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Abstract. A total of 480 microorganisms collected from 39 clouds samptatie puy de Déme station (alt. 1465
m, 45°46'19" N, 2°57'52" E, Massif Central, Frane&yre isolated and identified. This unique collestwas
screened for biosurfactant (surfactants of mictobiggin) production by measuring the surface tensp) of

the crude extracts, comprising the supernatantth@fpure cultures, using the pendant drop technigbe
results showed that 41% of the tested strains aetiee producerss(< 55 mN nt'), 7% being extremely active
(6 < 30 mN ). The most efficient biosurfactant producess<(45 mN nt') belong to a few bacterial genera
(Pseudomonas and Xanthomonas) fromYHeroteobacteria class (78%) and a yeast genus (&dgoes) from
the Basidiomycota phylum (11%). Some Bacillus ssafrom the Firmicutes phylum were also active but
represented a small fraction of the collected patparh. Strains from the Actinobacteria phylum ie ttollection
examined in the present study showed moderate fémsant production (45 s < 55 mN n1). Pseudomonas
(Y-Proteobacteria), the most frequently detected gemu clouds, with some species issued from the
phyllosphere, was the dominant group for the prtdocof biosurfactants. We observed some correaiatio
between the chemical composition of cloud water tledpresence of biosurfactant-producing microasyas,
suggesting the “biogeography” of this productionor®bver, the potential impact of the production of

biosurfactants by cloud microorganisms on atmosplocesses is discussed.

Keywords: Biosurfactants, cloud condensation nuclei, miogaoisms

1 Introduction

Atmospheric aerosol particles act as cloud condemsauclei (CCN) upon which liquid droplets carrrfo
More aerosols increase the concentration of smadlleplets, leading to a brighter cloud (Twomey etfe
However, owing to their complexity, all aerosol—+als-interactions (ACI) can amplify or dampen thifeef.
Therefore, ACI, particularly CCN activation, stdtcount for major uncertainties in global climatel duture

climate change predictions (Boucher et al., 2013).
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Among organic aerosols, water soluble organic campe (WSOC) represent a significant fraction of the
tropospheric aerosol mass (Kanakidou et al., 20@Grphy et al.,, 2006; Saxena and Hildemann, 1996;
Zenchelsky and Youssefi, 1979; Zhang et al., 2@Did) constitute a complex mixture of neutral andiagdolar
organic compounds (Decesari et al., 2001). As S&8&C are amphipathic compounds, these aerosolaatan
as surfactants (surface-active agents) by creatipartition between the droplet gas-liquid integfand the bulk
volume. Seidl and Hanel (1983) were among the fiosiestimate concentrations of surface-active delub
substances on rainwater and wet aerosol by meagstirinlowering of the surface tension. Capel e{E90)
correlated the surface tension of fog samples with dissolved organic carbon content. Hitzenbesjeal.
(2002) observed slight reductions in the surfacesiten for most of the 23 cloud water samples ctélddn

mountainous and sparsely populated areas.

Some groups (Decesari et al., 2005; Facchini ¢tl8D9) have renewed research on surface-activepa@anas
in the atmosphere with a great deal of speculalwrut the potential impact of these compounds erclimate
(Brimblecombe and Latif, 2004). Indeed, surfactaffect cloud droplet growth in two main ways aating to
the Kohler equation (Kohler, 1936): by increasintuble mass (“Raoult term”) and by decreasing clduzplet
surface tension (“Kelvin term”) (Decesari et al003; Facchini et al., 1999; Lance et al., 2004;cglr et al.,
2002; Rodhe, 1999; Shulman et al., 1996). Thussidening both the solute concentration increase thed
surface tension decrease, Mircea et al. (2002)ulzdabd a substantial attenuation of the aerosdicati
supersaturation, revealing a significant increasthe CCN number concentration. By adding surfactarhe
gas-aerosol interface, Sareen et al. (2013) asbesgnificant enhancements in CCN activity (up t&%
reduction in critical dry diameter for activationyhich for ambient aerosol would lead to a 10%éase in the
cloud droplet number concentration. Facchini et(2R99) estimated that a population rise resulfiragm
surfactants might result, in all stratus cloudsa ib% increase in albedo and, subsequently, incalated global

radiative forcing of -1 W A,

In addition to the impact of surfactants on CCNwst via both Raoult and Kelvin terms, a third effect slbul
be considered. Surfactants can either enhancewrdsdwn the transfer of water across the surfacerding to
the hydrophilic or hydrophobic nature of this a®lo®rganic coating (Aumann and Tabazadeh, 2008;
Chakraborty and Zachariah, 2011; Feingold and Ciua®02; Rudich, 2003). These organic coats araremm
on aerosol particles and might retard the evapmratif molecules present in the water phase, redase
transfer, influence chemical reactions, and altesogption or reflection properties of aerosols ffGid et al.,
2007; Decesari et al., 2003; Gill et al., 1983;n@ih and Vaida, 2006). Nenes et al. (2002) examthed
sensitivity of the cloud droplet number concentmatio different chemical factors as the dissolutidérsoluble
gases and solutes or formation of organic filmthatdroplet surface, demonstrating that these atereffects

on droplet activation could be significant. Simijyarthe ‘'OH heterogeneous reactions that occur on organics i
the troposphere can significantly modify the hygapc properties and CCN ability of these organidaces
(Bertram et al., 2001; Ellison et al., 1999), tlpatentially playing an important role in the Easthradiative
balance by affecting the properties of cloudg,, Twomey effect and cloud life time (Aumann et &010;
Nenes et al., 2002; Rodhe, 1999).

Recent experiments have focused on CCN enhanceesiiting from biogenic influence (Facchini et 2000;

O’Dowd et al., 2002; Svenningsson et al., 2006 usTlsome atmospheric organic compounds, such &sguid
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pinonic acids (produced by the oxidation of tergeire organic vapors released from the canopy) lmeen
implicated in the reduction of the surface tensibwater, even at extremely low concentrationsgfLal., 2010;
O’Dowd et al., 2002). Another important class ofllgphobic WSOC is humic-like substances (HULIS)e3é
complex mixtures of high molecular weight compounds depress surface tension in fog water sampld$b
20% (Decesari et al., 2003; Dinar et al., 2006,chag et al., 2000).

Nevertheless, although a number of organic suréati®e compounds have been detected in aerosatlpart
and cloud droplets, a large fraction of WSOC remaioorly characterized (Herckes et al., 2013). Moee, due

to their limited concentrations in aerosols, it e2ns unknown whether atmospheric organic surfastdetrease
the surface tension of atmospheric water or comeibto the CCN properties of atmospheric particles
(McFiggans et al., 2006).

In the last decade, a few studies have identifiemhg organic surfactants in atmospheric aerofdsi(el et al.,
2012). Their exceptional tension-active propersieggested that these compounds could be “biosarfeitof
microbial origin that could affect cloud formati¢Bkstrém et al., 2010; Noziére et al., 2014). Bitasttants are
secondary metabolites produced by microorganismetyding low molecular biosurfactants (mainly gliipas

and lipopeptides) and high molecular mass biostafas (polysaccharides, proteins, lipopolysacclesid
lipoproteins or complex mixtures of these polymgiGautam and Tyagi, 2006; Rosenberg and Ron, 1999).
These amphiphilic compounds reduce the surfaceorems atmospheric water below 30 mN'rfi.e., > -40%
compared with pure water) and at concentrations & @arders of magnitude lower than organic acidss{i&m

et al., 2010). In comparison, HULIS decreased thiéase tension in fog water samples by 20% at 1§00
(Facchini et al., 2000).

Baduel et al. (2012) measured the surface tengimssmmer samples, which would be consistent vhighHigh
biogenic activity observed during this season. Ahet al. (2007) showed that fluorescent pseudon®nad
isolated from clouds and rainwater produce biostafats. This study was the first and sole reporttioe
exploration of the potential production of bioseténts by microorganisms isolated from the cloud
environment. Biosurfactants could be both diredtslyued from the Earth’s surface during aerosobiratr
directly produced in cloud waters. However, a nwdte of bacteria, fungi and yeasts display metaladtivities
in clouds (Amato et al., 2005, 2007a; Hill et aD0Q7; Sattler et al., 2001; Vaitilingom et al., 202013). These

microorganisms survive and resist atmospheric stefDelort et al., 2010; Joly et al., 2015).

Poorly considered in the atmosphere, biosurfactaate been extensively studied in soil- and plasbaiated
environments. Indeed, biosurfactant-producing ecte both undisturbed and contaminated soils Haeen
well characterized (Bodour et al., 2003; Raaijmaletral., 2010). Biosurfactants have been investigor their
capacity to remove heavy metals, and bioremediasi@me of the main industrial applications of hbidactants
(Banat et al., 2010; Mulligan, 2009). Moreoverteénms of microbial life and activity, biosurfactarglay a key
role in bacterial cell motility, organic compoundiubilization, microbial biofilm formation and digption or
anti-microbial activity (Chrzanowski et al., 201R2’aes et al., 2010; Mann and Wozniak, 2012; Radigna et
al., 2010; Ron and Rosenberg, 2001).

Within a project aimed at examining atmospheridasuiants and characterizing their effects on cldumplet

formation, we focused on the biosurfactant-prodgiamicroorganisms present in atmospheric watersudlo
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water samples are collected at the puy de Domestédtrance) belonging to the GAW (Global Atmospher
Watch) stations network. A total of 480 bacterintlayeast strains were isolated and identified. Tigjue
collection of microorganisms was screened to idigriiosurfactant-producing microorganisms. The acef
tension of crude extracts, comprising supernatahtbe pure culture, was determined using the pendeop
technique (Hansen and Rgdsrud, 1991). We obserypedeatial correlation between the composition lofud
waters and the presence of biosurfactant-produtiiegoorganisms. Finally, we discuss the potentigbact of

the production of biosurfactants by cloud micromigms on atmospheric physicochemical processes.

2 Materials and Methods

2.1 Cloud sampling and physicochemical characterizatiof the cloud water samples

Cloud water samples were collected using a cloogldt impactor sterilized by autoclaving and irlstlon the
summit of the puy de Déme Mountain (1465 m abowelseel, 45°46'19"N, 2°57'52"E, Massif Central).rNo
precipitating and non-convective cloud samples veatiected. The experiments were conducted usiagl80
microbial strains collected during 39 cloud evefitam 2004 to 2014. The physicochemical contenths t
aqueous cloud samples was characterized (condensaif organic acids, inorganic ions and pH, sebld S1
in the supplement). Details about the sampling Bistrumentation and procedures for cloud sammmavell as

the methods for the chemical analysis of cloud nsaenples, are provided in Deguillaume et al. (2014

2.2 Isolation and identification of microorganisms from cloud waters

Triplicate volumes of 0.1 mL of cloud water wereateld onto R2A agar growth medium (Reasoner and
Geldreich, 1985; DIFC®"), and eventually onto R2A medium supplemented W€l 20 g I* and King's B
(King et al., 1954), Sabouraud (DIFE¢) and TSA (Trycase Soy Agar, DIFC¥) media. The plates were
incubated at 17°C or 5°C under aerobic-dark comwlitiuntil the appearance of colonies (typicallyaydat
17°C or 10 days at 5°C) (Vaitilingom et al., 201R2A medium is a poor medium initially developeddolate
microorganisms from tap water and is well adapteddud samples, which are also poor. The addiioNacCl

to R2A favors the selection of marine microorgarisiing’s B medium is selective féd¥seudomonas strains,

while Sabouraud medium is selective for yeastsrai

Representative colonies were selected based omycatmrphology and pigment production. The isolates
obtained in pure cultures (R2A, 17°C) were storeti0% (v/v) glycerol at -80°C. The strains werenidféied by
ribosomal RNA gene sequencing (16S or 26S rRNA gmtpiences for bacteria and yeasts, respectivgly).

complete description of the methods of identifigatis available in Vaitilingom et al. (2012).

2.3 Surface tension measurements

Strains from the glycerol stocks were used to ifmeuR2A broth in 96 deep-well plates (500 pL/welhe
plates were incubated at 17°C under agitation fafta$s, followed by centrifugation (3000 g/20 miiithe
supernatants were transferred into 1-mL microtuaed stored at -30°C until subsequent surface tensio
measurements. The thawed samples were centrifu@®t80 g/3 min) just prior to surface tension

measurements.
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All surface tension measurements were performedgusine pendant drop method with an OCA 15 Pro
tensiometer (Data Physics, Germany). The camerlyzasathe pendant drop profile of the crude extréct
dosing needle with a 1.65-mm outside diameter vgasl ,uproducing drops of 12 pL. The software fits tatter
measurement to the Young-Laplace equation and gesraut surface tension from all measurements @tans
and Rgdsrud, 1991). The measurements were obtatn2@5 K every second. The tensiometer was caditirat
using Milli-Q water. The uncertainty of the instrant was + 0.01 mN th Each dynamic surface tension curve
was measured three times for the most efficierdurfactant-producing microorganisms, and the measents
displayed + 10% variation. These dynamic surfacsiten measurements lasted until the equilibriunoreds
reached (maximum 30 min, see below section 3.2ndlwith the surface tension, each measurement also
provided real-time monitoring of the droplet volunfacilitating an assessment of the evaporation. No
significant evaporation (< 5%) was observed duthexperiments (Fig. 2).



3 Results

3.1 Identification of cloud microbial isolates
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Figure 1. (a) Phyla distribution of the 480 strains examinedtfmsurfactant productiorfb) Genera distribution of the most
representative strains (85%: and Y-Proteobacteria, Actinobacteria and Basidiomycold)e 4 categories of surface
tensions ¢ < 30, 30 <o < 45, 45 <5 < 55 ando > 55 mN m) are indicated in red, orange, yellow and greespectively.
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The identification of the 480 strains (bacteria amasts) collected during the 39 cloud events atpiy de
DOme station, together with the values of surfaresion obtained from their crude supernatants &feays of

culture in R2A broth, is described in the Suppletaematerials (Table S2).

Figure 1(a) shows the distribution of the differg@ttyla or classes of these microbial isolates. @tplyla of
microorganisms were dominant: Proteobacterj# @ndY'- Proteobacteria), Actinobacteria and Basidiomygcota

accounting for 89.6% of the collection, while 2.8%the latter remain unidentified.

In detail (Fig. 1b), the phylum of Proteobacteriaswpredominant (220 isolates, 45.8%), particulafsland Y-
Proteobacteria (95 and 112 isolates, 19.8% and%23r8spectively). In these latter two classes, riest
recurrent strains belonged to the ger@atsingomonas (83 isolates) an&seudomonas (78 isolates), respectively.
B-Proteobacteria represent only 2.7% of the totak Phylum Actinobacteria (116 isolates, 24.2%) pritg
contained strains from the gendZkavibacter (25 isolates)Curtobacterium (14 isolates)Frigoribacterium (18
isolates) andRhodococcus (21 isolates). Notably, the phylum Actinobactgriasents a much greater diversity of
genera compared with the other phyla, centerednendominant genus. Among the bacterial strainspthda
Bacteroidetes and Firmicutes were also represebtedo a lesser extent (20 and 12 isolates, réispdc 4.2%
and 2.5%).

Concerning yeasts, the major group belonged topthgdum Basidiomycota (94 isolates, 19.6%), primaril
containing strains from the gene@ryptococcus (14 isolates)Dioszegia (39 isolates) andJdeniomyces (25

isolates). The phylum Ascomycota was also presetiih only 6 isolates (1.2%).

Globally, the phylogeny of the isolated strainsra@ed in the present study is consistent with trevipusly
published phylogeny of the strains isolated from same sampling sites, except for the geBagillus, which
was much less abundant in the selected clouds s\af#itilingom et al., 2012). Notably, many strains
originated from the phyllosphere, consistent whik predominance of the phylum Proteobacteria. TH&8e
strains therefore constitute a unique collectiorcloud microorganisms, representative of a clouchrooinity

that can be tested for biosurfactant production.
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3.2  Screening for biosurfactant-producing microorganisns
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Figure 2. Time profile of the surface tension measuremehtsblack, R2A broth medium. In purple, strain 14b13
(Frigoribacterium sp., Actinobacteria). In blue, strain 26b1@ryptococcus sp., Basidiomycota). In green, strain 14b02
(Pseudomonas sp., Y-Proteobacteria). In orange, strain 59bB8s(domonas syringae, Y-Proteobacteria)s,: initial surface
tension. Surface tensions in the meso-equilibriag) &nd equilibrium ¢.) phases.

Figure 2 shows the time profile of the surface immsneasurements performed on the culture supetisabé 4
selected microbial strains. As a reference, théaesartension obtained from R2A medium, which serasdhe
culture medium, is also presented. In this caseptiserved surface tension (63 mN)memained close to the
value of pure water (72.8 mN 't As expected, a noticeable reduction of the serfeension values was
observed when the microorganisms produced biodarfein the culture medium. This phenomenon i€tim
dependent, and the time profiles were dependetti@studied strain. These profiles were consiskétfit those
obtained from atmospheric aerosol by Noziére e(24l14) and are typical of a surface tension dyoafidua
and Rosen, 1991). Indeed, three distinct kinetitmes follow each other during the equilibrationgass: first,
a rapid decline of the R2A value &g occurs, which happens too rapidly to record (<9).1This is followed by
the meso-equilibrium phase, during which the s@rfeension decreases #@,. Then, the appearance of the
equilibrium region occurs, where the minimusg,, is reached. This region corresponds to the siduoraf the

surface I,) with surfactant molecules. Hereafter, the surtemsion measurements) @re referred to as.,

Monitoring the surface tension over time revealeat the equilibration time (apparent diffusion dméént) in
the pendant drops varied from a few seconds to B0 likely depending on the concentration and cloani
structure of the expressed biosurfactants, whid¢bdcaimolecular interactions and/or diffusion. Foample,

from the supernatant of the strains 59b03 and 14fs@PPseudomonas strains {'-Proteobacteria), the measured
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equilibrium surface tensions{) were close (below 28 mN Tt while the time profiles were much different,

and the equilibration stage occurred at approxilp&end 10 minutes, respectively.

Basidiomycota
11%

Unidentified yeast
2%

0<0<45 mN m- Actinobacteria

6%

45<g<55 mN m?
28%

a-Proteobacteria
1%
B-Proteobacteria
2%
Figure 3. (a) Surface tensiono] distribution of the 480 strains examined for bidactant production an¢b) the phylum
distribution for the most efficient biosurfactambgucing microorganisms (< 45 mN ).

(a) (b)

The 480 strains tested for biosurfactant productsee Supplement Table S2) were differentiated fimto main
categories according to the measured surface tefsio 30, 30 <o < 45, 45 <¢ < 55 ands > 55 mN n, Fig.

1b and Fig. 3). The first category € 30 mN m') is rare among man-made surfactants and is tygital
surfactants of biological origin (Christofi and hisa, 2002). In this collection, we observed 34iss (7%) that
reduce the surface tension of the R2A broth belownBl m*. These strains exclusively belonged to the genera
Pseudomonas and Xanthomonas (Y-Proteobacteria, Fig. 1b). The second categoryesponded to surface
tension values between 30 and 45 mN ffhe 45 mN it limit is often considered the threshold in termshe
surface tension decrease originating from HULISnflrulike substances) (Kiss et al., 2005; Taranitilale
2007). We observed only 30 strains (6%) in thioedacategory. In summary, from the first two catégpc <

45 mN m'), although new phyla were observed in the secardgory, the phylum distribution of the most
efficient biosurfactant-producing microorganismsnaéns largely dominated by-Proteobacteria (78% of all
strains) and more moderately by Basidiomycota (1. 3). Notably, the two other major taxa of stihdied
strains, Actinobacteria and-Proteobacteria, almost completely disappear isgheategories. The third and
fourth categories (45 < 55 ands > 55 mN n1") represented 28 and 59% of the collection, resgdyt The

55 mN m" limit is relatively arbitrary but approximates tfiest surface tension values measured on the akros
filter samples (Baduel et al., 2012; Capel et &4090; Decesari et al., 2005; Facchini et al., 198800;
Hitzenberger et al., 2002; Mircea et al., 2005)mRekably,Pseudomonas (Y-Proteobacteria) angphingomonas
(a-Proteobacteria), the most frequently observed mgeme the clouds (Vaitiingom et al., 2012), showed
completely different behaviorfseudomonas provide the most active biosurfactant-producingrowrganisms,

while almost allSphingomonas are not efficient for the production of biosurauts.
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3.3 Potential impact of the chemical composition of thelouds on biosurfactant production

In the present study, the screened microbial straiare isolated from 39 cloud events presentintprmift
profiles. Information on the cloud chemical compiosi and the physicochemical parameters measurdkat
puy de Déme station and described in (Deguillautred.e2014) is provided on the website of the @bestry

of Earth Physics in Clermont-Ferrand (http://wwwainsv-bpclermont.fr/'SO/beam/data.php). The main
parameters, including pH, $8 NOy, CI, acetate, formate, oxalate, succinate, malonai&, MH,", Mg**, K*,

and C&'", are summarized in the Supplemental materials|€TSl). These physico-chemical parameters were
used for the ACP analysis as described in Deguiiaet al. (2014). The ACP generated 4 differenesypf

clouds, classified as “highly marine”, “marine”,diatinental” and “polluted”. Typically, the more “pated”
clouds have a lower pH and higher concentrationsf, NO;, and S@. The more “marine” clouds have a
higher concentration of NaCl. The 39 cloud evenerewdivided into 2 “highly marine”, 26 “marine”, 8

“continental” and 3 “polluted” clouds (Table S1).
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Figure 4 (a). Surface tensiona] distribution of the 480 strains examined for bidactant production according to the
physicochemical characteristics of cloud watersrimea highly marine, continental and polluted). Klighted in blue, the

number of tested strains. Box and whisker plotsshoevn with the minimal (red) and maximal (greenfate tensions. The
orange boxes represent the"2&nd 7% percentiles of the measuremer(ts). Phyla distribution according to the
physicochemical characteristics of the cloud waferarine, highly marine, continental and polluted).

Figure 4a shows the distribution of the surfacesitams valuesd) measured from the 480 strains examined for
biosurfactant production according to the cloudervahemical composition (marine, highly marine, tatental

or polluted). A comparison of the distribution bktphyla of the strains in the same cloud evenpsdasented in
Figure 4b. The samples from marine clouds constithe majority of this collection (323/480 straingye
observed a difference between the surface tensiires from continental and highly marine straingdrans:

56 and 61 mN i, respectively). Highly marine clouds are charazeet by the highest minimal surface tension
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(45 mN m'® Figure 4a), consistent with the almost completeeabs ofY-Proteobacteria, which are the most
efficient biosurfactant-producing microorganisms € 45 mN ni") (1/57 isolates, see Figure 4b). These
observations were based on 39 cloud events withdi8€rent strains, representing, to our knowledthes
largest cloud sample data set studied; this dat& sepresentative of cloud sampling over morath@ years at
the puy de Ddéme station. Although it remains difficto generate statistics on samples with suctairdand
inter-sample variations, these results provide regd tendency that could be reinforced and comfitrwith

more data in the future.

4  Discussion and conclusion

The study of biosurfactant production in the enwiment has primarily focused on microorganisms tedldrom
soils, rhizospheres and the phyllosphere or froenrttarine environment (Bodour et al., 2003; Jacletoal.,
2015; Raaijmakers et al., 2010; Satpute et al.0R0Concerning atmospheric waters, Ahern et al0720
reported the presence of biosurfactant-producirngeia in the air, studying 100 strains isolatemhfr4 rain and
cloud samples. Here, we investigated 480 straolatesd from 39 different cloud events. When we abrsthat
these strains typically produce biosurfactants wirenmeasured surface tensioy is less than 55 mN i
41% of the tested strains were active, 7% beingemely active ¢ < 30 mN nt). Although the methods used to
evaluate biosurfactant production were differehis result is consistent with that of Ahern et(@007), who
reported 55% active strains in rain and cloud sampln the present study, we showed that underradadmy
conditions, the most efficient biosurfactant-pradgcmicroorganismso( < 45 mN m') belonged to a limited
number of bacterial generBseudomonas andXanthomonas) from theY'-Proteobacteria class (78%) and a yeast
genus Udeniomyces) from the Basidiomycota phylum (11%). SoBecillus strains from the Firmicutes phylum
were also active but represented a small fracém) (of the total population of the cloud collectiexamined in
the present study. Strains from the Actinobactphiglum were primarily present in the group with recate
biosurfactant production (45 s < 55 mN n). In previous studiesPseudomonas (Y-Proteobacteria) and
Bacillus (Firmicutes) have been reported as high biosunfidqieoducing microorganismsycinetobacter (o-
Proteobacteria) has also been frequently repoBeddi and Banat, 1997; Rosenberg and Ron, 19989)easts,
the major high biosurfactant-producing genera idel@andida andTorulopsis from phylum Ascomycota (Desai
and Banat, 1997; Karanth et al., 1999; RosenbedgRon, 1999)In the present study?seudomonas strains
were clearly the dominant group and the most adhiesurfactant-producing microorganisms, whereas th
Acinetobacter genus wasabsent. This result is highly consistent with stgdperformed on environmental
samples, such as soils (Bodour et al., 2003), piidiaes et al., 2010; Raaijmakers et al., 20lpwater (Cai et
al., 2015) and in atmospheric water (Ahern et241Q7).

Notably, the Pseudomonas genus is commonly detected in the phyllosphere, ttain source of primary
bioaerosols (Amato et al., 2007b; Morris et al.1£20Vaitilingom et al., 2012). Interestingly, biofactants play

a specific role in the interactions between plamgPseudomonas (D’aes et al., 2010; Raaijmakers et al., 2010).
Biosurfactants present versatile functions, inalgdinteractions with other organisms (such as @tih
activity) and modifications of the leaf-surface pedties. These surface modifications enable celbilitg
biofilm formation and the colonization of the leavay these bacteria. Particularly, rhamnolipidsiavelved in

different processes of biofilm formation; the firshép involves the release of the planktonic daarghbpulation

11



10

15

20

25

30

35

(Mann and Wozniak, 2012). This production of bidaatants could therefore be important for the fafaraof

biofilms on leaf surfaces, facilitating the aerdzation and dispersion éfseudomonas strains in the air.

This aerosolization ofPseudomonas strains could explain the correlation observedwben the clouds
composition and the distribution of biosurfactandgucing microorganisms observed in the presemtystit is

clear that microbial isolates from highly marinewdds, significantly impacted by the ocean sourcedlaost

total absence of*-Proteobacteria, see Fig. 4b), are lower bioswafggbroducers than microorganisms isolated

from continental clouds. Continental clouds, tréimgl over vegetated zones, thus contain mesgudomonas
strains. More generally, the correlation betweem different origins of the air masses and the pectdn of
biosurfactants by cloud microorganisms could belamrpd by the significant differences in the vegjeta of
France. For example, French regions characterizedniform monocultures (Ministére de I'Agriculturee
I’Agroalimentaire et de la Forét, 2014) could beremely favorable to plant pathogens, sucliPssidomonas
syringae (McDonald and Linde, 2002).

The occurrence of biosurfactants has recently sbemwn in atmospheric aerosols (Baduel et al., 28k&trém
et al., 2010; Noziere et al., 2014). Indeed, thespnce of biosurfactants in the atmosphere couslatréom
different mechanisms. First, these aerosols coaldlitectly produced by microorganisms in the cloutsis
idea is relevant considering that microorganisnes m@etabolically active in clouds and can survivelam
atmospheric conditions (Joly et al., 2015 and esfees hereinafter). Indeed, microbial metabolieviigthas
been demonstrated by measurements of the ATP (aiden®'triphosphate) content (Amato et al., 200H) A,
Vaitilingom et al., 2012, 2013) and by the uptakehe dye CTC (5-cyano-2,3-ditolyl tetrazolium ctitte)

directly in situ in cloud water samples (Hill et al., 2007). Thidiwty has even been demonstrated at low

temperatures (Sattler et al., 2001). In additibesé microorganisms also survive and resist atnesgpstresses,
including evaporation-condensation cycles, freémavtcycles, and exposure to oxidants and solar gt cold
temperature (Delort et al., 2010; Joly et al., J0Bosurfactants can also be produced in extremeaemvients,
such as deep sea or Arctic soil (Jackson et all520anek et al., 2013). Under laboratory condgjctme
microorganisms produced biosurfactants within tret £4 hours, even in poor nutritive medium (R2A% the
residence time of microorganisms in the atmosphe&r® modeled between 2 to 10 days (Burrows et @Q9R
these metabolically active microorganisms couldstBynthesize biosurfactants in the clouds. A secamd
obvious pathway for the incorporation of biosuréas in the atmosphere is associated with the pcesef
these molecules at the surface of the microorgami&iosurfactants can therefore be carried togetlitr the
microorganism when aerosolized or in a biofilm @rig on dust or leaf particles. Moreover, biosutéats could
be directly emitted into the atmosphere as biogariosols, particularly biosurfactants of marinigiar which

can be emitted in sea sprays during bubbling angwaaking processes (Blanchard, 1989; Ellioti.e814).

The presence of biosurfactants might have impbeetifor atmospheric processes. First, these masaduld
impact atmospheric chemistry. For example, ithesitu biosynthesis of biosurfactants by microorganisms i
clouds could be considered as the production afredary organic aerosols, thus modifying the glatzabon
balance in the water phase. The presence of baxgarits (aerosolized from the earth surface orumedin
situ) at the surface of cloud droplets could also chahgeprecise picture of the mass transfer betweergis
and water phases of clouds. Organic surface filars grovide barriers against transportation acrbesair-

particle interface, inhibiting the uptake of waserd gas phase species. These organic films can &espicious
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medium for solubilizing gas phase organic speciesthaps reflecting the observed non-Henry's law
concentration of organics in field samples (Barri86; Davies et al., 2013; Lo and Lee, 1996; Rsrkl.,
2009; Renard et al., 2014). The chemical charaettion and the study of the reactivity of theseaoig layers

will be of special interest to further understafmud chemistry.

Second, biosurfactants could affect atmospheriaapltysics by modifying CCN activation. Owing to ithe
exceptional scope in reducing surface tension,ubfastantsper se, whether present on aerosols or associated at
the microorganisms surface, are thus likely to eohathe propensity of these aerosols to form cloadshe
activation of particles into cloud droplets depermus surface tension according to Kohler's theorylfler,
1936). This topic has been controversial, but rdgeiNoziere et al. (2014) showed that the totaffesttant
fraction of atmospheric particles is much more atefactive ¢ < 30 mN m'") than HULIS. These authors
demonstrated that the equilibration time of biosctdints might hinder the measurement of such acteffhen
using classical instruments, such as a hygrosdapitem differential mobility analyzer or a CCN ctamUpon
further examination of the results obtained in pnesent study, it is reasonable to consider thagusfactant
partitioning in macroscopic pendant droplets midatrease the surface tension values relative tosptheric
conditions. Indeed, in a microscopic, o~ 1 um) droplet, the partitioning impact could be insfgant owing
to a surface area to volume ratio several ordersagnitude higher (Prisle et al., 2012; Sorjamaal.e2004).
Nevertheless, the lower the radius of the droplehe higher the surface to volume ratio, the highe bacteria
concentration (Aller et al., 2005; Hejkal et al98D) and the higher the WSOC concentration (Ereams
Volkamer, 2010). By dividing the surfactant coneation in the atmosphere 10* — 10° mol m® in Olkowska
et al., 2014) by the liquid water content of wetosel (~10° — 10° g m* in Ervens and Volkamer, 2010), we
obtained a significant concentration-ahM. A recent study (Gérard et al., 2016) repoedcentrations above

the typical CMC. Thus, Ruehl et al. (2012) preserstieong evidence that surface tension reductionocaur in

microscopic droplets, and even more in wet aerqaalyided that the particles predominantlye.( = 80%)

comprise surfactants.

The influence of biological surfactants on the fo#dn of particle cloud activation and indirectrasol climate
effects should be implemented in models. Indeethdfeffects of organic surfactants (particuladyboxylic

acids) on the surface tension of activating drapietconsidered in parameterizations (Abdul-Razzak Ghan,
2004), then recent studies have shown that theasrpartitioning of organic molecules to a micrgsco
aqueous droplet interface should also be considiereaodels (Noziere, 2016; Prisle et al., 2012; it al.,

2016).

Moreover, becausd’seudomonas strains are the most efficient biosurfactant-poidly bacteria and are
dominant in clouds and rain (the present study Ahern et al., 2007), the question arises abouptitential
role of biosurfactants in the cycle &seudomonas in the atmosphere. Indeed, biosurfactants fatglithe
aerosolization of theses strains from leaf surfamed favor the formation of cloud droplets throuiie
modification of the surface properties of the ceNtoreover, most of these strains belongPseudomonas
syringae species, which are ice nuclei active and can iaguecipitations back to the earth. Thus, biostafats
should be integrated into the life historyRseudomonas syringae and its relationship to the water cycle (Morris
et al., 2008, 2014).
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In conclusion, the results of the present studywsibthat the microbial strains isolated from clowdters
produce strong biosurfactants under laboratory itimmd. The major and most active producers belanthe
Pseudomonas genus, which is prevalent in cloud water and tg{bjcoriginates from the phyllosphere. Although
the presence of surfactants has been shown oroée(bloziere et al., 2014), it has not yet beenalestrated in
clouds, and the structure of these compounds hiakeaem established. The biosurfactants overprodbgetie
best producers in the present study will be isdlate analyze their chemical structure. In paraltble
biosurfactants from cloud aerosols and rain samplsalso be extracted, and their structural firgents will

be analyzed and compared with the signatures afolvi surfactants isolated from clouds. These aspns
should provide evidence of the microbial origin tfe surfactants present on aerosols. Studying such
biosurfactants in the atmosphere is of speciatdéstefor the chemical characterization and reagtief organic
layers and the characterization of their impactnuass transfer and water uptake. The activationeodsals
containing organic matter is a major topic direclgsociated with the climatic effects of aerosolidr
interactions. A small change in the droplet popafatcould affect cloud albedo and the formation of
precipitation (Li et al., 2011; Rodhe, 1999). Hentkere is a need to enhance our knowledge about
biosurfactants, focusing on the extent of theiractpn human health and the global climate (Bridrtebe and
Latif, 2004).
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