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Summary 

Hydrocarbon-degrading microorganisms are responsible for crude oil degradation in a variety 
of anoxic marine systems and were shown to be metabolically and phylogenetically diverse. 
Hot spots of anaerobic hydrocarbon degradation are gas and oil seeps, which are characterized 
by high concentrations of methane, alkanes and other oil components. Diverse sulfate-
reducing bacteria (SRB) thrive therein, making use of hydrocarbons as carbon source and 
electron donor as well as sulfate as terminal electron acceptor for their energy metabolism.  
In this thesis, the diversity, function and community structure of anaerobic hydrocarbon-
degrading microorganisms in marine environments were elucidated by combining methods in 
molecular ecology, microbiology and microbial genomics. A high diversity of n-alkane 
degraders was revealed in globally distributed marine seep sediments based on genes 
encoding (1-methylalkyl)succinate synthase (MasD), the functional marker for anaerobic n-
alkane degradation. Both abundant cosmopolitan and specialized variants of MasD were 
detected as well as novel lineages of n-alkane degraders and it could be shown that the 
community structure is clearly driven by the available hydrocarbon substrate. Exploring the 
prevalence and diversity of MasD can help to identify novel lineages of n-alkane degraders as 
well as to differentiate closely related phylotypes. Additionally, the response of the microbial 
community in Caspian Sea sediments to simulated crude oil seepage using a Sediment-Oil-
Flow-Through system was investigated. Sulfate reduction and methanogenesis were important 
processes in the anaerobic degradation of hydrocarbons during crude oil seepage in these 
sediments. After oil-flow-through, several groups of SRB exhibited an increase in cell 
numbers and are likely responsible for the observed decrease in aliphatic hydrocarbon 
concentration under close-to-in situ conditions: clade SCA1 (propane, butane), clade LCA2 
(mid- to long-chain alkanes), the cycloalkane-degrading group (cycloalkanes, pentane, 
hexane), Desulfobacula spp. (toluene, benzene) and syntrophic methanogenic archaea (long-
chain alkanes). Since several MasD clusters were discovered that do not yet have cultured 
representatives, I approached the isolation of n-butane-degrading SRB by liquid and solid 
agar dilution series. In addition, single-cell genomics was applied to reconstruct draft 
genomes from MDA products of single cells sorted from hydrocarbon seep sediments. 
Preliminary results point towards the detection of so far unknown hydrocarbon degraders, but 
pure isolates have not been obtained.  
Altogether, these findings suggest the presence of a handful of dominant hydrocarbon 
degraders that are globally distributed alongside other minor variants that have adapted to a 
unique hydrocarbon environment and further suggest an unexpectedly high number of yet 
unknown groups of anaerobic hydrocarbon degraders, what underlines the need for 
comprehensive surveys of microbial diversity based on metabolic genes in addition to 
ribosomal genes.  
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Zusammenfassung  

Kohlenwasserstoffabbauende Mikroben sind physiologisch und phylogenetisch sehr divers 
und in marinen anoxischen Sedimenten hauptverantwortlich für den Abbau von Rohöl. Zum 
größten Teil findet der anaerobe Abbau von Kohlenwasserstoff an marinen Öl- und 
Gasquellen statt, die eine hohe Konzentration an Methan, Alkanen und anderen 
Ölbestandteilen aufweisen. Verschiedene sulfatreduzierende Bakterien (SRB) halten dort 
ihren Energiehaushalt mit Kohlenwasserstoff und Sulfat aufrecht.  
In dieser Arbeit wurde die Diversität, Funktion und Gemeinschaftsstruktur der Mikroben 
untersucht, die am anaeroben Abbau von Kohlenwasserstoffen in marinen Habitaten beteiligt 
sind. Eine Kombination von Methoden der molekularen Ökologie, Mikrobiologie und 
mikrobiellen Genomik wurde angewandt. Anhand der kodierenden Gene der 1-
Methylalkylsuccinat-Synthase (Mas), dem metabolischen Marker für anaeroben Alkanabbau, 
konnte gezeigt werden, dass es an global verteilten marinen Quellen im Sediment eine große 
Vielfalt an Alkanabbauern gibt. Sowohl häufig vorkommende kosmopolitische als auch 
spezialisierte und lokale Varianten von MasD wurden gefunden. Außerdem wurden neue 
Linien von n-Alkanabbauern detektiert und es zeigt sich, dass die Gemeinschaftsstruktur von 
den vorhandenen Kohlenwasserstoffen bestimmt wird. Das Vorkommen als auch die Vielfalt 
von MasD zu untersuchen kann also dazu beitragen, dass neue Alkanabbauer gefunden und 
nahverwandte Phylotypen unterschieden werden können. Zusätzlich wurde mittels eines 
Sediment-Öl-Durchfluss Systems unter in situ nahen Bedingungen die Reaktion der 
mikrobiellen Gesellschaft auf einen simulierten Rohöl-Austritt in Sedimenten des Kaspischen 
Meeres untersucht. Hier erwiesen sich Sulfatreduktion und Methanogenese als wichtige 
Prozesse. Nach dem Öl-Durchfluss erhöhte sich die Zellzahl mehrerer SRB Gruppen, die 
wohl unter den in situ nahen Umständen für die beobachtete Abnahme der aliphatischen 
Kohlenwasserstoffe verantwortlich sind: SCA1 (für Propan, Butan), LCA2 (für mittel- bis 
langkettige Alkane), die Zykloalkan-abbauende Gruppe (für Zykloalkane, Pentan, Hexan), 
Desulfobacula spp. (für Toluol, Benzen) und syntrophische methanogene Archaeen (für 
langkettige Alkane). Da mehrere MasD-Gruppen entdeckt wurden, von denen bisher noch 
keine kultivierten Vertreter existieren, habe ich mittels Verdünnungsreihen (Flüssig- und 
Festagarkulturen) versucht, n-Butan-abbauende SRB zu isolieren. Mit Einzelzell-Genomik 
wurden ausserdem von Zellen, sortiert aus Kohlenwasserstoffquellsedimenten, Draft-Genome 
rekonstruiert. Erste Ergebnisse weisen auf bisher unbekannte Gruppen hin; die 
Isolationsversuche hingegen haben nicht zu einer Reinkultur geführt.  
Insgesamt zeigte sich, es gibt wenige dominante, global verteilte Gruppen und andere 
seltenere Typen, deren Metabolismus möglicherweise an die strukturelle Vielfalt der 
vorherrschenden Kohlenwasserstoffe angepasst ist. Die Hinweise auf eine hohe Zahl noch 
unbekannter Kohlenwasserstoffabbauer unterstreichen die Notwendigkeit, die mikrobielle 
Diversität nicht nur anhand der ribosomalen Gene, sondern auch der Stoffwechselgene zu 
untersuchen. 
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Chapter I 

Hydrocarbons 

Hydrocarbons are organic compounds that contain by definition exclusively the elements 

carbon and hydrogen. They occur in many different variations (i.e. numbers of carbon and 

hydrogen atoms) and structural conformations. Hydrocarbons exclusively contain covalent 

bonds, in which pairs of electrons are shared between atoms. Covalent bonds are typically 

formed between elements with similar electronegativity. Since electronegativity denotes the 

ability of a molecule to attract the shared electrons to itself, hydrocarbons are rather inert 

molecules. In general, the chemical reactivity of organic compounds depends directly on the 

properties of the individual bonds within their molecules (Wilkes and Schwarzbauer, 2010). 

Therefore, hydrocarbons are divided according to their bonding features into three major 

compound classes of saturated, unsaturated and aromatic hydrocarbons, exhibiting different 

chemical behaviors and physical properties (Wilkes and Schwarzbauer, 2010). Within each of 

the groups of saturated and unsaturated hydrocarbons, referred to as aliphatic hydrocarbons, 

we can further distinguish between straight-chain, branched-chain and cyclic compounds. 

Aromatic hydrocarbons may be mono- or polycyclic, and often occur with aliphatic 

hydrocarbon chains as alkyl-substituted aromatic hydrocarbons (Figure I-1). 

Saturated hydrocarbons are commonly referred to as alkanes (resp. cycloalkanes) and they 

have the general sum formula CnH2n+2, where n is the number of carbon atoms. For alkanes 

with n < 4 there is only one possible structure, since carbon atoms can form four covalent 

bonds, hydrogen only one. They occur as straight chain of carbon atoms without branches, 

commonly referred to as n-alkanes (where n stands for “normal”). They show a slow 

reactivity, due to the absence of functional or polar groups and the presence of -bonds, 

which are the strongest type of covalent bonds between carbon and hydrogen atoms. For 

alkanes with n  4 more than one constitutional isomer is possible. They do not possess 

straight chains of carbon atoms in contrast to the n-alkanes and therefore, they are termed 

branched alkanes (Wilkes and Schwarzbauer, 2010). 
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electrons are shared equally between the six carbons, making it in general planar. All six 

hydrogen atoms in benzene, which are chemically equivalent, may be substituted by alkyl and 

aryl groups resulting in two principal classes of aromatic hydrocarbons (mixed types are also 

possible): alkylbenzenes and polyphenyls. Three different isomers of di-substituted benzene 

derivatives are possible, which are classified according to their substitution pattern as ortho 

(o)-, meta (m)-, or para (p)-isomers. In the environment, the most significant aromatic 

hydrocarbons are benzene, toluene, ethylbenzene, and the three xylene isomers and are 

referred to as BTEX. Polycyclic aromatic hydrocarbons (PAHs) are fused aromatic 

hydrocarbons consisting of two or more aromatic rings. Naphthalene is the structurally 

simplest representative of this class of compounds (Figure I-1; Wilkes and Schwarzbauer, 

2010). 

The physicochemical properties of hydrocarbons are directly related to the molecular 

structures, such as size and shape. Hydrocarbons are either in the gaseous state (gas phase or 

water dissolved), the liquid state (water dissolved, surface adsorbed or a bulk phase atop a 

water phase) or the solid state (Harms et al., 2010). In the environment, compounds from C1 

to C4 are gases at ambient temperature. They are used as fuels and in the manufacturing of 

specialty chemicals including plastics or polymeric materials. Compounds from C5 to C12 are 

liquids that easily turn into gases when heated. These compounds are used as fuels and 

lubricants. Those compounds  C17 are usually solids and are used as lubricants, heavy fuels 

and as coatings like tar and asphalts. The solid hydrocarbons usually have the consistency of 

wax (Kostecki et al., 2005). However, gases can naturally include varying amounts of 

dissolved hydrocarbons, normally occurring in a liquid phase and vice versa, oils contain 

varying amounts of dissolved gases. 

Geological Formation  

Hydrocarbons are among the most abundant organic compound classes in the biogeosphere, 

since they occur in a great structural diversity as biosynthetic products of living organisms in 

the biosphere (Birch and Bachofen, 1988) or as abiotic transformation products of biogenic 

organic matter in the geosphere (Went, 1960). They are main constituents of fossil materials 

like crude oil, natural gas and coal (Tissot and Welte, 1984) and one of the Earth's most 

important energy resources. Crude oil as well as coal is formed through the compression and 

heating of buried organic materials over geologic time (5 to 100 million years) at temperature 

ranges from 50°C to more than 200°C and geostatic pressure ranges from 300 bars to 1500 

bars (Tissot and Welte, 1984). The series of chemical changes in organic matter upon burial 
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chain alkanes can make up to 20% of the formed natural gas (Tissot and Welte, 1984), which 

is termed wet gas . The resulting fractures will facilitate the migration of the oil and gas 

compounds into adjacent, permeable rocks until an impermeable barrier is reached, e.g. a salt 

dome or gas hydrate. Here, the oil and gas is pooled in a trap and the wet gas accumulates 

usually on top of the oil, due to the lower molecular mass. The temperatures in these 

reservoirs can be considerable lower than at the site of formation and sometimes enable 

microbial activity and thus breakdown and alteration of the oil and gas compounds (Tissot 

and Welte, 1984). The final stage, metagenesis, which is reached only at great depth, high 

temperature and pressure, results in the production of methane and other gases (e.g. CO2, H2S 

and N2; Tissot and Welte, 1984).  

Main constituents of crude oil are saturated aliphatic hydrocarbons and aromatic 

hydrocarbons. They account on average for 86% (Tissot and Welte, 1984), of which 33% are 

n-alkanes, 31% are cycloalkanes and 35% are aromatic hydrocarbons. Alkenes, which are 

relatively unstable because of their unsaturated chains are less common in crude oil. Crude oil 

also contains small amounts of non-hydrocarbon components such as resins pyridines, 

quinolones, sulfoxides and amines and asphaltenes (phenols, fatty acids, naphthenic acids, 

ketons and esters), which are high molecular weight polycyclic molecules with bound oxygen, 

nitrogen and sulfur atoms. Crude oil could be classified based on the relative proportions of 

the heavy molecular weight constituents as light, medium or heavy oil. Light oils are typically 

high in saturated and aromatic hydrocarbons, with a smaller proportion of resins and 

asphaltenes. Heavy oils that result from the biodegradation of crude oil under anoxic 

conditions in situ in petroleum reservoirs, have a much lower content of saturated and 

aromatic hydrocarbons and a higher proportion of the more polar chemicals, the resins and 

asphaltenes (Head et al., 2003; Hassanshahian and Cappello, 2013).  

The terms crude oil and petroleum are sometimes used as acronyms, although crude oil and 

petroleum differ principally. By definition, crude oil is a mixture of hydrocarbons that exists 

as a liquid in natural underground reservoirs and remains as liquid when brought to the 

surface. Petroleum is a broad category that includes both crude oil and petroleum products. 

Petroleum products (e.g. unfinished oils, liquefied petroleum gases, aviation and motor 

gasoline, jet fuels, kerosene, special naphthas, lubricants, waxes, petroleum coke, asphalt, 

road oil, still gas, and miscellaneous products) are produced from the processing of crude oil, 

natural gas, and other hydrocarbon compounds at petroleum refineries and from the extraction 

of liquid hydrocarbons at natural gas processing plants.  



Chapter I 
 

 
6 

Natural deposits of hydrocarbons 

Conservative estimations amount the reserves of crude oil and natural gas to 1700.1 billion 

barrels (BP statistical review of world energy, June 2015). In marine systems, these reserves 

occur in hydrothermal vents and cold seeps differing in geological formation, environmental 

features, hydrocarbon composition and concentration. Hydrothermal vents and cold seeps are 

known to be common at continental margins and oceanic spreading centres worldwide (Figure 

I-3A, B), releasing fluids rich in methane and hydrogen sulfide, and being full of life based on 

chemosynthesis (Figure I-3C, D; Campbell, 2006).  

Generally, microbial communities at hydrothermal vents and hydrocarbon seeps are driven by 

reduced inorganic compounds, in contrast to benthic communities of normal deep sea 

sediments, which are mainly fuelled by sedimenting organic matter from the ocean (Jørgensen 

and Boetius, 2007). 

Hydrothermal vents are located across the boundaries of tectonic plates throughout the world 

(Figure I-3A). They were discovered in the oceans as the first seep systems in 1977 (Peter, 

1977; Corliss et al., 1979). The venting occurs as seawater is forced down fissures in the 

Earth’s crust, where it comes into contact with hot magma. Here, elevated temperatures heat 

the water to approximately 400°C (Minic and Herve, 2004), resulting in the leaching of 

elements, the reduction of oxygen and pH. Then, the water is forced out causing a toxic plume 

charged with particles providing the smoker effect. Interaction with the cooler waters causes 

precipitation of metals and minerals and subsequently chimney structures form. The 

temperature and flow rates of these smokers vary temporally and spatially with cooler diffuse 

venting occurring away from the main vents (Van Dover et al., 2002). Hydrothermal fluids 

emitted from black and white smokers are rich in electron donors like hydrogen, methane, 

hydrogen sulfide, ammonia, iron(II) and manganese(II) (Jannasch and Mottl, 1985). As they 

mix with seawater containing different electron acceptors like carbon dioxide, sulfate, 

iron(III), nitrate or oxygen, they are used by various free-living aerobic and anaerobic 

microbes as well as symbiotic organisms (Jannasch, 1985). One example, serving as a model 

system for a hydrothermal vent is the vent field in the Guaymas Basin (Gulf of California), 

which is rich in crude oil. The Gulf of California is a transitional region between 

predominantly seafloor spreading to the south and totally transform fault motion to the north 

(Lawver et al., 1975; Simoneit and Lonsdale, 1982). In this seismic active area, new earth 

crust forms due to spreading tectonic plates, while hot diffuse fluids (up to 200°C) emerge 

from the sediment through chimneys and release crude oil components (Simoneit and 

Lonsdale, 1982; Bazylinski et al., 1989), low-molecular weight organic acids, short-chain 
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alkanes, methane and ammonia. These substrates sustain a unique microbial ecosystem 

combining characteristics of communities from hydrocarbon seeps and mid-ocean ridge 

hydrothermal vents. Hydrothermal vents at Guaymas Basin are often associated with 

chemosynthetic communities like thick bacterial mats on the sediment surface (Gundersen et 

al., 1992) and microbial populations in the sediments showing a high degree of microbial 

connectivity. The population overlaps within an area of a few 100 metres as consequence of 

vigorous venting, rapid dispersal via bottom currents, and closely spaced hydrothermal 

features (Meyer et al., 2013). The presence of microbes is often limited to the upper sediment 

layers due to steep temperature gradients. Aromatic and aliphatic hydrocarbons are abundant 

in Guaymas Basin sediments and enrich for microbial specialists, especially sulfate-reducing 

hydrocarbon-oxidizing bacteria, ammonia-oxidizing bacteria and methane-oxidizing archaea 

(ANME) in the surficial sediments. In general, the microbial community found at 

hydrothermal vents is distinctly different to those found in other venting systems (Dhillon et 

al., 2003a; Adams et al., 2013). 

Cold seeps occur along subduction zones and convergent margins (Figure I-3B) at areas of the 

seabed, where methane from the subsurface is released to the water column via conduits in the 

sediment (Judd, 2003). Next to methane also ethane, propane, or even oil components rise up 

through sediment pores and cracks as a result of high tectonic pressure or exposure following 

submarine slide events (Black et al., 1997). In contrast to hydrothermal vents, cold seeps can 

occur at water depths of between a few meters and several kilometers and unlike at 

hydrothermal vents, the emanating fluids (gases and liquids) are no hotter than the 

surrounding seawater, and not necessarily under high pressure (Fischer, 2010). 

Cold seeps were first discovered in the Gulf of Mexico (GoM) and the Cascadian subduction 

zone in the Pacific (Kennicutt II et al., 1985; Kulm et al., 1986) and turned out to be oases of 

life that support some of the most diverse and biomass-rich faunal assemblages in the oceans 

(Baker et al., 2010). At cold seeps, hydrocarbon oxidation is fuelled by microbial sulfate 

reduction (SR). A large fraction of SR is fuelled by the anaerobic oxidation of methane AOM 

(Elvert et al., 1999; Treude et al., 2003), but the major part of total SR by the oxidation of 

non-methane hydrocarbon, in particular of alkanes (Adams et al., 2013). The global median 

ratio of SR to AOM occurring in seep sediments was estimated to 10.7 (Bowles et al., 2011). 
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Anthropogenic input 

Crude oils have been present in the biogeosphere probably since its formation due to escape 

through natural seeps on land and in the sea (Wilson et al., 1974; Prince, 1997). However, the 

anthropogenic activity involving oil and gas exploration, gasoline leakage, conversion to fuels 

and transportation has significantly increased global and local crude oil influx: The National 

Research Council has estimates that the total input of petroleum into the sea from all sources 

is approximately 1.3 Mt/year. Almost 50% comes from natural seeps, 9% emanates from 

catastrophic releases, more than 40% of the input from consumption and urban run-offs 

(Committee on Oil in the Sea: inputs and National Research, 2003). Main reason for this 

massive increase is that fossil fuels are the main energy source of the industrial age and crude 

oil and natural gas fuel around 55% of the word primary energy consumption (Committee on 

Oil in the Sea: inputs and National Research, 2003).  

The extensive exploration of crude oil and natural gas inevitably bears high risks for 

ecosystems and mankind. Severe environmental problems are caused by hazardous crude oil 

exploration projects and accidental hydrocarbon spills, which contaminate oceans, other water 

bodies and soils. One example is the off-shore oil field Kashangan Field in the Caspian Sea, 

where harsh conditions, including sea ice during the winter, temperature variation from -35 to 

40°C, extremely shallow water and high levels of hydrogen sulfide, together with 

mismanagement and disputes, make it one of the highest-risk oil megaprojects 

(www.bbc.com/news). Other examples are the notorious accidents of the Deepwater Horizon 

platform in 2010 or the Exxon Valdez tanker in 1989 (Figure I-3E, F), when vast amounts of 

crude oil have entered the environment (Atlas and Hazen, 2011). Both events were entailed by 

very serious consequences for the affected ecosystems as well as health and livelihood of the 

local human population. While naturally occurring hydrocarbons in seeps largely fuel a huge 

diversity of animals (e.g. clams, mussels and tubeworms, copepods, nematodes) and 

microorganisms in the deep sea (e.g. Dubilier et al., 2008; Petersen et al., 2010) the oxidation 

of enormous amounts of accidentally spilled hydrocarbons in oceanic deep waters could lead 

to anoxic zones, which may be toxic for many resident organisms. 
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Microbial degradation of hydrocarbons 

Biodegradability of hydrocarbons 

The presence of hydrocarbons in the biogeosphere throughout the history of life may explain 

why many microorganisms have acquired the ability to make use of these compounds as 

growth substrates (Widdel and Rabus, 2001). The rate and extent to which microorganisms 

degrade hydrocarbons is influenced by the biodegradability and the bioavailability, which are 

determined by the chemical composition, the physical state, the local quantity, and the 

toxicity of the hydrocarbons. Different hydrocarbons are degraded at different rates. The 

biodegradability decrease from n-alkanes, branched alkanes, low molecular-mass aromatics, 

cycloalkanes, PAH to complex polar compounds, finally (Leahy and Colwell, 1990). Due to 

the hydrophobicity of hydrocarbons, their solubility is low and they are only poorly 

bioavailable. Further, the degree of hydrophobicity of a hydrocarbon increase with the degree 

of saturation of the compound and the molecular mass. Alkanes are less soluble than aromatic 

compounds and within the alkanes, short-chain alkanes are better soluble than long-chain 

alkanes. Especially in marine (saline) environments, where solubility is lower, the 

bioavailability of hydrocarbons will be even more reduced. The physical state of 

hydrocarbons is another factor, which affects their bioavailability. Many microorganisms, 

which are able to degrade hydrocarbons, have developed mechanisms to overcome the low 

hydrocarbon bioavailability, such as direct adhesion to the hydrocarbon phase (Rosenberg, 

1991; Wick et al., 2002) or the secretion of biosurfactants and bioemulsifiers (Ron and 

Rosenberg, 2002; Walzer et al., 2006). Some hydrocarbons, such as cyclic alkanes, aromatic 

compounds and alkanols have toxic effects (Ritchie et al., 2001), since they impair membrane 

fluidity, permeabilize biological membranes (Sikkema et al., 1995) and thus lower the 

energetic level of the cell (Neumann et al., 2006). The toxic effect of hydrocarbons is highest 

in case of the volatile hydrocarbons, such as the mono-aromatic BTEX hydrocarbons. 

Accordingly, refined oil, which is rich in volatile hydrocarbons, is more toxic to 

microorganisms than crude oil (Sikkema et al., 1995). 

Hydrocarbon degraders in cultures 

Diverse microbial communities mineralize hydrocarbons and utilize a variety of metabolic 

pathways by depleting the available electron acceptors successively according to their redox 

and free energy potentials (Figure I-4). The ability of aerobic microorganisms to degrade 

hydrocarbons has been known since the beginning of the 20th century (Söhngen, 1913; Rahn, 
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1906). Taxonomic groups containing aerobic hydrocarbon-degrading species are 

Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Actinobacteria, 

Bacteroidetes and high-GC Gram positive Firmicutes (Kleindienst et al., 2015). Species of 

Pseudomonas, Flavobacterium, Actinobacter and Vibrio have been consistently isolated from 

hydrocarbon-rich marine environments (Walker and Colwell, 1976). In aerobic bacteria 

growing on hydrocarbons, oxygen is not only the terminal electron acceptor for respiratory 

energy conservation, but also involved in the activation mechanism (Widdel and Rabus, 

2001). Enzymatically activated oxygen is a strong oxidant and helps to overcome the 

chemical inertness of hydrocarbons. Therefore, it was believed for a long time that in the 

absence of oxygen, microbial degradation of hydrocarbon compounds would be rather 

unlikely. Although the production of hydrogen sulfide in oil reservoirs (Bastin et al., 1926) 

and the depletion of long-chain n-alkanes in crude oil were early indications for the existence 

of active, hydrocarbon-degrading microorganisms in anoxic oil reservoirs, it was not before 

the 1990s that the first hydrocarbon-degrading, strictly anaerobic bacterium was isolated 

(Aeckersberget al., 1991). One reason for the relative late discovery is presumably the 

inherently slow growth of these organisms. Anaerobic hydrocarbon degraders grow 

significantly slower than their aerobic counterparts (Widdel et al., 2010). The fastest toluene-

degrading denitrifyers are described to have a doubling time of approximately six hours 

(Heider et al., 1998), while anaerobic methane-oxidizing sulfate-reducing consortia have a 

doubling time of some months (Widdel et al., 2010). 

Initially, anaerobic hydrocarbon degradation by microorganisms was described for aromatic 

compounds (Evans and Fuchs, 1988). Later, a sulfate-reducing bacterium (SRB) able to 

oxidize hexadecane anaerobically was isolated from an oil-water separator (Desulfococcus 

oleovorans strain Hxd3; Aeckersberg et al., 1991). Since then, many other anaerobic, 

hydrocarbon-degrading microorganisms have been reported and grown in culture, oxidizing 

short-, middle- and long-chain n-alkanes, cyclic alkanes, alkylsubstituted and unsubstituted 

mono- or polycyclic aromatic compounds, using in freshwaters and terrestrial environments 

mainly nitrate (Gilewicz et al., 1997), in marine environments mainly iron(III) (Lovley et al., 

1993) and sulfate (Aeckersberg et al., 1991) as electron acceptors for anaerobic respiration. 

Alternatively, they grow in syntrophic co-cultures with other anaerobes (Widdel and Rabus, 

2001); methanogenesis (Zengler et al., 1999b) or anoxygenic photosynthesis (Zengler et al., 

1999a). They were enriched/isolated from different sites such as aquifers, terrestrial, fresh-

water and marine systems (Figure I-4).  
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The majority of studies by now have focused on aromatic hydrocarbons and methane although 

alkanes are main constituents of crude oil. However, in the last years, more studies were 

concentrated on anaerobic non-methane aliphatic hydrocarbon degraders. Most often, 

anaerobic bacteria degrading alkanes with chain lengths of six carbon atoms and more (in 

particular n-hexadecane) with sulfate or nitrate as electron acceptor were isolated and 

described (Table I-1; Widdel et al., 2010).  

The presently investigated mode of alkane utilization (here exemplified for hexadecane with 

sulfate or nitrate) is according to the following equations:  

 

 

 

5 C16H34 + 98 NO3
- + 18 H+  80 HCO3

- + 49 N2 + 54 H2O 

G°’ = –9677 kJ per mol n-hexadecane 

4 C16H34 + 49 SO4
2- + 34 H+  64 HCO3

- + 49 H2S + 4 H2O 

G°’ = –559 kJ per mol n-hexadecane 

 

 

 

 

The majority of the currently known n-alkane oxidizers are related to the cultured genera 

Desulfosarcina, Desulfococcus and Desulfonema within the Desulfobacteraceae (Figure I-5). 

Several alkane oxidizers with near identical 16S rRNA sequences fall into the genus 

Desulfatibacillum, e.g. strain AK-01 (So and Young, 1999), strain CV2803 (Cravo-Laureau et 

al., 2004) and strain Pnd3 (Aeckersberg, 1998).  
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The crude-oil rich hydrothermal sediments in the Gulf of Mexico and at Guaymas Basin have 

yielded sulfate-reducing bacteria that are specialized in the oxidation of short-chain alkanes to 

CO2 (Kniemeyer et al., 2007). These lineages related to Desulfosarcina and Desulfococcus 

spp., include the propane-oxidizing Propane12-GMe, the n-butane-oxidizing Butane12-GMe, 

and strain BuS5, able to grow on propane and n-butane. Alkane oxidation is not limited to 

members of the Desulfobacteraceae. The decane-oxidizer Desulfothermus naphthae strain 

TD3 forms a separate phylogenetic lineage that shares a root with Desulfovibrio spp. (Rueter 

et al., 1994; Widdel et al., 2010). Two strains of the genus and species Desulfoglaeba 

alkanexedens, isolated from an oily wastewater storage facility and from oilfield production 

water, are specialized in the complete oxidation of C6–C12 n-alkanes and selected organic 

acids. These strains belong to the Syntrophobacteraceae within the Deltaproteobacteria 

(Davidova et al., 2006; Teske, 2010). Recently, a draft genome was reconstructed of 

Smithella sp. obtained from a methanogenic n-hexadecane-degrading enrichment culture by 

single-cell sorting (Tan et al., 2014a). The propane-oxidizing thermophilic SRB Propane60-

GuB has been enriched from Guaymas Basin and is a member of the genus 

Desulfotomaculum (Kniemeyer et al., 2007). Further a Peptoccocaceae species from a 

methanogenic alkane-degrading culture was proposed as hydrocarbon degrader by 

metagenomics and genome sequencing (Tan et al., 2015). 

Hydrocarbon degraders in the environment 

Many more so far uncultured hydrocarbon-degrading microorganisms are likely to occur in 

nature, where these substrates are prevalent either naturally occurring or anthropogenically 

spilled. Marine seep sediments are hot spots of microbial life due to a long term supply of 

hydrocarbons to natural communities. Here, the organic matter degradation takes place mainly 

under anoxic conditions as oxygen is generally depleted within the first few millimeters of the 

sediment (Jørgensen, 1982). Typical community members of anoxic marine sediments are 

SRB. They are terminal oxidizers in the natural recycling of bio-organic compounds to CO2 in 

anoxic environments, in particular in marine sediments. SRB play a geochemically important 

role because they make use of the globally abundant electron acceptor sulfate (in seawater up 

to 28 mM), and possess numerous degradative (oxidative) capacities with respect to electron 

donors (Thauer and Shima, 2008). In marine sediments, deltaproteobacterial SRB of the 

family Desulfobacteraceae, which comprises the genera Desulfosarcina, Desulfococcus, 

Desulfonema and some additional cultured and uncultured microorganisms, are most often 

present (Cravo-Laureau et al., 2004). Further community members belong to the family 
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Desulfobulbaceae including the genus Desulfobulbus. Next to Deltaproteobacteria, 

Gammaproteobacteria including sulfur-oxidizing bacteria and Epsilonproteobacteria were 

frequently detected in these environments although not necessarily involved in anaerobic 

hydrocarbon degradation. 

The presence and activity of hydrocarbon degraders in deep sea and hydrothermal vent 

sediments has been demonstrated in many studies (Orcutt et al., 2010; Savage et al., 2010; 

Quistad and Valentine, 2011; Kleindienst et al., 2012; Adams et al., 2013), as well as in 

contaminated sediments (Atlas and Hazen, 2011; Acosta-González et al., 2013; Kimes et al., 

2013). All these studies have shown that non-methane hydrocarbon degraders are mostly 

Deltaproteobacteria of the Desulfosarcina/Desulfococcus clade (DSS) (Kleindienst et al., 

2014) or affiliated with Desulfatiglans anilini.  

Based on stable isotope probing, four distinct groups of uncultured SRB belonging to the 

deltaproteobacterial DSS clade were found to be key-players in diverse marine hydrocarbon 

seeps (Kleindienst et al., 2014). Two groups of short-chain alkane degraders, referred to as 

SCA1 and SCA2 and two groups of long-chain alkane degraders, referred to as LCA1 and 

LCA2 showed to be involved in non-methane hydrocarbon degradation (Figure I-5). 

Next to the degradation of non-methane hydrocarbons, the sulfate-depending anaerobic 

oxidation of methane (AOM; Reeburgh, 1976, 1980) is an important mineralization process at 

gas and hydrocarbon seeps. The biochemical pathways and biological adaptations enabling 

this globally relevant process are not fully understood but the responsible community has 

been identified. The methanotrophic euryarchaeotal groups ANME-1, ANME-2 and ANME-3 

are phylogenetically related to the orders Methanosarcinales and Methanomicrobiales, while 

the sulfate-reducing bacterial partners of ANME archaea are mostly associated with members 

of the Desulfosarcina/Desulfococcus (DSS) clade (Boetius et al., 2000; Orphan et al., 2001; 

Michaelis et al., 2002; Orphan et al., 2002; Knittel et al., 2003; Knittel et al., 2005). They 

were assigned to SEEP-SRB1, in particular SEEP-SRB1a, SEEP-SRB2 (Knittel et al., 2003) 

(Schreiber et al., 2010) and the SRB HotSeep-1 (Holler et al., 2011). Further, ANME-2c and 

ANME-3 archaea have been reported with uncultured Desulfobulbaceae (Pernthaler et al., 

2008) (Niemann et al., 2006; Lösekann et al., 2007) as partner bacteria. Besides the SEEP-

SRB1, additional phylogenetic clusters of SEEP-SRB were identified from various seep 

sediments by 16S rRNA gene sequence analysis and supposed to be involved in hydrocarbon 

degradation (SEEP-SRB2, 3 and 4). SEEP-SRB1 was divided into six subgroups named 

SEEP-SRB1a – SEEP-SRB1f (Schreiber et al., 2010). So far, only members of SEEP-SRB1a 

were identified as dominant bacterial partners of ANME-2 archaea at marine seeps. The 
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abundance, distribution, and ecological function of the subgroups SEEP-SRB1b – f and the 

groups SEEP-SRB2, SEEP-SRB3, SEEP-SRB4 remain unknown since they comprise only 

uncultured members. 

Degradation pathways 

Due to the toxicity of many hydrocarbons their biological degradation is of environmental 

concern. Efforts to understand the metabolic capacities of microorganisms involved in 

hydrocarbon degradation are confronted with the chemical diversity of these compounds and 

their reactivity as well as the diverse lifestyles of the organisms (Widdel and Musat, 2010). 

Conventionally, the study of hydrocarbon biodegradation is separated in the following areas: 

aerobic vs. anaerobic degradation pathways; aliphatic vs. aromatic hydrocarbons; 

ecophysiology vs. enzymatic structure and metabolism. Mechanisms for hydrocarbon 

activation are fundamentally different in aerobic and anaerobic microorganisms. Nevertheless, 

all hydrocarbon degradation pathways begin with the activation and functionalization of the 

hydrocarbon, what is achieved by cleavage of the C–H bonds. Under oxic conditions, the 

degradation of hydrocarbons is always initiated by the use of molecular oxygen. 

Monooxygenases on aliphatic and certain aromatic hydrocarbons and dioxygenase on 

aromatic hydrocarbons catalyze the incorporation of one or two oxygen atoms from oxygen 

into the hydrocarbon skeleton leading to hydroxylated products (Harayama et al., 2004), 

which are more soluble and reactive then the hydrocarbons. During terminal activation, the 

methyl group is attacked by an oxygenase producing primary alcohol (Rojo, 2009), which is 

subsequently oxidized by dehydrogenases to fatty acids able to undergo the final -oxidation. 

In marine sediments or aquifers where oxygen, as the terminal electron acceptor, is quickly 

depleted due to accelerated microbial respiration, hydrocarbons are degraded mainly 

anaerobically. The study of hydrocarbon metabolism under anoxic conditions has revealed 

unprecedented activation mechanisms including enzymatic reactions such as addition to 

fumarate by radical enzymes, methylation of unsubstituted aromatics, hydroxylation with 

water by molybdenum cofactor containing enzymes and carboxylation catalyzed by so far 

uncharacterized enzymes (Heider, 2007; Boll and Heider, 2010). Though all these 

mechanisms of anaerobic hydrocarbon activation have been proposed, the signature 

metabolites and involved enzymes have been characterized only for the addition to fumarate 

shown for toluene, xylene, ethylbenzene, p-cresol, methylnaphthalene, cyclohexane, some 

alkanes and cycloalkanes, for the hydroxylation demonstrated for ethylbenzene and for the 

carboxylation demonstrated for benzene and naphthalene (Rabus et al., 2001; Wilkes et al., 
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Environmental relevance of anaerobic hydrocarbon degraders 

Understanding the cycling of the different hydrocarbons (i.e. generation, consumption and 

degradation) is important, since their use has heavily impacted the environment for instance 

with the increase of atmospheric CO2 by the use of fossil fuels (IPCC, 2014) and 

anthropogenically caused oil spills. The clean-up of hydrocarbon-polluted environments is 

highly expensive. Often, microbial hydrocarbon degradation plays a major role, because these 

microorganisms settle pollutants themselves or are even added to polluted areas (Heider and 

Schühle, 2013; Kimes et al., 2014). In general, the fate of oil spills depends upon a unique set 

of circumstances that govern risk and impacts, including the volume of spilled oil, the 

chemical nature of the oil, and the impacted ecosystems environmental conditions (Atlas, 

1981; Prince, 1993). So far, primarily aerobic biodegradation processes helped diminishing 

the oils (Hassanshahian and Cappello, 2013). However, especially anaerobic alkane and 

aromatic hydrocarbon degraders dominating at given sites indicate relevant degradation 

potentials and should not be missed, if optimum bioremediation strategies are to be designed. 

In recent years another aspect of microbial hydrocarbon degradation is receiving more 

attention. Microorganisms are able to influence petroleum reservoirs by their potential of 

crude oil oxidation. Several studies indicate that microbial degradation of hydrocarbon could 

be affecting crude oil reservoirs in the deep subsurface (Rueter et al., 1994; Aitken et al., 

2004; Gieg et al., 2010) often removing the lighter, commercially favored fractions in these 

oils and pollute the remaining oil with sulfide (Head et al., 2003). Therefore, comprehensive 

knowledge of the microbial hydrocarbon degradation could help to better manage fossil fuels 

from the beginning of the extraction process to the final energy consumption. 

State of the Art 

Originally, research in anaerobic hydrocarbon degradation and the detection of their key 

players was either hypothesis-driven or phenomenon-driven (Widdel et al., 2010). In the first 

case, the classical use of enrichment cultures was applied to test if hydrocarbons of 

environmental concern or particular biochemical interest were degradable without oxygen. In 

the second case, in situ observations of hydrocarbon disappearance in anoxic habitats led to 

detailed analyses of the process and the search for the responsible microorganisms. Both 

approaches resulted in the detection of previously unknown, novel types of microorganisms, 

metabolically as well as phylogenetically. Some of the anaerobic hydrocarbon degraders 
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could be isolated in pure cultures and characterized in detail. In other cases, a characterization 

of the natural enrichments or enriched laboratory cultures was possible via the 16S rRNA 

approach (Olsenet al., 1986). This well-established molecular techniques based approach was 

recently accomplished by a specific gene detecting fluorescence in situ hydridization (FISH) 

technique referred to as geneFISH (Moraru et al., 2010), which links the presence of a gene 

with cell identity in environmental samples. Although the routine use of 16S rRNA gene 

clone libraries has impacted hugely on the field of microbial ecology and on our 

understanding of microbial diversity, its practical limitations (low throughput by high 

sequencing costs) can provide just a snapshot of the dominant organisms. Currently, the 

phenomenon- and hypothesis-driven research is accomplished by data-driven research. New 

methods in sequencing (next generation sequencing, NGS, for reviews of applications and 

technologies see Morozova et al.,, 2008, Hodkinson et al.,, 2015), genomics, transcriptomics 

and proteomics are producing vast amounts of information and have the potential to become 

future state of the art in hydrocarbon microbiology research. A few years ago, the short read 

length sequences generated by NGS technologies prevented effective assembly of highly 

homologous gene sequences like 16S rRNA genes or the satisfying reconstruction of 

microbial genomes (Cowan et al., 2010). Today, read length is not an issue anymore since 

length of >500 bp is almost standard. NGS technologies are frequently applied in hydrocarbon 

degradation studies. High throughput sequencing of functional marker genes offer a rapid 

approach of gene fingerprinting and metagenomics provides insight into microbial 

communities in hydrocarbon impacted sites and is used to study the diversity of taxa and 

genes involved in various anaerobic hydrocarbon biodegradation pathways. In addition, single 

cell genomics make the genome sequences of uncultured organisms from an environmental 

sample more accessible and may in future represent the majority of microbial sequence 

acquisition. However, a well-conceived discovery-based research has the inherent potential to 

become the future modus operandi in hydrocarbon microbiology and profoundly asses the 

microorganisms’ ecophysiology. Nevertheless, classical use of enrichment cultures and 

physiology studies should pursue as valuable complement for future advances in hydrocarbon 

microbiology. 



Chapter I 
 

 
26 

Objectives of this thesis 

The microbial degradation of non-methane hydrocarbons, in addition to AOM, is the most 

important biogeochemical process in anoxic marine gas and oil seep sediments (Kleindienst, 

et al., 2015; Jaekel et al., 2015). In the last two decades, several studies reported a high 

bacterial 16S rRNA gene diversity for different seep sites (e.g. Orcutt et al., 2010; Kimes et 

al., 2014; Teske et al., 2014), however, the identified microbes could so far not be clearly 

linked to hydrocarbon degradation. Thus, this thesis aims to investigate microorganisms 

involved in anaerobic hydrocarbon degradation at marine seeps by applying a polyphasic 

approach, i.e. combining methods in molecular ecology, microbiology and microbial 

genomics. By the use of molecular methods such as sequencing, I investigated the genes 

encoding hydrocarbon-activating enzymes in order to elucidate the diversity and community 

structure of anaerobic hydrocarbon-oxidizing communities. Further, culture-based enrichment 

and isolation techniques and culture-independent single cell genomics were employed and 

could help deepen our understanding of the ecophysiology of anaerobic hydrocarbon 

degraders, further characterize these microorganisms and identify novel lineages of 

hydrocarbon-degrading microbes.  

 

Specific aims of the study are: 

(I) to reveal the functional diversity of hydrocarbon degraders and their response to 

crude oil seepage. 

 Diverse and globally distributed marine seep sediments are investigated by high-

throughput sequencing of the genes encoding the n-alkane activating enzyme (1-

methylalkyl)succinate synthase (Mas). The MasD diversity is correlated with 

environmental parameters like hydrocarbon composition, water depth, temperature, and 

sulfate reduction rates (Chapter II) to identify factors structuring the alkane-degrading 

community. 

 The microbial community response to simulated petroleum seepage in seep sediments is 

investigated by high-throughput sequencing, gene library construction, and CARD-FISH 

(Chapter III). 
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(II) to identify and visualize hydrocarbon-degrading microorganisms. 

 The geneFISH protocol (Moraru et al., 2010) is optimized for identification of n-alkane-

degrading communities in situ based on their masD genes and applied on seep sediments 

(Chapter II). 

 Identification of yet unknown hydrocarbon-degrading microorganisms is aimed for by 

screening for the presence of masD and bssA in about 300 single amplified genomes 

(SAGs) obtained from single cells from marine seeps. Several positive cells are selected 

for genome sequencing, draft genome reconstruction and analysis (Chapter V).  

 

(III) to isolate hydrocarbon-degrading microorganisms.  

 Anaerobic enrichment cultures from hydrocarbon seep sediments grown on n-butane and 

n-dodecane under sulfate-reducing conditions were initiated by Sara Kleindienst in 2010 

and shown to be enriched for deltaproetobacterial SCA2 (63%, Stagars, 2012 ). In this 

thesis, enrichments are maintained and continued with the aim to achieve a higher 

enrichment of the target organisms and to isolate single strains. (Chapter IV). 

Please note that the references for Chapter I are provided after Chapter VIII starting with 
page: 146. 
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Marion H. Stagars, S. Emil Ruff, Rudolf Amann, and Katrin Knittel 

Authors’ contributions: 

M.S., R.A., and K.K. developed the concepts. M.S. established the MasD/glycyl radical 

enzyme database, performed masD amplification and sample preparation for parallel 454-

pyrosequencing, as well as sequence processing and data analysis. E.R. assisted for statistical 

analysis. geneFISH probes and geneFISH protocol were developed by M.S. with assistance 

from Dr. Christina Moraru. geneFISH was perfomed by M.S. The manuscript was written by 

M.S. and K.K. and edited by the other authors. 

Published in Front Microbiol, 6: 1511 (2016). 

 

Chapter III – full manuscript 

Microbial community response to a simulated oil seep using a Sediment-Oil-Flow-
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Authors’ contributions: 

The main concept was developed by T.T with contributions by K.K., M.S. and S.M. The 

sampling, SOFT system establishment and maintenance was performed by S.M. as well as 

sample preparation for DNA-extraction and CARD-FISH. All geochemical parameters were 

measured by S.M. DNA-extraction, 16S rRNA amplification and sample preparation for 

parallel 454-pyrosequencing, for IonTorrent-sequencing as well as masD clone library 

construction was done by M.S. Sequence processing, data analysis and visualization was 

performed by M.S. CARD-FISH and cell counting was done by K.K. The manuscript was 

written by M.S. and K.K. and edited by the other authors. 
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Authors’ contributions: 

The main concept was developed by K.K., F.M., and S.K. with contributions by M.S.; S.K. 
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further enriched the cultures, performed the isolation attempts and its evaluations with 

assistance of F.M. The draft manuscript was written by M.S..  

 

Chapter V – preliminary results 
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degrading microorganisms 
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Changes in biogeochemical gradients and succession of hydrocarbon degradation in 

Caspian Sea sediments in response to a simulated petroleum seepage using a Sediment-

Oil-Flow-Through system 

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

Krüger and Tina Treude 

Authors’ contributions: 

The study was designed by T.T., S.M., M.S., K.K.. Geochemical analysis were performed by 
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Summary  

Anaerobic microbial hydrocarbon degradation is a major biogeochemical process at marine 

seeps.  

Here we studied the response of the microbial community to a crude oil seepage simulated for 

190 days under close-to-in situ conditions in a sediment core from Caspian Sea using a 

Sediment-Oil-Flow-Through (SOFT) system (described in Mishra et al., same issue). 

Pairwise comparison of initial (t0) and SOFT sediment communities showed 43% shared 

bacterial genus-level 16S rRNA-based operational taxonomic units (OTU0.945) but only 23% 

shared archaeal OTU0.945. The community differed significantly between sediment layers. In 

layers of highest sulfate reduction, Deltaproteobacteria were fourfold more abundant in SOFT 

than in initial sediment. Based on an increase in specific CARD-FISH cell numbers, several 

groups of sulfate-reducing bacteria (SRB) were identified who are likely responsible for the 

observed decrease in aliphatic hydrocarbon concentration: clade SCA1 is likely responsible 

for propane and butane degradation, clade LCA2 for mid- to long-chain alkane degradation, 

the cycloalkane-degrading group for cycloalkanes, pentane and hexane, Desulfobacula and 

relatives for toluene and benzene degradation and syntrophic methanogenic archaea for long-

chain alkane degradation.  

Sequencing of masD, a marker gene for alkane degradation encoding (1-

methylalkyl)succinate synthase, revealed a low diversity in SOFT sediment with two 

abundant species-level OTU0.96 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 and other compounds in varying composition depending on where and how it was 

formed thus giving each crude oil a quite distinct compound personality (Tissot and Welte, 

1984; Leahy et al., 2003). A large and diverse number of microorganisms, including bacteria, 

archaea and fungi, have evolved the ability to utilize these hydrocarbons as sources of carbon 

and energy for growth under either oxic or anoxic conditions (Grossi et al., 2008; Heider and 

Schühle, 2013).  

Contaminations of an ecosystem with hydrocarbons as observed, e.g., after the Deepwater 

Horizon disaster in the Gulf of Mexico (Atlas and Hazen, 2011; Kimes et al., 2013; Kimes et 

al., 2014), have important consequences on the autochthonous microbial communities, which 

suffer drastic changes in structure and function. In the oxic water column the majority of oil is 

degraded by aerobic microbes while oil from “natural spills” at hydrocarbon seeps is mainly 

degraded by anaerobic microbes living in benthic environments (Head et al., 2003; Jones et 

al., 2008). Using sulfate (sulfate-reducing bacteria, SRB), nitrate or ferric iron (Fe(III)) as 

electron acceptors (Widdel et al., 2010) anaerobic enrichment cultures were established from 

marine seep sediments, oil reservoirs and petroleum polluted sites (e.g. Kniemeyer et al., 

2007; Jaekel et al., 2012; Mbadinga et al., 2012; Acosta-González et al., 2013; Bian et al., 

2015) and several isolates have been obtained. Furthermore, hydrocarbon-degrading 

syntrophic enrichment cultures have been established under methanogenic conditions (for 

example, Zengler et al., 1999; Chang et al., 2006; Berdugo-Clavijo and Gieg, 2014; Embree 

et al., 2014). Responsible 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 III-1). A common way of alkane activation is its addition 

to the double bond of fumarate (i.e. ‘fumarate addition’), which is catalyzed by the glycyl 

radical enzyme (1-methylalkyl) succinate synthase (Mas; Callaghan et al., 2008; Grundmann 

et al., 2008) acronym: alkylsuccinate synthase (Ass; Callaghan et al., 2008)). As such, genes 

encoding the catalytic subunits of Mas (masD) serve as potential biomarkers for alkane-

degrading communities in anoxic hydrocarbon-impacted environments (Callaghan, 2013b, a).  

The fate of oil in the marine environment is subjected to microbial activity, thus altering the 

oil’s composition. The rate of microbial degradation depends on several environmental factors 

like nutrients, salinity, and availability of terminal electron acceptors, composition of crude 

oil, temperature and pressure (Atlas, 1981; Leahy and Colwell, 1990). Only few studies 

investigated anaerobic hydrocarbon degradation under close-to-in situ conditions and most of 
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(same issue) a Sediment-Oil-Flow-Through (SOFT) system was established that simulated oil 

seepage-like 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 Caspian Sea (Western 

Asia) were chosen for establishing the SOFT system. The Caspian Sea is the largest enclosed 

basin on Earth (ca. 380,000 km2; (Dumont, 1998). 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 unique natural conditions and rich natural resources, 

both biological and mineral (Kosarev, 2005). Due to the large influx of freshwater by 

numerous rivers that drain into the Caspian Sea (Kosarev et al., 1994), 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, concentrations of alkanes in initial sediments were below the 

detection limit (Mishra et al., same issue).  

Here we report the microbial 16S rRNA gene diversity in Caspian Sea sediments sampled at 

t0 (representing the initial conditions) and after 190 days of stimulated crude oil seepage in the 

SOFT core by 454 pyrosequencing. Furthermore, the anaerobic alkane-degrading community 

was analyzed based on MasD diversity. We hypothesize that specific taxa respond specifically 

to simulated crude oil seepage by 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 

cell numbers of selected hydrocarbon-degrading taxa in SOFT core versus initial core 

sediments were determined by CARD-FISH, and molecular data obtained in this study were 

correlated with the biogeochemical and crude oil degradation data obtained by Mishra et al., 

in preparation for same issue. 
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Results and discussion 

A crude oil seepage was simulated in a sediment core from Caspian Sea using a Sediment-

Oil-Flow-Through (SOFT) system (for details see Mishra et al., in preparation for same 

issue). Crude oil was pumped at a constant rate through the core from the bottom to top, while 

artificial oxic sea water 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 (Mishra et 

al., in preparation for same 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 quality trimming about 40% of the raw reads were 

left for analysis (Table III-1).  

In total, 2478 bacterial and 153 archaeal genus-level operational taxonomic units at 94.5% 

sequence identity (OTU0.945) were detected in the sediment t0 (herein after referred to as 

“initial sediment”) and 2558 bacterial and 241 archaeal OTU0.945 in SOFT sediment. The 

bacterial dataset contained 4.1% absolute single sequence OTU (SSOabs; OTU0.945 that 

occurred only once in the whole dataset) and 10.6% relative single sequence OTU (SSOrel; 

OTU0.945 that occurred only once in at least one sample but are more frequent in other 

samples) and the archaeal dataset contained 7% SSOabs and 19.1% SSOrel. Chao 1 bacterial 

genus-level richness estimates based on standardized datasets were similar for initial and 

SOFT sediments and ranged between 396 and 532 OTU0.945 (Table III-1). Archaeal richness 

estimates were one order of magnitude lower and ranged between 30 and 35 OTU0.945 in 

initial sediments and between 57 and 81 OTU0.945 in SOFT sediments. Coverage 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 III-S1).  
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Microbial community similarity between initial and SOFT sediments.  

The uppermost layer of the SOFT core (0-1 cm depth) was excluded from the similarity 

analysis due to the influence of an accumulating oil slick above and oxygen penetration 

(Mishra et al., in preparation for same issue) into this layer.  

Pairwise comparison of initial and SOFT sediments resulted in 43% shared bacterial OTU0.945 

but only 23% shared archaeal OTU0.945 (Table III-S1). Communities were as similar to each 

other within the core as between identical layers of the two cores: On average, 55% bacterial 

and 59% archaeal OTU0.945 were shared within a core versus 51-56% bacterial and 59% 

archaeal OTU0.945 shared between identical layers (Table III-S2). 

 
Table III-S1: Percentage of shared bacterial and archaeal OTU0.945 between groups of samples. Pairwise 
comparison of community similarity within groups of samples based on presence absence OTU0.945 of 
standardized data. 
  SOFT 

0 – 16 cm 
initial  

4 – 8 cm 
initial  

10 – 16 cm 
SOFT 

0 – 4 cm 
SOFT 

4 – 8 cm 
SOFT 

10 – 16 cm 

B
ac

te
ri

a 

initial 0 – 16 cm 43      
initial 0 – 4 cm  36 31 56 38 42 
initial 4 – 8 cm   33 39 51 37 
initial 10 – 16 cm    33 36 61 
SOFT 0 – 4 cm     41 31 
SOFT 4 – 8 cm      35 

      
  SOFT  

6 – 16 cm 
initial  

10 – 16 cm 
SOFT 

6 – 10 cm 
SOFT 

10 – 16 cm 

A
rc

ha
ea

 initial 6 – 16 cm 23    
initial 6 –10 cm  21 59 18 
initial 10 – 16 cm   18 60 
SOFT 6 – 10 cm    19 

 
 
Table III-S2: Percentage of shared bacterial and archaeal OTU0.945 between samples in different groups 
 

* Pairwise comparison of community similarity within groups of samples based on presence absence OTU0.945 of standardized data 

(resampling without replacements of 2730 sequences for bacterial 16S rRNA and 3908 sequences for archaeal 16S rRNA). Values refer to 

maximum, mean and minimum shared OTU0.945 between any given pair of samples from the respective group. 

 

Similarity of bacterial (Figure III-2A, B; 11 samples) and archaeal (Figure III-2C, D; 10 

samples) communities was visualized by nonmetric multidimensional scaling (NMDS). The 

 
 No. of 

samples 
Max shared OTU0.945 

(%)* 
Mean shared OTU0.945 

(%)* 
Min shared OTU0.945 

(%)* 

B
ac

te
ri

a 

initial  6 97 56 32 
SOFT 5 96 54 31 
0 – 4 cm 3 75 71 70 
4 – 8 cm 4 75 63 54 
10 – 16 cm 4 75 67 57 

A
rc

ha
ea

 initial 5 83 58 39 
SOFT 5 80 60 38 
6 – 10 cm 5 79 61 41 
10 – 16 cm 5 74 65 45 



Chapter

 

 
58 

bacteria

confirm

p<0.001

differen

D). 

 

 
Figure II
dimensio
with env
subsampl
colored p
Archaeal 
reflects th
points be
cm blue; 
ordination
of investi

r III 

al and archa

med by anal

1; Archaea: 

nt for Archa

II-2 Similarit
nal scaling (N

vironmental va
les (black dot
polygons. Bact

dissimilarity 
he evenness o
ehind each par

10-16 cm da
n plot of inves
igated experim

aeal commu

lysis of sim

R = 0.75; p

aea (R = 0.7

ty of bacteria
NMDS) of Br
ariables fitted
s) regarding d
terial dissimil
(Bray-Curtis)

of the subsamp
rameter. (A) B
ark blue). (B) 
stigated depth

mental set-up. 

unity differe

milarity (AN

p <0.001). B

3; p <0.001

l (A, B) and 
ray-Curtis dis
d as vectors. 
depth and exp
larity (Bray-C
) of samples i
ples (inverse s
Bacterial ordin
Bacterial ord

h layers (6-10 

ed significa

NOSIM, Fig

Between the

1) but not fo

archaeal (C, 
ssimilarity ma

Initial sedim
perimental set-
Curtis) of samp
is supported b
simpson index
nation plot of

dination plot o
cm light blue

antly betwee

gure III-2A

e cores, com

or Bacteria (

D) communi
atrices based o

ment subsampl
-up. Subgroup
ples is support
by an R value
x). Significanc
f investigated 
of investigate
, 10-16 cm da

en different

A, C; Bacter

mmunity wa

(R = 0.31, p

ties visualized
on OTU0.945 r
les (grey dots
ps that were an
ted by an R va
 of 0.57 (p <0
ce levels are m
depth layers 
d experiment

ark blue). (D: a

t sediment l

ria: R = 0.

as only sign

p = 0.05; Fig

d by non-met
relative abund
s) and SOFT

analyzed are d
alue of 0.49 (p
0.001). Size o
marked by ast
(0-4 cm light

tal set-up. (C)
archaeal ordin

layers as 

46-0.73, 

nificantly 

gure 2B, 

 

tric multi-
dance data 
 sediment 

depicted as 
p <0.001). 
of the dots 
terisks and 
t blue; 4-8 
) Archaeal 
nation plot 



Microbial Response to Crude Oil Seepage

 

   59 

Fitting of environmental variables found significant correlations for methane (p = 0.003), 

suggesting that methane likely influenced the observed pattern of archaeal taxonomic 

clustering, while sulfate reduction rates (SRR; p<0.001) and sulfate concentration (p = 0.07) 

likely influenced bacterial taxonomic clustering.  
 

Bacterial taxa in initial and SOFT sediments 

On phylum-level, the composition of the bacterial community was similar in initial and SOFT 

sediments (Figure III-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% each) were the next 

sequence-abundant phyla.  

One-third (initial sediment) and one-half (SOFT) of the proteobacterial sequences belonged to 

the class Deltaproteobacteria (Figure III-S2A, B) while almost one-half (initial sediment) and 

one-third (SOFT) belonged to Gammaproteobacteria. In comparison, previous studies 

investigating the microbial community in natural Caspian Sea sediments reported similar taxa 

with Proteobacteria being most abundant (33% of reads on average), followed by 

Planctomycetes (14%) and Chloroflexi (12%) (Mahmoudi et al., 2015).  

The major part of gammaproteobacterial sequences in initial and SOFT sediment affiliated 

with JTB255 (29% and 30%), recently described as ubiquitous chemolithoautotrophic key 

players potentially involved in sulfur oxidation in marine sediments (Mussmann, 2015). A 

remarkable increase of Alphaproteobacteria was observed after oil-flow-through in the 

uppermost layer of SOFT sediments at 0.5 cm depth (initial sediments: 6%; SOFT: 12%). The 

alphaproteobacterial genera Novosphingobium, Sphingomonas, Thalassospira, and 

Kordiimonas, that were described to aerobically degrade aromatic hydrocarbons (Kim and 

Kwon, 2010), have been found in the dataset retrieved from SOFT 0.5 cm depth. As the top 

layer in the SOFT core was oxic (Mishra et al., in preparation for same issue) and was 

covered by an oil slick, the detection of sequences from known hydrocarbon degraders 

suggested the development of an aerobic hydrocarbon-degrading bacterial community. 

Sequences related to known gammaproteobacterial aerobic hydrocarbon degraders 

(Kleindienst et al., 2015) have also been detected in this layer including Cycloclasticus, 

Marinobacter, Alcanivorax, and Thalassolituus. In particular, the relative abundance of 

sequences assigned to Cycloclasticus increased remarkably by a factor of 10 from 0.1% in 

initial sediments to 1.0% in the oxic SOFT layer. Cycloclasticus spp. had been described as 

globally relevant degraders of aromatic hydrocarbons such as naphthalene, phenanthrene, 
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differ remarkably between initial and SOFT sediments supporting current knowledge, that 

members of SVA0081 are a ubiquitous and highly abundant member of SRB communities in 

diverse benthic habitats (Mussmann, et al., 2015). A second sequence-abundant 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 assigned (Knittel et al., 2003; Schreiber et al., 2010). 

Many known groups of hydrocarbon-degrading SRB were found in our dataset (Figure III-1), 

some of which showed an increase of relative sequence abundance after oil-flow-through in 

the zone of highest sulfate reduction at 2-8 cm SOFT depth; other did not (Table III-2).  

Most sequence-abundant and at the same time strongly increased were toluene-degrading 

Desulfobacula spp. with up to 8.1% of total bacterial sequences compared to 1.7% in initial 

sediments. Less sequence-abundant but increased in SOFT sediments were long-chain alkane-

degrading SRB of LCA2 (Kleindienst et al., 2014; 0.2% vs. 1.9%), the cycloalkane-degrading 

group (Jaekel et al., 2015; 0.2% vs. 0.6%), C2-C4 alkane degraders (Adams et al., 2013; 0.1% 

vs. 1.1%), alkane or aromatics-degrading Desulfosarcina spp. (0.6% vs. 1.5%), and 

s2551group (0.5% vs. 1.1%), reported as oil-degrading bacteria in an oil-reservoir model 

column (Myhr et al., 2002). Relative sequences abundances of short-chain alkane-degrading 

SCA1, which includes the only isolated n-butane-degrading strain BuS5 (Kniemeyer et al., 

2007), did not increase after oil-flow-through and were constantly low with 0.3 – 0.8% of 

total bacterial sequences in both, initial and SOFT sediments. No remarkable change has also 

been observed for Cd. Desulfococcus oleovorans Hxd3 group (Aeckersberg et al., 1991; 0.2-

0.3%), LCA1 (0.1%), Desulfatiglans-group (1.1 to 2.1%), and SB-29 (around 0.5%). 

Sequences related to known hydrocarbon-degraders within the Firmicutes, i.e. Propane60GuB 

(Kniemeyer et al., 2007) and Desulfotomaculum sp. strain Ox39 (Morasch et al., 2004), were 

not retrieved. However, sequences related to Peptococcaceae, in particular to autotrophic 

hydrogen-utilizing SRB of the genus Desulfosporosinus spp., increased at 15 cm depth in 

SOFT sediments (initial sediments: 1.1%; SOFT: 4.8% of total bacterial sequences).  
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Archaeal taxa in initial and SOFT sediments 

On phylum-level, significant differences were observed between the archaeal community in 

SOFT and initial sediments (Figure III-3C, D). In initial sediments at 7 and 9 cm depth, most 

sequence-abundant phylum was Thaumarchaeota (on average 30% of total archaeal sequences 

at 7-15 cm depth with a maximum of 64% at 7 cm), of which all currently known species are 

chemolithoautotrophic ammonium-oxidizers (Könneke et al., 2014). Below, at 11 cm to 15 

cm depth, sequences related to euryarchaeotal Marine Benthic Group D/DHVEG-1 (20% of 

total archaeal sequences) and Thermoplasmata CCA47 (13%), a group of uncultivated 

euryarchaeotal sequences isolated from an anoxic sediment of a sub-saline shallow lake 

(Laguna de Carrizo, Central Spain) (Ferrer et al., 2011), were most abundant. The DHVEG-1 

is an acronym to Marine Group III, as defined by DeLong and colleagues (DeLong, 1998) 

,and overlaps with Deep-Sea Hydrothermal Vent Group I (DHVE 1) (Takai and Horikoshi, 

1999). 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 Park (Saw et al., 2015), and Deep Sea 

Euryarchaeotic Group (DSEG; 7% in 14–16 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 layers and in initial sediments they were nearly 

absent. More than 99% of the Methanosarcinales sequences affiliated with the genus 

Methanosarcina. The closest relatives were M. semesiae and M. lacustris, with a 16S rRNA 

gene similarity of >98%. Furthermore, very few sequences (<<1% of total archaeal 

sequences) affiliated with other known methanogens such as Methanolobus and 

Methanococcides (Methanosarcinaceae), Methanosaetaceae, Methanomicrobiaceae, 

Methanocellaceae, or Methermicoccaceae were detected in SOFT sediments (Table III-S3). In 

comparison, previous studies of the microbial community in Caspian Sea sediments 

(Mahmoudi et al., 2015) showed, that Crenarchaeota (34%) was the most abundant archaeal 

phylum followed by Thaumarchaeota (15%), Euryarchaeota (12%) and Parvarchaeota (12%). 

Within Crenarchaeota, Marine Benthic Group B (MBGB) (26%) and Miscellaneous 

Crenarchaeotal Group (MCG) (11%) had the highest relative abundance. 
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Table III-S3. Frequencies of archaeal 16S rRNA gene sequences retrieved from initial and SOFT core 
sediments (6 – 16 cm depth) that are affiliated with taxonomic groups known to be involved in the methane 
cycle. Total number of quality-trimmed archaeal 16S rRNA tag sequences: 25968 for initial sediments and 
128093 for SOFT core sediments. Taxonomy according to ARB SILVA (release 119, April 2015). 
 

 Initial  
sediment

SOFT core 
sediment 

 [% archaeal sequences] 
ANME-2a-2b  0.015 
ANME-2c  0.001 
GoM-Arch87  0.001 
Methermicoccaceae  0.009 
Methanosaetaceae 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 
 

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 CARD-FISH and cell counting (Figure III-4). 

Deltaproteobacteria were most abundant between 0 and 4 cm depth (Figure III-4A). In these 

layers, deltaproteobacterial cell numbers increased by a factor of 4 compared with numbers in 

initial sediment layers and accounted for up to 3.2 x 108 cells ml-1 SOFT sediment (24-28% of 

total cells) and up to 8.6 x 107 cells ml-1 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 Mishra et al., in preparation for same issue) indicating a response of 

specific hydrocarbon-degrading Deltaproteobacteria. Major decrease of gaseous alkanes was 

observed above 7 cm depth (Mishra et al., in preparation for same issue). Mid- and long-chain 

alkanes (C12 – C30) 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 toluene- or benzene-degrading SRB within 

Desulfobacula, Desulfotignum and Desulfobacterium. Members of this group were found in 

high numbers in the SOFT core accounting for up to 6.4 x 107 cells ml-1 sediment (7% of total 

cells, Figure 4B). Cell numbers peaked at 3 cm depth and strongly decreased below. In initial 

sediments, Desulfobacula cell numbers were almost an order of magnitude lower accounting 
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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% aromatics, 10-20% asphalthenes, and major part being alkanes. 

Highest cell numbers were found within the zone of SRR thus indicating that this group is 

very likely the main consumer of the aromatics in the crude oil.  

The yet uncultivated LCA2-group was targeted by probe LCA2-63. As Desulfobacula, LCA2 

cell numbers strongly increased in SOFT sediments at 3 cm depth by an order of magnitude 

comared with numbers in initial sediment to 5.5 x 107 cells ml-1 sediment corresponding to 

6% of total cells (Figure III-4C). In initial sediments, LCA2 cell numbers accounted for 1-2% 

of total cells. SRB of LCA2 had been identified by stable isotope-probing as key players for 

long-chain alkane-degradation at marine seeps (Kleindienst et al., 2014).  

The incubation was done with n-dodecane as a representative substrate for long-chain alkanes. 

SRB of LCA2 are likely primary responsible for the consumption of long-chain alkanes in the 

2-6 cm depth layers in SOFT core. In these layers, concentrations of C12-C26 alkanes dropped 

to about 20-25% (Mishra et al., in preparation for same issue).  

The short-chain alkane-degrading group SCA1 was targeted by probes SCA1-212a and 

SCA1-212b. SCA1 cell numbers were comparably low for all initial and SOFT sediment 

layers except for 0-3 cm depth in which SCA1 cells were in the SOFT sediment 3-5fold 

higher than in initial sediments with 2-3 x 107 cells ml-1 sediment corresponding to 2% of 

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

Butane12-GMe, Propane12-GMe, and Butane12-HR, use propane or butane as carbon source. 

Available propane and butane was completely consumed, likely by SCA1 and maybe others 

(for example, the C2-C4 alkane-degrading group; (Adams et al., 2013), coinciding with the 

highest SRR measured (Mishra et al., in preparation for same issue).  
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The cycloalkane-degrading group was targeted by a mixtures of probe Cyhx28_EdB_152 

(Jaekel et 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 SR, representatives of cycloalkane-

degrading SRB group were detected by CARD-FISH in numbers of up to 0.9 x 107 cells ml-1 

sediment (1% of total cells, Figure III-4E). In initial sediments, however, cycloalkane 

degraders were close to detection limit of 0.5% of total cells in all layers. SRB of this group 

were shown to grow on cyclohexane, but also able to use other cyclic alkanes as well as n-

pentane and n-hexane (Jaekel et 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. The 13C signal of 

produced methane showed a decrease from -33.7‰ to -49.5‰ after 190 days of oil seepage 

indicating biogenic methane formation (Mishra et al., in preparation for same issue). 

Furthermore, the high methane concentrations 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 

condition is not elucidated yet. It supposedly requires the interaction of syntrophic bacteria, 

such as members of the family Syntrophaceae (Syntrophus spp., Smithella spp.) or of the 

order Clostridiales (Desulfotomaculum spp.), with methanogenic archaea (Siddique et al., 

2012); (Zengler et al., 1999). For example, Methanosaeta spp. and Methanoculleus spp. have 

been repeatedly detected in methanogenic hydrocarbon-degrading enrichment cultures 

(Siddique et al., 2006; Siddique et al., 2011; Cheng et al., 2013). For in situ identification and 

quantification of methanogens in the SOFT core methanogenic zone we applied CARD-FISH 

using probe MS1414 targeting Methanosarcina, Methanococcoides, Methanohalophilus and 

Methanolobus. Cell numbers were highest with 5.7 x 106 cells ml-1 (2% of total cells) at the 

depth of 9 cm (Figure III-4F) where maximum methane increase was observed. Although 

hydrocarbon-degradation by Methanosarcina spp., which are the dominant methanogens in 

this study, has not yet been reported, and although detected Methanosarcina cells were not 

physically attached to any other cell we hypothesize a contribution to observed methanogenic 

hydrocarbon-degradation due to their specific increase in cell numbers in the methanogenic 

zone. The well-known bacterial partners such as Syntrophus or Desulfotomaculum were 

absent from the dataset. Only rarely, Smithella sequences (n = 2 at 13 cm depth) were found. 

Syntrophic growth of Methanosarcina has been described for an association with Geobacter 
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spp. and depends on interspecies electron transfer (Rotaru et al., 2014), thus also allowing the 

speculation about 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 addition, masD gene 

libraries were constructed for SOFT core layers showing the highest SRR (0 – 8 cm; Mishra 

et al., in preparation for same issue). Benzylsuccinate synthases (Bss) that activate aromatic 

compounds are not targeted by the used primer pair. A total of 16 species-level OTU0.96 

(based on 96% amino-acid identity, Stagars et al., submitted 2015) were observed after 

sequencing of 717 masD (Table III-1) from the four selected SOFT core layers. From initial 

sediments, masD could not be amplified. With inverse Simpson values of close to 1 (1.0 to 

2.3), MasD-carrying community was extremely low. Library coverage was >96.8% for all 

samples. The MasD-community diversity in Caspian Sea SOFT core sediments was even 

lower than that recently reported by Stagars et al. (in revision) who found inverse Simpson 

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

The major part of sequences (81%) fell into cluster Ic (Figure III-5, as defined in Stagars et 

al., in revision). 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 Desulfoglaeba alkanexedens that covers the largest yet known 

substrate range of alkane degraders, using n-alkanes of chain-length C6 to C12 (Davidova and 

Suflita, 2005). 

Another 17% of MasD sequences fell into cluster IIIa. This cluster also contains the propane- 

and butane-degrading strain BuS5, however, the most abundant OTU0.96 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 BuS5-masD sequence retrieved from the genome (JGI gene 

ID 2513990058). None of the obtained MasD sequences were closely associated with the 

betaproteobacterial Azoarcus sp. and Aromatoleum sp.  
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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 observed 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 due to a history of nearby hydrocarbon seepage. This study further shows that identified 

SRB, such as SCA1, LCA2, Desulfobacula, and cycloalkane-degraders, are responsible for 

hydrocarbon degradation under close-to-in situ conditions. For some groups cultivation has 

already been successful (strainBuS5, Kniemeyer et al., 2007; Desulfobacula sp. Tol2, Rabus 

et al., 1993; Heider et al., 1998), and others have been enriched (cycloalkane-group). For the 

LCA2 group isolation should be aimed for to get a deeper understanding of the ecophysiology 

of this clade of hydrocarbon-degrading bacteria.  

Similar to aerobic hydrocarbon degradation in the water column, for example after the 

Deepwater Horizon accident where gammaproteobacterial Oceaniserpentilla, Colwellia or 

Cycloclasticus, dominated in the hydrocarbon plume (Kleindienst et al., 2015), the major part 

of anaerobic hydrocarbon degradation is mediated by few groups of microbes specialized on 

the degradation of a specific hydrocarbon type: SCA1 is likely responsible for propane and 

butane degradation (maybe together with the C2-C4 short-chain alkane-degrading group 

described by Adams et al. (2013), LCA2 is responsible for mid- to long-chain alkane 

degradation, the cycloalkane-degrading group for cycloalkanes, pentane and hexane, 

Desulfobacula and relatives are responsible for toluene and benzene degradation and 

syntrophic methanogenic archaea are responsible for long-chain alkane degradation.  

Experimental procedures 

Sampling site and SOFT system  

The study site Baku Bay is located in the SW Caspian Sea in shallow coastal water (depth ~ 

60 cm) near Baku, Azerbaijan (N 39 59.548, E 49 28.775, Figure S III-3). Baku Bay is one of 

the most polluted areas in the Caspian Sea and it is characterized for higher life forms as 

biologically dead (Zonn, 2005). Several oil fields are located in this area, causing heavy 

pollution by extraction of oil and gas reserves in large scales, influencing the microbial 

community composition (Hassanshahian et al., 2010; Hassanshahian et al., 2012). Sediments 

were collected using push cores in November 2012. Sediments were mostly sandy with 

porosity around 0.4 (Mishra et al., in preparation for same issue). Two parallel cores were 
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Sequencing of 16S rRNA genes. 

Bacterial 16S rRNA genes were amplified with the primer pair Bact341F/Bact845R 

(Klindworth et al., 2013). Primers were barcoded and extended with a SfiI restriction site at 

the 5’ end for ligation with the 454-adapters. For each sample, 8 replicate PCR reactions (20 

l volume) per primer pair were carried out containing each 0.5 M primer each, 250 M 

dNTPs, 0.3 g/ l BSA, 1 × PCR buffer, 0.25 U Taq polymerase (5Prime, Germany), 10 – 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 PCR reactions were pooled, 

500 bp-amplicons extracted from an agarose gel (1.5% w/v) and purified using the MinElute 

PCR Purification Kit (Qiagen) according to the manufacturer’s recommendations. Massive 

parallel tag 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 et al., 2009) including trimming and quality filtering 

of the reads.  

Archaeal 16S rRNA genes were amplified with primers Arch20F/Arch519R (Klindworth et 

al. 2010). Primers were barcoded with the Ion Xpress barcodes and extended for ligation with 

Ion A and Ion truncated P1 adapters at the 5’ end. For each sample PCRs (50 μl volume) were 

carried out containing 0.5 M primer each, 250 M dNTPs, 0.3 g/ l BSA, 1 × PCR buffer, 

0.25 U Taq polymerase (5Prime, Germany), about 20 ng template under the following 

conditions: initial denaturation at 95°C for 5 min, followed by 30 cycles 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 an E-Gel Size Selection Gel (Invitrogen) and 

the 500 bp-amplicon extracted following the manufacturer’s protocol. Then, the PCR product 

was purified using the MinElute PCR Purification Kit (Qiagen) according to the 

manufacturer’s recommendations. Sequencing of an equimolar pool of different amplicon 

libraries was carried out on the Ion Torrent Personal Genome Machine (PGM) system using 

the Ion PGMTM Sequencing 400 Kit (both Life Technologies) following the corresponding 

protocol (Ion 314TM Chip v2). The raw reads were submitted to a rigorous quality control 

procedure using BaseCaller V4.2 default parameters including trimming and quality filtering 

of the reads with some modifications (trim-qual-cutoff = 15; trim-qual-window-size = 20).  
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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 v119.1 (Quast et al., 2013) .  

Raw reads were deposited at the EBI Short Read Archive (SRA) and can be accessed under 

the study accession number SRP070456. 

MasD amplification, cloning and sequencing 

The delta subunit of the 1-methyl alkyl succinate synthase gene (masD) was amplified using 

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

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

HxN1) / 8543r (von Netzer et al., 2013). For each sample, 8 replicate PCRs (20 l volume) 

per primer pair were carried out containing, 1 M primer each, 250 M dNTPs, 0.3 g/ l 

BSA, 1 × 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 bp-amplicons were extracted from an agarose gel (1.5% w/v) and purified 

using the MiniElute PCR Purification Kit (Qiagen) according to the manufacturer’s 

recommendations. Cloning, Sanger sequencing, and sequence processing was done as 

described in Stagars et al., 2015 (Stagars et al., in press). MasD amino acid sequences were 

clustered at 96% sequence similarity (MasD species-level cutoff; Stagars et al., in revision). 

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

nucleotide sequence database under accession numbers Hx2000052294 ff. 

Phylogenetic analysis 

The 16S rRNA-based phylogenetic tree was calculated in ARB with nearly full-length 

sequences (>1300 bp) by neighbour joining analysis in combination with filters which 

consider only 50% conserved regions of the 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 maximum likelihood (PhyML algorithm, Blosum 62 substitution model) 

considering 126 amino acid positions (433 to 559, strain HxN1). Only one representative 

sequence per OTU0.96 is shown in the final tree. 
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Diversity analysis 

The subsampled sequence abundance tables were used to calculate Inverse Simpson diversity 

indices (Hill) and Chao1 richness (Chao) using mothur v1.32.1 (Schloss 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 beta-diversity matrices were used for 3-dimensional 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 further statistical tests we generated NMDS 

ordinations with and without rare biosphere (OTU comprising <0.01% of total sequences) and 

compared them using Procrustes correlation analysis (Gower, 1975). Procrustes correlation 

was highly significant (coefficient = 0.935). Furthermore, to test the 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 include all 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 dissimilarity coefficient (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 was 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 ethanol-PBS (1:1) at -20°C. Cells were dislodged from sediment 

particles by sonication (4x 20%, 20 cycles, 30 seconds) on ice. In situ hybridizations with 

horseradish peroxidase (HRP)-labeled 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 ml-1) 

for 60 min at 37°C. Hybridization was done at 46°C. Hybridized 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 from 

biomers.net; Ulm, Germany) and formamide concentrations are given in Table III-S4. 
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Table III-S4. Oligonucleotide probes used in this study 
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Probe name Specificity FA [%] Sequence (5' - 3') Reference 
SCA1-212a SCA-SRB1 20 CATCCCAAAACAGTAGCT 

Kleindienst 
et al., 2014 

SCA1-212b SCA-SRB1 20 CATCCCCAAACAGTAGCT 
h1_SCA1-197 

Helper for SCA1-212ab  

TATWTATAGAGGCCA 
h2_SCA1-197 TATAWATAGAGGCCA 
h3_SCA1-182 CCTTTGATCTRAAAA 
h4_SCA1-182 CCTTTGATCTGAAWA 
h5_SCA1-229 GCTAATGGTACGCGRGCT 
h6_SCA1-182 CCTTTGATCTGGATA 
LCA2-63 LCA-SRB2 10 GCUAAAGCUUUCUCGUUC Kleindienst 

et al., 2014 h1_LCA2-83 Helper for LCA2-83 CUUUACUCACUCUAGCAA 
Cyhx28-
EdB_152 

Cyclohexane-degrading 
bacteria 20 ACGAAGCCTTTCAGCATG Jaekel et al., 

2015 
Cyhx28-
EdB_152_mod 

Cyclohexane-degrading 
bacteria 20 ACGAAGCCTTTCGGCATG This study 

DSB985 
Desulfobacter, 
Desulfobacula, Desulfospira, 
Desulfotignum 

20 CACAGGATGTCAAACCCAG Manz et al., 
1998 

Arch915 Archaea 35 GTGCTCCCCCGCCAATTCCT Stahl et al., 
1988 

Delta495a 
Deltaproteobacteria 30 

AGTTAGCCGGTGCTTCCT 

Loy et al., 
2002 

Delta495b AGTTAGCCGGCGCTTCCT 
Delta495c AATTAGCCGGTGCTTCCT 
cDelta495a 

Helper for Delta495 30 
AGTTAGCCGGTGCTTCTT 

cDelta495b AGTTAGCCGGCGCTTCKT 
cDelta495c AATTAGCCGGTGCTTCTT 

Non338 Negative control 35 ACTCCTACGGGAGGCAGC Wallner et 
al., 1993 

MS1414 Methanosarcinales 50 CTCACCCATACCTCACTCGGG 
Crocetti et 
al., 2006 hMS1395 

Helper for MS1414  
GGTTTGACGGGCGGTGTG 

hMS1480 CGACTTAACCCCCCTTGC 
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Introduction 

To date, several bacterial species and enrichments have been described with the capacity for 

anaerobic n-alkane degradation under iron(III)-reducing, denitrifying, sulfate- or chlorate-

reducing conditions. Some grow by anoxygenic photosynthesis or in syntrophic co-cultures 

with other anaerobes (e.g. for an overview see Widdel, et al., 2010, Mbadinga, et al., 2011).  

Recently, four distinct phylogenetic clusters of sulfate-reducing bacteria (SRB) have been 

identified by stable-isotope-probing (SIP) to be responsible for long-chain (LC) alkane 

degradation (LCA1 and LCA2) and short-chain (SC) alkane degradation (SCA1 and SCA2; 

Kleindienst, et al., 2014). However, only one short-chain alkane-degrading bacterium has 

been isolated successfully in pure culture from marine sediments thus far, the 

deltaproteobacterial strain Bus5 belonging to the Desulfosarcina/Desulfococcus (DSS) cluster 

(Kniemeyer, et al., 2007).  

The purpose of the present study was to enrich and eventually isolate novel key players in 

anaerobic alkane degradation from marine sediments. As starting material, I used enrichments 

of anaerobic SC alkane-degrading SRB and LC alkane-degrading SRB, established by Sara 

Kleindienst in October 2010 with sediments from two different hydrocarbon seeps: the 

Guaymas Basin (GB; Gulf of California, Mexico) and the Amon Mud Volcano (AMV; Nile 

Deep Sea Fan, Mediterranean Sea). Sara Kleindienst performed culturing over a time span of 

340 days that I sustained in this project. The enrichment cultures from Guaymas Basin grown 

on n-butane were dominated by bacteria that were previously identified as key players in 

alkane degradation such as SCA2 (Kleindienst et al,. 2014; 64% of DSS). 

The set-up of the enrichment cultures by Sara Kleindienst as well as the subsequent on-going 

enrichment process and its evaluation, performed during my MSc Thesis from September 

2011 to March 2012, were fundamental for the isolation attempts of the current project. 

Therefore, I decided to include major findings and most important results of the preceding 

studies in this chapter for a better understanding and a more complete picture of the present 

project. 

 

State of the Art 

During my Master Thesis (Stagars, 2012), I observed, that the subcultures of n-butane 

enrichment series became sediment free over the course of enrichment (after the 4th 1:10 

(v/v) transfer) in contrast to subcultures of n-dodecane enrichment series (Figure IV-1).  



 

 

 
Figure IV
and (B) n
 

Further,

slightly 

much fa

concent

30 days

respecti

Figure I
panels) an
red dots 
sediments
respective

 

V-1 Images of
n-dodecane (in

, the n-dod

smaller SR

faster in the

trations (ove

s in the SC

ively (Figur

IV-2 Sulfide 
and AMV (low

indicate time
s originating 
ely (white and

f anaerobic en
n a carrier pha

ecane-degra

R activity th

e SC-alkan

er 12 mM), 

C-alkane en

re IV-2).  

production u
wer panels) w
e points of tr

from differe
d black dots) a

nrichment cult
ase) under sulf

ading comm

han the one 

e than in t

which coul

richments a

under sulfate-r
with n-butane (
ransfers. Sulfi
ent sampling 
are shown ove

Enrichme

tures from GB
fate-reducing 

munity in A

in GB sedi

the LC-alka

ld negativel

and 130 –

reducing con
(left) and n-d
ide production

dives, name
er a time span

ent and Isolati

B seep sedime
conditions at 

AMV sedim

ment enrich

ane-degradi

ly affect the

280 days i

nditions in en
dodecane (righ
n of two par

ely GB4562, 
n of 1350 days

on of Anaerob

 

ents grown on 
28°C.  

ment enrichm

hment series

ing enrichm

e cells, were

n the LC-a

nrichment cul
ht). In n-dodec
rallel culture 
GB4573 and
. 

bic n-Alkane D

 

 

(A) n-butane

ment series 

s. H2S accu

ments. High

e reached a

alkane enric

ltures from G
cane enrichm
series establi

d AMV240, 

Degraders

85 

(gaseous) 

showed 

umulated 

h sulfide 

fter 20 – 

chments, 

 

GB (upper 
ment series, 

shed with 
AMV245, 



Chapter IV 

 

 
86 

16S rRNA genes sequences of Deltaproteobacteria were most dominant (74% of total cells) in 

one selected subculture (after 421 days of incubation) from enrichment series with n-butane 

and GB4573 sediments (#14; Fig. IV-2 A). Less frequent were sequences of Bacteroidetes 

(8% of total cells), Chloroflexi (2% of total cells). Within the Deltaproteobacteria, sequences 

were affiliated to three families: The dominant family was Desulfobacteraceae, including 

known SC alkane degraders similar to strain BuS5 (30%) and the n-butane-degrading sulfate 

reducers in GB seep sediments (SCA2; see Kleindienst et al., 2014). By SIP-incubations with 

n-alkanes, this group was shown to be able to degrade n-butane under sulfate-reducing 

conditions (Kleindienst et al., 2014). As a subgroup of the DSS cluster, the SCA2-sequences 

were most closely related to sequences from other known SC-alkane degraders, namely 

Butane12-GMe and strain BuS5, of which several sequences were obtained in this study. In 

addition to the 16S rRNA analysis, community diversity in the selected enriched subculture 

was examined by cloning of the masD genes. In total, 28 masD sequences were obtained. The 

translated MasD sequences (>218 amino acids) formed 4 clusters. Two of them, assumed to 

belong to the SCA2 group, were GB unique clusters with intragroup similarities of >75% and 

>96%. Obtained MasD amino acid sequences were most frequently affiliated with MasD from 

Syntrophobacteraceae (61%) and Desulfatibacillum AK-01 (31%). By CARD-FISH (Table 

IV-S1) with the specific 16S rRNA targeting oligonucleotide probes SCA2-138 (Kleindienst, 

et al., 2014) I gained an insight into morphology, growth behavior, abundance and grade of 

enrichment of the SCA2 group.  

Table IV-S1 Oligonucleotide probes used in this study 

 

Two distinct morphotypes of SCA2 cells were identified: Vibrio-like cells and short rods 

were present. By dual hybridization (specific probe SCA2-138 and more general probes 

DSS658 (Manz et al., 1998) and EUBI-III (Amann et al., 1995; Daims, et al., 1999) the 

SCA2 cells (stained by SCA2-138) could be directly assigned to the DSS group (stained by 

DSS658) (Figure IV-3). 

 

Probe name Specificity FA[%] Sequence (5' - 3') Reference 
SCA2-138 SCA-SRB2 20 CGAGTTATCCCCGATTCG Kleindienst et al., 2014 
DSS658 DSS clade 55 TCCACTTCCCTCTCCCAT Manz et al., 1998 
EUB338 
I-III Bacteria 35 GCWGCCWCCCGTAGGWGT Amann et al., 1995; 

Daims et al., 1999 
Arch915 Archaea 35 GTGCTCCCCCGCCAATTCCT Amann et al., 1995 
Non338 Negative control 35 ACTCCTACGGGAGGCAGC Wallner et al., 1993 
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Table IV-1 Enrichments of alkane-degrading bacteria with n-butane or n-dodecane under sulfate-reducing 
conditions established by S. Kleindienst in October 2010. Replicate cultures were marked by * 
. 

Enrichment 
designation Habitat/Dive Substrate Incubation 

temperature [°C] 
1 AMV/240 C4 20 
2* AMV/240 C4 20 
5 AMV/245 C4 20 
6* AMV/245 C4 20 
3 AMV/240 C12 20 
7 AMV/245 C12 20 
9 GB/4562 C4 28 
10* GB/4562 C4 28 
12 GB/4573 C4 28 
14* GB/4573 C4 28 
11 GB/4573 C12 28 
15 GB/4573 C12 28 

 

Isolation attempts of anaerobic sulfate-reducing n-alkane degraders 

Since consecutive subcultures with n-butane became sediment-free after the 4th transfer and 

showed clear enrichment of cells (visible as turbidity and under the microscope), we 

attempted to isolate n-butane-utilizing SRBs from GB4562 enrichment #9 (Table IV-1). The 

selected subculture (10th transfer, 35 months after establishment of 1st culture) was highly 

enriched, produced 10 mM H2S within an incubation time of 16 days, showed relatively high 

metabolic activity and was dense enough for dilution. A transfer into fresh medium (1:10, v/v) 

was necessary every other week due to elevated sulfide concentrations. For the isolation, two 

different approaches were applied: i) a serial agar dilution series (Widdel and Bak, 1992) with 

n-butane and in parallel ii) liquid dilution series (according to the Most Probable Number 

(MPN) technique described by Oblinger and Koburger, 1975) on different growth substrates. 

The agar dilution method was used to transfer the selected subculture by creating a solid 

anoxic environment, from which single colonies could be picked and transferred back into 

liquid culture (Figure IV-6). 
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results are obtained from one isolated colony. If the originally enriched SCA2 group was 

outcompeted over the course of the enrichment and attempted isolation process by strain 

BuS5-like microorganisms and so-called secondary degraders living on degradation 

byproducts (e.g. fatty acids) namely the Bacteroidetes, can not be stated here, because only a 

single colony was analysed here. Nevetheless, it is possible in general since: i) strain BuS5 is 

originating from the same habitat as the SCA2 group, the hydrothermal vent field Guaymas 

Basin. Most likely, bacteria similar to strain BuS5 are a major competitor of the SCA2 group, 

since they have similar growth conditions and ii) Bacteroidetes are more versatile in respect to 

growth substrates and faster growing than the SCA2 group.  

I decided to further evaluate this microbial community by CARD-FISH and used specific 

probes for SCA1, namely for the Butane12_GMe group (probe SCA1-212a) and the BuS5 

relatives (probe SCA1-212b; described by Kleindienst et al., 2012, 2014). Cell counts after 

hybridization with specific CARD-FISH probes ranged from 68% DSS, 27% Butane12-GMe 

and 30% of BuS5 associated cells of total cells (Figure IV-9), reflecting the results obtained 

by cloning. Finally, I decided not to proceed with the attempted isolation since, next to BuS5, 

I did not obtain potential novel strains able to degrade SC alkanes under sulfate-reducing 

conditions. 

The liquid dilution series on different growth substrates were finally evaluated 17 months 

after their establishment (Figure IV-10). Next to the original growth substrate n-butane, I 

implemented a selection of alternative growth substrates, namely butyrate, acetate, lactate and 

H2/CO2. The fatty acids butyrate and acetate are metabolites produced during alkane 

degradation; H2/CO2 and lactate are other common growth substrates for SRB. Further, we 

expected butyrate to be an easily degradable growth substrate for n-butane oxidizers, since the 

organisms could save the substrate activation energy. 
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The metabolic activity in the cultures revealed that communities grown with butyrate showed 

the fastest response of all the dilution series (Figure IV-10).The exponential growth phase 

started 14 days after incubation, faster than communities grown with n-butane and lactate 

(after 49 days) or acetate (after 98 days). Communities in H2/CO2 incubations did not show 

measurable metabolic activity. Highest diluted cultures in which sulfide was detectable were 

10-4 dilutions (n-butane, acetate), 10-3 dilutions (lactate), 10-6 dilutions (butyrate). The 

communities in these dilutions are highly unlikely to be pure cultures. Therefore, no further 

isolation approaches were undertaken.  

Finally, only highly enriched and active subcultures (enrichments, liquid dilution series, re-

inoculates of agar dilution series; see Table IV-2) were maintained for possible additional 

future isolation attempts. 

 

Table IV-2 Overview of maintained cultures, both, enrichment cultures and isolation attempts. Redish 
background rows are liquid dilution series, greenish rows are agar dilution series and blueish rows the 
enrichment cultures. 

 

Summary and conclusions 

The enrichment and isolation of anaerobic n-alkane degrading microorganisms is a great 

challenge. The still scarce knowledge about the type and physiology of microorganisms able 

to degrade n-alkanes anaerobically, their slow growth behaviour (about 20 days doubling 

time) as well as the proper handling of anoxic experimental set-ups make these projects time 

consuming and laborious. The subcultures from GB and AMV enrichments became sediment 

free and showed on-going metabolic activity. Further, the evaluated SC alkane enrichment 

from GB sediments was highly enriched in SCA2, key players in n-butane degradation. 

Therefore, I initiated two different isolation attempts for n-butane degraders: One via solid 

agar dilution series and another via liquid dilution series. These two methods were also used 

 Origin  Substrate Sulfide [mM] Final 1:10 dilution/no of transfers

   771 days 813 days 837 days 898 days  

is
ol

at
io

ns
 GB4562 C4 16.7 15.8 14.1 14.2 10
-4

 
GB4562 C4 8.3 8.5 7.4 7.6 10

-5
 

GB4562 C4 4.0 4.1 3.2 3.6 10
-3

 

   1552 days 1594 days 1628 days 1679 days  

en
ric

hm
en

ts
 

AMV240 C4 4.6 4.2 4.8 4.2 19 
AMV245 C4 12.4 2.9 5.8 15.7 15 
AMV245 C4 21.3 6.0 15.9 11.3 10 
AMV240 C12 2.0 1.1 0.9 2.2 5 
GB4562 C4 15.0 8.3 17.9 22.1 17 
GB4574 C4 19.4 16.4 14.6 28.8 18 
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for the isolation of short-chain alkane-degrading deltaproteobacterial SRB strain BuS5 and 

betaproteobacterial denitrifying strain HxN1, respectively (Zedelius, et al., 2011; Kniemeyer, 

et al., 2007). Further, I applied a parallel liquid dilution approach with four additional growth 

substrates in addition to n-butane, since hydrocarbon degraders were expected to utilize also 

fatty acids (e.g., butyrate or acetate) and may use alternative growth substrates like lactate or 

H2/CO2. However, both approaches did not result in a pure n-butane-degrading culture. It is 

known that hydrocarbon-degrading enrichment cultures often harbour accompanying bacteria 

that do not utilize the hydrocarbons, but presumably utilize excreted by-products like fatty 

acids, and usually grow faster with the non-hydrocarbon substrate added for isolation 

(Widdel, 2010). Therefore, the isolation of hydrocarbon degraders with non-hydrocarbon 

compounds in liquid enrichment cultures is difficult since dilutions soon select for different 

degraders of compounds other than hydrocarbons. A similar effect might have caused the 

isolation failure via the agar dilution series. During the isolation attempts in solid agar, I 

detected a big fraction of secondary hydrocarbon degraders like fermenting Bacteriodetes in 

the 16S rRNA gene library constructed from a colony picked, most likely secondary 

degraders living on the excreted by-products (Kleindienst, et al., 2014). These Bacteria are 

known for their ability to glide in agar (McBride, et al., 2013) and might have caused mixed 

colonies instead of pure colonies of n-butane degraders.  
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Introduction 

Historically, microbial research was limited by the need to grow bacteria in culture. 

Therefore, it is estimated that >99% of environmental microbes remain uncultivated owing to 

unknown growth requirements (Amann et al., 1995; Lasken and McLean, 2014). In the past 5 

years, genome sequencing of individual cells, enabled by whole genome amplification 

(WGA), has been widely used to unravel the metabolism of uncultivated microbes and present 

a culture-independent approach for exploring the genetic diversity and evolutionary history of 

microbes (Stepanauskas and Sieracki, 2007; Woyke et al., 2009; Luo, 2015). Since anaerobic 

microorganisms utilizing hydrocarbons are phylogenetically diverse, usually degrade only a 

very restricted range of them, and always exhibit much slower growth than their aerobic 

counterparts (Widdel and Grundmann, 2010; Widdel et al., 2010), it is explicitly intriguing to 

isolate them from environmental sample and grow them in culture in order to explore their 

metabolism and ecophysiology. Nevertheless, a major goal of this microbial genomics project 

was gaining new knowledge about operon structure and pathways in anaerobic hydrocarbon 

degraders and may elucidate so far unknown anaerobic hydrocarbon degraders. Alongside the 

culture-dependent approach of enrichment and isolation of anaerobic hydrocarbon degraders 

described in Chapter IV, I decided to implement cultivation-independent studies namely 

single-cell sequencing and genome analysis as complement to the cultivation-dependent 

studies and aimed to identify new, yet unknown hydrocarbon degraders. With the recent 

advances in sequencing technologies, sequencing of individual microbial genomes is 

nowadays widely used for both isolates cultivated in the laboratory and single cells sorted 

from environmental samples. However, it is still challenging to develop robust, high-

throughput pipelines in order to generate high-quality sequencing libraries from single cells 

(Rodrigue et al., 2009). A classical WGA pipeline for single-cell genomics on sediment 

samples includes several crucial steps and starts with cell separation from sediment particles 

and single-cell isolation, continues with DNA amplification and sequencing and ends with the 

application of bioinformatic tools for reads processing, analysis and interpretation. Within 

such a pipeline, the isolation of individual cells is the first crucial step. Ideally, such a 

procedure i) allows a rapid processing of thousands of cells, ii) ensures that cells are separated 

with high accuracy and only one cell is included in each amplification reaction and iii) 

minimizes DNA contaminations (Rodrigue et al., 2009). Fluorescence-activated cell sorting 

(FACS) is particularly well-suited for high-throughput single-cell WGA pipeline (Ibrahim and 

van den Engh, 2003; Ibrahim and van den Engh, 2007; Stepanauskas and Sieracki, 2007). 

FACS is a specialized type of flow cytometry (Figure V-1A). It provides a method for sorting 
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The next step in the single-cell genomics workflow to be well considered is the choice of a 

suitable NGS technology. The first NGS technologies appeared on the market more than ten 

years ago (Margulies et al., 2005). Since then, tremendous progress has been made in terms of 

speed, read length and throughput. In general, new sequencing technologies are based on 

immobilization of the DNA samples onto a solid support, cyclic sequencing reactions using 

automated fluidics devices, and detection of molecular events by imaging. They provide 

several advantages compared to the classical Sanger sequencing method (Sanger et al., 1977). 

The main and most attractive difference usually is the sharp reduction in per base cost. 

Another important difference is that the DNA library preparation does not need cloning in 

vectors to amplify the genetic material, which simplifies the process and reduces both time 

and possible sources of contamination (Myllykangas et al., 2012). However, the choice of 

NGS technology for a particular project depends on the project-specific cost-effectiveness, 

cost–utility or cost–benefit trade-offs and the available sequencing technologies, options, and 

hardware configurations (Gallo et al., 2014). 

The most popular technologies on the market are GS FLX Titanium by 454 Roche, 

HiSeq/MiSeq by Solexa/Illumina, PacBio RSII by Pacific Biosciences and IonTorrent by 

LifeTechnologies and the trade-offs between available sequencing technologies and platforms 

have recently been reviewed (Table V-1) from different perspectives (Buermans and den 

Dunnen, 2014; Sanchez-Flores and Abreu-Goodger, 2014; van Dijk et al., 2014).  

For this project, the Illumina® short read sequencing (paired-end reads) was selected – a 

widely used solution that has remained reliable now for several years and for which read 

lengths have recently increased to about 300 bp (Illumina® tech note, www.illumina.com) – to 

generate high-quality DNA template for complete genome sequencing and assembly. Paired-

end sequencing allows users to sequence both ends of a fragment. 

The final step in the WGA pipeline is the choice of a suitable strategy for the subsequent 

processing of the reads, in order to use the obtained reads for de novo assemblies, genome 

annotation and comparative genome analysis. Well documented strategies can be found in e.g 

(Rodrigue et al., 2009; Binder et al., 2014). An overview of the workflow applied in this 

project is depicted in Figure V-2. 
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Table V-2 Phylogenetic affiliation of 16S rRNA gene sequences obtained from sorted single-cell MDA products 
(ARB V6.1software tool and SILVA release 119; Ludwig et al., 2004). 
 

Phylogenetic affiliation (ARB) % of total 
sequences (300) 

Ba/Deferribacteres/SAR406 (Marine Group A)  17 
B/Bacteroidetes/Sphingobacteriales/E6aC02  11 
B/Spirochaetes/Spirochaetales/Spirochaetaceae/Spirochaeta  10 
B/Candidate division OP9  4 
B/Proteobacteria/Deltaproteobacteria/Desulfobacterales/Desulfobacteraceae/SEEP-SRB1b  4 
Ab/Euryarchaeota/Methanomicrobia/Methanosarcinales/ANME-2c  4 
B/Chloroflexi/Anaerolineae/Anaerolineales/Anaerolineaceae/uncultured  4 
B/Bacteroidetes/VC2.1 Bac22  3 
B/Proteobacteria/Deltaproteobacteria/Desulfobacterales/Desulfobacteracea/O.algarvensis Delta4 endosymbiont  3 
B/Proteobacteria/Epsilonproteobacteria/Campylobacterales/Helicobacteraceae/Sulfurovum  3 
B/Bacteroidetes/Sphingobacteria/Sphingobacteriales  3 
A/Euryarchaeota/Halobacteria/Halobacteriales/Deep Sea Hydrothermal Vent Gp 6(DHVEG-6)  2 
A/Euryarchaeota/Halobacteria/Halobacteriales/SM1K20  2 
B/Bacteroidetes/Sphingobacteria/Sphingobacteriales/WCHB1-69  2 
B/Proteobacteria/Deltaproteobacteria/Desulfobacterales/Desulfobacteraceae/SEEP-SRB1d  2 
B/Candidate division OP3  1 
B/Proteobacteria/Epsilonproteobacteria/Campylobacterales/Helicobacteraceae/Sulfurimonas  1 
B/Candidate division OP8  1 
B/Fusobacteria/Fusobacteria/AT425  1 
B/Gemmatimonadetes/Gemmatimonadetes/BD2-11 terrestrial group  1 
B/JL-ETNP-Z39  1 
B/Proteobacteria/Deltaproteobacteria/Desulfarculales/Desulfarculaceae  1 
B/Proteobacteria/Deltaproteobacteria/Desulfobacterales/Desulfobacteraceae/uncultured  1 
B/Proteobacteria/Deltaproteobacteria/Desulfurellales/Desulfurellaceae  1 
B/Spirochaetes  1 
A/Euryarchaeota/Methanomicrobia/Methanosarcinales/GoM-ArcI  1 
B/Actinobacteria/Actinobacteria/OPB41  1 
B/Candidate division TG-1/Lineage IV  1 
B/Chloroflexi/Anaerolineae/Anaerolineales/Anaerolineaceae/uncultured  1 
B/Chloroflexi/GIF3  1 
B/Firmicutes/RF3  1 
B/Nitrospirae/Nitrospira/Nitrospirales/Nitrospiraceae/uncultured  1 
B/Proteobacteria/Betaproteobacteria/Burkholderiales/Comamonadaceae/Delftia  1 
B/Proteobacteria/Deltaproteobacteria/Desulfobacterales/Desulfobacteraceae 1 
B/Proteobacteria/Deltaproteobacteria/Desulfobacterales/Desulfobacteraceae/SEEP-SRB1/uncultured  1 
B/Proteobacteria/Deltaproteobacteria/Desulfobacterales/Desulfobacteraceae/SEEP-SRB1e  1 
B/Proteobacteria/Deltaproteobacteria/Desulfobacterales/Desulfobacteraceae/SEEP-SRB1f  1 
B/Proteobacteria/Deltaproteobacteria/Desulfobacterales/Desulfobulbaceae/SEEP-SRB3  1 
B/Thermotogae/Thermotogae/Thermotogales/Thermotogaceae/Kosmotoga  1 
Others (less than 1% (1 sequence only) 7 
a B = Domain Bacteria  
b A = Domain Archaea 
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toluene, xylenes, and ethylbenzene (Biegert et al., 1996; Heider, 2007) and (naphthyl-2-

methyl)succinate synthase (NMS) genes for 2-methylnaphthalene activation (Musat et al., 

2009). 

For this study, MDA-products of the single cells were screened by PCR for the hydrocarbon-

activating genes assA, bssA, nmsA and subjected to a classical single-cell genomics pipeline 

for reconstructing draft genomes of so far unknown hydrocarbon degraders. 

 

Material and Methods 

Sample origin and PCR screening of single-cell MDAs 

In an attempt to explore novel hydrocarbon-degrading microorganisms, a single-cell genomics 

pipeline was applied on sediment samples obtained from hydrocarbon seeps in the Gulf of 

Mexico (GoM161) and gas seeps in the Mediterranean Sea (AMV240). Single-cell MDAs 

provided by Sara Kleindienst and Katrin Knittel (available in 3 × 384-well plates, 1:10 

dilutions (v/v) in PCR H2O) were screened with primers for functional marker genes in 

anaerobic hydrocarbon-degrading microorganisms, namely assA/masD, bssA, nmsA (Table V-

3). Another 16S rRNA gene amplification with primers of broad specificity for Bacteria 

(27F/907R) and Archaea (Arc344F/915R) was performed on sorted cells to identify them 

taxonomically (Tabel V-3). Individual PCRs (20 l volume) per primer pair were carried out 

containing, 0.5 M primer each, 250 M dNTPs, 0.3 g l-1 BSA, 1×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 (see Table V-3), 

elongation (72°C, 2 min), and a final elongation step (72°C, 10 min). Amplicons were 

evaluated in a 1.5% agarose gel by gel electrophoresis and selected according fragment 

length. PCR reactions of positively screened amplicons were purified using the MiniElute 

PCR Purification Kit (Qiagen) according to the manufacturer’s recommendations and Sanger 

sequenced on an ABI PRISM 3130x1 Genetic Analyzer (Applied Biosystems). Finally, DNA 

concentrations of selected single cells were determined fluorometrically. 1:10 dilutions in TE 

buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0) were made for further procedures. 
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Table V-3 Primer used for PCR amplification of 16S rRNA and functional marker genes in sorted single cells 
from GoM161 and AMV240 sediments. 
 
Target 
 gene 

Position 
/Name Sequence (5'  3') 

Annealing 
°C 

Amplicon 
[bp] Reference 

bacterial 
16Sr RNA 

27F AGRGTTYGATYMTGGCTCAG 52 880 Muyzer, 1999 907R CCGTCAATTCMTTTRAGTTT 
archaeal 
16S rRNA 

344F ACGGGGYGCAGCAGGCGCGA 61 560 Lane, 1991 915R GTGCTCCCCCGCCAATTCCT 
assA 
(masD) 

1294F TTTGAGTGCATCCGCCAYGGICT 42 650 Callaghan et al., 2010 1993R TCGTCRTTGCCCCATTTIGGIGC 

bssA 1213F GACATGACCGAYGCCATYCT 55 800 Callaghan et al., 2010 1987R TCRTCGTCRTTGCCCCAYTT 

nmsA 
7363F TCGCCGAGAATTTCGAYTTG 

58 1200 von Netzer et al., 20138543R TCGTCRTTGCCCCAYTTNGG 
 

Sequencing with Illumina® HighSeq and MiSeq 

Short-insert paired-end TruSeq libraries (Illumina, San Diego, CA, USA) were prepared and 

sequenced on an Illumina® HighSeq platform (San Diego, CA, USA) using Illumina® 

chemistry with an average yield of 21,000,000 raw reads with 2 × 100 bp read lengths. The 

above steps were carried out at the Max Planck-Genome-centre Cologne (Cologne, Germany). 

Several samples were additionally sequenced on the Illumina® MiSeq platform (San Diego, 

CA, USA) using Illumina® chemistry with an average yield of 8,600,000 raw reads with 2 × 

300 bp read lengths. I plan to to process HiSeq and MiSeq Illumina® reads together in order to 

get better coverage and sequencing depth.  

 

Bioinformatic processing of HiSeq reads, draft assembly and draft annotation 

Before assembly, the quality of the sequence data (HiSeq reads) was assessed with FastQC 

V0.10.1, a quality control tool for high throughput sequence data 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Different modules of the 

software tool BBmap V31.40 (http://sourceforge.net/projects/bbmap/) were used for 

processing of HiSeq Illumina® sequencing reads, namely: BBDuk for filtering and adaptor 

trimming with Kmer matches, BBMerge for merging overlapping reads, BBNorm for Kmer-

based error-correction and normalization. The SPAdes assembler V2.4 (Bankevich et al., 

2012, http://bioinf.spbau.ru/spades/) was used for read assemblies of libraries. With 

PhyloFlash (https://github.com/HRGV/phyloFlash) 16S rRNA genes were detected. 

Metawatt, originally designed as a binner for assembled metagenomes (Strous et al.,, 2012 

http://sourceforge.net/projects/metawatt/), was used for binning and bin inspection on high 

(98% similar N4-frequencies) or medium (95% similar N4-frequencies) confidence levels. 

Assemblies were submitted to the RAST (Rapid Annotations using Subsystems Technology; 
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version 4.0; http://rast.nmpdr.org; Aziz et al., 2008) pipeline for annotation. Genes and 

subsystems were predicted using RAST and metabolic pathways were reconstructed with 

KEGG (Kyoto Encyclopedia of Genes and Genomes; Kanehisa and Goto, 2000) and 

ModelSEED (Henry et al., 2010). 

Results and discussion 

Screening of functional marker genes for anaerobic hydrocarbon degraders 

WGA products from single cells isolated from hydrocarbon seep sediments were screened for 

functional marker genes (assA/masD, bssA, nmsA) of anaerobic hydrocarbon-degrading 

microorganisms. Eleven bssA and nmsA gene positive MDA-products were identified with the 

primer pair for bssA genes. No masD gene could be amplified. The identities of the amplified 

genes were confirmed after sequencing versus database searches with BLASTx using 

translated nucleotides for BssA and NmsA, respectively (Table V-4). For BssA sequences, the 

reference sequences with the highest identity was from an uncultivated bacterium obtained 

from an Atlantic Islands beach in Northern Spain which was affected by the Prestige oil spill 

in November 2002 (NCBI acc. no. JX19322), and for NmsA sequences, an uncultivated 

bacterium obtained from a tar-oil-contaminated aquifer in Flingern in Germany (NCBI acc. 

no. ABM92937). Of these single cells that were positive for bssA/nmsA, bacterial or archaeal 

16S rRNA genes could be amplified in eight cases (Table V-4).  

Based on the 16S rRNA sequences, four of the bssA-positive single cells were taxonomically 

closest affiliated with the Delta4 endosymbiont from Olavius algarvensis. This 

deltaproteobacterial sulfate-reducing bacterium is described by metagenomic analysis as part 

of a microbial consortium with Gammaproteobacteria in the marine oligochaete Olavius 

algarvensis (Woyke et al., 2006). One bssA single cell was closest affiliated with 

Sphingobacteriia sp. and two bssA single cells were closest affiliated with archaeal cluster 

GoM-Arc1, which are Methanosarcinales relatives and described in oil-charged and brine-

influenced sediments of the Gulf of Mexico (Lloyd et al., 2006; Orcutt et al., 2010). So far, 

these groups were not known to be directly involved in aromatic hydrocarbon degradation. 

The obtained 16S rRNA sequences were only distantly related to the known hydrocarbon 

degraders like deltaproteobacterial alkane degrader Desulfococcus oleovorans stain Hxd3 and 

Firmicutes toluene degrader Desulfotomaculum sp. strain Ox39 (Figure V-4). From one bssA 

positive and two nmsA positive single cells, no 16S rRNA genes could be amplified with the 

available 16S rRNA gene primers (Table V-4).  
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Based on the preceding evaluations, six single-cell MDA products and an additional re-MDA 

product were selected for sequencing (Table V-5). The final selection of 7 single-cell MDA 

products were designated as bssA-SAGs, since they were screened with a bssA specific primer 

pair. They included both known organisms (16S rRNA detectable by PCR and Sanger 

sequencing) and thus- far unknown organisms (16S rRNA not-detectable by PCR and Sanger 

sequencing) in order to find novel aromatic hydrocarbon degraders. Two were most similar in 

their 16S rRNA sequences to deltaproteobacterial Delta4 endosymbiont of Olavius 

algarvensis (>95% sequence similarity), one to a Spingobacteriia sp. and two to archaeal 

Methanosarcinales GoM-Arc1 (Table V-5). 220 ng to 995 ng (in 1:10 dilution v/v) were 

subjected to genome sequencing. In a first step, sequencing was performed on the HiSeq 

platform. Reads were processed and draft assemblies were constructed. Additional sequencing 

effort was performed on the MiSeq platform for libraries A, E, F, G and an additional single 

cell (library H) since first evaluations were promising or coverage was low.  

 
Table V-5 Single cells used for sequencing on the Illumina® platform. 

Features of the Single Cell MDA Products Obtained Raw Reads 

Library Origin [ng/μl] [ng] 16S rRNA Functional marker  
gene HiSeq (106) MiSeq 

(106)a 

A AMV 
AAA793_P09 31 462 

Delta4 endosymbiont of 
Olavius algarvensis  

 

bssA 
21.8 6.4 

B AMV 
AAA793_H12 61 605 Sphingobacteriia bssA 19.5 - 

C GoM 
AAA789_A10 24 479 unknown  nmsA 22.4 - 

D GoM 
AAA789_O19 39 586 unknown  nmsA 21.2 - 

E AMV 
AAA792_C10 8 152 Methanosarcinales  

GoM-Arc1 
bssA 17.4 6.7 

F AMV 
AAA792_M03 11 220 Methanosarcinales  

GoM-Arc1 
bssA 23.5 7.3 

G 
(re-MDA of E ) 

AMV 
AAA792_C10 35 690 Methanosarcinales  

GoM-Arc1 
bssA 20.5 7.4 

H AMV 
AAA793_L20 100 995 Delta4 endosymbiont of 

Olavius algarvensis  
bssA - 15.3 

a The MiSeq raw reads were not yet included in the analysis 

 

Quality assessment of sequence reads (FastQ output) 

HiSeq sequencing performance was assessed by evaluating the FastQ files from libraries A – 

G (HiSeq Illumina® raw reads) with FastQC. These files from the sequencing machine report 

both nucleotide sequence and the level of confidence in each base of that sequence (“quality 

score”). The “per base sequence quality”-analysis and the “per sequence GC-content”-

analysis (Figure V-7) gave first hints on the sequencing performance and the grade of 

contamination of the MDA reactions of the single cells. Average quality scores of the 
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obtained sequences (Figure V-7, upper chart of each FastQ report) were well above 20, 

indicating sequences of good quality (Ewing and Green, 1998). However, the per-base quality 

of the sequences from bssA- SAG library D had a high standard deviation after the initial 70 

bp, requiring a rigorous quality trimming of obtained raw read. Plotting of GC-content across 

all the sequences (Figure V-7, lower chart in each FastQ report) should theoretically result in 

a completely normal distribution (blue line). GC-content in all the projects was slightly 

shifted away from the optimum and exhibited secondary peaks which are indications for 

contaminations in the bssA-SAG libraries. Based on these evaluations, bssA-SAG libraries C 

and D were excluded for the time being from further processing. 
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Bin inspection of assemblies from single cell sequence reads (metawatt output) – preliminary 

results 

HiSeq reads of libraries A, B, E, F and G were assembled de novo with SPAdes, because 

single-cell sequence data are difficult to assemble owing to extreme sequence depth bias, 

contamination sensitivity, potential chimeric sequences and other MDA artefacts. 

Additionally, reads from libraries E and G were pooled and assembled together since they 

originated from the same single cell (Table V-5).  

The resulting assemblies of the bssA-SAGs had a total size of 825 kb to 4419 kb. They were 

used as draft genomes for all downstream analysis e.g. the annotation with RAST. Numbers 

of contigs ranged from 468 to 1821. The co-assembly of bssA-SAG E/G consisted of 652 

contigs with a total size of 1116 kb. The N50 value ranged from 5812 nt to 78610 nt. The 

largest contigs ranged from 22 kb to 98 kb. Coverage of bins was between 95 and 99% (Table 

V-6).  

 

Table V-6 Features and statistics of bssA-SAGs. 

 Deltaproteobacteria Sphingobacteriia Methanosarcinales 
Genome feature LibraryA LibraryB LibraryE LibraryF LibraryG* Library E/G 
HiSeq raw reads (Mb) 21.8 19.5 17.4 23.5 20.5 37.9 
Assembly size (kb) 3521 4419 825 1709 910 1116 
G + C content 44 – 51 34 – 43 41 – 44 43 – 52 41 – 44 41 – 44 
Largest contig (kb) 98 93 22 79 38 38 
Number of contigs 1383 1821 468 969 509 652 
Number of genes 87 138 39 28 43 44 
N50 contig length (nt) 5812 40441 10660 78610 10895 13755 
Coverage bins (% ) 98 99.5 95.5 98 97 96.2 
Number of subsystems 199 277 64 109 71 84 

* re-MDA product of DNA used for library E 

 

Bins in assemblies from bssA-SAGs A, B, E, F and G (Figure V-8) were inspected in detail. 

The length distribution of the contigs (Figure V-8, bar charts) showed that most contigs in all 

assemblies were between 10 and 50 kb in length. The taxonomic distribution of the reads 

(Figure V-8, pie diagrams) revealed that bins in all assemblies inherited reads most similar to 

reads of diverse microorganisms, mainly deltaproteobacterial reads for bins in assemblies A 

and F (e.g. Desulfobacula sp.), mainly reads from Spirochaeta sp. for bins in assembly B and 

archaeal reads for bins in assemblies E/G (mainly Methanosarcina sp. and Methanohalobium 

sp.). Optionally, if taxonomic classifications were not conclusive, bins with good N50 values 
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toluolica strain Tol2 and betaproteobacterial nitrate reducer Aromatoleum sp. strain EbN1 

(Rabus et al., 1993; Rabus and Widdel, 1995). The sizes of the obtained draft genomes as well 

as the number of coding sequences differed greatly. The copy numbers of rRNA operons and 

tRNA genes also varied greatly, since big parts of the genome are still missing. Further, the 

analysis showed that the combination of reads of a MDA product (in Assembly E) and its re-

MDA product (in AssemblyG) from one selected single cell resulted in a better genome 

reconstruction (in AssemblyE/G).  

 

Table V-7 Comparison of general genome features of known toluene-degrading (bssA) species Desulfobacula 
toluolica Tol2, Azoarcus sp. EbN1and bssA- SAGs (Rabus et al., 1993; Rabus and Widdel, 1995). 
 
 Deltaprot. Betaprot. 

Delta4 
symbiont of O. 

algarvensis 
Sphingobacteriium Methanosarcinales 

Genome feature Tol2 EbN1 AssemblyA AssemblyB AssemblyE AssemblyF AssemblyG AssemblyE/G 
Size (Mp) 5.2 4.7 3.5 4.4 0.8 1.7 0.9 1.1 
Plasmid (Mb) N.A. 2 N.A. N.A. N.A. N.A. N.A. N.A. 
G + C content 
(mol%) 41.5 65.1 44 – 51 34 – 43 41 – 44 43 – 52 41 – 44 41 – 44 

Stable RNAs 52 62 33 66 11 18 10 11 
rRNA operons 4 4 - 1 - - - - 
tRNAs 48 58 7 15 1 - 1 2 
Coding 
sequences 4381 4133 3378 4108 854 1638 936 1144 

Coding (%)1 87.1 90.9 22/78 27/73 16/84 17/83 15/85 15/85 
Average size 
(bp) 1 1031 945 N.A. N.A. N.A. N.A. N.A. N.A. 

Assigned 
functions1 3188 2560 732/2646 1084/3024 129/725 268/1370 136/800 168/976 

Conserved 
hypothetical1 681 628 35/1588 45/1908 3/432 9/851 5/465 4/588 

Predicted novel1 512 945 697/1058 1039/1908 126/293 259/519 131/335 164/388 
1 numbers of sequences present in subsystems/not present in subsystems as annotated with RAST 

 

Housekeeping genes (defined in Gil et al., 2004) and genes of interest in each obtained draft 

genomes were investigated and compared between the SAGs. They had huge differences in 

presence and abundance: 1498 present features in bssA-SAG B contrasted with 185 detected 

features in bssA-SAG E. In general, I detected mostly genes in subsystems for carbohydrates 

synthesis/degradation (14 – 24%). Herein, up to 15% of detected genes were involved in 

fermentation and in bssA-SAG E/G 4% for methanogenesis (Figure V-9). The reconstruction 

of the methanogenesis and reverse methanogenesis pathway would be the next step as well as 

a direct comparison to species of Methanosarcinales metabolic models. 

Furthermore, genes in subsystems of amino acids and derivatives synthesis/degradation, were 

present from 6.5% (bssA-SAG E/G) to 11% (bssA-SAG A), genes in subsystems for fatty 

acids, lipids and isoprenoides synthesis/degradation were present from 7% (bssA-SAG B) to 

12% (bssA-SAG E/G). In bssA-SAG A, in comparison to the other bssA-SAGs, many genes 
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Table V-8 Key metabolic features found in bssA-SAGs (% of genes detected in individual SAGs). Subsystems 
in which most of the genes were detected were printed in bold face. 
 

 Delta4 endosymbiont of 
O. algarvensis Sphingobacteriium Methanosarcinales 

  A B F EG 

Cofactors, vitamins, prosthetic groups, pigments 8.2 11.7 3.1 6.1 
Cell wall and capsule 5.4 4.3 11.6 5.7 
Virulence, disease and defence 4.1 2.7 5.4 1.6 
Potassium metabolism  2.0 1.1 2.0 2.4 
Photosynthesis  0 0 0 0 
Miscellaneous  1.3 0.5 0.8 0.8 
Phages, prophages, transposable elements, plasmids  1.0 1.0 2.0 2.8 
Membrane transport  8.0 3.5 5.1 2.0 
Iron acquisition and metabolism  0 0.1 0 0 
RNA metabolism  4.3 6.1 1.4 4.5 

RNA processing and modification 2.1 4.4 0.3 2.0 
Transcription 1.6 1.2 0.6 1.6 
RNA metabolism  0.6 0.5 0.6 0.8 

Nucleosides and nucleotides  2.1 5.3 0.8 3.3 
Protein metabolism  6.3 6.1 9.6 8.5 

Protein folding 0.6 0.3 1.1 0.4 
Protein biosynthesis 1.6 3.1 3.7 6.5 
Protein processing and modification 2.1 1.5 3.1 0.4 
Protein degradation 2.1 1.1 1.7 1.2 

Cell division and cell cycle  1.2 0 0 0.4 
Motility and chemotaxis  0 1.2 0 0 
Regulation and cell signalling  3.7 3.4 7.9 3.3 
Secondary metabolism  0.9 0 1.1 0 
DNA metabolism  5.3 7.9 4.0 4.1 

DNA repair 2.0 1.4 1.1 0.4 
CRISPs 1.0 2.7 0 1.2 
DNA metabolism  1.8 3.2 2.8 1.6 
DNA recombination 0.5 0.5 0 0.8 

Fatty acids, lipids, and isoprenoids  8.7 6.9 10.2 11.8 
Nitrogen metabolism  2.3 0.9 2.5 3.7 
Dormancy and sporulation  0.3 0.3 0 0 
Respiration  3.8 2.9 7.1 5.7 

Biotin 1.0 0.9 3.1 2.0 
ATP synthases 0 0.7 0 1.6 
Electron reactions 1.1 1.1 2.0 0.4 
Respiration (e.g. cytochromes) 1.7 0.2 2.0 1.6 

Stress response  3.7 2.1 3.1 0.4 
Metabolism of aromatic compounds  0 0.2 0.3 0 
Amino acids and derivatives  11.2 10.5 6.8 6.5 
Sulfur metabolism  0.7 0.9 0 0.4 
Phosphorus metabolism  1.1 0.3 0.3 5.3 
Carbohydrates  14.1 20.1 15.0 20.7 

Central carbohydrate metabolism 4.4 5.8 2.0 2.4 
Fermentation 7.9 8.9 10.7 12.6 
One-carbon metabolism 1.9 5.3 2.3 5.7 
e.g. Methanogenesis 0.9 0.3 1.4 3.7 
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SAGs belong to taxa not known to be involved in the degradation of alkylaromatic 

hydrocarbons such as Desulfosarcina sp., Delta4 endosymbiont of Olavius algarvensis and 

Sphingobacteriia spp. as well as the archaeal GoM-Arc1 group (Methanosarcinales) present 

in oil-rich habitats. These findings are supported by recent studies of metagenomes of alkane-

degrading cultures (Tan et al., 2014a; Tan et al., 2014b), which revealed Firmicutes and 

Methanomicrobia to be involved in alkane degradation and therefore suggest a higher number 

of yet unknown groups of anaerobic hydrocarbon degraders than supposed.  

In general, single cell genomics could be used to provide valuable suggestions for optimizing 

the cultivation of hydrocarbon degraders in the laboratory since results help to construct 

metabolic maps and physiological details. The metabolic network of a single microorganism 

provides important insights into not only its metabolic capacities, but also the environments in 

which it can live, its strategies to cope with varying conditions and interactions with other 

species. Information on the potential ecological strategies may contribute to the design of a 

medium to isolate microorganisms of interest (Röling et al., 2010). Nevertheless, the 

cultivation-based classical techniques are essential in addition to explain microbes’ lifestyle 

and ecophysiology profoundly. 

As an outlook, the first future step will be to process combined HiSeq and MiSeq Illumina® 

reads in order to get better coverage and sequencing depth and include reads in libraries C and 

D in the analysis. Further, the actual genome size of the bssA-SAGs could be estimated using 

conserved single-copy gene (CSCG) analysis (Woyke et al., 2009) or a tRNA-based approach 

(Lowe and Eddy, 1997; Wu and Scott, 2012). Subsequently, phylogenetic 16S rRNA 

reconstruction could be attempted for SAGs, where 16S rRNA genes have not been found in 

the assemblies using PhyloFlash. Otherwise it should be tested, if partial 16S rRNA gene 

sequences can be found by mapping bacterial 16S rRNA probe or primer sequences (e.g. 

EUB338I-III (Amann et al., 1995; Daims, et al., 1999), GM1 primer (Muyzer et al., 1993) to 

the assembled or raw reads. 

The next step would be to specifically search for the toluene degradation specific gene 

clusters, i.e. genes for the initial activation of toluene to benzylsuccinate (bssA–F) and for 

subsequent modified -oxidation to benzoyl-CoA and its further degradation (bbsA–H, 

bcrABCD and bamB-I). In case of the archaeon SAGs, the reconstruction of the 

methanogenesis pathway and the mcr (methyl-coenzyme M) operon would be required as 

well as a direct comparison to metabolic models of species within Methanosarcinales. 

After annotation, reconstructed SAG metabolic maps could be compared to metabolic 

pathways from known toluene degraders (e.g. Desulfobacula toluolica strain Tol2, Azoarcus 
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sp. strain EbN1) or the closest affiliated species on the 16S rRNA gene level like the Delta4 

endosymbiont of O. algarvensis, species within Sphingobacteriales and Methanosarcinales 

(Table V-2). The catabolic versatility could be evaluated, for example the range of aromatic 

substrates and the potential for a facultative-anaerobic lifestyle. Being equipped with a set of 

hydrocarbon degradation enzymes and oxygen-detoxifying and -respiring enzymes would 

allow a survival in dynamic oxic/anoxic transition zones, the adaptation to fluctuating 

availability of organic substrates and electron acceptors in the environment and would 

correspond to the large phylogenetic cluster of BssA include facultative and obligate 

anaerobic toluene degraders. 
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Abstract 

Microbial response to a simulated petroleum seepage was investigated in Caspian Sea 

sediments using a Sediment-Oil-Flow-Through system. Distinct redox zones established 

within the Caspian Sea sediment core during petroleum seepage and the depths of these 

different geochemical zones changed over time. Methanogenesis and sulfate reduction were 

identified as important processes in the anaerobic degradation of hydrocarbons during 

petroleum seepage in Caspian Sea sediments. The 13C signal of produced methane showed a 

decrease from -33.7‰ to -49.5‰ after 190 days of petroleum seepage indicating biogenic 

methane formation. The role of methanogenesis in anaerobic degradation of petroleum was 

confirmed by enrichment culturing and also supported by the presence of methanogenic 

archaea. Increased rates of sulfate reduction rates were observed after the petroleum seepage 

and sulfate reduction activity was confirmed by presence of sulfate reducers involved in 

hydrocarbon degradation. With the increase in sulfate reduction activity over time, the oxygen 

penetration depth decreased. Volatile hydrocarbons from C1 to C6 n-alkanes were completely 

depleted in the sulfate reducing zone during the upward migration of petroleum. Higher n-

alkanes were observed to decrease along the course of upward migration of petroleum. 

Petroleum seepage was found to influence and establish a successive change in different 

geochemical parameters, redox processes, microbial community and composition of crude oil 

with respect to sediment depth. 
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Abstract 

Biogeochemical and microbiological data indicate that the anaerobic oxidation of non-

methane hydrocarbons by sulfate-reducing bacteria (SRB) has an important role in carbon and 

sulfur cycling at marine seeps. Yet, little is known about the bacterial hydrocarbon degraders 

active in situ. Here, we provide the link between previous biogeochemical measurements and 

the cultivation of degraders by direct identification of SRB responsible for butane and 

dodecane degradation in complex on-site microbiota. Two contrasting seep sediments from 

Mediterranean Amon mud volcano and Guaymas Basin (Gulf of California) were incubated 

with 13C-labeled butane or dodecane under sulfate-reducing conditions and analyzed via 

complementary stable isotope probing (SIP) techniques. Using DNA- and rRNA-SIP, we 

identified four specialized clades of alkane oxidizers within Desulfobacteraceae to be 

distinctively active in oxidation of short- and long-chain alkanes. All clades belong to the 

Desulfosarcina/Desulfococcus (DSS) clade, substantiating the crucial role of these bacteria in 

anaerobic hydrocarbon degradation at marine seeps. The identification of key enzymes of 

anaerobic alkane degradation, subsequent b-oxidation and the reverse Wood–Ljungdahl 

pathway for complete substrate oxidation by protein-SIP further corroborated the importance 

of the DSS clade and indicated that biochemical pathways, analog to those discovered in the 

laboratory, are of great relevance for natural settings. The high diversity within identified 

subclades together with their capability to initiate alkane degradation and growth within days 

to weeks after substrate amendment suggest an overlooked potential of marine benthic 

microbiota to react to natural changes in seepage, as well as to massive hydrocarbon input, for 

example, as encountered during anthropogenic oil spills. 
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Chapter VIII 

General Discussion  

Collectively, the chapters presented in this dissertation are a comprehensive in-depth analysis 

of the ecophysiology and genomics of key sulfate-reducing microorganisms involved in 

anaerobic degradation of hydrocarbons at marine gas and oil seeps. Ecophysiology is the 

study of how the environment, both physically and biologically, interacts with the physiology 

of an organism. Using molecular, bioinformatic and microbiological approaches as well as 

microcosm experiments with flow-through systems, I investigated the diversity of the 

functional marker for anaerobic n-alkane degradation, MasD, (Chapter II) and the response 

of the benthic microbial community to simulated oil seepage (Chapter III). Furthermore, by 

the application of cultivation-based techniques, I highly enriched possibly novel short-chain 

alkane-degrading microorganisms (Chapter IV). Draft genomes of so far unknown aromatic 

hydrocarbon degraders were reconstructed based on single amplified genomes (SAGs) 

obtained from single cells from marine seeps (Chapter V). The investigations of my thesis 

have laid the foundation for future studies to determine the fate of aliphatic and aromatic 

hydrocarbons in marine sediments. In the following, the major findings of my thesis are 

shortly summarized and placed in a broader context. Additionally, I discuss methodological 

and theoretical aspects of my work and finally, I present some future perspectives. 

Diversity and distribution of hydrocarbon degraders at marine seeps 

Previous research of anaerobic hydrocarbon degraders has mainly focused on diversity 

analysis of 16S rRNA gene sequences of potential anaerobic hydrocarbon degraders in 

enrichments (Adams et al., 2013), on detailed descriptions of single isolates (Widdel et al., 

2010) and of single ecosystems such as hydrocarbon seeps at Guaymas Basin (Teske et al., 

2002; Teske et al., 2014) and the Gulf of Mexico (Orcutt et al., 2010), gas seeps at Hydrate 

Ridge, Haakon Mosby mud volcano and New Zealand (Knittel et al., 2003; Lösekann et al., 

2007; Ruff et al., 2013) or of crude oil impacted sites (e.g. sites after the disasters Prestige 

(Acosta-González et al., 2013), and Deepwater Horizon (Kimes et al., 2014)). My thesis, 

however, present a different approach: Targeting the genes encoding the hydrocarbon-

activating enzymes allows the study of anaerobic hydrocarbon-oxidizing communities with 
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better functional resolution than 16S rRNA genes, and helps to elucidate their functional 

diversity without prior knowledge of their phylogenetic affiliation. 

By now, studies of the MasD-community in particular were based on the construction of 

masD clone libraries and restricted to local environments, e.g. oil reservoirs (Bian et al., 

2015) and sediments affected by the Deepwater Horizon accident (Kimes et al., 2013; 2014). 

Using next generation sequencing and geneFISH, the study described in Chapter II explored 

for the first time functional diversity of n-alkane degraders (MasD-community) on a global 

scale and by high-throughput sequencing. It was shown that the MasD-community exhibited 

an unexpected high diversity in twelve differing marine gas and oil seep sites based on their 

functional marker MasD and eight times more family-level clades than known before were 

detected to be involved in n-alkane degradation. The obtained data allowed establishing a 

comprehensive database of glycyl radical enzymes that presumably initialize anaerobic 

hydrocarbon degradation by fumarate addition. In total, the database contains more than 

10,000 sequences for MasD, BssA, NmsA and Pfl. Further, thresholds for MasD OTU 

clustering was defined by linear correlation of 15 cultured n-alkane-degraders of which both 

16S rRNA gene sequences and masD gene sequences information was available. Since 

protein coding genes accure mutations at different rates depending on specific evolutionary 

pressure (Bowen et al., 2013), the defined MasD specific thresholds allow now an appropriate 

clustering of MasD to operationally bacterial taxonomic units. The detection of MasD in 

several globally distributed hydrocarbons seeps led to the conclusion that fumarate-adding 

genes are ubiquitous and a possible wide spread hydrocarbon-activating mechanism for n-

alkanes under anoxic conditions. Additionally, this study revealed both cosmopolitan and 

specialized variants of the masD gene across many different seep sites as well as novel 

lineages of potential n-alkane degraders. This finding suggests the presence of a handful of 

dominant alkane activation pathways that are globally distributed alongside other minor 

variants that have adapted to a unique hydrocarbon environment that may be linked to 

structural diversity of the communities in these environments. I showed also that the MasD-

community structure is clearly driven by the available hydrocarbon substrate. This implicates, 

together with the proposed high diversity of n-alkane degraders, potential differences in the 

functional roles of masD genes (e.g. substrate spectrum). Although sequence analysis of these 

genes may not always accurately assign substrate spectrum, the discovery of novel gene 

clusters justifies further exploration of these genes. However, the elucidation of substrate 

spectrum based on sequence similarity must ultimately be accompanied by cultivation-based 

methods, namely enrichment cultures and isolates from seep sediments as performed in this 
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thesis and described in Chapter IV. The detection of n-alkane degraders in both hydrocarbon 

seeps and cultures derived from these environments provide a basis for the development of 

molecular indicator tools for in situ anaerobic hydrocarbon degradation in e.g. contaminated 

anoxic environments. 

In Chapter III, I presented the first study that uses a continuous Sediment-Oil-Flow-Through 

(SOFT) system, operated at close-to-in situ conditions, to investigate the response of natural 

marine sediments to simulated crude oil seepage by monitoring the succession of key 

microbial hydrocarbon degraders and their processes alongside compositional changes of 

hydrocarbons over time. 

This study showed that sulfate reduction and methanogenesis were important processes in the 

anaerobic degradation of hydrocarbons during crude oil seepage in Caspian Sea sediments. 

Long-chain alkanes decreased along the course of upward migration of crude oil. 

Concomitantly, the volatile fraction of hydrocarbons (C1 to C6) appeared to be consumed by 

sulfate reducers as they completely disappeared in the sulfate reduction zone (Mishra et al., in 

preparation). Here, the major part of anaerobic hydrocarbon degradation is mediated by few 

groups of microbes specialized on the degradation of a specific hydrocarbon type: SCA1 

(propane and n-butane), LCA2 (mid- to long-chain alkanes), the cycloalkane-degrading group 

(cycloalkanes, n-pentane and n-hexane), Desulfobacula and relatives (toluene and benzene) 

and syntrophic methanogenic archaea (long-chain alkanes). This finding supports the results 

obtained in Chapter II, namely that few dominant key players and several less abundant 

groups are involved in the anaerobic hydrocarbon degradation at marine hydrocarbon seeps, 

and that the community structure is driven by the hydrocarbon substrate availability. Both 

studies demonstrated the intrinsic potential for n-alkane degradation in the microbial 

community and the overlooked high potential of marine benthic microbes to react to natural 

changes in hydrocarbon seepage or to massive hydrocarbon input as encountered during 

anthropogenic oil spills. 

However, unlike in marine oil spills, where crude oil enters through the oxygenated water 

column undergoing powerful breakdown by aerobic respiration (Head et al., 2006), in natural 

seeps, crude oil enters the microbially active zone from the anoxic, energetically lower end of 

the redox cascade. Therefore, different microbial metabolic steps are expected in oil spills 

versus oil seeps. For example, in a natural seep, the first process to occur is anaerobic 

degradation in contrast to an oil spill where it is the last. To date, most laboratory 

investigations on microbial degradation of crude oil have focused either on single 

microorganisms or single hydrocarbon compounds through enrichment cultures or isolates. 
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Since it is still a challenge to detect heterogeneously distributed dominant anaerobic 

hydrocarbon degraders in oil-bearing habitats (Widdel et al., 2010), a lack of knowledge 

remains on the important hydrocarbon degraders, their behavior in situ and the fate of crude 

oil under anoxic conditions (Head et al., 2006). Furthermore, batch cultures are insufficient in 

themselves to predict the fate of crude oil in a natural ecosystem (Horowitz and Atlas, 1977) 

as it is impossible to mimic all environmental determinants in laboratory. Therefore, the best 

opportunity to study the fate of crude oil in a natural ecosystem is through microcosmic 

chemostats that maintain a constant influx and efflux of nutrients and products, respectively. 

There have been studies based on continuous flow-through systems to investigate oil spill 

degradation but none on oil seepage (Horowitz and Atlas, 1977). So far, investigations on 

hydrocarbon seep sites usually involved mere snapshots of biogeochemical characteristics 

(Wenger and Isaksen, 2002; Orcutt et al., 2008). No studies to date monitored in situ 

biogeochemical processes over time in oil seeps, as we did in this study. The use of a SOFT 

system monitoring in situ conditions at seep sites, allows not only assessing the impact of 

crude oil on the succession and modification of benthic microbial communities following 

hydrocarbon degradation, but also the testing of chemical, biological and physical impacts of 

spill response treatment methods on benthic organisms. Furthermore, experimental microbial 

systems such as the SOFT system have been particularly useful to address ecological 

questions by simplifying conditions and allowing for experimental controls (Jessup et al., 

2005). In general, the application of microcosm systems in oil spill research should be viewed 

not as a single component of the ecological assessment of oil spill and response impacts, but 

rather as part of a research approach including both laboratory and in situ studies. While 

laboratory studies can provide experimental precision and microcosm studies provide realistic 

oil and treatment exposures to evaluate organisms, in situ studies provide environmental 

verification of laboratory and microcosm study results. However, several ecological questions 

remain, such as the organization of microbial community structures impacted by spilled oil, 

the mechanisms involved in their adaptation leading to efficient hydrocarbon degradation as 

well as the relationship between community structure and function. Answers to these 

questions could help to define appropriate bioremediation strategies. Combined with the 

recent advances in NGS technologies, such experimental microbial systems possibly provide 

powerful tools to gain new insights on microbial communities and the functional networks 

involved in hydrocarbon degradation processes in marine sediments. 
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Identification of yet unknown anaerobic hydrocarbon degraders 

Findings of this thesis suggest an unexpectedly high number of yet unknown groups of 

anaerobic alkane degraders and an overlooked phylum of alkane-degrading bacteria. Namely 

described in Chapter II, three MasD clades were detected in globally distributed seep 

sediments. One of them, the most abundant one, was affiliated to Deltaproteobacteria. This 

phylum is known to comprise the majority of so far identified n-alkane degraders. The second 

one was affiliated with both Deltaproteobacteria and Firmicutes, which also comprise known 

n-alkane degraders. The third MasD phylum, however, was only distantly related to known 

alkane degraders and comprised new divergent lineages of MasD homologues. In order to 

reveal these novel groups of anaerobic hydrocarbon degraders, I employed several 

approaches: 

i) geneFISH (Chapter II) for linking the masD-community with their identity and for 

studying the ecology of hydrocarbon degraders. 

ii) Isolation attempts from enrichment cultures of hydrocarbon degraders (Chapter IV).  

iii) Single cell genomics by screening MDAs from hydrocarbon seep sediments for potential 

hydrocarbon-degrading taxa (Chapter V). 

So far, only a few isolates of anaerobic hydrocarbon degraders are available, possibly because 

the cultivation and isolation of microorganisms with hydrocarbons as growth substrates under 

anoxic conditions is one of the major challenges in hydrocarbon microbiology. In Chapter 

IV, the results of my attempted isolation of n-butane degraders were presented. Unfortunately, 

no pure culture of novel n-alkane degraders was obtained during my thesis and I experienced 

that the anaerobic cultivation and isolation of hydrocarbon degraders is comparatively more 

demanding than cultivation of conventional anaerobes since anaerobic growth with 

hydrocarbons is very slow and the maintenance of strictly anoxic conditions must be ensured 

during the course of these experiments (Widdel, 2010). Furthermore, liquid and solid 

hydrocarbons used as carbon source and growth substrates are hydrophobic (Wilkes and 

Schwarzbauer, 2010) and thus their availability to the microorganisms in the medium may be 

strongly limited. The n-butane-degrading community in the enrichment cultures used for the 

isolation attempts exhibited a doubling time of about 20 days. Especially during the isolation 

attempts by liquid dilution series, it was difficult to maintain the anaerobic conditions in the 

cultures. Many of them turned oxic before the n-butane-degrading community grew up and 

sulfide was produced. However, to obtain more comprehensive insights into in situ 

biodegradation activities by diverse groups of anaerobic microorganisms, specific catabolic 
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and respiratory pathways need to be characterized. For this reason, cultivation-based studies 

of pure culture isolates from crude oil containing sediments are crucial for the development of 

genetic systems as part of elucidation of metabolic pathways. Their implication on the broader 

fields of environmental remediation strongly supports the investment of time and resources in 

more classical cultivation-based methodologies. Since the anaerobic isolation and cultivation 

is full of challenges, approaches in anaerobic microbiology should be combined with 

cultivation-independent studies like single cell genomics (Chapter V).  

Methodological-issues on the detected MasD diversity 

One methodological aspect of this thesis I would like to discuss is the application of 

geneFISH for masD as described in Chapter II. At the beginning of my thesis, a novel 

fluorescence in situ hybridization protocol, geneFISH, was developed by Moraru and 

colleagues (Moraru et al., 2010). This method links microbial cell identity to function by 

simultaneous hybridization of the 16S rRNA gene and a target functional gene. To link masD 

gene presence to the taxonomic identity of n-alkanes degraders in the environment, I designed 

polynucleotide probes for masD, which covered all three MasD clusters obtained by NGS 

(Chapter II). I applied the geneFISH protocol first on pure cultures of short-chain alkane-

degrading strain BuS5, then on enrichment cultures of n-alkane degraders from Guaymas 

Basin and finally on environmental Guaymas Basin sediment samples. That allowed the in 

situ detection of masD. However, quantification of masD-carrying organisms was 

challenging, particularly in environmental samples, due to many non-specific background 

signals. Furthermore, in several cases hybridized cells exhibited spotted signals, only. 

Explanations for these phenomena can be found in some steps of the geneFISH protocol: The 

early protocols comprised several consecutive FISH steps, were based on enzyme-labeled 

polynucleotide probes, and the high sensitivity was largely achieved due to the signal 

amplification by the CARD steps, which made the protocol long and labor intensive. Proteins 

such as enzymes have the potential to stick to sediment particles and cause non-specific 

signals. Furthermore, multiple steps and long incubation periods increased the damage of 

DNA and cell morphology. However, a novel and simplified CARD-free geneFISH protocol 

(Barrero-Canosa et al., in preparation) with detection by fluorochromes carried directly on the 

probes may mitigate issues of probes binding to particles and causing unspecific signals. In 

addition to the novel geneFISH protocol, another approach to improve geneFISH for masD in 
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environmental samples would involve removing sediment particles via FACS sorting or 

density gradient centrifugation prior to geneFISH. 

The application of NGS technologies for targeting functional marker genes is another 

methodological aspect of my thesis I want to discuss. Today, NGS technologies are widely 

used for sequencing of 16S rRNA genes, but only few studies have applied these new 

techniques to protein encoding genes and none to functional marker genes in anaerobic 

hydrocarbon degraders such as masD. The first commercially successful NGS system was the 

454-pyrosequencing platform (Balzer et al., 2010). It allowed for sufficient read length, 

throughput and per base cost that was required for sequencing masD, when I initiated the 

masD study (Chapter II). During the last few years novel sequencing technologies (e.g. 

Illumina®, Ion Torrent, PacBio) have been introduced. 454-pyrosequencing has got a few 

technical problems and critical points, which are: High reagent costs and the inherent problem 

with homopolymer regions including extension (insertions), incomplete extensions (deletions) 

and carry forward errors (insertions and substitutions). Since insertions and deletions in 

nucleotide sequences cause frame shifts, they are a big issue in functional marker analysis or 

metagenomics, which include translation of nucleotide sequences into protein sequences. 

Insertions and deletions are the most common type of error on the 454-pyrosequencing 

platform in contrast to classical Sanger sequencing and the Illumina® platform (Table VIII-1; 

(Huse et al., 2007)). In the MasD project (Chapter II), this issue was mitigated by manually 

correcting frame shifts in the masD sequences. Though, it cannot be excluded, that the MasD 

diversity was slightly overestimated. Given the methodological issues and the future phase-

out of the 454 platform, I would now recommend that further sequencing projects of 

functional marker genes like masD employ Illumina® technology. 

 

Table VIII-1 Error rates for announced and commercially available DNA sequencing platforms. Final error rate 
is what is achieved after reading both strands and producing a consensus sequence. Table modified from (Huse 
et al., 2007). 

Instrument Primary Errors Single-pass Error Rate (%) Final Error Rate (%) 

Sanger 3730xl substitution 0.1 - 1 0.1 - 1 
454 pyrosequencing (all models) insertion/deletion 1 1 
Illumina® (all models) substitution ~0.1 ~0.1 
Ion Torrent (all chips) insertion/deletion ~1 ~1 
PacBio RS insertion/deletion ~13 1 

 

Furthermore, Illumina®-sequenced masD genes could be used more easily for oligotyping 

analysis (Eren et al., 2013) without the complication of pre-processing steps required with 
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454-pyrosequenced masD genes. Oligotyping can elucidate concealed diversity within the 

final operational units of classification and discriminates sequences that otherwise aggregate 

together in pairwise cluster analyses. To identify highly refined taxonomic units called 

oligotypes (Eren et al., 2013), the oligotyping method utilizes only the most discriminating 

information by focusing on the variable sites (revealed by entropy analysis) unlike clustering 

methods that average all positions in sequence reads to assess similarity. Although 

oligotyping is typically performed on 16S rRNA gene sequences, it would be worth trying to 

employ it for functional gene sequences because it reveals differences between microbial 

communities on a low level of taxonomic discrimination by targeting subtle nucleotide 

variations. 

Some general considerations 

During the last decade, high throughput sequencing on NGS platforms has helped to increase 

the depth of sequencing, and decreased DNA sequencing costs have led to deeper and deeper 

sequence-based characterization of communities. Through NGS technologies, molecular data 

is rapidly accumulated and uncovers vast diversity such as of the masD-community (Chapter 

II), abundant uncultivated microbial groups and eventually novel microbial functions (Prosser 

et al., 2007; Ramette, 2007). Therefore, environmental microbiology is currently undergoing 

a revolution with consequences for other disciplines such as microbiology, ecology and 

ecosystem science (Prosser et al., 2007). However, the relevance of huge datasets resulting 

from NGS projects for the assessment of important ecological questions is not per se given, 

since the phylogenetic or physiological diversity in a functional group or in a total microbial 

community is hardly measured completely. In 2012, Prosser (Prosser, 2012) asked 

provocatively: “Are there important ecological questions that require characterisation of every 

16S rRNA gene sequence in a sample?” and responded with: “It is unlikely that 1 g soil or 1 L 

seawater requires 100,000 different 16S rRNA gene-defined phylotypes to function 

efficiently.” The same might be true for functional marker genes as MasD. However, I am 

sure that high-throughput sequencing studies are relevant for providing insights into 

community structure and diversity. Neverthless, future challenges in molecular ecology and 

diversity analysis will very likely consist of interpreting observed diversity patterns as a 

function of contextual environmental parameters (Ramette, 2007). Techniques are available to 

characterize vast diversity within microbial communities. In particular, multivariate statistical 

analyses allow to answer, according to Ramette (Ramette, 2007), exciting questions in 
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ecology, which “typically consist of determining whether community patterns are structured 

across space or time, of explaining how those patterns can be related to environmental 

heterogeneity, and of quantifying how much still remains unexplained when all significant, 

measured variables have been considered”. In order to structure and organize huge datasets 

resulting from NGS studies: i) ecological theories must be applied so that these datasets have 

predictive power and provide mechanistic insights (Cravo-Laureau and Duran, 2014); ii) key 

questions have to be identified and addressed through conceptual approaches and with 

appropriate experimental design and techniques; iii) links between microbial community 

composition, interactions and their relevance to ecosystem function have to be found. Most 

ecological theories depend on the concept of species (Rosselló-Mora and Amann, 2001; Yarza 

et al., 2014) and the concept of niches (Whittaker et al., 1973; Wagner et al., 1995). Both of 

them are challenged by knowledge gained through interpretation of huge datasets that reveal 

widespread microbial gene-transfer processes, which are erratic and transfer only a small part 

of the genome (Koonin et al., 2001). The importance of homologous recombination and 

horizontal transfer differ greatly among well-studied microbial species, and perhaps even 

more among the uncultured masses in the environment (Prosser et al., 2007). However, in 

future, a greater focus on ecological questions, more critical analysis of accepted concepts and 

consideration of the fundamental mechanisms controlling microbial processes and interactions 

in situ are needed. In conclusion, with the introduction of molecular methods to study 

indigenous microorganism, it is possible to study microbial populations involved in the 

degradation of spilled crude oil in situ, revealing much regarding the relationship between 

microbial population structure and the process of bioremediation. Anaerobic hydrocarbon 

degradation in marine environments has only recently been widely accepted for 

bioremediation. Therefore, it is a need to determine in which circumstances this process will 

have a significant impact on the dissipation of crude oil contamination (Hassanshahian and 

Cappello, 2013), especially since the studies presented in my thesis have shown that anaerobic 

hydrocarbon degradation is mediated by highly divers groups of microorganisms. 

Outlook 

Several aspects of anaerobic microbial hydrocarbon degradation were covered by my thesis, 

such as the functional diversity of n-alkane degraders and responding microbial groups to 

particular hydrocarbon species. However, they need to be studied further to obtain a 

comprehensive overview of the biodegradation processes that take place in natural habitats as 



General Discussion 

 

 
145 

well as in crude oil impacted areas. Future studies should take into consideration the high 

diversity of enzymes capable of initiating hydrocarbon degradation revealed by my studies 

and implement integrated studies combining culture-based (enrichment cultures, isolates) and 

cultivation-independent techniques (single cell genomics) as performed for this thesis. Of 

particular interest would be the further identification and characterization of the responding 

groups, e.g. LCA2, SCA1. Further optimization of the geneFISH protocol to identify and to 

ultimately quantify the MasD community (Chapter II) should be attempted. Quantifications, 

although challenging, would allow for the calculation of hydrocarbon consumption and turn-

over. The established masD database might help to achieve this goal. Additionally, work in 

population genomics, metabolomics or compound-specific isotope analysis would be useful 

for a better resolution of in situ microbial activity.  
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Summary  

Microbial response to a simulated petroleum seepage was investigated in Caspian Sea 

sediments using a Sediment-Oil-Flow-Through system. Distinct redox zones established 

within the Caspian Sea sediment core during petroleum seepage and the depths of these 

different geochemical zones changed over time. Methanogenesis and sulfate reduction were 

identified as important processes in the anaerobic degradation of hydrocarbons during 

petroleum seepage in Caspian Sea sediments. The 13C signal of produced methane showed a 

decrease from -33.7‰ to -49.5‰ after 190 days of petroleum seepage indicating biogenic 

methane formation. The role of methanogenesis in anaerobic degradation of petroleum was 

confirmed by enrichment culturing and also supported by the presence of methanogenic 

archaea. Increased rates of sulfate reduction rates were observed after the petroleum seepage 

and sulfate reduction activity was confirmed by presence of sulfate reducers involved in 

hydrocarbon degradation. With the increase in sulfate reduction activity over time, the oxygen 

penetration depth decreased. Volatile hydrocarbons from C1 to C6 n-alkanes were completely 

depleted in the sulfate reducing zone during the upward migration of petroleum. Higher n-

alkanes were observed to decrease along the course of upward migration of petroleum. 

Petroleum seepage was found to influence and establish a successive change in different 

geochemical parameters, redox processes, microbial community and composition of crude oil 

with respect to sediment depth. 
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Introduction 

Petroleum is a complex mixture of hydrocarbon. Geothermal action on kerogen in fine-

grained sedimentary rocks leads to the formation of petroleum oil and gas over geological 

timescales. Petroleum then migrates from its source to hydrocarbon pools and then seeps out 

through faults and cracks driven by buoyancy, capillary pressure and hydrodynamic gradients 

(Tissot and Welte 1984). The main groups of petroleum crude oil are saturated hydrocarbons 

(normal and branched alkanes), aromatic hydrocarbons, resins and asphaltenes (Tissot and 

Welte 1984). The two principal processes through which crude oil enters the marine 

environment are either naturally through seepage or via anthropogenic accidents like oil 

spills. It is estimated that 600 metric tons of oil enter earth’s ocean each year accounting to 

47% of the total crude oil input (Kvenvolden & Cooper 2003). In the marine environment, 

crude oil is subjected to weathering by physical, chemical and biological processes (Hunt 

1996, Wardlaw et al. 2008) and microbial degradation is the most important degradation 

process involved (Das & Chandran 2011 and references therein). Most studies so far have 

focused on the microbial degradation of spilled oil in the oceans’ water column (for example, 

Delvigne & Sweeney 1988; Atlas 1991; Prince et al. 2003; Jiménez et al. 2006; Prince et al. 

2013) whereas relatively few studies have investigated the microbial degradation of crude oil 

in hydrocarbon seeps (Wenger & Isaksen 2002a; Wardlaw et al. 2008; Orcutt et al. 2010). 

Unlike in marine oil spills, where petroleum enters through the oxygenated water column 

undergoing powerful breakdown by aerobic respiration (Head et al. 2006), in natural seeps 

petroleum enters the microbially active zone from the anoxic, energetically lower end of the 

redox cascade. Therefore, different microbial steps are expected in oil spills and oil seeps. 

Anaerobic degradation is the first process to which petroleum is subjected in a natural seep in 

contrast to an oil spill where it is the last one. Apart from that, most laboratory investigations 

on microbial degradation of petroleum have either focused on single microorganisms or single 

hydrocarbon compounds through enrichment cultures or isolates. There is still a lack of 

knowledge on the important hydrocarbon degraders and their behavior in situ and the fate of 

petroleum under anoxic conditions (Head et al. 2006). Widdel et al. say that it is still a 

challenge in research to detect heterogenously distributed main anaerobic hydrocarbon 

degraders in oil-bearing habitats (Widdel et al. 2010). Batch cultures are insufficient to know 

the fate of petroleum in a natural ecosystem (Horowitz & Atlas 1977). According to Horowitz 

and Atlas, since it is impossible to mimic all the environmental determinants in laboratory, the 

best chance to study the fate of crude oil in a natural ecosystem is through chemostats which 

maintain a constant influx and efflux of nutrients and products, respectively. There have been 
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studies based on continuous flow-through systems to investigate oil spill degradation but none 

on oil seepage (Horowitz & Atlas 1977; Bertrand et al. 1986). Investigations on hydrocarbon 

seep sites usually only involved snapshots of biogeochemical characteristics (Bauer et al. 

1988; Wenger & Isaksen 2002a; Wardlaw et al. 2008; Orcutt et al. 2008). None of the studies 

could do in-situ monitoring of biogeochemical processes over time in an oil seep. Therefore, 

in this study a Sediment-Oil-Flow-Through (SOFT) system, modified from the SLOT system 

(Steeb et al. 2014), was developed. The SLOT system simulates a methane seep and mimics a 

benthic methane filter in intact sediment cores. The SOFT is based on the SLOT system 

which simulates an oil-seep like condition in intact sediment cores (Figure 1). It enables us to 

monitor biogeochemical changes in the sediment core while the crude oil is seeping out. To 

our knowledge, this is the first study that uses a continuous sediment-flow-through system to 

investigate the response of marine sediment to a simulated small-scale petroleum seepage.  

The sediment core selected for this study was collected from Caspian Sea (Figure 2). 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 1998). It has an area exceeding 

390,000 km2 with a water volume of around 78,000 km3 (Kosarev, 2005). The salinity of 

Caspian Sea is around 13 ppt and the relative concentrations of SO4
2-, Ca2+. Mg2+ are higher 

than in average seawater due to the inflowing rivers Volga and Kura (Millero & Chetirkin 

1980). It is one of the oldest oil producing regions in the world and has huge oil and gas 

reserves (Effimoff 2000). Petroleum hydrocarbons in Caspian Sea were first identified by the 

presence of active oil and gas seeps that are associated with mud volcanoes (Katz et al. 2000). 

Offshore drilling activities and land based sources like oil refineries, petrochemical plants, 

pipeline constructions have led to pollution and contamination of the Caspian Sea (Karpinsky 

1992; Dumont 1995; Dumont 1998; Abilov et al. 1999). Since Caspian Sea is an enclosed 

basin, pollutants discharged into it remain trapped which leads to heavy contamination within 

the basin (Tolosa et al. 2004). Many geophysical and hydrological studies have been 

conducted on Caspian Sea (for example, Rozengurt & Hedgpeth 1989; Peeters et al. 1999; 

Katz et al. 2000; Effimoff 2000; Guliyev et al. 2001; Zatyagalova et al. 2007) but few studies 

have focused on the microbial community and crude oil degradation (Hassanshahian et al. 

2012; Hassanshahian 2014; Mahmoudi et al. 2014). Caspian Sea was selected for the current 

study because of its adaptation to natural petroleum systems and as well as to anthropogenic 

contamination. A detailed biogeochemical and hydrocarbon characterization of Caspian Sea 

sediments in response to crude oil seepage in the SOFT system is provided in this study. In 
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part II of this study, a detailed microbial community analysis of Caspian Sea sediment in 

response to the SOFT experiment is provided by Stagars et al. (Stagars).  

 

Results and discussion 

Geochemical gradients: organic carbon  

Petroleum seepage like conditions were created in sediment cores from Caspian Sea with the 

Sediment-Oil-Flow-Through system (SOFT system). North Sea crude oil (provided by 

Deutsche Erdöl GmbH) was introduced into the core at a flowrate of 3.5 μL per minute. Oil 

slicks were observed on the overlaying water on the sediment core in the SOFT system within 

one to two days of the start of the flow. The upward migration of petroleum was supported by 

comparing the vertical profile of organic carbon (Corg) in the sediment core for initial 

conditions and the sediment core that underwent the SOFT system (Figure 3A). The amount 

of organic carbon increased with increasing sediment depth in the SOFT core. In contrast to 

the SOFT core, relatively low amounts of organic carbon was present constantly throughout 

the depth of the initial core. Petroleum hydrocarbons represent a form of organic enrichment 

of marine sediments (Bauer et al. 1988). Therefore, an enrichment in organic matter was 

observed in the SOFT core undergoing petroleum seepage. The C/N ratios also increased 

drastically in the SOFT core as compared to the initial core (Figure 3B). An increase in 

sediment carbon content and C/N ratios with increasing oil content have been also observed in 

sediments from Coal Oil Field suggesting that petroleum hydrocarbons largely affect the 

quality of marine sediments at seep sites (LaMontagne et al. 2004). While most organic rich 

sediments receive their organic input from above, seep sediments receive their organic matter 

from below through the upward flux of petroleum hydrocarbons (Bauer et al. 1988). As a 

result, although seep sediments share some common geochemical and microbial 

characteristics with other organic rich sediments, some features however, remain unique to 

petroleum seeps (Bauer et al. 1988).  

 

Geochemical gradients: electron acceptors 

Measurements of different electron acceptors and their reduced products indicated a vertical 

zonation of different redox processes over depth in the SOFT core (Figure 4 and 5). The 

zonation of redox processes was in line with the natural redox ladder found in marine 

sediments (Jorgensen 2006). A gradient from oxic to anoxic condition was established in the 

SOFT core during petroleum seepage. Oxic zone was followed by a sulfate reducing and 

methanogenic zone.  
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Oxix zone 

Consumption of oxygen and the total oxygen uptake is an indicator for carbon mineralization 

(Canfield et al. 1993; Glud 2008). 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 important redox processes (Cai & Sayles 1996). Microprofiles of 

oxygen concentration were taken during the SOFT experiment at different times (Figure 4). 

There is no oxygen data available from the initial condition because the sediment cores were 

sealed and stored for 3 months before the start of the experiment and we assume that the cores 

had turned anoxic due to oxygen consumption. After 44 days from the start of SOFT 

experiment (first measurement point), oxygen concentration in the overlaying water was 

around 250 μM and the oxygen penetration depth into the sediment was around 3.5 mm. After 

190 days of the seepage experiment (final measurement point), the oxygen penetration depth 

decreased to only 2 mm. This indicates that there was a rapid consumption of oxygen which 

increased over time during petroleum seepage and led to a thinning down of the oxic zone in 

the Caspian Sea core. This observation is supported by increased rates of oxygen uptake up to 

two orders of magnitudes reported at cold seep sediments compared to non-seep sediments 

(Boetius & Wenzhöfer 2013).  

 

Anoxic zone 

H2S and sulfate concentration continously increased and decreased, repectively, over time 

(Figure. 5) indicating the activity of a sulfate reducing bacteria (SRB). This zone appeared to 

move upwards and closer to the surface over time, reaching its strongest development 

between 0 to 8 cm at the end of the incubation (190 days). At this point, sulfate penetration 

was reduced to the top 8 cm from 16 cm at the beginning of the experiment. Direct 

measurements of sulfate reduction before (initial core) and after the SOFT incubation (SOFT 

core) confirmed that the highest activity was located in the upper half of the core. The 

integrated rates for sulfate reduction rates doubled from 2.8 mmol SO4
 2- m-2 day -1 before to 

5.7 mmol SO4
 2- m-2 day -1 after petroleum addition. Sulfate reduction rates were also observed 

to be high at oil and gas seeps compared to non-seep sediments (Aharon Fu, B. 2000; Joye et 

al. 2004; Orcutt et al. 2010). An overview of sulfate reduction rates in different oil and gas 

seeps is provided in Table 1. Sulfate reduction is an important process in mineralization of 

organic carbon and anaerobic degradation of hydrocarbons. The sulfate reducing zone moved 

upwards which might have led to the narrowing of the oxic zone mentioned before. It was 

observed that both the sulfate reduction zone and the oxic zone were forced towards the 
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sediment surface during petroleum seepage. In a study on the microbial community 

composition and diversity, it was indicated that dissimilatory sulfate reduction might be the 

most important process for anaerobic degradation of organic matter in the Caspian Sea 

(Mahmoudi et al. 2014). However, another study also in the South Caspian Sea observed that 

either sulfate reduction was not happening or playing a minor role despite anoxic conditions 

and presence of sulfate (Jost, 2014). In this study, microbial community analyses revealed a 

high diversity of sulfate reducing bacteria (SRB) in the initial cores of Caspian Sea whose 

relative sequence abundace increased in the SOFT core after crude oil seepage (Stagars). This 

indicates that sulfate reduction is an important process in anaerobic hydrocarbon degradation 

in Caspian Sea sediments. Detailed description of microbial community structure and 

distribuion is provided in Part II by Stagars et al. 16s rRNA gene analyses revealed that 

Deltaproteobacteria was the major class in both initial and SOFT sediment cores. However, 

the orders within Deltaproteobacteria differed remarkably between the SOFT and the intial 

core. Sequences of several hydrocarbon degrading SRB were detected. For example, 

sequences related to Desulfobacula toluolica, Desulfosarcina, SEEP-SRB, LCA1 and LCA2 

were detected. An increase in the total cell counts of Desulfobacula (6%, Katrin?) and 

LCA1(3%, Katrin?) was observed in the SOFT core compared to the initial core. The highest 

number of Desulfobacula cells were observed between 0 to 8 cm in the SOFT core which was 

identified as the sulfate reducing zone by geochemical characterization. The increase in the 

SRB in the sulfate reducing zone supports that the vertical zonation of redox processes and 

distribution of petroleum degrading microbial community is influenced by petroleum seepage. 

Below the penetration of sulfate, methane production upto 2300 μM was observed (Figure 5). 

The methanogenesis observed was linked to degradation of petroleum is discussed in detail in 

a following section. 

 

Hydrocarbon gradients: n-alkanes 

The volatile fraction of the hydrocarbons (C1 to C6) appeared to be comsumed during the 

upward migration of the crude oil, as they completely disappeared in the upper 4 cm of the 

core (Figure. 6). Since the top 8 cm was the zone with the highest sulfate reduction activity 

(Figure. 5), we postulate that sulfate reducers were mainly responsible for the degradation of 

these volatile short-chain n-alkanes. This is supported by the presence of alkane degrading 

SRB detected in the SOFT core by phylogenetic studies. Anaerobic oxidation of short-chain 

alkanes by sulfate-reducing bacteria has been reported in marine seep areas of Gulf of Mexico 

and Guayamas basin (Kniemeyer et al. 2007). It also indicates that the short-chain alkanes 
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were degraded only after they had passed through the methanogenic zone. It is known that 

methongenic crude oil degradation mainly used long-chain n-alkanes (Zengler et al. 

1999)(more references) which would explain why they disappeared only after reaching the 

sulfate reducing zone. The largest absolute amount of higher hydrocarbons (n-alkanes C9 to 

C32) was observed in the deeper layers, probably as the oil was introduced from the bottom 

(Figure. 4A). Upon normalizing the concentrations of n-alkanes at each depth over the 

deepest layer (16 cm), a succesive decrease in n-alkanes towards the surface was observed 

(Figure 4B). The lower chain n-alkanes were the first ones to be degraded during the upward 

migration of oil. From 16 cm to 8 cm, C10 to C12 n-alkanes decreased by around 100% and 

75% , respectively but C14 to C26 n-alkanes had only decreased by around 50%. From 7 cm to 

1.5 cm (the sulfate reducing zone), all the n-alkanes were decreased by 90% to 100%. To 

confirm that the successive decrease in n-alkanes was not just a representation of the spatial 

distribution of the crude oil at different depths of the core, the relative percentage of 

individual alkanes with respect to the whole crude oil compostion was calculated over depth 

(Figure 8). It also indicated a preferential degradation of the lower hydrocarbons. The vertical 

succession of hydrocarbons in this core is relatively similar to that observed in a 2 m core 

from an oil seep in West Africa where the deepest sample had unbiodegraded oil and the 

shallower depths showed a progressive upward degradation of oil and gas (Wenger & Isaksen 

2002b). In the same study, they observed that n-alkanes over the C8 to C14 range were 

attacked first during biodegradation in oil reservoirs. A decrease of 100% in n-alkanes was 

observed between the reservoir oil and the seeped oil at the seafloor in samples from Coal Oil 

Point seeps and biodegradation was the main degradation process in the decrease of the 

petroleum hydrocarbons (Wardlaw et al. 2008). This indicates that microbial activity led to 

comparable successive degradation of n-alkanes in the Caspian Sea core during the SOFT 

experiment as found in some other marine seeps. This was supported by phylogenetic studies 

and masD gene analyses (Stagars et al., in prep). As mentioned above, the total cell count of 

Desulfobacula and LCA1 increased in the SOFT core after crude oil seepage. Desulfobacula 

is known to be asoociated with toluene degradation and LCA1 is associated with long chain 

alkane degradation. This indicates the degradation of n-alkanes by SRB in thze SOFT core. A 

relative increase in the SEEP-SRB1 and Desulfosarcina sequences from intial to SOFT core 

also indicates the increased activity of SRB in degradation of petroleum. SEEP-SRB are 

known to be abundant in hydrocarbon rich sediments (Knittel..ref). Desulfosarcina is 

associated with anaerobic degradation of hydrocarbons (Kleindienst et al. 2014). Detection of 

masD gene analyses in the sulfate reducing zone also supported the role of alkane degrading 
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SRB in the degradation of n-alkanes in observed in the SOFT core. The masD genes are used 

as biomarkers for alkane degraders and are known to play a role in medium chain and short 

chain alkanes. The degradation of short chain n-alkanes (C1 to C6) and medium chain alkanes 

SOFT system allowed a finer resolution of hydrocarbon succession irrespective of the length 

of the core (Figure 4A). C28 to C32 n-alkanes were also observed to decrease along the upward 

migration of crude oil. This could indicate either degradation of long chain n-alkanes or a 

physical fractionation where the heavier alkanes move slower than the lower alkanes within a 

petroleum seep. Decrease in n-alkanes was also observed in upper 0 to 1 cm (surface 

sediment) of the SOFT core (data not shown) which could be associated with aerobic 

degradation of hydrocarbons. An increase in sequences belonging to Alphaproteobacteria was 

observed in the surface sediment of SOFT core compared to the initial core indicates a link to 

aerobic degradation of hydrocarbons (Stagars et al., in preparation). However, since the 

overlaying oil slick was very close to the sediment surface and there was constant aeration of 

the seawater which caused tiny particles of oil to settle on the sediment surface. Since this 

influence is more similar to an oil spill, we consider the hydrocarbon degradation observed in 

the SOFT core non-representative for a seepage scenario. Therefore, the focus of the present 

study is mainly on the anaerobic degradation of hydrocarbons.  

 

Methanogenic crude-oil degradation in Caspian Sea during the SOFT experiment 

A methanogenic zone was observed just below the sulfate reducing zone in the Caspian Sea 

core. Methane upto around 2300 μM was produced in this zone. Isotope analysis revealed an 

enrichment in the 13-C methane after the seepage experiment (Figure 5). At 8 and 10 cm 

depth, the 13C signal of methane decreased from -33.7‰ and -36.7‰ to -49.5‰ and -43.6‰ 

respectively. This indicates that there was a shift from the thermogenic methane found in the 

initial sediments of Caspian Sea towards biogenic methane after the crude oil seepage. 

Methanogeneis was also observed at nearby offshore sites in Caspian Sea where even pure 

biogenic 13C singnals upto -78.76 ‰ were observed in some of the sites (Jost 2014). In this 

study, however, the initial 13C methane signal was of pure thermogenic signature. Upon 

subjection to constant crude oil seepage, a shift towards biogenic signature was observed in 

190 days indicating an increase in the microbial activity. It can be assumed that over longer 

seepage time, the 13C signal could have moved further towards the biogenic spectrum. 

Methanogenic degradation of organic matter takes place when there are no other electron 

acceptors left. The methanogenesis observed here was assumed to be involved in degradation 

of crude oil. Enrichment cultures of methanogens with selected hydrocarbons showed positive 
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response. Laboratory investigations have observed production of methane in batch cultures 

with single hydrocarbons (eg. XYZ) or crude oil as substrates indicating methanogenic 

degradation of these compounds (Zengler et al. 1999; Anderson & Lovley 2000; Jones et al. 

2008; Sherry et al. 2014). To the best of our knowledge, this is the first study where methane 

production was observed in the oxygen and sulfate depleted zone of an intact Caspian Sea 

sediment core within 190 days of crude oil seepage simulation without the use of any 

additional vitamin spiked medium. It would be safe to assume that the methanogenic 

hydrocarbon degrading potential observed here is the closest that could be related to in situ 

condition in Caspian Sea. In response to Parkes’ question on whether the methanogenic 

degradation of crude oil in Zengler’s study could be possible in nature without the support of 

sulfate reduction, Anderson and Lovely’s experiment proved that methanogenesis was 

possible in sulfate depleted cultures (Zengler et al. 1999; Parkes 1999; Anderson & Lovley 

2000). The present study supports the fact methanogenesis could occur relatively fast in 

sulfate depleted zones of sediment in situ, especially at oil seeps. Phylogenetic analysis 

revealed an increase in the methanogenic archaea from the intial conditions to after seepage 

(Stagars et al., in preparation for Part II). 

 

Experimental Procedures  

Set up of the SOTF system 

A Sediment-Oil-Flow-Through system (SOFT system) was developed to simulate oil seepage 

conditions in intact undisturbed sediment cores by pumping crude oil from the bottom and 

providing diffusive supply of electron acceptors via artificial seawater from above (Figure 1). 

The SOFT system was based on and modified from the sediment-flow-through (SLOT) 

system established by Steeb et al., that simulated a methane seep (Steeb et al. 2014, see Table 

2 for detailed comparison) . An intact sediment core was collected in a gas-tight 

polycarbonate core liner (see Table 2 for dimensions, Figure 10). The core liner had three 

vertical lines of 21 sampling holes each (diameter 4 mm, distance between two holes 5.8 

mm). The holes were sealed with residue-free silicon (Aquasil, Probau). An oxic to anoxic 

depth gradient was maintained within the core to mimic the natural redox zonation found in 

marine sediments. Oxic conditions were maintained in the upper part of the core by aerating 

the overlaying seawater through air pumps. The upper end of the core was sealed by a semi 

open PVC cap (Figure10) with Parafilm around it which allowed oxygen to pass through from 

outside. The upper cap also had 3 holes to allow tubing from the air pump, inflowing seawater 

from the reservoir and outflowing seawater to the collection bottle. The bottom part of the 
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core was made anoxic by sealing the end of the core liner by rubber stoppers (Figure 10). Two 

metal channels (biopsy needle) were integrated in the rubber stoppers through which crude oil 

was pumped by peristaltic pumps. All tubing connections (sediment core, crude oil reservoir, 

seawater reservoir, collection bottle and air pump) were established with Iso-versenic tubes 

(gas tight and autoclaveable), polypropylene tube connectors and fast couplers. Crude oil was 

pumped into the sediment core at ~ 3.5 μL min-1 with peristaltic pumps (Medorex TL/10E, 

min/max pump volume 0.1 L min–1/400 L min–1 ) using Santropen (autoclaveable, 

highflexible, very resistant) tubes (inner diameter 0.5 mm, outer diameter 1.6 mm). Crude oil 

pumping was switched on and off at frequent intervals (four to five days of no-flow vs. two to 

three days of oil-flow). The oil slicks that were formed due to seeped oil were regularly 

removed from the overlaying seawater with sterile syringes. Crude oil used in this experiment 

was from North Sea (Mittelplatte), provided by Dea Deutsche Erdoel AG Artifical seawater 

was introduced into the sediment core from above through the persitaltic pumps at a flow rate 

of 25 μL min-1. Simultaneously, an outlet tube was placed at a higher level which removed the 

overlaying seawater at 25 μL min-1 to maintain a constant level of seawater in the sediment 

core. The seawater reservoir was kept aerobic by sealing it with sterile cotton plugs. A 

connecting tube was integrated into the cotton plug before autoclaving. In order to keep the 

seawater conditions as natural as possible, unlike the use of sulfate reducer medium (Widdel 

and Bak 2006) in Steeb’s SLOT system, no special medium with additional vitamins was 

provided here for potential sulfate reducing bacteria. In situ conditions were measured in the 

initial core and the artificial medium was prepared accordingly (see table xx for details). 

Seawater was prepared by mixing 13 g of Sea salts (Sigma Aldrich) to get a salinity of 13 psu. 

Additional sulfate was spiked in the form of magnesium sulfate to obtain the in-situ sulfate 

concentration of Caspian Sea which is around xx mM. Despite low salinity, Caspian Sea has 

relatively high sulfate content due to inflowing rivers (reference). The whole SOFT 

experiment was carried out in dark in an incubator at a temperature of 16°C (average 

temperature of Caspian Sea water in Baku in November, reference). 

Study site and sampling 

In November 2012, 5 sediment cores were collected from a beach in Caspian Sea in Baku, 

Azerbaijan (Figure 2). The site is located in the South basin of Caspian Sea (coordinates). 

Caspian Sea is known for its hydrocarbon reserves (references). The site was chosen due to 

presence of geological activity related to transport of hydrocarbons at nearby off and on shore 

mud volcanoes. The water depth was around 60 cm and the cores were collected by directly 
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walking in to the water. The cores were collected in PVC core liners as described above by 

pushing them into the sediment. The sediment cores were sealed with rubber stoppers and was 

air free (filled with seawater to the brim). The cores were stored at the Geological Institute of 

Azerbaijan in dark in a cold room until shipping to Kiel in February 2013. In Kiel, the 

sediment cores were stored in cold room (10°C) until immediate processing for initial 

condition measurements and SOFT experiment preparation was done. Two cores were 

analyzed for geochemical and molecular analyses of initial conditions (before the start of 

SOFT experiment). One core was selected for the SOFT experiment. The SOFT sediment 

core was around 16 cm deep. The sediment was sandy with a porosity of 0.4. 

Porewater sampling in SOFT 

Rhizons (Rhizosphere, CSS-F, length 5 cm, diameter 2.5 mm, pore size 0.2 m) had been 

permanently fixed to one set of the sampling holes in the sediment core for the entire duration 

of the experiment at the time of setting up the SOF system (for details see Steeb et al. 2014). 

Around 0.05 to 0.1 ml of this was used for measuring Total alkalinity by titration 

immediately. The rest was stored in 2 mL cyro-vials at -20°C which was later used for 

analyzing sulfate, nitrate, chloride and bromide with Ion Chromatography. Samples were 

taken every 1 to 2 cm and one time each from the seawater medium reservoir and the 

overlaying seawater in the core.  

Porewater analyses: Sulfate, Nitrate, Chloride, Bromide and Total alkalinity, 

Porewater concentrations of sulfate, nitrate, chloride and bromide were determined by ion- 

chromatography. A Metrohm ion-chromatography equipped with a conventional anion-

exchange column and carbonate-bicarbonate solution as eluent was used. The IAPSO 

standard seawater was used for calibration. Sulfate and chloride were measured with a 

conductivity detector. Bromide and nitrate were measured with a UV detector. The nitrate 

data will not be shown here because due to an influence of the crude oil present in the pore 

water the data produced were not reliable. Total alkalinity was determined by titrating 50 to 

100 μL of porewater with 0.01 M HCl titrosol solution (Merck) to determine total alkalinity 

(TA, Ivanenkov and Lyakhin 1978) using the Tashiro indicator (a mixture of methyl red and 

methylene blue). An electronic burette (876 Dosimat plu Metrohm) was used and the titration 

vessel was bubbled with N2 to strip any CO2 or sulfide produced during the titration. The 

IAPSO standard seawater was used for calibration. 
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Microelectrode measurements: H2S, oxygen, redox, pH 

One set of sampling holes that were sealed with silicon was used for microelectrode 

measurements. Steel needle as well as glass microelectrodes were used for the analyses of 

H2S, redox, pH and oxygen. The microelectrodes were inserted through the silicon filled 

sampling holes into the sediment core and the measurements were recorded (Steeb et al. 

2014). H2S was measured with needle microelectrodes (Unisense, Denmark; H2S –N, tip 

diameter 0.8 mm). The sensor was calibrated by 6 different concentrations of NaS standard 

solution (0, 100, 200, 500, 1000, 2000 mol L–1). The standards were prepared with oxygen 

free citric acid-phosphate buffer of pH 7.5 (Mcllvaine) and 10% v/v TiCl. The standards were 

stored at 16°C overnight to obtain the same temperature as the sediment core. Cooling packs 

were used to stabilize the sediment cores during measurement at room temperature (because 

their incubation temperature was 16°C). The sensors were allowed to adapt for 5 to 20 

minutes after penetrating the sampling holes until the value was noted i.e. at least 90% of the 

response signal, t90 (Steeb et al. 2014). Oxygen was measured with miniaturized Clark-type 

glass microelectrode (Unisense, Denmark; OX-100, tip diameter 100 μm). Deionized water 

was stored at 16°C overnight to obtain the same temperature as the sediment core. A two 

point calibration was done by using air saturated water (100% atm oxygen) and anoxic water 

(0% atm oxygen). Deionized water in the Unisense calibration chamber CAL300 was bubbled 

with nitrogen for 10 minutes to obtain the zero oxygen solution. Air saturated solution was 

prepared by bubbling air (from an air pump) into deionized water in another Unisense 

calibration chamber CAL300 for 10 minutes. The solutions were kept at 16°C overnight to get 

the corresponding temperature. Vertical profiling was done with a step size of 100 μM, 

measuring period of 3s and waiting period of 15 s. pH was measured with microelectrodes 

from Microelectrodes Inc. (MI 411 B, gauge 20). For a three-point calibration (pH 4.01, 6.89, 

and 9.18), standard pH buffers from Merck were used. However, after 2 time points, we 

switched to Unisense microelectrodes (pH-N, tip diameter xx mm) due to unstable response 

of Microelectrodes Inc. We assume the performance of pH microelectrodes from 

Microelectrodes Inc. was affected by the presence of crude oil in the sediment core. Redox 

potential was measured with a sensor from Unisense, Denmark (RD-N, tip diameter 0.8 mm) 

or a redox needle sensor (MI-800, gauge 25, Microelectrodes Inc). The sensor was calibrated 

with a two point calibration of saturated quinhydron solution in buffers of pH 4 and 7. Redox 

potential in mV relative to the standard hydrogen electrode (SHE) was provided by the sensor 

manual. However, the data will not be shown because the redox sensor was very sensitive to 

the oil residues in the sensor even after cleaning and the values were not reliable. In 
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subsequent experiments, redox microelectrode of glass (Unisense, RD-100, tip diameter xx 

mm) were used which were easier to clean and had much better performance. 

End of the SOFT experiment and core slicing for sediment analyses 

After 190 days of seepage experiment, the SOFT system was stopped. The sediment core was 

sliced vertically every 1 to 2 cm on an extruder. The bottom cap was removed slowly and the 

core was immediately placed on the extruder (diameter ~5.8 cm). The overlaying seawater 

was removed from the top with a 60 mL syringe. However, there was an oil slick settling over 

the sediment surface. Therefore, the 0-1 cm was not considered to be representative in some 

sediment parameter analyses. Sediment samples were then collected for the analyses of C1-C6 

n-alkanes and  -13 C isotope, C9 to C40 n-alkanes, porosity, sulfate reduction rates (SRR), 

total organic carbon (subsample of porosity), 16s rRNA phylogenetic studies, CARD-FISH 

and enrichment culturing for methanogens and sulfate reducers. 

Sediment analyses: C1 to C6 n-alkanes and  -13 C 

Dissolved hydrocarbons (C1-C6) were released from samples sediment subsamples by using 

the head space technique. 2 ml of sediment and 5 ml of 2.5% NaOH solution were 

equilibrated in a septum-sealed 13 ml headspace glass vial at room temperature (e.g. Sommer 

et al. 2009). 

Hydrocarbon (C1-C6) composition of the head space gas was then determined with a “Thermo 

Trace ultra” gas chromatograph equipped with flame ionization detector (carrier gas: helium 

5.0; capillary column: RT Alumina Bond-KCl, column length: 50 m; column diameter: 0.53 

μm). Precision of ±1-3% was achieved when measuring standard hydrocarbon mixtures. 

Stable carbon isotope ratios of methane and higher hydrocarbons (C1-C4) were measured by 

using a continuous flow GC combustion - Isotope Ratio Mass Spectrometer combination. 

Hydrocarbons were separated in a Thermo Trace GC (carrier gas: He; packed column: 

ShinCarbon, 1.5 m). The subsequent conversion of hydrocarbons to carbon dioxide was 

conducted in a Ni/Pt combustion furnace at 1150°C. The 13C/12C-ratios of the produced CO2 

were determined by a Thermo MAT253 isotope ratio mass spectrometer. All isotope ratios are 

reported in the -notation with respect to Vienna Pee Dee Belemnite (VPDB). Analytical 

precision of the reported isotopic composition is ± 0.3 ‰. 

Sediment analyses: C9 to C40 n-alkanes 

Sediment samples were collected in aluminum foil and frozen at -20°C until analyses. Prior to 

extraction, they were taken out of the freezer and allowed to thaw in the fridge at 4°C. 
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Sediment samples of the SOFT core were extracted with an Accelerated Solvent Extraction 

(Dionex ASE 150, Thermoscientific) and measured in GC-MS (Shimadzu, GCMA-QP2010 

with auto injector AOC-20i) for n-alkanes. Around 4g of sediment 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 glass chromatographic 

column (Eydam, length 25 cm, inner diameter 1 cm). The chromatographic column was filled 

with 1 g of silica gel (Roth, 230-400 mesh size, preheated at 450°C for 4 hours and activated 

with 8% v/w MiQ water) and contained silanized glass wool at the outlet end. The column 

was then washed portion wise with 20 ml of n-hexane and the resulting extract was collected 

and dried in a conical flask. The conical flask was then washed with 2 ml of n-hexane and this 

final solution was measured with GC-MS (1:10 or 1:20 dilution depending on the sample). 

Before the extraction process, deuterated tetracosane (C24D50) was used as an internal 

standard (IS) in the extraction cell. 100 μL of 2000 ng μL-1 C24D50
 was added to the extraction 

cell to get an end concentration 20 ng μL-1 C24D50 in the final extract. A solution of 20 ng 

μL-1 C24D50 was also measured separately to get a reference peak area. The ratio of the two 

peak areas of the IS was used to calculate the recovery of individual n-alkanes in our samples. 

The GC-MS had a capillary column (ZB-1HT Inferno, length 30 m, thickness 0.25 μm, 

diameter 0.25 mm). Helium Alphagaz-1(Air Liquide) was used as the carrier gas with a flow 

rate of 0.8 mL per minute. The samples were measured in scan mode with the m/z range of 43 

to 85. A precision range for each n-alkane in the North Sea crude oil is provided in Figure 11 

and Table 3.  

Sediment analyses: Porosity 

Porosity was measured by weighing the wet weight and freeze dried weight of the sediment. 

Porosity was then calculated from the water content assuming a dry solid density of 2.63 g 

cm-3. 

Sediment analyses: SRR  

Sulfate reduction rates were measured with the 35-S radio tracer method.  

Sediment analyses: Molecular analyses  

From intial core and the SOFT core, 3 ml of sediment was frozen at -80°C in cryo vials for 

16s rRNA phylogenetic studies at MPI Bremen (Stagars et al.). DNA of the sediment samples 

was extracted and the bacterial 16s rRNA was amplified with 341F / 845R primers Gene 

diversity was investigated for both archaea and bacteria in order to follow the response of 
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crude oil seepage on microbial community distribution. 454 pyrosequencing was conducted 

on samples of initial and SOFT core to study the bacterial diversity. Comparison of the 

bacterial community structure in different samples (between depth related subsamples of 

initial and SOFT cores) was done by performing cluster analysis on dissimilarity matrices on 

genus level and the Bray Curtis algorithm. Ordination analysis using the three-dimensional 

non-metric multidimensional scaling (NMDS) was done to see if the microbial community 

was distributed and structured based on different depths in the sediment cores (details of the 

molecular work is presented in a separate in Stagars et al). 

Sediment analyses: Enrichment culturing 

Sediment samples were enriched for methanogens and sulfate reducers. Sediment samples 

were collected in Argon-flushed Schott bottles and sealed with butyl rubber stoppers and 

screw cap and were shipped to BGR Hannover for enrichment culturing.  
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Figure 11. Amount of n-alkanes in the original North Sea crude oil used in the SOFT system. The extraction 
process of crude oil was repeated five times to check of precision of individual n-alkanes. The precision is 
represented by the standard deviation. (Values are mean,   
 
 
Table 1. Comparison of integrated sulfate reduction rates at hydrocarbon seep sites 

Study site SRR 
(mmol m-2 
day -1) 

Reference Depth 
(cm) 

 

Caspian 
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Caspian 
Initial 

5.7 Current study 
Current study 

0-15 oil 

Gulf of 
Mexico 

5.6-27.9 (Orcutt et al. 
2010) 

0-10 oil and gas 

Gulf of 
Mexico 

10.1 (Orcutt et al. 
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0-10 gas 
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12.6 (Joye et al. 
2004) 

0-10 oil 
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0.1 -2.2 (Aharon Fu, B. 
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Table 2. Comparison of set-ups of SLOT system and SOF system (n.a = not applied) 
Parts Steeb et al. 2014 This study 
Methane 
flow from 
below 

Advection n.a 

Crude oil 
flow from 
below 

n.a Advection 

Sulfate flow 
from top 

Diffusion Diffusion 

Electron 
acceptor 
rich 
seawater 

Sulfate reducer medium with 
respective salinities 

Sea Salts (Sigma Aldrich) with 
respective salinities 

Oxygenatio
n of 
seawater 

n.a Air pump 

Sediment 
core liners 

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

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

Sampling 
holes in core 
liners 

3 vertical lines of 21 sampling holes 
(diameter 4 mm, distance between 
sampling holes 5.8 mm) sealed with 
residue-free silicon (Aquasil, 
Probau) 

3 vertical lines of 21 sampling holes 
(diameter 4 mm, distance between 
sampling holes 5.8 mm) sealed with 
residue-free silicon (Aquasil, 
Probau) 

Pore water 
sampling 

Rhizons Rhizons 

Peristaltic 
pumps 

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

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

Peristaltic 
pump tubes 

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

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; outer diameter 
3 mm 

Iso-Versenic: autoclavable; very 
resistant; very low gas permeability ; 
inner diameter 1 mm; outer 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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Table 3. Precision values for crude oil measurement 
n-alkane Standard deviation [%] 

n=5 

n-Nonane (C-9) 

n-Decane (C-10) 

n-Dodecane(C-12) 

n-Tetradecane(C-14) 

n-Hexadecane(C-16) 

n-Octadecane(C-18) 

n-Eicosane (C-20) 

n-Heneicosane (C-21) 

n-Docosane (C-22) 

n-Tetracosane (C-24) 

n-Hexacosane (C-26) 

n-Octacosane(C-28) 

n-Triacontane (C-30) 

n-Dotriacontane (C-32) 

n-Tetratriacontane (C-34) 

n-Hexatriacontane (C-36) 
 

38,9

44,9

31,9

5,3

3,3

2,8

2,7

2,5

2,5

3,7

3,3

2,5

3,1

4,0

3,8

6,0
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