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Abstract

This study presented for the first time the use of intact sediment cores in a continuous
sediment-oil-flow-through (SOFT) system for investigating the degradation of petroleum
under a simulated petroleum seepage. It suggests that the use of the SOFT system, which is
designed to maintain the natural fabric and heterogeneity of the marine sediments,
provides a more comprehensive understanding of the in situ processes involved in
petroleum degradation at marine seeps compared to the traditional use of sediment
slurries. The SOFT system enabled quasi in situ monitoring of ongoing biogeochemical
changes taking place in sediments during petroleum seepage and to the best of our
knowledge, showed microbial methanogenic degradation of hydrocarbons in an almost

natural setting.

The biogeochemical response of sediments from hydrocarbon adapted sites like the
Caspian Sea, North Alex Mud Volcano in the Eastern Mediterranean, the Santa Barbara
Channel and noradapted site like the Eckernfoerde Bay in the Baltic Sea to petroleum
seepage was investigated and compared using the SOFT system. Distinct redox zonation
was established in the sediment cores that evolved temporally and spatially duringhée
upward migration of petroleum. Sulfate reduction and methanogenesis were identified as
two major processes involved in the degradation of petroleum at seeps. The concentrations
of n-alkanes decreased successively towards the sediment surface. Methanogsis was
identified to be involved in degradation of mid to long-chain alkanes whereas sulfate
reduction was identified to be the more dominant process involved in both short and mid

to long chain alkane degradation. The microbial diversity decreased sediments after the
onset of petroleum seepage indicating that only few specialized microbes are involved in
the degradation of petroleum under in situ conditions. Shorthain volatile alkanes like
ethane, propane, isobutane, {butane, pentane and hexane w@re almost completely
depleted in the sulfate reducing zone. Clade SCA1 and clade LCA2 were identified as two
key sulfate reducing bacteria in the Caspian Sea sediments responsible for shohain

alkane degradation and for mid to long-chain alkane degra@tion, respectively, whereas



syntrophic archaea of the genusMethanosarcinawas identified to be involved in the

methanogenic degradation ofong- chain alkanes.

Among all sites, the fastest response to petroleum addition was seen in the North Alex Mud
Volcano sediments followed by sediments from the Caspian Sea, the Santa Barbara Channel
and the Eckernfoerde Bay suggesting that microbial communities in sediments with prior
adaptation to hydrocarbon seepage are more efficient in degrading hydrocarbons

compared to microbial communities from nonadapted sediments.

Zusammenfassung

Diese Studie zeigt die erstmalige Anwendung intakter Sedimentkerne in einem
kontinuierlichen Sediment-OFDurchflusssystem (SOFISystem), welches den Abbau von
Erddl unter einem sinmulierten Erdolaustritt untersuchte. Das SOFISystem, welches
entwickelt wurde um die natirliche Struktur und Heterogenitat des marinen Sediments
aufrechtzuerhalten, ermdglichte ein umfassenderes Verstandnis der in situ Prozesse
wahrend des Erddlabbaus an dn marinen Quellen, als die traditionell genutzten Sediment
Slurries (Sedimentgemische). Das SOFT System ermdglichte quasi in situ Untersuchungen
der biogeochemischen Veranderungen, welche im Sediment wahrend des Olabbaus
stattfanden. Des Weiteren wurde, ach bestem Wissen, der mikrobielle methanogene

Abbau des Erddls in einer beinahe natirlichen Umgebung gezeigt.

Die biogeochemische Reaktion der Sedimente in an Kohlenwasserstoffe angepasste
Gebieten wie dem Kaspischen Meer, dem North Alex Schlammvulkan irdstlichen
Mittelmeer und dem Santa Barbara Kanal, wurden mit einem Gebiet das nicht an einen
Erdo6lausritt angepasst war, der Eckernfoerder Bucht in der Ostsee, unter Verwendung des
SOFT Systems untersucht und verglichen. Es wurde eine ausgepragte Redoxierung in
den Sedimentkernen festgestellt, welche sich mit dem aufsteigenden Erddl zeitlich und
raumlich bildete. Als die zwei, am Erddlabbau beteiligen Hauptprozesse, wurden
Sulfatreduktion und Methanogenese identifiziert. Die Konzentration der fAlkane

verringerte sich sukzessiv in Richtung der Sedimentoberflache. Die Methanogenese wurde
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als beteiligter Prozess beim Abbau der mittelund langkettigen Alkene erkannt, wahrend
Sulfatreduktion als dominanter Prozess in beides involviert war, den Abbau der kat,
sowie der mittel- und langkettigen Alkane. Die mikrobielle Diversitat verringerte sich nach
Beginn des Erddlaustritts im Sediment, was darauf hinweist, dass nur einige wenige
spezialisierte Bakterien in den Erddlabbau unter in situ Bedingungen involvig waren.
Kurzkettige, flichtige Alkane wie Ethan, Propan, Isobutan,-Butan, Pentan und Hexan
wurden beinahe vollstdndig in der Sulfatreduktionszone aufgebraucht. Die
monophyletische Gruppe SCA1 wurde als eine der zwei Hauptsulfatreduzierer im Sediment
des Kaspischen Meers identifiziert und war fir den Abbau der kurzkettigen Alkane
verantwortlich, wahrend die monophyletische Gruppe LCA2 als zweiter
Hauptsulfatreduzierer fur den Abbau der mittel und langkettigen Alkane identifiziert
wurde. Wohingegen syntophische Archaea der GattungMethanosarcina fur den

methanogenen Abbau der langkettigen Alkane identifiziert wurden.

Alle Beprobungsstandorte betrachtend, zeigte die schnellste Reaktion auf die Zugabe von
Erdol das Sediment des North Alex Schlammvulkangefolgt vom Sediment des Kaspischen
Meeres, dem Santa Barbara Kanal und der Eckernfoerder Bucht, was darauf schlie3en lasst,
dass mikrobielle Gemeinschaften in Sedimenten, die schon vorher an einen Erddlaustritt
angepasst waren, effizienter Erdol abbauenals mikrobielle Gemeinschaften in nicht an

Erddl angepassten Sedimenten.



Chapter 1. Introduction

1. Intro duction

1.1 Petroleum: Formation and Composition

When buried organic matter in sedimentary basinsis exposed tohigh temperatures and
pressuresover long periods of geologial time, it undergoes structural rearrangement to
form petroleum (Tissot & Welte, 1984; Bjorlykke, 2010) Petroleum isa complex mixture of
hydrocarbons. Hydrocarbonsare organic compounds made up ohe two elements carbon
and hydrogen Hydrocarbons can beformed by thermal degradation ofburied organic
matter (Tissot & Welte, 1984) or as metabolites ofmicrobial, floral, or faunal activities
(Widdel & Rabus, 2001 Widdel et al., 2006) Thus,the two elements carbon and hydrogen
alone formmore than 97% of the entire petroleum composition with some minor elements

like oxygen, sulfur and nitrogen forming the resiHunt, 1995).

In nature, petroleum exists in both gaseous and liquid ste and the main forms of
petroleum are natural gas, condensate and crude ofHunt, 1995). The wide range of
compounds that comprise petroleum are broadly categorized into four main groups
namely i) saturates or paraffins ii) aromatics iii) resins iv) asphaltenes(Tissot & Welte,
1984; Fig. 1. Saturates consist of normal and branched alkanes and cycloalkanes
(naphthenes) that are hydrocarbons with single bonds between the cadn atoms.
Cycloalkanes are the most common saturates and can make up to alm&§% of the
average crude oiland the rormal alkanes (nalkanes) are the next major constituents and
can form around 15 to 20% of the total petroleumAromatics consist of hydrocarbonsthat
contain at least one (moroaromatic) or more (polyaromatic) benzene rings. Resinsand
asphaltenesare high molecular weight polar, polycyclic compounds containing N, S and O
atoms and comprise about half of the total nitrogen and sulfur founé petroleum. Resins
are highly polar and more soluble than asphaltene¢Tissot & Welte, 1984; Hunt, 1995;
Harayama et al., 1999)The relative contribution of the four groups vary in different kinds
of petroleum. For example, in light crude oil, saturates comprise 55 to 90%, aromatics

comprise 10 to 35% andresins and asphaltenes form 0 to 10% of the total petroleum.
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Whereas in reavier crude dls, the percentage of aromaticsand the polar fraction (resins

and asphaltenes)ncreases to about 15 to 40% and 10 to 40%, respectivelfringas, 2010)

normal alkanes (saturates) aromatics
n-decane NN\ 7 N\F
napthalene |
NN NS n-hexadecane | OO
F
branched alkanes (saturates) benzo[a]pyrene

Q\/L/\/\ resins and asphaltenes
3-methyldecan

pristane (2,6,10,14- tetramethylpentadecane)

cycloalkanes (saturates)

cyclohexane C30 170, 21p(H)-hopane

representative asphaltene

Figure 1. Some representative hydrocarbons of petroleum belonging to the different groups,
namely saturates, aromatics, resinsand asphaltenesSource modified from (Laufer, 2012)

1.2 Sources of petroleum in the ocean

0AOOT 1 AOGI AT OAOO OEA AAOOESO 1T AAAT 1OPB@adCE
report from the National Academy of SciencesUSA,summarized the state of the art
knowledge on the input of petroleum into the marine environment (National Research
Council, 2003) With an annual worldwide input of more than 1.3 milion tonnes of
petroleum per year, the sources of petroleum in the ocean were categorizéuto four main
groups,namely i) natural seepage of petroleumii) petroleum extraction or production, iii)
petroleum transportation, and iv) petroleum consumption (Fig. 2).Due to the increasing
energy demand in the world,there is an increase inthe production and consumption of
petroleum. Almost 40% of the produced petroleum is transported via watelPrince et al.,

2003), either through pipelines or with vessels. Hence, occasional release of petroleum
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during the transport along with the accidental spills during extraction process are some of
the forms of petroleum contamnation by human activity in the marine environment.
Petroleum consumption mostly takes place on land in industrialized and rapidly
industrializing areas. Therefore, most of the petroleum contamination by human activity is
passed onto the oceans from landi& rivers and waste water streamsalong with the
pollution that arises from private boats and nontank vessels Although about 53% of
petroleum enters the ocean through anthropogenic sources, natural seeps alone account
for the rest half of the petroleuminput into the ocean The natural seepage of petroleum

into the ocean is discussed in the following section in detail.

Consumption
38%

Natural seeps
47%

Transportation
12% Production
3%

Figure 2. Relative contribution of the individual sources of petroleum in the marine environment.
Source(Prince et al., 2003)

1.3 Natural seepage of petroleum

After petroleum is generated in subsurface sediment® undergoesprimary and secondary
migration until it ends up in reservoirs, from where it may occasionally seep out to the

surface.
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Petroleum generation:

During the early diagenesis of buried organic mattercomplexorganic compounds break
down to simpler compounds like amino acids and carbohydrates. These smaller
compounds then combine to form lager complex compoundsthat are collectively called
kerogen that is insoluble in organic solvents Hence, kerogen is defined as the insoluble
part of buried organic matter and is the precursor of petroleum. At sediment depths of 3 to
4 km, where the temperdure is sufficiently high (100°C to 150°), kerogen is converted to

petroleum over long geological time periodgBjorlykke, 2010).
Petroleum migration :

When kerogen matures, oil and gas arexpelled from the source bed to adjacent rocks. This
release of petroleum from kerogen through the narrow capillaries and pores of the fine
grained source bed is called the primary migrationTissot & Welte, 1984) Once released
from the source rock petroleum flows through more permeable carier and reservoir rocks
before accumulating as oil and gas pools traps. This represents the secondary migration
of petroleum. Secondary migration of petroleum casists of a multiphase flow (oil, gas and
water) and is governed bytwo main forces buoyancy and capillarypressure. As the density
of oil (0.7 to 1 g cm3) is lower than that of water (1 to 1.2 g cr#), the main driver for oil
movement through the sedimentsis buoyancy However, the buoyancy force must be
strong enough to overcome the capilley resistance of the small pore throats in the
sediment. During a two phase flow of oil andwater in a water saturated system, oil
droplets will be held back by the capillary forcesdue to their low relative permeability
whereas the water will flow past them through the pores.Hence, oil saturated pathways
are required for the secondary migration of petroleum(Bjorlykke, 2010). During secondary
migration, petroleum can cover ten to hundredsof kilometers (Tissot & Welte, 1984)
Ultimately, petroleum accumulates as oil and gapools in traps which may sometimes

cause the hydrocarbms to seep out at the surface.
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Petroleum seeps

Petroleum seeps to the surfacenvhere there is a permeable pathway present directly from
the source drata up to the surface or when there is a leakage in theydrocarbon
accumulations of theoil reservoirs (Hunt, 1995). Seeps are mostly found alongontinental
margins and in sedimentary rocksthat have been folded, faulted and erodedireas where
petroleum visibly leaks out at the surface of marine sediments with high concentrations of
low and high molecular weight hydrocarbons are called activenacroseeps and areas
where there is no visible tydrocarbon seepage but only invisible seepage of gaseous
hydrocarbons are called microseepgMeer et al., 2002) Petroleum seeping out of these
seepscan end up formingoll slicks in the surface waters that can spread up to tens of
kilometers (Leifer et al., 2006) and releasing greenhouse gases like methane into the
atmosphere (Solomon et al., 2009) Although natural seeps have been releasing crude oll
and have thereby been impacting the marine environment since prehistoric times, the
attention on their environmental impact has developed only recently after some of the
large scale anthropogenic oil spills occurred in the 1960¢Fingas, 2010) It is estimated
OEAO AOT OT A ommhmmm OI 11T AO 1 AviemdDaddeepdeh AT OA
year, which forms almost of half of the total input of petroleum into the ocean per year
(National Research Council, 2003; Kvenvolden & Cooper, 2003Jhe number of regions
detected to have seeps have increased over the last years due to improved technology
(Kvenvolden & Cooper, 2003Fig. 3. Some of theworR6 O 11T OO ET OAToOA 1T AO
petroleum are found in the Santa Barbara ChanngHornafius et al.,, 1999) the Gulf of
Mexico (MacDonald, 1993)and the Caspian SeéGuliev & Feizullayev, 1996; Guliyev et al.,
2003).
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Figure 3. Known locations of naturally occurring crude oil seeps in the marine environment. The
numbers allotted to the black dots represent the number of seeps in that regiorSource:
(Kvenvolden & Cooper, 2003)

1.4 Fate of petroleum in the marine environment

Despite the huge amounts of ptroleum that entersthe AAOOES8 O T AAAT AAAE UA/
still not flooded with oil. This is due to the fact thatpetroleum is subjected to a series of

physical, chemicaland biological processesAT 1 1 AAOE OA1 W EROWEH: ApdaksA O Ox A
down the petroleum composition (National Research Council, 2003; Fingas, 2010)he

different weathering processes are emulsification, evgporation, dissolution, natural

dispersion, photo-oxidation and microbial degradation (Fingas, 2010) Microbial
degradation, however, is considered to be the major and the ultimate process of
hydrocarbon degradation (Das & Chadran, 2010 and references thereir). Microbial

degradation can completely convert petroleum hydrocarbons to COand H0, and is

considered to be the principal hydrocarbon removal processes in the aquatic environment

(National Research Council, 2003)lt is stated that without the microbial degradation of

petroleum, there would be a thin layer of oil (20 molecules thick covering the entire
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OO0O0ZAAAA 1T £ OEHoBay &idad @ B1.52006)IHAnBeAfbcus of the thesis will ben

microbial degradation (biodegradation) of petroleum.

1.4.1 Biodegradation of petr oleum

Microorganisms in the environment can utilize hydrocarbons as the sole or major source of
carbon and energy and in the process mineralize them to @nd HO0 (Réling et al., 2002
and references thereir). Microbial oxidation of hydrocarbons can take place in both the
presence and absence of oxygen and in all cases, a part of the hydrocarbon is stasdell
mass and a part of it is conserved as enerdWiddel & Rabus, 200). Biodegradation of
petroleum in the environment is primarily done by bacteria andfungi. However, in the
marine environment, bacteria are the predominant hydrocarbondegraders (Leahy &
Colwell, 1990). The rate of microbial degradation ohydrocarbons in the ocean depends on
several environmental factors like the availability of nutrients and terminal electron
acceqors, composition and concentration of petroleum, temperature, salinity and pressure
(Leahy & Colwell, 1990) For example, the polar fraction (resins and asphaltenes) are
highly resistant to biodegradation, compared to the saturated and aromatic factions.
Within the saturated fraction, n-alkanes are more susceptible to biodegradation compared
to branched alkanes.Aerobic degradation of hydrocarbonshas been well known and
documented for a long time(Head et al.,, 2006and references thereir). In the aerobic
oxidation of hydrocarbons, okygen is usedboth as a terminal electron acceptor as well as
for the initial substrate activation (Fig. 4). However, anaerobic degradation of
hydrocarbons was not recognized for a long time due tats low reactivity (Widdel et al.,
2010). Nevertheless, since the last two decadeseveral compoundsare known to be
oxidized under anaerobic conditions.Today it is known that anaerobic hydrocarbon
degraders can oxidize hydra@arbons by using nitr ate, iron(lll), or sulfate as electron

acceptorsand alsounder methanogenicconditions (Widdel et al., 2010)
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\
\
\ A
Chemotrophic, o
\ aerobic _7‘/_ 2 / H20
Phototrophic, \ i e » CO,
anoxygenic Cell mass
Light
7"
Cell mass <« — Hydrocarbons | _ __ __
C.H
(:O2 n*'m
NO;- / N,
\ =g » CO,
Cell mass
, Fe(ll) / Fe(ll)
\ = » CO,
Cell mass
SO,2- / H,S
\ = » CO,
Chemotrophic, Cell mass
anaerobic / CHy
> » CO,
Cell mass

Figure 4. Different pathways of aerobic and anaerobic oxidation of hydrocarbons by
microorganisms. Source (Widdel & Rabus, 200}

1.5 Biodegradation of petroleum in marine sediments

1.5.1 Organic matter degradation in marine sediments

Different redox processes are involved in the biodegradation of organic matter in marine
sediments. Bacteria use oxidants (electron acceptors) to oxidize the reduced organic
matter. The microbial degradation of organicmatter in marine sediments is characterized
by a vertical (depth dependent) sequence of oxidants(Jorgensen, 2006) The vertical
sequence of the oxidants and the corresponding redox processese based on the
decreasing redox potential and energy yielaf the respective metabolic processe§Fig. 5).
For example,oxygenis thermodynamically the mostfavored electron acceptorbecause it
EAO OEA EECEAOO AXMXAKI AdAvDeteds, e Edeigylyield of dulfateE
reduction is only a fraction of its free energy yield (3 J ' -7EkJ moil). Microbial

degradation of petroleum in marine sediments is also controlled by the natual redox

12



Chapter 1. Introduction

ladder of marine sediments andpetroleum can be degraded under both aerobic and
anaerobic conditions. However, as most of the oxygen is consumed in the upper
millimeters to centimeters or decimeters of the sediment(Jorgensen, 2006and references
therein), petroleum degradatin in the marine sediments would take placemainly under
anaerobic conditions.Therefore, we will focus onthe anaerobic degradation of petroleum

in marine sedimentsin the following section.

1.5.2 Anaerobic degradation of petroleum in marine seep sediment s

-1 0060 T &£ OEA x1 Ol AGO PAOOT 1 AOI OAOAOOA EO PAOO
of hydrocarbons in subsurface reservoirdRoéling et al, 2003). In contrast to marine spills
where petroleum first reaches the marine sediment surface from above after undergoing
powerful aerobic biodegradation in the oxygenated water columr{Head et al., 2006)in a
petroleum seep it first reaches the sediment surface from the energetically lower end of the
redox cascade after moving through the anoxic and reduced subsurface regions (Fig. 5).
Therefore, anaerobic degradation is the mostimportant process in degradation of
petroleum in marine sediments.In the absence of oxygen, petroleum hydrocarbons can be
mediated by use of other electron acceptors through process like denitrification, iron(lll)
reduction, sulfate reduction and methanognesis (Harayama et al., 1999%nd references
therein). While aerobic degradation of petroleum hydrocarbonshas been well known for a
long time already,the recognition of anaerobicdegradation of hydrocarbons has started
only recently sincethe late 1980s(Heider etal., 1998; Widdel & Rabus, 2001Widdel et al.,
2010). Due to the observation of sulfide formation in anoxic oil field§Bastin et al., 1926)
there were speculations and investigations on anaetac degradation of hydrocarbonsfor a
long time. Yet,no reproducible laboratory experiment could show anaerobic degradation of
hydrocarbons until the 1980s (Aeckersberg et al., 1991; Widdel et al., 200énd references
therein). Today, anaerobic degradation of several alkanes, alkenes, alkynes, aromatics have
been reported through isolation-culture experiments (Widdel et al., 2006and references
therein). Despite the increasing number of studies on anaerobic degradation, there is still a

lack of knowledge on the anaerobic hydrocarbo degraders at the ecosystem and
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molecular level (Widdel et al., 2010) As saturated alkanes form the major pat of the
petroleum (see section 1.1), the following sd®mn will mostly focus on the aaerobic

degradation of alkanes.

Anaerobic degradation of Alkanes:

The firstreport of an isolate that could degrade an alkanén-hexadecane)was reported in
1991 by (Aeckersberg et al., 1991under sulfate reducingconditions. Until recently, most
of the isolates that have beenshown to have degraded hydrocarbons anaerobicaliyad
used only n-alkanes> C§ i.e. alkanes with six or more carbon atomgHeider et al., 1998;
Wentzel et al.,, 2007and references thereir). Among the short chain alkanes (<C6),
considerable focus has been giveron the investigation ofanaerobic oxidation of methane
since it is a potential greenhouse gadBose et al., 2013)Anaerobic oxidation of methane is
the microbial process where methane is oxidized by a consortium of methanogenic archaea
and sulfate reducing bacteria with sulfate as the terminaglectron acceptor(Treude, 2003
and references thereir). The first evidence of anaerobic methane oxidatiom organic rich
marine sediments came in 1974 by(Martens & Berner, 1974) Since thenconsiderable
progress has been made in the investigation of anaerobic oxidation of methag€nittel &
Boetius, 2009 and references thereir). However, compared to methane oxidation the
investigation of anaerobic oxidation ofnon-methane alkanes (C2 to C5) falls behind despite
being present atmarine seepsin significant amounts(Bose et al., 2013; Adams et al., 2013)
In 2007, for the first time, sulfate reducers capable of anaerobic degradation of short chain
alkanes (propane and rbutane) were enriched and isolated from sediments otthe Gulf of
Mexico and Guagnas Basin (Kniemeyer et al, 2007). So far, most of the anaerobic
hydrocarbon degraders of short chain alkanes that have been detectede also only sulfate
reducing bacteria (Musat, 2015 and references thereir). Stoichiometric equations for
anaerobic oxidation of some hydrocarbons by sulfate reduction are provided in Table 1.
Under the absence of sulfate as an electron acceptor, anaerobic oxidation of alkacas
take placeunder methanogenic conditions(Zengler et al., 1999) For a long timeanaerobic

oxidation of hydrocarbons was doubted However, Zergler et al., (199) showed the first
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enrichment cultures that could degrade hexadecane under strictly methanogenic

conditions (Eq. 1).
10 O cfO %9 1T@0 poBU MNP

Other studies have also reported methanogenic degradation of alkandg$or example,
Siddique et al.,, 2006; Cheng et al., 2013n subsurface petroleum reservoirs where
exogenous electron acceptors are missingnethanogenesis is the predominant process
involved in the anaerolic oxidation of hydrocarbons(Jones et al., 2008; Sherry et al., 2014

and references thereir.

anaerobic oxidation -16

(sulfidic) of methane

methanogenesis -50

Figure 5. A schematic representation of the biogeochemical zonation (marine redox ladder) in
marine sediments along with a schematic representation of petroleum seeping out #ite sediment.
At marine seeps, petroleum enters from the energetically lower end of the marine redox ladder.
Source: modified from (Jgrgensen & Kasten, 2006)the left column represents the main zones
proposed by (Froelich et al., 1979)and the zonesmentioned in brackets are from(Berner, 1981);
the middle column represents porewater chemistryof some dissolved species; the right coluns:
shows the standard free energy yieldgBurdige, 2006).
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Table 1. Stoichiometric equations of anaerobic oxidation of different hydrocabrons
under sulfate reducing conditions.Source(Widdel et al., 2009)

Hydrocarbon Stoichiometric equation of oxidation

Methane CH, + SO~ — HCO;™ +HS + H,0

Ethane 4 C,Hg+ 7 SO~ — 8 HCO; + 7HS + H' + 4 H,0

Propane 2 C3Hg+ 5S04~ — 6 HCO;™ +5HS +H' + 2 H,0
n-Hexane 4CcHis+ 19 SO42_ — 24 HCO; + 19 HS"+ 5H" + 4 H,0
Cyclohexane 2CeH;,+9S047 — 12HCO; +9HS +3 H"
n-Hexadecane 4 C¢Hs4 +49 SO> — 64 HCO; +49 HS + 15 H™ +4 H,0
Ethene 2 C,Hy+3 S0, —4HCO; +3HS +H'

Benzene 4 C¢Hg+ 15 SO,” + 12 H,0 —» 24 HCO; + 15HS + 9 H'
Toluene 2 C;Hg + 9 SO,* + 6 H,0 — 14 HCO; + 9 HS™ + 5 H'
m-Xylene 4 CgHyo+21 SO,> + 12 H,0 —» 32 HCOy +21 HS + 11 H'
Ethylbenzene 4 CgHyo+21 SO,> + 12 H,0 —» 32 HCO; +21 HS + 11 H'
Naphthalene CoHg + 6 SO* + 6 H,0 —» 10 HCO; + 6 HS +4 H'
1-Methylnaphthalene 4 C;jHo + 27 SO +24 H,0 —» 44 HCO; +27HS + 17 H"
2-Methylnaphthalene 4 CyHy +27 SO +24 H,0 — 44 HCO;” +27HS + 17 H'
Phenanthrene 4 C14Hy + 33 SO, + 36 HyO — 56 HCO;™ + 33 HS + 23 H'

16
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Chapter 2. Objectives

2. Objectives

The following study aims at understanding the microbial degradation of petroleum under
in situ conditions of a marine seep. It will focus on the biogeochemical response of natural

marine sediments to a simulated petroleum seepage. The main objectives of this study are:

1) Which are the major processes responsible for petroleum degradation along its
natural migration pathway in marine seeps?

2) What is the succession of petroleum degradation along its natural migration
pathway in marine seeps?

3) Which microorganisms are the key hydrocarbon degraders and howare different
microbial communities distributed along its natural pathway in marine seeps?

4) How do different marine sedimentswith respect to their history of hydrocarbon

adaptation respond to petroleum seepage?

In order to meet the above goals, gediment-ail-flow-through (SOFT) was set up that could
simulate petroleum seepage in marine different marine sediments. Upon installing the
SOFT system, comprehensive monitoring of the biogeochemical parameters was conducted

on sediments undergoing petroleum seepage to answer the above questions.
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3. Outline of manuscripts

Chapters 4, 5 and 6 this PhD dissertation are presented in the form of scientific
manuscripts for submission in scientific journals. Chapter 4 and 5 are already submitted
and under review in a scientific journal. Chapter 6 is in preparatiofior submission to a

scientific journal in March, 2016. My contribution to each manuscript as an author is

described below:

Manuscript I: Evolution of biogeochemical gradients and vertical succession of
hydrocarbon degradation in Caspian Sea sediments sub jected to simulated

petroleum seepage

Sonakshi Mishra , Marion Stagars , Peggy Wefers , Mark Schmidt , Katrin Knittel , Martin

Kruger , Philip Steeb, and Tina Treude
Submitted to: Environmental Microbiology, December 2015 (under review)

This study was intiated by Tina Treude. Sonakshi Mishra designed the experiments with
the input from Tina Treude and developed the SedimerDil-Flow-Through System with
assistance from Philip Steeb. Sediment cores were collected by Sonakshi Mishra and
Mark Schmidt. Sonakksi Mishra did the sediment and porewater sampling, the
microsensor measurements, the porosity analyses as well as the sulfate reduction and
alkalinity analyses. Set up of the oil analysis method and the analyses were done by
Sonakshi Mishra and Peggy Wefer Mark Schmidt carried out the measurement of C1 to
C6 nalkanes and isotope analyses of 13Methane. Molecular analyses were done by
Marion Stagars and Katrin Knittel. Enrichment culturing was done by Martin Kriger.

The manuscript was written by SonakshMishra with the input of all coauthors.

Manuscript II: Microbial community response to simulated petroleum seepage in

Caspian Sea sediments
Submitted to: Environmental Microbiology, December 2015 (under review)

Marion Stagars Sonakshi Mishra , Tina Treude, Rudolf Amann, and Katrin Knittel

As a follow up to chapter 1, this study was initiated as a collaboratiobetween Tina
Treude from GEOMAR, Helmholtz Centre for Ocean Researéliel and Katrin Knittel

from the Max Planck Institute of Marine Microbiolgy (MPI), Bremen. Microbial
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community analyses and statistical analyses were done by Marion Stagars and Katrin
Knittel. Experimental set up and sediment samples for the community analyses and the
geochemical data for correlation and interpretation was prowed by Sonakshi Mishra.

The manuscript was written by Marion Stagars with the input from all the coauthors.

Manuscript Ill: Comparative study of microbial petroleum degradation in marine

seep vs. non-seep sediments in a simulated petroleum seepage

In preparation: Geochimica et Cosmochimica Acta, (submission presumably in March,
2016)

Sonakshi Mishra , Marion Stagars , Peggy Wefers , Katja Laufer, Johanna Maltby, Mark

Schmidt, Katrin Knittel, Ira Leifer and Tina Treude

This study was initiated by TinaTreude. Sonakshi Mishra carried out the experimental
set up for the SedimeniOil-Flow-Through System. Sediment cores were collected by
Tina Treude, Johanna Maltby, and Ira Leifer. Sonakshi Mishra did the sediment and
porewater sampling, the porosity analges, the microsensor measurements and the
alkalinity analyses. Sonakshi Mishra and Tina Treude did the sulfate reduction analyses.
Set up of the oil analyses method and the analyses were done by Sonakshi Mishra and
Peggy Wefers. Molecular analyses were denby Marion Stagars and Katrin Knittel.
Sonakshi Mishra and Katja Laufer conducted the slurry experiments. Johanna Maltby
provided the sulfate and methane data for the initial Eckernfoerde Bay core. Mark
Schmidt carried out the measurement of C1 to C6-alkanes and 13@Methane isotope

analyses. The manuscript was written by Sonakshi Mishra witithe input of all

coauthors.

First Reviewer: PhD
Candidate

Prof. Dr. Klaus Wallmann Sonakshi
Mishra
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Chapter4. Evolution of biogeochemical gradients and vertical succession of hydrocarbon
degradation in Caspian Sea sediments subjected to simulated petroleum seepage

Abstract

The microbial response to simulated petroleum seepage was investigatdaly incubating
Caspian Sea sediemts in a SedimentOil-Flow-Through (SOFT) system. Distinct redox
zones established within the sediment core duringipward petroleum migration and the
sediment depths of these different geochemical zones changed over time.
Methanogenesis and sulfate reduadn were identified as important processesnvolved

in the anaerobic degradation of hydrocarbons. Thq13C signal of producedmethane
decreasedfrom -c o 8x p-1t ®Bup AEOAO pwn AAUO T £ DPAOOIT I
microbial methane production. The relevance of methanogenesis in anaerobic
degradation of petroleum was further confirmed by enrichment culturing. Sulfate
reduction related to petroleum seepage was indicated by enhanced activity and sulfide
accumulation. Volatile hydrocarbons (C2to C6 nalkanes were completely depleted
with in the sulfate-reducing zoneand higher n-alkanes (C10 toC40) decreased $ep-wise
towards the top of the sediment coreThe SOFT system enabled for the first time quasi
iIn situ monitoring of the successive response of geomicrobiological processes to
petroleum seepage through sediment and revealed, to our knowledge, for the firsme

methane production related to hydrocarbon degradation under close natural conditions.
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Introduction

Petroleumcomprisesa complex mixture of hydrocarbons. Geothermal action on kerogen
in fine-grained sedimentary rocks leads to the formation of petwleum over geological
timescales. Petroleum then sometimes migrates from its sourceck and accumulates
forming reservoirs, when overlaying impermeable rocks blocks its upward movement.
From thesereservoirs, petroleum may seep to the sediment/soil surfae through faults
and cracks driven by buoyancy, capillary pressure and hydrodynamic gradien{Sissot
& Welte, 1984) The main groups of petroleum are saturated hydrocarbons (normal and
branched alkanes), aromatic hydrocarbons, resins and asphaltengSissot & Welte,
1984). The two principal processes through which petroleum enters the marine
environment are either naturally through seepaggfor example,Allen et al., 1970)or via
anthropogenic accidents like oil spills(Water, 2011). It is estimated that 600 metric tons
of oil enter the ocean each year via natural seeps accountinigr 47% of the total
petroleum input to the marine ervironment (Kvenvolden & Cooper, 2003) Here,
petroleum is subjected to weathering by physical, chemical and biological processes
(Wardlaw et al., 2008) and microbial degradation is the most important degradation
process involved (Das & Mandran 2011 and references therein) Unlike marine oil
spills, where petroleum enters through the oxygenated water column undergoing
powerful breakdown by aerobic respiration (Head etal., 2006), petroleum in natural
seepsenters microbial degradationfrom the anoxic, energetically lower end of the redox
cascadeHence, adifferent succession of microbial steps is expected iseeps compared
to spills. Many studies have focused on the mrobial degradation of spilled oil in the
I AAAT 08 x A(@Aeampld, Delvigrie & Sweeay 1988; Atlas 1991; Prince et al.
2003; Jiménez et al. 2006; Prince et al. 2013)ut relatively few studies investigated the
microbial degradation of petroleum in hydrocarbon seeps (for exampleWenger &
Isaksen 2002; Wardlaw et al. 2008; Orcutt et al. 2010Despite the increase in the
number of studies on anaerobic degradation of hydrocarbonshere is still a lack of
understanding howhydrocarbon-degraders act as a community in the environment and
how petroleum is successively degraded under anoxic conditionfHead et al., 2006;
Widdel et al.,, 2010) So far, selective utilization of hydrocarbons has been classically
studied in enrichment cultures and isolates(for example, Ehrenreich et al., 2000;
Rockne & Cheésanford, 2000; CraveLaureau et al., 2007; Kniemeyer et al., 2007)

However, the use of batch culturess insufficient to know the fate of petroleum in a
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natural ecosystem (Horowitz & Atlas, 1977). Because it is impossible to mimic all
environmental determinants in the laboratory, Horowitz and Atlas suggsted that the
best chance to predict the fate of petroleum in a natural ecosystem is through
chemostats, which maintain a constant influx and efflux of nutrients and products,
respectively. There are few studiesin the literature that are based on continuas flow-
through systems to study petroleum hydrocarbon degradationBertrand et al., 1986)
and oil spill scenarios (Horowitz & Atlas, 1977), but none onpetroleum seepage in
marine sediments. Investigationsof hydrocarbon sees often captureonly snapshots of
biogeochemicalfeatures (Bauer et al., 1988; Wenger & Isaksen, 2002; Wardlaw et al.,
2008; Orcultt et al., 2008)and are unable to follow the evolution of processes related to
petroleum seepage through natural sedimentin the present study we developed a
sediment-oil-flow-through (SOFT) system, modified from thesedimentflow-through
(SLOY system (Steeb et al., 2014)While the SLOT system simulates aatural methane
seep in intactsediment cores, the SOFT system simulates petroleuseep like condition
(Fig. 1).The systemenables us to monitor biogeochemical changes in the sediment core
during petroleum seepageover time. To our knowledge, this is the first study that uses a
continuous sedimentflow-through system to investigate the responsef marine surface

sediment to a simulated smallscale petroleum seepage.

For our study we collected sediment coresfrom the Caspian Sea (Fig. 2hichis one of
the oldest petroleum-producing regions in the worldwith enormous oil and gas reserves
(Effimoff, 2000). Offshore driling and landbased activites such as oil refineries,
petrochemical plants, pipeline constructions have led to pollution and contamination of
the Caspian SedKarpinsky, 1992; Dumont, 1995, 1998Abilov et al., 1999) Moreover,
natural hydrocarbon transport from greater depth to soil/'sediment surface (e.g. by mud
volcanism) is described for the SouthCaspianBasin (Katz et al., 2000; Akper, 2012)As
the Caspian Sea is an enclosed basipollutants discharged into itaccumulate and are
partly trapped,e.g., in surface sedimentHHowever, so far only &ew studies have focused
on the microbial community and crude oil degradationin sediments from the Caspian
Sea(for example, Hassanshahianet al., 2012; Hassanshahian, 2014; Mahmoudi et al.,
2014).

The aim of the present studywas to investigate the evolution of biogeochemcal

gradientsrelated to microbial petroleum degradationandthe successive consumption of
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hydrocarbons in Caspian Seaediment during simulated seepage. We hypothesize that
petroleum seepagethrough the Caspian Sea sedimentill affect the vertical i) zonation

of redox processesii) distribution of petroleum -degrading microbial communites, and

i) composition of seeping petroleum. We usd the SOFT system to identify the above
processes as a function of petroleum seepage. This is the Part | of the Caspian Sea SOFT
experiment publication, which describes the SOFT methodology and presents detailed
datasets on the succesge biogeochemical response of the sediment to petroleum
seepage and the alteration of the petroleum hydrocarbons. In Part Il of the experiment
publication (Stagars et al., this issue), a detailed microbial community alysis of the
sediment and microbial distribution in response to the petroleum seepag€in the SOFT

system)is presented.
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Aeration

Inflow Outflow

-~ 0cm

Microsensors
Rhizons

- 16cm

Petroleum

Figure 1. Schematic diagram of the SOFT system simulating a petroleum seep. Atrtificial
seawater was ventilated through the supernatant (P1, pump rate 25uL mih) and aerated with
an air pump (P2). Petroleum was pumped in by pump (P3) at 3.5 pL minthrough two
integrated channels within the bottom sealing. Vertically aligned rhizons (2.5 mm diameter)
were permanently fixed for frequent extraction of porewater. Silion-sealed holes (4 mm
diameter) on the opposite side were used for microsensor measurements. From the oxic
supernatant electron acceptors (@ sulfate) entered the sediment by diffusion (dashed white
arrows, P4).
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Figure 2. (a) Map of Azerbaijan and Cgpian Sea (b) Geographical map showing the push core
sampling area (red dot). Characteristic features like orand offshore mud volcanos (green dots),
abandoned offshore wells and infrastructures (white spots and lines in the image), and a central

oil slick area (dark grey area in the image) are indicated. FC1 and FC2 are nearby sites where
geochemical analyses were done by (Jost, 2014). Map was produced by using ArcGIS 10.2, and is
based on a regional SAR image taken in 2004 by ENVISAT (European Spacedg&SEA).
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Results and discussion

Migration of petroleum through the sediment core and changes of sediment

properties

Sediment cores between 16 and 18 cm long were collected from a coastal site of the
Caspian Sea at around 60 cm water depth (samplingpst ~1x1 m). The cores were
sandy with a porosity of 0.4 throughoutheir length. They had an overall greyishbrown
color and were covered by a black sulfidic surface laygca. 0.5-1 cm). Seagrass like
plants were growing at the sedimentsurface. Deternination of sulfate reduction rates
showed highest activity in the surface layer (see sectionEvolution of redox processes in
response to petroleum seepagé&nhanced benthic rates of sulfate reduction and sulfle
production are frequently found associated with the presence of seagrass as the
protruding plants serves as a trap for organic mattefHolmer & Nielsen, 1997; Holmer
et al., 2003)

One of the collected sediment cores was subjected to simulate@tpoleum seepageusing
the SOFT system. Light crude oil from the North Sea/Mittelplat¢provided by DEA
Deutsche Erdoel AG) wassed as the petroleum source. Petroleum wastroduced from
the bottom of the core at intervals of two to three days at a flowrate of 3.5 pL per
minute. Over time, the core turnedmore and more into ablackish color due to the
distribution of petroleum and the extension ofsulfidic conditions. Within 1-2 days after
the start of the flow, oil slicks formed at the surface of the overlaying seawatdérom oil
that had passed the sediment corePetroleum droplets visibly seeped out of the
sediment close to the cordiner wall. High fluid flow through sediment cores caninduce
channelizing effects between the wall of the coreliner and the sediment core causing
some fluid to move fasterthan the bulk volume (Steeb et al.,, 2014, 2015) Upon
termination and slicing of the SOFT corenve observed that although most of the
petroleum seemed to be evenly distributed throughout the sediment, some petroleum
accumulated in veinlike structures indicating such channelizing effects (Appendix 1)
The actual migration of the bulk petroleum was indicated by the differencein the
vertical distribution of organic carbon (Grg) betweenthe initial (replicate) and the final
SOFT core (Fig3). Petroleum hydrocarbons represent a form of organic enrichment of
marine sediments (Bauer et al., 1988) Hence, an enrichment of & in the SOFT core can

be interpreted as the introduction of petroleum by seepageWhile a relatively low
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amount of Grg (0.2 to 0.5 %) was found throughout the initial core, &g increased with
increasing sediment depth in the SOFTore (from 1 to 11.2 %, Fig. 3, marking the
movement of the petroleum in the core.In accordance with the increase in &g, the C/N
ratio of the sediment drastically increasedwith depth as compared to the initial core
(from 7 to 9 in the initial core to 30 to 235 in the finalcore, Fig. 3). Beside the variable
C/N ratio of organic precursors (terrestrial or marine) the C/N ratio of petroleum
(~170) is highly enriched compared to kerogen (~40) during catagenesis (e.g. Hunt,
1979). A similar observation was made in sediment cas from an active hydrocarbon
seep zae in the Coal Oil Point Field (water depth 22m, Santa Barbara Channel,
California) where the C/N ratio increased with increasing oil conten{LaMontagne et al.,
2004). While most organierich sediments receive their organicmatter input from the
water column, seep sedimentsare mostly supplied from the subsurface through the
upward flux of petroleum hydrocarbons (Reed & Kaplan, 1977; Bauer et al., 1988)s a
result, somefeatures are unique to petroleum seeps likethe increase of organic carbon
with sediment depth (Bauer et al., 1988) Sediment porosity in the present study
decreased from values of abou®d.4 in the initial core to a lowest valueof 0.2 in the final
SOFT core aits deepest layer (15 cm, Fig. 8 Over the entire SOFT coreporosity
decreased from 0.4at the surface to 0.2 at the deepest layer (Fig. 3C).dldecrease in
porosity in the SOFT cordandicates that pore spacesin the sediment were partly filled
with petroleum, which could not be removed during the freeza&lrying process of the
analytical procedure for porosity determination. We assume that the pore volume of the
deepest layer was probably 100% saturated with petroleum due to constant supply of
petroleum from below. A porosity of 0.2 would, however, indicate that probably the
more volatile fractions of the petroleum were lost during the freezedrying process.
Reduction in pore space imposes mechanical constraints on habitability of bacterial cells
in sediments (RebataLanda & Santamarina 2006 and references therein)Total cell
countsby DAPI stainingin the SOFT coreevealeda decrease in cell nurbers up to one-
forth below 6 cm depth and an increase in the upper half above 6 dmy a factor between
1.1 and 2.6compared to the initial core (Fig. 4).It should be noted that due to lack of
overlapping of a few sampling depths between the nitial and SG-T core (see Fig. %
linear interpolation was usedto estimate the missing of cell numbers inadjacent depths
for better comparison. The reduction in total cell number in the deeper part of the GFT

core could be the result of adecrease inavailable habitable pore spacethat was
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occupied by petroleum or toxicity of petroleum itself Consequently,such mechanical
constraints could limit microbial activity in a seep systemdespite the presence of a rich

organic food source.
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Figure 3. Vertical profiles of sediment parameters determined in the initial Caspian Sea core
(blue) and the SOFT core after 190 days (red, final). Left: organic carbon (Corg %). Middle: C/N
ratio, Right: Porosity.
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Evolution of redox processes in response to petroleum seepage

Concentrations of dissolved electron acceptors (like oxygen and sulfate) and
corresponding reduced products (like sulfide) in the porewater of the SOFT ca
indicated a vertical zonation of redox pocesses (Fig. 5 and)é The zonation was in line
with the natural redox ladder found in marine sediments (Jorgensen, 2006) we
observed the transition from oxic to anoxic conditions, and within the anoxic sediment a
separation into a top sulfate reduction and a bottom methanogenic zone. The
identification of a denitrification zone was not possible, as the determination of nitrate
in the porewater by ion chromatography was interfered by the presence of oHowever,
none of the known nitrate-reducing hydrocarbon degraders have been detected by
Stagars et al(this issue).In the following we will discuss the temporal evolution of the

oxic and anoxic zone.
Oxic zone

Thermodynamically, oxygen is the most favored electron donor in marine sediments
(Glud, 2008) and the penetration depth of oxygen controls the depth distribution of
other redox processeqCai & Sayles, 1996)Microprofiles of oxygen concentration were
taken during the SOFT expement (Fig. 4). We have no oxygen data from the initial
condition because the sediment cores were sealed and stored for 3 months before the
start of the experiment and we therefore assume that oxygen was completely consumed
in the core liners. The total oxgen uptake (TOU) of sediment is a measure farganic
carbon mineralization, as it sums up aerobic respiration as well as the oxidation of
reduced chemical species produced during anaerobic respiratiofCanfield et al., 1993
Glud, 2008) The diffusive oxygen uptake (DOU) represents the part of TOU that is
dominantly mediated by microbial respiration at the seafloor and can be calculated from
microsensor profiles (Glud, 2008; Boetius & Wenzhofer, 2013) Oxygen penetration
depth and the DOU for the SOFT core were calculated from the microsensor profiles
according to (Glud et al., 1994) The penetration depth almost linearly decreased from
ca. 3.8 mm on day 44 to only 2 mm after 190 days, i.e., the end of the exment (Fig. 5).
Simultaneously, the DOU increased from 3.8mol m2d-1on day 44to 8.6 mmol m2d-1
on day 190 (Fig. 5). finning of the oxygen penetration layer indicates an increase in
oxygen demand most likely as a result of microbial petroleum degradan, similar to the

effect organic enrichment through pelagic carbon export has on DOU and oxygen
38



Chapter4. Evolution of biogeochemical gradients and vertical succession of hydrocarbon
degradation in Caspian Sea sediments subjected to simulated petroleum seepage

penetration depth in sediments (Glud 1994) Likewise, diments from cold seeps are
reported to haveelevatedDOU ratesup to two orders of magnitudeshigher compared to

non-seep sedimentyBoetius & Wenzhdfer, 2013)
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Figure 5. Left: Temporal development of sediment microprofiles of oxygen after the start of the
SOFT experiment. Values are mean of three separate vertical profiles bwith different
horizontal positions (£SD,n=3). The dashed horizontal line represents the sedimemtater
interface. Right: Temporal development of the oxygen penetration depth (PD) and the diffusive
oxygen uptake (DOU).

Anoxic zone

Total sulfide and sulfate concentrations steadily increased and decreased, repectively, in
the sedment porewater (Fig. 6, pointing to the stimulation of sulfate-reducing bacteria
(SRB).Over time, the sulfate reduction zone moved upwards, reaching its strongest
development baween 0 to 8 cm at the end of the incubation (190 days). At this point,
sulfate penetration waslimited to 8 cm (starting off at 16 cm at the beginning of the
experiment). While the highest individual sulfate reduction rates were detected in both
in the initial (98.1 nmol cm3 d-1, -1 cm) and the final SOFT core (9fimol cm3 d-1, 2-4
cm) (Fig. 6), sulfate reductionintegrated over 0-16 cm doubled from 2.8 mmol S@-m-2
day -1 before (initial core) to 5.7 mmol S@2 m-2 day-1after petroleum seepage (SBT
core). Marinehydrocarbon seep sediments are known to facilitate high sulfate reduction
activity compared to nonseep sediments(Joye et al., 2004 Orcutt et al., 2010) An
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overview of sulfate reduction ratesat selectedhydrocarbon seep sitesrom the Gulf of
Mexico is provided in Table 1.Here, sulfate reduction reached some of the highest
activity reported for marine sediments (244.3mmol SQ 2-m-2 day-1 (Joye et al., 2004)
which was found to be coupled mainly to hydrocarbons degradation rather than to
"normal” organic matter degradation or to the anaerobic oxidation of methangJoye et
al.,, 2004 Orcutt et al., 2010) In the present study from the Caspian Sea, enhanced
sulfate reduction after petroleum seepage likewise pointed to the utilization of
petroleum compounds by SREsee also thefollowing section). Stagars et al. this issue)
discovereda high diversity of SRB in the initial corewhose relative sequence abundace
increased in the SOFT core after petreum seepageCell numbers of hydrocarbon
degrading SRB likeDesulfobaculaand clade LCA2ncreased in the sulfatereducing zone
of the SOFT core compared to the initial core. Ehdistribution of the petroleum-
degrading SRBand the increase in relative cellnumbers of some petroleumdegrading
groups together with elevated sulfate reduction activity in the SOFT corddentifies
sulfate reduction as animportant process inthe anaerobicdegradation of petroleum in
Caspian Sea sedimentsBelow the sulfate reducton zone (08), i.e., below the
penetration of sulfate, methane production was observed in the final SOFT core
indicating the presence of a methanogenic zon&lethanogenesis will be discussed in

more detail in the following sections.

Table. 1. Comparison of integrated sulfate redudion rates at hydrocarbon seepsites with
sediments used in this study.

Study site Integrated SRR Reference
depth (cm) (mmol m-2day 1)

Caspian SOFT 0-15 5.7 Current study
Caspian Initial 0-15 2.8 Current study
Gulf of Mexco 0-10 5.6-27.9 (Orcutt et al., 2010)
Gulf of Mexico 0-10 10.1 (Orcutt et al., 2010)
Gulf of Mexico 0-10 30 (Orcutt et al., 2005)
Gulf of Mexico 0-13.5 244.3 (Joye ¢ al., 2004)
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Figure 6. Temporal development of biogeochemical profiles in the Caspian Sea sediment core
used in the SOFT system over the course of the experiment. Sulfate (blue line with triangles),
total sulfide (black line with squares), sulfate redction rates (SRR, green bars) and methane
(pink line with circles). Sulfide data were corrected for the shift in the electronic signal of the
microsensors (between 0.5 to 1.5 mV). Initial conditions were measured in a replicate core
before the start of the SOFT system. SRR bars in the initial plot represent the average of two
replicates, while single values of the SRR replicates are shown as empty black squares and
diamonds. In the final core (190 d) only one SRR replicate is shown. The sample at depthm® ¢
was lost during the radiotracer injection. Please consider the change of scale in some of the x
axes.
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Vertical alteration of n -alkanes and correlation to biogeochemical processes

Petroleum consists of four main groups: the saturated and aromatic hydiarbons and
the non hydrocarbon part resins and asphaltenegHead et al., 2006) The saturated
hydrocarbons comprise normal and branched alkanes and cycloalkanes; the aromatic
hydrocarbons comprise pure aromatics, cycloaromaticand cyclic sulfur compounds;
resins and asphaletenes are high molecular weight compounds comprising 8,and O
atoms (Tissot & Welte, 1984) Saturated hydrocarbons and aromaticsare more easily
degraded by microbial activity unlike the resins and aghaltenes, which are resistent to
biodegradation (Head et al., 2006) Since saturated hydrocabons form the largest part
of the biodegradablepetroleum, our study focuses on the degrad@n of n-alkanes. The
volatile fraction (headspace gas) of the 1alkanes (C1 to C6) appeared to be osumed
during the upward migration of the petroleum, as it completely disappeared in the
upper 4 cm of the SOFT core (Fig.).7Since the top 8 cm of theare was the zone with
the highest sufate reduction activity (Fig. 6), we postulate that sulfate reducers were
mainly responsible for the degradation of these volatile shorthain nalkanes. The
degradation of nalkanes viasulfate reduction is supported ly the increase of alkane
degrading SRB cell numbersn the SOFT corafter petroleum-flow-through (Stagars et
al. this issue).Anaerobic oxidation of shortchain alkanes bySRBhas been reported in
marine hydrocarbon seep areas of the Gulf of Mexico and ghGuayamas basin
(Kniemeyer et al., 2007; Kleindienst et al., 2014)The presence of alkanelegrading SRB
and degradation of C1 to C6 Halkanes in the sulfatereducing zone (0 to 8 cm) also
indicate that the shortchain alkanes were mainly degraded after they had passed
through the methanogenic zone below (8 to 16 cmjFig. 7). Methanogenic petroleum
degradation mainly utilizes longchain nalkanes (Zengler et al., 1999; Anderson &
Lovley, 2000). When offered C6 to C10-alkanes (Siddique et al., 2006) methanogens
preferedly degraded nalkanes in the sequence C10>C9>C8>C7>C6. The preferential
degradation of longer over shorter chain ralkanes by methanogensnight explain, why
in our SOFT corethe C1 to C6 ralkane degradation was observed only within the
sulfate-reducing zone (Fig. 7). The largest absolute amount of higher falkanes (10 to
C40 was found in the deeper sediment layers, probably as the petroleum was
introduced from the bottom (Fig. 8), from where concentrations of some Rralkanes

decreased along with the upward migration. The relative decrease in the concentrations
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of each nalkane was calculated by normalizing against #ir corresponding

concentration at 15cm depth by formula (1)
[N-Cxem/ N-Cisem] % 100 1)

xEAQLxHD Al-Gscdi AOA OEA Al 1 AdkanoeAalxEriaih depti £ Al
and at 15 cm depth, respectivelyA succesive relative deaease in all nalkanes towards
the surfacewas observed (Fig.  For example, concentrations of lower ralkanes like
C10 andC12 nalkanes decreased by around 100% andOBb, respectively, from 15 cm to
7 cm sediment depth. In comparison, the concentration d C14 to C26 ralkanes
decreased only by around 50%. The decrease in falkanes over decreasing depth
indicates successive degradation but could also represent partly unfinished (nen
steady) vertical migration of petroleum. To check if there was a change thin the
petroleum composition, contributions of individual n-alkanes to the total measured n
alkanes areshown as pie charts (Fig. 9)The contribution of lower n-alkanes(C10 to
C14)to the total alkane at 1.5 cm content decreasethy around 50% comparedto their
contribution at 15 cm (~16% at 15 cm and ~8 % at 1.5 cm) indicatingpreferential
degradation of the lower nalkanesduring the ascent of the oil (Fig. 9)The preferential
degradation of lower nalkanes compared to higher ralkanes in the petroleun
composition confirms that successive decrease in-alkanes with decreasing sediment
depth was not just a result ofuneven or unfinished migration of petroleum in the core.
Vertical succession of ralkanes waslikewise found in an oil-seep core (2 m lengh)
collected offthe coast ofWest Africatargeting the surface expression of a faulWwenger
& Isaksen 2002) Thermogenic oil and gas (C1 to C5 isand n-alkanes) were found
throughout the core, but were essentially unaltered in the deepest layer (2m below
seafloor), while the shallower depths (from 1m upto the seafloor) showed a progressive
upward degradation. A similar trend was found in oil samples from Coal Oil Point seeps
(Santa Barbara, California)where n-alkanes had beendecreased by 100% in the oll
seeping fromthe seafloor compared to thedeeperreservoir oil (Wardlaw et al., 2008)
The authorsidentified biodegradation as the main cause for the loss of-alkanes. In the
same study,it was found that physical processes like evaporationrad dissolution had no
significant effect on the loss of ralkanesbetween the reservoir oil and the seafloor oll
Based on theobservations made in the present study, i.e., the evolution oédox profiles,

the increase in microbial activity, and the preseoe of hydrocarbon degraders (Stagars et
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al., this issue), ve conclude that microbial activity led to the successive degradation ofn

alkanes in the Caspian Sea core during the SOFT experiment.
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Figure 7. Vertical distribution of volatile n-alkanes (fromC1 to C6: Methane, Ethane, Propane, n
Butane, iButane, Pentane and Hexane) over depth in the Caspian Sea core at 190 d after the
SOFT experiment. ). The grey shaded area represents the methanogenic zone of the core, the
non-shaded area represents the sudite reduction zone, and the green shaded area represents
the oxic zone in the SOFT core at 190 d.
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Figure 9. Percentage of individual nalkanes with respect to total nalkanes measured. Left:
Original crude oil used for the SOFT experiment. Middle:alkane composition at 15 cm depth of
the SOFT core (deepest layer) Right:-alkane composition at 1.5 cm depth of the SOFT core
(close to surface).

Methanogenic petroleum degradation in the SOFTsediment

After the SOFT experiment, amethanogenic zone was evident below the sulfate
reducing zone (below 8 cm) as indicated by methane concentration drncarbon isotopic

ratios (Fig. 10). Porewater concentrationsof methane increased from around 3 pM in

the initial core up to around 2300 pM in the SOFT core in the methanogenic zone.
Isotope analysis revealed a decrease in thgl3C signal of methane in the SOFT core

(after petroleum seepage) compred to the initial core (Fig. 10. At 8 and 10 cm depth,

the 113C signal of methane decreased frono 0 8 x b -cAg 88 p-1 @8 v p -TAd 84p b
respectively. Cell numbers of methanogenic archaea also increased after petroleum
seepage in the methanogenic zone (Stagars et al, trésue) andMethanosarcinaspp was

found to be the most dominantarchaealspecies.The decrease in thg13C signal in the

SOFT core compard to the initial core indicated a shift from a more thermogenic

towards a more biogenic source ofmethane after the petoleum seepage(see Whiticar,

1999). The original petroleum had less than 1% methane (according to DEA Deutsche
Erdoel AG). @s chromatographic headspace analyses of orginial petroleum gave a
concentration of 82.8 pmol/ml petroleum (Appendix 2) and a13C signaof-t m8 o0 p A&l O
methane. Therefore, with respectto 113C signal of methane in both the initial sediment

core and the petroleum, a decrease in th&C signal of methane over time indicates
microbial methane production in the SOFT core. In another study ithe South Caspian

Sea basin, methanogersis was postulated for sediment cores(20 to 30 cm long FC1

and FC2 in Fig. 2Jost, 2014)collected ataOT IOAADP SO 1T AFOE | néakby @E OA 1 1
sampling site. In FGsediment cores, methane concentrations increased with depth and

showed a typtal biogenic signature ofp v 8v p ET AEAAOET ¢ 1T OCAT EA
by methanogent archaea. Their study concludedhat methanogenesis isan important
processinvolved in the anaerobic degradation of organic mattein Caspian Seaurface
sediments. In our study, the 113C methanedata of the initial sediment core ranged

between -0 0 8 xdnd -0 @ 8 X ipdicating a contribution of thermogenic methane

possibly from the nearby mud volcanocomplex (Fig. 2).After 190 days ofsimulated
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petroleum seepage, a shift tawards biogenic methane(-t w8 v p -1Ad 8\g Iig. 10)
was indicated in the SOFT core. It can be speculated that over longer seepage time, the
113C signalcould have either been further shifted towards a pure biogenicsignal or
maintained a steady state of asund -50 p due to the constant inflow of fresh
thermogenic petroleum (including thermogenic methane) and the partial microbial

degradation/conversion of the petroleum to biogenic methane.
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Figure 10. 113C of methane and methane concentration in two replate Caspian Sea cores
before (initial) and after the SOFT experiment (190 days, Final). The shaded area represents the
methanogenic zone of the core and the neshaded area represents the sulfate reduction zone.
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low for analyses.

As the amount ofCorg was rather low in the initial sediment core and increased onlafter
petroleum addition (Fig. 3), we argue that the observed methanogenesiscan be
attributed to petroleum degradation. In order totest this hypothesis, sediment samples
of the SOFT core from both the sulfateeducing zone (0 to 8 cm) and the methanogenic
zone (8 to 16 cm) were enriched in sulfatdree medium with selected petroleum
hydrocarbons (hexadecane,methylnapthalene, toluene and ethybenzene). Methane
production was monitored over time and methanogenesisrates were calculated by
linear regression (Fig. 11, Table R The highestmethanogenesisrates were observed in
treatments with hexadecane (16.08 and 138 nmol d! mll sediment ) and

methylnapthalene (12.8 and 10.3 nmol d ml-1 sediment) in both the sulfate reducing
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and methanogeaic zone, respectively (Table 2 The positive response to petroleum
treatment and elevatedmethanogenesisates compared b the controls support that the
methanogenesis observed in the SOFT coreas related to the biodegradation of
petroleum. It should be noted that unlike in the SOFT core, methane production was
observed (and highest) in the enrichment cultures from the sulfate-reducing zone
suggestingthat the SRB outcompeted methanogens during the SOFT experiméhtig. 6).
Several previous &boratory studies with batch cultures demonstrated methane
production when offering hexadecane or petroleum indicating methanogenic
degradation of these compoundgZengler et al., 1999; Anderson & Lovley, 2000; Jones et
al., 2008; Sherry et al., 2014)The SOFT system revealed, to the best of our knowledge,
for the first study methanogenic activity related to petroleum degradation under close

natural conditions.
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Figure 11. Methane production in enrichment cultures in sediment samples tim the
methanogenic and sulfatereducing zone.

Table 2. Rates of methanognesis in enrichment cultures with sediment samples from SOFT
core.

Zone Treatment Methanogenesis rate
(nmol d -2 ml-1 Sediment)
Sulfate reducing zone  Only sample 1.6
Killed sample 0.0
+ Hexadecane 16.7
+ Ethylbenzene 0.7
+ Methylnaphthalene 12.8
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+ Toluene 0.6
Methanogenic zone Only sample 11
Killed sample 0.0
+ Hexadecane 13.8
+ Ethylbenzene 0.6
+ Methylnaphthalene 10.3
+ Toluene 2.3

Conclusion

The present studydemonstrated the functionality of a new sedimentoil-flow-through
(SOFT) systm that simulates a smaliscale petroleum seepagé¢hrough intact sediment
cores and facilitates comprehensive monitoring of biogechemical parameters. We
showed in the example of Caspian Sea sediments that microbial degradation of seeping
petroleum affectsthe temporal and spatial distribution of redox processes and alters the
composition of petroleum. After passing the sedimentpetroleum was found to be
depleted in short chain nalkanes Volatile n-alkanes were completely consumed during
the ascent of thepetroleum and lower chain nalkanes (up to C14) were preferentially
degraded over the higher nralkanes. Methanogenesis and sulfate reduction were
identified asimportant processesnvolved in anaerobic degradation of petoleum in the
selected sediments. Qdon isotopic analyses of methane (which probably represented a
mixture of ascending thermogenic and irsitu produced biogenic methane) following
petroleum seepage suggest that a high methane concentration combined wijfi3C
signals intherangeofum p ET OOOZAAA OAAEI AT 6O AT Ol A

active seepage undergoing methanogenic petroleum degradation.
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Experimental Procedures
Setup of the SOFT system

A sedimentoil-flow-through-System (SOFT Systemm was developed to simulate
petroleum seepage in intact sediment cores by pumping petroleum from the bottom and
providing diffusive supply of electron acceptors via oxic artificial seawater from above
(Fig. 1). The SOFT system was modified after the sedimeflow-through (SLOT) system
established by (Steeb et al., 204), which simulates methane seepage (seAppendix 4
for a detailed comparison). An intact sediment core was collected with a gaight
polycarbonate coreliner (Appendix 2 and 4). The core liner had 3 vertical lines of 21
sampling holes each (diameter 4mm, distance between two holes 5.8 mm). The holes
were sealed with residuefree silicon (Aquasil, Probau). The top cap of the core was
equipped with 3 openings (diameter ~35 mm) to feed through tubing (Iso-versinic,
LLG;inner diameter 1 mm and outer dianeter 3 mm) from an air pump, from a seawater
reservoir (inflowing seawater), and to a wastewater reservoir (outflowing seawater).
Aeration by air pump in the supernatant water was applied to facilitate a natural redox
zonation (from oxic to anoxic) in thesediment core. Care was taken that the air flow was
not too strong to avoid disturb ance ofthe sedimentsurface layer. The upper end of the
core liner was covered by a semi open PVC cap (AppendiX 2wrapped with permeable
laboratory film (Parafilm, Pechiney Plastic Packaging), to allow gas exchange with
atmosphere. The bottom part of the core was kept anoxic by sealing the end of the core
liner with a rubber stopper (Appendix 2. Two metal tubes cut from biopsy needle
holder (O-MAX T KnochenmarkBiospie-S€; outer diameter 3mm, inner diameter 1.9
mm) were integrated in the rubber stopper as crudeoil inlets. All tubing connections
(sediment core, crude oil reservoir, seawater reservoir, collection bottle and air pump)
were established with gas tight and aubclaveable &o-versenic tubes (LG,
polypropylene tube connectors and fast couplers. Crude oil was pumped tin the
sediment core at ~ 3.5 plmin-1 with peristaltic pumps (Medorex, TL/10E, min/max
pump volume 8 p t ¥ timEd minzd ) using Santropen tubes (Medorex;
autoclaveable, highflexible, very resistantagainst corrosive media;inner diameter 0.5
mm, outer diameter 1.6 mm). Petroleum pumping was switched on and off at frequent
intervals (two to three days of noflow vs. two to three days of oiflow) to imitate

natural variability of petroleum migration and to offer organisms sufficient time for
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degradation in their microhabitat. A layer of petroleum (oil slick) formed at the water-
air interface from the petroleum that seeped out of the sediment core. The oil slickas
periodically removed with sterile syringes to avoid overflow. Light and live crude oil
(i.e., al with a low viscosity/specific gravity and containing dissolved gas in solutioi,
originating from the North Sea (Mittelplatte) was provided by Dea Deutsche Erdoel AG
(sampled in February 2013. Artifical seawater wassupplied to the overlaying seawater
through a inlet tube with the help of the persitalic pumps at a flow rate of 25 pmin-1.
Simultaneously, an outlet tube was placed at a level higher than the seawater inlet tube
which removed the overlaying seawater at 25 umin-1 to maintain a constant level of
overlaying seawater.Cotton plugs were applied to theseawater reservoir to maintain
the seawatersterile and oxic. Theoutlet tube connecting theseawater reservoir with the
SOFT linerwas integrated into the cotton plug. The seawater r&rvoir bottle , the cotton
plug, and the inlet were autoclaved at1l20°Cfor 65 minutes prior to usage. In order to
keep the seawater as natural as possibl@o specific nutrients or vitamins were added
Seawater was prepared by mixing 12g of sea salts (Sigma Aldrich product number
S9883) in 1000 ml of sterile deionized water to achieve a salinity of 1@su. Additional
sulfate was added in the form of magnesium sulfate to obtain the sulfate concentration
of the initial core, which was determined to be around 24 mmol 1. The entire SOFT
experiment was carried out in the dark in an incubator at 16°CThe temperature was
chosen because it waaround the average temperature of Caspian Sesurface water in
Baku in November, ie., during our sampling campaign

(http://seatemperature.info/november/azerbaijan -water-temperature.html).

Study site andield sampling

In November 2012, three replicate sediment push cores (30 cm long, 6 cm inner
diameter) were collected from acoastal areain the Caspian Seaear Baku, Azerbaijan
(Fig. 2). The initial coresusedfor sediment and porewater analyses were 18 cm and 16
cm long, respectively. The core selected for the SOFT experiment was 16 cm long
Additionally, two replicate mini push cores (30 cm long, 2.6 cmnner diameter) were
collected for determination of sulfate reduction rates.The mini cores were 16 and 12 cm
long. The sampling site was located in the South Caspian Sea bas{N 39 59.548, E 49
28.775). The Caspian Sea is the largest continental water body and the rivers Volga,

Kura, and Ural are the three biggest contributors of its inflow and nutrients(Dumont,
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1998). It has an area exceeding 390,000 Kmvith a water volume of around 78,000 knd
(Kosarev, 2005) The salinity ofthe Caspian Sea is around 12 psand the relative
concentrations of S@-(~31 mM), C&* (8~ mM) and Mg?+ (~29 mM) are higher than in
average seawater dudo the inflowing rivers Volga and Kura(Millero & Chetirkin., 1980;
concentrations fromPeeters et al., 1999) Thesampling site was chosen due to presence
of natural hydrocarbon seepage structures likeoff and on shore mud volcanoes (Fi@).
Petroleum hydrocarbons inthe Caspian Seavere first identified through the presence of
active oil and gas seeps that are associated with mud volcano@satz et al., 2000) The
water depth at the sampling site was around 60 cm. Sediment cores were collected in
PVC core liners (see sectioBet up of the SOFT systeby directly walking into the water
and pushing the liners into the sediment by hand. The sediment cores wesealed air
free (filled with seawater to the brim) with rubber stoppers. The cores were storedat
the Geological Institute of Azerbaijan in thedark at ~10°C until they were shipped to
Kiel in February 2013. Upon arrival inKiel, the sediment cores werekept in a cold room
(10°C) and teir initial condition measurements were done 10 dayslater. After the
initial measurements were done, the cores were stored at 0°C until thEOFT system
(petroleum seepage) was started 2.5 months later. For the initial condibns, two
replicate push cores were analyzed to study initial geochemical and molecular
parameters, i.e. before the start of SOFT experiment (further details see belgwas well

as two replicate mini push cores for the determination of sulfate reduction res.
Microelectrode measurements

One set of sampling holein the SOFT linerthat were sealed with silicon was used for
microelectrode measurements Dissolved total sulfidewas measured with a needle &5
microelectrode (Unisense, Denmark; BN, tip diameer 0.8 mm). It was inserted
horizontally around 3 to 4 cm into the sediment core through the silicon filled liner
holes (Steeb et al.,, 2014)The sensor was calibrated by 6 different concentrations of
NaS standard solution (0, 100, 200, 500, 100Q; trt 1 z%). fThle stdndards were
prepared with oxygenfree citric acid-phosphate buffer, 10 % v/v TiCl and set topH 7.5
as this value represented the relatively consistent average pH of the sediment core (data
not shown). Hence, it has to be kept in md that total sulfide data were not corrected
for individual pH data points. The calibration stardards were stored at 16°C

(experimental temperature) overnight to obtain the same temperature as the sediment
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core. Cooling packs were used to keep the sedimertores at 16°C (incubation
temperature) while measurements were performed at room temperature.After
penetration into the core, the sensors were allowed to adapt between 15 to 20 minutes
until the signal drift reduced and a alue was notedthat was at least 90 % of the
response signal(Steeb et al.,, 2014) The microsensor calibration was done prior to
measurements using the calibrationsoftware offered by Unisense(SensorTrace PRO),
which provided signals in millivolt and the corresponding concentration for each data
point. The data were corrected for the shift in he electronic signal at the end of the

measurement.

Oxygen was measured with miniaturized Clarktype glass microelectrode (Unisense,
Denmark; OX%100, tip diameter 100 um). As the overlaying seawater in the SOFT core
was constantly bubbled with air and se&ed with Parafilm (Pechiney Plastic Packaging,
Menasha) we assumed 100% oxygen saturation. Therefore, a two point calibration was
done using the overlaying water as 100% atmospheric oxygen and the lowest signal in
the sediment as the zero reading (0% oxyge. Vertical profiling over 5 cm depth was
done with a step size of 100 m measuring period of 3s and waiting period of 15 s.
Microsensor measurements were taken periodically (every 30 to 40 days) and were
done before porewater sampling to avoid disturbanes in the sediment by the porewater

extraction.
Porewater sampling in SOFT

Rhizons (Rhizosphere,CS&h | AT COE v Aih AEAI AOGAO ¢8uv 11nh
to extract porewater from the initial sediment core. For the SOFT core, the rhizons were
permanently fixed to one set of the three vertical sampling hole lines in the core liner for
the entire duration of the experiment (for technical details see Steeb et al. 2014)
Porewater was extracted with rhizons periodically (30 to 40 days) followed by
geochemical analyses. Porewater extraction analyses were done at the end of the
microsensor analyses(see above). Around 1.5 to 2 ml of porewater was extracted per
rhizon. Porewater samples were taken in 2 cm intervalsConsidering a sediment
porosity of ca. 0.4and an inner core liner diameter of 6 cm, across sampling of
porewater with the rhizons can be avoided between two adjacent sampling depths (2 cm
in our core) as long as the volume extracted does not exceed 3.6 (BkebergElverfeldt

et al., 2005). Around 0.05 to 0.1 ml of the porewater was used for immediately
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measuring total alkalinity by titration. The rest of the porewater was stored in 2 ml
plastic cyro-vials at -20°C, and was I®r used for analyzing sulfate by ion
chromatography. In adition to porewater, seawater was sampled from the seawater

reservoir and the overlaying seawater.
Geochemical porewater analyses

Porewater concentrations of sulfate was determined by ionchromatography. A
Metrohm ion-chromatography equipped with a convetional anion-exchange column
and carbonatebicarbonate solution as eluent was used. The IAPSO standard seawater
was used for calibration. Sulfatavas measured with a conductivity detector(Wallmann

et al., 2006)

End of the SOFT experiment and core slicing for sediment analyses

After 190 days, the SOF€&xperiment was stopped.The bottom cap was removed slowly
and the coreliner was immediately placed on the extruder (diameter ~5.8 cm). The
overlaying seawater was removed from the top with a 60 ml syringe. However, during
removal of the supernatant, we observed an oil slick sdittg on the sediment surface.
We therefore considerthe 0-1 cm sediment layer to be not representative for some
sediment parameters (e.g.n-alkane alteration after seepage in the SOFT incubation)
because of the additional petroleum hydrocarbons that mighbave originated from the
overlying oil slick. The sediment core was sliced verticallfrom top to bottom every 1
(0-3 cm) to 2 cm (3 cm until end of core) Sediment samples were thesubsampledfor
the analyses of CAC6 nalkanes andtheir 113CGmethane isotopic signature, C9C40 n
alkanes, porosity, sulfate redution rates, total CNS, 16SRNA phylogenetic studies,
catalysed reporter deposition fluorescencein situ hybridization (CARD-FISH) and

enrichment culturing for methanogens and sulfate reducers.
Saliment analyses
Concentration of volatile ralkanes (C1 to C6) antheir carbon isotopicsignature

Dissolved volatile hydrocarbons (CiC6) in the sediment were determined from
subsamples of sediment core sections by using a headspace technigli@wo ml of
sediment and 5 ml of 2.5% (w/w) NaOH solution were equilibrated in a septunsealed

13 ml headspace glass vial at room temperatur€Sommer et al., 2009) Forthe analyses
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of volatile hydrocarbons in the original crude oil, 2 ml othe oil and 5 ml of 2.5% (w/w)

NaOH solution were equilibrated in a septurrsealed 13 ml headspace glass vial at room
temperature. It should be noted however,that we cannot completely exclude losses of

volatiles from the original crude oil as it was analyzed after the SOFT experiment, during

which it was kept stored at room temperature in its original sealed container
Hydrocarbon (C1-C6) composition of the headspace gas was then determined with a
O4EAQI T 4 0@AHeAno Bdedifit)A\gas chromatograph equipped with flame

lonization detector (carrier gas: helium 5.0; capillary column:RT Alumina BondKClI,

column length: 50 m; column diameter: 0.53 um). Precision of +2% was achieved in
comparison to standard hydrocarbon mixtures. Stable carbon isotope ratios diC1)

were measured by using acontinuous flow GC combustion- Isotope Ratb Mass
Spectrometer combination. Hydrocarbons were separated in a Thermo Trace GC (carrier

gas: He; packed column: ShinCarbon, 1.5 m). The subsequent conversiomethaneto

carbon dioxide was conducted in a Ni/Pt combustion furnace at 1150°C. THéC/12C

ratios of the produced CQwere determined by a Thermo MAT253 isotope ratio mass
OPAAOOT I AOGAO8 11 EOI O brbtatenAw@rErésect o ¥idnn2OA DT OO0
Pee Dee Belemnite (VPDB). Analytical precision of the reported isotopic composition

was M Tt 8 A ddtegtion limit of 10 ppmV methane (1ml syringe injection) had been
AAEEAOAA AU OOEIT ¢ OEA 11 OAAT A AAPELINKOU AAOQG
instead of the original fixed one of Thermo Scientific!(Cordt, 2012).

Higher n-alkanes (C10 taC4Q

Sub-samples from sediment core sections were collected in aluminum foil and frozen at
20°C until analyses. Prior to extraction, the sediment samples were allowed to thaw at
4°C. Samplesvere extracted with an Accelerated Solvent Extraction (Dionex ASE 150,
Thermo Scientific) and measured in GEMS (Shimadzu, GCMAP2010 with auto injector
AOG20i) for n-alkanes. Around 4g of sediment (mixed with inert diatomaeous earth)
was extracted with dichloromethane and acetone (80:20) at 100°C with the ASE
(Application note 338, Dionex). The extract was dried over sodium sulfate and was
passed through a glass chromatographic column (Eydam, length 25 cm, inner diameter 1
cm). The chromatographic colmn was filled with 1 g of silica gel (Roth, 2300 um
mesh size, preheated at 450°C for 4 hourand activated with 8% v/w with deionized

water) and contained silanized glass wool at the outlet end. The column was then
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washed portion wise with 20 ml of nhexane and the resulting extract was collected and
dried in a conical flask. The conical flask was then washed with 2 ml oftrexane and this
final soluton was measured with GEMS (1:10 or 1:20 dilution depending on the
sample). Before the extraction procss, deuterated tetracosane (£Dso) was used as an
internal standard in the extraction cell. 100 pL of 2000 ng pt CGaDsowas added to the
extraction cell to achievean end concentration of 20 ng pt G4Dso in the final extract. A
solution of 20 ng pH CaDso in n-hexane was measured separately to produce a
reference peak area on the chromatogram. The ratio of the two chromatogram peak
areas (sample extract and reference) of the internal standard was used to calculate the
recovery of individual n-alkanesin our samples. The G®S had a capillary column (ZB
1HT Inferno, length 30 m, thickness 0.25 um, diameter 0.25 mm). Helium Alphagaz
1(Air Liquide) was used as the carrier gas with a flow rate of 0.8 nmin-1. The samples
were measured in scan mode withiie massto-charge ratio (m/z) range of 43 to 85. The
original crude oil was extracted in the same procedure by mixing it with inert
diatomaceous earth prior extraction by ASE. To get a precision of the methodology, the
original crude oil was extracted 4 tmes (from the first step of extraction to the final
measurement step). A method precision range for each-akane in the orignal crude oll

Is provided in Appendix 5. Instrument precision for each nalkane determined by

repeated measurements of 1 ngil-1standard mix is provided in Appendix 5.
Sediment Porosity and total C, N, S

Porosity was determined by weighing the wet and freezelried weight of the sediment.
Porosity was then calculated from the water content assuming a dry solid density of 2.63
g cm3. As the bulk volume ofpetroleum was notremoved by the freezedrying process,
porosity values mightappear lower than they actually were in samplesthat contained
oil. Porosity samples were subsampled for analyses of total C, N andr&l analyzed by
CARLOERBA Elemental Analyzer (NA 1500§Steeb et al., 2014)Total organic carbon
was then determined by the difference in carbon content after removing the carbonate
carbon through acidification (addition of 0.25 N HCI). Measurements were done in

duplicates.

Sulfate reduction rates
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Six pl of the carrier-free 3SQ2 radio tracer (dissolved in water, 200 kBq, specific
activity 37 TBq mmoF) was injected into the replicate push cores in m depth
intervals according to the wholecore injection method (Jgrgensen, 1978) The injected
push caes were incubated for 6.5 hours at 16C.After the incubation period was over,
bacterial activity was stopped by slicing the push core id cm intervals and transferring
each sediment layer into 50 ml plastic centrifuge tubes filled with 20 ml zinc acetate
(20% w/w). Five controls were prepared by adding the tracer to killed samplesThe
vials were stored at -20°C until rate determination by the cold chromium distillation
procedure accordingto (Kallmeyer et al., 2004) For the SOFT core, 3 to 4 rmediment
was taken every 2 cm vertically in 5 miglass tubes and were immediately sealed with
butyl rubber stoppers after sampling(Treude et al., 2005) The tubes were injected with
6 pl carrier-free 33SQ? radiotracer (dissolved in water, 200 kBq, specific activity 37 TBq
mmol™) and incubated at 16°C for 12 hours. Four controls were prepared by adding
tracer to killed samples. Incubation was ended in the same way as described for the

initial cores.
DAPIStaining:

Sediment sampleswere fixed in 3% formaldehyde for three hours & 4°C, washed with
1x PBS and stored in ethanePBS (1:1) at-20°C. Samples were diluted, four times
ultrasonicated on ice at 20% intensity, 20 cycles, 30 seconds (Bandelin Sonopuls
HD200). An aliquot was filtered on a 0.22 um pore size polycarbonate filte Filter
sections were embedded in Citifluor:Vectashield (4:1) mounting medium containing
50ug mtt 4',6'-diamidino-2-phylindole (DAPI). Microscopy was done with a Nikon

eclipse 50i epifluorescence microscope.
Sediment analyses: Enrichment culturing

Anaerobic incubations were set up in an anaerobic chamber to determine methanogenic
rates and the potential of indigenous microorganisms to degrade selected hydrocarbons.
One g of sediment wasransferred into autoclaved50-ml glass bottles containing 20 ml
of sulfate-free seawater medium (Widdel and Bak, 1992).The salinity of the medium
was adapted to the respectiveoriginal seawater conditions (12 psu) by adding varying
amounts of NaCl(Merck, CASNo: 7647-14-5). The dass vials weresealedwith sterile

butyl rubber stoppers and aluminum crimp caps. All tubes were flushed with K to
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remove traces of H from the anaerobic chamberZero and 20 mM sulfate were added to
the methanogenic microcosmsand sulfate-reducing microcosms respectively. Qultures
were amendeal with the single substratesn-hexadecane, ethylbenzene (both 0.1 % v/v),
toluene or 2-methylnaphthalene (0.5 mg of each)to investigate potential methane
production rates related to the biodegradation of selected hydrocarbonsControls
without any added carbon source were incubated in parallelReplicate awltures with 2-
bromoethanesulfonate (BES; 10 mM), a specific inhibitor for methanogenic
microorganisms (Scholten et al., 2000)were prepared to account for possible non
microbial methane emissons from the water or sediment samples. In sulfateéeducing
microcosms,sodium azide(NaNsz, 50 mM), a strong microbial toxin, was usetb prepare
metabolically inactive controls. All microcosms wereincubated at 30°Cin the dark and
monthly sampled to asess methaneand CQ in the headspace as well as sulfide
formation in the medium. Methaneand CQ production rates were calculatedby linear
regressionof eachgasincreasedwith incubation time and expressedin umol day! gDW
1 (dry weight) of sediment (Kruger et al., 2001) Methaneand CQ concentrations from
microcosms headpacewere analyzedusing a methanizer-equipped gas chromatograph
with flame ionization detector (GCGFID) fitted with a 6 Hayesep D columnSRI8610C,

SRIInstruments, USA)running isothermally at 60°C, after reduction of C&to methane.
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Appendix for Chapter 4

Appendix 1. Distribution of petroleum in the SOFTcore during the vertical migration. The
petroleum has distributed evenly throughout the sediment section but also channelized between
the wall of the coreliner and sediment in parts.

Appendix 2. Individual parts of the SOFT system. A) Rubber stopper thi 2 integrated steel
channels B) Upper cap with 3 small holes to guide tubing for aeration and seawater
inflow/outflow C) Iso -versinic tubing D) Assembly of individual parts with the core liner.
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Appendix 3. Amount of n-alkanes in the original North &a petroleum used in the SOFT system.
The extraction process of petroleum was repeated five times to determine the analytical
precision of individual n-alkanes. The precision is represented by the standard deviation.
(Values are mean, i A
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Appendix 4 . Technical specification of the original SLOT (methane seepage simulation) and the
modified SOFT (oil seepage simulation) system (n.a = not applied).

Specification SLOT SOFT
(Steeb et al. 2014) (this study)

Methane supply from via advection n.a

below

Crude oil supply from n.a via advection

below

Sulfate supply from top via diffusion

Oxygen supply from top n.a. via diffusion

(supplied by air pump)
Seawater medium Anoxic sulfaterich Oxic seawater prepared from sea salt
delivered from top artificial seawater medum  (Sigma Aldrich), salinity 13 ppt
(Widdel & Bak, 199),
salinity adapted to the
respective environment

Seepage medium delivered Anoxic, sulfatefree n.a.
artificial seawater medium

from botiom (Widdel & Bak, 1992)
salinity adapted to
respective environment

Sediment core liners Polycarbonate core liners: gastight, total length 30 cm, inner diameter 6
cm, outer diameter 6.8 cm

Sampling holes in core 3 vertical lines of 21 sampling holes (diameter 4 mm, distance between

liners sampling holes 5.8 mm) sealed #th residue-free silicon (Aquasil,
Probau)

Pore water sampling Rhizons

Peristaltic pumps Medorex TL/10E, min/max pump volume 0.1/400 t L min-1

Peristaltic pump tubes Santropen; autoclaveable, highflexible, very resistant; tubes inner
diameter 0.5 mm, outer diameter 1.6 mm

Connecting tubes Iso-Versenic: autoclavable; very resistant; very low gas permeability ;
inner diameter 1 mm; ouer diameter 3 mm

Bottom sealing PVC caps Rubber stoppers with 2 oil channels

Top sealing PVC cap PVC ring covered with parafilm
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Appendix 5. Precision of nalkane analyzes.

n-alkane Standard deviation [%0] Standard deviation [%0]
n=4 n=5

(Method precision from (GGMS precision for a

extraction to measuement) standard mix of 1 ng/uL)
n-Decane (€10) 38.9 292
n-Dodecane(C12) 26.3 4.7
n-Tetradecane(G14) 29.9 6.1
n-Hexadecane(€16) 6.1 1.4
n-Octadecane(€l18) 3.2 1.4
n-Eicosane (€20) 2.8 1.2
n-Heneicosane (€1) 2.8 1.3
n-Docosane (€22) 2.4 11
n-Tetracosane (G24) 2.5 11
n-Hexacosane (€26) 3.5 1.2
n-Octacosane(€28) 3.5 11
n-Triacontane (G30) 2.6 1.2
n-Dotriacontane (G32) 3.6 13
n-Tetratriacontane (G34) 4.3 12
n-Hexatriacontane (G36) 4.3 14
n-Octatriacontane (G38) 6.0 2.0
n-tetracontane (G40) n.a 3.8
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Summary

Anaerobic microbial hydrocarbon degradation is a majobiogeochemical process at marine
seeps. Here we studied the response of the microbial community to a petroleum seepage
simulated for 190 days under closeto-in situ conditions in a sediment core from the
Caspian Sea using a sedimeupil-flow-through (SOH) system. hitial (to) and SOFT
communities shared 43% bacterial genudevel 16S rRNAbased operational taxonomic
units (OTlbo4s) but shared only 23% archaeal OTbss. The community differed
significantly between sediment layers. In layers of highest diate reduction,
Deltaproteobacteria were fourfold more abundant in SOFT than in initial sediment. Based
on an increase in specific CARPBISH cell numbers, several groups of sulfateducing
bacteria were identified who are likely responsible for the obseved decrease in aliphatic
hydrocarbon concentration: clade SCA1 for propane and butane degradation, clade LCA2
for mid- to long-chain alkane degradation, clade Cyhx for cycloalkanes, pentane and hexane
degradation, Desulfobacula for toluene and benzene derpdation and syntrophic
methanogenic archaea of the genu$/ethanosarcinafor long-chain alkane degradation.
Sequencing ofmasD a marker gene for alkane degradation encodingl{methylalkyl)
succinate synthase, revealed a low diversity in SOFT sediment witfivo abundant species
level OTW.es supporting that the major part of anaerobic hydrocarbon degradation is

mediated by few groups of microbes.
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Introduction

Crude oil mainly consists of aliphatic hydrocarbons (alkanes), naphthenes, aromatics,
asphaltenes ad other compounds in varying composition depending on where and how it
was formed. A large and diverse number of microorganisms, including bacteria, archaea
and fungi, have evolved the ability to utilize these hydrocarbons as sources of food and
energy for growth under either oxic or anoxic conditions (Grossiet al, 2008, Heider and
Schihle, 2013.

Contaminations of an ecosystem with hydrocarbons as observed, e.g., after heepwater
Horizon disaster in the Gulf of MexicqAtlas and Hazen, 2011Kimeset al, 2013; Kimes et
al., 2014), have important consequences on the autochthonous microbial communities,
which suffer drastic changes in structure and function. In theoxic water column the

i AET OEOU 1T £ 1 EI EO AACOAAAA AU AAOI AEA 1|1 EA
hydrocarbon seeps is mainly degraded by anaerobic microbes living in benthic
environments (Head et al, 2003; Joneset al, 2008). Using sulfate, nitrate, manganese or
ferric iron as electron acceptors anaerobic enrichment cultures were established from
marine seep sediments, oil reservoirs and petroleum polluted siteg¢e.g.Kniemeyer et al,
2007; Weelink et al, 2009; Jaekelet al, 2012, Mbadingaet al, 2012; Bian et al, 2015) and
several isolates have ben obtained. Furthermore, hydrocarbordegrading syntrophic
enrichment cultures have been established under methanogenic condition$or example,
Zengler et al, 1999; Changet al, 2006, Berdugo-Clavijo and Gieg, 2014Embree et al,
2014). Responsibé strains can degrade only a narrow range of hydrocarbon sources and
belong to the phyla Proteobacteria, Firmicutes within the domain Bacteria or to
Euryarchaeota within the domain Archaea (Figure 1). A common way of alkane activation
is its addition to the double bond of fumarate (fumarate addition), which is catalyzed by the
glycyl radical enzyme Imethyl alkyl succinate synthase (MasGrundmann et al, 2008)
acronym: alkylsuccinate synthase (AssCallaghanet al, 2008). As such, genes encoding the
catalytic subunits of Mas (nhasD serve as potential biomarkers for alkanedegrading

communities in anoxic hydrocarbonrimpacted environments (Callaghan, 2013ab).
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The fate of oil in the marine environment is subjected to microbial activity, thus altering the
I EBlcdmposition. The rate of microbial degradation depends on several environmental

factors like nutrients, salinity, and availability of terminal electron
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Figure 1. Phylogenetic tree showing the affiliation of 16S rRNA sequences of cultured or enriched
sulfate-reducing anaerobic hydrocarbon degraders to selected reference sequences of the domain
Bacteria. Substrate usage of hydrocarbon degraders is given in parentheses. Hydrocarbon
degraders detected in the 16S rRNA gene sequence dataset from SOFT cedanent (based on
genuslevel; >94.5% sequence similarity) have been printed in boldface type. The grey boxes show
coverage of probes used for CARBISH. For quantified clades, i.e. SCAl, Desulfobacula and
relatives, LCA2, and Cyhx, an increase of cell nbens by at least 2fold were detected in the zone of
sulfate reduction. The bar represents 10% estimated sequence divergence.
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acceptors, composition of crude oil, temperature and pressuré€Atlas, 1981 Leahy and
Colwell, 1990). Only few studies investigated anaerobic hydrocarbon degradation under
closeto-in situ conditions and mostof these studies have focused either on one or few
selected hydrocarbons(Spormann and Widdel, 2000 Widdel et al, 2010; Mbadingaet al,
2011). Thus, the aim of this study was to follow the response of the benthic microbial
community on simulated oil seepage in a marine sediment core. In the accompanyisigidy

by Mishra et al. (this issue) a sedimentoil-flow-through (SOFT) system was established
that simulated oil seepagdike conditions. In this SOFT system, intact sediment cores are
supplied with crude oil flow from below (simulating a seep situation) and artificial
seawater with electron acceptors like sulfate and oxygen from above. Sediment cores from
the Caspian Sea (Western Asia) were chosen for establishing the SOFT system. The Caspian
Sea is the largest enclosed basin on Earf(ba. 380.000 knd, Dumont, 199§. In the past, the
Caspian Sea was, as remnant of the Paratethys Sea, connected to oceans, but has become
landlocked five million years ago. Thus, the Caspian Sea has wrégatural conditions and
rich natural resources, both biological and minera(Kosarev, 2005. Due to the large influx

of freshwater by numerous rivers that drain into the Caspian Sea, the salinity is only about
one-third of that of seawater (1.3%, Millero and Chetirkin, 1980, making it a lacustrine
brackish water body (Leroy et al, 2007). The Caspian Sea harbors significant oil and gas
reserves (Zonn, 2005, so that sediments used in this study has got some history of
(nearby) hydrocarbon seepage. However, concentrains of alkanes in initial sediments
were below the detection limit of <0.1 ng mi (Mishra et al, this issue).

Here we report the microbial 16S rRNA gene diversity in Caspian Sea sediments sampled at
to (representing the initial conditions) and after 190 days of stimulated crude oil seepage in
the SOFT core by 454 pyrosequencing. Furthermore, the anaerobic alkadegrading
community was analyzed based on MasD diversity. We hypothesize that specific taxa
respond specifically to simulated crude oil seepagby an increase of their cell numbers
resulting in a change of community composition. We further hypothesize that this specific
cell increase is vertically structured according to sequential crude oil degradation. To
address these hypotheses specific calumbers of selected hydrocarbordegrading taxa in

SOFT core versus initial core sediments were determined by CARIISH, and molecular

74



Chapter 5. Microbial community response to simulated petroleum seepage in Caspian Sea sexdiment

data obtained in this study were correlated with the biogeochemical and crude oil

degradation data obtained by Mishreet a. (this issue).

Results and discussion

Oil seepage was simulated in a sediment core from the Caspian Sea using a sediroént
flow-through (SOFT) system (for details see Mishret al.,this issue). Crude oil was pumped
at a constant rate through the cordrom the bottom to top, while artificial oxic seawater
diffused into the sediment from the ventilated supernatant. Methanogenesis and sulfate
reduction were identified as important processes in the anaerobic degradation of

hydrocarbons during petroleum seepage in Caspian Sea sediments (Mished al. this issue).

Sequence dataset specification, microbial richness and evenness.

We obtained 146,181 bacterial and 393,789 archaeal raw 16S rRNA gene sequences from
initial and SOFT sediments. After strict quatly trimming about 40% of the raw reads were

left for analysis (Table 1). In total, 2478 bacterial and 153 archaeal gertisvel operational
taxonomic units at 94.5% sequence identity (OT&bss) were detected in the sediment ¢
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in SOFT sediment. The bacterial dataset contained 4.1% absolute single sequence OTU
(SSQ@vs; OTW.045 that occurred only once in the whole dataset) and 10.6% relative single
sequence OTU (SS& OTW.o4s that occurred only once in at least one sample but are more
frequent in other samples) and the archaeal dataset contained 7% S®£and 19.1% SSf.
Chao 1 bacterial genudevel richness estimates based on standardized datasets were
similar for initial and SOFT sediments and ranged between 396 and 532 Qyldss(Table 1).
Archaeal richness estimates were one order of magnitude lower and ranged between 30
and 35 OTWassin initial sediments and between 57 and 81 OTgbssin SOFT sediments.
Covaage was >94.6% (Bacteria) and >99.6% (Archaea) for all layers in both cores and
rarefaction curves nearly reaching saturation indicated sufficient sequencing effort (Figure
S1). The observed bacterial richness on gendsvel fits to that reported before n other

studies of benthic habitats for speciedevel which ranged between ca. 300 OTdd7 at
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hydrothermal vents to ca. 6500 bacterial OTbk7 at the deepsea surface and ca. 1500
archaeal OTWg7 in coastal sediments(Ruff et al, 2015). With an inverse Simpson index
between 4.3 and 6.6, archaeal diversity was low in initial and SOFT sediments (Table 1).
Across all layes, archaeal diversity was lower than bacterial diversity. In initial sediments
inverse Simpson for Bacteria ranged between 40.1 and 82.1 and was highest in the two

uppermost layers. In SOFT sediments inverse Simpsoanged between 42.9 and 59.9.

Microbial community similarity between initial and SOFT sediments.

The uppermost layer of the SOFT core (@ cm depth) was excluded from the similarity
analysis due to the influence of an accumulating oil slick above and oxygen penetration

(Mishra et al.,this issue) into this layer.

Pairwise comparison of initial and SOFT sediments resulted in 43% shared bacterial
OTUW.945 but only 23% shared archaeal OTébss (Table S1). Communities were as similar to
each other within the core as between identical layers othe two cores: On average, 55%
bacterial and 59% archaeal OTbbas were shared within a core versus 5156% bacterial
and 59% archaeal OTbkas shared between identical layers (Table S2).

Similarity of bacterial (Figure 2A, B; 11 samples) and archaeal (Figei2C, D; 10 samples)
communities was visualized by nonmetric multidimensional scaling (NMDS). Bacterial
dissimilarity (Bray-Curtis) of samples is supported by an R value of 0.49 (p < 0.001).
Archaeal dissimilarity (Bray-Curtis) of samples is supported byan R value of 0.57 (p <
0.001). The bacterial and archaeal community differed significantly between different
sediment layers as confirmed by analysis of similarity (ANOSIM, Figure 2A, C; Bacteria: R=
0.46-0.73, p<0.001; Archaea: R=0.75; p<0.001). Betwedhe cores, community was only
significantly different for Archaea (R=0.73; p<0.001) but not for Bacteria (R=0.31, p = 0.05;
Figure 2B, D).

Fitting of environmental variables found significant correlations for methane (p= 0.003),
suggesting that methane kely influenced the observed pattern of archaeal taxonomic
clustering, while sulfate reduction rates (p<0.001) and sulfate concentration (p = 0.07)

likely influenced bacterial taxonomic clustering.
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Bacterial taxa in initial and SOFT sediments

On phylumlevel, the composition of the bacterial community was similar in initial and
SOFT sediments (Figure 3A, B). Proteobacteria dominated throughout the cores accounting
for 56% and 50% of bacterial 16S rRNA gene sequences in initial and SOFT sediments,

respectively. Planctomycetes, Actinobacteria, and Chloroflexi (5% to 7%
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Figure 2. Similarity of bacterial (A, B) and archaeal (C, D) communities visualized by nonetric
multidimensional scaling (NMDS) of BrayCurtis dissimilarity matrices based on OTlkas relative
abundance data with environmental variables fitted as vectors. Grey dots represent initial sediment
subsamples and black dots represent SOFT sediment subsamples. The size of the dots reflects the
evenness of the subsamples (inverse Simpson index). fided subgroups are depicted as colored
polygons. Dataset for SOFT core layer 0.5 cm depth was excluded from the analysis because this
layer became oxic and was influenced by an oil slick forming on top of the core during the
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experiment. Significance leved are shown after the tested parameters methane, sulfate, and sulfate
reduction rates (**: p< 0.01; *: p< 0.1). SRR, sulfate reduction rates.

each) were the next sequenc@bundant phyla. Onethird (initial sediment) and one-half
(SOFT) of the proteobacteial sequences belonged to the class Deltaproteobacteria (Figure
S2A, B) while almost onehalf (initial sediment) and one-third (SOFT) belonged to
Gammaproteobacteria. In comparison, previous studies investigating the microbial
community in natural CaspianSea sediments reported similar taxawith Proteobacteria
being most abundant(33% of reads on average), followed bylanctomycetes(14%) and
Chloroflexi (12%) (Mahmoudiet al, 2015).

The major part of gammaproteobacterial sequences in SOFT and initial sediment affiliated
with JTB255 (29% and 30%), recentlydescribed as ubiquitous chemolithoautotrophic key
players potentially involved in sulfur oxidation in marine sediments (Dyksma et al, in
press). A remarkable increase of Alphaproteobacteria was observed after dibw-through

in the uppermost layer of SOFT sediments at 0.5 cm depth (initial sediments: 6%; SOFT:
12%). The alphaproteobacterial generaNovosphingobium Sphingomonas Thalassospira
and Kordiimonas that were described to aerobically degrade aromatic hydrocarbon@&im
and Kwon, 2010, have been found in the SOFT dataset retrieved from 0.5 cm depth. As the
top layer in the SOFT core was oxic (Mishrat al.,this issue) and was covered by an oil
slick, the detection of sequencesdrom known hydrocarbon degraders suggested the
development of an aerobic hydrocarbordegrading bacterial community. Sequences related
to known gammaproteobacterial aerobic hydrocarbon degradergKleindienst et al, 2015)
have also been detected in this layer includingycloclasticusMarinobacter, Alcanivorax,
and Thalassolituus In particular, the relative abundance of sequences assigned to
Cycloclasticusincreased remarkably by a factor of 10 from 0.1% in initial sediments to
1.0% in the oxic SOFT layerCycloclasticusspp. had been described as globally relevant
degraders of aromatic hydrocarbons such as naphthalene, phenanthrene, anthracene, and
toluene (Dyksterhouse et al, 1995). For example, they became enriched in thBeepwater
Horizon hydrocarbon plume in the water column(Redmond and Valentine, 2012Dubinsky

et al, 2013).
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Deltaproteobacteria were analyzed in greater detail as most known anaerobic hydrocarbon
degraders belong to this group (Figure 1). An increase of relative sequence abundance of
Deltaproteobacteria was observed in the anoxic layers of the SOFT core between 2 and 8
cm depth (17-25% in initial versus 23-35% in SOFT sediment). Of these, more than one
half could be further assigned to the order Desulfobacterales accounting for a maximum of
20-22% of total bacterial sequences between 4 cm and 12 cm depth (Figure S2). Within
Desulfobacterales, the uncultured Sva008group, which was first described in clone
libraries from Svalbard sediments(Ravenschlaget al, 1999) and includes sulfatereducing
endosymbionts of the gutless marineoligochaete Olavius sp., was the most sequence
abundant group with 2.3 to 5.7% of total sequences (Table 2). Relative abundance did not
differ remarkably between initial and SOFT sediments supporting current knowledge, that
members of Sva0081 ara ubiquitous and highly abundant member of SRB communities in
diverse benthic habitats(Mul3mann et al, 2015). A second sequencabundant group was
the uncultivated SEEP1d with up to 3.4% of total bacterial sequences between 10 and 16
cm in both, initial and SOFT sediments. SEEP1d was repeatedly found at marine seep sites
but no function has yet been assigne(Knittel et al, 2003, Schreiberet al, 2010).

Many known groups of tydrocarbon-degrading SRB were found in our dataset (Figure 1),
some of which showed an increase of relative sequence abundance afterftolw-through

in the zone of highest sulfate reduction at B cm SOFT depth; other did not (Table S3).
Most sequenceabundant and at the same time strongly increased were toluendegrading
Desulfobaculaspp. with up to 8.1% of total bacterial sequences compared to 1.7% in initial
sediments. Less sequencabundant but increased in SOFT sediments were loAghain
alkane-degrading SRB of LCAZKIleindienst et al, 2014) with 0.2% vs. 1.9%, clade Cyhx
(Jaekelet al, 2015, 0.2% vs. 0.6% CG-C alkane degraders(Adamset al, 2013, 0.1% .
1.1%), alkane or aromaticsdegrading Desulfosarcinaspp. (0.6% vs. 1.5%), and s2551group
(0.5% vs. 1.1%), reported as oitlegrading bacteria in an oHreservoir model column (Myhr

et al, 2002). Relative sequences abundances of shesthain alkanedegrading SCA1, which
includes the only isolatedn-butane-degrading strain BuSSKniemeyer et al, 2007), did not
increase after oilflow-through and were constantly low with 0.3z 0.8% of total bacterial
sequences in both, initial and SOFT sediments. No remarkable change (0.2 vs 0.3%) has
also been observed forCd. Desulfomccus oleovorans Hxd3 group(Aeckersberget al,
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1991), LCA1l (0.1%), Desulfatiglansgroup (1.1 to 2.1%), and SE9 (around 0.5%).
Sequences related to known ¥drocarbon-degraders within the Firmicutes, i.e.
Propane60GuB(Kniemeyeret al, 2007) and Desulfotomaculunsp. strain Ox39(Moraschet
al, 2004), were not retrieved. However, Peptococcaceae, in particular autotrophic
hydrogen-utilizing SRB of the genus Desulfosporosinuspp., increased at 15 cm depth in

SOFT sedimats (initial sediments: 1.1%; SOFT: 4.8% of total bacterial sequences).

Archaeal taxa in initial and SOFT sediments

On phylumtlevel, significant differences were observed between the archaeal community in
SOFT and initial sediments (Figure 3C, D). In tr@l sediments at 7 and 9 cm depth, most
sequenceabundant phylum was Thaumarchaeota (on average 30% of total archaeal
sequences at 715 cm depth with a maximum of 64% at 7 cm), of which all currently known
species are chemolithoautotrophic ammoniurroxidizers (Kénneke et al, 2014). Below, at
11 cm to 15 cm depth, sequencesetated to euryarchaeotal Marine Benthic Group D and
DHVEGL (20% of total archaeal sequences) and Thermoplasmata CCA47 (13%), a group of
uncultivated euryarchaeotal sequences isolated from an anoxic sediment of a sahline
shallow lake (Laguna de Carrizo, Central Spain, Ferret al, 2011), were most abundant. In
the SOFT core, Thaumarchaeota had only low sequence frequencies (0.6% to 2.5%).
Dominant groups were DHVEG, Thermoplasmata ASC21 (9%) a group of uncultivated
Thermoplasmatales isolated from a hot spring in the Lower Culex region of the Lower
Geyser Basin, Yellowstone National ParfSawet al, 2015), and Deep Sea Euryarchaeotic
Group (DSEG; 7% in 1416 cm). High relative sequence numbers of Methanosarcinales
were detected at 7 cm (7% of total archaeal sequences) and at 9 cm (38%) depth in the
SOFT core whereas in other layersra in initial sediments they were nearly absent. More
than 99% of the Methanosarcinales sequences affiliated with the genldethanosarcina
The closest relatives wereM. semesia@and M. lacustriswith a 16S rRNA gene similarity of
>98%. Furthermore, veryfew sequences (<<1% of total archaeal sequences) affiliated with
other known methanogens such as Methanolobus and Methanococcides
(Methanosarcinaceae), Methanosaetaceae, Methanomicrobiaceae, Methanocellaceae, or

Methermicoccaceaewere detected in SOFT sedients (Table S4). Methanotrophs of the
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ANME clades (ANME,, ANME2, ANME3) were only sporadically detected. In comparison,
previous studies of the microbial community in Caspian Sea sediment&lentified
Thaumarchaeota and Parvarchaeota as dominant in swée layers while Marine Benthic

Group B (Lokiarchaeota) dominated the deeper layer@Mahmoudiet al, 2015).
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Figure 3. Microbial community composition in Caspian Sea sediments before and after simulated
oil seapage. Relative abundance of (A, B) bacterial taxa (based on4f4osequencing of 16S rRNA
genes) and (C, D) archaeal taxa (based on lonTorresequencing of 16S rRNA gene) in (A, C) initial
core and (B, D) SOFT core sediments. Depth profiles of methane (triangles), sulfate (dots) and
sulfate reduction rates (rectangles) were taken from Mishraet al. (this issue).
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Response of hydrocarbon-degrading SRB to simulated crude-oil seepage.

Based on identified changes in relative sequence abundance, we selected several groups of

SRB as target for CARPBISH and cell counting (Figure 4).
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Figure 4. Cell numkers of potential hydrocarbon degraders in initial and SOFT Caspian Sea
sediments Vertical profiles showing specific cell numbers in initial (white dots) and SOFT (black
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circles) core sediments as detected by CAREISH with (A) probe Deltad95abc for
Deltaproteobcateria, (B) probe DSB985 for Desulfobacula spp., Desulfotignum spp. and
Desulfobacterspp., (C) probe LCAB3 for clade LCA2,(D) probe SCA212a/b for clade SCA1L, (E)
probes CyhxEdB_152/152b for clade Cyhx, and (F) probe MS1414 fdviethanosarcinaspp.,

Methanococcoidespp. Methanolobusspp. andMethanohalophilusspp. Sulfate reduction rates (AE)

and methane concentration (F) for SOFT core are shown by grey area (data taken from Mistral.,

this issue). Bar =5 pm.

Deltaproteobacteria were mostabundant between 0 and 4 cm depth (Figure 4A). In these
layers, deltaproteobacterial cell nhumbers increased by a factor of 4 compared with
numbers in initial sediment layers and accounted for up to 3.2 x EOcells mtl SOFT
sediment (24-28% of total cells)and up to 8.6 x 10 cells mH initial sediment (9-17%). The
peak of Deltaproteobacteria in SOFT sediment coincided with the strong decrease of sulfate
concentration, highest sulfate reduction rates and the decrease of aliphatic hydrocarbon
concentrations (see Mishraet al.,this issue) indicating a response of specific hydrocarbon
degrading Deltaproteobacteria. Major decrease of gaseous alkanes was observed above 7
cm depth (Mishra et al, this issue). Mid and long-chain alkanes (@2 z Cso) decreased by
about 50% above 14 cm depth, further 25% above 7 cm and remained relatively constant
until top of the core.

Using probe DSB985, we targeted the either toluereor benzenedegrading SRB within
DesulfobaculaDesulfotignumand Desulfobacterium Members of his group were found in
high numbers in the SOFT core accounting for up to 6.4 x 16ells mt! sediment (7% of
total cells, Figure 4B). Cell numbers peaked at 3 cm depth and strongly decreased below. In
initial sediments, Desulfobaculacell numbers were dmost an order of magnitude lower
accounting for only 1% of total cells. Although degradation of aromatic compounds had not
been followed during the experiment, we assume a standard composition of the light oil
used for flow-through of about 30% aromatics0-10% asphalthenes, and major part being
alkanes. Highest cell humbers were found within the zone of sulfate reduction thus
indicating that this group is very likely the main consumer of the aromatics in the crude oil.
The yet uncultivated LCAZ2group was targeted by probe LCA263. AsDesulfobaculaLCA2
cell numbers strongly increased in SOFT sediments at 3 cm depth by an order of magnitude
compared with numbers in initial sediment to 5.5 x 10 cells mt! sediment corresponding

to 6% of total cells (Figure 4C). In initial sediments, LCA2 cell numbers accounted for2Po

of total cells. SRB of LCA2 had been identified by stable isotepmbing as key players for
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long-chain alkanedegradation at marine seeps(Kleindienst et al, 2014). The incubation
was done with n-dodecane as a representative substrate for longhain alkanes. SRB of
LCA2 are likely primary responsible for the consumption of longhain alkanes in the 26
cm depth layers in SGT core. In these layers, concentrations 0fi&Ce alkanes dropped to
about 20-25% (Mishra et al.,this issue).

The shortchain alkanedegrading group SCA1 was targeted by probes SG&12a and
SCA1212b. SCAL cell numbers were comparably low for all inggl and SOFT sediment
layers except for @83 cm depth in which SCA1 cells were in the SOFT sedimenbf®ld
higher than in initial sediments with 2-3 x 107 cells mt1 sediment corresponding to 2% of

total cells (Figure 4D). Isolated or enriched members of GA, for example strain BuS5,

Butanel2_GMe, propanel2_GMe, and Butanel2 HR, use propane or butane as carbon

source. Available propane and butane was completely consumed, likely by SCA1 and maybe
others (for example, the @-C; alkane degrading group;Adamset al, 2013), coinciding with

the highest sulfate reduction activity measured (Figure 4).

Clade Cyhx was targeted by a mixtures of probe Cyhx28 EdB_132ekelet al, 2015) and
probe Cyhx28 EdB_152b that has been designed in this study to adapt it to our sequences.
In the SOFT core zone of sulfate reduction, representatives of this group were detected by
CARDFISH in numbers of up to 0.9 x 10cells mt! sediment (1% of total cells, Figure 4E).

In initial sediments, however, members of clade Cyhx were close to detection linof
¢0.5% of total cells in all layers. SRB of this clade were shown to grow on cyclohexane, but

also able to use other cyclic alkanes as well aspentane andn-hexane(Jaekelet al, 2015).

Methanogenic hydrocarbon degradation as response to simulated oil seepage

Methanogenesis was identified as important process in the anaerobic degradation of
hydrocarbons during simulated oil seepage in Caspian Sea sediments. TH&C signal of
produced methane showed a decrease fromoc o 8x p-t ®Bup AAEOAO powm
seepage indicating biogenic methane formation (Mishrat al., this issue). Furthermore, the
high methane cacentrations in the deep SOFT core layers coincided with a decrease in
higher hydrocarbons also supporting methanogenic hydrocarbon degradation. The

mechanism driving alkane (mainly hexane) or aromatics degradation under methanogenic
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condition is not elucidated yet. It supposedly requires the interaction of syntrophic
bacteria, such as members of the familgyntrophaceae Syntrophusspp.,Smithellaspp.) or

of the order Clostridiales Desulfotomaculumspp.), with methanogenic archaegZengler et
al., 1999, Siddique et al, 2012). For example Methanosaetaspp. andMethanoculleusspp.
have been repeatedly dete&d in methanogenic hydrocarbondegrading enrichment
cultures (Siddique et al, 2006, Siddique et al, 2011, Chenget al, 2013). For in situ
identification and quantification of methanogens in the SOFT core methanogenic zone we
applied CARDFISH using probe MS1414 targetingMethanosarcina Methanococcoides
Methanohalophilus and MethanolobusCell numbers were highest with 5.7 x 1®0cells mt1
(2% of total cells) at the depth of 9 cm (Figure 4F) where maximum methane increase was
observed. Although hydrocarbondegradation by Methanosarcina spp., which are the
dominant methanogens in this study, has not yet been reported yet, and although detected
Methanosarcinacells were not physically attached to any other cell we hypothesize a
contribution to observed methanogenic hydrocarbondegradation due to their speciic
increase in cell numbers in the methanogenic zone. The wddhown bacterial partners such
as Syntrophusor Desulfotomaculumwere absent from the dataset. Only rarelySmithella
sequences (n=2 at 13 cm depth) were found. Syntrophic growth d¥flethanosarcha has
been described for an association witftGeobacterspp. and depends on interspecies electron
transfer (Rotaru et al, 2014), thus also allowing the speculationabout hydrocarbon-

degradation with a yet unknown bacterial partner.

Anaerobic alkane -degrading community based on masD gene diversity

To assess the microbial community activating alkanes by fumarate additiomasDgene
libraries were constructed for SOFTcore layers showing the highest sulfate reduction
activity (0 z 8 cm; Mishraet al.,this issue).Benzylsuccinate synthasegBss) that activate
aromatic compounds are not targeted by the used primer pair. A total of 16 speciésvel
OTW.o6 (based on 96% amineacid identity, Stagarset al, in presg were observed after
sequencing of 717masD (Table 1) from the four selected SOFT core layers. From initial
sediments,masDcould not be amplified. With inverse Simpson values of close to 1 (1.0 to
2.3), MasDcarrying community was extremely low. Library coverage was >96.8% for all
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samples. The MasEEommunity diversity in Caspian Sea SOFT core sediments was even
lower than that recently reported by Stagarset al. (in press) who found inverse Simpson

values of 3 to 9 for 12 other hydrocarbon seep sites.

The major part of sequences (81%) fell into cluster I¢Figure 5). They were most similar to
environmental clones from oil reservoirs and crude oil polluted sediments(Bian et al,
2015) or from enrichments with n-butane (Kleindienst et al, 2014). Cluster Ic comprises
Desulfoglaebaalkanexedensthat covers the largest yet known substrate range of khne
degraders, usingn-alkanes of chainlength G to G2 (Davidova and Suflita, 200%.

Another 17% of MasD sequencedell into cluster llla. This cluster also contains the
propane- and butane-degrading strain BuS5, however, the most abundant O%kk was only
distantly related with 57% sequence identity. Most likely this is caused by substantial
primer mispairing: The forward primers had 11 (7757f1-f2, 22mer) and 13 (7766f, 23mer)
mismatches, respectively, to the BuSkasDsequence retrieved from the genome (JGI gene
ID 2513990058). None of the obtained MasD sequences were closely associated with the
betaproteobacterial Azoarcussp. andAromatoleumsp.

Two MasD OTlgs, i.e. OTU1 and OTUZ2, contained 97% (571 sequences and 122
sequences) of all retrieved MasD sequences pointing to the presence of few abundant taxa,
which are responsible for degradation of the major part 6 alkanes in Caspian Sea SOFT
sediments. This supports the recent findings by Stagarst al. (in press) who detected a
total of 420 MasDcarrying species in 12 different hydrocarbon seep environments of
which only few were abundant, cosmopolitan alkane degraders but many were specialized
taxa across many different environments. It also matches our findings that sheahain
alkane-degrading group SCA1 and longhain alkanedegrading group LCA2 were the only
taxa identified which responded to simulated oil seepage by an increase of their cell
numbers suggesting that we likely have identified the key alkandegrading SRB in Caspian

Sea sediments.
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Figure 5: Phylogenetic tree showing the affiliation of retrieved SOFT core amino acid deduced
MasD OTUgs (printed in bold) to selected reference gquences. The tree was calculated using the
maximum likelihood algorithm (PhyML) considering 126 amino acid positions. Pyruvate formate
lyase (PFL) was used as outgroup. OTU abundance and sediment depth are indicated in parenthesis.
The scale bar gives 10%stimated sequence divergence.

Abbreviations: Ass = alkylsuccinate synthase, Mas =niethyl alkyl succinate synthase, Bss =
benzylsuccinate synthase, Nms = napthyrhethylsuccinate synthase. Panel A: MasD community
structure in different sediment layers. The size of each dot indicates the percentage of identified
MasD sequences within particular taxonomic groups (according to Stagars et @k presg. Panel B:
legend for bootstrap support (1000 bootstrap replicates and blosum62) and for pie charts shown
next to the two most abundant OT ls.

Conclusion

By molecular comparison of microbial communities in Caspian Sea sediments before and
after controlled oil seepage, specific SRB and methanogenic archaea were identified who
are likely responsible for the olserved decrease in aliphatic hydrocarbon concentration.
Although no aliphatic hydrocarbons could be detected in initial Caspian Sea sediment, this
study demonstrates the intrinsic potential for alkane degradation in the microbial
community most likely dueto a history of nearby hydrocarbon seepage. This study further
shows that identified SRB, such as SCA1, LCBA2sulfobaculaand cycloalkanedegraders,

are responsible for hydrocarbon degradation under closgo-in situ conditions. For some
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groups cultivation has already been successful (BuSHKniemeyer et al, 2007);
Desulfobacula(Rabus et al, 1993; Heider et al, 1998), and others have been enriched
(clade Cyhx). For the LCA2 group isolation should be aimed for to get a deeper

understanding of the ecophysiology of tis clade of hydrocarbondegrading bacteria.

Similar to aerobic hydrocarbon degradation in the water column, for example after the
Deepwater Horizonaccident, where gammaproteobacterialOceaniserpentilla Colwellia or
Cycloclasticusdominated in the hydrocarbon plume (Kleindienst et al, 2015), the major
part of anaegobic hydrocarbon degradation is mediated by few groups of microbes
specialized on the degradation of a specific hydrocarbon type: SCAL is likely responsible for
propane and butane degradation (maybe together with the £C short-chain alkane
degrading group described by Adamset al, 2013), LCA2 is responsible for midto long-
chain alkane degradation, clade Cyhx for cycloalkanes, pentane and hexddesulfobacula
and relatives are responsible for toluene and benzene degradation and archaea of the
genus Methanosarcina might be responsible for syntrophic methanogenic longhain

alkane degradation.

Experimental procedures

Sampling site and SOFT system

The study sie Baku Bay is located in the SW Caspian Sea near Baku, Azerbaijan (N 39
59.548, E 49 28.775, Figure S3). It is one of the most polluted areas in the Caspian Sea
(Zonn, 2005. Several oil fields are located in thisarea, causing heavy pollution by
extraction of oil and gas reserves in large scales, influencing the microbial community
composition (Hassanshahiaret al, 2010; Hassanshahiaret al, 2012). Sediment cores (30

cm long, 6 cm in diameter) were collected from a coastal area (water depth ~ 60 cm) in
November 2012.After collection, cores weredirectly sealed and stored at 10°C in the dark
for 3 months until one core was processed as reference fortoj OET EQEAI. OAAEI
Afterwards, all cores were stored at 0°C for further 2.5 months until the start of the SOFT
system (Mishra et al.,this issue). Storage at 0°C slows down any kind of microbial activity
and therefore, we expect no change in biogeochemistrediments were mostly sandy with

porosity around 0.4.
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Light crude oil for the SOFT experiment was provided byea Deutsche Erdoel A@Gnd
originated from the North Sea, Mittelplatte(sampled in February 2013. The experiment
was stopped after incubation for 190 days at 16°C. Cores were sliced in one or two
centimeter thick slices. DNA was extracted from initial sediment abaind from SOFT core.
Experimental set up was too complicate for replication, yet we consider adjacent layers as
technical replicates. More details on the sampling procedure, the SOFT system setup, as
well as sulfate, methane, and sulfate reduction determination are provided in Mishret al.

(this issue).

DNA extraction

DNA was extracted from 1 g sediment that had been frozen immediately after sampling
with the UltraClean soil kit (MoBio) according to the manufacturer's protocol for maximum
yields. Following modifications were implenented: Cell lysis was performed at the
beginning by adding 0.02 mg m} proteinase K (Merck, Darmstadt, Germany) to the sample
and incubating for 50 min at 37 °C with moderate shaking. Besides that, a second round of
extraction by a repetitive beat beatingstep was done. Therefore, the processed sediments
were added to the beadA | T OAET ET ¢ OOAAO AT A 1 E@AA xEOE
the MoBio inhibitor removal solution (IRS). The manufacturer's protocol was then followed
and ended by a final elun with 50 ul EB Buffer.

Sequencing of 16S rRNA genes.

"AAOAOEAI pe3 02.! CAT A0 xAOA Al bPlIEEEAA
CCTACGGGNGGCWGEAG 6 "AEO. Xx-yBACRACHUGBGTATCTAATCCo 6
(Herlemannet al, 2011). Primers were barcoded and extended with a Sfil rérgction site at
OEA 6 AT A £ O IladapérEdr éach>s&PlE, 8 (eflidate POR reactions

~ N ~ -

QT

x E

0)
jem t1 O11 01 Aq PAO POEIi AO PAEO xAOA AAOOEAA 1
t- A.400h m8oc {(CTtl "3!'h p @GoHR GAOBEADHh T8¢ U

25 ng template under the following conditions: initial denaturation at 95°C for 5 min,
followed by 35 cycles of denaturation (96°C, 1 min), annealing (58°C, 1 min), elongation
(72°C, 2 min), and a final elongation step (72°C, 10im). The replicate PCR reactions were

pooled, 500 bpamplicons extracted from an agarose gel (1.5% w/v) and purified using the
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-ET %l OOA o#2 O0OOEAEAAQEI1T +EO j1EACAT q AAAT OA
Massive parallel tag sequencing of the apticons was carried out on a 454 Life Sciences GS

FLX sequencer (Roche, Basel, Switzerland) at the Sequencing Research Center, Cologne,
Germany. The raw reads were submitted to a rigorous quality control procedure using a

mothur version 1.32.1 routine (Schlosset al, 2009) including trimming and quality filtering

of the reads.

|l OAEAAAT poe3 02.! CATAO xAOA -ATEAGE AEAAC RYEOE D
CCR Go §Mpssanaet al, 1997)7 | OA E v- BG@TDTTAOCHG CGGCKGGT & Eprensen

and Teske, 2006. Primers were barcoded with the lon Xpress barcodes and extended for

I ECAOEIT xEOE )i11 ' AT A )il OO0OO01 AACAAGBGOp AAAE
Al O1T106i Aq xAOA AAOOEAA [ 006 AilOAEIEIC m8u -
1 x PCR buffer, 0.25 U Tag polymerase (5Prime, Germany), about 20 ng template under the
following conditions: initial denaturation at 95°C for 5 min, followed by 30cycles of
denaturation (94°C, 1 min), annealing (58°C, 1 min), elongation (72°C, 3 min), and a final

elongation step (72°C, 10 min). The reactions were separated on ar@el Size Selection Gel

s~ A o~ N

AAAT OAET ¢ O OEA 1 AT OEAAOOOAOCBO OAAT I 1 AT AAOGEI
different amplicon libraries was carried out on the lon TorrentPersonal Genome Machine
(PGM) system using the lon PGM Sequencing 400 Kit (both Life Technologies) following
the corresponding protocol (lon 314™ Chip v2). The raw reads were submitted to a
rigorous quality control procedure using BaseCaller V4.2 defaulparameters including
trimming and quality filtering of the reads with some modifications (trim-qual-cutoff = 15;
trim -qual-window-size = 20).

The bacterial and archaeal quality reads were clustered at 94.5% sequence identity and
taxonomically assigned using the SILVA NGS pipeline with the ARB SILVA taxonomy
database SILVA NR v119.(Quastet al, 2013).

Raw reads were deposited at the EBI Short Read ArchiveR&) and can be accessed under

the study accession number XxXxxXx.
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MasD amplification, cloning and sequencing

The delta subunit of the tmethyl alkyl succinate synthase genentasD was amplified

using the primer pair 7757f-1,f-2 (MasD amino acid position 395n strain HxN1; accession

number CAO03074) / 8543r (position 657 in HxN1) or primer pair 7766f (position 398 in

HxN1) / 8543r (von Netzeret al, 20138 &1 O AAAE OAiI Pl Ah ¢y OADPI EA/
PDAO DPOEIi AO PAEO xAOA AAOOEAA 1 006 AT 1 OAETET Ch
BSA, 1 x PCR buffer, 0.25 U Taq polymerase (5Prime, Germany) under the following
conditions: initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturation

(96°C, 1 min), annealing (58°C, 1 min), elongation (72°C, 2 min), and a final elongation step

(72°C, 10 min). All replicate PCR reactions per sample were pooled, precipitated with

ethanol, the 800 bpamplicons were extracted from an agarose gel (1.5% w/v) and purified

OOET ¢ OEA -ET Ewl OOA o0#2 O0OOEZEAAOQEIT +EO i1
recommendations. Cloning, Sanger sequencing, and sequence processing was done as
described in Stagars et akin press). MasD amino acid sequems were clustered at 96%

sequence similarity (MasD speciegevel cutoff (Stagarset al, in press.

MasD sequences reported here have been deposited in the EMBL, GenBank, and DDBJ

nucleotide sequence database under accession numbers XXxxxx

Phylogenetic analysis

The 16S rRNAbased phylogenetic tree was calculated in ARB with nearly feitngth
sequences (>1300 bp) by neighbor joining and maximum likelihood analysis in
combination with filters which consider only 50% conserved regions of te 16S rRNA.
Partial sequences were subsequently inserted into the reconstructed consensus tree by
parsimony criteria, without allowing changes in the overall tree topology. For MasD, 831
deduced amino acid sequences were used for tree calculation using nraym likelihood
(PhyML algorithm, Blosum 62 substitution model) considering 126 amino acid positions
(433 to 559, strain HxN1). Only one representative sequence per Oddd is shown in the

final tree.

Diversity analysis
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The subsampled sequence abundancealiles were used to calculate Inverse Simpson
diversity indices and Chaol richness using mothur v1.32.1Schloss et al, 2009).
Dissimilarities (Chao, 1984 Hill et al, 2003) between all samples were calculated using the
Bray-Curtis dissimilarity coefficient (i.e. relative sequence abundance, Bray and Curtis,
1957). The resulting betadiversity matrices were used for 3dimensional non metric
multidimensional scaling (NMDS) ordinations (Kruskal, 1964). Stress values below 0.2
indicate that the multidimensional dataset is well represented by the 3D ordination. To test
whether the inclusion of singletons affected furtherstatistical tests we generated NMDS
ordinations with and without rare biosphere (OTU comprising <0.01% of total sequences)
and compared them using Procrustes correlation analysigGower, 1975. Procrustes
correlation was highly significant (coefficient=0.935). Furthermore, to test tie effect of
subsampling we generated NMDS ordinations using all obtained OTUs and OTUs after
subsampling. Procrustes correlation was 0.911. Neither subsampling nor the presence of
rare biosphere OTUs did affect the overall trend. Thus we decided to includd data in our
analyses, to be able to identify types of microorganisms which can switch from rare to
dominant modes of distribution. Taxa that were shared between initial and SOFT
sediments or between layers were calculated using the Jaccard dissimitgricoefficient (i.e.
presences/absence). Constrained correspondence analysis (CCA) was carried out to
evaluate the combined effects of sulfate, methane, and sulfate reduction rates on the
microbial community composition. The significance of these effects ag assessed by
analysis of similarity (ANOSIM).

Catalyzed reporter deposition fluorescence in situ hybridization (CARD -FISH)
Sediment samples have been fixed in 3% formaldehyde for three hours at 4°C, washed with
1x PBS and stored in ethanePBS (1:1) at-20°C. Samples were diluted, four times
ultrasonicated on ice at 20% intensity, 20 cycles, 30 seconds (Bandelin Sonopuls HD200),
and filtered on a 0.22 um pore size polycarbonate filterin situ hybridizations with
horseradish peroxidase (HRPJabeled probes followed by fluorescently labeled tyramide
signal amplification (catalyzed reporter deposition) were carried out as described
previously (Pernthaler et al, 2002). Permeabilization was performed by lysozyme
treatment (10 mg mk1) for 60 min at 37°C. Hybridization was done at 46 °C. Hybridized
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samples were analyzed with an epifluorescence microscope (Nikon Eclipse 50i). For each
probe and sample, >1000 DAPI stained cells and their corresponding FISH signals were
counted. Used probes (ordered frombiomers.net; Ulm, Germany) and formamide

concentrations are given in Table S2.
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Supplementary for Chapter 5
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Figure S1. Rarefaction curves Rarefaction curves of A) bacterial 16S rRNA sequence and B)
archaeal 16S rRNA gene sequences clustered at 94.58ernitity in SOFT (solid lines) and initial
(dashed lines) Caspian Sea sediment samples.
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PROTEOBACTERIA DELTAPROTEOBACTERIA
Initial sediments c Initial sediments
A SRR [nmol ml-* d-'] SRR [nmol ml" d']
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Sulfate [mM] Sulfate [mM]
0 10 20 30 40 0 10 20 30 40
0.5cm 0.5cm
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15 cm 15 cm
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Methane [uM] Methane [uM]
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Figure S2.Community structure of (A, B) Proteobacteria and (C,D) Deltaproteobacteria in initial (A,
C) and SOFT (B, D) sediments from Caspian Sea based on 16S rRNA gguencing. In overlay,
depth profiles of methane, sulfate and sulfate reduction rate (SRR) are shown (data taken from
Mishra et al., this issue).
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Figure S3. Map of the Caspian Sea showing major oil fields (yellow dots) and the sampling site-off
shore Baku (Azerbaijan; red asterix).
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Table S1:Percentage of shared bacterial and archaeal Odd4 between groups of samples. Pairwise
comparison of community similarity within groups of samples based on presence absence QFid
of standardized data.

No. of samples Max shared OTU.o45 Mean shared Min shared

(%0)* OTW.a45 (%0)* OTW.oa5 (%)*
initial 6 97 56 2
£10z4cm 3 75 71 o
S|4 z8cm 4 75 63 54
10 z16 cm 4 75 67 57
< | initial 5 83 5a 39
it)s SOFT 5 80 60 38
©16z10cm 5 79 61 41
* | 10z16cm 5 74 6 e

Table S2Percentage of shared bacterial and archaeab@,fhetween samples in different groups.

SOFT initial initial SOFT SOFT SOFT
0z1l6cm 4z8cm 10z 16 cm O0z4cm 4z8cm 10716 cm
initial 0 z16 cm 43
© initial 0 z4 cm 36 31 56 38 42
T | initial 4 28 cm 33 39 51 37
S | initial 10 z 16 cm 33 36 61
@ | SOFT 0z4 cm 41 31
SOFT 4z8 cm 35
SOFT initial SOFT SOFT
6z716cm 10716 cm 6z710cm 10716 cm
© initial 6 z16 cm 23
& | initial 6 710 cm 21 59 18
S | initial 10 z 16 cm 18 60
< | SOFT 6710 cm 19

* Pairwise comparison of community similarity within groups of samples based on presence absence
OTUO0.945 of standardized data (resampling withoureplacements of 2730 sequences for bacterial 16S rRNA
and 3908 sequences for archaeal 16S rRNA). Values refer to maximum, mean and minimum shared OTUO0.945
between any given pair of samples from the respective group.
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Table S4. Frequencies of archaedbS rRNA gene sequences retrieved frominitial and SOFT core
sediments (6z 16 cm depth) that are affiliated with taxonomic groups knownto be involved in the
methane cycle. Total number of qualitytrimmed archaeal 16S rRNA tag sequences: 25968 for initia
sediments and 128093 for SOFT core sediments. Taxonomy according to ARB SILVA (release 119,

April 2015).
Initial SOFT core sediment
sediment
[% archaeal sequences]

ANME-2a-2b 0.015
ANME-2c 0.001
GoMArch87 0.001
Methermicoccaceae 0.009
Methanosaetzeae 0.004 0.012
Methanocellaceae 0.002
Methanomicrobiaceae 0.702
Methanosarcinaceae

Methanolobus 0.065 0.126

Methanococcoides 0.008 0.040

Methanosarcina 0.004 11.125

Methanosaeta 0.004 0.016

Others(ANME-3,

Methanohalophilus 0.020

SUM [% of all Archaea] 0.085 12.069

Table S5.0ligonucleotide probes used in this study

Form-
Probe name Specificity amide Sequence (5'-3") Reference
[%]
SCA1-212a SCA-SRB1 20 CATCCCAAAACAGTAGCT
SCA1-212b SCA-SRB1 20 CATCCCCAAACAGTAGCT
h1 SCA1-197 TATWTATAGAGGCCA
h2_SCA1-197 TATAWATAGAGGCCA -
h3_SCA1-182 Helper for SCAL-212ab CCTTTGATCTRAAAA Keindienst et al, 2014
h4_SCA1-182 CCTTTGATCTGAAWA
h5_SCA1-229 GCTAATGGTACGCGRGCT
h6_SCA1-182 CCTTTGATCTGGATA
LCA2-63 LCA2 10 GCUAAAGCUUUCUCGUUC Kleindi 1
h1 LCA2-83 Helper for LCA2-83 CUUUACUCACUCUAGCAA eindienst et al, 2014
Cyhx28-EdB_152 Clade Cyhx 20 ACGAAGCCTTTCAGCATG Jaekel et al,, 2015
Cyhx28-EdB_152_mod Clade Cyhx 20 ACGAAGCCTTTCGGCATG This study
Desulfobacter, Desulfobacula,
DSB985 Desulfospira, Desulfotignum 20 CACAGGATGTCAAACCCAG Manz et al., 1998
Arch915 Archaea 35 GTGCTCCCCCGCCAATTCCT Stahl et al,, 1988
Delta495a AGTTAGCCGGTGCTTCCT
Delta495b Deltaproteobacteria 30 AGTTAGCCGGCGCTTCCT
Deltad95¢c AATTAGCCGGTGCTTCCT Loy et al, 2002
cDeltad95a AGTTAGCCGGTGCTTCTT ”
cDelta495b Helper for Delta495 30 AGTTAGCCGGCGCTTCKT
cDelta495¢c AATTAGCCGGTGCTTCTT
Non338 Negative control 35 ACTCCTACGGGAGGCAGC Wallner et al,, 1993
MS1414 Methanosarcinales 50 CTCACCCATACCTCACTCGGG
hMS1395 GGTTTGACGGGCGGTGTG Crocetti et al., 2006
hMS1480 Helper for MS1414 CGACTTAACCCCCCTTGE
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Abstract

The present study investgates the degradation of petroleum in sediments from the North
Alex Mud Volcano in the Eastern Mediterranean, a beach in the Santa Barbara Channel near
the Coal Oil Point seep field and the Eckernfoerde Bay in the South West Baltic Sea under a
simulated petroleum seepage. We investigated the biogeochemical response of the
different marine sediments to petroleum under quasi in situ conditions by simulating a
petroleum seepage in asediment-oil-flow-through-system (SOFT system). The highest
diffusive oxygen ptake (DOU) observed in all the cores were in the range of 4 tonamol

m-2 d-1. Sulfate reduction was found to be the most important process in the anaerobic
degradation of petroleum at all three sites. The volatile noimethane alkanes (C2 to C6) at
all the three sites were almost completely depleted within the sulfate reduction zone.
However, the response time for sulfate reduction activity was around three to four times
longer for the sediments from the Santa Barbara Channel beach and the Eckernfoerde Bay
compared to the North Alex Mud Volcano. Petroleum degradation by methanogenic
archaea, most likely belonging to a rare biosphere was indicated in the otherwise
oxygenated beach sediments of the Santa Barbara Channel. By comparing the results to
petroleum degradation in sediment slurries, we found that there is an overestimation of
the microbial response in sediment slurries compared to the SOFT system. Among all the
three sites, sediments from the North Alex Mud Volcano demonstrated the fastest response

to petroleum degradation by virtue of their natural adaptation to hydrocarbon seepage.
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1. Introduction

11117606 EAIT £ T &£ OEA DPAOOT T AOI OEAO AT OAO AAOC
hydrocarbon seeps alone(Kvenvolden & Cooper 2003). Hydrocarbon seeps are mostly
found in basin margins which have o#producing formations and unconformities at the
surface (Hunt, 1995). Petroleum seeping out of these seeps to the seater can form oil
slicks that can spread over tens of kilometerg¢Leifer et al., 2006) Petroleum in the marine
environment undergoes physical, chemical and biological weatheringWardlaw et al.,
2008). The most important weathering process among them is microbial degradatiofDas

& Chandran, 2010and references thereir). Without the microbial degradation of petroleum
thatseepsi OO0 OEA T AAAT &1 11 0 AOGAOU UAAOh 1T 00 AAOOI
layer of oil today (Head et al., 2006) Petroleum hydrocarbons like some aliphates and
aromatics in the marine environment are known to be degraded by miobes under aerobic

and as well as anaerobic conditions by different pathwaygLeahy & Colwell, 1990;
Harayama et al.,, 199%nd references thereir). Most of the classical studies on igrobial
degradation of petroleum are based on selective utilization of hydrocarbons in enrichment
cultures and isolates (for example, Ehrenreich et al., D00; CravoLaureau et al., 2007;
Kniemeyer et al., 2007) Since the use of batch cultures is insufficient to know the fate of
petroleum in nature (Horowitz & Atlas, 1977), a continuous sediment-oil-flow-through
system called the SOFT syem was introduced, to study the biogeochemical response of
sediment to simulated petroleum seepage (Mishra et al., submitted. The SOFT system
maintains quasi in-situ conditions and uses intact sediment cores to study microbial
degradation of petroleum during continues petroleum seepage, thereby, providing
information on the fate of petroleum under more natural conditions (Mishra et al.,
submitted). The arrent study aims to use a comparative approach and investigate the
effect of petroleum seepage on the biogeochemistry of different kind of sediments with the
SOFT system. The sediment cores used in this study are collected from (1) the North Alex
Mud Volano (NAMV), an active gas chimney in the Eastern Mediterranean S&aipré et

al., 2007), (2) a beach in the Santa Barbara Channel near the Coal Oil Point seep field, and
(3) the Eckernfoerde Bay in the South West Baltic Sea. Due to presence of nearby seepage

activity, the NAMV and the Santa Barbara cores are considered to be padapted to
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petroleum contaminations, whereas the Eckernfoerde Bay core is considered a reference

pristine sediment.

The main objectives of this study are to i) investigate the biogeochemical changes
microbial community response and succession of petroleum degradation in different
sediment types during a simulated petroleum seepage in the SOFT system i) compare the
response of petroleum preadapted and pristine sediment to the petroleum seepage iii)
compare the microbial response to the simulated petroleum seepage in the intact sediment
cores of the SOFT system to sedimepetroleum slurries. We hypothesize that i)
petroleum seepage simulation in the SOFT system will affect the vertical distributioof
redox processes, microbial community, and petroleum composition and the petroleum will
move more evenly in the sandy sediments compared to the fine grained sediments ii)

sediment cores from NAMV and Santa Barbara Channel will respond faster to petroleum

OAADPACA OEAT % AEAOI &£ AOAA " Aud O AAAAOOA | £ b

to nearby hydrocarbon seeps iii) because of better availability of nutrients under
homogenized conditions, there will be an overestimation of the microbial response to

petroleum in sedimentslurries compared to the SOFT system.
2. Methods
2.1 Study sites and sampling

North Alex Mud Volcano, Eastern Mediterranean

North Alex Mud Volcanoj . ! - 6 q EO 11T AAOAA 7AYS gkedEasdrp w .

Mediterranean Seaat a water depth of about 500m (Feseker et al., 2010)Fig 1). Situated
in the western part of the Central Nile Deep Sea Fan to the north of Alexandria (Egypt), the
NAMYV is a deep rooted active gas chimney associated with methane and ganissions in
the Eastern Mediterranean SedDupré et al., 2007; Omoregie et al., 2009; Feseker et al.,
2010). The temperature at the seabed of the NAMV has been reported to be around 13.8°C
(Feseker et al., 2010) In November 2008, sediment cores were collected onboarg/ VvV
Pelagia(PE298)from the center of the mud volcano ugg a multicorer with 8 cores (60 cm

length, 10 cm diameter) Five replicate cores were used for (i) initial sulfate reduction
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determination (two replicate radiotracer core liners, 30 cm length x 2.6 mm inner
diameter), (i) sediment analyses (initial methane concentration and porosity), (iii)
porewater analyses (initial sulfate concentration), (iv) the SOFT experiment (one SOFT
core liner, 30 cm long x 6.8 cm inner diameter) and (v) sediment slurry experiments
(sediment collected in 250 ml glass bottlessealed headspace free with butyl stopper),
respectively. While samples for the determination of initial parameters were handled
immediately, the core for the SOFT experiment and the sediment for slurry experiments

were stored at 0°C until further handling
Santa Barbara beach near Coal Oil Point, Santa Barbara Channel

Along the northern margin of the Santa Barbara Channel, many natural hydrocarbon seeps
are found in the continental shelf that emit oil and gas. Coal Oil Point seep field is the most
intense seep in this are that lies around 15 km west of the city of Santa Barbafdornafius

et al., 1999)In May 2014,sediment was collecteddirectly from the Bacara Resort beacln
Santa Barbara near the Coal Oil Point sedp4°.2v 8 Y @-p p w hi v v Sreaudneptiree
SOFTcore liners and three radiotracer core liners. Samples were collected about 10 m
inshore of wave breaking, with breakers of up to 1 m in the swash zone. Watepth varied
between 5 cm deep and 50 cmThus the amples were collected in the swash zone of the
lowest tide. The swash was fairly vigorous, with continuous sediment litting water
visibility to 5 cm. The three SOFTcore liners were usedto collect sediment coresfor (i)
sediment analyses (initial porosity and methane) (i) porewater analyses (initial sulfate
concentration), and (iii) the SOFTexperiment, respectively. The radiotracer cores were
used for determination of initial sulfate reduction rates.All cores were stored in a cooling
box at the Marine Science Institute in Santa Barbara until being shipped to Kiel in June
2014. The day after their arrival in Kiel, cores for the determination of initial parameters
were handled immediately, while the SOFT core for the experiment was stored at 0°C until

further handling.
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Eckernfoerde Bay, Baltic Sea

The muddy sediments of Eckernfoerde Bay are associated with high organic loading and
sedimentation rates (Whiticar, 2002). Phytoplankton blooms lead to pronounced hypoxia
and anoxia between March and September as result of organic matter degradation
(Smetacek, 1984, 1985; Bange et al., 201an April 2012 and November 2013, sediment
cores were collectedat 28 m water depth at the Time Series Station "Boknis Eck" (BE,
54°31.15 N, 10°02.18 [, located at the entrance of Eckernfoerde Bain the southwestern
Baltic Sea Sdiment cores were collectedonboard F/K Littorina using a miniaturized
multicorer that holds 4 core liners (60 cm length, 10 cm diameter) for the sediment slurry
experiment and the SOFT experiment, respectively. For the sediment gly experiment,
sediment cores were immediately sub sampled (sliced and homogenized) at 10°C and
transferred into sterile, N2 flushed bottles (anoxic) and sealed with butyl rubber stoppers.
They were stored at 0°C until slurry preparation. For the SOFT egpment, the sediment

core was brought back to the laboratory and stored at 0°C.

1 86°W 90°W 0° 90°E 1 86°E

Figure 1. Study sites: North Mud Volcano in the Eastern Mediterranean (black dot), Santa Barbara
Channel (red dot) and the Eckernfoerde Bay in the Baltic Sea (yellow dot).
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2.2 SOFT systemset up

The SOFT system is designed tsimulate petroleum seepage in intact sediment cores by
providing a diffusive supply of electron acceptors via artificial oxic seawater from above
and pumping petroleum from the bottom of the core (detiled description is provided in
Mishra et al., unpublished). Intact sediment cores are collected in gas tight polycarbonate
core liners (length 30 cm, diameter 6.8 cm). The core liners have 3 vertical lines of 21
sampling holes @iameter 4 mm, digance beaween two holes 5.8 mm), which are sealed
with residue-free silicon (Aquasil, Probau). The top cap of the core liner allows three tubing
connections for i) inflowing artificial seawater ii) outflowing seawater to a wastewater
reservoir i) aeration via an air pump. The top cap of the core liner was sealed with
permeable laboratory film (Parafiim, Pechiney Plastic Packaging) to allow gas exchange
with the atmosphere. The bottom part of the core was kept anoxic by sealing the end of the
core with a rubber stopper. Petroleum was introduced into the sediment core through two
metal tubes (outer diameter 3 cm, inner diameter 1.9 mm) that were integrated into the
rubber stopper through gas tight Isaversinic tubes (LLG) via a peristaltic pumgMedorex,
TL/10E, min/i A@ DBOI B O1 1 O 1 mBmirkl} at 3.9 & in! at regular
intervals of time. The petroleum (light and live crude oil) used in the experiment originated
from the North Sea (Mittelplatte) and was provided by DEA Deutsche Erdoel AG (sampled
February 2013). Artificial seawater was prepared by the respective amounts of sea salts
(Sigma Aldrich, product number S9883) per liter of sterile deionized water to achieve the
respective salinities (35 g, 22 g, 35 g in 1000 ml water for NAMV, Eckernfoerde Bagd
Santa Barbara for salinities of 35, 22 and 35 psu, respectively). No additional vitamins were
added to the seawater to keep it as natural as possible. The artificial seawater was supplied
to the sediment core from the seawater reservoir via peristaltipumps (Medorex, TL/10E,

i ET7Ti Ag DPOIi P O KDt A mmingtph at 25,ul miing through gas tight Iso
versinic (LLG) tubesSediment cores from NAMV, Santa Barbaf@hannel and Eckernfoerde
Bay were used in the SOFT system to companhe effect of petroleum seepage on the
biogeochemistry of different kind of sediments. An overview of theSOFTexperimental
conditions along with the different physical properties of the three sites is provided in
Table 3
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Table 3. Sediment properties, location and expémental conditions for the SOFT experiment

Site Geographical Presence of Sediment Permeability Core Temp. of Run time of
coordinates hydrocarbon  type based on the SOFT the SOFT
length
sediment g experiment  experiment
seeps (cm) o
type 0 (d)
NAMV 34.431041°N  yes Fine Low ~22 16 190
grained
119.916946° _
(clayish)
E
Santa Barbara 54.530383°N  yes Coarse High ~15 13 227
10.046067°E grained
(sandy)
Eckernfoerde  31.969333°N  no Fine Low ~20 13 395
Bay 30.136367°E grained
(muddy)

2.3 Microsensor analyses

Microelectrode measurements were done for dissolved total sulfide and oxygen
concentrations in the SOFT sediment cores according to Mishra et al., (submitted).
$EOQCOI T OAA O1 OAI 001 £ZEAA | 1 OecedeESimEbdehiddg x AO |
(Unisense, Denmak; HZN, tip diameter 0.8 mm). The electrodes wereinserted
horizontally around 3 to 4 cm into the sediment core through the silicon filled liner holes
and allowed to adapt between 15 to 20 minutesuntil the signal drift reduced and a alue
was noted that was at least90 % of the response signa(Steeb et al., 2014 Mishra et al.,
submitted). Calibration standards consisted of6 to 7 different concentrations of NaS
standard solution (0, 100, 200, 500, 1000¢ mtth 1 1 ARY1 The btdndardd were
prepared with oxygenfree citric acid-phosphate buffer, 10 % v/v TiCland set to pH 7. The
calibration standards were set at pH 7 as the pH value is closer to the pH values found in
the sediment cores Appendix 1). Therefore, it should be noted that the total sulfide data

shown in our sediments cores are not corrected for individual pH pointsThe calibration
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standards were stored overnightat the respective experimental temperaturedo obtain the
same temperature of the sediment core The sensors were calibrated prior to
measurements using the calibrationsoftware offered by Unisense(SensorTrace PRO) and
at the end of the measurements, the data were corrected for any shift in the electronic

signal.

Oxygen was measred with a miniaturized Clark-type glass microelectrode (Unisense,
Denmark; OX100, tip diameter 100 um). A two point calibration was done using the
overlaying water as 100% atmospheric oxygen and the lowest signal in the sediment as the
zero reading (0%oxygen). Vertical microprofiles of oxygen were obtainedvith a step size

of 100 um measuring period of 3 s and waiting period of 15 s. The oxygen penetration
depth and the Diffusive Oxygen Uptake (DOU) was calculated from the oxygen

microprofiles according to (Glud et al., 1994)

Microsensor measurements were always done before porewater sampling to avoid

disturbances in the sedimentby the porewater extraction.
2.4 Porewater extraction and analyses

Rhizons (Rizosphere, CSF, length5cmAEAT AOAO ¢8uv 11 h BT OA OEUA
extract porewater from the initial sediment cores of Santa Barbara and Eckernfoerde Bay
Porewater extraction in the inital NAMV core was done by using a POM
(polyoxylmethylen) pore-water pressing bench (KCDenmark). For the SOFT corg the
rhizons were permanently fixed to one set of the three vertical sampling hole lines in the
core liner for the entire duration of the experiment(Mishra et al., submitted).1.5 to 2 ml of
porewater was extracted perrhizon at intervals of 2 cmat regular intervals of time. 0.05 to
0.1 ml of the porewater was used immediately fothe determination of total alkalinity by
titration. Determination of alkalinity was done by titrating 50 or 100 pl of the supernatant
by 0.01 M HClitrosol solution according to (lvanenkov & Lyakhin, 1978)with an electric
burette (876, Dosimat plus, metrohm). Methyl red and methylene blue was used as an
indicator and the certified seawater standard IAPSO as the calibration standard. Thest of

the porewater was stored in 2 ml plastic cyrevials at -20 °C, and was leer used for
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analyzing sulfate by ion chromatography (Mishra et al., submitted) Paewater extraction
was alwaysdone at the end of the microsensor analyse® avoid disturbances within the

sediment.
2.5 Core slicing for sediment analyses

The initial and SOFT cores (at the end of the SOFT experiment) were sliced on an extruder
(diameter ~5.8 cm) every 1 to 2 cm for the analyses of C4C6 nalkanes andtheir 113G
methane isotopic signature, C10C38 n-alkanes, porosity, sulfate reduton rates, total
carbon and nitrogen (TCN), 16S rRNA phylogenetic studies according to Mishra et al.
(submitted). For slicing, he bottom cap was removed slowly and the cordiner was
immediately placed on the etruder. The overlaying seawater was removed from the top
with a 60 ml syringe. However,complete removal of the oil was not possible leading to
settling oil particles on the surface. Thereforethe 0-1 cm sediment layer would not be
included in the discussion for some sediment parameter analyses (e.g-alkane analyses)
because of the additional petroleum hydrocarbons that might havbeen contributed by the

oil slick (Mishra et al., submitted)
2.6 Concentration of volatile n -alkanes (C1 to G6) and their carbon isotopic signature

A headspace technique was used to determine thasdolved volatile hydrocarbons (C1C6)
in the sediment cores. Two ml of sediment and 5 ml of 2.5% (w/w) NaOH solution were
equilibrated in a septumsealed 13 ml headspee glass vial at room temperaturgSommer
etal, 2009004 EAOI T 4 QFhérko Siendfi€) §a& chromatograph equipped with
flame ionization detector (carrier gas: helium 5.0; capillary column: RT Alumina BonrHKCl,
column length: 50 m; column diameter: 0.53 pm)was used to determine lydrocarbon
composition (C1-C6 n-alkanes) of the headspace gas. Precision of £3% was achieved in
comparison to standard hydrocarbon mixtures. Stable carbon isotope ratios afiethane
(CD) were measured by using acontinuous flow GC combustion- Isotope Ratio Mass

Spectrometercombination (Mishra et al., submitted)
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2.7 Higher n -alkanes (C10 to C38)

C10 to C38 rmalkane analyses were done according to Mishra et al., (submitted). Sediment
samples collected during the slicing were wrapped in aluminum foil and stored aR0°C
until analyses. For n-alkane analyses, the sediment samples were first extractedith
dichloromethane and acetone (80:20) at 100°Cin an Accelerated Solvent Extraction
(Dionex ASE 150, ThermoScientific) and then measured in GEMS (Shimadzu, GCMA
QP2010 with auto injector AOC20i) for n-alkanesaccording to Mishra et al., (submitted). A
chromatographic column filled with 1 g of silica gel (Roth, 23@&00 pm mesh size,
preheated at 450°C for 4 hoursand activated with 8% v/w with deionized water) with
silanized glass wool at the outlet endvas used to fractionate the extract before measuring
in the GGMS The GGMS had a capillary column (ZBHT Inferno, length 30 m, thickness
0.25 um, diameter 0.25 mm). Helium Alphagat (Air Liquide) was used as the carrier gas
with a flow rate of 0.8 mImin-1. The samples were measured in scan mode with the mass
to-charge ratio (m/z) range of 43 to 85.Deuterated tetracosane (@sDso) was used as an
internal standard to get the recovery of individual nalkanes. Precision of themethod for

individual n-alkanes is provided in Mishra et al., (submitted).
2.8 Sediment Porosity and total C, N, S

Porosity of the sampleswas estimated from the difference in weight ofthe wet and freeze
dried sediment. It was then calculated from the wé&er content (difference in weight of wet
and freezedried sediment) assuming a dry solid density of 2.63 g cr It should be noted
that in samples from SOFT core, as thgetroleum was nottotally removed by the freeze
drying process porosity values mightappear lower than their actual values Samples for
total C, N and Svere sub-sampled from the porosity samples ané@nalyzed by CARLO ERBA
Elemental Analyzer (NA 1500)Mishra et al., submitted.

Sulfate reduction rates
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Sulfate reduction rates in the initial radiaracer cores were determined by injecting 6ul of
the carrier-free 35SQ? radio tracer (dissolved in water, 200 kBq, specific activity 37 TBq
mmol™) according to the wholecore injection method (Jgrgensen, 1978)In the SOFT
cores, 3 to 4 mlsediment samples were collected every 2 cm vertically in 5 ml glass tubes
and sealed with butylrubber stoppers after sampling, to which 6 plcarrier-free 35SQ2-
radiotracer (dissolved in water, 200 kBq, specific activity 37 TBqg mma&}) was injected
(Treude et al., 2005b) Incubation temperature was 16°C for NAMV (initial only) and13 °C for
all other sites (initial and SLOT) Incubation times were between 8 and 24 hrs. After
incubation, bacterial activity was stopped by transferring each sediment layer into 50 ml
plastic centrifuge tubes filled with 20 ml zinc acetate (20% w/w). Fivecontrols were
prepared by adding the tracer tokilled samples The vials were storedat -20°C until rate
determination by the cold chromium distillation procedure accordingto (Kallmeyer et al.,
2004).

2.5 Slurry experiment

Sediment slurries (1:7; sediment:anoxic artificial seawater medium) were prepared with
Eckernfoerde Bay sediment from 610 cm (collected in April 2012, see section 2.1). The
slurries were prepared in 15 ml Hungate tubes and sealed with iyl rubber stopper and
crimped with aluminum caps. The Hungate tubes containing the sediment were flushed
with N2/COz (80:20, v/v) for 3 minutes to maintain anoxic conditions. The slurries were
treated with 0.6% volume of light crude oil originating from Mittelplatte (provided by DEA
Deutsche Erdoel AG). The experiment was conducted at 13°C in dark. Sediment slurries
with the NAMV sediment (5 to 10 cm sediment depth, collected in November 2008, see
section 2.1) were also prepared in 1:7 (sediment:anoxic aificial seawater medium). The
slurries were prepared in 100 ml serum vials and sealed with butyl rubber stopper and
crimped with aluminum caps. One ml of the supernatant was sampled at regular intervals
with a N2 flushed syringe for sulfide and alkalinitydetermination. Determination of sulfide
concentration in the supernatant was done afte(Cord-Ruwisch, 1985) Determination of
alkalinity was done by titrating 50 pl of the supernatant by 0.01 M HCI titrosol solution

according to(lvanenkov & Lyakhin, 1978)and using the certified seawater standard IAPSO
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for calibration. Titration was done immediately after sampling, using a methyl red and

methylene blue indicator with an electric burette (876, Dosimat plus, metrohm).

Table 1. Experimental conditions for sedimentoil slurries wit h sediments from the NAMV and the
Eckernfoerde Bay

Sites Temp. Salinity Artificial seawater Vials Dilution Total Vol. Qil
medium
(°O (psu) Sed:Medium (ml) (vol.%)
Eckernfoerde Bay 13 22 Qulfate rich 15 ml 1.7 1 0.6
(Widdel & Bak, Hungate
1992)
tubes
NAMV 20 35 Sulfate rich 100 mi 1:7 70 1
(Widdel & Bak, Serum vials
1992)

2.6 Phylogenetic studies

DNA extraction

DNA was extracted from 1 g sediment that was frozen immediately after sampling with the
UltraClean soil kit (MoBio) according to manufacturer's recommendation with the
following modifications: Initial cell lysis was performed by adding 0.02 mg nl proteinase

K (Merck, Darmstadt, Germany) to the sample and incubating for 50 min at 37 °C and
moderate shaking. Besides that, a second beat beating step was done. The final elution was

done in 50 pl elution buffer.

Sequencing of 16S rRNA genes

"AAOAOEAI pe3 02.! CATAO xAOA Al bl EEEAA
CCTACGGGNGGCWGEA6 S @ " AEOD . x-yBACACHUGBGTATCTAATCCo 6 q
(Herlemann et al., 2011)Primers were barcoded and extended with a Sfil restriction site at
OEA uvdé AT A £l O -hdagetsOidi ehch samikES répkedieolymerase chain
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OAAAQGET T O jg¢m t1 O110iAq PAO POEIi A0 PAEO xAOZ
¢ L T deoxynucleotidesh Tt 8 oboyin€ Fetum albumin 1 xpolymerase chainreaction

buffer, 0.25 U Taq polymerase (5Prime, Germany), 1@ 25 ng template under the following

conditions: initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturation

(96°C, 1 min), annealing (58°C, 1 min), elongation (72°C, 2 min), and a final elongation step

(72°C, 10 min). The replicate polymerase chainreactions were pooled, 500 lsepair-

amplicons extracted from an agarose gel (1.5% wi/v) and purified using the MinElute
polymerase chan OAAAQOEI 1 O0OOEZEAAOQEIT +EO j1EACAT qQ
recommendations. Parallel ta] sequencing of the amplicons was carried out on a 454 Life

Sciences GS FLX sequencer (Roche, Basel, Switzerland) at the Sequencing Research Center,
Cologne, Germany. The raw reads were submitted to a rigorous quality control procedure

using a mothur version 1.32.1 routine (Schloss & Westcott, 2009)ncluding trimming and

guality filtering of the reads. The quality reads weretaxonomically assigned using the

SILVA NGS pipeline with the ARB SILVA taxonomy database SILVA NR vi{3uast et al.,

2012).

3. Results
3.1 Evolution of sediment properties in the SOFT system

The effect of petroleum seepage on the porosity was different for all three sites. In the
NAMV core, there was only a little decrease in porosity in the SOFT core?® to 0.66)
compared to the initial core (0.75 to 0.66) (Fig. 2)The maximum decrease irporosity was

in the sandy sediment of Santa Barbaraore. At 13 cmdepth, porosity decreased by 40%
from 0.36 in the initial core to 0.16 in the SOFT coré&or the Eckernfoerde Bay site, except
for a slight decrease in porosity at the shallower depths in the SOFT core compared to the

initial core, the porosity did not change much between the initial and the SOFT core.

For the NAMV site,lhe amount of organic carbon Corg) increased from around 0.9 to 1% in
the initial core to a maximum of 57% at the end of the SOFT experimefiig. 3). The initial

values for Grg in the Santa Barbara and Eckernfoerd8ay cores are not available. In the
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SOFT coreghe Corgwas relatively high for both, Santa Barbara and Eckernfoerde Bay sites.
The Grgranged betweenl and 10% in the Santa Barbara SOFT coend 4 and10% in the
Eckernfoerde SOFT coréig. 3). All three sites exhibited high C/N ratios (Fig. 3). Th&anta
Barbara SOFT are had the highest C/N ratiowith a maximum value of 231 at 13 cm. The
C/N ratio in the Eckernfoerde Bay and the NAMV SOFT coresere in the range of 10 and
20, and 10 and60, respectively.

NAMV Santa Barbara Eckernfoerde Bay
Porosity Porosity Porosity
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Figure 2. Porosity over depth in the initial sediment core ad the final SOFT sediment cosefrom
NAMYV, Santa Barbara&Channel andeckernfoerde Bay.
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Figure 3. Organic carbon (Gg %), C/N ratio, total nitrogen (N%) and ratio of the weight of
petroleum to sediment weight per depth section (Petroleum extract/Sedimet) in the SOFT cores of
NAMV, Santa Barbara&Channeland Eckernfoerde Bay.

3.1 Temporal and spatial development of redox zones in the SOFT system

Porewater analyses and microsensor measurements were conduct@ad the sediment cores
to obtain the concentratons of dissolved oxygen, sulfa, sulfide, methane and alkalinityIn
all the three SOFTcores, a vertical zonation of different redox processes waseenduring
the petroleum seepage(Fig. 4, 5, 6, ¥, which was in accordance withthe natural redox

ladder of marine sediments(Jorgensen, 2006)

At the sediment surface an oxic layer was found ithe SOFT cores from all three sites (Fig.
4). The penetration depth of oxygen differed at the three sites While penetration was
highestin the Santa Barbara corg0.8 - 1 cm, Fig. 4), it ranged between 0.2 an@d.4 cmin
the NAMV and EckernfoerdeBay cores. Highest diffusive oxygen ptake (DOU)was

between 4 to 5 mmol m2d-lin all three cores However, the temporaldevelopment of
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oxygen penetration depth andDOU slightly variedbetweenthe sites (Fig 4). In the NAMV

core, oxygen penetration depth and DOWhowed a zig zag profile overtime. In the Santa
Barbara core the DOU was high at first (3nmol m2d-1) and thendecreased to 0.9 mmol m

2d-1.In the EckernfoerdeBaycore, the penetration depth clearly decreased over time from
0.4 to 0.2 cm and the DOuncreased from 1 to 4.3mmol m-2d-1.
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Figure 4. Temporal development of oxygen penetration depth (P[Ddotted line with crosse$ and
diffusive oxygen uptake (DOUsolid line with circles) in the SOFT cores of North Alex, Santa
Barbara Channeland Eckernfoede Bay.

The sulfate reduction zone was found below the depletion of oxygen within the first
centimeter (Fig. 5, 6, 7) at all sitedn the NAMV core, a decrease in sulfate concentrations
combined with a simultaneous increase in sulfide production (up t®2000 to 4000 uM) and
alkalinity (up to 30 mM) indicated an active sulfate reduction zone below the oxic layer all
the way up to the bottom of the core (Fig. 5). Two peaks of total sulfide production were
found between 3 and 8 cm (1080 uM) and between 8 antb cm (1839 uM) at the end of
the SOFT experiment. The highest sulfide concentratiorB904 uM, 14 cm)was seen 147
days after the start of the SOFT experiment. At this time point, sulfate was completely
depleted at16 cm.Direct sulfate reduction rate meaurements after the SOFT experiment
are missing. In the initial core, the highest sulfate reduction activity was seen between 7
and 16 cm based on the direct rate measurements. In the Santa Barbara core, porewater
sampling and microelectrode measurements wre achieved only until 12 cm due to a stone

present in the bottom 4 cm of the core. Sulfate concentrations decreased over depth but

126



Chapter 6. Comparative study of microbial petroleum degradation in marine seep vsseep
sediments in a simulated petroleum seepage

were not completely depleted at 12 cm (Fig. 6). Sulfide and alkalinity increased after 129
days (Fig. 6). Compared to thenitial Santa Barbara sediment core, which had around 5 pM
sulfide, sulfide production increased to a maximum of 2622 uM in the SOFT core by the end
of the experiment. Very high sulfate reduction rates were found in the Santa Barbara SOFT
core with a maximun value of 2061.3 nmol cm3 d-1 at 3 cm. The integrated sulfate
reduction rates (0-9 cm) increasedfrom about 0.4 mmol SQ2 m-2d-1in the initial core to
95.2 mmol SQ 2 m-2 d-lin the final SOFT core. Alkalinity increased from 4 mM to about 30
mM in the lower half of the core. Based on the sulfide concentrations and the sulfate
reduction rates, we assume the highest sulfate reduction activity in the Santa Barbara core
to be between 0 and 8 cm. During the first 64 days of the Eckernfoerde Bay core ibation,
sulfate concentration decreased from around 20 mM at the surface to around 10 mM at the
bottom of the core with very small sulfide increase (Fig. 7). After 349 days, the sulfate was
already decreased to about 0.4 mM at 8 cm and the sulfide profifairrored the sulfate
profile with a peak production of 1717 uM at 6 cm. The integrated sulfate reduction rates in
the SOFT core (0-18.5 cm) were 167.8mmol SQ 2- m2 d -1 at the end of the petroleum
seepage. It should be noted here that due to missing @daat some depths, there might be an
underestimation of the sulfate reduction rates. Sulfate reduction rates (80 to 100 mnol ¢m
3 d-1) were seen below 8 cm where sulfate concentrations were in the range of 200 to 400
UM (Fig. 7, zoomed in sulfate data). Ralinity increased from 3 mM to about 30 mM in the
lower half of the core. Based on the sulfide and alkalinity data, and the sulfate reduction
rates, we assume that the highest activity of the sulfate reduction zone in the Eckernfoerde

Bay core to be betwen 0 and 8 cm.

Below the sulfate reductionzone, a metlanogenic zone was observed in the Eckernfoerde

Bay and Santa Barbara core (see section 3.4).
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Figure 5. Temporal development of biogeochemical profiles in the NAMV sediment core used in

the SOFT gstem over the course of the experiment. Sulfate (blugashedline with triangles), total
sulfide (black solid line with squares), total alkalinity (brown dotted line with crosses), sulfate
reduction rates (SRR, green bars) and methane (pinkash dotted line with circles). Initial

conditions were measured in a replicate core before the start of the SOFT system. SRR bars in the
initial plot represent the average of threereplicates, while single values of the SRR replicates are
shown as empty blackdiamonds, stars and crossesPlease consider the change of scale in some of
the x-axes.

128



Chapter 6. Comparative study of microbial petroleum degradation in marine seep vsseep

sediments in a simulated petroleum seepage

Initial
SRR [nmol cm=3 d-1]
0 50 100
1 , 1 ) 51d 84d
Sulfide [pM] Sulfide [pM] .
Sulfide [uM
0 10 2000 Z5IUD 3000 000 3000 10 2000 3000
0 va 0 N Ly +—
A
1 } i
—_ 4 s
E 4 A 4 4
8 i ! * ra
ﬁ_ A / + !
3 8 1 8- t 8 s
c by I ol
£ I} +
E A 1 +
& 12 12 124
BT 7 BT T BT T T T
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Sulfate [mM], Alkalinity [mM] Sulfate [mM], Alkalinity [mM] Sulfate [mM], Alkalinity [mM]
r T T T T T 1
0 100 200 300
Methane [uM] 227 d (Final)
SRR [nmol cm-3 d-1]
129 d 181 d (|J 5?0 1CI|OD 15]00 ZOIOD 25[00
Sulfide [pM] Sulfide [pM] Sulfide [uM]
500 2000 2500 3000 0 1000 2000 3000 0 1000 2000 3000
h‘\‘ 1 1 0 1 1 1 N
-
3 £
T R 4
3 . _
S, r Ta
£
> L)
° . 8-
'1:,' A +
212 124
16 +————7————7— 16 +————————1— 16 +————————1—
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Sulfate [mM], Alkalinity [mM]

Sulfate [mM], Alkalinity [mM]

Sulfate [mM], Alkalinity [mM]

T T T T
0 100 200
Methane [pM]

1
300

- Sylfide
+~ a=aSulfate
[ IsRR

@ o-eoMethane
+-<+-+Alkalinity

Figure 6. Temporal and spatial development of biogeochemical profiles in theSanta Barbara
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Figure 7. Temporal and spatial development 6 biogeochemical profiles in the Eckernfoerde Bay
sediment core during the SOFT experiment. Sulfate (blue dashed line with triangles), total sulfide
(black solid line with squares), total alkalinity (brown dotted line with crosses), sulfate reduction
rates (SRR, green bars) and methane (pink dastotted line with circles). The red rectangle
provides a zoomed in sulfate profile at 395 days (final measurement point)nitial conditions were
measured in a replicate core before the start of the SOFT system.

130



Chapter 6. Comparative study of microbial petroleum degradation in marine seep vsseep
sediments in a simulated petroleum seepage

3.3 Response time of sulfate reduction activity in the SOFT sediment cores and

sediment slurries

The temporal development of sulfide in both the sedimenbil slurries and the SOFT cores
from NAMV and Eckernfoerde Bay sediments was used to estimate the respentime (Fig
9). The response time was defined as the time required for the first steep increase in sulfide
concentration to occur. In the sediment slurries, direct observation of the sulfide data was
used to estimate the response time of sulfate reducer® petroleum addition (Fig. 9.
Response time of sulfate reductionn sediment slurries from Eckernfoerde Bay and NAMV
were around 100 and 16 days, respectively (Fig. 9). For the SOFT cores, the sulfide
concentrations were integrated over the entire lengthof the core for each time point. The
integrated sulfide concentrations were then normalized by their respective maximum
values and plotted over time (Fig. 8). fie response time forthe NAMV sediment core to
petroleum addition was estimated to be somewhere between 0 and 44 days (Fig B
Compared to the NAMV core, the response time was at least three times higher in both

Santa Barbara and Eckernfoerde Bay sediment cores (around 130 days
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Figure 8. Response time of sulfate reduction in the SOFT coresafthe start of petroleum seepage.
Y-axis represents integrated sulfide concentrations (over depth) that are normalized by their
respective maximum values(lc). The xaxis represents the number of days since the start of the
SOFT experiment.The appearanceof first steep increasein I indicates the response time of the
individual sediment core to petroleum seepage.
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Figure 9. Temporal development of sulfide production in sedimertoil slurries from the
Eckernfoerde Bay (solid line with triangles) and NAMV (solid line with circles). The sediment
slurries were prepared with anoxic sulfatereducing medium with 1:7 dilution (sediment:
seawater). 0.6% and 1% v/v light crude oil from North Sea was added to the sediment slurries of
Eckernfoerde Bay and NAMV, respgively. No oil was added to the control treatments (dashed lines
with corresponding symbols).

3.4 Methanogenic zone in the SOFT system

Porewater concentrations of methane and its respectivg3Canalysis indicated a microbial
methanogenic zone below the sulfate reduction zone at the Santa Barbara and
Eckernfoerde Bay sites (Fig. 6, 7). Methane concentrations started to increase below 8 cm
in the Santa Barbara indicating methanogenesis. Methane concentrations in the initial
Santa Barbara core were in theange of 18 to 120 uM with a peak at 8.5 cm (Fig. 6, 10). In
the SOFT core, methane concentrations increased over depth to a maximum of 260 uM at
13 cm. The) 13 Csignal of methane in the initial core was in the range ob0to-55p and
decreased to 58 t0-63 p in the SOFT core (Fig. 10)In the Eckernfoerde Bay core,
methane concentrations started to increase below 12 cm in the Eckernfoerde Bay core
indicating methanogenesis. Methane concentrations in the initial Eckernfoerde Bay core
increased over depth to a maximum of 907.9 uM at 18.5 cm (Fig. 7, 10). In the SOFT core,
methane concentrations also increased over depth but to a maximum concentration of only
507.8 uM at 18.5 cm. The13Csignal of methane in the Eckernfoerde Bay SOFT core was in
the range of-53p to -68p (Fig. 10).
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Figure 10. 7113C of methane (black solid line with triangles)and methane concentration(red
dashed line with circles)in the initial and final cores of Eckernfoerde Bay(A) and Santa Barbara
Channel (B)8 3 T 1CAvalues are missing for some depths because the methane concentrations
were too low for analysesThe) p ov#ues in the initial the Eckernfoerde Bay core are missing.

3.5 16S rRNA phylogenet ic study in NAMV

16S rRNA pyrosequencingrevealed ahigh diversity of sulfate-reducing bacteria (SRB) in
the NAMV sediments in both the initial and SOFT sediments. Sequences belonging to the
phylum Proteobacteriawere most dominant in both the initial and SOFT sedimentswithin
Proteobacterig Deltaproteobacteriaand Gammaproteobacteriawvere the major classes. The
relative sequence abundance ofGammaproteobacteria were lower in the SOFT core
compared to the initial core For examplejn the initial NAMV core the relative sequence
abundance ofGammaproteobacteriawas around 60% at 6 cm only about 10% in the SOFT
core (Fig. 11). Nevertheless, the relative sequence abundance of gammaproteobacterial
Marinobacterincreased in the SOFT core compared to the initigbre. For example, portion
of Marinobacter-related sequences retrieved from the deepest layer (20 cm) remarkably
increased from about 5% (of total Gammaproteobacteria sequences) in the initial core to
about 30% in the SOFT core.

For Deltaproteobacteria, both initial and SOFT core showed a high relative sequence

abundance (about 2090% of total sequences). For 120 cm deep layers relative
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abundance did not differ remarkably between NAMV initial and SOFT core; however,
deltaproteobacterial sequences were rare frequently retrieved from the upper SOFT core
layers (20-30% deltaproteobacterial sequences of total sequences from initial core vs. 50
90% from SOFT core). The ordeDesulfobacteralescomprised more than half of the total
Deltaproteobacteria in both the SOFT and initial coresDesulfobacula SEEFSRB1 and
Desulfosarcina were among the major genera that were detected within the
Desulfobacterales order (Fig. 12). The relative sequence abundance of SEEP SRB 1 were
lower in the SOFT core compared to the itial core. It decreased from 32 % (within the
order Desulfobacterales) at 4 cm in the initial core to 15 % in the SOFT core, whereas
Desulfobaculaspp. increasedrom 27 % in the initial core to 35 % in the final core (Fig. 12).
At the same depth, the reltive abundance ofDesulfosarcinaspp. doubledfrom 2 % in the
initial core to 4 % in the SOFT core.
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Figure 11. Relative sequence abundance of Deltaproteobacteria and Gammaproteobacteria in the
initial (bars with lines) and SOFT cores (solid bars) of NAM
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Figure 12. Relative sequence abundance within the order Desulfobacterales in the initial and SOFT
cores of NAMV.

Vertical succession of n -alkane migration and degradation

Volatile short-chain n-alkanes (C1 to C6) and higher-alkanes (C10 to C38)vere measured
in the sediment cores after the end of the SOFT experiment (Fig. 13, 14, 15, 16). Ldtar,
better visulalization of data, the nalkanes will be grouped into four categories according to
increasing chain length (Group 1 = C10 and C12, Gro@p= C14 and C16, Group 3 = C16 to
C30, Group 4 = C32 to C38)

In the NAMV and Santa Barbara sediment corethe volatile n-alkanes (C2 to C6) were
completely degraded during the upward migration of petroleum withinthe top 5 cmof the
sulfate reduction zone (Fig. 13). In the NAMV core, there were two peaks of high
concentrations of nalkanes. A small peak between 5 and 9 cm and another bigger peak
between 11 and 17 cm. In the Eckernfoerde Bagpore, the volatile nalkanes (C2 to C6) were
depleted throughout the core except for an imreased peak between 5 and 10 cnirhe
absolute concentrations ofpentane and hexanewere much higher in the Santa Barbara
core (~ 1000 pM) compared tothe NAMVand Eckernfoerde Bay cores (~500 puM) (Fig. 13

At all three sites,the highest amounts ofC10 to C38n-alkaneswere found in deeper layers

(Fig. 14, 15, 1. However, in the Eckernfoerde Bay core, there was a higher peak of n
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alkane concentrations at 6.5 cm (Fig. 16)The concentrations of the n-alkanesin all the
three cores progressively decreased towards the surface (Fig. 14, 15, 36The relative
decrease in the concentrations othe higher nalkanes (C10 to C38) at a certain deptivas
calculated by normalizingthem against their corresponding maximum concentration ata
deeper layer by theformula (1)

[N-Cxcm/ N-Czcm] x 100 1)
x EAOK el Al-Gien®T AOA OEA Al talkahds &t@ de@dinidépd ardnE |
depth with the highest amount ofn-alkanes respectively (Mishra et al., sumbitted) In the
NAMV core, the highest amount of salkanes was found at 17 cm (Fig. 14). From 17 cm to
15 cm, C10 and C12-alkanes decreased by 90 to 100% . C14 and C16 decreased by ~40%
and 15%, respectively. Nalkanes > C18 only decreased by around 10% between 17 to 15
cm. In Santa Barbara corethe maximum concentration of ralkanes was found at 13 cm
except C10 which was the highest at 14.5 cm (Fig. 15All the n-alkanes decreased by
around 50 % or more between 13 cm and9 cm. Throughout the Eckernfoerde Bay core,
very low concentrations of nalkanes were found (Fig. 16)Two peaks of relatively high
concentrations were observed at 6.£m and 185 cm (deepest layer). From 18.5 to 17.%5m,
C10 and C12 ralkanes decreased by 100% and ~ 90%, respectively, and C14 to C38 n
alkanes decreased by around 70%. From 17.5 cm onwards thengas a progressive
decrease until 14 cm. However, from 12 cm onwards, there was a slight increase in
concentration up to 7 cm. From 7 an onwards there was again a successive decrease in the
concentration towards the surface with almost 100% depletion of all the ralkanes. Among
the three sites, the highestabsolute concentrations of ralkanes werefound in the Santa
Barbara core (maximumconcentrations measured about 355 ng mé sediment). In NAMV
and Eckernfoerde Bay the highest concentratiors of nalkanes was about 90 ng mg!

sediment.

In order to control if the relative decrease of malkanes was not just a function of
incomplete upward migration of petroleup, the relative contribution of an individual n-
alkane to the total nalkanes was calculated. The relative contribution was calculated by

dividing the concentration of an individual concentration by the sum of concentrations of
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all the nalkanes (refered astotal n-alkanes from here on) at every depth. Accordingly,
contribution of the individual groups (see above, Group 1, 2, 3 and 4) to the totalalkanes
was calculated (Fig. 17). In contrast to the Eckernfoerde Bay and Santa Bard core,
where the C10C12 group reached all the way up to 5 cm until they were depleted, the G10
C12 group was already completely consumed between 17 and 15 cm in the NAMV core. The
C14-C16 group also remained more or less unchanged in the Santa Barbaaad the
Eckernfoerde Bay core until 5 cm, from where they started depleting towards the surface.
In the NAMV core, the C14£16 group showed one peak at 17 cm from where it started
decreasing upwards and then again another peak at 9 cm from where it alsoasted
decreasing towards the surface. The most persistent group in the totatalkanes was the
C18C30 group, which domninated until the surface in all the cores. The C&238 group
comprised the smallest part of the total ralkanes and did not show any spefic trend over
depth.
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Figure 13. Vertical distribution of volatile n-alkanes(from C1 to C6: Methane, Ethane, Propane; , i
Butane, n-Butane, Pentane and Hexanepver depthin the SOFT cores of NAMV (black hashed line
with triangles), Santa Barbara Chanel (red dotted line with circles) and Eckernfoerde Bay (blue
solid line with diamonds) at the end of the SOFT experiment. The table at the right corner gives the
approximate length of the sulfate reducing zone (SR zone) and the methanogenic zone (MG kane

the SOFT cores. n.d = not detected
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