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Highlights

-Airborne microbial communities showed a seasonal shift at the puy de D6me elevated site
-Dominant microbial taxa showed different trends throughout the year

-Summer results in higher concentrations of plant-associated microbes in the air

-Winter results in higher concentrations of soil and dead material-associated microbes

-Seasonal changes in the underlying ecosystems likely drive microbial seasonal shift

Abstract
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Microorganisms are ubiquitous in the atmosphere. Global investigations on the geographical
and temporal distribution of airborne microbial communities are critical for identifying the
sources and the factors shaping airborne communities. At mid-latitude sites, a seasonal shift in
both the concentration and diversity of airborne microbial communities has been
systematically observed in the planetary boundary layer. While the factors suspected of
affecting this seasonal change were hypothesized (e.g., changes in the surface conditions,
meteorological parameters and global air circulation), our understanding on how these factors
influence the temporal variation of airborne microbial communities, especially at the
microbial taxon level, remains limited. Here, we investigated the distribution of both airborne
bacterial and fungal communities on a weekly basis over more than one year at the mid-
latitude and continental site of puy de Dome (France; +1465 m altitude above sea level). The
seasonal shift in microbial community structure was likely correlated to the seasonal changes
in the characteristics of puy de Dome’s landscape (croplands and natural vegetation). The
airborne microbial taxa that were the most affected by seasonal changes trended differently
throughout the seasons in relation with their trophic mode. In addition, the windy and variable
local meteorological conditions found at puy de DOome were likely responsible for the

intraseasonal variability observed in the composition of airborne microbial communities.

Keywords: atmospheric microorganisms, bioaerosols, planetary boundary layer, amplicon

sequencing, biosphere-atmosphere interactions

Introduction
Thousands to millions of diverse microbial cells per cubic meter of air are transported among
aerosols with their diversity shown to depend on geographic location® and time of year?.

These microorganisms might be active, since some airborne microbial isolates were shown in
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laboratory studies to sustain metabolic activity using organic acids found in the atmosphere®™.
Understanding the global distribution of airborne microbial communities is critical for
determining how airborne microorganisms might influence atmospheric chemistry®,
meteorological processes such as cloud and precipitation formation®, as well as human and
crop health’. Recent large geographical and spatial investigations highlighted the major
contribution of the local landscapes and local environmental factors in the observed
distribution of airborne microbial communities in the planetary boundary layer'®. The
composition of airborne microbial communities is closely related to the nature of the
surrounding landscapes (ocean, agricultural soil, forest etc.) from which local meteorology
(especially wind direction and speed) controls microbial cell emission rates'. Studies on
airborne microbial communities at mid-latitude sites (aerosol-, cloud water- and precipitation-
associated microorganisms) reported seasonal changes in both microbial biomass and
biodiversity>® 3. The seasonal variability was associated to changes in surface conditions***,
meteorological conditions®® and/or changes in the global air circulation®*®. Yet, our
understanding on how these potential factors impact airborne microbial community
composition, and more specifically the microbial taxa individually, remains limited. Here, we
investigated the distribution of airborne microbial communities and specific microbial taxa at
the mid-latitude and continental site of puy de Déme (France; +1465 m altitude above sea
level). We monitored the diversity and abundance of bacterial and fungal communities in the
troposphere on a weekly basis for more than a year (June 2016 to August 2017). These
microbial community metrics were evaluated in relation to the local meteorology and
particulate matter chemical composition, and puy de Dome local landscape was evaluated
based on the MODIS satellite images. While a number of studies focusing on microorganisms

3,4,14-17

in clouds has been carried out at puy de Déme , o investigation was conducted in the

dry troposphere and at such a high temporal resolution. Puy de Dome is surrounded mainly by
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croplands and vegetation (i.e. > 80% of the surrounding landscapes in a perimeter of 50 km)
whose surface characteristics change drastically over the four different seasons (summer,
autumn, winter and spring). These seasonal changes in landscape were related to the temporal

variability of airborne microbial community composition at the microbial taxon level.

Material and Methods

Sites and Sampling

A size selective high volume air sampler installed at the puy de Dome (PDD) meteorological
station terrace was used to collect particulate matter on quartz fiber filters every week from
June 2016 to August 2017 (Table S1). The sampler was equipped with a PM10 size-selective
inlet in order to collect particulate matter smaller than 10 um (PM10) and sampling was done
as presented in Dommergue et al. (2019)*. Overall, the dataset was composed of fifty-three
samples with an average normalized collected volume of 9100 m® (Table S1). Quartz fiber
filters were heated to 500°C for 8 hours to remove traces of organic carbon including DNA.
All the material including the filter holders, aluminium foils and plastic bags in which the
filters were transported were sterilized using UV radiation as detailed in Dommergue et al.,
(2019)'®. A series of field and transportation blank filters were carried out to monitor the
quality of the sampling protocol as presented in Dommergue et al. (2019)*®. PDD is a mid-
altitude (+ 1465 m) site surrounded by croplands, an urban area (Clermont-Ferrand) and
forests within a 50 km perimeter (Fig. 1). Monthly NASA satellite images of puy de Déme

surrounding surfaces (https://wvs.earthdata.nasa.gov/) are shown in Fig. S1. The Atlantic

coast and Mediterranean Sea are at around 320 km and 240 km from PDD, respectively.


https://wvs.earthdata.nasa.gov/
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Fig. 1. Geographical location and landscape of the sampling site. Map showing the
location of the puy de Dome mountain in France and relative surfaces types surrounding the
site in a perimeter of 50 km based on the MODIS satellite images. Cropland and vegetation
areas comprise > 80% of the surrounding landscapes, while forest and urban areas (mainly

Clermont-Ferrand) comprise < 20% of the surrounding landscapes.

DNA extraction

We extracted DNA from 3 punches (diameter of one punch: 38 mm) from the quartz fiber
filters using the DNeasy PowerWater kit with some modifications as detailed in Dommergue
et al. (2019)*. During cell lysis, an one hour heating step at 65°C followed by a 10-min
vortex treatment at maximum speed and a centrifugation using a syringe to separate the filter
debris from the lysate were added to the DNeasy PowerWater DNA extraction protocol®.
DNA concentration was measured using the High Sensitive Qubit Fluorometric

Quantification (Thermo Fisher Scientific) then stored at -20°C.

Real-Time gPCR analyses
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The bacterial cell concentration was approximated by the number of 16S rRNA gene copies
per cubic meter of air and the fungal cell concentration was approximated by the number of
18S rRNA gene copies per cubic meter of air. Primers and methodology are presented in

Tignat-Perrier et al. (2019)".

MiSeq Illumina amplicon sequencing

16S rRNA gene sequencing: library preparation, reads quality filtering and taxonomic
annotation. The V3-V4 region of the 16S rRNA gene was amplified and libraries were
prepared as presented in Tignat-Perrier et al. (2019)*. The amplicons were sequenced by
paired-end MiSeq sequencing using the V3 Illumina technology with 2 x 250 cycles. Reads
were filtered based on quality using FASTX-Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/), assembled using PANDAseq™, and annotated using
RDP Classifier?® and the RDP 16srRNA database as detailed in Tignat-Perrier et al. (2019).
RDP classifier was used in part to avoid errors due to sequence clustering. The number of
sequences per sample and the percentage of sequences annotated at the genus level were
evaluated using a home-made R script. The sequences annotated as chloroplasts by RDP were
manually removed.

ITS rRNA gene sequencing: library preparation, reads quality filtering and taxonomic
annotation. The ITS2 region of the ITS was amplified libraries were prepared as presented in
Tignat-Perrier et al. (2019)". The amplicons were sequenced by a paired-end MiSeq
sequencing using the technology V2 of Illumina with 2 x 250 cycles. Reads were filtered
based on quality using FASTX-Toolkit, assembled using PANDAseq, and annotated at the

species level*

using RDP Classifier and the RDP fungallsu database as detailed in Tignat-
Perrier et al. (2019)". The number of sequences per sample and the percentage of sequences

annotated at the species level were evaluated using a home-made R script.
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The number of reads per sample and per sequencing (V3-V4 regions of the 16S rRNA gene
and the ITS2 region of the ITS) is presented in the Table S1. Samples with less than 6000
reads were removed. Samples from the same season were pooled and rarefaction curves per

season were done (Fig. S2).

Estimation of the trophic mode of the fungal species

We used the FUNGuild software® to assign the trophic mode of the fungal species (RDP
classifier based annotation). Fungal species annotated to a trophic mode with the level
confidence “Possible” were grouped in the “not classified” fungi. Then, we calculated the
percentage represented by each trophic mode per sample. Heatmaps were done using the R

package gplots.

Chemical analyses

The elemental carbon (EC), organic carbon (OC), sugar anhydrides and alcohols
(levoglucosan, mannosan, galactosan, inositol, glycerol, erythriol, xylitol, arabitol, sorbitol,
mannitol, trehalose, rhamnose, glucose, fructose and sucrose), soluble anions (MSA, SO,%,
NOs, CI', Ox) and cations (Na*, NH,*, K*, Mg?*, Ca®") concentrations were analyzed as

presented in Dommergue et al. (2019)*®,

Meteorological data

Meteorological parameters such as wind speed and direction, temperature, relative humidity
and UV were collected (Vaisala instrument). For each sample, the backtrajectories of the air
masses were calculated over 3 days before the sampling using HYSPLIT? (maximum height

above ground level: 1 km).
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Graphical and Statistical analyses

Environmental variables. For chemical species, air concentrations in ng per cubic meter of air
were used in the analyses. The chemical table was log10-transformed to approach a Gaussian
distribution (verified on a Q-Q plot and tested using the Shapiro-Wilk test), and a hierarchical
cluster analysis (average method) was done on the Euclidean distance matrix using the vegan
and ade4 R packages. Meteorological data were used to do the wind roses using the openair R
package®®. Backtrajectories of the air masses over three days were plotted on maps using the
openair R package, and the relative surfaces of the landscapes (MODIS land surfaces) air
masses over flown were calculated.

Diversity statistics and Multivariate analyses. Before doing the multivariate analyses, the raw
abundances of the taxa (bacterial genera and fungal species) were transformed into relative
abundances to counter the heterogeneity in the number of sequences per sample. A
hierarchical cluster analysis (average metric) on the Bray-Curtis dissimilarity matrix was done
using the vegan and ade4 R packages®™. We have defined the seasons as following: we
adjusted the beginning and ending administrative dates of the seasons (i.e. summer: 20" of
June to 22" of September; autumn: 23" of September to 21" of December; winter: 22" of
December to 19" of March; spring: 20™ of March to 19" of June) based on the weekly mean
temperature (Fig. S3). France goes through a cycle of four strong seasons characterized by
distinctive weather: the summer is characterized by higher temperatures, a longer daylight
period and the period of fructification of fruiting plants; the autumn is the harvest period of
most annual crops and a preparation period for dormancy; winter is characterized by the
lowest temperatures, frequent precipitation (rain and snow) and high air humidity; and finally
the spring is characterized by milder weather, snow melting, budding and flowering. To
access the variability of microbial population structure within the seasons, we averaged the

degrees of dissimilarity obtained from the Bray-Curtis matrix for each pair of samples from
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the same season, subtracted these values from 1 to get similarity values and divided the
similarity values by the standard deviation (as detailed in Tignat-Perrier et al., 2019%).
Spearman correlations were calculated to test the correlation between microbial abundance
and richness and quantitative environmental factors using the Hmisc R package?®®. ANOVA
analyses were used to test the influence of qualitative factors such as season and year on both
bacterial and fungal abundance and richness using the vegan R package, followed by
TukeyHSD tests to identify which group revealed a significantly different mean. A distance-
based redundancy analysis (RDA — linear or non-linear correlation) was carried out to
evaluate the part of the variance between the samples explained by the seasons, chemistry
and/or meteorology, and an ANOVA was carried out to test each variable using the vegan and
ade4 R packages. Venn diagrams using the R package VennDiagram were done to access the
shared and unique bacterial genera and fungal species from each season after rarefaction on
the raw abundances (rarefaction at the minimum number of reads). A Mantel test between the
Bray-Curtis matrices based on the bacterial genera and fungal species was used to evaluate
similarities in the distribution of the samples. A Mantel test was done between the Bray-Curtis
matrix based on either the bacterial or the fungal diversity and the Euclidean distance matrix
based on the chemical variables or meteorology to evaluate the similarities in the distribution

of the samples.

Results
Temporal distribution of airborne microbial communities

Airborne bacterial and fungal concentrations (estimated by
the number of 16S rRNA and 18S rRNA gene copies) were positively correlated (r=0.77,

pvalue=7.9x10™) and varied between 1.8x10° and 2.1x10’ cells per cubic meter of air and 3
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and 1.0x10° cells per cubic meter of air, respectively. Neither bacteria nor fungal abundance
significantly varied with season (pvalues=0.20 and 0.38, respectively), but the highest
concentrations observed occurred in spring and summer for both bacteria and fungi (Table 1

and Fig. S4).

Table 1. Microbial concentration and richness estimations depending on the season.
Concentrations of bacterial and fungal ribosomal gene copies and associated richness (number
of bacterial genera and fungal species) averaged for each season and relative standard
deviation. Reference letters indicate the group membership based on Tukey’s HSD post hoc
tests (done only for the estimated bacterial richness as the ANOVA showed differences

between the groups).

Averagg bacterial Average fungal Average Chaol bacterial Average Chaol fungal

Season concentration (number concentration (number richness estimation richness estimation
of 165 rRNA gene of 185 rRNA gene (estimated number of (estimated number of

. 3 .. . 3 .. . .
copies/m’ of air) copies/m’ of air) bacterial genera) fungal species)

. 6 6 3 4 2 9 ab 2 1

PDD spring 2.7x10 +/-6.2X10  4.6X10 +/- 1.1X10 4.8X10 +/- 1.4X10 4.7X10 +/-9.8X10
PDD 5 6 4 4 2 2a 2 2

- 2 - 0 a - 4 -

summer  8:5%X10 +/-1.8X10  1.6X10 +/-2.8X10 6.1X10 +/-1.5X10 4.6X10 +/-1.9%X10
PDD 5 5 3 3 2 2t 2 2

autumn 2.2X10 +/-4.0X10  38.2X10 +/-4.6X10 4.8X10 +/-1.2%X10 3.6X10 +/-1.9%X10

. 5 5 2 2 2 20 2 2

PDD winter 36x10 +/-9.0x10  7.4X10 +/-9.4X10 3.9X10 +/- 1.4%X10 3.0X10 +/-1.8%X10

The observed richness varied between 150 and 674 genera of
bacteria, and 84 and 649 species of fungi. The estimated richness (Chaol) varied between 234
and 897 bacterial genera and 97 and 820 fungal species. The estimated bacterial richness was
higher in summer compared to winter and autumn (pvalue=4.5x10"*; Table 1). The estimated

fungal richness also was highest in summer, while not significant due to relatively higher

10
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variability (pvalue=0.18; Table 1). A rough correlation was found between the estimated
richness estimations and concentration estimations for both bacteria and fungi (r=0.41,
pvalue=3.0x107 and r=0.50, pvalue=4.6x10", respectively).

Consistently with highest richness, summer had the highest percentage of unique bacterial
genera (16% or 198/1239 of the genera in summer were only present in this season), followed
by autumn (4.5% or 39/873), spring (4.4% or 42/953) and winter (4.3% or 37/864) (Fig. S5).
This was also observed for unique fungal species with the highest percentage observed in
summer (28.4% or 457/1606), followed by autumn (17.4% or 191/1097), spring (14.4% or
172/1196) and winter (8% or 63/786) (Fig. S5). The majority of the bacterial genera and
fungal species observed was present throughout the year, (i.e. they were shared by all the
seasons; Fig. S5).

The five most abundant bacterial genera were Bacillus (15.6% in average) (Firmicutes),
Hymenobacter (9.2%) (Bacteroidetes), Sphingomonas (7.4%) (Alphaproteobacteria),
Methylobacterium  (5.1%) (Alphaproteobacteria) and  Thermoactinomyces (4.6%)
(Firmicutes). Their relative abundance varied over the year: Bacillus was abundant throughout
the year and dominated the community from summer to spring, while Hymenobacter
increased in autumn and winter (19.2% and 13.9% respectively). The twenty-five most
abundant bacterial genera and fungal species observed in each season are listed in Table S2.
In fungi, the five most abundant species were Pseudotaeniolina globosa (11.5% in average),
Cladophialophora proteae (7.9%), Alternaria sp. BMP_2012 (4%), Cladophialophora
minutissima (4%) and Naevala minutissima (3.1%). Similar to bacteria, their relative
abundance varied seasonally: Cladophialophora proteae represented 13.3% of the community
in winter and only 0.3% in summer, when Alternaria dominated (10.8%); autumn was

dominated by Pseudotaeniolina globosa and Cladophialophora proteae (16.4% and 15.6%,

11
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respectively), while Naevala minutissima was detected only in spring and summer,
dominating in spring (10.1%).

The hierarchical cluster analyses of the samples based on both
the bacterial (genus level) and fungal (species level) community structures are shown in Fig.
2; these were highly similar (r=0.50 and pvalue<0.001). The samples tended to group by
season (anosim r=0.30 and r=0.49 with pvalues=0.001 for bacterial and for fungal
communities, respectively; Fig. 2) with season explaining 17% and 22% of the variability in
the community structures, respectively (pvalues=0.001). The distribution of the summer
samples based on fungal species was different between 2016 and 2017 (pvalue=0.001). The
intraseasonal variability in community structure was greatest in spring and smallest in
summer for bacteria and conversely greatest in autumn and smallest in winter for fungi
(Table S3). The relative abundances of fungal saprotrophs and symbiotrophs (like Balospora
myosura, Strobilurus albipilatus, Pseudotaeniolina globosa) (Fig. 3) were greater in autumn
and winter than during the rest of the year (pvalue=4.3x10™ and 0.5 for saprotrophs and
symbiotrophs, respectively). The relative abundance of fungal pathotrophs was greater in the
spring and summer periods (pvalue=0.51 — Fig. 3). Examples of phytopathogens increasing in
relative abundance during the summer and/or spring are Mycosphaerella graminicola (wheat
plant pathogen — Fig. S6), Microdochium majus (cereal pathogen — Fig. S6), Blumeria
graminis (powdery mildew pathogen — Fig. S6), Ustilago hordei (maize pathogen — Fig. S6),
Botryotinia fuckeliana (gray mold disease) and Erysiphe alphitoides (powdery mildew on oak
trees). However, the number of fungal species associated to pathogenic and saprophytic
trophic modes was greatest in spring and summer, whereas symbiotrophs were mostly found

in summer and autumn (Table S4).
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Fig. 3. Distribution of the trophic modes of the fungal species identified. Each fungal
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species detected was associated to either a specific trophic mode, different trophic modes or
no trophic mode (« noClass ») using the FUNGuild software, then the proportions of species

belonging to each trophic mode were summed.

When looking at the fifty most abundant bacterial genera and fungal species of the dataset that
mainly controlled the distribution of the samples based on the microbial community structure
(they represented 79.6% or 881898 sequences/1107323 and 71.8% or 367440
sequences/511738 of all the bacterial and fungal sequences, respectively), we observed three
different patterns in the temporal variation of their relative abundance (Fig. 4 and 5). The
period during which the relative abundance increased varied in length and depended on the
microorganism. First, some taxa were mostly abundant during the cold period of the year:
20% (10/50) of the bacterial genera and 34% (17/50) of the fungal species showed a higher
relative abundance in winter and/or autumn compared to the other seasons. This was the case
with Hymenobacter and Pseudotaeniolina proteae for example, whose relative abundances
suddenly increased between November 2016 and February 2017, and between October 2016

and April 2017, respectively (Fig. 4a). Fungal taxa belonging to this group were almost

14



313

314

315

316

317

318

319

320

321

322

exclusively saprotroph and/or pathotroph (Table S5). Second, some taxa were mostly
abundant during summer and/or spring: 42% (21/50) of the bacterial genera and 46% (23/50)
of the fungal species. For example, Sphingomonas and Alternaria sp. BMP_2012 relative
abundances started to decrease in late summer/early autumn and increased again in the late
spring (Fig. 4b). Fungal taxa belonging to this group were pathotroph, symbiotroph or
saprotroph (Table S5). Finally, some taxa had no clear pattern in their relative abundance (i.e.
stable or randomly variable over the year): 38% (19/50) of the bacterial genera and 20%
(10/50) of the fungal species (e.g., Bacillus and Phaeosphaeria herpotrichoides) (Fig. 4c).

Fungal taxa belonging to this group were mostly saprotroph (Table S5).
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324
325  Fig. 4. Temporal evolution of the relative abundance of several fungal species and

326  bacterial genera among the airborne communities over the year.

327 a) Higher relative abundance in autumn and winter: examples of the fungal species
328 Cladophialophora proteae (right y scale) and the bacterial genus Hymenobacter (left y
329 scale);
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333
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338

b) Higher relative abundance in spring and summer: examples of the fungal species

Alternaria sp. BMP 2012 (right y scale) and the bacterial genus Sphingomonas (left y

scale);

c) No trend of the relative abundance over the year: examples of the fungal species

Phaeosphaeria herpotrichoides (right y scale) and the bacterial genus Bacillus (left y

scale).

17



339

340

341

342

343

Color Key
and Histogram

T 1 T
-6 -4 -2 0 2 4
Column Z-Score

Increase in
autumn and/or
winter

Increase in
spring and/or =

summer

No visible
pattern: stable or
randomly
variable

Color Key
and Histogr:

2000

cont
1000

2 1 1 1
6 4 -2 0 2 B ]
Column Z-Score

Increase in
autumn and/or
winter

Increase in
spring and/or -
summer

No visible
pattern: stable or
randomly
variable

Summer Autumn  Winter Spring Summer

- e TR

- . - 1= - -. -. LI
- - I L - - . .

Summer Autumn  Winter Spring Summer
| |
L} L - -
e BN O
=
=
=
-

—-— - I~
- = - -
- -
=
-
- - -
=1
- ]

L e e e e e
RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR
8555 R8RRBBB 200 T NN NN NBRIIIINGLLBRRREEE5RER
RIBI‘;’IRI 8IEI’:| z‘l BI zlal 8| (:l ?_’lgl g| El aIR| BI :lg|&|a| ?’_ISI 8Izlsl ‘zl ?_'I ngl :I z| 8|EI :I &Iglgl 5:‘l nglglgl EI
ooc0oo0o00000000000000000000000C0O000C000000000O0C0OOC0O0OO
R R PR R R R PR R R R R R R R R R R RRRRRRRRRRRRRRRRRRRERRR

sample

vosi
lavibacter
Gemmatimonas
radyrhizobium
Solisacillus
adobacter
Brevundimonas
3aaillus
Spor

Domisadiius
Nocardicides

Pranyicbactsriom

Gaiella

Bpeydotasniclina globosa
jadophisiophiors piotane
Iadopn u lopt hou muruxmma

3
Sio)
gmbu Tadiats
Hyp! bodontis slutaris
03,
Ziiernats 30 BMP 2012
EZ""’" ia fuctelisha
R2avals miuigsineg
Epicoccum sp JJP_2009a

w.muhrg D\m
et

QMM NNOSU!
ITOWI Ildull
‘orula caligens

Fig. 5. Temporal evolution of the relative abundances of the dominant microbial taxa.

Heatmaps showing the temporal evolution of the relative abundances (centered and scaled) of

the fifty most abundant bacterial genera (a.) and fungal species (b.) in the dataset. The

microbial taxa are grouped based on the three general trends exemplified in Fig. 4.
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Atmospheric PM10 chemistry

The hierarchical cluster analysis of the samples based on the PM10 chemical profile is shown
in Fig. S7. Chemical concentrations varied significantly with season (pvalues<0.05) for all the
compounds measured except CI, NOz, NH;" and rhamnose (pvalues>0.05) (Table S6).
Seasons explained 38% of the variance in the distribution of the samples based on the
chemical composition (pvalue=0.001). When looking at the weekly variation of the
concentrations of the different compounds, we observed general trends of seasonal variations
(as observed for microbial communities). Some increased during autumn/winter compared to
spring/summer (galactosan, levoglucosan and mannosan), while some others decreased
(erythriol, glucose, trehalose, sorbitol, xylitol, inositol, SO, OC, MSA) (Fig. S8). The
sample distribution based on bacterial and fungal community structures were correlated to
their distribution based on the overall PM10 chemistry (Mantel test r=0.25 pvalue=0.001 and
0.41 pvalue=0.001, respectively) (see RDA analyses in Fig. S9). Specific chemical
compounds were the main contributors to these correlations (i.e. the polyols, MSA and Na*
for the fungal communities, and organic carbon, Na*, CI" and erythriol for the bacterial
communities). Consistent with seasonal patterns observed for both microbial community
structures and chemical composition, we observed strong positive and negative correlations
between the concentration of some chemical compounds and the relative abundances of
bacterial genera or fungal species. For examples, mannitol-arabitol and Alternaria sp.
BMP_2012 (r=0.73 and pvalue=4.8x10"°) and mannitol-arabitol and Pseudotaeniolina

globosa (r=-0.66 and pvalue=5.6x10") (Table S7).

Weather characteristics: local meteorology and air mass geographical origin
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Temperature, wind speed and UV radiation (weekly averages) varied over the year
(pvalue<0.05), conversely to wind direction and relative humidity. The mean weekly
temperature varied between -5.5°C and 17.6°C (Fig. S3) and was significantly correlated to
the season (pvalue=1.4x10™ — Fig. $10). Wind speed varied between 2.8 and 13.5 m/s on
average, and this was significantly higher in winter compared to summer and spring
(pvalue=2.1x107, Fig. S10), and significantly more variable in winter compared to the other
seasons (pvalue=5.4x10"). Wind speed and direction were positively correlated (r=0.44,
pvalue=0.001) with stronger winds coming from West. Nevertheless, the mean wind direction
was not significantly different between seasons (pvalue=0.11) and the air mass origins were
only partially correlated to the seasons (16% and 14% of the variance explained,
pvalue=0.013). The wind roses and the backtrajectory density plots for each season are
presented in Fig. S10 and Fig. S11. The seasonal weekly variability in wind conditions,
temperature and relative humidity are shown in Table S3.

Bacterial concentration correlated best with UV radiation (r=0.38, pvalue=5.4x10) and
fungal concentration correlated best with temperature (r=0.38, pvalue=5.6x10%) (Table S8).
A significant and strong correlation was also found between both the bacterial and fungal
community structures and the overall meteorology (i.e. temperature, relative humidity, wind
direction and speed) (r=0.57 pvalue=0.001 and r=0.48 pvalue=0.001). Bacterial richness was
strongly correlated with temperature (r=0.52, pvalue=7.7x10°) while fungal richness best

correlated with wind direction (r=0.50, pvalue=4.6x10) (Table S8).

Discussion

Seasonal variation in airborne microbial community composition due to changes in local

landscapes
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Previous investigations of the temporal variations of airborne microbial communities have

consistently shown a seasonal shift in both cell concentration and community structure®®*2,

This was explained mainly by changes in the surrounding landscape condition'**#’

(e.g.,
vegetation in summer, snow cover in winter etc.), local meteorology*® and/or the origin of the
air masses (i.e. changes in the global air circulation)®. Our data showed that seasonality was
correlated to the temporal distribution of airborne microbial community structure at puy de
Dome. With these results, we demonstrated the importance of local regional sources (i.e.
within 50 km) even at relatively elevated sites such as puy de Déme. Puy de Dome is mainly
surrounded by croplands and/or natural vegetation (> 80% of the surface within a 50 km
perimeter based on MODIS satellite images; Fig. 1) that undergo strong changes over the year
at such latitudes (see puy de Déme monthly satellite images in Fig. S1 for an overview).
These changes are partly associated with crops (mainly wheat and grain maize) and vegetation
that cycle through their different phases on an annual basis. Changes in landscape
characteristics are themselves under direct influence of climatic conditions, including
precipitation rate, temperature and sunlight exposure. This consequently has a critical
influence on the surface microbial communities?®%. Over the year, different microorganisms
with different trophic modes were likely aerosolized (Fig. 3). Fungal phytopathogens (like
Ustilago hordei) and leaf-associated fungi (like Naevala minutissima) increased in relative
abundance during the spring and summer periods when the crop plants grew and trees were
green; while saprotrophs (like Cladophialora protea) increased in relative abundance during
the autumn and winter periods after crop harvesting and when dead and decomposing
biological material covered terrestrial surfaces. Similar to fungi, soil-associated bacterial taxa
(like Hymenobacter) were observed in higher relative abundance in autumn and winter and
bacterial phytopathogens and leaf-associated bacteria (like Sphingomonas) were observed in

higher relative abundance in spring and summer. The three general trends (i.e. an increase of
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specific taxa in autumn/winter; an increase of other taxa in summer/spring; stable or randomly
variable microbial taxa over the year — Fig. 4) might have driven the distribution of the
samples based on both the airborne bacterial and fungal community structures in two major
clusters (i.e. an autumn/winter cluster versus a spring/summer cluster observed in Fig. 2). In
addition, the period during which we observed an increase in the relative abundance of a
winter or summer-associated microbial taxon varied in length and might have been specific to
the life strategy of the given taxon. Microbial taxa whose relative abundance remained stable
or varied randomly over the year might partly belong to taxa associated to decomposing
matter (the trophic mode of all the fungal taxa present in this group was saprotroph) that is
present the whole year. Airborne fungal community structure showed a stronger seasonal
variation than bacterial community structure did, likely related to a higher number of fungal
taxa showing a seasonal pattern as compared to bacterial taxa (40/50 and 31/50 for fungi and
bacteria, respectively). The stronger seasonal shift observed in airborne fungi might be

explained by a greater influence of vegetation on fungi as compared to bacteria®.

Role of local meteorology in the intraseasonal variability of airborne microbial community
composition

Local meteorology might also play a role in the temporal distribution of airborne microbial
communities at puy de Dome especially on their intraseasonal variability. In a previous study
considering numerous sampling sites®, we highlighted the importance of local meteorology
(especially wind speed, wind direction and temperature variability over time) on the
variability of airborne microbial communities when the site was surrounded by a variety of
landscapes. Puy de DOme is characterized by strong wind speeds and highly variable
meteorological conditions partly explained by its central position and its high elevation within

the Chaine des Puys mountain range (+1465 m altitude above sea level and up to 500 m above
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surrounding landscapes). The wind direction changed rapidly both within and between the
weeks. The relative humidity and temperature also showed a high variability within and
between the weeks within the same season (Table S3). While the correlation between
meteorological parameters and airborne microbial communities at puy de Déme is mainly
explained by seasonality, local meteorological parameters might have also affected airborne
microbial structures by influencing the aerosolization process as discussed in Tignat-Perrier et
al. (2019)'. For example, specific temperatures might activate the sporulation of specific
fungi®’. The high correlation observed between temperature and airborne bacterial richness
might be explained by the increased turbulence in air, a higher microbial diversity in the

sources (i.e. surrounding landscapes)® %

as well as a drier surface favoring cell and biofilm
detachment. Wind parameters were the meteorological parameters that best correlated to
airborne fungal richness. Stronger winds are obviously more likely to aerosolize particles

from surfaces.

Minor contribution of distant sources in the temporal variation of airborne microbial
communities

Weekly averages of wind direction and origin of the air masses did not drastically change
throughout the seasons and were highly and randomly variable over the year (Fig. S10 and
S11). We did not observe correlations between airborne microbial community structure and
the origin of the air masses. In winter, during which free troposphere air masses, and thus

potentially long-range transport, have a larger influence®*®

, the variability in the bacterial
community structure was not the highest. Marine air masses have been shown to prevail
(72%) during winter at puy de Dome®®. One sample showed an especially strong marine
signature in terms of chemistry (February 2" 2017). However, this sample has similar

proportion of marine bacterial genera (Corialomargarita, Rubritalea, Aquimarina) as other
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samples. Whenever present, the identified specific marine bacterial genera were very rare
(they were represented by only 2 or 3 sequences over > 20000 sequences per sample). Unlike
previous suggestions for cloud water-associated microorganisms at this site, microbial
communities in the dry phase did not seem to mainly originate from oceanic sources®’. Uetake
et al. (2019)* investigated airborne (not cloud-associated) microbial communities in Tokyo
(Japan) over a year and also highlighted the absence of oceanic related bacteria (i.e. SAR
group, Oceanospirillales) that would have suggested transport of airborne microbial cells
from the Pacific Ocean to Tokyo.

We also observed a seasonal change in the particulate matter chemistry (PM10 chemistry)
(Fig. S7). At puy de DOme, changes in PM10 chemistry throughout the seasons were
correlated to changes in air mass origins (local and distant) and changes in the vertical
stratification of the atmospheric layers (such as the increase of the height of the mixed layer in
summer)***". We observed specific and strong correlations between some chemical species
and microbial taxa (Table S7) and this could explain the overall correlation between the
overall PM10 chemistry and airborne microbial structure. In particular, we observed
correlations between specific microbial taxa and polyols. The concentration of atmospheric
polyols might be due to the presence of airborne green plant debris as well as specific
microbial taxa and especially fungal taxa which produce polyols®**2. Our sampling strategy
(one-week sampling) might not have been adapted to identify microbial long-range transport
events that, if they occurred, might have been greatly diluted by the local sources.
Investigations on the temporal variability of airborne microbial communities that concluded
the significant contribution of distant sources in the composition of airborne microbial
communities®® had either a different sampling strategy than ours (i.e. shorter sampling
duration such as 24 h% or did not sample microorganisms of the dry phase of the

troposphere®.
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Conclusion

We investigated changes in airborne microbial community concentration and structure at the
elevated continental site puy de Dome in the Massif Central of France (+1465 m altitude
above sea level) as a function of the local meteorology and particulate matter chemistry. We
showed that puy de Dome airborne microbial community structure likely shifted throughout
the year in relation to the seasonal changes in surface conditions of the surrounding landscape
of the mountain that was characterized mainly by croplands and natural vegetation. The
microbial taxa that drove the seasonal distribution of airborne microbial communities showed
different trends throughout the seasons depending on their trophic mode. Crop-associated
microorganisms and especially crop pathogens were in higher relative abundance in
spring/summer while soil-associated microorganisms and dead material-associated
microorganisms were found in higher relative abundance in autumn/winter. Changes in the
vertical stratification of the atmospheric layers throughout the seasons (such as the increase of
the height of the mixed layer in summer) might also play a role in the seasonal shift of puy de
Dome airborne microbial communities. Within the different seasons, the temporal variability
observed in the composition of airborne microbial communities was likely associated to the

variable and windy meteorological conditions observed in puy de Dome.
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