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ABSTRACT

Air pollution constitutes a global threat. It is most pron@asha hightraffic environments
comprisingsubstantial amounts of airborne padints, sukb as particulate mattend volatile
organic compounds. Many years of research have shown thainplanbe interactions can

be exploited to enhance phytoremediation of contaminated environments. Despite the
complexity in composition of air pollutionphyllospheric microorganismsconstitute
promising candidates to detoxify the pollutants by means of degradation, transformation or
sequestration. In this study, we employed complementary cuttdependentechniques,

454 pyrosequencin@nd realftime PCR, to characterize the structure of phyllospheric
microbial communities associated with common itHedera helix growing at a polluted
high-traffic urban area and a nonpolluted nature reserve in Belgium. Actinobacteria,
Firmicutes, and B@aproteobacteria were more abundant in the polluted environment, while
Bacteroidetes were less abundant. Moreover, our results indicated that the phyllosphere
community of H. helix is similar to that of Arabidopsis thaliana dominated by
Actinobacteria, Beteroidetes, Alpharoteobacteria and Gamprateobacteria. Further, using

a culturedependent approach, we showed that air pollution increases the prevalence of
bacterial functional #its affiliated to plant growthand phytoremediation of airborne
pollutarts. We evaluated different culture media for their potentiatapturea substantial

part of the total phybspheric bacterial community, aiydMAb 284 medium, an own creation,

was found to be most representativeta$ community. In conclusion, we provilfor the first

time a detaild and integrated description phyllospheric microbial communitiesssociated

with H. helix including theidentification of interestindpacteriawith a significantpotential

for use in phytoremediation of air pollution



SAMENVATTING

Luchtvewuiling vormt een wreldwijde bedreiging. Het is meest problematisch in
omgevingen met veel verkeer, waar de omgevingslucht vaak grote hoeveelheden fijn stof en
vliuchtige organische stoffeibevat. Vele jaren onderzoek tonen aan dat plaitrobe
interacties kunnen worden benut om fytoremediatie van vervuilde omgevingen te verbeteren
Ondanks de complexe samenstelling van luchtverontreiniging, zijn fyllosfeerbacterién
veelbelovende kandidaten om luchtpolluenten te detoxificeren via dégracensformatie of
sequestratie. In deze studie hebben we gebruikt gemaakt van complementaire eultivatie
onafhankelijke technieken, 454 pyrosequencing en-tieal PCR, om de structuur van
microbiéle fyllosfeergemeenschappen geassocieerd met kliHeger@ heliy), groeiende in

een vervuild stedelijk gebied met veel verkeer en een niet vervuild natuurgebied in Belgi&, in
kaart te brengen. Actinobacteria, Firmicutes en Betaproteobacteria waren meer aanwezig in de
vervuilde omgeving, terwijl Bacteroidetes minder wanig was. Bovendien tonen onze
resultaten aan dat de fyllosfeergemeenschap Warnelix vergelijkbaar is met die van
Arabidopsis thalianagedomineerd door Actinobacteria, Bacteroidetes, Alphaproteobacteria
en Gammaproteobacteria. Via een cultivatiearkelijke benadering toonden we ook aan dat
luchtvervuiling de prevalentie van bacteriéle functionelgenschappergerelateerdaan
plantengroei en fytoremediatie van luchtpolluenten verhoogd. We evalueerden verschillende
bacteriéle kweekmediap hun potenegel om een substantieel deel van de totale bacteriéle
fyllosfeergemeenschap te cultiveren, en YMAb 284 medium, een eigen creatie, bleek meest
representatief te zijn voor deze gemeenschap. Ter conclusie presenteren wij met deze studie
voor het eerst een getdilleerde en geintegreerde beschrijving van microbiéle
fyllosfeergemeenschappen geassocieerd et helix inclusief de identificatie van
interessante bacterién met een aanzienlijk potentieel voor gebruik in fytoremediatie van
luchtverontreiniging.
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INTRODUCTION

Air pollution T a global threat

Air pollution is a significant problem in many countries around the wartduding Belgium.

It is most pronounced in higinaffic environments like urban areas which comprise
substantial amountsf airborne pollutantssuch asparticulate matter (PM) and volatile
organic compounds (VOCs)Zzhang & Batterman, 20)3 These pollutants arenainly
generated through extensively used thermal processes such as the combustion(@ffuels
diesel fuel) Many epidemiologic studies have revealed associations betwgmsilaiion and
adverse health effec{Saraviaet al, 2013 Saraviaet al, 2019. Moreover,a recent study
publishedin Nature showed thahore people now die from air pollution than malaria and
human immunodeficiency virugHIV) infection together (Lelieveld et al, 2015. This
includes 180,000 people pgzar in Europe.

Both PM and VOCs exettbxic effects in humansConsensus exists that the level of PM
toxicity depends on the chemical composition, particle size and qkaglly & Fussell,
2012. PM is composed of a relatively nigactive part €.9. carbon, calcium), to which
biologically active chemicals such &sce metals (e.g. copper, zinc, cadmium)organic
compounds€.g.benzene, toluene) arhvironmentally persistent free radicals (EPFRs) can
be adsorbe@elly & Fussell, 2012Kim & Fergusson, 1994The most dominant hypothesis

is that ultrafine particles (UER.e. PM of less than 10@im in diametérare most toxic and

that this toxicity is caused by inducing the generation of reactive oxgeries (ROS) on
their surfaceMoreover, due to their small size, these particles are able to deeply penetrate
lung tissue and subsequently erggstemiccirculation significantly increasing theange of
effect (Kumar et al, 2014 Saraviaet al, 2013. VOCs, of which some major molecules
include benzene, toluene, ethylbenzene and xylene (BTEX), polycyclic aromatic
hydrocarbons (PAHsand formaldehydeare also known to induce varioghort and long

term advese health effectsm humangNurmatovet al, 20185.

Althoughtechnological improvements and stricter emission regulations have contributed to a
decrease in trafficelated emissions of airborne pollutants, this decrease has been offset by an
increase in the number of vehicles, shopstand traffic congestior(&elly & Fussell, 2012

To illustrate this, the latest annual report on air quality in Europe states that the EU limit and
target values for PM continued to be exceededaigd parts of Europe iB013 European
Environment Agency. Air quality in Euroge2015 report) It is clear that current emission
abatement strategies are not sufficient to meet environmental challengémialiernative

and additional, noimtruding, socially acceptable, multifunctional and eei$éctive solutions

need to be developed.



Getting help from plants and their microbes

Plants and their associated microorganisms are characterizearbycomplex interactions

and are the subject of extensive research and diverse applications. For example, plant
associated bacteria often show plant greprmbmoting (PGP) capabilities that can be
exploited to obtain an enhanced growth of food and foddesctogher biomass production

of energy crops and improved growth of plants on marginal (§¢dyenset al, 20095).
Furthermore, many bacteria show a natural capacity to cope waiibus contaminants,
makingthem useful in improvinghe efficiency of phytoremediatione. the use of plants and
their associated microorganisms toatleup contaminated environmer(d/eyenset al,
2009h. Phytoremediation has already succesgfbkeen applied for soil androundwater
contaminated withracemetds and/or organic compoungBilon-Smits, 2005Vangronsveld

et al, 2009. Plantassociated bacteria withe desired characteristics were enriched in plants
by means of inoculation. After inoculation, an increased biomass, contaminant uptake and/or
detoxification as well as a reduced phytabtity could be achievedBarac et al, 2004
Weyenset al, 2009q.

Living on and inleaves

A diverse and abundant community mfcroorganismsaturally exists in th@hyllosphere
i.e. the total abovagyround portions of plant®/orholt, 2013. It is one of the most prevalent
microbial habitats on eartéind lacteriaare by far the m&t abundant and constant members,
with a typical cell densitpf 1¢P-10" cellskn? (Bringel & Couée, 2015Lindow & Brandl,
2003 Vorholt, 2013. Fungal communitiesare lessnumerous and archaea are rather-non
abundant (Delmotte et al, 2009 Knief et al, 2012 Voriskova & Baldrian, 2013
Occasionally, also protozoa and nematodes can be fhimibw & Brandl, 2003. Because

in almost all plant geciesthe majority of the surfacarea available famicrobial colonization

is located on the leaves, shis consideredhe dominant tissue of thghyllospherg(Vorholt,
2012.

Characterizing thestructureand dymamics of the phyllosphere microbiome iskay step
towards understanding how thaicrobial community may influence plant health and
developmentThe composition of this community is dynamic, responding to environmental
factors both biotic and abioticsut asleaf age and the garesence of other microorganisms,
flora, mese and macrofaunailtraviolet (UV) light exposure(air) pollution, fertilization and
water limitations(Muller & Ruppel, 2014 The composition haglsoa constantcomponent
influenced bystable factors such dsst plant specieand geographical locatiofVorholt,
2012. Host plant speciescan be the primary factor driving the composition of the
phyllosphere microbioméde Oliveira Costeat al, 2012 Kim et al, 2012, while in other
cases geographic locatieanhave the greatest influence on community compos{famkel

et al, 2011 Rastogiet al, 2012 Redfordet al, 201Q. Perennial plants often have season
dependenmicrobialcommunities that are highly similfnom year 6 year(Redford & Fierer,
2009, while other perennial plafassociated microbiatommunities changeramatically
from one year to another and have high seasonal varigldgitkson & Denay, 201).



In case of phytoremediation of air pollution, the surface of leaves is known to adsorb
significant amounts of pollutant® z i e r U aehab, B&1E. iThereforethe phyllosphere
microbiome isof high interest. Part of the adsorbed pollution is also finding its entry into the
plant, making (particularly) leaf endophytes interesting to looErdophytic bacteria can be
defined as bacteria colonizing the internal tissues of plants withouthgasgmptoms of
infection or other negative effects on their ho$ReinholdHurek & Hurek, 2011 The
primary site where endophytes gain entry into plants is via the (Getsnaineet al, 2009.

Once inside the plant, endophytes either reside in specific plant tissues like the root cortex or
the xylem, or colonize the plant systematically by transport through the vascular system or the
apoplast (Schmidt et al, 201). Leafendophytic and Ipyllospheric bacteria constitute
promising candidates to detoxify part of thgbornepollutants by means of degradation,
transformation or sequestratiqiVeyenset al, 2015. Bacterial PGP traits such as the
production of phytohormones and enzymasoived in phytchormone metabolisnmight
positively affect pollutant accumulation thrdugn increasefleaf) surface are§Seebeet al,

2012. Further, nany membersf phyllospherichacterial communitieare capable of nitrogen
fixation, nitrification or methanobegradation and could potentially contribute to nutrient
acquisition through the legbDelmotteet al, 2009. Recently, the VO€removal capacity of
more than 100Ipnt species was summariz@dela Cruzet al, 2014. Fa the degradation of
these VOCsplants significantly rely on theimicrobial community, mainly the bacterial
members(Weyenset al, 2015. A schematic overview of phytoremediation of airborne
pollutants is presented FIGURE 1.

Microorganisms in the leaf ~___ L P Y j (9 Adsorption and Uptake
endosphere and phyllosphere i :

Degradation

7...’ Detoxification
Plant growth promotion

~~J Fungi on the outside of the plant (phyllosphere) ® Bacteria on the outside of the plant (phyllosphere)
~J Fungi inside the plant (endosphere) ® Bacteria inside the plant (endosphere) V¥V Air pollutants

FIGURE 1 Schematic overview of phytoremediation of pollution. Surfaces of leaves are known to
adsorb significant amounts of larne pollutants. Part of the adsorbed pollution is also findisg it
entry into the plant. Phyllospheric and lesfdophytic microorganismsconstitute promising
candidates to detoxifyhesepollutants by means of degradation, transformation or sequestration.
Adapted fromWeyenset al. (2015)



From old-school microbiology to stateof-the-art microbial biotechnology

In order toinvestigaé the potential of planiicrobe systems to decrease and detoxify
airborne pollutantsa key step is to acquire knowledge about the structure and dynamics of
leaf microbial communitiesConsensus existhat 9599.9% of bactea from environmental
samples haget to becultured(Ritz, 20079, which unavoidably separatesishmicrobiological
guest into aulturedepenént andcultureindependenpart.

To investigate the functional characteristicshatterial members of microbial communities
and to potentially expit their beneficial effects byneans of inoculationhese organisms
need to be culturednder laboratorgonditions The first critical step in theulturedependent
approach is thesolationof bacteria Differentisolationproceduresre described in literature
mainly dependentn the sourceof isolation(the phyllosphere, endosphere, rhizosphete)
and thephysicalstructure of the host plaspeciegEeverset al, 2015. The most crucial step
however, and most likely the main reason why the majority of badtena environmental
(plant) samplefas yet to beultured is the choice of theulturemedium(Ritz, 2007. Many
different culture media are mentioned in literatyrand a distinction can be made between
complex, richculture media that contain high amounts ratherundetermined nutrients and
minimal culture media that contain significantly lower yet precise amounts of nutrients. The
culturemediumaffectsboth the number antthe diversity ofbacteriathat can be isolatefiom
environmental sampleand also the ultimateulturability of bacterial speciesaltogether
(Eeverset al, 2015.

Once a collection obacterial isolatess obtained and maintad in the laboratory, different
phenotypicanalyses can be conducted in ordeintestigate the capacity diese bacterito
cope with aspecific g.g. polluted) environment This way, bacteria can be testém their
capacity to degrade diesel fugb cope with the PMelatedtrace metals coppe zinc and
cadmium(Kim & Fergusson, 1994andto improve pollutant adsorband®/ producingthe
PGP hormonesindole3-acetic acid (IAA) and 3-hydroxy-2-butanone(acetoin) and the
enzymel-aminocyclopropand-carboxylic acid(ACC) deaminaselAA is the most common
phytdhormone of the auxin class, amdlucescell elongation andivision with all subsequent
results or plant growth and developme(Zhao, 2019 The volatile phytohormone acetoin
was show to promote growth andduce systemic resistanceAnabidopsis thaliangRyu et
al., 2004 Ryu et al, 2003. ACC deaminaseatalyzes théydrolysisof ACC, the imméiate
precursorof ethylene resulting in the formation cimmonia and}-ketobutyrateandthereby
reducesethylene levelsEthyleneinhibits growth of roots and shoots;therefore lower levels
of this phytchormonemply plant growth promotioiGlick, 2014.

Taxonomic identification ofthe phenotypically analyzed bacteria (who does what?)s
essential to expand our knowledge microbial biodiversity, and thus has become a
cornerstone oficrobialresearchin this contextthe 16SribosomalRNA (rRNA) geneis the

most commonly used molecular mark&/ang & Qian, 2009 it is universally present in all
bacteria and containegionswith high variability and regions with low variabiliffrox et al,

1980. The regions with low variability can act as good primer targets across many
phylogenetically diverse bacteria, designed to amplify the regions with high variability in



order to distinguish between closely related té@hakravortyet al, 2007 Maughanet al,
2012). Using aculturedependent approach, almost the whb&S rRNA genesequence of
isolated bacteria cabe determined using the Sanger sequencing methocawisippropriate
primer pair(Sanger & Coulson, 1975

Cultureindependent methodsan capture an enormouggeater richness and diversity of
bacteria compared toulturedependenapproacks(Yashiroet al, 2011). However, it is not
possibleto phenotypicallyinvestigatebacteriaand to expbit their beneficial effects byneans

of inoculation Neverthelessgultureindependent approachase essential as thepeovidea

lot of informationabout thestructure(metagenomicsand function(metatanscriptomics)f
microbiomes, providinglso aguideline forculturedependent researdMuller & Ruppel,

2014). DNA is directly isolated from environmental samples, without peigturing of the
microorganisms whin the sampes. Hence, h e r e  icudturing b i &s 0, and the
microbial communityis reflected much more realisticall)rashiroet al, 2011). However,
chloroplasal, mitochondrid and bacteriatRNA are highly homologous(Fox et al, 1980.

This homology makes amplification and sequencing of the bacterial 16S ridwa
exclusivelynot straightforwardandoptimization of the experimental set(gg.choosng an
appropriate primer pairis critical in order to obtairgood data(Bulgarelli et al, 20132.
Further, a microbiometypically contairs hundeds and potentially thousands of bacterial
speciesdepending on the type and size of the environment being sampled. To identify every
member ofthe microbial community and to accurately establish the relative abundances of
these bacteria, thousands of sewces are requiredokulich et al, 2013. If this process
were to be done usirfpld-schoob Sanger sequencing would both bevery time-consuming

and expensiveNext generation sequencing (NGS) has had a dramatic impact on many fields
of biology, including microbiology. NGS technologies sequence millions of DNA fragments
simultaneously, at a relatively low cost, allowing whole communities of bacteria to be
sequenced togethefMetzker, 201]. In this context, bacterial community identification by
NGS anasis based on partid6S rRNA gene sequences a widely used and effective
method(Arenz et al, 2015 Edwardset al, 2015 Kdiv et al, 2015 Lundberget al, 2013

Muller et al, 2015 Shi et al, 2014. One popular approach is to sequence tN3-V4
hypervariable regionsf the bacterial 16S rRNA genesing 454pyrose@encingtechnology
Thistechnologyi s c¢ | a ssequdncingbgsyrdahesi6i  aeradt sequence determination
occurs by DNA polymerasériven generation of inorganic pyrophosphate, resulting in the
formation ofATP and ATRdependent converm of luciferin to oxyluciferin The generation

of oxyluciferin results in the emission of pulses of light, and the amplitude of each signal is
directly related to the presence of one or more nucleofdgrsosincet al, 2009. Generally,

454 pyrosequencing technologyseenas advantageous because of the teahmabustness

of the chemistry and the relatively losgquencethat are generated|lowing more frequent
unambiguous mapping to complex targdtetzker, 2010Petrosincet al, 2009.



Microbiome analysisi to see the wood for the trees

Microbiome research is becoming increasingly important for nfehgs, including health
and disease, agricultusnd bioremediatiorfWaldor et al, 2015. The Human Microbiome
Project(HMP) was established in 2008, with the mission of generating resstinat would
enable the comprehensive charactermanf the human microbiome and analysis of ile ro
in human health and disea@etersoret al, 2009. These standards are also being applied
more recently to thMicrobial Earth Projec(MEP), theEarthMicrobiome Projec{EMP), the
International Census of Marine Microbd€oMM) and many other environmentalbased
microbiome projects(Yilmaz et al, 201). Cultureindependent studies of the leaf
microbiome arestill novel, and standardizing how the data is analyzedrusal, since
different method caninfluence theobtainedresults substantiallfHamady & Knight, 2009
Vorholt, 2013.

Many software packages and tools have b@er are still beingdevelopedin order to
analyzemicrobiome dataQuantitative Insights Into Microbial Ecolod®IIME) is apopular

tool for the analysi®f suchdata(Caporascet al, 201Q. This opensource bioinformatics
pipelineis designed to take users from raw sequencing data generatd@®®mplatforms
throughfipublication qualitg graphics and statistics. This includes demultiplexing and quality
filtering, operational taxonomic unit (OTWicking, taxonomic assignmenphylogenetic
reconstructiorand diversity analyse3hese analyses have besppliedon a varety of data

sets and prove to be reproducible and relig®lenzalez & Knight, 2012 Another popukr
software package designed for the analysis of microbiatatis mothur(Schlosset al,

2009. Many of thealgorithms aresimilar between QIIME andhothur, the largest difference
being that allmothur scripts were dewgbedin-house, rather than utilizing and combining
algorithms from a range of sources. The purpose of both software packages is to aid in the
analysis of microbial community data and develop a standardized methodology, allowing for
better comparisons betee datasets. Both software packages allow millions of sequences to
be analyzed simultaneously and summarized in informatnd integrated data displays.

A suitable host

In this study, ommon ivy Hedera heli is selected alost plant speciedt is an evergreen

plant with darkishgreen,broad andvaxy leaves(FIGURE 2) that is known for its hardiness

(e.g. high toleranceto salinity and droughtand wall climbing ability(Metcalfe, 200%.
Furthermore, it haa high capacity taiptake and filter pollutants out of the ,arwidespread
occurrence and common presence in polluted city centres, wmish likely provide an
excellent source dghovel)bacteria capable of detoxifying barnepollutants(Dz i er Uan o ws k
et al, 201)). Especially itscommonpresencecross much of theorthern hemisphemmakes

H. helix very interesting regardingnvironmental and management implications in diverse
urbansettingaccording to the ng®tanergetalr2010iFnalgt ur e o
it is also popular in indoor settings, further increasing its application range in the context of
detoxifying and reducingairborne pollutantgDela Cruzet al, 20149.



FIGURE 2 Common ivy Hedera heli}, an evergreen
plant with darkish green, broad and waxy leaves that is
known for its hardiness aridgh capacity to uptake and
filter pollutants out othe air

Goals and objectives of this study

Since air pollution has become a major issue recognized by many people, the demand and
public support to improve air quality has never been gredteis study contributes to
providing a solution to this demand hexploring the use of plants and their associated
microorganisns to clean airborne pollutanés asustainable, cheap, appealiagd socially
acceptabl@hytaremediation technologyn order to exploit theelectedglantmicrobe system
most effectively to decrease addtoxify airborne pollutantsn indepth knowledge of the
phyllosphere microbiomes necessaryRecent progress in sequencing technologies has
already enhanced our understanding of the structure of phyllasphierobial communities
associateavith A. thaliana (Vorholt, 2013. However, such data in the context of other plant
microbe systems is scarce. Moreover, the translation of this knowledge into phytoremediati
applications is nonexisterifo address this goal and knowledge ,gap usedcomplementary
culturedependent and cultuiedependenttechniquesto characterize the structure of
phyllosphericmicrobial communitiesassociated withH. helix growing at a polluted high-
traffic urban areaanda nonpollutednature reserveNe combinedhe obtainedphyllosphere
microbiome data with an elaboratata set omulturedbacteriato (i) quantifyand qualify the
leafassociatednicrobial biodiversity ofH. helix at two environmentally distinct locations,
(i) identify potential interesting bactensith regard tophytoremediation applicationgiii)
understandelationships betweemicrobial biodiversity, airpollution and traits of cultured
bacterialisolates,and(iv) discuss their implications for our understandinghaf use oplans
andtheir bacteriato phytoremediat@irborne pollutants



MATERIAL SAND METHODS

Sample collectionand ambient air UFP measurements

H. helixleaveswere collectedt a hightraffic urban area in Hasselt, Belgium Po | I, Nt e d 0O
50A556370 E 5A206130) and nature irQ@osretNvel dDe
50°%6 6240 E 5A260619a015(m=r86; Md Pe inb Bfi €1 6 1. reavksd )

were collectedat shoulder heightising sterile forcepgput separatelyn sterile tubesfilled

with 30 mL autoclaved phosphate buffer (6.33 g/L bRG&; A -4 16.5 g/L NaHPO; A

7H,O, 100 pL/L Tween 80pH 7.0) and immediately transferred to the laboratory. Leaf
weight was determined gravimetricallAt the moment of samplingambient airpollution

was assessday measuring th&FP concentration angarticlediameter for 20 mirusingan

Aerasense NanoTrac@rhilips Aerasense, Eindhoven, The Netherlands

Isolation of phyllospheric microorganismsassociated withH. helix

Microbial cells wee washed from the surfacé collectedH. helixleavesusing an optimized

protocol The tubes containing the leavedsth 30 mL autoclaved phosphate buffeere

vigorously shaken bi#and(10 s),followed bysonication (160 W, 3 min)ortexing (1 min)

and shaking on an orbital shaker (240 rpm, 15 min). Next,léhé wash suspension
containingphyllospheric microorganismsas centrifuged (4000 rpm, 15 miaipd te pellet

was resuspended in 3 mkemainingsupernatantThe resuspended pellets f@iur samples

were pooled resulting intwo biological relicatesper condition(n = 4 ; 2 nAPoll ute
A Cont A oL ofkll leaf washsampleswas immediately storedat -80°C until DNA

isolation. The remaining suspensions were stoosédrnight at 4°C, for culturing of
phyllospheric bacteria.

Culturing of phyllospheric bacteria

100 pL of a terfold serial dilution (010*-10?) of all leaf wash samplesi(=4; 2 A Pol | ut
2 A C o nwasinocllatedon six differentsolid culture mediausing 1620 autoclaved glass

beads and ahaker (1@ rpm, 3 min) Plates were incubated at 30°4ll culture media were
selectedbased ona literature review in orderto covera wide variety ofbacterial taxa

including Proteobacteria (LB, 1/10 869), Actinobacteria (YECD, Flour 1) Firmicutes (LB,

1/10 869) andRhizobialefYMA) (Bergersen, 196Bertani, 1951 Coombs & Franco, 2003

Mergeayet al, 1985. Gdlan gumwasusedaspolymer matrixin case ofolid culturemedia

(Eeverset al, 2015. The compositiosiof the culture mediaresummarized ifT ABLE 1.



TABLE 1 Compositiors of the culturemedia.

LB 1/10 869 YECD YMA Flour 1 YMAD 284%
(Bertani, (Mergeayet (Coombs & (Bergersen, (Coombs & (This study)
195]) al., 1985 Franco, 2008 196)) Frarco, 2003
CaCl, A2H,0 0.035
CaCQ 0.3
CoCh 190 x 1¢°
CuCh, 17 x 10°
Fe(Il)NH, citrate 4.8 x 10°
H3BO; 62 x 10°
KoHPO, 2 0.1
KCI
KH.PO, 0.4
MgCl, A6H,0
MgSQ, A7H,O 1 1 0.5 0.2 0.5 0.2
MnCl, 100 x 1¢°
Na,HPO, A2H,0 0.04
Na,SO,
NacCl 10 0.5 0.1 0.1
NaMoO, 36 x 10°
NH,CI
NiCl, 24 x 10°
Tris 6.06
ZnSQ, A7TH,0 144 x 1¢°
D-fructose 0.54
D-glucose 0.1 0.3 0.52
Gluconate 0.66
Lactic acid 0.35
Mannitol 10
Succinic acid 0.81
Sucrose 0.3
Plain flour 6
Tryptone 10 1
Yeast extract 5 0.5 0.3 0.4 0.3 0.4
Gellan gum 7.5 7.5 7.5 7.5 7.5 7.5

Products are given in g/listilled water. Gellan gum is not added in case of liquid culture media. Products marked in grey
were filtersterilized before being added to the other autoclaved components. Phasptiabeing components (underlined)
were separately autoclaved to pretvthe formation of growtlinhibiting compounds such as®, (Tanakaet al, 2014. All

culture media have pH 7.0.combination of YMA and 284 media.

Establishing a collection ofbacterial isolates

A collection of phyllosphericbacteria was obtained and maintained in culture during all
subsequent analyselndividual bacterialcolonies(n =192,96 A Po 916 u the€Chmh,t r ol 0
comprising a representative fraction, were picked from LB, 1/10 869, YECD and YMAb 284
plates (10 dilution) one week afteculturing and grown at 30°®n a shaker (150 rpnii
corresponding liquictulture media. After one week dl inoculated bacteria were spread on

new solid culture medido check for purity and repurified if neededll bacteria were also
flash-frozen in a solution a20% (v/v) glycerol and.15 MNaCl, and stored a#45°C.



Taxonomic identification of culturable and total phyllospheric bacterial communities

454 pyrosegencingtechnology was used taxonomicallyidentify the phyllospheric bacteria
present on solid culture medigirst, bacterial cells were harvested from plates two weeks
after inoculation10 mL autoclaved0 mM MgSQ, solutiontogether with10-20 autoclaved
glass beads wamlded to LB, 1/10 869%MA, Flour 1 and YMAb 284 plategundiluted;n =
20, 4 per cul ture medi u,mndpldted wedrePpotloh antoebithd ,
shaker (80 rpm, overnight). Next, the suspensions were collected in sterile tubes and
centrifuged (4000 rpm, 15 mimg obtain bacterial pellst which were immediatelstoredat -
80°C until DNA isolation Genomic DNA was isolated from the pellets using the DNeasy
Blood and Tissue KitQIAGEN, Venlo, The NetherlandsJhe quantity and quality of the
isolated DNA was detenined spectrophotometrically using a NanoDrop D00 U\-Vis
Spectrophotometer (Isogen Life Science, De Meefine Netherlands). The W24
hypervariable regionef the bacterial 16S rRNA genes weRCRamplified using341F( 5 6
CCTACGGGNGGCWGCAE p and 78R (G -&ACTACHVGGGTATCTAATCG3 6)
primers with attachedGS FLX Titanium adaptor$or annealing theemulsionbased PCR
(emPCR and sequencingrimers, the sequencing key TCAGnd a samplspecific
multiplex identifier(MID) (Anderssoret al, 2008 Klindworth et al, 2013. The 50 uL PCR
reaction consisted of 1 x PCR buffer, 1.5 mM MgS@2 uM dNTP mix, 0.2 uM of each
primer, 1.25 UTaq polymerasdFastSta High Fidelity PCR SystemRoche Diagnostics,
Vilvoorde, Belgium), 1 pL DNA template, and autoclaved molecular grade water.
Amplification conditions were: 95°C for 3 min, 30 cycles of 94°C for 20 s, 53°C for 40 s,
72°C for 40 s, followed by a 7 min extan at 72°C. Following PCR, 5 pL of the 514 bp
PCRproduct was run on a 1.5% agarose gekfaluation. PCR products of all samples were
purified using the UltraClean PCR Cleaip Kit (MO BIO Laboratories Carlsbad,
California, USA.

For taxonomic identification of total phyllospheric bacterial communitiesing 454
pyrosegencingtechnology 4 mL of all leaf wash samplen(=4; 2 fAPol |l ut edo,
was centrifuged (13200 rpm, 20 min) at 4°C andogaic DNA was isolated from the pellets
using the DNeasy Blood and Tissue Kit (QIAGEN, Venlthe Netherlands)Similar as
described abovethe V3V4 hypervariable regionsf the bacterial 16S rRNA genes were
PCRamplifiedusing a twestep PCR. After the second PCR, 160 puL PCR productgraple
wasloadedon a 1.5% agarosgel. The 514 bp bacterial amplicon was excised from the gel
and purified using the UltraClean GelSpin DNA Extraction KNI@ BIO Laboratories
Carlsbad, California, USA

All samples vere brought to equimolar concentrations*flfiolecules/pL)using QuantiT
PicoGreer(Life TechnologiesCarlsbad, California, USATwo libraries were made, one for
culturable and one for total phyllospheric bacterial communities. Correct amplicon size and
integrity were checked by analyzing 1 pL @&ch library on & Agilent 2100 Bioanalyzer
system (Agilent Technologies, Diegem, Belgium). Each library was sequencedassinigX
Titaniumchemistry Macrogen KoreaSeoul, South Korea).
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Sanger sequencin@f bacterial isolates

Genomic DNAof the cultured phyllospheribacteriain =192, 96 A Pol |l ut edo,
was isolatedusing the MagMAX DNA MulttiSample Kit (Life TechnologiesCarlsbad,
California, USA and a MagMAX Expres86 Deep Well Magnetic Particle Processor (Life
TechnologiesCarldad, California, USA The quantity and quality of the isolated DNA was
determined spectrophotometrically using a NanoDrop19D0 U\-Vis Spectrophotometer
(Isogen Life Science, De Meernh& Netherlands)The bacterial 16S rRNA gen&as

partially PCRampified using2 7 F -AGAGITTGATCMTGGCTCAG3 6) and5061492R
TACGGYTACCTTGTTACGACTT-3 Yprimers The 25 pL PCRreaction consisted of 1 x

PCR buffer, 1.5 mM MgSQ@ 0.2 pM dNTP mix, 0.2uM of each primer, 1.25 U Taq
polymerase (FastStart High Fidelity PCR System, Roche Diagnostics, Vilvoorde, Belgium), 1
pL DNA template, andautoclavedmolecular grade water. Amplificatiooonditions were:

95°Cfor 5 min, 30 cycles of 94°C for 1 min, 57°f6r 30 s, 72°C for 3.5 min, followed by a

10 min extension at 72°C. Following PCR, 5 pyL of fR€R product was run on a 1.5%
agarose gel for evaluation and 20 puL wagdfor unidirectionalSanger sequendajusingthe

27F primer(Macrogen Europe, Amsterdaimhe Netherlands).

Sanger squencing dataasprocessed usinGeneious v.8.5(Kearseet al, 2012.Fi r st |, 506
a n d-en@sof all sequencewere trimmed using an Error Probability Limit of 0.05. Next,
sequencgcontaining less than 100 bp and/or a quality score (HQ%) of less than 50% were
removed All remaining sequencesvere analyzed with the Sequence Match tool of the
RibosomabDatabase Proje¢RDP; Release 11yay 26, 201% for taxonomiddentificationof
thecultured phyllospheric bacteria

gPCR guantification

Selected taxa were quantified in total phyllosphenicrobial communities using redime
PCR (qPCR). First, standard curves were made for all taxa in order to allowb$oiuge
guantification Relevantsequencewere obtained by PCR amplificatiowith selectedorimer
pairs, of genomicDNA isolatedusingthe DNeasy Blood and Tissue KIRKAGEN, Venlo,
The Netherlands)from following organisms:Penicillium canescengkingdom Fungi)
Escherichia coli (domain Bacterig) Okibacterium fritillariae (phylum Actinobacterig)
Chryseobacterium vrystaatens¢phylum Bacteroidetes) Bacillus mycoides (phylum
Firmicutes) Novosphingobium barchaimii(class Alphaproteobacterja) Burkholderia
sediminicola(class Betaproteobacteriapnd Pseudomonas flavescefgenusPseudomongs
All primers were selectelased ora literature reviewand synthesized bintegrated DNA
TechnologiegLeuven, Belgium)an overview is presented TABLE 2. PCR products were
run on a 1.5% agarose gelconfirm the specificity of the amplificationloned in a 3000 bp
pPGEM-T Vector Promega Benelyx eiden, the Netherlandsgnd incorporated isompetent
E. coli IM109 cells Promega Benelyxeiden, the Netherlands). Plasmids were isolated from
successfullytransformedE. coli cells using the UltraCleaistandard Mini Plasmid Prep Kit
(MO BIO Laboratories Carlsbad, California, USAand sent for bidirectionaBanger
sequencig (Macrogen Europe, Amsterdamhd Netherlandsjo confirm the correct insesit
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DNA concentrations of the plasmalispensioawere determined usinQuantiT PicoGreen
(Life Technologies, Carlsbad, California, USA Sandard curve with plasmid DNA
concentrationsangingfrom 10 to 10° copieguL (tenfold serial dilutio anda no template
control (NTC)weremadein triplicate for all taxa

The 10 pL gPCR reaction consisted @0 pL QuantiTect SYBR Green PCR Master Mix
(QIAGEN, Venlo, The Netherlands), 0-2.8 pL of each primer (16400 nM;depending on
taxon, TABLE 2), 2 uL DNA template(0.5 ng/uL) and atoclaved molecular grade water.
DNA of all leaf wash samplesi=4; 2 A Pol | ut wadaobtaine@ by GeGtofuging ol 0 )
4 mL (13200 rpm, 20 min) at 4°C asdbsequently isolatingeromic DNA from the pellets
using the DNeasy Blood and Tissue Kit (QIAGEN, Verllbe Netherlands)Amplification
conditions were: 95°C for 15 min, 40 cycles of 94°C for 153@,s at the annealing
temperaturg 72°C for 30 s.Annealing temperature§TABLE 2) were experimentally
optimized to maximize the specificity of amplification. Each reaction wagset triplicate
perleaf washsample i =1 2 ; 6 APol | utAdtheend obevdry@BCRtraactionp ) .
a nelting curve analysigvas performed with following conditions: 95°C for 15 s, 64t $he
annealing temperatuyr85°C for 15 s, 60°C for 15 all gPCRresults wereexpressed athe

log number of bacterid6S rRNAor fungal 18S rRNAgenecopies per pg leaf materiarhe

gPCR setup for all standard curves veadimizedin order to obtain a primer efficiency
between 8A120% with linear resolution(R* > 0.99 over six orders of dynamicange
(FIGURE A1, APPENDIX | T REAL-TIME PCR STANDARD CURVES). Melting curveswere
evaluatedo confirm that theletectedluorescence originated from specipeoducts and not

from primerdimers or otheamplificationartifacts

TABLE 2 Primers used for redime PCR quantification of selected taxa.

Taxon Primer Sequence (506Y3 Primer Annealing Reference
conc. temp.

Fungi Euk345F  AAGGAAGGCAGCAGGCG 400 nM  50°C Zhuet al.(2005)
Euk499R CACCAGACTTGCCCTCYAAT

Bacteria Eub338F ACTCCTACGGGAGGCAGCAG 400nM 50°C Fiereret al. (2005)
Eub518R ATTACCGCGGCTGCTGG

Bacteria Bactl369F CGGTGAATACGTTCYCGG 400 nM  50°C Suzukiet al. (2000)
Prok1492R GGWTACCTTGTTACGACTT

Actinobacteria Actil154F GADACYGCCGGGGTYAACT 100 nM  55°C Pfeiffer et al.(2014)
Actil339R TCWGCGATTACTAGCGAC

Bacteroidetes Bdetl0O7F GCACGGGTGMGTAACRCGTAT 100nM 55°C Pfeifferet al.(2014)
Bdet309R GTRTCTCAGTDCCARTGTGGG

Firmicutes Firm352F CAGCAGTAGGGAATCTTC 100 nM  55°C Pfeifferet al.(2014)
Firm525R  ACCTACGTATTACCGCGG

Alphaproteobacterie aProt528F CGGTAATACGRAGGGRGYT 400 nM  55°C Pfeiffer et al.(2014)
aProt689R CBAATATCTACGAATTYCACCT

Betaproteobacteria bProt972F CGAARAACCTTACCYACC 300nM 55°C Pfeifferet al.(2014)
bProt1221 GTATGACGTGTGWAGCC

Pseudomonas Pse435F  ACTTTAAGTTGGGAGGAAGGG 100nM 55°C Bergmarket al. (2012)

Pse686R ACACAGGAAATTCCACCACCC
For all bacterial taxa (domain Bacteria, phyla Actinobacteria, Bacteroidetes and Firmicutes, classes Alphaproteobacteria and
Betaproteobacteria, and gerRseudomongsthe primers target a part of the bacterial 16S rRNA genehEdungal taxon
(kingdom Fungi), the primers target a part of the fungal 18S rRNA gene.
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Analyses of plant growthpromotion

Cultured phyllosphericbacteria(n =1 9 2, 96 APol | utweragrgwn 8r&24 A Co n't
hoursin liquid 869 medium(Mergeayet al, 1985 at 30°Con a shaker (150 rpmyvashed

and resuspended in 2 Lmautoclaved10 mM MgSO, solution to obtain suspensios
containingbacteria in migexponential phaséODeoo0 nm= 0.4; OD: optical density Next, 20

puL of this bacterial suspension was usddr the detection ol AA production using the
Salkowskd seagent metho@Patten & Glick, 200® of acetoinproductionusing theVoges
Proskauer tesfRomick & Fleming,1998, and forassessingACC deaminase activitypy
monitoring the amount ditketobutyratethat was generated by the enzymatic hydrolysis of
ACC, as described byrhijs et al. (2014a) adapted fromBelimov et al. (2005) For all
analyses oPGPtraits bacteriavere evaluated as either positive or negative for the respective
analysis and the correspondiR@P trait. In each case, negatieentrols (without bacteria and
with bacteria which are known to test negativelpd positive controls (with bacteria whi

are known to test positivelyvere included.

Evaluation of trace metal resistance

Culturedphyllospherichacteria(n =1 92, 96 @A Pol | uweeedymwn o@efhighi Cont r
in liquid 869 mediumat 30°Con a shaker (150 rpmandtheninoculatedon solid 284 meda

(Schlegelet al, 1961 enriched with eithe®.4 mM CuSQ A7H,0, 0.6 mM ZnSQ A7H,0 or

0.4 mM CdSQ, A8H,0. All plates were incubated foneweek at 30°CBacteriagrowingon

these plateswere subsequentlyinoculated on solid 284 media containing higher
concentratios of the respectivéracemetals 0.8 mM CuSQ A7H,0, 1.0 mM ZnSQ A7H,O

or 08 mM CdSQ, A8H,0). Bacteria that were still growing on these plates were evaluated as
beingcopper zinc, or cadmiumresistant, respectively.

Diesel fuel degradation assay

Culturedphyllospherichacteria(ln =192, 96 A Pol | uweeedmwn o@fhight Cont r
in liquid 869 mediumat 30°Con a shaker (150 rpmand washedthreetimes with 0.01IM
phosphatebufferedsaline (PBS)uffer. Bacterial ells were left in PBSuffer overnight at
30°Con a shaker (150 rpmiNext, 80 L of the bacterialsuspension was transferred to 750
ML W minimal medium(B u | k et &l.82013 with the addition of 5QL filter-sterilized 150
pg/mL 2,6-dichlorophenolindophengDCPIP), 50 L of filtersterilized 150ug/mL FeCk A
6H,0, and 5uL of polytetrafluoroethylen€PTFE filter-sterilized0.45uM dieselfuel, asthe
solecarbon sourceAfter incubationin the darkfor 92 hoursat 30°Con a shaker (150 rpm)
suspensionshowinga visible change from blue to colorlegdue toreduction of DCPIP
indicatingdieselfuel respiration)were evaluated as containing bacteria capabtiesielfuel
degradationNegative controls (without bacteria and with bacteria which are kriowiast
negatively) and positive controls (with bacteria which are known to test positively) were
included(Gkoreziset al, 2015.
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SEM and EDX of H. helix leaf surfaces

Square cut (approx.1 x 1 cm) veremadefrom the cente of collectedH. helixleaves(n =20;
10 APol | ut e d Asdestrided hydhr@metetralo(20H2) leaf cuts were fixed id0
mL Kar rsofixaihey(® mL 0.2 M sodium cacodylate buffer, 2nL 10%
paraformaldehyde, inL 25% glutaraldehyde3 mL distilled watej for 2 hours at 4°C, and
then washed i10 mL sodium phosphate buff¢d.9% mL 0.2 M NaH,PO, A2H,0, 4.06 mL
0.2 M Na,HPO,; A2H,0, 5 mL distilled wate) for 30 min Subsequently, the leaf cutgere
dehydrated in an ethanol seri€¥0@6,50%, 70% for 15 min80%, 90%, 95%100% for 30
min), rinsed withisobutanok2 x 10 min) and left overnight insobutanokt -20°C. The next
day, the leaf cutwvere dried by sublimation for a minimum of 24 houbgfore being
mounted on a stub for scanning electron microscopy (SEM).

SEM was performed using a FEI Quanta 200 FSEM (FEI Company, Eindhovehe
Nethetands) under low vacuunilemental identificatiorwas doneby energydispersive X
ray spectroscopyEDX), a chemical microanalysis tegique used in conjunction with SEM
SEM and EDXwas performed athe Institute for Materials Research (IM@j Hasselt
University (Hasselt, Belgium).

Bioinformatic processing of454 pyrosequencinglata

454 pyrosequencindata was processed usingtmur v.1.%.1 (Schlosset al, 2011 Schloss

et al, 2009; cf. APPENDIX Il T 454 PYROSEQUENCING DATA PROCESSING for a complete
protocol with eaclstep/algorithm explained conciselgriefly, all flowgram data wadirst
partitioned by sample based on themplespecific multiplex identifie(MID). Flowgrams
outside the bounds of 36120 flows, containing-8ner and longer homopolymers, and having
too many mismatchesvithin primergMIDs were removed Next, wsing an expctation
maximization algorithmthe flowgramswere corrected to identify the idealized form of each
flowgram and hereby translated to DNA (fasta) sequer8eguences outside the bouids
400450 bp barcodes and primergere removed All data was alignedo the SILVA rRNA
reference databag®elease 123July 23, 2015) and sequences that did not overlap in the
same alignment space were removed. Sequemites 1 bp of a more abundanéguence
were merged. Furthechimerasand sequences| assi fi ed as AChl oropl a
or AUnknowno as well as ar c hgemeaeguenaesvdre euk ar
identified and removed. In order to bin sequences@Tbs a distance matiwas generated
and all sequencesere clusterede novanto OTUsatsequence i mi | @786i Finglly,a®
OTU table was generated atakonomic infornation was linked to each TW. Also using
mothur, rarefactionand alpha/beta divergitanalyses werperformed Three alpha diversity
indices (the observed amount of OTUs, thepazametricestimation ofShannod diversity
index and theinverseof Simpso® sliversity indey were calculated at an equal sampling
depth(Chao & Shen, 20Q3Simpson, 194P For beta diversity analysgthe Yue & Clayton
measure of dissimilarity was calculatetue & Clayton, 200k
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Statistical analysesand data visualization

Before statistical analyses, OTU tables were normalized by dividing the OTU counts for each
sample by the sum of all OTU counts within that sample and multiplying by 1000, resulting in
relative abundance ptansfotmatomruotherddta WaRkpedojnidd Ne x t
=logy(R A a+ 1)) andan inclusion thrghold of T > 2 was defined such that OThésve to be

above this threshold in at least one sanfiplulsoret al, 2013.

R v3.3.0 R Core Teammwas used for performing nonparametric Wilcoxon raokn and
KruskalWallis tests nonmetric multidimensional scalif@!MDS) and aalysis of similarities
(ANOSIM). Significant differentially abundant taxa itotal and culturable phyllospheric
bacterial communities between the polluted and control environment (culturable/total), and
between the investigated culture media (culturableye identified byihear discriminative
analysis(LDA) with effect size(LEfSe) (Segateet al., 201]). In the first step, LEfSe uses the
KruskalWallis test to detect taxa with significant differential abundance between the
indicated classes, and in the second step a set of pairwise tests among subclasses is performed
using theWilcoxon rark-sumtest. Finally, LEfSe uses LDA to estimate the effect size of each
differentially abundant taon (Segateet al, 2011)).

Graphs for visualizing rarefaction curves, anddR&€R quantificatiornd standard curves
the selected taxavere made usiniylicrosoft Excel 201QMicrosoft CorporationRedmond,
Washington, USA). Taxonomic plots oftotal and culturable phyllospheric bacterial
communitieswere realized using Explicet v.2.10(Robertsonet al, 2013. To visualize
exclusiveand sharedTUs between @ups,Venn diagram were constructed using Venny
v.2.1.0(Oliveros, 201% Graphical tree representations of differentially abundaxa were
generated using GraPhlan @1 (Asnicaret al, 2015.
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RESULTS

Higher UFP concentration and smaller particle diameteiin an air-polluted environment

At the moment obamplingH. helixleaves ambient air pollution was assessed by measuring
the UFP concentration angarticle diameter for 20 minAt the high-traffic urban areathe
average UFP concentratiovas significantly higher (Wilcoxon ranksumtest, p < 0.01and

the averagearticle diameter wasignificantly smaller (Wilcoxon ranksumtest, p < 0.05)
compared to theature reserv€l ABLE 3).

TABLE 3 Ambient air ultrafine particles (UFP) measurements at the moment of sampling.

Sampling location Condition Avg. concentran’ Avg. diametef

High-traffic urban area Polluted 23599UFPlcnt ** 49 nm*
Hasselt, Belgium

(N 50A556370 E

Nature reserve Control 3697 UFP/cnt ** 55 nm*
Diepenbeek, Belgium

(N 50A566240 E

& the average of 120 measuremeahiginga time period of 20 mirt: p < 0.05, **: p < 0.01Wilcoxon ranksumtest.

Air pollution increases the amount ofparticulates and trace metals onleaves

SEMwasperformedon collectedH. helixleavesn =2 0; 10 APol | utModko,

particulatesand other (mostly undetermined) components could be observed on polluted

adaxial leaf surfaceseen as light gray arelSGURE 3a). Moreover, elemental identification
usingEDX confirmeda higheramour of a range oftrace metalson these leaf surfaceseen
as bright white spotsncluding(but not limited to) rion, silver, ismuth,copper and zinc.

Microorganismsmainly bacteria and fungiyvere observedeadily dispersedn all inspected
leaves onboth adxial and abaxial leaf surfac@SIGURE 3a, b, c,d). This identification was
done mainly based on cell shape and size. Modtshapedand filamentous bacteriare
between 110 um in length, while thaliameter ofmostspherical bacteria isetveen0.5-2.0
pm. Fungal(cellulan structures are typicalllarger. Also, multicellularfungi tend to growas
hyphae No remarkabldifferences immicrobial cell density andlistributioncould benoticed
on leavesbetweenthe polluted and control environmeirterestingly it could be observed
that mcroorganismsclusteredin epidermal grooves, near stomata amdrichomes Mainly
bacteriawere foundaround stomatgFIGURE 4a), while fungi dominated on trichomes
(FIGURE 4b).
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FIGURE 3 Representativecanning electron microscof$EM)images of adaxialy( c) and abaxiallg,

d) surfacesof H. helix leaves fromthe polluted(a, b) and control (c, d) environment More
particulatesand trace metalswere presenton polluted adaxial leaf surfaceg). Microorganisms,
mainly bacteria and fungiyerefound readily dispersed onaxial and abaxial leaf surfaces from both
sampling locationga, b, c, d).
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FIGURE 4 Representativescanning electron microscopy (SEM)agesof a stoma &) and the lower
part of a trichomek(). Microorganisms clusteregear stomata and on trichomesinly bacteriavere
found around stomata, while fungi dominated on trichomes.

Total and culturable phyllospheric microbial communities as®ciated with H. helix i a
taxonomic survey using 454 pyrosequencing and gPCR

454 pyrosequencingo taxonomically identify total phyllospheric bacterial communities,
resulted in a total 051,599 raw sequences with an average length of 405Uging the
mothur pipeline as previously described, a total 84,157 high-quality sequencesvere
recovereddistributed over 3629 OTUR73 different OTUs)For culturable phyllospheric
bacterial communitiesa total of 112561 raw sequences with an average length of 435 bp
were obtained;37,137 high-quality sequences distributed ov@66 OTUs (103 different
OTUs) could be recoveredoth OTU tables were normalized and transformed as previously
described, and an inclusion threkhwas defined for statistical analyses.

Bacterial diversity measured as OTU richness was estimated for aothlculturable
phyllospheric bacterial eomunities by rarefaction analyseéBoth rarefactionplots indicate
that sequencing was adequate, as atnall curves show approximate saturation using a
sequencasimilarity cutoff O 9 @ #efine OTUs FIGURE 5a, b). Bacterial diversityof both
total and culturablephyllospheric bacterial communitiesas further esthated by alpha
diversity analyse Three alpha diversity indices (the observed amount of OTUs, the
norparametricestimation ofShannof diversity indexand thenverseof Simpso diversity
indeX) were calculatedt an equal sapling depth 3200 andl200 sequences per sample for
total and culirable phyllospheric baerial communities, respectivelyTABLE 4). No
significant effect wfAiCobher cbajdi t o ovahydof(tiie® ot kb u t
alpha diversity indicesWilcoxon ranksum test p < 0.05) for both total and culturable
phyllospheric bacterial communitie§or culturable phyllospheric bacterial communities,
alpha diversity (all three indices) was significantly highefLih0 869samplesandlower in
Flour 1samplegKruskalWallis test, p < 0.05).
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Rarefaction plot - Total phyllospheric bacterial communities
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FIGURE 5 Rarefaction analyse Rarefactionplots indicating the average number of operational

taxonomic units (OTUss equ e nc e

s i ror dachgampiesjor tabal (& 7 94) andculturable

(b; n =20) phyllospheric bacterial communitids. both cases454 pyrosequencing was adequate, as
almost all curves show approximate saturation

TABLE 4 Alpha diversityanalyss.

Sample ID Culture medium Condition Obs.OTUs NpShannon InvSimpson
Total phyllospheric bacterial communities

P1 N/A Polluted 805.0+0.0 5.36 + 0.00 37.53+0.00
P2 N/A Polluted 268.4 £9.3 2.08 +0.04 2.05+0.03
C1 N/A Control 858.5+14.1 5.34 £ 0.03 29.50 £ 0.96
C2 N/A Control 719.7 £14.0 5.07 £ 0.03 25.71 £ 0.86
Culturablephyllospheric bacterial communities

P.la LB Polluted 57.8+1.7 2.49 £ 0.02 6.55 + 0.09
P.Ib LB Polluted 30.1+29 1.13+£0.04 1.76 £0.04
C.la LB Control 169+1.7 0.54 £0.03 1.23 £0.02
C.lb LB Control 13.8+15 0.84 £0.02 1.72 £0.03
P.lla 1/10 868 Polluted 40.8 £ 3.5¢ 0.81 + 0.04 1.29 + 0.02
P.lIb 1/10 869 Polluted 62.7 £ 2.7 2.46 + 0.03 6.35+0.11*
C.lla 1/10 869 Control 50.7 + 2.6 1.68 £ 0.03* 2.30 £ 0.05
C.llb 1/10 869 Control 519 +2.5 2.19 £ 0.0% 4.38 + 0.09
P.llla YMA Polluted 65.3+1.3 2.35+0.01 5.10 £ 0.05
P.llIb YMA Polluted 56.9+29 2.49 £0.03 6.77 £0.14
C.llla YMA Control 53.6+2.2 1.66 £ 0.02 2.58 £0.04
C.llIb YMA Control 21.2+15 0.72 £0.03 1.31 +£0.02
P.IVa Flour 1 Polluted 26.2 £+ 2.2 0.99 + 0.03 1.83 + 0.04
P.IVb Flour1 Polluted 140+ 1.6 1.02 + 0.02 2.25+0.03
C.lVa Flour 1 Control 23.8+2.1* 0.60 £ 0.03¢ 1.22 £ 0.01*
C.IVb Flour 1 Control 25.0£1.5¢ 0.77 £0.02 1.38 £ 0.02*
P.Va YMAD 284 Polluted 56.9+3.1 1.76 £ 0.03 3.22+0.05
P.Vb YMAD 284 Polluted 50.5%+3.2 1.50 £0.04 2.01£0.04
C.Va YMAD 284 Control 288+23 1.17 £0.03 2.06 £0.04
C.Vb YMADb 284 Control 40.1+2.6 1.60 + 0.04 2.22 £0.05

Three alpha diversity indicesngan values + SDQbs. OTUs: observed amount @ferationaltaxonomic units (OTUs)

NpShannon:

nonparametric

esti mati
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calculated at an equal sampling depthtédal ( =4; 3200 sequences per sample) enlturable ( =20; 1200sequences per
sampl¢ phyllospheric bacterial communitigs p < 0.05;KruskalWallis test
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The Yue & Clayton measure of dissimilarity was calculated bath total and culturable
phyllospheric bacterial communitiddMDS was performed and ieithercase no significant
effect of Pabkl esoieCdnd andordthe(cditure medium could be revealed
(ANOSIM, p < 0.05.

Comparisorof exclusive and shared OTWetweenthe total and culturable fraction showed
that 82 out of 272 OTUs (30.19%)j total phyllospheric bacterial communitiase also present
in the culturable fractionHiGURE 6a). Moreover, for botHractions about 50% o#ll OTUs
are shared between the polluted and control environment, indicateguahimportant effect
of the host plant speciesnd the environmerdn phyllospheridacterial communitgtructure
(FIGURE 6b, ©).
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FIGURE 6 Venn diagrams of exclusive and shared operationahtaxic
units (OTUs) between total and culturabfdyllospheric bacterial
communities &) and betweerhe polluted and contra@nvironmentfor
theculturable b) andtotal (c) fraction

The top 10 phyla/classes datal phyllospheric bacterial communitiésoth the polluted and
control environmentare Alphaproteobacteria (39.2%), Actinobacteria (13.1%), Bacteroidetes
(12.8%), unclassified bacteria (8.9%), Gammaproteobacteria (7.4%), unclassified
Proteobacteria (3.8%), Firmicutes (3.3%), Betaproteobacteria (2.7%), Acidobacteria (2.6%)
and Planctomycete2.0%) FIGURE 7a). At the genus levelHymenobacter(4.5%),
Sphingomonag$2.6%), Methylobacterium(1.5%9 and Spirosoma(1.2% are included in the

top 20 OTUs FIGURE 9a).
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a) Total phyllospheric bacterial communities - Top 10 phyla/classes
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FIGURE 7 Top 10 phyla/classes as determined by 454 pyrosequerging=4) andreattime PCR

(gPCR quantification ofselected taxéb; n =12, mean values + SQn total phyllospheric bacterial
communities The legendd) is constructed in order of onadl taxon abundanc@op: highest overall
abundance, bottom: lowest overall abance; from left to right)*: p < 0.05, **: p < 0.01; Wilcoxon
ranksum test.

Culturable phylbspheric bacterial communitiggll culture media;both the polluted and
control environmentyvere classified intdour known phyla:(i) Proteobacteria (49.6%), with
classes Gammaproteobacteria (20.6%), Alphaproteobacteria (20.5%) and Betaproteobacteria
(8.5%), (ii) Actinobacteria(23.2%) (iii) Firmicutes (17.6%) and (ivBacteroideteg4.2%)
(FIGURE 8). At the genus leveBacillus (4.9%), Pseudomonag3.8%), Burkholderia(3.6%,
Stenotrophomonaf.6%), Paenibacillus(2.3%), Sphingomona$2.1%), Rhizobium(2.0%),
Roseomonaf.0% andLysinibacillus(1.6%) are included in the top 20 OTUBIGURE 9b).

In total, 5.4% of the cultured bacteria could not be classified. relative abundances of the
cultured phyla for all investigated culture media are summarizdchine 5. These results
indicate that culturing using YMAb 284 medium is most representativéhe bacterial
community composition irotal phyllospheric bacterial communities.

TABLE 5 Relative abundances of the cultured phyla for all investigated culture media

Phylum Relative abundance (%)
LB 1/10 869 YMA Flour 1 YMADb 284

Actinobacteria 23.8 17.0 28.1 31.6 20.9
Bacteroidetes 1.4 1.5 7.2 2.6 7.1
Firmicutes 29.9 25.9 10.0 3.5 14.7
Proteobacteria 37.4 51.4 50.2 58.8 50.2

Alphaproteobacteria 10.2 22.8 17.2 254 253

Betaproteobacteria 2.0 10.8 11.3 16.7 3.1

Gammaproteobacteria 25.2 17.8 21.7 16.7 21.8
Unclassified 7.5 4.2 4.5 3.5 7.1
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Culturable phyllospheric bacterial communities - Phylum/class level
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FIGURE 8 454 pyrosequencing tdaxonomically identify culturable phytbspheric bacterial
communities 1§ = 20). Cultured bacteriabelonged tofour known phyla: (i) Actinobacteria, (i)
Bacteroidetes (iii) Firmicutes and (iv) Proteobacteria, with classes Alphaproteobacteria
Betaproteobacterimand GammaproteobacteridNot all cultured bacteria could be classifieR:
polluted, C: control.

Bacteria and fungi were sidicantly more abundant irtotal phyllospheric microbial
communities of the polluted environment, as determined by gMGIRaxon ranksum testp

< 0.05; FIGURE 10a, h). For bacteria, this discrepancy was consistent for both used primer
pairs targeting ifferent regions of the 16S rRNA gene: Eub338F/Eub518R and
Bact1369F/Prok1492R. However, gPCR quantification using the Eub338F/Eub518R primer
pair indicated about a fivield higher abundance of bacteria compared to the
Bact1369F/Prok1492R primer pakié URE 10b).

22



FIGURE 9 Top 20operational taxonomic units (OTUYSAs determined by 454 pyrosequencing, for
total @ n = 4) and culturable i n =20) phyllospheric bacterial communitie§he legnd is
constructed in order of overaDTU abundance (top: higheswerall abundance, bottom: lowest

overallabundance)P: polluted, C: control.
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