecting cloud formation and
evolution [82]. Knowledge of the nature and sources of ice nucleation in the atmosphere is important
for understanding the meteorological processes for precipitation [7,8]. The most widespread and
well-studied biological aerosols with ice-nucleating activity are comprised of certain species of
plant-associated bacteria (Pseudomonas syringae, Pseudomonas viridiflava, Pseudomonas fluorescens,
Pantoea agglomerans, and Xanthomonas campestris), but also fungi (e.g., Fusarium avenaceum) [7,8,83].
Air microorganisms are also suspected to play a role in the chemical composition of the atmosphere by
contributing to the degradation of organic compounds [84-86]. Very few research groups have
investigated so far the enzymatic potential of microorganisms isolated from the atmosphere to
biotransform organic compounds [81]. Both carboxylic acids and aldehydes exhibit high concentrations
in cloud waters that can reach values of more than 1 mg-L™' [87-89]. The chemistry of these soluble
organic compounds play a crucial role in the budget of volatile organic compounds in the troposphere
and in the budget of secondary organic aerosol particles, which is a major uncertainty in the assessment
of the role of aerosol particles in climate change [90]. The first study providing evidence for the
degradation capabilities of microorganisms in the atmosphere was the degradation of formic and acetic
acids by bacteria isolated from rainwater [91]. In 1990, Kawamura and Kaplan, suggested that the
observed losses of carboxylic acids in rainwater samples during storage experiments, was likely due to
microbial degradation processes [92]. In 2002, Ariya, et al. [85] provided strong evidence
that an important chemical group of organic aerosols, dicarboxylic acids, can be efficiently
transformed by airborne microbes existing in the boundary layer. In 2004, Ariya and
Amyot [14] investigated the potential role of microbes in controlling the physical and chemical
properties of atmospheric water forms via chemical transformation of organics. In latter studies, the
structure of the microbial community present in atmospheric water samples from clouds at the Puy de
Dome (altitude of 1465 m, France) was described and the metabolic potential of some bacteria was
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investigated by Amato, et al. [78,93]. In 2006, Durand, et al. [94] isolated from a cloud water sample
the first pure strain capable of rapidly degrading the herbicide mesotrione, while Amato, et al. [84] isolated a
large number of strains of different taxonomic groups from cloud water samples and demonstrated their
ability to degrade some of the main atmospheric carboxylic compounds: formate, acetate, lactate,
succinate, as well as formaldehyde and methanol. Recently, the biodegradation of the most abundant
atmospheric organic C; to C, compounds (formate, acetate, lactate, succinate) by five selected
representative microbial strains (three Pseudomonas strains, one Sphingomonas strain, and one yeast
strain) isolated from cloud water at the Puy de Dome was investigated [90,95]. According to this study,
the biological activity drives the oxidation of carbonaceous compounds during the night
(90% to 99%), while its contribution account for 2% to 37% of the reactivity during the day, competing
with photochemistry.

Overall, microorganisms are suspected to play multiple roles on atmospheric chemistry and physics
but the full extent of their impacts remains largely unknown. Moreover, microorganisms being able to
survive in the harsh conditions of the atmosphere may be equipped with special genetic features, which
under targeted research could be exploited for the benefit of our society.

5. Benefits of Air Microbiota to Biotechnology—A Metagenomic Approach

Metagenomics can be used to address the challenge of studying prokaryotes in the environment that
are, as yet, unculturable and which represent more than 99% of the organisms in some environments,
thus sidestepping the need for culturing or isolation [96]. This discipline builds on the successes of
culture-independent 16S rRNA gene surveys of environmental samples [97]. Direct cloning of DNA
from environmental samples makes it possible to avoid some of the biases of cultivation and polymerase
chain reaction (PCR). In addition, genomic fragments that are >100 kb long can be obtained, and
provide significant functional and taxonomic information about the organisms from which they were
derived. Until now, such metagenomic libraries have been used to identify novel genes from
uncultivated microbial species that are responsible for significant ecosystem processes such as
proteorhodopsin-based phototrophy [98,99], and viral activity [100] in the ocean. More importantly,
the resultant wealth of genes and molecular structures that can be deciphered from uncultured
microorganisms has tremendous potential in the development of novel biocatalysts for industrial and
medical applications [101,102].

In principle, any environment is amenable to metagenomic analysis provided that nucleic acids can be
extracted from sample matrix. To date, the largest metagenomic study is the Global Ocean Sampling
Expedition, which follows the voyage of Darwin’s ship HMS Beagle. Metagenomics is now also being
adopted in medicine. Of particular note is the Human Microbiome Project, which aims to map human-
associated microbial communities (including those of the gut, mouth, skin and
vagina) [103]. New powerful natural enzymes can be rapidly found through metagenomics, which is the
approach not only to analyze the phylogenetic and functional diversity of environmental samples, but
also to locate genes and operons encoding properties of biotechnological interests. Until now,
metagenomics has led to the discovery and characterization of a wide range and a remarkable number of
biocatalysts. This has been made possible because of the unlimited possibilities of prokaryotes to
survive, thrive and populate any extreme environment on earth [104]. By far, too many different
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biocatalysts have been detected such as a series of esterase or lipases, polysaccharide degrading
enzymes (e.g., amylases, cellulases), novel genes encoding the synthesis of vitamins such as biotin and
vitamin C, nitrilases, nitrile hydratases and amidases, oxidoreductases/dehydrogenases, proteases
(in detergens and food industry), antibiotics and pharmaceuticals [104]. Elegant examples of the biotech
applications of the metagenomic tool are the functional analysis of hindgut microbiota of a
wood-feeding higher termite [105] and worms [106], which provide potential sources of biochemical
catalysts for converting wood into biofuels.

To date, a total of 1057 metagenome projects [107] are currently prospecting microbial communities
for new genes but most of them are taking place in a wide range of extreme environments, such as
hydrothermal vents and hot springs as well as in other aquatic and soil ecosystems. Although, the
atmosphere is another environment, where diverse microbial populations can dwell, the ecologists and
biotechnologists have not sufficiently considered that as a microbiological habitat with potential
biotechnological applications. Relatively little is known about how microbes survive the stress of
becoming airborne, and whether are genetic contributors to aerosolization of airborne dissemination.
For this reason, it constitutes a novel, open arena of research and the application of metagenomics to air
microbial population offers an unconventional approach to unravel the magnitude of the microbial
metabolic capabilities of the atmospheric biomes. The first airborne metagenome was constructed in
2008 by Tringe, et al. [108] in one sample of urban indoor air, identifying genes potentially involved in
resistance to desiccation and oxidative damage, and demonstrating that air harbors a unique and
dynamic microbial community that may originate from a variety of niches. With the rapid progression of
technology, new and emerging tools, such as the metagenomic analysis of air microbial habitats should
greatly enhance our understanding of airborne microbial ecology and assess their biotechnological
opportunities.

6. Conclusions

The composition of microbial communities in the atmosphere is still not well-defined, and taxonomic
studies of bacterial diversity in the outdoor air have just started to emerge. More importantly, our
knowledge about the functional potential of air microbiota is scant [44,50]. This knowledge gap is due
to the poor integration of biotechnology with aerosol science and the traditional connection of
atmospheric sciences with chemical pollution problems [16]. In the present review we have shown that
air microbiota may be more important than previously recognized since their ubiquitous presence in the
atmosphere gives them the potential to spread and colonize ecosystems all over the world inducing
impacts to ecosystem and public health through pathogens dispersion. In addition, air microbiota
possessing the ability to survive in the extreme conditions of the atmospheric environment may be
equipped with special genetic features with potential biotechnological applications. Furthermore, they
can have many meteorological and climatic implications through their impact on atmospheric chemistry
and physics (e.g., degradation of organic compounds). For these reasons, new and advanced genomic
tools must be introduced in the field of Atmospheric Microbiology that will allow us to address the
fundamental questions “who is there?”, “what are they doing?”, and “how are they doing it?”. A series
of powerful molecular approaches can be profitably used to describe air microbial diversity and clarify
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whether air microorganisms are metabolically active or simply use the atmosphere as a route for the
transportation of their live but inactive cells.
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