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Abstract. Microorganisms are ubiquitous in the atmosphere,
and some airborne microbial cells were shown to be partic-
ularly resistant to atmospheric physical and chemical con-
ditions (e.g., ultraviolet — UV — radiation, desiccation and
the presence of radicals). In addition to surviving, some cul-
tivable microorganisms of airborne origin were shown to be
able to grow on atmospheric chemicals in laboratory ex-
periments. Metagenomic investigations have been used to
identify specific signatures of microbial functional poten-
tial in different ecosystems. We conducted a comparative
metagenomic study on the overall microbial functional po-
tential and specific metabolic and stress-related microbial
functions of atmospheric microorganisms in order to deter-
mine whether airborne microbial communities possess an
atmosphere-specific functional potential signature as com-
pared to other ecosystems (i.e., soil, sediment, snow, fe-
ces, surface seawater etc.). In the absence of a specific at-
mospheric signature, the atmospheric samples collected at
nine sites around the world were similar to their under-
lying ecosystems. In addition, atmospheric samples were
characterized by a relatively high proportion of fungi. The
higher proportion of sequences annotated as genes involved
in stress-related functions (i.e., functions related to the re-
sponse to desiccation, UV radiation, oxidative stress etc.) re-
sulted in part from the high concentrations of fungi that might
resist and survive atmospheric physical stress better than bac-
teria.

1 Introduction

Microorganisms are ubiquitous in the atmosphere and reach
concentrations of up to 10® microbial cells per cubic meter
of air (Tignat-Perrier et al., 2019). Due to their important
roles in public health and meteorological processes (Ariya
et al., 2009; Aylor, 2003; Brown and Hovmgller, 2002; De-
lort et al., 2010; Griffin, 2007), understanding how airborne
microbial communities are distributed over time and space
is critical. While the concentration and taxonomic diversity
of airborne microbial communities in the planetary bound-
ary layer have recently been described (Els et al., 2019; In-
nocente et al., 2017; Tignat-Perrier et al., 2019), the func-
tional potential of airborne microbial communities remains
unknown. Most studies have focused on laboratory cultiva-
tion to identify possible metabolic functions of microbial
strains of atmospheric origin, mainly from cloud water (Am-
ato et al., 2007; Ariya et al., 2002; Hill et al., 2007; Vaitilin-
gom et al., 2010, 2013). Given that cultivable organisms rep-
resent about 1% of the entire microbial community (Var-
toukian et al., 2010), culture-independent techniques and es-
pecially metagenomic studies applied to atmospheric micro-
biology have the potential to provide additional information
on the selection and genetic adaptation of airborne microor-
ganisms. However, to our knowledge, only five metagenomic
studies on airborne microbial communities at one or two spe-
cific sites per study exist (Aalismail et al., 2019; Amato et
al., 2019; Cao et al., 2014; Gusareva et al., 2019; Yooseph et
al., 2013). Metagenomic investigations of complex microbial
communities in many ecosystems (for example, soil, seawa-
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ter, lakes, feces and sludge) have provided evidence that mi-
croorganism functional signatures reflect the abiotic condi-
tions of their environment, with different relative abundances
of specific microbial functional classes (Delmont et al., 2011;
Li et al., 2019; Tringe et al., 2005; Xie et al., 2011). This
observed correlation of microbial-community functional po-
tential and the physical and chemical characteristics of their
environments could have resulted from genetic modifications
(microbial adaptation; Brune et al., 2000; Hindré et al., 2012;
Rey et al., 2016; Yooseph et al., 2010) and/or physical selec-
tion. The latter refers to the death of sensitive cells and the
survival of resistant or previously adapted cells. This physi-
cal selection can occur when microorganisms are exposed to
physiologically adverse conditions.

The presence of a specific microbial functional signature
in the atmosphere has not been investigated yet. Microbial
strains of airborne origin have been shown to survive and de-
velop under conditions typically found in cloud water (i.e.,
high concentrations of H>O;, typical cloud carbonaceous
sources, ultraviolet — UV —radiation etc.; Amato et al., 2007,
Joly et al., 2015; Vaitilingom et al., 2013). While atmospheric
chemicals might lead to some microbial adaptation, physical
and unfavorable conditions of the atmosphere such as UV ra-
diation, low water content and cold temperatures might select
which microorganisms can survive in the atmosphere. From
the pool of microbial cells being aerosolized from Earth’s
surfaces, these adverse conditions might act as a filter in se-
lecting cells already resistant to unfavorable physical con-
ditions. Fungal cells and especially fungal spores might be
particularly adapted to survive in the atmosphere due to their
innate resistance (Huang and Hull, 2017) and might behave
differently than bacterial cells. Still, the proportion and na-
ture (i.e., fungi versus bacteria) of microbial cells that are
resistant to the harsh atmospheric conditions within airborne
microbial communities are unknown.

Our objective was to determine whether airborne microor-
ganisms in the planetary boundary layer possess a specific
functional signature as compared to other ecosystems, since
this might indicate that microorganisms with specific func-
tions tend to be more aerosolized and/or undergo a higher
survival in this environment. Our previous study showed that
airborne microbial taxonomy mainly depends on the under-
lying ecosystems, indicating that the local environments are
the main source of airborne microorganisms (Tignat-Perrier
et al., 2019). Still, we do not know if airborne microbial
communities result from random or specific aerosolization
of the underlying ecosystems’ microorganisms. We used a
metagenomic approach to compare the differences and sim-
ilarities of both the overall functional potential and specific
microbial functions (metabolic and stress-related functions)
between microbial communities from the atmosphere and
other ecosystems (soil, sediment, surface seawater, river wa-
ter, snow, human feces, phyllosphere and hydrothermal vent).
We sampled airborne microbial communities at nine differ-
ent locations around the world during several weeks to get a
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global-scale view and to capture the between and within-site
variability in atmospheric microbial functional potential.

2 Material and methods
2.1 Sites and sampling

Air samples were collected at nine sites in 2016 and 2017.
Sites were characterized by different latitudes (from the Arc-
tic to sub-Antarctica; Fig. 1), elevations from sea level (from
59 to 5230 m; Fig. 1) and environment type (marine for Am-
sterdam Island or AMS; coastal for Cape Point or CAP; po-
lar for Station Nord or STN; and terrestrial for Grenoble or
GRE, Chacaltaya or CHC, Puy de Déme or PDD, Pic du Midi
or PDM, Storm Peak or STP, and Namco or NAM; Table S1).
The number of samples collected per site varied from 7
to 16 (Table S1). We collected particulate matter smaller than
10um (PM10) on quartz fiber filters (5.9 round filter and
8 x 10 rectangular types) using high-volume air samplers in-
stalled on rooftops or terraces (roughly 10 ma.g.1.). A Tisch
TE-5170V sampler, Digite]l DA77 and DA8O sampler, Chi-
nese 2131 Laowin sampler or custom-made sampler (i.e.,
high-volume pump connected to a Digitel PM10 head and
airflow meter) was used depending on the site (Table S1).
To avoid contamination, quartz fiber filters as well as all the
material in contact with the filters (i.e., filter holders, alu-
minum foils and plastic bags in which the filters were trans-
ported) were sterilized using strong heating (500 °C for 8 h)
and UV radiation, respectively, as detailed in Dommergue
et al. (2019). The collection time per sample lasted 1 week,
and the collected volumes ranged from 2000 to 10000 m?
after standardization using SATP standards (standard ambi-
ent pressure and temperature). Detailed sampling protocols
including negative control filters are presented in Dommer-
gue et al. (2019). The MODIS (Moderate Resolution Imag-
ing Spectroradiometer) land cover approach (5" x 5’ resolu-
tion; Friedl et al., 2002; Shannan et al., 2014) was used to
quantify landscapes in the 50 km diameter area of our nine
sampling sites (Fig. S1).

2.2 Molecular biology analyses
2.2.1 DNA extraction

DNA was extracted from three circular pieces (punches)
from the quartz fiber filters (diameter of one punch: 38 mm)
using the DNeasy PowerWater kit with some modifications
as detailed in Dommergue et al. (2019). During cell lysis,
the PowerBead tube containing the three punches and the
pre-heated lysis solution were heated at 65 °C for 1h after
a 10 min vortex treatment at maximum speed. We then sep-
arated the filter debris from the lysate by centrifugation at
1000 rcf (relative centrifugal force) for 4 min. From this step
on, we followed the DNeasy PowerWater protocol. We con-
ducted additional extractions on French agricultural soil sam-
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Figure 1. Sample collection locations. Map showing the geographical location and elevation from sea level of our nine sampling sites (in
yellow) and the geographical position where public metagenomes originate (in orange). Abbreviations of our nine sampling sites are indicated

in parentheses.

ples collected at La Cote-Saint-André (that is part of the sam-
ple collection locations). We used 250 mg of soil on which
the same DNA extraction methodology as for air samples
was applied. DNA concentration eluted in 100 uLL of buffer
was measured using the Qubit Fluorometric Quantification
kit (Thermo Fisher Scientific). DNA was stored at —20 °C.

2.2.2 16S and 18S rRNA gene qPCR (quantitative
polymerase chain reaction) analyses

The 16S and 18S rRNA gene copy numbers were calculated
per cubic meter of air (for air samples) and per gram of soil
(for soil samples). Standards, primers and methodology are
presented in Tignat-Perrier et al. (2019).

2.2.3 MiSeq Illumina metagenomic sequencing
Metagenomic library preparation. Metagenomic libraries
were prepared from 1 ng of DNA using the Nextera XT Li-
brary Prep Kit and indexes following the protocol in Illu-
mina’s reference guide for the Nextera XT DNA Library
Prep Kit with some modifications for samples with DNA
concentrations below 1ng as follows. The tagmented DNA
was amplified over 13 PCR cycles instead of 12 PCR cy-
cles, and the libraries (after indexing) were resuspended in
30 uL of RSB (resuspension buffer) buffer instead of 52.5 L.
Metagenomic sequencing was performed using the MiSeq
and V2 technology of Illumina with 2 x 250 cycles. At the
end of the sequencing, the adapter sequences were removed
by internal Illumina software.

Reads quality filtering. Reads 1 and 2 per sample were not
paired but merged in a common file before filtering them
based on read quality using the tool FASTX-Toolkit (http:
//hannonlab.cshl.edu/fastx_toolkit/, last access: April 2020)
using a minimum read quality of Q20, minimum read length
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of 120 bp (base pairs) and one maximum number of N per
read. Samples with less than 6000 filtered sequences were
removed from the dataset.

2.2.4 Downloading of public metagenomes

Public metagenomes were downloaded from the MGRAST
(Metagenomic Rapid Annotations using Subsystems Tech-
nology; Keegan et al., 2016) and SRA (Sequence Read
Archive; Leinonen et al., 2011; NCBI Resource Coordi-
nators, 2018) databases as quality-filtered read-containing
FASTA files and raw read-containing FASTQ files, respec-
tively. The FASTQ files containing raw reads underwent
the same quality filtering as our metagenomes (as dis-
cussed above). The list of the metagenomes, type of ecosys-
tem, number of sequences and sequencing technology (i.e.,
MiSeq, HiSeq or 454) are summarized in Table S2. The sam-
pling sites are positioned on the map in Fig. 1.

2.3 Data analyses

All graphical and multivariate statistical analyses were car-
ried out using the “vegan” (Oksanen et al., 2019), “gg-
plot2” (Hadley and Winston, 2019) and “reshape2” (Wick-
ham, 2017) packages in the R environment (version 3.5.1).

2.3.1 Annotation of the metagenomic reads

Firstly, to access the overall functional potential of each
sample, all the filtered sequences per sample were function-
ally annotated using DIAMOND (Buchfink et al., 2015) and
the nr (non-redundant) database; then the gene-annotated
sequences were grouped in the different SEED functional
classes (around 7000 functional classes, referred simply to
as functions) using MEGANG (Metagenome Analyzer; Hu-
son et al., 2016). Functional classes that were present <2

Biogeosciences, 17, 6081-6095, 2020
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times in a sample were removed from this sample. In parallel,
the Kraken software (Wood and Salzberg, 2014) was used to
retrieve the bacterial and fungal sequences separately from
the filtered sequences using the Kraken bacterial database
and FindFungi (Donovan et al., 2018) fungal database (both
databases included complete genomes), respectively (and us-
ing two different runs of Kraken). Separately, both the bac-
terial and fungal sequences were also functionally anno-
tated using DIAMOND and MEGANG6 (number of sequences
functionally annotated in Table S3).

Secondly, for specific metabolic and stress-related func-
tions, we annotated the sequences using eggNOG-Mapper
version 1 (DIAMOND option; Huerta-Cepas et al., 2017),
then examined specific GO (Gene Ontology; Gene Ontology
Consortium, 2019) terms chosen based on their importance
for microbial resistance to atmospheric-like conditions. The
different GO terms used were the following: GO:0042744
(hydrogen peroxide catabolic activity) and GO:0015049
(methane monooxygenase activity) as specific metabolic
functions and G0O:0043934 (sporulation), GO:0009650 (re-
sponse to UV), GO:0034599 (cell response to oxidative
stress) and GO:0009269 (response to desiccation) as stress-
related functions. The number of hits of each GO term was
normalized per 10000 annotated sequences and calculated
from all sequences, bacterial sequences and fungal sequences
for each sample. The ratio was given per 10000 annotated
sequences and not 100 annotated sequences to get hit num-
bers superior to 1. The number of sequences annotated by
eggNOG-Mapper was also evaluated (Table S3). The puta-
tive concentration of a specific function or functional class in
the samples is determined as the concentration of sequences
annotated as one of the functional proteins associated with
this function (or functional class).

2.3.2 Statistical analyses

Observed functional richness and evenness were calculated
per sample after rarefaction on all sequences (rarefaction
at 2000 sequences), bacterial sequences (rarefaction at 500
sequences) and fungal sequences (rarefaction at 500 se-
quences). Rarefaction was used only for the purpose of cal-
culating the diversity metrics (richness and evenness). For
the following analyses, no rarefaction was applied on the
number of reads per sample. The distribution of the samples
was analyzed based on the SEED functional classes (using
all sequences). PCoA (principle coordinate analysis) and hi-
erarchical clustering analysis (average method) were carried
out on the Bray—Curtis dissimilarity matrix based on the rel-
ative abundances of the different SEED functional classes.
SIMPER (similarity percentages) analyses were used to iden-
tify the functions responsible for the clustering of samples in
groups. Because of the non-normality of the data, Kruskal—
Wallis analyses (non-parametric version of ANOVA) and
Dunn’s post hoc tests were used to test the difference be-
tween the percentage of fungal sequences as well as the
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number of hits of each Gene Ontology term (normalized per
10000 annotated sequences) among the different sites and
the different ecosystems.

3 Results
3.1 Percentage of fungal sequences

The percentage of sequences annotated as belonging to fun-
gal genomes (or fungal sequences, as opposed to bacterial se-
quences) was on average higher in air samples compared to
soil (P < 10_5), snow (P = 10_3), seawater (P = 0.03) and
sediment samples (P = 1073; Fig. 2 and Table S4). Among
the air samples, NAM (19 %), STN (24 %) and CHC (27 %)
showed the lowest percentages of fungal sequences on aver-
age, while STP (88 %), GRE (79 %), AMS (71 %) and PDD
(62 %) showed the highest percentages. For the ecosystems
that were only represented by one sample and therefore were
not evaluated by the Kruskal-Wallis test, we observed av-
erage percentages of fungal reads of 3 % in feces, 9 % in
hydrothermal vents, 19 % in river water samples and 37 %
in the phyllosphere. Some samples from soil, sediments and
seawater such as French agricultural soil (61 %), Peruvian
sediments (53 %) and Celtic seawater (53 %) had relatively
high percentages of fungal sequences, while other samples
had less than 50 %. The approximated number of fungal and
bacterial cells in air and soil was also estimated using 16S
rRNA and 18S rRNA gene copy numbers per cubic meter
of air and gram of soil, respectively. Air samples showed ra-
tios between 16S and 18S rRNA gene copy numbers from
around 4.5 times up to 160 times lower than soil samples
(Table S4; some qPCR data have already been published in
Tignat-Perrier et al., 2020). The qPCR data were used to see
if similar results or the same trend of the estimated ratio be-
tween fungi and bacteria in air compared to the planetary-
bound ecosystems could be obtained from metagenomic data
and qPCR.

3.2 Airborne microbial functional profiles

The 50 most abundant SEED functional classes represented
in atmospheric samples are listed in Table S5. The 5-
FCL-like (5-formyltetrahydrofolate cyclo-ligase) protein, the
long-chain fatty acid CoA (coenzyme A) ligase and the
TonB-dependent receptor were the top three functions based
on number of annotated reads observed when including all
the sequences (Table S5). The atmospheric microbial func-
tional profiles based on the SEED functions were compared
between samples from the different weeks of sampling and
between different locations. The profiles were graphed using
PCo (principal coordinate) multivariate analysis to visualize
differences and similarities. The different samples (sampled
during sequential weeks) from the same site did not clus-
ter tightly together on the PCo multivariate analysis. In or-
der to incorporate weekly variation when comparing sites,

https://doi.org/10.5194/bg-17-6081-2020
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we used the microbial functional profile averaged per site in
the subsequent multivariate analyses performed with the data
from other ecosystems (Fig. 3). The PCo multivariate anal-
ysis showed that terrestrial atmospheric sites (GRE, NAM,
STP, PDD, PDM, CHC and New York) grouped with the soil,
sediment and snow samples, while the marine and coastal
atmospheric sites (AMS, CAP and San Diego) were situ-
ated between the datasets from soil, seawater and river water
(Fig. 3). The polar site STN did not group with the other sites.
When considering only the bacterial sequences (i.e., exclud-
ing the fungal sequences), the distribution of the terrestrial
atmospheric sites did not change, while the marine Amster-
dam Island, coastal Cape Point and polar Station Nord at-
mospheric sites were further from the seawater and river wa-
ter datasets than when the fungal sequences were included
(Fig. S2). The distribution of the different datasets underwent
further changes when considering only the fungal sequences.
We observed an absence of a clear separation between soil
and seawater, since they (for the majority) grouped closely
together, and terrestrial atmospheric datasets did not group
with the other non-atmospheric datasets from soil, sediment
and snow (Fig. S2).

https://doi.org/10.5194/bg-17-6081-2020

3.3 Airborne microbial functional richness and
evenness

Functional richness and evenness were evaluated using the
relative abundance of sequences in the different SEED cat-
egories. The average richness in SEED functional classes
(or functions) in the planetary boundary layer (PBL) was
lower than the average functional-class richness in soil, sur-
face seawater, hydrothermal vents, river water, phyllosphere
and feces (P < 0.05) (Table S3). Among the different atmo-
spheric samples, the functional-class richness was highest in
Beijing (4060 &£ 112 functional classes) and New York in-
door air samples (3302 £ 299 functional classes) (P < 0.05)
and lowest in Station Nord (956 4547 functional classes).
When looking at the bacteria-annotated sequences, almost
the same trend was observed; i.e., the functional-class rich-
ness in air was lower than in soil, hydrothermal vents, river
water, phyllosphere and feces and not different from the
other ecosystems (P < 0.05 and > 0.05, respectively) (Ta-
ble S3). The functional-class richness was higher in Bei-
jing (2835459 functional classes) and New York indoor
air samples (2183 % 387 functional classes) compared to the
other air samples, whose values ranged between 270 £ 197

Biogeosciences, 17, 6081-6095, 2020
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functional classes in Amsterdam Island and 11424461
functional classes in Chacaltaya. For fungal sequences, the
functional-class richness in the atmosphere was lower than
the functional-class richness in soil, surface seawater, feces,
hydrothermal vents, river water and phyllosphere (P < 0.05;
Table S3). Within air samples, the functional-class rich-
ness based on fungal sequences was higher in Beijing
(1129 £ 92 functional classes) and New York indoor air sam-
ples (687 206 functional classes) than in the other air sites
(P <1079), whose values ranged from 66+ 58 functional
classes in Amsterdam Island to 392 &+ 131 functional classes
in Storm Peak (Table S3). The functional-class evenness in
air was on average higher than in soil (P = 0.03), and not dif-
ferent to the functional-class evenness observed in the other
ecosystems (sediment, seawater and snow). When looking at
the bacterial and fungal sequences separately, the functional-
class evenness in air was on average higher than in soil, feces,
phyllosphere and river water (P < 0.05; Table S3).

3.4 Concentration of specific microbial functions that
might play a role under atmospheric conditions

Two metabolic functions associated with abundant atmo-
spheric chemicals (HO, and CHy4) were examined, hydro-
gen catabolism and methane monooxygenase activity. The
concentration of sequences annotated as hydrogen-peroxide-

Biogeosciences, 17, 6081-6095, 2020

catabolic-related functional proteins per 10000 sequences
varied between air sites (P =2 X 10_5), with the high-
est values for Amsterdam Island (27 1) and Grenoble
(27 £ 1; Fig. S3). It was on average higher in air compared
to soil (P = 10’4) and surface seawater (P = 10’4). The
French agricultural soil showed the highest relative abun-
dance (133 £4). When considering the fungal and bacterial
sequences separately, this concentration was not different be-
tween air and the other ecosystems (P> 0.05; Fig. S3). The
number of sequences annotated as methane-monooxygenase-
related functional proteins per 10 000 sequences was only de-
tectable when considering all the sequences (i.e., bacterial
and fungal sequences). The number of sequences annotated
as methane-monooxygenase-related functional proteins did
not vary between air sites (P> 0.05), while we observed a
high variability between sampling periods within sites, but on
average it was not different from the ecosystems (P> 0.05).

Different stress response functions (sporulation, UV re-
sponse, oxidative stress cell response, desiccation response,
chromosome plasmid partitioning protein ParA and lipoate
synthase) were examined. The concentration of sequences
annotated as sporulation-related functional proteins per
10000 annotated sequences largely varied between air sites
(P =2 x 107), with the lowest values observed for Station
Nord (7 £ 9), San Diego (9 & 6), Namco (17 & 15) and Cha-
caltaya (26 + 13) and the highest values observed for Storm

https://doi.org/10.5194/bg-17-6081-2020
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Peak (1204 18), Beijing (126 £22), Grenoble (131 £21)
and New York (141 -98; Fig. 4). It was on average higher in
air compared to soil (P < 1073 ), sediments (P < 1073 ) and
surface seawater (P = 4 x 10_4), although the Celtic seawa-
ter sample presented a very high concentration (127). Snow
showed a relatively high average concentration (i.e., 36)
which was not different from air concentration (P > 0.05).
For the ecosystems including one value (i.e., one sample,
so not integrated in the Kruskal-Wallis tests), feces showed
a relatively high concentration of sequences annotated as
sporulation-related functional proteins (i.e., 41), while the
hydrothermal vent, phyllosphere and river water showed rel-
atively low concentrations compared to air (< 10). When
considering the fungal sequences separately from the bacte-
rial sequences, the same trend was observed; i.e., the concen-
tration of sequences annotated as sporulation-related func-
tional proteins in air was on average higher compared to
soil (P < 10’5), sediments (P < 10’5) and surface seawa-
ter (P =7 x 107%) as well as the phyllosphere, hydrother-
mal vent and river water. The concentration was relatively
high in the Celtic seawater (186) and the snow samples
(163 £47). We also observed a large variability within air
sites (P =3 x 107°). When considering the bacterial se-
quences only, this concentration in air was on average higher
compared to soil (P = 0.02), sediments (P =4 x 10_3) and
snow (P =0.01) and showed a smaller variability between
air sites. Two samples, the phyllosphere (i.e., 35) and the
shrubland soil from Sudan (i.e., 32), showed high numbers
of sequences annotated as sporulation-related functional pro-
teins per 10000 annotated sequences (Fig. 4).

The concentration of sequences annotated as UV-
response-related functional proteins per 10 000 annotated se-
quences varied between air sites (P = 10_5), with values
ranging from 16 +2 in Namco and 194+4 in STN to 29 £+3
in Storm Peak and 36 £6 in Amsterdam Island (Fig. S4).
The concentration was on average higher in air compared
to sediments (P < 10_5) and soil (P < 10_5) and compa-
rable to snow and surface seawater (P> 0.05). The other
ecosystems showed lower ratios (feces and phyllosphere) or
comparable concentrations (hydrothermal vent and river wa-
ter) compared to air. Within the soil samples, the French
agricultural soil samples showed a high average concentra-
tion (56 &£ 8), which increased the average ratio observed in
soil samples. When considering fungal sequences separately,
the concentration of sequences annotated as UV-response-
related functional proteins was higher in air compared to
soil (P =9 x 10~*) and comparable to the other ecosystems
(P> 0.05). When considering the bacterial sequences only,
this concentration in air was on average higher compared to
seawater (P =3 x 1073) and sediments (P = 6 x 107%).

The concentration of sequences annotated as oxidative-
stress-cell-response-related functional proteins per 10000
annotated sequences varied largely between air sites (P =
5% 10_7), with the lowest values observed for Station Nord
(23 +£5), San Diego (11 £ 3) and Namco (28 = 10) and the
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highest values observed for Storm Peak (105 + 16), Ams-
terdam Island (108 £ 16) and Grenoble (119 £ 19; Fig. 5).
The concentration was on average higher in air compared
to soil (P < 10_5), sediments (P < 10_5) and surface sea-
water (P =2 x 1073). Snow showed a relatively high aver-
age value (46 £ 11), not different from air (P> 0.05). The
other ecosystems (feces, river water, hydrothermal vent and
phyllosphere) showed lower ratios compared to air. When
considering fungal sequences separately, the concentration
of sequences annotated as oxidative-stress-related functional
proteins per 10000 sequences was on average higher in air
compared to soil (P < 1079), sediments (P < 10~>) and sur-
face seawater (P = 1073). Feces showed a very high av-
erage value (2237). When considering bacterial sequences
separately, this concentration was not different between air
and the other ecosystems (P> 0.05). When considering both
fungal and bacterial sequences separately, the variability in
the concentration of sequences annotated as oxidative-stress-
cell-response-related functional proteins between air sites di-
minished, and their difference was not detected anymore
(P> 0.05).

The concentration of sequences annotated as desiccation-
response-related functional proteins per 10000 sequences
varied between air sites (P =2 x 1073 ), with the highest val-
ues in Grenoble (4 £ 1), Storm Peak (4 + 1) and Amsterdam
Island (3 4= 3) and the lowest values in Station Nord (0.5 £ 1)
and San Diego (0.1 £0.1; Fig. S4). It was on average higher
in air compared to the other ecosystems (P =4 x 1077).
Still Svalbard snow and French agricultural soil showed high
values (2+ 1 and 3 % 1, respectively; Fig. S4). When con-
sidering fungal sequences only, the concentration in air was
higher compared to soil (P> 1079), sediments (P> 1072)
and surface seawater (P = 1073). No difference between
the ecosystems was observed when considering bacterial se-
quences separately (P = 0.62).

Two proteins (lipoate synthase and chromosome plasmid
partitioning protein ParA) related to stress response showed
high relative concentrations in bacterial sequences of a few
air samples compared to the other ecosystems (Fig. S3), al-
though the number of sequences related to these proteins was
on average not higher in the atmosphere than other ecosys-
tems (P> 0.05).

4 Discussion

Metagenomic investigations of different ecosystems revealed
a specific functional potential signature of their associated
microbial communities (Delmont et al., 2011; Tringe et al.,
2005). These specific signatures are thought to result from
microbial adaptation and/or physical selection to the envi-
ronmental abiotic conditions (Hindré et al., 2012; Li et al.,
2019; Rey et al., 2016) and are a reflection of the high relative
abundances of genes coding for specific functions essential
for microorganisms to survive and develop in these environ-
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Figure 4. Proportion of sequences annotated as sporulation-related functional proteins in the metagenomes. Average number of sequences
annotated as proteins implicated in sporulation per 10 000 annotated sequences from (a) all sequences, (b) fungal sequences and (c) bacterial
sequences per site. Colors indicate the ecosystems to which the sites belong. For the sites including several metagenomes, the standard
deviation was added.
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Figure 5. Proportion of sequences as oxidative-stress-cell-response-related functional proteins in the metagenomes. Average number of
sequences annotated as proteins implicated in oxidative stress cell response per 10000 annotated sequences from (a) all sequences, (b)
fungal sequences and (c) bacterial sequences per site. Colors indicate the ecosystems in which the sites belong to. For the sites including
several metagenomes, the standard deviation was added.
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ments. For example, microbial metagenomes of human feces
were characterized by high relative abundances of sequences
annotated as beta-glucosidases that are associated with high
intestinal concentrations of complex glycosides, and micro-
bial metagenomes of oceans were enriched in sequences an-
notated as enzymes catalyzing DMSP (dimethylsulfoniopro-
pionate), i.e., an organosulfur compound produced by phyto-
plankton (Delmont et al., 2011). Our results showed a clear
separation between surface seawater, river water, human fe-
ces and almost all the soil samples (which grouped with
the sediment and snow samples at the scale used here) on
the PCo analysis based on the microbial functional poten-
tial (Fig. 3). For air microbiomes, the PCo analyses showed
that the individual air samples did not group for each site
and that they did not form a cluster separated from the other
ecosystems based on the overall microbial functional poten-
tial averaged per site (Fig. 3). Air samples seemed to group
with their underlying ecosystems (Fig. S1). While terres-
trial air samples (GRE, NAM, CHC, STP, PDD and PDM)
grouped with snow, soil and sediment samples, the marine
(Amsterdam Island), coastal (Cape Point) and Arctic (Sta-
tion Nord) air samples were closer to surface seawater and
river water samples. Airborne microbial functional poten-
tial (and especially metabolic functional potential as SEED
functional classes included mainly metabolic functions and
few stress-response-related functions) might be dependent on
the ecosystems from which microorganisms are aerosolized.
Moreover, it seems that bacterial sequences are mainly re-
sponsible for the distribution of the samples on the PCo anal-
ysis (as observed when comparing the PCoA to that carried
out with the fungal sequences only), although they were in
smaller numbers compared to fungal sequences for many of
the air samples (i.e., STP, GRE, AMS, PDD, CAP, Beijing
etc.). The low statistical weight of fungal sequences relative
to the overall sequences might be related to their low richness
in terms of functional genes that might have resulted in the
spreading of the samples on the PCoA based on the fungal
sequences (Table S3).

Metagenomes extracted from atmospheric samples taken
around the planet were characterized by a relatively high per-
centage of fungal sequences as compared to other ecosys-
tems, even though bacterial sequences still dominated. This
percentage varied across the different sites with a higher
percentage at terrestrial sites whose surrounding landscapes
were vegetated like Grenoble (GRE), Puy de Déme (PDD)
and Pic du Midi (PDM) (surrounding landscapes in Fig. S1).
This percentage was also relatively high at the marine site
Amsterdam Island (AMS), where fungi might come from
the ocean and/or the vegetated surfaces of the small island.
A high percentage of fungal sequences was also reported
for air samples from Beijing, New York and San Diego
and validates our DNA extraction method setup specifically
for quartz fiber filters (Dommergue et al., 2019). Similarly,
the sequencing technology (Illumina MiSeq) could not have
been responsible for the larger percentage of fungal se-
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quences observed in our datasets, as the Beijing, New York
and San Diego air sample datasets originated from Illumina
HiSeq and 454 sequencing technology, respectively. gPCR
results on the 16S rRNA gene (bacterial-cell concentration
estimation) and on the 18S rRNA gene (fungal-cell concen-
tration estimation) on our air samples in comparison to agri-
cultural soil samples evidenced that the ratio between fun-
gal and bacterial cell number might be much higher (from
4.5 to 160 times higher for the most vegetated site, Greno-
ble) in air than in soil (Table S4; see Tignat-Perrier et al.,
2020, for more qPCR data on air samples). The ratio be-
tween fungal and bacterial cell number might be higher in
the planetary boundary layer (PBL) than in other environ-
ments like soil (Malik et al., 2016) and thus would explain the
relatively higher percentage of fungal sequences observed in
air metagenomes. High-throughput sequencing allows for the
sequencing of a small part of the metagenomic DNA (with
large fungal genomes likely to be sequenced first) and might
explain why the values of the ratio between 16S and 18S
rRNA gene copy numbers obtained by qPCR do not match
exactly those obtained by the metagenomic sequencing ap-
proach, while they show the same trend. Our study is one of
the very few metagenomic investigations of the air environ-
ment existing so far. Further studies are needed to confirm
our results based on a limited number of sequences per sam-
ple.

Fungi in the atmosphere are expected to be found mostly
as fungal spores. While some spore and hyphae concentra-
tions have been measured in air (Després et al., 2012), the rel-
ative concentration of fungal spores and fungal hyphae frag-
ments and their temporal dynamics at the same site remain
unknown. Our results showed that the number of sporulation-
related functions was higher in air than the other ecosystems
(with the exception of snow and phyllosphere). While fun-
gal hyphae are not expected to be particularly resistant to
extreme conditions such as UV radiation, fungal spores are
specifically produced to resist and survive overall adverse at-
mospheric conditions (Huang and Hull, 2017). Their thick
membrane and dehydrated nature make them particularly re-
sistant to abiotic atmospheric conditions such as UV radi-
ation, oxidative stress, desiccation and osmotic stress. Fig-
ure 6 presents a conceptual model that could explain the
higher ratio between fungi and bacteria observed in air. Dur-
ing aerosolization and aerial transport, bacteria and fungi
might be under stress and might undergo a physical selec-
tion with the survival of the most resistant cells to the ad-
verse atmospheric conditions (i.e., UV radiation, desiccation
etc.) and the death of non-resistant cells. As fungi (and es-
pecially fungal spores) might be naturally more resistant and
adapted to atmospheric conditions than bacteria, we expect
a larger decline of bacterial cells compared to fungal cells
and spores in air. This might have as a consequence an in-
crease in the ratio between fungi and bacteria compared to
their non-atmospheric origins (i.e., the surrounding ecosys-
tems; Fig. 6).
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Figure 6. Microbial cell loss due to atmospheric physical stress.
Conceptual model of the microbial cell loss occurring during the
aerosolization and aerial transport steps due to physical selection.
The thickness of the arrows represents the impact of the physi-
cal selection on both bacterial and fungal cell loss (the more mi-
crobial cells survive the physical selection, the thicker the arrow
becomes). Approximate ratios are indicative and result from 16S
rRNA and 18S rRNA gene qPCR data on La Cote-Saint-André soil
samples (crop soil, France) and Puy de Dome air samples (France;
Puy de Déme landscape is mainly composed of croplands as shown
in Fig. S1).

The high variability between the air sites and between air
samples of the same site could be explained by the variabil-
ity in the inputs from the different surrounding landscapes.
Our previous paper showed that local inputs were the main
sources of microorganisms in the planetary boundary layer
and that local meteorology (especially the wind direction)
had a major impact on the temporal variability of airborne
microbial communities by affecting which of the different
local sources were upwind (Tignat-Perrier et al., 2019). Our
results did not show a specific (metabolic) functional poten-
tial signature for the atmosphere, which was rather mainly
driven by the surrounding landscapes. Our results are con-
sistent with both a pre-metabolic adaptation of airborne mi-
croorganisms to the chemicals of the sources (i.e., surround-
ing landscapes) and a potential metabolic adaptation to these
chemicals in the atmosphere.

Atmospheric chemistry is dependent on the underlying
ecosystem chemistry, since the main sources of atmospheric
chemicals are Earth surface emissions. Yet, the oxidizing
conditions of the atmosphere might lead to rapid transforma-
tions of atmospheric chemicals by photochemical reactions.
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These specific atmospheric chemical reactions (i.e., photo-
chemical) produce species which, with the gases like CHy,
characterize the atmosphere (O3, H,O;, OH etc.). Although
some microbial strains of cloud water origin have been
shown to metabolize and grow on culture medium in the pres-
ence of HyO, (Vaitilingom et al., 2013), radical species and
their precursors are reactive compounds and might not eas-
ily serve as energy and carbon sources for microorganisms
(Imlay, 2013). Our results on specific metabolic-related func-
tions showed that functions related to methane monooxy-
genase activity (CH4 degradation) and hydrogen peroxide
catabolism (H,O; degradation) were present in air but not
in higher proportion than in other ecosystems (Fig. S3).
Reactive compounds can cause oxidative stress to airborne
microorganisms. In association with adverse physical con-
ditions like UV radiation and desiccation, oxidative com-
pounds might create more of a physical stress than pro-
vide a new metabolic source for airborne microorganisms.
Laboratory investigations of cultivable microorganisms of
an airborne origin showed the presence of particularly re-
sistant strains under stressful conditions similar to the at-
mospheric ones (i.e., similar UV radiation levels and dif-
ferent oxidative conditions; Joly et al., 2015; Yang et al.,
2008). However, no study has shown whether these appar-
ently adapted cells represented the majority of airborne mi-
croorganisms. Since the overall SEED functional classes in-
cluded mainly metabolic functions, specific stress-related
functions using GO (Gene Ontology) terms were also evalu-
ated. We observed that on average, air showed more stress-
related functions (UV response, desiccation and oxidative-
stress-response-related functions) than the other ecosystems
due to the higher concentration of fungi (relative to bacte-
ria) in air. Thus, when the annotated sequences were sep-
arated between sequences belonging to fungal and bacte-
rial genomes, the bacterial and fungal sequences from air
samples did not show a significantly higher concentration
of stress-related functions compared to the samples coming
from other ecosystems (Figs. 4, 5 and S4).

Fungal genomes are expected to carry genes associated
with global stress-related functions (i.e., UV radiation, des-
iccation and oxidative stress) because of the innate resistance
of fungi especially fungal spores. These genes associated
with global stress-related functions are likely acquired dur-
ing sporulation formation and certainly do not result from
adaptation of fungi in air. When studying genes coding more
specific proteins that are not associated with spore resistance,
such as lipoate synthase and chromosome plasmid partition-
ing protein ParA, which might play a role in oxidative stress
(Allary et al., 2007; Bunik, 2003) and are more generally
found in stress resistance and adaptability of microorganisms
(Shoeb et al., 2012; Zhang et al., 2018), they were occa-
sionally found in relatively high concentrations in air sam-
ples (Fig. S3). The detection of metagenomic sequences an-
notated as genes coding specific proteins in air samples re-
mains difficult because of the low microbial biomass recov-
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ered. That is why we examined the presence and concen-
tration of global functions (i.e., UV-protection-related func-
tions, oxidative-stress-response-related functions etc.) rather
than specific functional genes.

The constant and large input of microbial cells to the plan-
etary boundary layer and their relatively short residence time
(a few hours to a few days based on a model assuming that
microbial cells behave like non-biological aerosols; Jaenicke,
1980) might have hindered the observation of the potential
adaptation (physical selection and/or microbial adaptation)
of airborne microorganisms to the stressful atmospheric con-
ditions and to the atmospheric chemicals as discussed above.
This issue might be addressed by investigating microbial
functional potential in the free troposphere (preferentially
high enough above the ground so as not to be influenced by
the surface) where the microbial fluxes are smaller than in
the planetary boundary layer and where microbial airborne
residence time might last much longer than in the planetary
boundary layer. This troposphere approach might help in de-
termining the role of stress in the atmosphere and validate
our conceptual model on the physical stress of microbial cells
taking place during aerosolization and aerial transport select-
ing the resistant cells (Fig. 6). Another explanation might be
due to the metagenomic approach that allows for sampling
both living and dead cells. Aerosolization has been shown to
be particularly stressful and even lethal for microorganisms
(Alsved et al., 2018; Thomas et al., 2011). The functional po-
tential from the dead cells in air might have a greater weight
on the overall functional potential observed and lead to the
dilution of the functional potential of the actual living cells
that have adapted to atmospheric conditions. This might ap-
ply for both the overall functional potential discussed previ-
ously and the stress-related functions.

5 Conclusions

We conducted the first global comparative metagenomic
analysis to characterize the microbial functional potential
signature in the planetary boundary layer. Air samples
showed no specific signature of microbial functional poten-
tial which was mainly correlated to the surrounding land-
scapes. However, air samples were characterized by a rel-
atively high percentage of fungal sequences compared to
the source ecosystems (soil, surface seawater etc.). The
relatively higher concentrations of fungi in air drove the
higher proportions of stress-related functions observed in air
metagenomes. Fungal cells and specifically fungal spores are
innately resistant entities well adapted to atmospheric con-
ditions and which might survive better aerosolization and
aerial transport than bacterial cells. Stress-related functions
were present in airborne bacteria but rarely in higher con-
centrations compared to the bacterial communities in other
ecosystems. However, the constant flux of microbial cells to
the planetary boundary layer might have complicated the de-
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termination of a physical selection and/or microbial adapta-
tion of airborne microorganisms, especially bacterial com-
munities. Meta-omics investigations on air with a deeper se-
quencing are needed to confirm our results and explore the
functionality of atmospheric microorganisms further.
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