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Abstract

Bacteria circulate in the atmosphere, through clouds and precipitation to surface
ecosystems. Here we conducted a coordinated study of bacteria assemblages in clouds and
precipitation at two sites distant of ~800 m in elevation in a rural vegetated area around puy
de Déme Mountain, France, and analyzed them in regard to meteorological, chemical and air
masses’ history data. In both clouds and precipitation, bacteria generally associated with
vegetation or soil dominated. Elevated ATP-to-cell ratio in clouds compared with
precipitation suggested a higher proportion of viable cells and/or specific biological
processes. The increase of bacterial cell concentration from clouds to precipitation indicated
strong below-cloud scavenging. Using ions as tracers, we derive that 0.2 to 25:5%.0f-the
1.1x10" to 6.6x10° bacteria cell m? h™ deposited with precipitation origiriated from the
source clouds. Yet, the relative species richness decreased with the proportion of inputs from
clouds, pointing them as sources of distant microbial diversity.\Biodiversity profiles thus
differed between clouds and precipitation in relation with distant/local influencing sources,
and potentially with bacterial phenotypic traits. Notably Undibacterium, Bacillus and
Staphylococcus were more represented in clouds, while epiphytic bacteria such as Massilia,

Sphingomonas, Rhodococcus and Pseudomanas were enriched in precipitation.
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Introduction

Earth’ surface continuously exchanges biological material with the atmosphere. It was
estimated that, globally, ~10%* bacteria cells are aerosolized from surface ecosystems each
year (Burrows et al. 2009). With a modelled atmospheric residence time of up to several days
and a half-life of several hours (Amato et al. 2015), airborne bacteria are then prone to be
dispersed over regional and continental scales (Hervas et al. 2009; Smith et al. 2013;
Barberan et al. 2015; Griffin et al. 2017; Weil et al. 2017), carried up to high altitudes (Smith
et al. 2018), and integrate clouds and the atmospheric water cycle (e.g., (Bauer et al. 2002;
Amato et al. 2007)).

Typical bacteria number concentration in the outdoor atmosphere ranges hetween~<10?
and ~10° cells m™ of air (Després et al. 2012) and ~10? - ~10° mL in condensed)water
(Vaitilingom et al. 2012; Pouzet et al. 2017). The bacterial assemblage.is highly diverse and
often dominated by Alpha-, Beta- and Gamma-Proteobacteria; along with Bacteroidetes,
Actinobacteria and Firmicutes species (e.g., (Amato et al. 201 7a; Santl-Temkiv et al. 2018)).
Wet processes are major in the deposition of aerosol particles from the atmosphere, of which
bacteria, whose atmospheric cycle is thus intimately linked with that of water (Morris et al.
2008; Evans et al. 2019). Aerosols themselves are essential actors of the formation of clouds
and precipitation: they serve as nuclei for (i) the condensation of water vapor into cloud
droplets (Cloud Condensation Nuclei CCN), and (ii) freezing of supercooled water into ice
crystals (Ice Nuclei IN) (e.g:;y(Mohler et al. 2007)); the latter often triggers precipitation in
mixed-phase clouds.and is of primary interest in atmospheric sciences. Certain bacteria
affiliated-ar-close to Pseudomonas species produce proteins that were identified as the most
active IN.existing in nature (Lindow, Arny and Upper 1978), suggesting a role of biological

ice nucleation in precipitation (Morris et al. 2008).
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The composition of water reaching the surface with precipitation does not directly reflect
that in the cloud. On their path to the ground, falling raindrops collect aerosol particles by
below-cloud scavenging (Jaffrezo and Colin 1988; Bourcier et al. 2012). This is a complex
phenomenon involving physical processes such as Brownian diffusion, inertial impaction and
interception, whose efficiency largely depends on aerosol particle size and composition, rain
drop size and rainfall intensity (Willis and Tattelman 1989; Mircea, Stefan and Fuzzi 2000;
Hou et al. 2018; Sonwani and Kulshrestha 2019). Heavy rains (> ~10 mm h™) are in general
much more efficient in scavenging aerosols particles <2.5 um in diameter (PM2.5) than light
rains (< ~1.0 mm h™), with efficiencies of ~50% versus ~5%, respectively (Luan et al*2019).
This discrimination leads to the enrichment or depletion of certain solutes and particles4n rain
water with respect to cloud water or to aerosol (Jaffrezo and Colin 1988).However, very little
is known currently concerning the possibility of differential scavenging-ameng bacteria
aerosols. Interestingly for microbial ecology, a gap (Greenfield gap) in the scavenging
efficiency of aerosol particles by rain was identified for particles between ~0.2 um and 1.0
pm, i.e. the usual size of bacteria cells (Radke, Hobbs,and Eltgroth 1980; Ladino et al. 2011;
Blanco-Alegre et al. 2018).

Clouds and precipitation have been’studied in the past for their microbiological contents
(Amato et al. 2017b; Aho et al. 2020).However, to our knowledge, these have never been
investigated coordinately in@ natural context. Here, with the aim to decipher the atmospheric
life history of wet-deposited.bacteria, we examined the biological (biodiversity, biomass,
activity) and chemical (major inorganic ions) contents along the “first” steps of the water
cycle, in clouds.and their precipitation. Samples were collected at two meteorological stations
installed atwrural sites geographically close, but that differ in elevation by about 800 m (puy de
Dome Mountain summit and the surrounding plateau). Air masse’s origins and histories were

characterized, and a comparative study was performed between clouds and precipitation for
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discriminating between bacteria deposited from clouds from those that entered the water cycle
after being washed-out from the air column underneath. The data help understanding bacteria

dispersal and fate in the atmosphere and atmosphere-surface exchanges.

Material and methods

The methods are summarized below; more details are provided as supplementary
information.
Sample collection

Samples were collected in the rural area of puy de Déme Mountain, France, located.~400
km east from the Atlantic Ocean, and ~300 km north from the Mediterranean Sea..Fhe
surrounding landscape comprises mainly deciduous forests and pastures. Two sites separated
by 12 km and 785 m in elevation were prospected for cloud water and-rain sampling: puy de
Doéme Mountain” summit (PUY; 1465 m a.s.l., 45.772° N, 2.9655°E) and Opme station
(OPME; 680 m a.s.l., 45.7125° N, 3.090278° E), respectively.(Supplementary Figure 1).
These meteorological stations are part of the Cézeaux-Aulnat-Opme-Puy de Déme (CO-PDD)
instrumented platforms for atmospheric research (Baray et al. 2020). In total, 4 cloud water
and 1 fresh snow samples were collected fromPUY, and 10 rain samples from OPME.

Cloud water was collected during spring 2017 and autumn 2019 over periods of ~2 to 7.5
consecutive hours (Table 1)..In-2017, only cloud droplet impactors sterilized by autoclave
were used for all biological and chemical analyses as in (Amato et al. 2019). In 2019, three
additional high-flow-rate (HFR) impingers (DS6, Karcher SAS, Bonneuil sur Marne, France)
(air-flow rate-of:2' m*/min) (Santl-Temkiv et al. 2017) were deployed specifically for nucleic
acid’analyses (Supplementary Figure 1 C); other analyses were carried out from the cloud
droplet impactors sampling in parallel. HFR impingers were filled with 850 mL of GF/F-

filtered autoclaved nucleic acid preservation (NAP) buffer solution (Camacho-Sanchez et al.

1.Z0Z J8qWIBAON 0 Uo Jyeon@ojewe auald AQ ZyZ0Zi9/bi L ell/oeswal/c60) 0 /10p/3|o1MB-80UBAPE/99SWS)/WO0 dno olWwapeoe//:sdpy Woly peapeojumoq



2013; Menke et al. 2017) as the collection liquid. This contains 0.019 M of
ethylenediaminetetra-acetic acid (EDTA) disodium salt dihydrate, 0.018 M of sodium citrate
trisodium salt dihydrate, 3.8 M of ammonium sulfate, and H,SO, to adjust the pH at 5.2. Total
volumes of 309 to 1300 mL of cloud water were collected and processed immediately after
sampling using the station’s microbiology facility, within a laminar flow hood previously
exposed to UV for 15 min.

Rain water was collected over 24-hours periods from the plateau underneath the
mountain summit in November 2016, March 2017 and October-November 2019 using an
automated refrigerated (4°C) rain collector NSA 181/KHS (47.4 cm diameter; surface‘area.=
1764 cm?) (Eigenbrodt; Kénigsmoor, Germany) as in (Pouzet et al. 2017) (Supplementary
Figure 1 D). Total volumes of water of 20 to 1124 mL were collected and processed in a
laminar flow hood within 24 hours following collection.

Additionally, one fresh snow sample was collected at the puy de Déme summit during an
intense snowfall event, from the top of a snowpack of several tens of centimetres deep using
sterilized stainless steel spoons. The top 10 cm of the'snow cover were collected (i.e. snow
that accumulated within approximately the last,2 hours), after removing the top layer (~2 cm).
Two sterile 1 L-glass bottles were filled"'with snow and placed at 4°C for melting, then

processed for analyses.

Meteorological data and backward trajectory plots

Meteorological variables were monitored by the meteorological stations installed at PUY
and OPME._In addition, vertical profiles of cloud liquid and ice water contents (LWC and
IWC) and houndary layer height (BLH) were extracted from the ECMWF ERAS global

reanalysis (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) (Hoffmann

et'al. 2019). The geographical origin of the air masses were obtained from 72-hours backward
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trajectory plots computed using the CAT trajectory model (Baray et al. 2020). The model uses
dynamical fields extracted from the ERA-5 meteorological data archive with, for the present
work, a spatial resolution of 0.5° in latitude and longitude. This tool allowed to compute: (i)
air mass backward trajectories starting from Opme (ground and cloud level) and PUY
summit; (ii) air masses history, as the density of trajectory points below the BLH and the
percentage of trajectory points above and below the BLH, over land and seas; (iii) the
percentage of trajectory points near the CO-PDD observatory (distance < 50 km) and in each

of 8 direction sectors (Renard et al. 2020).

Chemical analyses

The pH was measured immediately after sampling, and the main disselved-ions (Na®,
NH,*, K*, Mg?*, Ca®*, CI', NO5 and SO,*) were examined by ion chfomatography from 5 mL
of filtered (0.2 um) subsamples kept at -25°C. Analyses were carried out using either a
Dionex DX320 (column AS11) for anions and a Dionex 1CS1500 (column CS16) for cations,
as in (Deguillaume et al. 2014), or an ICS3000 dual channel chromatograph (Thermo Fisher
Scientific) with AS11HC column for anions and CS%2 for cations, as in (Jaffrezo, Calas and

Bouchet 1998) and (Waked et al. 2014):

Cell counts and ATP quantification

Total cells counts weresperformed by flow cytometry using a BD FacsCalibur instrument
(Becton Dickinsen, Franklin Lakes, NJ), as in (Amato et al. 2017b). Adenosine-5’-
triphosphate (ATP) in the samples was quantified by bioluminescence (ATP Biomass Kit HS;

BioThemajHanden, Sweden) as in (Vaitilingom et al. 2013).
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DNA extraction, amplification and sequencing

Water samples were filtered (0.22um porosity) and DNA was extracted from filters using
commercial kits. Amplification of the 16S sub-unit of bacterial ribosomal genes was
performed from genomic DNA extracts by PCR targeting the V5, V6 and V7 regions, using
the universal primers 799F (5’-ACCMGGATTAGATACCCKG-3") and 1193r (3°-
GAGGAAGGTGGGGATGCGT-5) and following the conditions specified in (Bulgarelli et
al. 2012). Amplicons were sequenced on Illumina Miseq 2*250 bp (GenoScreen; Lille,
France). Demultiplexed sequencing files were deposited at the European Nucleotide Archive

with the accession numbers ERS5445211 to ERS5445225.

Bioinformatics and data analysis

Illumina reads were demultiplexed using a custom Python:3.0'script. All the 360,567
reads (average size of 395 bp) were pre-processed using Mothur software v 1.41.3 (Schloss et
al. 2009) with the Miseq standard operating procedure, (Kozich et al. 2013). Sequences were
filtered for ambiguous bases and to a minimum, length of 350 bp. A total of 329,986
sequences with an average length of 394 bp,remained for further analysis. Then, the pipeline
FROGS (Find Rapidly OTUs with Galaxy Solution) (Escudié et al. 2018) was used through
the Galaxy v 3.1 environment deployed by the AuBi (Auvergne Biolnformatique) network
and the regional calculation.eluster Mesocentre Clermont Auvergne. The tools “FROGS
Clustering swarm” and)*FROGS Remove chimera” were used with default parameters to
cluster the.sequences at 97% identity and remove possible chimera. This step removed 10.9%
of the OTUs (Operational Taxonomic Units), representing 4% of the total sequences, and
resulted in 82,267 OTUSs. Then, “FROGS Filters” was used to select only OTUs represented

by at least 3 sequences: 4,601 OTUs were kept after this step, corresponding to 6.3% of the
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clusters and to 22.7% of all sequences. The “FROGS Clusters stat” tool was used at each step
to obtain metrics on the clusters. Taxonomic affiliation of each OTU’s seed was carried out
using the “FROGS Affiliation OTU” tool with “Silva 132 16S” as the reference database
(Quast et al. 2013). Both BLAST and RDP assignations were performed. Data were rarefied
to 11,300 sequences per sample (corresponding to the sample with the lowest number of
sequences) using “FROGS Abundance normalization” tool.

Abundance table was checked manually for accurate OTU affiliations. Multi-affiliations
at family level, percentages of identity <95% and percentages of query coverage <98% with
BLAST assignations from SILVA 132 database were verified using RDP and EzBioCloud
16S rRNA gene-based ID database (https://www.ezbiocloud.net/, update 2020,02.25) (*Yoon
et al. 2017). Thirty-eight OTUs affiliated with Mitochondria and 5 unaffiliated" OTUs were
deleted, leaving 4,510 OTUs for analysis.

OTU abundance data were then centered log-ratio (CLR)-transformed, as recommended
by Gloor and colleagues to account for their compositional nature (Gloor et al. 2017). Data
were analyzed and represented using the R environment 3:6.0 [4]. First, zZCompositions
package v 1.3.4 (Palarea-Albaladejo and Martin-Fernandez 2015) was used for imputing
zeros in our compositional count data set based on a Bayesian-multiplicative replacement
with cmultRepl function using CZM.method (count zero multiplicative) and an output format
in p-counts (pseudo-counts). Then, the abundance table was transformed in centered log-ratio
using clr function. Principakeomponent analyses (PCA) were done based on total clustered
biodiversity (4,510 OTUS) using factoextra v 1.0.7 (Kassambara and Mundt 2019). ANOSIM
test was used to.do'multivariate comparison on microbial communities (anosim function from
vegan v 2.5-6 (Oksanen et al. 2020)). Heatmaps were done using pheatmap v 1.0.12 (Kolde
2019) and ggdendro v 0.1-20 (de Vries and Ripley 2020) packages) and Venn diagrams were

obtained using VennDiagram package v 1.6.0 (Chen and Boutros 2011). Other univariate and
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multivariate statistics were performed using PAST v 3.07 (Hammer, Ryan and Harper 2001)

and SIMCA 16.0 (Sartorius Stedim Biotech).

Results

Meteorological context

The main meteorological characteristics pertaining to sample collection are summarized
in Table 1 and Supplementary Figure 2. Sampling was conducted during fall and winter; at
3 occasions designated as events a, b, and c, clouds and precipitation could be collected
simultaneously or within 1 day.

Samples were all collected at positive ambient temperature as liquids, at the exeeption of
the snow sample collected at nearly -6°C. Due to the difference of elevation of almost 800 m
between the two sampling sites, ambient meteorological conditions were colder and windier
during cloud sampling (5.3 #2.1°C and 9.6 +6.1 m s™) than during rain collection (10.6°C
+4.8°C and 2.1 +1.8 m s™). Rainfall events of different intensities were sampled, from light
and moderate with average rates < 2.0 mm h™, such asievent a, to heavy rains with maxima
up to 24.0 mm h™, such as events b and c.

Based on the meteorological model ERA5, the boundary layer (BL) top altitude ranged
from 441 m to 1,815 m a.s.l. on the days of rain collection and from 511 to 1,728 m a.s.l.
during cloud sampling (Supplementary Figure 2). All rainfalls were thus collected at least
partly from within the BL, while clouds and snow were sampled in the free troposphere.

Backward trajectory plots of the air masses associated with the samples indicate a wide
range of geographical origins, with a general predominance of a large Western area (Atlantic
Ocean) (Supplementary Table 1; Supplementary Figure 3). The geographical zones over
which the air masses travelled at low altitude within the planetary boundary layer can be

considered probable source areas of the material collected; these are shown in
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Supplementary Figure 3. In most cases, the air masses at cloud altitude spent most of the
last 72 hours preceding sampling in the free troposphere over marine areas (Figure 1). In
event a, the air masses travelled almost exclusively at high altitude over the Atlantic Ocean
before reaching the sampling sites. Event b’s air masses travelled at low altitude over the
Channel Sea and south Great Britain Island, 500 km from there. Contrasting with other
situations, event ¢’s air masses originated from South-East and were issued from continental

regions in northern Africa and the Saharan desert (Figure 2).

Chemical signature

The main inorganic dissolved ions were present at micromolar concentratiens'in both
clouds and precipitation, within ranges typical for atmospheric water samples at these sites
(~1-100 uM) (Deguillaume et al. 2014; Pouzet et al. 2017) (Figure 3°A;"Supplementary
Table 2). Some of them varied together (Spearman’s correlations, p’'<’0.05; Supplementary
Table 3), illustrating similar sources: Na*, CI, Mg®*, SO,* and'K"* on one side, reflecting
oceanic sources (Deguillaume et al. 2014) in good-agreement with air masses’ history, and to
a lesser extent (p < 0.1) NH," and NO3™ on the'othenside, indicative of continental and
agricultural inputs (Mosier 2001; Almaraz et al. 2018).

Oceanic sources-related ions were in‘average all significantly more concentrated in cloud
water than in rain (Mann-Whitney test, p < 0.05, Figure 3 A), as observed in the past at the
same sampling sites (Pouzet.et al. 2017), by median factors of ~47, ~26 and ~12 for Na*, CI
and K" respectively. However, there were large variations depending on samples, in relation
with rainfalLintensity: in event a (light rainfall), Na* concentrations in rain and cloud water
were’similar; while in events b and ¢ (heavy and moderate rain), this was diluted in rain
compared with cloud water, by factors of 51 and 25, respectively (see Figure 3 B). In turn,

rain samples were characterized by relatively high contributions of Ca?*, NH," and NO3’
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attesting of continental influence. In particular, NH," and to a lesser extent Ca** tended to be
more concentrated in rain than in clouds by median factors of 3.6 and 1.2 respectively,
supporting consequent inputs from below cloud scavenging for these compounds. Here again,
event a’s cloud and rain samples were more even than in events b and c, indicating lower
scavenging.

In our dataset, pH ranged from 4.62 to 6.82. Acidity increased with decreasing oceanic
influence (Spearman’s correlations between pH and Na® or CI', p < 0.05; Supplementary

Table 3 A), so rain water tended to be more acidic than clouds.

Biomass and ATP contents

Cell number concentration in the samples ranged from 2.67 x10° mL? to 2,81 x10* mL™
in clouds and from 4.30 x10° mL™ to 1.51 x10° mL™ in precipitation"(Table 2); these are
typical values at these sites (Vaitilingom et al. 2012; Pouzet et:al. 2017). The corresponding
average wet deposition fluxes of bacteria with rain, as inferredfrom precipitation rates, span
over nearly two orders of magnitude from 1.07 x10” te 6.63 x10° cells m™ h™*. Although not
significant due to high variability, cell number.concentration tended to be higher in
precipitation than in cloud water (Mann-Whitney test, p = 0.23) (Figure 3 A); in the events a,
b and c, cell numbers in rain wereg~4-t0,10 times higher than in clouds. Consistently, cell
number concentration was everall negatively correlated with oceanic inputs (Spearman’s
correlations, p-values < 0.05;-Supplementary Table 3 A) and, in precipitation, positively
with Ca®* concentration/(p-value < 0.01; Supplementary Table 3 B) as observed earlier on
other sampling sites (Christner et al. 2008). Multivariate analysis (PLS) specified the positive
impact of the time spent by air mass over continental areas on cell concentration (see model

coefficients in Supplementary Table 4).
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The raw ATP concentration varied from 340 to 842 pmol L™ in cloud water and from 155
to 1,405 pmol L™ in rain (Table 2), with no statistical difference. These values are consistent
with previous reports in clouds at PUY, averaging 410 pmol L™ over 28 samples (Vaitilingom
et al. 2012). In rainfall, ATP and cell concentrations were strongly positively linked
(Spearman’s correlation, p-value = 0.01, Spearman’s r = 0.89; Supplementary Table 3 B),
suggesting a large proportion of viable cells. However, the ATP-to-cell ratio was significantly
higher in cloud water than in rain, by a factor of ~8.2 [(4.1 to 10.6) x10°® pmol ATP cell* in
rain versus (12.2 to 127.2) x10® pmol ATP cell™ in cloudwater] (Mann-Whitney test, p-valde

<0.01) (Figure 3 A).

Bacterial diversity

A total of 4,510 distinct prokaryotic OTUs (4,507 bacteria and 3"archaea) were detected:
246 to 600 in rain, 174 to 1,173 in clouds, and 154 in snow (Table2 and see complete list in
Supplementary Table 5). These were distributed over 23 distinct phyla, 88 orders, and 435
genera whose respective distributions among clouds (363 genera) and rain samples (277
genera) are shown in Supplementary Figure'4.

Bacteria species richness (number.of distinct OTUs) tended to be higher in clouds than in
precipitation (Table 2; Figure 3; Supplementary Figure 5), except for event a which
exhibited particularly low richness likely in relation with air mass history (Figure 1).
Richness varied independently from biomass (Spearman’s correlation; p-values > 0.05;
Supplementary,Table3). Rather, this increased with the time spent by air masses at low
altitude (PLS model coefficients, Supplementary Table 4) and in rain, this decreased with
the time spent by the air mass nearby the sampling sites (< 50 km) before sampling,

supporting a distant origin of a large fraction of the richness.
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The most represented phyla in the dataset (in terms of read numbers) were Proteobacteria
(in particular the orders Betaproteobacteriales [eq. Burkholderiales], Pseudomonadales,
Sphingomonadales and Rhizobiales), Actinobacteria (Micrococcales, Corynebacteriales and
Frankiales), Firmicutes (Bacillales and Lactobacillales), Bacteroidetes and Deinococcus-
Thermus. These microorganisms are commonly observed in atmospheric samples (e.qg.,
(Amato et al. 2017a) and references therein). Bacteria community composition varied from
one sample to another, as shown at in Figure 5 for the whole bacteria community and in
Supplementary Figure 6 for Proteobacteria, Firmicutes and Actinobacteria. Hierarchical
clustering and multivariate analyses (PCA) based on community structure (Supplementary.
Figure 7) allowed distinguishing clouds from precipitation, although 20170308C€LOUD*
tended to resemble precipitation compared to other cloud samples.

In clouds, the common core of bacteria (i.e. the taxa detected in‘€ach-eloud) was
composed of 20 genera (Supplementary Table 6). These comprised a small fraction of total
cloud’s richness (5% of the 363 genera) but large proportions of the reads in each sample
(42% to 79%). Most taxa (215 genera, i.e., 59%) were.common to at least 2 samples
(Supplementary Figure 4). There were, logically, more specific taxa in the richest sample
(20190925CLOUD, 129 specific genera) thanin the poorest (20170308CLOUD; 4 specific
genera) (Supplementary Figure 8).

In rain, although more samples were collected, still numerous (33%) of the 277 genera
detected were sample-specific’(Supplementary Figure 4). This reflects the high biological
variability in the;atmospheric environment. As for clouds, the bacterial common core of rain
samples was relatively limited in richness, with 15 genera that largely predominated
(Supplementary Table 6; 59% to 92% of the reads).

At the genus level, about half of the bacteria detected in the study were common to

clouds and rain samples (i.e. these were present in at least 1 cloud and 1 rain sample), and 155
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(36%) and 69 (16%) were specific of either clouds or rain, respectively (Figure 4). A large
proportion of rain’s richness was thus contained in clouds (208 genera out of 277, 75%),
whereas cloud’s richness was not fully retrieved (57%) in the rain samples (Supplementary
Table 7).

In the associated cloud-rain samples events a and b, ~21% of the total genera were
common to the two types of environment (Figure 4). In event c, even at the OTU level (i.e.
species) cloud and rain samples were remarkably similar, with as high as 42 % of rain’s OTU
comprised in the corresponding cloud, versus 4%-11% for samples collected at 1-d interval
from same air masses (events a and c(2)), and 3% when the air mass origin in addition
slightly differed (event b) (Supplementary Table 7). Six identified genera, among.the.most
abundant, were detected in all cloud and rain samples (see Supplementary Table6):
Massilia, Noviherbaspirillum, Pseudomonas, Sphingomonas, Undibacterium (Proteobacteria)
and Rhodococcus (Actinobacteria); with the exception of the latter,these were also all present
in snow and thus composed the common bacterial core of this'study. In turn, numerous less
abundant or rare taxa were specific of clouds or rainsysuch as Aerococcus, Oceanobacillus
and Ammoniphilus in clouds, and Hymenobacter, Granulicella and Variovorax in rain.

Certain microbial taxa were significantly more represented in clouds than in rain samples,
and conversely (Kruskal-Wallis, p €.0.05). Those included in the common core of clouds
and/or of rain samples are indicated in Figure 6 (complete list in Supplementary Table 8).
In particular, Undibacterium.(Proteobacteria), Bacillus and Staphylococcus (Firmicutes) were
more represented.in clouds than in precipitation samples, while notably Massilia,
Sphingomonas (Proteobacteria), as well as Rhodococcus, Curtobacterium and Frondihabitans
(Actinobacteria) were more represented in rain; Pseudomonas, the genus gathering most ice
nucleation active bacteria, tended to be more present in precipitation. In particular, in the

events a, b and c, rainfall was mostly characterized by strong enrichments of Pseudomonas
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and Sphingomonas, Massilia and Rhodococcus, and Massilia and Sphingomonas,
respectively, as compared with the corresponding source clouds (Supplementary Table 5).
Identified probable marine bacteria, yet at low abundance, were more often present in
clouds than in rain, such as CL500.29 marine group, Demequina (Park et al. 2016),
Marinactinospora (Tian et al. 2009), Nitratireductor (Kang, Yang and Lee 2009), or again

Oceanobacillus, confirming the influence of distant sources.

Discussion

Sources of biological material in atmospheric waters

We report a high bacterial richness with predominant taxa frequently observed'in
atmospheric samples, in particular members of Alpha, Beta and Gammapreteobacteria,
Bacteroidetes, Firmicutes and Actinobacteria (Santl-Temkiv et al. 2018; Tignat-Perrier et al.
2020). Bacteria related with vegetation dominated, including Pseudomonadales,
Sphingomonadales, Burkholderiales, Rhizobiales, and Actinemycetales (e.g., (Jeger, Spence
and Pathology 2001; Gnanamanickam 2007)). Other abundant bacteria included groups often
rather frequently associated with soil like Carynebacteriales, Clostridiales and Bacillales.
Finally, bacteria frequently found in atmospheric samples but also pointed out as indicators of
human sources (Barberan et al. 2015) were present, such as Staphylococcus and
Streptococcus.

Modeling and experimental studies have showed that bacteria and other microorganisms
can travel thousands of kilometers from their emission source and connect distant ecosystems
(e.g., (Burrows:et al. 2009; Griffin et al. 2017; Leyronas et al. 2018)). In our dataset, biomass
and biodiversity were overall disconnected from each other, but these could be both explained
for large parts by air mass history over the 3 days preceding sampling: the fraction of time

spent over continental areas for biomass, and the fraction spent at low attitude for diversity,
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respectively. This confirms first that continental areas are much stronger sources of airborne
bacteria than marine areas, and second that microbial material is recruited by air masses from
a variety of surfaces that do not necessarily emit large amounts of material, due to low
emission activity and/or small surface areas, but that can influence microbial diversity and
contribute spreading rare biodiversity. These trends are well illustrated by the cloud sample in
event a, which exhibited much lower richness and biomass than any other sample, including
the precipitation associated with it. The corresponding air mass had very narrow and almost
exclusively oceanic source area, and it travelled at high altitude for longer time than other

cloud samples (see Supplementary Figure 3).

Clouds host higher metabolic activity than precipitation

ATP content in bacteria is typically in the order of ~10° pmol céli*<(e:g., (Amato and
Christner 2009)). Here, we observed higher ATP-per-cell content in"clouds than in
precipitation. This could indicate higher proportions of viable cells in clouds, and/or relatively
higher metabolic activity supporting clouds as microbial habitats (Sattler, Puxbaum and
Psenner 2001; Ervens and Amato 2020), with“potential implication for atmospheric chemistry
(Khaled et al. 2020). The stressful conditions existing in clouds for microbial cells, such as
low temperatures and high H,O,.coneentrations, could also be responsible for increased ATP
contents in cells as reporteddrom laboratory studies (Napolitano and Shain 2004; Amato and
Christner 2009; Wirgot et al..2017). Many of the bacteria detected in this study were reported
earlier to be active in cloud water by examining their rRNA content (Amato et al. 2017b).
These includedboth abundant and rare genera, such as Acidiphilium, Sphingomonas,
Pseudomonas, Rickettsia, Curtobacterium, Deinococcus and many others. Although bacteria

abundance and metabolic activity are often correlated in communities, rare bacteria can be
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even more active at the individual level and greatly contribute to the whole microbial activity

in the ecosystem (Campbell et al. 2011).

Precipitation carries to the ground subsets of cloud microbial diversity and large
amounts of biomass from the air column

Wet deposition fluxes of ~10” to nearly ~10° bacteria cells m™ h™ were quantified during
rainfall periods. These are about one order of magnitude higher than the dry deposition fluxes
reported on a daily basis above the boundary layer (Reche et al. 2018), which clearly confirms
rainfall as major routes for airborne bacteria redeposition (Woo and Yamamoto 2020):

The biological similarity between cloud and rain samples was remarkably high, with
~75% of the bacteria genera present in rain also detected in clouds. This was noticeable even
at deep taxonomic level in samples collected simultaneously, illustrating-the strong
connectivity between these consecutive steps of the water cycle. Beta-diversity can thus
overall be interpreted through the ecological concepts of nestedness, with precipitation
carrying a proportion of cloud’s richness as one can expect, , and spatial turnover of taxa
(Baselga 2010; Baselga and Leprieur 2015; Aho et al: 2020), illustrated by the numerous
sample specific taxa. . The high proportion‘of sample specific taxa in particular in rain is
likely related at least in part with.the boundary layer/free troposphere localization of the
sampling locations, and with the influence of multiple local sources acting alternately in
relation with air mass movements. It is well documented indeed that the planetary boundary
layer carries more material per unit volume than the free troposphere, and is more variable at
small scale.dueto proximity with sources (Patton, Sullivan and Moeng 2005; Sasakawa et al.
2013).

Na" is emitted by marine sources and its relative contribution to the pool of dissolved ions

can be used for tracking marine inputs to an air mass (Xiao et al. 2018). Assuming an origin
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in precipitation exclusively sourced in clouds at our sampling sites, we used the [Na'Jciouq t0
[Na']rain concentration ratio to track the proportion of material originating from the source
cloud in rain, and normalize biomass and richness data. We infer that 25.5%, 0.2% and 0.8%
of the bacteria cells in rain originated from the corresponding source cloud in events a, b and
c respectively, so that by far that the largest fraction of the bacterial biomass was scavenged
from the air column, in particular during intense rain events (b and c). In turn, the relative
bacteria richness in rain water tended to decrease with the proportion of material originating
from the source cloud, pointing these latter as sources of diversity.

Based on aerosol scavenging efficiencies by raindrops, Moore and colleagues estimated that
most (55-73%) of the bacteria cells present in rainfall, in terms of biomass, originate from the
source cloud, in particular in light rainfall whose scavenging intensity is low (Moore et al.
2020). Our observations indicate higher proportions of scavenged biomass:*The
environmental context greatly differs between the continental mid-altitude area in France
investigated in our study and that in Louisiana in (Moore et'al:*2020), and parameters such as
aerosol and drop numbers and size, rainfall intensity and else could contribute to large

differences.

Biodiversity is not evenly distributed between clouds and precipitation

As for ions, bacteria taxa were not evenly distributed between clouds and rain: the
bacteria more represented In.precipitation were essentially known plant-associated taxa,
consistently with.previous observation that these are limited in their vertical atmospheric
dispersal (Els et.al” 2019a). Rain drops impacting the surface, i.e. grassland here, are
themselvesyresponsible for the emission of large amounts of biological aerosols (Huffman et
al. 2013; Joung, Ge and Buie 2017), which could have greatly contributed to rain water

composition.
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Although different environmental situations were examined here, the data converged
towards the depletion or enrichment of certain bacteria taxa in precipitation versus the source
clouds. Noteworthy, the bacteria assemblage in the snow sample resembled more precipitation
than clouds, although this was collected at the cloud sampling site. This suggests the existence
of some extent of environmental determinism in the distribution of taxa. Beside differential
influences from the emission sources between clouds and precipitation, it seems thus
legitimate to wonder whether specific phenotypic traits in bacteria could also contribute
shaping their distribution.

Undibacterium and Massilia, the most representative bacteria of clouds and rain,
respectively, along with Noviherbaspirillum, a member of the common core, are-all
Oxalobacteraceae. Oxalobacteraceae were also found persistent members-of aerosols at high
altitude (~10 km) over the tropics (DeLeon-Rodriguez et al. 2013). Noteworthy, in Sierra
Nevada (Spain), Massilia and Noviherbaspirillum were also peinted out for their enrichment
in rainfall compared with dry deposition (Triad6-Margarit et al::2019). Undibacterium
comprises oligotrophic bacteria recently described-in‘clean water environments (Kampfer et
al. 2007; Eder et al. 2011). Bacillus and Staphylocoecus, both dominant in clouds, have
interestingly previously been reported viable at'high altitudes in the dry stratosphere in several
studies (Wainwright et al. 2003; Smith et'al. 2018). The capacity of Bacillus to form spores
undoubtedly improves its atmospheric persistence and dispersal (Smith et al. 2011).
Additionally, the low-GC centent in the genomes of these bacteria (Firmicutes) could favor
their tolerance ta.such ‘demanding environments as the high atmosphere and clouds (Foerstner
et al. 2005;.Mann‘and Chen 2010).

The possibility that bacteria could have avoided precipitation from cloud due to particular
unidentified trait seems unreasonable. On the contrary, certain bacteria enriched in

precipitation may have properties that could have favoured their wet deposition. Phenotypic
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traits potentially related with bacteria’s fate in the atmosphere have been proposed in the past.
Proteobacteria in particular were found to be effective producers of biosurfactants, a factor
mentioned as potentially favouring the integration of bacteria into cloud droplets (Renard et
al. 2016). Besides, ice nucleation is probably the most cited biological process that could lead
to a selective partitioning of bacteria in the atmosphere; this can initiate precipitation and so
participate to the preferential wet deposition of plant associated ice-nucleation active bacteria
(bioprecipitation), in particular Gamma-Proteobacteria such as Pseudomonas syringae
(Morris, Georgakopoulos and Sands 2004). It was reported earlier that the most efficient ice
nuclei were indeed enriched in rain compared with clouds and aerosols (Pouzet et al,-2017).
Additionally, bacteria taxa known to include ice nucleation active members were found
overrepresented in the wet phases of the atmosphere compared with dry aerosols (Els et al.
2019b). Our observations are in good agreement, with Pseudomonadales-also tending to be
more represented in rain than in clouds and supporting the special r€lationship of these

bacteria with the atmospheric water cycle.

Concluding remarks

The data demonstrates that undoubtedly the atmosphere acts as a bacterial seed bank
vehicle from high altitudes and probably distant environments to receptacle environments
through the water cycle (Lennon and Jones 2011; Caporaso et al. 2012), thereby contributing
to ecosystem microbial dynamics. Precipitation are in this regard increasingly prospected for
novel potential biotechnologies (Sarmiento-Vizcaino et al. 2018). The immigrant
microorganisms.can interact and compete with existing communities, and eventually colonize
theirnew epvironment (Morris and Sands 2017). The constant carriage of new taxa,

taxenomically close, to the surface via precipitation contributes to the spatial and temporal
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stability of ecosystems and tends to improve microbial fitness by spreading potentially
beneficial and compatible biological innovations (Jalasvuori 2020).

The atmosphere is probably one of the most challenging environments to sample and
analyze. As cloud altitude and the occurrence and localization of precipitation varied, not all
precipitation samples could be associated with their source cloud and conversely. Inevitably,
different sampling procedures have been deployed for prospecting clouds and precipitation,
and the methods evolved within the time frame of this study which have contributed to
differences in the datasets. Nevertheless, constant and meaningful trends emerged that could
be related with emission sources and biological traits. We examined biodiversity in regard.to
chemical and meteorological contexts, and setup a coordinated sampling along.the altitude

gradient that allowed deciphering bacteria’s fate along the first steps of thé atmospheric water

cycle, connecting high altitudes to surface environments. Prospecting-environmental gradients

in the highly variable atmospheric ecotone appears beneficial,df not necessary, to understand

the dynamics and trends involving its microbiota.
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Figure 1: ‘Airmasses’ history over the 72 hours preceding sampling, expressed as % of
the time spent over continental (right, brown) or marine (left, blue) surfaces, in the free
troposphere (High) or in the planetary boundary layer (Low). Data were extracted from ERA5

hackward trajectory plots at cloud attitude for rain samples or PUY altitude for clouds and
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snow. The % of time spent over marine surfaces is shown as negative values for graphical
representation. *Superscripted letters indicate chronological associations between cloud and

rain samples.
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Figure 2: Seventy-two-hours backward trajectory plots at cloud-level, extracted from
ERAJS data reanalysis, for the associated cloud and rain samples in events a, b and c. See
Supplementary Figure 3 for other samples and the petential corresponding source areas

identified.

1202 JoquisAoN 0 uo Jeon@olewe aniald Aq Zy20Zy9/v L qel/oeswal/Se0L 0L /I0p/a|0IiB-80UBAPE/O8SWa)/W02 dNo oIwapeae//:sd)y Wol) papEojuMO(]



A Event a Biological
lons variables
10 1080
—_ 1 xI_ e
» x [
[ Cloud/Rain ratio R . 2 0 Ay M -0»-:- v L ;
[ Cloud water BlOIOglCaI [=] o | A = | . v L
[ Rain water |°ns - ™~ ] A a
variables S H
o 1000 R il
7 5 o .
= =
(=) B .
o~ 2 Event b Biological
—_ o 10?2 ‘I F 100 o lons variables
= = 10 100
E X o < =
= T o - .
2 g ° 9 o |amE v ™
T — c E A A o
o3 g 2 . xv g
L - A £
o £ 10" A g oo i A vy Afns
® = E = 7 | wl Z
=g [T - ¥ . B
- < : g <
-} | = H
g E ; 1 o w0 =
35? 100 ‘ % - . -
=] | = Eventc Biological
x } } 3 lons. variables
10 0
s * | o= - 0.1 i)
-
10 L L RN v L 1o
W = A v g
x & F ) A g
5}
-~ ,%4& C‘)@ = 4 4 AY A Alwg
S X = vv s X v v £
Q'\ N = v o
N §Q' i — H
3
&
10 o g N |- 01

Figure 3: Absolute concentrations (left axes) and median ratioss(right axes) of the main
ions and biological variables in cloud and rain water samples, (asymedians, 10™, 25" 75" and
90™ percentiles). A- all samples together; B- events &, b and c. Note the logarithmic scales on
both Y-axes. Asterisks indicate significant differences)between concentrations in clouds and

in rain (Mann-Whitney test, p<0.05).
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40bacteria genera represented by >100 reads, out of the 135 distinct genera detected in total

in this set of samples. The genera more represented in clouds than in rains are depicted in red,
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the genera more represented in rain in blue. Error-bars represent standard deviations from the
mean rain-to-cloud ratio. The genera present in all the samples (common core), in all clouds
and in all rain samples of the study are indicated by black, red and blue dots respectively.
Asterisks on genera names indicate those whose representation was significantly different
between clouds and rains, considering all the samples of the study (Kruskal-Wallis test, p-

value < 0.05).
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Table 1: Meteorological contexts during sampling.

SamplelD* Sampling Sampling date Cumulated Average Wind speed Precipitation rate Boundary layer Main
location — (mm/ddlyyyy) precipitation or cloud  temperature (average [max]) (average [max]) altitude (min-max geographical
altitude (m sampling duration (h)  (°C)" (mshy? (mm/h)* [average]) (m)**  origin®
a.s.l.)

SNOW

20170116SNOW PUY —1465m  1/16/2017 0.5 -5.7 3.2[4.6] - 844-1012 [928] NW

RAIN

20161105-06RAIN Opme—-680m  11/5and 11/6/2016 23 7.2 NA** 2.5[12.0] 510-1318 [925] w

20170307RAIN? Opme—-680m  3/7/2017 3 3.4 5.2[9.1] 1.3 [3.6] 540-1808 [1399] W

20170323RAIN Opme—-680m  3/23/2017 8 6.5 1.1[3.5] 2.9[24.0] 557-1346 [856] SW

20191001RAINP Opme—-680m  10/1/2019 6 20.1 2.3[5.0] 4.4124.0] 1035-1406 [1165] W

20191015RAIN Opme—-680m  10/15/2019 15 NA** NA** 4.3[14.4] 727-1532 [1196] W

20191022RAIN® Opme—-680m  10/22/2019 14 10.0 0.3[2.4] 1.5[7.2] 444-777 [569] S

20191023RAIN® Opme -680m  10/23/2019 135 114 1.5[4.7] 2.7[24.0] 481-1285 [835] SE

20191028RAIN Opme —-680m  10/28/2019 12 14.2 0.3[2.9] 1.5[3.6] 441-864 [491] w

20191031RAIN Opme-680m  10/31/2019 9 124 1.6 [5.1] 1.3[6.0] 449-1235 [760] w

20191104RAIN Opme—-680m  11/4/2019 19 9.9 4.3[7.2] 1.9 [8.4] 889-1815[1476] W

CLOUDS

20170308CLOUD? PUY -1465m  3/8/2017 7.5 29 14.9 [19.5] - 798-1384 [1174] W

20190925CLOUD PUY - 1465m  9/25/2019 33 6.6 10.8 [13.0] - 1105-1728 [1321] W

20191002CLOUD" PUY - 1465m  10/2/2019 2.4 6.5 3.0[4.6] - 1263-1318 [1296] NW

20191022CLOUD® PUY - 1465m  10/22/2019 6.4 NA** NA** - 511-777 [623] SE

* Superscripted letters indicate chronological associations between cloud and rain samples;

# Over the precipitation or cloud sampling period;
! Data extracted from ECMWE ERA5 model;

a Based on CAT 72-hour back trajectory plots starting at Opme for rain (ground level - cloud level) and at PUY summit level for clouds and snow; see Table S1 for details;
NA**: No data available.
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Table 2: Biological characteristics of the samples.

SamplelD* Bacteria cell number Bacteria wet deposition rate (cells ATP concentration Bacteria richness (number
concentration (cells mL™ of water) m?2h™) (pmol L™ of distinct OTUs)
SNOW
20170116SNOW 3.29x10* - NA** 154
RAIN
20161105-06RAIN 4.30x10° 1.08x10’ NA** 246
20170307RAIN? 1.19x10* 1.54x10’ NA** 582
20170323RAIN 1.12x10* 3.26x10’ NA** 600
20191001RAIN® 1.51x10° 6.63x10° 1405 264
20191015RAIN 1.84x10* 7.91x10’ 155 380
20191022RAIN® 1.41x10° 2.11x10° 673 586
20191023RAIN® 6.70x10* 1.81x10° 271 531
20191028RAIN 8.14x10* 1.22x10® 431 433
20191031RAIN 6.64x10* 8.64x10’ 443 393
20191104RAIN 2.01x10* 3.83x10’ 214 529
Average rain 5.72x10* 1.44x10° 513.1 454
Standard error rain 5.41x10* 1.95x10° 430.0 132
CLOUDS
20170308CLOUD? 2.67x10° - 340 174
20190925CLOUD 1.36x10* - 682 1140
20191002CLOUD" 1.43x10* - 842 1019
20191022CLOUD® 2.81x10* - 344 1173
Average clouds 1.46x10" - 552.1 877
Standard error clouds 1.04x10* - 251.5 473

* Superscripted letters indicate chronological associations between cloud and rain samples;
NA**: No data available.
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