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Summary 

Accidental crude oil or fuel spills can cause substantial environmental damage in marine 
ecosystems. During the emergency spill response and remediation efforts after marine oil spills, 
chemical dispersants (= solvent-surfactant mixtures) are often applied with the aim of reducing 
ecological and economic damage due to floating and beached oil. However, due to their inherent 
toxicity potential and a number of uncertainties regarding their ecological effects, the use of 
chemical dispersants remains controversial. Particularly large knowledge gaps were identified 
regarding the influence of chemical dispersants on affected seawater microbial communities 
and specifically oil/hydrocarbon-degrading microorganisms, even though they play a crucial 
role in determining the fate of spilled oil in the marine environment. The scientific literature on 
this topic is characterized by largely unexplained contradictory findings and a remarkable lack 
of data on the underlying causes and mechanisms of the observed dispersant effects on oil-
degrading bacteria and their cellular processes. Therefore, the goal of this thesis was to 
determine and elucidate the impacts of chemical dispersants on oil-degrading microorganisms 
by examining their effects on different ecological levels. 

The first aim of this project was to determine the response of environmental seawater microbial 
communities from the Arctic Ocean (Chapter 2) and the North Sea (Chapter 3) to chemical 
dispersant exposure. This was achieved by performing laboratory microcosm experiments that 
simulated the water column conditions during a crude oil spill with and without chemical 
dispersant (Corexit EC9500A) addition, and monitoring oil biodegradation potential, as well as 
microbial community dynamics. While biodegradation of n-alkanes or small aromatic 
hydrocarbons was not substantially affected by chemical dispersant addition, lower cell 
numbers and the enrichment of a distinct community of hydrocarbon- and/or dispersant-
degrading bacterial taxa were observed. Additionally, persistent organic compounds (likely 
dispersant-derived solvents) were detected in dispersant-amended microcosms in both 
experiments, with particularly high levels persisting in the Arctic Ocean seawater microcosms 
after 32 days.  Remarkably, the observed impacts of chemical dispersants were largely 
consistent across both experiments (i.e. Arctic Ocean and North Sea seawater) and all 
investigated incubation temperatures (i.e. 1°C, 5°C, 15°C), indicating that they are relatively 
robust and environmentally relevant. An additional aim of the experiment with Arctic seawater 
was to determine the effects of biostimulation (i.e. addition of nitrate, ammonium, phosphate) 
during a simulated oil spill scenario, since this approach has only rarely been systematically 
compared with chemical dispersant addition. Interestingly, biostimulation led to enhanced 
microbial growth and biodegradation but did not alter the microbial community of enriched 
hydrocarbon degraders, in contrast to dispersant addition. Therefore, biostimulation was 
identified as a promising alternative approach to dispersant application when considering 
potential future Arctic Ocean oil spills. 

The second aim of this thesis was to identify the effects of chemical dispersant exposure on the 
growth and alkane biodegradation activity of the hydrocarbon-degrading model organism 
Marinobacter sp. TT1 under different culture conditions (Chapter 4). Therefore, pure culture 
experiments with Marinobacter sp. TT1 cultures that were pre-adapted to either low or high 
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n-hexadecane concentrations (i.e. starved and well-fed cultures) were performed by supplying 
n-hexadecane ± Corexit EC9500A to both cultures. The growth of previously starved cells was 
significantly inhibited when exposed to the dispersant and n-hexadecane biodegradation 
efficiency was lowered by 30%. In addition, fluorescence microscopy suggested that starved 
cells altered their growing behaviour and modified their production of extracellular polymeric 
substances when exposed to Corexit. Well-fed cultures did not exhibit dispersant-induced 
inhibition of growth or n-hexadecane degradation. These results showed, for the first time, that 
substrate limitation, resembling oligotrophic open ocean conditions, can impact the response 
and hydrocarbon-degrading activities of oil-degrading organisms when exposed to Corexit, 
highlighting that the environmental relevance of laboratory experimental conditions and how 
they might affect experimental outcomes should be carefully considered.  

The third aim was to zoom in even further and identify the underlying mechanisms of observed 
chemical dispersant effects on hydrocarbon-degrading bacteria on a cellular level (Chapter 5). 
To this end, additional pure culture experiments with Marinobacter sp. TT1 using different 
carbon sources ± chemical dispersant (Corexit EC9500A) were conducted and a comparative 
analysis of protein expression profiles associated with the different growth conditions was 
performed. For the first time, the proteins associated with a proposed microbial metabolism of 
Corexit components as carbon substrates were identified, revealing that Marinobacter sp. TT1 
likely metabolized surfactants, cycloalkanes, (heteroatomic) aromatic HCs and linear alkanes 
(chain length < C16) from the Corexit mixture. At the same time, Corexit-induced changes in 
the proteome linked to hydrocarbon metabolism, chemotactic motility, biofilm formation, and 
solvent tolerance mechanisms were discovered. This included increased abundances of proteins 
required for chemotactic motility, likely related to a variety of bioavailable carbon sources 
(‘attractants’) and potentially membrane-damaging levels of surfactants and solvents 
(‘repellents’). In addition, increased abundances of efflux pump proteins known to confer 
solvent tolerance were detected. The first evidence of alginate biosynthesis associated with the 
metabolism of n-hexadecane in a member of the Marinobacter genus was also documented and 
distinct aggregate morphologies were observed across the growth conditions ± Corexit. Thus, 
the chemical dispersant Corexit was shown to affect aggregate/biofilm formation and induce 
solvent-stress response mechanisms in Marinobacter sp. TT1.  

Taken together, the presented findings significantly deepen our understanding of how and why 
chemical dispersants impact oil-degrading microorganisms. Dispersant addition will likely 
impact most marine microbial communities, altering their composition by enriching certain 
hydrocarbon- or dispersant-degrading taxa and inhibiting others. The underlying mechanisms 
of these observed impacts involve the chemical dispersant affecting the cellular hydrocarbon 
metabolism, chemotactic motility, biofilm formation, and inducing solvent-tolerance 
mechanisms. In addition, chemical dispersants do not appear to typically enhance microbial oil 
biodegradation processes in the marine environment. Furthermore, several potential 
explanations for the inconsistent literature regarding dispersant effects on oil biodegradation 
were uncovered. These novel insights into dispersant impacts on oil-degrading microorganisms 
could have a wide range of potential environmental implications in the marine environment and 
should be taken into consideration during future oil spill response planning. 
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Zusammenfassung 

Die ökologischen Folgen von Erdöleinträgen in die Weltmeere durch Öltankerhavarien oder 
Unfälle auf Ölplattformen sind oft verheerend für das marine Ökosystem. Bei größeren 
Ölunfällen gehört zu den möglichen Bekämpfungsmaßnahmen auch der Einsatz von 
chemischen Dispersionsmitteln (Mischungen aus Tensiden und Lösungsmitteln), die 
ökologische und finanzielle Schäden begrenzen sollen, indem sie Ölteppiche und 
Ölansammlungen an den Küsten reduzieren. Allerdings ist ihr Einsatz umstritten, da diese 
Mittel selbst toxisch sein können und ihre ökologischen Effekte noch nicht komplett erforscht 
sind. Besonders große Wissenslücken existieren bezüglich ihrer Effekte auf die mikrobiellen 
Gemeinschaften im Meerwasser und die Öl abbauenden Bakterien. Obwohl diese Bakterien die 
Kohlenwasserstoffe aus dem Öl verstoffwechseln können und somit eine wichtige Rolle bei der 
Beseitigung von bei Unfällen eingetragenem Öl im Meer spielen. Die wissenschaftliche 
Literatur zu diesem Thema beinhaltet viele (größtenteils unerklärte) widersprüchliche 
Ergebnisse und kaum Daten dazu, welche zellulären Mechanismen den beobachteten Effekten 
von chemischen Dispersionsmitteln auf Kohlenwasserstoff abbauende Bakterien zu Grunde 
liegen. Deshalb war das Ziel dieser Doktorarbeit, die Auswirkungen von chemischen 
Dispersionsmitteln auf Öl abbauende Mikroorganismen zu ermitteln und aufzuklären, wofür 
ihre Effekte auf verschiedenen ökologischen Ebenen untersucht wurden. 

Zunächst wurde die Reaktion von mikrobiellen Meerwassergemeinschaften aus dem 
Arktischen Ozean (Kapitel 2) und der Nordsee (Kapitel 3) auf den Kontakt mit einem 
chemischen Dispersionsmittel (Corexit EC9500A) während eines simulierten Ölunfalls 
bestimmt. Hierfür wurden im Labor Mikrokosmenexperimente durchgeführt, die die 
Bedingungen im Meerwasser unter einem Ölteppich mit bzw. ohne Anwendung von 
chemischen Dispersionsmitteln simulierten, um anschließend den Ölabbau und die 
Entwicklung der mikrobiellen Gemeinschaften zu beobachten. Während der Abbau von 
Alkanen und kleinen aromatischen Kohlenwasserstoffen nicht wirklich von den chemischen 
Dispersionsmitteln beeinträchtigt wurde, wurden dennoch niedrigere Zellzahlen und die 
Entstehung einer anderen mikrobiellen Gemeinschaft aus Kohlenwasserstoff und/oder 
Dispersionsmittel abbauenden Bakterien beobachtet. Zudem wurden persistente organische 
Stoffe (vermutlich Lösungsmittel aus dem Dispersionsmitel) in Mikrokosmen mit 
zugegebenem Dispersionsmittel detektiert, welche in besonders großen Mengen nach 32 Tagen 
in den Mikrokosmen mit arktischem Meerwasser zurück blieben. Bemerkenswerterweise 
stimmten die beobachteten Auswirkungen des chemischen Dispersionsmittels in den beiden 
Experimenten (d.h. mit arktischem und Nordseewasser) und unter allen untersuchten 
Temperaturbedingungen (d.h. 1°C, 5°C, 15°C) weitgehend überein, was darauf hinweist, dass 
diese Auswirkungen robust und ökologisch relevant sind. Ein weiteres Ziel des Experiments 
mit arktischem Meerwasser war es, die Effekte einer Biostimulation (d.h. Zugabe von Nitrat, 
Ammonium, Phosphat) während des simulierten Ölunfalls zu ermitteln, da diese Maßnahme 
bisher kaum systematisch mit der Anwendung von chemischen Dispersionsmitteln verglichen 
worden war. Interessanterweise führte die Biostimulation zu höherem mikrobiellen Wachstum 
und mehr Abbautätigkeit, wobei die Zusammensetzung der mikrobiellen Gemeinschaft aus Öl 
abbauenden Bakterien im Gegensatz zur Zugabe des chemischen Dispersionsmittels nicht 
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verändert wurde. Somit wurde Biostimulation als ein vielversprechender alternativer Ansatz 
zur Anwendung von chemischen Dispersionsmitteln im Kontext von potentiellen zukünftigen 
Ölunfällen im Arktischen Ozean identifiziert. 

Anschließend wurden die Effekte eines Kontakts mit chemischen Dispersionsmitteln auf das 
Wachstum und den Alkanabbau des Kohlenwasserstoff abbauenden Modellorganismus 
Marinobacter sp. TT1 unter verschiedenen Kulturbedingungen bestimmt (Kapitel 4). Dafür 
wurden Experimente mit Bakterienkulturen dieses Stammes durchgeführt, welche entweder an 
niedrige Hexadekanverfügbarkeit (hungernde Kultur) oder hohe Hexadekankonzentrationen 
(gut ernährte Kultur) angepasst waren und anschließend mit Hexadekan ± Corexit versetzt 
wurden. Bei Zugabe von Corexit war das Wachstum der vorher hungernden Kultur signifikant 
gehemmt und es wurde 30% weniger Hexadekan durch die Kultur abgebaut. Zusätzlich 
deuteten Untersuchungen mittels Fluoreszenzmikroskopie darauf hin, dass die 
Aggregatbildung und die Produktion von extrazellulären polymeren Substanzen der vorher 
hungernden Kultur nach Zugabe von Corexit beeinträchtigt waren. Die vorher gut ernährte 
Kultur zeigte bei Kontakt mit Corexit hingegen keine Hemmung in Wachstum oder 
Hexadekanabbau. Diese Ergebnisse demonstrierten zum ersten Mal, dass Substratlimitierung, 
welche die Bedingungen im oligotrophen offenen Ozean widerspiegelt, die Reaktion von 
Kohlenwasserstoff abbauenden Bakterien auf Corexit beeinflussen kann. Dies unterstreicht 
auch, wie wichtig es ist, ökologisch relevante Experimentalbedingungen im Labor anzustreben 
und zu bedenken, wie diese Bedingungen den Ausgang von Experimenten beeinflussen können. 

Um aufzuklären, welche Mechanismen den beobachteten Effekten von chemischen 
Dispersionsmitteln auf Kohlenwasserstoff abbauende Bakterien auf zellulärer Ebene zu Grunde 
liegen (Kapitel 5), wurde schließlich noch weiter ins Detail gegangen und eine vergleichende 
Proteomanalyse durchgeführt. Hierfür wurden weitere Experimente mit dem 
Modellorganismus Marinobacter sp. TT1 durchgeführt, in  denen die Kulturen verschiedene 
Kohlenstoffsubstrate ± chemisches Dispersionsmittel (Corexit EC9500A) bekamen. 
Anschließend wurden die mit den verschiedenen Kulturbedingungen assoziierten 
Proteinexpressionsprofile vergleichend analysiert. Auf diese Weise konnten zum ersten Mal 
Proteine identifiziert werden, welche mit einem vermuteten mikrobiellen Abbau von 
Corexitbestandteilen zusammenhängen. Es zeigte sich, dass Marinobacter sp. TT1 vermutlich 
Tenside, Cycloalkane, aromatische Kohlenwasserstoffe und lineare Alkane (Kettenlänge < C16) 
aus der Corexit Mischung nutzen konnte. Gleichzeitig wurden durch Corexit verursachte 
Änderungen im Proteom entdeckt, die vor allem mit dem Metabolismus von 
Kohlenwasserstoffen, chemotaktischer Motilität, Biofilmbildung und Toleranzmechanismen 
gegenüber Lösungsmitteln in Verbindung standen. Diese Änderungen beinhalteten eine erhöhte 
Abundanz von Proteinen für chemotaktische Motilität, welche vermutlich durch die hohe 
Vielfalt an bioverfügbaren Kohlenstoffquellen (sog. Attractants) und möglicherweise 
membranschädigenden Konzentrationen von Tensiden und Lösungsmitteln (sog. Repellents) 
ausgelöst worden waren. Außerdem wurden erhöhte Abundanzen von Effluxpumpenproteinen 
detektiert, welche die Empfindlichkeit gegenüber Lösungsmitteln verringern können. Es 
konnten zudem die ersten Hinweise auf Alginatbiosynthese in einem Marinobacter spp. im 
Zusammenhang des Hexadekanabbaus dokumentiert werden und es wurde eine unterschiedlich 
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ausgeprägte Aggregatbildung zwischen den verschiedenen Wachstumsbedingungen 
beobachtet. Folglich konnte gezeigt werden, dass das chemische Dispersionsmittel Corexit 
einen Einfluss auf die Aggregat-/Biofilmbildung von Marinobacter sp. TT1 hatte und 
verschiedene Mechanismen der Lösungsmittel-spezifischen Stressabwehr auslöste.  

Zusammen betrachtet vertiefen die präsentierten Erkenntnisse unser Verständnis davon wie und 
warum chemische Dispersionsmittel Auswirkungen auf Öl abbauende Mikroorganismen 
haben. Die Anwendung von Dispersionsmitteln im Meer hat vermutlich in den meisten Fällen 
ausgeprägte Effekte auf marine Mikrobengemeinschaften und verändert deren 
Zusammensetzung, indem bestimmte Kohlenwasserstoff oder Dispersionsmittel abbauende 
mikrobielle Gruppen bevorzugt angereichert und andere Gruppen gehemmt werden. Diesen 
Effekten liegen Mechanismen zu Grunde, die beinhalten, dass Dispersionsmittel den zellulären 
Metabolismus von Kohlenwasserstoffen, chemotaktische Motilität und Biofilmbildung 
verändern und Toleranzmechanismen gegenüber Lösungsmitteln auslösen. Außerdem scheinen 
Dispersionsmittel den mikrobiellen Ölabbau im Meer nicht zu stimulieren. Darüber hinaus 
wurden im Rahmen dieser Doktorarbeit mehrere mögliche Erklärungen für die inkonsistente 
Literaturlage zur Frage der Auswirkungen von chemischen Dispersionsmitteln auf Öl 
abbauende Mikroorganismen gefunden. Die in dieser Doktorarbeit erzielten neuen Einblicke 
könnten weitreichende ökologische Konsequenzen haben und sollten während zukünftiger 
Planung von Ölunfall-Bekämpfungsmaßnahmen berücksichtigt werden. 
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1 Introduction 

1.1 Crude oil in the marine environment 

Crude oil has been used by human civilizations for construction and military purposes for 
thousands of years (Simanzhenkov and Idem, 2003) and during the last century, crude oil and 
its derived fuels became one of the major energy sources fuelling industrialized societies around 
the globe. The origin of crude oil, typically extracted from reservoirs in the Earth’s crust, lies 
in the geological transformation of organic matter under conditions of high temperatures and 
pressures and over long time scales (Schobert, 2013). At the elemental level, the resulting crude 
oils, often also referred to as petroleum, are all fairly similar and only consist of carbon (82–
87%) and hydrogen (11–15%), as well as low levels of sulphur, nitrogen and oxygen (typically 
each < 2%; Schobert, 2013). When considering the molecular composition, however, crude oils 
are a highly complex mixture of > 10,000 distinct compounds and no two crude oil reservoirs 
will produce the same chemical composition. Nevertheless, they contain only three major 
compound classes, i.e. aliphatic (= saturated) hydrocarbons (HCs), aromatic HCs and high 
molecular weight heteroatomic compounds referred to as asphalts and resins (Figure 1.1). The 
latter category represents the most complicated fraction of crude oils and only makes up 14% 
by weight on average (Tissot and Welte, 1978). Aliphatic HCs in crude oil can be further 
subdivided into alkanes (linear n-alkanes and branched-chain alkanes), and cycloalkanes 
(typically cyclopentanes and cyclohexanes), which are also referred to as paraffins and 
naphthenes, respectively, in petrochemistry. Together, these aliphatic HCs make up the largest 
part of the HC fraction in crude oils with an average 33% and 32% by weight, respectively, 
followed by aromatic HCs (i.e. unsaturated HCs with one or more ring structures), which 
represent the remaining 35% of the HC fraction (Tissot and Welte, 1978). Due to their widely 
differing, complex chemical composition, crude oils from different extraction locations are 
typically compared via a few physicochemical properties, such as the so-called API (= 
American Petroleum Institute) gravity, which is a measure of how light or heavy (i.e. dense) a 
liquid is compared to water, with an API gravity > 10 signifying that the oil would float on 
water. This parameter is often used to categorize crude oils into light (API gravity > 31.1), 
medium (22.3 – 31.1) and heavy (< 22.3) crude oils. Three different crude oils from the Gulf 
of Mexico (Macondo MC252 oil) and North Sea oil fields (Grane oil and Danish Underground 
Consortium = DUC oil) with an API gravity range of 28.4 – 40 were used for the research 
presented in this thesis (Table 1.1).  
  



14 
 

Table 1.1: Comparison of composition and properties of the three crude oils used in this thesis. Macondo 
MC252 crude oil from the Gulf of Mexico was used for experiments in Chapter 2. Grane and DUC crude 
oils from the North Sea were used for experiments in Chapter 3 and 5, respectively. n.a. = data not 
available.  
 Macondo MC2521 Grane2 DUC3 
API gravity  
and classification 

40 28.4 34.3 
light crude oil medium crude oil light crude oil 

Carbon [weight %] 86.6 86.3 n.a. 
Sulfur [weight %] 0.39 0.62 0.26 
Saturated HCs [volume %] 74 24.6 n.a. 
Aromatics [volume %] 16 38.1 n.a. 

1 Reddy et al. (2012); 2 ExxonMobil (2018); 3 Personal communication, Constantin App 
 
Crude oil can enter the marine environment via two distinct routes, i.e. geophysical processes 
at natural seeps on the seafloor or through anthropogenic processes. Both routes are estimated 
to contribute about half of the total yearly crude oil input into the marine environment 
(1,300,000 t) on average (US NRC, 2003). Natural HC seeps have been discovered throughout 
the world’s oceans and generate continuous fluxes of oil and/or gas (typically methane) into the 
marine environment, fueling unique ecosystems (e.g. reviewed by Joye and Kleindienst, 2017). 
Anthropogenic inputs of crude oil are related to the consumption, transportation and extraction 
of petroleum, making up 38%, 16% and 3%, respectively, of the total estimated yearly input 
(US NRC, 2003). Petroleum consumption as the largest fraction mainly introduces crude oil 
into the sea through land-based inputs via rivers and runoff and the often overlooked operational 
discharges related to worldwide shipping activities, which consist of countless small discharges 
of bilge oil, fuel oil residues or oily ballast waters, amounting to 20% of estimated yearly 
petroleum releases worldwide (US NRC, 2003). Another large fraction which can vary 
considerably from year to year are accidental transportation-related inputs, i.e. pipeline and 
tanker spills, which will be the focus of this thesis. 

 
Figure 1.1: Crude oil composition including representative molecular structures of typical hydrocarbon 
(alkanes, cycloalkanes, aromatics) and non-hydrocarbon (asphaltenes, resins) components. 
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Once in the marine environment, the fate of crude oil is determined by a myriad of factors 
related to its own physicochemical properties (e.g. density and viscosity), local weather and 
oceanographic conditions (e.g. wave activity, UV radiation, wind, currents) and biological 
processes (US NRC, 2003; Joye et al., 2016b; ITOPF, 2020). Typically, an oil slick would form 
on the sea surface, which can subsequently spread out, partially dissolve and emulsify with the 
seawater below and undergo different weathering processes, such as evaporation of low 
molecular weight HCs, photo-oxidation and microbial biodegradation (Figure 1.2). 

 
Figure 1.2: Schematic overview of physicochemical and biological processes determining the fate of 
crude oil in the sea. 

1.2 Microbial oil biodegradation 

All components of crude oil are biodegradable to a certain extent, even though asphaltenes and 
resins, for example, are less readily degraded than the HC fraction (Liao et al., 2009; Tavassoli 
et al., 2012; Hernández-López et al., 2015) and will therefore not be the focus of this thesis. 
Petroleum HCs, on the other hand, are considered particularly energy rich compounds because 
their oxidation with oxygen can release large amounts of energy (Widdel and Musat, 2019). 
This is the reason for their widespread use as fuels for our vehicles, ships and planes and it is 
also the reason that they represent an attractive energy source for microorganisms. In fact, a 
wide variety of oil-degrading microorganisms has evolved that can use linear, cyclic, and 
aromatic HCs as energy and carbon sources for their metabolism (Ollivier and Magot, 2005; 
Head et al., 2006; Hazen et al., 2016). Numerous HC-degrading archaeal, fungal and algal taxa 
have been described (Ollivier and Magot, 2005; Spang et al., 2017; Oren, 2019; Prince, 2019) 
and a recent review identified over 300 bacterial genera with known HC-degrading capabilities 
(Prince et al., 2019), illustrating that large parts of the microbial world are able to utilize HCs.  
HC-degrading bacteria have been described from the phyla Actinobacteria (e.g. Rhodococcus, 
Mycobacterium), Bacteroidetes (e.g. Olleya, Flavobacterium), Cyanobacteria (e.g. Anabena, 
Oscillatoria), Firmicutes (e.g. Bacillus, Sarcina), Verrucomicrobia, Deinococcus-Thermus and 
even some that fall into the newly described Candidate Phyla Radiation, however, the vast 
majority of well-characterized HC degraders belong to the gram-negative phylum 
Proteobacteria (Prince et al., 2019). This includes most methanotrophic bacteria, many 
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anaerobic HC degraders (e.g. several sulfate-reducers belonging to Deltaproteobacteria) and 
many aerobic marine HC degraders (e.g. Alteromonas, Colwellia, Glaciecola, Halomonas, 
Marinobacter, Neptuniibacter, Profundimonas, Pseudomonas, Vibrio), among them the group 
termed obligate HC degraders (Yakimov et al., 2007). Currently 11 genera have been reported 
to contain obligate HC degraders (i.e. Alcanivorax, Oleiphilus, Oleispira, Oleibacter, 
Thalassolituus, Marinobacter, Cycloclasticus, Neptunomonas, Algiphilus, Polycyclovorans, 
Porticoccus) and many of them have been detected ubiquitously throughout the world’s ocean 
at low abundances that can rapidly increase after petroleum HCs reach the ecosystem (Head et 
al., 2006; Yakimov et al., 2007; Gutierrez, 2019). Obligate HC-degrading bacteria are 
characterized by almost exclusively utilizing HCs as their energy and carbon sources, i.e. they 
might be able to alternatively use a few organic acids (e.g. pyruvate or acetate) when grown in 
pure culture but do not metabolize amino acids or sugars, prompting questions about their 
survival in marine environments without obvious oil contamination (Gutierrez, 2019). 
Interestingly, both biogenic and abiogenic alternative HC sources potentially sustaining these 
organisms in the ocean have been identified (Lea-Smith et al., 2015; Gutierrez, 2019), such as 
atmospheric HC deposition from fossil fuel consumption or volcanic eruptions, biomass-
derived HCs (e.g. chlorophyll, cell membrane components, lipids) or HC-containing exudates 
from phytoplankton and algae, which could also explain the large diversity of HC-degrading 
microorganisms. The genus Marinobacter, on the other hand, represents a different common 
type of marine HC degraders, as its members are versatile heterotrophs who readily utilize a 
variety of organic carbon sources and opportunistically respond to the most available 
compounds, including HC inputs in the form of oil pollution (Duran, 2010; Mounier et al., 
2014; Kleindienst et al., 2015b; Tremblay et al., 2017). The type strain Marinobacter 
hydrocarbonoclasticus SP.17 (Gauthier et al., 1992), for example, is an efficient alkane 
degrader and recently, the novel alkane-degrading member Marinobacter sp. TT1, selected as 
model organism for this thesis, was isolated from oil-affected seawater collected during the 
Deepwater Horizon oil spill in the Gulf of Mexico (Gutierrez et al., 2013b). 
The metabolic pathways of aliphatic and aromatic HC degradation are relatively well explored 
for model organisms like Alcanivorax borkumensis and Pseudomonas putida (e.g. reviewed by 
Wang and Shao, 2013; Abbasian et al., 2016) and have recently also been described in other 
isolates (Park et al., 2017; Gregson et al., 2018, 2020). Due to their lack of functional groups, 
HCs are relatively unreactive at room temperature, which means that the first step and main 
hurdle to their biological oxidation is always an activation reaction that introduces a functional 
group (Widdel and Musat, 2019). The aerobic biodegradation of n-alkanes, for example, is 
initiated by monooxygenases with specific substrate ranges, such as heme-iron 
monooxygenases (also referred to as soluble cytochrome P450), non-heme-iron 
monooxygenases (AlkB-type) or, in the case of long-chain alkanes (C18–40 chain lengths), 
different flavin-dependent monooxygenases like AlmA and LadA (Wentzel et al., 2007; Park 
et al., 2017). The resulting primary alcohols are further oxidized by alcohol and aldehyde 
dehydrogenases to produce fatty acids which are channelled into the cytosolic fatty acid 
metabolism via ß-oxidation (Wang and Shao, 2013; Abbasian et al., 2016), leading to biomass 
production (assimilatory metabolism) and/or release of CO2 as the final oxidation product 
(dissimilatory metabolism). Aromatic HC molecules are activated by different ring-
hydroxylating mono- or dioxygenases and through further transformations also reach the 
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cellular tricarboxylic acid (TCA) cycle (Pérez-Pantoja et al., 2010; Abbasian et al., 2016). The 
anaerobic biodegradation of HCs, e.g. in anoxic marine sediments, typically proceeds much 
slower and is characterized by more diversity in initial oxidation steps that can involve oxygen-
independent hydroxylation and carboxylation or the addition of fumarate (e.g. reviewed by 
Widdel and Rabus, 2001; Davidova et al., 2019). 
This thesis will focus on aerobic microbial oil biodegradation in the marine environment, which 
is controlled by a number of factors. For example, oxygen and nutrient (i.e. nitrogen, 
phosphorous, iron) availability (Atlas and Bartha, 1972; Widdel and Musat, 2019), temperature 
conditions (Venosa and Holder, 2007; Lofthus et al., 2018; Sun and Kostka, 2019) and the site-
specific microbial community can all affect the success and rate of marine oil biodegradation. 
The latter point is particularly important because it will determine what kind of microbial 
consortia develop in response to oil exposure and since most bacteria only degrade a narrow 
range of HCs, the cooperation and succession of microbial consortia are typically required for 
efficient oil removal (Head et al., 2006; McGenity et al., 2012; Wang et al., 2020). Furthermore, 
due to their different bioavailability, low molecular weight HCs are often degraded faster than 
high molecular weight compounds and alkanes are often degraded before aromatic HCs by 
environmental seawater communities during these succession processes (Wang et al., 1998; 
Head et al., 2006). The bioavailability of lipophilic HCs can, however, also be improved by 
different HC-degrading microorganisms that were shown to produce extracellular enzymes 
and/or amphiphilic extracellular polymeric substances (EPS), including biosurfactants, when 
encountering HCs (Head et al., 2006; McGenity et al., 2012; Gutierrez et al., 2013a).  

1.3 Marine crude oil spill scenarios  

As described above, the widespread use of crude oil and its derived fuel types inevitably results 
in oil discharges into the environment. Compared to the more diffuse petroleum inputs of either 
natural seeps or shipping activity and fuel consumption (also termed chronic pollution), 
accidental marine crude or fuel oil spills are often characterized by the release of large volumes 
of petroleum components at one location and over a relatively short time frame. From an 
ecological perspective, this explains their often catastrophic immediate and long-term 
consequences on the marine ecosystem (Peterson et al., 2003; Short, 2017). Crude oil slicks 
present a deadly hazard to mammals and birds that frequent the sea surface layer or affected 
coastal zones and the most toxic components of crude oil (i.e. the aromatic HCs) also typically 
dissolve best in the water column below the slick, endangering fish, plankton populations, and 
benthic organisms like corals, all of which are key players in the marine food web (Peterson et 
al., 2003; US NRC, 2003; Neuparth et al., 2012; Short, 2017). Additionally, numerous authors 
have argued that sublethal contamination impacts and long-term effects remain understudied 
(e.g. Peterson et al., 2003; Kirby and Law, 2010; Neuparth et al., 2012; Barron et al., 2020; 
Mayer‐Pinto et al., 2020). Due to the dramatic and often highly publicized effects of marine oil 
spills, large public and scientific interests in them, as well as different (inter)national 
regulations, have developed during the last decades which were often motivated by the most 
recent large spill disasters (Table 1.2). It is important to note that although the amount of spilled 
oil is an important parameter to consider when assessing oil spills, it is only one of many factors 
that determine the extent of environmental and economic damage caused by a spill, with e.g. 
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smaller nearshore spills often considered particularly harmful and cost intensive (Etkin, 2000; 
Short, 2017).  
One of the first large accidents that was accompanied by a lot of media attention took place in 
1967 when the large tanker Torrey Canyon ran aground close to the UK Scilly Isles. Within 
days, 119,000 t of crude oil spilled into the English Channel and towards the French coast, 
revealing substantial shortcomings in (international) legislation, efficient response technology 
and the scientific knowledge on potential environmental impacts (Burrows et al., 1974). 
Documented ecological effects of the spill included at least 10,000 killed birds and significant 
damage to coastal fauna and flora and these observations were partially responsible for 
subsequently increasing efforts to improve spill preparedness by different stakeholders 
(Burrows et al., 1974; Burgherr, 2007). A tanker accident with similar levels of public interest 
and concern took place when the tanker Exxon Valdez grounded on a reef in March 1989, 
releasing at least 37,000 t of its crude oil cargo into the Prince William Sound in Alaska, USA 
(US NRC, 2003). The environmental damage to the vulnerable ecosystem was unprecedented 
and yielded new insights into ecological oil spill impacts, such as the embryotoxicity of crude 
oil to fish, the indirect effects of oil exposure through ecological food webs, the long-term 
damages associated with oil persistence on beaches and sometimes decade-spanning recovery 
of several animal populations (Peterson et al., 2003; US NRC, 2003; Short, 2017; Barron et al., 
2020). Much larger spill volumes of crude oil are typically recorded during accidents associated 
with drilling platforms, of which a few have occurred in the Gulf of Mexico due to widespread 
oil exploration activities in this area. The first notable one occurred in 1979 when the Ixtoc I 
exploratory oil well blew out, resulting in the release of an estimated 475,000 t into the Gulf 
until the well was finally capped 290 days later (Jernelöv and Lindén, 1981). This accident held 
the title of the world’s largest oil spill for a long time and severely affected local fish, shrimp 
and mollusc populations among others (Jernelöv and Lindén, 1981). In 2010, however, another 
large well blowout occurred at the Deepwater Horizon (DWH) drilling platform that killed 11 
workers on the platform and led to the largest oil spill disaster that was ever recorded (DWH 
NRDA Trustees, 2016; Short, 2017). An estimated 656,000 t of crude oil (Macondo MC252) 
was released into the Gulf ecosystem over 84 days until the open well head could be capped 
(McNutt et al., 2012), where it caused substantial environmental damage, that has been well-
characterized compared to other oil spills  by a giant interdisciplinary research effort (Beyer et 
al., 2016; DWH NRDA Trustees, 2016; Murphy et al., 2016; Kujawinski et al., 2020). Among 
others, salt marshes, seabird populations, marine mammals and fish, phytoplankton populations 
and seafloor corals were severely affected, with the total damage described as an ‘ecosystem-
level injury’ (Beyer et al., 2016; DWH NRDA Trustees, 2016; Joye et al., 2016a). 
 
 
  



19 
 

Table 1.2: Selected oil spills in the marine environment between 1967 and 2020. 
Year Location Spill source Spilled oil Spill volume References 

1967 Scilly Isles, UK Torrey Canyon 
(tanker) 

Crude oil 119,000 t 
 

ITOPF (2020) 

1978 Off Brittany, 
France 

Amoco Cadiz 
(tanker) 

Crude oil 223,000 t ITOPF (2020) 

1979 Gulf of Mexico Ixtoc I  
(platform) 

Crude oil 
(and gas) 

475,000 t Jernelöv and 
Lindén (1981) 

1989 Prince William 
Sound, Alaska, 

USA 

Exxon Valdez 
(tanker) 

Crude oil 37,000 t ITOPF (2020) 

1991 Genoa, Italy Haven  
(tanker) 

Crude oil 144,000 t ITOPF (2020) 

1991 Persian Gulf, Iraq Gulf war 
(intentional 

release) 

Crude oil 1,770,000 t US NRC (2003) 

1992 La Coruna, Spain Aegean Sea 
(tanker) 

Crude oil 74,000 t ITOPF (2020) 

1993 Shetland Islands, 
UK 

Braer  
(tanker) 

Crude oil 85,000 t ITOPF (2020) 

1996 Off Wales, UK Sea Empress 
(tanker) 

Crude oil 
(+ fuel oil) 

72,000 t  
(+ 480 t) 

Neuparth et al. 
(2012) 

1999 Brittany, France Erika  
(tanker) 

Heavy  
fuel oil 

19,000 t Neuparth et al. 
(2012) 

2002 Off Galicia, 
Spain 

Prestige 
(tanker) 

Heavy  
fuel oil 

63,000 t Neuparth et al. 
(2012) 

2004  
(may be 
ongoing) 

Gulf of Mexico Taylor Energy 
23051 (platform) 

Crude oil estimates 
unclear 

Mason et al. 
(2019) 

2007 South Korea Hebei Spirit 
(tanker) 

Crude oil 11,000 t ITOPF (2020) 

2010 Gulf of Mexico Deepwater 
Horizon 

(platform) 

Crude oil 
(and gas) 

at least 
656,000 t 

(+ 250,000 t) 

McNutt et al. 
(2012); Joye 

(2015) 

2019 Brittany, France Grande America 
(container ship) 

Heavy fuel 
oil 

2,200 t BBC News 
(2019) 

2020 Mauritius Wakashio  
(bulk carrier) 

Heavy fuel 
oil 

at least  
1,000 t 

Khadka (2020) 
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Generally, the emergency spill response strategies employed after marine oil spills aim to 
recover a large fraction of the spilled oil and/or reduce the expected ecological harm that it can 
cause (Figure 1.3). Typical response technologies include mechanical containment of the oil at 
the sea surface via floating booms around spreading oil slicks and subsequent removal of the 
oil via specialized skimming equipment, sorbents and/or in situ burning of the oil slicks 
(ExxonMobil, 2014). Additionally, the chemical dispersion of oil slicks into the water column 
can be achieved by applying so-called chemical dispersant mixtures (ExxonMobil, 2014). The 
success of all these techniques depends on how fast after the spill they can be applied, on the 
composition of spilled petroleum substances, and on the weather conditions. Rough seas can 
complicate or prevent all ship-based operations and boom use, as is frequently the case, such 
as during the Torrey Canyon spill (Burrows et al., 1974), the Ixtoc I spill (Jernelöv and Lindén, 
1981), or the Grande America spill (Loeffler, 2019).  
A complementary approach that can be pursued during or after these physicochemical response 
strategies puts the microbial oil spill remediation (i.e. bioremediation) potential into focus and 
aims to enhance naturally occurring oil biodegradation by increasing its speed and efficiency 
(Swannell et al., 1996; Nikolopoulou and Kalogerakis, 2010; Dave and Ghaly, 2011). 
Bioremediation-based strategies of oil spill response are often considered less invasive and thus 
more environmentally friendly than physical or chemical techniques and can also represent the 
most cost effective response option (Etkin, 2000; Dave and Ghaly, 2011). The attempts to 
enhance naturally occurring oil biodegradation processes typically encompass supplying 
additional oil-degrading microorganisms (referred to as bioaugmentation), oxygen (e.g. in the 
case of sediments or developing anoxic water zones), or nutrients, which is termed 
biostimulation (Nikolopoulou and Kalogerakis, 2010; Adams et al., 2015). Results of 
bioaugmentation studies in marine locations or samples have been mixed, largely because the 
native environmental community already contains seed populations of HC-degrading bacteria 
that are adapted to the in situ conditions in contrast to laboratory strains (Atlas, 1995; Swannell 
et al., 1996). Biostimulation can be more promising since environmental oil biodegradation is 
often nutrient-limited in seawater (Atlas and Bartha, 1972; Head et al., 2006). The Exxon Valdez 
spill in Alaska represents a prominent example of biostimulation as a successful oil spill 
response strategy. Approximately 50 t of nitrogen and 5 t of phosphorous were applied to oiled 
intertidal shorelines and reportedly enhanced oil biodegradation in these areas  (Curl et al., 
1992; Bragg et al., 1994). Even though biostimulation is more commonly described for 
contaminated soil or sediment systems (Adams et al., 2015), it was also shown to improve 
seawater remediation under laboratory conditions (Coulon et al., 2007; Crisafi et al., 2016; 
Ortmann et al., 2019; Sun and Kostka, 2019). Ecological concerns mainly relate to applied 
concentrations since excessive nutrients might also enrich non-targeted microorganisms or 
cause eutrophic conditions, although open ocean conditions might rather present rapid dilution 
challenges (Nikolopoulou and Kalogerakis, 2010). It has therefore been recommended to adjust 
nutrient concentrations and ratios to site-specific requirements (Bragg et al., 1994; 
Nikolopoulou and Kalogerakis, 2010; Gutierrez et al., 2018) and different commercial fertilizer 
mixtures (i.e. oleophilic or slow-release products) have been developed, although some of their 
components themselves were revealed to be hazardous and/or biodegraded before oil HCs in 
some studies (Swannell et al., 1996; Nikolopoulou and Kalogerakis, 2010).  
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Figure 1.3: Schematic overview of selected emergency response strategies employed during marine 
crude oil spill scenarios. 

According to recent data from the International Tanker Owners Pollution Federation, global 
tanker spill accidents have decreased significantly over the last 50 years, demonstrating that 
improved spill prevention and operational safety measures (e.g. double-hulled tankers, 
increased liability, improved safety management, automatic ship identification systems) have 
taken effect (Burgherr, 2007; ITOPF, 2020). However, 80% of tanker spills occur within 10 
nautical miles of coastlines (ITOPF, 2020) and therefore represent the largest ecological and 
economic risks (Etkin, 2000; Short, 2017). Additionally, noteworthy oil spills putting 
vulnerable marine ecosystems at risk are still occurring on a regular basis. This is evidenced by 
the recent examples of an accidental fuel oil spill in French waters in March 2019 (BBC News, 
2019; Loeffler, 2019), the accidental release of over 20,000 t of Diesel oil in Siberia (Norilsk, 
Russia) that likely reached the Arctic Ocean (May 2020; BBC News, 2020; Skarbo, 2020) or 
the currently (August 2020) unfolding tanker accident near two environmentally protected 
marine areas in Mauritius (Khadka, 2020). It is also likely that potential future spills will lead 
to increasingly complex and difficult spill response conditions, due to oil exploration activities 
currently moving into deeper waters and previously less impacted regions like the Arctic 
(Harsem et al., 2015; Gutierrez, 2018; Murawski et al., 2020). At the same time, a lack of 
ecological baseline data regarding pre-spill conditions in marine ecosystems remains one of the 
main challenges in assessing immediate and long-term ecological impacts after accidental 
marine spills (Neuparth et al., 2012; Joye, 2015; Gutierrez, 2018). Therefore, since marine oil 
spills can still not be avoided completely, improving our understanding of these scenarios in 
different marine habitats and how best to respond to them remains crucial.  

1.4 Chemical dispersant application after marine oil spills 

The chemical dispersants applied during oil spill response efforts are solvent-surfactant 
mixtures meant to improve the dissolution of oil in water by forming dispersant-stabilized small 
oil droplets (Figure 1.4). Dispersant application is therefore supposed to reduce surface slicks 
and oil delivery to shoreline ecosystems, as well as increase the oil’s bioavailability for 
biodegradation processes due to an increased oil surface area in the water column (John et al., 
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2016; US NASEM, 2020). The first documented application of chemical dispersants took place 
after the Torrey Canyon spill in 1967, when a total of 11,500 t of so-called detergent mixtures 
were applied at sea and on the shorelines to disperse or remove the spilled oil (Burrows et al., 
1974). These detergents were highly toxic and major damage was reportedly caused to intertidal 
marine life (e.g. crustaceans, fish, worms, algae, sea anemones) by the coastal detergent use 
(O'Sullivan and Richardson, 1967; Burrows et al., 1974). Oil spill response efforts in 
subsequent years attempted to avoid the application on oiled coastlines or close to vulnerable 
coastal ecosystems if possible and dispersant formulations were further developed with the aim 
of reaching lower toxicities (Bellier and Massart, 1979; Bocard et al., 1979; Gilfillan et al., 
1985; Prince, 2015). Nevertheless, chemical dispersants have been used in many spill scenarios 
since then, especially when rough seas prevented other mechanical remediation strategies, 
although comprehensive documentation is not always publicly available. In total, over 200 
instances of dispersant use have reportedly occurred between 1968 and 2007 (Steen and 
Findlay, 2008). Some known instances of significant dispersant application during marine oil 
spill remediation efforts include the Ixtoc I spill, the Amoco Cadiz spill and the Sea Empress 
spill (Table 1.3). Additionally, several field experiments with near- or offshore oil spill 
simulations and dispersant applications off the US coast (e.g. 1981 in Maine) or in the North 
Sea (1991-1996) were performed with second or third generation dispersant mixtures, which 
provided additional knowledge on their effectiveness and some limited ecological data 
(Gilfillan et al., 1985; Lewis et al., 1998). Generally, the effectiveness of chemical dispersant 
application (i.e. the amount of oil additionally dispersed into the water column) depends on the 
composition and weathering status of spilled crude oil, the water temperature, wave action (or 
mechanical means of agitation) and the availability of technical equipment for quick and 
targeted application procedures (Trudel, 1998; Holder et al., 2015; Sørheim et al., 2020). 

 
Figure 1.4: Schematic representation of chemical dispersant application and the mechanism of crude 
oil dispersion from an oil slick. Based on Kleindienst et al. (2015a). 
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In 2010, unprecedented amounts of chemical dispersants were applied in response to the DWH 
oil spill in the Gulf of Mexico, when at least seven million litres of Corexit EC9500A and 
EC9527A were used to disperse the estimated 800 million litres of crude oil released into the 
Gulf ecosystem (US Nat. Comm. DWH, 2011; McNutt et al., 2012). The dispersants were 
sprayed onto the sea surface from planes or ships and targeted the floating oil slick with the 
goal of protecting the shorelines of the Gulf (US Nat. Comm. DWH, 2011). In addition to the 
large amounts of oil released, remediation efforts were further complicated by the fact that the 
spill was occurring via an open wellhead at 1,500 m depth, i.e. in the deep sea, revealing a 
general unpreparedness in efficiently responding to such spill conditions. An additional 
application of chemical dispersants was initiated by injecting Corexit dispersants directly above 
the leaking wellhead, with the purpose of preventing the released oil from reaching the surface 
and minimizing the contact of response workers to hazardous chemical dispersants during 
application (Kujawinski et al., 2011; US Nat. Comm. DWH, 2011; Joye, 2015). This marked 
the first use of chemical dispersants in the deep ocean and led to the unforeseen formation of a 
HC- and surfactant-enriched deep sea plume at 1,000–1,200 m depth (Kujawinski et al., 2011; 
Reddy et al., 2012), which was over 35 km long and up to 200 m high (Camilli et al., 2010). 
Large concern was expressed by scientists and local citizens over the application of Corexit 
dispersants in these unprecedented volumes and ways, citing the largely proprietary formulation 
of these synthetic mixtures and the large knowledge gaps that existed in the scientific literature 
regarding potential ecological impacts (US Nat. Comm. DWH, 2011; Kleindienst et al., 2015a). 
Although the fate of spilled oil, gas and applied chemical dispersants has been the subject of 
numerous studies, available estimates carry considerable uncertainty (Kujawinski et al., 2011; 
Reddy et al., 2012; Joye, 2015). Generally, it is assumed that a large fraction of released HCs 
were either deposited on the seafloor by sedimentation as part of oil-containing organic matter 
(termed marine oil snow) or degraded by seawater microorganisms (Joye, 2015), highlighting 
the important role of microbiological processes in determining the fate of spilled oil. Ever since 
the DWH oil spill, numerous scientific studies have been conducted to assess the environmental 
impacts of the released oil (e.g. reviewed in Beyer et al., 2016; DWH NRDA Trustees, 2016; 
Joye et al., 2016a) and scientific interest in the impacts of chemical dispersant use in the marine 
environment was amplified (Kleindienst et al., 2015a; Murphy et al., 2016; Gutierrez, 2017). 

1.5 Ecological impacts of chemical dispersant use 

Although currently used chemical dispersants are generally considered less toxic than those 
first used in 1967 during the Torrey Canyon disaster and they are assumed to reduce immediate 
death tolls among birds from floating oil (Prince, 2015), their use remains controversial. This 
is mainly related to the following factors: Their often proprietary formulation complicates 
comprehensive toxicity assessments, their components themselves (i.e. solvents and 
surfactants) can be toxic to biological organisms, their application by design increases the 
concentration of toxic oil components in the water column, dispersed oil could then be more 
toxic than both components - crude oil and dispersant - alone (i.e. synergistic toxicity), their 
long-term ecological effects are mostly unknown and their impact on naturally occurring oil 
biodegradation processes remains debated (Kleindienst et al., 2015a; Prince, 2015; Gutierrez, 
2017; US NASEM, 2020).   
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Table 1.3: Selected instances of marine chemical dispersant application. 
Year Location Spill source Dispersants Notes References 
1967 Scilly Isles, 

UK 
Torrey Canyon 

(tanker) 
BP1002, Dasic 11,500 t; first 

documented 
application 

Burrows et al. 
(1974) 

1978 Off Brittany, 
France 

Amoco Cadiz 
(tanker) 

BP 1100 X/WD, 
Finasol OSR 2/5 

at least 13,000 t Bocard et al. 
(1979) 

1979 Gulf of 
Mexico 

Ixtoc I  
(platform) 

mainly Corexit at least 9,000 t Jernelöv and 
Lindén (1981) 

1981 Long Cove 
coast, Maine, 

USA 

Field experiment, 
simulation of 
small oil spill 

unknown Part of US field 
trial series 

Gilfillan et al. 
(1985) 

1989 Prince 
William 
Sound, 

Alaska, USA 

Exxon Valdez 
(tanker) 

Corexit 
EC9527A 

Limited test 
applications 
documented 

(Trudel, 
1998); Hunt 

(2016) 
 

1991 
─ 

1995 

North Sea, 
off eastern 
UK coast 

Field 
experiments, 
simulation of 

small oil spills 

Slickgone,  
BP 1100 X, 

Corexit, Finasol 

Dispersant 
effectiveness 
tests at sea 

Lewis et al. 
(1998) 

1993 Shetland 
Islands, UK 

Braer  
(tanker) 

unknown 120 t were 
applied 

Goodland 
(1998) 

1996 Off Wales, 
UK 

Sea Empress 
(tanker) 

Slickgone 
NS/LTSW, 

Finasol 
OSR51/52 

442 t used to 
disperse 

estimated 
50% of oil 

P.O.S.T. 
(1996); Lunel 

(1998) 

2007 South Korea Hebei Spirit 
(tanker) 

unknown unknown Hunt (2016) 

2010 Gulf of 
Mexico 

Deepwater 
Horizon 

(platform) 

Corexit 
EC9527A & 

EC9500A 

at least 7,000 t; 
1st deep sea 
application 

US Nat. 
Comm. DWH 

(2011) 
 
Studies conducted after the DWH spill revealed that dispersant application likely reduced the 
amount of floating oil, while increasing the area covered by oil slicks (MacDonald et al., 2015), 
which, together with the subsurface plume formation, likely led to a much larger marine area 
affected by crude oil components. Additionally, a number of negative environmental effects 
related to chemical dispersant use and/or dispersed oil were reported, even though in some cases 
it was impossible to tease apart the toxic effects of crude oil from those of chemical dispersants. 
Nevertheless, the health of deep water corals and fish stocks, as well as the microbial 
community responding to the oil spill, appeared to have been impacted by the exposure to 
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dispersed oil (Joye et al., 2016a). Additional laboratory studies aiming to simulate DWH spill 
conditions have reported high toxicity of Corexit EC9500A and/or Corexit-dispersed crude oil 
for several marine organisms (Wise and Wise, 2011; Finch et al., 2017; Brown et al., 2019; 
Luter et al., 2019; Ugbomeh et al., 2019) and synergistic toxicity of dispersed oil to marine 
plankton populations and microorganisms (Hook and Osborn, 2012; Radniecki et al., 2013; 
Rico-Martínez et al., 2013; Almeda et al., 2014; Ozhan et al., 2014). Besides these 
environmental effects, a number of studies have also suggested negative effects on the health 
of spill response personnel, volunteers and inhabitants of the Gulf shoreline area due to the 
large-scale chemical dispersant application and the known hazard classification of several 
reported Corexit components (Gräbsch, 2016; McGowan et al., 2017). 
The impact of chemical dispersant application on native microbial oil-degrading populations as 
key players determining the fate of oil in the sea, however, had rarely been studied before the 
large-scale application in 2010, even though stimulation of oil biodegradation due to increased 
oil bioavailability had long been assumed (Kleindienst et al., 2015a). Today, the impacts of 
chemical dispersants on microorganisms, specifically HC degraders, are still relatively 
uncertain and inconsistent reports have led to disputes over best practices (US NASEM, 2020). 
While dispersant exposure has typically been shown to alter marine microbial community 
dynamics and enrich a distinct community (Kleindienst et al., 2015b; Suja et al., 2017; 
Techtmann et al., 2017; Doyle et al., 2018; Sun and Kostka, 2019; Tremblay et al., 2019), 
studies have produced conflicting results on how dispersants affect the HC biodegradation 
potential of these communities. Findings range from enhanced (Bælum et al., 2012; Prince et 
al., 2016) or mostly unaffected HC biodegradation (McFarlin et al., 2014; Tremblay et al., 
2019) to toxic or inhibitive effects on microbial HC degradation (Hamdan and Fulmer, 2011; 
Kleindienst et al., 2015b; Rahsepar et al., 2016; Hackbusch et al., 2020). A number of different 
explanations for these contradictory findings have been proposed, ranging from methodological 
issues (e.g. dispersant concentrations, types and weathering status of crude oil or HCs used) to 
microbiological and ecological considerations (e.g. species-specific dispersant responses and 
the relevance of the native microbial community composition) (Overholt et al., 2016; Prince et 
al., 2016; Rahsepar et al., 2016; Techtmann et al., 2017; Doyle et al., 2018). However, many 
open questions regarding those inconsistent findings remain.  
Moreover, several studies have demonstrated that chemical dispersants like Corexit EC9500A 
can inhibit certain HC-degrading bacteria in their growth and activity, observed in both pure 
cultures (Hamdan and Fulmer, 2011; Overholt et al., 2016; Hackbusch et al., 2020) and 
seawater microcosm experiments (Techtmann et al., 2017; Doyle et al., 2018). Members of the 
aforementioned alkane-degrading genus Marinobacter, in particular, can become negatively 
affected by chemical dispersant exposure. This has been described in several studies but does 
not seem to apply to all Marinobacter spp. (Hamdan and Fulmer, 2011; Kleindienst et al., 
2015b; Techtmann et al., 2017; Tremblay et al., 2017; Doyle et al., 2018; Tremblay et al., 
2019), further illustrating the inconsistent state of the scientific literature on this topic. 
Remarkably, there are also still substantial knowledge gaps regarding the underlying causes 
and mechanisms of the observed dispersant effects on HC-degrading bacteria. It remains largely 
unknown how chemical dispersants, such as Corexit, might affect the metabolism and cellular 
processes of HC degraders and, in turn, how exposure leads to the different observed microbial 
responses. This knowledge could be crucial to untangling the contradictory findings in the 
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literature. Corexit EC9500A was reported to contain a petroleum distillate fraction, propylene 
glycols, and different anionic and nonionic surfactants in mostly unknown proportions (Place 
et al., 2016; Choyke and Ferguson, 2019). Thus, these components themselves could cause 
detrimental effects to microbial cells (e.g. described by Partearroyo et al., 1990; Sikkema et al., 
1995; Ramos et al., 2002; Krell et al., 2012; Inacio et al., 2016), and/or synergistic toxicity 
effects of dispersed oil exposure could be at play (e.g. described by Radniecki et al., 2013; 
Rico-Martínez et al., 2013; Ozhan et al., 2014). Remarkably, a few HC-degrading bacteria 
belonging to the genera Colwellia, Alcanivorax and Acinetobacter were shown to degrade and 
grow on components of Corexit EC9500A as well (Chakraborty et al., 2012; Overholt et al., 
2016), which opens up even more potential routes of chemical dispersant exposure affecting 
environmental microbial communities during marine oil spill scenarios. 
Even though many open questions remain, most recent studies of chemical dispersant impacts 
on oil-degrading microorganisms were conducted with the DWH spill in mind. As a result, the 
Gulf of Mexico ecosystem is now relatively well characterized in this regard compared to many 
other ecosystems of interest (Murphy et al., 2016). One of these ecosystems assessed in this 
thesis is the relatively pristine and vulnerable environment of the Arctic Ocean. In comparison, 
this ocean remains relatively unexplored in this regard, even though crude oil and fuel spill 
risks associated with shipping traffic and/or oil exploration activities are increasing due to the 
decline in Arctic sea ice coverage (Meier et al., 2014; Harsem et al., 2015; US NPC, 2015; 
Harriss, 2016). Spill impacts are assumed to be potentially disastrous in the vulnerable Arctic 
ecosystem, however, predictions are hindered by a lack of ecological baseline knowledge for 
this region (Lee et al., 2015; US NPC, 2015; Aune et al., 2018; Nevalainen et al., 2018). So 
far, dispersant application in the Arctic is rare and has only occurred to a small extent during 
field trials (Curl et al., 1992; Ernest, 1993; Trudel, 1998). However, almost all member 
countries of the Arctic Council currently consider dispersant application as a spill response 
option (Arctic Council, 2013; US NASEM, 2020), highlighting the need for additional research 
in this unique ecosystem. The second marine ecosystem explored in this thesis is the North Sea, 
an area that has experienced much more ship traffic, oil exploration and oil pollution than the 
Arctic Ocean. In fact, it was highlighted as one of six areas worldwide with a high spill volume 
(Burgherr, 2007). And although oil pollution in the North Sea has been decreasing, the ongoing 
oil extraction activities, increasing shipping traffic, new offshore wind platforms, and the 
ageing nature of several oil production platforms in the area were all identified as current oil 
spill risks (Carpenter, 2019). While the North Sea has been more thoroughly characterized 
microbiologically than the Arctic Ocean (Brakstad and Lødeng, 2005; Wiltshire et al., 2010; 
Gertler et al., 2012; Teeling et al., 2012; Chronopoulou et al., 2015), the impacts of chemical 
dispersants on seawater microbial communities in areas like the German Bight are not well 
characterized (Grote et al., 2018; de Almeida Couto et al., 2019).  
Consequently, many open research questions regarding the impacts of chemical dispersants on 
microbial HC biodegradation remain (also discussed e.g. in Kleindienst et al., 2015a; Joye et 
al., 2016b; Kleindienst and Joye, 2017) and this thesis will present a number of findings with 
the aim to further elucidate these complex scenarios.  
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1.6 Research questions and thesis structure 

The application of chemical dispersants during marine oil spill response efforts routinely takes 
place to supplement more weather-dependent physical response strategies and reduce harmful 
impacts of crude oil pollution to birds and shorelines. However, their ecological effects remain 
controversial. Particularly large knowledge gaps remain regarding the impacts of chemical 
dispersants on affected seawater microbial communities and native oil-degrading bacteria in 
particular, with the current literature characterized by largely unexplained contradictory 
findings. Moreover, several marine ecosystems remain underexplored in this regard and the 
effects of chemical dispersant exposure on cellular processes of HC-degrading bacteria are 
unknown to date. Therefore, in order to improve our knowledge and understanding of chemical 
dispersant impacts on oil-degrading microorganisms, the main research questions and 
respective experimental approaches covered in this thesis are as follows (see also Figure 1.5). 

 
Figure 1.5: Schematic overview of the structure of this thesis and the experiments presented hereafter, 
which were performed to further elucidate impacts of chemical dispersants on oil-degrading 
microorganisms.  

I) How do chemical dispersants impact environmental seawater microbial communities and 
their oil biodegradation potential in different marine habitats?    
The first aim was to characterize the response of environmental seawater microbial 
communities from the Arctic Ocean (Chapter 2) and the North Sea (Chapter 3) to chemical 
dispersant exposure during a simulated crude oil spill scenario. This was achieved by 
performing large laboratory microcosm experiments that simulated the water column 
conditions during a crude oil spill with and without chemical dispersant (Corexit EC9500A) 
addition. Using samples from these microcosms, microbial cell numbers were quantified via 
fluorescence microscopy and quantitative PCR (qPCR), microbial productivity was quantified 
via incorporation rates of 3H-leucine and microbial community composition and dynamics were 
identified via 16S rRNA gene amplicon sequencing. Additionally, remaining n-alkane, 
naphthalene and phenanthrene concentrations were quantified via gas chromatography coupled 
with mass spectrometry (GC-MS), dissolved organic carbon (DOC) levels were measured and 
14C-labelled HC oxidation activity was quantified in order to characterize HC biodegradation 
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progress in microcosms. Moreover, the effects of a biostimulation treatment on microbial 
community dynamics and oil biodegradation potential were compared to chemical dispersant 
addition in Arctic Ocean microcosms, in order to assess the potential for alternative or 
additional bioremediation approaches in this ecosystem (Chapter 2).  
 
II) What is the effect of chemical dispersants on growth and biodegradation activity of the 
HC degrader Marinobacter sp. TT1 isolated during the DWH spill?  
The second aim covered in this thesis was to identify the effects of chemical dispersant exposure 
on the growth and alkane biodegradation activity of the DWH isolate Marinobacter sp. TT1 
(Chapter 4). This was achieved by performing pure culture experiments using the 
representative petroleum HC n-hexadecane ± Corexit EC9500A and subsequently quantifying 
microbial cell numbers via fluorescence microscopy and remaining n-hexadecane 
concentrations via GC-MS. Additionally, the effects of environmentally relevant versus typical 
laboratory substrate availability were investigated in these experiments as one potential factor 
that could explain the contradictory dispersant effects on HC degraders reported in the literature 
by performing the described experiment with previously carbon-starved or well-fed 
Marinobacter sp. TT1 cultures.  
 
III) How do dispersants affect the HC metabolism and other cellular processes of the model 
organism Marinobacter sp. TT1?  
The third aim was to identify the underlying mechanisms of observed chemical dispersant 
effects on HC-degrading bacteria on a cellular level (Chapter 5). To this end, additional pure 
culture experiments with the selected model organism Marinobacter sp. TT1 using different 
carbon sources ± chemical dispersant (Corexit EC9500A) were performed and a comparative 
analysis of protein expression profiles associated with the different growth conditions was 
achieved. This included the characterization of proteins associated with HC metabolism in 
strain TT1 and the identification of different metabolic and cellular processes that were affected 
by chemical dispersant exposure. Additionally, microbial cell numbers (via fluorescence 
microscopy) and remaining n-hexadecane concentrations (via GC-MS) were quantified.  
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2.1 Abstract 

Chemical dispersant application is a widely used response strategy during marine oil spills. 
However, alternative approaches may be of interest to limit potential negative ecosystem 
effects. Our goal was to compare the impacts of chemical dispersant or nutrient addition, i.e. 
biostimulation, during oil spill scenarios on native microbial communities from the increasingly 
pollutant-exposed Arctic Ocean. Therefore, seawater laboratory microcosms amended with 
crude oil components as water-accommodated fractions (WAF) ± nutrients, oil-dispersant 
mixtures as chemically enhanced WAFs (CEWAF), or dispersant alone were monitored over 
32 days. Compared to oil-only treatments, biostimulation led to enhanced microbial growth and 
marine oil snow formation, faster oil-derived dissolved organic carbon (DOC) biodegradation 
and higher 14C-hexadecane oxidation rates, while dispersant addition resulted in lower cell 
numbers and the persistence of high CEWAF-derived DOC levels in microcosms after 32 days. 
Hydrocarbon biodegradation was detected in all treatments. Microbial community dynamics, 
including known hydrocarbon-degrading taxa such as Oleispira, Colwellia and Neptunomonas, 
were markedly affected by dispersant addition but not by biostimulation. Our study shows that 
biostimulation could be a promising alternative approach to dispersant application when 
considering potential future Arctic Ocean oil spills. 
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2.2 Introduction 

Accidental marine crude oil or fuel spills cause substantial environmental damage in marine 
ecosystems (Peterson et al., 2003; Short, 2017). Even though the frequency of marine oil spills 
has been decreasing (ITOPF, 2020), potential future spills might lead to increasingly complex 
and difficult spill response conditions, due to oil exploration activities moving into deeper 
waters and previously less impacted regions like the Arctic (Harsem et al., 2015; Gutierrez, 
2018; Murawski et al., 2020). The fate of oil in marine environments is determined by a number 
of physicochemical and biological processes. Among these, biodegradation of petroleum 
hydrocarbons (HCs) is a key factor, carried out by a wide variety of ubiquitous microorganisms 
that play a crucial role in oil spill remediation (Head et al., 2006; Joye et al., 2016b). In addition, 
a number of technological emergency spill response strategies are typically employed after 
marine oil spills, including mechanical containment and removal, in situ burning, or chemical 
dispersion of released oil (ExxonMobil, 2014). 
Chemical dispersants are solvent-surfactant mixtures applied to disperse oil into the water 
column and, thus, reduce surface slicks and coastal oiling. Following the Deepwater Horizon 
(DWH) oil spill in the Gulf of Mexico in 2010, for example, seven million litres of dispersants 
(Corexit EC9500A and EC9527A) were applied in response to the discharge of an estimated 
800 million liters of crude oil into the Gulf ecosystem (US Nat. Comm. DWH, 2011; McNutt 
et al., 2012). While the impacts of the oil spill on the Gulf’s ecosystem are relatively well 
documented (DWH NRDA Trustees, 2016; McGowan et al., 2017), the ecological impact of 
chemical dispersant application, especially on native microbial oil-degrading populations, is 
still under debate and conflicting reports have led to disputes over best practices (US NASEM, 
2020). 
Biostimulation represents an alternative approach to oil spill remediation since its main goal is 
to enhance naturally occurring oil biodegradation processes, typically by supplying limiting 
nutrients (Nikolopoulou and Kalogerakis, 2010). Large oil inputs cause a drastic shift in the 
bioavailable in situ C:N:P ratio and therefore, microbial HC degradation is often limited by 
nutrient concentrations in seawater (Atlas and Bartha, 1972). After the large Exxon Valdez 
tanker spill in Alaska in 1989, for example, approximately 50 tons of nitrogen and 5 tons of 
phosphorous were applied and accelerated oil biodegradation at an estimated 2,000 km of oiled 
intertidal shorelines (Curl et al., 1992; Bragg et al., 1994). Even though biostimulation is more 
commonly described for contaminated soil or sediment systems (Adams et al., 2015), it was 
also shown to improve seawater remediation under laboratory conditions (Coulon et al., 2007; 
Crisafi et al., 2016; Ortmann et al., 2019; Sun and Kostka, 2019). The impacts of chemical 
dispersant application and biostimulation treatments on seawater microbial communities during 
an oil spill scenario, however, have only rarely been compared systematically (Meng et al., 
2016; Personna et al., 2016). 
Particularly relatively pristine and vulnerable environments like the Arctic Ocean remain 
largely unexplored in this regard, even though crude oil and fuel spill risks are increasing: The 
continuing decline in Arctic sea ice coverage has caused rising interests in Arctic oil exploration 
and shipping routes by different stakeholders (Meier et al., 2014; Harsem et al., 2015; US NPC, 
2015; Harriss, 2016). Spill impacts are assumed to be potentially disastrous in the vulnerable 
Arctic ecosystem, however, predictions are hindered by a lack of ecological baseline knowledge 
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for this region (Lee et al., 2015; US NPC, 2015; Aune et al., 2018; Nevalainen et al., 2018). 
The application of chemical dispersants in the Arctic remains controversial, due to these 
knowledge gaps and additional unknowns, e.g. regarding its effectiveness at low temperatures, 
particularly for heavy fuel oils (Holder et al., 2015; Sørheim et al., 2020). Only limited marine 
dispersant applications in the Arctic have occurred up to now according to publicly available 
information, i.e. in the form of small test applications off the coast of Alaska, USA (Curl et al., 
1992; Ernest, 1993; Trudel, 1998). However, almost all member countries of the Arctic Council 
currently consider dispersant application as a spill response option (Arctic Council, 2013; US 
NASEM, 2020). Since Arctic environmental conditions (e.g. darkness, low temperatures, sea 
ice, remoteness) will present unprecedented technological challenges for oil spill remediation 
(US NRC, 2014; Wilkinson et al., 2017), dispersant application by aircraft has previously been 
recommended for these conditions (Lewis and Prince, 2018). For the same reasons, 
biostimulation treatments enhancing the in situ oil biodegradation potential that is already 
present (McFarlin et al., 2017; Vergeynst et al., 2018b and references therein), might likewise 
be of interest in future Arctic oil spill scenarios. 
Therefore, the main objectives of this study were i.) to characterize the response of microbial 
communities from the central Arctic Ocean to a simulated large oil spill scenario and ii.) to 
compare the effects of nutrient or dispersant addition on these microbial communities and their 
oil biodegradation potential. Thus, Arctic Ocean seawater laboratory microcosms were 
amended with crude oil components as water-accommodated fractions (WAF) ± nutrients (N; 
i.e. nitrate, ammonium, phosphate), oil-dispersant mixtures as chemically enhanced WAFs 
(CEWAF), or dispersant alone, and monitored over an incubation period of 32 days at 1°C or 
15°C (Fig. 2.1). 

2.3 Experimental procedures 

2.3.1 Seawater samples 
During research cruise PS101 on RV Polarstern, 160 liters of seawater were collected in 
October 2016 from a depth of 150 m in the central Arctic Ocean (086° 51.45' N, 061° 28.95' E; 
in situ temperature -1.7°C; Fig. S2.1). The seawater was stored at 0°C aboard the ship, 
transported to the laboratory in Tübingen while cooled consistently, sampled for 
microbiological analyses (referred to as in situ-like samples herein), used immediately for the 
preparation of water-accommodated fractions (WAFs), and stored at 4°C until the start of the 
experiment (7 days). Nutrient concentrations in the seawater samples were determined on board 
RV Polarstern as 8.91 µM nitrate, 0.02 µM nitrite, 0.56 µM phosphate and 3.63 µM silicate 
(personal communication, Gunter Wegener). 
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Figure 2.1: Experimental design of this study. Seawater microcosms simulating water column 
conditions during a large Arctic Ocean oil spill scenario were established in triplicate, incubated at 1°C 
or 15°C, and sampled sacrificially after 0, 5, 12 (only 1°C), and 32 days. Treatments received the 
following amendments (adjusted for similar final DOC content) at the start of the experiment: crude oil-
derived water accommodated fraction (WAF, ab. WAF), WAF and nutrients (WAF+N), chemically 
enhanced WAF (CEWAF, contains Corexit dispersant), or dispersant alone. Additional control 
treatments received no amendments (Control, Ab. Control) and/or contained only sterilized (= abiotic) 
seawater (Ab. Control, Ab. WAF). 

2.3.2 Water-accommodated fractions, and establishment and sampling of microcosms 
All WAF solutions were prepared with Macondo MC252  surrogate crude oil (provided by BP) 
according to Kleindienst et al. (2015b) with minor modifications (see SI). Seawater (SW) 
microcosms were established using 850 ml of seawater (gently mixed in a separate, pre-cleaned 
25 L HDPE-container beforehand) in 1 L glass bottles with teflon-lined caps. Five different 
treatments were prepared by adding (1) 50 ml of sterilized SW (Control), (2) 50 ml of WAF 
solution (WAF-derived DOC = 276 µM), (3) 50 ml WAF solution and 200 µl of nutrient 
solution (WAF+N), (4) 2 ml CEWAF solution (CEWAF-derived DOC = 280 µM) and 48 ml 
sterilized SW, or (5) 1 ml Dispersant solution (Dispersant-derived DOC = 256 µM) and 49 ml 
sterilized SW. The respective volumes of added WAF solutions were chosen to simulate a large 
oil spill scenario (Kleindienst et al., 2016a) and adjusted with the goal of obtaining comparable 
levels of dissolved organic carbon (DOC) across all hydrocarbon-amended microcosms at the 
start of the experiment. WAF+N treatments were amended with 100 μM ammonium chloride, 
100 μM potassium nitrate, and 10 μM potassium phosphate (final concentrations, respectively). 
Abiotic controls containing either (6) 900 ml sterilized SW (Ab. Control) or (7) 850 ml 
sterilized SW and 50 ml WAF (Ab. WAF) were also prepared.  
Microcosms were established in triplicates, except for abiotic WAF controls where only 
duplicates were established due to limited WAF solution volumes. Subsequently, microcosms 
were separated into two groups which were incubated in the dark at either 1°C or 15°C. All 
microcosm bottles were gently turned at least once every 24 hours. All biotic treatments were 
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sampled sacrificially at four time points (1°C microcosms; after 0, 5, 12, 32 days) or three time 
points (15°C microcosms; after 0, 5, 32 days). For the abiotic SW controls, the same biological 
triplicate bottles were sub-sampled at all time points, while the abiotic WAF controls were 
sampled sacrificially only after 0 and 32 days. Sampling of the microcosms was performed after 
inverting bottles gently a few times by removing aliquots for each respective analysis in the 
following order: water chemistry (oxygen, pH, salinity, nutrients, DOC), 14C-hydrocarbon 
oxidation assay, 3H-leucine incorporation, total cell counts, DNA, hydrocarbons.  

2.3.3 Geochemical, molecular and microbiological analyses  
Nutrients (nitrate, phosphate, and ammonium), DOC, and HC concentrations were monitored 
during the course of the experiment (see SI). HC extraction from water samples was performed 
using dichloromethane (twice) and n-hexane (once) and concentrated extracts were measured 
via gas chromatography coupled to mass spectrometry (GC-MS) (see SI). Microbial community 
composition and cell numbers were investigated for each sample using 16S rRNA amplicon 
Illumina sequencing, quantitative PCR (qPCR) and total cell counts (see SI). Sequencing data 
was analysed with nf-core/ampliseq v1.1.0, which performed all following analysis steps and 
includes required software (Ewels et al., 2020; see also SI; Straub et al., 2020). Microbial 
activity was measured using 3H-leucine incorporation analysis and 14C-hexadecane and 
14C-naphthalene oxidation assays (see SI).  

2.3.4 Data analysis 
To test whether observed differences in microbial productivity, cell numbers, 14C-hexadecane 
oxidation rates, as well as nutrient, DOC and HC concentrations between the different 
treatments (at one time point) or between time points (for one treatment type) were statistically 
significant, ANOVA followed by Tukey post-hoc test (p < 0.05) for multiple comparisons was 
used. Beforehand, the data sets of interest were tested for normally distributed residuals (tested 
with Shapiro-Wilks test, p > 0.05) and homogeneous variances (tested with Levene test, 
p > 0.05). qPCR data was log-transformed before testing. The R programming language (R 
Core Team, 2019) was used to perform all described tests and all presented data was plotted 
using ggplot2 v3.3.2 (Wickham, 2016) in R.  

2.4 Results  

2.4.1 Microbial growth and activity  
In microcosms incubated at 1°C (i.e. close to in situ temperature conditions), the bacterial 
productivity (Fig. 2.2B) determined via 3H-leucine incorporation rates increased in all biotic 
treatments after the start of incubation, with peak rates recorded after 12 days in all treatments 
(421.18–483.17 nM carbon d-1 in HC-amended samples). After 32 days, the productivity in 
dispersant-containing treatments (i.e. CEWAF and dispersant-only) had decreased to levels 
similar to control treatments, while the activity in both WAF treatments was significantly 
(p < 0.0001) higher, with the nutrient-amended WAF treatment showing the highest sustained 
activity (218.56 nM carbon d-1). Cell numbers determined via cell counts (Fig. 2.2A) showed 
that the observed increase in bacterial productivity was followed by increasing cell numbers in 
all HC-amended treatments, with nutrient-amended treatments reaching the highest average cell 
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numbers (1.6 x 106 cells ml-1 after 32 days) and with cell numbers in dispersant-containing 
treatments decreasing again after 32 days. Cell numbers estimated via 16S rRNA gene qPCR 
showed the same trend, i.e. significantly (p < 0.0001) higher estimated cell numbers in WAF 
and WAF+N treatments compared to dispersant-containing treatments at the end of the 
incubation period (Fig. S2.2). The formation of white macroscopic aggregates was first 
observed in both WAF treatments after 10 days and long flocs had formed after 32 days in all 
WAF-containing bottles, with nutrient-amended treatments showing a higher aggregate density 
and larger aggregate sizes (maximum length = 2–4 cm in WAF+N vs. 0.5–2 cm in WAF; Fig. 
S2.3). Fluorescence microscopy using dead-live staining revealed that WAF aggregates 
contained large numbers of living cells (Fig. S2.3). Only very few aggregates were observed in 
CEWAF treatments after 32 days (maximum length = 1-3 mm) and no macroscopic aggregates 
were observed in dispersant or control treatments. The detected nutrient dynamics associated 
with the observed microbial growth and activity revealed that nitrate concentrations were 
depleted in WAF treatments after 32 days and significantly (p < 0.05) lower than in all other 
treatments (Fig. S2.4). Incubations at 15°C generally showed similar trends regarding microbial 
growth and activity, aggregate formation, and nitrate depletion (Fig. S2.2 and S2.4). 

 
Figure 2.2: Microbial cell numbers and activity in 1°C seawater microcosms simulating water column 
conditions during an Arctic Ocean oil spill scenario. Treatments received crude oil-derived water 
accommodated fraction (WAF), WAF and nutrients (WAF+N), chemically enhanced WAF (CEWAF, 
contains Corexit dispersant), or dispersant alone. Control treatments received no amendments and/or 
contained only sterilized seawater (Control, abiotic Control). Results shown are averages of sacrificial, 
triplicate microcosms (standard deviations are based on triplicates). A) Cell numbers [cells ml-1] as 
determined by DAPI total cell counts. B) Rates of microbial productivity measured via 3H-leucine 
incorporation assays. 

2.4.2 Microbial community dynamics  
The β-diversity of 16S rRNA gene-based microbial community composition differed across 
treatments and time points in 1°C microcosms (Fig. 3.2A), highlighting distinct microbial 
community dynamics across treatments. At the start of the experiment, all communities were 



48 
 

comparable and also similar to samples taken directly after the seawater reached our laboratory 
(termed ‘In situ-like’). Additionally, biotic control treatments with and without nutrient addition 
remained quite similar to each other during the incubation period. The HC-amended 
communities, however, evolved differently over time with a clear separation observed between 
the WAF±N treatments and the dispersant-containing treatments. These different microbial 
community dynamics were characterized by distinct enriched genera, either detected in 
WAF±N or in CEWAF and dispersant-only treatments (Fig. 3.2B). Even though Oleispira and 
unclassified Saccharospirillaceae (with 95.60% 16S rRNA gene sequence identity to 
Oceaniserpentilla haliotis) were initially enriched in all HC-amended treatments, albeit to a 
different relative 16S rRNA gene sequence abundance (14-53% and 15-33%, respectively), 
dispersant-containing treatments contained at least one notable, additional enriched taxon 
already after 5 days (i.e. Sinobacterium; up to 16%) and were mostly dominated by Colwellia 
for the rest of the incubation period (up to 82%). In contrast, Polaribacter and unclassified 
Flavobacteriaceae (notably with 100% 16S rRNA gene sequence identity to Polaribacter 
dokdonensis) dominated both WAF treatments at these later time points (up to 83% together). 
Additionally, unclassified Cryomorphaceae (with 90.12% 16S rRNA gene sequence identity to 
Owenweeksia sp. strain SC180) became enriched in both dispersant-containing treatments after 
32 days (up to 12%), whereas Neptunomonas was enriched in both WAF treatments at the end 
of the incubation period (up to 20%), with a few distinct additional taxa only enriched in either 
WAF (Loktanella; 4%) or WAF+N (Profundimonas, Psychroserpens, Pacificibacter; 10-22%) 
treatments. Dispersant treatments furthermore revealed a number of enriched archaeal taxa 
linked to ammonia oxidation (e.g. Cand. Nitrosopumilus and Cand. Nitrosopelagicus) at the 
end of the incubation period. Thus, dispersant addition led to more drastic changes in microbial 
community dynamics than nutrient addition, compared to WAF treatments. This trend was also 
observed in microcosms incubated at 15°C, even though distinct microbial community 
compositions were detected (Fig. S2.5). Both WAF treatments were, for example, mainly 
dominated by Neptunomonas, while CEWAF treatments were dominated by Neptunomonas or 
Colwellia and the enriched taxa in dispersant-only microcosms were mainly Colwellia, 
Oleispira and Ulvibacter. 

2.4.3 Microbial oil biodegradation potential  
Different analytical approaches indicated that some HC biodegradation took place in all HC-
amended treatments during the incubation period, even though a precise quantification of the 
added oil HC components was challenging due to the chemical heterogeneity within (i.e. multi-
phase system including oil droplets and differing amounts of microbial exudates and 
aggregates) and across microcosms (i.e. chemically or mechanically dispersed oil components, 
heightened effects of natural biological variation due to sacrificial sampling). Analysis of DOC 
concentrations in microcosms incubated at 1°C revealed that, at the start of the experiment, 
similarly elevated DOC levels that were significantly higher (p < 0.00001) than background 
seawater concentrations were achieved across all HC-amended treatments (343.40–428.33 µM; 
Fig. 2.4A). Data from abiotic WAF control treatments after 32 days indicated that no significant 
abiotic loss of DOC or other quantified hydrocarbons had occurred during the microcosm 
incubations. The DOC concentrations in both WAF treatments, however, decreased 
significantly  (p < 0.0001)  within the  incubation  period, suggesting  that the native  microbial  
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Figure 2.3: Changes in microbial community composition in 1°C seawater microcosms simulating 
water column conditions during an Arctic Ocean oil spill scenario as determined by 16S rRNA gene 
amplicon sequencing. Treatments received crude oil-derived water accommodated fraction (WAF), 
WAF and nutrients (WAF+N), chemically enhanced WAF (CEWAF, contains Corexit dispersant), or 
dispersant alone. Control treatments received no amendments. A) Non-metric multidimensional scaling 
(NMDS) plot based on Bray Curtis diversity showing the similarity of microbial community 
compositions across samples. The stress achieved is indicated in the top left of the plot. In situ-like 
samples were taken directly after seawater samples reached the laboratory (1 week before start of 
experiment). B) Microbial population dynamics (averages of sacrificial triplicate microcosms) of most 
abundant taxa in microcosms at genus level (sorted by average abundance across samples and labelled 
with the highest descriptive taxonomic level). 
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community degraded most WAF-derived DOC until reaching background DOC levels (191.67–
198.91 µM on average) within 32 days, with a significantly (p < 0.01) faster DOC decrease in 
nutrient treatments. In contrast, the DOC content of both dispersant-containing treatments 
remained significantly (p < 0.0001) higher through the end of the experiment (332.41–
378.38 µM). The same trends were observed in microcosms incubated at 15°C, except for a 
faster DOC decrease in both WAF treatments (Fig. S2.6A). 
Using 14C-labelled HC substrate, naphthalene oxidation activity was mainly detected in WAF 
treatments (0.24–1.11 ng L-1 d-1), with a late increase in activity in CEWAF treatments that was 
only detected in 15°C incubations (1.28 ng L-1 d-1; Fig S2.7). Even though 14C-hexadecane 
oxidation activity was detected in all HC-amended treatments, the rates observed in WAF+N 
treatments (1.28 ng L-1 d-1) after 5 days were significantly (p < 0.01) higher than in WAF or 
CEWAF treatments (Fig. S2.7; data only available for 15°C incubations due to technical 
issues). HC quantification via GC-MS  indicated that n-alkanes of intermediate chain lengths 
(C12–18), i.e. alkanes within the substrate range of most well-characterized microbial alkane 
hydroxylases (Van Beilen et al., 2004; Liu et al., 2011), decreased significantly (p < 0.05) in 
all treatments, with CEWAF treatments reaching the lowest remaining levels (11% of T0 
concentrations) after 32 days (Fig. 2.4C). A decrease of longer alkanes (C19–36) and 
phenanthrenes was detected in CEWAF treatments, whereas a similar potential biodegradation 
pattern might have been masked by fluctuations in the data of WAF and WAF+N treatments 
(data not shown). Additionally, a comparison between treatments was complicated by different 
HC compositions of the initial HC amendments, for example in the case of naphthalenes which 
were only detected in WAF treatments (Fig. 2.4D). However, a few other clear trends could be 
observed: A decrease in naphthalenes appeared to be enhanced in WAF+N treatments 
compared to WAF treatments, while all detected n-alkanes, naphthalenes and phenanthrenes 
decreased more in 15°C incubations compared to 1°C incubations (Fig. S2.6). Moreover, a bulk 
parameter encompassing all detected compounds in the obtained GC-MS chromatograms 
(termed ‘total petroleum hydrocarbons (TPH) equivalents’) revealed very similar dynamics 
compared to the DOC data, i.e. significantly (p < 0.05) higher persisting levels of added organic 
compounds in dispersant-containing treatments compared to both WAF treatments after 32 days 
(Fig. 2.4B). 



51 
 

 
Figure 2.4: Hydrocarbon and DOC concentrations in 1°C seawater microcosms simulating water 
column conditions during an Arctic Ocean oil spill scenario. Treatments received crude oil-derived 
water accommodated fraction (WAF), WAF and nutrients (WAF+N), chemically enhanced WAF 
(CEWAF, contains Corexit dispersant), or dispersant alone. Control treatments received no amendments 
(Control) and/or contained only sterilized seawater and WAF (abiotic WAF; only included for bulk 
parameters). Results shown are averages of sacrificial, triplicate microcosms (standard deviations are 
based on triplicates). A) Dissolved organic carbon (DOC) concentrations [µM] show that amendments 
were adjusted to similar DOC levels at the start of the experiment. B-D) Total petroleum hydrocarbon 
(TPH) equivalents, n-alkanes (C12-C18) and naphthalenes are shown as determined by via GC-MS 
quantification [ng ml-1].  
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2.5 Discussion  

2.5.1 Response of Arctic seawater community to simulated oil spill scenario 
The investigated native microbial community from the central Arctic Ocean responded to the 
input of crude oil-derived HCs with increased growth, activity and aggregate formation (Fig. 
2.5). The observed microbial aggregates were likely marine (oil) snow (i.e. consisting of 
microorganisms, their exudates and oil), which was previously also reported in similar 
microcosm studies (Kleindienst et al., 2015b; Passow, 2016; Suja et al., 2017; Doyle et al., 
2018) and played an important role after the DWH oil spill in the Gulf of Mexico (Passow and 
Ziervogel, 2016). Two of the dominant taxa also contain well-characterized HC-degrading 
species, such as the psychrophilic alkane degrader Oleispira antarctica (Yakimov et al., 2003) 
or the aromatic HC degrader Neptunomonas naphthovorans (Hedlund et al., 1999), while the 
dominant Saccharospirillaceae ASV was closely related to the unclassified Oceanospirillales 
member that became enriched during the DWH spill in the Gulf of Mexico (98.40% 16S rRNA 
gene sequence identity to clone HM587889 from Hazen et al., 2010) which has been linked to 
alkane degradation (Mason et al., 2012; Redmond and Valentine, 2012). Additionally, several 
other enriched taxa were previously detected in association with oil pollution and/or have been 
linked to HC biodegradation, such as Polaribacter (Redmond and Valentine, 2012; Wang et 
al., 2014), Sulfitobacter (Gerdes et al., 2005; Mas-Lladó et al., 2014; Fasca et al., 2018) and 
Loktanella (Harwati et al., 2007; Sanni et al., 2015). This suggests that they played a role as 
primary and/or secondary HC degraders in the WAF treatments. Our results demonstrate that 
seed populations of HC degrading bacteria are ubiquitous, even in the central Arctic Ocean, 
which agrees with earlier studies that investigated other Arctic Ocean areas (McFarlin et al., 
2017; Vergeynst et al., 2018a; Vergeynst et al., 2018b). These findings are further supported 
by the detected biodegradation of C12-18 n-alkanes, bulk DOC and TPH equivalents, and the 
observed 14C-naphthalene and 14C-hexadecane oxidation activity in WAF treatments, pointing 
towards high HC biodegradation potential at our field site. Previous studies have reported 
similar microbial biodegradation patterns of petroleum HCs in microcosm incubations using 
Arctic or subarctic seawater from different locations, including less biodegradation of aromatic 
HCs in some cases (reviewed e.g. by Vergeynst et al., 2018b). Thus, the native microbial 
community from the central Arctic Ocean displayed a considerable oil biodegradation potential 
in response to the input of crude oil-derived HCs, demonstrating a promising basis for Arctic 
oil spill bioremediation approaches.  Furthermore, the observed effects of a higher incubation 
temperature (15°C) on the seawater microbial community (i.e. different enriched taxa and HC 
degraders, increased biodegradation activity) were in agreement with previous microcosm 
studies as well (Coulon et al., 2007; Liu et al., 2017a; Lofthus et al., 2018; Sun and Kostka, 
2019). 

2.5.2 Impacts of biostimulation on microbial community dynamics and oil biodegradation 
potential 

Biostimulation (i.e. nutrient addition along with WAF addition) led to increased marine (oil) 
snow formation, higher cell numbers (Fig. 2.5) and sustained elevated microbial productivity 
at the end of the incubation period, while nitrate was depleted in WAF treatments without 
nutrient addition during the incubation period. Furthermore, biostimulation resulted in 
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enhanced biodegradation of oil-derived DOC, naphthalenes and higher detected 14C-HC 
oxidation rates. This suggests that the Arctic Ocean microbial community was nitrogen-limited 
in their response to the simulated oil spill under in situ nutrient conditions, which is in 
agreement with previous reports using Arctic (Personna et al., 2016; Ortmann et al., 2019; Sun 
and Kostka, 2019) or temperate seawater (Coulon et al., 2007; Crisafi et al., 2016). Remarkably, 
the same microbial key players were enriched in WAF+N and WAF setups, with the 
biostimulation treatments only differing slightly after 32 days; a trend that was consistently 
observed at both incubation temperatures. This shows that even though the microbial 
community was nutrient-limited, nutrient addition did not alter the dominating microbial 
community dynamics induced by WAF addition, while enabling the same known/suspected HC 
degraders to enhance their growth and activity. Although this is in agreement with a previous 
study on microbial responses to diluted bitumen and nutrient addition in coastal Canadian 
seawater (Ortmann et al., 2019), several other studies have described nutrient addition as 
affecting microbial community composition in oil-polluted seawater (Crisafi et al., 2016; Meng 
et al., 2016; Sun and Kostka, 2019). Thus, the effects of nutrient addition on oil-enriched 
microbial taxa might depend on the initial community composition, nutrient availability or 
additional unknown factors. Overall, our findings suggest that biostimulation treatments could 
help to accelerate bioremediation by stimulating indigenous microbial key players that are 
responsible for oil biodegradation in the context of future marine oil spills in the Arctic Ocean. 

   

Figure 2.5: Schematic overview of major findings obtained in this study on microbial community 
dynamics and pollutant biodegradation potential in microcosms simulating water column conditions 
during an Arctic Ocean oil spill scenario. Dominant bacterial genera (key players), dissolved organic 
carbon concentrations (DOC), microbial aggregate/oil snow formation (MOSS) and microbial growth 
(cells) are indicated. 
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2.5.3 Impacts of dispersant addition on the microbial community and oil biodegradation 
potential 

Compared to WAF treatments, dispersant addition led to lower detected cell numbers and 
microbial productivity at the end of the incubation period and considerably less microbial 
aggregate formation (Fig. 2.5). Interestingly, previous studies have reported both enhanced 
(Suja et al., 2017; Doyle et al., 2018) and impeded (Kleindienst et al., 2015b; Passow, 2016) 
microbial aggregate formation after dispersant/CEWAF addition. Thus, these dynamics still 
remain to be further investigated and likely differ between locations and/or seawater sampling 
depth. Another notable effect of dispersant addition were the distinct microbial community 
compositions that developed during the incubation period, with both CEWAF and dispersant-
only treatments mainly dominated by Colwellia and a few additional taxa found in both 
CEWAF and dispersant microcosms (e.g. unclassified Cryomorphaceae). The genus Colwellia 
mostly contains psychrophilic marine bacteria, with some members also described as degraders 
of alkanes and aromatic HCs (Bælum et al., 2012; Redmond and Valentine, 2012; Sieradzki et 
al., 2019). Colwellia also became enriched during the DWH oil spill (Redmond and Valentine, 
2012; Mason et al., 2014; Kleindienst et al., 2016a) and in a few subsequent studies after 
Corexit application (Bælum et al., 2012; Kleindienst et al., 2015b; Techtmann et al., 2017; 
McFarlin et al., 2018), resulting in speculation regarding their possible preference for utilizing 
Corexit components, which is further supported by our results. The detected Cryomorphaceae 
were not closely related to any isolated organism, complicating the assessment of their role in 
Corexit-containing microcosms. However, previous studies have reported enriched unclassified 
members of Cryomorphaceae in seawater contaminated with oil and dispersant (Severin et al., 
2016; Salerno et al., 2018), oil-contaminated marine sediments (Militon et al., 2015) or 
hexadecane and pyrene-amended seawater (Rodrigues et al., 2018), pointing to a potential role 
of yet-to-be isolated members of this family in HC and/or dispersant degradation. Our findings 
therefore suggest that Corexit components, added via CEWAF or Dispersant addition, enriched 
potential dispersant-degrading taxa instead of the typical oil-degrading key players and confirm 
numerous previous reports of dispersant addition substantially altering marine microbial 
dynamics (Kleindienst et al., 2015b; Suja et al., 2017; Techtmann et al., 2017; Doyle et al., 
2018; Sun and Kostka, 2019). These observations might partially be explained by bioavailable 
HC components of Corexit itself or potential toxic/inhibitory effects of Corexit components on 
the metabolism and biofilm formation of HC degrading bacteria, as further discussed in 
Chapter 4 and 5 of this thesis. 
In contrast to WAF microcosms, the DOC/TPH equivalent levels in dispersant-containing 
microcosms did not decrease as much over the course of the incubation, indicating that a 
majority of the added oil/Corexit-derived organic compounds was not biodegraded by the 
microbial community within 32 days. Thus, even though alkane and phenenthrene 
biodegradation was detected in these microcosms, a large amount of CEWAF- and Dispersant-
derived organic compounds appeared to show a high persistence in this study, raising a potential 
ecological concern, particularly for vulnerable environments like the Arctic Ocean. Obtained 
GC-MS chromatograms suggested that these persistent substances in dispersant-amended 
microcosms were mainly small, polar organic compounds, which might have been related to 
the propylene glycols and dipropylene glycol butyl ethers reportedly contained in Corexit 
(Kover et al., 2014; Parker et al., 2014). Persistent levels of these compounds were also detected 
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in water and sediment samples 4 months after the DWH spill (OSAT, 2010) and a long-term 
persistence of the Corexit surfactant dioctyl sulfosuccinate (DOSS) was reported for affected 
deep waters and sediments after the DWH spill (Kujawinski et al., 2011; White et al., 2014). 
Other authors have also described that either no or only slow biodegradation of the Corexit 
surfactant dioctyl sulfosuccinate (DOSS) was detected at cold temperatures (Campo et al., 
2013; Techtmann et al., 2017). The persistence of less biodegradable Corexit-derived 
compounds could also explain the decreased microbial cell numbers and activity at the end of 
the experiment, which were only observed in dispersant-containing treatments. After easily 
degradable oil- and dispersant-derived HCs like alkanes had been metabolized, the remaining 
organic compounds might have been less bioavailable or even harmful to a certain extent, 
thereby potentially hindering the enrichment of secondary degraders as well, which had likely 
taken place in the WAF microcosms. 

2.5.4 Conclusions 
Our results reveal a considerable in situ oil biodegradation potential in pelagic seawater of the 
central Arctic Ocean and suggest that biostimulation could be a promising strategy to enhance 
this biodegradation potential in the case of future marine Arctic oil spills. The use of chemical 
dispersants such as Corexit, however, should be considered carefully in these waters because 
of its effects on microbial population dynamics and the risk of leaving persisting dispersant- or 
dispersant/oil- derived components in this relatively pristine environment.  
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2.6 Supplemental information 

2.6.1 Supplemental experimental procedures 
Water-accommodated fractions. All WAF solutions were prepared with Macondo crude oil 
(provided by BP) according to Kleindienst et al. (2015b) with minor modifications. Briefly, for 
the WAF solutions, 850 ml of sterilized seawater (0.2 µm-filtered, 3x pasteurized at 65°C for 
2 hours) were amended with 150 ml crude oil, mixed by magnetic stirring for 60 hours 
(500 rpm, RT, dark) and subsequently allowed to settle for 90 min before the aqueous phase 
was sub-sampled, avoiding inclusion of organic phases. CEWAFs were prepared using an 
additional 15 ml of Corexit EC9500A dispersant (dispersant-to-oil ratio = 1:10, v/v), and 
dispersant-only solutions were prepared with only 850 ml of sterile seawater and 15 ml of 
Corexit EC9500A. Both dispersant-containing solutions were allowed a longer settling time (4 
h) in order to improve our ability to separate aqueous and organic phases. WAF, CEWAF and 
dispersant solutions were prepared 4 days before initiation of the experiment and stored at 4°C 
until usage, while subsamples were examined for potential cell contamination via DAPI 
staining and measured to obtain dissolved organic carbon (DOC) concentrations (see below). 
In order to ensure contaminant-free containers for WAF solutions and the experimental 
microcosms, all glassware was HCl- and Milli-Q-rinsed and subsequently baked (300°C, 8 
hours) and all bottle caps were teflon-lined, HCl- and Milli-Q-rinsed and pre-baked (150°C, 8 
hours) as well. 

DOC and nutrient analysis. DOC was quantified in two technical replicates of 21 ml (0.45 µm-
filtered before analysis) per sampled microcosm with a carbon analyzer (highTOC; Elementar, 
Germany). Nitrite, nitrate, and ammonium concentrations were quantified in subsamples from 
each microcosm using a continuous-flow analyzer (Seal Analytical, Germany). For continuous 
flow analysis, nitrate is reduced to nitrite with hydrazine sulfate and quantified photometrically 
with N-1-naphthyl ethylenediamine at 520 nm. 

Hydrocarbon quantification using GC-MS. Samples for HC quantification were stored at -20°C 
until the extraction process was initiated. Aliquots of 450 ml from each microcosm were 
extracted twice by liquid/liquid extraction using dichloromethane (DCM; 100 ml) and once 
with n-hexane (100 ml). Mixtures were vigorously shaken for 3 min with the respective solvent 
in a glass separatory funnel (1 L), allowing the phases to settle for 10 min before removing the 
organic phase as a crude extract. The empty microcosm bottles were also extracted once with 
DCM after removing the sample aliquot in order to include hydrocarbons that might have 
attached to the glass surface. Only pre-baked (300°C, 8 h) glassware was used for handling of 
extracts and care was taken to never use the same glassware for samples of different treatment 
types (i.e. WAF, CEWAF, dispersant). The crude extracts were combined and reduced to a 
volume of 10–20 mL in a rotary evaporator (Rotavapor R-300, Buchi; Flawil, Switzerland), by 
evaporating DCM (40°C, 750 mbar) and n-hexane (45°C, 450 mbar). Potentially co-extracted 
water was removed by passing extracts through salt columns (NaSO4 in a glass-wool plugged 
Pasteur pipette) and the extract volumes were subsequently further reduced to a volume of appr. 
1 ml under the fume hood. Deuterated n-triacontane was added as internal standard (1 µg ml-1) 
and the extracts were used to quantify individual alkane and aromatic HC concentrations by 
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coupled gas chromatography and mass spectrometry (Trace GC and TSQ Quantum XLS Ultra; 
Thermo Scientific). Volumes of 1 µL out of 1 mL were introduced using a PTV injector 
(ramped from 45°C to 320°C at 12°C/sec) in splitless mode (2.5 min) and separated on a VF1-
MS capillary column (40 m length, 0.1 mm inner diameter and 0.1 µm film thickness) using 
0.8 mL/min constant flow of helium 5.0 (Westphalen AG) as the carrier gas. The GC oven 
temperature was held isothermal at 50°C for 2.5 min, then ramped to 150°C at 15°C/min and 
subsequently to 320°C at 10°C/min and held for 15 min. Ionization of the organic compounds 
was achieved by electron impact at 70 eV and emission current of 50 µA. The ion source was 
kept at 250°C and the mass spectrometer was operated in full scan mode (m/z 50–550 with 
cycle time of 0.5 sec). Analytes were quantified using integrated peak areas in relation to the 
internal standard without correcting for individual response factors.  
Due to a systematic contamination issue in hydrocarbon extracts, the range of retention times 
affected by a significant hump of UCM (23.39–26.17) was ignored from the perspective of peak 
identification and quantification in all samples. The obtained chromatograms were analysed 
using MZmine v2.42 (Pluskal et al., 2010) via targeted peak detection and RANSAC peak 
alignment for n-alkanes (C12–36 chain length), naphthalenes and phenanthrenes. Detected peak 
areas were normalized using the peak area of the internal standard to achieve semi-quantitative 
data of remaining alkane and aromatic HC concentrations (ng ml-1) in microcosms.  Bulk TPH 
equivalents were determined via toggle peak detection (baseline window: 500) in Xcalibur v4.2 
(Thermo Fisher Scientific) and thus represent all compounds from the crude HC extracts 
detected via GC-MS analysis. This likely excluded larger and/or highly polar compounds due 
to fractionation in the used injector. 

DNA extraction. Aliquots of 300 ml were sampled from the microcosms, filtered through 
Sterivex filter membranes (0.2 µm pore size; SVGP01050, Merck Millipore; Darmstadt, 
Germany) and stored at -20°C until further analysis. Upon starting the DNA extraction, filter 
membranes were cut into small pieces under sterile conditions and the FastDNA SPIN Kit for 
Soil (MP Biomedical; Eschwege, Germany) was used to extract DNA according to the 
manufacturer’s instructions with minor modifications: Homogenization was performed on a 
vortex adapter (10 min at full speed; Vortex-genie 2, Scientific Industries; Bohemia, USA), 
1 min centrifugation steps were extended to 2 min and spin filters were incubated in a water 
bath (5 min, 55°C) before DNA elution, to increase yields. Genomic DNA was eluted in 100 µl 
buffer and stored at -20°C.  

Quantitative PCR (qPCR). To estimate the abundances of bacterial 16S rRNA genes, 
quantitative PCR was performed on an iQ5 real-time PCR detection system (Bio-Rad 
Laboratories GmbH, Munich, Germany) using SsoAdvanced Universal SYBR Green Supermix 
(Bio-Rad Laboratories GmbH). 16S rRNA genes were amplified in DNA extracts using the 
primers 341F (5`-CCTACGGGAGGCAGCAG-3`) (Muyzer et al., 1993) and 797R (5`-
GGACTACCAGGGTATCTAATCCTGTT-3`) (Nadkarni et al., 2002) and the following 
cycling conditions: 2 min at 98°C, 40 cycles of 5 s at 98°C and 12 s at 60°C. Standard curves 
were generated using serial dilutions plasmid vectors (pCR2.1, Invitrogen, Darmstadt, 
Germany), containing a cloned 16S rRNA gene fragment from Thiomonas sp. BF04. Triplicate 
qPCR assays of each sample were performed. Data analysis was done using the iQ5 optical 
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system software, version 2.0 (Bio-Rad Laboratories GmbH). Cell numbers per ml SW were 
calculated from the qPCR-derived gene copy numbers, using 5.0 as correction factors to 
account for the possibility of multiple gene copies per genome 
(https://rrndb.umms.med.umich.edu/). 

Illumina MiSeq amplicon sequencing and sequence analysis. 16S rRNA genes were amplified 
for amplicon sequencing using a two-step PCR, optimized for low DNA concentrations 
detected in several samples. First, a booster PCR using KAPA HiFi HotStart Readymix (Kapa 
Biosystems, Inc., Wilmington, MA, USA) was run using the universal primer pair 515f/806r 
(Caporaso et al., 2010) and the following cycling conditions: 95°C for 3 min, 20 cycles of 95°C 
for 30 sec, 55°C for 30 sec, 72°C for 30 sec, and finally, 72°C for 5 min. For the second PCR, 
the same cycling conditions applied but the primer pair 515f/806r with fused Illumina adapters 
was used. Subsequent library preparation steps and sequencing were performed by Microsynth 
AG (Balgach, Switzerland). Sequencing was performed on an Illumina MiSeq sequencing 
system (Illumina, San Diego, CA, USA) using the 2 × 250 bp MiSeq Reagent Kit v2 and 
between 25,132 and 199,265 read pairs were obtained for each sample. 
Sequencing data was analysed with nf-core/ampliseq v1.1.0, which performed all following 
analysis steps and includes required software (Ewels et al., 2020; Straub et al., 2020). Primers 
were trimmed, and untrimmed sequences were discarded (<2%) with Cutadapt v1.16 (Martin, 
2011). Adapter and primer-free sequences were imported into QIIME2 v2018.06 (Bolyen et al., 
2019), quality checked with demux (https://github.com/qiime2/q2-demux), and processed with 
DADA2 v 1.6.0 (Callahan et al., 2016) to remove PhiX contamination, trim reads (before 
median quality drops below 35, that is forward 181, reverse 175), correct errors, merge read 
pairs and remove PCR chimeras and finally amplicon sequencing variants (ASVs) were 
obtained. Alpha rarefaction curves were produced with the QIIME2 diversity alpha-rarefaction 
plugin which indicated that the richness of the samples has been fully observed. A Naive Bayes 
classifier was fitted with 16S rRNA gene sequences extracted from SILVA v132 QIIME 
compatible database 99% identity clustered sequences (Pruesse et al., 2007) using the PCR 
primer sequences. ASVs were classified by taxon using the fitted classifier 
(https://github.com/qiime2/q2-feature-classifier).  A genus abundance table was produced and 
correspondence analysis was performed using Phyloseq v1.22.3 (McMurdie and Holmes, 2013) 
in R v3.4.4 (R Core Team, 2019), and the five or three samples with highest distance to their 
replicates were removed from analysis of 1°C or 15°C data, respectively. After removing 
outliers, the analysis was repeated. 18 ASVs with <5% relative abundance per sample classified 
as chloroplast or mitochondria were removed. The remaining 2320 ASVs had their abundances 
extracted by q2-feature-table (https://github.com/qiime2/q2-feature-table). Non-metric 
multidimensional scaling (NMDS) ordinations were generated based on Bray-Curtis 
dissimilarity between samples using Phyloseq v1.30.0 (McMurdie and Holmes, 2013) in R 
v3.6.0 (R Core Team, 2019). Dominant ASVs of interest were further characterized using the 
blastn suite (Altschul et al., 1990). 

DAPI cell counts. For total cell counts, samples were fixed with 1% paraformaldehyde and 
stored at 4°C until further processing. Microbial cell numbers were monitored using cell counts 
via 4′,6-diamidino-2-phenylindole (DAPI) staining in combination with fluorescence 
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microscopy after dissolving microbial aggregates as described in Chapter 4 of this thesis. For 
each filter, a minimum of 600 cells or 80 grids were randomly selected and manually counted. 

3H-leucine incorporation assay. By quantifying the rate of 3H-leucine incorporation into 
microbial biomass, the rate of total microbial biomass production in the sample can be estimated 
(Kirchman, 2001). Aliquots were stored at 4°C overnight between sampling and analysis. For 
each microcosm sample, two technical replicates and one acid-killed control replicate were 
analysed. 3H-leucine incorporation assays were performed as described by Otte et al. (2018). 
Here, replicates were incubated with a final concentration of 3.6-4.4 nmol l-1 3H-leucine 
(specific activity of 103 Ci mmol-1) for 3-4.5 h (day 0: 3 h, day 5/12/32: 4.5 h) at 1°C or 15°C, 
respectively.  

14C-hydrocarbon oxidation assays. Rates of 14C-hydrocarbon oxidation were determined in 
separate assays using 14C-labeled n-hexadecane and naphthalene as substrates. Aliquots were 
stored at 4°C overnight between sampling and analysis. The assays were performed for all 
microcosm samples and for each sample triplicate, one killed control replicate (mixed sample 
of triplicates) was analysed additionally. Incubations were set up as described in Kleindienst et 
al. (2015b) with the following minor modifications: Killed controls were amended with 2 M 
NaOH solution (final concentration of 0.4 M NaOH) right after tracer addition and activity was 
halted the same way in all samples after incubation. Samples were incubated for 24 h at 1.5°C 
or 15°C, respectively. To remove tracer 14C-hydrocarbons, samples were shaken overnight (16 
hours) with 1 g of activated carbon (granular, 20-60 mesh; VWR) and 0.2 g of silica (reverse-
bonded C18 silica gel; Sigma Aldrich) were additionally added in the case of the hexadecane 
assay. After sample distillation, 4 ml of scintillation cocktail (Permafluor E+; Perkin Elmer) 
was added to the scintillation vials and radioactivity was quantified immediately using a liquid 
scintillation counter (5 min count time; Packard TRI-CARB 2500TR, PerkinElmer). Due to 
methodological issues, samples from the 1°C incubations were lost during 14C-hexadecane 
assay analysis. 
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2.6.2 Supplemental figures 
 

 
Figure S 2.1: Location of seawater sampling site in the central Arctic Ocean (086° 51.45' N, 061° 28.95' 
E; in situ temperature -1.7°C). Samples were taken from a depth of 150 m in October 2016 during 
research cruise PS101 on RV Polarstern. 
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Figure S 2.2: qPCR-based microbial cell numbers and radiotracer-based activity in 1°C and 15°C 
seawater microcosms simulating water column conditions during an Arctic Ocean oil spill scenario. 
Results shown are averages of sacrificial, triplicate microcosms (standard deviations are based on 
triplicates). A/B) Cell numbers in 1°C (A) and 15°C (B) incubations as determined by qPCR-
amplification of 16S rRNA gene copy numbers. C) Rates of microbial productivity in 15°C incubations 
as measured via 3H-leucine incorporation assays. 
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Figure S 2.3: Microbial aggregates observed in 1°C seawater microcosms simulating water column 
conditions during an Arctic Ocean oil spill scenario after nutrient addition (WAF+N treatments). A/B) 
Photographs of aggregates fixed with paraformaldehyde (1% v/v) after 32 days of incubation. C/D) 
Fluorescence microscopy images of aggregates obtained after 12 days of incubation. Living cells are 
stained with SYTO 9 stain (green). 
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Figure S 2.4: Nitrate concentrations in 1°C (top) and 15°C (bottom) seawater microcosms simulating 
water column conditions during an Arctic Ocean oil spill scenario. Concentrations were determined by 
continuous flow analysis and results are shown as averages of sacrificial, triplicate microcosms (standard 
deviations are based on triplicates). Data are presented using a divided y-axis in order to better visualize 
the nitrate content in treatments with (WAF+N) and without nutrient addition (all other treatments). 
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Figure S 2.5: Changes in microbial community composition in 15°C seawater microcosms simulating 
water column conditions during an Arctic Ocean oil spill scenario as determined by 16S rRNA gene 
amplicon sequencing. Treatments received the following amendments crude oil-derived water 
accommodated fraction (WAF), WAF and nutrients (WAF+N), chemically enhanced WAF (CEWAF, 
contains Corexit dispersant), or dispersant alone. Control treatments received no amendments (Control). 
A) Non-metric multidimensional scaling (NMDS) plot based on Bray-Curtis diversity showing the 
similarity of microbial community compositions across samples. The stress achieved is indicated in the 
top right of the plot. B) Microbial population dynamics (averages of sacrificial triplicate microcosms) 
of most abundant taxa in microcosms at genus level (sorted by average abundance across samples and 
labelled with the highest descriptive taxonomic level). 
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Figure S 2.6: Hydrocarbon and DOC concentrations in 15°C seawater microcosms simulating water 
column conditions during an Arctic Ocean oil spill scenario. Treatments received the following 
amendments at the start of the experiment: crude oil-derived water accommodated fraction (WAF), 
WAF and nutrients (WAF+N), chemically enhanced WAF (CEWAF, contains Corexit dispersant) or 
dispersant alone. Additional control treatments received no amendments (Control) and/or contained only 
sterilized seawater and WAF (abiotic WAF; only included for bulk parameters). Results shown are 
averages of sacrificial, triplicate microcosms (standard deviations are based on triplicates). A) Dissolved 
organic carbon (DOC) concentrations show that amendments were adjusted to similar DOC levels at the 
start of the experiment. B-D) Total petroleum hydrocarbon (TPH) equivalents, n-alkanes (C12-18) and 
naphthalenes are shown as determined by via GC-MS quantification. 
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Figure S 2.7: 14C-hydrocarbon oxidation rates detected in seawater microcosms simulating water 
column conditions during an Arctic Ocean oil spill scenario. Results shown are averages of sacrificial, 
triplicate microcosms (standard deviations are based on triplicates). A/B) 14C-naphthalene (NPH) 
oxidation rates at 1°C and 15°C. C) 14C-hexadecane (HXD) oxidation rates at 15°C. Data on 14C-
hexadecane (HXD) oxidation rates in 1°C incubations was lost due to technical issues. 
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3.1 Abstract 

Although chemical dispersant application is a widely used response strategy during large 
marine oil spills, knowledge gaps regarding the ecological impacts on different marine 
ecosystems, especially on microbial oil-degrading populations, remain. Our goal was to identify 
the impacts of chemical dispersant addition during a simulated oil spill scenario on native 
microbial communities from a well-characterized North Sea field site. Seawater laboratory 
microcosms amended with crude oil components as water-accommodated fractions (WAF), oil-
dispersant mixtures as chemically enhanced WAFs (CEWAF), or dispersant alone were 
incubated at typical summer (15°C) and winter (5°C) temperatures and monitored over 35 days. 
Compared to oil-only treatments, dispersant addition resulted in significantly lower cell 
numbers and markedly altered microbial community dynamics, revealing a number of mainly 
dispersant-enriched microbial taxa. Nevertheless, an enrichment of known hydrocarbon-
degrading taxa (e.g. Zhongshania, Pseudohongiella, Colwellia, Neptuniibacter or 
Cycloclasticus) was detected in all hydrocarbon-amended microcosms. Biodegradation of 
aliphatic and aromatic hydrocarbons was identified in all treatments and unaffected by 
dispersant addition. The analysis of dissolved organic carbon (DOC) concentrations, however, 
revealed the persistence of significant CEWAF/dispersant-derived DOC levels in respective 
microcosms after 35 days. Our findings demonstrate a large in situ oil biodegradation potential 
in the investigated seawater and provide novel insights into dispersant impacts on North Sea 
microbial communities, which will enable ecologically-informed decision making in future oil 
spill scenarios. 
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3.2 Introduction 

Accidental marine crude or fuel oil spills can cause abrupt and quickly spreading environmental 
damage on the marine ecosystem (Peterson et al., 2003; Short, 2017). Even though oil pollution 
in the North Sea has been decreasing, several remaining oil pollution and spill risks have been 
identified recently, such as ongoing oil extraction processes, increasing shipping traffic, new 
offshore wind platforms, and the ageing nature of several oil production platforms in the area 
(Carpenter, 2019). The fate of oil in marine environments is controlled by a number of 
physicochemical processes and microbial biodegradation of petroleum hydrocarbons (HCs). 
Thus, marine HC-degrading microorganisms play a crucial role in spill remediation (Head et 
al., 2006; Joye et al., 2016b). Additionally, a number of technological emergency spill response 
and clean-up strategies are available after marine oil spills, including mechanical containment 
and removal, in situ burning or chemical dispersion of released oil (ExxonMobil, 2014). 
Chemical dispersants are solvent-surfactant mixtures applied to reduce surface slicks and 
coastal oiling by dispersing oil into the water column. During the Deepwater Horizon oil spill 
in the Gulf of Mexico in 2010, an unprecedented amount of dispersants (seven million liters; 
Corexit EC9500A and EC9527A) were applied in response to the discharge of an estimated 800 
million liters of crude oil into the Gulf ecosystem (US Nat. Comm. DWH, 2011; McNutt et al., 
2012). Since then, several medical and ecological concerns related to chemical dispersant use 
have been raised (e.g. Kleindienst et al., 2015b; McGowan et al., 2017). The impact of chemical 
dispersant application on native microbial oil-degrading populations in particular is still under 
debate. While dispersant exposure has been shown to alter marine microbial community 
dynamics (Kleindienst et al., 2015b; Suja et al., 2017; Techtmann et al., 2017; Doyle et al., 
2018; Sun and Kostka, 2019; Tremblay et al., 2019), conflicting results have been reported on 
how dispersants affect the HC biodegradation potential of these microbial communities, with 
findings ranging from enhanced (Bælum et al., 2012; Prince et al., 2016) or unaffected HC 
biodegradation (McFarlin et al., 2014; Tremblay et al., 2019) to toxic or inhibitive effects on 
microbial HC degradation (Hamdan and Fulmer, 2011; Kleindienst et al., 2015b; Rahsepar et 
al., 2016; Hackbusch et al., 2020). Several studies have additionally demonstrated inhibition 
effects of dispersants on certain species/strains of HC-degrading bacteria, observed in both pure 
cultures (Hamdan and Fulmer, 2011; Overholt et al., 2016; Hackbusch et al., 2020) and 
seawater microcosm experiments (Techtmann et al., 2017; Doyle et al., 2018).  
When considering oil spill frequency and chronic pollution indicators, oil pollution in the North 
Sea has consistently decreased over the last decades, however, areas impacted by major 
shipping routes and/or offshore industry remain at risk (Carpenter, 2019). The oil 
biodegradation potential of North Sea microbial communities was analysed previously 
(Brakstad and Lødeng, 2005; Gertler et al., 2012; Chronopoulou et al., 2015) and especially the 
seawater surrounding the German offshore island Helgoland has been the subject of several 
detailed studies with a focus on phytoplankton and nutrient dynamics (Wiltshire et al., 2010; 
Teeling et al., 2012). However, the impacts of chemical dispersants on seawater microbial 
communities in areas like the German Bight are not well explored (de Almeida Couto et al., 
2019). To our knowledge, chemical dispersant application has not yet occurred in this area but 
dispersant use is being considered as a secondary spill response option for German North Sea 
waters (Grote et al., 2018).   
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Therefore, the main objectives of this study were to characterize the response of microbial 
communities from the North Sea to a simulated oil spill scenario under summer and winter 
temperature conditions and to determine the effects of dispersant addition on these microbial 
communities and their HC biodegradation potential. North Sea seawater laboratory microcosms 
were amended with WAF, CEWAF, or dispersant, incubated (35 days at 15°C or 5°C) and 
monitored by quantifying microbial growth, community dynamics, and HC biodegradation 
activity/potential across treatment types (Fig. 3.1).  

 
Figure 3.1: Experimental design of this study. Seawater microcosms simulating water column 
conditions during a North Sea oil spill scenario were established in triplicate, incubated at 15°C or 5°C 
and sampled sacrificially (15°C: after 0, 10, and 35 days; 5°C: after 0 and 35 days). Treatments received 
the following amendments (adjusted for similar final DOC content): crude oil-derived water 
accommodated fraction (WAF), chemically enhanced WAF (CEWAF, contains Corexit dispersant) or 
dispersant-only solutions. Additional control treatments received no amendments, i.e. control and 
abiotic control, of which the latter only contained sterilized seawater. 
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3.3 Experimental procedures 

3.3.1 Seawater sampling 
Surface seawater was collected in August 2016 off the coast of Helgoland in the North Sea 
(54.1867 N, 7.8983 E; 1.2 m depth; in situ temperature 16°C) and provided by the Biological 
Institute Helgoland (BAH) of the Alfred Wegener Institute. The sampling site is well-
characterized regarding spring phytoplankton bloom dynamics and long-term phytoplankton 
and biogeochemical data sets are available (Wiltshire et al., 2010; Teeling et al., 2012). The 
seawater was stored at 4°C, transported to the laboratory in Tübingen while cooled consistently 
and used immediately for the preparation of water-accommodated fractions (WAFs), and stored 
at 4°C until the start of the experiment (12 days). 

3.3.2 Water-accommodated fractions 
All WAF solutions were prepared with Grane crude oil (kindly provided by Stephane Le Floch) 
according to Kleindienst et al. (2015b) with minor modifications, as described in Chapter 2 of 
this thesis. Briefly, for the WAF solutions, 850 ml of sterilized seawater (0.2 µm-filtered, 2x 
pasteurized at 65°C for 2 hours) were amended with 150 ml crude oil, mixed by magnetic 
stirring for 55 hours (500 rpm, RT, dark) and subsequently allowed to settle for 60-90 min 
before the aqueous phase was sub-sampled, avoiding inclusion of organic phases. CEWAFs 
were prepared using an additional 15 ml of Corexit EC9500A dispersant (dispersant-to-oil ratio 
= 1:10, v/v), and dispersant-only solutions were prepared with only 850 ml of sterile seawater 
and 15 ml of Corexit EC 9500A. WAF, CEWAF and dispersant solutions were prepared 3 days 
before initiation of the experiment and stored at 4°C, while subsamples were examined for 
potential cell contamination via DAPI staining and measured to obtain dissolved organic carbon 
(DOC) concentrations (see below). To ensure contaminant-free containers for WAF solutions 
and the experimental microcosms, all glassware was HCl- and Milli-Q-rinsed and subsequently 
baked (300°C, 8 hours) and all bottle caps were teflon-lined, HCl- and Milli-Q-rinsed and pre-
baked (150°C, 8 hours). 

3.3.3 Setup and sampling of microcosm 
Seawater (SW) microcosms were established using a total of 900 ml of seawater (gently mixed 
in a separate, pre-cleaned 25 L HDPE-container beforehand) in 1 L glass bottles with teflon-
lined caps. Four different treatments were prepared using (1) only 900 ml SW (Control), (2) 
887.7 ml SW and 12.3 ml of WAF solution (WAF-derived DOC = 135 µM), (3) 899 ml SW 
and 1 ml CEWAF solution (CEWAF-derived DOC = 136 µM), or (4) 899.5 ml SW and 0.5 ml 
dispersant solution (dispersant-derived DOC = 138 µM). The respective volumes of added 
WAF solutions were chosen to simulate a medium to large oil spill scenario (Kleindienst et al., 
2016a) and adjusted with the goal of obtaining comparable DOC levels across all hydrocarbon-
amended microcosms at the start of the experiment. Abiotic controls containing (5) 900 ml 
sterilized SW were prepared contemporaneously.  
Microcosms were established in triplicates, except for T0 microcosms at 5°C. Subsequently, 
microcosms were separated into two groups, which were incubated in the dark at either 15°C 
(summer in situ temperature) or 5°C (winter in situ temperature).  All microcosm bottles were 
gently turned at least once every 24 hours. All summer treatments were sampled sacrificially at 
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three time points (15°C microcosms; after 0, 10, 35 days) and all winter treatments at two time 
points (5°C microcosms; after 0 and 35 days). Due to the duration of microcosm establishment, 
the first sampling (T0) was performed about 8-10 hours after microcosm setup. Sampling of the 
microcosms was performed after inverting bottles gently a few times by removing aliquots for 
each analysis described below in the following order: water chemistry (oxygen, pH, salinity, 
nutrients, DOC), 14C-hydrocarbon oxidation assays, total cell counts, DNA, hydrocarbon 
quantification. 

3.3.4 Geochemical analyses 
DOC, nutrient (i.e. nitrate, ammonium) and HC concentrations in microcosms were monitored 
during the course of the experiment as described in Chapter 2. HC extraction from one 
(dispersant-only, Control) or two (WAF, CEWAF) sampled microcosms per triplicate was 
performed using dichloromethane (twice) and n-hexane (once) and concentrated extracts were 
measured via GC-MS (see Chapter 2). 

3.3.5 Microbiological and molecular analyses  
Microbial cell numbers of free cells (i.e. not in large aggregates) were determined for two 
(WAF) or one (all other treatments) sampled 15°C microcosm per triplicate via total cell counts 
(see Chapter 2). Additionally, microbial cell numbers were estimated using 16S rRNA gene-
based quantitative PCR (qPCR) for all sampled microcosms (see Chapter 2). Microbial 
biodegradation activity was measured using 14C-hexadecane and 14C-naphthalene oxidation 
assays for two samples (technical replicates) from one microcosm for each set of biological 
triplicate microcosms and one killed control replicate (mixed sample of triplicates) was 
analysed additionally as described in (Kleindienst et al., 2015b) and in Chapter 2 of this thesis. 
Microbial community composition was investigated for all sampled microcosms (except for T0 
at 15°C: duplicates were selected) using 16S rRNA gene amplicon Illumina sequencing (see 
Chapter 2). Sequencing data was analysed with nf-core/ampliseq v1.1.0, which performed all 
following analysis steps and includes required software (Ewels et al., 2020; see also Chapter 2; 
Straub et al., 2020). 

3.3.6 Data analysis 
To test whether observed differences in qPCR-based cell numbers between the different 
treatments (at one time point) were statistically significant, data were log-transformed before 
ANOVA followed by Tukey post-hoc test (p < 0.05) for multiple comparisons was used. 
Beforehand, the data set had been tested for normally distributed residuals (tested with Shapiro-
Wilks test, p > 0.05) and homogeneous variances (tested with Levene test, p > 0.05). To test 
whether observed differences in DOC concentrations between the different treatments (at one 
time point) or between time points (for one treatment type) were statistically significant, 
Kruskal-Wallis rank sum tests followed by Nemenyi’s post-hoc test of multiple comparisons (p 
< 0.05) were performed because normal distribution of the data could not be assumed. The R 
programming language was used to perform all described tests and all presented data was 
plotted using ggplot2 v3.3.2 (Wickham, 2016) in R v3.6.0 (R Core Team, 2019).  
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3.4 Results  

3.4.1 Microbial growth  
In microcosms incubated at 15°C (i.e. close to in situ summer temperature conditions), a 
substantial increase in cell count numbers was only observed in WAF treatments after 10 days 
(reaching 7.88 x 105 free cells ml-1), while cell count numbers after 35 days were lower and 
similar to values at the start of the experiment in all treatments (i.e. 1.15–1.43 x 105 free 
cells ml-1; Figure 3.2A). Cell numbers estimated via 16S rRNA gene-targeted qPCR showed 
the same trend with only cell numbers in WAF treatments after 10 days being significantly 
(p < 0.05) higher than in control microcosms (Figure 3.2B). While qPCR-based cell numbers 
for 5°C microcosms after 35 days were one or two orders of magnitude below 15°C incubations 
(Figure 3.2C), significantly (p < 0.05) increased cell numbers were also only detected in WAF 
treatments, suggesting that microbial growth occurred later or was sustained for longer in WAF 
treatments at the lower incubation temperature. During fluorescence microscopy, several 
aggregates containing large numbers of microbial cells (Figure S3.1) were observed, 
predominantly in WAF-amended microcosm samples. Since aggregated cells were impossible 
to count accurately, cell count results only cover free non-aggregated cells and are therefore 
likely somewhat underestimated, especially for WAF samples. 

 
Figure 3.2: Microbial cell numbers in seawater microcosms simulating water column conditions during 
a North Sea oil spill scenario. Results shown are averages of sacrificial, duplicate (A) or triplicate (B/C) 
microcosms (error bars show standard deviations). A) Cell numbers (cells ml-1) as determined by DAPI 
total cell counts. ab. Control represents abiotic control microcosms. B/C) Cell numbers (cells ml-1) as 
estimated by 16S rRNA gene-targeted qPCR in 15°C (B) and 5°C microcosms (C).  



80 
 

3.4.2 Microbial community dynamics  
According to non-metric multidimensional scaling (NMDS) ordination analysis, the β-diversity 
of 16S rRNA gene-based microbial community composition differed across treatments, time 
points and incubation temperatures (Fig. 3.3). While all microcosm microbial communities 
were similar to each other at the start of the experiment, they evolved differently over time with 
a clear separation observed between the WAF treatments and the dispersant-containing (i.e. 
CEWAF and dispersant-only) treatments after 10 and 35 days. Although the microbial 
communities also evolved differently across the different incubation temperatures, this trend 
was observed in both 5°C and 15°C microcosms.  

 
Figure 3.3: Similarity of microbial community composition in seawater microcosms at 15°C and 5°C 
simulating water column conditions during a North Sea oil spill scenario as determined by 16S rRNA 
gene amplicon sequencing. Non-metric multidimensional scaling (NMDS) plot based on Bray Curtis 
diversity showing the similarity of microbial community compositions across samples. The stress 
achieved is indicated in the top right of the plot. 5°C microcosm samples are indicated by arrows (T0) 
and an ellipsis (35 days). 

These microbial community dynamics were quite diverse but nevertheless characterized by 
distinct dominant genera, with many of them either detected in WAF or in CEWAF and 
dispersant-only treatments (Fig. 3.4). Even though Zhongshania, for example, was a dominant 
taxon in all microcosms at the start of the experiment with 38-49% relative 16S rRNA gene 
sequence abundance at 15°C and 10–21% at 5°C, their relative abundance decreased in 
dispersant-containing microcosms at both temperatures during the incubation period, while 
remaining a dominant group in WAF treatments (14–34% in 15°C and 5°C microcosms at later 
time points). Pseudohongiella, on the other hand, was detected in all microcosms at the 
beginning (at ≥ 2%) and increased in relative abundance during the experiment in all HC-
amended treatments (up to 15%), except for WAF microcosms at 5°C. Gimesia (99.2% 16S 
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rRNA gene sequence identity to Gimesia maris, formerly Planctomyces maris) likewise 
increased in relative abundance in all 15°C HC-amended treatments after 35 days (from < 0.1% 
up to 6%). Several notable taxa only became dominant in dispersant-containing microcosms 
(i.e. CEWAF and dispersant-only) at 15°C or 5°C, illustrating the distinct microbial community 
dynamics described above. This included the genera Colwellia (up to 9%), Neptuniibacter (up 
to 11%), Ulvibacter (up to 2%), Marivita (up to 6%), and the family Porticoccaceae (up to 7%; 
with 93.68% 16S rRNA gene sequence identity to Oleiphilus messinensis) in 15°C incubations 
and additionally taxa such as Luteolibacter (up to 7%) and Sulfitobacter (up to 2%) in 5°C 
incubations. Remarkably, although all microbial communities were still highly similar at the 
first sampling time point (T0), Oleispira was found to be abudant in dispersant-only microcosms 
across both incubation temperatures at this time (up to 9% relative abundance). Another notable 
taxon in dispersant-only microcosms was classified as Halieaceae (up to 18%) and showed a 
96.8% 16S rRNA gene sequence identity to Luminiphilus syltensis. A distinct group of taxa 
were abundant in WAF treatments, e.g. Amylibacter (up to 7% at 15°C), Cycloclasticus (up to 
4% at 5°C), and several taxa that were only taxonomically annotated until family level, such as 
unclassified Rhodobacteraceae (up to 7%) with 100% 16S rRNA gene sequence identity to 
Tropicibacter litoreus, unclassified Saprospiraceae (up to 8%) with 92.9% 16S rRNA gene 
sequence identity to Lewinella nigricans and unclassified Cryomorphaceae (up to 3%) with 
90.8% 16S rRNA gene sequence identity to Candidatus Fluviicola riflensis. In addition, two 
taxa that were associated with dispersant-containing samples in 15°C incubations appeared to 
also increase in relative abundance in WAF treatments at 5°C (i.e. Colwellia, Neptuniibacter).  
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Figure 3.4: Changes in microbial community composition in 15°C and 5°C seawater microcosms 
simulating water column conditions during a North Sea oil spill scenario as determined by 16S rRNA 
gene amplicon sequencing. Microbial population dynamics (averages of sacrificial triplicate 
microcosms) are shown as most abundant taxa in microcosms at genus level (sorted by average 
abundance across samples and labelled with the highest descriptive taxonomic level). 
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3.4.3 Microbial oil biodegradation potential  
Even though a precise quantification of the added oil HC components was challenging due to 
the chemical heterogeneity within and across microcosms (see also Chapter 2), different 
analytical approaches indicated that biodegradation of aliphatic and aromatic HCs took place 
in all HC-amended treatments during the incubation period. First, DOC analysis revealed a 
significant (p < 0.05) DOC decrease in WAF treatments within the incubation period at 15°C 
(Figure 3.5), suggesting that the native microbial community degraded most WAF-derived 
DOC before reaching DOC levels similar to the control treatment (final concentration: 
174.57 µM on average) within 35 days. However, while the DOC content of both dispersant-
containing treatments was initially similar compared to WAF microcosms, it did not decrease 
significantly (p > 0.15) until the end of the experiment (250.05–295.85 µM remained). In 5°C 
incubations, the remaining DOC concentrations were also significantly (p < 0.05) lower in 
WAF setups compared to dispersant-containing treatments after 35 days (196.91 µM and 
300.70–321.38 µM, respectively). Second, the performed radiotracer assays revealed high 
14C-naphthalene and 14C-hexadecane oxidation rates in WAF treatments (up to 23.14 and 5.69 
ng L-1 d-1, respectively) and slightly lower oxidation rates in CEWAF treatments (up to 17.65 
and 2.16 ng L-1 d-1, respectively), with 14C-hexadecane oxidation rates appearing to decrease in 
all treatments over the incubation period (Figure S3.2). Detected 14C-labelled HC oxidation 
rates in 5°C microcosms were consistently lower than in 15°C incubations at the analysed time 
points (after 0 and 35 days). Third, HC quantification via GC-MS showed that n-alkanes (C12–

36) decreased notably in all treatments, reaching 18–48% of initial concentrations after 35 days 
(Figure 3.6). Additionally, even though initial concentrations differed between treatments, 
naphthalenes and phenanthrenes decreased in all treatments before reaching 1-7% of initial 
concentrations in WAF and CEWAF microcosms at the end of the experiment. The initial 
concentrations of naphthalenes and phenanthrenes in dispersant-only microcosms were very 
low (≤ 0.15 ng ml-1), which is why they were excluded from biodegradation analysis. Finally, 
a bulk parameter encompassing all detected compounds in the obtained GC-MS chromatograms 
(termed ‘total petroleum hydrocarbons (TPH) equivalents’) also revealed a decrease in detected 
compounds across all microcosms, even though final TPH equivalent levels after 35 days 
appeared slightly higher in dispersant-containing treatments compared to WAF treatments. 
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Figure 3.5: Dissolved organic carbon (DOC) concentrations in 15°C and 5°C seawater microcosms 
simulating water column conditions during a North Sea oil spill scenario. Results shown are averages 
of sacrificial, triplicate microcosms except for the T0 samples at 5°C (error bars show standard 
deviations). 

 
Figure 3.6: Hydrocarbon concentrations after 35 days in 15°C and 5°C seawater microcosms simulating 
water column conditions during a simulated North Sea oil spill scenario. Total alkanes (C12-36), 
naphthalenes, phenanthrenes and bulk TPH equivalents are shown as remaining percentages of initial 
concentrations at T0 as determined by via GC-MS quantification. Results shown are averages of 
sacrificial replicate microcosms for WAF and CEWAF treatments (error bars show standard deviations). 
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3.5 Discussion 

3.5.1 Response of North Sea seawater community to a simulated oil spill scenario 
The observed microbial dynamics in WAF-amended microcosms revealed that the investigated 
North Sea seawater microbial community responded to the input of crude oil components with 
significant growth, aggregate formation and a distinct shift in microbial community 
composition. According to previous studies under similar conditions (Kleindienst et al., 2015b; 
Passow, 2016; Suja et al., 2017; Doyle et al., 2018; see also Chapter 2 in this thesis), the 
observed microbial aggregates could have been marine (oil) snow (i.e. consisting of 
microorganisms, their exudates and oil), which played an important role after the DWH oil spill 
in the Gulf of Mexico (Passow and Ziervogel, 2016). Several of the enriched microbial genera 
detected in WAF microcosms also contain species with reported alkane and/or aromatic HC 
biodegradation capabilities, either described in isolated representatives or reported based on 
genome/transcriptome analysis. This includes Zhongshania (Naysim et al., 2014; Oh and Roh, 
2018), Pseudohongiella (Sieradzki et al., 2019), Gimesia (Nie et al., 2014; Canul-Chan et al., 
2018),  Cycloclasticus  (Dyksterhouse et al., 1995; Kasai et al., 2002; Rubin-Blum et al., 2017),  
Neptuniibacter (Nagashima et al., 2010; Diéguez and Romalde, 2017), Colwellia (Bælum et 
al., 2012; Redmond and Valentine, 2012; Campeão et al., 2019; Sieradzki et al., 2019) and 
Tropicibacter (Harwati et al., 2009). Additionally, unclassified Cryomorphaceae and 
Saprospiraceae were also detected in association with oil pollution in previous studies (Militon 
et al., 2015; Severin et al., 2016; McFarlin, 2017; Doyle et al., 2018; Salerno et al., 2018), 
pointing to a potential role of yet-to-be isolated members of these families in oil biodegradation. 
Until now, no HC biodegradation capabilities have been described for Amylibacter, but 
members from this group have been isolated from algae (Nedashkovskaya et al., 2016) known 
as a biological HC source (Hoefs et al., 1995) as is often the case for other HC-degrading 
bacteria (Gutierrez et al., 2014). Amylibacter was additionally detected in association with a 
gas blowout in the North Sea (Steinle et al., 2016), thus, this genus could have played a role as 
primary or secondary HC degrader. Interestingly, no enrichment of the common HC degraders 
Alkanivorax, Halomonas or Pseudoalteromonas was detected in this study, which is in contrast 
to a few previous studies of North Sea oil-degrading microbial communities (Gertler et al., 
2012; Chronopoulou et al., 2015). However, several of the other enriched taxa in this study 
were previously also reported in comparable studies using North Sea seawater (Brakstad and 
Lødeng, 2005; Gertler et al., 2012; Teeling et al., 2012; Knapik et al., 2020). Thus, WAF 
addition appears to have enriched a diverse community of different primary and/or secondary 
HC degraders at 15°C and 5°C, which were only present as rare seed populations beforehand 
in some cases (as previously discussed by e.g. Head et al., 2006; Yang et al., 2016). In other 
cases, such as Zhongshania, Pseudohongiella, and Colwellia, however, they were already 
present at ≥ 1% relative 16S rRNA gene sequence abundance in control treatments at the start 
of the experiment which either suggests that they are versatile heterotrophs only 
opportunistically utilizing HCs and/or that the sampled North Sea surface waters contained 
other sources of bioavailable HCs, which might have prepared or primed the native microbial 
community for an efficient oil spill response. These sources could, for example, be HC-
containing exudates from phytoplankton and/or macroalgaea (Gutierrez, 2019) or associated 
with the (relatively limited) boat traffic surrounding Helgoland or chronic oil pollution levels 
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in the German Bight (Chrastansky and Callies, 2009; Gertler et al., 2012). The detection of taxa 
commonly associated with obligatory HC degraders (i.e. Cycloclasticus and Oleispira; 
Yakimov et al., 2007) in control treatments at the start of the experiments also supports the 
availability of HCs even before the performed oil spill simulation in the sampled seawater. 
The development of a HC-degrading microbial community is further illustrated by the high 
detected oil biodegradation potential in WAF microcosms at both incubation temperatures. Our 
results suggest that, within 35 days, all added oil-derived DOC including n-alkanes, 
naphthalenes and phenanthrenes was degraded by the microbial community at both incubation 
temperatures, even though detected cell numbers and 14C-HC oxidation rates were lower at 5°C. 
Additionally, the trends detected in GC-MS HC quantification data, in 14C-hydrocarbon 
oxidation rates and suspected enriched HC degraders (i.e. decreasing Zhongshania and 
increasing Pseudohongiella or Cycloclasticus sequence abundances) all point to aliphatic HCs 
being degraded before aromatic HCs in the established microcosms. Similar biodegradation 
patterns and comparable or slower rates of biodegradation were previously reported e.g. for oil-
derived alkanes in winter North Sea seawater (Brakstad and Lødeng, 2005), crude oil in Thames 
estuary water (Coulon et al., 2007) and chemically dispersed oil in seawater from a Norwegian 
fjord (Ribicic et al., 2018). 

3.5.2 Impacts of dispersant addition on microbial community dynamics and oil 
biodegradation 

In comparison to WAF microcosms, chemical dispersant (i.e. Corexit) addition in the form of 
CEWAF or dispersant-only solution led to less microbial growth even though the same amount 
of DOC was added at the beginning of the experiment. While an undetected rapid increase and 
subsequent decrease in cell numbers in these Corexit-containing treatments cannot be excluded 
due to the long time intervals between the sampling points, the observed cell numbers at both 
incubation temperatures suggest that either less of the added organic carbon was bioavailable 
as microbial substrate or that other Corexit-associated growth-inhibiting mechanisms might 
have played a role (as discussed in Chapter 2 and 5 in this thesis).  
Chemical dispersant addition also affected the microbial community composition, with 
CEWAF treatments containing a microbial β-diversity more similar to dispersant-only than 
WAF treatments and a number of microbial taxa mainly enriched in dispersant-containing 
microcosms, which confirms previous reports of dispersant exposure altering marine microbial 
community dynamics (Kleindienst et al., 2015b; Suja et al., 2017; Techtmann et al., 2017; 
Doyle et al., 2018; de Almeida Couto et al., 2019; Sun and Kostka, 2019; Tremblay et al., 
2019). However, these microcosms also contained several HC-metabolizing microbial groups, 
similar to WAF treatments. Besides Neptuniibacter, Colwellia and Gimesia (see above), this 
included the following taxa: Ulvibacter (Brakstad et al., 2017; Campeão et al., 2019), 
Porticoccaceae (Gutierrez et al., 2012; Ribicic et al., 2018; Knapik et al., 2020) and 
Sulfitobacter (Mas-Lladó et al., 2014; Fasca et al., 2018). Additionally, Marivita and 
Luteolibacter were also detected in association with oil pollution in previous studies (Severin 
et al., 2016; Chen et al., 2017a; Valencia-Agami et al., 2019; Zakharenko et al., 2019), which 
could indicate a potential role for them in HC biodegradation. The specific enrichment of all 
these taxa in dispersant-containing microcosms was likely caused by the biodegradable HC 
fraction of the utilized dispersant Corexit or their increased tolerance for dispersant exposure 
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enabling them to outcompete other taxa (see also Chapter 5). Colwellia and Neptuniibacter 
were, for example, enriched in the DWH plume and likely played a role in the oil biodegradation 
during the DWH spill in the Gulf of Mexico (Redmond and Valentine, 2012; Rivers et al., 2013; 
Mason et al., 2014; Dombrowski et al., 2016; Kleindienst et al., 2016a). The isolate 
Colwellia sp. RC25 was also shown to degrade different Corexit components (Chakraborty et 
al., 2012) and Neptuniibacter sp. CAR-SF can degrade the aromatic heterocyclic (i.e. N-
containing) compound carbazole (Nagashima et al., 2010), which could mean that other 
aromatic heterocyclic compounds derived from oil and/or Corexit (see also Chapter 5) might 
also be degradable by members of Neptuniibacter. Furthermore, the genus Colwellia, 
Ulvibacter, and Sulfitobacter and the family Porticoccaceae previously also became enriched 
by chemically dispersed oil in similar experiments using Norwegian fjord sweater (Brakstad et 
al., 2018; Ribicic et al., 2018). The Colwellia members additionally detected in relatively high 
sequence abundances in 5°C WAF microcosms might have been enriched due to the 
psychrophilic nature of Colwellia isolates (Bowman et al., 1998; Methé et al., 2005) and they 
might have been different ecotypes with a preference for oil HCs (as discussed e.g. by 
Kleindienst et al., 2015b; Joye et al., 2016b; McFarlin et al., 2018). Dispersant-only 
microcosms developed a very similar community to CEWAF microcosms, with the exception 
of enriched Oleispira and Halieaceae at the beginning and end of the experiment, respectively. 
Since the genus Oleispira contains the obligate alkane degrader Oleispira antarctica (Yakimov 
et al., 2003), it was likely enriched due to the high amount of Corexit-derived bioavailable 
alkanes added to these microcosms (Word et al., 2014; McFarlin et al., 2018; Choyke and 
Ferguson, 2019) and appeared to be the most rapidly responding taxon across treatments. It can 
also not be excluded that a subsequent, slower enrichment of Oleispira occurred in the other 
treatments as well between day 0 and 10. Interestingly, Halieceae members were recently 
shown to possess the ability to degrade (short) alkanes and alkenes (Knapik et al., 2019; Suzuki 
et al., 2019), while Luminiphilus syltensis, specifically, can utilize an arylacetonitrilase to 
hydrolyse another type of N-containing aromatic HC (Sun et al., 2015). In conclusion, 
dispersant addition likely led to the development of a diverse dispersant- and HC-degrading 
microbial community with several different key players than the WAF-enriched community.  
Interestingly, the high persisting DOC concentrations in dispersant-containing microcosms 
point to dispersant- or CEWAF-derived DOC containing less biodegradable compounds than 
the WAF-derived DOC, which aligns with the lower detected microbial growth rates. The rapid 
observed n-alkane, naphthalene and phenanthrene biodegradation patterns and enriched HC-
degrading microbial taxa, however, are in stark contrast to those results as they suggest that HC 
biodegradation was unaffected by dispersant addition, similar to previous studies using Alaskan 
or Canadian seawater (McFarlin et al., 2014; Tremblay et al., 2019). Nevertheless, our findings 
suggest that while dispersant addition did not impede biodegradation of the quantified aliphatic 
and aromatic HCs by the North Sea microbial community, microbial growth and community 
dynamics were markedly affected and persistent dispersant-derived compounds in the water 
column potentially remained present after 35 days.  
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3.5.3 Conclusions 
The presented data demonstrates a large in situ oil biodegradation potential in North Sea 
seawater from Helgoland and suggests that the native microbial community is primed for an 
efficient bioremediation response to future accidental or shipping-related oil inputs. The 
application of the chemical dispersant Corexit did not substantially affect the biodegradation of 
aliphatic or aromatic hydrocarbons but had considerable impacts on microbial growth and 
population dynamics with unknown long-term effects. Additionally, the risks of potentially 
persistent dispersant-derived components should be considered carefully in future oil spill 
response decision making. While incubation at lower winter-like temperatures likely slowed 
down and/or lowered microbial growth and biodegradation activity, similar impacts of chemical 
dispersants on the microbial community were observed and the same oil biodegradation was 
achieved within 35 days. More research is needed regarding the response of North Sea 
microbial communities to oil spill scenarios further away from the coast and the effects of 
alternative bioremediation-focused spill response techniques such as biostimulation on North 
Sea microbial communities and their oil biodegradation potential.  
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3.6 Supplemental information 

3.6.1 Supplemental figures 

 
Figure S 3.1: Microbial aggregates observed in seawater microcosms simulating water column 
conditions during a North Sea oil spill scenario after addition of crude oil-derived water accommodated 
fraction (WAF). Fluorescence microscopy images of aggregates obtained after 10 (A) and 35 (B) days 
of incubation. Cells are stained with 4′,6 diamidino-2 phenylindole (DAPI; appears blue). 
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Figure S 3.2: 14C-hydrocarbon oxidation rates detected in seawater microcosms simulating water 
column conditions during a North Sea oil spill scenario. Results shown are averages of duplicate 
microcosms (error bars shown are standard deviations). From top to bottom: 14C-hexadecane (HXD) 
oxidation rates at 15°C and 5°C. 14C-naphthalene (NPH) oxidation rates at 15°C and 5°C. 
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4.1 Abstract 

During marine oil spills, chemical dispersants are used routinely to disperse surface slicks, 
transferring the hydrocarbon constituents of oil into the aqueous phase. Still, a comprehensive 
understanding of how dispersants affect natural populations of hydrocarbon-degrading bacteria, 
particularly under environmentally relevant conditions, is lacking. We investigated the impacts 
of the dispersant Corexit EC9500A on the marine hydrocarbon degrader Marinobacter sp. TT1 
when pre-adapted to either low n-hexadecane concentrations (starved culture) or high 
n-hexadecane concentrations (well-fed culture). The growth of previously starved cells was 
inhibited when exposed to the dispersant, as evidenced by 55% lower cell numbers and 30% 
lower n-hexadecane biodegradation efficiency compared to cells grown on n-hexadecane alone. 
Cultures that were well-fed did not exhibit dispersant-induced inhibition of growth or 
n-hexadecane degradation. In addition, fluorescence microscopy revealed an amorphous cell 
aggregate structure when the starved culture was exposed to dispersants, suggesting that starved 
cells altered their growing behaviour and possibly modified their production of extracellular 
polymeric substances. Our findings indicate that substrate limitation, resembling oligotrophic 
open ocean conditions, can impact the response and hydrocarbon-degrading activities of oil-
degrading organisms when exposed to Corexit, and highlight the need for further work to better 
understand the implications of environmental stressors on oil biodegradation and microbial 
community dynamics.  
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4.2 Introduction 

During major marine oil spills, chemical dispersants are applied routinely with the aim of 
breaking up surface slicks and dispersing the oil into the water column. Following the 
Deepwater Horizon blowout in the Gulf of Mexico on April 20th of 2010, seven million liters 
of dispersant (Corexit EC9500A and EC9527A) were applied in response to the discharge of 
an estimated 800 million liters of crude oil into the Gulf ecosystem (US Nat. Comm. DWH, 
2011; McNutt et al., 2012). The impacts of the oil spill on the Gulf’s ecosystem and the health 
of its human inhabitants are well documented (DWH NRDA Trustees, 2016; McGowan et al., 
2017). However, the impact of chemical dispersant application on native microbial 
oil-degrading populations is still unclear and conflicting reports have led to disputes over best 
practices (US NASEM, 2020).  
Some studies have documented enhanced hydrocarbon (HC) degradation in the presence of 
dispersants (Bælum et al., 2012; Prince et al., 2016; Tremblay et al., 2017), while others have 
suggested toxic or inhibitive effects on microbial oil degradation (Hamdan and Fulmer, 2011; 
Kleindienst et al., 2015b; Rahsepar et al., 2016; Hackbusch et al., 2020). A number of different 
explanations for these contradictory findings have been proposed, ranging from methodological 
issues (e.g. dispersant concentrations, types and weathering status of crude oil or HCs used) to 
microbiological and ecological considerations (e.g. species-/strain-specific dispersant 
responses and the relevance of the native microbial community composition) (Overholt et al., 
2016; Prince et al., 2016; Rahsepar et al., 2016; Techtmann et al., 2017; Doyle et al., 2018).  
To our knowledge, however, the pre-spill conditions that HC-degrading microorganisms face 
in oligotrophic (i.e. nutrient-/substrate-limited) ocean waters have not been considered as a 
factor that can predict their physiological response to oil and chemical dispersant exposure. 
Most published studies have used either laboratory cultures of HC-degrading bacteria 
supplemented with high substrate and nutrient concentrations, or natural seawater communities 
in microcosm experiments generously supplemented with nutrients (Prince et al., 2016; 
Tremblay et al., 2017). At the same time, substrate and nutrient limitations have been shown to 
affect hydrophobicity, production of extracellular polymeric substances, and biodegradation 
potential of HC-degrading isolates (Leung et al., 2005; Khleifat, 2007; Santisi et al., 2015; 
Putthividhya et al., 2016). Only few studies have previously investigated the impact of 
dispersant exposure in combination with different nutrient concentrations on oil biodegradation, 
and these studies produced conflicting results (Foght and Westlake, 1982; Lindstrom and 
Braddock, 2002; Kleindienst et al., 2015b). The effects of dispersants on substrate-limited HC 
degraders remain largely unexplored. 
In this study, the marine hydrocarbon-degrading strain Marinobacter sp. TT1 (isolated during 
the Deepwater Horizon spill (Gutierrez et al., 2013b)) was grown on n-hexadecane under either 
substrate starvation or typical well-fed laboratory conditions before the experiment, the former 
resembling in situ conditions of the open ocean. The genus Marinobacter includes several 
ubiquitous HC-degrading species that respond positively to marine oil spills (Duran, 2010; 
Mounier et al., 2014; Kleindienst et al., 2015b; Tremblay et al., 2017). Furthermore, some 
Marinobacter spp. have been reported to be inhibited by chemical dispersant exposure 
(Hamdan and Fulmer, 2011; Kleindienst et al., 2015b; Techtmann et al., 2017; Tremblay et al., 
2017). The aim of this study was to investigate the impact of chemical dispersant exposure on 
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the growth and n-hexadecane biodegradation activity of Marinobacter sp. TT1 cultures pre-
adapted to low or high HC substrate concentrations.  

4.3 Experimental procedures 

4.3.1 Bacterial strain and pre-adaptation of cultures  
The strain Marinobacter sp. TT1 was isolated from a deep-sea plume water sample collected 
during the active phase of the Deepwater Horizon oil spill using n-hexadecane for enrichment 
(Gutierrez et al., 2013b). In this study, Marinobacter sp. TT1 was cultivated in ONR7a minimal 
medium (Dyksterhouse et al., 1995) supplemented with different carbon substrates and grown 
(dark, 20°C, 120 rpm on shaker) in half-filled 20 ml glass headspace vials (pre-baked at 300°C 
for 8 h) with PTFE-lined crimp lids. For inoculation, 200 μl of the respective pre-cultures were 
transferred.  
The well-fed pre-culture was revived from a previously well-fed glycerol stock 
(Marinobacter sp. TT1 in complex medium), transferred into liquid ONR7a minimal medium 
and subsequently supplied with 100 mg l-1 n-hexadecane weekly, providing an almost constant 
substrate supply. The starved pre-culture was revived from a previously starved glycerol stock 
(substrate-starved Marinobacter sp.  TT1 in minimal medium), transferred into liquid ONR7a 
medium and subsequently supplied with 50 mg l-1 n-hexadecane once every three weeks. Thus, 
the starved pre-culture was adapted to survive periods with no substrate availability, mimicking 
the conditions of oligotrophic open ocean waters. Both pre-cultures were then transferred with 
100 mg l-1 n-hexadecane once (three days before the start of the experiment), mimicking a large 
hydrocarbon pulse similar to an oil spill scenario. All pre-cultures were originally stemming 
from the same original culture and before the start of the experiment, both Marinobacter sp. 
TT1 pre-cultures were confirmed to be the same strain by sequencing of the 16S rRNA gene 
fragment (100% identity) that was amplified using primer pairs 341f/907r (Muyzer et al., 1993). 

4.3.2 Experimental setup 
All experimental pre-cultures were grown on n-hexadecane without prior exposure to Corexit 
EC9500A (see above). At the start of the respective experiments, the following five culture 
conditions were set up for both the starved and the well-fed pre-culture: i.) no added carbon 
substrate (Control), ii.) 100 mg l-1 n-hexadecane, iii.) 100 mg l-1 n-hexadecane and 10 mg l-1 

Corexit, or iv.) 100 mg l-1 Corexit. All treatments were run in triplicate and sampled sacrificially 
after 0, 2 and 5 days, except for setups (i) and (iv) which were only sampled at the start and end 
of the experiment. Due to concerns about gas phase losses during sampling, separate triplicates 
were used for setups (ii) and (iii) to obtain samples for cell counts and hydrocarbon 
quantification analysis. Additionally, abiotic control setups for hydrocarbon quantification were 
prepared, containing no inoculum and either v.) 100 mg l-1 n-hexadecane or vi.) 100 mg l-1 

n-hexadecane and 10 mg l-1 Corexit. 

4.3.3 Cell counts 
For cell counts, samples were fixed with 1% paraformaldehyde and stored at 4°C until further 
processing. To reduce cell aggregate formation that would preclude accurate cell count 
measurements, 1% (w/v) EDTA was added to the samples before sonication (20% intensity, 
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30 seconds; Sonoplus ultrasonic homogeniser, Bandelin electronic GmbH & Co. KG, Berlin, 
Germany), a procedure that was optimized for this culture. Samples were then filtered onto 
Isopore polycarbonate membrane filters (GTTP, 0.2 μm; Millipore) and stained with 
4′,6-diamidino-2-phenylindole (DAPI; 1 μg ml-1) for 10 min, washed with ddH2O for 5 min, 
rinsed in ethanol (80%), and then air dried in the dark at room temperature. Membrane filters 
were embedded using a 1:4 mixture of Vectashield mounting medium (Vector Laboratories, 
Burlingame, California) and Citifluor AF2 glycerol solution (EMS Acquisition Corp., Hatfield, 
Pennsylvania) before the slides were analyzed using fluorescence microscopy (Leica DM 5500 
B; Leica Microsystems, Wetzlar, Germany). Images were taken at a magnification of 1000x 
with a Leica DFC 360 FX camera using the Leica Application Suite Advanced Fluorescence 
software (2.6.0.766). Cell counts of the images were performed using the ‘Find Maxima’ 
function (noise tolerance = 7) of the Fiji distribution of ImageJ (Schindelin et al., 2012), 
counting a minimum of 20 images and 600 cells per sample.  

4.3.4 Hydrocarbon quantification 
For n-hexadecane quantification, deuterated n-hexadecane (D34, Sigma-Aldrich, St. Louis, 
USA) was added to the samples as internal standard (20 mg l-1) before extracting the entire vial 
using 9 ml cyclohexane (purity 99.9 %, Carl ROTH, Karlsruhe, Germany). Vials were shaken 
at 300 rpm for half an hour, the phases were allowed to separate overnight (20°C) and then 
subsamples of the cyclohexane were used to quantify the residual n-hexadecane via gas 
chromatography (Agilent 6890N GC; Agilent Technologies, Santa Clara, California) coupled 
with mass spectrometry (Agilent 5973 MS). For separation, a J+W Scientific DB-5MS (30 m 
length, 0.25 mm ID, 0.25 µm film thickness) capillary column was used. The device was 
operated in a pulsed splitless mode with a Helium flow of 0.8 ml/min. Oven temperature was 
initiated at 65°C (4 min), then ramped at 10°C/min to 220°C, further ramped at 20°C/min to 
310°C and held at this temperature for 5 min.  

4.3.5 Data analysis 
To test whether differences in cell numbers or n-hexadecane concentrations between the 
cultures grown with and without Corexit at the same time points were statistically significant, 
ANOVA followed by Tukey post-hoc test (p < 0.05) for multiple comparisons was used. 
Beforehand, it had been tested if residuals were normally distributed (tested with Shapiro-Wilks 
test, p > 0.05) and variances were homogenous (tested with Levene test, p > 0.05). The R 
programming language (R Core Team, 2019) was used to perform all described tests and 
produce all presented figures.  
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4.4 Results and Discussion 

4.4.1 Rapid response by starved Marinobacter sp. TT1 to a high hydrocarbon pulse 
Starved Marinobacter sp. TT1 achieved 58% higher cell numbers compared to the well-fed 
culture (4.95 x 108 vs. 2.85 x 108 cells ml-1, respectively; Fig. 4.1) and degraded about 30% 
more of the n-hexadecane after five days (0.89 vs. 33.87 mg n-hexadecane l-1 remained, 
respectively). This more robust response of starved cells to a hydrocarbon pulse aligns with 
previous observations of rapid feast responses in starved bacteria. Starved aquatic bacteria are 
known to react immediately by expressing very high uptake rates after receiving a ‘shock’ 
substrate pulse (Straškrabová, 1983). Further, a bathypelagic Marinobacter, maintained under 
starvation for 1.6 years, grew rapidly after being pulsed with fresh organic matter (Sebastian et 
al., 2019). The high relevance of this opportunistic lifestyle for HC-degrading marine bacteria, 
including Marinobacter sp. as a known opportunitroph (Singer et al., 2011), has been discussed 
previously (Kleindienst et al., 2016b; Sun and Kostka, 2019). Similar substrate-pulse responses 
have been described for aromatic HC-degrading bacterial strains as well (Leung et al., 2005; 
Khleifat, 2007).  

4.4.2 Only starved Marinobacter sp. TT1 was consistently inhibited after Corexit exposure 
The growth of starved cultures of Marinobacter sp. TT1 was inhibited in the treatment 
containing both n-hexadecane and Corexit compared to the n-hexadecane only treatment. With 
added Corexit, growth of these cells was 55% lower (2.22 x 108 vs. 4.95 x 108 cells ml-1; 
p = 0.0103; Fig. 4.1) and 30% less n-hexadecane was biodegraded (33.94 vs. 0.89 mg 
n-hexadecane l-1 remained, p = 0.0224) after five days. In addition, larger cell aggregates were 
observed in starved cultures with added Corexit (appr. 0.5-1.5 cm long versus < 1 mm in 
n-hexadecane only treatments; Fig. S4.1) and fluorescence microscopy revealed a changed, 
amorphous structure of these aggregates lacking defined, visible cell morphologies (Fig. 4.2). 
Well-fed cultures, in contrast, showed no significant difference in growth or microscopic 
aggregate structure between n-hexadecane treatments with and without Corexit, and a smaller 
difference between aggregate sizes (ranging between 1-5 mm size; Fig. S4.1). However, 
significantly less n-hexadecane was degraded in the treatment with both n-hexadecane and 
Corexit compared to the n-hexadecane treatment after two days (79.56 vs. 
40.93 mg n-hexadecane l-1 remained, p = 0.0193); similar residual n-hexadecane was noted in 
both treatments after five days. Interestingly, in the Corexit-only treatments (i.e. in the absence 
of n-hexadecane), growth was observed for both starved and well-fed cultures after five days 
(from 2.4 x 106 to 3.3 x 107 or 1.5 x 108 cells ml-1, respectively), indicating that Marinobacter 
sp. TT1 can use Corexit components as a growth substrate. No macroscopic cell aggregates 
were observed. Notably, the well-fed culture reached higher cell numbers under these 
conditions. This could be explained by a more pronounced inhibition of the starved culture 
caused by Corexit exposure or by a longer lag phase in the starved culture when adapting to a 
new substrate. Growth on Corexit compounds has previously been reported for other HC 
degraders, such as Colwellia sp., Alcanivorax sp. and Acinetobacter sp. (Chakraborty et al., 
2012; Overholt et al., 2016).  
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Figure 4.1: Cell numbers [cells ml-1] and residual n-hexadecane concentrations [mg l-1] in cultures 
inoculated with either starved (left) or well-fed (right) Marinobacter sp. TT1 during the incubation 
period of 5 days (means ± SD; n = 3). n-Hexadecane was supplied at 100 mg l-1 with or without 10 mg l-1 
of Corexit. Corexit alone was supplied at 100 mg l-1. Abiotic controls were supplied with the same 
respective concentrations but without inoculum. No carbon source was added to the control treatment. 
Significance levels are only shown for comparisons of treatments with n-hexadecane alone against those 
with both n-hexadecane and Corexit (* p < 0.05, ns = not significant). Hxdc = n-hexadecane; Cxt = 
Corexit; ab. = abiotic control; na = not analysed. 
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Figure 4.2: Fluorescence microscopy images of aggregates in Marinobacter sp. TT1 cultures after five 
days of incubation. Cells are stained with 4′,6 diamidino-2 phenylindole (DAPI; appears blue). A/B) 
Amorphous aggregates from starved cultures that received 100 mg l-1 n-hexadecane and 10 mg l-1 
Corexit. C) Aggregates from starved cultures that received only 100 mg l-1 n-hexadecane. D/E) 
Aggregates from well-fed cultures that received 100 mg l-1 n-hexadecane (D) or 100 mg l-1 
n-hexadecane and 10 mg l-1 Corexit (E).  

4.4.3 Potential mechanisms underlying the observed inhibition effects in starved 
Marinobacter sp. TT1 

The underlying mechanism(s) of the pronounced response of starved Marinobacter sp. TT1 to 
dispersant exposure still remain to be elucidated. However, a number of recognized starvation 
effects could trigger the observed inhibition effects. First, changes in cell surface 
hydrophobicity, cell motility, and production of extracellular polymeric substances occur in 
response to starvation in marine bacteria (Kjelleberg and Hermansson, 1984; Yam and Tang, 
2007; Santisi et al., 2015; Putthividhya et al., 2016) – these cell properties are important for a 
successful HC-degrading lifestyle (Joye et al., 2018). Based on our observations, a modified 
production of extracellular polymeric substances induced by dispersant exposure in starved 
cells might have led to the amorphous cell aggregate structure on the microscopic level. Second, 
carbon starvation responses can induce membrane modifications, such as the degradation of 
membrane phospholipids (Fida et al., 2013; Kaberdin et al., 2015; Bergkessel et al., 2016) 
which could lead to higher membrane sensitivity to dispersant components (e.g. surfactants and 
solvents) and, in turn, compromise cell physiologies. Membrane modifications could also be 
another reason for the observed amorphous cell shapes. Additionally, key proteins in alkane 
metabolism (i.e. AlkB, AupA/B) are associated with the cell membrane (Rojo, 2009; Mounier 
et al., 2018) and could thus be detrimentally affected in starved cells exposed to chemical 
dispersants.  
The ecological theory of multiple stressors can also explain these results. Organisms are often 
exposed to multiple stressors at once under in situ conditions and the cumulative biological 
effects of these stressors can be synergistic, i.e. distinct from the additive effects of individual 
stressors (Folt et al., 1999; Crain et al., 2008). Synergistic effects of dispersants and other 
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stressors have been described in a few studies. For example, Corexit 9257 inhibited oil 
biodegradation the most under nutrient limited conditions (Foght and Westlake, 1982). 
Similarly, phytoplankton was more sensitive to dispersants under nutrient-limited conditions 
(Ozhan and Bargu, 2014) and the HC degrader Rhodococcus sp. PC20 was more inhibited by 
dispersant exposure under high pressure conditions (Hackbusch et al., 2020). Therefore, 
(previous) environmental stress – in this case substrate limitation – can lead to different 
microbial responses to dispersant or dispersant-hydrocarbon exposure, potentially explaining 
the observed more severe response of starved hydrocarbon degraders to chemical dispersants. 

4.4.4 Environmental implications 
While some previous studies reported clear inhibition responses of Marinobacter when exposed 
to chemical dispersants (Hamdan and Fulmer, 2011; Kleindienst et al., 2015b), other 
experiments reported both inhibited and stimulated members of the genus Marinobacter 
(Techtmann et al., 2017; Tremblay et al., 2017; Doyle et al., 2018). Ecotype-specific dispersant 
responses might explain some of these previous observations (as discussed in e.g. Techtmann 
et al., 2017), but this study is the first to identify substrate-level adaptation as a factor that 
affects how marine HC-degrading microorganisms could respond during an oil spill at sea when 
chemical dispersants are used. Due to the inherent spatial and temporal heterogeneity of 
substrate and nutrient availability in the marine environment, the observations reported here 
could have wide reaching environmental implications. Contrary to obligate HC-degrading 
bacteria, members of Marinobacter are known as versatile heterotrophs that can use a wide 
range of substrates (Duran, 2010; Mounier et al., 2014). Yet, their ubiquity in the marine 
environment is largely confined to oligotrophic (i.e. nutrient-/substrate-limited) waters which 
make up at least 18% (estimated oligotrophic gyre area; Polovina et al., 2008; Signorini et al., 
2015) of the global ocean. The substrate history of marine HC degraders depends on their 
lifestyle (e.g. free-living or particle-attached), their niches (e.g. surface or deep waters, polar or 
tropical latitudes), the dynamics of their environment (e.g. local seasonality, bloom regimes) 
and the levels of natural and anthropogenic substrate emissions (e.g. chronic or dynamic HC 
inputs via natural oil seeps, ship traffic or accidental oil releases). Based on the presented 
findings, all of these factors could play a role in determining the impacts of chemical dispersants 
on marine HC biodegradation in situ and need to be taken into account during the decision-
making process of potential dispersant applications. 

4.4.5 Conclusions 
To our knowledge, this is the first study demonstrating that the pre-adapted state (i.e. substrate 
history) of marine hydrocarbon-degrading bacteria can have a significant effect on how these 
organisms will respond in the event of an oil spill where chemical dispersants are used. These 
observations help to explain previously inconsistent findings about dispersant impacts in the 
literature and highlight the need for considering in situ environmental conditions (e.g. 
oligotrophic versus copiotrophic substrate/nutrient adaptation) when conducting laboratory 
experiments where a single change in parameters could propagate and lead to different findings. 
To better inform future decisions on dispersant use in marine oil spill situations, there is a 
critical need for additional baseline knowledge of environmental microbial communities, 
including their nutritional status, and for systematic screenings of cultured representatives 
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regarding their response to dispersants under environmentally relevant conditions and more 
insights into how and why dispersants might affect their physiology. 

Acknowledgements 
This study was funded by the Baden-Württemberg Foundation’s Elite Program for Postdocs 
and by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation - fellowship 
grant #326028733). We would also like to thank the U.S. National Oceanic and Atmospheric 
Administration for providing Corexit EC9500A, Renate Seelig and Peter Grathwohl for GC-
MS measurements and Anja Pohl for help with culture maintenance.  
  



107 
 

4.5 Supplemental information 

4.5.1 Supplemental figures 
 

 
Figure S 4.1: Aggregate morphology in Marinobacter sp. TT1 cultures after five days of incubation. 
Treatments contained the following carbon sources: 100 mg l-1 n-hexadecane (Hxdc) or 100 mg l-1 
n-hexadecane and 10 mg l-1 Corexit (Hxdc+Cxt). A) Starved cultures. B) Well-fed cultures. 
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5.1 Abstract 

The application of chemical dispersants during marine oil spills can affect the community 
composition and activity of marine microorganisms. Several studies have indicated that 
certain marine hydrocarbon-degrading bacteria, such as Marinobacter spp., can be inhibited 
by chemical dispersants, resulting in lower abundances and/or reduced biodegradation rates. 
However, a major knowledge gap exists regarding the mechanisms underlying these 
physiological effects. Here, we performed comparative proteomics of the Deepwater 
Horizon isolate Marinobacter sp. TT1 grown under different conditions. Strain TT1 
received different carbon sources (pyruvate vs. n-hexadecane) with and without added 
dispersant (Corexit EC9500A). Additional treatments contained crude oil in the form of a 
water-accommodated fraction (WAF) or chemically-enhanced WAF (CEWAF; with 
Corexit). For the first time, we identified the proteins associated with alkane metabolism 
and alginate biosynthesis in strain TT1, report on its potential for aromatic hydrocarbon 
biodegradation and present a protein-based proposed metabolism of Corexit components as 
carbon substrates. Our findings revealed that Corexit exposure affects hydrocarbon 
metabolism, chemotactic motility, biofilm formation, and induces solvent tolerance 
mechanisms like efflux pumps in strain TT1. This study provides novel insights into 
dispersant impacts on microbial hydrocarbon degraders that should be taken into 
consideration for future oil spill response actions. 
 
Originality-Significance Statement:  
This is the first proteomics study elucidating the impacts of the chemical dispersant Corexit 
on the cellular processes of a marine hydrocarbon degrader - Marinobacter sp. TT1, isolated 
from the Deepwater Horizon oil spill. The proteins associated with a proposed microbial 
metabolism of Corexit components as carbon substrates and Corexit-induced changes in the 
proteome linked to hydrocarbon metabolism, chemotactic motility, biofilm formation, and 
solvent tolerance are highlighted for the first time. In addition, the first evidence of alginate 
biosynthesis in a member of the Marinobacter genus is provided. 
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5.2 Introduction 

Chemical dispersants are routinely applied during major marine oil spills to break up surface 
slicks and disperse oil in the water column. Following the Deepwater Horizon (DWH) oil spill 
in the Gulf of Mexico in 2010, for instance, seven million litres of dispersants (Corexit 
EC9500A and EC9527A) were applied in response to the release of an estimated 800 million 
litres of crude oil into the Gulf ecosystem (US Nat. Comm. DWH, 2011; McNutt et al., 2012). 
Dispersant exposure has consistently been shown to alter marine microbial community 
dynamics and to select for specific taxa responding to inputs of petroleum hydrocarbons (HCs) 
(Kleindienst et al., 2015b; Suja et al., 2017; Techtmann et al., 2017; Doyle et al., 2018; Sun 
and Kostka, 2019; Tremblay et al., 2019). However, studies have produced conflicting results 
on how dispersants might affect the HC biodegradation potential of microbial communities, 
with findings ranging from enhanced (Bælum et al., 2012; Prince et al., 2016) to unaffected 
(McFarlin et al., 2014; Tremblay et al., 2019) or decreased HC degradation activities 
(Kleindienst et al., 2015b), and the underlying mechanisms remaining unresolved. 
Dispersant impacts have also been highlighted by several studies that demonstrated inhibition 
effects of dispersants on certain species/strains of HC-degrading bacteria, observed in both pure 
cultures (Hamdan and Fulmer, 2011; Overholt et al., 2016; Hackbusch et al., 2020) and 
seawater microcosm experiments (Techtmann et al., 2017; Doyle et al., 2018). Members of the 
genus Marinobacter, in particular, have been shown to become negatively affected by chemical 
dispersant exposure (Hamdan and Fulmer, 2011; Kleindienst et al., 2015b; Techtmann et al., 
2017; Tremblay et al., 2017; Doyle et al., 2018). This genus includes several ubiquitous marine 
HC degraders that often represent alkane-degrading key players responding to oil spillage in 
the marine environment (Duran, 2010; Kleindienst et al., 2015b; Tremblay et al., 2019). Recent 
work in our group with Marinobacter sp. strain TT1 has furthermore demonstrated that this 
strain is able to grow on Corexit EC9500A as sole carbon and energy source (see Chapter 4 in 
this thesis), similar to other marine HC-degrading isolates belonging to the genera Colwellia, 
Alcanivorax or Acinetobacter that were shown to utilize components of the dispersant mixture 
(Chakraborty et al., 2012; Overholt et al., 2016). 
The metabolic pathways of HC biodegradation are relatively well characterized in several HC-
degrading isolates (reviewed e.g. in Wang and Shao, 2013; Abbasian et al., 2016). Aerobic 
alkane biodegradation, for example, is typically performed via a sequential oxidation process 
by a few key enzymes (i.e. alkane monooxygenases or cytochrome P450 oxidases, alcohol 
dehydrogenases and aldehyde dehydrogenases) and connects to the cytosolic fatty acid 
metabolism. However, it remains largely unknown how chemical dispersants, such as Corexit, 
might affect the metabolism and cellular processes of HC degraders and, in turn, how exposure 
leads to the different observed microbial responses. While the exact composition of chemical 
dispersants remains proprietary, Corexit EC9500A was reported to contain a petroleum 
distillate fraction, propylene glycols, and different anionic and nonionic surfactants (Place et 
al., 2016; Choyke and Ferguson, 2019). These components may themselves cause detrimental 
effects to microbial cells even in the absence of crude oil, since surfactants are known to induce 
several potentially cytotoxic effects by partitioning within cell membranes, potentially 
impairing permeability processes and the functioning of membrane proteins (Partearroyo et al., 
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1990; Van der Werf et al., 1995; Inacio et al., 2016). Solvent stress caused by high 
concentrations of (individual or a mixture of) HCs is known to trigger specific adaptations or 
avoidance responses in HC-degrading bacteria, such as efflux pump expression or negative 
chemotactic behavior (Young and Mitchell, 1973; Ramos et al., 2002; Shitashiro et al., 2005; 
Krell et al., 2012), as well as changes in membrane lipid composition (Sikkema et al., 1995). 
Furthermore, chemically dispersed oil can exhibit synergistic toxicity to marine 
microorganisms, i.e. higher toxicity than oil alone (Radniecki et al., 2013; Rico-Martínez et al., 
2013; Ozhan et al., 2014).  
The alkane degrader Marinobacter sp. TT1 was isolated during the DWH oil spill (Gutierrez et 
al., 2013b) and recent work in our group has shown that its growth and biodegradation of 
n-hexadecane can be detrimentally impacted by Corexit exposure (see Chapter 4 in this thesis), 
which may explain why this strain did not become enriched during the DWH spill (Gutierrez et 
al., 2013b). Since the genomic potential of strain TT1 and the mechanisms underlying how 
Corexit affects its physiology and metabolism remain unknown, we conducted a comparative 
proteomics study in order to, for the first time, i) characterize the HC-degrading metabolism of 
Marinobacter sp. TT1 based on proteomics, ii) identify which of the previously reported 
components of Corexit might be metabolized by this strain, and iii) elucidate potential effects 
of Corexit exposure on the strain’s cellular processes. For this, the protein profiles of 
Marinobacter sp. TT1 were analyzed when grown in the presence or absence of Corexit 
EC9500A (Cxt), on pyruvate or n-hexadecane (Hxdc), or using a crude oil water-
accommodated fraction (WAF) or chemically enhanced WAF (CEWAF; containing Corexit 
EC9500A) that simulate crude oil and/or Corexit exposure in the marine water column in the 
event of an oil spill at sea (Fig. S5.1). 

5.3 Experimental procedures  

5.3.1 Experimental design  
At the start of the experiment, the following treatments for Marinobacter sp. TT1 were 
established in half-filled 20 ml glass headspace vials (Fig. S5.1) using four different pre-
cultures, adapted to different carbon substrates (see SI). The n-hexadecane-adapted pre-culture 
was used to inoculate (1) cultures with no added carbon substrate (Control), (2) cultures with 
100 mg l-1 n-hexadecane (Hxdc), and (3) cultures with 100 mg l-1 n-hexadecane and 10 mg l-1 
Corexit (Hxdc+Cxt). The Corexit-adapted pre-culture was used to establish treatments with (4) 
100 mg l-1 Corexit (Corexit), whereas the WAF-adapted pre-culture was used to inoculate 
treatments with either (5) 1 ml of WAF solution (6 mg l-1 WAF-derived dissolved organic 
carbon) or (6) 200 µl of CEWAF solution (6 mg l-1 CEWAF-derived dissolved organic carbon). 
The pyruvate-adapted pre-culture was used to inoculate cultures containing (7) 3 mM 
(264 mg l-1) pyruvate. All treatments were run in triplicate and sampled sacrificially after 0 and 
4 days, except for the pyruvate-containing treatments which were sampled after 1 day due to a 
faster growth with this substrate, as determined in pre-experiments. Due to concerns about gas-
phase losses during sampling, separate triplicate cultures were prepared for treatments (2) and 
(3), in order to separately obtain samples for cell counts and HC quantification analysis. 
Separate replicate cultures were prepared for protein analysis from all seven treatments and 
each sampled after 1 day (pyruvate treatments) or 4 days (all other treatments). Additionally, 
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abiotic controls were prepared for HC or pyruvate quantification, containing no inoculum and 
either (8) 100 mg l-1 n-hexadecane (ab. Hxdc), (9) 100 mg l-1 n-hexadecane and 10 mg l-1 
Corexit (ab. Hxdc+Cxt), or (10) 3 mM of pyruvate. 

5.3.2 Cell counts and quantification of pyruvate and hydrocarbon concentrations 
Cell counts for Marinobacter sp. strain TT1 were measured using the DNA-specific stain 
4′,6-diamidino-2-phenylindole (DAPI) with the aid of an epifluorescence microscope in order 
to monitor growth of the strain in all treatment conditions (see SI). Concentrations of pyruvate 
or n-hexadecane were quantified using, respectively, high-performance liquid chromatography 
(HPLC) or gas chromatography coupled with mass spectrometry (GC-MS) (see SI). 

5.3.3 Protein extraction and proteome analysis 
For protein analysis, 100 ml of culture replicates were pooled per sample triplicate, filtered onto 
Sterivex filters (Merck Millipore, Thermo Fisher Scientific, Waltham, MA, USA) and 
immediately frozen. The filters were cut into small pieces and dissolved in 1 ml lysis buffer 
(8 M Urea, 2 M Thiourea, 1 mM PMSF). Cells on the filters were disrupted by bead beating 
(FastPrep-24, MP Biomedicals, Sanra Ana, CA, USA; 5.5 ms, 1 min, 3 cycles) followed by 
ultra-sonication (UP50H, Hielscher, Teltow, Germany; cycle 0.5, amplitude 60%) and 
centrifugation (10,000 x g, 10 min). The protein lysate was loaded on SDS-gel and run for 
10 min. The gel piece was cut, washed and incubated with 25 mM 1,4-dithiothreitol (in 20 mM 
ammonium bicarbonate) for 1 h and 100 mM iodoacetamide (in 20 mM ammonium 
bicarbonate) for 30 min, and destained, dehydrated and proteolytically cleaved overnight at 
37 °C with trypsin (Promega). The digested peptides were extracted and desalted using 
ZipTip-μC18 tips (Merck Millipore, Darmstadt, Germany). The peptide lysates were re-
suspended in 0.1% formic acid and analysed by nanoliquid chromatography mass spectrometry 
(LC-MS/MS; UltiMate 3000 RSLCnano, Dionex, Thermo Fisher Scientific). Mass 
spectrometric analyses of eluted peptide lysates were performed on a Q Exactive HF mass 
spectrometer (Thermo Fisher Scientific) coupled with a TriVersa NanoMate (Advion, Ltd., 
Harlow, UK). LC gradient, ionization mode and mass spectrometry mode were used as 
described in (Haange et al., 2019). The mass spectrometry proteomics data have been deposited 
to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner 
repository with the dataset identifier PXD021108. 

5.3.4 Data analysis 
Data resulting from LC-MS/MS measurements were analysed with the Proteome Discoverer 
(v.2.4, Thermo Fischer Scientific) using SEQUEST HT. The protein-coding sequences of the 
reference UniProt proteome of Marinobacter sp. DSM 26291 (= strain TT1; protein-coding 
sequence entries 4,109, TaxID: 1761792) were used as database. Search settings were set to 
trypsin (Full), max. missed cleavage: 2, precursor mass tolerance: 10 ppm, fragment mass 
tolerance: 0.02 Da. The obtained label-free quantification intensities were further analysed 
using Perseus v1.6.1.5 (Tyanova et al., 2016). For statistical tests, abundance data were log2 
transformed, normalized (median-centered) and filtered. Only proteins with at least five peptide 
spectrum matches (PSM) and identified in at least two biological triplicates of at least one 
growth condition were considered for statistical analysis. A permutation-based FDR approach 
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was used to identify proteins with significantly different abundances between growth 
conditions, while correcting for multiple testing (parameters: S0 = 0, FDR 0.05, 1,000 
randomizations). First, a multiple sample test (ANOVA) was performed on all 17 samples (one 
outlier had to be removed) grouped by treatment to gain an overview of the data. Hierarchical 
clustering was performed using the Spearman correlation–based distance (300 clusters, 
10 iterations). Subsequently, two-sample tests (Student’s t-test) were run for specific pairwise 
sample comparisons of interest for this study’s objectives, followed by Tukey’s honestly 
significant difference post hoc tests (q < 0.05). Proteins of interest were further characterized 
using the blastp suite (Altschul et al., 1990), the UniParc clustering feature of UniProt (UniProt 
Consortium, 2019), KEGG’s KOALA (KEGG Orthohology And Links Annotation; Kanehisa 
et al., 2016) and pathway mapper (Kanehisa and Sato, 2020) tools. The genetic organization of 
gene clusters of interest was assessed using the genome of Marinobacter sp. DSM 26291 
(= strain TT1; IMG genome ID: 2619618959) and the JGI IMG/M database (Chen et al., 2019). 
The R programming language (R Core Team, 2019) was used to produce all presented data 
plots. 

5.4 Results  

5.4.1 Growth and substrate utilization of Marinobacter sp. TT1  
Growth of Marinobacter sp. TT1 was observed on all substrates, reaching similar orders of 
magnitude for almost all growth conditions and displaying different macroscopic growth 
patterns (Fig. 5.1A and S5.2, see also supplemental results). Biodegradation of pyruvate (61% 
after one day; Fig. 5.1B) or n-hexadecane (respectively 46% or 67% degraded after four days 
in treatments with or without Corexit; Fig. 5.1B) was confirmed via GC-MS or HPLC 
measurements for the respective treatments.  

5.4.2 Overview of proteomic analysis 
The proteomic analysis resulted in a total of 3,008 proteins (ranging from 1 to 4,289 peptide-
spectrum matches per protein), representing a recovery of 73% of Marinobacter sp. TT1’s 
proteome (4,109 proteins; UniProtKB proteome UP000199211). Distinct protein profiles were 
detected for all treatments, while similar proteome patterns were observed in biological 
replicate samples (Fig. S5.3). Across the different treatments (i.e. Pyruvate, Hxdc, Hxdc+Cxt, 
Corexit, WAF, and CEWAF), 2,154 proteins were significantly differentially abundant 
according to a multiple sample test (ANOVA; permutation-based FDR < 0.05). However, due 
to the much lower biomass available in WAF and CEWAF samples, and the higher inter-
replicate variability, proteome data from WAF and CEWAF treatments was mainly compared 
to each other and interpreted with caution. When considering specific pairwise sample 
comparisons (Student’s t-test, permutation-based FDR < 0.05), a total of 1,140 proteins were 
detected in significantly different abundances during growth on n-hexadecane compared to the 
non-HC control (pyruvate) with 50% of them in higher abundance on n-hexadecane (Tab. S1). 
When considering the effects of Corexit exposure, 36 proteins were significantly differentially 
abundant during growth on n-hexadecane with Corexit compared to the n-hexadecane 
treatments (with 55% of them more abundant with Corexit; Tab. S2). Additionally, 1,286 
proteins were significantly differentially abundant during growth on Corexit compared to 
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growth on n-hexadecane with 43% more abundant on Corexit (Tab. S3). Only two proteins 
were detected as significantly differentially abundant between the WAF and CEWAF 
treatments (Tab. S4).  

 
Figure 5.1: Growth and biodegradation of carbon sources supplied to Marinobacter sp. TT1 cultures, 
sampled for proteomic analysis after 1 day (pyruvate treatments) or 4 days (all other treatments) of 
incubation. Treatments contained the following carbon sources: 3 mM pyruvate (Pyruvate), 100 mg l-1 
n-hexadecane (Hxdc), 100 mg l-1 n-hexadecane and 10 mg l-1 Corexit (Hxdc+Cxt), 100 mg l-1 Corexit 
(Corexit), no carbon source (Control), 6 mg l-1 WAF-derived DOC (WAF) or 6 mg l-1 CEWAF-derived 
DOC (CEWAF). Results shown are averages of sacrificial, triplicate cultures (standard deviations are 
based on triplicates). ab. = abiotic controls without inoculum. A) Cell numbers determined by 
fluorescence microscopy are presented using a divided y-axis in order to better visualize the lower cell 
numbers in WAF and CEWAF treatments. B) Pyruvate and n hexadecane concentrations were 
determined via HPLC or GC-MS measurements, respectively. 

5.4.3 Proteome of Marinobacter sp. TT1 grown on n-hexadecane 
The protein profile of Marinobacter sp. TT1 grown on n-hexadecane indicated upregulated 
metabolisms for alkane degradation and alginate biosynthesis, with additional upregulated 
processes including peptidoglycan and lipopolysaccharide (LPS) synthesis, as well as oxidative 
stress responses (Fig. 5.2). Only one of the alkane 1-monooxygenases encoded in the genome 
of Marinobacter sp. TT1 (UniProt ID: A0A1I4KVH1) was more abundant during growth on 
n-hexadecane than in the non-HC control treatment (log2 fold change [FC] = 3). This alkane 
1-monooxygenase was found to have 83% amino-acid sequence identity to the AlkB2 enzyme 
(A0A455W7K7) of Marinobacter hydrocarbonoclasticus YB03 and might also be homologous 
to AlkB2 (Q0VTH3) of Alcanivorax borkumensis SK2 (59.03% amino-acid sequence identity). 
Additionally, a putative P450 cytochrome alkane hydroxylase (A0A1I4KEY9) was detected in 
significantly higher abundance compared to the non-HC control (FC = 4.5). Two proteins 
putatively involved in the transport of alkanes into the cell were also significantly more 
abundant during growth of strain TT1 on n-hexadecane: a long-chain fatty acid transport protein 
(FC = 4.9; A0A1I4JKC5) and an Ig-like domain containing protein (FC = 4.6; A0A1I4JKB4). 
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These were identified as putative homologues of the alkane uptake proteins AupA (H8WEC1; 
83% amino-acid sequence identity) and AupB (H8WEC0; 56% amino-acid sequence identity), 
respectively, which were previously described in Marinobacter hydrocarbonoclasticus SP17 
(Mounier et al., 2018). The electron transfer proteins rubredoxin-NAD+ reductase 
(A0A1I4K5F9), ferredoxin (A0A1I4MH37), and a ferredoxin-NADP reductase 
(A0A1I4KTN3) were likewise significantly more abundant during growth on n-hexadecane 
(FC ≥ 1.2) and thus likely involved in the first terminal n-hexadecane oxidation step. Finally, 
four alcohol dehydrogenases (A0A1I4J3P7, A0A1I4ISL3, A0A1I4MI03, A0A1I4H5P2) and 
one aldehyde dehydrogenase (A0A1I4K5K4) probably involved in the subsequent oxidation 
steps of n-hexadecane metabolism, were also significantly more abundant (FC = 0.7 to 5.0). 
Interestingly, a large number of proteins associated with the extracellular polysaccharide (EPS) 
alginate involved in biofilm formation were significantly more abundant during growth on 
n-hexadecane compared to pyruvate (FC = 2.1 to 5.8). This included (homologues of) the 
following proteins involved in the biosynthesis and export of the polysaccharide alginate: AlgD 
(A0A1I4LFN3), Alg44 (A0A1I4LF83), AlgE (A0A1I4LF78), AlgF (A0A1I4LFF1), AlgA 
(A0A1I4JXV5, A0A1I4LGW8), AlgC (A0A1I4LG98), and the regulatory proteins MucB 
(A0A1I4IUP7), AlgR (A0A1I4JGY9), and AlgZ (A0A1I4JH21). These proteins were found to 
be encoded by three different alginate-related gene clusters in the genome of Marinobacter sp. 
TT1 (algD844KEGIJFXLAC [SAMN04487868_11444-56], algU-mucABC 
[SAMN04487868_104201-04] and algRZ [SAMN04487868_10662-63]) with the first gene 
cluster showing a notably similar organization (Fig. S5.4) to the alginate operons described in 
Pseudomonas aeruginosa (Gacesa, 1998) and Alcanivorax borkumensis (Schneiker et al., 
2006). All abundant proteins from this first putative operon (AlgD, Alg44, AlgE, AlgF, AlgA, 
AlgC) were also detected in significantly higher abundances during growth on n-hexadecane 
when compared to the Corexit only treatment (FC = 1.9 to 6.3). Furthermore, a number of 
proteins required for peptidoglycan or lipopolysaccharide (LPS) biosynthesis, five different 
phospholipases and several enzymes possibly involved in mitigating oxidative stress, were 
found to be significantly more abundant in the n-hexadecane treatment compared to the 
pyruvate treatment (FC = 0.4 to 3.7; Tab. S1, Fig. S5.5).  
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Figure 5.2: Normalized, relative mean abundances (symbolized by circle size and colour; sum per 
protein = 100%) of a selection of significantly (q-value < 0.05) differentially abundant proteins 
associated with alkane metabolism, alginate synthesis, non-alkane HC metabolism, chemotaxis, motility 
and transmembrane transport systems during growth of Marinobacter sp. TT1 cultures on different 
carbon sources. Treatments received either pyruvate, n-hexadecane (Hxdc), n-hexadecane and Corexit 
(Hex+Cxt), only Corexit (Corexit), crude oil WAF, or chemically enhanced WAF (CEWAF). 1 = 
proteins belonging to the proposed alk operon (plus AlkB1 homologue); 2 = Cycloaliphatic HC 
metabolism; 3 = Phenol metabolism; 4 = Aromatic HC metabolism; 5 = Aminobenzoate metabolism; 6 
= Type IV pilus assembly; 7 = Twitching motility; 8 = Proteins belonging to the proposed alg operon. 
See Tab. S8 for protein names. 
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5.4.4 Protein profiles of Marinobacter sp. TT1 during Corexit exposure 
The protein profile of Marinobacter sp. TT1 when influenced by dispersant exposure pointed 
towards upregulated alkane and non-linear HC metabolism, different transporter systems (i.e. 
ABC/TRAP-type, efflux pumps), as well as pronounced chemotaxis and motility processes 
(Fig. 5.2).  
Corexit versus n-Hexadecane. The alkane 1-monooxygenase (A0A1I4KVH1) and putative 
P450 cytochrome alkane hydroxylase (A0A1I4KEY9) that were abundant during growth on 
n-hexadecane were significantly less abundant in cultures grown on Corexit (FC = 4.3 and 1.2, 
respectively). However, the second alkane 1-monooxygenase (A0A1I4KFD0) was significantly 
more abundant in the Corexit-only treatment (FC = 8). This enzyme has only low amino-acid 
sequence identity (36.07%) to the other alkane 1-monooxygenase of Marinobacter sp. TT1 
(A0A1I4KVH1) but is 99.75% identical (amino-acid sequence identity) to the AlkB1 enzyme 
of Marinobacter hydrocarbonoclasticus VT8 (A1TXS2), and is a homologue of AlkB1 
(Q0VKZ3) from Alcanivorax borkumensis SK2 (87.16% amino-acid sequence identity). A 
number of proteins encoded by the genes located downstream from the AlkB1 homologue in 
the genome of strain TT1 were significantly more abundant in Corexit treatments as well: an 
aldehyde dehydrogenase (FC = 4.6; A0A1I4KFQ9), a choline dehydrogenase (FC = 4.7; 
A0A1I4KF71), a fatty-acyl-CoA synthase (FC = 2.2; A0A1I4KER1), and an outer membrane 
protein with putative homology to AlkL (FC = 4.5; A0A1I4KF83). While two alcohol 
dehydrogenases (FC = 4.1, A0A1I4KKP8; FC = 0.5, A0A1I4H5P2) and another aldehyde 
dehydrogenase (FC = 1.8; A0A1I4KKB9) were also significantly more abundant, most of the 
proteins likely involved in n-hexadecane metabolism (i.e. detected in high abundances in the 
n-hexadecane-amended treatments) were less abundant in Corexit treatments. However, several 
enzymes potentially involved in the biodegradation and metabolism of aromatic and other HCs 
were significantly more abundant in Corexit treatments (average FC = 1.9), including enzymes 
assigned to the metabolism of haloalkanes, cycloaliphatic HCs, phenols, benzoates and 
aminobenzoates (Tab. S5). Interestingly, a few proteins involved in sulphur metabolism were 
also significantly more abundant in Corexit treatments (average FC = 1.8), i.e. a sulfotransferase 
(A0A1I4KTW4), the sulphur carrier protein FdhD (A0A1I4NAC8), and a thioester reductase 
(A0A1I4JTH2).  
According to KEGG’s ortholog annotation tool (KOALA), the largest fractions of annotated 
proteins significantly more abundant in Corexit compared to n-hexadecane treatments belonged 
to the KEGG orthology (KO) categories of ‘signaling and cellular processes’ (24%) and 
‘environmental information processing’ (22%; Fig. S5.6A). Within these categories, a large 
group of proteins with significantly higher abundances compared to n-hexadecane treatments 
(FC = 0.4 to 5.9) were assigned to transport systems, including 13 TRAP-type 
mannitol/chloroaromatic transporter proteins, 5 efflux pump proteins and 27 amino acid ABC 
transporter proteins (13 of these specifically for branched-chain amino acids). The second 
largest group (FC = 0.2 to 5.3) was assigned to cellular processes of chemotaxis and motility 
(i.e. 11 methyl-accepting chemotaxis proteins [MCPs], 12 type IV pilus proteins, 3 twitching 
motility proteins and 5 flagellar proteins), with several of these proteins also significantly more 
abundant when compared to the pyruvate treatments.  
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n-Hexadecane/Corexit vs. n-hexadecane. The annotated proteins detected in significantly 
higher abundances in the n-hexadecane with Corexit treatment compared to the n-hexadecane 
treatment belonged mainly to the KO categories of ‘signalling and cellular processes’ (27%) 
and ‘environmental information processing’ (27%; Fig. S5.6B). This included five transporter-
affiliated proteins (FC = 0.5 to 2.6; A0A1I4MNH9, A0A1I4KD04, A0A1I4IF13, A0A1I4I3J1, 
A0A1I4H9T9) and one MCP (FC = 0.5; A0A1I4MSJ0). Interestingly, the putative P450 
cytochrome alkane hydroxylase (FC = 0.7; A0A1I4KEY9) and the ferredoxin-NADP reductase 
(FC = 2.5; A0A1I4KTN3), abundant in n-hexadecane treatments, were significantly less 
abundant in the cultures with added Corexit.  
CEWAF versus WAF. Even though only two proteins with significantly different abundances 
were detected between the more environmentally relevant treatments WAF and CEWAF, 
probably due to the high detected inter-replicate variance, some systematic notable differences 
could still be observed. Among those proteins found in higher abundance in the WAF treatment, 
according to a p-value-truncated t-test (62 proteins; p < 0.05; Tab. S6), the largest annotated 
fractions belonged to the KO categories of ‘xenobiotics biodegradation and metabolism’ (20%) 
and ‘carbohydrate metabolism’ (18%; Fig. S5.6D). This included several enzymes with 
predicted functions in the metabolism of non-linear HCs (Tab. S7) – i.e. the biodegradation of 
cycloaliphatics, phenols, naphthalenes, benzoates, and xylenes (average FC = 4.3). On the other 
hand, the proteins detected in higher abundance in CEWAF cultures (85 proteins; p < 0.05; Tab. 
S6) mainly belonged to the KO categories ‘environmental information processing’ (20%) and 
‘signalling and cellular processes’ (16%; Fig. S5.S6C). Notable proteins from these categories 
included, for instance, three MCPs (FC = 0.5 to 2.1; A0A1I4LXM2, A0A1I4HAX6, 
A0A1I4MFB0), three flagellar proteins (FC = 0.8 to 1.4; FliG, FliK, FlgL; A0A1I4HL94, 
A0A1I4HME7, A0A1I4J7M9), the pilus assembly protein FimV (FC = 0.8; A0A1I4M1I2), 
and five proteins associated with ABC or TRAP-type transporter systems (FC = 0.9 to 2.2; 
A0A1I4MSA8, A0A1I4L200, A0A1I4HXQ3, A0A1I4KD04, A0A1I4IE06). Generally, many 
of the detected proteins associated with chemotaxis and motility were most abundant in the 
Corexit and CEWAF treatments when comparing all hydrocarbon-amended treatments (Fig. 
5.2). Most of the previously described proteins involved in the metabolism of n-alkanes were 
also detected in both WAF and CEWAF cultures with only one notable difference between 
these treatments. While both alkane 1-monooxygenases were detected in the CEWAF 
treatment, only the AlkB1 homologue (A0A1I4KFD0) was also detected in the WAF treatment.  

5.5 Discussion 

The obtained protein profiles of Marinobacter sp. TT1 illustrated the strain’s ability to 
metabolize a wide range of HC compounds, produce alginate, utilize Corexit components as 
substrates, and elucidated additional physiological adaptation processes to Corexit exposure 
(see Fig. 5.3).  
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Figure 5.3: Schematic overview of the metabolism of Marinobacter sp. TT1 when A) utilizing 
hydrocarbons (n-hexadecane or WAF), or B) growing on components of Corexit and/or with Corexit 
exposure. Abbreviations: LPS = lipopolysaccharide, PG = peptidoglycan, HC = hydrocarbon, WAF = 
water-accommodated fraction, MCP = methyl-accepting chemotaxis protein, TRAP = tripartite ATP-
independent periplasmic, ABC = ATP-binding cassette. See Tab. S8 for protein names. 
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5.5.1 Hydrocarbon metabolism of Marinobacter sp. TT1 
The n-hexadecane metabolism of Marinobacter sp. TT1 appears relatively analogous to the 
alkane metabolism of other marine alkane degraders (Mounier et al., 2014; Gregson et al., 2019; 
Gregson et al., 2020), with our results suggesting important roles for the AupAB, AlkB2 and 
cytochrome P450 homologues and a number of involved dehydrogenases (see also 
supplemental discussion). Several proteins implicated in cell envelope modification, oxidative 
stress response and a number of chaperones were also significantly abundant during growth on 
n-hexadecane, pointing towards an involvement of these proteins in the alkane-degrading 
lifestyle and associated biofilm formation in bacteria like strain TT1, as previously discussed 
(Kato et al., 2009; Jung et al., 2011; Vaysse et al., 2011; Barbato et al., 2016; Ennouri et al., 
2017). 
WAFs are often used to simulate the subsurface state of crude oil in the water column in the 
event of an oil spill at sea. They typically contain alkanes and mostly low-molecular weight 
aromatic HCs, such as BTEX (benzene, toluene, ethylbenzene, xylene) or PAH compounds 
(Faksness et al., 2008; Bera et al., 2020). The proteins we detected from strain TT1 corroborate 
this, since enzymes assigned to the metabolism of benzoates, xylenes, naphthalene, phenols, 
and cycloaliphatic HCs were found in highest abundances in the WAF treatments. Only the 
AlkB1 homologue was detected which likely degrades shorter alkanes (e.g. C5-C12) like the 
AlkB1 of A. borkumensis SK2 (Van Beilen et al., 2004). This makes sense since longer-chain 
alkanes are less likely to be found in WAFs due to their poor solubilities. We therefore posit 
that alkane metabolism by strain TT1 played a minor role in WAF treatments compared to the 
degradation of aromatics. Our findings reveal that the HC-degrading metabolic spectrum of 
strain TT1 is much wider than previously reported (Gutierrez et al., 2013b) and add to the 
growing body of evidence that members of the genus Marinobacter are, in addition to degrading 
alkanes, also capable of utilizing aromatic HCs as a sole source of carbon and energy (Duran, 
2010; Bonin et al., 2015; Dombrowski et al., 2016).  

5.5.2 Alginate biosynthesis of Marinobacter sp. TT1 
Growth of Marinobacter sp. TT1 on n-hexadecane was apparently associated with an 
upregulation in alginate metabolism. Alginate is a polysaccharide composed of multiple 
monomer subunits which are synthesized from fructose-6-phosphate, polymerized and exported 
across the outer membrane by proteins of the alginate machinery of which several homologues 
were detected in this study (Fig. S7; reviewed e.g. in Urtuvia et al., 2017). Alginate is 
commercially extracted from seaweed for industrial applications and, thus, of biotechnological 
interest (Hay et al., 2013), however, there are currently only two well-characterized bacterial 
producers of alginate (Pseudomonas aeruginosa and Azotobacter vinelandii). To our 
knowledge, this is the first evidence of an alginate operon in Marinobacter as well as the 
induction of alginate proteins by alkane biodegradation. Evidence for a potential link between 
HC biodegradation and alginate gene transcription was previously very sparse (Sabirova et al., 
2011; Gunasekera et al., 2013). However, alginate plays a well-documented role in the 
formation of resistant mucoid biofilms by pathogenic P. aeruginosa (Ghafoor et al., 2011; 
Moradali and Rehm, 2019), and alg-gene mutants of A. borkumensis were reported to have a 
reduced capacity for binding to lipophilic stains (Manilla-Pérez et al., 2010). Growth of 
M. hydrocarbonoclasticus SP17 on n-hexadecane was also shown to depend on biofilm 
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formation for accessing non-dissolved n-hexadecane (Vaysse et al., 2011; Mounier et al., 
2014). Thus, alginate likely plays an important role in the n-hexadecane-degrading lifestyle of 
Marinobacter sp. TT1 and probably constitutes a large part of the aggregates and biofilms 
observed in this study when grown on n-hexadecane.  

5.5.3 Biodegradation of Corexit components by Marinobacter sp. TT1 
Proteins potentially involved in the metabolism of alkanes, aromatic HCs, and surfactants were 
detected in the Corexit treatments, suggesting that these proteins might be involved in the 
utilization of dispersant components as carbon sources by Marinobacter sp. TT1 (Fig. 5.3B). 
Alkane metabolism. A number of proteins associated with the utilization of n-alkanes as carbon 
and energy sources (e.g. AlkB1 homologue, AupA/B homologues, putative P450 hydroxylase) 
were detected in high abundances when strain TT1 was supplied with the chemical dispersant 
Corexit as sole carbon substrate. This suggests that alkanes are a biodegradable part of the 
petroleum distillate fraction in Corexit, which was also previously reported (McFarlin et al., 
2018; Choyke and Ferguson, 2019). The high abundance of the AlkB1 homologue (compared 
to the highly abundant AlkB2 homologue in n-hexadecane treatments) also suggests that mainly 
alkanes of shorter chain-length than n-hexadecane were available, which is in agreement with 
previous reports of C9-C16 hydrocarbons making up the petroleum distillate fraction of Corexit 
(Word et al., 2014). 
Five proteins encoded adjacently to the AlkB1 homologue in the genome of strain TT1 had 
assigned functions in alkane and fatty acid metabolism, and four of them were detected in 
highest abundances in Corexit treatments. This may suggest that this respective gene cluster 
forms part of strain TT1’s alk operon, which would putatively be induced by alkanes shorter 
than n-hexadecane (Fig. S5.8). This operon also included a homologue of alkL from P. putida 
GPo1 which encodes an outer membrane protein known for facilitating the uptake of C7-C16 
alkanes (Julsing et al., 2012; Grant et al., 2014). Therefore, both the AupAB and AlkL 
homologues were likely involved in uptake of alkanes from Corexit across the outer membrane. 
The alkane metabolism detected in Corexit treatments additionally differed from the observed 
n-hexadecane metabolism of strain TT1 regarding the abundance profiles of detected alcohol 
and aldehyde dehydrogenases, while two other n-hexadecane-metabolizing enzymes were also 
significantly less abundant in n-hexadecane treatments with added Corexit. These observations 
might again be due to different substrate ranges of these enzymes or it could be related to other 
Corexit components affecting them in an unknown manner. A similar pattern of differential HC 
degradation gene expression was reported recently in a metatranscriptomic study, assessing 
dispersant impacts on marine microbial communities affected by crude oil or diluted bitumen 
input (Tremblay et al., 2019). Thus, Corexit exposure apparently not only supplies additional 
alkane substrates for marine HC degraders, but may also influence their active HC metabolism 
in additional ways.  
Metabolism of other Corexit components. A number of proteins putatively assigned to the 
degradation of other HCs were detected during growth on Corexit, specifically haloalkanes, 
cyclohexanones, phenols, benzoates/xylenes and N-containing aromatic HCs (i.e. nitrotoluenes, 
aminobenzoates), which might have been metabolized by strain TT1. It is furthermore possible 
that the surfactant constituents of Corexit – i.e. dioctyl sulfosuccinate (DOSS), Span 80, Tween 
80 and Tween 85 (Place et al., 2016) – were degraded by strain TT1, either completely or 
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partially, thus serving as additional sources of carbon for the strain. Many HC-degrading 
bacteria (including Marinobacter algicola and M. salarius) have been shown to utilize Tween 
surfactants during routine strain characterization (Green et al., 2006; Ng et al., 2014). Microbial 
degradation of DOSS has also been reported (Chakraborty et al., 2012; Seidel et al., 2016; 
Techtmann et al., 2017) and presumably proceeds via ester bond hydrolysis and metabolism of 
resulting alkyl chains and sulfosuccinates (Hales, 1993; Garcia et al., 2009; Seidel et al., 2016). 
Thus, the surfactant alkyl and acyl side chains might have been degraded by the detected AlkB1 
homologue, cytochrome P450 hydroxylase, or lipases, while the proteins related to sulphur 
metabolism detected in Corexit treatments might have been involved in DOSS metabolism. 
Moreover, the solvent fraction of Corexit reportedly contains propylene glycol and dipropylene 
glycol monobutyl ether (Kover et al., 2014) which could also have been degraded by strain TT1 
as shown for other isolates (Chakraborty et al., 2012). In order to establish a better connection 
of these potential substrates to the observed proteomic response of strain TT1, further 
experimental studies using only specific surfactants or glycols as carbon substrates are required. 
In general, these novel insights into the specific catabolism of strain TT1 growing on Corexit 
as a sole carbon source support previous reports of enriched suspected Corexit-degraders in 
marine communities exposed to Corexit (Kleindienst et al., 2015b; Techtmann et al., 2017; 
McFarlin et al., 2018).  

5.5.4 Additional cellular processes affected by Corexit exposure in Marinobacter sp. TT1 
All protein profiles from treatments with Corexit showed similar trends (see also supplemental 
discussion), suggesting that dispersant exposure affected the interaction of Marinobacter sp. 
TT1 cells with their environment, evidenced by upregulated efflux pumps, other 
transmembrane transporter systems, chemotactic motility and changed biofilm formation 
behaviour (Fig. 5.3B). Some of these trends were also observed in the few transcriptomic 
studies currently available on Corexit affecting marine microorganisms in microcosm 
experiments (Peña-Montenegro et al.; Tremblay et al., 2019) and in situ analysis from the DWH 
subsurface plume (Rivers et al., 2013), although it remains unclear to what extent the plume 
metatranscriptomics data were influenced by Corexit and oil exposure.  
Transmembrane transporter systems. Efflux pumps play an important role in conferring 
solvent tolerance to bacteria like P. putida (Ramos et al., 2002; Krell et al., 2012) and, thus, 
they are probably used by Marinobacter sp. TT1 to expel harmful solvents or metabolic 
intermediates from the cell when exposed to higher concentrations of Corexit. The highly 
abundant TRAP-type transporters in Corexit treatments, on the other hand, likely played a role 
in the uptake of Corexit components since they are known to typically transport organic acids 
and sulfonates (Mulligan et al., 2011; Rosa et al., 2018). Some TRAP-type transporters were 
also shown to import aromatic compounds like 4-chlorobenzoate and lignin-derived monomers 
(Chae and Zylstra, 2006; Salmon et al., 2013). The majority of highly abundant transporters in 
Corexit treatments were amino acid/amide ABC (ATP-binding cassette) transporters, with 
about half of them specifically branched-chain amino acid (BCAA) transporters. A similar 
enrichment of ABC transporter genes and/or transcripts was previously reported for seawater 
microcosms amended with Corexit and oil or bitumen (Tremblay et al., 2019), petroleum-
contaminated microbial mats (Aubé et al., 2020), dibutyl phthalate-contaminated black soils 
(Xu et al., 2018) and in Sphingomonas sp. GY2B during Tween 80-enhanced phenanthrene 
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degradation (Liu et al., 2017b). Generally, ABC transporters accept a wide range of substrates 
(Davidson et al., 2008; Jones and George, 2013). It remains unclear why specifically BCAA 
transporters showed such high abundances in Corexit treatments, but we offer a few 
hypothetical scenarios: First, an increased demand for BCAAs could have been caused by 
increased requirements for branched-chain fatty acids which were recently linked to both the 
maintenance of membrane fluidity during exposure to stressors like aromatic HCs (Murínová 
and Dercová, 2014; Nowak and Mrozik, 2016) and a novel quorum sensing system in gram-
negative bacteria (Zhou et al., 2015) that can affect EPS and biofilm formation behaviours 
(Zhou et al., 2017). Alternatively, ABC transporters can also facilitate solute efflux (Hosie et 
al., 2001) and several microbial ABC transporters, that had initially been annotated differently, 
have been implicated in the transport of aromatic HCs as demonstrated by experimental 
evidence (Noda et al., 2003; Giuliani et al., 2011; Michalska et al., 2012). Thus, the detected 
ABC transporters might have transported branched/aromatic HCs or surfactants, either as 
substrates into the cell or out of the cytoplasm, reinforcing the activity of efflux pumps.  
Chemotactic motility and biofilm formation. Chemotactic behaviour plays an important role 
in HC biodegradation (reviewed e.g. by Parales and Ditty, 2017), by either increasing 
bioavailability of HC substrates (i.e. moving towards attractants) or enabling bacteria to avoid 
toxic HCs or high concentration of HCs (i.e. movement away from repellents). Accordingly, a 
few chemotaxis proteins and a number of flagellar proteins were significantly more abundant 
in n-hexadecane treatments compared to the non-HC controls. However, Corexit-containing 
treatments systematically showed significantly higher abundances of chemotactic motility-
related proteins compared to other HC-containing treatments (i.e. n-hexadecane, WAF). 
Therefore, chemotaxis and motility were probably involved in the response of strain TT1 to 
Corexit exposure. One the one hand, strain TT1 was likely chemotactically attracted to Corexit 
components that it could metabolize. On the other hand, a pronounced negative chemotactic 
response to other harmful components could explain the higher abundance of different 
chemotactic sensor and flagellum-regulator proteins (i.e. MCPs and CheA/Y, respectively), 
which would align with previous observations of Corexit inhibiting some Marinobacter spp. 
(Hamdan and Fulmer, 2011; Kleindienst et al., 2015b; Techtmann et al., 2017; Tremblay et al., 
2017; Doyle et al., 2018). The more abundant type IV pilus and twitching motility proteins 
additionally might enable strain TT1 to regulate its motility in a more sophisticated manner for 
this purpose, similar to P. aeruginosa that can synergistically utilize both flagella- and pili-
mediated motility mechanisms and switch between them if needed (Conrad et al., 2011). 
Finally, chemotaxis and motility also play important roles in biofilm establishment and 
formation (Sauer et al., 2002; Wang et al., 2013; O’Toole and Wong, 2016). 
Several of our findings point towards Corexit exposure inducing changes in cellular processes 
associated with aggregate/biofilm formation in strain TT1 (i.e. alginate production, chemotactic 
motility, putative quorum sensing processes), which likely led to the distinct observed 
aggregate morphologies. Hydrophobic alginate-based biofilms were probably most beneficial 
for growth on n-hexadecane (Jung et al., 2011; Vaysse et al., 2011; Mounier et al., 2014). In 
treatments with added Corexit, however, chemotactic processes might have resulted in stronger 
autoaggregation behaviour, providing a higher stress tolerance to cells utilizing n-hexadecane 
during Corexit exposure. When growing only on Corexit, HC substrates were more bioavailable 
and increased cell motility might have been more advantageous than aggregating when adapting 
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to the higher Corexit concentration. This would mirror the different biofilm phenotypes 
observed in P. aeruginosa, i.e. alginate-based mucoid biofilms versus type IV pili-mediated 
biofilms based on other exopolysaccharides (Ghafoor et al., 2011; Wang et al., 2013).  

5.5.5 Environmental implications of proteomic findings 
The DWH disaster was a significant offshore oil spill in deep waters and represented a unique 
opportunity to study the response of indigenous bacterial communities to a major influx of crude 
oil and chemical dispersants. However, many knowledge gaps remained regarding how to link 
the genetic capability of enriched taxa to their role in the degradation of oil and Corexit and 
how to explain the observed physiological effects caused by Corexit exposure. Our findings 
point towards Corexit exposure inducing changes in cellular processes associated with 
aggregate/biofilm formation in strain TT1, which is in agreement with previous reports showing 
that Corexit exposure can affect EPS secretion and aggregate formation in seawater microbial 
communities (Kleindienst et al., 2015b; Passow, 2016; Suja et al., 2017; Doyle et al., 2018) 
and, thus, might have played an important role in the observed formation of marine oil snow 
during the DWH oil spill (Passow and Ziervogel, 2016). Moreover, this is the first protein-
based evidence of a marine HC degrader utilizing alkanes and potentially aromatic HCs and 
surfactants from Corexit as carbon substrates, while adapting to Corexit exposure by 
additionally upregulating chemotactic motility, uptake and efflux transporters. These findings 
suggest that, even though strain TT1 was able to metabolize certain Corexit components, a 
number of additional cellular adjustments were necessary, pointing towards Corexit-induced 
stress experienced by the cells, such as surfactant/solvent-stress potentially affecting cell 
membrane functioning. Our results support the previously theorized metabolic contributions of 
Marinobacter members during the DWH oil spill (Gutierrez et al., 2013b; Dombrowski et al., 
2016) and help explain reports of Corexit inhibiting certain HC degraders, while enriching other 
suspected Corexit-degrading bacteria during simulated marine oil spill scenarios.  
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5.6 Supplemental information 

5.6.1 Supplemental results 
Growth of Marinobacter sp. TT1  
Growth of Marinobacter sp. TT1 was observed on all substrates, reaching similar orders of 
magnitude for almost all growth conditions. The treatments supplied with n-hexadecane ± 
Corexit, Corexit only or pyruvate had all reached cell numbers of 108 cells ml-1 at the proteome 
sampling timepoints (1.40 – 3.75 x 108 cells ml-1; Fig. 1). Different macroscopic growth 
patterns were observed between these treatments with a classical homogeneous increase in 
optical density in pyruvate-containing cultures and growth in differently sized aggregates in the 
other three treatments (Corexit: barely visible aggregates; n-hexadecane: thin biofilm at water-
HC interface and appr. 1-mm-sized aggregates in medium; n-hexadecane + Corexit: large, thin 
aggregates ranging from 1-1.5 cm size; Fig. S2). Even though cell numbers were lower in WAF 
and CEWAF treatments, growth was still observed at about one order of magnitude after four 
days when samples were taken for proteomics (from 6.00 x 105 cells ml-1 to 4.72 or 5.10 x 
106 cells ml-1, respectively).  

5.6.2 Supplemental discussion 
n-Hexadecane metabolism of Marinobacter sp. TT1 
The pathway for n-hexadecane degradation of Marinobacter sp. TT1 is relatively analogous to 
the alkane metabolism of other marine alkane degraders like M. hydrocarbonoclasticus SP17 
(Mounier et al., 2014), A. borkumensis SK2 (Gregson et al., 2019) or Oleispira antarctica RB-
8 (Gregson et al., 2020). Our results suggest important roles for the AupAB, AlkB2 and 
cytrochrome P450 homologues and a number of involved dehydrogenases. The AupA 
homologue likely enables strain TT1 to take up n-hexadecane from the outer membrane, with 
the AupB homologue guiding the alkane to the inner membrane, where the terminal oxidation 
machinery is located (Mounier et al., 2018). Both the AlkB2 homologue and the putative 
cytochrome P450 hydroxylase of strain TT1 can likely perform the first oxidation step by 
utilizing either rubredoxin or ferredoxin (and the respective reductases) as redox partners to 
yield n-hexadecanol. The other alkane monooxygenase (AlkB1 homologue) might not have 
been detected in higher abundances in n-hexadecane treatments because it likely degrades 
shorter alkanes, similar to A. borkumensis SK2, whose AlkB1 metabolizes shorter alkanes (C5-
C12), while AlkB2 degrades longer alkanes (C8-C16) (Van Beilen et al., 2004). This pattern of 
monooxygenase induction by different substrate ranges has also been reported for other alkane 
degraders with multiple monooxygenases and hydroxylases (Liu et al., 2011; Park et al., 2017; 
Li et al., 2020). Finally, several different dehydrogenases were detected that can perform the 
next oxidation steps from alcohol via aldehyde to fatty acid during n-hexadecane 
biodegradation in Marinobacter sp. TT1. 
 
Differences in protein profiles of treatments with and without Corexit  
The comparison of n-hexadecane treatments with Corexit treatments yielded large differences 
even though alkane metabolism was a central function of both proteomes, thus illustrating the 
extensive long-term cellular adaptations to both, growth in the presence of Corexit and growth 
on Corexit compounds. Although the proteomes detected in treatments with n-hexadecane and 
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Corexit were also distinct from n-hexadecane only proteomes, less significant differences were 
detected. This is likely because a lower concentration of Corexit was added and n-hexadecane 
metabolism seemed to be predominating under these conditions. The low number of statistically 
significant differences between WAF and CEWAF proteomes was likely due to less observed 
microbial growth and a higher inter-replicate variability caused by the more heterogeneous 
chemistry of these cultures. Nonetheless, these two treatments represented the most 
environmentally relevant simulation of water column conditions after oil spill scenarios and 
highlighted a few key cellular and metabolic processes induced by WAF or CEWAF addition, 
respectively. 

5.6.3 Supplemental experimental procedures 

Bacterial strain and culture conditions  
The strain Marinobacter sp. TT1 (= Marinobacter sp. DSM 26291) was isolated from deep-sea 
plume water samples collected during the Deepwater Horizon oil spill, using n-hexadecane as 
enrichment substrate (Gutierrez et al., 2013b). It is closely related to M. salarius R9SW1 and 
M. algicola DG893 with 99.43% and 99.07% 16S rRNA gene sequence identity, respectively. 
In this study, strain TT1 was cultivated on ONR7a minimal medium (Dyksterhouse et al., 
1995), supplemented with different carbon substrates and grown (dark, 20°C, 120 rpm on 
shaker) in half-filled 20 ml glass headspace vials (baked at 300°C for 8 h) with PTFE-lined 
crimp lids. For inoculation, 200 μl of the respective pre-cultures were transferred.  
For the proteomics experiment, four different pre-cultures (originating from the same glycerol 
stock) were used. They were adapted to grow on one of the following carbon substrates, 
respectively: pyruvate, n-hexadecane, Corexit EC9500A, or crude oil water-accommodated 
fraction. At the start of the experiment, all pre-cultures were three days old and had been grown 
without prior Corexit exposure, with the exception of the Corexit-adapted pre-culture. The 
WAF solution was prepared together with a CEWAF solution for the experiment using DUC 
crude oil (Dutch Underground Consortium) according to (Kleindienst et al., 2015b) and used 
within one week of preparation.  
Cell counts 
For cell counts, samples were fixed with 1% paraformaldehyde (PFA) and stored at 4°C until 
further processing. To reduce cell aggregates, 1% (w/v) EDTA was added to the samples before 
sonication (20% intensity, 30 seconds; Sonoplus ultrasonic homogeniser, Bandelin electronic 
GmbH & Co. KG), a procedure that was optimized for this culture. Samples were then filtered 
onto Isopore polycarbonate membrane filters (GTTP, 0.2 μm; Millipore) and stained with 
4′,6-diamidino-2-phenylindole (DAPI; 1 μg ml-1) for 10 min, washed with ddH2O for 5 min, 
rinsed in ethanol (80%), and air dried in the dark at room temperature. Membrane filters were 
embedded using a 1:4 mixture of Vectashield mounting medium (Vector Laboratories, 
Burlingame, USA) and Citifluor AF2 glycerol solution (EMS Acquisition Corp., Hatfield, 
USA) before the slides were analyzed using fluorescence microscopy (Leica DM 5500 B; Leica 
Microsystems). Images were taken at a magnification of 1000x with a Leica DFC 360 FX 
camera using the Leica Application Suite Advanced Fluorescence software (2.6.0.766). Cell 
counts of the images were performed using the ‘Find Maxima’ function (noise tolerance = 7) 
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of the Fiji distribution of ImageJ (Schindelin et al., 2012), counting a minimum of 20 images 
and 600 cells per sample.  
Pyruvate and hydrocarbon quantification 
Pyruvate was quantified by high-performance liquid chromatography (HPLC; Shimadzu 
Prominence, Japan) equipped with an Aminex HPX 87H column (Bio Rad, Austria) and a SPD-
M10A VP photo-diode array detector (flow rate 0.6 ml min-1; oven at 40°C, 5 mM H2SO4 as 
eluent). 
For n-hexadecane quantification, deuterated n-hexadecane (D34, Sigma-Aldrich, St. Louis, 
USA) was added to the samples as internal standard (20 mg l-1) before extracting the entire vial 
using 9 ml cyclohexane (purity 99.9%, Carl ROTH, Karlsruhe, Germany). Vials were shaken 
at 300 rpm for half an hour, phases were allowed to separate overnight and subsamples of the 
cyclohexane were used to quantify the remaining n-hexadecane concentrations via gas 
chromatography (Agilent 6890N GC) coupled with mass spectrometry (Agilent 5973 MS). For 
separation, a J + W Scientific DB-5MS (30 m length, 0.25 mm ID, 0.25 µm film thickness) 
capillary column was used. The device was operated in a pulsed splitless mode with a Helium 
flow of 0.8 ml/min. Oven temperature was initiated at 65°C (4 min), then ramped at 10°C/min 
to 220°C, further ramped at 20°C/min to 310°C and held at this temperature for 5 min.  



131 
 

5.6.4 Supplemental figures 
 

 
Figure S 5.1: Overview of culture conditions assessed in this proteomics study. Additional non-
proteomics treatments included an inoculated control culture with no added substrate and abiotic 
controls containing either 100 mg l-1 n-hexadecane or 100 mg l-1 n-hexadecane and 10 mg l-1 Corexit. 
Abbreviations: Hxdc = n-hexadecane, Cxt = Corexit EC9500A, WAF = water-accommodated fraction, 
CEWAF = chemically enhanced WAF, DOC = dissolved organic carbon. 
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Figure S 5.2: Aggregate morphology in Marinobacter sp. TT1 cultures after four days of incubation. 
Treatments contained the following carbon sources: 100 mg l-1 Corexit (Corexit), 100 mg l-1 
n-hexadecane and 10 mg l-1 Corexit (Hxdc+Cxt), or 100 mg l-1 n-hexadecane (Hxdc). 
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Figure S 5.3: Hierarchical clustering analysis (including heatmap) of protein expression profiles of 
Marinobacter sp. TT1 cultures after 1 day (pyruvate treatments) or 4 days (all other treatments) of 
incubation. Treatments received the following carbon sources: 3 mM (264 mg l-1) pyruvate (Pyruvate), 
100 mg l-1 n-hexadecane (Hxdc), 100 mg l-1 n-hexadecane and 10 mg l-1 Corexit (Hxdc+Cxt), 100 mg l-1 
Corexit (Corexit), 6 mg l-1 WAF-derived DOC (WAF), or 6 mg l-1 chemically enhanced WAF-derived 
DOC (CEWAF). 
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Figure S 5.4: Genetic organization of alginate operons in Pseudomonas aeruginosa PAO1 (IMG 
genome ID: 637000218), Alcanivorax borkumensis SK2 (IMG genome ID: 637000004) and the 
proposed alginate operon in Marinobacter sp. TT1 (displayed gene names based on genome annotation 
and/or homologous P. aeruginosa genes; IMG genome ID: 2619618959). 
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Figure S 5.5: Normalized, relative mean abundances (symbolized by circle size and colour; sum per 
protein = 100%) of significantly (q-value < 0.05) differentially expressed proteins associated with 
peptidoglycan and LPS synthesis (Cell envelope), phospholipases, chaperones, oxidative stress response 
enzymes during growth of Marinobacter sp. TT1 cultures on different carbon sources. Treatments 
received either pyruvate, n-hexadecane (Hxdc), n-hexadecane and Corexit (Hxdc+Cxt), only Corexit 
(Corexit), crude oil WAF, or chemically enhanced WAF (CEWAF). Protein names/abbreviations given 
as indicated in Tab. S8. 
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Figure S 5.6: KEGG orthology annotations for significantly (p-value < 0.05; WAF vs. CEWAF: t-test 
p-value < 0.05) more abundant proteins in pairwise comparisons of Marinobacter sp. TT1 proteomes 
during growth on different carbon sources. Treatments received either pyruvate, n-hexadecane (Hxdc), 
n-hexadecane and Corexit (Hxdc+Cxt), only Corexit (Corexit), crude oil WAF, or chemically enhanced 
WAF (CEWAF). A) Significantly upregulated proteins in Corexit compared to Hxdc cultures. B) 
Significantly upregulated proteins in Hxdc+Cxt compared to Hxdc cultures. C) Significantly 
upregulated proteins in CEWAF compared to WAF cultures. D) Significantly upregulated proteins in 
WAF compared to CEWAF cultures. E) Significantly upregulated proteins in Hxdc compared to Corexit 
cultures. 
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Figure S 5.7: Alginate biosynthesis and export in Marinobacter sp. TT1. A) Normalized abundances 
(averages ± SD; n = 3) of significantly (q-value < 0.05) differentially abundant alginate protein 
homologues during growth on different carbon sources. Treatments received 3 mM (264 mg l-1) 
pyruvate (Pyruvate), 100 mg l-1 n-hexadecane (Hxdc), 100 mg l-1 n-hexadecane and 10 mg l-1 Corexit 
(Hxdc+Cxt), or 100 mg l-1 Corexit (Corexit). B) Schematic overview of the proposed alginate 
biosynthesis complex in Marinobacter sp. TT1 based on the alginate complex in Pseudomonas 
aeruginosa (Hay et al., 2013). Proteins are coloured in dark purple, light purple or grey to illustrate 
significantly higher abundances in n-hexadecane compared to pyruvate treatments, their detection or 
lack thereof in this study, respectively. Protein names given as indicated in Tab. S8. OM/IM = 
outer/inner membrane; PP/CP = periplasm/cytoplasm; F6P = Fructose-6-phoshate; M6P/M1P = 
Mannose-6-phosphate/-1-phosphate; GDP-M/A = Guanosine diphosphate-mannose/mannuronic acid. 
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Figure S 5.8: Proposed alk operon in Marinobacter sp. TT1. A) Normalized abundances (averages ± 
SD; n = 3) of significantly (q < 0.05) differentially expressed proteins of the alkB1 homologue operon 
during growth on different carbon sources. Treatments received either pyruvate, n-hexadecane (Hxdc), 
n-hexadecane and Corexit (Hxdc+Cxt), or only Corexit (Corexit). B) Schematic representation of the 
genes downstream of alkB1 (proposed alk operon; SAMN04487868_109138-42) in the genome of 
Marinobacter sp. TT1. Proteins encoded by green genes were significantly more abundant in Corexit 
treatments compared to Pyruvate, Hxdc or Hxdc+Cxt treatments. Proteins encoded by grey genes were 
not detected in this study. Protein names given as indicated in Tab. S8. 
 
 

5.6.5 Supplemental tables  
For supplemental tables, please refer to the appendix of this thesis. 
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6 General discussion and outlook 

Chemical dispersants are often applied during the emergency response and remediation efforts 
after marine oil spills with the aim of reducing ecological and economic damage due to floating 
and/or beached oil. However, due to their inherent toxicity potential and a number of 
uncertainties regarding their ecological effects, their use remains controversial. Particularly 
large knowledge gaps remain regarding the influence of chemical dispersants on affected 
seawater microbial communities and specifically oil-degrading bacteria, with the current 
literature characterized by largely unexplained contradictory findings. Therefore, the goal of 
this thesis was to determine and elucidate the impacts of chemical dispersant on oil-degrading 
microorganisms by examining this question on different ecological levels. First, environmental 
seawater microbial communities from two habitats that were previously underexplored in this 
regard (i.e. Arctic Ocean and North Sea) were investigated and the impacts of chemical 
dispersants on microbial community dynamics (i.e. growth, composition) and oil 
biodegradation potential were identified. Subsequently, chemical dispersant effects on the 
growth and alkane biodegradation activity of the selected model organism Marinobacter sp. 
TT1 were quantified under two different culture conditions with distinct carbon substrate 
histories. Finally, a comparative proteomic study was conducted to zoom in even further and 
determine the impacts of chemical dispersants on the HC metabolism and other cellular 
processes of Marinobacter sp. TT1 in order to elucidate the underlying mechanisms of 
dispersant impacts on HC-degrading microorganisms. The obtained results provided a number 
of novel insights and several potential explanations for inconsistencies in the existing literature. 
In the following, the results presented in this thesis are briefly summarized and considered in 
the context of the scientific literature, before their environmental implications are discussed, 
and future perspectives for this research field are presented. 

6.1 Impacts of chemical dispersants on seawater microbial communities 

Although several previous studies have characterized the impact of chemical dispersants on 
seawater microbial communities, the experiments presented in Chapter 2 and 3 are among the 
first to investigate microbial communities from the central Arctic Ocean or the North Sea in 
this context, respectively, and to look at both microbial community dynamics and HC 
biodegradation potential using a broad array of analytical approaches. As a result, the obtained 
findings deepen our knowledge about chemical dispersant impacts on environmental seawater 
communities (Figure 6.1). In order to discuss their significance, results from both microcosm 
studies will first be briefly reviewed and compared. Both studies revealed considerable in situ 
oil biodegradation potential, with all oil-derived DOC having been biodegraded at in situ-like 
temperatures after 32 or 35 days in the Arctic Ocean and North Sea microcosms, respectively. 
Interestingly, this oil biodegradation potential was not substantially affected by chemical 
dispersant addition when considering n-alkanes or small PAHs, while considerable effects on 
microbial growth and community composition were detected in both habitats. Specifically, 
lower cell numbers and the enrichment of a distinct community of HC- and/or dispersant-
degrading bacterial taxa were observed. Additionally, persistent oil- and/or dispersant-derived 
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organic compounds were detected in dispersant-amended microcosms in both experiments, 
with particularly high levels persisting in the Arctic Ocean seawater microcosms after 32 days.   
Remarkably, the observed impacts of chemical dispersants were largely consistent across both 
experiments. Neither biogeography (i.e. Arctic Ocean versus North Sea seawater), initial 
microbial seawater community compositions, different levels of previous petroleum inputs, nor 
water temperature substantially changed the observed effects of chemical dispersant exposure 
on environmental microbial communities. This suggests that the underlying mechanisms (see 
also section 6.2) leading to altered microbial community dynamics (i.e. lower growth and 
altered composition) are not site- or community-specific but would rather be expected to unfold 
in a similar manner in most marine ecosystems. Therefore, similar functional effects on the 
microbial ecology of affected sites could be expected on the basis of the presented findings (see 
also section 6.3).  

 
Figure 6.1: Schematic overview of impacts of chemical dispersants on seawater microbial communities, 
as observed in North Sea and Arctic Ocean seawater microcosms (Chapter 2 and 3): altered microbial 
community composition, reduced aggregate formation and cell numbers, mostly unaffected 
biodegradation of hydrocarbons (HCs; i.e. n-alkanes, naphthalenes) and higher remaining dissolved 
organic carbon (DOC) levels due to persistent organic compounds. 

Clear effects of incubation temperatures on HC biodegradation efficiency and community 
composition were, on the other hand, observed in both experiments, confirming previous 
studies that described less/slower HC biodegradation at colder seawater temperatures (e.g. 
Coulon et al., 2007; Brakstad et al., 2018; Lofthus et al., 2018). The only notable differences 
between the temperate and the Arctic microbial communities were observed regarding the 
specific dominant HC- or dispersant-degrading taxa and a much higher microbial α-diversity in 
North Sea microcosms throughout the incubation period. This could be due to the North Sea 
community being pre-adapted (or primed) to respond to petroleum HC inputs. Thus, it 
contained more different microbial groups with HC-degrading capabilities already at the start 
of the experiment compared to the Arctic Ocean community, where only a small number of 
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HC-degrading taxa became very abundant in response to the oil spill simulation. The reason for 
this primed state are likely higher chronic HC pollution levels in the investigated North Sea 
waters (Chrastansky and Callies, 2009). Since the seawater was sampled in summer, biogenic 
HCs and other organic matter from decaying phytoplankton bloom-associated biomass could 
also have played a role in sustaining different opportunistic heterotrophs with HC-degrading 
capabilities in the microbial community (e.g. discussed in Gutierrez, 2019).  
When considering the obtained findings in the context of the scientific literature, they confirm 
previous reports from different habitats of chemical dispersant addition altering microbial 
community dynamics and enriching suspected dispersant- as well as oil-degrading taxa 
(Kleindienst et al., 2015b; Suja et al., 2017; Techtmann et al., 2017; Doyle et al., 2018; Sun 
and Kostka, 2019; Tremblay et al., 2019). The detection of some of the enriched taxa (e.g. 
Colwellia, Polaribacter, Sulfitobacter, Pseudohongiella Amylibacter, Marivita or 
Luteolibacter) also expands our knowledge on these microbial groups regarding their 
preferences or potential roles during marine oil spill scenarios. Moreover, the dichotomy in the 
detected HC concentrations, which indicated largely unaffected biodegradation of typically 
quantified n-alkanes and small aromatic HCs while other dispersant-derived organic 
compounds appeared less biodegradable, could help to explain the inconsistent findings in the 
literature regarding chemical dispersant effects on oil biodegradation (e.g. Kleindienst et al., 
2015b; Prince et al., 2016). Depending on whether selected groups of HCs or bulk parameters 
such as total petroleum HCs (TPH) or estimated oil equivalents (EOE) are quantified, different 
findings regarding biodegradation efficiency might be reported when certain dispersant-derived 
organic compounds show persistence. The issue of persistent dispersant components was 
additionally highlighted by a very recently published study, which reports a persistent Corexit-
derived compound identified as dipropylene glycol butyl ether (DGBE) in Arctic seawater 
microcosms after 30 days (Gofstein et al., 2020; published online August 21, 2020). This agrees 
well with the presented findings in Chapter 2 and 3 and the persistence of DGBE in marine 
samples affected by the DWH spill several months after the spill (OSAT, 2010). The industrial 
solvent DGBE was shown to possess some toxicity to different vertebrates, leading to concerns 
about its accumulation in wastewater-affected aquatic environments (Bridie et al., 1979; 
Johnson et al., 2005; Sitarek et al., 2012; Chen et al., 2016). Even though biodegradation of 
DGBE has been demonstrated (e.g. Chen et al., 2016), it appears to not be biodegradable for 
Arctic seawater microbial communities. Consequently, additional concerns about Corexit 
application in the pristine Arctic marine environment and its implications for the marine food 
web are raised by the findings in this thesis.  
Another aim of the experiment with Arctic seawater was to determine the effects of 
biostimulation (i.e. addition of nitrate, ammonium, phosphate) during a simulated oil spill 
scenario, since this approach has only rarely been systematically compared with chemical 
dispersant addition. Interestingly, biostimulation led to enhanced microbial growth and oil-
derived DOC biodegradation but did not alter the microbial community of enriched HC 
degraders much, in contrast to dispersant addition. This showed that even though the oil-
degrading microbial seawater community was nutrient-limited, additional nutrients only 
enabled oil-enriched taxa to increase their activity and did not lead to different copiotrophic 
taxa overgrowing the oil degraders. Previous Arctic/Antarctic biostimulation experiments have 
also consistently demonstrated enhanced oil biodegradation rates, although mainly for 
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sediment/beach conditions (e.g. reviewed by Brakstad et al., 2017). Therefore, biostimulation 
can be considered a promising approach to enhance the in situ biodegradation potential in the 
Arctic Ocean itself and compensate for the limitations posed by low water temperatures. 
Moreover, biostimulation approaches should be considered instead of chemical dispersant use 
in potential future Arctic Ocean oil spill scenarios because the associated effects on microbial 
dynamics and oil biodegradation would likely be more favourable. 

6.2 Impacts of chemical dispersants on the HC degrader Marinobacter sp. TT1  

The obtained results from experiments with the HC-degrading model organism Marinobacter 
sp. TT1 significantly advance our understanding of how and why chemical dispersants can 
affect the growth and biodegradation activity of oil-degrading microorganisms (Figure 6.2).  

 
Figure 6.2: Overview of observed and suspected impacts of the chemical dispersant Corexit on the 
hydrocarbon degrader Marinobacter sp. TT1 as presented in Chapter 4 and 5 of this thesis, organized 
by the five categories growth, hydrocarbon (HC) metabolism, biofilm formation, Chemotactic motility, 
cell homeostasis. Arrows indicate an increase or decrease with their upward or downward orientation, 
respectively. EPS = extracellular polymeric substances, DGBE = dipropylene glycol butyl ether. 

In Chapter 4, it was demonstrated for the first time that previously experienced substrate 
limitations can have a significant effect on whether or not HC-degrading bacteria are inhibited 
by chemical dispersant exposure. These findings illustrate the importance of carefully 
considering the environmental relevance of laboratory experimental conditions and how they 
might affect experimental outcomes. Similarly, the presented data reinforce the relevance of 
considering potentially cumulative effects of multiple stressors experienced by organisms in 
the environment, which are often overlooked in the interest of simplified experimental 
conditions, leading to scientific findings of questionable environmental relevance. Observations 
of Marinobacter sp. TT1 only being inhibited by chemical dispersant addition under certain 
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conditions in the presented study might also help to further explain the inconsistent findings in 
the literature. Most of the published studies have investigated either typical laboratory cultures 
of HC-degrading bacteria supplemented with high substrate and nutrient concentrations, or 
natural seawater communities in microcosm experiments generously supplemented with 
nutrients (e.g. McFarlin et al., 2014; Prince et al., 2016; Tremblay et al., 2017), which could 
have substantially affected experimental results and led to an underestimation of chemical 
dispersant impacts on oil-degrading microorganisms. In addition, observations presented in 
Chapter 4 also suggested that the inhibition of the starved strain TT1 by chemical dispersant 
exposure might partially have been related to changes in EPS production and/or aggregate 
forming behaviour, which was further supported by the results presented in Chapter 5 (see also 
section 6.3). 
The work presented in Chapter 5 represents the first proteome-level investigation of the 
impacts of chemical dispersants (here: Corexit EC9500A) on the cellular processes of a marine 
hydrocarbon degrader and thus provided many novel insights. For the first time, the proteins 
associated with a proposed microbial metabolism of Corexit components as carbon substrates 
were identified, revealing that Marinobacter sp. TT1 likely metabolized cycloalkanes, 
(heteroatomic) aromatic HCs, surfactants and linear alkanes (chain length < C16) from the 
Corexit mixture, using proteins partially encoded by a putative alk operon for the latter group. 
At the same time, Corexit-induced changes in the proteome linked to HC metabolism, 
chemotactic motility, biofilm formation, and solvent tolerance mechanisms were discovered. 
These changes included increased abundances of proteins required for chemotactic motility, 
likely related to complex motility requirements due to a variety of bioavailable carbon sources 
(‘attractants’) and potentially membrane-damaging levels of surfactants and solvents 
(‘repellents’). Another observed response to high Corexit-derived solvent concentrations by 
strain TT1 was an increase of suspected aromatic HC export proteins and efflux pump proteins, 
which are known to confer solvent tolerance in other isolates (Ramos et al., 2002; Krell et al., 
2012). In addition, the first evidence of alginate biosynthesis in a member of the Marinobacter 
genus was obtained and the associated proteins were more abundant when strain TT1 was 
utilizing n-hexadecane as carbon substrate compared to growth on Corexit, even though 
n-alkane metabolism was a prominent feature in both respective proteomes. Together with the 
distinct observed aggregate morphologies, those findings strongly suggested that the chemical 
dispersant Corexit affected aggregate/biofilm formation in Marinobacter sp. TT1. This 
confirmed initial observations from Chapter 4 and provided new evidence related to 
dispersant-altered marine (oil) snow formation that reportedly played an important role during 
the DWH oil spill in the Gulf of Mexico (Passow and Ziervogel, 2016; see also section 6.3). 
Based on these novel proteome-based insights, the Corexit-induced inhibition of growth and 
biodegradation activity in a previously starved Marinobacter sp. TT1 culture (Chapter 4) was 
likely caused by solvents and/or surfactants from the Corexit mixture affecting membrane and 
cell functioning, as well as aggregation behaviour, making evasive motility or upregulation of 
efflux proteins necessary. These adaptations required cellular resources which might not have 
been available to the starved culture in the way they were available to the well-fed culture. 
Furthermore, starvation itself has been shown to induce membrane modifications and changes 
in motility or EPS production (Kjelleberg and Hermansson, 1984; Yam and Tang, 2007; Fida 
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et al., 2013; Bergkessel et al., 2016; Putthividhya et al., 2016), which could have led to an 
increased sensitivity to chemical dispersant exposure in starved cells. 
Together, the presented results establish clear patterns of chemical dispersant impacts on the 
marine HC degrader Marinobacter sp. TT1 and help to further illuminate or explain a number 
of previous scientific findings. First, the previously theorized role of this strain (and other 
Marinobacter members) during the DWH oil spill are mostly supported by the presented 
experiments. For example, the detection of extensive alkane and aromatic HC degradation, as 
well as chemotactic capabilities in this isolate align with metagenomic findings on a closely 
related Marinobacter sp. from DWH-affected water samples (Dombrowski et al., 2016). 
Furthermore, although strain TT1 was isolated from HC- and Corexit-enriched plume water 
collected during the DWH spill, its in situ relative abundance was reportedly below 1% 
(Gutierrez et al., 2013b), and previous seawater microcosm experiments simulating DWH 
plume conditions reported decreased abundances of Marinobacter spp. after addition of the 
chemical dispersant Corexit (Kleindienst et al., 2015b). These previous findings are further 
elucidated by the presented data in this thesis regarding Corexit-induced inhibition effects on 
Marinobacter sp. TT1 under certain culture conditions. It seems likely that the observed 
inhibition effects in a previously starved culture of strain TT1 might have mirrored the 
processes shaping the microbial community that was enriched in deep, otherwise relatively 
oligotrophic plume waters of the Gulf of Mexico during the DWH spill. Thus, the low detected 
in situ abundances of efficient HC-degrading members of Marinobacter might have been due 
to the large-scale application of Corexit in the deep waters of the Gulf. 
In addition, the presented protein-based evidence of a marine HC degrader utilizing alkanes, 
aromatic HCs and potentially surfactants from Corexit as carbon substrates further elucidates 
and supports the previously speculated development of Corexit-degrading rather than oil-
degrading microbial communities after Corexit addition during (simulated) oil spill scenarios 
(e.g. Kleindienst et al., 2015b). Next, the detected cellular adaptations of Marinobacter sp. TT1 
illustrate the potential of Corexit to induce a stress response in marine HC degraders and thus 
support the hypothesis that the generally detected changes in microbial seawater community 
composition after Corexit addition are not only driven by Corexit components enriching certain 
taxa but also by Corexit-induced stress inhibiting other taxa. As a result, Corexit addition likely 
causes complex shifts in intra-community competition between different microbial taxa and 
thereby alters microbial community dynamics, as documented for an arctic and temperate 
habitat in this thesis (Chapter  2 and 3) and numerous additional habitats in the literature (e.g. 
Kleindienst et al., 2015b; Suja et al., 2017; Sun and Kostka, 2019; Tremblay et al., 2019). 
Finally, the detected metabolism of Corexit-derived, relatively short n-alkanes shines a new 
light on the occasionally reported stimulation of only n-alkane biodegradation after chemical 
dispersant application in previous microcosm studies (e.g. Campo et al., 2013; Tremblay et al., 
2017). Since the exact composition of dispersants such as Corexit remains proprietary and the 
commonly available methods of HC quantification cannot distinguish between oil- and Corexit-
derived n-alkanes, the reported stimulation effects could mainly be related to the biodegradation 
of shorter, more bioavailable n-alkanes from the added dispersant mixture as opposed to the 
presumed more efficient biodegradation of oil components. Consequently, whether or not the 
microbial community enriched by chemical dispersant addition would also generally represent 
an efficient oil-degrading community remains unclear. Nevertheless, when taking into account 
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these considerations, the detected inhibition of a previously starved HC-degrading strain, the 
persistence of dispersant- and possibly oil-derived components in microcosm experiments and 
the inconsistent results in the literature, the available evidence does not support the assumption 
of chemical dispersants typically stimulating microbial oil biodegradation processes in the 
marine environment (e.g. Prince et al., 2016; Brakstad et al., 2017). 

6.3 Environmental implications  

Together, the novel insights presented in this thesis could have a wide range of potential 
environmental implications, of which a few selected additional aspects will be discussed in the 
following section. The implications of how chemical dispersants alter microbial community 
dynamics, for example, are hard to pin down exactly but could be highly relevant for the marine 
environment. The data presented in Chapter 2 and 3 shows drastic shifts in community 
dynamics and suggests that the inhibiting effects of chemical dispersants on certain microbial 
taxa could continue for over a month due to persistent dispersant components. Even though 
microbial seawater communities are typically very diverse and contain functional redundancy, 
shifts in marine microbial community composition are often associated with shifting functional 
properties of the community as well (Allison and Martiny, 2008; Fuhrman et al., 2015; Galand 
et al., 2018). The observed community shifts could therefore cause short- or long-term changes 
in the microbial carbon cycle of affected waters, which would, in turn, produce ripple effects 
throughout the marine food web and interconnected nutrient (e.g. nitrogen, phosphate) cycles 
and would differ from those shifts caused by oil-only inputs. Marine bacteria are the main 
drivers of marine biogeochemical cycles (Arrigo, 2005; Falkowski et al., 2008) and 
heterotrophs like the HC degraders represent a crucial part of the so-called microbial loop 
(Pomeroy et al., 2007; Strom, 2008) at the basis of the marine food web, connecting the primary 
producers (i.e. phytoplankton) with the rest of the ecosystem. Thus, whatever strongly affects 
them could indirectly have larger ecosystem-level effects as well by disrupting the marine food 
web and biogeochemical cycles. These connections should increasingly be considered in 
ecological research, in addition to direct effects of the documented increase in oil toxicity levels 
for marine life immediately after chemical dispersant use (Kleindienst et al., 2015a; Prince, 
2015). A few studies have attempted to elucidate these microbial ecological connections in the 
context of oil spill conditions, revealing e.g. that chemically dispersed oil can indirectly cause 
harmful algal blooms by negatively affecting tintinnid and ciliate populations, which are 
phytoplankton grazers (Almeda et al., 2018). Furthermore, dispersant exposure was shown to 
significantly inhibit diatoms and ciliates and thereby disrupt the transfer of carbon from the 
microbial food web to higher trophic levels, potentially reducing fish stocks (Ortmann et al., 
2012). In addition, the importance of considering interconnected microbial carbon and nitrogen 
cycles during oil spill scenarios was, for example, also illustrated by the beneficial effects of 
increased nitrate availability for microbial oil biodegradation demonstrated in Arctic Ocean 
seawater microcosms (Chapter 2). Similarly, it was discovered that microbial nitrogen fixation 
was a key function of microbial communities in beach sediments affected by the DWH spill, 
enabling efficient oil biodegradation even under otherwise nitrogen-limited conditions 
(Rodriguez-R et al., 2015; Shin et al., 2019). An enrichment of other genetic functions related 
to nitrogen, phosphorous, sulphur and iron cycling was also detected in contaminated sediment 
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and seawater samples from the DWH spill, indicating their importance for microbial responses 
to (dispersed) oil inputs (Mason et al., 2012; Rodriguez-R et al., 2015).  
Interestingly, among the environmental factors that could have modulated microbial responses 
to chemical dispersant exposure in the presented experiments, only substrate history (i.e. 
previously experienced carbon starvation) was shown to change how the dispersant Corexit 
affected microbial growth and biodegradation activity in strain TT1. This finding is very 
environmentally relevant for opportunistic heterotroph bacteria like Marinobacter spp. since 
they are adapted to surviving long periods of low substrate availability (Singer et al., 2011; 
Vaysse et al., 2011; Sebastian et al., 2019). In the open ocean environment, substrate 
availability is characterised by large fluctuations on temporal and spatial scales, illustrated e.g. 
by the difference between particle-/phytoplankton-associated and free-living microbial 
lifestyles or seasonal inputs of large carbon quantities associated with phytoplankton bloom 
regimes (Teeling et al., 2012; Sun and Kostka, 2019). A few studies have also described 
physiological adaptations to substrate limitations in Marinobacter hydrocarbonoclasticus SP17 
by comparing sessile cells growing in n-hexadecane-associated biofilms and the planktonic 
cells released from the biofilm which need to survive without a new substrate source for a while 
in the environment (Klein et al., 2008; Vaysse et al., 2011). These reports provide further 
evidence for the environmental relevance of previously experienced substrate limitation in 
marine HC-degrading bacteria and the importance of considering this factor when assessing 
impacts of stressors like chemical dispersants. According to multiple stressor theory, additional 
stressors such as nutrient limitation and non-HC pollutant exposure (e.g. heavy metals, 
pesticides, halogenated compounds) could also play a role in modulating the sensitivity of oil-
degrading microorganisms to chemical dispersant exposure in the marine environment. 
Remarkably, evidence for impacts of chemical dispersant exposure on microbial aggregate or 
biofilm formation was observed in all experiments described in this thesis. In seawater 
microcosm experiments (Chapter 2 and 3), crude oil addition resulted in increased formation 
of microbial aggregates (likely ‘marine oil snow’) which was noticeably decreased in 
microcosms with additional chemical dispersant application. Pure culture experiments with the 
model organism Marinobacter sp. TT1 revealed the formation of much larger microbial 
aggregates when n-hexadecane and Corexit were both supplied compared to culture conditions 
with only n-hexadecane, while the smallest aggregates were observed in cultures only supplied 
with Corexit (Chapter 4 and 5). Additionally, an amorphous microscopic structure of 
aggregates formed by the starved culture negatively impacted by Corexit addition was 
observed, which differed from the microscopic structure of all other formed aggregates in the 
experiments of Chapter 4. Observations made during the DWH spill suggest that these 
observed dispersant-induced effects are environmentally relevant (Joye et al., 2016a; Passow 
and Ziervogel, 2016), with previous laboratory studies reporting both enhanced (Suja et al., 
2017; Doyle et al., 2018) and inhibited (Kleindienst et al., 2015b; Passow, 2016) microbial 
aggregate formation due to chemical dispersant addition. The findings of this thesis suggest that 
Corexit might affect aggregate formation by altering EPS (e.g. alginate) production, 
chemotactic motility, quorum sensing processes, the bioavailability of HC substrates and/or by 
inhibiting microbial growth. Additionally, other studies have reported that Corexit (or the 
contained surfactants) might inhibit aggregate coagulation by dispersing EPS (Joye et al., 
2016a; Passow and Ziervogel, 2016), which could have played an additional role in seawater 
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microcosms described in Chapter 2. However, it is also known that EPS production can 
represent a bacterial stress response, resulting in the formation of protective biofilms 
(Flemming et al., 2016) and thus, Corexit-derived solvents and surfactants might induce 
increased EPS formation (Jones and George, 2013; US NASEM, 2020), which seemed to apply 
in Marinobacter sp. TT1 cultures with n-hexadecane and Corexit (Chapter 5). The outcome of 
these opposing processes, meaning either increased or decreased aggregate formation due to 
dispersant addition, likely depends on the investigated microbial community and their available 
resources in the environment. Either way, these impacts can substantially affect the fate of 
spilled oil (Joye et al., 2016a; Passow and Ziervogel, 2016) and the aforementioned microbial 
loop in the marine environment and therefore represent another route of potentially large-scale 
ecological dispersant impacts mediated by microorganisms. This is further illustrated by the 
increasingly recognized ubiquity and importance of microbial biofilms in the environment, 
including in the global oceans (Flemming and Wuertz, 2019).  

Although the focus of this thesis is on the microbiological perspective, potential implications 
of the presented findings for future oil spill response decision making will also briefly be 
discussed. From an ecological standpoint, the preferred option would always be to either 
prevent marine oil spills completely or, alternatively, remove most of the spilled oil 
immediately by mechanical means. Unfortunately, these options are not always available, 
leading to complex spill response scenarios and the associated decision making. This thesis 
generally confirms a number of ecological concerns about chemical dispersant use during 
marine oil spill scenarios, such as the potential inhibition of oil-degrading bacteria and the 
persistence of suspected hazardous dispersant components. As a result, the use of chemical 
dispersants should always be very carefully considered and weighed against all other options 
including the expected ecological costs and benefits. Typically, these considerations are 
formalised as a ‘net environmental benefit analysis’ (or similar analyses) and many countries 
demand different types of toxicity tests and the use of these formalized decision-making tools 
before allowing chemical dispersant use in their waters and/or in coastal regions (Baker, 1995; 
Kirby and Law, 2008; Grote et al., 2018). These analyses can be helpful tools during emergency 
spill response efforts where quick decisions are often needed. However, not all relevant 
ecological effects can/will be included in these assessments and many knowledge gaps 
regarding ecological effects of dispersant use still remain at this time, which means that these 
analyses more than likely contain a number of blind spots. The microbial sphere, for example, 
is often overlooked. It should also be noted that the weighing of ecological benefits and costs 
of chemical dispersant use is a highly complex matter and its results largely depend on 
previously established priorities among potentially affected species/organisms and habitats. For 
example, it has been argued that dispersants limit the total ecological damage of oil spills by 
protecting bird populations and coastlines (Lunel, 1998; Prince, 2015), which implies that the 
potential negative effects on marine life in the water column or on the seafloor are weighed as 
less costly (ecologically or economically). However, these kinds of decisions are not always 
based on a solid evidence-based foundation due to limitations in available (long-term) data and 
differing interests of the involved stakeholders, such as scientists, elected officials, oil/shipping 
industry and the tourism industry (see also Trudel, 1998). Consequently, more ecosystem-level 
studies on short- and long-term effects of chemically dispersed oil versus oil-only 
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contamination effects are desperately needed in order to enable the emergency oil spill 
responders to implement improved, evidence-based decision making tools. Everything 
considered, it is possible that chemical dispersant use provides net environmental benefits under 
certain spill conditions when well-established, targeted application strategies are applied (e.g. 
Baker, 1995; Lunel, 1998). Nevertheless, their application represents an additional ecological 
risk during marine oil spill scenarios and, based on the available data, the unprecedented large-
scale application of Corexit dispersants during the DWH spill could have increased negative 
spill impacts on some ecosystem levels (Joye et al., 2016a; McGowan et al., 2017), e.g. by 
increasing the area affected by invisible but toxic HC concentrations (MacDonald et al., 2015; 
Berenshtein et al., 2020). It likely also led to lower oil biodegradation rates, due to much of the 
dispersed oil being sequestered in a deep water plume at cold temperatures or rapidly transferred 
to the seafloor (i.e. to low oxygen levels and temperatures), resulting in less oil biodegradation 
and weathering possibilities and affecting a larger area of the ecosystem for longer time scales 
(Joye, 2015; Kleindienst et al., 2015a; MacDonald et al., 2015; Joye et al., 2016a; Passow and 
Ziervogel, 2016). These impacts should serve as a cautionary tale and be carefully considered 
during future oil spill response planning.  

6.4 Research outlook and future perspectives 

The results presented in this thesis significantly deepen and advance our understanding of how 
and why chemical dispersants impact oil-degrading microorganisms. Overall, dispersant 
addition will likely have drastic effects on most marine microbial communities and, in many 
cases, in situ oil biodegradation might not be enhanced. Additionally, several potential 
explanations for the inconsistent literature regarding dispersant effects on oil biodegradation 
were uncovered (i.e. the importance of environmentally relevant experimental/culture 
conditions, different HC quantification approaches and persistent dispersant components and/or 
potential preferential biodegradation of other dispersant components), highlighting that 
environmental implications of laboratory experiments are difficult to determine since only 
limited parts of the big picture can be revealed by each experiments. As a result, this thesis also 
has its limitations, which should be acknowledged briefly. For example, an inherent issue of 
labour-intensive seawater microcosm experiments is the snapshot nature of the results obtained 
at each sampling time point, which can only be extrapolated to the unsampled fraction of the 
incubation period to a certain extent. Additionally, bottle effects can never be completely 
controlled for and the used seawater samples represent only one ecological condition within the 
large variation occurring across time (e.g. seasonality or diurnal cycles in surface seawater) 
and/or space in the environment. Many of the employed analytical techniques also have their 
own inherent limitations (e.g. HC quantification in heterogeneous systems ± proprietary 
dispersant mixtures) and potential biases (e.g. PCR amplification and primer selection biases), 
even though care was taken to reduce and acknowledge these issues wherever applicable and a 
broad range of methods was combined whenever possible. A few other factors possibly limiting 
the broad applicability of the presented results are that this study mainly focused on one group 
of oil-degrading microorganisms (i.e. bacteria), only considered one HC-degrading model 
organism (i.e. Marinobacter sp. TT1) and one common type of chemical dispersant (i.e. Corexit 
EC9500A). 
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Many open questions and unresolved ecological and microbial concerns remain besides those 
already mentioned above and a few of those will be presented in the following section. First, 
the impacts of chemical dispersants on non-bacterial microorganisms remains understudied, 
even though the available data suggests that phytoplankton, for example, might be much more 
sensitive than bacteria (e.g. Ortmann et al., 2012) and several HC-degrading archaea (Spang et 
al., 2017; Oren, 2019; Prince et al., 2019), fungi and algae (Fukuda and Ohta, 2019; Prince, 
2019) have been described. All of these groups (plus marine viruses) coexist with bacteria in 
the marine environment and their often overlooked interactions (see e.g. Strom, 2008; Fuhrman 
et al., 2015; Coutinho et al., 2017; Grossart et al., 2019) could also affect bacterial oil 
biodegradation or the response of bacterial taxa to chemical dispersants. Second, the potential 
persistence of dispersant-derived compounds in different marine ecosystems and the associated 
ecological effects (i.e. direct/indirect toxicity to different groups of organisms) definitely 
require additional study. Tackling  these questions will likely be complicated by the still largely 
proprietary composition of commercial dispersant mixtures such as Corexit and by the fact that 
the quantification of these mixtures or their components remains analytically challenging, 
although significant advances were made in this regard recently (Place et al., 2016; Perkins, 
2017). Nevertheless, resolving these questions before the next large scale application of 
chemical dispersants seems crucial, especially when considering the increasing oil spill risks in 
cold seawater habitats like the deep ocean or the Arctic Ocean (Meier et al., 2014; US NPC, 
2015; Harriss, 2016). Third, alternative spill remediation strategies that could be pursued either 
instead of chemical dispersant use or in order to reduce the amount of applied chemical 
dispersants after marine oil spills and thereby reduce harmful ecological impacts should be 
further developed and tested. A number of promising techniques (besides biostimulation) have 
been identified by different researchers in the last years, such as the application of 
biosurfactants produced by HC-degrading laboratory cultures (Chong and Li, 2017; Perfumo et 
al., 2018), the so-called electrobioremediation of contaminated marine sediments (Daghio et 
al., 2017) or the use of natural sorbent materials to remove oil slicks (Ge et al., 2016; Bayık 
and Altın, 2017; Mojžiš et al., 2019). These strategies should also be tested in combination with 
each other under different environmental conditions, since e.g. the combined application of 
nutrients and biosurfactants has been shown to enhance crude oil biodegradation in seawater 
considerably (Nikolopoulou and Kalogerakis, 2008). Fourth, an increased abundance of plastic 
debris (micro-/macroplastics) in the global oceans has recently been described (Cózar et al., 
2014; Ostle et al., 2019; Everaert et al., 2020) but the effects of these relatively recently added 
particles on the pelagic microbial community or oil-degrading microorganisms in particular 
remain largely unknown (Avio et al., 2017; Everaert et al., 2020). It seems likely that plastic 
particles could represent a new habitat for oil-degrading bacteria because of their 
hydrophobicity, plastic polymers being derived from crude oil and because HCs might 
accumulate on plastic particles in aquatic environments (Avio et al., 2017; Burns and Boxall, 
2018). In fact, HC degraders have been detected in microbial biofilms on marine plastics and/or 
have been shown to possess plastic polymer-degrading capabilities as well (Delacuvellerie et 
al., 2019; Erni-Cassola et al., 2020; Zadjelovic et al., 2020). Therefore, these new hotspots 
might provide HC-degrading bacteria with new substrate and/or new sites for biofilm formation 
in the marine water column. In turn, this could affect their distribution, abundances and activity 
und thus result in different baseline conditions before oil spills and/or affect their sensitivity to 
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chemical dispersant exposure. Finally, the sea surface microlayer could be of particular interest 
for future investigations of the activity and distribution of HC-degrading microorganisms. This 
thin boundary layer between the global oceans and the atmosphere is the most immediately 
affected by the formation of oil slicks during marine oil spills and/or subsequent applications 
of chemical dispersants and it reportedly harbours large amounts of (bio-)surfactants, microbial 
aggregates, and distinct microbial communities, including HC-degrading bacteria 
(Rambeloarisoa et al., 1984; Wurl et al., 2017; Rahlff et al., 2019). 

In order to address these and other open questions, future studies should consider employing a 
number of additional methods. Systematic studies with the goal of determining the response of 
different microbial taxa to chemical dispersant mixtures or their components, could for example 
benefit from emerging microfluidics-based approaches in aquatic ecotoxicology (e.g. reviewed 
by Campana and Wlodkowic, 2018). These experimental systems provide the opportunity to 
produce large, robust data sets on the effects of single or multiple environmental stressors and 
could be combined with single-cell proteomic or transcriptomic approaches in a subsequent 
step (see e.g. Chen et al., 2017b; Kaster and Sobol, 2020) in order to identify the specific 
affected cellular processes. On the community level, (meta-)transcriptomic or metaproteomic 
approaches could similarly be applied to significantly enhance the resolution at which the 
processes unfolding in seawater microcosms or field experiments and the contribution of certain 
microbial key players to these processes can be monitored (Tremblay et al., 2019). 
Alternatively, quantitative PCR (qPCR) assays targeting functional marker gene mRNAs for 
HC biodegradation steps, EPS production or other stress response-associated processes could 
be utilized to characterize the microbial activity and dispersant response in seawater microcosm 
experiments. The marker gene intI1 represents an intriguing example because its detection in 
environmental samples is used as an indicator for anthropogenic pollution (Gillings et al., 
2015). It could be very useful to develop a similar marker gene qPCR assay associated with 
different expected responses of the in situ microbial community to chemical dispersant 
exposure in order to provide site-specific guidance for spill response decision making. The 
increasingly popular technique of stable isotope probing (SIP) represents another promising 
tool (see e.g. Gutierrez and Kleindienst, 2020) that could be used to identify specific key HC-
degrading microorganisms in seawater microcosms with and without chemical dispersant 
exposure and thus confirm the role of dominant or rare microbial groups detected under both 
conditions. Furthermore, different techniques could be used to gather more insight into how 
chemical dispersants affect the cell membranes of HC-degrading microorganisms because these 
effects are suspected to play a large role in dispersant-induced cellular stress responses but are 
not easily uncovered by molecular biological methods. For this purpose, the membrane lipid 
composition, the cell surface hydrophobicity and/or the membrane fluidity (e.g. via the Laurdan 
assay; Sánchez et al., 2007) could be measured in different isolates before and after chemical 
dispersant exposure to learn more about these suspected impacts. Scanning electron microscopy 
(SEM) and particularly novel methods such as cryo-FIB-SEM (see e.g. Hayles and de Winter, 
2020), might also be able to provide insights into potential membrane changes associated with 
chemical dispersant exposure.  
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In conclusion, several additional research questions need to be resolved before the impacts of 
chemical dispersants on oil-degrading microorganisms in the environment can be fully 
understood and thus, more easily predicted. And as long as we still depend on crude oil to fuel 
the energy demands in our societies and oil spills cannot be prevented completely, more 
research with the aim of reducing negative ecological impacts of our activities will be needed. 
Therefore, research on the ecological effects of marine oil spills and applied spill remediation 
strategies, as well as the collection of baseline (microbial) ecological data in marine ecosystems 
with significant oil spill risks, remains an urgent matter. The findings presented in this thesis 
represent one piece of this complex puzzle and will hopefully be followed by others until the 
picture becomes even clearer. 
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