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ABSTRACT

Hydrophobic organic compounds (mainly lipids andrdogarbons) represent a significant
part of the organic matter in the marine watersthed degradation has thus an important
impact in the carbon fluxes within the oceans. Hoevebecause they are nearly insoluble in
the water phase, their degradation by microorgamisocurs at the interface with water
therefore requiring specific adaptations like Brafformation. We show thalarinobacter
hydrocarbonoclasticus SP17 develops biofilms, referred as oleolytic Ibo§, on a larger
variety of hydrophobic substrates than suspectéatdancluding hydrocarbons, fatty
alcohols, fatty acids, triglycerides and wax estarmicroarray analysis confirmed that
biofilm growth onn-hexadecane or triolein involved distinct genetgprnses together with a
core of common genes that might concern generahamesms of biofilm formation. Biofilm
growth on triolein modulated the expression of lmedd of genes in comparisonrto
hexadecane. Processes related to primary metabatidrgenetic information processing
were down-regulated. Most of the genes over-exptesn triolein had unknown function.
Surprisingly, their genome localization is resgttto a few regions identified as putative
genomic islands or mobile elements. These restdtdiacussed with regard to the adaptive
responses triggered B§. hydrocarbonoclasticus SP17 to occupy a specific niche in marine

ecosystems.
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INTRODUCTION

Hydrophobic organic compounds (HOCs), which inclligiels and hydrocarbons, are
ubiquitous in the marine environment. Their hydraipic properties make them virtually
absent in the water phase. They are rather refgegsanthe particulate phase as living
organisms, cell compartments such as membranesiloorc storage bodies, non-agueous
liquid, adsorbed onto inorganic or organic surfamesmbedded in organic gels. Lipids
account for about 15% of the organic matter inghphotic zone in equatorial oceans
(Wakehanet al., 1997). They are among the most labile organmpmunds in oceans since
they are almost completely degraded in the upp@mi@f the ocean, entailing that some
bacteria are able to degrade them efficiently (Vilakeet al., 1997; Yoshimura & Hama,
2012). Considering that microorganisms are belidoddke up substrates only as water-
dissolved molecules, this suggests that some hetphoc bacteria may have developed
efficient strategies to adhere to these hydrophmibésfaces, to solubilize and transport
hydrophobic substrates, making them more bioaviail@gtarmset al., 2010a).

To date, the characterization of marine bactepaties specialized in the degradation of
HOCs has mostly been being focused on hydrocarkgrading capabilities as they respond
to social concerns towards pollution of marine emvinents. These studies have put forward
bacterial species highly specialized in hydrocartéegradation, referred to as the marine
hydrocarbonoclastic bacteria (Yakimeival., 2007). These bacteria belong to only few
genera likeAlcanivorax, Cycloclasticus, Oleiphilus, Oleispira andThallassolituus. However,
their high substrate specificity doesn’t likely alve them in the recycling of lipids produced
in the euphotic zone of oceans.

In contrast to terrestrial hydrocarbon degradergvtend to be metabolically versatile (Mara
et al., 2012), descriptions of marine bacteria abledgrdde a wide range of lipids and

hydrocarbons, are very rare in the literature (Gliyet al., 2002; Kleinet al., 2008; Tanaka
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et al., 2010).Marinobacter hydrocarbonoclasticus SP17 was initially described as an
hydrocarbonoclastic bacterium isolated from oiltemminated marine sediment (Gauthger
al., 1992). This bacterium was further shown to fdufilms at the interface between water
andn-alkanes (@to Gyg) or metabolizabl@-alcohols (G, and Gg) (Klein et al., 2008;
Vaysseet al., 2009; Grimaudtt al., 2012).M. hydrocarbonoclasticus SP17 forms biofilms
only on substrates that it can metabolize. No lofs observed on non-metabolizable HOCs
like branched alkanes (Kleat al., 2008). This substrate specificity suggests biaftim
formation is determined by the presence of a wrinterface. Furthermore, the ratenef
hexadecane degradation dramatically decreases tivbdmofilm is disorganized, thus
confirming that biofilm formation may constitutes efficient adaptive strategy for
assimilating hydrocarbon (Klet al., 2008). Such biofilms, which have been observid w
many strains or consortia degrading aliphatic oneatic hydrocarbons, are thought to
provide bacteriavith efficient mechanisms to access hydrocarbansa.few examples, they
have been shown to increase the rate of masseéravfdiydrocarbons by reducing the
diffusion path of the substrate (Golysletral., 2002; Johnsesd al., 2005; Grimaud, 2010;
Harmset al., 2010b; Jiméneet al., 2011; Jungt al., 2011; Notomistat al., 2011; Tribelliet
al., 2012). A proteomic study was conducted onMhéydrocarbonoclasticus SP17 biofilm
growing onn-hexadecane (Vayssgeal., 2009). It revealed that biofilm cells expresaed
specific proteome in which 50% of the detectedganst had their quantity levels altered
when compared to planktonic cells growing exporadiyton acetate. The adaptation to
alkane utilization as a carbon and energy soureetbre involves a global change in cell
physiology.

We have conducted a phenotypic study which shoatsvthhydrocarbonoclasticus SP17 can
grow a biofilm on a larger variety of HOCs thanerted in the previous studies. This result

makesM. hydrocarbonoclasticus SP17 one of the first marine bacterial strains degrade
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both hydrocarbons and lipids. To obtain a more aetmgnsive picture of biofilm
development on diverse HOCs, we have compared wgerleme transcriptomic data
obtained fromM. hydrocarbonoclasticus SP17 biofilms growing on-hexadecane or triolein
and from planktonic cells growing exponentiallyacetate. Gene expression patterns
confirmed that biofilm growth on either HOCs invetdistinct genetic responses together
with a core of common genes that might concern gémeechanisms of biofilm formation.
Taken together, the results presented in this petpeat light on bacterial cellular processes
that may play a significant role in the recyclifgadarge fraction of the organic matter in the

oceans.

MATERIALS AND METHODS

Bacterial strain and growth assays

TheMarinobacter hydrocarbonoclasticus SP17 (ATCC 49840) strain was initially described
by Gauthieret al. (1992).M. hydrocarbonoclasticus SP17 was currently cultivated in
synthetic seawater (SSW) supplemented with 20 mMdédate (further referred as SSW
acetate medium) as described by Kigial. (2008). TheM. hydrocarbonoclasticus MJ6-1
fluorescent strain derives from the SP17 straiwas obtained by transformation of the
spontaneous streptomycin-resistant JM1 straisLK58T, SnT) with the pUC18T-mini-
Tn7T-Tp-eyfp plasmid (Choi & Schweizer, 2006, Maemi2013). The mini-Tn7 transposon
integrated at the single Tn7 integration site efith hydrocarbonoclasticus SP17 genome
(Grimaudet al., 2012). This transposon expresses the eYFP floen¢grotein thanks to the
modified E. coli lac operon promoter PA1/04/03.

Biofilm growth on HOC substrates that are soli@@tC was tested in 24-wells polystyrene

microplates (Evergreen Scientific). All chemicalere purchased from Sigma Aldrich.
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Approximately 0.2 g of solid HOC were melted fon At 90°C in wells and cooled at room
temperature. Exponentially growing cells in SSWtaisewere harvested by centrifugation at
10,000 g for 15 min at room temperature and susggzetaa final Olgypnmof 0.1 in SSW
medium. 1.5 mL of the cell suspension was addeshtoth HOC-coated well and incubated at
30°C at 100 rpm. After 36 h of cultivation, the tcmé medium containing the planktonic cells
was gently sucked out. Cells adhered to the saldtsate were stained for 3 min with 0.4 mL
of crystal violet 1% (w/v). In these conditionshagion of cell to polystyrene wall compared
to the HOC substrates was negligible. After 2 washigh MilliQ water, the crystal violet was
extracted with 0.75 mL of acetic acid 10% (v/v) atkdanol 50% (v/v) and the absorbance
was red at 595 nm. All measurements were repeatedifnes.

Biofilm growth on water insoluble HOC substrateattare liquid at 30°C was tested in 50 mL
of SSW in 250-mL Erlenmeyer flasks at 30°C. Inotalawas carried out with exponentially
growing cells in SSW acetate prepared as descabede. Biofilm cultures on insoluble
HOCs were gently shaken at 50 rpm. Biofilm quasditat the liquid-liquid interfaces were

measured as described by Kletral. (2008) after 24 h of cultivation.

Microscopy and imaging

Microscopic observations ®fl. hydrocarbonoclasticus biofilm cells were performed on MJ6-
1 strain grown in the same conditions as those tsptepare RNAs for transcriptomics
analyses, except that pyrene (Sigma Aldrich) wasalved at 6 mg nit.in n-hexadecane or
triolein prior to inoculation. Biofilm samples weneounted on glass slides and observations
were made using an Axio Observer.Z1 inverted mowps (Zeiss, Germany) equipped with a
63x (Plan APO, N.A. 1.4, M 27) oil immersion lelmsfferential interference contrast (DIC)

observations were realized with the Zeiss PA 6BX4/HR Il optical component.
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Epifluorescence microscopy was realized eithertagdard optical treatment or with the
Zeiss ApoTome.2 attachment. Trioleinmehexadecane particles stained with pyrene were
visualized using epifluorescence illumination (éxton filter G365, Beamsplitter FT 395,
emission BP 445/50). eYFP fluorescence was reverilioa BP 470/40 excitation filter, a
Beamsplitter FT 495 and observed through a 445#%8ston filter. Images were acquired
using a CCD Zeiss Axiocam 506 mono camera monitbyetthe Zeiss ZEN 2012 software.

Image treatments were performed with ImageJ so&Wattp://imagej.nih.gov/ij/).

RNA preparation and cDNA synthesis

Exponentially growing planktonic cells or biofilmmples were prepared as previously
described (Vaysset al., 2009). Total RNA from 50 mL of planktonic ([3§3nn~0.4)
exponentially growing cells on SSW-acetate 20 mMfdsiofilm cells from 300 mL-biofilm
cultures in 500-mL Erlenmeyer flasks were isolaisohg the Extract-All kit (Eurobio). RNAs
were extracted in triplicate from independent bijital samples. Remaining traces of DNA
were removed with DNAse | (Invitrogen) and DNAseated RNAs were immediately
processed on RNA Easy Clean Up columns (QiagenA BIMlity and quantity was checked
with a RNA 600 Nano kit on a BioAnalyser 2100 (Asgit) and a Nanodrop ND-1000
Spectrophotometer (Labtech). Five pg of total RM&se retro-transcribed using Superscript
[l enzyme and the first-strand cDNA synthesis(kivitrogen) using random hexamers.

cDNAs were eventually purified using the MinElutedtion Cleanup kit (Qiagen).

M. hydrocarbonoclasticus SP17 whole genome microarray design, hybridizatioand
image acquisition
The assembled whole genome sequendé. tiydrocarbonoclasticus SP17 was shared into

59 non-coding RNA sequences (tRNAs and rRNAs), 4 jiAgrgenic regions longer than 60
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bp and 3,807 coding sequences (Grimetwal., 2012). Probe design and microarray printing
were performed by Roche NimbleGen. Six 45-60 migioolcleotides were designed for
each of these genomic objects, three of them beitite forward sense and accompanied by
their reverse complement (reverse strand). Th@woligleotides were chosen to span the 5’
and 3’ ends and an intermediate position. There\d82 genomic objects shorter than 300
bases for which only one or two probes could bectetl (two or four probes if both strands
are counted). Twenty-two groups of sequences gpaf0% of identity were represented by
the same set of probes and three genes were mesegped. All probes were synthesized in
duplicate together with 6,186 random sequencesmatkimilarity to anyM.
hydrocarbonoclasticus SP17 sequences, leading to 72,546 features pedindiion zone.

The array design is available in the ArrayExprestalolase (www.ebi.ac.uk/arrayexpress)
under accession number A-MEXP-2398. cDNA labelmg;roarray hybridization and
scanning were all performed at the BioChip Platf¢fioulouse, France) according to Roche

Nimblegen specifications.

Data processing and statistical analysis

Three arrays hybridized from three independenblgichl samples generated a total of 36 raw
values for each genomic object in each growth dmrdiRaw microarray data are available

in the ArrayExpress database under accession numbErAB-2593. Raw values obtained
from intergenic sequences were not kept in th@fahg analyses. Transcriptomic results
were processed using the ANAIS software as foll(®ision & Biot, 2010). Array quality

was assessed at the probe level. Robust Multi-Adraalysis background normalization and
guantile normalization were performed for intraed amter-array normalization, respectively
(Bolstadet al., 2003; Irizarryet al., 2003). Gene expressions were summarized by media

polish of the corresponding normalized probes aktes. A total of 3,839 genes with signal



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

intensities above a 95% random threshold were foeptirther studies. Gene differential
expression (fold-change) was calculated as a batiween normalized gene expression values
for each experimental condition and the referepeexental condition. Significant fold-
changes were statistically determined using an ARGDR adjuste-value< 0.05
(Benjamini & Hochberg, 1995).

The ‘triangle plot’ representation (Figure 3) opeassion ratios reduced three-valued
expression points (A, B, C) to two dimensions yttrhg A/2 + B versus A/(A + B + C).
Location in the plot is based on proportionalitycarg expression levels, ignoring magnitude.
Genes whose expression was high in one conditidriaamin the other two lie near a specific
corner of the triangle, genes that were high in ¢éa@oditions and low in the third are plotted
along one edge of the triangle, and genes that weighly equally expressed in all conditions
fall toward the center. All analyses were perfornrethe R environment (http://www.r-

project.org/) with the ADE4 package for construectad the triangle plots.

Sequence analysis and data mining

Biological interpretation of the transcriptomic asets at the biological process level was
carried out by mapping genes of the different esgion categories in the KEGG pathway
database (Kanehighal., 2013). Lists of genes downloaded in the “seas#l&” advanced
mapping tool (http://www.genome.jp/kegg/tool/mapthpeayl.html) and compared to the
KEGG annotation of th#. hydrocarbonoclasticus SP17 genome available in the database.
Whole genome alignments were performed with MAUVE P Java application using.
hydrocarbonoclasticus SP17 (GenBank ID: FO203363) and VT8 (formlyaquaolei VT8,
(Méarquez & Ventosa, 2005)(GenBank ID: CP000514ull)denome sequences downloaded
from the NCBI Microbial Genomes database (http:Awmcbi.nlm.nih.gov/genome)(Darling

et al., 2004). Alignments were performed using defagttisgs. The putative genomic islands
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in M. hydrocarbonoclasticus SP17 genome were predicted by an integrated meisiad
IslandViewer program suite (Dhillost al., 2013). Results were visualized with the
DNAPIotter Java application of the Artemis genonmemer software (Carvest al., 2009).
Results were exported as .svqg files which werdn&rtmanipulated in INKSCAPE 0.48.4

(http://inkscape.org) to generate Figures 6 and 7.

RESULTS AND DISCUSSION

Marinobacter hydrocarbonoclasticus SP17 forms oleolytic biofilms on various
hydrophobic organic compounds

M. hydrocarbonoclasticus SP17 was previously shown to be able to degraddarange of
medium-chaim-alkanes (g@to Gg) and twon-alkanols (G, and Gg) through the formation
of a biofilm at the HOC-water interface (Kleghal. 2008). In order to further define the
substrate range of this strain, biofilm formatioastested on a wider range of HOCs
provided as the sole source of carbon and ener@y€Tl; Figure 1). Biofilm growth was
observed either on liquid or solid, saturated watarated aliphatic compounds such as
medium-chain alkanes, alkenes, fatty alcohols a@mkatriglycerides or wax esters. Although
M. hydrocarbonoclasticus SP17 was initially recognized as a marine hydiomaoclastic
bacterium and thus considered as playing an importde in hydrocarbon degradation
(Gauthieret al., 1992; Yakimowt al., 2007), its wide metabolic capacity indicated tha
should rather be considered as a versatile degodiaelly organic substrates. As such, we
propose to refer t. hydrocarbonoclasticus SP17 biofilm as an oleolytic biofilm. Its ability
to grow as a biofilm on a wide range of poorly $téuHOCs make this bacterium well
adapted to the recycling of particulate hydrophavganic carbon in the ocean (Volkman &

Tanoue, 2002; Azam & Malfatti, 2007).
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Biofilm formation on n-hexadecane or triolein involves different genetiprograms
Considering the variety of physical and chemicalireof the HOC-water interfaces tested in
Table 1, we wondered whether specific cellular psses are involved in the recognition of
the nutritive status of the interface, the adhesiotime interface and the catabolic pathways
that sustain substrate assimilation and biofilmnghoon the different HOCs. A transcriptomic
study using a microarray chip carrying the wholaayae ofM. hydrocarbonoclasticus SP17
was performed in order to identify genes regulate@sponse to biofilm formation on the
alkanen-hexadecane and the unsaturated triglyceride tnioléhese two compounds were
chosen because they are representative of tworatdstasses théd. hydrocarbonoclasticus
SP17 may degrade in the environmeset,hydrocarbons of anthropogenic or biological origin
and biogenic lipids. The expression profiles of wiele set oM. hydrocarbonoclasticus

SP17 genes were measured in cells from 24h-biofilmmed at the water-HOC interfaces
and from planktonic cells growing exponentially acetate. Microscopic observations on
samples obtained witkl. hydrocarbonoclasticus MJ6-1 fluorescent cells grown in the same
conditions confirmed that mature biofilms were proeld onto both kinds of HOCs in these
conditions (Figure 2). Gene expression levels @séhthree conditions were then compared to
each other (Supplemental Table 1).

A total of 1,219 genes out of the 3,839 that wdemtified as differentially expressed in
biofilm cells growing on at least one of the HO®@enfiace (Figure 3; Supplemental Table 2)
in comparison to cells growing exponentially ontate (significant FDR(BHp-val < 0.05).
The high number of genes displaying altered expresturing biofilm formation is indicative
of dynamic regulatory mechanisms underlying th@agh process. Six expression categories
belonging to three groups of genes were definedrdotg to relative gene expression levels
in the three culture conditions (Figure 3): genesr@xpressed (HEXcategory, 66 genes) or

down-expressed (TRAC™ category, 137 genes) in biofilms nfhexadecane belonged to the

11
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BF HEX group, genes over-expressed (TRB1 genes) or down-expressed (HBKR", 441
genes) in biofilms on triolein belonged to the BRITGroup, and genes over-expressed
(HEX'TRI", 75 genes) or down-expressed (ATA5 genes) in biofilm conditions belonged to
the BF COM group (Supplemental Table 2). Theselteailso confirm that biofilm growth on
either HOCs involved distinct genetic responsesttogr with a core of common genes that
might play in general mechanisms of biofilm formeation any HOC. One striking result is
the large difference in the numbers of genes adtebetween the two HOCs substrates.
Although being assimilated . hydrocarbonoclasticus SP17 through a common biofilm
lifestyle, to grow as a biofilm on-hexadecane may require less adaptation than deirrio
when compared to exponential growth on acetateadiescane may present to bacterial cells
an interface with different chemo-physical propstor nutrient status in comparison to
triolein that are somewhat easier to grow on. Aapotkason could be associated to the
numerous sources of triglycerides that exist innttagine environment where they can be
found for instance in cell debris, or as oil bodmgjanelles or membranes in living vegetal,
animal or prokaryotic cells. One could thereforasider that forming a biofilm on triolein

may signify for the bacterial cells to modulateegker panel of biological processes.

Biofilm growth on triolein strongly reduces primary metabolism and genetic

information processing

Considering the large differences in gene numbsened between BF TRI and BF HEX
groups, we wondered whether these differences amstéspond to the modulation of
specific biological processes. The BF TRI, BF HEXI&F COM genes were mapped into
the KEGG pathway resource using the annotitelydrocarbonoclasticus SP17 genome
provided in the KEGG genome database (Kanettiah, 2013). The KEGG pathway module

generated lists of annotation terms that were thessified into biological processes and

12
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represented in relationships with their expresgpiafiles (Figure 4). However, as only 51, 63
and 271 genes could be mapped from the BF HEX, BM@nd BF TRI groups,
respectively, these results could only allow aiphimterpretation of the larger datasets
available from the transcriptomic results (SuppletaeTable 3).

The main observation that came out concerns thegmgportion of terms that annotated
down-regulated genes in biofilms on triolein. Indeehile down-regulated genes provided
55% and 58% of the annotation terms in the BF HEXBF COM groups, respectively, they
provided 82% of the annotations in the BF TRI group

The biological processes whose expression seentegond significantly to biofilm growth
on triolein were carbon and energy metabolism arektic information processing. More
particularly, carbohydrate metabolism (tricarbozydicle and glyoxylate shunt, glyoxylate
metabolism, glycolysis, 2-oxocarboxylic acid metigdm), fatty acid biosynthesis and
degradation, nucleotide and amino acid metaboligmewver-represented in the annotated
down-expressed genes (Figure 4; Supplemental Babkurthermore, 45 genes coding for
the ribosomal proteins (21 small subunit genesZahidrge subunit genes) were also
significantly down expressed, together with gemeslved in transcription, translation and
protein fate. Taken together, these results miginify that a major part of the cells enclosed
in biofilm on triolein were less metabolically aaithan those on-hexadecane or growing
exponentially on acetate. However, as suggestderaonsidering that 390 of the 451 genes
over-expressed in biofilms on triolein were not eag on KEGG pathways, with 347 of
them coding putative functions (76 genes), consehygothetical proteins (158 genes) or
unknown proteins (113 genes), one can hypothelsaebtofilm growth on triolein involves

biological processes that are still to be charamdr
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Gene expression in biofilms om-hexadecane confirmed a role for proteins involveth
alkane assimilation and type VI secretion system

Genes involved in the primary steps of alkane diodgorovide one example of substrate-
specific genes that are overexpressed only inltmefonn-hexadecane. One gene encoding a
terminal-1-alkane monooxygenase (MARHY2735) homotegto AlkM and a cluster of
three genes expressing a cytochrome P450 alkanexydse (MARHY2838, homologous to
AhpG2), an alcohol dehydrogenase homologous to AIRHY2839) and a ferredoxin
(MARHY2837) are among the most over-expressed giengss condition, with no
significant differential expression on trioleinagomparison to acetate. Consistent with gene
expression studies carried out on alkane biodegmdpathways in bacteria, this induction of
alkane oxidation genes was expected (Rojo, 2008ir@eaet al., 2011). In contrast,
MARHY3758, which is orthologous talmA, a flavin-binding monooxygenase gene involved
in long-chain hydrocarbon (>32 carbons) degradatidicinetobacter andAlcanivorax
species, showed no change in expression (Wang &,284.2). This carbon-chain length
specificity confirms that the transcriptomic resute relevant to the experimental culture
conditions.

Interestingly, other genes belonging to this HEXtegory also confirmed notable results
obtained from a previous proteomic study carried/lohydrocarbonoclasticus SP17 biofilms
grown onn-hexadecane (Vaysseal., 2009). For instance, five genes showing speariid
significant over-expression anhexadecane produce proteins that had been desasbed
being among the most abundant proteins detecteiims onn-hexadecane. The
MARHY2686 gene encodes a protein that was the most abuimdéms conditon.

Interestingly, it forms a putative operon with tather genesMARHY2685 and

MARHY2687) that showed the same specific HE2pression pattern (Supplemental Table

2). The four other genes awARHY3634 andMARHY3635, two members of a type VI

14
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secretion system (T6SS) gene cluster, ARHY0478 andMARHY0477 genes which
present reduced hydrocarbon assimilation when mdi@@founier, 2013). Such a consistent
pattern of expression from two independent expertaiestrategies together with mutant
phenotypes reinforce the likelihood for a roleludde proteins in biofilm growth on that

particular HOC.

Chemotaxis and motility genes are down-regulated ibiofilm conditions

Among the 130 genes annotated as being involvedemotaxis and motility, 57 were
differentially expressed in biofilm conditions wift®% of them being down-regulated
(Supplemental Table 4). The main processes that aféected concern the chemosensory
signaling pathways, type IV and MSHA pili formatiand, to a lesser extent flagellar
assembly (Figure 5).

Chemotaxis controls motility apparatus such asgpiflagella to migrate towards favorable or
outwards detrimental environments. It is mediatgdhemoreceptors which sense chemo-
effectors by a specific receptor-ligand interactiloat in turn activates intracellular signaling
cascades to control cell movements (KeeBl., 2011; Porteet al. 2011). The transcriptomic
data show that the expression of a large majofithi@ proteins of the chemosensory
signaling cascades which control flagellum asserahtyrotation (CheA/CheW) and pili-
dependent twitching motility (ChpA/PilJ) was reddairingM. hydrocar bonoclasticus

SP17 biofilm growth on HOCs (Figure 5A).

Biofilm formation on HOCs also affected the expressf flagellum genes, although to a
lower extent than chemotaxis or pili genes. Indeeén though more than 50
hydrocarbonoclasticus SP17 genes were annotated as being involvedgelflan assembly
and rotation, only a putatiiiD (MARHY2507) was specifically down-expressed in biofilms

onn-hexadecane. Six gene%. fliC, flig, flgF, motA, flhB and a putativélgL (MARH2170),
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were affected in their expression in biofilm corahis on both HOCs (BF COM group), the
three former being over-expressed whereas the khitee were down-expressed. Biofilm
growth on triolein modulated specifically the exgsi®n offliM, fliQ, flhF, flgG, flgD, flgC
andfgtA. All were down-expressed bilitQ. Interestingly, all these genes correspond mainly
to the late expressed genes that are involveckietport and the assembly of the rod, hook
and filament parts of the flagellum. Flagella h&een involved in different steps of biofilm
formation in many bacterial species such as calhsmng to attractive surfaces, cell sticking
and swarming on surfaces and cell detachment (®taky 2004; Conrad, 2012; Friedlander
et al. 2013; Partridge & Harshey 2013). Consistentggdllum motility is regulated during
biofilm formation (Guttenplan & Kearns, 2013). Takigether, the results we have obtained
on both chemotaxis and flagellum assembly genasdtelthat, at the time of sample
collection during that particular experimeht, hydrocarbonoclasticus SP17 cells embedded
in biofilms on HOCs did no longer need flagelluméiaed motility. Flagella and chemotaxis
have been shown to play a role in biofilm formatieiMarinobacter adhaerens since the

cheA, cheB, chpA or chpB mutants are impaired in biofilm formation on alm®urfaces
(Sonnenscheigt al., 2012). Moreover, we showed tiat adhaerens formed biofilms on
paraffin while thefliC andfliA flagella mutants did not (unpublished results).

Type-1V pili genes form clusters that are conseraexss Proteobacteria phylum at different
loci (Pelicic, 2008). The mapping of expressioradatfour clusters of type IV pili genes of
the M. hydrocarbonoclasticus SP17 genome showed that down-regulation of gepeessgion
was not restricted to individual genes but ratloercerned gene clusters, thus suggesting a co-
regulation process aimed at reducing the role @fthole pili-mediated processes. In
particular, two pili gene clusternse. pilMNOPQ andpil VWXY1 are down-expressed in
biofilms either om-hexadecane or triolein (Figure 5B). As for flagellgenes, biofilm

growth seemed to mainly regulate pili assembly geMehydrocarbonoclasticus SP17
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392 biofilm cells are then expected to have a reduceduent of these two extracellular motility
393 structures. Such a down-expression of pili biogesngsnes was also describediin

394  borkumensis growing onn-hexadecane (Sabiroehal., 2011), although it concerned only
395 four genes. Nevertheless, our study and the langger of genes affected could confirm that
396 type IV pili down-expression might be consideregaharacteristic feature of marine

397 hydrocarbonoclastic bacteria growing at water-H@€rfaces. However, considering the
398 variety of pilin sequences and roles, it is difftdo give a hypothesis on the exact

399 significance of such a down-expression in matuoélms on HOCs.

400 Marinobacter hydrocarbonoclasticus SP17 genome also contains a characteristic diagje
401 cluster of genes encoding a mannose-sensitive fggguatimin (MSHA) pilus, a type 1V pilus
402 found inVibrio cholerae and other environmental bacteria (Marsh & Tayl®99; Thormann
403 etal., 2004; Boyckt al., 2008; Savillest al., 2010). This MSHA pilus system has been

404 involved in the adhesion of cells and biofilm fotima onto a variety of abiotic and biotic
405 surfaces such as glass (Thormahal., 2004), chitin (Shime-Hattod al., 2006), the

406 cellulose-containing surface of the green algea australis (Dalisayet al., 2006) and

407 zooplankton (Chiavellgt al., 2001). It is therefore of interest to note thatto ten genes out
408 of the 16 that form this cluster were down-regudatebiofilm conditions, with for instance
409 mshA that encodes the major pilin subunit.

410 The role of MSHA and type IV pili in promoting adieace to surfaces, cell aggregation and
411 biofilm formation is well documented (Giltnet al., 2012). Our results show that they may
412 also mediate biofilm formation at HOC-water inteda. As a down-expression in biofilm
413 conditions signifies that these genes are rather-expressed in planktonic cells growing on
414 acetate, one can consider that their functions wefa&ct less necessary in biofilms. This
415 could support the hypothesis that they might belwved in the detection of and the adhesion

416 to HOC-water interfaces. A validation of such hypestis would be of great interest as it

17



417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

would indeed put forward potential targets for fetstudies on HOC-water interfaces
colonization in relationship with carbon recyclimgthe marine environment or hydrocarbon

bioremediation in polluted areas.

Biofilm growth on triolein induces the transcriptional activation of a putative 150 kb-
genomic island

All the differentially expressed genes were mappeaio the genome dfl.
hydrocarbonoclasticus SP17 in relationship with their expression prafi{€igure 6). This
graphical representation revealed that most ofémes that showed overexpression on
triolein (TRI" and TRTAC™ categories) clustered in eight regions of the gesadOn the other
hand, very few genes overexpressed-trexadecane mapped to these regions. In particular,
it pointed to a 168-kb genomic region located appnately between positions 1,877,000 and
2,045,000 (fromMARHY1803 to MARHY2007)(Grimaudet al., 2012), which will be further
referred to as the 2-Mb region. For instance, 1&30bthe 203 genes of this 2-Mb region
belonged to the TRIcategoryj.e. genes specifically over-expressed in biofilm doldin.

This high density of similarly expressed genefiatdame locus hinted the presence of a
putative genomic island (Gl). Gls are large (usua8 kb) mobile genetic elements that are
horizontally transferred between bacteria. Theyegally convey genetic information that
influences traits such as pathogenicity, resistéam@atibiotics and toxic compounds,
symbiosis, fithess, and adaptation (Dobrietctl., 2004). Acquisition of Gls by bacteria is
thought to provide genetic flexibility, more pattlarly in environmental micro-organisms,
that may be subjected to constant environmentalgg® A recent study have roughly
estimated that more than 90% of the marine bacéenass the four major prokaryotic taxa in

the oceans carry Gls in their genomes (Fernandeue@ét al., 2012).
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441 We first took advantage of the development of barimatics tools to test the presence of a
442 Gl in the 2-MB region (Langillet al., 2010). Since bacteria gain Gls through horiZayptae
443 transfer and can even lose it sporadically, thdgtitypatterns of the Gl and the host genomes
444  may differ. We thus performed a genome comparanadysis between thd.

445  hydrocarbonoclasticus SP17 and VT8 strains using the MAUVE whole-genc@guence

446 alignment tool (Figure 7)(Darlingt al., 2004; Marquez & Ventosa, 2005). This comparison
447 confirmed that a region starting at position 1,883, (end oMARH1950) and ending at

448 position 2,031,430 (betwedhARHY1992 andMARHY1993) was absent dfl.

449  hydrocarbonoclasticus VT8 genome while the whole core genomévof

450 hydrocarbonoclasticus SP17 was conserved (LCB weight of 7060). Moreow®s, region was
451 also predicted as being a putative Gl by the ISkaaaer tool which combines three

452 independent and accurate methods, that is IslahdPatob, SIGI-HMM and IslandPick,

453 which are based on sequence-composition and cotiygagenome based analyses (Figure
454  6)(Dhillon et al., 2013). Islandviewer predicted the presence gilitétive Gls irM.

455  hydrocarbonoclasticus SP17 genome (Supplemental Table 5). In particiildglineated three
456 close putative Gls in the 2-Mb region, between wss 1,926,444NJARHY1848) and

457 2,032,417 MMARHY1993) on the genome. A large part of this zone wastitied by all three
458 methods, thus reinforcing its prediction. As unohexd by the IslandPath-DIMOB program,
459 this region presented both a strong bias in GC%etdmn comparison to flanking genomic
460 regions and the presence of 10 genes of the “mahideextra-chromosomal elements” COG
461 annotation category, within which were four transge®es, three putative integrases, one
462 resolvase and one reverse transcriptase geneshénoteresting feature that is commonly
463 associated with Gls is the high percentage of gehaaknown function, a percentage that is
464 about 55% in the 2-Mb region. This proportion isaoctordance with percentages found in

465 Gls in other marine bacteria (Fernandez-Gomtet., 2012). Together with other features
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such the presence of a tRNA gene close to the gttiilon site MARHYTRNA25-LEU at
position 1,885,807, betwedmARHY1810 andMARHY1811) and flanking direct repeats (not
shown), all these genomic data provide some confiel¢hat this particular region is probably
a Gl.

The relationship that exists between the overesprasf half of the genes of this 2-Mb
region, other putative mobile elements and biofiimwth on triolein is unclear, in particular
whether this corresponds to the production of pnstenvolved in biofilm formation. This
relationship is even more difficult to find out &8 out of the 137 differentially expressed
genes have no known function. Furthermore, no dlegarocess likely involved in biofilm
formation emerges from gene annotation data, affihdunctional categories seem conserved
with other marine Gammaproteobacteria Gls (FernZ@temezet al., 2012). Nevertheless, a
cluster of genesMARHY1837 to MARH1843) is of particular interest as it concerns the
biosynthesis of glycogen-like alpha-glucan polysacles metabolism. A similar cluster of
genes irE. coli (glgBXCAP) together withglgS were involved in glycogen biosynthesis.
Interestingly,E. coli AglgS mutant cells produced less glycogen, were hypgeflated and
hyperfimbriated, displayed elevated swarming mgtdind an increased ability to form
biofilms on polystyrene surfaces, suggesting a tiakveen glycogen production and biofilm
formation (Rahimpouet al., 2013).

The overexpression of this 2-Mb region could ptand more general response that would
link biofilm growth on triolein and transcriptionattivation of mobile DNA elements.

Indeed, beside this 2-Mb region, a careful analgbibe results presented in Figure 6 shows
that there seems to exist a systematic co-localizéietween all the IslandViewer predicted-
Gls and genes overexpressed in biofilms on triolioreover, consistent with the expression
profiles of the DNA mobility genes located withimet2-Mb region, 11 other genes of the

same category dispersed within the core genomdéagiesph the same over-expression on
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triolein (MARHY0506 & MARHY0507, MARHY0510, MARHY0965, MARHY1124 &
MARHY1125, MARHY1129, MARHY1138 & MARHY1139, MARHY3218, MARHY3796).

Among these are three prophage-like geMsRHY0506 & MARHY0507, MARHY0510) that
are embedded in a putative Pfl-like prophage (Ei@)r This could suggest a putative role
for phage-mediated lysis M. hydrocarbonoclasticus SP17 biofilm dynamics on HOCs.

Such a role for prophages in biofilm formation bagsady been being suggested in other
environmental biofilm-forming bacteria. Cell lysisShewanella oneidensis MR-1 or in
Streptococcus pneumoniae was shown to release biofilm-promoting factors sagle-DNA to
mediate biofilm formation (Carrolet al., 2010; Goedeket al., 2011). Pf4 phage is essential
for several stages of the biofilm life cycleRgeudomonas aeruginosa PAO1, more

particularly during the dispersal phase which ntcabutes to by generating the typical hollow
centers and cell detachment (Wedblal., 2003; Riceet al., 2008). The putative role of phage-
mediated lysis duriniyl. hydrocarbonoclasticus SP17 biofilm formation on HOCs is

currently under investigation.

Finally, another attractive hypothesis that coulgport a link between biofilm growth on
triolein and the overexpression of genomic islamlghe regulatory link that has been
observed between carbon metabolism and virulengeihogenic strains (for a review see
Poncetet al., 2009). The presence of specific carbon souraghtindicate to bacterial cells
that they grow close to putative host cells and theulence genes are to be regulated.
Considering that many of the genomic islands foumdbacteria are defined as pathogenic
islands as they play a role in virulence (Dobrietctl., 2004), the overexpression of the 2-Mb
region might signify that the genetic response olexkon triolein is to some extent related to
the biological origins of HOCs in marine environrhefor instance, marine organisms such
as algae are known sources for a large varietyatébolites including HOCs that are further

metabolized by heterotrophic bacteria (Qin, 201REcently, several bacterial species
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specialized in cyclic hydrocarbon degradation wkmend associated with phytoplankton
(Gutierrez et al., 2013). Therefore, the presence of triolein cobl perceived byM.
hydrocarbonoclasticus as an indication of the presence of a putative Hws would be a

source of HOCs.
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685 TABLES
686
687 Table 1: Biofilm growth ability oM. hydrocarbonoclasticus SP17 on various hydrophobic

688 organic compounds

Substrates Chemical class concI(:eir?t?;tiona ;i;)\f\illtr:b
phenyldecane alkyl-substituted aromatic 0.1% +
pristane branched alkane 0.1% -
heptamethylnonane branched alkane 0.1% -
methyl-laurate ester 0.2 % +++
n-hexadecane n-alkane 0.1% +++
n-tetradecane n-alkane 0.1% +++
n-dodecane n-alkane 0.2 % +++
hexadecene n-alkene 0.2% +++
1-tetradecene n-alkene 0.2% +++
octanol saturated fatty alcohol 0.1% -
Oleic acid unsaturated fatty acid 0.1% +++
triolein unsaturated triglyceride 0.1% +++
eicosane n-alkane solid ++
dotriacontane n-alkane solid -
paraffin n-alkanes solid +++
palmitic acid saturated fatty acid solid +++
hexadecan-1-ol saturated fatty alcohol solid +++
tripalmitin saturated triglyceride solid +++
hexadecyl hexadecanoate wax ester solid +++

689 2 percentages are in viR/Biofilm growth relates to crystal violet stainingténsity. “+++”,
690 growth of the same order as those observeatioexadecane 0.1% or paraffin; “-“, no growth.

691
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FIGURE LEGENDS

Figure 1: Biofilm growth phenotype of M. hydrocarbonoclasticus SP17 on various solid
HOCs.

Biofilm formation was estimated by crystal viol¢dising after 20h of growth on a long-chain
alkane (dotriacontane, & or a mix of long-chain alkanes (paraffin), onséusated fatty acid
(palmitic acid, Gg), on a saturated fatty alcohokfiexadecan-1-ol, £g), on a saturated
triglyceride (tripalmitin) and on a wax ester (dgtgimitate, G,). Growth tests were done in
triplicate (rep 1-3). A no-cell control that wastially inoculated with sterile EMS medium

shows reference crystal violet staining.

Figure 2: Microscopy of M. hydrocarbonoclasticus biofilms on n-hexadecane and triolein.
M. hydrocarbonoclasticus SP17-derived MJ6-1 strain expressing eYFP was gi@ih in

SSW medium supplemented witkhexadecane (a, b) or triolein (c, d) labeled vpirene.

(a) and (c), differential interference contrast@pimages of one focus plane showing mature
biofilms at the SSW-HOC interface. (b) epifluoresoe microscopy of the same focus plane
observed in (a) with bacterial cells expressing RBY¥ellow fluorescence) ontehexadecane
(blue fluorescence). (d) structured-illuminationflejerescence microscopy (ApoTome) of the
same focus plane observed in (c) with bacterid$ @lpressing eYFP (yellow fluorescence)

onto triolein (blue fluorescence). Barsuf

Figure 3: “Triangle plot” of gene relative expression among the three culture conditions
Each gene is represented by a point whose proximiach of the substrate-labeled corners
reflects the relative expression in that growthdibon (see “Materials and Methods” for the

numerical formula). Genes expressed in a singléiton lie close to a corner, while those
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expressed equally in two conditions versus thelthire lie close to triangle sides. Genes not
significantly biased in any pair-wise comparisprvéal > 0.05) are not shown. Small grey
triangles show the position of the main triangleth a 1 by 1 by 1 side triangle. Genes of
the different expression categories are highligli®dolored open circles: green circles, TR
category; bright green circles, HEXC™ category; dark blue, ACcategory; light blue circles,

HEX'TRI" category; red circles, HEXcategory; pink circles, TRAC™ category.

Figure 4: KEGG pathway mapping of genes differentilly expressed in biofilms om-
hexadecane and triolein

KEGG annotations from genes of the BF HEX (grey)b&€ COM (open box) and BF TRI
(black box) groups were classified according towpaty mapping in KEGG pathway/genome
database and differential expression ratio (dowmver-expressed in comparison to
exponentially acetate growing cells). Numbers redahe number of KEGG annotation terms

in each category.

Figure 5: Differential expression of the chemotaxignd motility genes in biofilms at
HOC-water interfaces.

A) Differential expression of the chemosensoryaystThe regulation of the flagellum
assembly and rotation and type IV pili function ggailar molecular mechanisms. A
histidine kinase (CheA, ChpA) is coupled to a mke#wocepting chemotaxis receptor (MCP,
PilJ) by an adaptor protein (CheW, Pill). Upon iptef a signal, the histidine kinases
autophosphorylate and phosphate groups are traedfier response regulators (CheY and
CheB; PilG and PilH). Grey triangles in boxes repré down-expression; upper left triangle,
n-hexadecane condition; bottom right triangle, &iolcondition. No over-expression was

measured in any biofilm condition.
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B) Differential expression of genes in clustersype 1V pili genes. Down-expressed genes
are represented as grey open arrows. No over-esipnegas measured in any biofilm

condition.

Figure 6: Mapping of putative genetic features andlifferentially expressed genes onto

M. hydrocarbonoclasticus SP17 genome.

M. hydrocarbonoclasticus SP17 genome map was generated with the DNAP lidiex
application of the Artemis genome viewer softwaeThe tracks from the outside represent:
1- scale in megabases; 2- forward coding and Zrsevcoding sequences (turquoise blue;
black boxes correspond to CDS annotated as malde&tra-chromosomal elements); 4-
Gls prediction by IslandPath-DIMOB (blue box), SIBMM (orange box), IslandPick (green
box) and all three methods (red box); 5- locatiba putative Pfl-like prophage (position
0.55 Mb) and the 2-Mb region (grey boxes); 6- to ddnes of the TR} TRI'AC”,

TRI'HEX", HEX', HEX'AC" and AC categories, respectively, with same colors asgaré

3; 12- %GC plot.

Figure 7: Genome alignment betweeM. hydrocarbonoclasticus SP17 and VT8 strains
using MAUVE algorithm

MAUVE progressive alignments betwekh hydrocarbonoclasticus SP17 andV.
hydrocarbonoclasticus VT8 defined locally collinear blocks of homologoegions.
Homologous regions are indicated by similarly cetbblocks and are connected by lines.
The boundaries of colored blocks usually indicaeelireakpoints of genome rearrangement,
unless sequence has been gained or lost in thiegmiearegion. The black open box located

around the 2-Mb position in thé. hydrocarbonoclasticus SP17 genome points to the
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putative 2-Mb Gl region that has no homologous tewgart in theM. hydrocarbonoclasticus

VT8 genome.
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