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ABSTRACT

Phenol is particularly toxic and can be found inngn@nvironments, in particular in the
atmosphere due to its high volatility. It can beiteed directly from manufacturing processes
or natural sources, and it can also result fromzéee oxidation. Although phenol
biodegradation by microorganisms has been studietbiny environments, the cloud medium
has not been investigated yet as the discoveryctdfeamicroorganisms in cloud is rather
recent.

The main objective of this work was to evaluate pbéential degradation of phenol by cloud
microorganisms. Phenol concentrations were measbye@C-MS on five cloud samples
collected at the PUY station: they ranged from Otd50.74 pg.r. The strategy for
investigating its potential biodegradation involved metatranscriptomic analysis and
metabolic screening of bacterial isolates from udlavater collected at the PUY station
(summit of puy de D6me , 1465 m a.s.l., Francepf@nol degradation capabilities .

Among prokaryotic messenger RNA enriched metatrgmtomes obtained from 3 cloud
water samples, we detected transcripts of genemgddr enzymes involved in phenol
degradation (phenol monooxygenases and phenol xyldses) and its main degradation
product, catechol (catechol 1.2-dioxygenases). 8r@wymes were likely from Gamma-
Proteobacteria, a dominant class in clouds, moeeifially the generacinetobacterand

Pseudomonas
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35 Bacterial isolates from cloud water samplesgudomonaspp, Rhodococcuspp. and strains
36 from the Moraxellaceae familyyere screened for their ability to degrade phe®8% of the
37 145 strains tested were positive. These findinghlight the possibility of phenol degradation
38 by microorganisms in clouds.

39

40 Main findings:

41  Metatranscriptomic analysis suggested that phepaldcbe biodegraded in-clouds, while
42 93% of 145 bacterial strains isolated from cloudsenable to degrade phenol.

43

44  Key words: Cloud waterphenol, biodegradation, metatranscriptompesy de Dome.

45

46 1. INTRODUCTION

47  Due to its high toxicity, phenol is one of the maiallutants listed by U.S Environmental
48  Protection Agency (US EPA, 1981) and its conceiutnain drinking water is inspected and
49  regulated (Michalowicz and Duda, 2007). In Framgeenol limit concentration in drinking
50 water is 0.5 pg L. Phenol is issued from natural sources such asnargmatter
51 decomposition and biomass burning (Schauer et28l01), but it mainly results from
52 industrial processe&or instance phenol is involved in the productiémils, xylene, plastics,
53 drugs, explosives, dyes, pesticides; it is alssquein oil refining and wood and leather
54  preservatives (Gami et al., 2014; Schummer et28l09). The annual phenol production
55  exceeds 10.7 million tones worldwide in 2016 (MamhResearch & Consulting Itd).

56 Phenol can be found in all environmental compartsefsoil, water), including the

57 atmosphere (Atkinson et al., 1992; Rubio et alJ2Z0Even if its volatility is low £ 7% at

58 25°C) (The National Institute for Occupational Sgfend Health (NIOSH)), phenol is present
59 in the gas phase, but this polar compound cantedcansferred to the aqueous phases of the
60 atmosphere (rain, snow, clouds) thanks to its skitiblescribed by the Henry's law constant
61 (H=3.2 18 M.atm™" at 298 K and mass accommodation = 2.7 40283 K; (Harrison et al.,

62 2002; Heal et al., 1995)). Phenol can also be fdrimgthe oxidation of precursors such as
63 benzene directly in the atmosphere both in theagasthe aqueous phase (Grosjean, 1991,
64  Harrison et al., 2005; Herrmann et al., 2015; Viehal., 2004). The production of phenol by
65 the aqueous phase reactivity is expected to beeffisdent than in the gas phase. Indeed,

66 benzene is precursor of phenol but it will not amalate in the droplet in significant amount
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due to its relatively low Henry's law constant (H1:8 10" M atmi®). Phenol concentration
ranges from 2.8 to 8.9 ug*(0.03 to 0.09 puM) in cloud waters (Harrison et 2005; Liittke
and Levsen, 1997), and it reaches up to 91.3 10197 uM) in rain (Czuczwa et al., 1987;
Harrison et al., 2005; Kawamura and Kaplan, 19&Rjdnberger et al., 1985, 1988; Levsen et
al., 1990; Schummer et al., 2009).

In the gas phase, phenol is transformed into riapls either in the presence of Héhd
NO," (during the day) or in the presence of N@nd NQ’ (during the night) (Atkinson et al.,
1992; Olariu, 2001; Olariu et al., 2002). In theuegus phase, phenol can undergo
transformations that should be much faster thathéngas phase leading to the formation of
nitrophenols (Luttke et al.,, 1997; Vione et al.,02D Recent studies show that direct
photolysis should be competitive to the radicabeini one for phenol (Rayne et al., 2009) and
that phenol exposed to atmospherically relevanttqaf@mical conditions lead to the
production low-volatile compounds such as lighteabsng molecules (HULIS). In-cloud
processing of phenol can therefore be a source embrglary Organic Aerosol (SOA)
(Gilardoni et al., 2016; Sun et al., 2010).

A great number of studies have been conducted gdesasthe biodegradation of phenol by
microorganisms including bacteria, fungi, yeast algde in the context of environmental and
water treatment chemistry (Michalowicz and Duda 20MMost of those microorganisms
were isolated from soils (including the rhizosphesed waters (fresh and marine waters,
waste waters and sediments) where contaminatigohbyol has been studied (Basha et al.,
2010; Kafilzadeh et al., 2010; Michalowicz and Du@®07; Mishra and Kumar, 2017,
Sandhu et al., 2009; Sridevi et al., 2012; Tiamlet2017). Only one team has focused on
atmospheric phenol uptake by microorganisms (Sarathal., 2007, 2009). They studied
microbial community on leaves directly in contadgthaphenol in the air and found that they
were able to degrade it. Many studies are basedirent measurement of the biodegradation
activity of microbial isolates, in particular foridbechnological application in industrial
effluent decontamination (Basha et al., 2010; MieWicz and Duda, 2007; Mishra and
Kumar, 2017; Sridevi et al., 2012). Alternativelhers used molecular based approaches and
reported microbial genes of phenol or catechol aldigg enzymes (Brennerova et al., 2009;
Fang et al., 2013; Sandhu et al., 2009; Sharmé, &0 2; Silva et al., 2013; Suenaga et al.,
2009) or gained knowledge from metatranscriptommelyses of microbial communities
(Auffret et al., 2015). Ajaz et al. (2004) haveritiéed thirty bacteria resistant to phenol in
garden soil and Padmanabhan et al. (2003) have Bbi#eSIP with **C-labeled phenol to

3



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-251
Manuscript under review for journal Biogeosciences
Discussion started: 13 June 2018

(© Author(s) 2018. CC BY 4.0 License.

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

115
116
117
118
119
120
121
122
123

124
125
126
127

128

129

130
131

identify 6 phenol-degrading populations in soilrtka to 16S rRNA gene analysis. Main
bacterial genera able to biodegrade phenolPeeudomonaskRhodococcusAcinetobacter
and Bacillus other genera are also described such Aathrobacter Alcalinogenes,
Burkholderia, Thaueraetc. (Basha et al.,, 2010; Fang et al., 2013; jdade al., 2014;
Michalowicz and Duda, 2007; Padmanabhan et al.,32®llva et al., 2013). Major
biodegradation pathways for aerobic bacteria haenlestablished ( Figure 1) : first phenol
can be oxidized into catechol by phenol hydroxyase phenol mono-oxygenases, then the
ring opening can be catalyzed by dioxygenasescloaktel.2-dioxygenase produces cis-cis-
muconate ("ortho" pathway) while catechol 2.3-digayase leads to 2-hydroxymuconate
semialdehyde ("meta" pathway). Finally these prtgluare integrated in the central
metabolism of the bacteria and end up in,@@pduction (Basha et al., 2010). Alternative
pathways have been described with anaerobic miganisms. In these cases, phenol is
carboxylated by a carboxylase in the para positoproduce 4-hydroxybenzoate and this
metabolite is further metabolized in benzoyl-Cai& anaerobic routes before its ring opening
step (Basha et al., 2010).

Although phenol is present in clouds, to our knalglke its transformation by microorganisms
in these specific environments has never beenssdeBacterial concentration usually ranges
from 10¢® to 10 cells per mL of cloud water (Vaitilingom et al.022). In spite of the

numerous atmospheric stresses, it has been shaivmitroorganisms can survive in clouds,
maintain metabolic activity and degrade organic poomds (Amato et al., 2007b, 20073,
2017b, 2017a; Delort et al., 2010, 2017; Hill et 2D07; Sattler et al., 2001; Vaitilingom et
al., 2013). Among bacteria known for phenol degrada Pseudomonas

(Gammaproteobacteria) andhodococcus(Actinobacteria) notably are frequently found

viable and potentially active (Amato et al., 201Z017a).

The aim of this work was to explore the potental phenol biodegradation in clouds. First,
phenol concentration was quantified in atmospheraters, and cloud water
metatranscriptomes were checked for the presencehefol-degrading genes; second,

bacterial strains isolated from cloud water wereesced for phenol biodegradation ability.

2. MATERIALSAND METHODS

2.1 Chemical reagents.

Phenol (>99%) and hydrogen peroxide (30%) wereiobtafrom Fluka, sodium chloride
(>99%), dichloromethane (>99.8%) and sulfuric act@5-97%) were from Sigma Aldrich,

4
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acetonitrile (>99.9%) was from VWR Chemicals, Na@9%) from Merck, and MgS£
(>98%) from Carlo Erba reactifs — SDS.

2.2 Cloud water analysis

Cloud sampling: Cloud waters have been sampled at the PUY sté&ianmit of the puy de
Dbéme, 1 465 m above the sea level, 45°46’ Nortb,/2East, France) which is part of the
atmospheric survey networks EMEP (the European dtng and Evaluation Programme),
GAW (Global Atmosphere Watch), and ACTRIS (AerosoBlouds, and Trace gases
Research Infrastructure). The sampling site isyfdiscribed in Deguillaume et al. (2014).
The global meteorological context was examineduho120 h back-trajectories of the air
masses sampled using the HYSPLIT model (HYbrid I8HRarticle Lagrangian Inte-grated
Trajectory). Five cloud water samples collecte®®@13 (November 0%, 2014 (June 2%
and 2016 (February 16 October 2f and October 2B were analyzed for phenol
quantification by GC-MS. Samples were collectechgsa sterilized cloud droplet impactor
and immediately filtered through Minisart® PES dilt (0.22 um porosity; Sartorius,
Germany) under sterilized conditions; these hawn Istored at -25°C

GC-MS analysis: Sample preparation was carried out according toBEB8 8270 Method.
Prior utilization, all the glassware was cleanedhvpiranha reagent composed of 6 mL of
sulfuric acid mixed with 2 mL of hydrogen peroxidéhe reagents were kept in the glassware
for one night and after all the glasses were wasthvwedtimes with ultrapure water and two
times with dichloromethane. With clean dishes, dlaaters kept frozen were melted at room
temperature and the pH adjusted to pH = 2 and tdaric compounds were extracted tree
times with dichloromethane (keeping the ratio 10 aflwater for 1 mL of CHCIy). All the
dichloromethane fractions were then dried with Mg&6d evaporated to 1mL. Samples were

kept at 4°C until analysis

All analyses related to cloud samples collected 208 and 28" of October 2016 were
performed at Saint Joseph, Ml at LECO Corporatld8A4). Accurate GC-MS measurements
were performed with a high resolution time-of-flighass spectrometer Pegasus® GC-HRT
in GC mode (software ChromaTOF-HRT). The obtainddntass spectra were used for
phenol identification by utilizing high mass acayalata and retention time (Lebedev et al.,
2013). Phenol concentrations were measured usipgtimaene D8 as internal standard.
Response factor (0.7) was calculated using starstdndion of phenol. Phenol concentrations
measured in cloud water samples collected the 861B, 27-06-2014 and 16-02-2016 are
extracted from Lebedev et al. (2018).
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2.3 Analysis of metatranscriptomes

Transcriptomic analysis: Cloud water samples were collected on Novemb®&r 2014, for
three consecutive periods of 5 hours. The cloudsmpldts collected by impaction were
immediately transferred by gravity into sterileleotion bottles (Nalgene, Rochester, U.S.A)
through sterile (autoclaved) silicone tubing. Befarloud sampling operations started, a
control sample was made by pouring 200 mL of stesidter into the collection device and
through the tubing, and by processing it in palalfethe cloud water samples, including
sequencing and data treatment. Immediately aftdeation, water sample were filtered
(MoBio 14880-50-WF) within an UV-sterilized laminflow hood installed at the sampling
site. The filters were then put into ~5 mL of RNAter solution (Sigma, Steiheim, Germany)
and stored at -80°C until further processing. Byjefotal RNA were extracted from filter
halves using MoBio Power Water RNA kitand bacteriabsomal RNA were depleted using
MICROBExpressBacterial mRNA Enrichment kit (Life Technologied)letatranscriptomes
of the messenger RNAs were then obtained by maeltifiéplacement amplification using
REPLI-g WGA & WTA kit.; Shotgun libraries were sezpced on lllumina MiSeq paired-end
2*300bp. Sequencing reads were quality checkedt@&sAndrews, 2010) and trimmed
(PRINSEQ-Lite, Schmieder and Edwards, 2011) befssembling the mate pairs using
PANDA-SEQ (Masella et al., 2012). Annotations warade against UNIPROTKB database
(Leinonen et al., 2006), including protein sequenf@ bacteria, archaea, and fungi using
BLASTX software (best hits with e-value <10 All steps were performed using custom per
scripts. The sequence files have been depositEdrimpean Nucleotide Archive (ENA) under
the study accession number PRJEB25802.

Bioinformatics treatment: Known proteins involved in phenol degradation wérend in
KEGG Database (KEGGhttp://www.genome.jp/kegg/ OF http://www.kegg.jp/) (See Figure 2). We
only focused on aerobic metabolism as cloud enwmemt is highly oxidative. Four
nucleotide sequences databases were created froml NiEtps://www.ncbi.nim.nih.gov/)
corresponding to phenol hydroxylases (69 sequencgsgnol mono-oxygenases (29
sequences); catechol (regrouping catechol 1.2-dexgses and catechol 2.3-dioxygenases)
(145 sequences) and a fourth database includingsgeoding for putative phenol degradation
enzymes (38 sequences). The sequences from thet mletatranscriptomes corresponding to
the different created databases were then extrasued) Bowtie2 (very-sensitive option;
Langmead and Salzberg, 2012). The affiliation @& #xtracted sequences was determined
using blastn on a local server (e-value =0.000@In&xcho et al., 2009).
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2.4 Biodegradation of phenol by bacterial strains froloud waters

Bacterial strains. Bacterial strains were isolated from cloud watsaspled at the PUY
station and identified as previously described aitMngom et al. (2012). From our lab strain
collection, we choose all the potential bacteriat titould biodegrade phenol. 119
Pseudomona®4 Rhodococcustrains and 2 strains form the Moraxella familyrevselected
for the screening of phenol degradation (sgge SM1). More precisely Pseudomonas strains
included 4P. fluorescens 10 P. graminis, 1 P. grimortii, 2 P. poa¢ 1 P. reactans 1 P.
reinekii, 3 P. rhizosphaerag35P. syringae 2 P. trivialis, 2 P. veronij 1 P. viridiflava and 57
Pseudomonasp. Rhodococcusstrains included R. erythropolis 1 R. enclensisand 22

Rhodococcus spdoraxella family strains were Moraxella spand 1Psychrobacter sp

Incubations: All the strains were grown in R2A medium for 48uns at 17°C, 130 rpm
(Reasoner and Geldreich, 1985). Then cultures wem&ifuged at 4 000 rpm for 15 minutes.
Bacteria pellets were rinsed first with 5 mL of NaiC8% and after with Volvic® mineral
water. Cells were re-suspended in 5 mL of 0.1 mMnath solution, prepared in Volvic®
mineral water, and incubated at 17°C, 130 rpm #gitaduring 5 days in the dark. To know
the concentration, the OD for each strain was talkenng the experiment. Strains
concentration was around®l@ells mL. The ratio number of bacterial cells/ phenol
concentration was kept to that measured in clougnwain clear all the concentrations were
multiplied by a factor 10 Indeed the mean bacteria concentration is aradndells mL* of
cloud water while that of phenol can reach 0.011 (dde the result section) in clouds
collected at the PUY station. We showed in the faest when the cell / substrate ratios are
kept constant the rates of biodegradation are aahsfVaitiingom et al., 2010).The
temperature (17°C) corresponds to the average tatope at the PUY station in summer
under cloud condition. It is well known that undedture conditions in a laboratory, a lag
time can be observed before bacteria starts toebiadle phenol that corresponds to the
induction period of the gene expression (Al-Khaiad El-Naas, 2012). As the objective of
the work was to perform a large screening withedéht types of cells, incubation duration of
5 days was chosen to be sure that the inducticncgeecessary for laboratory experiments
was long enough to be able to detect biodegradatdity for all the tested cells. This time is
quite long for a cloud but the objective here i$ twoevaluate a rate of biodegradation but to

investigate the potential of biodegradation of micganisms present in cloud waters.

Before sampling, evaporation of water has been emsgied by adding Volvic® mineral

water. A control experiment was performed by indifgaphenol without bacteria; phenol
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concentration remained stable with time (0.1 mMpbénol was obtained at the end of the
experiment). For phenol quantification over time thre incubation experiments, 600 pL
samples were centrifuged at 12 500 rpm for 3 meared the supernatants were kept frozen

until HPLC analysis.

Phenol HPL C analysis: Before analysis, all the samples were filteredHeRTFE filter (pore
size at 0.2 um and diameter of 13 mm from Machermel, Germany). Phenol detection was
done on HPLC VWR Hitachi Chromaster apparatusdittéh a DAD detector and driven by
Chromaster software. Isocratic mode was used witleve@rse phase endcapped column
(LiChrospher® RP-18, 150 mm-4.6 mm, 5 pum, 100 Aphife phase was composed of
acetonitrile and filtered water (Durapore® membrélers, 0.45 um HVLP type, Ireland) in
25/75 ratio with a flow rate at 1.2 mL niinadapted from Zhai, 2012). Sample injection
volume was 50 pL, spectra were recorded at 272mdrilee run time was 10 min.

Phenol degradation: Percentage of phenol degradation was calculatedhéyfollowing

equation:

Phenol,  x100
(1)

Phenol degradation (%) = 16
[Pheno]

initial

Limit of phenol quantification was 3.8 uM. Straiaee not considered active below 5 % of

phenol degradation, corresponding to 5 pM.
Comparison of strain phenol degradation abilitiessvdone using Kruskal-Wallis test (p.

value < 0.05) with Past software.

3. RESULTS

3.1.Phenol quantification in cloud waters

The objective of this paper was to explore theitghilf microorganisms isolated or present in
cloud waters collected at the PUY station to degnalcenol. We first checked its presence in
cloud waters sampled at the PUY station by perfognGC-MS analysis. Figure SM1

presents the back trajectories of the air massessponding to the 5 cloud events at the PUY
station. The air mass origins of the 5 cloud sampgletermined from these back trajectories

were classified as described in Deguillaume g28l14) and are reported Table 1.

The GC-MS analysis performed on cloud samples @atbweliable identification and

quantification of phenol in all samples (Table the measured phenol concentrations ranged
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from 0.15 to 0.74 pg L Figure SM2 (A) represents, as a typical example, the totaldarrent
chromatogram of the cloud sample collected th8 aBFebruary 2016, the corresponding
mass-chromatogram based on the ion 94 currentgcteaistic for phenol) is represented in
Figure SM2 (B). Quantification was done using similar masatatograms of all samples and
the identification was proven by the correct rétantime and accurate mass measurements
(calculated: 94.0413; experimental: 94.0414).

3.2.Possibility of in-cloud phenol degradation by tHeutl microbiome using a
meta-transcriptomic analysis

The presence of transcripts involved in the bioddgtion of phenol F(gure 1) was

investigated from prokaryotic messenger RNA endcheetatranscriptomes obtained from 3
cloud water samples. Sequence data were lookethépresence of transcripts of genes
involved in phenol biodegradation among the 281lusaqges included in our database (more

details about the affiliation of the sequencesgaren inTable SM2).

Gene transcripts were detected for all the enzyrarsept the catechol 2.3-dioxygenase,
showing a possible implication of the microorgarssim the degradation of phenol in cloud
(Figure 2). However the number of hits and thetisdaabundance of the transcripts coding
for the different enzymes varied according the dlsamples. Two hundred fifty-seven hits
(sequence homology) could be counted for cloua2ofly 70 in cloud 1 and 130 in cloud 3.
Transcripts corresponding to the enzyme involvedhim first step of oxidation of phenol

leading to catechols (phenol hydroxylases and pghemmno-oxygenases) were the most
abundant in clouds 2 and 3 while those correspgntbnthe opening of the catechol ring
(catechol 1.2 dioxygenases) were dominant in clbuéor all the samples the transcripts
corresponding to putative phenol degradation enzyatleways (i.e. none explicitly described
enzymes) remained low. These results suggest lileapdtential microbial activity toward

phenol varied with time as the 3 samples preseinéee make reference to one cloud which

stayed 15 hours at the summit of PUY station.

Figure 2 presents the relative abundance of petasixonomic affiliation of microorganisms
involved in phenol biodegradation, based on therimation associated with sequences in the
databases. All the sequences were affiliated wiBroteobacteria, from only two genera,
namelyPseudomonaandAcinetobacter corresponding to only four specida. fluorescens,

A. gyllenbergii,A. oleivoransandA. pitii) matched with cloud transcripts, among a tota8®f
(Table SM2). This very low diversity was unexpectahsidering that sequences from 50



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-251
Manuscript under review for journal Biogeosciences
Discussion started: 13 June 2018

(© Author(s) 2018. CC BY 4.0 License.

292
293
294

295
296
297
298
299

300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316

317
318
319
320
321
322
323

bacterial genera including 109 species were tedtecddition the relative abundance of
sequences affiliated to a bacterial species vaxiled with the considered enzymes and clouds
(Figure 3).

y-Proteobacteria were found to represent only 0.8%h@sequences in cloud water samples,
but it was one of the most active classes with %70 the transcripts identified, with 13.5%
affiliated with Pseudomonasnd 24% withAcinetobacter(Amato et al, to be published).
Rhodococcusvere previously isolated from clouds at the PUMista(Vaitilingom et al.,

2012) but genes for phenol degradation affiliatétth this genus were not detected here.

3.3. Screening of bacterial strains isolated from clondters for their ability to
biodegrade phenol

From our strain collection of 826 cultivable micrganisms isolated from clouds collected at
the PUY station between March 2003 and June 20&6elected strains belonging to genera
of interest concerning their potential ability fphenol biodegradation. Interesting genera
were Pseudomonas and Acinetobacter (GammaProteobacteria) andRhodococcus
(Actinobacteria). Therefore 11®seudomonasstrains and 24Rhodococcusstrains were
selected and assessed for phenol degradation. A&cimetobacterwas available in our
bacterial collection we choose closely related gemamely two strains dfloraxella and
Psychrobacter Altogether 145 bacterial strains were testebl¢ SM1). The percentage of
phenol degradation measured by HPLC after 5 daymafbation at 17°C is reported in
Figure 4 and irmable SM1. As explained in the material and methods secttonduration time

of 5 days was considered to allow a large screemimgy avoid limitations due to long
induction periods often observed under laboratorydiions. The aim of this experiment is to
investigate the enzymatic equipment of cloud miggaaisms for potential phenol
biodegradation and not to measure accurate biodatjpa rates compatible with the life time

of a cloud system.

We found that 93.1% of the 145 tested strains vabie to degrade phenol after 5 days of
incubation. . Globally, in our experimental conaiits, all the families tested were very good
phenol degraders (see Figure 4A). No significaffedince was found in the capacity of
phenol degradation betwe®seudomonafkhodococcusindMoraxellaceaestrains. A focus
on thePseudomanastrains according to their species is presentefigare 4B. The mean
capacity of phenol degradation varied between 2ML&% (forPseudomonas rhizosphaerae

and Pseudomonas graminigspectively), however no significative differensas observed

10
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between the species according to the Kruskal-Watést. Considering specifically
Pseudomonas syringagtrains which are the most abundant genus présesibud waters,
only 2 of them out of 35 were not capable of degpgghenol (strains PDD-32b-31and PDD-
69b-20, see Table SM1).

4. DISCUSSION AND CONCLUSION

Phenol was present in all cloud water samples raterttrations ranging from 0.15 to 0.74 pg
L% these values are within the range usually medsimeatmospheric waters at remote
sampling sites (Harrison et al., 2005; Leuenbergeal., 1988; Littke and Levsen, 1997,
Lebedev et al., 2018), but globally the concertretimeasured at the PUY station are rather
in the lower range of values. In our case althotighair masses had different geographical
origins with distinct influences, varying from ngolluted (West origin) to polluted (North

East origin); only slight variations of phenol centration was observed.

The results reported combining molecular approactt bhiodegradation assays involving
culturable bacteria indicate that phenol-degradinigroorganisms are present in clouds.
Molecular approach allowed detection of enzymesorgghg to Pseudomonasand
Acinetobactestrains buRhodococcuspecies could not be detected. In par&lebdococcus
strains isolated from clouds were very active phetegraders but nécinetobacterhave
been isolated from clouds. This difference reflabts complementarity but also the bias of
each approach (moleculas cultural). Meta-transcriptomic can be biased bytécal issues
(extraction, sequencingtc) or by the creation of uncomplete database. Orother hand it

is well known that cultivable strains only repreis@8o or less than the total community
(Amann et al., 1995)Acinetobacter Pseudomonasnd Rhodococcugenera are known to
degrade phenol in other environments (Basha e2@10; Gami et al., 2014; Michalowicz and
Duda, 2007; Sandhu et al., 2007). The cloud micmolei harbors species usually affiliated
with the phyllosphere (Amato et al., 2017b; Vaigiom et al., 2012). Sandhu et al. (2007)
explored the presence of phenol degraders amonglit communities on plant leaves.
They did not findPseudomonadut they isolatedAcinetobacterand Rhodococcusstrains
(Actinobacteria), and noticed globally a low divgrof phenol degraders. Only the genes
encoding for the ortho pathway for phenol degrashatihat involves the catechol 1.2-
dioxygenase activity were present in both Protetaliec and Actinobacteria. Similarly, we
did not find transcripts of genes coding for catdc¢h3-dioxygenases but only those coding

for phenol hydroxylases, phenol monooxygeneasesatedhol 1.2-dioxygenase. In principle
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bacteria can have eithertho or metapathways, or both, but their expression is depeidie
phenol concentration. The enzyme catechol 1.2-djergse is produced at low phenol
concentration while catechol 2.3-dioxygenases becodominant at high phenol
concentrations (3 mM) (Sandhu et al., 2009). Thighinexplain why bacteria from clouds
and the phyllosphere only produce catechol 1.2ygjerases as the phenol concentration in
the atmosphere is much lower than in surface wWateinstance (in the range of a few ug L
versus 100 to 1000 pg') (Czuczwa et al., 1987; Gami et al., 2014; Harriso al., 2005;
Kawamura and Kaplan, 1983; Leuenberger et al., 19888; Levsen et al., 1990; Luttke and
Levsen, 1997; Schummer et al., 2009, 2009; Stebab,, 2010).

In our study we focused dPseudomonastrains as they are the most frequent strainsoindcl
waters. We observed that these strains likely s the phyllosphere?. graminisand

P. syringaewere able to degrade phenol. In the literatBregeruginosandP. putidaare the
most popular phenol degraders (Basha et al., 2D&0)Yang and Humphrey, 1975; Erhan et
al., 2004; Gami et al., 2014; Kumar et al., 200®jiMand Nilsson, 1985). Berge et al. (2014)
have reported an extensive study performed onP&&Ridomonas syringagrains classified
in 13 phylogroups. The authors have associatedowsiriphenotypes with the different
phylogroups; among them, ice nucleation activitg aresence of catechol operons (ste
SM3). The presence of these operons was limited teligéogroups | and Il which presented
moderate INA+ activity (32.7%). In our case we atseasured the ice nucleation activity of
the 35Pseudomonas syringatrains as described in Joly et al., 20Flgire SM4 presents the
strains which were INA+ (T>-8°QYersustheir phenol degradation ability. The % of INA+
bacteria among the phenol degraders was higheuricase (57.6%) compared to the results
of Berge et al., 2014r{ble sm3). A different situation was observed when all $trains were
considered: in Berge et al. (2014) the % of INA+swagher than in our study (65.006
57.1%) but much lower for phenol degradation (128904.3%). These differences may
reflect specificity of the cloud medium or of thengpling location foPseudomonas syringae

species, as previous suggested Joly et al. (2013).

We showed that microorganisms from clouds were #bldegrade phenol. The question
raises what is the potential impact of this biosfarmation on the fate of phenol in real
clouds? First the presence of transcripts of phdegtading enzymes measured direatly
situ demonstrates a real in-cloud activity of microarigens. However, these data do not give
any exact quantitative contribution of the micrdkaativity to the phenol transformation in

real clouds. On the other hand the large scregménfprmed with cloud isolates showed that
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their enzymatic equipment for phenol degradatiotaigely present and represents a high
potential for biodegradation in clouds. However precise biodegradation rates were
determined under realistic cloud conditions to est# its real impact. It will be very
important to compare the relative contribution abldgical degradationversus radical
chemistry, especially with photochemistry. It islMaown that phenol can react witloH,
NO,* NO;* radicals alone or in combination to give rise ttechol, 2-nitrophenol, 4-
nitrophenol and 2,4-diniropenol, these compounds ba further degraded in shorter

molecules after the ring opening (Harrison et2005).

In addition of examining the presence of phenolrdéimg pathways, we also looked for
biological pathways leading to the potential forimatof phenol from benzene (Choi et al.,
2013; Tao et al., 2004), involving toluene monoaxyases in 8 species of Actinobacteria,
Alpha- and Betaproteobacteria (Table SM4). Nonthe$e sequences were found in the cloud
prokaryote metatranscriptomes. This result shouéd donfirmed by incubating cloud
microorganisms directly with benzene to assessdhkpotential of cloud microorganism to
produce phenol under these conditions. Consequémtlyorigin of phenol in cloud waters
could only result of the mass transfer from the ghase to the aqueous phase or of the
productionvia radical processes in the atmosphere. For instdr&ceroduction of phenol in
the gas phase can result from the reactivity@H radical with benzene (Grosjean, 1991;
Volkamer et al., 2002). Considering that benzergeaheery low solubility in water, it is likely
that the production of phenol mainly occurs in fas phase and is transferred to the water
phase. The contributions of biological or abiotansformation of benzene into phenol in the

water phase should remain minor processes.

In conclusion, this is the first report of the putal degradation of phenol by cloud
microorganisms. The study was centered on bagbeeisent in cloud waters collected at the
PUY station where phenol concentrations were medshy GC-MS and found in the range
of 0.15 to 0.74 pug L Metatranscriptomic analysis suggested that phemalld be
biodegraded in-clouds, while a large screeningsofated strains showed that the enzymatic
equipment to degrade phenol was not r&seudomonasicinetobacterand Rhodococcus
strains were the major genera potentially involireghenol biodegradation. Further work is
needed to evaluate the relative contribution of thiblogical activity and radical chemistry
(particularly photochemistry) to phenol transforimat For that, experiments will be set up to
measure phenol biodegradation rates under reatisticl conditions and compare them with

abiotic degradation rates. This will bring valuabiormation to better describe the fate of
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this pollutant in the atmosphere. This will be o&jor interest for health and air quality
considering that phenol is highly toxic and is asfethe main pollutants listed by U.S
Environmental Protection Agency (US EPA, 1981). Marganisms could participate to a

natural remediation process of the atmosphere.
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676  Table 1: Phenol concentrations measured by GC-MS in thedivad water sampled at the
677 PUY station.

Cloud water
_ 05/11/2013 | 27/06/2012 | 16/02/216 21/10/2018 26/10/2018
sampling date
) . North
Air mass origin West West North East North West/North
West/North
Phenol
_ 052ugl* | 0.74pg* | 0.74pglt 0.21pugl* 0.15ug L*
concentration

678  %rom Lebedev et al. (2018)This work.
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