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Abstract

With increased oil exploration, development, and transport in the Arctic in recent 

years, the potential for disastrous oil spills is imminent. Biodegradation, the consumption of 

contaminants by indigenous microorganisms capable of using them as an energy source, can be 

enhanced using bioremediation treatments and may be a viable spill remediation method when 

traditional physical recovery techniques are not. The EPA National Contingency Plan (NCP) 

product schedule lists oil spill response treatments that can be used in the event of a spill, many 

of which can stimulate intrinsic biodegradation. However, there is often little to no experimental 

data demonstrating the effectiveness of these products in aiding the remediation of a spill. Here 

we investigate the effects of the currently listed NCP products Corexit 9500 and Oil Spill Eater II 

(OSEII) on crude oil biodegradation in Arctic seawater and the associated shifts in the microbial 

community using mesocosm incubations.

Despite conflicting reports in the literature, Corexit 9500 showed no inhibitory effects on 

the biodegradation of crude oil. When oil and Corexit were co-present, chemical and microbial 

data revealed a sequential degradation beginning with the non-ionic surfactant components of 

Corexit (Span 80, Tween 80, Tween 85), followed by the degradation of the labile alkane oil 

components, with the degradation of other Corexit components such as dioctyl sodium 

sulfosuccinate (DOSS) and dipropylene glycol n-butyl ether (DGBE) less clear. 16S rRNA gene 

sequencing revealed that oil and Corexit stimulate different microbial communities but some 

taxa are stimulated by either (Oleispira, Pseudofulvibacter, Roseobacter), suggesting that these 

organisms may be capable of degrading both.
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Further analysis with metatranscriptomic sequencing showed increased gene expression 

in the presence of Corexit, even when co-present with oil, suggesting that Corexit may enhance 

the metabolic activity of oil degraders. Increased expression of β-oxidation pathway genes (fadE, 

fadA, fadB) in the presence of Corexit coincided with the chemical loss of Corexit components. 

Based on these findings and the abundance of ester groups in the chemical structures of Corexit 

9500 surfactant components, we propose a biodegradation pathway that involves the 

transformation of ester groups into fatty acids either through biotic lipase enzymes or abiotic 

hydrolysis, before funneling into the β-oxidation fatty acid degradation pathway. Taxonomic 

origins for these transcripts showed a diverse number of genera expressing these genes, which 

along with its lability may serve to explain the number of taxa observed to respond to Corexit 

both here and in the literature.

Characterization of the contents of OSEII revealed the presence of sugars, surfactants, 

nutrients, phytochemicals, amylase, protease, and the non-hydrocarbonoclastic non-viable 

microorganisms Lactobacillus and Saccharomyces. Incubation experiments targeting the efficacy 

of OSEII showed a slight enhancement of n-alkane loss at 30 days, suggesting that it may have 

utility in longer term use following a post-spill nutrient depletion. However, the nutrient contents 

of OSEII were up to 32-fold times higher for ammonia and 100,000-fold times higher for iron 

than in ambient Arctic seawater, which although are limiting nutrients in seawater, may also 

cause more harmful ecological effects following a spill by inducing phytoplankton blooms.

Based on these findings, the non-ionic surfactants of Corexit 9500 appear to be easily 

degraded through the proposed β-oxidation fatty acid pathway. Future NCP dispersants should 

target these labile ester chemical moieties while also being effective at dispersion. It is 

imperative for NCP products to undergo more rigorous third-party experiments to demonstrate 
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their suitability, effectiveness, toxicity, and unintended side effects that may occur in situ before 

an oil spill occurs. Doing so will allow decision-makers to have comprehensive information to 

aid in selection of appropriate oil spill response techniques.

v



Table of Contents

Page

Abstract .......................................................................................................................................... iii

Table of Contents ..........................................................................................................................  vi

List of Figures .............................................................................................................................. viii

List of Tables................................................................................................................................... x

Acknowledgements........................................................................................................................ xi

Chapter 1: General Introduction ..................................................................................................... 1

References ................................................................................................................................... 6

Chapter 2: Sequential Biodegradation of Crude Oil and Corexit EC9500A components in Arctic

Seawater .......................................................................................................................................... 7

Abstract ....................................................................................................................................... 7

Introduction ................................................................................................................................. 9

Materials and Methods .............................................................................................................. 11

Results and Discussion.............................................................................................................. 15

Acknowledgements ................................................................................................................... 26

References ................................................................................................................................. 28

Figures ....................................................................................................................................... 38

Tables ........................................................................................................................................ 43

Chapter 3: Metatranscriptomic Shifts Suggest Shared Biodegradation Pathways for Corexit 9500

Components and Crude Oil in Arctic Seawater

Abstract

Introduction

Materials and Methods

49

49

50

52

vi



Results and Discussion.............................................................................................................. 54

Acknowledgements ................................................................................................................... 64

References ................................................................................................................................. 66

Figures ....................................................................................................................................... 75

Tables ........................................................................................................................................ 83

Chapter 4: Characterization of the Commercial Bioremediation Product Oil Spill Eater II and its

Effects on Crude Oil Biodegradation in Arctic Seawater ............................................................. 85

Abstract ..................................................................................................................................... 85

Introduction ............................................................................................................................... 87

Materials and Methods .............................................................................................................. 90

Results ....................................................................................................................................... 95

Acknowledgements ................................................................................................................. 106

References ............................................................................................................................... 108

Figures ..................................................................................................................................... 117

Tables ...................................................................................................................................... 124

Chapter 5: General Conclusion................................................................................................... 133

References ............................................................................................................................... 137

vii



List of Figures

Page

Figure 2-1. Mean (n=3) percent loss of a) total petroleum hydrocarbons (TPH), b) n-alkanes, c) 
branched alkanes, and d) polycyclic aromatic hydrocarbons (PAHs). ......................................... 38

Figure 2-2. Mean (n=3) concentrations in subsampled 6-L mesocosms over time of Corexit 9500 
constituents or suspected metabolites a) dioctyl sodium sulfosuccinate (DOSS) b) ethylhexyl 
sulfosuccinate (EHSS), c) Tweens 80 and 85 and d) Span 80. ..................................................... 39

Figure 2-3. Bray-Curtis NMDS ordination of the prokaryotic microbial community structure and 
correlating environmental parameters........................................................................................... 40

Figure 2-4. Mean (n=3) relative abundance of prokaryotic microbial community taxa at genus 
level for experimental treatments over time. ................................................................................ 41

Figure 2-S1. GC/MS chromatogram of oil with Corexit samples a) showing an unknown peak 
identified as dipropylene glycol n-butyl ether (DGBE) that was not present in oil-only samples 
and b) which remained present in significant amounts by the end of the 30 day incubation. ...... 42

Figure 3-1. Bray-Curtis transformed NMDS of metabolic gene metatranscriptomes observed for 
each sample at 0, 5, and 30 days in Arctic seawater mesocosms amended with Corexit and/or oil
or no treatment (control). .............................................................................................................. 75

Figure 3-2. Normalized counts of select metabolic transcripts by treatment at 0, 5 and 30 days in
Arctic seawater mesocosms amended with Corexit and/or oil or no treatment (control)............. 76

Figure 3-3. Normalized counts of fatty acid degradation gene transcripts (bars) and the extent of 
chemical loss (lines; previously reported in chapter 2) at 0, 5, and 30 days for a) oil only, b) 
Corexit only, c) oil and Corexit, and d) the unamended control in Arctic seawater mesocosms. 77

Figure 3-4. a) Chemical structures of the Corexit 9500 components1) dioctyl sodium 
sulfosuccinate (DOSS), 2) Span 80 (sorbitan monooleate, 3) Tween 80 (sorbitan monooleate 
polyethoxylated), and 4) Tween 85 (sorbitan trioleate polyethoxylate). b) Proposed bacterial 
biodegradation pathway for the major Corexit 9500 surfactant components and comparison to 
petroleum hydrocarbon alkane degradation based on metatranscriptomic data from Arctic 
seawater mesocosms amended with Corexit and/or oil or no treatment (control)........................ 78

Figure 3-5. Bray-Curtis transformed NMDS plot of the phylogenetic derivation of RNA 
transcripts in Arctic seawater mesocosms amended with Corexit and/or oil or no treatment 
(control) at 0, 5, and 30 days incubation....................................................................................... 79 

viii



Figure 4-1. Chromatogram of dichloromethane-soluble OSEII components identified using
GC/MS......................................................................................................................................... 117

Figure 4-2. Mean (n=3) percent loss of a) total petroleum hydrocarbons (TPH), b) n-alkanes, c)
branched alkanes, and d) polycyclic aromatic hydrocarbons (PAHs). ........................................118

Figure 4-3. Average nutrient concentrations measured over the course of the incubation 
experiment for a) phosphate, b) nitrate, and c) ammonia. ..........................................................119

Figure 4-4. Bray-Curtis transformed NMS ordination of 16S rRNA gene microbial community 
sequences from the incubation experiment with overlaid vectors correlated to microbial 
community structure. .................................................................................................................. 120

Figure 4-5. Average (n=3) relative abundance of the most abundant taxa at genus level in Arctic 
seawater mesocosms. .................................................................................................................. 121

Figure 4-S1. Microscopic examination of OSEII with a Gram stain showing the presence of 
Gram positive rods and yeast cells.............................................................................................. 122

Figure 4-S2. GC/MS chromatograms of oil dispersed into the water column by a) physical 
dispersion, b) OSEII, and c) Corexit 9500..................................................................................  123

ix



List of Tables

Page 

Table 2-S1. Nutrient concentrations of seawater after collection (unamended) and following the 
addition of 16 ppm Bushnell-Haas media (amended)................................................................... 43

Table 2-S2. Mean and 1 standard deviation of total (biotic+abiotic) and abiotic percent losses of 
crude oil compounds. .................................................................................................................... 44

Table 2-S3. Summary of 16S rRNA gene sequences grouped at 100% sequence similarity 
(Amplicon Sequence Variants, ASVs) output from the dada2 pipeline (pre-processing) and after
removal of chloroplast and singleton ASVs (post-processing).....................................................  45

Table 2-S4. Significant relationships of environmental parameters to the prokaryotic microbial
community structure determined using Mantel tests. ................................................................... 46

Table 2-S5. Backward stepwise final models selected for individual genera using the lowest
corrected Akaike and Bayesian Information Criterion (AICc and BIC).......................................  47

Table 3-1. Summary of genera associated with the expression of different genes or metabolic
pathway transcripts in Arctic seawater mesocosms. ..................................................................... 83

Table 3-S1. Mantel test statistics and associated p-values for the vector analysis of specific
KEGG metabolic gene classes to the overall metatranscriptomic profile in Arctic seawater 
mesocosms amended with Corexit and/or oil or no treatment (control) at 0, 5, and 30 days 
incubation...................................................................................................................................... 84

Table 4-1. Summary of nutrient concentrations (μM) in neat OSE II, OSE diluted to the 
manufacturers' application recommendations, the calculated additional nutrients added to OSEII-
amended mesocosms in the incubation experiment, and concentrations measured in the 
unamended Arctic seawater used in this experiment for comparison......................................... 124

Table 4-S1. List of compound identified by LC/MS in OSEII which were not present in 
instrument blanks from the same run. Note that the presence of these compounds does not infer 
their abundance ........................................................................................................................... 125

Table 4-S2. Summary of mean and confidence interval (CI) of the baffled flask dispersion test 
results (n=3). ............................................................................................................................... 130

Table 4-S3. Mantel test correlations of environmental variables to microbial community 
composition................................................................................................................................. 131

x



Acknowledgements

“If I have seen further than others, then it is by standing on the shoulders of giants”

- Sir Isaac Newton

“Time is making fools of us again” - Albus Dumbledore

I would like to thank all of the funding agencies, entities, and individuals who have 

supported this work, without which it would not be possible. Generous financial support was 

provided by the Prince William Sound Oil Spill Recovery Institute (PWS OSRI), Coastal Marine 

Institute (CMI), Biomedical Learning and Student Training (BLaST) program, and the 

Department of Defense National Defense Science and Engineering Graduate (DoD NDSEG) 

fellowship. I would like to thank our Oregon State University collaborators Jennifer Field and 

Matt Perkins, as well as the laboratory support of Kathy Krogslund and Aaron Morello 

(University of Washington Marine Chemistry Laboratory), Mark Dasenko (Oregon State 

University Center for Genome Research and Biocomputing), and Kyle Dilliplaine (Institute of 

Arctic Biology DNA Core Lab). I thank my advisor Mary Beth Leigh and committee members 

Jennifer Guerard, Bill Simpson, and Eric Collins for their continued input support over the years. 

I also thank the selfless physical labor of Leigh lab members and affiliates who have assisted in 

setting up and maintaining the enormous experiments described within, including: Benjamin 

Hedges, Kristin Hruska, Serena Fraraccio, Ursel Schütte, and Eric Henderson. I would like to 

extend my deepest gratitude to my previous teachers, advisors, and mentors Amy McLeod, Carla 

Ebmeyer, and Dr. Katileen Engelmann for tieir exceptional encouragement to feed my tiirst for 

xi



knowledge. Finally, I would like to thank the unwavering support of my family and friends over 

the years - human, canine, feline, and otherwise - for always believing in me and my quest to see 

further, even when I didn't believe in myself.

For dad; thank you for carrying me on your shoulders

xii



Chapter 1: General Introduction

Oil spills associated with petroleum extraction, transport, and utilization present a 

significant risk to human, animal, and environmental health, including in the Alaskan Arctic 

marine environment. Arctic sea ice coverage has declined substantially as a result of climate 

change1-3, with current coverage exceeding a 38% loss since the 1980's and a continued 

projected loss of 12.85% per decade.4 This is resulting in a larger area of the Arctic becoming 

accessible to marine transport as well as oil and gas development and, consequently, becoming 

increasingly vulnerable to petroleum spills. Oil spills pose risks to human and environmental 

health as petroleum hydrocarbons are associated with adverse health effects to the central 

nervous system, liver, kidneys, spleen, lungs, bone marrow, and the developing fetus in animals.5 

These deleterious effects are further compounded in Alaska due to the reliance of many 

communities on subsistence food harvesting. Furthermore, the unique climate, remote location, 

and poor accessibility to most potentially affected regions in Alaska present unprecedented 

challenges for the remediation of petroleum contaminants. In order to prepare for future oil spills 

in the Arctic marine environment, there is a need to fill knowledge gaps related to the fate and 

effects of oil and of spill response chemicals that may be applied.

This dissertation will study the use of commercially available oil spill response chemicals 

on crude oil biodegradation by indigenous microorganisms in the Arctic Alaskan marine 

environment, which are marketed as alternatives to physical remediation strategies such as 

booming and skimming. The remediation products studied here are the chemical dispersant 

Corexit 9500 and bioremediation agent Oil Spill Eater II (OSEII), both of which are listed on the 

U.S. EPA National Oil and Hazardous Substances Pollution Contingency Plan (NCP) product 
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schedule.6 The addition of a product to the NCP requires minimal technical data and there are no 

requirements to provide experimental data supporting the efficacy and effects of the products 

listed in supporting in situ oil spill bioremediation.6 Although Corexit 9500 is a widely-used 

chemical dispersant deployed worldwide in response to marine oil spills, such as the 2010 

Deepwater Horizon spill in the Gulf of Mexico, its influence on biodegradation processes in the 

Arctic and its own biodegradability are not yet fully understood. As a product on the NCP, OSEII 

is one of many oil spill response products that could be used in the event of a spill, however like 

many of the products on the NCP, its effectiveness at enhancing petroleum remediation, its mode 

of action, and its potential environmental impacts are largely unknown.

This dissertation is composed of three research chapters that address existing gaps in our 

understanding on Arctic marine bioremediation processes using incubation experiments with 

Chukchi Sea water containing indigenous microorganisms. These studies combine techniques 

from the disciplines of analytical chemistry and molecular biology in order to develop a 

comprehensive understanding of the microbial biodegradation of and response to crude oil and 

bioremediation products. The findings reported here are the first to identify the sequential co

degradation of crude oil and Corexit 9500 and the identification of functional genes stimulated 

by the presence of oil and/or Corexit in the Arctic marine environment. This study is also the first 

to address the influence of OSEII on oil spill remediation in seawater and to examine the effects 

of OSEII on Arctic marine microbial community structure.

The first research chapter (Chapter 2) examines the fate of oil and Corexit 9500 

surfactant components due to abiotic losses and biodegradation (separately and combined) and 

their effects on microbial community structure when oil and dispersants were incubated together 

and separately in Arctic seawater. Rapid biodegradation of the non-ionic surfactants (Span 80, 
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Tween 80, Tween 85) in Corexit was observed prior to oil degradation, with Corexit not showing 

any negative effect on oil degradation. The Corexit components dioctyl sodium sulfosuccinate 

(DOSS) and dipropylene glycol butyl ether (DGBE) were found to be more resistant to 

degradation than the non-ionic surfactants. Oil and Corexit enriched different microbial taxa 

when added separately, and when added together, lead to the enrichment of a mixture of taxa 

associated with both substrates. Some genera were observed to respond to both oil and Corexit, 

even when added separately, suggesting that some organisms may be capable of degrading 

components of both.

Chapter 3 builds upon the findings of Chapter 2 by reporting a metatranscriptomic 

analysis of samples from the same incubation experiment to identify the genes expressed, 

biochemical pathways, and microorganisms associated with the biodegradation of Corexit in 

Arctic seawater. Corexit was found to stimulate the expression of fatty acid β-oxidation genes, 

leading to the construction of a putative pathway for Corexit surfactant degradation. The 

abundance of labile ester groups in Corexit surfactants allows these components to be 

transformed into a fatty acid and to enter the β-oxidation central metabolic pathway, which is 

ubiquitous in microorganisms. Taxonomic analyses of the functional genes expressed in the 

presence of Corexit revealed that they originated from a number of gammaproteobacterial taxa, 

which, along with the universal metabolic pathways utilized, suggest that Corexit can be 

degraded by a diverse microbial consortium.

The final research chapter (Chapter 4) shifts focus toward an oil spill response product 

that is much less understood than Corexit, marketed under the trade name Oil Spill Eater II 

(OSEII). This chapter includes a characterization of the chemical and microbiological 

composition of OSEII and evaluation of its effects on oil biodegradation and microbial 
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community structure. OSEII was found to be a complex chemical mixture containing sugars, 

nutrients, non-oil-degrading enzymes (amylase and protease), surfactants, as well as the non- 

hydrocarbonoclastic microorganisms Lactobacillus and Saccharomyces, which were detected 

based on microscopy and metagenomic sequence analyses but were non-viable based on 

cultivation tests. OSEII showed poor dispersion efficacy, indicating that it does not serve as a 

dispersant, which is consistent with claims made by the manufacturer. In incubation experiments 

using Arctic seawater, OSEII had a slight enhancement on n-alkane degradation only at the end 

of the 30-day incubation but no measurable effect on other petroleum components. While it 

induced a shift in the microbial community distinct from the unamended control, it was not 

found to stimulate increased abundance of taxa stimulated by the presence of oil.

The presence of high nutrient concentrations with the potential to stimulate harmful 

phytoplankton blooms and a variety of other organic constituents with unknown effects, 

combined with its minimal effects on oil biodegradation, led to the conclusion that OSEII is not a 

recommended oil spill response chemical for the Arctic open water marine environment based on 

existing data.

These chapters are unified by the overarching goals to 1) expand the current state of 

knowledge regarding the biodegradation of crude oil in Arctic seawater; 2) quantify the effects of 

oil spill response products on the extent of oil biodegradation; 3) understand the influence of 

crude oil, Corexit 9500, and OSEII on microbial community structural and functional shifts; and 

4) identify putative oil- and oil spill response chemical biodegrading microorganisms, pathways, 

and genes and their interactions. The findings of this study contribute new information regarding 

the fate and effects of crude oil and oil spill response chemicals in the Arctic marine 

environment. Understanding the mechanisms underlying marine oil spill biodegradation and 
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bioremediation may ultimately aid regulators and spill responders in identifying recommended 

practices tiat are effective and appropriate for implementation in iydrocarbon-contaminated 

seawater not only in tie Arctic, but more broadly tirougiout tie world.
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Chapter 2: Sequential Biodegradation of Crude Oil and Corexit EC9500A components in 

Arctic Seawater1

1 Gofstein, T. R., Perkins, M., Field, J., and Leigh, M. B. Sequential Biodegradation of Crude Oil and Corexit 
EC9500A components in Arctic Seawater. Manuscript in preparation.

Abstract

The risk of petroleum spills coupled with the potential application of the chemical 

dispersant Corexit 9500 as a spill response strategy necessitates further understanding of the fate 

and effects of oil and dispersants in the Arctic marine environment. The objective of this study 

was to examine the biodegradation of crude oil, Corexit 9500 components (diooctyl 

sulfosuccinate (DOSS) and nonionic surfactants Tween 80 and 85 and Span 80), and their effects 

on indigenous Arctic microbial communities. Seawater was incubated with crude oil, Corexit 

9500, or both together. Degradation (total and abiotic) was quantified by analyses of oil and 

Corexit component losses and changes in the microbial community were determined by16S 

rRNA gene amplicon sequencing. Biodegradation of crude oil and Corexit components was 

observed with the nonionic surfactants of Corexit 9500 being degraded prior to biotic petroleum 

degradation, with no suppression of crude oil biodegradation in the presence of Corexit 

observed. However, prolonged increased concentrations of EHSS indicate that mineralization of 

dioctyl sodium sulfosuccinate (DOSS) is delayed in the presence of oil. Conclusions regarding 

the rate and extent of degradation of the DOSS in Corexit 9500 remain unclear due to high 

variability; the dipropylene glycol n-butyl ether (DGBE) component of Corexit showed signs of 

persistence and warrants more focused study. Oil and Corexit enriched different overall 

microbial communities, however, some taxa responded to both, suggesting that some organisms 

7



are capable of utilizing boti oil and Corexit components. Togetier, tiese findings demonstrate 

tiat sequential microbial degradation of crude oil and some components of Corexit can 

potentially occur in tie Arctic marine environment.
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Introduction

The chemical dispersant Corexit EC9500A (hereafter referred to as Corexit 9500 or 

Corexit) has garnered increased interest in recent years as an oil spill response strategy and is 

currently under consideration for use in Alaskan Arctic waters. One of the most notable large- 

scale applications of chemical dispersants was during the aftermath of the 2010 Deepwater 

Horizon spill where Corexit 9500 and Corexit 9527 were used in unprecedented amounts to 

disperse surface oil and help prevent further oil from surfacing.1 At the time, the spill prompted 

numerous studies investigating Corexit 9500, particularly its effects on microbial hydrocarbon 

biodegradation2-9 and the fate of the dispersant components themselves8,10 in the Gulf of Mexico.

To date, several studies have reported increased rates of petroleum biodegradation with 

the addition of chemical dispersants using either enrichment cultures8,11-13 or indigenous 

microbial communities14-18 , the latter of which are more likely to better reflect rates observed 

for in situ conditions. Recently, some studies appear to demonstrate the opposite effect, with 

dispersant addition negatively affecting oil biodegradation in indigenous19 and cultured20 

seawater through processes such as suppressing the growth of some oil degrading bacteria, 

reintroducing some debate regarding the influence of chemical dispersants on petroleum 

biodegradation.

Chemical dispersants have utility in preventing surface oil slicks from reaching 

shorelines, yet there remains valid concern regarding possible unintended ecological 

consequences from their usage. Some early dispersant formulations were toxic to wildlife21 and 

although newer formulations like Corexit 9500 are designed to be less toxic22, concerns remain 

about the practice of addressing a major chemical spill through the introduction of more 

chemicals into the environment, particularly when the fate and effects of the mixture of 
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dispersant components remains largely unknown. Wiile tiere iave been significant analytical 

challenges in detecting and quantifying them23-25, the major constituents of Corexit 9500 have 

been determined to be tie anionic surfactant dioctyl sodium sulfosuccinate (DOSS, 18% w/w) 

and the nonionic surfactants Span 80 (4.4% w/w), Tween 80 (18% w/w), and Tween 85 (4.6% 

w/w) in a petroleum distillate solvent.23,26 Additionally, ethylhexyl sulfosuccinate (EHSS) has 

been identified as an abiotic hydrolysis product of DOSS8,27 and is also present in detectable 

qualities (0.28% w/w) in Corexit 9500 formulations.28 Studies that have directly or indirectly 

measured Corexit loss suggest that some components may be readily biodegraded8,13,17,19,29, but 

most of these studies have limited their focus to DOSS or provided only generalized evidence of 

mineralization of Corexit as a whole (e.g., via CO2 evolution), with less known about the fate of 

the individual non-ionic surfactant and solvent components.

The degradation of both crude oil and chemical dispersants in the Alaskan Arctic 

environment has only recently been investigated in response to the likelihood of an oil spill to 

occur in this area. Prior mesocosm studies in our lab by McFarlin et al.17,29 demonstrated that 

biodegradation of low concentrations of crude oil (2.5 and 15 ppm) by indigenous 

microorganisms in Chukchi Sea surface waters occurred with and without the addition of Corexit 

9500, with Corexit enhancing biodegradation slightly. Following this, a survey of the microbial 

community structure and genetic potential for hydrocarbon degradation was conducted in the 

Burger oil and gas lease area in the Chukchi Sea.30 McFarlin et al. found the presence of bacterial 

genera known to include oil degraders as well as oil biodegradation genes in both surface waters 

and at depth.30 Most recently, an investigation of the biodegradation of oil and Corexit 9500 

incubated separately in seawater was performed, finding distinct microbial community shifts 

associated with each and evidence of Corexit component degradation.29 It is as-yet unknown how 
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the presence of oil and Corexit 9500 together may affect the biodegradation of each in Arctic 

waters, for example, through processes such as preferential degradation and/or enrichment or 

suppression of microbes that degrade the other mixture, ultimately affecting the fate of these 

chemicals in the environment.

In this study, we investigate the interactive effects of Alaska North Slope crude oil and 

Corexit 9500 in the Arctic marine environment, including sequential and co-degradation, and the 

microbial community response, including the identification of microbial taxa putatively involved 

in the biodegradation of both.

Materials and Methods

Seawater collection and handling

Arctic surface seawater collection was performed ~1 km offshore of Utqiagvik (formerly 

Barrow), Alaska from the Chukchi Sea in August 2016. The 150 liters of collected seawater were 

stored at 5 °C overnight and immediately transported by air to Fairbanks, Alaska, where it was 

aerated overnight at the temperature recorded at the time of collection (4 °C) prior to the 

initiation of the incubation experiment. Before aliquoting seawater into mesocosms, it was 

supplemented with 16 ppm of Bushnell-Haas media17 to prevent potential nutrient limitations 

that may occur as an artifact of the small-scale incubations. The supplementation with Bushnell- 

Hass provided an additional measured 62 μM phosphate, 49 μM ammonia, 42 μM nitrate, and 

estimated 1.5 μM iron (Table S2-1). Since these nutrient concentrations are much higher than 

those expected in Arctic regions31,32, the oil and Corexit component degradation reported here 

represents a best case scenario.
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Incubation experiments

Mesocosm incubation experiments were performed in a cold room set to a temperature of 

4°C and the lights set to a 19-hour day/5-hour night cycle to mimic the conditions at the 

sampling site at the time of collection. Mesocosms were constructed by aliquoting 800 mL of 

seawater into acid-washed and pre-autoclaved 1-L glass bottles containing Teflon-coated 

magnetic stir bars and treated with either 50 ppm Alaska North Slope (ANS) crude oil, 5 ppm 

Corexit 9500 (1:10 dispersant-to-oil ratio), both, or neither (negative control). The bottles were 

stirred at a low speed to allow movement of the oil slick at the surface but to prevent the 

formation of a large vortex and the lids were left slightly ajar to allow air exchange. Sterile 

controls consisting of autoclaved seawater were also used to account for abiotic losses of oil and 

Corexit from processes such as evaporation, volatilization, hydrolysis, and photooxidation. 

Treatments were replicated in triplicate and destructively harvested at 0, 5, 10, 20, and 30 days 

for crude oil and microbial analyses. No 5- and 20-day mesocosms for Corexit analyses were 

constructed because of space limitations; however, an additional triplicate series of larger 6-L 

mesocosms were subsampled at high frequency to capture the relatively rapid degradation of the 

non-ionic surfactant components of Corexit 9500 reported by McFarlin et al.29 Treatments for the 

subsampled series included live and sterile abiotic treatments of seawater amended with 5 ppm 

Corexit with or without 50 ppm ANS crude oil. These large-sized incubations were subsampled 

through a Teflon tube with a syringe at 0, 1, 2, 3, 4, 5, 6, 7, 10, 20, and 30 days. In addition to 

acid washing and autoclaving, all vessels used for the analysis of Corexit were baked at 400°C 

for 12 h to remove any surfactant contaminants present as a result of manufacturing or other 

contamination sources.
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Chemical analysis of crude oil

Chemical extraction and analysis of petroleum hydrocarbons using gas chromatography 

mass spectrometry (GC/MS) was performed based on the methods of Prince & Douglas.33 

Briefly, three 20-ml aliquots of dichloromethane were added to each mesocosm, mixed with a 

magnetic stir bar, pipetted off, and combined. The extracts were then dried with anhydrous 

sodium sulfate to remove any remaining water and stored at -20 °C until analysis. Hydrocarbon 

analysis was performed on an HP 5890/5973 GC/MSD in scan mode with all signals normalized 

to the internal marker compound 17α(H),21β(H)-Hopane which is naturally present in oil and not 

biodegraded under normal environmental conditions.34,35 Total Petroleum Hydrocarbons (TPH) 

were measured, as well as individual n-alkanes, branched alkanes, and polycyclic aromatic 

hydrocarbons (PAHs) using the respective primary and secondary ions to identify those 

compounds.36

Chemical analysis of Corexit 9500

Dispersant components were analyzed by liquid chromatography tandem mass 

spectrometry (LC/MS/MS) in whole-bottle mesocosm and subsampled 6-L incubations for the 

following compounds using the methods previously described by McFarlin et al.29 including 

DOSS, Tween 80 and 85, Span 80, and ethylhexyl sulfosuccinate (EHSS). DOSS, Tween 80 and 

85, and Span 80 are known constituents of Corexit 950028 and EHSS is a degradation metabolite 

of DOSS.8,23 The Tweens were unable to be quantitated individually and were therefore 

quantitated as the sum of the concentrations of both.28 Percent recovery for this method ranged 

from 88-119% and precision reported as the relative standard deviation ranged from 1.4-23%, 

depending on the analyte.28
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Nutrient concentration analysis

Mesocosms destined for microbial community analysis were also used to monitor 

nutrient concentrations to ensure nutrient limitation did not occur. At each harvest timepoint, pH 

and dissolved oxygen were measured in each microcosm using a multimeter probe. Microcosms 

were then vacuum filtered on a 0.22-μm filter to separate cells from the bulk solution. The filters 

were immediately frozen at -80 °C for microbial community analysis. The liquid filtrate was 

collected and frozen at -20 °C for nutrient analysis. Nutrient analyses were performed for 

phosphate, silicate, nitrate, nitrite, and ammonium ions on a Seal Analytical AA3 at the 

University of Washington Marine Chemistry Laboratory following the protocols of the WOCE 

Hydrographic Program.37

Microbial community analysis

Microbial community DNA was extracted from frozen filters using a DNeasy 

Powerwater (Qiagen, Venlo, Netherlands) commercial extraction kit following the 

manufacturer's protocol. To study the prokaryotic community structure, the V4 region of the 16S 

rRNA gene was amplified using indexed 515F (5'-GTGCCAGCMGCCGCGGTAA-3') and 

806RB (5'-GGACTACNVGGGTWTCTAAT-3') primers38 and sequenced on an Illumina MiSeq 

using a 2 x 250 bp format. Sequences were filtered, trimmed, dereplicated into 100% similarity 

amplicon sequence variants (ASVs), and assigned taxonomy from the SILVA rRNA database (v. 

132) using the dada2 bioinformatics pipeline.39-41
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Statistical analyses

Statistical significance for all chemical data between different treatments was determined 

with ANOVA and Tukey Honest Significant Difference tests using the JMP statistical software 

package (JMP®, Version 13.2.1. SAS Institute Inc., Cary, NC, 1989-2007).

Microbial community data analyses were performed using the PC-ORD V6 statistical 

software package (PC-ORD v. 6.255 Beta. Gleneden Beach, OR: MjM Software Design).42 Non

metric multidimensional scaling (NMDS)43 plots were used to visualize differences in 

community structure between treatments and over time and statistical significances were 

determined using perMANOVA44 and non-parametric multi-response permutation procedure 

(MRPP) tests.45 Correlations and modeling of chemical data to community structure were 

performed using Mantel tests and backward step-wise model selection.46

Results and Discussion

Biodegradation of crude oil

Biodegradation of crude oil and the influence of Corexit 9500 on oil degradation rates 

were assessed by quantifying the TPH (C10-C30), n-alkane, branched alkane, and PAH losses over 

time (Figure 2-1). While the majority of the alkanes biodegraded within the first 10 days, the 

remaining TPH and PAHs degraded much more slowly over the course of the 30-day incubation. 

There were no significant differences observed for any of the measured petroleum losses with the 

addition of Corexit.

Evidence of biodegradation contributing to TPH loss was detected on day 10, which was 

the first time point in which live treatments experienced greater loss (20±3%) than abiotic 

treatments (7±4%) (p=0.0002; Figure 2-1a). By the end of the experiment, biotic TPH loss had 

15



reached 29±4% and was significantly higher (p<0.0001) than loss in abiotic treatments (12±2%). 

Based on these findings, both biotic and abiotic processes play important roles in the early losses 

of crude oil in the Arctic, with biodegradation becoming significant between 5-10 days for TPH.

The loss of individual petroleum compounds followed the well-documented pattern of 

degradation, with smaller, simpler, and saturated hydrocarbon compounds degrading more 

readily than larger, complex, and conjugated compounds, such that loss of n-alkanes>branched 

alkanes>PAHs (Table 2-S2). When comparing the loss of the different hydrocarbon compound 

classes to TPH loss, the remaining hydrocarbons present in live treatments at 30 days appear to 

be largely composed of PAHs and other recalcitrant hydrocarbons present in the unresolved 

complex mixture. While linear and branched alkanes show relatively rapid degradation by Arctic 

microorganisms, the slower degradation of the remaining oil components raises concern for the 

long-term effects in the environment due to the toxic and bioavailable nature of these 

compounds.47-50

These findings support previous studies that marine crude oil biodegradation can occur in 

the Arctic but more slowly than in temperate regions. In a similarly designed experiment by 

McFarlin et al.17, 2.5 ppm oil in -1°C Alaskan Arctic seawater from the same location as this 

study saw TPH percent losses of 36% and 45% after 10 and 28 days, respectively. We observed 

slightly lower extents of oil degradation than McFarlin et al., at 20±3% after 10 days and 29±4% 

after 30 days. While both studies were performed using Arctic seawater at similar temperatures, 

the lower percentages of TPH loss observed here can be attributed to the higher concentrations of 

oil used (50 ppm in this study vs. 2.5 ppm by McFarlin et al.) and potentially to increased 

weathering of the stock oil supply over time. Despite these differences, both experiments show 

lower extents of oil loss than in temperate regions. For example, a similarly designed incubation 
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of New Jersey seawater with 2.5 ppm of ANS crude oil at 8°C observed 51% and 69% TPH loss 

at 11 and 24 days, respectively.14

While no differences in TPH, n-alkane, branched alkane, or PAH loss were observed with 

the addition of Corexit in this experiment, several similarly designed seawater incubation studies 

have noted some dispersant-associated effects. McFarlin et al.17 observed increased TPH loss 

with the addition of Corexit at 10 days (47% with Corexit, 36% without)29 and 28 days (54% 

with Corexit, 45% without). Similarly, Prince et al.14 also observed an increased TPH loss at 11 

(64% with Corexit, 51% without) and 24 days (77% with Corexit, 69% without) with the 

addition of Corexit. In both of these studies, oil and Corexit were pre-mixed prior to their 

addition to seawater, which may have an influence on the effects of Corexit on oil degradation, 

while in the present study oil and Corexit were added separately to incubations. Recently, some 

studies have observed inhibition of oil degradation with the addition of Corexit.19,20 However, 

the experimental conditions for these are considerably different from those described here (e.g. 

sealed bottles, very low oil concentrations, the use of water-accommodated fractions rather than 

whole oil, enrichment cultures), precluding a direct comparison with this study. However, it is 

important to note that the incubation test methods applied in our studies are not optimized to 

replicate a comparison of a slick to dispersed oil15, but rather to mimic the relatively low 

concentrations of oil and dispersant associated with a dispersed oil plume in order to provide the 

most realistic estimates of whole oil biodegradation following dispersion and to assess the 

sequence and potential interactions of petroleum and dispersant component biodegradation.
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Biodegradation of Corexit 9500

Analysis of the surfactant constituents of Corexit 9500 revealed rapid degradation of the 

non-ionic surfactants but was inconclusive for DOSS (Figure 2-2). Relative to the nonionic 

surfactants, DOSS measurements showed substantial variation between replicates, compared to 

the other Corexit components. Concentrations of DOSS in individual samples were consistent 

with the previously reported accuracy for the analytical methods28 yet were also variable in the 

whole-bottle mesocosms as well, suggesting that DOSS measurement variation may occur as an 

innate property of the compound, such as its surface active behavior.

In both destructively harvested and subsampled incubations, DOSS concentrations were 

comparable and did not show significant differences between treatments over time until 30 days 

(Figure 2-2a). By the end of the 30-day incubation, a 91±13% loss of DOSS was observed for 

Corexit alone and 48±41% loss observed when Corexit was incubated in the presence of oil. The 

loss of DOSS in Corexit-only treatments was significantly higher (p=0.0018) than the abiotic 

controls (0±23% loss), suggesting biodegradation as a mechanism for loss. This was not the case 

for DOSS when Corexit was in the presence of oil, but it was also noted during analysis that 

recovery and measurement of DOSS in treatments containing oil was more challenging than with 

Corexit alone, contributing to the variation observed here. EHSS, a metabolite of DOSS, 

accumulated to significantly higher levels in treatments containing both crude oil and Corexit 

than in other treatments by day 6 (p<0.0001) in subsampled incubations and remained high 

throughout the remainder of the experiment in both incubation types (Figure 2-2b). This increase 

in EHSS concentrations suggests that, although direct quantitation of DOSS itself was 

inconclusive due to variation in the data, DOSS transformation may in fact be occurring. 

Interestingly, EHSS concentrations increased for treatments containing both crude oil and
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Corexit but did not increase for treatments containing Corexit only. The prolonged presence of 

EHSS and decreased DOSS loss suggests that further DOSS mineralization beyond EHSS was 

delayed or incomplete in the presence of oil. In contrast, the non-ionic surfactants (Tween 80, 

Tween 85, Span 80) showed rapid losses with and without the presence of oil. Tween 80 and 85 

concentrations (Figure 2-2c) had fallen below limits of quantitation (LOQ) in both biotic 

treatments by day 5 (60,000 ng/L) and Span 80 (Figure 2-2d) dropped below LOQ (60,000 ng/L) 

by day 3, suggesting that rapid degradation of both components can occur in Arctic 

environments. Decreases of all nonionic surfactants in abiotic treatments by 30 days was also 

observed, suggesting that there is abiotic transformation and loss of these analytes occurring in 

addition to biotic processes.

Previous studies of the fate of Corexit 9500 have primarily focused on the degradation of 

the most abundant constituent, DOSS. As in our study, large variations for DOSS measurements 

over time have been observed by others19,29, underscoring the difficulty of reliably quantifying it 

in experiments. McFarlin et al.29 performed Arctic seawater incubations at 2°C and observed 

98% total loss and 21% abiotic loss of DOSS in offshore seawater at 28 days, yet only observed 

35% total and 2% abiotic loss in near-shore seawater. In experiments using Gulf of Mexico 

seawater at 8°C, Kleindienst et al.19 found an 8% loss of DOSS for Corexit alone and ~30% loss 

of DOSS for Corexit with oil at 4 weeks. In an experiment using cultures isolated near the 

Macondo wellhead in the Gulf of Mexico by Campo et al.8, DOSS did not undergo substantial 

degradation within 28 days at 5°C, however, at 25°C, the cultures exhibited rapid and complete 

DOSS degradation within 14 days. Similar results were observed by Techtmann et al.13 who used 

the same cultures and experimental conditions, with the majority of degradation at 25°C 

occurring within 20 days, but no observable degradation at 5°C over the course of the 56-day 
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experiment. Our current and previous study29 demonstrated little abiotic loss of DOSS in Arctic 

seawater. This is further supported by evidence that DOSS does not undergo significant 

hydrolysis or photolytic degradation under simulated solar conditions.51,52

While some mesocosm and culture-based experiments have observed rapid degradation 

of DOSS, in situ measurements in the Gulf of Mexico following the Deepwater Horizon suggest 

that DOSS may be more recalcitrant in the environment. Water samples collected by Kujawinski 

et al.10 64 days after dispersant applications had ceased for the Deepwater Horizon spill 

demonstrated the persistence of DOSS, which was present in concentrations orders of magnitude 

higher than those that were predicted by dilution and transport. Additionally, White et al.53 

observed DOSS concentrations ranging from 6-9,000 ng/g in coral communities 6 months after 

the spill and 1-260 ng/g in beach sands 26-45 months after. The presence of DOSS in Gulf of 

Mexico sediments was confirmed by Perkins et al.54, as well as the discovery of DOSS in settling 

particles.54 This disparity between the results of laboratory experiments and in situ measurements 

may be due to laboratory conditions being unable to accurately replicate environmental 

conditions. Based on the findings to date, it remains unclear if DOSS degrades, whether 

biotically or abiotically, to an appreciable extent in the environment when large quantities are 

applied following an oil spill.

In contrast to DOSS, the nonionic surfactant components of Corexit (Tween 80, Tween 

85, and Span 80) underwent rapid losses, falling below LOQs within days. Based on initial 

concentrations, this represents a ≥93% loss for the Tweens at 5 days in biotic treatments and 30 

days for abiotic treatments. However, the extent of the loss of Span 80 below the LOQ is more 

uncertain, with the LOQ representing ≥53% loss based on initial concentrations. This LOQ was 

reached at 3 days in biotic treatments and 20 days in abiotic treatments. The rapid loss of the 
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nonionic surfactants demonstrated here has also been observed in previous seawater incubation 

experiments. Kleindienst et al.19 observed concentrations of Tweens and Span 80 falling below 

detection limits (20 μg∕L for Tweens and 36 μg∕L Span 80) within 1 week for Gulf of Mexico 

seawater at 8 °C; based on the starting concentrations of these compounds, this represents a 

~99.7% of the Tweens and ~87% of Span 80. McFarlin et al.29 also saw near complete (>97%) 

loss of Span 80 in 28 days at 2 °C for both nearshore and offshore Arctic seawater. The loss of 

Span 80 was largely attributable to biodegradation due to much lower losses observed for abiotic 

treatments (46% offshore and 1% nearshore at 28 days).29 The Tweens also underwent rapid loss 

although less of this is attributable to biodegradation, with >99% total loss and 82% abiotic loss 

observed for nearshore seawater at 10 days.29 These findings suggest that the nonionic surfactant 

components of Corexit are rapidly lost from the environment through both biotic and abiotic 

processes, although the pathways and mechanisms underlying this have yet to be determined.

During TPH analysis, an unexpected set of peaks was detected by GC/MS in treatments 

of oil with the addition of Corexit that were not present in oil only treatments. The compound 

represented by these peaks was identified based on its mass spectra as 1-(2-Butoxy-1- 

methylethoxy)propan-2-ol (Figure 2-S1), also known as dipropylene glycol n-butyl ether 

(DGBE). DGBE is an industrial chemical used as a solvent, chemical reaction intermediate, 

insecticide, and surfactant, and has been identified as a solvent component of Corexit 9500.26 

This compound remained in significant abundance at the end of the incubation series relative to 

the components of the crude oil (Figure 2-S1). Owing to its more complex chemical structure, 

this compound may be resistant to biodegradation in the presence of more labile compounds in 

crude oil and Corexit such as n-alkanes and non-ionic surfactants. Loss of this compound cannot 

be accurately quantitated from the analytical methods used here, which are intended to measure
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loss of oil compounds normalized to an internal biomarker present only within crude oil and the 

variability of concentrations in individual mesocosms due to the extremely small volumes of 

Corexit used. However, it is still noteworthy that this compound is detectable in significant 

amounts relative to crude oil compounds by the end of the 30-day incubation, which is an 

important environmental consideration. While there have not been any mesocosm-based 

experiments performed to study DGBE degradation, in situ persistence has also been observed in 

nearshore water and sediment samples and offshore water samples 4 months after the Deepwater 

Horizon spill.55 Although DGBE has a relatively low acute toxicity compared to oil, it has 

documented acute effects on the liver and the effects of long-term chronic exposure are 

unknown.56,57 This component of Corexit has not been studied as extensively as other 

constituents and represents a gap in the literature that future work should fill in order to better 

understand its fate.

Bacterial and archaeal microbial community structure

Changes in the prokaryotic microbial community structure were evaluated by analyzing 

bacterial and archaeal 16S rRNA gene amplicon sequences, which revealed significant effects of 

both the experimental treatments applied and time on microbial community succession (Figure 2

3). Of note are the communities associated with the co-presence of oil and Corexit (hereafter 

referred to as oil+Corexit) treatment, which were similar in structure to Corexit-only treatments 

early on, then shifted toward a community similar to oil-only treatments as the incubation 

progressed (Figure 2-4). Generally, different taxa and individual ASVs responded to the presence 

of either oil or Corexit, although some taxa and ASVs responded to multiple treatments. 

Additionally, several environmental parameters were correlated with community structure and 
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the proliferation of specific taxa, including petroleum, Corexit, nitrogen compounds, dissolved 

oxygen, and pH (Figure 2-3, Table 2-S4).

When comparing the community structure for all samples, they appear to cluster by 

treatment (Figure 2-3) where the oil+Corexit community represents a mixture of the oil-only and 

Corexit-only communities. An MRPP test demonstrated the observed clustering was statistically 

significant (p<0.0001) and all pairwise comparisons significant (p<0.032), indicating that the 

microbial community of each treatment was significantly different from one another. A 

PerMANOVA test of all treatments and timepoints found significant effects of treatment 

(p=0.0002), time (p=0.0002), and the interactions of both (p=0.0002), indicating that in addition 

to the treatments applied, time is also a significant factor driving the microbial community 

structure, indicative of succession. To isolate the influence of the treatments applied, 

comparisons were also made at each time point. MRPPs showed a significant difference between 

treatments (p<0.0004 for each time point) and all pairwise comparisons were significant 

(p<0.033) except for oil and oil+Corexit at day 10 (p=0.8920).

The communities associated with the oil+Corexit treatment contained a combination of 

the genera stimulated by the presence of oil or Corexit alone (Figure 2-4). At day 5, the 

oil+Corexit community was more similar to the Corexit-only treatments, however, after 10 days 

the oil+Corexit community became more similar to that of the oil-only treatments. The chemical 

analyses mirror this, showing a rapid loss of the nonionic surfactants in Corexit due to 

degradation within the first 5 days and oil not undergoing extensive degradation until after 10 

days. This pattern of community changes and chemical losses suggest that these labile Corexit 

components are initially preferentially degraded over the less labile oil compounds19, however, 

this did not appear to negatively impact oil degradation itself, at least not at the resolution of our 
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analysis. Previous studies have also found a distinct separation of community structure between 

incubations containing oil or Corexit separately13,19,29, and the oil+Corexit communities 

representing an overlap between the two groups.13

There were several notable taxa that significantly increased (p<0.05) in relative 

abundance in response to Corexit compared to controls, including Colwellia, Polaribacter, 

Moritella, Octadecabacter, and Amylibacter (Figure 2-4). Taxa that experienced significant 

(p<0.05) increases in response to oil included Thalassolituus and Sedimentitalea. There were 

also some taxa which significantly increased (p<0.05) in abundance in the presence of oil, 

Corexit, or both combined including Oleispira, Pseudofulvibacter and Roseobacter. Additionally, 

backward step-wise model selection for individual genera revealed that the relative abundances 

of organisms stimulated by the presence of oil or Corexit were predicted by concentrations of 

those respective chemical components as well as nutrients (Table 2-S5) and genera stimulated by 

both oil and Corexit were found to be predicted by compounds from both, implicating these taxa 

as potential biodegrading organisms. For these shared taxa, individual ASVs were frequently 

shared across all experimental treatments and enriched relative to controls. ASVs which were 

identified to be unique to either oil or Corexit treatments by indicator species analysis were 

found to be present in treatments containing both, indicating that the addition of Corexit did not 

suppress the proliferation of oil-degrading bacteria.

Many of the taxa stimulated by oil or Corexit here have been observed in previous in situ 

measurements and incubation studies from a variety of marine environments, including: 

Oleispira5,58-60, Colwellia9,19,29,58,61-63, Moritella29, Octadecabacter61, Thalassolituus5,59,62,64,65, 

and Roseobacter59,65, as well as numerous others not observed here such as

Cycloclasticus9,19,59,60,62-65, Pseudomonas4,9,66,67, and Marmobacter13,19,62,64-67. The response of 
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Amylibacter to Corexit and Pseudofulvibacter (previously unclassified) to both oil and Corexit 

described here has not been previously reported. While some taxa have been demonstrated thus 

far to only be stimulated by oil (ie Thalassolituus59,65, Cytoclasticus18,19,59,62,65) or Corexit (ie 

Moritella29), others have been found to be stimulated by either (ie Colwellia19,29,58,61,62, 

Oleispira29,58,59,61, Polaribacter18,29,68) in different experiments. The variety of different 

responding taxa observed may be attributable to the multitude of environmental conditions that 

can influence community succession. For example, in samples originated from the Gulf of 

Mexico, Redmond & Valentine63 observed that the abundance of Colwellia was inversely 

proportional to temperature and Techtmann et al.13 also observed a dramatic influence of 

temperature on community composition. Yakimov et al.69 has also noted that biogeography 

influences communities, with Cycloclasticus and Thalassolituus being widely distributed but 

Oleispira more common at high latitudes. The sharing of phylogenetic units (oligotypes, OTUs, 

ASVs) across oil and Corexit treatments has also been previously observed in both temperate19 

and Arctic regions29, further suggesting that some organisms may be capable of degrading both 

oil and Corexit as substrates. This also agrees with prior findings by McFarlin et al.29 that the 

expression of some oil degradation genes (e.g., alkB) increased in response in Arctic seawater 

upon exposure to oil or Corexit in incubations in which they were provided individually.

The findings of this study demonstrate significant biodegradation of crude oil and 

components of Corexit 9500 in Arctic seawater with no evidence that Corexit suppressed crude 

oil biodegradation. Chemical and microbial community data show that in the presence of both oil 

and Corexit, the non-ionic surfactants (Span 80, Tween 80, Tween 85) are degraded first, 

followed by subsequent oil degradation. This apparent preferential degradation of dispersant 

components did not result in significant reductions in oil loss. This may be due to the reduction 
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in oil droplet size from Corexit application outweighing the effects of competitive degradation, 

or the relatively small quantity of carbon contributed by Corexit compared to oil when applied in 

the 1:10 dispersant:oil ratio being insufficient to outcompete the utilization of petroleum 

hydrocarbons. Conclusions regarding the degradation of other Corexit components such as 

DOSS and DGBE remain unclear due to analytical variability and lack of data. Some taxa 

(Oleispira, Pseudofulvibacter and Roseobacter) responded to both oil and Corexit and shared the 

same ASVs across treatments, suggesting that some organisms are capable of utilizing 

components from both. Future research should focus on studying the less labile components of 

Corexit 9500 (DOSS, DGBE, solvents) and the metabolic processes underlying oil and Corexit 

co-degradation in seawater following chemical dispersion of oil to better guide future spill 

response efforts.
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Figures

Figure 2-1. Mean (n=3) percent loss of a) total petroleum hydrocarbons (TPH), b) n-alkanes, c) 

branched alkanes, and d) polycyclic aromatic hydrocarbons (PAHs). The error bars denote one 

standard deviation from the mean.
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Figure 2-2. Mean (n=3) concentrations in subsampled 6-L mesocosms over time of Corexit 9500 

constituents or suspected metabolites a) dioctyl sodium sulfosuccinate (DOSS) b) ethylhexyl 

sulfosuccinate (EHSS), c) Tweens 80 and 85 and d) Span 80. The error bars denote one standard 

deviation from the mean and the horizontal lines in each panel represent the limit of quantitation 

(LOQ) for that analyte (200 ng/L for DOSS and EHSS, 60,000 ng/L for the Tweens and Span 

80).
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Figure 2-3. Bray-Curtis NMDS ordination of the prokaryotic microbial community structure and 

correlating environmental parameters.
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Figure 2-4. Mean (n=3) relative abundance of prokaryotic microbial community taxa at genus 

level for experimental treatments over time.
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42

Figure 2-S1. GC/MS chromatogram of oil with Corexit samples a) showing an unknown peak identified as dipropylene glycol n-butyl 

ether (DGBE) that was not present in oil-only samples and b) which remained present in significant amounts by the end of the 30 day 

incubation.



Tables

Table 2-S1. Nutrient concentrations of seawater after collection (unamended) and following the 

addition of 16 ppm Bushnell-Haas media (amended). All concentrations are in μM unless 

otherwise noted.
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Nutrient Unamended Amended

PO4-3, μM 0.66 62.97

Si(OH4), μM 12.53 10.73

NO3+-, μM 0.19 42.1

NO2-, μM 0.03 0.04

NH4+, μM 0.05 48.68

Chlorophyll a, uG/L 1.014

Phaeopigments, uG/L 0.338

Dissolved Organic Carbon, μM 96.7

Salinity, psu 28.81

Total Suspended Solids, mg/L 5.68

Total Phosphorus, μM 2.06

Total Nitrogen, μM 14.06

Turbidity, NTU 3.53



Table 2-S2. Mean and 1 standard deviation of total (biotic+abiotic) and abiotic percent losses of 

crude oil compounds.

Total Petroleum 
Hydrocarbons n-alkanes

Treatment Time (days) Total loss Abiotic loss Total loss Abiotic loss
Oil 5 12.1±0.9 8.3±1.3 23.9±3.1 14.7±4.1

10 17.4±1.0 4.7±4.1 83.4±2.0 23.2±2.5
20 22.8±4.9 10.7±4.3 87.6±4.7 29.9±3.7
30 26.3±2.8 11.6±0.6 91.4±3.6 25.8±0.4

Oil+Corexit 5 9.0±3.9 8.0±4.4 20.4±2.9 15.1±4.3
10 22.2±2.7 8.9±2.3 81.6±6.6 22.3±4.6
20 27.5±5.4 13.9±0.3 90.7±2.2 27.9±2.3
30 32.3±3.8 13.4±1.9 93.1±1.3 25.9±2.2

Treatment Time (days)

Branched alkanes

Total loss Abiotic loss

Polycyclic Aromatic 
Hydrocarbons 

Total loss Abiotic loss
Oil 5 16.6±1.7 6.0±5.0 20.3±1.6 12.6±2.3

10 65.9±1.8 16.8±4.3 17.6±3.8 18.5±5.6
20 72.5±6.0 24.6±5.9 34.0±3.1 30.3±4.9
30 78.8±8.8 13.5±1.6 55.8±7.2 38.2±2.6

Oil+Corexit 5 12.8±1.9 5.7±7.1 12.2±3.8 12.4±3.5
10 66.2±2.4 11.6±1.8 17.1±2.0 27.5±10.3
20 76.5±1.8 17.1±2.3 39.9±9.5 38.2±5.3
30 79.7±4.7 14.5±4.1 54.1±2.8 38.0±2.0
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Table 2-S3. Summary of 16S rRNA gene sequences grouped at 100% sequence similarity

(Amplicon Sequence Variants, ASVs) output from the dada2 pipeline (pre-processing) and after 

removal of chloroplast and singleton ASVs (post-processing)
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Pre-processing Post-processing
Total sequences 3,907,863 3,513,411
Min sequences per sample 43,899 41,649
Max sequences per sample 135309 116,679
Average sequences per sample 76,625 67,566
Number of ASVs 7,541 4,042



Table 2-S4. Significant relationships of environmental parameters to the prokaryotic microbial 

community structure determined using Mantel tests. Moderate to strong correlations (r>0.5) are 

in bold. Note that the following parameters are strongly correlated with time: TPH (r=0.775, 

p<0.0001), n-alkanes (r=0.573, p<0.0001), branched alkanes (r=0.638, p<0.0001), PAHs 

(r=0.978, p<0.0001), and DOSS (r=0.801, p<0.0001).

Mantel 
correlation 

coefficient (r)
All samples

p value
Mantel

correlation
coefficient (r)

Oil-containing treatments

p value

Time 0.597 0.0010 Time 0.774 0.0010
Si(OH)4 0.182 0.0070 TPH 0.758 0.0010

NO2 0.268 0.0010 n-Alkanes 0.681 0.0010
NH4 0.236 0.0020 Branched alkanes 0.728 0.0010

pH 0.347 0.0010 PAHs 0.669 0.0010
DO 0.101 0.0200 PO4 0.253 0.0250

Si(OH)4 0.281 0.0071
Day 5 NO3 0.315 0.0050

No significant (p<0.05) relationships observed NO2 0.396 0.0010
pH 0.620 0.0010

Day 10
NH4 0.372 0.0030 Corexit-containing treatments

pH 0.391 0.0090 Time 0.588 0.0010
DO 0.374 0.0170 EHSS -0.164 0.0160

DOSS 0.273 0.0320
Day 20 NO3 0.416 0.0010

NO2 0.345 0.0460 NO2 0.355 0.0330
pH 0.384 0.0020

Day 30 DO 0.205 0.0470
Si(OH)4 0.289 0.0330

NO3 0.233 0.0400
DO 0.619 0.0010
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Table 2-S5. Backward stepwise final models selected for individual genera using the lowest 

corrected Akaike and Bayesian Information Criterion (AICc and BIC).

Final model R2 Adjusted R2 P values
Amylibacter=DOSS+Time+(DOSS*Time) 0.65 0.59 Overall<0.0001

DOSS=0.0007
Time=0.0433
DOSS*Time=0.0189

Colwellia=PAHs 0.30 0.27 Overall=0.0051

Moritella=Treatment 0.71 0.69 Overall<0.0001

Octadecabacter=DOSS+(DOSS*PAHs) 0.88 0.85 Overall<0.0001
DOSS=0.0002
DOSS*PAHs<0.0001

Oleispira=n-alkanes+DOSS 0.95 0.94 Overall<0.0001 
n-alkanes=0.0009 
DOSS=0.0118

Polaribacter=DOSS+(DOSS*pH) 0.80 0.78 Overall<0.0001
DOSS<0.0001
DOSS*pH<0.0001

Pseudofulvibacter=EHSS+NO3+PO4 0.71 0.66 Overall<0.0001
EHSS<0.0001
NO3=0.0024
PO4=0.0427

Roseobacter=PAHs+DOSS+NH4 0.93 0.90 Overall<0.0001
PAHs<0.0001
DOSS<0.0001
NH4=0.0051

Sedimentalea=PAHs+EHSS+(PAHs*EHSS) 0.90 0.86 Overall=0.0002
PAHs<0.0001
EHSS=0.0024
PAHs*EHSS=0.0081

Thalassolituus=TPH+NO3+PO4 0.90 0.88 Overall<0.0001
TPH=0.0003
NO3<0.0001
PO4=0.0003
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Chapter 3: Metatranscriptomic Shifts Suggest Shared Biodegradation Pathways for 

Corexit 9500 Components and Crude Oil in Arctic Seawater2

2 Gofstein, T. R. and Leigh, M. B. Metatranscriptomic Shifts Suggest Shared Biodegradation Pathways for Corexit 
9500 Components and Crude Oil in Arctic Seawater. Manuscript in preparation

Abstract

While much is known about the genes and pathways utilized during oil biodegradation, 

far less is known about those utilized in the biodegradation of the commonly used chemical 

dispersant Corexit 9500. To elucidate this, metatranscriptome sequencing was performed using 

samples from an incubation experiment of Arctic seawater exposed to oil, Corexit, or both for 0, 

5, and 30 days. The presence of Corexit resulted in enriched metabolic gene transcripts relative 

to other functional genes, even when oil was co-present. Oil and Corexit were found to stimulate 

different overall metatranscriptomes, however both showed enrichment of specific fatty acid 

degradation gene transcripts. Based on the gene transcripts observed and the chemical structures 

of Corexit 9500 surfactant components, we propose a hypothetical biodegradation pathway for 

Corexit where ester groups are cleaved by a lipase (biotic) or hydrolysis (abiotic) into fatty acids 

that are funneled into the β-oxidation fatty acid degradation pathway. Metabolic gene transcripts 

were associated with a diverse number of gammaproteobacterial taxonomic affiliations, with 

many genera exhibiting functional redundancy and different taxa associated with oil versus 

Corexit, suggesting that they may be implicated in their degradation. Further research is needed 

to confirm the utilization of the β-oxidation pathway in the biodegradation of Corexit 9500 and 

which genera are involved in each step.
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Introduction

Marine oil spills present major threats to human, wildlife, and environmental health 

globally, with the risks growing in the Arctic due to increasing marine transport and offshore oil 

and gas development. Given that physical recovery of spilled oil in marine environments is often 

poor1, biodegradation represents a significant sink for oil spills.2,3 However, intrinsic 

biodegradation of oil is often limited by environmental factors such as the bioavailability of oil4 

and access to limiting nutrients5,6 Chemical dispersants such as Corexit 9500 aid in the formation 

of small oil droplets, which increases bioavailability of oil to indigenous microorganisms and 

may help increase access to nutrients for microbes as droplets disperse through the water 

column. The majority of studies of Corexit 9500 report increased oil biodegradation in seawater 

when compared to non-dispersed slicks7 or to physically dispersed oil8-11, including in Arctic 

seawater, although the inhibition of oil-degrading bacteria by Corexit has been reported in some 

studies in temperate regions.12,13 Yet while the biodegradation of oil, including the genes and 

pathways involved in a variety of environmental conditions, has been well studied14,15, far less is 

known about those associated with the components of Corexit 9500.

Corexit 9500 is largely composed of the anionic surfactant DOSS and the non-ionic 

surfactants Span 80, Tween 80, and Tween 85 in a hydrocarbon distillates solvent. Following the 

2010 Deepwater Horizon spill and subsequent application of Corexit 9500, in situ measurements 

showed a persistence of DOSS16-18, suggesting that some components of Corexit may be 

recalcitrant. Recently, the biodegradation of DOSS and the nonionic surfactants in Corexit have 

been observed when Corexit was incubated in Arctic seawater mesocosms alone19,20 and in the 

presence of oil.19,20 A Geochip assay of Arctic seawater exposed to either oil or Corexit 

separately also showed increased intensities of hydrocarbon degradation genes for both 
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treatments relative to controls.19 This suggests that Corexit biodegradation may share genes or 

pathways with oil biodegradation, possibly through the cleavage of the long alkyl chains present 

in the surfactant components. Some studies have explored the metatranscriptomic shifts 

associated with the biodegradation of chemically dispersed oil in the aftermath of the Deepwater 

Horizon spill21,22, but no studies to date have been designed in a way that enables the 

identification of genes specifically associated with Corexit biodegradation, either with or without 

the co-presence of oil.

While specific genes and metabolic pathways have not yet been identified for Corexit 

biodegradation, its associated shifts in microbial community structure have been well 

documented. Different bacterial populations have proliferated in the presence of Corexit alone 

(e.g. Moritella19,20) vs. oil alone (Thalassolituus23,24 and Cytoclasticus11,12,23-25), with chemically 

dispersed oil enriching a mixture of taxa associated with the presence of both Corexit and oil in 

both temperate and Arctic regions.20,26 Several genera such as Colwellia12,19,20,25,27,28, 

Oleispira19,20,23,27,28, and Polaribacter19,27,29 have responded to the presence of either oil or 

Corexit under some experimental conditions. This suggests that members of some taxa may grow 

in response to, and potentially biodegrade, components of both oil and Corexit, which then 

further raises the question of whether some of the same genes and pathways may be utilized to 

biodegrade components of both mixtures. Given the functional genetic diversity among species 

and strains within the same genus, this question cannot easily be answered with taxonomic 16S 

rRNA data alone. Additionally, while many studies report the taxa that become enriched 

following an oil spill12,30,31, including in the Arctic19,20, less is known about the effects of a spill 

on microbial community functional gene expression, which may yield insights into the functional 

roles of the participating members of the active consortium.
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In this study, we seek to increase our understanding of the microbial biodegradation of 

Corexit 9500 and chemically dispersed crude oil in Arctic seawater with the following aims: 1) 

identify genes associated with Corexit and oil biodegradation by comparing those expressed 

during active biodegradation of Corexit or oil, both alone and in combination; 2) construct a 

putative pathway for the biodegradation of Corexit surfactant components; and 3) identify which 

organisms are expressing those degradation genes in order to more specifically elucidate the 

roles of different members of the oil- and dispersant-degrading microbial consortium in Arctic 

seawater. Based upon the findings to date, we predict that microorganisms that biodegrade 

components of both oil and Corexit utilize some of the same alkane hydrocarbon-degradation 

genes and pathways to do so. We also predict that the taxa that have been observed to proliferate 

in the presence of either oil or Corexit in previous studies play an active role in their respective 

chemical component degradation, either directly or indirectly, with some taxa active in the 

degradation of both oil and Corexit components.

Materials and Methods

Samples used in this study were obtained from an Arctic seawater incubation experiment 

described previously in chapter 2. Mesocosms containing 800 ml of seawater collected from the 

Chukchi Sea were treated with either 50 ppm Alaska North Slope crude oil, 5 ppm Corexit 9500, 

both, or neither (unamended control) and incubated on stirplates at 4 °C for 30 days. At each 

specified time point, samples for microbial analysis were collected by vacuum filtration onto a 

0.22 μm filter, which was then immediately frozen at -80 °C until extraction of RNA. Prior 

analyses included oil loss quantitation (GC/MS), Corexit 9500 surfactant component (DOSS, 

Span 80, Tweens 80 and 85) quantitation (LC/MS/MS), nutrient analyses, and 16S rRNA gene 
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sequencing.20 This study used samples collected from the 0-, 5-, and 30-day time points of the 

previously described incubation experiment.

RNA was extracted from filters using a Qiagen RNeasy Lipid tissue kit following the 

manufacturer's protocol; this kit was selected to help ensure high extraction yields in the 

presence of oil. RNA extracts were held at -80 °C and shipped on dry ice to the Oregon State 

University Center for Genome Research and Biocomputing where they were quantified, 

eukaryote ribodepleted, pooled, and sequenced on an Illumina HiSeq 3000 using a 100-bp 

paired-end format. Sequences were processed using the MG-RAST pipeline (v.4.0.3), analyzed 

against the RefSeq phylogenetic and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

functional databases,32-34 and normalized to the total number of sequence counts per sample. All 

rRNA sequences were removed from the dataset during processing in order to focus on metabolic 

mRNA transcripts. Sequencing efforts generated 2,092,023,528 sequences that passed quality

control filters across 27 individual samples for an average of 76,340,561 sequences per sample. 

Statistical analyses were performed using the PC-ORD V6 statistical software package (PC-ORD 

v. 6.255 Beta. Gleneden Beach, OR: MjM Software Design)35 and the DESeq2 R Bioconductor 

package (v. 3.10), which included non-metric multidimensional scaling (NMDS) plots to 

visualize metatranscriptomes, perMANOVA tests to evaluate the statistical significance of 

observed differences in the metatranscriptomes, Mantel tests to correlate the abundance of 

metabolism gene classes with the overall metatranscriptomes, and Wald tests with a Benjamini- 

Hochberg adjusted p-value to determine if the relative expression of gene transcripts was 

different between treatments at a given timepoint. All statistical tests were performed using a 

95% confidence interval.
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Results and Discussion

The metatranscriptomes of marine microbial communities exposed to crude oil, Corexit 

9500, and both were all significantly different from an unexposed community and to each other 

(Fig 3-1). Visualization of the metabolic metatranscriptomes with an NMDS plot and a 

perMANOVA test showed significant grouping by the treatments applied (p=0.0002), time 

(p=0.0002), and the interaction of both of these factors (p=0.0022; Fig. 3-1), with all pair-wise 

comparisons significant (p<0.02). The relative abundance of RNA transcripts originating from 

bacteria compared to other microorganisms were significantly different between treatments, with 

significantly enriched (p=0.0145) bacterial transcripts in treatments containing Corexit than oil- 

only and the control at day 5 (Fig. 3-S1). Transcripts encoding for RNA polymerase B (rpoB) 

were also significantly enriched for Corexit and oil+Corexit than oil-only and the control at day 

5 (p<0.0001; Fig. 3-S2), further suggesting that overall gene expression was significantly 

enriched for treatments containing Corexit early in the incubation relative to the oil-only 

treatment.

The enrichment of bacterial and rpoB transcripts in the presence of Corexit observed here 

suggest that Corexit may enhance microbial activity, even when it is co-present with oil (Figs. 3- 

S1-2). The stimulation of bacterial communities by Corexit alone or with oil has been previously 

observed in other seawater incubation studies using respirometry9, cell counts12,30,36 and qPCR of 

the 16S rRNA gene19, which all increased in the presence of Corexit relative to controls. In this 

experiment, the relative abundance of these transcripts tended to return to basal levels by 30 

days, although this may not necessarily be the case for an in situ spill where much larger water, 

oil, and dispersant volumes are involved.
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The trend of enrichment of specific gene transcripts in treatments containing Corexit 

between days 0 and 5 was observed for several classes of metabolic transcripts, including 

respiration, nitrogen, and sulfur metabolism (Fig. 3-2). However in contrast, transcripts encoding 

for fatty acid and xenobiotic metabolism genes were significantly enriched in the presence of oil 

only relative to Corexit-only and Oil+Corexit (Fig. 3-2). A vector analysis of these metabolic 

gene classes relative to the functional metatranscriptome of each sample (Fig. 3-1) revealed 

strong correlations (Mantel correlation coefficient, r>0.70) associating energy metabolism- 

related genes including photosynthesis with the microbial metatranscriptomic structure (Table 3- 

S1). Moderate correlations (0.45<r<0.70) to metatranscriptomes also occurred for oxidative 

phosphorylation and nitrogen metabolism genes (Table 3-S1), with weak correlations (r<0.45) 

associated with lipid, fatty acid, glycerolipid, and glycerophospholipid metabolism genes. The 

correlations of these functional gene classes to the overall metatranscriptome suggest that energy 

metabolism genes are largely responsible for the differences observed in the metatranscriptomes 

of the different treatments. Interestingly, although normalized counts of photosynthesis-related 

transcripts was higher in the controls than in the experimental treatments, this different was not 

statistically significant (p=0.5926), yet photosynthesis transcripts appear to be significantly 

correlated to the overall metabolic metatranscriptomes observed here (r=0.76, p=0.0010; Table 3- 

S1, Fig. 3-1). The depletion of photosynthesis-related transcripts in experimental treatments may 

indicate that photosynthesis was depressed during post-spill metabolism, which has been 

previously observed in both oiled37 and dispersed oil38,39 mesocosms as well as in situ following 

the Deepwater Horizon spill.40
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Corexit components may be degraded through existing fatty acid degradation pathways

Microbial communities exposed to oil alone had an enrichment of transcripts encoding 

fatty acid degradation genes relative to other treatments, but different fatty acid genes were also 

enriched by each experimental treatment (Fig. 3-3). The presence of oil resulted in enrichment of 

transcripts encoding for the hydrocarbon degradation gene alkane 1-monooxygenase (alkB), 

whereas the presence of Corexit resulted in enrichment of β-oxidation gene acyl co-A 

dehydrogenase (fadE) transcripts. The oil+Corexit treatments showed an enrichment of both of 

these gene transcripts, suggesting that the co-presence of both oil and Corexit may enhance the 

degradation of the other.

Fatty acid metabolism genes were significantly enriched in treatments containing oil than 

Corexit alone and the control at 5 days (p=0.0026, Fig. 3-3). Alkane 1-monooxygenase (alkB), a 

key enzyme in hydrocarbon alkane degradation, was significantly enriched in treatments 

containing oil (p<0.0001) relative to the Corexit-only and control treatments at 5 days (Fig. 3-3), 

with alkB transcripts in the oil-only treatment significantly enriched than in the oil+Corexit 

treatment. Previous functional gene analyses performed following the Deepwater Horizon spill 

have also found that the presence41 or expression21 of alkane degradation genes such as alkB 

were enriched in contaminated waters, although it is unknown which genes were associated with 

oil vs. Corexit. However, in one study, an increased intensity and richness of alkB genes on a 

GeoChip microarray assay was observed for Arctic seawater exposed to either oil or Corexit 

alone relative to controls, indicating that this gene or pathway may be implicated in the 

degradation of both.19

In contrast, transcripts encoding for acyl-CoA dehydrogenase (fadE), which catalyzes the 

first step of fatty acid β-oxidation, were enriched in treatments containing Corexit compared to 
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oil-only and the control at 5 days (Fig. 3-3, p=0.0077). Additionally, the subsequent β-oxidation 

gene transcripts for acetyl-CoA acetyltransferase (fadA) and 3-hydroxyacyl-CoA dehydrogenase 

(fadB) were significantly enriched (p=0.0049 and p<0.0001) in treatments containing Corexit 

than other treatments at day 5. At the day 5 timepoint, the enrichment of all of these β-oxidation 

gene transcripts is associated with a significant loss of Corexit non-ionic surfactant components 

(Fig. 3-3) to below quantitation limits. However, the abundance of these β-oxidation genes were 

not different between treatments at 30 days, likely due to the extensive loss of Corexit 

compounds by this timepoint (Fig. 3-3). The presence or expression of β-oxidation genes such as 

fadE, fadA, and fadB have also been observed in waters exposed to dispersed oil, both in field22 

and in incubation studies42, but again it is unclear whether those findings are associated with the 

oil, dispersant, or both.

Proposed Corexit surfactant component degradation pathway occurs via β-oxidation

We observed that early in the incubation, fatty acid gene expression in the oil-only 

treatment was dominated by alkB, which catalyzes alkane degradation, whereas Corexit-only and 

oil+Corexit treatments were dominated by fadE, which catalyzes the initial step of β-oxidation of 

fatty acids. (Fig. 3-3). Additionally, the subsequent β-oxidation step enzymes fadA and fadB 

were enriched in the presence of Corexit. The oil+Corexit treatment appears to be an 

amalgamation of the oil-only and Corexit-only treatments, with the expression of alkB and fadE 

genes falling between the two groups. Based on the significant enrichmemt of fadE, fadA, and 

fadB genes at the 5-day time point we examined, increased β-oxidation of chemical compounds 

is likely occurring in the presence of Corexit and oil+Corexit relative to oil-only or the control. 

This agrees with previously reported chemical loss data from this experiment where the majority 
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of Corexit surfactant loss occurred by 5 days and the majority of oil loss occurred at 10 days 

(Fig. 3).20 When examining the constituents of Corexit 9500 compared to crude oil, their 

chemical structures, which contain multiple ester groups, (Fig. 3-4a) lend themselves to being 

more labile than the alkanes present in crude oil due to fewer steps being required to prepare 

esters to undergo β-oxidation (Fig. 3-4b).

These findings led to the construction of a proposed pathway for the biodegradation of 

the major surfactant components in Corexit (Fig. 3-4b), which involves hydrolysis of the ester 

groups with either a lipase or abiotic hydrolysis to form fatty acids, which can then undergo β- 

oxidation beginning with fadE. The alcohols produced from the ester hydrolysis can also 

undergo further oxidation to fatty acids to enter the β-oxidation pathway (Fig. 3-4b). Compared 

to the degradation of alkanes, which must undergo several oxidation steps to be transformed into 

fatty acids in order to enter β-oxidation, this proposed pathway for Corexit compounds funnels 

directly into the central metabolic pathways that are widespread in prokaryotes. The general use 

and prevalence of these enzymes in the environment may serve to explain the rapid degradation 

of some Corexit components and the variety of organisms observed in response to 

Corexit.12,19,20,26

Based on our previously reported chemical loss data for Corexit components20, which 

showed rapid degradation of the non-ionic surfactants before 5 days, the community shifts and 

functional genes observed at 5 days are most likely associated with degradation of the remaining 

Corexit components, such as DOSS (Fig. 3-3). However, the non-ionic components of Corexit 

9500 also contain many ester functional groups like as DOSS that can potentially allow them to 

enter the proposed degradation pathway described here (Fig. 3-4).
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Nutrient-cycling gene expression shows an increased nutrient demand to support increased 

metabolic activity during biodegradation

Nitrogen-cycling gene expression in experimental treatments consisted primarily of 

enzymes required for ammonia assimilation including glutamate dehydrogenase (gdh) and 

glutamate synthase (GOGAT), which agrees with previous nutrient analyses which showed a 

rapid decrease in seawater ammonia concentrations in these experimental treatments beginning 

at 5 days.20 The expression of transcripts for nitrate reductase (napA) and nitrite reductase (nirB) 

were also detected, indicating that assimilatory nitrate reduction was also occurring. This 

enrichment of assimilatory nitrogen cycling genes would support the increased microbial 

metabolism previously observed here and in other experiments.9,12,19,30,36 Increases in nitrogen 

metabolism processes have also been observed with molecular methods in post-spill Deepwater 

Horizon water and sediments, including ammonia assimilation43, assimilatory nitrate reduction41, 

denitrification43-45, and dissimilatory nitrate reduction22,43, suggesting that multiple pathways are 

utilized to support the high nitrogen requirement for post-spill metabolism for oil and/or Corexit 

depending on the available nitrogen resources.

The enrichment of sulfur-processing genes in treatments containing Corexit included 

adenylylsulfate kinase (cysC) sulfate adenylyltransferase (cysD, cysN), phosphoadenosine 

phosphosulfate reductase (cysH), and sulfite reductase (cysJ), indicating that assimilatory sulfate 

reduction was occurring. The enrichment of assimilatory sulfate reduction transcripts in the 

presence of Corexit suggests that microorganisms may be utilizing the sulfate group from the 

degradation of DOSS, although the resolution of our chemical analyses are unable to corroborate 

this. Increased sulfur cycling30 and uptake21 including assimilatory41 or generalized46 sulfate 

reduction has also been previously observed in Deepwater Horizon dispersed oil plume samples, 
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which may be attributable not only to the increased nutrient requirements associated with 

increased microbial activity during biodegradation, but also may be in part to the degradation of 

sulfonated compounds present in oil and perhaps DOSS.

Oil and/or Corexit degradation is performed by a diverse microbial consortium

The taxa previously reported20 to proliferate in response to oil and/or Corexit were also 

observed here to be associated with enriched gene transcripts for several key metabolic and 

biogeochemical processes relevant to contaminant degradation including fatty acid degradation, 

nitrogen cycling, and sulfur cycling (Table 3-1). Based on the taxonomic groups from which 

each metabolic transcript originated, different organisms became metabolically active in 

response to oil and/or Corexit (Fig. 3-5),

A perMANOVA test showed there were significant effects of treatment (p=0.0002), time 

(p=0.0002), and the interaction of both (p=0.0002) on the bacterial phylogenetic community 

make-up represented by the origins of metabolic transcripts, with all pair-wise comparisons 

showing significant differences (p<0.05). This agrees with prior 16S-rRNA gene amplicon 

sequence analyses from this incubation experiment which showed that the overall microbial 

community structure as well as the relative abundance of specific taxa differed significantly 

between treatments, with oil+Corexit incubations resulting in communities representing a 

mixture of the distinct communities that emerged in response to oil-only and Corexit-only 

treatments. Functional gene expression was dominated by gammaproteobacteria and included the 

orders Oceanospirillales, Pseudomonadales, and Alteromonadales (Fig. 3-S3). Genera belonging 

to the Oceanospirillales and Pseudomonadales were both enriched by the presence of oil, 

Corexit, and both at 5 days, including Alcanivorax, Bermanella, Marinomonas, and
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Pseudomonas. Some Alteromonadales genera were enriched by the presence of either oil or 

Corexit (Alteromonas, Marinobacter, Saccarophagus, Shewanella), however, some genera were 

only enriched by the presence of Corexit (Colwellia, Psychromonas, Moritella). There was no 

indication that the addition of Corexit had a negative impact on the presence or abundance of 

sequences belonging to genera enriched in the presence of oil alone, which has previously been 

reported with 16S rRNA gene sequences for the oil-degrading taxa Marinobacter and 

Cytoclasticus in Gulf of Mexico seawater mesocosm incubations.12

When examining the organisms associated with metabolic gene expression, the 

enrichment of transcripts related to several biodegradation processes in response to oil and/or 

Corexit (lipid metabolism, oxidative phosphorylation, nutrient cycling) were performed by 

multiple taxa (Table 3-1), which has been previously observed in other studies.44,46,47 The alkB 

and fadE genes expressed generally originated from different genera, with the exception of 

Marinobacter, which expressed both. Broader metabolic functions were otherwise generally 

associated with the same groups of genera regardless of treatment (Table 3-1).

The genus Colwellia has garnered substantial attention due to its increased abundance in 

the aftermath of the 2010 Deepwater Horizon spill12,21,22,28,45,48,49, with speculation that Colwellia 

are stimulated by the presence of Corexit 9500. Colwellia are psychrophilic facultatively 

anaerobic heterotrophs that are typically found in deep marine environments.50 As a result of 

cold-environment adaptations, Colwellia possess a number of unique metabolic capabilities such 

as the ability to degrade polyhydroxyalkanoate (PHA), cyanophycin, and chitin-like 

compounds.50,51 PHAs are a family of polyesters which can be degraded and used as a carbon 

source or energy reserve and the ability to degrade these compounds is linked with a notable 

capacity to produce and degrade fatty acids using fadE and fadB genes.51 Additionally, Colwellia 
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possess coenzyme F420, which is linked to polynitroaromatic compound degradation (ie 2,4 

dinitrophenol), the ability to respond to reactive oxygen species, and enzyme structural plasticity, 

giving Colwellia unique metabolic advantages over their mesophilic counterparts.51 This 

metabolic niche may link Colwellia to Corexit degradation, and although they were not linked to 

fadE expression in this experiment, Colwellia were involved in the expression of lipase and 

oxidative phosphorylation transcripts as well as those for nitrogen and sulfur cycling (Table 3-1) 

in both Corexit and oil+Corexit treatments. Additionally, prior 16S rRNA gene sequence data 

from this incubation experiment revealed that Colwellia relative abundance is stimulated by the 

presence of Corexit20, which further supports the hypothesis that Colwellia may play a 

significant role in Corexit degradation. In order to gain a better understanding of the roles 

Colwellia and other genera play in both dispersant and dispersed oil biodegradation, further 

studies are needed, particularly using cultures or stable isotope probing (SIP) of Corexit 

components to confirm that the proposed pathway (Fig. 4b) is being utilized for Corexit 

degradation and to determine which organisms are involved in the different steps.

While this study focuses on shifts in bacterial gene expression, it is important to note that 

the original RNA extracts prior to pre-sequencing ribodepletion were dominated by eukaryotic 

rRNA, suggesting that eukaryotic microorganisms may play an as-yet-undetermined role in post

spill metabolism. Due to this high abundance of eukaryotic rRNA, ribodepletion was performed 

prior to sequencing to prevent mRNA sequences from being drowned out. Yet, few functional 

genes originating from eukaryotes were detected, likely due to the poor representation of marine 

eukaryotic microorganisms in sequence databases relative to prokaryotes.52 For this reason, most 

marine oil biodegradation studies have focused on the prokaryotic community, however the 

abundance of pre-processed eukaryotic RNA observed here calls into question how the larger 

62



picture of microbial community succession following oil spills and dispersant application 

progresses, including non-prokaryotic degraders of oil and Corexit components, organisms with 

indirect supporting roles, and the effects of oil and dispersants on parts of the microbial 

community not represented by 16S rRNA data alone. Increased relative abundances of fungi 

following the Deepwater Horizon oil spill have been previously observed with 18S rRNA 

amplicon sequencing, where a diverse metazoan community before the spill succeeded into one 

dominated by fungal communities containing known hydrocarbon-degrading genera 

(Cladosporium and Alternaria).53 A predominance of fungi was also observed one year following 

the spill using metagenomics, which showed the majority to be Chytridiomycota.54 Chytrids have 

been noted for their prominence in both the Arctic marine fungal community55,56 and most 

recently the global marine ecosystem.54 However, with little focus on eukaryotic microbial 

communities, the role of the fungi following an oil spill remains unclear. Possible mechanisms 

for the stimulation of fungi by oil may be related to the ability of saprophytic fungi to degrade 

organisms killed by the presence of oil, degradation of recalcitrant compounds in the oil itself, or 

a combination of these metabolic niches. Future studies should aim to increase our understanding 

of microbial community dynamics in a broader context to better understand the role of 

eukaryotic microorganisms such as fungi and their interactions with the bacterial community 

following an oil spill.

Based on these findings, while oil and Corexit stimulate different overall bacterial 

metabolic gene expression profiles in Arctic seawater microbial communities, they both utilize 

fatty acid degradation genes. This, along with the evidence of increased metabolic activity when 

oil and Corexit are present together versus oil alone, supports the prevailing theory that 

dispersants can stimulate the existing microbial community's oil-degrading activity, which may 
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be achieved through mechanisms such as increasing the bioavailability of oil. The observation 

that β-oxidation gene transcription was enriched in the presence of Corexit alone indicates that 

this pathway plays a role in the degradation of some Corexit components. We propose a 

hypothetical Corexit component degradation pathway that utilizes the fatty acid β-oxidation 

pathway to break down the nonionic and DOSS surfactant components of Corexit 9500. Because 

fatty acid oxidation is a common metabolic pathway in bacteria, Corexit surfactant compounds 

may be readily metabolized either completely or in part by the many different taxa that have 

responded to the presence of Corexit. Colwellia-associated genes, which have been particularly 

prominent as phylogenetic sequences in seawater exposed to Corexit12,19,20,28,49,57, were 

associated with several metabolic processes that were enriched in the presence of Corexit, 

indicating it may play a key role in its degradation. Further research is needed to confirm the use 

of the β-oxidation pathway in Corexit surfactant degradation and elucidate which taxa are 

directly involved in its degradation, which will bolster our understanding of the fate of chemical 

dispersants such as Corexit in the environment.
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Figures

NMDS 1
Figure 3-1. Bray-Curtis transformed NMDS of metabolic gene metatranscriptomes observed for 

each sample at 0, 5, and 30 days in Arctic seawater mesocosms amended with Corexit and/or oil 

or no treatment (control). A perMANOVA test was performed for the effects of the treatments 

applied (p=0.0002), time (p=0.0002), and the interaction of both of these factors (p=0.0022), 

with all pair-wise comparisons between different treatments significant (p<0.02).
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Figure 3-2. Normalized counts of select metabolic transcripts by treatment at 0, 5 and 30 days in

Arctic seawater mesocosms amended with Corexit and/or oil or no treatment (control).
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Figure 3-3. Normalized counts of fatty acid degradation gene transcripts (bars) and the extent of 

chemical loss (lines; previously reported in chapter 2) at 0, 5, and 30 days for a) oil only, b) 

Corexit only, c) oil and Corexit, and d) the unamended control in Arctic seawater mesocosms.
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Figure 3-4. a) Chemical structures of the Corexit 9500 components1) dioctyl sodium 

sulfosuccinate (DOSS), 2) Span 80 (sorbitan monooleate, 3) Tween 80 (sorbitan monooleate

polyethoxylated), and 4) Tween 85 (sorbitan trioleate polyethoxylate).62 b) Proposed bacterial 

biodegradation pathway for the major Corexit 9500 surfactant components and comparison to 

petroleum hydrocarbon alkane degradation based on metatranscriptomic data from Arctic 

seawater mesocosms amended with Corexit and/or oil or no treatment (control).
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Figure 3-5. Bray-Curtis transformed NMDS plot of the phylogenetic derivation of RNA 

transcripts in Arctic seawater mesocosms amended with Corexit and/or oil or no treatment 

(control) at 0, 5, and 30 days incubation. A perMANOVA test was performed for the effects of 

the treatments applied (p=0.0002), time (p=0.0002), and the interaction of both of these factors 

(p=0.0002), with all pair-wise comparisons between different treatments significant (p<0.05).
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Figure 3-S1. Normalized transcript counts derived from bacteria at 0, 5, and 30 days in Arctic 

seawater mesocosms amended with Corexit and/or oil or no treatment (control).
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Figure 3-S2. Normalized transcript counts of RNA polymerase B (rpoB) at 0, 5, and 30 days in

Arctic seawater mesocosms amended with Corexit and/or oil or no treatment (control).
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Figure 3-S3. Relative abundance of the bacterial orders associated with metabolic gene 

expression in Arctic seawater mesocosms amended with Corexit and/or oil or no treatment 

(control) at 0, 5, and 30 days incubation.
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Tables

Table 3-1. Summary of genera associated with the expression of different genes or metabolic 

pathway transcripts in Arctic seawater mesocosms.

Gene or metabolic pathway Associated genera
Alkane 1-monooxygenase 
(alkB)

Alcanivorax, Bukholderia, Marinobacter, Pseudomonas

Acyl Co-A dehydrogenase 
(fadE)

Chromohalobacter, Marinobacter, Pseudoalteromonas, 
Shewanella

Lipases Aeromonas, Burkholderia, Colwellia, Rhodopirellula, 
Pseudomonas, Shewanella

Oxidative phosphorylation Alcanivorax, Chromohalobacter, Colwellia, 
Flavobacterium, Marinobacter, Pseudomonas, Shewanella

Nitrogen cycling Alcanivorax, Alteromonas, Colwellia, Marinobacter, 
Marinomonas, Pseudoalteromonas, Pseudomonas, 
Psychromonas

Sulfur cycling Colwellia, Marinobacter, Marinomonas, 
Pseudoalteromonas, Pseudomonas, Saccharophagus, 
Shewanella
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Table 3-S1. Mantel test statistics and associated p-values for the vector analysis of specific

KEGG metabolic gene classes to the overall metatranscriptomic profile in Arctic seawater 

mesocosms amended with Corexit and/or oil or no treatment (control) at 0, 5, and 30 days

incubation.

Mantel test statistic, r p-value
Time 0.34 0.0010
Lipids 0.34 0.0010

Fatty acids 0.37 0.0020
alkB 0.14 0.0901
fadE 0.55 0.0010

Glycerolipids 0.33 0.0010
Glycerophospholipids 0.32 0.0010

Energy metabolism 0.74 0.0010
Oxidative phosphorylation 0.59 0.0010
Photosynthesis 0.76 0.0010
Nitrogen 0.48 0.0010
Sulfur 0.09 0.1832

Xenobiotics 0.05 0.2893
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Chapter 4: Characterization of the Commercial Bioremediation Product Oil Spill Eater II 

and its Effects on Crude Oil Biodegradation in Arctic Seawater3 *

3 Gofstein, T. R., Schütte, U., and Leigh, M. B. Characterization of the Commercial Bioremediation Product Oil
Spill Eater II and its Effects on Crude Oil Biodegradation in Arctic Seawater. Manuscript in preparation.

Abstract

Oil Spill Eater II (OSEII) is a commercial oil spill response product listed as an enzyme 

additive on the EPA National Contingency Plan (NCP) product schedule. Yet, to date, there is 

minimal empirical information available regarding its composition or effectiveness at enhancing 

the biodegradation of petroleum in seawater. Here we characterized the chemical and 

microbiological composition of OSEII and investigated its effects on crude oil biodegradation 

and microbial community structure in Arctic seawater using mesocosm incubation tests. We 

found that OSEII contains a complex mixture of sugars, surfactants, nutrients, phytochemicals, 

the non-oil-degrading enzymes amylase and protease, and non-hydrocarbonoclastic, non-viable, 

microorganisms Lactobacillus and Saccharomyces. Despite containing surfactants, OSEII 

showed no ability to disperse oil in seawater. Incubation experiments sampled over a time course 

(0, 5, 10, 20 and 30 days) showed only slight stimulatory effects on total petroleum hydrocarbon 

biodegradation at one time point (20 days) and on n-alkane loss at 30 days. The presence of 

OSEII induced significant shifts in the microbial community including the stimulation of 

heterotrophs Colwellia and Moritella, which may have been utilizing its labile components. The 

oil degrader Oleispira was strongly enriched in the presence of oil alone and to a lesser extent 

when OSEII was co-present with oil. When following the manufacturer's application guidelines, 

OSEII addition substantially increased ammonia (32x) and iron concentrations (105x) relative to
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ambient Arctic seawater levels in mesocosms, which may explain the slightly enhanced oil 

degradation by helping to overcome nutrient limitations. However, the addition of nutrients to 

open water presents logistical limitations due to rapid dilution and poses the risks of unintended 

negative ecological consequences such as the induction of phytoplankton blooms. Based on its 

minimal efficacy at accelerating oil biodegradation in mesocosms and cause for concern 

regarding nutrient supplementation in open water, OSEII may have limited utility in accelerating 

biodegradation in seawater. Because it contains a complex mixture of contents such as nutrients, 

surfactants, and other organic compounds, in addition to the non-oil-degrading enzymes amylase 

and protease, we recommend that it be reclassified as a bioremediation agent rather than an 

enzyme additive on the NCP product schedule and further testing be conducted to assess its 

effectiveness in larger-scale seawater applications. These findings underscore the need for NCP 

products to undergo rigorous third-party experiments to demonstrate their effectiveness and 

potential mode(s) of action and to consider unintended side effects of their contents that may 

occur in situ before they are applied to oil spills.
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Introduction

The prevalence of offshore petroleum development and marine transport necessitates 

effective oil spill response methods that minimize the deleterious environmental effects of the 

spill while not contributing additional risks to marine ecosystems. This is particularly imperative 

in Arctic regions, which are remote, ecologically fragile, and are the target of efforts to expand 

offshore oil exploration and development, making them increasingly vulnerable to oil spills. In 

previous major marine oil spill disasters, under-preparedness stemming from a lack of empirical 

data on the fate, effectiveness, and potential side effects of oil spill response chemicals resulted 

in significant difficulties with spill response and long-term impacts assessment.1 Therefore, there 

is a need for research on the efficacy and environmental effects of marine oil spill remediation 

strategies, including the use of commercial products to stimulate oil spill bioremediation.

The United States Environmental Protection Agency (US EPA) National Contingency 

Plan (NCP) product schedule lists . .dispersants, other chemicals, and other oil spill mitigating 

devices and substances, if any, that may be authorized for use on oil discharges...”, however, the 

addition of a product to this list “does NOT mean that EPA approves, recommends, licenses, 

certifies, or authorizes the use of” the product on an oil discharge.2 The listing only means that 

the required technical data have been submitted to the EPA, including chemical components, 

application and handling instructions, shelf life, and toxicity testing.2 With the exception of the 

dispersion efficacy standardized laboratory test2,3, there are no requirements to provide 

experimental data supporting the efficacy of the products listed in supporting oil spill 

remediation. In many cases, the understanding of the composition, fate, and potential ecological 

effects of these products prior to their usage on an oil spill-impacted environment is insufficient 

or unknown, leaving a substantial void in our oil spill response preparedness. The most well- 
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known example of this was the use of the chemical dispersant Corexit 9500 in the aftermath of 

the 2010 Deepwater Horizon spill, where at the time its fate and effects in the environment were 

not well understood.4 Despite this, an unprecedented quantity of 1.8 million gallons of the 

chemical dispersant Corexit 9500 and 9527 formulations were applied following the spill4, and 

its chemical composition was only released and further characterized afterward5,6, while research 

to fully assess its long-term environmental fate and effects still continues.7-11 In order to be better 

prepared for future oil spills, more research into the composition, effectiveness, and potential 

environmental impacts of available commercial oil spill response products should be actively 

undertaken prior to large-scale field application.

Among the many commercial products listed on the NCP product schedule is Oil Spill 

Eater II (OSEII), manufactured by Oil Spill Eater International Corporation, which was first 

added in 1996 as an nutrient additive, removed in 2005, and relisted in 2009 as a biological 

enzyme additive.12 The OSEII Safety Data Sheet lists it as containing the following components: 

water (80-90%), urea (0.01-0.09%), molasses (1-2%), a biosurfactant (0.06-0.08%), sugar (1.5

2%), protease (0.01-0.03%), amylase, (0.01-0.03%), and malt (1-2%).13 The CAS number listed 

for the biosurfactant corresponds to the C11-C15 ethoxylated secondary alcohols, which can be 

found in commercial non-ionic surfactant formulations.14 As described by manufacturer's 

technical documents, OSEII is marketed for the purpose of hydrocarbon compound remediation 

including petroleum, PCBs, dioxins, and some pesticides in water, intertidal zones, and soil.13 Its 

purported modes of action are described as follows: “the enzymes and other product constituents 

start emulsification and solubilization of the hydrocarbon substrate.. .the mineral nutrients 

enhance growth of natural hydrocarbon degrading micro-organisms with the pulse of easily 
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metabolized carbon to quickly increase bio-mass.”13 Additionally, OSEII is deemed “non-toxic to 

humans, animals, plants and marine life”.13

Peer-reviewed literature on the efficacy of OSEII has reported mixed results, with OSEII 

showing significant positive effects on hydrocarbon biodegradation in some cases and no 

detectable effects in others. To date, the peer-reviewed literature on OSEII has been limited 

primarily to its effects in soils, despite its marketing for use in contaminated water and intertidal 

environments as well. In an in-situ remediation study of diesel and JP-5 contaminated soils, 

increased O2 utilization and CO2 production was observed with the addition of OSEII relative to 

non-amended contaminated soil, although these changes were similar to those observed with the 

use of a commercial fertilizer.15 Additionally, in a study by Dias et al. comparing bioremediation 

treatments (OSEII, surfactant, inorganic salts, fish meal) in microcosms of chronically 

hydrocarbon-contaminated Antarctic soils, OSEII resulted in significantly higher hydrocarbon 

loss than other treatments and controls at 45 days with minor changes to the bacterial community 

noted using DGGE methods.16 Yet, other studies have not observed any significant effect of 

OSEII on biodegradation. Dias et al. performed another study using biopiles of chronically 

contaminated soil that were exposed to fresh diesel contamination.17 Under these conditions, 

counts of hydrocarbon-degrading bacteria were significantly higher in all amended treatments 

including OSEII, but TPH loss and microbial community structure were not significantly 

different between OSEII and unamended controls after 50 days.17

To date, only one study has investigated the influence of OSEII in a marine environment 

by examining it and other commercial bioremediation products in intertidal saltmarsh 

mesocosms containing Spartina alterniflora plants and sediments contaminated with weathered 

oil.18 In continuously flooded mesocosms, losses of TPH and total oil (including asphaltenes and 

89



polar compounds) and counts of total heterotrophs and hydrocarbon-degrading microorganisms 

were not significantly different between treatments amended with OSEII and unamended 

controls after 33 days. In alternatively flooded mesocosms, while no changes in the microbial 

community were detected, TPH loss was significantly higher for OSEII with fertilizer (67%) 

than the fertilized control (52%), however, when total oil loss was analyzed, OSEII showed no 

effect when compared to both fertilized and unfertilized controls.

To our knowledge, no peer-reviewed reports exist regarding the effectiveness of OSEII in 

seawater. To increase our understanding of the influence of commercial bioremediation products 

in the environment and help provide guidance to decision-makers addressing spill preparedness 

in Arctic and other marine environments, we characterized the composition of OSEII and 

evaluated its effects on crude oil biodegradation and the associated microbial community in 

Arctic seawater mesocosms.

Materials and Methods

OSEII Characterization

Chemical and microbiological characterization of the composition of OSEII was 

performed to determine the content of nutrients (phosphate, silicate, nitrate, nitrite, ammonium, 

iron), volatile organic compounds (gas chromatography mass spectrometry, GC/MS), non

volatile organic compounds (liquid chromatography mass spectrometry, LC/MS), and enzymes 

(colorimetric assays). Based on the presence of a surfactant listed in the ingredients, OSEII's 

ability to disperse oil was assayed using an EPA standard dispersion efficacy test3. DNA 

sequencing, microscopy, and culturing techniques were performed to identify any potential 

microorganisms present.
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Nutrient analyses were performed on a Seal Analytical AA3 at the University of 

Washington Marine Chemistry Laboratory following the protocols of the WOCE Hydrographic 

Program.19 The presence of iron was detected using the Ferrozine colorimetric method20 and 

concentrations were confirmed using a microwave plasma atomic emission spectrometer (MP- 

AES).

Samples of OSEII were prepared for GC/MS analysis by dissolving 2 parts OSEII in 1 

part dichloromethane, shaking the mixture by hand, and decanting the dichloromethane. 

Dichloromethane extracts were analyzed on an HP 5890 GC/5973 MSD in scan mode and 

compounds were identified by comparing their ion abundances to the NIST database. The GC 

method used was based on those previously described by Douglas et al.21 using a 30 m x 250 μm 

x 0.25 μm HP-5MS 5% phenyl methyl siloxane column using dichloromethane as the mobile 

phase.

LC/MS analysis was performed by the Donald Danforth Plant Science Center (St. Louis, 

MO) using both hydrophilic interaction (HILIC) and reverse phase chromatography (RPLC). The 

HILIC sample was prepared by diluting the sample 1:20 in 95% acetonitrile/5% 10 mM 

NH4HCO3; the RPLC sample was diluted 1:20 in 10 mM NH4HCO3. The samples were mixed 

for 1 minute, solids were collected by centrifugation, and then the supernatant was filtered 

through a 0.8 μm spin filter. Analyses were performed on a 0.5 x 150 mm Zic-pHILIC column 

(HILIC) or 0.5 x 100 mm PLRPS column (RPLC) using 10 mM NH4HCO3 in water and 10 mM 

NH4HCO3 in 95% acetonitrile as mobile phase solvents. Samples were injected onto the LC-MS 

and data was acquired in polarity switching mode with data-dependent acquisition of MS/MS 

spectra.
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Because the enzymes amylase and protease were reported as ingredients in the OSEII 

Safety Data Sheet, colorimetric assays were performed to determine the presence and 

concentrations of amylase22 and protease.23,24

Characterization and identification of any microbial components of OSEII was performed 

using metagenomic sequencing, microscopy, and culturing methods. Metagenomic sequencing 

was performed by extracting DNA from OSEII using a commercial Qiagen DNEasy extraction 

kit, .then subjecting the extract to shotgun sequencing using the universal primers iTru7 

(iTru7_101_04, GTGCCATA) and iTru5 (iTRU5_01_D, CGACACTT) on an Illumina Miseq. 

Sequences were then analyzed using the MG-RAST web interface25 using the RefSeq26 and 

KEGG27 databases. Culturing of any microbial components of OSEII was attempted in both agar 

and broth media (trypicase soy, Sabouraud dextrose, and potato dextrose) at room temperature 

but yielded no observable growth within 30 days. The presence and characterization of cells was 

determined by preparing a direct microscopy slide of OSEII concentrate, which was then Gram 

stained, and examined under a light microscope.

A dispersion test comparing the ability of OSEII to disperse fresh Alaska North Slope 

crude oil was performed following the standard methods outlined by the US EPA.3 The 

dispersion capability of the chemical dispersant Corexit 9500 was assayed as a positive control 

and for comparative purposes. In a 250-ml Erlenmeyer flask outfitted with a stopcock, 120 ml of 

artificial seawater (34 g/L Instant Ocean), 100 μl oil, and 4 μl of OSEII or Corexit 9500 were 

added. A control accounting for physical dispersion was generated using the seawater and oil 

only. This test was performed in triplicate for OSEII, Corexit 9500, and the control. The flasks 

were shaken at 200 rpm for 10 minutes, allowed to settle for an additional 10 minutes, and 30 ml 

of the dispersed oil was collected from the lower portion of the flask through the stopcock. The 
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dispersed oil was extracted three times with 5 ml aliquots of dichloromethane and brought to a 

final volume of 20 ml. Extracts were read at 340, 370, and 400 nm in a quartz cuvette on a 

UV/visible light spectrometer and compared to an oil in dichloromethane standard curve. 

Additionally, extracts were analyzed by GC/MS to identify which components of oil were 

dispersed into the water column (ie BTEX, PAHs, alkanes).

Incubation experiment

To assess the effects of OSEII on crude oil biodegradation and associated changes to the 

microbial community, an incubation study was performed using Arctic seawater mesocosms. 

Seawater was collected in February 2018 by mechanically pumping it through a hole drilled in 

sea ice approximately 1 km offshore of Utqiagvik, Alaska. Samples were stored at 5 °C 

overnight then transported overnight to laboratory facilities in Fairbanks, Alaska. Incubation 

mesocosms consisted of 800 ml of unamended seawater in pre-sterilized 1-L glass media bottles 

containing a Teflon-coating magnetic stir bar and set to stir at a low rate in a cold room set to the 

temperature at the time of seawater collection (-1 °C). The mesocosm bottle lids were left 

slightly ajar to ensure adequate oxygen exchange. Mesocosms were treated with the following 

amendments: 50 ppm ANS crude oil, 50 ppm of 1:25 OSEII in seawater (2 ppm OSEII, 1:25 

OSEII-oil ratio), and 50 ppm oil plus 2 ppm OSEII. The 1:25 OSEII in seawater dilution and 1:1 

oil-to-OSEII application ratio was performed as recommended by the manufacturer. 

Amendments were added with a positive displacement pipette, with oil added to mesocosms 

first, followed by the OSEII. Controls included negative controls with no amendments as well as 

abiotic controls of the above using autoclave-sterilized seawater. Three replicate mesocosms 
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were constructed for each treatment and timepoint and were destructively harvested at 0, 5, 10, 

20, and 30 days of incubation.

Mesocosms were analyzed for TPH loss, nutrient utilization, and changes to the microbial 

community structure. For TPH analyses, mesocosms were stored frozen at -80°C until extraction. 

Mesocosms were thawed, then oil was extracted from microcosms with dichloromethane, dried 

with sodium sulfate, and analyzed via GC/MS with all signals normalized to the internal oil 

compound 17α(H),21β(H)-Hopane.21,28,29 Methods for analyzing TPH loss and nutrient 

concentrations were performed as previously described in the above section of our 

characterization of OSEII components.

Mesocosms designated for microbial community and nutrient analysis were filtered 

immediately upon harvesting using a 0.22-μm filter with the filtrate reserved and stored at -20°C 

before being shipped for nutrient analysis as described in the previous section. Filters containing 

microbial biomass were stored at -80°C until DNA extraction was performed with a Qiagen 

DNEasy Porewater commercial kit. Following this, PCR amplification was performed using 

indexed 515F and 806RB primers30 and sequenced on an Illumina MiSeq using a 2 x 250 bp 

format. Sequences were filtered, trimmed, dereplicated into 100% similarity amplicon sequence 

variants (ASVs), and assigned taxonomy from the SILVA rRNA database (v. 132) using the 

dada2 bioinformatics pipeline.31-33

94



Results

Characterization of OSEII

Nutrient analyses

Results of the nutrient analyses revealed notably high concentrations of the 

macronutrients phosphate and ammonia as well as the micronutrient iron in OSEII (Table 4-1). 

Nutrient levels measured in the Arctic seawater used in this study are also shown for comparison 

and indicate that addition of OSEII at these levels results in a 2-fold increase in NH4 and as well 

as a 100,000-fold increase in Fe in the Arctic seawater based on ambient nutrient levels. 

However, the extent of the impact of the addition of OSEII on nutrient concentrations will vary 

with seasonality. For example, previous measurements of ammonia in Arctic seawater in 

summertime have been measured as low as 0.05 μM, which would increase 32-fold with the 

addition of OSEII.

Enzyme assays

Colorimetric enzyme assays were positive for both amylase and protease enzymes in 

OSEII (neat). Amylase concentrations were 750 U/ml, however protease could not be quantitated 

due to matrix interferences resulting from the dark brown color of OSEII.

Chromatographic analyses

OSEII was analyzed using GC/MS and LC/MS to qualitatively identify its volatile and 

non-volatile organic constituents, respectively. GC/MS analyses showed that dichloromethane- 

soluble extracts of OSEII contained a mixture of volatile organic compounds, including long- 
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chain alkanols (dodecanol, tetradecaol, hexadecanol) as well as well as two isomers of terpineol 

compounds derived from plants (Figure 4-1).

Using LC/MS analyses, over 137 unique compounds were identified between both 

forward and reverse phases, which we divided into the following compound classes: surfactants, 

phytochemicals, sugars, lipids, amino acids/proteins, and other biological molecules (Table 4- 

S1). Of particular note are the presence of the surfactants lauryl sulfate, polyethylene glycols 

(PEG) 400 and 500, nonoxynol-9, and alkylphenols. Additionally, two Maillard reaction by

products, 6-Acetyl-2,3-dihydro-2-(hydroxymethyl)-4(1H)-pyridinone and 2-(1-Pyrrolidinyl)-3- 

pentanone were identified.

Microbial composition

Sequences obtained by shotgun metagenomic sequencing of DNA extracted directly from 

OSEII were analyzed using the RefSeq and KO databases integrated into the MG-RAST pipeline 

web interface. Sequences revealed the presence of genes associated with the organisms 

Lactobacillus (82% of genes detected) and Saccharomyces (12% of genes detected) in OSEII, 

with the remaining genes detected (6%) derived from other organisms. At genus level, OSEII 

sequences compared to the RefSeq reference sequences were a 92% match for Lactobacillus and 

a 99% match for Saccharomyces. For the Lactobacillus sequences, 69% had the likely species 

designation of L. fermentum (99% match), 19% as the closely related L. reuteri (79% match), 

and the remaining 12% as various other Lactobacillus species. For the Saccharomyces 

sequences, 99% of those sequences were identified as S. cerevisiae (99% match). Functional 

genes identified using the KO database showed relative abundances consistent with a typical 

heterotrophic metabolism, with no detection of genes for xenobiotic degradation nor fatty acid 
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metabolism genes associated with oil biodegradation (i.e. alkane 1-monooxygenase). 

Microscopic examination of OSEII showed the presence of Gram-positive rods and yeast cells, 

which are consistent with the typical morphologies for Lactobacillus and Saccharomyces (Figure 

4-S1). Attempts to culture microorganisms from OSEII were unsuccessful, as noted previously in 

the methods.

Dispersion test

A standard dispersion test was performed to directly compare the efficacy of OSEII in dispersing 

crude oil to that of the commonly used chemical dispersant Corexit 9500. Both fresh crude oil 

alone and oil with undiluted OSEII showed poor dispersion. The mean percent oil dispersed 

(dispersant effectiveness, DE) was 0.23% for oil alone (physically dispersed) and 0.31% for oil 

with OSEII (Table 4-S2). In contrast, Corexit 9500 showed extensive dispersion of oil with a 

mean DE of 51.12% (Table 4-S2). GC/MS analyses revealed that oil dispersed into the water 

column by physical dispersion and OSEII were identical (Figure 4-S2), with only BTEX and C1- 

naphthalenes dispersed. However, all chemical components of oil were dispersed by Corexit 

9500 (Figure 4-S2).

Effects of OSEII on Oil Biodegradation

Oil loss

Percent loss of TPH, n-alkanes, branched alkanes, and PAHs was measured in the 

incubation experiment to evaluate the effects of OSEII on oil loss (Figure 4-2). Significant 

differences (p<0.05) were observed between all biotic and abiotic treatments (with or without 

OSEII) for percent loss of TPH and n-alkanes beginning at 10 days and for branched alkanes 
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beginning at 20 days, indicating that indigenous microorganisms were biodegrading oil in the 

live mesocosms (Figure 4-2). PAHs were significantly different (p<0.05) between all biotic and 

abiotic treatments at 10 and 20 days, but not at 30 days. By the end of the 30-day incubation, 

percent loss of oil was as follows: 37.6±3.6% biotic and 22.0±3.2% abiotic loss for TPH, 

88.0±5.8% biotic and 48.5±3.7% abiotic loss for n-alkanes, 61.3±7.2% biotic and 48.7±8.4% 

abiotic loss for branched alkanes, and 59.3±11.6% biotic and 49.6±13.0% abiotic loss for PAHs. 

When OSEII was added, TPH loss was significantly higher (p<0.0001) in oil+OSEII treatments 

(41.1±1.4%) than oil alone (34.2±3.7%) at the 20-day timepoint only, and by 30 days, there was 

again no difference in TPH loss between oil+OSEII (39.2±2.5) and oil-only (36.0±4.2) 

treatments. Loss of n-alkanes was significantly higher for oil+OSEII (92.7±1.6%) than oil alone 

(83.4±4.2%) at only the 30-day timepoint.

Nutrient utilization

Initial nutrient concentrations measured in the collected seawater prior to the initiation of 

the incubation experiment were as follows: 1.46 μM PO4, 35.23 μM Si(OH)4, 10.45 μM NO3, 

0.12 μM NO2, and 1.80 μM NH4 (Table 4-1). While initial concentrations of seawater amended 

with OSEII were not measured, concentrations of ammonia were significantly higher in 

treatments containing OSEII (p<0.0001, Figure 3) at 5 days than those measured at day 0 in 

unamended seawater, which is attributable to the ammonia content previously noted in OSEII. 

Nutrient concentrations measured over the course of the incubation experiment showed 

significant differences in nutrient utilization between treatments, particularly for N and P (Figure 

4-3). Phosphate and nitrate concentrations were significantly lower (p<0.0001) for treatments 

containing oil than OSEII alone or the unamended control beginning at 20 days (Figure 4-3).
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Ammonia concentrations were also significantly lower (p<0.0001) than the control for oiled 

treatments, however the OSEII-only treatment had higher concentrations than the control over 

the course of the incubation (Figure 3c), consistent with the ammonia content of OSEII (Table 4

1). By the end of the 30-day incubation, while nitrate and ammonia concentrations had decreased 

considerably for oil+OSEII, the concentrations of both nutrients were significantly higher 

(p<0.0001) than in treatments containing oil alone.

Microbial community response

The 16S rRNA gene sequences obtained from amplicon sequencing of seawater in the incubation 

study showed a distinct clustering of microbial communities by treatment in a Bray-Curtis 

transformed non-metric multidimensional scaling (NMS) ordination (Figure 4-4). The oil+OSEII 

samples are located between OSEII-only and oil-only in the ordination space, indicating that it 

contains features of communities stimulated by both mixtures. Interestingly, at day 5 the 

communities exposed to oil+OSEII appear in the cluster of OSEII-only samples in the ordination 

space before shifting closer to the oil-only treatment. A perMANOVA test showed significant 

effects of the treatment applied (p=0.0002), time (p=0.0002), and the interaction of both of these 

factors (p=0.0002), with all pair-wise comparisons significant (p<0.01). Treatments were also 

significantly different from one another at each time point (p<0.0001), with all pairwise 

comparisons significant (p<0.05) except for oil and oil+OSEII at day 20 (p=0.1630).

A vector analysis of the environmental variables measured during the incubation revealed that 

phosphate, nitrate, and ammonium concentrations were significantly correlated with microbial 

community structure (p=0.0010; Table 4-S3), with higher concentrations of these associated with 
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the OSEII-only treatment and the unamended control, whereas lower concentrations were 

associated with treatments containing oil.

The microbial communities from this incubation experiment were largely dominated by 

the gammaproteobacterial genera Colwellia, Moritella, Oleispira, and Polaribacter, although 

with variation in relative abundances of these taxa between treatments over time (Figure 4-5). 

Oleispira showed substantial enrichment in oil-only incubations with abundances significantly 

higher than all other treatments at days 10 and 30 (p<0.0001). Its relative abundance was lower 

when oil was co-present with OSEII, although it was significantly higher than in OSEII-only 

treatments or the control at day 30.The relative abundance of Colwellia was significantly higher 

with the presence of OSEII (p<0.0001), with abundances in oil+OSEII and OSEII higher than oil 

only and the control at day 5; at day 10, the Colwellia abundance was significantly higher in 

OSEII-only treatments than either oil or oil+OSEII treatments. The relative abundance of 

Moritella was significantly higher in OSEII and oil+OSEII treatments than oil alone or the 

control over the course of the incubation (p<0.0009 for all timepoints). The Lactobacillus 

sequences identified by metagenomic sequencing of DNA extracted from undiluted OSEII were 

not detected in 16S rRNA amplicon sequences from any of the incubation experiment samples. 

The eukaryote Saccharomyces also detected in OSEII would not be detected with these 

prokaryotic rRNA analyses.

When examining individual ASVs using an Indicator Species Analysis, the presence of 

oil was associated with 22 Oleispira ASVs and OSEII was associated 8 Colwellia and 12 

Moritella ASVs with an Indicator Value (IV) ≥70 and p<0.05. However, when both oil and 

OSEII were present, the ASVs associated with either were observed.
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Discussion

We found the chemical composition of OSEII to be a complex mixture of inorganic 

nutrients, organic compounds including sugars, surfactants, and non-oil-degrading enzymes, and 

non-viable, non-hydrocarbonoclastic microorganisms. Our findings from the oil biodegradation 

incubation study show that OSEII slightly enhanced TPH biodegradation at 20 days and alkane 

biodegradation at 30 days in Arctic seawater mesocosms, although these effects were only 

detectable at these and not other timepoints in the series (5, 10, 20, and 30 days), while no 

significant effect was observed for other classes of petroleum hydrocarbons (branched alkanes or 

PAHs). The stimulatory effect of OSEII on petroleum biodegradation observed here is similar to 

those observed previously for TPH in diesel-contaminated soil within 45 days.16 The mode of 

action for OSEII's slight stimulatory effect on alkane degradation is not clear, but may relate to 

the presence of inorganic nutrients in OSEII, which elevated ambient levels of N and Fe, 

nutrients that have the potential to becoming limiting over time during oil biodegradation, in the 

seawater mesocosms. An alternative explanation may be the presence of labile organic 

compounds present in OSEII, which may have the potential to prime microorganisms for 

petroleum biodegradation by providing an easily degradable carbon source to jumpstart 

microbial metabolism, an effect which has been previously reported for BTEX35,36, diesel37, and 

heavy mineral oil38 biodegradation. Alternatively, exogenous labile carbon sources also have the 

potential to be preferentially degraded in situ over the recalcitrant hydrocarbons in oil, resulting 

in a hindrance of oil biodegradation39, and, in our study, we observed a delay and reduction in the 

relative enrichment of oil-degrading taxa (i.e. Oleispira) in the presence of OSEII, although 

quantitative analyses would be needed to determine how OSEII affected the absolute abundance 

of oil degraders. Our previous incubation studies of the effects of OSEII in summer Arctic 
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seawater showed no enhancement of TPH biodegradation, and in the case of nutrient-amended 

subarctic seawater, an inhibition of TPH loss was observed, indicating that variable outcomes 

can be observed depending on specific environmental conditions, which may be related to 

nutrient concentrations and preferential degradation of labile carbon present in OSEII 

(unpublished data).

Biodegradation is known to be enhanced by supplementation with nutrients such as N, P, 

and the micronutrient iron, which can become limiting during petroleum biodegradation.40,41 The 

addition of exogenous nutrients would ameliorate the post-spill nutrient depletion that can occur 

over time due to the increased metabolic demands of oil bioremediation. The rapid decrease and 

low nutrient concentrations in the oil-only treatment by the end of the incubation experiment 

suggest that beyond the 30 days examined, further oil degradation may become limited by 

nutrient depletion. If this is the case, nutrient supplementation with a commercial product may 

alleviate this and possibly allow for continued oil degradation. This is supported by the 

significantly higher phosphate and ammonia concentrations and n-alkane loss in oil+OSE 

treatments compared to oil only at 30 days (Figures 4-2 and 4-3). However, it is important to 

note that this effect was observed in closed mesocosms and that application of nutrient 

amendments to open water presents practical limitations given that it would likely result in rapid 

dilution to levels below those needed to support oil biodegradation in the long term. Moreover, 

while nutrient amendments can help support oil bioremediation processes, the addition of 

nitrogen, phosphorous, and iron, which are present in OSEII, have the potential to create 

unintended harmful ecological consequences in the marine environment. Nutrient enrichment is 

known to cause harmful algal blooms from both nitrogen and phosphorus eutrophication42,43 and 

iron fertilization.44,45 With this in mind, coupled with evidence that OSEII had only a slight 
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enhancement on crude oil biodegradation in Arctic seawater, suggests that its application to open 

waters may pose more ecological risks than benefits in the event of an oil spill. Prior to 

application in seawater, further testing to determine its effectiveness in open waters and 

ecological risks are warranted.

The presence of nutrients might serve to explain the stimulatory effects of OSEII 

observed for soil in one prior study.16 Oleophilic nutrient fertilizers such as OSEII have been 

shown to be successful in cleaning oiled beach shorelines following the Exxon-Valdez oil 

spill.46-48 Given its previous success in soils, this may also be a useful application for OSEII, 

although this would warrant further testing.

Although surfactant compounds are present in OSEII (Table 4-S1), dispersion testing did 

not show any evidence that OSEII chemically disperses crude oil, which is consistent with 

manufacturer's claims that OSEII is not a dispersant. Our methods were unable to quantify the 

surfactant components, but the manufacturer reports that surfactant components are present in 

minute quantities (0.06-0.08%).13 Yet the manufacturer also describes, “when OSE II is applied 

to a water spill, the bio surfactant rapidly emulsifies and solubilizes the spill”13, which reflects 

the function of a dispersant, making the intended purpose of this component in OSEII unclear.

Despite the presence of several other components, OSEII is currently listed on the NCP 

as an enzyme additive12, which the manufacturer claims the enzymes it contains function by 

“attaching themselves to broken down hydrocarbon structures, forming digestive binding 

sites.. .to be utilized by the rapidly grown indigenous bacteria”. Our findings were consistent 

with manufacturer's reports that amylase and protease enzymes are present in OSEII.13 However, 

it is unclear what the intended purpose of these enzymes would be in oil biodegradation, since 

amylase and protease degrade starches49 and proteins50, respectively, while aerobic petroleum 
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biodegradation proceeds by lipid and fatty acid degradation and aromatic biodegradation 

pathways.51-53 Recently, amylase has been implicated in enhancing crude oil54 and 

polyethylene55 biodegradation via co-metabolism of simpler substrates produced by the 

enzymatic cleavage, but there has yet to be any substantial evidence that either amylase or 

protease would initiate or enhance in situ oil biodegradation.

It is also unclear whether the microorganisms identified by metagenomic sequencing and 

observed with Gram staining were intentionally added to OSEII or were present as contaminants, 

although their relatively high abundance from a direct Gram stain suggests the former. In either 

case, neither Lactobacillus nor Saccharomyces are organisms known to be petroleum 

degraders56, nor did we find evidence that they possessed genes relevant to oil compound 

degradation in metagenomic sequencing data. Lactobacillus spp. are present in the normal 

gastrointestinal flora of many animals and are often marketed in commercial probiotic 

supplements; they are also used in the fermentation of some cheeses and breads.57 

Saccharomyces cerevisiae is commonly known as brewer's or baker's yeast due to its widespread 

use in the production of beer, wine, and bread.58 Both of these genera are typically unfastidious 

organisms but were determined to be not viable in OSEII based on the inability to grow in 

culture, further questioning their usefulness in an oil spill response product if added intentionally. 

The presence of these cultures conflicts with the manufacturer's claims that it does not contain 

any microorganisms13, although those we observed appeared to be non-viable. If the organisms 

were deliberately added, it is unclear if they were non-viable initially or became so during 

storage in the OSEII chemical mixture.

Microbial community analyses performed using 16S rRNA gene sequencing showed that 

the addition of OSEII did not enhance the relative abundance of the taxa stimulated by the 
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presence of oil, although further experiments (e.g., quantitative PCR) would be needed to 

determine if absolute abundance was enhanced. OSEII appeared to induce a perturbation in the 

overall microbial community composition that is distinct from the shifts observed in the oil-only 

treatment or unamended controls. This shift was distinguished by the stimulation of heterotrophs 

Colwellia and Moritella in the presence of OSEII. Conversely, only treatments with the presence 

of oil resulted in proliferation of the putative oil degrader Oleispira. The stimulatory effect on 

the relative abundance of Moritella9,59and Colwellia9,39,59 has previously been observed in other 

studies with the chemical dispersant Corexit 9500, suggesting that these organisms may be 

responding to the chemical components present in these commercial products and using them as 

a carbon source. The presence of OSEII together with oil did not prevent an increase in the 

relative abundance of oil biodegraders (Oleispira), although it did reduce the extent of their 

relative abundance enrichment relative to oil alone. However, the extent of biodegradation of 

petroleum components was not inhibited in the presence of OSEII compared to oil alone, 

suggesting that if preferential utilization of its labile components is occurring, that did not 

negatively influence oil biodegradation.

Our characterization of OSEII and testing in Arctic seawater revealed that it produced 

only a slight enhancement of total petroleum hydrocarbon degradation at 20 days and alkane 

biodegradation with more extended (30-day) incubation, but did not enhance the degradation of 

total or other oil components in the shorter term or other time points measured within the 30-day 

test. Its mode of action is unclear, but is likely attributable to the nutrient supplementation, which 

may assist degradation in later stages when ambient nutrient levels may become limited, 

however, its utility as a nutrient supplement in open water is questionable given the rapid 

dilution that would occur. Given the evidence of its minimal effects in closed systems and the 
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likelihood of nutrient supplementation being ineffectual in open water, together with its potential 

to induce unintended negative ecological consequences such as phytoplankton blooms due to 

nutrient addition, we conclude that OSEII may have limited utility as an oil spill response 

product for open water applications in marine ecosystems, although additional testing in larger 

systems may prove insightful. OSEII may have value for environments such as soils and 

shorelines where dilution would be minimized, although this would warrant further testing. Since 

OSEII contains a complex mixture of sugars, inorganic nutrients, enzymes, and microorganisms, 

which is not reflected in its current classification as a biological enzyme on the EPA's NCP, we 

suggest that it would be more accurate to reclassify it as a bioremediation agent. Our findings 

underscore the need to fully understand the fate and effects of oil spill response products such as 

OSEII in order to provide decision-makers with as much evidence-based research as possible to 

make informed decisions in the event of future oil spills.
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Figures

Figure 4-1. Chromatogram of dichloromethane-soluble OSEII components identified using

GC/MS.
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Figure 4-2. Mean (n=3) percent loss of a) total petroleum hydrocarbons (TPI), b) n-alkanes, c) 

branched alkanes, and d) polycyclic aromatic hydrocarbons (PAIs). The error bars denote one 

standard deviation from the mean. ANOVA tests were performed between treatments at each 

time point, with statistical significance (p<0.05) denoted with a * and the subsequent Tukey's 

honest significant difference test denoted with the connecting letters.
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Figure 4-3. Average nutrient concentrations measured over the course of the incubation 

experiment for a) phosphate, b) nitrate, and c) ammonia. Concentrations at time 0 were measured 

prior to any substrate addition and the control treatment represents nutrient utilization in 

unamended seawater. ANOVA tests were performed between treatments at each time point, with 

statistical significance (p<0.05) denoted with a * and the subsequent Tukey's honest significant 

difference test denoted with the connecting letters.
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Figure 4-4. Bray-Curtis transformed NMS ordination of 16S rRNA gene microbial community 

sequences from the incubation experiment with overlaid vectors correlated to microbial 

community structure.

120



Figure 4-5. Average (n=3) relative abundance of the most abundant taxa at genus level in Arctic 

seawater mesocosms.
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Figure 4-S1. Microscopic examination of OSEII with a Gram stain showing the presence of

Gram positive rods and yeast cells.
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Figure 4-S2. GC/MS chromatograms of oil dispersed into the water column by a) physical

dispersion, b) OSEII, and c) Corexit 9500.
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Tables

Table 4-1. Summary of nutrient concentrations (μM) in neat OSE II, OSE diluted to the 

manufacturers' application recommendations, the calculated additional nutrients added to OSEII- 

amended mesocosms in the incubation experiment, and concentrations measured in the 

unamended Arctic seawater used in this experiment for comparison. A * denotes the component 

was not measured but is approximated based on historical data.34

OSE II, neat OSE II, 1:25 dilution OSE II in mesocosms Arctic seawater
PO4 40,712 1,628 1 x 10-1 1.46
SiO4 1,279 51 3 x 10-3 35.23
NO3 161 6 4 x 10-4 10.45
NO2 23 1 5 x 10-5 0.12
NH4 679,878 27,195 1.6 1.80

Fe 121 5 3 x 10-4 <1x10-9 *
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Table 4-S1. List of compound identified by LC/MS in OSEII which were not present in 

instrument blanks from the same run. Note that the presence of these compounds does not infer 

their abundance.
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Metabolite Name Phase Comments
Ammonium lauryl sulfate RFLC Foaming anionic surfactant

Cluster of CocamidoprpylBetaine Both
Mixture of surfactants found in 
PCPs as a foaming agent, derived 
from coconut oil

Cluster of Lauryl sulfate RT1 Both Anionic surfactant

Decaethylene glycol Both Polyethylene glycol 500, 
nonionic surfactant

Dodecaethylene glycol RFLC Polyethylene glycol 400; 
nonionic surfactant

Heptaethylene glycol RT2 RFLC Nonionic surfactant
Lauryl sulfate RT1 RFLC
Nonaethylene glycol RFLC Nonionic surfactant
Nonoxynol-9 RT1 Both Nonionic surfactant
O-(17-carboxyheptadecanoyl)carnitine RT2 RFLC
Octaethylene glycol RFLC Surfactant
p-tert-Octylphenol decaglycol ether RT1 HILIC Alkylphenol, surfactant
p-tert-Octylphenol nonaglycol ether RFLC Alkylphenol, surfactant

Quaternium-52 RFLC Surfactant/antistatic agent found 
in shampoo

Undecaethylene glycol RFLC Surfactant

(-)-1-Methylpropyl 1-propenyl disulfide_RT6 HILIC Found in herbs, spices, and green 
vegetables

2E,6Z-farnesol RFLC Terpenoid alcohol present in 
many essential oils

4-Methyl -.alpha.-ethylaminopentiophenone HILIC Cathinone, psychoactive 
substance found in plants

KEY
Surfactants
Phytochemicals
Sugars
Lipids
Proteins/amino 
acids
Biological, other



Table 4-S1 continued

6,7-Dihydroxycoumarin-4-acetic acid RFLC Coumarins are fragrant 
compound present in many plants

8-Methoxycoumarin-3-carboxylic acid RFLC Coumarin
Agrocybenine RT2 HILIC Found in mushrooms
Apiumoside HILIC Found in green vegetables
Chamomillol RT3 HILIC Chamomile terpenoid
Cluster of Flacourtin HILIC Phytochemical

Cluster of Tanacetol A_RT3 RFLC Terpenoid found in herbs and 
spices

Cluster of Viscutin 3 RFLC Flavanoid
Goyaglycoside g Both Phytochemical
MLS001304059-01! RFLC Phytochemical
Quillaic acid HILIC Saponin
1,5-Anhydrosorbitol RT2 RFLC Sugar present in most foods
2-(1 -Pyrrolidinyl)-3 -pentanone RT1 RFLC Proline-derived Maillard product
2-DEOXY-D-GLUCOSE RT3 HILIC Sugar
6-Acetyl-2,3-dihydro-2-(hydroxymethyl)-4(1H)-
pyridinone RFLC Minor product from the Maillard 

reaction of xylose and glycine
Cluster of L-glucitol RT1 RFLC Sorbitol, often used as a thickener
D-Psicose RT8 HILIC Sugar
Galactose-beta-1,4-xylose RT1 RFLC Sugar
Gamma Hydroxybutyric Acid RFLC Fermentation product
Mannobiose RT1 RFLC Sugar
(22S)-1alpha,22,25-trihydroxy-23,24- 
tetradehydro-24a-homo-20-epivitamin D3 /
(22S)-1alpha,22,25-trihydroxy-23,24- 
tetradehydro-24a-homo-20-epicholecalciferol

Both Vitamin D precursor

(25S)-5alpha-cholestan-
3beta,4beta,6alpha,8beta,15alpha,16beta,26-
heptol

RFLC Sterol lipid

(25S)-5alpha-cholestan-
3beta,6alpha,7beta,8beta,15alpha,16beta,26-
heptol RT1

HILIC Sterol lipid

(25S)-5alpha-cholestan-
3beta,6alpha,8beta,15alpha,16beat,26-hexol RFLC Sterol lipid

10,10-dimethyl-5Z,8Z,11Z-eicosatrienoic
acid RT1 RFLC Branched fatty acid

24,24-difluoro-25-hydroxyvitamin D3 / 24,24- 
difluoro-25-hydroxycholecalciferol RT2 HILIC Vitamin D precursor

27-Norcholestanehexol Both Bile alcohol
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Table 4-S1 continued

4alpha-methyl-5beta-cholestan-3beta-ol RFLC Cholesterol derivative
Cluster of 10-F2-dihomo-IsoP RT1 RFLC Lipid
Cluster of 24,24-difluoro-1alpha,25-dihydroxy- 
26,27-dimethylvitamin D3 / 24,24-difluoro- 
1alpha,25-dihydroxy-26,27- 
dimethylcholecalciferol

HILIC Vitamin D precursor

Cluster of 6S,7R-Epoxy-3Z,9Z-eicosadiene RT1 RFLC
Cluster of Elaidamide_RT2 HILIC Fatty acid
Cluster of N-palmitoyl proline RFLC Fatty acid
Cluster of N-stearoyl proline Both Fatty acid
Crustecdysone HILIC Sterol lipid
DGDG 29:0 HILIC Lipid
Dinosterone RT1 RFLC Lipid
G1Cer 24:1 Both Lipid
G1Cer 25:1 RT1 HILIC Lipid
Lysine-containing siolipin RFLC
MG 16:4 Both Lipids
MG 22:5 RFLC
MG(0:0/18:0/0:0)RT1 HILIC
MG(16:0/0:0/0:0)RT3 RFLC
MIPC(t18:0/16:0) RFLC
MIPC(t20:0/16:0(2OH)) RFLC
PA 31:2 Both Phosphatidic acid lipid
PA(17:1(9Z)/15:1(9Z))RT1 HILIC
PC(14:1(9Z)/P-18:1(11Z))RT1 HILIC Phosphatidylcholine
PC(15:1(9Z)/18:1(9Z)) RFLC
PC(16:0/18:2(10E,12Z)) RFLC
PC(20:2(11Z,14Z)/14:0)RT1 HILIC
PC(P-18:1(11Z)/14:1(9Z)) RFLC
PE(16:1(9Z)/20:1(11Z))RT1 HILIC Phosphoethanolamine
PE(19:1(9Z)/15:1(9Z)) RFLC
PE(20:4(8Z,11Z,14Z,17Z)/18:3(6Z,9Z,12Z)) RFLC
PE(24:1(15Z)/14:1(9Z))RT1 HILIC
PE(P-16:0/20:2(11Z,14Z)) HILIC
PE(P-18:1(11Z)/16:1(9Z))RT1 HILIC
PE(P-18:1(9Z)/16:1(9Z)) RFLC
PG(O-18:0/0:0)RT1 HILIC
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Table 4-S1 continued

PGP(18:0/18:2(9Z,12Z)) HILIC
PGP(18:1(9Z)/18:1(11Z)) RFLC
Phosphatidylethanolamine 16:1-22:6 HILIC
PI 44:5 RFLC
PI(P-16:0/14:1(9Z)) RFLC
PS(19:1(9Z)/20:0) RFLC
PS(22:1(11Z)/17:0)RT1 HILIC
PS(O-18:0/20:2(11Z,14Z)) RFLC
PS(P-16:0/13:0)RT1 Both
PS(P-16:0/14:0)RT1 HILIC
PS(P-18:0/12:0) RFLC
PS(P-18:0/19:1(9Z))RT1 HILIC
PS(P-18:0/20:1(11Z))RT1 HILIC
PS(P-20:0/17:1(9Z)) RFLC
PS(P-20:0/19:1(9Z)) HILIC

SQDG 27:1 Both Found in photosynthetic 
organisms

SQDG 42:5 RFLC Found in photosynthetic 
organisms

Cluster of Glutamic acid RT1 RFLC Amino acid
Cluster of Pyroglutamic acid RT2 RFLC Amino acid derivative
3-hydroxypalmitoleoylcarnitine RT1 HILIC Essential metabolite

Allantoin HILIC
Biochemical metabolite of 
bacteria, animals, plants, often 
used in cosmetics

Aurasperone C RT1 HILIC Mycotoxin pigment
Beta-Citryl-L-glutamic acid RFLC Glutamic acid derivative
CITRATE RT1 RFLC
Cluster of Carboxazole RT2 HILIC Herbicide
Glutamic acid RT3 RFLC
Neurosporaxanthin_RT1 Both Carotenoid
Nostoxanthin RT1 HILIC Carotenoid
Pyribenzoxim RT1 HILIC Herbicide
trans-2-Tetradecenoylcarnitine RT1 RFLC
(+/-)-[R-(E)]-5-Isopropyl-8-methylnona-6,8- 
dien-2-one RT4 RFLC Used as a food additive

(Z)-9-Cycloheptadecen-1 -one RFLC Ketone found in civet oil, often 
used as a musk
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Table 4-S1 continued

1-monohexadecanoylglycerol_RT1 HILIC Glycerol palmitate
1-tetradecanyl-2-(8-[3]-ladderane-octanyl)-sn-
glycerophosphoethanolamine RT1 HILIC Ladderanes can be found in the 

membrane of anammox bacteria
2,5-Dioxopentanoate RT3 RFLC
2-Hexylidenecyclopentanone RT2 RFLC Food flavorant
3,4-Epoxy-6Z,9Z-eicosadiene RT1 HILIC
3-keto-2-Methylbutyrate_RT2 HILIC
5alpha-Dermophol RT1 HILIC
7-Ethyl-2,3,6,7-tetrahydrocyclopent[b]azepin-
8(1H)-one RT3 HILIC

Butethal RFLC
Cluster of Aurasperone C RT1 HILIC

Cluster of Cyanuric acid_RT1 HILIC Triazine compound often used as 
a disinfectant

Cluster of Linoleic acid RFLC
Cluster of L-Leucyl-L-leucine methyl ester RT1 RFLC
Cluster of O-(17-
carboxyheptadecanoyl)carnitine RT1 HILIC

Glycerophosphocholine_RT1 RFLC
IC202A RT1 Both
L-beta-aspartyl-L-alanine_RT3 HILIC
MLS002207217-01!L-Histidine beta- 
naphthylamide7424-15-9 RT1 RFLC

N-[(Ethoxycarbonyl)methyl)-p-menthane-3-
carboxamide RT3 Both

NCGC00385536-01!(2E,4E)-N-(1,3-dihydroxy-
3-methylpentan-2-yl)-2-methylhexa-2,4- 
dienamide RT2

HILIC

Neosaxitoxin RFLC
PPPi RFLC Triphosphoric acid

Pyrophosphate RFLC Often used as emulsifier or 
stabilizer food additive

Rocuronium RT1 HILIC
Tyrosol 4-sulfate RFLC
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Table 4-S2. Summary of mean and confidence interval (CI) of the baffled flask dispersion test 

results (n=3). The nominal dispersant effectiveness (DEnom) denotes the dispersion due to the 

addition of the chemical dispersant.

Treatment
Dispersant 

effectiveness
(DE)

95% CI DE
Nominal dispersant 

effectiveness
(DEnom)

95% CI
DEnom

This study

Fresh ANS 0.23 0.00
Fresh ANS +
Corexit 9500

51.12 38.41-63.83 50.89 41.62-60.16

Fresh ANS +
OSE II

0.31 0.01-0.32 0.09 0.00
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Table 4-S3. Mantel test correlations of environmental variables to microbial community

composition. Variables with a p-value<0.05 are denoted with a *.

Variable R2 p-value

Time 0.25 0.0010*
pH -0.04 0.2553
DO 0.10 0.0711
PO4 0.64 0.0010*

Si(OH)4 0.01 0.3804
NO3 0.61 0.0010*
NO2 -0.10 0.5235
NH4 0.62 0.0010*
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Chapter 5: General Conclusion

The research described here addresses existing gaps in our understanding of oil 

biodegradation and its stimulation by the commercial oil spill response products Corexit 9500 

and Oil Spill Eater II (OSEII) in Arctic seawater, which also has relevance to oil spill response in 

other geographic regions. The findings reported in this dissertation serve to 1) expand the current 

state of knowledge regarding the biodegradation of crude oil in Arctic seawater; 2) quantify the 

effects of oil spill response products on the extent of oil biodegradation; 3) improve 

understanding of the influence of crude oil, Corexit 9500, and OSEII on microbial community 

structural and functional shifts; and 4) reveal the identity of putative oil- and oil spill response 

chemical biodegrading microorganisms, pathways, and genes and their interactions.

This study builds upon the limited research on oil biodegradation in Arctic seawater and 

shows that degradation extents and the identity of microbes involved that were reported 

previously1,2 are comparable, showing slight variation in season and sampling location. Prior to 

this study, little was known about the co-degradation of oil and Corexit 9500, particularly the 

order and extent of their degradation when both are present. Chapter 2 described the sequential 

co-degradation of Corexit 9500 non-ionic surfactants and crude oil, revealing that the nonionic 

surfactant components degraded prior to oil and that Corexit 9500 caused no inhibitory effect on 

oil degradation. It was previously unknown which genes or pathways are stimulated by the 

presence of Corexit alone compared to oil and Corexit together, information that may provide 

further insight into the co-degradation and potential for preferential degradation of some 

components over others. Chapter 3 reports that the fadE gene and fatty acid β-oxidation 

degradation pathway may be associated with the degradation of these dispersant surfactant 

components, based on their upregulation in gene expression during active biodegradation. While 
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Corexit 9500 is currently among the most commonly used oil spill response products, less is 

known about the fate and effects of other products designated on the NCP product schedule. 

Chapter 4 expanded on this by examining another product listed on the NCP, Oil Spill Eater II, 

which was found to be a complex mixture of organic compounds, inorganic nutrients, 

surfactants, non-oil-degrading enzymes, and non-viable, non-oil degrading microbes. In these 

experiments, OSEII showed a slight positive effect on the degradation of n-alkanes, but only at 

the end timepoint of the 30-day incubation, and did not produce a significant effect on other 

petroleum components. The most likely mode of action for OSEII is its high nutrient levels, 

which may help petroleum degraders overcome nutrient limitations, however, supplementation 

of nutrients in open seas presents significant logistical challenges due to dilution, and, if 

substantial supplementation were to be achieved, this would raise concerns regarding its 

potential to have deleterious ecological effects (e.g. phytoplankton blooms) if used in response to 

a spill in open waters.

The lability of the surfactants in Corexit 9500 observed here suggests that some 

components of chemical dispersants may be readily biodegradable without observable negative 

effects on oil biodegradation through processes such as direct inhibition or competitive 

biodegradation, although other components such as DOSS and DGBE are more persistent. The 

development of future dispersants should aim to include more labile chemical moieties as much 

as possible while remaining effective in dispersing an surface oil slick. The metatranscriptomics 

analyses conducted here suggest that the degradation of some chemical dispersant components 

proceeds via common fatty acid degradation pathways that are widespread in microbes. The 

relative ubiquity of this metabolic pathway lends to both the lability of some Corexit 9500 

chemical components (i.e. nonionic surfactants) as well as the breadth of microorganisms 
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observed to respond to Corexit, both in previous studies2-4 and those described here. In the 

future, studies using stable isotope probing (SIP) and metabolomics analyses of the different 

chemical components in Corexit could be used to confirm the involvement of the β-oxidation 

pathway in their degradation as well as to identify which organisms are participating in their 

degradation, such as the suspected genus Colwellia.3,5-7

The identified contents and minimal performance of OSEII in supporting biodegradation 

within the span of the incubation series underscores the need for NCP-designated products to 

undergo a more rigorous evaluation prior to their use in spill response. Independent third-party 

studies should be conducted to evaluate the efficacy of these products in mitigating oil spills, 

either through bioremediation or other mechanisms, as well as their toxicity or other negative or 

unintended effects that may occur in situ. Ideally, NCP products should also specify which 

environments are appropriate for their use and supported by peer-reviewed published research, 

such as the effectiveness of OSEII, which has been reported in soils8,9 but, to date, not in marine 

waters. More thorough reporting on the chemical composition of spill response products is also 

recommended in order to ensure that products are listed appropriately on the NCP, given that in 

the case of OSEII it is currently classified as an enzyme additive, yet we found it to contain other 

components in higher concentrations than the enzymes including numerous organic compounds 

and inorganic nutrients.

When considering the use of an oil spill response chemical, it is important to consider 

whether the product will further disrupt the environment beyond the primary effects of an oil 

spill. Both Corexit 9500 and OSEII induced microbial community shifts distinct from the 

unamended controls when applied to seawater, both in the absence and presence of oil. The most 

notable changes included increases in the relative abundances of heterotrophs Colwellia and
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Moritella, which likely were enriched during biodegradation of the labile components of the 

products, and in the case of OSEII, were correlated with a slightly reduced enrichment of oil

degrading taxa like Oleispira when compared to oil alone. Understanding how different taxa 

respond to oil spills and product application may aid in ecological monitoring efforts evaluating 

the extent of applied product distribution and transport as well as to monitor the successional 

state of the microbial ecosystem as it relates to oil biodegradation and the return to its pre-spill 

composition and function.

Together, these findings add to the existing body of knowledge of our understanding of 

oil spill biodegradation and bioremediation processes in seawater at a chemical and microbial 

level. This information may ultimately lead to more informed policy- and decision-making for 

remediation of future oil spills to achieve the greatest net environmental benefit10 possible in the 

marine ecosystems within and beyond the Arctic.
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