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General Introduction

The outdoor atmosphere is a complex and highly dynamic environment where emitted sources of
microorganism mix over short and long distances to form mosaic airborne communities. The average
residence time of microorganisms in the atmosphere is one day to a week (Burrows et al., 2009a),
demonstrating the variable and ephemeral nature of the atmospheric microbial assemblage in terms
of biodiversity and richness. These airborne microorganisms are known to be present and viable in
aerosols (i.e., dry or partially dry atmosphere) since the discovery of Louis Pasteur at the late 19t
century (Pasteur et al., 1878). However, the in situ activity of aerosolized microorganisms was
demonstrated much later with Krumins et al., (2014), and the potential of clouds as microbial habitats
was investigated in the 90s with Fuzzi et al. (1996) and then with Sattler et al. (2001). This lack of
progress for decades in the field of aeromicrobiology can be explained by the complexity of the
atmosphere as a subject of study, particularly clouds. Moreover, methods for analyzing general
ecosystems activity are new to the field and still in development (e.g., metatranscriptomics). The
subject has also lacked consideration for a long time, but recently the interest is increasing with the
new concerns related to the environment, health, and climate.

Recent studies have focused on aerosols and active biodiversity with RNA-based analyses (Klein
et al., 2016; Santl-Temkiv et al., 2018; Womack et al., 2015). The total active communities in clouds
was first studied in (Amato et al., 2017). However, the functional profile of airborne communities in
aerosols is still unknown, and is in its beginning in clouds with a first exploration of their microbial
functioning made by Amato et al. (2019) with the use of metatranscriptomics (MT) and metagenomics
(MG). This study includes three cloudy events and is based on amplified metagenomes and
metatranscriptomes by MDA. NGS sequencing introduces unavoidable quantification biases, and these
biases are increased by amplification such as MDA (Yilmaz et al., 2010).

My thesis work is a continuation of the efforts initiated in Amato et al. (2019) and aims to
investigate whether clouds are specific microbial entities in the atmosphere, providing condensed
water to cells, like oases in an atmospheric desert. To this end, cloudy situations were compared to
other atmospheric compartments such as aerosols and precipitation in terms of biodiversity and
functional profile.

This thesis work was part of the project “Modeling biologically-driven processes in clouds”
(MOBIDIC) which is related to the ANR plan “Make our planet great again” (MOPGA). This project aims
including biological processes in atmospheric chemistry and physics models.

This manuscript is divided into four chapters, with first (Chapter 1) a state of the art of current

knowledge on microorganisms in the outdoor atmosphere and clouds.
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General Introduction

Then, the results are presented as three chapters:

Chapter 2 presents the singular sampling sites and the experimental procedure used during my
thesis work. Details on the validation of the protocols and on the multiple negative and positives
controls performed are presented. The results section is divided into two articles written for
submission to scientific journals. The first one develops the validation of the experimental procedure
for the analysis of nucleic acids on the atmosphere. Good sampling and data processing practice are
also recalled. The second article focus on our first attempt to compare clouds to aerosols. Amplicon
sequencing was used to investigate bacterial diversity in both atmospheric compartments. These two
articles support the work presented in Chapter 3 and 4.

Chapter 3 describes our second sub-objective, which is to compare clouds and precipitation.
Bacterial communities are also studied by amplicon sequencing, and efforts were made to sample to
sample precipitation and the associated cloud in a coordinated manner to reveal direct links between
the two compartments. This part of the results has been published and the chapter presents an
introduction to the study, the published paper and a conclusion with additional results.

Chapter 4 directly pursues what was started in the study by Amato et al. (2019) with several
improvements. Here, metagenomes and metatranscriptomes were obtained without prior
amplification, limiting quantification bias. Clouds were compared to aerosols to highlight possible
microbial functional specificities in the presence of condensed water. Thus, the chapter first contains
an introduction to the methods used (metagenomics and metatranscriptomics) and their specific
challenges, with a description of the bioinformatic workflow developed to process this very complex
dataset. Then, a short introduction to this study is proposed, followed by the functional study written
for submission, and a conclusion of this chapter.

Finally, a general conclusion with perspectives are proposed. An extended abstract in French is
also present at the end of the manuscript

This thesis work involved the collection of environmental samples for in situ analysis of clouds,
aerosols and rain, sample processing, and raw data analysis with a large part of bioinformatics
processing. This was a multidisciplinary work implying knowledge of atmospheric physics and
chemistry (especially clouds), and skills in field sampling, molecular biology and bioinformatics.

Multiples collaborations were undertaken with laboratories in France and Germany to improve

the processing of the unique datasets obtained during this thesis project.
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Literature review

1. Structure of the atmosphere

1.1.The Ea

rth’s atmosphere

The Earth’s atmosphere is composed of multiple atmospheric layers, the troposphere being that

of lower altitude (0 to 10-20 km) in contact with surface ecosystems and notably characterized by a

decrease of temperature with increasing altitude (American Meteorological Society - AMS, 2012). The

troposphere includes the atmospheric boundary layer (ABL; or planetary boundary layer, PBL)

characterized by vertical turbulence due to relief and temperature gradients. This atmospheric layer is

strongly influenced by local emission sources (natural and anthropogenic). Its depth is variable in time

and space (several meters to ~2 km) depending mostly on the diurnal cycle and surface temperature

(Garratt, 1994). Thus, the boundary layer height (BLH) is greatest on hot summer days, while it is lowest

on cold winter nights. The free troposphere, on the other hand, is mainly subject to horizontal air

movements on a continental and planetary scale, the air masses encountering no obstacles. The free

troposphere is also the atmospheric layer that houses the water cycle, with the formation of clouds

and precipitation (Figure 1).
A
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Figure 1: Schematic representation of the troposphere layers with the main atmospheric

phenomena. Bleu arrows: major air movements; red arrow: aerosolization of microorganisms; grey

arrows: atmospheric physical phenomena; green arrows: biological processes.
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1.2.Bioaerosols

The term aerosol refers to every solid and/or liquid particles in suspension in the atmosphere
(Fuzzi et al., 2006). Differentiation is done between primary aerosols, particles emitted directly into
the atmosphere, and secondary aerosols which are generated in the atmosphere by condensation of
gaseous precursors. Among primary aerosols, some have a biological origin and are called bioaerosols
(or primary biological aerosol particles, PBAP). They contain dead or alive organisms, isolated or
aggregated and their fragments and products: animal and plant debris, pollen, biofilm fragment,
bacterial and fungal cells and spores, archaea, viruses, etc. (Després et al., 2012). PBAP size is highly
variable with a range from 1 nm (viruses and cell’s fragment) to 100 um (pollen, plant debris) (Després
et al., 2012; Frohlich-Nowoisky et al., 2016).

PBAPs can impact cloud chemistry by diluting into the aqueous phase (Marinoni et al., 2004;
Sellegri et al., 2003), or through microbial metabolisms (Khaled et al., 2021); they can also impact the
physics of the atmosphere by serving as cloud condensation nuclei (CCN) or ice nuclei (IN) (Mohler et
al., 2007; Zhang et al., 2021a) (Figure 1). The atmospheric transport of PBAPs plays a very important
role in the spread of microorganisms and in the exchange of genetic material between geographically
distant areas. PBAPs are thus, key elements in the development, evolution, and the dynamics of
ecosystems (Frohlich-Nowoisky et al., 2016).

Concerning secondary aerosols, atmospheric modeling has estimated that secondary biological
aerosol (SBA) could be produced in cloud droplets by the multiplication of cells and impact the

chemical processes of clouds in the same way as PBAPs (Ervens and Amato, 2020).

1.3.Clouds

1.3.1. Insoluble particles

Clouds are composed of condensed water droplets in suspension in the atmosphere formed
around aerosols, referred to as cloud condensation nuclei (CCN). Not all aerosol particles are CCN-
active, depending on their size and hygroscopicity (Petters and Kreidenweis, 2007). The larger a
particle is, the greater its radius of curvature and surface area available for water condensation (cf.
Koehler theory; Wex et al., 2008). The size distribution and chemical composition of these aerosols will
thus be able to influence the processes of cloud formation and development (Asmi et al., 2012;
Matthias-Maser et al., 2000). It is estimated that cloud droplets have a mean diameter of several
micrometers (~3 to ~50 um) (Miles et al., 2002). Atmospheric particles which can form CCN are: dust
and volcanic dust, marine salt, soot, and other particles in suspension in the atmosphere, as well as
PBAPs (Matthias-Maser et al., 2000). Approximately 25% of insoluble particles in clouds are biological

and this proportion increases with the rate of anthropogenic sources in the air mass (Matthias-Maser
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et al., 2000). The microorganisms, can serve as CCN and participate, to a certain extent, in the
formation of cloud (Després et al., 2012; Frohlich-Nowoisky et al., 2016; Hamilton and Lenton, 1998;
Mikhailov et al., 2021). Moreover, certain bacteria are known to have the best IN activity among IN
particles, causing water to freeze at -2°C for the bacterium Pseudomonas syringae. The IN activity could
participate in the induction of precipitation (Morris et al., 2004; Sands D.C, 1982), and thus impact the

physics of clouds.

1.3.2. Soluble material

Regarding soluble compounds in cloud water, the major organic and inorganic ions found (from
several to thousands pM) are acetic, formic, succinic, malonic and oxalic acids, as well as Cl, NOs", SO4*
, Na*, NH4*, K*, Mg?* et Ca?* ions (Table 1) (Collett et al., 1993; Renard et al., 2020). lon concentrations
are variable between and within clouds. The liquid water content (LWC) is one of the main factors
influencing the concentration of the liquid phase, along with the origin of the chemical sources and
their proportion (Marinoni et al., 2004). There are concentration gradients depending on the size of
the droplet and the height in the cloud (Petrenchuk and Drozdova, 1966), but still little is known about

this subject.

Table 1: Minimal, maximal and average concentrations of organic and inorganic ions (uM) and pH in

cloud water in Central France area (data from Renard et al., 2020).

Organic ions (uM)
Acetate Succinate Malonate Oxalate Formate

Min 0 0 0.08 0 0.25
Max 71.24 33.02 3.5 377.24 109.63
Median 7.07 0.48 0.41 1.59 8.53
Inorganic ions (LM)

cr NOs SO4* Na* NH4* K* Mg?* Ca?
Min 0.16 0.8 0.49 0.37 2.19 0 0 0
Max 409.52 516.51 247.35 678.56 531.13 159.42 47.92 602.14
Median 20.24 33.34 22.66 20.78 65.75 4.28 433 9.14
pH
Min 3.1
Max 7.6
Median 5.59
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The chemical composition of the cloud droplets is also determined by chemical and physical
processes such as the dynamics of cloud formation, the composition and concentration of aerosols
that dissolve in the aqueous phase from CCN or impaction scavenging, the transfer of volatile species
through the air/water interface during the lifetime of the cloud, and the chemical reactions that occur
in the liquid phase (Marinoni et al., 2004). According to their chemical composition, a classification of
clouds could be determined at Puy de D6me mountain (1,465 m a.s.l.; France) using the concentration
of the six main ions (CI, NOs, SO4%, Na*, NHs* et Mg?*), pH, and back-trajectory calculations of the air
masses (Deguillaume et al., 2014; Renard et al., 2020). The three ions CI', Na* and Mg?* are markers of

marine sources, while NO3, SO4* and NH4* ions are markers of continental sources.

1.4.Precipitation

Precipitation is the end-of-life process of clouds (complete or partial) that have become too heavy
in water content. Water droplets condense around CCN and fall back to the Earth’s surface. Depending
on temperature, precipitation falls either in the form of rain, or in the form of snow or hail. When
falling, rain washes out the air column and collects airborne particles (Bourcier et al., 2012). This
complex phenomenon is called scavenging and involves different physical processes such as Brownian
diffusion, inertial impaction, and interception. The efficiency of scavenging depends on aerosol particle
size and composition, as well as on rain drop size and rainfall intensity (Hou et al., 2017; Mircea et al.,
2000; Sonwani and Kulshrestha, 2019; Willis and Tattelman, 1989). Precipitation is therefore cloud
water that has passed through the air layer (Figure 1). The chemical and biological composition of rain
have already been studied and investigated (Aho et al., 2019; André et al., 2007). Meteorological
conditions (wind, temperature, ...) and local emission sources are known to influence rain composition.
However, much remains to be understood on the importance of the contribution of scavenging to the
composition of rainfall, especially for the biological part. Models and calculations have been proposed
to estimate the scavenging efficiency based on chemical composition of precipitation or on the size
distribution and number of aerosol particles and raindrops (Bertrand et al., 2008; Blanco-Alegre et al.,
2018; Mircea et al.,, 2000; Moore et al.,, 2020a). However, these estimations are not based on
environmental samples or only looks at precipitation and aerosols, but not the original cloud. The initial
composition of the rain (when it falls from the cloud) can therefore only be extrapolated. Wet
deposition in one of the main pathways for the redeposition of microorganisms on surface ecosystems
(Figure 1) (Aho et al., 2019; Morris et al., 2004; Woo and Yamamoto, 2020), it is therefore of interest
to better characterize which part comes from long-distance sources (from clouds) or from local sources
(scavenging from the air column) to better understand the potential influence of precipitation on

ecosystems (lake, vegetation, crops) and on Human health. Phytopathogens are, among other
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microbes, present in precipitation that redeposit them on plants and crops. Some are even suspected

of inducing precipitation due to IN activity like Pseudomonas species (Morris et al., 2004).

2. Microorganisms in the atmosphere

2.1.Biodiversity

Nowadays, the main microbial diversity in the outdoor atmosphere starts to be well documented.
For the domain of Bacteria, the most abundant phylum is Proteobacteria, notably the orders
Pseudomonadales (genera Pseudomonas, Psychrobacter and Acinetobacter), Burkholderiales (Massilia
and Janthinobacterium), Rhizobiales (Methylobacterium), Rhodospirillales (Acetobacter) and
Sphingomonadales (Sphingomonas). Other phyla are commonly found in the air such as Actinobacteria
of the orders Corynebacteriales (Corynebacterium), Actinomycetales (Streptomyces) and
Micrococcales (Arthrobacter); Firmicutes of the orders Bacillales (Bacillus and Staphylococcus),
Clostridiales (Clostridium) and Lactobacillales (Streptococcus); and Bacteroidetes of the order
Sphingobacteriales (Amato et al., 2017; Bowers et al., 2013; Ruiz-Gil et al., 2020). The domain of
Eukaryotes, among unicellular organisms, is mainly represented by Fungi (Ascomycota and
Basidiomycota, often spore forming), with also some representatives of Stramenopiles and Alveolata
(Amato et al., 2017). In Basidiomycota, Agaromycetes, Tremellomycetes and Microbotryomycetes
classes are the most represented, while in Ascomycota it is the Sordariomycetes, Eurotiomycetes,
Leotiomycetes, Dothideomycetes and Saccharomycetes classes (Amato et al., 2017; Els et al., 2019;
Frohlich-Nowoisky et al., 2009, 2012). Archaea and viral sequences are also observed but not much is
known about their global representation in the atmosphere, as most of the studies do not focus on
them (Amato et al., 2019; Jaing et al., 2020; Reche et al., 2018; Smith et al., 2013).

Although these major bacterial and fungal groups are found almost everywhere in the
atmosphere, probably due to their high capacity for atmospheric dispersal, airborne microbial
communities remain very diverse and variable depending on: altitude (Bryan et al., 2019; Drautz-
Moses et al., 2022; Jaing et al., 2020; Prass et al., 2021), season (Bowers et al., 2013; Céliz et al., 2018;
Tignat-Perrier et al., 2020), meteorological conditions (Bertolini et al., 2013; Maron et al., 2006) and
sources of emission (Bowers et al., 2011; Li et al., 2020). Which leads us to the next sections about the
sources of airborne microorganisms (section 0), atmospheric transport (section 2.3) and factors

influencing the biodiversity and the biomass of airborne microbial assemblages (section 2.4).
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2.2.Natural and anthropogenic sources

2.2.1. Bacteria

It is estimated that there are ~10% to ~10° bacterial cells by m? of air in the atmosphere (Bauer et
al., 2002; Burrows et al., 2009b), depending on the altitude and the distance from the emission source.
The sources are multiple and have natural or anthropogenic nature. Common bacterial groups
associated with source types are summarized in Figure 2.

Concerning natural origins, vegetation (leaf surface, or phyllosphere) is one of the most important
sources of atmospheric bacteria, along with soils (Lindemann et al., 1982; Samaké et al., 2020). The
number of bacteria on plant leaves is estimated at 10%® cells/g, with a global population of
microorganisms on leaves of approximately ~10% cells (Lindow and Brandl, 2003), which represents
an important bacterial reservoir on Earth. Many phyllosphere-inhabitant bacteria are found in the
atmosphere such as Pseudomonas, Sphingomonas or Massilia (Aydogan et al., 2018; Lindemann and
Upper, 1985; Lindemann et al.,, 1982; Rastogi et al., 2013). Burkholderiales, Rhizobiales and
Sphingomonadales orders were also found dominant in pine forest and rural areas in Bowers et al.
(2011, 2013). A recent study, Manirajan et al. (2018), has revealed the existence of a diverse
microbiome associated with pollen. The dominant bacterial phyla are Proteobacteria (Pseudomonas
and Rosenbergialla), Firmicutes (Bacillus and Lactococcus) and Actinobacteria (Curtobacterium and
Friedmannialla). This study correlates also bacterial taxa with insects (Rosenbergiella) and wind
pollination (Methylobacterium). Members of the genus Methylobacterium are often found in air
samples (Amato et al., 2017; Samaké et al., 2020; Tignat-perrier et al., 2019) and have a wide variety
of characteristics that likely make them well fitted for survival in the atmosphere (desiccation
tolerance, nitrogen-fixing activity, biofilm formation, facultative methylotrophy and pigmentation)
(Ruiz-Gil et al., 2020).

Soils are also an important potential natural sources of airborne microorganisms with a number
of prokaryotic cells estimated to 4 x 107 cells/g in forest soils and to 2 x 10° cells/g in other type of soils
(including desert and cultivated soils)(Burrows et al., 2009b; Whitman et al., 1998). Common bacterial
phyla associated with soil are Firmicutes, Proteobacteria (Rhizobiales) and Actinobacteria (Bowers et
al., 2011; Després et al., 2012).

Marine environments are the largest sources of aerosolized microorganisms after soils and
vegetation, given their surface (Després et al., 2012; Ruiz-Gil et al., 2020). Sea spray aerosols are
formed by waves breaking and bubble bursting, enabling the atmospheric transport of microorganisms
from the sea to other nearby and distant environments (Dueker et al., 2011, 2012; Evans et al., 2019;
Michaud et al., 2018). The presence of several bacterial taxa with a high aerosolization capacity has

been demonstrated in coastal Pacific seawaters. These bacterial phyla were Proteobacteria
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