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ABSTRACT This brief review focuses on the properties of bioaerosols, presenting some recent results of
metagenomic studies of the air microbiome performed using next-generation sequencing. The taxonom-
ic composition and structure of the bioaerosol microbiome may display diurnal and seasonal dynamics and
be dependent on meteorological events such as dust storms, showers, fogs, etc., as well as air pollution. The
Proteobacteria and Ascomycota members are common dominants in bioaerosols in different troposphere lay-
ers. The microbiological composition of the lower troposphere air affects the composition and diversity of the
indoor bioaerosol microbiome, and information about the latter is very important, especially during exacer-
bated epidemiological situations. Few studies focusing on the bioaerosol microbiome of the air above Russia

urge intensification of such research.
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INTRODUCTION

Microorganisms are found ubiquitously in the envi-
ronment and play a crucial role in almost all ecosys-
tems [1]. Since many pathogens spread through the
airborne route, including the SARS-CoV-2 coronavi-
rus that has caused the current COVID-19 pandemic,
it is especially relevant to study, monitor, and control
the composition of outdoor and indoor air [2, 3]. Much
data have been gained about the correlation between
outdoor air pollution and the more severe course of
COVID-19: for example, in India, a lower mortality
rate from COVID-19 was observed in cities with bet-
ter air quality [4]. We would like to emphasize that
the term “bioaerosol” covers a broad range of particu-
late organic matter contained in the atmosphere, orig-
inating from various living and dead organisms [5].
Along with particulate matter of microbial, plant, or
animal origin, bioaerosols usually also contain a broad
range of antigenic compounds, microbial toxins, and
viruses [6, 7]. Understanding the processes of bioaer-
osol formation, their distribution patterns, migration,
structure, etc., especially under the harsh conditions
of the upper atmosphere, is required for many fun-
damental and applied scientific disciplines [8], such as
physics, chemistry, meteorology, and atmospheric hy-
drology; research into the content of allergy-inducing
particles and microorganisms pathogenic to humans,
farm animals, and plants; as well as aerobiology, bio-
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geography, biodiversity, and general ecology. The key
trends in bioaerosol research include (a) assessment
of their sources and flows, (b) spatial distribution and
its changes over time, (c) aging of biological particles,
(d) metabolic activity, (e) urbanization of allergies, (f)
pathogen transport, and (g) the impact on climate [8].

This review aims to briefly describe the bioaero-
sol microbiota, with special focus placed on the mi-
crobiome composition and structure. Air is an ex-
tremely dynamic (and, therefore, very challenging)
environment for collecting and analyzing bioaerosol
samples, identifying the aerosolization sources and
transport pathways, so the methodological aspects of
sample collection are undoubtedly of great signifi-
cance for data interpretation and comparison. The
microbiome analysis techniques are also very impor-
tant. Nevertheless, since these two trends are rather
extensive, we will touch upon them only briefly in
this review.

THE MAIN PROPERTIES OF BIOAEROSOLS
Bioaerosols are an important component of atmos-
pheric aerosols. Calculations show that bioaerosols ac-
count for 10-28 vol.% [9] and 16—-80 wt.% of all the
particulate matter found in the air [1].

The airborne transmission of microorganisms is
ubiquitous, being an essential part of the life cycle
for some of them [10]. Various natural sources such as
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soil, forests, deserts, oceans, seas, etc. [11], as well as
anthropogenic ones (agriculture, food industry, land-
fills, etc.), contribute to bioaerosol formation (Fig. 1)
[6, 11, 12].

Once microorganisms get into the atmosphere (i.e,
are aerosolized), they are much more likely to be ex-
posed to the stress caused by drying, UV radiation,
low temperatures, low carbon content, and low ener-
gy compared to their natural habitats (the sources of
aerosol): so, many microorganisms may die [13].

The size of bioaerosol particles varies from 3 nm
[14] to 100 um, depending on their source: the di-
ameter of pollen is 17-58 pm; that of fungal spores,
1-30 pm; the diameter of bacterial cells usual-
ly is 0.25—8 pm [15]; and that of viruses, < 0.3 pm.
Meanwhile, the biological material does not necessar-
ily consist of individual particles: most bacteria are
associated with particles with a diameter > 2 um [16,
17], 2—3 pm [18], and 3—4 pum [19, 20]. In some cases,
bacteria were found to be characterized by a bimodal
bioaerosol particle size distribution with the peaks at
1-2 ym and 4-7 pm [21]. Bacteria can also occur as
cell agglomerates or be associated with plant, animal,
or soil particles, as well as pollen or spores. Airborne
bacterial cells and fungal spores can have concentra-
tions as high as ~ 10*+10* and ~10° per m? [17, 21] and
be found at altitudes up to 40 km above sea level;
i.e., up in the stratosphere [22]. In the near-surface
layer of the troposphere, the concentration of bacte-
rial particles capable of forming colonies on labora-
tory culture media ranged from 65 to 355 CFU/m? in
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urban areas in southern Poland [19] and from 300 to
1350 CFU/m? in urban and rural areas in Thailand
[18]. In the latter case, the number of CFUs decreased
rapidly with altitude (twofold when proceeding from
1-3 m to 7 m above ground level). Laboratory culti-
vation revealed that spore-forming bacteria Bacilli/
Firmicutes were significantly dominant in the near-
surface and higher layers (several thousand meters)
of the troposphere over the south of West Siberia [23,
24], while non-spore-forming bacteria were dominant
over the northern part of this region [25].

Bioaerosol distribution in the air depends on the
particular season [19, 26]. Thus, the concentration of
bacterial cells in the air of the coastal region of China
determined microscopically was higher in winter than
in summer [21]. The bioaerosol load with pathogenic
microbiota can vary greatly depending on the time of
year: in South Asia, the pathogen content was found
to substantially rise during the post-monsoon season
and winter. Significant diurnal variation in bioaerosol
composition was also detected [26].

Temperature and ultraviolet radiation are the most
statistically significant meteorological factors respon-
sible for the viability of airborne bacteria [19, 21]. The
aerosol load with biota and their behavior in the en-
vironment largely depend on air pollution (haze, fog,
dust, and various macroparticles), including pollution
from transportation and biomass burning [26]. The pro-
portion of viable bacteria in the total pool depends on
the degree of pollution [15]. The bioaerosol composition
can vary depending on specific, random meteorological
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conditions: for example, dust storms strongly increased
the concentration of microorganisms in bioaerosols [16],
and different bioaerosol components vary in different
ways depending on meteorological conditions.

The data obtained so far indicate that bioaerosols
play an important role [6, 11, 27—28] in the physical
and chemical processes occurring in the atmosphere
[1, 29]. It was shown that bioaerosols can bind to sur-
rounding particles, thus influencing atmospheric pro-
cesses by acting as condensation nuclei in clouds and
initiating precipitation [10, 30—-31]. Thus, it was found
that biological particles act as nuclei for snow and
cloud formation in 33% of cases [32].

Along with having an impact on weather phenom-
ena, bioaerosols also affect human health [33], since
they may contain pathogenic or opportunistic bacteria,
fungi, viruses, high-molecular-weight allergens, bac-
terial endotoxins, mycotoxins, peptidoglycans, (3(1-3)-
glycans, pollen, and plant fibers [6]. First, the unfavor-
able effects of bioaerosols on human health manifest
themselves as respiratory symptoms. Thus, there is a
strong correlation between the increased outdoor air
pollen concentration in spring and summer and asth-
ma exacerbation in children [34]. An association was
found between the content of fungal spores in the air
and the number of patients with asthma symptoms
requesting medical assistance [35]. The endotoxin of
bacterial bioaerosols is considered an important etio-
logical factor of occupational lung diseases, includ-
ing non-allergic asthma [6]. Escherichia coli isolates,
which are commonly used as water quality indicators,
have also been found in atmospheric dust [36].

AEROSOL SAMPLE COLLECTION

Aerosol sample collection is based on various physical
approaches to separating particles from the air flow
[37]. But the general idea is to pump air through a
filter or a fluid medium, entrapping aerosol particles
[38]. Techniques allowing one to separate particles
according to their size during sample collection have
recently started to appear [39]. They are particularly
relevant for aerovirology: over the past decade, there
has been intense research into the methods that can
be used to collect indoor aerosol samples to moni-
tor the effects of human breathing. In general, the
instrumental options of aerosol collection have not
been standardized yet and vary widely but the gener-
al principle of how they operate remains unchanged.

METAGENOMIC SEQUENCING

The current research into the taxonomic diversity of
the microbiota in bioaerosols relies on the approach-
es employing next-generation sequencing. Total DNA
is extracted from the total pool of microorganisms
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trapped in a filter or a liquid medium and further
used in a metagenomic analysis. As such methods are
being developed, it has become possible to identify
the unculturable microorganisms that are the major
component of the aerial biome [40]. The metagenomic
findings obtained thus far have shown that the dom-
inant species of microorganisms identified using this
technique differ from those identified by conventional
culturing methods [41], since > 99% of the microor-
ganisms detected in the air cannot be grown under
laboratory conditions [26]. The term “microbiome” has
been coined and has become widely used; the follow-
ing definition was provided in the Microbiome journal:
“This term refers to the entire habitat, including the
microorganisms (bacteria, archaea, lower and higher
eukaryotes, and viruses), their genomes (i.e., genes),
and the surrounding environmental conditions” [42].
However, in publications using the term “microbiome”
in their titles or keywords, there is often a mismatch
with this definition, since most studies focus on a sin-
gle group (viruses, bacteria, fungi, or plants), or, in the
best-case scenario, on a combination of two groups.
Without going deep into the reasons for this state of
affairs, in this review we only mention this fact and
emphasize that when further using the term “micro-
biome,” we mean the bacterial or fungal components
of the microbiome or their combination, in line with
the authors of the cited studies.

Hence, one can find a large number of publications
related to research into the microbiomes in all types
of natural objects, such as hot springs, lakes, seas,
soil, the endogenous microbiota of organisms, etc. [43—
46]; however, catastrophically few publications have
focused on the metagenomic analysis of bioaerosols
[47-52].

Metagenomic sequencing can be convenient-
ly divided into two global directions: whole-genome
metagenomic analysis and targeted sequencing (me-
tabarcoding). In the former case, the entire DNA iso-
lated from the sample is read, which allows one to
talk about the taxonomic diversity, while on the other
hand offering an opportunity to analyze its function-
al properties. However, the cost of the metagenomic
approach is surely higher [48, 53] than that of me-
tabarcoding, which is based on analyzing the highly
conserved marker genes such as 16S (bacteria and ar-
chaea), ITS (fungi and plants), rbcL (plants), 18S (var-
ious eukaryotes), etc. [64—55]. Meanwhile, efficiency in
taxonomic identification depends directly on the num-
ber of verified sequences in the specialized databases
being used. Today, the most comprehensive databases
are those for prokaryotes (16S) and fungi (ITS).

The exceptionally low content of microorganisms
in the air, along with the significant variation in the
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composition of microbial ensembles, poses a serious
problem in analyzing the biodiversity, the function
spectrum, and metabolic activity of bioaerosol micro-
biota [56]. We would like to emphasize that studies of
this type are a fundamental basis for identifying as-
pects of human—nature interactions, and in particular
those related to the routes of disease transmission and
potential impact on human health [57]. Nevertheless,
only sporadic results of the metagenomic analysis of
bioaerosols have been reported in Russia [58].

Bacterial microbiome in bioaerosols

In the near-surface layers of the atmosphere, bacte-
ria constitute a significant portion of bioaerosols: for
example, in the Colorado mountains (USA), the av-
erage bacteria content among aerosol particles sized
> 0.5 pm was 22% [47].

Aerosol bacteria can have a significant impact on
the atmospheric chemistry, thus affecting human
health [15]. For example, high air pollution levels can
greatly alter the structure of the bacterial microbiome
in humans [59]. On foggy days in Beijing, the con-
tents of pathogenic Halomonas and Shewanella bacte-
ria were found to increase [60], especially in autumn
and early winter.

Metagenomic sequencing has revealed that the
bacterial microbiome in bioaerosols is substantially
biodiverse [61]. For example, 38 bacterial taxa were
identified in the near-surface layers of the tropo-
sphere in urban areas [41]. Most studies demonstrated
that Proteobacteria, Firmicutes, and Actinobacteria
are the major phyla in the bacterial microbiome of
the lower [41, 62—63] and upper troposphere [50,
64—65]. Meanwhile, in the lower troposphere in ur-
ban areas, Firmicutes can make a significant contri-
bution (20-30%), while such phyla as Cyanobacteria,
Bacteroidetes, Chloroflexi, Acidobacteria, and
Deinococcus-Thermus are the minor phyla (1-5%
of the relative content of nucleotide sequences).
However, other studies showed a high proportion of
the Bacteroidetes phylum members in bioaerosols in
the air above Japan after dust storms in Asia [17, 66],
as well as in the air above eastern Australia [67]. The
composition of the bacterial microbiome in the upper
troposphere above the Noto Peninsula in Japan was
quite specific, where it was demonstrated (although
using fluorescence in situ hybridization) that 80% of
all eubacteria on mineral aerosol particles were rep-
resented by Bacillus subtilis belonging to the phylum
Firmicutes [68].

Various weather events have a significant impact
on the composition and structure of the bacterial mi-
crobiome of bioaerosols. For example, the long-dis-
tance transport of dust particles aerosolized during

dust storms by air currents over seas and continents
is an important mechanism for the introduction of
various microorganisms into local ecosystems [69].
Thus, storms in the Sahara Desert cause the pen-
etration of dust particles into the atmosphere, which
are then transported to Europe together with air
masses; in particular, this leads to their accumula-
tion in the Alpine snow at an altitude of > 3,000 m
above sea level [70]. Bioindicators of dust particles
transferred from Algeria were members of the phyla
Gemmatimonadetes and Deinococcus-Thermus [70],
which are known to occur in dry oligotrophic habitats
with relatively high levels of solar radiation; it allows
them to survive during the transfer, while maintain-
ing their metabolic activity. Very small quantities of
pathogenic bacteria can be transferred with dust par-
ticles over very long distances [70]. The human body
surface is a more plausible (compared to other bio-
topes) source of pathogenic bacteria in the air [71].
It was revealed that there is a clear dependence be-
tween the structure and composition of the bacterial
microbiome at an altitude of 10 m above ground lev-
el (an island and a peninsula in East Asia) and dust
storms in Central Asia [69]. Meanwhile, dust particles
act as ice nucleation centers [72]. Precipitation is an-
other important mechanism of transferring microor-
ganisms from the upper to the lower troposphere, as
well as to the terrestrial surface [73]. This study has
shown that the composition of the bacterial microbi-
ome in precipitation (a) corresponded to the bioaerosol
sources along the transfer route and (b) exhibited an
obvious seasonal dynamics when the relative abun-
dance of prevailing Proteobacteria decreased from
summer to winter.

It is noteworthy that, as opposed to the mycobiome,
whose indoor composition depended on its outdoor
composition and was independent of people’s activity
indoors, the indoor biodiversity of the bacterial mi-
crobiome was dependent both on the outdoor bacte-
rial microbiome [65] and on people’s activity indoors
[41]. However, outdoor air pollution may not affect
the biodiversity of bacterial and archaeal ensembles
in indoor bioaerosols, as it was shown in a study con-
ducted in Beijing [74]. This indicates that there are
different mechanisms of formation and dynamics of
different microbiome components, which should be
borne in mind when planning observational experi-
ments.

Cyanobacteria, which cause various health prob-
lems when they are inhaled, may contribute substan-
tially to the total load with airborne particles [75].
Picocyanobacteria were recently detected in the near-
surface atmospheric layers above land or water bodies
in Greenland and Antarctica [76], where soil and wa-
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ter aerosolization is the leading mechanism of aerosol
formation. Their transfer by wind is considered to be
the main source of Cyanobacteria in air.

A meta-analysis of the results of 42 studies, cover-
ing more than 3,000 bioaerosol samples, revealed in-
creased bacterial diversity, and relative abundance of
pathogens in the samples associated with anthropo-
genic activity at collection sites [71].

Mycobiome of bioaerosols

Aerosol mycobiomes vary greatly; however, at
the phylum level, Basidiomycota and Ascomycota
are the major components of the mycobiome in
both the near-surface and higher troposphere lay-
ers (they can switch places in terms of dominance).
Thus, the members of the phylum Ascomycota were
dominant (more than two-thirds) in the near-sur-
face air layer in the Colorado mountains at an alti-
tude of > 3,000 m above sea level [77], as well as
in the near-surface air layers in Kuwait at a signif-
icantly lower altitude [78]. Other researchers, how-
ever, revealed that the phylum Basidiomycota was
dominant (> 60%) [41, 63, 79], while the phylum
Ascomycota accounted for about one-third of the
fungal sequences. Interestingly, the proportion of
members of the phylum Ascomycota (Cladosporium
and Alternaria) resistant to atmospheric stress in-
creased with altitude (500-800 m vs. 5—10 m) over
the Gobi and the Taklimakan Deserts [80], which are
the key suppliers of dust particles to the Asian at-
mosphere. In the near-surface air above a 3,043-m
high mountain in Austria, members of the phylum
Basidiomycota (Agaricomycetes) were dominant, fol-
lowed by members of the phylum Ascomycota such as
Dothideomycetes, Saccharomycetes, Sordariomycetes,
Leotiomycetes, and Eurotiomycetes [64]. Ascomycetes,
members of the family Davidiellaceae, accounted for
25% of the mycobiome in the direction from north-
eastern China towards Japan [81]. However, a re-
cent study addressing fungal biodiversity in aerosols
over Antarctica detected no members of this family
among the dominant families of the mycobiome [82].
The fungus Alternaria, belonging to Pleosporaceae/
Pleosporales/Dothideomycetes/Ascomycota, is often
identified among the major dominant fungal species
of surface air layers both in urban areas (Nanjing,
Beijing, and Seoul) and under natural conditions
(the desert in Kuwait) [41, 78, 83]. The cultivated
fungal genera Alternaria, Aspergillus, Penicillium,
Cladosporium, etc., which are well-known as the ma-
jor components of aerosol mycobiota [84], may account
for < 12% of the total number of marker nucleotide
sequences in the metagenomic approach [41]. It should
be borne in mind, however, that the relative content
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of Alternaria in the air can vary greatly (from 10 to
40%) over both rural and urban areas depending on
the year [85]. A relationship between the mycobiome
composition of near-surface aerosols and the vege-
tation type and condition (humidity of leaves) was
revealed in the same study. Some papers describe a
quite unexpected mycobiome composition (i.e., the one
significantly differing from the data reported in oth-
er studies). Thus, the sequences of the genus Candida
(Saccharomycetales/Saccharomycetes/Ascomycota)
were shown to account for 54% of the mycobiome of
the lower troposphere [81]. As for the near-surface
layer, it was revealed in the same study [81] that the
mycobiome consisted exclusively of Aspergillus spp.
(Aspergillus/Aspergillaceae/Eurotiales/Eurotiomycetes/
Ascomycota). It is obvious that the composition of
indoor bioaerosols largely depends on that of the
near-surface atmospheric outdoor air, being especially
true for the mycobiome whose composition depended
on that of outdoor bioaerosols and was virtually inde-
pendent of human activity, as has been demonstrated
in a study of indoor air in kindergartens conducted
in Korea [41]. The diversity of the indoor mycobiome
may depend on outdoor air pollution, as was shown in
a study conducted in Beijing [74]. Similar to the bac-
terial microbiome, the mycobiome composition may
vary depending on particular meteorological events:
for example, the content of fungi belonging to the
class Agaricomycetes/Basidiomycota [86], which re-
lease vast quantities of spores into the atmosphere af-
ter rains, increased significantly after a rain over the
arid area of the Mediterranean.

CONCLUSIONS

Hence, the bioaerosol microbiome is a highly dynamic
system. Variation in the microbiome composition and
structure depends on a vast array of factors. Many of
them mediate, disguise, or interfere with each other,
thus preventing one from identifying unambiguous
spatial and temporal regularities. Transfer of micro-
organisms over long distances by air currents in the
upper troposphere has a crucial impact on the compo-
sition of the lower layers that humans are directly in
contact with. This can be of great importance in terms
of the transmission routes of certain diseases and the
potential effect on human health, especially in the con-
text of world population growth and environmental
pollution. Therefore, the pressing need for strength-
ening Russia’s position in terms of research and moni-
toring of airspace (and the microbiological components
of bioaerosols in particular) cannot be overestimated. @

This work was supported by the Russian Foundation
for Basic Research (project No. 19-05-50032).
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