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Abstract

As oil and gas production continues in the Arctic, oil exploration and shipping traffic
have increased due to the decline of Arctic sea ice. This increased activity in the Arctic Ocean
poses a risk to the environment through the potential release of oil from cargo ships, oil tankers,
pipelines, and future oil exploration. Understanding the fate of oil is crucial to understanding the
impacts of a spill on the marine ecosystem. Previous oil biodegradation studies have
demonstrated the ability of Arctic and sub-Arctic microorganisms to biodegrade oil; however,
the rate at which oil degrades and the identity of indigenous oil-degrading microorganisms and
functional genes in Arctic seawater remain unknown. In addition to oil, it is also important to
understand the fate and effects of chemicals potentially used in oil spill response. Corexit 9500 is
a chemical dispersant that is pre-approved for use in sub-Arctic seawater and is likely the
dispersant of choice for spill responders in Arctic offshore environments. Currently no literature
exists concerning the biodegradation of Corexit 9500 in Arctic seawater.
Here we investigate the fate of oil, chemically dispersed oil, and the chemical
dispersant, Corexit 9500, in laboratory mesocosms containing freshly collected Arctic surface
seawater. The objectives of these experiments were to calculate the extent and rate of
biodegradation (based on GC/MS & LC/MS/MS analysis) and to identify bacteria (determined
using 16S rRNA gene sequencing) and genes (based on GeoChip 5.0 microarray) potentially
involved in the biodegradation process. Indigenous microorganisms degraded both fresh and
weathered oil, in both the presence and absence of Corexit 9500, with oil losses ranging from 36
41% within 28 days and 46-61% within 60 days. The biodegradation of the active components of
Corexit 9500, which are dioctyl sodium sulfosuccinate (DOSS) and non-ionic surfactants, was
also measured after 28 days. Biodegradation of DOSS was 77% in offshore seawater and 33% in
nearshore seawater. Non-ionic surfactants were non-detectable after 28 days. Taxa known to
include oil-degrading bacteria (e.g. Oleispira, Polaribacter, and Colwellia) and oilbiodegradation genes (e.g. alkB) increased in relative abundance in response to both oil and
Corexit 9500. These results increase our understanding of oil and dispersant biodegradation in
the Arctic and suggest that some bacteria may be capable o f biodegrading both oil and Corexit
9500.
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We also sought to understand baseline abundances of taxa known to include oildegrading bacteria and functional genes involved in oil biodegradation in an offshore oil lease
area. Aerobic oil-degradation genes (based on GeoChip 5.0 microarray) and taxa (determined
using 16S rRNA gene sequencing) known to include oil-degrading bacteria were identified in
seawater from the surface, middle, and bottom of the water column. Bacterial community
structure differed significantly by depth (surface water vs. bottom water), while the relative
abundance of major functional gene categories did not differ with depth. These findings support
previous observations that two different water masses contribute to a stratified water column in
the summer open-water season of the oil lease area, but indicate that potential function is fairly
similar with depth. These results will contribute to understanding the potential for oil
biodegradation throughout the Arctic water column and the fundamental microbial ecology of an
offshore oil lease area.
Together, these mesocosm experiments and in situ studies address important data gaps
concerning the fate of spilled oil and Corexit in Arctic seawater. These results provide novel
insight into the ability of Arctic bacteria to biodegrade crude oil and Corexit 9500, and suggest
similarities between Arctic and temperate deep-sea environments in regards to taxa and
functional genes that respond to oil and Corexit.
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Chapter 1: General Introduction

Summer sea ice coverage in the Arctic has reached the lowest extent on record and
continues to decline at a rate such that some models predict an ice-free Arctic by 2040 (Comiso
et al., 2008; Holland et al., 2006). Areas that were once covered in ice year round are now
accessible for shipping, tourism, and oil and gas exploration. This projected rise in activity
increases the risk of oil spills and generates the need to advance environmental research to
address data gaps regarding appropriate spill responses in Arctic marine environments.
Oil-degrading microorganisms have been discovered from pole to pole and are thought
to be ubiquitous (Schneiker et al., 2006; Head et al., 2006; Yakimov et al., 2007). In a variety of
environments, both terrestrial and marine, microorganisms have evolved over time to utilize
petroleum hydrocarbons as a source of carbon and energy (Prince et al., 2010). Natural oil seeps
have been discovered throughout the W orld’s oceans, including in the Arctic (NRC, 2003), and
these seeps continue to enrich oil-degrading microorganisms (Prince & Clark, 2004). With the
advent of DNA sequencing technologies, indigenous oil-degrading bacteria in deep-sea and in
temperate environments have been identified (Hazen et al., 2010; Chakraborty et al., 2012), but
relatively little is known about the potential for Arctic marine bacteria to degrade oil.
When an oil spill necessitates a response, spill responders have three main options.
Depending upon the conditions, these techniques are usually applied concurrently with no single
response option applicable to all situations. With the aid of specifically engineered booms or
herders, floating oil can be mechanically recovered (e.g. skimmers), or burnt (i.e. in situ burning)
(Fingas, 2016). In addition, with the aid of aircraft or large boats affixed with sprayers, floating
oil can also be dispersed into the water column with chemical dispersants. Corexit 9500 is the
chemical dispersant most likely to be chosen for use in the Arctic Ocean due to its prior approval
in subarctic Alaskan waters (ARRT, 2016) and reported effectiveness in temperate environments
(Bejarano et al., 2013). When dispersants are applied to an oil spill, the concentrated oil slick is
mixed into the water column as tiny droplets with the help of physical energy, such as wave
action. The formation of these droplets is essential to the biodegradation process, as they increase
the surface area available to oil-degrading microorganisms and can significantly increase oil
biodegradation (Brakstad et al., 2015; Prince & Butler, 2014). Testing these response options in
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environmentally relevant conditions and communicating these results to responders is critical to
an efficient emergency response.
This dissertation addresses data gaps concerning the biodegradation of oil and Corexit
9500 in the Arctic Ocean. The fate and effects of chemically dispersed oil in the Arctic
environment has recently been identified as a recommendation for future research by the
National Academy of Sciences (NRC, 2014). The research herein reports rates at which whole
oil and Corexit biodegrade in Arctic seawater and identifies bacteria and genes potentially
involved in the biodegradation of oil and Corexit. Using a combination of laboratory mesocosms
and in situ measurements; physical, chemical, and genetic analyses were conducted to
understand the fate of oil and Corexit and the impact that these mixtures have on bacterial
community structure and functional potential, as well as to survey an offshore oil lease area for
the organisms and genes important to oil biodegradation. To my knowledge, these experiments
are the first to use freshly collected Arctic seawater containing indigenous microorganisms to
address these data gaps. Overall, these results indicate that significant oil and Corexit
biodegradation can occur in the Arctic Ocean without adding large amounts of nutrients or
microbial cultures.
This dissertation includes three research-based chapters. Chapter 2 describes the
biodegradation of Alaska North Slope (ANS) crude oil by indigenous Arctic marine
microorganisms in nearshore Arctic seawater in the presence and absence of added nutrients. At
-1°C, primary biodegradation (total measureable and many individual hydrocarbons) and
mineralization were measured in mesocosms that mimicked environmental conditions following
a successful dispersion of a surface oil slick. Arctic microorganisms significantly degraded both
fresh and weathered oil, in both the presence and absence of Corexit 9500. In addition, this study
was the first to report the ability of indigenous Arctic marine microorganisms to mineralize
Corexit 9500. This chapter provides novel insight into the extents of biodegradation at one o f the
lowest temperatures ever reported, -1°C.
Chapter 3 details the biodegradation of ANS crude oil and Corexit 9500 in Arctic
surface seawater collected from: (1) an offshore oil lease area (Burger; ~90 km from
Wainwright, AK) and (2) a nearshore location (~1 km from Barrow, AK). This nearshore
location is similar to the location where the seawater for Chapter 2 was collected. Mesocosm
studies were conducted using freshly collected seawater spiked with either oil or Corexit to
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determine rates of biodegradation and effects on natural Arctic bacteria. This chapter contains
the first report of biodegradation rates of oil (total measurable hydrocarbons) and Corexit
components (dioctyl sodium sulfosuccinate, DOSS, and the non-ionic surfactants) in Arctic
seawater. Abundances of total prokaryotes, as well as bacterial community structure (using 16S
rRNA gene sequencing) and functional genes known for oil-biodegradation (e.g. alkB, using the
GeoChip 5.0 microarray) were compared between oil and Corexit incubations. In the natural
seawater, both oil and Corexit enriched some of the same bacterial ‘species’ (97% similarity) and
genes known to biodegrade oil, but overall Corexit was shown to enrich a greater abundance of
prokaryotes compared to oil. These results suggest that some bacteria may be capable of
biodegrading both oil and Corexit.
The final research chapter, Chapter 4, builds upon the mesocosm studies described in
Chapters 2 and 3 by reporting in situ oil biodegradation potentials in the Arctic Ocean. In an
offshore oil lease area, I characterized the bacterial community structure (using 16S rRNA gene
sequencing) and detected the relative abundance o f functional genes (using the GeoChip 5.0
microarray), including oil biodegradation and biogeochemical cycling (carbon, nitrogen, and
phosphorus cycling) genes in surface, middle, and bottom seawater samples. These data were
then correlated to physical and biogeochemical measurements within the oil lease area. Oildegrading genes and taxa known to contain species able to biodegrade oil were located
throughout the water column in relatively similar abundances. These findings support previous
observations that two different water masses contribute to a stratified water column in the
Chukchi Sea during the summer open-water season. The overall genetic potential for oil
biodegradation or biogeochemical cycling was not affected by stratifications in temperature,
water chemistry, and bacterial community structure. These baseline community trends may be
useful to those assessing the effects of climate change and oil exploration on microbial
communities in the Chukchi Sea.
The primary objectives o f this dissertation were to (1) quantify the biodegradation of oil
and the chemical dispersant Corexit 9500 by indigenous Arctic marine microorganisms, (2)
characterize the effects o f oil and Corexit on bacterial community structure, (3) determine the
identity of biodegradation genes potentially utilized by indigenous Arctic marine bacteria when
biodegrading oil or Corexit, and (4) contribute to an ecological baseline analysis of an offshore
oil lease area by documenting bacterial community structure and functional potential to
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biodegrade oil and cycle nutrients. Together, these results provide novel insight into the
biodegradation of crude oil and Corexit 9500 by Arctic microorganisms and contribute to
comprehensive oil spill research recommended by the National Academy of Sciences to assess
oil spill response technologies in the Arctic marine environment.
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Chapter 2: Biodegradation of Dispersed Oil in Arctic Seawater at -P C 1

Abstract
As offshore oil and gas exploration expands in the Arctic, it is important to expand the scientific
understanding of Arctic ecology and environmental impact to mitigate operational risks.
Understanding the fate of oil in Arctic seawater is a key factor for consideration. Here we report
the chemical loss due to the biodegradation of Alaska North Slope (ANS) crude oil that would
occur in the water column following the successful dispersion of a surface oil slick. Primary
biodegradation and mineralization were measured in mesocosms containing Arctic seawater
collected from the Chukchi Sea, Alaska, incubated at -1°C. Indigenous microorganisms degraded
both fresh and weathered oil, in both the presence and absence of Corexit 9500, with oil losses
ranging from 46-61% and up to 11% mineralization over 60 days. When tested alone, 14% o f 50
mg/L Corexit 9500 was mineralized within 60 days. Our study reveals that microorganisms
indigenous to Arctic seawater are capable of performing extensive biodegradation of chemically
and physically dispersed oil at an environmentally relevant temperature (-1°C) without any
additional nutrients.

1 McFarlin KM, Prince RC, Perkins R, Leigh MB. (2014). Biodegradation of dispersed crude oil in Arctic seawater
at -1°C. PLoS ONE 9:e84297
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Introduction
As the oil and gas industry continues offshore exploration in the Arctic, it is imperative
to base design and operational plans on a deep scientific understanding of the Arctic ecology and
the potential environmental impact in order to mitigate risks. The Arctic’s fragile environment
and sensitive ecology present unique challenges. Understanding the rate and extent of oil
biodegradation in cold-water environments is a key factor for consideration. Biodegradation is
generally believed to be the dominant process that removes petroleum compounds from the
environment [1], but the process has not been thoroughly studied in the Arctic, and questions
remain as to whether biodegradation is a significant process in cold conditions [2].
Microorganisms capable of using hydrocarbons as a source of carbon and energy are diverse and
widespread [3], including in the Arctic [4] and other cold environments [5-8].
Dispersant application is a potential oil spill response option in Arctic marine
environments. Corexit 9500 has been shown to be effective in dispersing Alaska North Slope
(ANS) crude oil in a large outdoor wave tank at temperatures ranging from 0-3°C [9]. When
Corexit 9500 was widely applied to the Deepwater Horizon spill, some research suggested that
the dispersant was not toxic to the indigenous Gulf of Mexico microorganisms and that some
bacterial species were capable of degrading various components of the dispersant [10]. However,
little is known about the degradation of Corexit 9500 and dispersed oil in the Arctic marine
environment.
When a dispersant is applied to an oil slick it reduces the interfacial surface tension
between the water and the oil, allowing the oil to become mixed into the water column as tiny (1
70 |im) droplets [11] with mild wave action. The creation of small oil droplets increases the
surface area available for microbial colonization [12] and can significantly increase
biodegradation [11, 13-16]. The localized concentration of oil drastically decreases as it is
chemically dispersed into the water column and has been reported to range from 1-15 mg/L
beneath (1-5 m) oil slicks treated with dispersant within a few hours after the application [13, 17
19]. This study aimed to assess the biodegradation of oil at concentrations that are expected in
the water column following successful dispersion in the Chukchi Sea.
Several laboratory studies have investigated sub-Arctic oil biodegradation in Alaska
[20, 21], Canada [5], and Arctic and sub-Arctic Norway [6, 8, 22], but with diverse experimental
methodologies, making direct comparisons of biodegradation data challenging. Previous studies
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have used a range of oil loadings and in some cases the addition of enrichment cultures and/or
high quantities of nutrient amendments. Most experiments have been conducted using high
dispersed-oil concentrations (100-900 mg/L) [19, 21, 23], while few studies have focused on the
low dispersed-oil concentrations (1-15 mg/L) that soon occur beneath a dispersed slick [13, 17
19]. Other studies have supplemented oil incubations with large quantities of nutrients, which
accelerate biodegradation rates [24-26] but may create an experimental system that does not
accurately represent environmental conditions.
This study measures the biodegradation of Alaska North Slope crude oil [27] that would
occur in the water column following a successful application of Corexit 9500 to a surface oil
slick. Arctic seawater with its indigenous microbial community was collected and experiments
were conducted at the temperature of the water at the time of collection (-1°C) with natural or
slightly enhanced nutrient levels. Biodegradation was measured using respirometry and gas
chromatography-mass spectrometry (GC-MS) analysis.
Methods
Field studies did not involve endangered or protected species. Water collection did not require
specific permission because the Chukchi Sea is not a federal or state protected area.
Seawater collection
Seawater (free of slush and ice) was collected from the eastern edge of the Chukchi Sea,
approximately 2.5 km East of where the Chukchi Sea meets the Beaufort Sea. Samples were
collected 1 km from Barrow, AK (N 71°21’43”, W 156°40’13”) from beneath 1 m of ice.
Seawater was immediately transferred to the laboratory cold-room in clean Nalgene®
rectangular carboys and aerated with aquarium air stones until test initiation. The test waters did
not contain visible particulates and were not filtered. Measured seawater quality parameters at
collection included pH (8.05), temperature (-1°C), dissolved oxygen (11.6 mg/L) and salinity (33
ppt). Nutrient levels (nitrate, nitrite, and ammonia) were below detection limits by simple
colorimetric tests (DR/850, Hach, Colorado).
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Experimental environmental parameters
All incubations were performed in a cold room, which was kept at -1 °C, and under low
light (Photosynthetically Active Radiation (PAR) of 1.83 n m o l^ s '^ m '2; LI-193SA Spherical
Quantum Sensor, LI-COR, Nebraska).
Oil and dispersant
A single batch of Alaska North Slope (ANS) crude oil was collected from the Alyeska
terminal in 2009. Some was artificially weathered by allowing a known weight of static fresh oil
to evaporate (at room temperature) in a fume hood until it had lost 20% of its initial mass to
approximate oil that might have been floating at sea for 12-24 hours [28]. The dispersant used in
this study was Corexit 9500 [29]. Because of the small volumes involved, oil and dispersant
were premixed before addition to the experimental chambers. The biodegradation of dispersed
oil was tested at 1:20 and 1:15 dispersant to oil ratios (DORs) and the mineralization of Corexit
9500 alone was measured at 50 mg/L. The 1:20 DOR application rate is the target ratio in oil
spill response, although ratios as high as 1:10 have been required with more emulsified and
viscous heavy oils [19].
Biodegradation experiments
Low concentrations of oil were tested (2.5 mg/L and 15 mg/L) in order to assess the
biodegradation of dispersed oil at concentrations that are expected to approach those found in the
water column after successful dispersion. Two methods were used to quantify the biodegradation
of oil. The first measured the primary biodegradation of the oil, i.e. the chemical disappearance
of specific hydrocarbons, monitored with respect to a conserved internal marker within the oil
(hopane) [30]. Primary biodegradation was measured in open top mesocosms (2.5 mg/L oil in 4
L of unamended seawater) and closed respirometer flasks (15 mg/L oil in 900 ml seawater +
nutrients). Respirometer flasks contained their own oxygen generation system. The second
method measured the mineralization of oil to CO 2 and H 2 O with an electrolytic respirometer
(Co-ordinated Environmental Service; Kent, England) and required the use of higher oil
concentrations (15 mg/L oil in 900 ml seawater + nutrients) because of the detection limits of the
instrument. Preliminary experiments indicated that the biodegradation of such concentrations (15
mg/L) would likely be limited by the availability of nitrogen and phosphorus in the seawater, so
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low levels of nutrients (16 mg/L Bushnell Haas Broth [31]) were added to respirometer flasks,
providing 75 |iM phosphate, 49 |iM nitrate and 76 |iM ammonium. For comparison, Codispoti et
al. [32] measured background nutrient levels adjacent to Point Barrow and reported 0.8 |iM
phosphate, 6 |iM nitrate and 6 |iM ammonium in summer surface seawater.
All treatments were continuously mixed (400 rpm) using Teflon coated stir-bars.
Respirometer experiments were carried out in general agreement with the Organization for
Economic Cooperation and Development 301F [33] guidelines for biodegradation testing, with
the omission of a microbial inoculum. Mineralization was determined as a function of the
sample’s theoretical oxygen demand (ThOD): the amount of O 2 required to mineralize the
sample. ThOD was calculated based upon analytical measurements of the substrate’s elemental
composition (QTI, Whitehouse, NJ): ANS crude oil contained 84.9% carbon, 12.0% hydrogen,
and 0.39% nitrogen (ThOD = 3.32 mg O 2 /mg oil), while oil plus Corexit 9500 (20:1) contained
83.8% carbon, 11.6% hydrogen, and 0.32% nitrogen (ThOD = 3.30 mg O 2 /mg dispersed oil).
Positive controls for the respirometry contained either sodium benzoate or peptone at 50 mg/L.
Negative controls for the respirometry experiments contained seawater and 0.5% BH with no oil
or dispersant addition. Materials necessary for sterile controls were unavailable in our remote
Arctic research facility. The minimal respiration measured in the negative controls (3 replicates)
was subtracted from all respirometer treatments.
Oil analyses
Petroleum hydrocarbons were extracted from all experimental incubations and analyzed
with GC-MS as described by Douglas et al. [34]. Oil biodegradation was determined with
respect to 17a(H),21P(H)-hopane as a conserved internal marker within the oil [30]. Each
experimental container was extracted three times with methylene chloride. The combined extract
was concentrated to a nominal concentration of approximately 10 mg/ml by evaporation to a
small volume (but not to dryness), then dried of water and filtered by passage through a column
of anhydrous sodium sulfate. All treatments were analyzed for total detectable hydrocarbons as
well as individual aromatics and alkanes.
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Statistical analyses
Levene's test for equality of variances and the t-test for equality of means were
performed with a 95% confidence interval using a statistical package for social science, version
16 (SPSS Inc., Chicago, IL, USA).
Results and Discussion
The primary goal o f this study was to quantify the chemical loss due to the
biodegradation of dispersed oil at low temperature by indigenous microorganisms in Arctic
seawater. Extensive biodegradation of ANS crude oil occurred at -1°C, both in the presence and
absence of the dispersant Corexit 9500 (Figure 2-1). By the end of the incubation period (~60
days), 46-61% o f total measurable oil was lost (Figure 2-2, Table 2-1). Percent losses were
affected by prior weathering of oil and by the presence of Corexit 9500.
As reported by Venosa and Holder [21] at warmer temperatures, Corexit 9500 initially
enhanced the rate of biodegradation, although differences between treatments with and without
Corexit became smaller as time progressed (Figure 2-2). At the end o f the experiments (56-63
days), the indigenous Arctic microbial community (in incubations containing 2.5 mg/L fresh and
weathered oil), had biodegraded almost 100% of heptadecane, octadecane, and individual
aromatics; including EPA listed priority pollutants (Figures 2-3 & 2-4) regardless of the presence
of Corexit 9500. In addition, the complete loss of phenanthrene, C-1 phenanthrenes,
dibenzothiophenes and C1-dibenzothiophenes was observed with or without Corexit in fresh oil
incubations (Figure 2-4). The loss of C2-phenanthrenes was close to 90%, while almost 80% of
C2-dibenzothiophenes was removed, as was approximately 60% o f benz[a]anthracene (Figure 2
4). In addition, the indigenous microbial community was able to biodegrade the four-ringed
PAH, chrysene (Figure 2-4). As expected, the degradation rates were lower for chrysene than for
the lower molecular weight compounds (e.g., naphthalene, phenanthrene; Figures 2-3 & 2-4).
The patterns of petroleum hydrocarbon biodegradation observed in these experiments were
similar to those observed previously in both sub-Arctic and temperate conditions [34]; with the
shorter, straight-chained alkanes more readily degraded than longer n-alkanes and branched
alkanes, lower molecular weight PAHs more readily degraded than higher molecular weight
PAHs, and parent PAHs degraded before their alkylated homologues.
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It is not surprising that at such low oil concentrations only small differences in
biodegradation were observed with the addition o f Corexit 9500, although some have expressed
concern that Corexit might be inhibitory [20, 35]. The desire to test equivalent oil loadings for
both dispersant-treated and untreated mesocosms resulted in both treatments having very similar
quantities of dispersed oil, as the small volumes of oil added to the mesocosms dispersed
naturally without Corexit addition due to the physical mixing. In the environment, it is unlikely
that a large oil slick would be physically dispersed to these low concentrations without dispersant
application. The important finding of this work is that indigenous Arctic marine microorganisms
are capable o f extensive biodegradation of dispersed oil, regardless of whether physically or
chemically dispersed. We note, though, that dispersants such as Corexit 9500 dramatically
increase the amount of dispersed oil in the water column, and minimize surface slicks.
The oil losses detected in this study are primarily due to biodegradation, although
volatilization may be responsible for a portion of the loss of low molecular weight compounds in
fresh oil. The chromatograms shown in Figure 2-1 are normalized to an internal marker within
the oil (17a(H),21P(H)-hopane) [30], so the losses represent the primary biodegradation of total
extractable hydrocarbons rather than, for example, physical loss due to poor extraction. In
addition to normalizing GC-MS data to conservative markers, such as hopane, reporting ratios of
degradable hydrocarbons (alkanes or PAHs) to recalcitrant hydrocarbons (isoprenoids) has also
been used as a measure of biodegradation [15, 36, 37]. Table 2-2 summarizes the C 18 to phytane
ratio at 10, 28 and 63 days in mesocosms containing 2.5 mg/L of oil with and without Corexit
9500. The ratio decreases with time, as expected during biodegradation.
Biodegradation of dilute oil is extensive in temperate [38, 39], tropical [40] and Arctic
environments (this study), although the rates of biodegradation vary based on region. By the end
of our incubations (~60 days), 46-61% o f total GC-detectable oil had been lost (Figure 2-2).
Thus the overall ‘half-life’ of crude oil in the Chukchi Sea at -1°C, when present at low
concentrations (2.5-15 mg/L), was on the order of 60 days. Using the same methods as our study,
Prince et al. [39] measured an 82-88% loss of weathered ANS crude oil without and with Corexit
9500 in incubations with New Jersey seawater at 8°C after 60 days. They also measured the
percent loss of fresh oil and concluded that 81-82% of oil was lost after 41 days, which
corresponds to an 11-14 day half-life with and without Corexit, respectively. Zahed et al. [40]
also measured the half-life and percent loss of crude oil (100 mg/L) in incubations with
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indigenous seawater enrichment cultures from Butterworth, Malaysia with and without Corexit
9500 at 28°C. In tropical seawater and with a light crude oil, they reported a maximum loss of 67
and 64% of total petroleum hydrocarbons over 45-day incubations, with half-lives of 28 and 31
days, respectively. Hazen et al. [38] reported half-lives of soluble alkanes in MC252 oil
dispersed with Corexit 9500 in the Deepwater Horizon subsurface (1099-1219 m) plume to range
from 1.2-6.1 days at a temperature o f 5°C. O f course the half-life of petroleum does not predict
the persistence of total oil, as the low molecular weight hydrocarbons are more readily
biodegraded than the larger compounds. Half-life measurements are dependent on many factors,
with oil concentration and composition being very important, making direct comparisons among
different studies using different oil loadings and types challenging. However, all these studies
show that indigenous microbial communities are able to degrade a substantial amount of
petroleum in tropical, temperate and Arctic environments.
Crude oils are very dense sources of carbon and energy that provide no biologically
available nitrogen or phosphorus, which are essential for microbial growth. If oil is stranded on
shorelines, this limitation can be overcome by the application of fertilizers [41], even in the
Arctic [42]. When successfully applied to an oil slick, dispersants dilute the oil so that the natural
background levels of nutrients in the sea may support the microbial community during oil
biodegradation [39]. In our 60-day experiments, 4 L mesocosms containing 2.5 mg/L oil and no
added nutrients exhibited similar oil biodegradation extents as smaller (900 ml) respirometer
flasks containing 15 mg/L oil and additional nutrients (16 mg/L Bushnell Haas medium).
Because the aim of the study was to replicate environmental conditions as much as possible,
higher concentrations of nutrients were not tested to evaluate whether additional nutrients might
accelerate biodegradation.
In addition to measuring primary biodegradation (loss of individual chemicals) using
GC/MS, we also measured mineralization (i.e. the complete respiration of substrate to CO 2 and
H 2 O) with respirometry. Although primary biodegradation was slightly enhanced by Corexit
9500 (Figure 2-2), no stimulatory effect of the dispersant was observed for mineralization
(Figure 2-5). The indigenous microbial community mineralized 11% of weathered crude oil (15
mg/L) after 56 days in both physically and chemically dispersed treatments. Lindstrom and
Braddock [20] compared the mineralization of oil with and without dispersant using a microbial
enrichment culture from a sub-Arctic spill site, and similarly concluded that Corexit 9500 had
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little effect on mineralization. Baelum et al. [15] also saw no significant difference in
mineralization rates in incubations containing MC252 oil with and without Corexit 9500 at 5°C
after 20 days, but reported a significant increase in primary biodegradation (60% vs. 25%) with
the addition of Corexit.
There are several factors contributing to the fact that percent mineralization will likely
always be lower than primary degradation. One is that oil-degrading bacteria utilize petroleum as
a carbon source, integrating a portion of hydrocarbon metabolites directly into biomass [43-45].
Another is that GC analyses only measure a fraction of the hydrocarbons in most oils, while
percent mineralization is based on total oil. The resin and polar fractions of the oil [46] are not
significantly volatile, and do not enter the GC column, and nor do hydrocarbons with more than
about 40 carbon atoms. All of these molecules are expected to degrade more slowly than
hydrocarbons with <30 carbon atoms, although evidence is accumulating that resins and
asphaltenes are at least partially degradable [47, 48]. Taking these two effects into consideration,
our respirometry data are not inconsistent with our GC data.
Biodegradation of the dispersant alone was also examined using respirometry. Primary
biodegradation of Corexit 9500 was not assessed, since solvent extraction and the GC/MS
methods used in this study do not accurately measure all the components present in the
dispersant. The concentration of Corexit 9500 (50 mg/L) in dispersant-only incubations was
considerably higher than the concentration of Corexit in chemically dispersed oil incubations
(0.75 mg/L) to enable detection of mineralization, and mineralization may have been nutrient
limited due to the use of such a high concentration in our low-nutrient incubations. Nevertheless,
approximately 14% of Corexit 9500 (50 mg/L) was mineralized by the indigenous Arctic marine
microbial community within 60 days at -1°C (Figure 2-5). Incubations with Corexit 9500 alone
(50 mg/L) consumed more oxygen and at a much faster rate than treatments containing oil (15
mg/L oil + 0.75 mg/L Corexit). The rate of oxygen consumption in the Corexit 9500 treatment
(50 mg/L) was the greatest over the first 10 days, while the treatments containing 15 mg/L
weathered ANS and weathered ANS plus Corexit (15 mg/L oil + 0.75 mg/L Corexit) reached a
maximum rate of oxygen consumption between day 12 and day 16, respectively. Almost no lag
period was observed for the mineralization of Corexit 9500 alone (Figure 2-5), suggesting that
the indigenous microbial community can readily initiate biodegradation of at least some
components of the dispersant. The overall mineralization pattern of ANS and Corexit observed in
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these experiments are similar to the results of Lindstrom and Braddock [20], who reported that
Corexit 9500 was mineralized faster than fresh ANS crude, which in turn was mineralized faster
than weathered ANS crude. Future studies using analytical methods capable of measuring
chemical losses of dispersant components, such as LC-MS, would enable a more thorough
understanding of Corexit 9500 biodegradation.
Conclusions
To our knowledge, this is the first study to measure the biodegradation of a crude oil,
with and without a dispersant, at environmentally relevant concentrations [17] by an indigenous
Arctic microbial community at sub-zero temperatures. Microorganisms indigenous to the
Chukchi Sea were found to degrade both fresh and weathered crude oil in the presence and
absence of Corexit 9500 at -1°C, with oil losses ranging from 46-61% and up to 11%
mineralization over 60 days. Weathered ANS dispersed with Corexit 9500 underwent a 57%
loss in Arctic seawater after 60 days in our experiment, but experienced an 88% loss in New
Jersey seawater in the same time [39]. These experiments suggest that in the Arctic, ANS crude
oil degrades more slowly than oil in temperate regions, but that oil losses were still substantial
even at -1°C. There is evidence that Corexit 9500 initially stimulated oil biodegradation (Figures
2-1 & 2-2), but, as expected, its effects were minimal in longer-term incubations. We conclude
that the biodegradation o f oil in Arctic seawater is extensive at -1°C, and that the biodegradation
of dilute, dispersed oil is not inhibited by the presence of Corexit 9500. Although no microbial
analyses are reported, it is apparent that the chemical loss of oil is indeed microbial. The
respiration measured in all treatments could only be the result of indigenous microorganisms
mineralizing oil and/or dispersant, since the minimal respiration measured in the background
controls (seawater + nutrients) was subtracted from the respiration measured in the treatments
(seawater + nutrients + oil and/or dispersant). Furthermore, the selective disappearance of some
chemicals before others, whether referred to hopane, or for example the older C 18 to phytane
ratio, is a diagnostic for biodegradation [49]. Future work will focus on biodegradation rates in
offshore Arctic oil lease areas and on the identification of microorganisms and genes active in
biodegradation. Additional research in the Arctic is needed to address the behavior and
biodegradation of oil spilled in ice-covered waters.
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Figures

Figure 2-1. GC-MS total ion chromatograms. Open top mesocosm incubations contained an
initial loading of 2.5 mg/L ANS crude oil without and with Corexit 9500 (1:15 DOR), and no
added nutrients. Chromatograms show the pattern of biodegradation after 10 days, 28 days and
63 days.
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Figure 2-2. Primary biodegradation as measured by loss of total measurable petroleum
hydrocarbons at -1°C. The higher concentrated (15 mg/L) weathered oil treatments contained a
small amount of nutrient supplementation (16 mg/L Bushnell Haas), and were incubated in a
sealed flask for parallel respirometry measurements (Figure 2-4). All other treatments had no
added nutrients and were open to the atmosphere. Results are normalized to hopane. Standard
deviations are reported in Table 2-1. *Denotes a significant difference between treatments with
and without Corexit 9500 for each test (p < 0.05).
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Figure 2-3. Percent loss o f weathered oil after 56 days without nutrient addition at -TC. Open
top mesocosms contained an initial concentration of 2.5 mg/L o f 20% weathered oil with and
without the chemical dispersant Corexit 9500 at a 1:20 DOR. Standard errors are displayed.
Results are normalized to hopane. *Denotes a significant difference between treatments with and
without Corexit 9500 (p < 0.05).
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Figure 2-4. Percent loss o f fresh oil after 63 days without nutrient addition at -TC. Open top
mesocosms contained an initial concentration o f 2.5 mg/L of fresh oil with and without the
chemical dispersant Corexit 9500 at a 1:15 DOR. Standard errors are displayed. Results are
normalized to hopane. No significant differences (p < 0.05) were observed.
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Figure 2-5. Percent mineralization at -1°C. Sealed respirometer experiments contained Corexit
9500 (50 mg/L) alone or 20% weathered ANS crude (15 mg/L) with and without Corexit 9500
(1:20 DOR). All treatments contained seawater and 16 mg/L of Bushnell Haas.
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Tables
Table 2-1. Mineralization and primary biodegradation of Corexit 9500 and ANS crude oil as
determined by respirometry and GC-MS analysis. All treatments were incubated at -1°C.
Bushnell
Haas
(mg/L)

Dispersant
Concentration
(mg/L)

Oil
Concentration
(mg/L)

% Loss of
Detectable
Hydrocarbons

%
Mineralized

Corexit Only

0.016

50.0

na

nm

14

20% Weathered

0.016

na

15

46 ± 5.1

11

20% W eathered + Corexit (1:20 DOR)

0.016

0.750

15

55 ± 1.5*

11

Test
ID

Treatments

Respirometer Flasks (900 ml seawater)
R2
R1

Mesocosms (4 L seawater)
Fresh Oil

na

na

2.5

58 ± 10

nm

Fresh Oil + Corexit (1:15 DOR)

na

0.167

2.5

61 ± 0.45

nm

20% W eathered

na

na

2.5

48 ± 1.5

nm

20% W eathered + Corexit (1:20 DOR)

na

0.125

2.5

57 ± 4.2*

nm

M2

M1

*Denotes significant difference (p < 0.05) between treatments in each test, na: not applicable,
nm: not measured. Standard deviations are presented for primary biodegradation.
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Table 2-2. Biodegradation index (C18 / Phytane) of mesocosms containing 2.5 mg/L fresh ANS
crude oil without nutrient addition incubated at -1° with and without Corexit 9500 (DOR 1:15)
analyzed at 10, 28 and 63 days.
C18 / Phytane
Crude Oil

Crude Oil +
Corexit 9500

Initial Oil

1.8 ± 0.03

1.8 ± 0.03

10-day

1.7 ± 0.04

0.97 ± 0.13

28-day

0.098 ± 0.1

0.082 ± 0.02

63-day

0.009 ± 0.004

0.003 ± 0.0001
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Chapter 3: Biodegradation of Crude Oil and Corexit 9500 in Arctic seawater1

Abstract
The need to understand the biodegradation of oil and chemical dispersants in Arctic marine
environments is increasing alongside growth in oil exploration and marine transport. The rates at
which oil and Corexit 9500 biodegrade in Arctic seawater and the microorganisms and genes
involved have yet to be identified. We conducted incubation experiments with Arctic seawater to
determine the chemical loss of crude oil and Corexit 9500 over time, as well as associated shifts
in bacterial community structure (16S rRNA genes) and abundance of biodegradation genes
(GeoChip 5.0 microarray). In separate incubations, the indigenous microbial community
biodegraded 36% (k = 0.010 day-1) and 41% (k = 0.014 day-1) of crude oil within 28 days, and
biodegraded 77% and 33% (k = 0.015 day-1) of dioctyl sodium sulfosuccinate (DOSS) within 28
days. Non-ionic surfactants were non-detectable at 28 days. More microorganisms grew in
response to Corexit than oil alone within 28 days. Taxa known to include oil-degrading bacteria
(e.g. Oleispira, Polaribacter, and Colwellia) and oil-biodegradation genes (e.g. alkB) increased
in relative abundance in response to both oil and Corexit 9500. These results increase our
understanding of oil and dispersant biodegradation in the Arctic and suggest that some bacteria
may be capable of biodegrading both oil and Corexit 9500.

1 McFarlin KM, Perkins MJ, Field JA, Leigh MB. (2017). Biodegradation of crude oil and Corexit 9500 in Arctic
seawater. (prepared for submission: Environmental Science & Technology)
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Introduction
As Arctic sea ice cover retreats due to climate change (Comiso et al., 2008), oil
exploration and shipping traffic have increased (NRC, 2014) and so has the probability of oil
spills (BOEM, 2015). One oil spill response option is the use of dispersants. Dispersants have
been applied to oil spills worldwide (Chapman et al., 2007), with substantial applications in the
Gulf of Mexico (Deepwater Horizon oil spill, > 43,000 barrels; National Commission, 2010) and
England (Sea Empress incident, > 3,000 barrels; Lunel et al., 1997). When applied to a surface
oil slick, surfactant compounds within dispersants reduce the surface tension between water and
oil (Rouse et al., 1994), allowing the oil to become mixed into the water column as tiny droplets
(Camilli et al., 2010; Brakstad et al., 2014). The creation of these droplets can significantly
increase oil biodegradation (Brakstad et al., 2015; Brakstad et al., 2014; Prince & Butler, 2014);
however, the use of dispersants adds more chemicals to the environment and negative impacts of
prior Corexit formulations (i.e. 9527) have been reported (Bruheim et al., 1999).
If an oil spill occurs in the Arctic, the use of dispersants is a key oil spill response option.
Corexit 9500 will likely be the dispersant of choice due to its efficacy (Belore et al., 2009; SL
Ross, 2007), relatively low toxicity (US EPA, 2010), reported effectiveness during the
Deepwater Horizon (DWH) oil spill (Bejarano et al., 2013), and prior approval in subarctic
Alaskan waters (ARRT, 2004). The primary components of Corexit 9500 consist of the ionic
surfactant DOSS (bis-(2-ethylhexyl) sulfosuccinate; 18% w/w; Place et al., 2016), the nonionic
surfactants Span 80, Tween 80, and Tween 85 (27% w/w; Place et al., 2016), and the carrier
solvents dipropylene glycol butyl ether and petroleum distillates (~55 % w/w) (NRC, 2005;
Parker et al., 2014; Ramirez et al., 2013).
Currently no published reports exist for the primary biodegradation of Corexit 9500
(hereafter referred to as Corexit) in Arctic seawater. The mineralization of Corexit 9500 (based
on respirometry) and the extent of crude oil biodegradation in Arctic seawater have been
reported (McFarlin et al., 2014), although the rates at which Corexit and oil degrade in Arctic
environments are still unknown (NRC, 2014). Corexit biodegradation studies have been
conducted with Gulf of Mexico seawater (Campo et al., 2013; Kleindienst et al., 2015; Seidel et
al. 2016) at low temperatures (5 and 8°C), but Corexit-degrading functional genes remain
unknown and the metabolic functions of these deep-sea microbial communities may not be
representative of Arctic communities. Rates of oil biodegradation are thought to be slower in
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Arctic than temperate regions (Margesin et al., 2003; Michaud et al., 2004) due to the influence
of temperature on metabolic processes (Mihelcic, 1999); however, some microorganisms are
adapted to low temperatures (Feller, 2003), which may explain why some have reported similar
oil biodegradation rates in cold and temperate environments (Braddock and McCarthy, 1996;
Gibb et al., 2001; Margesin and Schinner, 1997).
Although previous studies have demonstrated the ability of indigenous Arctic
microorganisms to biodegrade oil (Atlas et al., 1978; Garneau et al., 2016; McFarlin et al., 2014),
data gaps remain regarding the taxonomic identity of Arctic oil-degraders in seawater.
Experiments with indigenous microbial communities have been conducted with Arctic sea ice
(Brakstad et al., 2008; Garneau et al., 2016; Gerdes et al., 2005), but what has been reported for
seawater relies primarily on culture-based methods that may be taxonomically and functionally
unrepresentative of the sampled environment. Such studies have, however, indicated that a
diverse community of bacteria is associated with oil biodegradation in Arctic seawater and sea
ice (Deppe et al., 2005). In culture-based studies, the majority o f Arctic and Antarctic bacteria
associated with oil in seawater have been classified as Gammaproteobacteria within the genera
Marinobacter, Pseudoalteromonas, Colwellia, Oleispira, and Psychrobacter (Deppe et al., 2005;
Yakimov et al., 2003, 2007). Some of these taxa, including Colwellia, were also enriched by
chemically dispersed oil in a deep-water plume during the DW H oil spill (Redmond &
Valentine, 2012; Dubinsky et al., 2013). The increased abundance of Colwellia, a known oildegrading taxon (Dubinsky et al., 2013), in experimental incubations containing Corexit 9500only and chemically dispersed oil suggests that members within this genus may be able to
degrade Corexit in addition to oil (Brakstad et al., 2015; Kleindienst et al., 2015).
It is likely that microorganisms capable of degrading oil are also capable of degrading
some components of dispersants due to some similarities in chemical composition. For example,
bacterial alkB genes encode enzymes responsible for attacking alkane hydrocarbons (Vomberg &
Klinner, 2000). Crude oil generally consists of hydrocarbons classified as alkanes (linear and
branched; 33% by wt.), cycloalkanes (32%), and aromatics (35%) (Tissot & Welte, 1984). The
petroleum distillate (CAS# 64742-47-8) fraction of Corexit 9500 also consists of hydrocarbons
(C 9 - C 16), including C 10 naphthenes (ringed paraffins), and iso- and n-paraffins (Petroleum
Distillates, SDS). In addition to the hydrocarbons present in the carrier solvent fraction of
Corexit, hydrocarbon side chains are also present in DOSS (Seidel et al., 2016), and the nonionic
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surfactants (Corexit 9500A SDS; Word et al., 2015). Since hydrocarbons are found in both oil
and Corexit 9500, bacteria may use similar metabolic pathways when biodegrading these
compounds.
Here we combine chemical analyses with microbial analyses to characterize the
biodegradation of oil and Corexit, separately, in Arctic seawater. To our knowledge, we are the
first to report biodegradation rates of oil and Corexit (DOSS) in Arctic seawater, and the identity
of oil-degradation genes (e.g. alkB) potentially associated with the biodegradation of Corexit and
oil in Arctic seawater. We found that some of the same taxa and oil-biodegradation genes
increased in relative abundance in response to both oil and Corexit, suggesting that some
organisms may be capable of biodegrading components of both and that Corexit is not inhibitory
to these oil-degrading bacteria.
Materials and Methods
Seawater collection
Three separate batches of seawater were collected, two (September and October, 2013)
from the Burger lease area, ~90 km from Wainwright, Alaska (71.1050° N, -162.2668° W), and
one with nearshore seawater collected ~1 km from Barrow, Alaska (71.3647° N, -156.5241° W)
in August 2014. Surface seawater temperature was 2°C upon collection. Samples were held at
2°C onboard the vessel and transported in coolers with icepacks to the University of Alaska
Fairbanks within 24 hours. Upon receipt, seawater was placed in a cold room (2°C), aerated, and
amended with a nutrient medium (Bushnell & Haas, 1941). These nutrients provided 75 |iM
phosphate, 49 |iM nitrate, and 76 |iM ammonium, and are within an order of magnitude of
background nutrient concentrations reported for Arctic seawater (Codispoti et al., 2005). After
24 hours of aeration (approximately 48 hours from the time of collection), biodegradation
experiments were initiated.
Oil and Corexit 9500
Alaska North Slope (ANS) crude oil was obtained from the Alyeska pipeline terminal in
Valdez, Alaska (summer, 2009). The oil was not deliberately weathered prior to addition.
Corexit 9500 was obtained from Nalco Inc. (Naperville Township, IL), during the summer of
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2009. Positive displacement pipettes were used to accurately add defined volumes of oil or
Corexit.
Mesocosms
Incubations were conducted in 1-L small-mouth glass bottles, with caps tilted to allow
air exchange. Each contained 800 mL of Arctic surface seawater, a small amount of nutrients (16
mg/L Bushnell Haas), and ANS crude oil (15 mg/L) or Corexit 9500 (15 mg/L). We also
incubated seawater and nutrients in the absence of oil or Corexit as a negative control to reveal
incubation-associated microbial community shifts. Three replicates were included for each time
point, except for the October offshore incubation in which the microbial analyses contained 2-3
replicates due to the limited quantity of collected seawater.
Incubations were constantly stirred using magnetic stir bars (Teflon coated; no vortex)
at 2°C in a cold room with an 8-hour/day light cycle (8.88 |imol s-1 m-2; LI-COR light meter, LI250, Quantum Sensor, Lincoln, NE). After the bottles for microbial analyses were filtered (0.2
|im), the filters were frozen (-80°C) until DNA extraction. Separate bottles for chemical analyses
were also frozen (-20°C) until extraction.
Experimental design
Two offshore incubations (September and October 2013) and one nearshore incubation
(August 2014) were conducted with the collected seawater. The offshore September experiment
incubated oil, seawater, and nutrients for 0, 5, 10, and 28 days and incubations were only
analyzed for the chemical loss of oil. The October offshore incubation experiment incubated oil,
seawater, and nutrients for 0, 5, 10, and 28 days and also included a Corexit-only treatment at
day 0 and day 28; chemical losses of oil and Corexit were analyzed. In addition, the offshore
October experiment included separate incubations for microbial analyses of mesocosms
containing oil or Corexit. The nearshore August 2014 incubation focused exclusively on Corexit;
incubating Corexit, seawater and nutrients for 0, 10, 28, and 60 days, and included incubations
for chemical loss and microbial analyses.
We are not reporting the data for day 60 of the Corexit-only incubation due to bottle
effects on the microbial community. Bacterial abundance decreased by half between day 28 and
day 60, which may be due to nutrient depletion and other bottle effects that would not be
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expected to occur in open water. For these volumes of Arctic seawater (800 mL) and quantities
of Corexit (15 mg/L), we do not recommend incubating experimental flasks longer than 28 days.
Incubations containing oil (15 mg/L) were incubated for a maximum of 28 days.
Chemical analysis o f crude oil
The chemical loss of ANS crude oil was determined in both biotic and abiotic control
incubations. The entire contents of each flask were extracted and analyzed for total petroleum
hydrocarbons (TPH) by gas chromatography-flame ionization detector (GC-FID), and individual
alkanes and aromatics by GC/MS-selected ion monitoring (SIM) (B&B Laboratories, College
Station, TX). We normalized concentrations to 17a(H), 21P(H)-hopane as a conserved internal
marker (Prince et al., 1994) and determined biodegradation as percent loss relative to time zero.
Abiotic losses were measured in killed (autoclaved seawater) controls and were subtracted from
all time points to calculate biodegradation. Using first-order kinetics (Mihelcic, 1999), we used
the rate law for a first order reaction ([C] = [C0 ]e-kt) to calculate the rate constant (k) for the
biodegradation of total measureable hydrocarbons (Brakstad et al., 2008; Venosa & Holder,
2007; Stewart et al., 1993).
Chemical analysis o f Corexit 9500
At each time point, incubation bottles were immediately diluted to 75% with isopropanol
(seawater:isopropanol, 75:25), and stored at -20°C. Aliquots (50 mL) were shipped overnight on
dry ice to Oregon State University and stored at -20°C until analysis. Aliquots were diluted (0 100 fold) with a combination of Instant Ocean (Spectrum Brands, Blaksburg) and isopropanol
(75:25), and quantitative analysis of surfactant components was performed as described by Place
et al. (2016), with minor modifications. Mass spectrometric detection was performed with a
Waters Micromass Quattro Mass Spectrometer. Details regarding chromatographic separation,
calibration, and QA/QC are provided in the Supplementary Information (SI). To calculate the
rate constant (k) for DOSS, we used the concentration at day 28 as the final concentration in the
rate law for a first order reaction ([C] = [C0 ]e-kt).
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Quantitative real-time PCR
Quantitative real-time polymerase chain reaction (q-PCR) targeting 16S rRNA genes
was used to quantify prokaryotic populations in treatments containing oil, Corexit, and no carbon
amendment (i.e. biotic control). Details of the qPCR analysis are located in the SI. Results are
reported as copies of 16S rRNA gene sequences per 800 mL of seawater.
Microbial community analysis
We sequenced 16S rRNA genes to determine the taxonomic identity and relative
abundance of bacteria in the October offshore and August nearshore incubations. We extracted
total DNA from filters containing microorganisms from each treatment flask (Miller et al., 1999).
The DNA extract was sequenced on Illumina’s MiSeq platform using indexed primers
(F515/R806) that targeted the V4 region (Caporaso et al., 2012). Details are reported in the SI.
We then analyzed DNA sequences with mothur open source software (Schloss et al., 2009)
following the online standard operating procedure (Schloss et al., 2011) and determined the
taxonomic identity of bacteria using the Ribosomal Database Project (Wang et al., 2007).
Operational taxonomic units (OTUs) were defined at 97% similarity. After the removal of
singletons, relative abundances were normalized to total abundance per sample.
Functional gene analysis
The GeoChip 5.0_108K (Glomics Inc., Norman, OK), a functional gene microarray,
was used to determine the presence and relative abundance of petroleum degradation genes in the
October offshore incubation. Using the same DNA as the microbial community analysis,
Glomics, Inc. conducted the amplification, labeling, hybridization, and data preprocessing (Van
Nostrand et al., 2016). GeoChips were imaged (NimbleGen MS 200 microarray scanner; Roche
NimbleGen Inc., Madison, WI) and the data were extracted using the Agilent Feature Extraction
program. Extracted data were then loaded onto the GeoChip data analysis pipeline
(ieg.ou.edu/microarray/) where singletons were removed. Prior to statistical analyses, all signals
were transferred into relative abundances.
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Statistical analyses
Nonmetric multidimensional scaling (NMS), cluster analysis, indicator species analysis
(ISA), and multi-response permutation procedures (MRPP) were all conducted with PC-ORD V6
(McCune & Mefford, 2011). Methodological details concerning NMS, cluster analysis, and ISA
are included in the SI.
Statistical differences were calculated using MRPP, a nonparametric procedure for
testing differences among groups (Mielke, 1984; Mielke & Berry, 2001). We found the data to
be non-normal using the Shapiro-Wilk test (W = 0.837, p = 0.053). Each MRPP was conducted
using a Bray-Curtis distance measure. We compared the percent loss of oil and Corexit among
their respective time points and reported the p -value.
Results
Biodegradation o f crude oil
The indigenous microorganisms biodegraded 16 ± 4% (mean ± SD) o f ANS crude oil
within the first 5 days in both offshore incubations (Table 3-1). The extent of oil biodegradation
at 28 days was similar between September and October, with extents ranging from 36 ± 6% to 41
± 0.0% (Table 3-1; MRPP, p > 0.05). The rate constants (k) for the September and October
offshore oil biodegradation experiments were 0.010 day-1 and 0.014 day-1, respectively.
Biodegradation o f Corexit 9500
The concentration of DOSS significantly decreased between day 0 and 28 in the
offshore (by 77 ± 0.5%) and nearshore (by 33 ± 7%) incubations, while the abiotic controls
showed no significant difference in DOSS (p > 0.05; Table 3-2). The nearshore incubation
included an earlier time point and indicated that the majority o f DOSS was biodegraded within
the first 10 days (23 ± 9% loss;p > 0.05; Table 3-2). Since the offshore incubation included two
time points (day 0 and 28) and the nearshore incubation included three time points (day 0, 10,
and 28), we used the nearshore incubation to calculate the rate constant (k) for DOSS, which was
0.015 day-1.
W ith respect to the non-ionic surfactants, the communities substantially biodegraded
Span 80, Tween 80, and Tween 85. Within 28 days, microbes in offshore and nearshore seawater
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biodegraded Span 80, Tween 80, and Tween 85 to concentrations below their limits of detection,
5.5 |ig/L, 15 |ig/L, and 6.5 |ig/L, respectively (Table 3-2). In the nearshore incubation at day 10,
Tween 80 and Tween 85 were both below detection limits, while Span 80 was still detectable at
day 10 (75% loss), but by day 28, Span 80 was also below its detection limit (5.5 |ig/L; Table 3
2). Out of all surfactants, Tweens were the only ones that exhibited any abiotic loss, where
significant loss occurred at day 10 (82% loss) and at day 28 (87% loss; Table 3-2) in the offshore
incubation.
It should be noted that these percent loss calculations (for oil and Corexit) are based
upon mean values. Furthermore, when calculating biodegradation we subtracted mean abiotic
loss at each time point and therefore assumed that compounds lost through abiotic means were
never available for biodegradation. Therefore, the rates and extents reported here are likely
conservative.
Prokaryotic population size
Over the course of the offshore and nearshore incubations, we quantified prokaryotic
16S rRNA gene copies using qPCR to determine if population growth occurred concurrently
with the biodegradation of oil or Corexit. Total 16S rRNA genes increased in abundance in
response to the presence of oil or Corexit within 28 days (Figure S3-1). At 28 days, 69% more
16S rRNA genes were present in offshore seawater with Corexit than with oil (1.1*1010 vs.
3.5*109, Figure S3-1); however, the Corexit treatment was more variable than the oil treatment.
In the seawater-only treatment (i.e. no oil or no Corexit addition), prokaryotes significantly
increased between day 0 (3.3*109 gene copies) and day 10 (9.2*109 gene copies) in nearshore
seawater, but by day 28, only 2% of the initial abundance remained (7.0*107 gene copies; Figure
S3-1). In both offshore and nearshore incubations, 16S rRNA gene abundance decreased in the
seawater-only treatments between day 10 and 28.
Microbial community analysis
The response o f indigenous microbial communities to ANS crude oil and Corexit 9500
was monitored over the course of the incubations in order to identify potential oil- and Corexitdegrading bacteria in Arctic seawater. The 16S rRNA gene sequencing results produced an
average of 23,836 different OTUs. In the offshore incubation, the NMS ordination and the
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dendrogram both illustrated a strong separation in bacterial community structure between oil and
Corexit incubations at day 28 (Figures S3-2 & S3-3). In the offshore incubation, only two
replicate mesocosms were incubated for the majority of treatments analyzed for microbial
analyses due to limited seawater availability; however, these duplicates showed consistent
grouping in our dendrogram and our NMS ordination (Figures S3-2 & S3-3). In the nearshore
incubation, bacterial sequences from replicate incubations were grouped together and the biotic
controls (seawater in the absence of Corexit) grouped separately from the Corexit treatments
(Figure S3-4).
MRPP was conducted to determine if microbial community shifts over the course of
Corexit incubations were statistically significant. Each treatment contained a significantly
different microbial community at each time point (Figure S3-4; MRPP, p-value < 0.05). In
nearshore seawater, the biotic control at day 10 contained a similar abundance of prokaryotes as
the Corexit treatment at day 10, but the structure of the microbial communities was drastically
different (Figure 3-1; MRPP, p-value < 0.05). The microbial communities in all incubations with
Corexit were significantly different from communities without Corexit (i.e. the biotic controls;
MRPP, p -value < 0.05).
Taxa that responded to oil or Corexit
In the offshore incubation, Oleispira (Figures S3-5 & S3-8a), Colwellia (Figures S3-5
& S3-7a), Lutibacter (Figure S3-6a), and an unclassified member of Flavobacteriaceae (OTU83;
Figure S3-6a) increased in relative abundance in response to both oil and Corexit. One Oleispira
OTU (OTU8) increased in relative abundance in response to oil at day 5 by 18% and day 10 by
14% (based on only 1 replicate in the latter case), and in response to Corexit at day 28 compared
to the biotic controls (n = 2; Figure S3-8a). In addition, one Colwellia OTU (OTU12) increased
in response to oil at day 10 (by 16%), oil at day 28 (by 8%), and Corexit at day 28 (by 22%)
compared to the biotic control (Figure S3-7a). Overall, the relative abundance of Colwellia
increased in response to oil within 10 days and increased in response to Corexit between 10 and
28 days in the offshore incubation; however, more Colwellia grew in response to Corexit than oil
(relative abundance, Figure S3-7a). Three Colwellia OTUs (OTUs 12, 19, and 21) were
identified as indicator species for the presence of Corexit at day 28, with indicator values and p values of IV = 88, p = 0.013; IV = 67, p = 0.012; and IV = 56, p = 0.013, respectively.
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In the offshore incubation, one unique Colwellia (OTU19; Figure S3-7a), and an
unclassified Oceanospirillaceae (OTU246; Figure S3-8a) increased in response to Corexit, but
not oil. In addition, an individual unclassified Flavobacteriaceae (OTU83) was also identified as
an indicator species for the presence of Corexit at day 28 (IV = 88; p = 0.013). In response to oilonly, Sulfitobacter (Figure S3-9), an unclassified Flavobacteriaceae (OTU50; Figures S3-6a &
S3-10), and an unclassified Rhodobacteraceae (OTU4; Figures S3-9 & S3-10) increased in
relative abundance compared to the biotic controls within 28 days. Furthermore, ISA concluded
that an individual Sulfitobacter (OTU72) was an indicator species of the presence o f oil at day 28
(IV = 88; p = 0.013).
In the nearshore experiment, members of Oceanospirillaceae, Flavobacteriaceae, and
Colwellia also increased in response to Corexit compared to the biotic controls. Polaribacter, a
member of Flavobacteriaceae, increased in relative abundance in response to Corexit at day 10
(by 34%; Figures 3-1 & S3-6b), while Colwelliaceae (Figure S3-7b) and Oceanospirillaceae
(Figure S3-8b) increased in response to Corexit at day 28.
Functional gene analysis
We used GeoChip analyses to detect and compare abundances of genes that encode
microbial enzymes used in biodegradation to identify metabolic processes potentially utilized by
oil- and Corexit-degrading microorganisms in offshore surface seawater. At 28 days, the
normalized intensities of total petroleum degradation genes (alkB, apc, bbs, catB, ebdA, edbABC,
hbh, pchCF, tomoABE, tamA, tutFDG, xylM, catA, multi-ring-1,2-dixoygenase, one-ring-1,2dioxygenase, nagG, one-ring-2,3-dioxygenase) in the biotic control grouped separately from
treatments amended with oil or Corexit in the NMS ordination (Figure S3-11). In regards to total
petroleum degradation genes, the NMS ordination did not indicate a strong separation between
oil and Corexit incubations (Figure S3-11); however, the relative abundance of several individual
genes did shift over the course of incubation with oil or Corexit (Figures 3-2 & S3-12). At day
28, alkB (alkane monooxygenase), nagG (salicylate 5-hydroxylase), and pchC F (phydroxybenzaldehyde dehydrogenase) genes showed the greatest differences in abundance
compared to the unamended control (Figure 3-2). In seawater without oil, the richness of alkB
decreased from 67 different genes to 32 within the first 28 days. In the presence of oil and
dispersant, the richness of alkB dramatically increased from the unamended control at day 28,
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with an increase of 52 different alkB genes in the oil treatment and 112 alkB genes in the Corexit
treatment.
When comparing oil incubations (n = 2) to Corexit incubations (n = 3), the relative
abundance of catA (catechol dioxygenase), catB (muconate cycloisomerase), and to a smaller
extent one-ring-2,3-diox (aromatic-ring-2,3-dioxygenase) increased in response to oil, but not in
response to Corexit at day 28 compared to the unamended control (Figure S3-12). Oil and
Corexit had no effect on one-ring-1,2-diox (aromatic-ring-1,2-dioxygenase; Figure S3-12). At
day 28, nagG and alkB were the only genes that had intensities in Corexit and oil treatments
above those measured at day 0 (Figure 3-2).
Discussion
We report here that ANS crude oil and surfactant components of Corexit 9500 can
undergo significant biodegradation (i.e. 36-41% loss of oil; 33-77% loss of DOSS; ~100% loss
of Span and Tweens) within 28 days in Arctic surface seawater at 2°C (Tables 3-1 & 3-2).
Corexit likely enriched a different microbial community than crude oil in offshore surface
seawater at 28 days (Figures S3-2 & S3-3); however, throughout the incubation a subset of taxa
(Colwellia, Oleispira, Lutibacter, and an unclassified Flavobacteriaceae spp. OTU83; Figures
S3-5, S3-6a, S3-7a, & S3-8a) and functional genes associated with oil biodegradation (alkB,
nagG, andpchC F ; Figure 3-2) increased in response to both oil and Corexit. These results
suggest that some oil-degrading bacteria may also have the potential to biodegrade components
in Corexit.
Whole ANS crude oil degraded at a rate of 0.010 day-1 and 0.014 day-1 in offshore
Arctic seawater collected in September and October, respectively. While there is a lack of
literature reporting whole oil biodegradation rates in Arctic marine environments (NRC, 2014),
these rate constants are aligned with others who reported volumetric degradation rates of crude
oil in seawater (without added nutrients) of 0.011 gC/m3*d (18°C, Atlas & Bartha, 1973) and
0.015 gC/m3*d (1°C, Laake et al., 1984), in temperate and sub-Arctic seawater, respectively
(Stewart et al., 1993). While oil biodegradation rates are dependent upon many factors,
especially concentration (Prince et al., 2017), these results support previous reports that coldadapted bacteria have similar metabolic rates to warm-adapted bacteria in their respective
environments (Arnosti et al., 1998; Robador et al., 2009). The influence of temperature on oil
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biodegradation rates has been extensively studied (Atlas & Bartha 1972; Atlas, 1981; Brakstad et
al., 2008); however, recent research suggests that physico-chemical properties of oil at low
temperature more likely limit oil biodegradation than metabolism (Bagi et al., 2013).
Nonetheless, the rate of abiotic factors such as evaporation and diffusion increase with increasing
temperature (Honrath & Mihelcic, 1999), which can result in more oil loss in temperate (Prince
et al., 2013) vs. Arctic environments (McFarlin et al., 2014).
The surfactant constituents of Corexit were significantly biodegraded (33-77% loss of
DOSS, ~100% loss of non-ionics) within 28 days in both offshore and nearshore incubations.
Complete consumption of Tweens was observed within 10 days (Table 3-2), which was also
observed by Kleindienst et al. (2015) in a laboratory microcosm study using only Corexit 9500
and Gulf of Mexico deep seawater at 8°C. Degradation rates of DOSS have yet to be reported in
other cold environments; however, the rapid consumption of DOSS (k = 0.015 day-1) observed in
our study (2°C) is in contrast to Kleindienst et al. (2015) who reported an 8% loss of DOSS over
28 days in their Corexit-only incubation (8°C). These differences are likely a function of
different methodologies, with the most notable difference in regards to the management of
seawater. While our incubations were performed in bottles open to the atmosphere on stir plates,
Kleindienst et al. (2015) performed theirs in closed bottles on a roller table. In addition, the
seawater used in our incubations was stored for < 2 days at 2°C prior to the start of the
experiment (2°C), while the seawater used by Kleindienst et al. (2015) was stored for >1 month
at varying temperatures (4-8°C). This prolonged storage (> 1-month) was likely responsible for
the difference in microbial community structure between in situ samples and incubation samples
at day 0 (Kleindienst et al., 2015) and may have impacted the indigenous community’s ability to
biodegrade Corexit. In addition to our study, Campo et al. (2013) also published rates of DOSS
biodegradation in the absence of oil, with extents > 99% after 8 days and a first-order rate
constant of 0.30 day-1 in incubations at 25°C. Here we report a substantially lower rate of DOSS
biodegradation in Arctic seawater at 2°C, with a first-order rate constant of 0.015 day-1. These
data may simply suggest that DOSS biodegrades slower at 2°C than 25°C (Campo et al., 2013);
however, the extent of DOSS biodegradation was highly variable between our offshore and
nearshore incubations (33 ± 7% loss vs. 77 ± 0.5% loss; Table 3-2) at the same temperature
(2°C), suggesting that other variables (e.g. microbial community structure) may have a stronger
impact on the extent of DOSS biodegradation than temperature.
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Differences between microbial community structures in offshore and nearshore
incubations may have contributed to the variability we observed in DOSS biodegradation, as
dominant community members in both incubations were drastically different (i.e. Colwellia vs.
Polaribacter; Figures 3-1 & S3-5). These community differences are likely due to different water
masses flowing through the two sampling locations. The offshore location is characterized by
Bering Sea water flowing north from the Bering Strait, and the nearshore location is
characterized by coastal water that flows northward via the Alaskan Coastal Current (Day et al.,
2013). Greater DOSS biodegradation occurred in offshore (77% loss) than nearshore (33% loss)
incubations in 28 days, which also correlated with a greater response of Colwellia (42% and 4%
of the community at 28 days, respectively) in offshore seawater. Colwellia was present at 3%
(mean relative abundance) at day 0 in the offshore incubation, but only made up 0.2% of the total
community in the nearshore incubation. While Colwellia was the genus that increased in
abundance most in the offshore incubations at 28 days, in the nearshore incubations,
Polaribacter showed the greatest change, which occurred at day 10 when it increased by 30%
within the first 10 days. Within our dataset, psychrotrophs Colwellia and Polaribacter (Deming
& Junge, 2005; Moyer & Morita, 2007) are likely the most influential in the biodegradation of
Corexit compounds in Arctic seawater (Figures 3-1 & S3-5).
Colwellia may have a greater role in degrading Corexit than crude oil in Arctic marine
environments. At day 28, Colwellia spp. (OTUs 12, 19 and 21) were indicators of the presence of
Corexit (ISA), and incubations containing Corexit had a higher relative abundance of Colwellia
and total prokaryotes than incubations containing oil (Figures 3-1 & S3-7a). Colwellia spp. are
known for their psychrophilic members isolated from deep sea and polar marine ice (Deming &
Junge, 2005), and have been associated with the biodegradation of oil in Antarctic seawater
cultures (Yakimov et al., 2003), Arctic marine ice (Brakstad et al., 2008), and sub-Arctic
seawater (Brakstad & Bonaunet, 2006). To our knowledge, this is the first report of Colwellia
growing in response to oil in Arctic seawater. Colwellia spp. were identified as dominant
members in a deep-water dispersed plume during the DWH oil spill and in enrichment
incubations containing chemically dispersed oil in water from the Gulf of Mexico (Baelum et al.,
2012; Chakraborty et al., 2012; Kleindienst et al., 2015; Mason et al., 2014; Redmond &
Valentine, 2012). Colwellia spp. have also been shown to incorporate 13C from ethane, propane,
and benzene at 6°C in stable isotope experiments (Redmond & Valentine, 2012) and grow on
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MC252 oil as the sole carbon source at 5°C (Dubinsky et al., 2013). Different Colwellia strains
have genetic potentials to biodegrade a variety o f hydrocarbons (gaseous, aromatics, n-alkanes,
and cycloalkanes; Techtmann et al., 2016), which may be due to their acquisition of different
degradative pathways through horizontal gene transfer (Collins & Deming, 2013). The increased
relative abundance o f Colwellia in our incubations with Corexit (Figure S3-7) together with the
increase in total prokaryotic abundance (Figure S3-1) supports prior reports of their rapid
response to labile carbon substrates in Arctic environments (Collins & Deming, 2013).
The relative abundance of Polaribacter coincided with the biodegradation of nonionic
surfactant components of Corexit at day 10 (Figure 3-1; Table 3-2) and may indicate growth on
these components. Polaribacter spp. have also been found to increase in abundance in response
to oil in sub-Antarctic seawater cultures (Prabagaran et al., 2007) and mesocosms consisting of
Arctic sea ice (Garneau et al., 2016). Polaribacter spp. were also suggested to play a role in the
degradation of complex organic matter in the deep-sea decaying microbial bloom in the
aftermath of the DWH oil spill (Dubinsky et al., 2013); however, to our knowledge, we are the
first to report the association of Polaribacter with Corexit in Arctic seawater (Figure S3-6b).
Oleispira, another genus known to contain oil-degraders (Yakimov et al., 2007), also
increased in relative abundance in our offshore incubation in response to Corexit at day 28
(Figure S3-8a), and increased in response to oil at day 5 and 10 (Figure S3-5). Oleispira spp.
were shown to play an important role in the degradation of dispersed Macondo oil in the deepsea oil plume in the Gulf of Mexico (Hazen et al., 2010); and have also been associated with
enrichment cultures containing crude oil and Antarctic seawater (Yakimov et al., 2003;
Prabagaran et al., 2007), and in clone libraries from Arctic sea ice incubated with crude oil
(Brakstad et al., 2008).
Some microorganisms use dispersants as growth substrates (Chakraborty et al., 2012). As
was observed by Lindstrom & Braddock (2002) and Kleindienst et al. (2015), Corexit also
enriched a higher abundance of microorganisms than oil in our seawater incubations (Figure S31). When oil is chemically dispersed, laboratory studies have shown that oil-degrading
microorganisms rapidly colonize dispersed oil droplets (Macnaughton et al., 2003), and may
preferentially degrade some dispersant compounds over oil compounds (Foght & Westlake,
1982; Bunch et al., 1983; Foght et al., 1983). Even at subzero temperatures (-1°C), McFarlin et
al. (2014) reported that indigenous Arctic marine microorganisms continued to mineralize more
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Corexit 9500 than ANS crude oil (20% weathered) throughout a 60-day respirometer
experiment. Corexit contains more water-soluble components than oil (Corexit 9500A SDS),
thus making the mixture more bioavailable to bacteria as a food source. In addition to its
physical effects (i.e. movement of oil into the water column; Prince & Butler, 2014; Brakstad et
al., 2015), Corexit also impacts the Arctic marine microbial community by increasing the
abundance of microorganisms (Figure S3-1), while enriching oil-degradation genes (Figures 3-2
& S3-12), and taxa known to include oil-degrading bacteria (Figures 3-1 & S3-5).
Together, these results suggest that known oil-degrading taxa also have the ability to
biodegrade components in Corexit 9500. Microorganisms may use some o f the same metabolic
pathways to biodegrade Corexit as they do oil, as known oil-degradation genes, most notably
alkB and nagG, increased in abundance in both oil and Corexit incubations (Figure 3-2). The
nagG gene encodes salicylate-5-hydroxylase, an enzyme that converts salicylic acid to gentisic
acid, which is ultimately degraded to pyruvic and fumaric acid (Fuenmayor et al., 1998). Alkane
monooxygenases (alkB) hydroxylate alkanes to alcohols (Rojo, 2009), and are the most common
alkane hydroxylating enzymes found in bacteria (Smits et al., 1999, 2002). The abundance of
alkB at day 28 in incubations with Corexit coincides with the abundance of Colwellia (Figures 3
1 & S3-7), a taxon that has shown a preference for Corexit (Chakraborty et al., 2012; Dubinsky
et al., 2013; Kleindienst et al., 2015), and may indicate their use o f these genes for biodegrading
alkanes in the petroleum distillate fraction of Corexit or the hydrocarbon side chains of the
surfactants. In a functional gene survey (GeoChip 4.0) during the DW H oil spill, alkB was also
significantly higher in dispersed plume samples compared to non-plume samples (Lu et al.,
2012). These results suggest that alkB may also play a role in the biodegradation of Corexit in
surface waters of the Arctic Ocean.
Correlating observed losses of Corexit and oil with increases in abundance of
prokaryotic cells and of specific taxa and functional genes allowed us to suggest which
microorganisms are degrading oil and Corexit compounds, as well as which relevant
biodegradation genes they possess and may be involved. Our results support prior research
indicating that significant oil and Corexit biodegradation can occur in the marine environment
without adding large amounts of nutrients or cultures of oil-degrading microorganisms (Mearns,
1997; Head et al., 2006). Including the biodegradation rates reported here in future oil spill
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trajectory models may improve the accuracy of predicted fates of spilled oil and Corexit 9500 in
near shore and offshore Arctic environments.
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Figure 3-1. Mean relative abundance of bacterial sequences as a portion of mean prokaryotic
abundance in the nearshore Corexit-only experiment. Bottles contained surface seawater (800
mL), nutrients (16 mg/L Bushnell Haas), and either no amendment (N, biotic control) or Corexit
9500 (Cor; 15 mg/L), and were incubated at 2°C for 0, 10, and 28 days (n = 3).
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Figure 3-2. Relative abundance of alkB, nagG, and pchC F genes in offshore experiment at day 0
and 28. Bottles contained seawater (800 mL), nutrients (16 mg/L Bushnell Haas), and either no
amendment (N), oil (O; 15 mg/L), or Corexit 9500 (Cor; 15 mg/L) and were incubated at 2°C.
Error bars are standard deviations.
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Tables
Table 3-1. Mean percent loss of total measureable hydrocarbons in Arctic surface seawater. All
incubations contained whole ANS crude oil (n = 3). Different letters correspond to significant
differences among time points (MRPP, p < 0.05). Errors are standard deviation. nm: not
measured.
Location

Citation

This study
This study
Offshore (Oct.)
McFarlin et al., 2014*
Nearshore (Feb.)
* Percent losses includes abiotic losses
Offshore (Sept.)

Percent Loss

Oil
(mg/L)

Temp
(°C)

Nutrients
(mg/L)

Day 5

Day 10

Day 28

Day 63

15
15
2.5

2
2
-1

16
16
0

16 ± 4.2a
16 ± 4.6a
nm

29 ± 5.5b
28 ± 3.1b
36 ± 3.0

36 ± 6.2bc
41 ± 0.0c
45 ± 3.6

nm
nm
58 ± 10
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Table 3-2. Mean concentration of Corexit 9500 surfactant components in offshore and nearshore
seawater (n = 3). Bottles contained seawater (800 mL), nutrients (16 mg/L Bushnell Haas), and
Corexit (15 mg/L) and were incubated at 2°C. Abiotic controls are designated with an ‘A ’ after
the time point. Different letters correspond to significant differences among time points within
each surfactant (p < 0.05; MRPP). Error bars represent standard deviation. LOD: limit of
detection.

DOSS (|ig/L)

Span 80 (^g/L)

Tweens (^g/L)

Day 0

2875 ± 697a

244 ± 30e

2006± 2 1 q

Day 28A

2269 ± 397a

132 ± 91efg

1228 ± 568q

Day 28

71 ± 15d

<LOD

<LOD

Day 0

2 2 5 6 ± 211a

179 ± 23efg

2242 ± 110r

Day 10A

2 1 8 8 ± 123a

1 50± 10f

409±33s

Day 10

1659± 196b

44 ± 2h

<LOD

Day 28A

2209±219a

177 ± 8g

298 ± 41l

Day 28

1464± 166c

<LOD

<LOD

Offshore

Nearshore
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Supplementary Information

Methods
Chemical analysis o f Corexit 9500
Mass spectrometric detection was performed with a Waters Micromass Quattro Mass
Spectrometer as described previously (Place et al., 2016). We used an Agilent Proshell 120 EC0 8 guard column (4.6 mm ID x 5 mm length, with 2.7-^m particles) to accommodate high
backpressure. A 50 mm Targa C18 analytical column (2.1 mm ID x 50 mm, with 5-mm particles;
Higgins Analytical, Inc., Mountain View, CA) was used for chromatographic separations. The
50-mm column allowed for the flow rate to be increased to 1 mL/min during sample loading and
washing non-volatile salts from the column (first 5.6 minutes) without degrading peak shape or
percent recovery of analytes. The gradient was further modified such that the 97.5% acetonitrile
was held for 3 min before returning to 5% acetonitrile for 6 min. The flow rate was 1 mL/min for
the first 6 min, 0.5 mL/min for the next 5 min, and 1.0 mL/min for the last 6 minutes. The timing
of the main-pass by-pass valve switching and divert valve switching, as described by Place et al.
(2016), was adjusted to reflect changes in the flow rate and gradient.
Calibration curves consisted of at least 5 calibration standards and required a correlation
coefficient of 0.99 or greater for use in analysis. All calibration curves were weighted (factor of
1/x), and standards with calculated concentrations above 20% of intended concentrations were
removed from the calibration curve calculation. Calibration curves spanned from the lower limit
of quantification (LLOQ) to the upper limit of quantification (ULOQ): for DOSS (0.2-25 p,g/L),
Span 80 (60-300 p,g/L), Tween 80 (60-300 p,g/L), and Tween 85 (60-300 p,g/L). Each calibration
standard was spiked to give a final concentration of 500 ng/L 13C4-DOSS. Blank and check
standards, as described by Place et al. (2016), were used for quality control purposes and
consisted of at least 20% of the total samples run in any given sequence. Check standards for
DOSS fell within 20% of the spiked concentration and the non-ionic Corexit surfactants fell
within 35% of the spiked concentration. All blanks fell below the limit of detection.
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Quantitative real-time PCR
Briefly, a synthetic double-stranded DNA molecule of 482 bp was synthesized (IDT,
Coralville, Iowa) and re-suspended to known molarity. PCR oligonucleotide primers were also
synthesized complementary to the 5' and 3' region of the synthesized gBlock fragment, and
designed based on known prokaryotic 16S rRNA gene sequences. The primers were
GTGCCAGCMGCCGCGGTAA (“515F Original”, Caporaso et al., 2010; Walters et al., 2016)
and GGAC TACNV GGGTW TCT A AT (“806R Modified”, Apprill et al., 2015; Walters et al.,
2016). qPCR reactions were conducted in replicates with standard curves according to
manufacturer recommendations using Power SYBR qPCR master mix (Life Technologies,
Carlsbad, CA) and run on an Applied Biosystems 7900HT Sequence Detection System. A
regression line, created from standards, was used to quantify abundance.
Microbial community analysis
PCR products were normalized and pooled using an Invitrogen SequalPrep DNA
Normalization plate (Thermo Fisher Scientific, Waltham, MA). The pooled libraries were
quality-controlled and quantified prior to loading on an Illumina MiSeq v2 flow cell and
sequenced in a 2 x 250 bp format with a standard v2 500 cycle reagent cartridge. Base calling
was done by Illumina Real Time Analysis (RTA) v1.18.54 and output of RTA was
demultiplexed and converted to FastQ format with Illumina Bcl2fastq v1.8.4.
Statistical analyses
We used NMS ordination plots to illustrate differences in bacterial community structure
and the abundance of petroleum biodegradation genes in treatments containing ANS crude oil,
Corexit 9500, and no carbon amendments. The dimensionality of the data within each NMS was
determined with a Bray-Curtis distance measure in autopilot mode using 100 runs with real data
and random starting configurations (Mather, 1976; Kruskal, 1964). After the NMS was created, a
Monte Carlo test with 249 randomized runs was conducted to evaluate whether the NMS was
extracting stronger axes than expected by chance. The stability of each solution was determined
by plotting stress versus iteration (McCune & Mefford, 2011).
Cluster analysis objectively identifies groups that are most similar and builds groups
within groups to show differences. We used hierarchical clustering to determine similarities
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among treatments containing no amendments, ANS crude oil, and Corexit. Hierarchical
clustering was performed with a Bray-Curtis distance measure and similarities were illustrated in
a dendrogram. The dendrogram was created with a group average linkage method and was not
scaled or pruned.
ISA is a statistical calculation that indicates which species are responsible for observed
differences. ISA was used to identify taxa that were associated with either ANS crude oil or
Corexit in seawater incubations. This statistical analysis revealed organisms that responded to oil
or dispersant by calculating the proportional abundance and consistency of a particular species in
a treatment relative to that species in all other treatments (McCune & Grace, 2002). We
conducted an ISA using the default Dufrene & Legendre (1997) analysis. Results are reported as
an indicator value (IV) for each species and the statistical significance of each IV was evaluated
by a Monte Carlo method. Indicator values range from zero (no indication) to 100 (perfect
indication). Species that had statistically significantp-values (p < 0.05) are reported with their
IVs for oil and dispersant treatments at day 28.
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Figure S3-1. Mean abundance of prokaryotes in offshore and nearshore experiments at 2°C.
Bottles contained seawater (800 mL), nutrients (16 mg/L Bushnell Haas), and either no
amendment (N; biotic control), oil (O; 15 mg/L), or Corexit 9500 (Cor; 15 mg/L). Different
letters correspond to significant differences among treatments containing three replicates
(MRPP, p < 0.05). NM: not measured.
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Figure S3-2. Dendrogram of bacterial sequences (16S rRNA genes) in offshore experiment at
day 0 and 28. Bottles contained seawater (800 mL), nutrients (16 mg/L Bushnell Haas), and
either no-amendment (N; biotic control), oil (15 mg/L), or Corexit 9500 (C; 15 mg/L), and were
incubated at 2°C.
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Figure S3-3. NMS ordination of bacterial sequences in the offshore experiment. Bottles
contained seawater (800 mL), nutrients (16 mg/L Bushnell Haas), and either no amendment (N;
biotic control), oil (O; 15 mg/L), or Corexit 9500 (Cor; 15 mg/L), and were incubated for 0, 5,
10, and 28 days at 2°C.
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Figure S3-4. NMS ordination of bacterial sequences in the nearshore experiment. Bottles
contained seawater (800 mL), nutrients (16 mg/L Bushnell Haas), and either no amendment (N;
biotic control), or Corexit 9500 (Cor; 15 mg/L), and were incubated for 0, 10, and 28 days at 2°C
(n = 3)-
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Figure S3-6. Relative abundance of bacterial sequences classified in the Flavobacteriaceae family
in the (a) offshore experiment and (b) nearshore experiment at day 0, 10, and 28. Bottles contained
seawater (800 mL), nutrients (16 mg/L Bushnell Haas), and either no amendment (N; biotic
control), oil (O; 15 mg/L), or Corexit 9500 (Cor; 15 mg/L) and were incubated at 2°C. Individual
OTUs (sequences) are identified in the offshore experiment to provide a specific comparison
between oiled and Corexit treatments.
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Figure S3-7. Relative abundance of bacterial sequences classified in the Colwelliaceae family in
the (a) offshore experiment and (b) nearshore experiment. Bottles contained seawater (800 mL),
nutrients (16 mg/L Bushnell Haas) and either no amendment (N), oil (O; 15 mg/L), or Corexit
9500 (Cor; 15 mg/L) and were incubated at 2°C. Individual OTUs (sequences) are identified in the
October offshore experiment to provide a specific comparison between oiled and Corexit
treatments.
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Figure S3-8. Relative abundance of bacterial sequences classified in the Oceanospirillaceae family
at day 0 and 28 in the (a) offshore experiment and (b) nearshore experiment. Bottles contained
seawater (800 mL), nutrients (16 mg/L Bushnell Haas), and either no amendment (N), oil (O; 15
mg/L), or Corexit 9500 (Cor; 15 mg/L) and were incubated at 2°C. Individual OTUs (sequences)
are identified in the October offshore experiment to provide a specific comparison between oiled
and Corexit treatments.
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Figure S3-9. Relative abundance of sequences classified in the Rhodobacteraceae family at day 0
and 28 in incubations containing offshore seawater (800 mL), nutrients (16 mg/L Bushnell Haas),
and either no amendment (N), oil (O; 15 mg/L), or Corexit 9500 (Cor; 15 mg/L) at 2°C. Individual
OTUs (sequences) are identified to provide a specific comparison between oiled and Corexit
treatments.
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OTU 35: unclassified Betaproteobacteria
OTU 271: unclassified Bacteroidetes
OTU 177: unclassified Bacteria
OTU 56: unclassified Bacteroidetes
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OTU 83: unclassified Flavobacteriaceae
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Figure S3-10. Unclassified sequences in the offshore experiment. Bottles contained seawater (800 mL), nutrients (16 mg/L Bushnell
Haas), and either no amendment (N), oil (O; 15 mg/L), or Corexit 9500 (Cor; 15 mg/L) and were incubated at 2°C. Sequences with
abundances greater than 2% of the community in day 0 and day 28 are identified.

Figure S3-11. NMS of petroleum degradation genes in offshore experiment. Bottles contained
offshore seawater (800 mL), nutrients (16 mg/L Bushnell Haas), and either no amendment (N),
oil (15 mg/L), or Corexit 9500 (C; 15 mg/L), and were incubated at 2°C. Day 0 and 28 time
points are shown.
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Figure S3-12. Mean relative abundance of petroleum degradation genes in incubations
containing seawater (800 mL), nutrients (16 mg/L Bushnell Haas), and either no amendment (N),
oil (O; 15 mg/L), or Corexit 9500 (Cor; 15 mg/L) at day 0 and 28. Incubations were conducted
at 2°C. Error bars represent standard deviation. Due to water availability, the Corexit treatment is
the only treatment with three replicates; all other incubations have two replicates. apc (encodes
acetophenone carboxylase); catA (encodes catechol 1,2-dioxygenase); catB (encodes muconate
cycloisomerase); diox: dioxygenase.

73

74

Chapter 4: Bacterial Community Structure and Functional Potential in the Northeastern
Chukchi Sea1

Abstract
We performed a molecular microbial ecological analysis in the northeastern Chukchi Sea in
order to characterize bacterial community structure and genetic potential for biogeochemical
cycling and oil biodegradation in a region targeted for oil and gas exploration (Burger lease
area). Samples were collected from the surface, middle (20 m), and bottom (2-3 m above
seafloor) of the water column during the open-water season o f August and September 2012 at 17
different locations. We determined bacterial community structure with 16S rRNA gene
sequencing and detected functional genes, including an array of oil biodegradation and
biogeochemical cycling (carbon, nitrogen, and phosphorus cycling) genes, using the GeoChip
5.0 microarray, and then correlated molecular data to contextual physical and biogeochemical
factors. Bacterial community structure differed significantly by depth (surface water vs. bottom
water) and between sampling dates (August vs. September). While the relative abundance of
major functional gene categories did not differ with depth, the abundance of individual
functional genes for carbon cycling, nitrogen cycling, organic contaminant remediation,
phosphorus cycling, sulfur cycling, virulence, and viruses differed between surface and bottom
seawater samples. Aerobic oil-degradation genes and taxa known to include oil-degrading
bacteria were found at all three depths. These findings support previous observations that two
different water masses contribute to a stratified water column in the summer open-water season
of the Burger lease area, but indicate that potential function is fairly similar with depth despite
differences in temperature, water chemistry, bacterial community structure, and individual
functional gene alleles.

1 McFarlin KM, Questel JM, Hopcroft RR, Leigh MB. (2017). Bacterial Community Structure and Functional
Potential in the Northeastern Chukchi Sea. Cont. S h e lf Res. 136: 20-28.
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Introduction
The potential for oil to be released into the environment is a prominent concern as
marine traffic and offshore oil exploration activities continue to expand in the Arctic Ocean. The
Burger prospect within the Chukchi Sea Lease Area 193 (herein after referred to as Burger) is
located approximately 90 km offshore from Wainwright, Alaska, USA, and is a likely target for
future development (Shell Gulf of Mexico Inc., 2015; Figure 4-1). It is increasingly important to
understand the ecology o f this region as it responds both to a changing climate and potential oil
and gas development. Microorganisms are critical to ecological function, thus baseline
characterizations are important to understanding biogeochemical cycling, predicting the impacts
of disturbance, aiding in predictions of oil biodegradation potential, and assessing recovery.
The structure and biogeochemistry of the Arctic marine ecosystem is defined by the
presence of sea ice, inputs from its surrounding water masses, and associated stratification
(Michel et al., 2012). The Chukchi Sea, a shallow sea (~50 m deep) located in the western Arctic
Ocean, is linked to the Pacific Ocean by a northward flow through the Bering Strait. The long
duration of summer sunlight and the Bering Strait’s influx of heat, nutrients, carbon, and
organisms drive the seasonally high productivity and strong benthic-pelagic coupling that
characterize this region (Dunton et al., 2005; Grebmeier & Maslowski, 2014). This region is
experiencing the effects of climate change (Grebmeier et al., 2006) as increasing seawater
temperatures are leading to declines in sea ice (Comiso et al., 2008) and the subsequent increase
of fresh water inputs into surface waters (Kwok & Cunningham, 2010; Michel et al., 2012;
Serreze et al., 2007).
During the summer open-water season, salinity and temperature gradients associated
with sea ice melt and dense winter water stratify the Burger water column (Weingartner et al.,
2013a, 2013b). Water from the Bering Sea is thought to first displace melt water present in the
upper portion of the Burger water column and later the colder winter water occupying the lower
portion (Weingartner et al., 2013a, 2013b). The co-occurrence of these different water masses
typically yields a continuously stratified water column with salinity and temperature gradients
creating a thick (~5 m) pycnocline at a depth of approximately 15 m (Day et al., 2013;
Weingartner et al., 2013a, 2013b). An important aspect of the benthic ecology of Burger is that
the cold winter water generally persists in the benthic system throughout the summer open-water
season (Day et al., 2013; Blanchard et al., submitted). The persistence of the winter water in
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Burger’s benthic environment has been shown to vary seasonally and interannually and to affect
many trophic levels (Day et al., 2013). These different water masses lead to differences in
nutrient concentrations and zooplankton communities throughout the water column in the
Chukchi Sea (Day et al., 2013; Blanchard et al., submitted; Questel et al., 2013) and may also
contribute to shaping the biodiversity and function of microbial communities important to
biogeochemical cycling and the biodegradation of contaminants.
The Chukchi Sea has been the subject of extensive ecological and oceanographic
studies (Gradinger, 2009; Hopcroft et al., 2010; Mathis et al., 2007; Weingartner et al., 2013a,
2013b), including assessments of oil biodegradation in near shore environments (McFarlin et al.,
2014), yet to date very little is known about the microbial ecology o f this region. A number of
studies have investigated Arctic marine bacteria (Ferrari & Hollibaugh, 1999; Gomez-Pereira et
al., 2010; Kellogg & Deming, 2009; Kirchman et al., 2010; Malmstrom et al., 2007; Monier et
al., 2014; Pedros-Alio et al., 2015; Pommier et al., 2007); however, neither microbial community
structure nor functional genetic potential (including oil-biodegradation genes and important
biogeochemical processes) have yet been characterized in the Chukchi Sea. Even though no
active oil seeps are known to exist in Burger (NRC, 2003), oil-degrading microorganisms are
considered to be ubiquitous and are detectable in both polluted and unpolluted environments
(Schneiker et al., 2006; Head et al., 2006; Yakimov et al., 2007; Kostka et al., 2011). Yet, little is
known about the distribution of particular microbial taxa and genes associated with oil
biodegradation in the Arctic marine environment, including along depth gradients within the
water column, which is relevant to the fate of oil in the event of contamination.
Our objective was to obtain a detailed molecular analysis o f the in situ structure of the
bacterial community and its functional potential with regard to oil biodegradation and the cycling
of carbon, nitrogen, phosphorus, and sulfur throughout the Burger water column. We also
assessed the relationship between environmental factors (temperature, salinity, and nutrient
concentrations) and both the structure and potential function of the microbial community to help
identify important drivers of microbial community structure and the potential of specific
biodegradation processes. We hypothesize that bacterial communities will differ between the
distinctive upper and lower water masses, yet these genetically diverse communities will have
similarly broad genetic potentials to cycle nutrients and degrade oil. These results may assist in
developing an in situ baseline data set to assess ecosystem responses to environmental
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disturbances, while also providing insight into the potential for indigenous marine bacteria to
degrade oil in a sensitive offshore Arctic environment.
Materials and Methods
Study area
The Burger prospect within Lease Area 193 was the focus of this study. Lease Area
193, located in the Chukchi Sea (Arctic Ocean), contains an estimated 4.3 billion barrels of crude
oil and gas (BOEM, 2015). Burger covers roughly 3,000 km2 of ocean with an average depth of
~40 m and has been the focus of extensive ecological studies for over 6 years (Blanchard et al.,
submitted).
Hanna Shoal (~26 m in depth) borders Burger to the north (Figure 4-1). The Hanna
Shoal and its surrounding oil lease areas are some of the most comprehensively characterized
sites in the Arctic Ocean. Measurements o f oceanographic parameters defining the physical
(Weingartner et al., 2005; Weingartner et al., 2013a, 2013b), chemical (Mathis & Questel, 2013),
and biological components (Blanchard et al., 2013a, 2013b; Questel et al., 2013) from the
surface to the seafloor have been reported (Weingartner et al., 2013b). These detailed datasets
offer an excellent opportunity to relate bacterial community structure and biogeochemical
cycling to in situ conditions.
Sample collection
The Chukchi Sea is typically ice-free from July through November (Weingartner et al.,
2005). During the open water season of 2012, we coordinated with the Chukchi Sea
Environmental Studies Program (CSESP) operated by Olgoonik Fairweather LLC to obtain
seawater samples from 17 different stations in Burger (Figure 4-1). Due to weather and logistics,
11 of the 17 stations were sampled once and 6 stations twice, resulting in a total of 23 samples
per water column depth. At each station, seawater samples were collected from the surface, the
middle of the water column (20 m), and 2-3 m above the seafloor on two separate research
cruises from August 12-18 and from September 20-22. Seawater was collected using an SBE25
CTD with SBE55 rosette sampler (Questel et al., 2013; Weingartner et al., 2013b) and 1 L
samples were immediately filtered onto 0.2-^m sterile Supor filters (Pall Corporation, Port
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Washington, NY). Filters were frozen (-20°C) and shipped to the University of Alaska
Fairbanks, where they were stored frozen (-80°C) until DNA extraction.
Samples for physical, environmental and biogeochemical analyses were collected from
the same rosette casts as the samples for microbial analyses. Environmental measurements
consisted of temperature, salinity, chlorophyll-a, pheophytin, and macronutrients at fixed depths
within the Burger water column. Macronutrients included phosphate, silicate, nitrate, nitrite,
ammonium, and dissolved inorganic nitrogen (DIN). Detailed methodology for the collection
and analysis of environmental samples is described in Questel et al. (2013).
Microbial community analysis
Bacterial community DNA was extracted from each 1-L sample (23 stations, 3 depths at
each station) using the methods of Miller et al. (1999). The DNA extracts were sequenced with
454-Pyrosequencing on the GS FLX Titanium platform using F563-577 and R907-924 primers
to target the V4-V5 region on the 16S rRNA gene (http://pyro.cme.msu.edu/pyro/help.jsp). We
then analyzed DNA sequences with mothur open source software (Schloss et al., 2009) following
the online standard operating procedure (Schloss et al., 2011). The sequence length (350 bp)
allowed us to determine the taxonomic identity of bacteria present (down to the genus level when
possible) by comparing 16S rRNA gene sequences to a publicly available online database
(Ribosomal Database Project; Wang et al., 2007). Operational taxonomic units (OTUs) were
clustered at 97% similarity and relative abundances were normalized to total abundance per
sample. Singletons were removed across water column locations (surface, middle, and bottom)
and only sequences > 0.01% of the total relative abundance were included in statistical analyses.
Functional gene analysis
We determined the presence and relative abundance of functional genes using the
GeoChip functional gene microarray (GeoChip 5.0; Glomics Inc., Norman, OK). The GeoChip
5.0 contains 167,044 probes covering ~1,500 functional genes involved in microbial carbon,
nitrogen, sulfur, and phosphorus cycling; organic contaminant remediation, energy metabolism,
antibiotic resistance, metal resistance/reduction, stress response, virulence, and viruses (Zhou et
al., 2015). We analyzed functional genes in surface, middle, and bottom water samples from
three stations (BF04, BF07, and BF15; Figure 4-1) (n = 3 for each sampling station).
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Amplification, labeling, hybridization, and data preprocessing were conducted by the
Institute for Environmental Genomics at the University of Oklahoma. Whole-genome
amplification was conducted on 50 ng of DNA (Wu et al., 2006). Labeling, hybridization, and
washing followed published protocols (Van Nostrand et al., 2016). GeoChips were imaged as a
Multi-TIFF using the NimbleGen MS 200 microarray scanner (Roche, Basel, Switzerland). The
data were then extracted using the Agilent Feature Extraction program (Santa Clara, CA).
Preprocessed signal intensities were initially normalized and filtered as previously described
(Van Nostrand et al., 2016). Singletons were removed prior to statistical analyses and all
reported abundances are relative, calculated by dividing the signal intensity of each gene by the
mean signal intensity of the sample. In Figures depicting the most abundant genes, cutoffs were
determined to display the 5 - 7 most abundant genes for the purpose of readability and focus.
Statistical analyses
We used PC-ORD V6 (McCune & Mefford, 2011) for Nonmetric Multidimensional
Scaling (NMDS) and Multi-Response Permutation Procedures (MRPP) analyses using a BrayCurtis distance measure. Additionally, variations in the bacterial diversity of water column
locations were compared by calculating Chao1 and ACE richness estimates. Differences in
environmental variables, bacterial community structure and functional potential (p-values < 0.05)
among the three water column depths were calculated using MRPP, a nonparametric procedure
for testing differences among groups (Mielke, 1984; Mielke & Berry, 2001). We compared
surface, middle and bottom samples with MRPP and reported the p-value and the test statistic
with a description of the effect size independent of the sample size.
NMDS ordination plots illustrated differences in community structure and functional
gene abundance. We assessed the dimensionality of the data in autopilot-mode using 100 runs
with real data and random starting configurations (Kruskal, 1964; Mather, 1976). A Monte Carlo
test with 249 randomized runs was conducted to evaluate whether NMDS was extracting
stronger axes than expected by chance. We also assessed the stability of each solution by plotting
stress (the departure from monotonicity) versus iteration and confirming that all curves stabilized
at a relatively low level (McCune & Grace, 2002).
We overlaid environmental vectors and OTUs on NMDS ordinations of individual
functional genes to independently assess the importance o f these data on ordination gradients.
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The direction of a vector shows its relative association with the two axes and its length is
proportional to the magnitude of the association (McCune & Grace, 2002). We compared
measured environmental variables (concentrations of phosphate, silicate, nitrate, nitrite,
ammonium, DIN, chlorophyll-a, pheophytin, temperature, and salinity) to NMDS ordinations of
functional genes in each category to determine which environmental factors were potentially
driving the distribution of functional genes in surface, middle, and bottom samples.
Relationships between functional gene intensity and either environmental variables or OTUs
were assessed by calculating pairwise Pearson’s correlation coefficients (r). Squared correlation
coefficients are also provided to report the proportion of variation that is explained by the
variable.
Results
Bacterial community structure
Seawater throughout Burger was dominated by members of the phylum Proteobacteria
(Table S4-1). Bacteria belonging to the Bacteroidetes and Verrucomicrobia phyla, as well as
many genera of unclassifiable bacteria, were also relatively abundant at the three depths sampled
(Table S4-1). The majority of sequences in our samples were members of the classes
Alphaproteobacteria and Gammaproteobacteria (24%; Figure 4-2A). Sequences of
Gammaproteobacteria were most abundant in bottom samples (31% of total community), while
sequences of Alphaproteobacteria were most abundant in surface samples (23% of total
community; Figure 4-2A). At the order level, unclassified Gammaproteobacteria dominated the
water column (Surface: 15±4%, Middle: 17±05%; Bottom: 24±5%), while the most abundant
classified bacteria were Flavobacteriales (S: 19±3%; M: 15±2%; B: 10±2%), Rhodobacterales
(S: 12±1%; M: 8±0%; B: 8±0%), Puniceicoccales (S:11±1%; M: 14±2%; B: 7±1%), SAR11 (S:
9±1%; M: 11±1%; B: 8±1%), and Alteromonadales (S: 4±1%; M: 3±1%; B: 4±1%) (Figure 42B). At the OTU level, in surface and middle samples, unclassified Puniceicoccaceae (OTU7)
had the highest relative abundance, followed by SAR11 (OTU2; Table S4-1). In bottom samples,
unclassified Gammaproteobacteria (OTU6) was more relatively abundant than SAR11 (OTU2;
Table S4-1).
In both August and September, microbial communities in surface water samples
differed from communities in bottom seawater samples, with p-values < 0.001 (n = 23; Table 4-
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1). When we compared the microbial communities in August to the communities in September,
the microbial community in surface (p = 0.03) and bottom (p = 0.04) seawater samples differed
between the two months. The community shift observed in surface and bottom seawater samples
may be due to the presence of low-abundance bacteria, as bacteria with relatively high
abundances (>1.0%) remained more stable between August and September (Table 4-1).
When we combined August and September samples and grouped them by their water
column location, samples from the surface and middle of the water column had similar alpha
diversity and richness, and both indices differed from bottom samples (Table S4-2).
Furthermore, in looking at our NMDS ordination, samples from surface and middle locations did
not form discrete groups, but were separated in ordination space from bottom samples (Figure 4
3). Our middle samples (20 m) were sometimes obtained above the pycnocline and thus
exhibited similarities to surface samples (Figure 4-3). When the pycnocline was above our 20-m
fixed sampling depth, samples grouped with bottom samples (Figure 4-3). When August and
September 16S rRNA sequences were analyzed together, middle samples that were obtained
above the pycnocline were significantly different than middle samples that were obtained below
the pycnocline (p < 0.001; Figure 4-3). In August, bacterial sequences in middle samples
obtained above and below the pycnocline were similar to sequences obtained at the pycnocline (p
= 0.22, p = 0.53, respectively); and were similar to surface and bottom samples, respectively (p =
0.15, p = 0.43). September samples were more variable as middle samples obtained above and
below the pycnocline were different from surface and bottom samples, respectively (p = 0.03, p
= 0.04). While the bacterial community structure in middle samples obtained outside the
pycnocline did not follow the same trends in August and September, these data support
differences in community structure between August and September in surface and bottom
samples (Table 4-1).
Polaribacter, Pseudoalteromonas, Psychrobacter, and unclassified Flavobacteriaceae
were located at all three depths. Sequences associated with Polaribacter (OTU1),
Pseudoaltermonas, and unclassified Flavobacteriaceae (OTUs 36, 98, and 17) had slight
differences in relative abundance with respect to depth (Table S4-1). Psychrobacter (OTU144)
was also present in low abundance at the three depths sampled, but there was significantly more
Psychrobacter in surface than middle and bottom samples (Table S4-1).
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Functional gene distribution
GeoChip data revealed a strong stratification in the relative abundance of individual
functional genes between surface and bottom samples (Table 4-2); however, when the abundance
of individual genes in each functional category were averaged together, oil-degradation genes as
well as carbon-, nitrogen-, phosphorus-, and sulfur-cycling genes were present in similar
abundances at the three depths (Table 4-2). Individual genes involved in carbon cycling, carbon
(non-petroleum) degradation, organic remediation, nitrogen cycling, phosphorus cycling, sulfur
cycling, secondary metabolism, virulence, and viral processes were present in different relative
abundances between surface and bottom samples (p < 0.05; Tables 4-2 & S4-3). Conversely,
individual genes involved in carbon fixation were well mixed among the three depths sampled
and exhibited no significant difference with depth (Tables 4-2 & S4-3).
The overall profile of oil degradation gene categories did not significantly differ in the
three depths sampled, although individual degradation genes within several categories did vary
with depth (Table 4-2). The most abundant petroleum-degradation genes (in terms of relative
abundance) included alkane monooxygenase (alkB), muconate cycloisomerase (catB), and phydroxybenzoate hydroxylase (hbn) (Table 4-3). The alkB genes are associated with the aerobic
biodegradation of alkanes, while the catB and hbn genes are associated with the aerobic
biodegradation of BTEX (benzene, toluene, ethylbenzene, and xylenes) and related aromatics.
Significant differences among water column depths were noted in two individual oil-degradation
genes: alkB (GenBank accession #: 54018095) and hbn (GenBank accession #: 21106432)
(Table 4-3). When biodegradation gene profiles were subjected to NMDS, vector analysis
revealed correlative associations between alkB_54018095 and biodegradation genes in surface
samples (r2 > 0.80). In regards to specific bacteria, the distribution of petroleum biodegradation
genes in surface samples was mostly correlated to Octadecabacter (OTU82; r = 0.81) and an
unclassified bacterium (OTU435; r = 0.82); while the distribution in bottom samples was mostly
correlated to Formosa (OTU22; r = -0.78) and an unclassified member o f Betaproteobacteria
(OTU47; r = -0.76) (Figure S4-1). Octadecabacter spp. are known to dominate Arctic sea ice
communities (Brinkmeyer et al., 2003), and Formosa belongs to the Flavobacteriaceae family,
which has been shown to increase in response to oil during the Deepwater Horizon oil spill
(Dubinsky et al., 2013).

83

The separation of carbon (non-petroleum) degradation gene profiles between surface
and bottom samples in the NMDS ordination was highly correlated with the relative abundance
of amylase, cellobiase, and malate synthase (enzymes that break down starch, cellulose, and
acetate, respectively), with Pearson’s correlation coefficients (r) ranging from 0.92-0.94 in the
negative direction (Figure S4-2). To a lesser extent, rhamnogalacturonan lyase (rgl; degrades
cellulose, hemicellulose, and pectin; r = -0.88) and phenol oxidase (degrades lignin; r = -0.85)
also influenced the distribution of carbon-degradation genes in the ordination (Figure S4-2). The
carbon cycling category includes genetic sequences for RubisCO, a protein involved in
autotrophic fixation and considered to be the most abundant protein in the world (Ellis, 1979).
Surprisingly, the relative abundance of RubisCO genes was higher in bottom samples than
surface or middle samples (Figure S4-3) and was not correlated with the concentration of
chlorophyll-a in the water column; however, RubisCO genes were correlated with pheophytin (r
= 0.81), an accessory pigment involved in photosynthesis. The most abundant RubisCO gene in
bottom samples (RLP_91798420) was similar to the RubisCO-like gene found in the halotolerant
bacterium Chromohalobacter salexigens (Figures S4-3 & S4-4).
The overall genetic potential to perform nitrogen cycling was similar in surface, middle,
and bottom samples (Figure S4-5), while phosphorus-cycling genes were more variable among
the three depths (Figure S4-6). The most abundant nitrogen-cycling genes included genes for
ammonification (gdh and ureC), denitrification (nosZ, nirK, and nirS), and nitrification (amoA;
Figure S4-5). The most abundant individual phosphorus cycling genes found in surface, middle,
and bottom samples included genes for storage (ppk andppk2; Rao & Kornberg, 1996),
utilization (ppx; Akiyama et al., 1993), and mineralization (phytase; Menezes-Blackburn et al.,
2013) (Figure S4-6). The ppx gene for phosphorus utilization was the most relatively abundant
phosphorus cycling gene located in the water column and had a higher relative abundance in
samples from the middle of the water column than bottom samples (Figure S4-6).
Environmental factors influencing gene distribution
At all sampling stations, temperature decreased between middle (August: 0.83°C ±
0.54; September: 1.79°C ± 0.49; average ± standard error) and bottom samples (August: -0.04°C
± 0.45; September: -0.61°C ± 0.25), and chlorophyll-a concentrations were highest in samples
from the middle of the water column (Tables S4-4 & S4-5). In addition, concentrations of
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phosphate, nitrate, ammonium, and pheophytin significantly increased with depth at every station
(Table 4-4). Nitrate concentrations varied throughout the three depths, while similar
concentrations of phosphate, nitrite, ammonium, and DIN were found in surface and middle
samples with significantly higher concentrations in bottom samples (Table 4-4).
Temperature and phosphate appeared to have the greatest influence on the microbial
community structure among the three depths (Figure 4-3, Table S4-6). The separation of bacteria
in surface and bottom samples was most strongly correlated with temperature (r = 0.77). Out of
all measured nutrients, phosphate (r = -0.72) statistically contributed the most to differences in
the microbial community structure (Figure 4-3, Table S4-6).
In bottom samples, the separation of carbon (non-petroleum) degradation genes towards
the bottom of axis 2 (Figure S4-2) was highly correlated with salinity (r = -0.77), nitrate (r = 0.79), ammonium (r = -0.83), phosphate (r = -0.76), and temperature (r = 0.74). Ammonium was
the only environmental variable that was correlated with the distribution of petroleum
degradation genes, with an r = 0.64. The complete environmental data for all water column
samples, which correspond to the stations in Figure 4-1, are shown in Tables S4-4 & S4-5.
Discussion
Salinity and temperature densities brought on by seasonal ice melt stratify the Burger
water column with respect to nutrient concentrations and zooplankton communities (Day et al.,
2013; Questel et al., 2013). Stratification was apparent in our environmental data (Table 4-4),
and was also reflected in the microbial community structure (Figure 4-3; Table 4-1), although
minimal stratification was seen in the distribution of taxa known to include oil degraders or
bacteria reportedly associated with the presence of oil (Table S4-1). Individual functional genes
for biogeochemical cycling were stratified in the water column, with surface samples containing
a different distribution of individual functional genes than bottom samples. The difference in
microbial community structure and biogeochemical potential in surface and bottom samples is
consistent with the existence of different water masses overlying each other at Burger.
Even though microbial communities and individual genetic potentials were stratified
between surface and bottom seawater samples, the overall potential for biogeochemical cycling
was similar at all depths (Table 4-2). This reveals that similar genetic potentials to perform
biogeochemical cycling existed in surface, midwater, and bottom samples independent of
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specific genetic sequences and potentially stratified water masses. As biogeochemical cycling is
a function of the entire bacterial community and not of individual members (Follows et al.,
2007), we hypothesize that changes in stratification will not affect the genetic potential for
cycling nutrients in Burger. Furthermore, the genetic potential to biodegrade oil was similar
among the three depths (Table 4-3), even though multiple data sets supported a stratified water
column, so the microbial community is likely capable of degrading petroleum compounds in the
presence or absence of stratified water masses. Yet, actual function (e.g. rates of biodegradation
or nutrient cycling) is expected to vary among water column locations in response to
environmental factors even when microbial functional genetic potential may not.
Bacterial community structure
Although SAR11 have previously been found to be the most abundant bacteria in ocean
surface waters (Carlson et al., 2009; Morris et al., 2002; Rappe & Giovannoni, 2003) our Arctic
survey data did not show this at the order or OTU level (Figure 4-2B; Table S4-1). It is possible
that our primers (563F and 924R) were biased against the SAR11 clade, which could generate
artifactual low relative abundance results. Apprill et al. (2015) found that bacteria belonging to
the SAR11 clade were unrepresented when using 16S rRNA primers 515F and 806R. At the
order level, our results indicate that Flavobacteriales and unclassified Gammaproteobacteria
were more abundant than the SAR11 clade at all three depths (Figure 4-2B). Rhodobacterales
were also more abundant than SAR11 in surface water samples while Puniceicoccales were more
abundant than SAR11 in samples from the surface and middle of the water column (Figure 42B). This may be the first report of a high relative abundance of Puniceicoccales in pelagic
Arctic Ocean samples, although the phylum Verrucomicrobia, to which this order belongs, has
been reported to be abundant both in Arctic and temperate marine environments.
Verrucomicrobia were found to be abundant (1.5% of total sequences) in surface waters of the
western Arctic Ocean (Kirchman et al., 2010) and have been shown to dominate surface samples
in temperate oceans (as Verrucomicrobiales; DeLong et al., 2006). Even though SAR11 did not
dominate the middle of the water column in our samples, OTUs belonging to the SAR11 clade
were found to be more abundant in our midwater samples, compared to surface and bottom
samples. Comparably dominant members (e.g. SAR11, Rhodobacterales, and Flavobacteriales)
were also detected in a recent global ocean survey conducted by Zinger et al. (2011) and in
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Arctic Ocean surface samples (Kirchman et al., 2010; Malmstrom et al., 2007; Pommier et al.,
2007). Similar to Malmstrom et al. (2007), these results indicate that the Arctic Ocean is
dominated by a few bacterial groups, although our results suggest that spatial and temporal
variation exists among the dominant members.
The presence o f Pseudoalteromonas, Polaribacter, Psychrobacter, and unclassified
Flavobacteriaceae at all three depths suggests that oil biodegradation potential may exist
throughout the water column, as members of these taxa have been associated with the presence
of oil in Arctic and Antarctic marine environments (Table S4-1; Brakstad et al., 2008; Deppe et
al., 2005; Dubinsky et al., 2013; Gerdes et al., 2005; Lin et al., 2009; Prince et al., 2010;
Yakimov et al., 2004); however, because bacteria within a genus often vary widely in their
functional genetic capacity, it is important not to presume that all members of these genera are
oil degraders. Members of the genera Pseudoalteromonas and Polaribacter have been associated
with the presence of oil in Arctic marine ice (Brakstad et al., 2008; Gerdes et al., 2005).
Additionally, Pseudoalteromonas spp. have also been associated with the biodegradation of oil
in Antarctic and Arctic seawater (Deppe et al., 2005; Yakimov et al., 2004). Pseudoalteromonas
and Polaribacter are known to contain oil-degrading species (Lin et. al., 2009; Wang et al.,
2014). Unclassified Flavobacteriaceae spp., which were also quite abundant throughout the water
column, and some Flavobacteria spp. have been associated with the biodegradation of oil in
Arctic seawater and marine ice (Table S4-1; Gerdes et al., 2005). Related bacteria were also
discovered during the Deepwater Horizon oil spill, as Polaribacter, Pseudoalteromonas, and
sequences belonging to the family Flavobacteriaceae were all enriched in the subsurface plume
of dispersed oil and gas (Dubinsky et al., 2013). In our study, taxa known to include oildegrading microorganisms existed throughout the water column independent of potentially
stratified water masses; however their presence only suggests the potential for oil biodegradation
and functional genetic data are a stronger indication of actual oil degradation potential than
taxonomic affiliations.
Oil-degrading bacteria as well as oil-degradation genes are thought to be ubiquitous and
have been found in pristine environments with no known exposure to petroleum compounds
(Head et al., 2006; Kostka et al., 2011; Schneiker et al., 2006; Yakimov et al., 2007). For this
reason, it was not surprising to find taxa related to oil-degrading bacteria and oil-degradation
genes in our Chukchi Sea study area. Since water from the Bering Sea is thought to displace
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water masses in the Burger water column (Weingartner et al., 2013a, 2013b), it is possible that
microorganisms were exposed to oil compounds prior to reaching the Burger water column,
which would also contribute to the presence of oil-degradation genes.
Functional gene distribution
Similar to the microbial sequence data, the distribution of individual functional genes
suggests that two different water masses exist within the Burger water column. While the relative
abundance of major functional gene categories was similar at all depths, the abundance of
individual functional genes for carbon cycling, nitrogen cycling, organic remediation,
phosphorus cycling, sulfur cycling, virulence, and viruses differed between surface and bottom
samples.
When examining the individual genes involved in carbon cycling, we were surprised by
the relatively high presence of RubisCO genes in bottom seawater samples compared to surface
and middle samples (Figure S4-3). The most abundant RubisCO gene in bottom samples was
similar to the RubisCO-like gene in Chromohalobacter salexigens (RLP_91798420; Figure S44), a heterotrophic bacterium known to contain the RubisCO-like protein (RLP; form IV-non
phototrophic bacteria; Ashida et al., 2008; Csonka et al., 2005). Over the past 10 years, genome
sequencing has led to the discovery of RubisCO-like sequences in microorganisms that do not
use CO 2 as a carbon source (Tabita, 1999; Tabita et al., 2007). RLPs do not cluster with genuine
RubisCO sequences in phylogenetic trees and have yet to demonstrate the ability to catalyze
ribulose-1,5-bisphosphate (RuBP)-dependent CO 2 fixation (Tabita et al., 2007). Although,
RLP_91798420 increased in relative abundance with depth, the bottom of the water column
contained other RubisCO genes, with similar mean signal intensities to surface and middle
samples (Figure S4-4). The presence of bona fid e RubisCO genes in bottom samples may
indicate the presence o f phototrophs in the bottom layer, however gene presence does not
confirm function and only a small percent of surface light reaches the bottom of the turbid water
column (Brown et al., 2015). Additionally, even though samples were filtered (0.2 gm) prior to
DNA extraction, it is also possible that the filter may have captured extracellular DNA sorbed to
particulates (Nielsen et al., 2006) or intracellular DNA from intact, yet nonviable phototrophs.
The similar relative abundance of bona fid e RubisCO genes in surface, middle, and bottom
samples may also indicate the presence of chemolithotrophs in the bottom layer.
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Out of the potential inorganic electron donors (e.g., hydrogen, sulfide, sulfur,
ammonium, nitrite, and ferrous iron), sulfide oxidation may be contributing the most to
chemolithotrophic reactions in Burger bottom samples. Individual nitrogen-, phosphorus-, and
sulfur-cycling genes were different between surface and bottom samples and had relatively high
abundances at all three depths (Table 4-2). When looking at the most abundant individual genes,
soxY, a gene encoding a protein involved in sulfur oxidation, was the only abundant gene
involved in oxidation-reduction reactions that was significantly more abundant in bottom
samples (Figure S4-7). It should also be noted that some chemolithotrophs also grow as
mixotrophs using organic compounds for a carbon source and thus do not utilize RubisCO
(Ehrlich, 1978; Kelly & Wood, 2013). Since Burger is known for its rich benthic-pelagic
coupling that contributes to high organic inputs into the benthic environment (Blanchard et al.,
submitted), the presence of mixotrophic bacteria obtaining energy from the oxidation of
inorganic compounds in bottom seawater samples is likely.
Conclusions
Microbial community sampling along defined depths allowed us to identify trends in
community structure and genetic potential throughout the water column. We found that broad
functional groups related to biogeochemical cycling and oil degradation were similarly abundant
throughout the Burger water column even when concentrations of available nutrients varied by
orders of magnitude and microbial communities differed (Table 4-4). This finding suggests that
varying bacterial communities have similar genetic potentials to biodegrade oil and cycle
nutrients in this region. It is important to note that a similar magnitude of functional genetic
potential does not necessarily translate into predictions of similar process rates, since
environmental conditions (e.g. oxygen and nutrient availability) generally control microbial
functions in the environment. Nonetheless, identifying baseline distributions of microbial
communities and their functional genes provides significant insight into the potential for
microbial processes to occur. These baseline community trends will be useful to researchers in
assessing both the long-term effects of climate change as well as oil and gas development on
microbial communities in the Chukchi Sea. These data may also be relevant for future
Environmental Impact Statements. The pervasiveness of oil-degrading bacteria and functional
genes may assist modelers in determining the fate and effects of oil in this biologically
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productive environment, although further work is required to quantify biodegradation rates and
to elucidate the scales of seasonal and interannual variability such as those observed in other
ecosystem components (e.g. Day et al., 2013, Blanchard et al., submitted).
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Figures

Figure 4-1. The Burger lease area in the northeastern Chukchi Sea sampled during August 12-18
and September 20-22, 2012. Sampled stations are designated as black diamonds. At each station,
water was collected from three depths: surface, middle (20 m from surface) and bottom (2-3 m
from seafloor).
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Figure 4-2. Dominant bacterial classes (A; >0.8% of total bacterial community) and orders (B;
>1.6% total bacterial community) in the Chukchi Sea’s Burger region during August and
September of 2012. Values are averages of normalized relative abundances from samples
obtained from each depth (n = 23).
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Figure 4-3. NMDS ordination of 16S rRNA gene sequences from seawater collected from the
Burger lease area, Chukchi Sea, in August and September 2012. Middle samples within the black
oval were sampled at the pycnocline, while middle samples above and below the oval were
sampled above and below the pycnocline, respectively.
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Tables

Table 4-1. Differences in bacterial community structure based on MRPP analysis of 16S rRNA
gene amplicon sequencing. The associated p -value, test statistic, and A-value are shown for each
water column location. On the left, statistical analyses were calculated between August and
September from surface, middle, and bottom seawater samples for sequences with relative
abundances >0.01% and >1.0%. On the right, analyses were calculated between water column
locations (surface, middle, and bottom) for August and September. Different data sets are
indicated in bold and with an asterisk (p < 0.05).
August
vs.
September

p-value
Test statistic
A -value
p-value
Test statistic
A -value

August
vs.
September

August
vs.
September

(Surface)
(Middle)
(Bottom)
Relative abundance >0.01%
0.03*
0.06
0.04*
-2.2
-1.73
-2.27
0.03
0.02
0.03
Relative abundance >1.0%
0.07
0.14
0.14
-1.58
-1.03
-1.03
0.03
0.02
0.02
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Surface
vs.
Middle

Surface
vs.
Bottom

Middle
vs.
Bottom

August
0.09
-1.39
0.02
September
0.02*
-2.79

< 0.00*
-7.54
0.15

< 0.00*
-5.44
0.09

< 0.00*
-11.41

< 0.00*
-6.79

0.03

0.17

0.10

Table 4-2. Functional gene sequences at different depths in the Chukchi Sea during August and September 2012. The average relative
abundance of functional genes in each category is shown for each water column location (± standard error of the mean) and different
letters correspond to significant differences in relative abundance of genes between different water column depths. The difference
among individual functional genes between water column locations is also shown and significantly different data sets are indicated in
bold and with an asterisk (p < 0.05; MRPP multiple comparisons).

Functional Gene
Category

Difference in Individual Functional Genes
(p-values)

Surface

Middle

Bottom

Surface vs.
Middle

Surface vs.
Bottom

Middle vs.
Bottom

6654 ± 422 a

6 6 8 2 ± 1 64a

7293± 3 1 6 a

0.33

0.03*

0.51

6 3 5 6 ± 395 a

6465 ± 193 a

6924 ± 302 a

0.12

0.03*

0.18

219 ± 33 ab

151 ± 7 a

226 ± 5 b

0.11

0.21

0.41

Electron Transfer

129± 18 a

133 ± 1 2 a

158 ± 11 a

0.34

0.18

0.96

Nitrogen Cycling

1617± 105 a

1518± 8 7 a

1638± 3 7 a

0.21

0.03*

0.10

Organic Remediation

2960 ± 57 a

2942 ± 54 a

36 2 7 ± 5 0 b

0.20

0.03*

0.07

Oil Degradation

232 ± 5 a

236 ± 6 a

264 ± 22 a

0.49

0.06

0.43

Phosphorus Cycling

814± 9 0 a

905 ± 60 a

1004± 9 9 a

0.27

0.04*

0.05

Secondary Metabolism

1479 ± 54 a

1331± 23 b

1636± 9 4 a

0.19

0.04*

0.53

Sulfur Cycling

1148± 8 7 a

1051± 5 4 a

1261± 73 a

0.20

0.03*

0.40

7197 ± 324 ab

6874 ± 240 a

8141± 332b

0.15

0.03*

0.04*

363± 19a

272 ± 14 b

299 ± 24 ab

0.02*

0.02*

0.03*

Carbon Cycling
Carbon Degradation
Carbon Fixation

TOT

Relative Abundance of Functional Gene
Categories

Virulence
Viral

Table 4-3. Prominent functional genes associated with the biodegradation of oil in the Chukchi Sea
(August and September 2012). The genes alkB, catB, and hbn encode the proteins alkane
monooxygenase, muconate cycloisomerase, and p-hydroxybenzoate hydroxylase, respectively.
The GenBank accession number is included after each gene. Genes are normalized to mean signal
intensity. Error bars represent standard error of the mean. Different letters correspond to
significant differences between different water column locations (p < 0.05; MRPP multiple
comparisons).
Genes (n = 3)________ Surface_______ Middle_______ Bottom

alkB _54018095

23 ±

1.9a

14 ±

3.1ab

7.0 ±

catB _326951594

13 ±

2.9a

7.0 ±

6.9 ±

alkB _88863253

7.5 ±

1.7a

4.2 ±

1.4a
0.4a

1.2b
0.5a

14 ±

6.4a

alkB _83026028

6.9 ±

1.8a

5.3 ±

1.3a

10 ±

0.7a

alkB _114542542

6.0 ±

2.0a

5.2 ±

15 ±

7.0a

hbh_ 126734307

4.9 ±

1.7a

2.5 ±

0.9a
0.3a

3.2 ±

1.0a

catB _42627730

2.6 ±

4.0 ±

0.8a

3.7 ±

0.7a

hbh_21106432

1.8 ±

0.8a
0.2a

alkB_124004655

0.12 ±

0.0a

alkB 357590453

0.23 ±

0.0a

8.0 ± 2.6b
0.36 ± 0.2a
5.5 ±

3.0a
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5.8 ± 2.4ab
12 ±

7.0a

5.3 ±

1.8a

Table 4-4. Nutrient levels and other properties of samples collected in the Chukchi Sea during
August and September 2012 that were subjected to GeoChip analyses. Table displays mean values
± standard error of the mean and different letters correspond to significant differences between
different water column locations (p < 0.05; MRPP multiple comparisons).
M ean Values
Environmental Variables

Middle

Surface

Bottom

Phosphate, PO 4 " (gM)

0.47

± 0.08a

0.46

± 0.06a

1.37

± 0.28b

Nitrate, NO 3 " (gM)

0.06

± 0.01a

0.04

± 0.01b

4.56

± 3.64c

Nitrite, NO 2 " (gM)

0.01

± 0.00a

0.01

± 0.01a

0.08

± 0.02b

Ammonium, NH 4 (gM)

0.36

± 0.55a

0.65

± 0.47a

3.77

± 1.27b

Chlorophyll a (gg/L)

0.35

± 0.09a

0.47

± 0.18a

0.32

± 0.12a

Phaeophytin (gg/L)

0.13

± 0.03a

0.17

± 0.04a

0.69

± 0.22b

Salinity (PSU)

29.8

± 1.00a

31.0

± 0.50a

32.9

± 0.20b
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Supplementary Information

Figures and Tables

Figure S4-1. NMDS ordination plot illustrating the distribution of petroleum degradation genes
within the Burger lease area, Chukchi Sea. Seawater was sampled from the surface (S), middle
(M), and bottom (B) in September 2012 (n = 3; station ids: BF04, BF07, and BF15 on Figure 1).
Vectors indicate individual OTUs with the strongest influence on the distribution of petroleum
degradation genes throughout the water column (r2 > 0.58).
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Figure S4-2. NMDS ordination plot illustrating the distribution of carbon degradation (non
petroleum) genes within the Burger lease area, Chukchi Sea. Seawater was sampled from the
surface (S), middle (M), and bottom (B) in September 2012 (n = 3; station ids: BF04, BF07, and
BF15 on Figure 1). Vectors indicate individual carbon degradation genes with the strongest
influence on the distribution of total carbon degradation genes throughout the water column (r2 >
0.73). Each individual gene is followed by its GenBank accession number.
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Figure S4-3. RubisCO genes in surface, middle and bottom seawater samples. The RubisCO-like
protein (RLP; GenBank ID: 91798420) is shown as a portion of total RubisCO genes. Error bars
represent standard error of the mean. Different letters correspond to significant differences
between different water column locations (p < 0.05; MRPP).
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Figure S4-4. Most abundant individual RubisCO genes in GeoChip samples (n = 3; station ids:
BF04, BF07, and BF15 on Figure 1) collected from the Burger lease area, Chukchi Sea, in
September 2012. Genes with > 3% abundance of total RubisCO genes are shown. Different
letters correspond to significant differences between water column locations for each gene (p <
0.05; MRPP). Error bars correspond to standard errors of the mean. Gene name is followed by its
GenBank accession number.
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Most Abundant Individual Nitrogen Cycling Genes
Figure S4-5. Most abundant individual nitrogen cycling genes in GeoChip samples (n = 3;
station ids: BF04, BF07, and BF15 on Figure 1) collected from the Burger lease area, Chukchi
Sea, in September 2012. Genes with > 1.3% abundance based on total nitrogen cycling genes are
shown. Different letters correspond to significant differences between water column locations for
each gene (p < 0.05; MRPP). Error bars correspond to standard errors of the mean. Each
individual gene is followed by its GenBank accession number.
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Most Abundant Individual Phosphorus Cycling Genes
Figure S4-6. Most abundant individual phosphorus cycling genes in GeoChip samples (n = 3;
station ids: BF04, BF07, and BF15 on Figure 1) collected from the Burger lease area, Chukchi
Sea, in September 2012. Genes with > 1.0% abundance of total phosphorus genes are shown.
Different letters correspond to significant differences between water column locations for each
gene (p < 0.05; MRPP). Error bars correspond to standard errors of the mean. Each individual
gene is followed by its GenBank accession number.
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Most Abundant Sulfur Cycling Genes
Figure S4-7. Most abundant sulfur cycling genes in GeoChip samples (n = 3; station ids: BF04,
BF07, and BF15 on Figure 1) collected from the Burger lease area, Chukchi Sea, Arctic Ocean
from September 20-22. Average signal intensities for the most abundant sulfur cycling genes are
shown for surface, middle and bottom samples. Genes with > 4.7% abundance of total sulfur
cycling genes are shown. Significant differences were calculated using MRPP with a Bray-Curtis
distance measure. Different letters correspond to significant differences between water column
locations for each gene (p < 0.05). Error bars correspond to standard errors of the mean.
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Table S4-1. Most abundant OTUs in surface, middle and bottom seawater collected from the
Burger lease area, Chukchi Sea, Arctic Ocean, in August and September of 2012. OTUs that are
>1% of total abundance in at least one water column location are shown. OTUs are organized by
phyla in alphabetical order. n = 23 for each water column location. Different letters correspond
to significant differences between water column locations for each OTU that is a member of a
taxonomic group previously reported to be associated with oil.

Surface
Actinobacteria
Unclassified Actinomycetales (OTU38)
Bacteroidetes
Formosa (OTU22)

Relative Abundance
Bottom
Middle

2.1

1.8

1.2

1.60

1.15

0.35

20

17

12

7.30

5.71

1.51
1.74b

Unclassified Flavobacteriaceae (OTU36) f

2.44ab

2.49a

Polaribacter (OTU1)*

2.39a

3.51a

2.50a

Unclassified Flavobacteriaceae (OTU98) f

1.30a

0.43b

0.21c

Unclassified Flavobacteriaceae (OTU 17) f

1.20a

0.73ab

1.22b

49

49

58

Unclassified Candidatus Pelagibacter (SAR11) (OTU2)

7.73a

9.27a

7.16a

Unclassified Gammaproteobacteria (OTU6)

3.49

6.56

10.81

Thalassobius (OTU3)

5.00

3.77

3.91

Proteobacteria

Unclassified Gammaproteobacteria (OTU23)

0.86

2.17

6.44

Unclassified Gammaproteobacteria (OTU18)

3.70

2.82

1.44

Unclassified Rhodobacteraceae (OTU4)

3.97

2.01

1.68

Unclassified Gammaproteobacteria (OTU9)

2.49

2.64

2.39

Pseudoalteromonas (OTU14)*

3.20a

1.66a

1.95a

Unclassified Proteobacteria (OTU13)

1.52

1.65

1.70

Unclassified Betaproteobacteria (OTU11)

1.12

1.03

1.14

Unclassified Rhodobacteraceae (OTU69)

1.44

0.87

0.92

Unclassified Cm didatus Pelagibacter (SAR11) (OTU43)

1.40a

1.25a

0.56b

M ethylophaga (OTU65)

0.72

0.92

1.15

Unclassified Alphaproteobacteria (OTU89)

0.45

0.72

1.40

Unclassified Gammaproteobacteria (OTU29)

0.45

0.76

1.09

Unclassified Proteobacteria (OTU27)

0.30

0.55

1.16

Psychrobacter (OTU144) f

1.08a

0.37b

0.05c

12

16

10

11.48

14.16

6.14

Verrucomicrobia
Unclassified Puniceicoccaceae (OTU7)

16

16

18

Unclassified Bacteria (OTU5)

8.00

6.15

5.12

Unclassified Bacteria (OTU32)

4.80

7.65

6.88

Unclassified Bacteria (OTU3)

5.00

3.77

3.91

0.26

0.64

1.13

Unclassified Bacteria

Unclassified Bacteria (OTU77)
* T axa known to include oil-degraders.
f T axa associated with the presence of oil.
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Table S4-2. Diversity table showing the number of reads (No. reads), observed OTUs (Obs.
OTU), a measure of alpha diversity (Inverse Simpson) and a measure o f richness (Chaol). Mean
values are shown ± standard deviation. Significant differences in diversity measurements
between water column locations are illustrated with different letters (p < 0.05; MRPP). The
number of reads and observed OTUs were calculated prior to normalization and after sequence
processing. Inverse Simpson and Chaol were calculated after processing and after normalization
(i.e. sub.sample) with a cutoff of 2,161 sequences. Sample Ids that end with a 1 (e.g. 11B1) were
collected in August and IDs that end with a 2 (e.g. 11B2) were collected in September.
Sample ID

No. reads*

Obs. OTU*

Inverse Simpson

5611 ±928
5797 ± 676
7666 ± 1915

104 ± 11
104 ± 7
201 ±23

16 ± 5a
16 ± 7a
22 ± 8b

8012
5916
53488
4203
3341
6337
2273
2256
3957
3697
13449
1595
6869
5106
3191
8736
3148
2933
14029
10815
3371
2443
7856
4487
9883
3826
6793
2526
4410
7400
7356
3875
16925
2994
2655

253
184
640
220
58
134
60
74
83
48
232
72
247
76
101
91
94
111
378
112
77
59
123
129
97
91
210
85
79
227
229
110
147
79
84

Chao1

Mean Values

Surface
Middle
Bottom

171 ± 29a
168 ± 28a
374 ± 85b

Individual Samples

10B1
10P1
11B1
11B2
11P1
11P2
11S1
11S2
13B1
13P1
13S1
14B1
14B2
14P1
14P2
14S1
14S2
15B1
15B2
15P1
15P2
15S1
15S2
18B1
18P1
18S1
19B1
19P1
19S1
1B1
1B2
1P1
1P2
1S1
1S2

36
31
29
27
8
25
16
12
6
8
8
15
26
12
24
9
22
16
19
12
9
12
19
11
9
19
14
13
20
22
26
22
19
14
22
113

464
349
380
512
116
232
127
168
189
94
236
340
358
151
249
182
187
350
493
174
154
135
176
296
160
167
407
187
158
398
374
215
201
166
180

Table S4-2 continued
23B1
3412
23P1
9396
23S1
2381
24B1
4939
24P1
2044
24S1
3809
25B1
5198
25P1
2499
25S1
5874
2B1
6828
2P1
7535
2S1
9733
3B1
9968
3B2
5876
3P1
7612
3P2
8990
3S1
4387
3S2
1387
4B1
8706
4B2
5850
4B3
1996
4P1
4542
4P2
5495
4P3
7004
4S1
5512
4S2
1747
4S3
6028
5B1
2747
5P1
5136
5S1
7140
7B1
5005
7B2
4618
7P1
5678
7P2
6049
7S1
4918
7S2
6411
8B1
8080
8P1
4029
8S1
5427
9B1
2751
9P1
3825
9S1
3856
*: calculated prior to normalization

179
157
68
182
97
77
197
70
94
200
141
142
270
187
100
110
72
68
200
141
96
98
108
103
119
56
142
126
134
112
173
197
84
108
82
114
296
79
103
99
68
82

20
11
20
19
27
11
8
6
20
28
22
19
23
25
9
12
19
24
29
23
27
18
18
17
16
16
11
30
21
18
32
26
9
14
14
14
31
12
23
24
13
13
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402
196
141
449
179
133
427
148
143
349
249
199
415
415
176
169
159
182
290
321
282
238
162
175
173
135
228
450
288
156
388
427
121
167
161
207
473
178
186
302
151
134

Table S4-3. Differences in individual functional genes among Arctic surface, middle, and bottom samples (n = 3; station ids: BF04,
BF07, and BF15 on Figure 4-1). Seawater samples were collected from September 20-22, 2012, in the Burger lease area, Chukchi Sea,
Arctic Ocean. The associated p-values, test statistics, and A-values are shown for each water column location comparison. The Avalue refers to the chance-corrected within-group agreement and describes within-group homogeneity, compared to random
expectation. Different data sets are indicated in bold and with an asterisk (p < 0.05). Differences were calculated using MRPP with a
Bray-Curtis distance measure.

Functional Gene
Category

Surface vs. Middle

Surface vs. Bottom

Middle vs. Bottom

p-value

T-statistic

A-value

p-value

T-statistic

A-value

p-value

T-statistic

A-value

0.33

-0.31

0.03

0.03*

-2.37

0.38

0.51

0.15

-0.02

Carbon Degradation

0.12

-1.20

0.03

0.03*

-2.26

0.06

0.18

-0.88

0.02

Carbon Fixation

0.11

-1.22

0.01

0.21

-0.82

0.01

0.41

-0.16

0.00

Electron Transfer

0.34

-0.26

0.01

0.18

-0.92

0.01

0.96

1.54

-0.04

Nitrogen Cycling

0.21

-0.64

0.02

0.03*

-2.14

0.05

0.10

-1.24

0.02

Organic Remediation

0.20

-0.83

0.01

0.03*

-2.24

0.05

0.07

-1.50

0.02

Oil Degradation

0.49

0.10

0.00

0.06

-1.52

0.03

0.43

-0.07

0.00

Phosphorus Cycling

0.27

-0.31

0.03

0.04*

-2.12

0.25

0.05

-1.57

0.22

Secondary Metabolism

0.19

-0.85

0.02

0.05

-1.83

0.04

0.53

0.04

0.00

Sulfur Cycling

0.20

-0.82

0.02

0.03*

-2.11

0.03

0.40

-0.30

0.01

Virulence

0.15

-1.01

0.02

0.03*

-2.58

0.06

0.05*

-1.89

0.03

Virus

0.02*

-2.36

0.32

0.02*

-2.73

0.43

0.03*

-1.94

0.19

Carbon Cycling
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Table S4-4. Environmental data collected in August, 2012, from 10 different locations in the Burger lease area, Chukchi Sea, Arctic
Ocean. Location IDs correspond to sampling IDs identified in Figure 4-1.
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ID

Location

Depth, m

1S1
1P1
1P1
3S1
3P1
3B1
4S1
4P1
4B1

BF001
BF001
BF001
BF003
BF003
BF003
BF004
BF004
BF004

SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM

0
20
40
0
20
43
0
20
42

5S1
5P1
5B1
7S1
7P1
7B1
9S1
9P1
9B1
11S1
11P1
11B1
13S1
13P1
13B1
14S1
14P1
14B1
15S1
15P1
15B1

BF005
BF005
BF005
BF007
BF007
BF007
BF009
BF009
BF009
BF011
BF011
BF011
BF013
BF013
BF013
BF014
BF014
BF014
BF015
BF015
BF015

SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM

0
20
44
0
20
42
0
20
44
0
20
43
0
20
42
0
20
45
0
20
44

18-Aug
18-Aug
18-Aug
16-Aug
16-Aug
16-Aug
15-Aug
15-Aug
15-Aug

Temp
(°C)
5.56
2.29
1.49
4.78
2.82
1.35
4.86
0.13
-0.80

Salinity
(PSU)
30.38
32.41
32.66
30.72
32.15
32.51
30.88
32.51
32.72

PO4
(pM)
0.38
0.69
0.92
0.37
0.64
0.76
0.55
0.82
1.26

Sil
(pM)
2.37
5.03
9.33
3.67
3.51
5.01
4.91
4.22
11.40

NO3
(pM)
0.02
0.44
1.08
0.95
1.35
0.61
0.13
0.58
2.82

NO2
(pM)
0.00
0.04
0.07
0.01
0.01
0.04
0.01
0.02
0.11

NH4
(pM)
1.16
1.40
2.12
2.85
2.81
4.44
2.24
3.27
4.68

DIN
(pM)
1.19
1.87
3.28
3.80
4.17
5.09
2.38
3.86
7.60

Chl a
(pg/L)
0.12
1.57
0.29
0.14
0.77
0.31
0.14
0.37
0.29

16-Aug
16-Aug
16-Aug
18-Aug
18-Aug
18-Aug
17-Aug
17-Aug
17-Aug
17-Aug
17-Aug
17-Aug
12-Aug
12-Aug
12-Aug
17-Aug
17-Aug
17-Aug
17-Aug
17-Aug
17-Aug

5.42
2.81
1.35
3.84
2.07
1.25
3.77
-0.45
-0.65
3.76
-0.41
-0.93
2.94
-0.52
-1.04
2.72
-0.75
-1.46
2.18
-1.01
-1.56

31.02
31.69
32.50
30.48
32.49
32.61
30.67
32.57
32.67
30.45
32.58
32.76
30.61
32.69
32.83
30.52
32.75
33.07
29.90
32.17
33.23

0.40
0.79
0.60
0.42
0.78
0.70
0.41
0.70
1.25
0.37
0.87
1.11
0.42
0.86
1.03
0.48
0.65
1.86
0.54
0.86
1.90

1.77
7.68
7.01
5.23
5.61
5.78
3.93
5.72
13.17
3.71
4.22
6.65
5.52
4.90
3.28
5.39
4.72
18.46
10.59
12.71
19.53

0.25
0.61
0.94
0.06
0.59
0.67
0.16
1.07
2.91
0.06
0.94
2.04
0.06
0.59
1.40
0.26
0.26
7.57
0.33
0.61
9.69

0.00
0.03
0.05
0.00
0.04
0.04
0.00
0.05
0.12
0.01
0.06
0.07
0.00
0.02
0.04
0.01
0.01
0.18
0.00
0.03
0.16

3.09
2.96
4.20
0.59
1.63
2.13
2.77
3.65
4.95
1.53
2.94
3.34
0.99
0.27
2.83
3.12
2.80
7.11
2.14
2.34
6.76

3.90
3.61
5.19
0.65
2.26
2.84
2.93
4.77
7.98
1.60
3.93
5.45
1.05
0.88
4.26
3.38
3.07
14.87
2.47
2.99
16.61

0.24
0.58
0.26
0.20
1.03
0.76
0.18
1.40
0.59
0.18
1.34
0.62
0.24
1.94
2.02
0.28
1.85
1.65
0.25
1.44
1.21

Date

Phaeophytin
(pg/L)
0.06
0.42
0.28
0.09
0.57
0.32
0.08
0.34
0.22
0.13
0.44
0.42
0.08
0.42
0.46
0.10
0.64
0.71
0.08
0.45
0.46
0.03
0.30
0.57
0.06
0.44
0.70
0.11
0.35
0.73

Table S4-5. Environmental data collected in September, 2012, from 13 different locations in the Burger lease area, Chukchi Sea,
Arctic Ocean. Location IDs correspond to sampling IDs identified in Figure 4-1.
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ID
1S2
1P2
1B2
2S2
2P2
2B2
3S2
3P2
3B2
4S2
4P2
4B2
7S2
7P2
7B2
8S2
8P2
8B2
11S2
11P2
11B2
15S2
15P2
15B2
18S2
18P2
18B2
19S2
19P2
19B2
23S2
23P2
23B2
24S2
24P2
24B2
25SP
25P2
25B2

Location
BF001
BF001
BF001
BF002
BF002
BF002
BF003
BF003
BF003
BF004
BF004
BF004
BF007
BF007
BF007
BF008
BF008
BF008
BF011
BF011
BF011
BF015
BF015
BF015
BF018
BF018
BF018
BF019
BF019
BF019
BF023
BF023
BF023
BF024
BF024
BF024
BF025
BF025
BF025

Depth, m
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM
SURFACE
MIDDLE
BOTTOM

0
20
40
0
20
43
0
20
42
0
20
42
0
20
42
0
20
42
0
20
42
0
20
42
0
20
41
0
20
41
0
20
40
0
20
41
0
20
41

Date
21-Sep
21-Sep
21-Sep
21-Sep
21-Sep
21-Sep
21-Sep
21-Sep
21-Sep
21-Sep
21-Sep
21-Sep
20-Sep
20-Sep
20-Sep
21-Sep
21-Sep
21-Sep
20-Sep
20-Sep
20-Sep
21-Sep
21-Sep
21-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep
22-Sep

Temp
(°C)
2.26
2.46
0.42
2.68
3.14
0.59
3.42
3.66
0.16
3.15
4.30
-0.36
1.06
3.30
0.35
0.67
2.38
-0.08
2.32
2.54
-0.07
2.08
2.33
-1.40
1.04
1.04
-1.47
0.35
-0.90
-1.55
0.30
0.38
-1.43
0.35
-0.87
-1.51
0.31
-0.44
-1.62

Salinity
(PSU)
30.87
31.09
32.72
31.08
31.17
32.74
31.08
31.12
32.76
30.92
31.17
32.77
29.62
31.23
32.77
29.30
31.04
32.78
30.47
30.67
32.79
30.07
30.28
33.09
28.96
28.96
33.12
28.38
31.44
33.15
29.19
29.31
33.11
28.74
31.70
33.14
28.42
31.38
33.13

PO4
( mM)
0.47
0.45
1.18
0.39
0.58
1.20
0.42
0.39
1.24
0.54
0.45
1.21
0.53
0.39
1.07
0.46
0.74
1.34
0.45
0.39
1.21
0.42
0.52
1.50
0.46
0.46
1.81
0.34
0.53
2.04
0.50
0.44
1.37
0.27
0.57
1.40
0.38
0.48
1.70

Sil
( mM)
5.84
4.79
10.48
4.30
8.12
11.40
5.70
4.23
13.35
9.87
6.53
13.42
8.96
3.63
10.26
11.15
9.07
16.03
7.24
4.47
13.08
6.71
8.87
22.11
10.33
10.33
23.13
9.61
11.77
40.34
14.02
9.91
21.39
5.94
10.36
26.13
11.76
9.63
43.33

NO3
( mM)
0.08
0.00
1.67
0.11
0.16
1.62
0.04
0.06
1.80
0.06
0.03
2.10
0.05
0.04
1.37
0.07
0.09
2.12
0.00
0.00
1.62
0.05
0.03
5.42
0.02
0.02
8.39
0.06
0.05
11.95
0.22
0.02
4.90
0.03
0.34
5.72
0.08
0.06
9.33

NO2
( mM)
0.02
0.01
0.08
0.01
0.01
0.07
0.00
0.00
0.07
0.00
0.01
0.07
0.01
0.01
0.07
0.00
0.01
0.08
0.00
0.01
0.06
0.00
0.00
0.09
0.00
0.00
0.13
0.02
0.01
0.14
0.01
0.00
0.07
0.01
0.01
0.06
0.01
0.02
0.10

NH4
( mM)
0.59
0.74
3.54
0.83
0.22
3.18
0.35
0.67
3.07
0.09
0.35
2.76
0.02
1.07
2.88
0.93
0.50
3.22
0.34
0.94
3.21
1.19
0.06
3.95
0.27
0.27
4.27
0.54
0.48
6.14
0.47
0.30
3.87
1.01
0.55
4.39
0.14
0.92
5.50

DIN
( mM)
0.69
0.75
5.28
0.95
0.39
4.88
0.40
0.73
4.94
0.15
0.39
4.92
0.08
1.12
4.31
1.01
0.60
5.42
0.35
0.94
4.89
1.24
0.10
9.47
0.28
0.28
12.79
0.62
0.54
18.23
0.69
0.33
8.84
1.05
0.90
10.17
0.23
0.99
14.92

Chl a
(Mg/L)
0.29
1.32
0.31
0.41
0.65
0.22
0.31
0.65
0.19
0.34
0.39
0.23
0.44
0.68
0.28
0.21
0.29
0.35
0.33
0.42
0.29
0.26
0.35
0.46
0.18
0.19
0.16
0.28
0.39
0.64
0.22
0.22
0.44
0.26
0.21
0.48
0.28
1.16
0.74

Phaeophytin
(Mg/L)
0.07
0.27
0.50
0.15
0.20
0.30
0.11
0.20
0.40
0.15
0.17
0.48
0.14
0.21
0.66
0.10
0.08
0.65
0.14
0.16
0.62
0.10
0.13
0.92
0.11
0.09
0.20
0.19
0.19
0.69
0.10
0.08
0.69
0.13
0.10
0.71
0.16
0.16
0.98

Table S4-6. Environmental variables associated with the NMDS ordination of 16S rRNA genes
in surface, middle, and bottom samples. Environmental variables that are correlated (r2 > 0.52)
with the distribution of 16S rRNA genes are shown in Figure 4-3.
Axis 1

Axis 2

Axis 3

r

r2

tau

r

r2

tau

r

r2

tau

PO 4
Silica

0.29
0.05

0.08
0.00

0.23
0.08

-0.72
-0.68

0.52
0.46

-0.51
-0.46

0.26
0.15

0.07
0.02

0.17
0.08

NO3

0.09

0.01

0.28

-0.66

0.43

-0.48

0.23

0.05

0.13

NO2

0.29

0.09

0.29

-0.66

0.43

-0.49

0.19

0.04

0.10

NH 4
DIN
Chlorophyll a

0.34
0.20
-0.19
0.34
0.04
0.35

0.12
0.04
0.04
0.12
0.00
0.12

0.27
0.27
-0.05
0.20
0.04
0.26

-0.60
-0.67
-0.20
-0.66
0.77
-0.51

0.36
0.44
0.04
0.43
0.60
0.26

-0.39
-0.45
-0.17
-0.46
0.60
-0.46

0.17
0.22
0.27
0.16
-0.14
0.33

0.03
0.05
0.07
0.03
0.02
0.11

0.11
0.11
0.14
0.11
-0.16
0.23

Phaeophytin
Temperature
Salinity
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Chapter 5: Conclusions

This research addresses key data gaps concerning the fate and effects of dispersed oil in
Arctic marine environments and provides novel insight into the biodegradation of crude oil and
Corexit 9500 by Arctic marine bacteria. Prior to this research, the rate and extent of oil and
Corexit biodegradation in Arctic seawater were unknown, as was their effect on indigenous
Arctic marine microorganisms. In Chapter 2, we reported the extent to which indigenous Arctic
microorganisms in nearshore surface seawater primarily biodegraded and/or mineralized oil,
Corexit, and oil in the presence of Corexit. We reported that some components within Corexit
were readily biodegradable by the indigenous Arctic marine community and that oil
biodegradation was not inhibited by the presence of Corexit, with oil losses ranging from 46
61% loss after 63 days at -1°C. In Chapter 3, we paired chemical analyses with genetic analyses
to build upon the work reported in Chapter 2 and provided a comprehensive analysis of oil and
Corexit biodegradation in nearshore and offshore surface seawater. In Chapter 2, the extents of
oil loss in Arctic seawater were lower than extents reported in temperate seawater (Prince et al.,
2013); however, in Chapter 3, the rate at which oil biodegraded was comparable to rates in
temperate and sub-Arctic seawater (Atlas & Bartha, 1973; Laake et al., 1984). We conclude that
physico-chemical properties of oil at low temperature more likely limit oil biodegradation
extents than metabolism. Chapter 2 included the first report of a biodegradation rate constant for
a Corexit component under Arctic conditions (DOSS; k = 0.015 day-1). The extent at which
Corexit biodegraded varied between nearshore and offshore Arctic seawater, a likely effect of
different microbes dominating different water masses at different times. It was also demonstrated
that similar bacterial taxa and oil-biodegradation genes increased in relative abundance in
response to both oil and Corexit. This finding suggests that some microorganisms have the
ability to biodegrade both oil and Corexit and may use similar metabolic pathways when
utilizing these carbon sources for energy. In Chapter 4, we built upon this knowledge by
investigating the microbial ecology of an offshore oil lease area and reported that oil-degrading
genes and taxa known to include oil-degrading microorganisms were located throughout the
Arctic water column.
Since their introduction at the Torrey Canyon wreck, the use of chemical dispersants as
an oil spill response option have been contentious, and for good reason, as initial formulations
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were determined to be toxic to marine organisms (Smith, 1968). Corexit 9500 is the main
dispersant utilized today in oil spill response (Bejarano et al., 2013) and was specifically
engineered to be readily biodegradable (Corexit 9500A SDS; Word et al., 2015). The results
presented here support prior reports of enhanced oil loss (Brakstad et al., 2015; Prince & Butler,
2014) and bacterial enrichment (Chakraborty et al., 2012) in the presence of Corexit 9500. Here
we demonstrate that Corexit enhanced the abundance of prokaryotes and the relative abundance
of oil-biodegradation genes and taxa known to include members that degrade oil, even when
compared to treatments containing oil-alone. Under our experimental conditions, which were
designed to simulate realistic environmental conditions, our results demonstrate that Corexit does
not inhibit oil-degrading microorganisms.
The biodegradation extents and rates calculated here were conducted with surface waters;
however, Chapter 4 reported that seawater collected just above the seafloor contained a similar
relative abundance o f oil-biodegradation genes as surface seawater. Because gene presence does
not indicate function and environmental conditions may limit biodegradation, future studies with
deep-sea water are necessary to ascertain deep-sea oil biodegradation rates. When using
mesocosms to mimic open oceans, it is important to note the inherent variability between
laboratory and field results and the importance of currents and vertical mixing in open systems.
A fundamental understanding of Arctic marine hydrology, oil behavior, and the effect of
environmental parameters, such as nutrients and oxygen on biodegradation, will help responders
extrapolate these oil biodegradation rates to other locations in the Arctic water column.
Understanding oil and dispersant biodegradation in the Arctic Ocean is important to
advancing oil spill response policies. Documenting the microbial community response to oil in
Arctic seawater will enable the identification of key species that may assist in monitoring the fate
of oil, its impact on the food web, and its subsequent recovery. Here we report that Colwellia,
Oleispira, and Polaribacter are key genera involved in the biodegradation of oil and Corexit
compounds in Arctic surface seawater. While correlating chemical analyses with genetic
analyses allowed us to suggest which bacterial taxa and oil-degradation genes (e.g. alkB and
nagG) are performing biodegradation, we cannot say for certain that these taxa and functional
genes are involved. Future studies involving stable isotope probing, transcriptomics, and
proteomics, would confirm oil-degrading processes such as microbial assimilation of petroleum
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hydrocarbons, synthesis of oil-degrading genes, and production of oil-degrading enzymes,
respectively.
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