
Chapter 10
Clouds: A Transient and Stressing Habitat
for Microorganisms

Anne Marie Delort, Mickael Vaïtilingom, Muriel Joly, Pierre Amato,
Nolwenn Wirgot, Audrey Lallement, Martine Sancelme,
Maria Matulova and Laurent Deguillaume

Abstract In this chapter, we synthesized the current knowledge about clouds as
ecosystems which have been discovered very recently. First, we briefly described the
cloud habitat. Cloud physics chemistry and microphysics are described, showing that
this environment is extreme. Microorganisms are exposed to a dynamic medium
changing extremely rapidly (evaporation/condensation of the cloud droplets, quick
temperature and pressure changes, freeze/thaw cycle) and also to chemical stresses
(strong oxidants, acidic pHs and toxics). Then the life cycle of microorganisms in the
atmosphere is detailed showing that cloud is a transient habitat: microorganisms are
aerosolized, transported in the air, integrated in cloud droplets and deposited back to
the ground with precipitation. Finally the cloud microbiome is described; it appears
that it remains largely unknown and basedmainly on culture techniques. In the second
part of the chapter, the abilities of these microorganisms to survive in this stressing
environment are described in details. Microbes can adapt their metabolism as it was
shown that the majority of the community is metabolically active and that they
metabolize organic compounds in cloud water. They have also developed general
strategies that help resisting to atmospheric constraints, such as the production of
extracellular polymeric substances and pigments, or the formation of spores. Finally
they can respond to specific stresses such as oxidative, osmotic and temperature

A.M. Delort (&) � M. Joly � P. Amato � N. Wirgot � A. Lallement � M. Sancelme
Institut de Chimie de Clermont-Ferrand, Unviersité Clermont-Auvergne,
BP 10448, 63000 Clermont-Ferrand, France
e-mail: A-marie.delort@univ-bpclermont.fr

M. Vaïtilingom
Laboratoire de Météorologie Physique, Institut de Chimie de Clermont-Ferrand
and Observatoire de Physique du Globe de Clermont-Ferrand, Université
Clermont-Auvergne, BP 10448, 63000 Clermont-Ferrand, France

M. Matulova
Institute of Chemistry, Slovak Academy of Sciences, Bratislava, Slovakia

L. Deguillaume
Laboratoire de Météorologie Physique, Observatoire de Physique du Globe
de Clermont-Ferrand, Université Clermont-Auvergne, BP 10448,
63000 Clermont-Ferrand, France

© Springer International Publishing AG 2017
C. Chénard and F.M. Lauro (eds.), Microbial Ecology of Extreme Environments,
DOI 10.1007/978-3-319-51686-8_10

215



stresses thanks to protecting metabolites such as osmo- and thermo-protectants,
anti-oxidants or by using specific enzymes.

10.1 Introduction

Unlike most environments such as soil, freshwaters, and oceans, microbiology of
the atmosphere has only recently been studied. Indeed, the presence of living cells
in clouds opens new routes in understanding the biogeochemistry of this medium.
This lack of knowledge is certainly related to the fact that this environment is not
easy to study: clouds are difficult to sample, specific sites are needed to get in
parallel all the meteorological and physico-chemicals parameters, the number of
microbial cells is low making investigations particularly difficult. As cloud envi-
ronment is very difficult to reproduce in lab conditions, microcosm experiments are
not easy to design. Finally working on cloud microorganisms requires knowledge in
atmospheric sciences and strong interactions with physicists in this field. However,
for a long time, a gap existed between atmospheric sciences and biology, where
physicists considered microorganisms as simple particles and studied them only for
their microphysical properties. The fact that they can be alive and can actively
impact the atmospheric processes was not yet considered.

The question remains to know whether the cloud microbiome is a real
“ecosystem”. Indeed its major specificity is the fact that it is transient and highly
diluted. This means that microorganisms are dispersed in a few droplets for a rather
short time, and are thus not very likely to communicate. However they can
exchange metabolites thanks to evaporation-condensation mechanisms leading to
concentration modifications and exchanges between droplets.

Cloud environment can be considered as “extreme” mainly because it is an
unstable medium, where physico-chemical conditions changes are large and fast. In
addition this medium is highly oxidative due to the presence of strong oxidants and
UV light. To face these stresses, some microorganisms have developed specific
features allowing them to survive during their journey in the atmosphere.

10.2 Clouds as a Transient and Stressing Habitat
for Microorganisms

10.2.1 The Cloud Habitat

10.2.1.1 The Physics of Cloud

Cloud lifetime is controlled by the dynamics of the atmosphere at the synoptic scale
and, in close interaction, by microphysical processes (i.e. nucleation of cloud
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droplets, condensation and evaporation, collision/coalescence processes, sedimen-
tation of hydrometeor etc.) at small scale.

Clouds are made of microscopic droplets of liquid water (“warm clouds”),
crystals of ice (“cold clouds”), or both (“mixed phase clouds”). Cloud droplets are
formed by the condensation of water vapor onto cloud condensation nuclei
(CCN) when the supersaturation of air exceeds a critical value which is described by
the “Köhler theory” (Köhler 1936). Cloud condensation nuclei are needed during the
formation of cloud droplets because of the Kelvin effect, which describes the vari-
ation in saturation vapor pressure due to a curved surface. When the cloud droplet
radius is small, the amount of supersaturation needed for condensation to occur is so
important, that it is impossible to occur naturally in the atmosphere. The second
important factor is the concentration of solute that is described by the Raoult’s Law:
at high solute concentrations, when the droplets are small, the supersaturation
needed is smaller than without the presence of a nucleus. The cloud lifetime depends
on the way the cloud is evolving in the atmosphere. A cloud droplet can evaporate or
fall to the Earth as precipitation. In warm clouds, larger cloud droplets fall at a higher
terminal velocity than the smaller ones; the large droplets then can collide with small
ones and combine to form larger drops. When drops become large enough so that the
acceleration due to gravity is much larger than the acceleration due to drag, the drops
can fall down as precipitation. These processes are called “collision/coalescence”. In
mixed phase cloud, this effect is not as important because other complex mixed
phase processes occurs and lead to precipitation formation. Mixed-phase clouds and
cold clouds are composed of various iced hydrometeors (pristine, snow, graupel)
with a large size range and with various complex shapes. Important processes that
form precipitation in mixed-phase clouds are riming, when a supercooled liquid drop
collides with a solid snowflake, and also aggregation, when two solid snowflakes
collide and combine together.

At synoptic scale, the formation of clouds strongly depends on updrafts. Water
droplets that group together are quickly pulled down to the ground by gravity, so
that they would quickly dissipate and the cloud never forms. An updraft can form if
warm air interacts with cold air which can be cause by topography. As the warm air
rises in the atmosphere, the moisture in the updraft will condense into liquid form
and add to the amount of water available for precipitation. Violent updrafts can
reach speed up to 290 km/h. The droplets can also freeze during through one of
these updrafts and can cycle through several updrafts before finally becoming so
heavy that it falls to the ground.

In this context, clouds are harsh environments for microorganisms because they
have to deal with rapid changes in osmotic pressure when the liquid water of the
cloud varies and/or when evaporation of cloud droplets occurs. Pruppacher and
Jaenicke (1995) estimated that atmospheric water condensates and evaporates in
average 10 times before being removed by precipitation (Pruppacher and Jaenicke
1995). The solute concentration can vary by several orders of magnitude: assuming
neither precipitation nor gasification of the solutes, a 20 μm cloud droplet that
evaporates to a diameter of 2 μm would concentrate chemical species by a factor of
103. For instance, ion species measured at the puy de Dôme station, the observed
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concentrations of total ion content ranged from 1 to 1.9 mM (Deguillaume et al.
2014). Evaporation of cloud droplets would thus increase ion concentration to up to
1 M and create high osmotic shocks for the microorganisms.

Clouds also have to deal with strong pressure and temperature variation as well
as supporting several freeze-thaw cycles, especially when strong updrafts are pre-
sent. For example, in the troposphere, temperature generally decreases with
increasing altitude, by 0.6 to 1 °C every 100 m. This, associated with vertical winds
of 50 km h−1 (14 m s−1), potentially exposes airborne cells to thermal variations of
up to approximately 1 °C every 7 s, and eventually also to freeze-thaw cycles.

10.2.1.2 The Chemistry of Cloud

The cloud aqueous phase is a very complex mixture of inorganic and organic
chemical compounds. These chemical compounds found in cloud droplets originate
from various sources: from the soluble fraction of the aerosol particles which can
also act as cloud condensation nuclei (CCN), from the dissolution of soluble trace
gases as well as from scavenging processes. Cloud reactivity also forms new
chemical compounds. Since cloud water contains strong acids, potentially toxic
molecules (formaldehyde for example), and strong oxidants like hydrogen peroxide
or radicals, it can represent a stressful medium for microorganisms.

The major inorganic ions found in cloud water are the sulfate (SO4
2−), chloride

(Cl−) and nitrate (NO3
−) anions and the alkali and alkaline Earth metals cations

(Na+, K+, Mg2+, Ca2+), in addition to ammonium (NH4
+). These chemical com-

pounds results from various sources. For example, the major fraction of the
potassium, magnesium and calcium ions come from the mineral part of aerosol
particles originating from soil; nitrate and ammonium can enter into cloud water as
constituents of condensation nuclei as well as by gas to liquid scavenging of
gaseous HNO3 and NH3; the sulfate arises from the oxidation of gaseous precursors
that are dissolved into cloud droplets such as SO2. In polluted region, the oxidation
of SO2 and NO2 is a major source of strong acids H2SO4 and HNO3 that control
cloud water acidity i.e. the pH. In coastal regions and over the ocean, sodium
chloride constitutes the largest part of all ions. The acidity of the cloud water
strongly depends on the air mass origin. The pH can vary between 2.2 and 7
(Aleksic et al. 2009; Collett Jr et al. 2002; Deguillaume et al. 2014; Hill et al. 2007).
For example, for polluted clouds, the pH at the puy de Dôme station (France) is the
most acidic due to the higher amount of nitrate and sulfate (pH around 4). pH values
encountered in clouds are far from the known limits of growth of microorganisms
that can develop at pH close to 0 for certain species (Schleper et al. 1995).
However, beyond these limits, their survival strongly depends of their capacity to
maintain their pH cytoplasmic at values compatible to their metabolism. Most of the
microorganisms have optimal pH for their growth between 5 and 9 (Padan et al.
2005). During the cloud lifetime, the microorganisms have to deal with strong
variations of the pH of the cloud droplets due to the condensation/evaporation
processes.
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The organic matter also represents a major fraction of the soluble matter in cloud
droplets (Herckes et al. 2013). The total Dissolved Organic Carbon (DOC) is highly
variable depending on the history of the air mass. For highly polluted clouds, DOC
values can reach 200 mgC L−1 as reported by Wang et al. (2011) at Mount Tai in
China (Wang et al. 2011). Currently, DOC values are between 5 and 10 mgC L−1 in
average for continental clouds (Anastasio et al. 1994; Löflund et al. 2002; Ervens et al.
2013; Hutchings et al. 2009) and below 5 mgC L−1 for clouds from marine origin
(Marinoni et al. 2004; Deguillaume et al. 2014). Carboxylic acids represent around
10% of the dissolved organic carbon in the cloud droplets (Table 10.1). The car-
boxylic acids can be produced in the gaseous phase and dissolved in the aqueous phase
(main source of acetic and formic acid); they can also result from the dissolution of
soluble particles (main source of oxalic, succinic, malonic, and maleic acids); or
produced via the aqueous phase reactivity (Herrmann et al. 2015). Due to the presence
of free radicals such as the hydroxyl radical •OH in the aqueous phase, the oxidation of
organic matter is considered as an important source of carboxylic acids (Tilgner and
Herrmann 2010); they also represent one of theirmain sinks. Carbonyl compounds are
also present in cloud water and they essentially result from their dissolution from the
gas phase into the aqueous phase depending on their Henry’s law constants (Ervens
et al. 2003). In the aqueous phase, the oxidation of aldehydes produces carboxylic
acids but also lead potentially to the formation of oligomers (Ervens et al. 2003, 2015).
Concentration levels of carbonyl compounds such as formaldehyde, acetaldehyde,
glyoxal and methylglyoxal have been measured in cloud water (Houdier et al. 2011;
van Pinxteren et al. 2005; Matsumoto et al. 2005). Formaldehyde in the gas phase is
produced by biomass burning and fossil fuel combustion, and also by photochemical
oxidation of methane and non-methane hydrocarbons. This compound is efficiently
transferred into the aqueous phase due to its efficient Henry’s law constant, explaining
its higher concentration in cloud water (Table 10.1). In the case of foggy event
occurring in polluted area, the aqueous formaldehyde concentration can reach up to
710 µM (Jacob et al. 1984). This kind of high concentration of formaldehyde can be
partially toxic for the biological content of the cloud/fog droplets.

The proportion of undetermined organic matter in cloud water is still high and
represents more than 90% of the total dissolved organic matter. Among this
complex organic matter in cloud water, HUmic LIke Substances (HULIS) have
been identified and correspond to large multifunctional compounds such as pro-
teins, cellulose, dicarboxylic acids, polyols, amino acids, fatty acids, sugars,
polysaccharides or aliphatic and aromatic hydrocarbons (LeClair et al. 2012;
Ekström et al. 2010).

This description of cloud carbon content shows that this medium is rather poor,
with low DOC concentrations (Table 10.1). In addition, methanol and formalde-
hyde (C1 compounds) could be toxic for many microbial species.

Cloud water is an oxidizing environment with a redox potential of up to more
than 200 mV (Deguillaume et al. 2014), notably due to the presence of radicals
(•OH and HO2

• /O2
•−) and their precursors (H2O2, metals) (Table 10.1). H2O2 con-

centrations are ranging from 0 to 3.2 µM at Kleiner Feldberg [Germany; Sauer et al.
(1996)], from 0.1 to 57.7 µM at the puy de Dôme, with an average of 7.8 µM
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[France; Deguillaume et al. (2014)], and extremely high concentrations (up to
247 µM) were reported from Whitetop Mountain [U.S.A.; Olszyna et al. (1988)].
Their aqueous concentrations result from both various chemical interactions

Table 10.1 Observed concentration of carboxylic acids, formaldehyde, hydrogen peroxide, iron
and dissolved organic carbon in cloud samples

Chemical compounds Concentrations (µM) References

Acetic acid 30.0–84.0 Watanabe et al. (2001)

CH3CO(OH) 4.0–37.8 Löflund et al. (2002)

1.6–41.4 van Pinxteren et al. (2005)

0.3–57.6 Deguillaume et al. (2014)

Formic acid 1.3–34.3 Löflund et al. (2002)

CHO(OH) 36.0–51.2 Decesari et al. (2001)

4.9–39.1 van Pinxteren et al. (2005)

0.2–52.8 Deguillaume et al. (2014)

Succinic acid 0.8–2.6 Löflund et al. (2002)

CO(OH)CH2CH2CO(OH) 0.1–4.1 Deguillaume et al. (2014)

Malonic acid 0.7–2.9 Löflund et al. (2002)

CO(OH)CH2CO(OH) 0.4–1.8 van Pinxteren et al. (2005)

0.3–7.0 Deguillaume et al. (2014)

Oxalic acid 0.7–12.6 Löflund et al. (2002)

CO(OH)CO(OH) 0.1–15.2 Decesari et al. (2001)

2.4–11.6 van Pinxteren et al. (2005)

0.2–19.4 Deguillaume et al. (2014)

Formaldehyde 8.0–14.0 Collett et al. (1990)

CH2O 13.6–61.5 Igawa et al. (1989)

0.1–4.8 van Pinxteren et al. (2005)

0.1–14.2 Deguillaume et al. (2014)

Hydrogen peroxide 0–247 Olszyna et al. (1988)

H2O2 1–167 Richards (1995)

0–14 Valverde-Canossa et al.
(2005)

0–19 Marinoni et al. (2011)

Iron 0.1–1.6 Deutsch et al. (2001)

Fe2+ and Fe3+ 0.6–6.3 Pehkonen et al. (1992)

0.3–22.6 Erel et al. (1993)

0.1–11.9 Parazols et al. (2007)

Disolved Organic Carbon
(DOC)

Concentration (mgC
L−1)

3.0–18.0 Anastasio et al. (1994)

1.8–8.1 Ervens et al. (2013)

2.0–35.0 Wang et al. (2013)

0.3–25.0 Deguillaume et al. (2014)
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(photolysis processes and chemical reactions) and from the phase transfer exchange
between the gas and aqueous phase. •OH radicals, can be either taken up from the
gas phase or in situ produced in the aqueous phase.

One of the most relevant in situ sources of •OH in the aqueous phase is the
so-called “Fenton” reaction between H2O2 and iron(II) (Eq. 10.1). The produced
iron(III)-hydroxy complexes are also photolyzed (mostly the [Fe(OH)]2+

aqua-complexe that is dominant for atmospheric pH between 3 and 5) accelerating
the formation of �OH in the aqueous phase (Eq. 10.2).

Fe2þ þH2O2 ! ½FeðOHÞ�2þ þ �OH ð10:1Þ

½FeðOHÞ�2þ þ hm ! Fe2þ þHþ þ �OH ð10:2Þ

The photolysis of H2O2, NO3
− and iron(III)-hydroxy complexes are also

effective sources of •OH in the aqueous phase (Bianco et al. 2015) together with the
phase transfer from the gas phase. Additionally, the reactions of oxidized TMIs
(Transition Ion Metals) with H2O2 and the photolysis of metal-organic acid com-
plexes such as iron(III)-oxalate complexes can act as source for HO2

• /O2
•− in the

aqueous phase (Weller et al. 2014). The presence of such an oxidizing environment
represents a strong stress that microorganisms have to cope with.

10.2.2 The Cycle of Microorganisms via the Cloud Habitat

The concept of “cloud microbiome” which was recently suggested is unique mainly
due to the specific status of cloud microorganisms compared to the other stable
environmental ecosystems (waters, soil, plants, etc.). Cloud is a transient habitat
lasting from a few hours to a few days as it is part of the life cycle of the
microorganisms in the atmosphere. Microorganisms are aerosolized, transported in
the air and deposited further or integrated in clouds by nucleation and scavenging
processes and can be back to the earth by wet deposition using precipitation as
shuttles (Fig. 10.1). During their travel they are exposed to very strong stresses,
especially in cloud itself, which likely alter viability (see Sect. 10.1).

The sources of microorganisms are very wide including water, soil and vege-
tation; Burrows et al. (2009a) have evaluated that, globally, *1024 bacterial cells
are aerosolized from surface environments each year. Large spatial and temporal
heterogeneities exist in the distribution of microorganisms in the air, notably in
relation with the type of surface cover (rural, urban, forest, ocean, etc.) and it varies
temporally with seasonal and daily periodicities (Burrows et al. 2009a; Lighthart
1997). The mechanisms of aerosolization are still not completely understood. In the
case of oceans, microorganisms are emitted by bubble bursting. Bubbles are pro-
duced at the surface of the sea by whitecaps and breaking waves and rainfalls; since
microorganisms are concentrated at the water-air interface, their concentration
within jet drops can be increased by several orders of magnitude compared with
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their concentration in the bulk liquid (Blanchard 1989; Marks et al. 2001; Aller
et al. 2005; Mayol et al. 2014). Microorganisms can be also lifted up in the air by
the wind as part of solid aerosols, particularly on dust particles (Griffin 2007). Fungi
can emit spores specially designed to be aerosolized by the wind depending on
meteorological factors including wind speed, temperature, humidity, (Jones and
Harrison 2004). Finally vegetation is a major source of bioaerosols; the microbial
density on plant leaves is *103–108 bacteria g−1 (Lindow et al. 1978; Lindemann
et al. 1982; Morris et al. 2008). In that case different mechanisms can be involved in
aerosolization: microorganisms can be ejected by direct impact of rain drops on
leaves or can be transported upward by turbulent flows (sensible heat flux); wind
can lift dry leaves particles or dry biofilm fragments where bacteria are imbedded
(Hirano and Upper 2000; Morris et al. 2004).

Measurement of emission fluxes is difficult and few data are available. It is
supposed to vary largely with the type of sources: while Lindemann et al. (1982)
have measured net upward fluxes in the range of 100–1000 CFU m−2 s−1 over
agricultural areas, Burrows et al. (2009a, b) has evaluated emission rates as low as
*1 CFU m−2 s−1 from seas and glaciated ecosystems based on near-surface
concentration measurements, however it should be noted that this evaluation is very
rough and still questionable.

Once aloft, micron-sized particles like microorganisms are dispersed vertically
and horizontally. They can go up in the atmosphere along the different layers
(troposphere 0–12 km, stratosphere 12–50 km, and mesosphere 50–85 km).
Although most studies have been performed in the troposphere, which is the major
place where clouds form and exist; viable microorganisms have been collected up

Fig. 10.1 Clouds acts as a transient habitat during the life cycle of microorganisms.
Microorganisms are aerosolized, transported vertically and horizontally, integrated in clouds by
condensing water and shuttled down to the ground mainly by precipitation
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to 77 km of altitude (Imshenetsky et al. 1978). Concerning horizontal dispersion
microorganisms can be transported thousands of kilometers away from their
emission source (Prospero et al. 2005; Kellogg and Griffin 2006; Smith et al. 2013),
and eventually reach the most remote regions of the planet. For instance, Asian dust
storms can take 7–9 days to cross the Pacific Ocean, while African dusts can reach
the Caribbean and America within 3–5 days (Griffin 2007). The residence time of
particles in the atmosphere depends on their size, large particles (>10 µm in
diameter) can settle by dry deposition. For particles in the range of 0.1–10 µm the
prominent process of deposition is wet: it requires the presence of condensed water.
Finally small particles (from 10−4 to 10−1 µm) must aggregate within each other
and reach a size large enough to be deposited (Renoux and Boulaud 1998). This
means that the prominent manner to descend back to the surface for microorgan-
isms, which are in the size range of 1 µm is wet deposition. The residence time of
microorganisms in the atmosphere is thus largely dependent on meteorological
conditions (dry vs. humid) and was modelled to be between 10 and 2 days,
respectively (Burrows et al. 2009b). Very recently Amato et al. (2015) have
measured the residence time of selected bacterial strains in a cloud simulated
chamber (AIDA, Karlsruhe, Germany) which might improve the numerical models
of bacterial dissemination in the future. The cultivability of airborne bacterial cells
over time showed an exponentially decreasing function with a half-life time of
about 3.5–4.5 h. In other words, considering the average residence time of 3.4 days
of bacteria in the atmosphere estimated by models (Burrows et al. 2009b), our
results indicate that the proportion of cells surviving aerial transport is only 1 cell
out of 106 cells aerosolized from the surface. The distance of transportation of
bioaerosols depends on the wind speed and can be simulated to be between several
hundreds to thousand kilometers.

As explained above, microorganisms can be deposited to the ground using
precipitation as shuttles. However falling rain drops are largely inefficient in
scavenging particles of this size, so microorganisms have to be first integrated in
cloud droplets by nucleation or scavenging processes into clouds. First microor-
ganisms themselves can act as CCN (Cloud Condensation Nuclei) offering a surface
to condensation of water vapour; it is as a particular case of aerosol particles
presenting some specific physico-chemical properties due to their biological nature
(Sun and Ariya 2006). Furthermore, some specific microorganisms, notably some
bacteria belonging to the genus Pseudomonas, can initiate the formation of ice at
relatively warm temperatures (−2 to −12 °C) thanks to a surface protein (Möhler
et al. 2007; Ariya et al. 2009; Hoose and Möhler 2012). Such biological Ice Nuclei
Active (INA) bioaerosols are present in precipitation (Christner et al. 2008a, b;
Stephanie and Waturangi 2011). More recently they have also been described in
cloud waters (Joly et al. 2013, 2014). Although the role of microorganisms as CCN
is general and admitted, simply due to their particle size, the quantitative impli-
cation of INA bacteria in forming clouds and precipitations is still controversial
(DeMott and Prenni 2010; Hoose et al. 2010).
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10.2.3 The Cloud Microbiome

Before being precipitated, cloud is thus a transient habitat where microorganisms
can live and survive for a few hours to a few days. However, it remains a rather
unexplored extreme environment.

First descriptions of microorganisms in cloud droplets refers to the works of
Sattler et al. (2001) and Bauer et al. (2002), it was then largely completed by recent
studies (Amato et al. 2005, 2007d; Vaïtilingom et al. 2012). The concentration of
microbial cells in warm clouds in the free troposphere was evaluated by microscopy
or flow cytometry, it is in the range of 102–105 cells mL−1 depending on the
sampling site, see Table 10.2.

The biodiversity of the cloud microbiome is still rather unknown. This is because
only a few studies have been made due to the difficulties in sampling clouds in sterile
conditions suitable for microbial study. In addition, most of the studies were per-
formed using culture methods which is known to cover between <1% (of the bacteria)
to*10% (of the fungi) of the total communities. Fuzzi et al. (1997) first reported the
presence of cultivable strains of Pseudomonas, Bacillus and Acinetobacter in fog
water sampled in the Pô valley; Ahern et al. (2007) isolated a number of
Pseudomonas strains in Hebridean clouds. The largest description of cloud isolates
has been done from cloud waters sampled at the puy de Dôme station (1465 m a.s.l.)
(Vaïtilingom et al. 2012) a site internationally recognized for atmospheric research
(Global Atmospheric Watch, GAW labelled). 185 heterotrophic bacteria and 150
yeasts were isolated from 32 cloud events and identified, including -Alpha, -Beta and
Gamma-Proteobacteria, Bacteroidetes, Firmicutes and Actinobacteria, and
Basidiomycetous and Ascomycetous yeasts. The results show that major genera
dominate among cultivable cells (Fig. 10.2). Concerning bacteria, the most fre-
quently encountered genera are Pseudomonas (γ-Proteobacteria), Sphingomonas

Table 10.2 Microbial concentration in cloud waters

Sites Altitude
(m.a.s.l.)

Number
of
sampled
clouds

Bacterial
concentration (cells
mL−1)

Fungal concentration
(cells mL−1)

This study

Puy de
Dôme,
France

1465 34 3.3 × 103–2.5 × 105 8.9 × 102−3.2 × 104 Amato et al.
(2007c),
Vaïtilingom et al.
(2012)

Mont Rax,
Austria

1644 3 4.9 × 104–8.1 × 104 5.9 × 103 Bauer et al.
(2002)

Mont
Sonnblick,
Austria

3106 12 7.9 × 102–2.5 × 103 – Sattler et al.
(2001)

Aircraft
sampling,
Michigan, U.
S.A

2240–
3320

5 9.2 × 104−4.3 × 105 – Kourtev et al.
(2011)
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(α-Proteobacteria), Streptomyces (Actinobacteria), Rhodococcus (Actinobacteria),
and Bacillus (Firmicutes), while for yeasts Dioszegia (Basidimycota), Udeniomyces
(Basidimycota) and Crytococcus (Basidimycota) are the most frequent ones.

Although DNA-based analyses of air samples have been recently reported
(Bowers et al. 2009; Brodie et al. 2007; Fierer et al. 2008; Gandolfi et al. 2013;

Fig. 10.2 The frequency of cloud events collected at the puy de Dôme submit in which the
different genera of bacteria (a) or yeasts (b) were detected viable by culture over the period 2003–
2010 (adapted from Vaïtilingom et al. 2012)
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Garcia et al. 2012; Smith et al. 2013; Zweifel et al. 2012; Maki et al. 2010, 2013;
Fröhlich-Nowoisky et al. 2009; Bottos et al. 2014; Fahlgren et al. 2010; Jeon et al.
2011; Maron et al. 2005; Després et al. 2007), very few studies have focused on
cloud communities. Up to very recently it was very difficult to apply DNA-based
techniques to assess this biodiversity due to sample volume limitations and a very
low microbial density; new molecular tools which are very sensitive should provide
more information. Kourtev et al. (2011) showed a high genetic diversity in Lower
peninsula of Michigan (USA) by Denaturing Gradient Gel Electrophoresis
(DGGE); they found the same major bacterial phyla (Proteobacteria >
Actinobacteria > Firmicutes) than in clouds collected at the puy de Dôme
(Vaïtilingom et al. 2012), but the major difference was the prevalence of
Cyanobacteria (around 50% of the sequences). Actually cyanobacteria were not
identified using culture-based methods as there were not looked for. More recently
Šantl-Temkiv et al. (2013a, b) described the microbial population in a storm cloud
(hailstones); the major bacterial groups belonged to Actinobacteria, Bacteroidetes,
gamma and alpha Proteobacteria phyla as described in warm clouds (Vaïtilingom
et al. 2012), however the major genus of alpha Proteobacteria in hailstones was
Mycobacterium instead of Sphingomonas. Using SSU rRNA gene sequence anal-
ysis of microorganisms living in cloud-free, cloudy and tropical storm environ-
ments of the upper troposphere (8–15 km altitude) also revealed the prevalence of
Proteobacteria (alpha and beta Proteobacteria) (DeLeon-Rodriguez et al. 2013).
Interestingly two of the core families of these different samples were the
Methylobacteriacae and Oxalobacteraceae. The difficulty to compare the biodi-
versity described in all these studies lays in the fact that of course the techniques
used are different (culture versus uncultured-based approaches) but also because the
samplings were performed in different geographical sites or altitudes. The hetero-
geneity at low altitude can result directly from the sources influences as described
by Burrows et al. (2009b). However when the whole atmosphere is considered, one
could think microorganisms circulate freely around the earth, opposite to
microorganisms present in other closed environment compartments such as soil,
lakes and rivers. The question of the biogeography of the atmosphere is still a
non-resolved question (Womack et al. 2010).

These studies show that although the cloud microbiome is diverse, some major
groups are dominating; this could result of a selection of the type of microorgan-
isms occurring during the aerosolization process or thanks to their survival abilities
in clouds.

10.3 Microorganisms Are Surviving in Clouds

10.3.1 Microorganisms Are Metabolically Active in Clouds

Physicists of the atmosphere had considered for a long time that microorganisms
were just inert particles, however it has been discovered recently that at least a
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fraction of the microorganisms are actually alive in clouds. Although a small
fraction of cloud microorganisms can be cultivated, most of them were shown to be
still viable. Sattler et al. (2001) measured the incorporation of [methyl-3H]thymi-
dine and [14C]leucine demonstrating for the first time that bacteria could be
maintained and grow in super-cooled cloud droplets. Amato et al. (2007a, b)
showed the ability of microorganisms isolated from cloud to grow in cloud water
incubated in laboratory. Looking at individual strains, their doubling times at 17
and 5 °C were in the range of 5–20 h depending on the strains. It is rather long
compared to cloud life time, meaning that the multiplication of cells only happens
during long cloud events, and probably not more than once in the cloud’s lifetime.
Cloud medium thus allows microorganisms to maintain a metabolic activity and
develop by sustaining organic substrates to the cells, as suggested by Fuzzi et al.
(1997). This metabolic activity was largely confirmed by assaying the ATP
(Adenosine triphosphate) content directly in cloud water samples. The theoretical
concentration of ATP in bacteria and fungi while taking into account their total
number, was compared to those measured in clouds. The similar results suggest that
most of the microorganisms were active (Amato et al. 2005). A long term survey of
these in situ measurements at the puy de Dôme station showed that the ATP content
is rather stable, independently from the season or the geographical origin of the air
mass (Vaïtilingom et al. 2012). Hill et al. (2007) also demonstrated that 76% of the
bacteria were alive in cloud waters as they were able to uptake the dye CTC
(5-cyano-2,3-ditolyl tetrazolium chloride). The existence of metabolic activity in
clouds implies the uptake of molecular compounds by cells as nutrients, and so of
their contribution to cloud chemical reactivity.

A few studied have focused on the biodegradation of some of the cloud carbon
sources by cloud microorganisms. The first type of compounds investigated were
carboxylic acids which constitute one of the major classes of organic compounds in
cloud waters (Deguillaume et al. 2014). The group of Ariya studied the degradation
of series of di-carboxylic acids (malonic, oxalic, succinic, glutaric, adipic, pimelic
and pinic) by airborne fungi (Ariya et al. 2002; Côté et al. 2008). They showed that
these were all good substrates except oxalate. Other studies confirmed that formic,
acetate, succinate and malonic were degraded by cloud bacteria but not oxalate
(Amato et al. 2007a; Vaïtilingom 2011; Vaïtilingom et al. 2013). Experimental data
concerning the non-degradability of oxalate are not consistent with the description
of the oxalate-degrading bacteria (Oxalobacteraceae) described by DNA-based
methods (DeLeon-Rodriguez et al. 2013). This could result from the fact that this
genus is not active in real atmospheric conditions or that it is not present in cloud
samples collected at the puy de Dôme contrarily to sample collected at high altitude
over the Atlantic Ocean. Mono-carboxylic acids such as formate, acetate and lactate
are also easily degraded by cloud microorganisms (Amato et al. 2005, 2007a;
Vaïtilingom et al. 2010, 2011, 2013). Herlily et al. (1987) also showed some years
ago that acetate and formate were biodegraded in rainwater. Between 2 and 9
carboxylic acids (lactate, acetate, glycolate, propionate, formate, glyoxylate,
α-keto-glutarate, succinate, tartrate) could be also used by seven strains of
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Methylobacterium and one strain of Bradyrhizobium isolated from hailstones
(Šantl-Temkiv et al. 2013a).

C1 compounds such as methanol and formaldehyde also represent valuable
carbon sources for cloud microorganisms; the metabolic routes can be variable
according to the strains. Among the theoretical potential pathways the transfor-
mations of formaldehyde into methanol (reduction) and/or into formate and CO2

have been identified in 60 cloud strains using 1H-NMR (Amato et al. 2007b).
A more detailed study on a Bacillus strain by 13C NMR showed that
13C-formaldehyde was both reduced to methanol, oxidized to formate and CO2 and
also integrated in the serine metabolism leading to the production of glycerol, 1,2-
and 1,3-propanediol (Husarova et al. 2011). The presence of facultative methy-
loptroph strains, belonging to the genus Methylobacterium, have been described as
important in hailstones (Šantl-Temkiv et al. 2012). These strains were actively
using methane under simulated cloud conditions, as demonstrated by enrichment
techniques, and could thus represent a sink for atmospheric methane.

Finally, a recent paper reports the efficient degradation of sugars present in
aerosols by a Bacillus strain isolated in cloud waters, as a model of cloud
microorganisms (Matulová et al. 2014). These sugars have a biogenic origin; they
include alditols (manitol, glucitol, arabitol), monosaccharides (arbinose, xylose,
ribose, fructose, glucose, galactose, mannose, rhamnose), disaccharides (lactose,
sucrose, maltose, tetrahose, cellobiose), oligosaccharides and polysaccharides
(cellotetraose, cellulose, arabinogalactan, glucuronoxylan, inulin, starch). The
degradation rates of theses sugars measured by 1H-NMR was in the same range of
order than those measured for C1 compounds by the same strain.

Most of these experiments have been performed on simplified microcosms,
starting from a single strain incubated with a single substrate (Ariya et al. 2002;
Côté et al. 2008; Husarova et al. 2011; Amato et al. 2007a; Vaïtilingom et al. 2010;
Matulová et al. 2014; Šantl-Temkiv et al. 2012), but more complex systems closer
to cloud environment have been used including artificial cloud water tested with 17
representative strains incubated at temperatures relevant for clouds (5° and 17 °C)
(Vaïtilingom et al. 2011) or real cloud waters containing the whole endogenous
microflora (with or without solar light) (Vaïtilingom et al. 2013). To conclude cloud
waters provide numbers of carbon sources to maintain a high microbial metabolic
activity.

10.3.2 Microorganisms Can Resist to Atmospheric Stresses

Cloud medium is clearly a harsh environment as fully explained in Sect. 1 both
because it is constantly in evolution and thus under different micro-physical status
and because cloud is a very active chemical reactor. However the fact that
metabolically active microorganisms are present in clouds suggests that they have
elaborated strategies to survive in clouds and resist to these stressing conditions.
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10.4 Anti-stress General Features: Pigments, Spores,
ExoPolymeric Substances (EPS)

First some general features characterize these microorganisms; they are related to
stress protection. For instance about 50% of the cloud isolates are pigmented
(yellow, red, orange) (Amato et al. 2005, 2007d; Vaïtilingom et al. 2012), as those
recovered from permanently cold regions (Fong et al. 2001; Mueller et al. 2005;
Dieser et al. 2010). These pigments are probably carotenoïds that could be incor-
porated in the microbial membrane and might have a double role: (i) they help
maintaining membrane fluidity in the cold; (ii) they could also act as free radical
scavengers (Gourmelon et al. 1994). Interestingly, these pigments are produced by
bacteria exposed to UV light on plant leave surfaces, so these are “primed” for
cloud conditions before being aerosolized. Some microorganisms resist against
stresses being in the form of spores, it can be the case of fungal spores but also of
some specific bacteria such as Bacillus species. Spore forming microorganisms
have been found in large number in the atmosphere. Bacillus are widely present in
the air (Maki et al. 2013; Šantl-Temkiv et al. 2012). Previous studies (Elbert et al.
2007; Heald and Spracklen 2009) estimated the fungal spore concentrations from
104 to 106 m−3 of air with a huge spatial and temporal variability. Elbert et al.
(2007) report an average of 35% of the total aerosol mass to be fungal spores in the
Amazon region. Fungal spores contribute to 0.9% of the total OC (Organic Carbon)
mass in the Austrian Alps and could reach up to 14% of the OC mass concentration
in summer at a suburban site (Bauer et al. 2002, 2008). More recently, different
groups report on-line detection of bio-aerosols and particularly of fungal spores.
This detection is based on the analysis of the fluorescent properties of biological
compounds (including NADH and tryptophan) [see Pan (2015) for review]. Two
main types of instruments are used: Ultraviolet Aerosol Particle Sizer (UV-APS)
and Waveband Integrated Bioaerosol Sensor (WIBS). Although the global trends
measured by these techniques are in accordance with the already published values
of bioaerosol concentrations, these approaches are still under development to be
able to discriminate between fungal spores, bacteria and yeasts. Interesting papers
have precisely compared these real-time fluorescent techniques with classical
microscopy: Gabey et al. (2013) described some disparity between bacteria num-
bers and fluorescent particles concentration, while Healy et al. (2014) reported a
good correlation between spore numbers and their fluorescent measurements;
however they pointed the difficulty to detect Cladosporium spores because of their
dark, highly absorptive cell-wall. Unfortunately these on-line techniques cannot be
applied to analyse atmospheric water contents. Microscopy techniques have shown
that yeast, fungi as well as spore forming bacteria such as Bacillus strains are
present in cloud and fog waters (Fuzzi et al. 1997; Amato et al. 2007d; Vaïtilingom
et al. 2012). Their concentration was higher when the water pHs were lower sug-
gesting an adaption to this polluted media (Fuzzi et al. 1997; Amato et al. 2007d).
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Finally another global protective strategy against numerous stresses relies on the
formation of a biofilm or aggregates using the synthesis of ExoPolymeric
Substances (EPSs). Actually the formation of biofilms seems to be the typical way
for bacterial cells to grow in nature as it confers many ecological advantages
(Davey and O’toole 2000; Flemming and Wingender 2010). This highly hydrated
layer surrounding the cells can protect them against desiccation and UV exposure
(Davey and O’toole 2000) or protect them in extreme marine habitats (Poli et al.
2010). Monier and Lindow (2003) showed a differential survival of solitary and
aggregated bacterial cells on leaf surfaces, aggregates were increasing drastically
bacterial survival when exposed to desiccation. This study was performed using
Pseudomonas syringae as a model strain. It is worth noting that this bacterial
species is one of the most abundant cultivable species found in clouds, these
bacteria might be aerosolized in the atmosphere under aggregated forms and
therefore particularly well adapted to survive to atmospheric stresses (Vaïtilingom
et al. 2012). It is also likely that microorganisms which are transported on dust
storms are under the form of biofilms. Tong and Lighthart (1998) reported that cell
aggregation or association with particles increased survival during the day due to a
shielding effect. Although bacterial EPS synthesis has been studied in many
environments, only one paper is related to the atmospheric environment. Matulova
et al. (2014) showed that a cloud bacterium (Bacillus sp. 3B6) could produce two
types of EPSs from various saccharides (L-arabitol, D-fructose, sucrose, D-glucose,
cellotetraose, cellulose, starch) present in the atmosphere. Their structures were
identified as 1,6-α-galactan and partially acetylated polyethylene glycol (AcPEG)
(Matulová et al. 2014).

10.5 Facing Specific Stresses: Oxidative, Osmotic
and Temperature Stresses

Apart from these general strategies, microorganisms can modify specifically part of
their metabolism to face specific stresses encountered in clouds.

One major problem for microorganisms is the presence of oxidants or their
sources, including •OH radicals, H2O2, iron, and solar light. Joly et al. (2015) have
investigated the survival of 5 strains isolated from cloud waters towards 100 µM
H2O2 in artificial cloud water; this concentration is realistic for H2O2 in cloud
waters as it was previously detected at concentrations ranging from 0 to 247 µM
(Table 10.1). The strains were chosen as models of strains collected at the puy de
Dôme station representative of the cloud cultivable microbiome: 2 Pseudomonas, 1
Sphingomonas and 1 Arthrobacter among bacteria and 1 Basidiomycota yeast
related to the genus Dioszegia (Vaïtilingom et al. 2012). The results showed that
under these conditions close (or slightly overestimating) to what is found in clouds,
i.e. 100 µM H2O2, the five strains were not affected (Table 10.3). Joly et al. (2015)
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also exposed the same strains to artificial solar light mimicking the natural light
inside a cloud at the top of the puy de Dôme station (Joly et al. 2015) and
demonstrated that the light available inside a cloud does not significantly impact
bacterial viability (Table 10.3).

These previous experiments were performed under simplified conditions and
using model strains. The results were confirmed using real cloud water samples
incubated in a photo-bioreactor, specifically designed to reproduce cloud environ-
ment (Vaïtilingom et al. 2013). 3 cloud samples from independent cloud events
were collected at the puy de Dôme station where they contained a very complex
mixture of organic compounds and a whole biodiversity of the cloud microbiome.
Each sample was divided into four parts: two parts were filtered through 0.22 µm
porosity and while the two other remained intact, generating sterile or non-sterile
samples, respectively. A sterile and a non-sterile subsamples were exposed to
artificial solar light. At the same time, the other sterile and non-sterile subsamples
were incubated in darkness. This experimental design allowed us to demonstrate:

Table 10.3 Survival rates observed for the experimental conditions the most relevant for clouds
and proportion of cloud samples from which representatives of the corresponding genus were
detected by culture

Survival rates to stresses Occurrence
in cloudsa

(%)
Taxonomic
affiliation and type
of microorganism

H2O2

(90 min,
100 µM)
(%)

Solar
light
(10 h)
(%)

Osmotic
shock (1 M
NaCl) (%)

Freeze-thaw
(106 cells mL−1,
per cycle) (%)

Dioszegia
hungarica

84 37 56 80 71

Yeast

Sphingomonas sp. 70 101 15 71 46

Gram negative
bacterium

Pseudomonas
syringae 32b-74

77 104 78 51 58

Gram negative
bacterium

Pseudomonas
syringae 13b-2

94 104 63 45

Gram negative
bacterium

Arthrobacter sp. 129 96 101 16 13

Gram positive
bacterium

Adapted from Joly et al. (2015)
aProportion of clouds samples from which representatives of the corresponding genus were
detected by culture (data from Vaïtilingom et al. 2012)
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– abiotic reactions: typically Fenton reactions (iron + H2O2) and photochemical
reactions (iron + H2O2 + light); these reactions generate hydroxyl radicals from
H2O2 source.

– biotic + abiotic reactions: iron + H2O2 + microorganisms with or without
light. These conditions allow studying the interactions between these oxidants
(including radicals) and cloud microorganisms. Biotic reactions could be
inferred from the difference between the reactions observed in the 2 conditions.

ADP/ATP ratio which reflects the metabolic status of cloud microorganisms was
monitored over time; no change was measured in the presence or the absence of
light. This clearly means that microorganisms were not impacted by the generation
of radicals and by solar light. In parallel it was shown that the endogenous cloud
microflora was able to degrade H2O2 present in the cloud samples, suggesting the
presence of very active catalases. In addition the degradation rates of H2O2 were not
decreased in the presence of light, showing no inhibition of the biological process
by light and radicals.

Solar light is actually composed of two types of highly energetic wavelengths
(UV-C, *190–290 nm, and UV-B, *290–320 nm) that can potentially affect
microorganisms mainly by causing DNA damage (λ = 260 nm; see the review by
Witkin (1976)). However UV-C radiations are mostly absorbed by stratospheric
ozone, i.e. above the highest altitudes and thus have no effect on tropospheric
clouds where microorganisms live. If microorganisms present in the air reach this
stratospheric zone, they can be indeed damaged. This was shown by Smith et al.
(2011) who exposed spores of Bacillus subtilis to a series of stratospheric simu-
lations combining temperature, desiccation, pressure and UV light. UV light was
the only stress to have an impact on Bacillus survival. For UV-B radiations, the
deleterious effects are limited and can be balanced by repair mechanisms. Solar
light is also composed of longer UV wavelengths (UV-A, *320–400 nm) and
visible light (*400–800 nm) which can indirectly alter cell viability by producing
Reactive Oxygen Species (ROS) that include •OH and O2•

− radicals (Fig. 10.3).
These extracellular radicals are produced mainly by direct photolysis of H2O2 or by
photo-Fenton reactions (Fe + H2O2) and can diffuse into the cell across the cyto-
plasmic membrane. The same type of radicals can also be produced intracellularly
when O2 diffuses inside the cell during the respiration process of aerobic
microorganisms. These radicals are extremely deleterious for cells as they can
damage the major cellular components (Proteins, DNA, lipids, etc.) and induce cell
death. Hopefully microorganisms are protected from these ROS with the assistance
of various mechanisms involved in the oxidative stress metabolism [see Davey and
O’toole (2000) for review]. First radicals can be scavenged by antioxidant mole-
cules such as vitamins (ascorbic acid, α-tocopherol.), gluthatione, and pigments
(carotenoïds) (Tong and Lighthart 1998; Dieser et al. 2010). As already stated the
majority of atmospheric microorganisms is pigmented: 50% in clouds and 80% in
the air (Amato et al. 2005; Fahlgren et al. 2010; Vaïtilingom et al. 2012; Zweifel
et al. 2012). Another protection mechanism to fight the presence of ROS is based on
the activity of specific enzymes of the oxidative metabolism (Fig. 10.3): Super
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oxide dismutase (SOD) is able to transform O2•
− into H2O2 which again can be

transformed in O2 and H2O as non-toxic compounds by catalases (Vorob’eva 2004;
Davies 2000). Catalases can also act directly on H2O2 which has been transferred in
the cell from the extracellular medium (cloud water).

A second important stress is osmotic stress. Once in clouds, microorganisms are
protected against desiccation by the presence of condensed water; however they are
then exposed to rapid variations of osmolarity due to repeated condensation-
evaporation cycles. In clouds, microorganisms are subject to osmotic variations
when water condensates or evaporates (Fig. 10.4). Evaporation will induce an
increase of the extracellular concentration and thus a hyper-osmotic shock, while the
reverse happens during the condensation phase and creates a hyper-osmotic shock.
To mimic this evaporation-condensation phenomenon, Joly et al. (2015) have
exposed the 5 cloud microbial strains to a hyper-osmotic shock (1 M NaCl, realistic
concentration for cloud conditions), followed by a hypo-osmotic shock, and they
measured viability by culture (Table 10.3). The survival rates for the 2 Pseudomonas

Fig. 10.3 In clouds, microbial cells are exposed to reactive oxygen species (ROS) produced by
the uptake of O2 during respiration or by chemical reactions (photolysis of H2O2, Fenton or
photo-Fenton reactions) occurring in cloud water. Cells react to this oxidative stress thanks to the
production of vitamins, glutathione, pigments or specific enzymes
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and the Arthrobacter strains was quite high, that of the yeast Dioszegia was also
important, showing that these microorganisms can resist to osmotic stress. However,
the Sphingomonas strain was very impacted by such osmotic shock. Although these
model strains might give a limited view of the whole cloud microbiome, this work
suggests that the adaptation to osmotic stress is not a common feature to microbial
cells living in clouds, and it is more likely strain dependent.

Microorganisms have developed different processes to fight against osmotic
shocks (see Csonka, 1989 for review). When the extracellular concentration is
increased (hyperosmotic shock), microorganisms have to equilibrate internal and
external osmolarities by immediate efflux of water molecules (Fig. 10.4). This
response leads to increased intracellular concentration of metabolites, decreased
metabolic activity, and shrinkage of the cell. To reestablish influx of water, cells
increase cytoplasm osmolarity by synthesizing or up-taking compounds known as
“compatible solutes” or “osmoprotectants”: potassium ions, amino acids (proline,
glutamate…), sugars (trehalose, sucrose…) or peptides. A recent publication
demonstrated the production of compatible solutes including betaine, ectoine, N-
acetylglutaminylglutamine amide (NAGGN), and trehalose by a strain of
Pseudomopnas syringae under osmotic stress conditions (Kurz et al. 2010). This is
of interest as this species is one of the major ones encountered in clouds.

Further stress to be encountered by cloud microorganisms is temperature; this
includes living in the cold, and enduring cold shocks as well as freeze-thaw cycles.
Cloud temperature varies with the altitude, the latitude and the season. Although
some microorganisms have been collected at 77 km of altitude where the temper-
ature is extremely low, this review focuses on microorganisms in low altitude clouds
called “warm clouds”, which have been examined in more detail than the ones in
high atmosphere. In such clouds collected at the puy de Dôme station in France at
1465 m a.s.l., the annual average temperature is around 5 °C but can reach 17 °C or
more during the summer. It has been shown that a great part of the cloud microbial
isolates are psychrophile or psychrotolerant and are clearly adapted for growth at the
temperatures existing in warm clouds (Amato et al. 2007d; Vaïtilingom et al. 2012).

Fig. 10.4 During the evaporation-condensation cycles of cloud droplets, microbial cells
experience hyper-osmotic and hypo-osmotic shocks due to the change of solute concentrations
surrounding the cells. Cells answer by water efflux or influx modifying the cellular volume
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In addition, as explained earlier, more than 50% of these isolates are pigmented, they
can also be embedded in biofilms or aggregates, all these factors protect them against
the cold. This ability to grow and survive at low temperatures is actually not sur-
prising as microorganisms have been found in many cold environments including
snow and ice, particularly in polar environments (Carpenter et al. 2000; Foght et al.
2004; Dieser et al. 2010; Amato et al. 2007b; Junge et al. 2006; Groudieva et al.
2004; Christner et al. 2001, 2003; Price 2000). The specificity of the atmospheric
medium is that, because it is a transient habitat, microorganisms have to adapt from a
terrestrial environment to an atmospheric one, they have to cope with cold shocks. In
our group, we have studied this cold shock impact on a model strain, Pseudomonas
syringae 13b2 using metabolomics (unpublished data). Incubations of the strain at
17 and 5 °C were compared; key biomarkers were identified by Nuclear Magnetic
Resonance and Mass Spectrometry. These markers indicate that at 5 °C, many
metabolic changes occur to compensate the effects of low temperature. The first
important feature is to re-establish membrane fluidity by changing membrane
composition which allows the membrane functionality (Shivaji and Prakash 2010).
Also we observed that cryo-protectants, in particular trehalose, carnitine, glutamate,
glycine, and glycerol were produced, and the energetic state was boosted (increase of
ATP) as well as the sulfur metabolism (including glutathione over production). This
global answer of the strain shows that a single stress such as a cold shock can also
induce responses common with other stresses like osmotic shocks (osmo-protectants
are often similar to cryo-protectants) and oxidative stress (gluthatione). These
crossed answers have been often reported in the literature (Mikami et al. 2002;
Tanghe et al. 2003). The regulation systems to cold and osmotic stresses present
many similarities (Suzuki et al. 2001; Mikami et al. 2002), and osmoprotectant
compatible solutes such as trehalose, glycerol and saccharose also serve as cry-
oprotectants (De Antoni et al. 1989; Panoff et al. 2000). Tanghe et al. (2006)
highlighted the importance of aquaporins, channel proteins devoted to the transport
of water through the cell membrane, in the resistance to freezing. Many studies have
reported a close relationship between cold stress and oxidative stress in bacteria.
Indeed it was shown that the production of free radicals (O2°

− and °OH) and H2O2 is
increased when the temperature is decreased (Zhang et al. 2012).

In addition to cold shocks, microorganisms can experience repeated freeze-thaw
cycles due to the temperature gradient existing in the troposphere associated with
rapid vertical winds. To test the resistance of cloud microorganisms to such a stress,
Joly et al. (2015) have subjected the 5 model strains mentioned above to 6 con-
secutive freeze-thaw cycles (−40 °C/+5 °C) and measured their survival
(Table 10.3). The resistance was highly strain dependent, ranging from high to very
low survival rates (1–80% per freeze-thaw cycle). Interestingly when cell concen-
tration was increased the survival rate was improved, this is consistent with the
observed improved resistance of aggregated cells (Monier and Lindow 2003). Also
the ice nucleation activity of the Pseudomonas strains did not seem to be a
protection.
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Freeze-thaw cycle is actually a complex mechanism involving a combination of
different stresses (Fig. 10.5). The first step is directly related to a cold shock, as the
temperature decreases very quickly, leading to the formation of ice. The formation
of ice crystals represents then a mechanical stress for the cells which is combined
with an osmotic stress as the osmolites are concentrated in the extracellular medium
(hyper-osmotic shock). Indeed the formation of ice results in a supersaline liquid
network of microveins where microbial cells are trapped (Price 2000; Mader et al.
2006; Amato et al. 2009). It is also combined with a change of the cell shape and
possible mechanical damages. When ice is thawing, again a temperature shock
(heat shock) is experienced by the cells in addition to another osmotic stress as the
solutes are diluted in the extracellular medium (hypo-osmotic shock). During
freezing-thawing, ROS are produced, inducing thus an additional oxidative stress in
cells (Stead and Park 2000). We can thus hypothesize that the cells will adapt by
modifying their metabolism to face these different stresses. For counteracting the
mechanical damages caused by freezing, microorganisms can produce antifreeze
proteins (Duman and Olsen 1993). For the other stresses (temperature, osmotic, and
oxidative), as shown above, common response pathways can be induced (Mikami
et al. 2002; Tanghe et al. 2003). In some cases it has been shown that pre-exposition
to one stress can eventually help the cell to resist to other stresses; for instance
oxidative stress resistance was shown to be improved by pre-exposition to low
doses of oxidants as the result of the induction of oxidative (Storz et al. 1990) and
general stress response (Tanghe et al. 2003).

Because the mechanisms of stress resistance are so complex, it is no possible to
just sum the impacts of the different individual stresses for estimating the chances of
survival in clouds. However it can be noted that the survival rate of the tested
microorganisms facing freeze-thaw cycles roughly matches, perhaps coincidentally,
the frequency of cloud events collected at the puy de Dôme station in which the
different genera of bacteria or yeasts were detected viable by culture (Table 10.3).

Fig. 10.5 Freeze-thaw cycles: a combination of multiple stresses
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For instance the yeast Dioszegia hungarica which was almost insensitive to
freeze-thaw cycles (survival rate of 80%) belongs to the yeast genus the most
represented in cloud water samples (71%). The Actinobacterium Arthrobacter
which highly suffered from repeated freeze-thaw (survival rate of 16%) was
detected as alive much less frequently (13% of the clouds). The Proteobacteria
Pseudomonas syringae and Sphingomonas sp. survived freeze-thaw cycles with a
rate of 45–71% were the most represented bacterial genera, present in about
40–60% of the samples.

10.6 Conclusions and Perspectives

In conclusion we know now that metabolically active microorganisms are present in
clouds which represent a transient habitat. They can maintain viability to different
major stresses present in this harsh environment thanks to various general or
specific strategies. The recurring presence of some groups of microorganisms in
clouds can possibly result from two mechanisms: (i) these microorganisms are
aerosolized from major specific sources on Earth’s surface (ii) these microorgan-
isms have elaborated strategies to improve their survival in clouds. Previous studies
suggest that stress response is very often strain dependent; therefore it is difficult to
make a general assessment correlating the occurrence of specific microorganisms in
clouds with their stress resistance. However our work, although it is restricted to a
limited number of model strains (Table 10.3) and thus is still speculative, tends to
give some tendencies: the resistance to freeze-thaw cycles seems to be a major
factor driving the final frequency of microbial strains in clouds.

Future work is needed to better describe and understand this unexplored world
which is the cloud microbiome. Thanks to the development of new technologies
such as devices allowing high sampling volumes and sensitive molecular tools, it is
hoped that “omics” studies will be available soon. Metagenomics and meta-
transcriptomics could give new insights into the structure and function of cloud
communities. metabolomics could also bring valuable information about the
response and adaptation of cloud microorganisms to atmospheric stresses. Finally,
more sampling site should be considered as it is to date mainly restricted to a few
sites over the world. For that new collaborations and interdisciplinary teams
between biologists and physicists of the atmosphere should be established.
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