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Abstract. An interdisciplinary study was conducted to eval- ond most abundant lineages weketinobacteriaand Fir-

uate the relationship between geological and paleoenvironmicutesat the Gulf of Lion site andChloroflexiat the Lig-
mental parameters and the bacterial and archaeal communityrian Sea site. Various substrates and cultivation conditions
structure of two contrasting subseafloor sites in the Westerrallowed us to isolate 75 strains belonging to four lineages:
Mediterranean Sea (Ligurian Sea and Gulf of Lion). Both Alpha, GammaproteobacterjdirmicutesandActinobacte-
depositional environments in this area are well-documentedia. In molecular surveys, thBetaproteobacterigroup was
from paleoclimatic and paleooceanographic point of views.consistently detected in the Ligurian Sea sediments, charac-
Available data sets allowed us to calibrate the investigatederized by a heterolithic facies with numerous turbidites from
cores with reference and dated cores previously collected deep-sedevee Analysis of relative betaproteobacterial
in the same area, and notably correlated to Quaternary cliabundances and turbidite frequency suggested that the micro-
mate variations. DNA-based fingerprints showed that the arbial diversity was a result of main climatic changes occurring
chaeal diversity was composed by one group, Miscellaneousluring the last 20 ka. Statistical direct multivariate canonical
Crenarchaeotic Group (MCG), within the Gulf of Lion sed- correspondence analyses (CCA) showed that the availabil-
iments and of nine different lineages (dominated by MCG, ity of electron acceptors and the quality of electron donors
South African Gold Mine Euryarchaeotal Group (SAGMEG) (indicated by age) strongly influenced the community struc-
and Halobacterig within the Ligurian Sea sediments. Bac- ture. In contrast, within the Gulf of Lion core, characterized
terial molecular diversity at both sites revealed mostly theby a homogeneous lithological structure of upper-slope envi-
presence of the classAfphaproteobacterigBetaproteobac- ronment, most detected groups w@&&cteroidete&nd, to a
teria andGammaproteobacteriavithin Proteobacterigphy- lesser extent3etaproteobacteriaAt both site, the detection
lum, and also members @acteroidetephylum. The sec- of Betaproteobacteriacoincided with increased terrestrial
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inputs, as confirmed by the geochemical measurements (Sgeographical separation (Inagaki et al., 2006; Martiny et al.,
Sr, Ti and Ca). In the Gulf of Lion, geochemical parameters2006).
were also found to drive microbial community composition.  The main objective of the present study is to explore the
Taken together, our data suggest that the palaeoenvironmenertical variations in microbial diversity according to envi-
tal history of erosion and deposition recorded in the Westerrronmental characteristics of Mediterranean Sea sediments.
Mediterranean Sea sediments has left its imprint on the sedwe refer here to lithological and geochemical features that
imentological context for microbial habitability, and then in- reflect paleoenvironmental conditions of sediment deposi-
directly on structure and composition of the microbial com- tion. The Mediterranean Sea is a small size basin, particu-
munities during the late Quaternary. larly sensitive to climatic variations (Rabineau et al., 2005
and references therein). Particularly, continental margins of
the Western Mediterranean Sea offer an exceptional preser-
vation of recent climatic changes with high sedimentation
1 Introduction rates because of the youth of this small Liguro-Provencal
ocean (Rabineau et al., 2006; Sierro et al., 2009). In this re-
Several consistent lines of evidence suggest that environmergion, the subseafloor microbial community composition, di-
tal characteristics such as geological, geochemical, geophysersity and distribution are barely documented, contrary to
ical and sedimentological properties of sediments are maimmicrobial communities from the water column (Danovaro et
factors controlling the habitability of the subseafloor sed-al., 2010), surficial sediments (Polymenakou et al., 2005b;
iments. Generally, microbial abundances exponentially dePolymenakou et al., 2009), brines (La Cono et al., 2011) or
crease with increasing sediment depth (Parkeset al., 2000jnud volcanoes (Lazar et al., 2011). The aims of this study
particularly due to a decreasing reactivity of organic mat-are (i) to investigate the subsurface microbial diversity asso-
ter with depth (Middelburg, 1989). However, local increasesciated with both climate-controlled turbiditic sequences (Var
in microbial activity and microbial effectives as well as Ridge) and upper slope deposits (Gulf of Lion) in the West-
population shifts occur in response to specific geochemicaérn Mediterranean Sea, and (ii) to examine the significance of
conditions (e.g. basaltic aquifer, brine incursion, methane-sediment characteristics and paleoenvironmental conditions
sulfate transition zone, thermogenic gas) (Cragg et al., 1992in determining depth profiles of the microbial community
D’Hondt et al., 2004; Parkes et al., 2005) and at lithologi- composition.
cal interfaces (e.g. porous ash layers vs. clay layers, diatom-
rich sedimentary layers) (Inagaki et al., 2003; Parkes et al.,
2005). The mechanical constraints of the sediments such a8 Material and methods
grain size and porosity are likely to drive the distribution
of microorganisms (Rebata-Landa and Santamarina, 2006R.1  Study sites and general sampling methods
Subseafloor microbial metabolic activities are controlled by
the bioavailability of energy sources and electron acceptorsThe northern part of the Western Mediterranean Sea is char-
themselves correlated to fluid flow regimes (D'Hondt et al., acterized by two contrasted continental margins: the Gulf of
2004; Engelen et al., 2008). In some sediments, the prokarytion to the west with a wide and highly sedimented shelf,
otic community composition is correlated to the organic mat-and the Ligurian margin to the east with a very narrow poorly
ter bioavailability and/or sediment origin (terrigenous or ma- sedimented shelf (Fig. 1a, b). Three physiographic provinces
rine source) (Nunoura et al., 2009). In some Quaternary subeharacterize the Gulf of Lion margin: a wide shelf (with a
seafloor sediments, microbial abundance and activity can bslope of 0.1°), 70 km wide at the most; a continental slope
explained by the present hydrogeological situation and or{1.5°); and a rise (0.9°) (Baztan et al., 2005). In contrast, the
ganic matter quality, while still reflecting to a certain extent morphology of the coastal plain of Nice, in the Ligurian Sea,
the imprint of past environmental conditions via the sedimentis characterized by a very narrow continental shelf, 2-3 km
structure and geochemical composition (Beck et al., 2011). wide on average, and a steep continental slope (3.4 to 6.3°)
If the environmental characteristics act upon the microbialleading to water depths of 2000 m at a distance of less than
diversity and activity, microorganisms have, conversely, a di-20 km from the coast (Pautot, 1981). Within the Ligurian Sea,
rect impact on their geological environment. Microorganismsthe Var turbiditic system extends for 300 km, from the river
may increase mineral dissolution; release organic/inorganienouth to the distal area at the base of the northern continen-
nutrients and metals that can be used for respiration, antal slope of Corsica (Migeon et al., 2006). Cores RHS-KS-
abolism or synthesis of metal-enzymes; and alter the elemer83 (709 cm length; 42°4596 N, 03°50493 E) and KESC9-
tal and ionic speciation and distribution, leading sometimes30 (828 cm length; 43°2316 N, 07°44.187 E) were respec-
to mineral precipitation (Rogers and Bennett, 2004). Sometively collected with gravity piston cores (Hlenberg type)
studies suggested that the biogeographical distribution andn the outer shelf/upper slope (291 m water depth) of the
diversity of the microbial communities in subsurface sedi- western part of the Gulf of Lion and in the Ligurian Sea at
ment are more influenced by environmental control than bythe toe of the slope (2160 m water depth) on top of the Var
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Fig. 1. Morphological and sedimentological background of the studied c¢fdsLocation of study area within the Mediterranean Sea.

(B) Map of Southern France (modified from Rabineau et al., 2006), showing the continental drainage systems of the Gulf of Lion including
mainly the Ribne (red line), and the Var watersheds (purple line) flooding into the Ligurian Sea. In white: maximum extension of the
mountainous glaciers during Last Glacial Maximum (LGM-MIS2) (drawn and simplified using data from Ehlers (1996) and Antoine et al.
(1999)). Red star: core RHS-KS-33 (Gulf of Lion), Purple dot: core KESC9-30 (Ligurian Sea).

sedimentary ridge (Supplement online Table 1). Both core2.2 Non-destructive analysis of the cores

were immediately sliced onboard and subsections (1 m) were

stored and transported (3 days) at 4 °C. In the laboratory, thé\fter sampling for microbiological and geochemical analy-
core liners were aseptically opened and subsamples for mises, the physical properties (gamma ray attenuation (GRA)
crobial analysis were collected at depth intervals of ca. 20 cnPulk density, magnetic susceptibility, and P-wave velocity) of
(core KESC9-30) and ca. 30 cm (core RHS-KS-33) from thethe cores were measured non-destructively with the Geotek-
inner part of the cores using cut-off sterile 2 ml syringes, asMSCL (Multi-Sensor Core Logger; United Kingdom), and
described elsewhere (Fulthorpe et al., 2011). Subsamples féhe density and porosity were determined (Richter et al.,
the molecular analyses were stored at —80 °C, while subsan?006). Subsequently, cores were split in half with an auto-
ples for cultures, cell counts, pore water analyses, sedimentdhatic core splitter, photographed and visually described ac-
logical and geochemical measurements were stored at 4 °cording to the grain size (clay, silt, sand), structures (lamina-
At both sites, the in situ temperature was estimated from thdions and bioturbation) and content (shells, spots of organic
water temperature measurement (at 291 and 2160 m) and tHgatter). Lithological logs were drawn as well as quantita-
temperature of each core (measured at the bottom of eactive cumulative grain size curves. Semi-quantitative elemen-

core, upon arrival of the core on the ship). The estimated infal composition profiles of sediments were measured using
situ temperature was 13—14 °C. a Core-Scanner (Avaatech, Netherlands) with a 1 cm step, a

current of 0.2mA, a voltage of 10 and 30kV and counting
time of 20s.

www.biogeosciences.net/9/3491/2012/ Biogeosciences, 9, 3491-3512, 2012
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2.3 Sediment and pore water chemistry analyses described by Morono et al. (2009). Cells were stained with
SYBR Green | and counted by epifluorescence microscopy
Pore water was obtained by centrifuging approximately 2 gusing a Leica DMZ2500 microscope with a 100x Plan Fluo-
of sediment for 30 min at 13 0@Pat 4 °C. The pore water tar objective and a L5 filter set (Ex. 480/40 Em. 527/30).
was then collected in 2ml Eppendorf tubes, acidified with
nitric acid (65 %) at 1/1000 (v/v), and stored at 4°C until 2.6 DNA extractions and PCR amplification
analysis. S, CI-, Nat, K*, Mg?*, and C&* concen-
trations were determined by ion exchange chromatographyror each sample, the total community genomic DNA was
as described in Lazar et al. (2011). Total carbon (TC) con-extracted from ca. 2 g of wet sediment. Blank DNA extrac-
tent (percentage/dry weight) was analyzed by combustion irtions were also performed on reagents (no sediment sam-
a LECO CS 125 carbon analyzer on the pelleted materiaple) with the same procedure. Cell disruption was performed
(ca. 2 g) previously extracted and oven-dried (65 °C) for 20 h.in a 6770 Freezer/Mill (Spex SamplePrep, NJ, USA) by
The total organic carbon (TOC) was measured in the samgrinding the sample into a liquid nitrogen chamber. At this
way after removing inorganic carbon by progressive and constep, the sample was first cooled for 2 min in liquid nitro-
trolled acidification with HCI (Cauwet, 1981). Quantitative gen then crushed for 1 min at a beating rate of 8. After
elemental chemical compositions of sediments were detereell disruption, samples were extracted by using a PCI (phe-
mined by Wavelength Dispersive X-Ray Fluorescence specnol/chloroform/isoamyl alcohol) protocol. This protocol was
trometry (WD-XRF; S8 Bruker) on fused beads and com-described elsewhere (Alain et al., 2011). The nucleic acid
pressed powder pellets for major and some trace elementgrecipitation was enhanced by the addition of linear acry-
respectively, as previously described by El Maghraoui etlamide (Gaillard and Strauss, 1990). In order to characterize
al. (1999). Grain size analyses were performed with a Coulthe bacterial and archaeal community depth structure, a poly-
ter LS130 laser microgranulometer. Samples (ca. 0.1 g) fomerase chain reaction-denaturing gradient gel electrophore-
grain size analysis were carefully collected in every observedis (PCR-DGGE) analysis targeting the V3-V5 region of the
laminaefor the KESC9-30 core and at the same depths asl6S rRNA gene was undertaken. A nested PCR was nec-
the microbiological samples (every 30 cm on average) on theessary to obtain enough PCR products for DGGE. Bacte-

RHS-KS-33 core. rial 16S rRNA genes were amplified using the Bac8F/1492R
(Lane, 1991) and then the 341F-GC/907R (Casamayor et
2.4 Age model al., 2000) primer combinations. Archaeal 16S rRNA genes

were amplified by nested PCR using the following primer
The age models were established by correlating the caleombinations: Arc21F/Arc958R (DeLong, 1992) and then
cium records of the studied cores with the calcium recordsArc344F-GC/Arc915R (Casamayor et al., 2000). The am-
of well dated twin cores previously acquired at the sameplification was performed as described elsewhere (Roussel
locations (Supplement online Table 1), using the Anal-et al., 2009b). In order to limit contamination, all PCR ma-
ySeries software (http://www.ncdc.noaa.gov/paleo/softlib/nipulations were carried out under sterile conditions (PCR
softlib.html) (Fig. S1). For core RHS-KS-33, we correlated cabinet; Captair®Bio, Erlab) and all disposable plastic wares
the quantitative calcium profile with the calcium carbonate were autoclaved and UV treated (40 min) prior to use. Neg-
content of twin core MD99-2348 (Fig. S1a and S1b) (Sierroative controls (PCR mixture without DNA) were included in
et al., 2009). Age model of core MD99-2348 is based onall sets of PCR reactions to provide a contamination check. A
13 calibrated AMS!C dates for the last 21ka (Sierro et re-amplified negative control from the first round PCR plus a
al., 2009). For core KESC9-30, we correlated scanner calfresh negative control were also included. All negative con-
cium profiles with the same data of reference core KNI23trols from the first PCR round remained negative after the
(Fig. S1c and S1d). Age model of core KNI23 is based on 5second PCR amplification step.
calibrated AMS!“C dates for the last 20 ka on KNI23 (Jorry
et al., 2011). Both reference cores also had a high-resolutio®.7 DGGE and sequencing of DGGE bands
planktonic oxygen isotope stratigraphy Ghobigerina bul-
loides(Sierro et al., 2009; Jorry et al., 2011) which enablesDenaturing gradient gel electrophoresis (DGGE) analysis

close correlation to global climatic changes. was conducted for all sampled depth layers of the two
cores as previously described (for details see Roussel et al.,
2.5 Total cell counts 2009a). Different denaturing gradients were used for ana-

lyzing the bacterial and archaeal community structure (Sup-
Total cell counts were performed according to the protocolplement information, Fig. S4, S5 and S6). Bands of inter-
of Kallmeyer et al. (2008), with some modifications. When est were excised and then sequenced (Beckman-Coulter Co-
necessary, prior to carbonate dissolution step, amorphous sifjenics, Stansted). In case of co-migration of different se-
icates were dissolved with hydrofluoric acid (HF) (Sigma- quences generating a double chromatogram signal, the in-
Aldrich, Deissenhofen, Germany) according to the protocoldividual bands were reamplified with the same primer set

Biogeosciences, 9, 3491-3512, 2012 www.hiogeosciences.net/9/3491/2012/
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and then migrated on a second DGGE gel using more narehitin (0.5gt?1) (all from Sigma-Aldrich, Deissenhofen,
row gradients of 30-35 % and 40-50 %, respectively (GafanGermany). Selective liquid media for heterotrophs (ASW
and Spratt, 2005). Sequences were compared to those presexupplemented with one substrate) containing acetate or glu-
in the databases using the BLASTn algorithm (Altschul etcose (10 mM each) were also prepared.

al., 1990) and then aligned to their nearest neighbor using Selective liquid media for anaerobic incubations were
the programs CLUSTALX and PHYLIP version 3.69 as de- prepared on the basis of ASW as follows: media for fer-
scribed elsewhere (Alain et al., 2008). Gene sequences amaentative microorganisms contained glucose or pyruvate
available at the GenBank/EMBL/DDBJ databases under thg10 mM, each) added to ASW prepared without sulfate, and
accession numbers HE586735 to HE586938 and HE58959%duced with sterile sodium sulfide (1.2mM); media for

to HE589593. nitrate-reducers were supplemented with NaN&hd ac-
etate (10 mM, each); and media for sulfate-reducing microor-
2.8 Statistical analysis ganisms were provided with either a gas phase of H2/CO

(80/20, 2bar), or contained pyruvate/fumarate (each at a
Bacterial DGGE banding patterns were analyzed using thdinal concentration of 10 mM) or acetate (final concentra-
Adobe lllustrator 10.0.3 (http://www.adobe.com) software sotion of 10 mM). After autoclaving, sulfate-reducing medium
as to determine the exact position of a band on the gel, anevas reduced by addition of sterile sodium sulfide (1.2 mM).
the ImageJ software package (http://rsbweb.nih.gov/ij/) toProduction of sulfide was checked through the colorimetric
determine the intensity of each band, as described by Fromimethod of Cord-Ruwisch (Cord-Ruwish, 1985). Finally, lig-
et al. (2002). Unweighted Pair Group Method with Arith- uid selective media for methanogens were prepared on the
metic Mean (UPGMA) dendrogram and Multidimensional basis of the ASW prepared without sulfate, reduced with
Scaling (MDS) based on Bray Curtis similarities between sodium sulfide (1.2 mM), and supplemented with either a
normalized DGGE profiles (presence/absence and intensiti,/CO, (80/20, 2 bars) gas phase or acetate (final concen-
matrix) were constructed by using the PRIMER v6.0 soft- tration of 10 mM). The preparation of the anaerobic me-
ware (PRIMER-E, Ltd., UK). To investigate relationships dia and all the manipulations of the anaerobic cultures were
between bacterial community structure and environmentaperformed in an anaerobic chamber (Coy Laboratory Inc.)
parameters, we used a direct gradient approach, canonicaind media for sulfate-reducing bacteria were prepared as de-
correspondence analysis (CCA), using the software packagscribed elsewhere (Widdel and Bak, 1992). All media con-
CANOCO version 4.5 for Windows, as previously described tained resazurin (0.5gt) as an anaerobiosis indicator. The

by Ghiglione et al. (2008). media were inoculated with 1 % sediment slurry and incu-
bated for 3 months, in the dark, at 4°C, 16°C, 20°C and
2.9 Enrichment and isolation of microbial strains 37°C. As a negative control, uninoculated media were in-

cubated under the same conditions. Growth was routinely
Enrichment cultures were set-up in triplicates from threemonitored by observation of the Petri dishes or by optical
depth intervals of the RHS-KS33 core (Gulf of Lion): 109— microscopy.

114 cm, 478-481 cm and 698-703 cm. Cultivation assays targeting members of the subdbsess
Aerobic cultures were performed on non-selective and setaproteobacteriavere performed with samples collected at
lective media. Solid non-selective media for heterotrophsdepth intervals 45-52 cm, 101-105cm, 251-256 cm, 422—
(Marine Broth 2216 media, BD Difco™) were prepared 427 cm, 583-587 cm, 752—757 cm and 808-813cm for the
with two different gelifying agents: agar (1.5 % w/v, Sigma- Ligurian Sea core KESC9-30, and with samples collected at
Aldrich, Deissenhofen, Germany) or Phytagel™(0.8 % wl/v, depth intervals of 84—88 cm, 198-203 cm, 267-271 cm, 307—
Sigma-Aldrich, Deissenhofen, Germany). Selective solid312 cm and 508-512 cm for the Gulf of Lion core RHS-KS-
media for heterotrophs were prepared on the basis of artificiaB3. These assays were done under aerobic growth conditions
seawater (ASW), amended with one single substrate. The aen a modified R2A medium (Gomila et al., 2007), contain-

tificial seawater basis contained per litre: KBr (0.09 g), KClI ing for 11 of distilled water: CaCl (0.1g), MgSQ-7H,0
(0.69), CaCl (1.47g), MgCh-6H,0 (5.67g), NaCl (30g), (0.0492¢), NaCl (5g), yeast extract (0.5 g), sodium pyruvate
SrCh-6H20 (0.02 g), MgSQ-7H20 (5.62 g), NaF (0.002g), (0.39), acid hydrolysate of casein (0.5 g), pancreatic digest of
and PIPES buffer (3g). The pH was adjusted to 7.5. Af-casein (0.25 g), meat extract (0.3 g) and PIPES buffer (3.4 g).
ter autoclaving, the medium was cooled and the followingThe pH was adjusted to 7.2 before autoclaving. After au-
solutions were added from sterile stock solutions:s8H  toclaving, KkHPOy (5mll~1) and glucose (0.5gf) were
(4.67 mM), KH,POy (1.5 mM), a solution of seven vitamins added to the medium from 1M sterile stock solutions. Cul-
(1X) (Widdel and Bak, 1992), a trace element solution (1X) ture media were inoculated with 1 % sediment slurry and in-
(Widdel and Bak, 1992) and a selenite—tungstate solutiorcubated at 25 °C in the dark. Positive enrichment cultures ob-
(1X) (Widdel and Bak, 1992). One of the following sub- tained on solid media were purified by repeated streaking on
strates was then added to the artificial seawater mediumplates. The dilution-to-extinction technique was employed to
acetate (10mM), glucose (10 mM), cellulose (0.5%1or isolate strains from the liquid cultures.

www.biogeosciences.net/9/3491/2012/ Biogeosciences, 9, 3491-3512, 2012
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Fig. 2. Principal physicochemical characteristics of studied cores. (TC) total carbon, (light blue) and (TOC) total organic carbon (dark blue).

3 Results ical changes compared to core RHS-KS-33. Core KESC9-30
showed alternations of clay rich layers, with abundant plank-
3.1 Sediment structure and paleoenvironment tonic and benthic faunas, and coarse grained layers (silt to

coarse sand layers) (Fig. 2). At the top, the core was domi-

Sedimentary facies from Gulf of Lion core RHS-KS-33 were nated by numerous silty laminae<§2.5 pm) that evolved
re|ative|y homogeneous and dominated by C|ay_rich litholo- downcore to thick centimetric to pluri-centimetric fine to
gies (<3.9 um) with silty-clay laminaes within the first upper medium sand turbidites<500 um) with locally erosional
meter, a silt €62 pm) rich layer at the top of the core (be- basal contact (Fig. 2). Clay rich deposits were interpreted as
tween 17-40 cm), and very fine to fine sand enrichment in thedominantly pelagic intervals, while coarse layers were inter-
upper 20 cm. Abundant organic matter spots and bioturbatioPreted as turbidites. TOC was low and ranged from 0.1%
were observed throughout the core (F|g 2) TOC content 01t0 0.5%:; alternations of Organic carbon-rich intervals with
this core was low and ranged from 0.3% to 0.5 % (Fig. 2). carbon-lead intervals were closely correlated with grain-size
TC content ranged between 4.6 % and 5.6 %, and its proPattern (Fig. 2). Lowest TOC values<Q.2 %) occurred in
file usually followed the Ca pattern (Fig. 2 and Supplementsandy layers, in particular below 600 centimeters, at the bot-
online Fig. S1, S2). In this core on the Ca profile, one cantom of the core (Fig. 2). TC (between 3.5 % and 6 %) profiles
distinguish a maximum between 440 and 520 cm (see Supwere relatively scattered, especially below 600 centimeters,
plement online Fig. S1, S2). The sedimentological succesWhere the turbidite frequency increased significantly.

sion of core KESC9-30 was characterized by major litholog-
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3.2 Geochemical composition of sediment and pore for a given gel position (see Supplement online Fig. S4-6).
water Bands with equivalent positions in different lanes always cor-
responded to the same sequence. 117 of the 131 sequenced
Along the Gulf of Lion core RHS-KS-33, elemental com- bands showed 95 % or higher similarity to their closest rela-
positions were fairly homogeneous, with only minor shifts tive within the GenBank database. Within the 611 bands ob-
at the top and around 500 cm (Supplement online Fig. S2served on all DGGE gelsAfchaea+ Bacterig), 63 % were
Table S2). Elemental compositions in the Ligurian Sea coredentified (68 % and 65 % of the bacterial bands were respec-
KESC9-30 varied downcore and generally followed the tively identified for the cores KESC9-30 and RHS-KS-33)
lithostratigraphy. Clay-rich intervals were characterized byand used for construction of cumulative bacterial/archaeal
small variations in the elemental composition of the sedi-plots at each depth (Fig. 3a and b).
ment, compared to sandy-rich intervals, always characterized
by the same variations within the elemental composition. Be-3.3.1 Archaeal communities
low 600 cm, the silty turbidites were replaced by sandy tur-
bidites (Fig. S2). The archaeal diversity of core RHS-KS-33 was exclusively
At both sites, pore water salinities were generally closecomposed of sequences closely related to the Miscellaneous
to sea water values (38 %o) and locally increased to moreCrenarchaeotic Group (MCG), an uncultivated lineage pre-
than 42.5%. (Fig. 2). Pore water salinities of the core dominant in 16S rRNA archaeal clone libraries obtained
KESC9-30 were high %42.5%o) in the clay-rich layers from marine deep subsurface sediments (Fry et al., 2008;
(480—490cm) and in silty turbidites (around 640cm), but Teske and Sgrensen, 2008) (Fig. 3a). In core KESC9-30,
lower (mean = 39.4 %0 after 500 cm) in sandy turbidites. nine different lineages were present along the core. The most
In general, salinity profiles followed the sodium and chlo- abundant group was MCG (37.8 %) followed by the South
ride profiles (Fig. 2 and S3). Sulfate decreased with depthAfrican Gold Mine Euryarchaeotic Group 1 (SAGMEG-1;
suggesting that microbial sulfate reduction occurred at bot21.6 %) and byHalobacteria(16.2 %). In addition, a number
sites. In addition, sulfate and salinity peaks were observeaf minor uncultivated archaeal groups including the Marine
between 633 and 667 cm of core KESC9-30, indicating thatGroup | (MGI), the Marine Benthic Group B (MBGB; syn-
seawater penetrated within this turbiditic layer. Similar to onymous with Deep-Sea Archaeal Group (DSAG)), the Ma-
sulfate concentrations, magnesium concentrations decreasehe Benthic Group C (MBGC), the Marine Benthic Group
with depth. D (MBGD) and the SAGMEG-relatives were retrieved (each
representing less than 5.4 % of the sequences). MGI were
3.3 Microbial abundance and community composition dominant at the top of the core, while other groups were
present at different depths throughout the core (Fig. 3b).
Total cell numbers were determined by epifluorescence
counts at, respectively, ten and seventeen depths in corex3.2 Bacterial communities
RHS-KS-33 and KESC9-30 (Fig. 3). Microbial abun-
dances varied from 581Cfcellscnt® (12-17cm) to  Bacterial communities presented much more diverse DGGE
3.7x 1CPcellscn® (378-382cm) in the Gulf of Lion band profiles than archaeal communities at both sites. The
core RHS-KS-33 and between 4«410° cellscnt3 (101-  sequenced DGGE bands from the Gulf of Lion core RHS-
105 cm) and 6.& 10° cells cnm2 (351-356 cm) in the Lig- KS-33 belonged to the lineagdacteroidetes, Proteobac-
urian Sea core KESC9-30. At the Gulf of Lion site, the total teria (classesAlpha, Beta- and Gammaproteobacteyja
cell numbers slightly decreased with increasing depth, whileActinobacteriaand Firmicutes The phylumBacteroidetes
at the Ligurian Sea site they remained relatively constant{29.6 % of total bacterial relative abundances) dominated
(Fig. 3). Archaeaand Bacteriawere present in both cores. almost all depth intervals, except the surface layers (12—
Bacterial 16S rRNA genes were successfully amplified atl7 cm) where it represented less than 20% of the diver-
all depth along both cores, while archaeal 16S rRNA genesity. Within the Proteobacteria the classBetaproteobacte-
could be amplified from only four depth intervals of core ria (18.3%) was the second-most abundant lineage at this
RHS-KS-33 and thirteen depth intervals of core KESC9-30site with sequences belonging to three familiBarkholde-
(Fig. 3). Despite additional trials with different PCR condi- riaceae Ralstoniaceaeand Comamonadacede Betapro-
tions (with additional DNA extracts and decreased annealteobacteriawere encountered at almost all depths, except at
ing temperatures), amplification of archaeal 16S rRNA genes34-88 cm and 307-312 cm (Fig. 3a). Sequences belonging to
from other depths remained unsuccessful. DGGE was usethe phylumActinobacteria7.5 %) grouped within one single
to determine the depth patterns of the dominant membergamily (Propionibacteriaceag while the phylumFirmicutes
of microbial communities, and bands were excised to deter{6.1 %) was represented by three famili€dstridiaceae
mine taxonomic affiliations. In total, 131 DGGE bands from Veillonellaceaeand StaphylococcacedeSequences belong-
the two cores were sequenced and used for phylogenetimg to the classeslpha- and Gammaproteobacterigarely
analyses. At least three bands were excised and sequencedcurred at this site<3 %). Overall, sequences of this core
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Fig. 3a.Depth distribution of the bacterial and archaeal community structures based on 16S rRNA gene, and total cell numbers compared with
the lithological structure, in the Gulf of Lion and the Ligurian Sea. The column diagrams represent the cumulative percentages of bacterial
and archaeal phylotypes detected at the two s{fesGulf of Lion (RHS-KS-33),(B) Ligurian Sea (KESC9-30). The relative abundance of
different families represents the sum of taxa detected after sequencing of DGGE bands reported in the total number of sequences observe
on each lane of the DGGE gels. The phylogenetic affiliation of each band sequence was determined by similarity analysis. The total number
of bands observed at each sampled interval and the total number of identified bands are given in parentheses on the left of the bars. The
black line in the right part of the diagrams separatesBb@proteobacteriatequences from other bacterial sequences. The solid red curve
represents the general depth distribution of subsurface bacterial populations, with 95 % upper and lower prediction limits shown by dashed red
curves (from Parkes and collaborators, 2000). Abbreviations: cmbsf, centimeters below the seafloor; NA, not amplified; SAGMEG-1, South
African Gold Mine Euryarchaeotal Group 1; MBGD, Marine Benthic Group D; MBGB, Marine Benthic Group B; MCG, Miscellaneous
Crenarchaeotic Group; MGI, Marine Group |.
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Fig. 3b. Continued.

were closely related to ubiquitous microorganisms previ-from soil (Phuong et al., 2008; Schouten et al., 2010), wa-
ously recovered from marine or terrestrial environments con-er, groundwater (Sahl et al., 2008) and petroleum crude oil
taminated with heavy metals (Selenska-Pobell et al., 2001samples (Yamane et al., 2008).

Akob et al., 2007; Bruun et al., 2010; Ka
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Table 1.16S ribosomal DNA sequence similarity analysis of cultured isolates from cores KESC9-30 and RHS-KS-33.

Sequence type AccessionNo  Noof  Depthorigin  Culture conditions Closest cultured genus Taxonomic affiliation
isolates  (cmbsf)* (% BLASTN identity)

Gulf of Lion

Alphaproteobacteria
RHS-str.Ne D HE589592 1 109 MB2216-agap,Q0°C Pelagicolasp. (96.5 %) Rhodobacteraceae
RHS-str.108Ne E HE586857 1 109 MB2216-agarp G°C Pelagicolasp. (96.4 %) Rhodobacteraceae
RHS-str.305 HE586858 6 109, 478 Acetate-agar, Z0°C or 37C Phaeobactesp. (99 %) Rhodobacteraceae
RHS-str.307 HE586859 1 109 Acetate-agay, 20°C Phaeobactesp. (98 %) Rhodobacteraceae
RHS-str.404 HE589593 2 109, 478 Glucose-agar,20°C Phaeobactesp. (98 %) Rhodobacteraceae
RHS-str.502 HE586860 2 109, 478 Pyruvate fermentation Sphingomonasp. (91 %)
RHS-str.509 HE586861 2 478 Glucose fermentation, 20 €37 Sphingomonasp. (89 %)

Gammaproteobacteria
RHS-str.1022EC HE586862 1 109 MB2216-agarp(B7°C Marinobactersp. (99 %) Alteromonadaceae
RHS-str.1033BL HE586863 1 109 MB2216-agar,037°C Marinobactersp. (99 %) Alteromonadaceae
RHS-str.1044JA HE586864 2 109, 478 MB2216-agar,37°C Idiomarinasp. (99 %) Idiomarinaceae
RHS-str.1055CR HE586865 3 109, 478,698 MB2216-agag, @7°C Halomonassp. (99 %) Halomonadaceae
RHS-str.1066PE HE586866 2 109, 478 MB2216-agag, Q0 or 37°C Halomonassp. (99 %) Halomonadaceae
RHS-str.7RO HE586867 1 478 MB2216-agap, @6°C Shewanellasp. (99 %) Shewanellaceae
RHS-str.Or F HE586868 2 109, 478 MB2216-agag, @ C or 20°C Halomonassp. (99 %) Halomonadaceae
RHS-str.BrtG HE586869 1 109 MB2216-agarp4°C Pseudoalteromonasp. (99 %) Pseudoalteromonadaceae
RHS-str.202Mar A HE586870 4 109, 478 MB2216-phytagel, @0 or 37°C  Marinobactersp. (99 %) Alteromonadaceae
RHS-str. 203Cr B HE586871 5 109, 478,698 MB2216-phytagep, @0 or 37°C  Halomonassp. (99 %) Halomonadaceae
RHS-str.204Cr C HE586872 2 109, 478 MB2216-phytageh,@7°C Halomonassp. (99 %) Halomonadaceae
RHS-str.402 HE586873 2 109, 478 Glucose-agar,2D°C Pseudoalteromonasp. (99 %) Pseudoalteromonadaceae
RHS-str.403 HE586874 4 109, 478,698 Glucose-agar20°C or 37°C Halomonassp. (99 %) Halomonadaceae
RHS-str.405 HE586875 4 109, 478 Glucose-agar,2D°C or 37°C Pseudoalteromonasp. (99 %) Pseudoalteromonadaceae
RHS-str.X_19b HE586876 1 109 Glucose-agap,Q0°C Halomonassp. (99%) Halomonadaceae
RHS-str.406 HE586877 2 109, 478 Glucose-agar,2D°C Pseudoalteromonasp. (99 %) Pseudoalteromonadaceae
RHS-str.407 HE586878 3 109, 478,698 Glucose-agar20°C Pseudoalteromonasp. (99 %) Pseudoalteromonadaceae
RHS-str.409 HE586879 3 109, 478 Glucose-agar,2D°C or 37°C Pseudoalteromonasp. (99 %) Pseudoalteromonadaceae
RHS-str.301 HE586880 2 109, 478 Acetate-agar, ZD°C or 37°C Marinobactersp. (99 %) Alteromonadaceae
RHS-str.302 HE586881 4 109, 478 Acetate-agar, ZD°C or 37°C Halomonassp. (100 %) Halomonadaceae
RHS-str.303 HE586882 1 478 Acetate-agayg, 87°C Alcanivoraxsp. (99 %) Alcanivoracaceae
RHS-str.304 HE586883 1 478 Acetate-agag, 20°C Marinobactersp. (99 %) Alteromonadaceae
RHS-str.308 HE586884 1 478 Acetate-agay, 20°C Halomonassp. (99 %) Halomonadaceae
RHS-str.90 HE586885 1 84 Modified R2A mediumy,@5°C  Aeromonasp. (99 %) Aeromonadaceae
RHS-str.220 HE586886 1 198 Modified R2A medium, @5°C ~ Pseudomonasp. (99 %) Pseudomonadaceae

Firmicutes
RHS-str.320 HE586887 1 307 Modified R2A medium, @5°C  Bacillussp. (99 %) Bacillaceae Actinobacteria
RHS-str.520 HE586888 1 508 Modified R2A medium, @5°C  Brevibacteriunmsp. (99 %) Brevibacteraceae
Ligurian Sea

Gammaproteobacteria
ESC-str.110 HE586889 1 101 Modified R2A medium, @5°C ~ Halomonassp. (99 %) Halomonadaceae
ESC-str.770 HE586890 1 752 Modified R2A medium, @5°C  Pseudomonasp. (99 %) Pseudomonadaceae

Firmicutes
ESC-str.50 HE586891 1 45 Modified R2A mediun, @5°C  Bacillussp. (99 %) Bacillaceae

Actinobacteria
ESC-str.590 HE586892 1 583 Modified R2A medium, @5°C  Brevibacteriursp. (99 %) Brevibacteraceae

* cmbsf: centimeters below the seafloor

Bacterial communities of the Ligurian Sea core KESC9-30to the generd&Ralstoniaand Comamonastwo key taxa of
were composed d?Proteobacterigclassef\lpha, Beta-and  soil microbial communities capable of degrading recalcitrant
GammaproteobacterjaChloroflexi Bacteroideteand can-  compounds. The phyl@ammaproteobacteriél2.1 % of to-
didate division OP8. The clag¥etaproteobacterig37.9%) tal) andBacteroideteg8.7 %) comprised, respectively, one
was the most frequently detected lineage at all depth interfamily (Moraxellace&) and two families $phingobacteri-
vals. The percentage of this group changed with depth fromaceaeand Flavobacteriaceag and were distributed at dif-
about 29.3% within the surface clay-rich layers to 53.8 % ferent depths within this core. At this site, sequences were
after 400 cm within turbidites (Fig. 3b). Sequences relatedclosely related to environmental sequences or isolates orig-
to the classBetaproteobacteriagrouped within four fam- inating from soil (Zinger et al., 2009), groundwater, waste
ilies (OxalobacteraceaeBurkholderiaceag Ralstoniaceae  water (Gomila et al., 2007), mines (Sahl et al., 2008) and
andComamonadacea@nd the most abundant families were mining lakes (Kampe et al., 2010). Most of them were re-
the Ralstoniacead16.1%), followed byComamonadaceae lated to strains able to degrade several classes of recalcitrant
(7.7 %). Within these families, sequences were affiliatedcompounds. Another group retrieved only at this site was the

Biogeosciences, 9, 3491-3512, 2012 www.hiogeosciences.net/9/3491/2012/



M.-C. Ciobanu et al.: Sedimentological imprint on subseafloor microbial communities 3501

phylum Chloroflexithat encompassed 4.7 % of the bacterial 3.5 Bacterial community structure and ecological

diversity. All detected sequences belonged to the subdivision analysis of physicochemical variables

Il of this phylum (Hugenholtz et al., 1998) and were mainly

present at shallow depths (from 3 cm to 286 cm) in layersWe first performed CCA using all physicochemical parame-
dominated by clay or silty-clay. These sequences were moders as constrained variables of the bacterial community di-
closely related to clones obtained from marine subsurfaceersity from DGGE fingerprints of Gulf of Lion core RHS-
sediments of Pacific Ocean margin (Inagaki et al., 2006),KS-33 samples. A strong Spearman’s rank pairwise corre-
Gulf of Mexico (Nunoura et al., 2009) and from tidal flat lation between Ba and Sr/C& & 0.92, p<0.01) allowed
sediments from the Wadden Sea (Wilms et al., 2006) (ovews to use barium as a proxy of strontium/calcium to per-
95 % sequence similarity). The closest cultured relative toform CCA together with the other physicochemical param-
our sequences was the bacterildehalogenimonas lykan- eters. We found that 44.8 % of changes in the DGGE pro-
throporepellensstrain BL-DC-9, with a sequence similarity files could be explained by a set of physicochemical pa-
of 89 %, a strain capable of reductively dehalogenating 1,2,3¥ameters including S, MgO, Sr, Ba and to a lesser extend
trichloropropane (Yan et al., 2009). Details for sequence simNi and K/Al (Table 2 and Fig. 4). The cumulative percent-
ilarities of excised DGGE bands are available as Supplemengge of the first two canonical axes accounted for 57.3%
information (Fig. S4-6). of this variance (Table 2). Subsequent axes accounted for
less than 13 % of the variance each, and were not consid-
ered further. The first canonical axis was highly negatively
correlated to sulfate (ca-0.75), to a lesser extent to bar-
ium (ca. —0.5), and slightly positively correlated to strontium
In this study, two cultivation strategies were used. (i) First,and potassium/aluminum (ca. 0.2). This first synthetic gra-
enrichment cultures were performed from three depth in-dient clearly separated deep samples (below 500 cm) from
tervals on the RHS-KS-33 core to isolate a broad spectrunshallower samples (from the top to 350 cm), indicating that
of physiological types of marine microorganisms (Table 1). their community composition varied with different concen-
(i) Then, after we highlighted the dominance Bétapro-  trations of these chemical species. The second canonical axis
teobacteriaat both studied sites, a specific culture medium was highly positively correlated with nickel and magnesium,
was designed (see Methods section) and enrichment assagiearly separating depth intervals (around 200 cm and around
were performed at different depth intervals on both stud-400cm) (Fig. 4). The total variance of fitted Ligurian Sea
ied cores (Fig. 3) in order to cultivate representatives of thiscore KESC9-30 sample DGGE data when using several vari-
group. Generally, growth was detected at both sites, and a tcables such as sulfate, age, iron, manganese, strontium and
tal of 75 strains were isolated on various substrates and cultitanium/calcium was 28.7 % (Table 2). The cumulative per-
tivation conditions. Phylogenetic analyses revealed that theentage of variance of the species—environment relationship
strains belonged to four lineagespha- Gammaproteobac- indicates that the first and second canonical axes account for
teria, Firmicutesand Actinobacteria In core RHS-KS-33, 24.4% and 45.2% of this variance, respectively. The first
the largest number of isolates affiliated with tRammapro-  canonical axis was highly positively correlated with sulfate
teobacteria(54 strains, 73.97 % of the culture collection, (ca.0.80), to a lesser extent with iron, manganese, strontium,
Table 1). Most of them were closely related to the generatitanium/calcium 0.4), and highly negatively correlated
Halomonag23 strains)Pseudoalteromonad5 strains) and ~ with age (ca. —0.80). For this core, Spearman’s rank pairwise
Marinobacter (9 strains), with over 99 % sequence similar- correlation revealed that Ti/Ca was a proxy for Fe/Ca, Ca/Al
ity. In core RHS-KS-33, the results obtained in aerobic richand AbOg3; F&O3 was a proxy for Zn and Ti@(Fig. 4). The

and selective solid media showed the presence of a largdirst observed gradient clearly confirmed that the age of the
diversity of cultivated prokaryotes at shallow depths than atsediments (which is also related to the source of sediments)
the bottom of the core. Several liquid enrichment culturesclearly influences the structure and the composition of bac-
targeting nitrate reducers or sulfate-reducers were obtaineterial communities below 400 cm. At shallower depths (100—-
but could not be maintained until isolation, and no posi- 300 cm), we observed that the bacterial community structure
tive enrichment was obtained for methanogens. In contrastwas driven by factors other than the sedimentary dynam-
all enrichment cultures designed for the growth of fermen-ics, such as sulfate concentration and to a lesser extent some
tative microorganisms were positive with a high turbidity, metal concentrations (Fig. 4).

indicating the presence of this physiological group at each

depth interval. Unexpectedly, cultures made on the modified

R2A medium at 25C did not allow isolating members of 4 Discussion

the clasBetaproteobacteriaPhylogenetic analysis revealed

that the isolated strains on this medium belonged to the lin-The study of a well-characterized area represents an op-
eagessammaproteobacterjdirmicutesandActinobacteria  portunity to use numerous environmental data sets, con-
(Table 1). trary to exploratory surveys. In this respect, the continuous

3.4 Microbial cultures
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Table 2. Summary of the results from canonical correspondence analyses of the bacterial community structure data when constrained by
environmental variables.

1.0

-1.0

Environmental variables RHS-KS-33 KESC9-30
Total inertia 1.754 3.703
Sum of all canonical eigenvalues 0.783 1.061
CCA explained variability* 44.74% 28.65%

Axis 1 Axis 2 Axis 1 Axis 2
Eigenvalues 0.269 0.180 0.231 0.198
Species—environment correlations  0.905 0.810 0.900 0.833
Cumulative percentage variance
of species data 15.3 25.6 6.2 11.6
of species—environment relation 343 57.3 24.4 45.2

Monte Carlo test

F-ratio: 1.88, P-value: 0.002

F-ratio: 1.86, P-value: 0.002

* Sum of all canonical eigenvalues/Total inertia
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Fig. 4. Canonical correspondence analysis (DGGE bands intensity) of bacterial community structure from core RHS-KS-33 and core KESC9-
30. Red arrows point in the direction of increasing values of each variable. The length of the arrows indicates the degree of correlation with
the represented axes. The position of samples relative to arrows is interpreted by projecting the points perpendicularly on the arrow and
indicates the extent to which a sample is influenced by the environmental parameter represented by that arrow. Samples from different deptt
intervals are indicated by light grey circles.

and well-preserved depositional environment of the Westdimitations: it is potentially affected by PCR-inherent biases,
ern Mediterranean Sea is particularly well-documented (Raby the presence of multiple band patterns for a single species
bineau et al., 2005). Thus, the cores RHS-KS-33 and(Nubel et al., 1996), or by the occurrence of dissimilar se-
KESC9-30 investigated here could be compared with sevquences that may develop a co-migrating behavior within a
eral reference cores from the Gulf of Lion and the Ligurian DGGE gel (Rossello-Mora et al., 1999). Even so, DGGE is
Sea collected at the same water depth, showing that thesa powerful tool for rapid monitoring of successive changes
cores are representative of their depositional settings (i.e. upwithin microbial communities. In this study, bacterial DGGE
profiles, statistical analyses with environmental parameters,

per slope and dedpvee respectively).

The vertical distribution of communities in marine subsur- and excision and sequencing of DGGE bands allowed us to
face sediments of the Western Mediterranean Sea was invegbserve several changes in the microbial community struc-
tigated by the DGGE fingerprinting method that allows pro- ture and composition of subsurface sediments in the Western
cessing and analysis of a great number of samples in a reprdvliediterranean Sea linked to changes in environmental con-
ducible way. This technique is commonly used in microbial ditions since the Last Glacial Maximum (LGM), as described
ecology and is quite sensitive. However, this tool has somehereafter.
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4.1 A microbial diversity impacted by the They are likely to be heterotrophic anaerobes capable of us-
paleoenvironmental conditions and the geochemical ing complex organic substrates (Teske and Sgrensen, 2008),
sediment and pore water compositions and this may explain why they are so widely distributed in

marine and terrestrial systems (Teske and Sgrensen, 2008).

The results of this study provide insights into identities of Likewise, members of other archaeal clusters previously
predominant microorganisms at two contrasted sites from théound in deep marine/terrestrial sediments such as SAG-
Western Mediterranean Sea. The total cell numbers in surMEG, MBGB, MBGC, MBGD and MGI (Fry et al., 2008;
face layers at both studied locations were generally one offeske and Sgrensen, 2008) were also found in the Ligurian
two orders of magnitude lower compared to the universalSea, at different depths, with various sediment compositions
depth distribution of subsurface bacterial populations pro-(Fig. 3).
posed by Parkes et al. (2000) (Fig. 3). The possible envi-
ronmental factors that control biomass, diversity and activity4.1.2 Bacterial diversity
of subseafloor microbial communities have been previously
discussed (Jgrgensen and D’Hondt, 2006), and the imporn general, the bacterial DGGE libraries were very diverse
tance of organic compounds driving microbial community at both sites. Ubiquitous lineages such Bestaproteobac-
densities in subseafloor sediments has often been pointed otdria,Bacteroidetesand Gammaproteobacteriwere present
(Lipp et al., 2008). These low cell number values might beat both sites, whiléctinobacteriaand Firmicuteswere de-
explained by the very low TOC contents (less than 0.5 %) andected only in the Gulf of Lion andChloroflexi only in
by the quality of the organic matter (OM). A paradigm com- the Ligurian Sea. This diversity is similar with diversi-
monly seen in the literature is that terrigenous OM (decay-ties found in other studies on Eastern Mediterranean Sea
ing vegetation and fauna) is highly refractory in comparisonsediments in which bacterial clone libraries were domi-
to native marine OM (phytoplankton production) (Hedges etnated byAlpha-, Gamma-Deltaproteobacteria, Acidobac-
al., 1997). This might be the case here. At the present timeteria, PlanctomycetesActinobacteria Bacteroidetesand a
the role of terrigenous organic matter and its fate in the ocearfiew Verrucomicrobia, Firmicutes, Betaproteobacteriand
is still a subject of current debate (Benner, 2004). Chloroflexi(Polymenakou et al., 2005b; Polymenakou et al.,

The structure and the composition of archaeal and bacte2009). NeverthelessDeltaproteobacteria Planctomycetes
rial assemblages in these samples are diverse and very diffeandVerrucomicrobiawere not detected in this survey. Con-
ent from those encountered in other deep-sea sediment sedidering that the DGGE method detects preferentially the
tings and locations within the Mediterranean Sea, such aslominant groups, these groups may not be dominant in this
surficial sediments (first centimeters) (Polymenakou et al.region. Our results indicate that bacterial assemblages from
2005b; Polymenakou et al., 2009), mud volcanoes (Lazar ethe Western Mediterranean Sea sediments (dominat8a by

al., 2011) and brines (La Cono et al., 2011). taproteobacteriq are very different from those encountered
in the Eastern Mediterranean Sea sediments (dominated by
4.1.1 Archaeal diversity Acidobacterid. This finding is in agreement with previous

studies where significant longitudinal differences were ob-
Fingerprinting analysis of archaeal and bacterial communi-served between the Western, Central and Eastern Mediter-
ties at both study sites revealed that the archaeal OTU (opranean Sea, indicating a high regional variability (Poly-
erational taxonomic units) number was much lower thanmenakou et al., 2005b, a; Heijs et al., 2008; Danovaro et
that for Bacterig which is consistent with the shallow depth al., 2010). One possible explanation is that microbial com-
of these subseafloor sediments (Danovaro et al., 2010 anchunities in coastal subseafloor environments are strongly in-
references therein). Besides, archaeal diversity seems to Heienced by geological and geochemical settings (Inagaki et
closely influenced by the lithological structure. Core RHS- al., 2006; Nunoura et al., 2009; Danovaro et al., 2010). Fur-
KS-33, which is characterized by a homogenous distribu-thermore, the difference in depositional environments, which
tion of facies, was dominated by a single archaeal groupreflects the source and the bioavailability of organic carbon,
(the MCG). On the other hand, core KESC9-30, charac-may explain the different microbial communities in the Gulf
terized by heterogeneous facies, was dominated by ninef Lion and the Ligurian Sea (Nunoura et al., 2009). The
different archaeal clusters. The archaeal diversity of bothconsistent occurrence of a typical terrestrial groBptépro-
studied sites was typical for marine sediments, representeteobacterig at the two studied sites is surprising since both
by widely distributed and typical subseafloor groups. MCG sites have never been emerged despite sea-level changes.
dominated the archaeal diversity at both sites. MCG were
consistently found in marine sediments from different loca-4.1.3 Cultures
tions, notably from the Peru margin (organic carbon rich,
sites 1227, 1228, 1229) (Parkes et al., 2005; Inagaki efhe cultivation-based survey demonstrated that aerobic het-
al., 2006; Sgrensen and Teske, 2006; Webster et al., 200@&rotrophs, fermenters, nitrate-reducers and sulfate-reducers
and the Sea of Okhotsk (ash layers) (Inagaki et al., 2003)were present in the Gulf of Lion. The collection of bacterial
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strains isolated from the Gulf of Lion was represented byrine). Depth distributions below 500 cm were influenced by
mesophilic or psychrophilic aerobic heterotrophs belong-strontium and potassium/aluminum, used to trace sediment
ing to theGamma and theAlphaproteobacteriaThese re-  sources, as these elements are present only in soil minerals
sults are consistent with in situ temperatures, estimated tdsilicates) (Yarincik et al., 2000). In the Gulf of Lion, miner-
be between 13-14C. The cultivation of aerobic or facul- als such as micas (silicates) are common and were found in
tative anaerobic strains from deep sediment layers has akhe twin core MD99-2348 (Rabineau et al., 2005). Distribu-
ready been reported in the literature from samples collectedion of bacterial communities in the Ligurian Sea is strongly
between 77 and 420 mb.s.f (Batzke et al., 2007; Parkes ahfluenced by the pore water sulfate concentrations at the top
al., 2009). In this study, the isolation of bacterial strains un-of the core, while below 400 cm it is mostly impacted by the
der aerobic conditions from anoxic sediments may be ex-sediment age which reflects the high frequency of turbidites
plained by the fact that some of these strains are faculta{Figs. 4, 5).

tive anaerobes (e.glalomonas, Marinobacter, Alcanivorax The availability of electron acceptors (sulfate and metal
or that they are true aerobes that were inactive in situ (i.eoxides), the quality of electron donors (indicated by age) and
“in dormancy”). Within theGammaproteobacterjanost of  the lithological structure (e.g. grain size, mineral composi-
the isolates were affiliated to the gentalomonasa ubiqui-  tion, sedimentation rate) seem to constrain the stratification
tous halotolerant microorganism. Unexpectedly, five isolatesof microbial communities from the Mediterranean Sea sed-
of Alphaproteobacteriavere distantly related to their clos- iments. This result was previously observed elsewhere (Ina-
est cultured representative (below 98.7 % 16S rRNA similar-gaki et al., 2006). Moreover, these results seem to be linked
ity, the threshold value for the delineation of a new species)o paleoenvironmental conditions via sediment structure, or-
(Stackebrandt and Ebers, 2006), indicating that these strainganic matter quality and geochemical composition of sedi-
represent novel species (Table 1). Even though the microbiainents.

abundances and the total organic carbon content at both sites

are quite low, both studied sites may support a heterotrophiel.2 Imprint of climatic events on the microbial

microbial ecosystem, since a predominance of strains and community structure/composition

sequences affiliated with heterotrophic taxa have been re-

covered. Molecular inventories have revealed the presencd.2.1 Quaternary Climatic changes in the Western

of numerous sequences affiliated with environmental clones Mediterranean Sea

from hydrocarbon-polluted or metal-contaminated habitats,

and cultures led to the isolation of several heterotrophicDuring the Quaternary, essential climate changes took place
taxa known for their ability to degrade refractory substratesin Western Europe with the occurrence of large glaciations
(e.g. Marinobacter, Halomongs suggesting that refractory and major changes in sea level, air temperature, humidity,
substrates may somehow support this low biomass microbiavegetation, and oceanic currents that strongly impacted ma-
ecosystem. Molecular and cultural approaches gave the santee and terrestrial ecosystems. The two climatic extremes
results at the phylum level but showed numerous differencesre represented by glacial periods with cold climate and low
at the family level, as already observed in different locationssea levels, and interglacial periods with warm climate and

(Fry et al., 2008 and references therein). high sea levels. During the Last Glacial Maximum (LGM;
18-26 ka cal BP), mountain glaciers covered a large part of
4.1.4 CCA analysis the Alps, and smaller glaciers also existed in the Pyrenees

and the Massif Central (Fig. 1b) (Antoine et al., 1999; Hin-
A major issue of this study was to determine whether changeslerer, 2001). The mountain glaciers generated significant
in dominant bacterial community structure with depth in the physical erosion episodes, providing important volumes of
sediment cores were driven by their depositional paleoenvisediments of various grain sizes that were transported by
ronment. Our CCA analysis regrouped bacterial communi-rivers and ultimately deposited in the Gulf of Lion and the
ties according to their vertical distribution, driven by several Ligurian Sea. Throughout the last glacial period, extreme
combinations of environmental parameters specific to eaclttold events named Heinrich events were recurrent every 7—
site (Fig. 4). Changes in bacterial community composition10 ka (hamed Heinrich 1 to 5 for the last 50 ka) (Heinrich,
at the top of the Gulf of Lion core RHS-KS-33 were likely 1988) (Fig. 5a, g). These events, identified in the North At-
influenced by the pore water sulfate concentration and lithodantic Ocean and North Sea sediments as ice-rafted detritus
logical structure (presence of sand in the upper 20 cm only)rich layers deposited from massive iceberg calving, were re-
and obviously by the availability of oxidants that can serve lated to rapid retreat of ice sheets (Bond et al., 1992). At the
as terminal electron acceptors for respiration. Middle depthtime of Heinrich events, the prodigious amounts of freshwa-
distributions seem to be influenced by concentrations in magter added to the North Atlantic also resulted in a decrease in
nesium and nickel, two nutrients taken up by microorganismssea surface temperature and salinity in the Western Mediter-
from rocks and soils (Gadd, 2010) that might be here influ-ranean Sea (Sierro et al., 2005). The LGM was followed by
enced by the origin of the sedimentary material (fluvial, ma-a rapid warming and deglaciation initiated at 19 ka cal BP
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Fig. 5. Distribution of Betaproteobacteri@uring the Last Glacial Maximum and the Holocene in marine sediments from Western Mediter-
ranean Sea (Ligurian Sea and Gulf of Liot), G) GISP2 curve (blue)}80 curves (green)A) modified from (Sierro et al., 2009(G)
modified from (Jorry et al., 2011}B) Distribution of Betaproteobacteria during the last 20(k2). Distribution of sand (63—150 um) during

the last 20 ka(D) Distribution of Ca concentrations during the last 20¢&). Distribution of the ratio Ti/Al during the last 20 kéF) Dis-
tribution of the ratio Ca/Sr during the last 20,Kbl) Distribution of Betaproteobacteria and Chloroflexi during the last 2Qikalurbidite
frequency of overflow deposits observed on the Var Sedimentary RidjgBistribution of the ratio Si/Ca during the last 20 ka. Abbrevia-
tions: late LGM, late Last Glacial Maximum (21 to 18.3 ka cal BP); H1, Heinrich 1 (15.5 to 18.3 ka cal BP, as defined in Bard et al. (2000));
H1ss, Heinrich 1 stricto sensu (centered at 16 ka cal BP, as defined in Heinrich (1988) and in Bard et al. (2000)); BA, Bglling—Allergd interval
(between 14.5 and 12.5ka cal BP; warm interval); YD, Younger Dryd®(5-11.5 ka cal BP; cold interval) (Bard et al., 2000; Hughen et

al., 2000; Alley et al., 2003; Weaver et al., 2003); T.1, last climatic termination (blue block); cts, counts; ka cal BP, calibrated kilo annum
Before Present.

(Clark et al., 2004), with sea-level rise leading to present4.2.2 Ligurian Sea
day interglacial conditions. This glacial to interglacial tran-

sition (named the last termination (T.1)) is of crucial impor- As already mentioned in the previous chapter, climatic events
tance because drastic changes occurred over a short perigf the last 20 ka might indirectly influence the distribution of
(from about 15 to 11 ka cal BP). However, the warming and mjcrobial communities at this site. One piece of evidence for
deglaciation since the LGM has not been Iinear, with Somethis hypothesis lies in the correlation between Mapro_
very rapid climate oscillations (Fig. 5a, g). Our investigations tegbacteriadistribution and the high amount of frequent tur-
on Western Mediterranean sediments suggest that climatigjgites during LGM to the beginning of Holocene (10ka)
events of the last 20 ka indirectly influenced the structure andn marine deep sediments. MdBetaproteobacteridive in
composition of microbial communities. soil and freshwater environments (Methe et al., 1998), and
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only a small fraction are present in marine environments4.2.3 Gulf of Lion
(Parkes et al., 2005), even in coastal sediments (Wilms et
al., 2006; Fry et al., 2008). Unexpectedly, because the deThe Gulf of Lion sedimentary sequence is complex, despite
positional environment of KESC9-30 is definitively a deep the homogeneous lithological structure, because sedimenta-
marine environment (2160 m) and was deep even during thé&ion rates in the area are strongly influenced by changes in sea
LGM, we discovered a high percentageBdtaproteobacte- levels (Sierro et al., 2009). At this site, Holocene sediments
ria in the DGGE sequences of KESC9-30 sediments. Wherare highly condensed. This is due to a drastic change (around
Betaproteobacteriare plotted against age, according to the 14.8ka ago) in the sedimentation rate from 2.5 mkéo
age model previously described, one can observe that thkess than 0.1 mka in relation to a rapid sea-level rise and
relative abundance of this group increases within turbiditeschange of main depocenter from outer shelf to the inner-
(20 to 11 kacal BP) (Fig. 5h). The Var turbiditic system re- middle shelf (Fig. 5a and Fig. 1) (Rabineau et al., 2005;
sults from the short connection between terrigenous sourceSierro et al., 2009). During LGM, the shoreline was posi-
and canyons, which explains high sedimentation rates ( tioned on the outer shelf/upper slope (i.e. on the edge of the
0.60mka?l) (Piper and Savoye, 1993) recorded during the present day shelf break), so the river outlet was very near the
Holocene Betaproteobacterianight have been transported position of core RHS-KS-33. We therefore studied if the bac-
by rivers and preserved for the last 20 ka as extracellulaterial community structure and composition were influenced
DNA or as dead cells. by climatic events that occurred during the LGM and just af-
Furthermore, our attempts to cultivate this group were un-ter LGM (but without major change in physical parameters
successful, which may signify that this group is maybe notsuch as grain-size and porosity).
active in marine sediments. In that caBetaproteobacteria Within these sediments, betaproteobacterial communities
might represent relicts influenced by the terrigenous input.(Fig. 5b) were less abundant than that encountered within
These findings are congruent with a previous study wherdhe Ligurian Sea (Fig. 5h). Several peak<Beftaproteobac-
more than 60 %Betaproteobacteriavere found in a marine- teria were observed during the LGM (Fig. 3 and Fig. 5b).
originated shallow subsurface layer Wang et al. (2008) sugin the Gulf of Lion, the LGM was characterized by the oc-
gested thaBetaproteobacteriavere inoculated from the ad- currence of cold and arid episodes (Heinrich events) (Jouet
jacent environments (terrestrial input through rainfalls) dur-et al., 2006; Beaudouin et al., 2007). Between 20ka and
ing historical events that influenced the sediment depositiorl 7 ka, the sea level was low, and marine sediments in the core
in the areaBetaproteobacteriavere shown to be dominant were characterized by the proximity of the shoreline and the
in other marine environments such as gas hydrate depositsver mouth at that time and by a significant terrestrial input
from Cascadia margin (Marchesi et al., 2001) or deep sub{Fig. 1) (Rabineau et al., 2005). As in the case of the Lig-
surface sediments from the Nankai Trough (Newberry eturian Sea, the terrestrial input seems to influence the compo-
al., 2004), but their presence in these habitats was not dissition of microbial communities since during this period the
cussed by the authors. Interestingly, sequences closely ré3etaproteobacteriaelative abundances increased (Fig. 5b).
lated to hydrocarbon-degradirBetaproteobacteridgenus A clear peak ofBetaproteobacteriavas observed around
Ralstonig were found in the ocean crust (Mason et al., 18.7 ka, at the same time calcium concentrations also showed
2010); this led us to hypothesize that widespread commua very prominent peak (Fig. 5d). Calcium abundance can be
nities could maintain over time, under certain conditions, inrelated either to the marine realm (through the abundance
marine environments. of microfossils with calcitic skeleton, e.g. Foraminifera) or
On the contrary, whet€Chloroflexirelative abundance is to the terrestrial realm when calcium exists in older com-
plotted against age, this group is present only in the uppepacted and outcropping sediments that can be transported by
clay-rich sediment layers from 11 ka cal BP to present dayyrivers. In our case, detailed studies of Foraminifera (Sierro
which corresponds to sedimentary sequences of marine oriet al., 2009) showed that their concentration increased dras-
gin with much fewer turbidites and more pelagic (typically tically around 14.8 ka when the sedimentation rate decreased
marine) sediments (Fig. 5h). The majority of our sequencesand created a condensed layer rich in Foraminifera. This ob-
were affiliated with subdivision Il of th€hloroflexj a phy-  servation is also imaged in the grain size curve in Fig. 5c,
logenetic branch typical for deep subsurface habitats (Wilmssince Foraminifera have a silt—sand size. Furthermore, this
etal., 2006). The detection of typical deep-biosphere bacterigpeak in Ca produced by Foraminifera occurred together with
such as theChloroflexiin early Holocene marine sediments a peak in Sr. At 18.7 ka (Fig. 5) an increase in grain size, in
and Betaproteobacterian LGM terrestrial-influenced sedi- the amount of Foraminifera (Sierro et al., 2009), and in the
ments suggests that trends in microbial communities mightamount of Sr was observed. As a consequence, we inferred
reflect terrestrial vs. marine sediment inputs. a continental source for the observed Ca peak (Fig. 5d).
This assumption is sustained by the pollen analysis made on
the twin core that showed an important amount of reworked
pollen at this depth (5 m, 18.7 ka with our age model) (Beau-
douin et al., 2005; Sierro et al., 2009). The hypothesis of an
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increased terrestrial input is reinforced by two geochemicaltroversially, been reported during the last decade, from var-
markers (Ti/Al, Fig. 5e, and Sr/Ca, Fig. 5f) commonly used ious field data from different environments (e.g. halite, am-
in the literature to trace terrestrial sources in marine envi-ber, sediments, evaporites, water samples) in facies as old
ronments (Schnetger et al., 2000; Bayon et al., 2007). El-as 100 million years (Fish et al., 2002; Inagaki et al., 2005;
ements present in detrital silicate minerals such as Fe, TBouza etal., 2006). In 2005, Inagaki et al. proposed that some
or Al showed increased values synchronous to the Ca peakiolecular genetic reflections of the past may be somehow
(Fig. S2). However, the constancy of Ti/Al ratios in this in- stored in a so-called “DNA Paleome” under specific condi-
terval strongly suggests that the composition of the silicatetions where degradations are minimized. The formation of
detrital fraction did not change (Fig. 5e). Nonetheless, theorganic—mineral complexes (e.g. clay, silica or calcite), rest-
negative peak in Sr/Ca ratios indicates an input of materiaing stages, anoxia, low temperatures and neutral or alkaline
that is relatively depleted in Sr, strongly indicating a carbon- pH favor the preservation of DNA or dead cells over long pe-
ate fraction of terrestrial origin (Fig. 5f). riods of time in marine sediments (Soina et al., 1994; Coolen
These different lines of evidence suggest that sedimentand Overmann, 2007).
were discharged into the sea from a drainage basin with a The interdisciplinary approach of this study does not allow
high amount of carbonate, and that this carbonate was prefers to conclude whethéBetaproteobacteriavere preserved
entially eroded at that time. We suggest that at the end of th@as DNA—mineral complex or fossilized cells, but does sup-
LGM/beginning of H1 the Wrault canyon and interfluve area port the hypothesis of the existence of a paleome. Conse-
received sediments preferentially from thérdult drainage  quently, we hypothesize that the subseafloor microbial com-
basin, which had a higher amount of old carbonates, conversmunities at the Gulf of Lion and at the Ligurian Sea reflect to
to what is observed at present where sediments mostly origsome degree a genetic imprint of ancient paleoenvironmental
inate from the Rbne River (Revillon et al., 2011). This ter- and paleoclimatic changes.
restrial source of carbonate sediment would also be prone to
the increase dBetaproteobacterian this case, the presence
of Betaproteobacterias independent of grain size as core

RHS-KS-33 is completely homogeneous. After the Ca peakOur results indicate that the investigated Western Mediter-

the presence dBetaproteobacterimzemained non-negligible ranean Sea sediments in margin settings harbor a unique

during the entire H1 event, with second order peaks that were A . . . .
difficm?lt to interpret. Note that this site is mli)ch shallower prokaryotic diversity different from that described in the

S . " . Eastern Mediterranean Sea marine sediments and other spot
than the Ligurian Sea site, so the position of the core is al- . - ) o
. . locations within the Mediterranean Sea. Within the West-
ways under the influence of the river.

: . rn Mediterranean Sea, it seems that regional settings, such
Generally, this study showed for both sites an unexpecte . . .
. . . : : ._as sedimentary dynamics and fluxes from the continent,
high relative abundance of taxa with terrestrial microbial

. e ) : . o are controlling the prokaryotic diversity within marine sedi-
affinities within ancient lithological layers deposited in a ma- X . .
. ) . . . . ments. The palaeoenvironmental history of erosion and depo-
rine environment. This result might be surprising consider- _. : . . .
. . . . L - sition recorded in the Western Mediterranean Sea sediments
ing the small size of microorganisms, the in situ porosity

and the presence of pockmarks (fluid circulations) in the surppears to have left its imprint on the structure/composition

rounding area of the core RHS-KS-33 (Fig. S7). Neverthe-qf the microbial communities of the I_ate Quaternary. Ou_r
. ; o . - findings demonstrate that molecular signatures of terrestrial
less, microbial surfaces necessarily interact with abiotic sur-_. . : : . ) )
X ) microorganisms are dominant in the lithological marine se-
faces through weak interactions (e.g. van der Waals, hydro-

L . \ . . quences affected by terrestrial inputs. Future investigations
gen, ionic), and this could explain why microbial commu- *: . : .
g A : : " . will need to consider more sites and more comprehensive
nities maintained, at least patrtially, their composition since X .
. o X A . methods (e.g. RNA extractions, Q-PCR and metagenomics)
sediment deposition despite fluid circulations. : L ; - .
to confirm the present findings. Such investigations will cer-
tainly provide new insights about the distribution of prokary-
otic communities within marine sediments, and how these
communities are influenced by the Earth history.

5 Conclusions

4.2.4 Preservation of DNA or dead cells in marine
sediments?

Some taxa could be successfully cultured using low salin-

ity medium (modified R2A medium), indicating either the Supplementary material related to this article is

occurrence of taxa of terrestrial origin or the presence 0Ofy5ijapie online at: http://www.biogeosciences.net/9/

taxa with a large salinity range (e.galomonassp., Pseu- 3491/2012/bg-9-3491-2012-supplement..pfd.
domonassp.). Conversely, aBetaproteobacteriacould not

be isolated from our sampleBetaproteobacteri@zequences
might come from fossilized DNA or dead cells entrapped in
place since 10-20ka. The long-term preservation of DNA
and/or microorganisms has repeatedly, and sometimes con-
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